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Summary. – Foot-and-mouth disease (FMD) virus (FMDV) was the first animal virus to be identified.
Since then, it has become a model system in animal virology and more information has been obtained about
FMDV. The disease causes heavy economic crises in enzootic countries both due to loss of animal health and
productivity. The only way of its control in an enzootic area is strict vaccination and restricted animal movement.
The first experimental vaccine against FMD was made in 1925 using formaldehyde inactivation of cattle
tongue infected with the virus and this approach remained the basic one until late 1940s. Antigenic plurality
and continuous co-circulation of different serotypes in a given geographical region and persistence of virus in
infected or vaccinated animals make the disease very difficult to control. The latter is solely based upon the
application of isolation, slaughter or aphtisation, and vaccination. With the advent of recombinant DNA
technology, recombinant protein and/or DNA-based vaccines are being tested in various heterologous systems
for development of FMD vaccines. The subunit vaccines, synthetic peptide vaccines, DNA vaccines, cytokine-
enhanced DNA vaccines, recombinant empty capsid vaccines, chimeric viral vaccines, genetically engineered
attenuated vaccines, recombinant viral vector vaccines, self-replicating genetic vaccines and transgenic plants
with expressed FMDV proteins represent the present vaccine development strategies for control of FMD.
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1. Introduction

FMD is the most feared, highly contagious vesicular
disease of cloven-hoofed animals (Brown, 2003). It can have
a severe impact on the productivity of domestic livestock,
and because of its ability to spread very rapidly in susceptible
populations, the countries free of the disease attempt to
protect their status by maintaining strict control of import
of live animals and animal products (Barnett et al., 2002).
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FMD is a major constraint to international trade and its
presence can dramatically reduce the export potential of the
agricultural sector. The consequences of its introduction into
a previously FMD-free country in which agricultural exports
contribute significantly to total foreign earnings are
particularly damaging (Barnett et al., 2002) as illustrated by
the outbreaks in 2001 in UK (Scudamore and Harris, 2002).

The causative agent, FMDV (the species Foot-and-mouth
disease virus, the genus Aphthovirus, the family
Picornaviridae, Racaniello (2001)) exists in seven
antigenically distinct serotypes, namely O, A, C, Asia1, and
SAT 1, 2, and 3 (Domingo et al., 2003; Knowles and Samuel,
2003), of which types A, O, C and Asia1 are circulating in
India. FMDV genome consists of a single-stranded positive-
sense RNA of 8,500 b that is enclosed in an icosahedral
capsid. The latter contains four structural proteins, namely
VP4, VP2, VP3, and VP1 in that order (Acharya et al., 1989),
which are secondary cleavage products of P1 polyprotein, a
primary cleavage product of a 250 K polyprotein encoded
by the genome (Sanger et al., 1977).

The countries involved in the control of FMD usually
regard virus eradication from the territory as their final goal.
The countries of entire Western Europe and parts of South
America have followed such a strategy and eradicated the
disease from their territory. Even a century after the Loeffler
and Frosch (1898) discovery of FMD the latter is still
persisting as a global menace. Worldwide eradication should
be the ultimate goal, because the existence of the disease
anywhere on the globe keeps the rest of the countries at
risk. Slaughtering the affected animals, ring, frontier or
barrier vaccination can prevent the spread of infection
(Brown, 1999). Many international regulations impose
embargo on import of animals; their meat and milk products
from endemic countries to minimize the risk of disease
introduction into FMD-free countries (Brown, 1999).

A buffer zone containing vaccinated animals may be used
to separate the area within an endemic country from the
FMD-free area, from which cattle and its products are
exported (Kitching, 2002a). In countries that are endemic
for FMD, sheep may be included in regular vaccination
campaigns, although they are rarely vaccinated more than
once a year (Kitching and Hughes, 2002). The immune
response to FMD vaccine in young pigs is poor. Protection
against this disease is best provided by vaccinating pregnant
sows so that the immunity will be passed onto piglets through
colostrums (Kitching and Salt, 1995).

Strict control measures like stamping out the affected
animals, restriction on movement of animals and animal
products from endemic areas to the disease-free zones have
led to the eradication of the disease from the North America,
parts of Europe and Australia. Antigenic plurality of FMDV
arising due to the quasi-species nature (Domingo et al.,
1985), its extreme contagiosity, wide geographical

distribution, prevalence of a large number of strains within
a serotype, and occurrence of virus persistence and carrier
status associated with short duration of the immunity makes
the FMD control difficult (Domingo et al., 1980).

Countries endemic for FMD attempt to eradicate the disease
with programs that utilize vaccines prepared from chemically
inactivated FMDV (Barteling and Vreeswijk, 1991). The
countries free from the disease or in the last stages of
eradication run constant risk of the disease (Chen et al., 1999).
Effective control of the disease in an endemic country like
India needs better vaccines along with strong diagnostic
support. The disease occurs in all parts of the country
throughout the year. Majority of outbreaks are due to type O,
followed by A22, and Asia1 (Tosh et al., 2003). FMD control
and eradication is one of the priorities of animal health
programmes in India. Slaughter, which is not feasible owing
to the socio-economic conditions, leaves vaccination as the
only means for the effective control of FMD outbreaks
(Balamurugan, 2002). Since presence of multiple serotypes
and lack of cross-protection among the involved serotypes
necessitates the use of polyvalent vaccines to confer a
complete protection. Hence the only approach to control the
disease in India is implementation of a regular vaccination
programme with periodic updating of vaccine virus strains.

Although inactivated virus vaccines are effective as part
of eradication programmes in endemic areas, vaccine
production and application may cause a number of problems
limiting the vaccination realized within the emergency
control program. Namely, it may leave a residual live virus
in vaccines (Beck and Strohmaier, 1987), induce antibodies
to some viral non-structural proteins, interfere with the
detection of infected or vaccinated animals that harbour the
virus and display subclinical disease, result in presence of
many antigenically distinct virus subtypes and emergence
of new variants that could be used for vaccine production
only after adaptation to cell cultures, and lead to poor quality
vaccines inducing a short duration immunity (Grubman and
Mason, 2002). The current vaccines do not prevent infection
and animals from becoming long-term virus carriers (Salt,
1993). Current evidence suggests that low level of infection
with FMDV does not induce detectable levels of antibodies
to non-structural proteins, which makes detection of carrier
animals difficult (Kitching, 1998).There are several ways
of potential improvement of conventional vaccines, for
example development of vaccines of high thermostability;
broader immunogenicity, life-long immunity; resistant to
maternal antibodies; not resulting in carrier state; enabling
differentiation of vaccinated and naturally infected animals,
and applicable by topical routes (Barnett et al., 2002).

Currently, many of the countries are gradually moving
towards holding strategies of FMD vaccines in the event of
an outbreak. All the countries rely primarily on slaughter,
restrictions on animal movement and zoological-sanitary
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measures (Sobrino et al., 2001; Barnett and Carabin, 2002).
The reserves consist of stored vaccines that are replaced
every 12 to 18 years or concentrated antigens stored
indefinitely over liquid nitrogen, which can be rapidly
formulated into vaccines in the event of need (Sobrino et
al., 2001). Some of good examples of such reserves are the
North American Vaccine Bank, the International Vaccine
Bank and the European Union Vaccine Bank etc. The largest
bank is probably the latter, which holds up to 5 million cattle
dose equivalents of most of the major vaccine strains
including the SAT serotype (Garland, 1997). Emergency
vaccines are often of high potency to ensure both rapid
protective immunity and great cross-specificity.
Additionally, such vaccines also appear to be able to reduce
local virus replication in the oropharynx thereby limiting
transmission of the disease to other susceptible animals (Salt
et al., 1998; Cox et al., 1999). Development of innate
immune response following emergency vaccination against
FMD in pigs has been reported (Rigden et al., 2003). Barnett
et al. (2004) showed for the first time that a high potency
FMD vaccine is capable of inhibiting local virus replication
and consequently persistence and a carrier state in sheep.

2. Challenges in FMD eradication

2.1 Antigenic variation in FMDV

RNA viruses in general, and FMDV in particular, exhibit
very high mutation rates, in the range of 10-3 to 10-5 per
nucleotide per genome replication (Domingo and Holland,
1988; Drake and Holland, 1999). The presence of seven
serotypes and multiple subtypes (Grubman and Baxt, 2004),
antigenic complexity and frequent emergence of antigenic
variants that often co-circulate in a given geographical area
(Mateu et al., 1988), which has led to extreme genetic
heterogeneity or the quasi-species concept (Domingo et al.,
1985) are the problems encountered in the design of an effective
vaccine (Mateu et al., 1994) and control of the disease by
vaccination (Kitching et al., 1988). Antigenic variation occurs
even in cell or tissue culture systems either in the presence or
absence of antibodies (Borrego et al., 1993; Domingo et al.,
1993; Manoj Kumar et al., 2003). This has implications for
vaccine production, since a number of tissue culture passages
are required to produce vaccine for a new variant, leading to
the possibility the vaccine virus eventually does not provide
complete antigenic coverage (Grubman and Baxt, 2004).

2.2 Persistence of FMDV

FMDV persists in the cells of basal layer of pharyngeal
epithelium, particularly of the dorsal soft palate (Zhang and
Kitching, 2001). Ruminant animals that had recovered from
infection with FMDV and vaccinated ruminants that had

contact with live virus may retain infection in the pharyngeal
region for variable period of time (Kitching, 2002c). The
asymptomatic infection in cattle, buffaloes, sheep, and goats
may be the outcome of an acute infection established by
pharyngeal or nasal exposure to the virus or a result of
immunization with live attenuated vaccine (Sutmoller and
Gaggero, 1965). The plurality of FMDV (Domingo et al.,
1985) leads to virus persistence in the animals by an unknown
mechanism. Analysis of persistently infected recovered cattle
revealed heterogeneity of viral populations (Gebauer et al.,
1988). The viral persistence and carrier status in convalescent
and in recovered animals make them main reservoirs, though
it is extremely difficult to demonstrate the disease transmission
from one to another animal under controlled conditions, and
only circumstantial evidence suggests involvement of
persistently infected animals in the spread of the disease (Salt,
1993). The duration of the carrier state depends on the species
and individual. The African Cape buffalo may carry virus for
more than five years, cattle for over three years, sheep for up
to nine months (Salt et al., 1996), goats and wild ruminants
for shorter periods of time, while for South American camelids
no carrier state exists (David et al., 1993). The crucial problem
is that there are no currently available diagnostic tests sensitive
enough to detect persistently infected animals with full
certainty (Kitching, 2002b).

3. New approaches in FMD vaccine development

As an alternative attempt to avoid the use of live virus,
while retaining the myriad of viral antigenic determinants,
several works had been carried out for the development of
new generation vaccines. With the advent of molecular
approaches to FMD vaccination especially the recombinant
DNA technology, recombinant protein-based vaccines for
FMD are being developed in bacteria, baculoviruses and
transgenic plants (Brown, 1999). However, these vaccines
have so far progressed to the point at which they might offer
sufficient advantages over existing conventional vaccines
regards production methodology, bio-security, stability,
antigenic spectrum, speed and duration of the immune
response, cost that would justify the time and brain work
invested, large scale production, testing and registration
(Brown, 1999; Sobrino et al., 2001; Barnett et al., 2002).
They have shown only partial protection with shorter
duration of immunity due probably to the lack of T cell
epitopes in the expressed protein, improper folding of the
peptide or combination of both (Sobrino et al., 2001).
Emergence of nucleic acid-based vaccines has paved the
way for the development of so-called 3rd generation vaccines.
The limitations of conventional vaccines and the different
approaches that are being used to develop alternative safe
and effective vaccine strategies are summarized in Table 1.
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As discussed below, although much has been learned from
FMDV research, it is clear that better understanding of
mechanisms of protection against FMD and immune evasion
by the virus is a prerequisite of designing new more effective
vaccines. Principles of some new approaches to the
preparation of FMD vaccines are shown in Fig. 1.

3.1 Subunit vaccines

Early observations indicate that isolated VP1 and the
fragments derived from its C-terminal half are the only viral
capsid products capable of inducing neutralizing antibodies
and conferring partial protection (Bachrach et al., 1975;
Strohmaier et al., 1982; Meloen et al., 1986). Immunization
with VP1 produced in bacteria conferred protection in the
pig (Kleid et al., 1981). However, the immunogenicity of
such a VP1 was lower by several orders of magnitude than
that of the equivalent amount of antigen incorporated in

viral particles (Brown, 1988, 1992; Domingo et al., 1990).
to use as a vaccine has been carried out. The vaccine based
on cloned and expressed VP1 of serotype Asia1
(Suryanarayana et al., 1985) gave a partial protection
(Suryanarayana et al., 1992). Because of high of experiments
in natural hosts, most of the work with experimental vaccines
was carried out in mice and guinea pigs. These experiments
provided interesting and significant insights into the response
of the host to FMDV antigens (Suryanarayana et al., 1992).
Until now recombinant vaccines produced in prokaryotic
expression systems were only partially successful
(Suryanarayana et al., 1992; Bayry et al., 1999). This could
be due to non-native form (e.g. improper folding) of proteins
expressed inside the cell and the need for other viral
structural proteins to elicit optimum neutralizing antibody
response. Bayry et al. (1999) have studied a immuno-reactive
recombinant peptide expressed in E. coli encoding the
C-terminal portion of VP1 of FMDV type Asia1 with various
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FMDV genome and strategies of development of FMD vaccines

Table 1. Potential advantages and disadvantages of FMD vaccines

Vaccine strategy Thermostability Safety in Immunogenicity Cost Duration Potency Differentiation
productiom between infected and

vaccinated animals

Conventional inactivated Low Inadequate High High Limited Partial Limited
cell culture vaccines
Viral subunits and High High/excellent Low Variable * * Good
synthetic peptides vaccines
Recombinant empty Low High High Variable * * Good
capsid vaccines
DNA vaccines and High for DNA Good Potentially high Low * * Good
recombinant viral vaccines, low
vectors vaccines for viral vector vaccines
Genetically engineered Low Variable and High Low * * Potentially good
attenuated vaccines unpredictable

*Detailed data not available and requiring further study.
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adjuvants in guinea pigs and showed that the neutralizing
antibody titer varied with the nature of the adjuvant. On the
other hand, swine vaccinated with recombinant E. coli-
derived VP1 elicited effective immune response and became
protected from viral challenge (Wang et al., 2003).

3.2 Synthetic peptide vaccines

Numerous studies carried out with respect to synthetic
peptides representing immunogenic regions deduced by
various methods including monoclonal antibodies (MAbs)
have led to elucidation of T and B cell epitopes which in
turn have provided a better understanding of humoral and
cellular immune responses to FMDV (Brown, 1988;
Domingo et al., 1990; Collen, 1994; Mateu, 1995). The
results predicted that the VP1 region of aa 21–40 contains
T-cell epitopes and offers cross-protection to serotypes, the
VP1 region of aa 141–156 protects homologous virus strains,
and the region of aa 200–213 offers cross-protection to
homologous and heterologous viruses (Strohmaier et al.,
1982). Synthetic peptides corresponding to C-terminal
region of VP1 (aa 147–160 and 200–213) that could elicit
high neutralizing antibody response were tested as vaccines
in guinea pigs (Strohmaier et al., 1982). In the following
years, the concept that immunogenic peptides should also
include viral T cell epitopes to provide adequate co-operation
with immune B lymphocytes to induce an effective
neutralizing antibody response, became generally accepted
(Francis et al., 1987; Domingo et al., 1990; Collen et al.,
1991; Brown, 1992; Rowlands, 1994; Mateu, 1995; Meloen
et al., 1995; Sobrino et al., 1999). A synthetic peptide
designed against the G-H loop of VP1 protein, when tested

in a large scale vaccination study in cattle (Taboga et al.,
1997), was immunogenic, but the vaccinated animals were
poorly protected from the disease and antigenic variants of
the challenge virus appeared in many of the unprotected
animals. A peptide construct consisting of a virus-specific
T-helper epitope within the aa 170–188 sequence of VP1
and the main antigenic region of FMDV A22 (aa 135–158)
elicited a high protective antigenic, immunogenic and T cell
proliferative activity (Volpina et al., 1999). A tandem peptide
containing the T cell peptide 3A (aa 21–38 aa) and B cell
antigenic site VP1 (aa 137–156) efficiently stimulated
lymphocytes from infected animals in vitro (Blanco et al.,
2001). Wang et al. (2001) have reported effective control of
FMD using a synthetic peptide-based vaccine. Chemically
synthesized tandem repeats of immuno-dominant region of
VP1 and the T cell epitope of VP4 of FMDV type Asia1
were used as immunogen in guinea pigs (Zhang et al.,
2002a). Wang et al. (2002) have suggested a safe chemically-
defined peptide containing the G-H loop domain of VP1
and a novel promiscuous T-helper (Th) site for broad
immunogenicity in multiple species as an advantageous
vaccine against FMD.

3.3 DNA vaccines

In recent years, DNA vaccination (also known as genetic
immunization, gene vaccination or nucleic acid vaccination)
has emerged as one of the most promising applications of
recombinant DNA technology. The first two reports
indicating potential value of DNA vaccines have appeared
in 1993 (Robinson et al., 1993; Ulmer et al., 1993).
Immunization with naked DNA can elicit humoral and
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Mechanisms of DNA-induced immune response to FMDV proteins
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cellular immune responses and protection against different
pathogens (Wolff et al., 1990). The concept is based simply
on inoculation of plasmid DNA, which encodes microbial
gene or genes (Sasaki et al., 1999) under a strong eukaryotic
promoter like the early CMV promoter and enhancer (Atkins
et al., 1999). The mechanisms of immune response produced
by DNA vaccine are shown in Fig. 2.

The characteristic advantages of DNA vaccines over live
attenuated and the whole killed vaccines have been reported
in detail earlier (Sasaki et al., 1999; Dunham, 2002). Initial
experiments by Ward et al. (1997) revealed that DNA vaccine
candidate against FMD was not as effective as the inactivated
whole virus vaccines. The elicited neutralizing antibody
response fell short of that required for protection against the
disease in swine. Chinsangaram et al. (1998), have evaluated
a candidate DNA vaccine against FMD designed to produce
viral capsids lacking viral nucleic acid. Plasmid DNAs
containing a portion of the FMDV genome coding for the
precursor capsid protein (P1-2A) and wild type (wt) or
mutant viral protease 3C induced FMDV antibodies in mice
in both the instances. However, only the plasmid DNA
containing wt3C elicited a neutralizing antibody response
and protected only partially against virus challenge. A DNA
vaccine containing an attenuated full-length infectious
FMDV clone (deleted L gene and RGD receptor-binding
site) induced protection in swines (Ward et al., 1997).
Subsequently, demonstrated that their A construct consisting
of P1 and 3D sequences and wt3C protected swines against
FMD, while a similar construct with mutated 3C lacking post-
translation processing ability failed to give protection (Beard
et al., 1999). The use of a recombinant protein and DNA
vaccine against FMDV type Asia1 infection in guinea pigs
has been reported by Zhang et al. (2003a). An immune
response has been observed in mice inoculated with plasmid
DNAs containing multiple epitopes of FMDV (Zhang et al.,
2003b). A plasmid (pCEIS) encoding only two major epitopes
of FMDV (aa 141–160 and 200–213) protected swines against
FMDV challenge (Wong et al., 2000). A plasmid encoding
all the structural proteins and processing enzymes gave partial
protection against FMDV challenge in pigs (Benvenisti et al.,
2001). Shieh et al. (2001) have reported that treating animals
with DNA plasmids for priming and with FMDV antigen(s)
for boosting may elicit immunity to FMDV and that CpGODN
motifs may augment this immune response.

3.4 Cytokine-enhanced DNA vaccines

DNA vaccine-induced immune responses can be
enhanced or modulated by co-administration of stimulatory
molecules as pro-inflammatory cytokines, tumor necrosis
factor (TNF), granulocyte-macrophage colony stimulating
factor (GM-CSF) and Th1 and Th2 cytokines (Kim et al.,
2001). As biological activity of cytokine is difficult to

maintain under normal conditions, their application is
limited. However, recombinant DNA technology facilitates
the use of cytokines in vaccination by manipulating immune
responses. Inclusion of cytokines and studying their
immuno-modulatory effect is a step forward in the
development of new generation vaccines. Stimulation of
local pharyngeal immune response could be today achieved
by using one of the ever increasing number of identified
cytokines, which could succeed in eliminating the virus
(Kitching, 2002b).

Cedillo-Barron et al. (2001) have reported an
enhancement of immune response by co-inoculation of a
GM-CSF construct and a FMDV P1-2A3CD construct.
Wong et al. (2002) have reported a similar enhancement by
employing swine interleukin-2 (IL-2) as a gene adjuvant.
Although protection against FMDV correlates in general
with neutralizing antibodies, a T cell response is essential
for effective immunity and ultimate elimination of carrier
status in reconvalescing animals. IFN-γ has been reported
as a potent antiviral cytokine (Costa-Pereira et al., 2002)
stimulating strong T cell responses. Efficacy of cytokines
as gene adjuvants has been ascertained by several authors
(Cedillo-Barron et al., 2001; Costa-Pereira et al., 2002;
Wong et al., 2002; Kitching, 2002b). The induction of
monocytic cell activity, demonstrable by the production of
IL-6, IL-8 and IL-12, appears to play a critical role in FMDV
emergency vaccine induction of innate immune defense,
which relates to early protection against FMD (Barnett et
al., 2002). Zhang et al. (2002b) have described various
stimulatory effects of IFN-γ on replication of FMDV
especially in persistently infected bovine cells. A pig
inoculated with replication-defective human Adenovirus
type 5 vectors containing IFN and FMDV genes was
completely protected when challenged 24 hrs later with
FMDV. These animals neither exhibited clinical signs of
FMD nor developed antibodies against viral non-structural
proteins, suggesting that complete protection from infection
was achieved (Chinsangaram et al., 2003). Cedillo-Barron
et al. (2003) have investigated the immune response in pigs
to two recombinant plasmids co-expressing immuno-
dominant neutralizing antibody epitopes of FMDV VP1
protein (serving as a source of T cell epitopes in induction
of immunity) and viral non-structural proteins. Additional
co-immunization with plasmids encoding GM-CSF did not
result in any change in the immune responses.

3.5 Recombinant empty capsid vaccines

Experimental FMD vaccines have targeted immunogens
containing entire repertoire of immunogenic sites present
on intact virus but lacking infectious nucleic acid (Grubman
et al., 1985,1993; Roosien et al., 1990; Lewis et al., 1991). It
has been shown that empty capsids of FMDV retained
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antigenicity and immunogenicity (Rowlands et al., 1975)
of infectious virus particles and the immunogenicity was
superior to that of inactivated virus as the antibodies were
produced not only against sequential but also conformational
epitopes. Chemically inactivated viral particles and empty
capsids have been shown to elicit neutralizing antibody
response (Rweyemamu et al., 1979). Production of empty
capsids from whole virus is cumbersome. However, it can
be achieved by cloning and expression of capsid proteins
(P1 coding sequences). Empty capsids were obtained by
processing of P1 either in vitro in a mammalian, insect and
bacterial cells (Grubman et al., 1985; Roosien et al., 1990;
Belsham et al., 1991; Lewis et al., 1991; Abrams et al., 1995),
which all produced neutralizing as well as protective
responses in pigs. A neutralizing antibody response has been
observed in mice immunized with a DNA vaccine expressing
empty capsid (Chinsangaram et al., 1998). Cedillo-Barron
et al. (2001) have reported that co-administration of a
plasmid encoding porcine GM-CSF and a empty FMDV
capsid (P1-2A) improved the FMDV-specific antibody
response. Empty capsids induced in cattle at FMDV-specific
neutralizing antibody response and protected them from
FMD after direct inoculation challenge in the tongue and
contact exposure to an infected animal (Grubman and
Mason, 2002). Recently, the precursor capsid proteins
(P1-2A) of FMDV serotypes Asia1 (Renji, 2001) and O,
A22 and C (Balamurugan, 2002), expressed as a secretory
proteins in yeast (Pichia pastoris), and the expressed
P1-2A protein of FMDV srotypes O (Balamurugan et al.,
2003) and Asia1, A22 and C were found to induce neutralizing
antibodies and protective response in guinea pigs in single
vaccination (Balamurugan et al., 2004).

3.6 Chimeric viral vaccines

Adaptation of field isolates for vaccine purposes is
cumbersome, time consuming, and expensive. As an
alternative, construction of recombinant FMDVs followed by
their use in production of inactivated vaccines is proposed.
The advantage of such a strategy could be the possibility of
manipulating the antigenicity of these viruses by substituting
the antigenic coding regions (i.e., structural proteins) in cDNA
clone of a suitable strain. Kitson et al. (1991) have constructed
poliovirus recombinants with sequences corresponding to
FMDV antigenic sites. Viable virus was recovered from these
plasmids, in which the VP1 B-C loop (antigenic site 1) of
poliovirus type 1 Sabin strain had been replaced with se-
quences derived from the G-H loop of VP1 (antigenic site 1)
or βB-βC loop of VP1 (antigenic site 3) of FMDV type O.
The G-H loop of FMDV VP1 (aa 132–155) Is a prominent
feature on the virion surface and has an important role in
vaccine efficacy and generation of antigenic variants. Using
an infectious cDNA of FMDV, Rieder et al. (1994) have

constructed serotype A viruses in which the βG-βH loop had
been substituted with homologous sequences of serotype O
or C. These chimeric viruses replicated to high titers and
displayed plaque morphology similar to that of wt viruses,
demonstrating that the functions provided by the loop can be
readily exchanged between serotypes.

Expression of infectious viral RNAs through in vitro
transcription of cDNA-containing vectors has several
advantages. Namely, (i) the infectivity is less dependent on
RNA degradation since it presumably occurs only within
cells where the RNAs are synthesized, and the replication
process can overcome detrimental effects resulting from
degradation, (ii) the in vitro transcription and RNA
transfection is not necessary and this is particularly important
for RNA viruses for which the production of good yields of
highly infectious full-length transcripts may be problematic,
(iv) costly reagents such as cap analogs and RNA
polymerases are not required, (v) it renders the expression
of viral genes largely independent of the viral replication
process. This might be very convenient when studying the
role and/or localization of proteins expressed by mutant viral
RNAs unable to replicate in cells. These in vitro produced
viral transcripts would then behave like messenger RNAs
produced by a host RNA polymerase, still able to express
native or mutant proteins without being replicated (Van
Bokhoven et al., 1993). Infectious cDNA has many
advantages over inactivated vaccines, namely the possibility
of attenuation, high stability, absence of live virus, induction
of both humoral and cell-mediated immune response, and
absence of problems associated with the existence of pre-
immunity. Despite the fact that, considered historically, the
first infectious clones of RNA viruses were cDNA clones,
to date there are only a few examples of animal viruses for
which full-length cDNA containing vectors were
successfully used for in vivo production of infectious RNA.

Although chimeric vaccines are safe theoretically, they
have potential disadvantages. There are chances of
recombination leading to production of virulent viruses in
vivo. A chimeric cDNA clone between serotypes A and SAT
2 was constructed by inserting external capsid coding region
of the vaccine strain ZIM/7/83/2 into the backbone of the A
12 cDNA clone (Van Rensburg and Mason, 2002).
Preliminary evaluation of the recombinant revealed its slower
growth as compared with the parental ZIM/7/83/2, although
similar antigen yields could be obtained. The chimera was
found to be less thermostable than the parental strain,
suggesting its unsuitability for inactivated vaccine
production (Van Rensburg and Mason, 2002).

3.7 Genetically engineered attenuated vaccines

Dangers inherent to high potential for variation and
adaptation exhibited by FMDV have hampered the use of
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classical attenuated strains, obtained by adaptation and
further passaging of virulent viruses in insusceptible hosts,
as vaccines (Sagedahl et al., 1987). They were due to frequent
reversion of attenuated viruses to virulent forms (Cao et al.,
1991) as well as to the fact that viral strains attenuated for a
given host may be virulent for other hosts (Sagedahl et al.,
1987). Chimeric viruses in which the RGD receptor-binding
site (McKenna et al., 1995) or L gene (Mason et al., 1997)
were deleted induced protection in natural host without
producing clinical symptoms. In spite of these promising
results, wide FMDV host range and high potential for
variation of the virus make a careful study of the stability
and pathogenicity of new recombinant vaccines necessary
before they can be considered for field trials (Sobrino et al.,
2001).

3.8 Recombinant viral vector vaccines

A more efficient induction of protective immunity by live
vaccines as compared to inactivated ones has been reported
for a number of viruses including picornaviruses
(Usherwood and Nash, 1995). This can expected from a
requirement for a board spectrum of immune responses for
achievement an efficient protection, as observed in animals
following natural infection. One strategy to achieve this goal
is to present foreign antigens expressed through either
replicative form of genome encoded by recombinant viral
vectors. The immunogenicity of a recombinant adenovirus
and vaccinia virus expressing P1 protein of FMDV
(administered either individually or sequentially) was
analyzed by Sanz-Parra et al. (1999). Double immunization
with a recombinant adenovirus elicited an antiviral immune
response and protected pigs partially against viral challenge.
The authors concluded that the protection resulted from
FMDV-specific T cell responses but not antibodies. It is an
established fact that introduction of immunogenic domain
of VP1 protein alone cannot induce protection even though
FMDV neutralizing antibodies are elicited (Brown, 1992;
Huang et al., 1999).

A recombinant replication-defective human adenovirus
serotype 5 carrying FMDV P1-2A and 3C protease elicited
both neutralizing antibodies and protection when challenged
with virulent virus in mice (Mayr et al., 1999). A
recombinant Vaccinia virus expressing FMDV P1elicited
high titer neutralizing antibodies against both homologous
FMDV and Vaccinia virus as measured by neutralization
assay (Sanz-Parra et al., 1999). Liquid phase blocking ELISA
using the whole virus as antigen showed high titer antibodies
against homologous FMDV similar to those induced by
conventional inactivated vaccine. Vaccinia virus-based
vector could be used as a live immunogen delivering system
in a mouse model (Berinstein et al., 2000). The use of
adenovirus vectors for delivery of protective immunogens

from numerous pathogens is being explored as a vaccine
strategy for several diseases. Adenovirus targets upper
respiratory and gastrointestinal tracts, thereby inducing local
mucosal immune responses and triggering cellular
immunity. Since initial site of FMDV infection is upper
respiratory tract the ability to deliver FMDV nucleic acid to
this area would resemble natural infection and could be
important in induction of protective immunity (Xiang et al.,
1996; Grubman and Mason, 2002).

Currently, one of the most promising vaccine candidates
utilizes a viral capsid subunit delivered to animals by using
a live virus as vector (Grubman and Mason, 2002). This
candidate, a replication-defective recombinant human
adenovirus containing the capsid and 3C protease coding
regions of FMDV induces an FMDV-specific neutralizing
antibody response. Upon challenge with a virulent animal-
passaged homologous virus, pigs and cattle vaccinated with
the recombinant adenovirus are protected from clinical signs
of FMD as well as viral replication. Inoculation of a high
dose of this vaccine protected pigs from challenge as early
as 7 days after vaccination (Grubman and Mason, 2002).
DNA vaccination has proved to be a promising venue for
recombinant vaccines. The emergence of gene adjuvants has
further added a powerful weapon to the arsenal of DNA
vaccines.

3.9 Self-replicating genetic vaccines

A major rationale for putting antigen-coding genes under
the control of alphavirus RNA replicase was to enhance
antigen expression and presentation. A fundamental
difference between replicase-based and conventional DNA
vaccines is the fact that viral RNA like intact virus replicates
inside the transfected host. Transfection of host cells with
replicase-based genetic vaccines could trigger a series of
danger signals (Matzinger, 1998). Replicase-based DNA
or RNA induces apoptotic death of the host cell in vitro
just as does alphavirus infection. (Ying et al., 1999). These
apoptotic cells may be picked up by dendritic cells for
presentation to the immune system (Albert et al., 1998).
Transfection with self-replicating genetic vaccines may also
cause production of heat shock proteins in transfected or
by-stander cells (Chelbi-Alix and Sripati, 1994). The viral
replicase has a powerful adjuvant effect due to production
of viral double-stranded RNA (dsRNA) intermediates,
since ds RNA itself is a potent inducer of IFN and can
function as a strong adjuvant in cellular and humoral immune
responses. Various molecules are known to bind to and be
activated by dsRNA. The best characterized are 2'-5'
oligoadenylate (2-5A) synthetase and RNA-dependent
protein kinase (PKR). The 2-5A system contributes to the
antiviral effect of IFN through the synthesis of 2-5A and its
activation of RNase, which degrades both viral and cellular
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RNA. PKR expression both induces and is induced by IFN.
PKR is then activated by dsRNA to phosphorylate its
substrates including e-IF2. This results in the inhibition of
translation, further diminishing viral replication. The
cellular death observed in response to dsRNA is likely to
be mediated by both the 2-5A system-induced RNase as
well as substrates of PKR (Rivas et al., 1998). IFN-γ
potentiates the apoptotic effects of dsRNA (Tanaka et al.,
1998). Thus these vectors have high potential for being
regarded as media for the development of new generation
vaccines against FMD.

3.10 Transgenic plants with expressed FMDV proteins

Expression of antigens in transgenic plants has been
increasingly used as alternative to classical methodologies
for antigen expression for the development of experimental
vaccines. Foliar extracts of the plants from a Tobacco mosaic
virus-based vector carrying complete FMDV VP1 protein
showed specific antibody response against VP1 as well as
whole virus and elicited a protective response against
experimental challenge with virulent FMDV in mice
(Wigdorovitz et al., 1999a). Wigdorovitz et al. (1999b) have
reported immunization of mice by parenteral administration
of leaf extracts or feeding freshly harvested leaves from a
transgenic alfalfa plant. The immunized mice developed
virus specific immune response to trans gene (synthetic
peptide) as well as intact virus and they were also protected
against experimental challenge virus. There is another report
about protective immune response in animals to a synthetic
peptide mimicking FMDV VP1 protein (aa 135–160) and
intact VP1 particles expresse in plants (Carrillo et al., 1998).
An epitope from FMDV has been fused to a glucuronidase
(gus A) reporter gene allowing selection of transgenic plants
by the glucuronidase activity (Carrillo et al., 1998). The
FMDV epitope expressed in plants was highly immunogenic
in mice, which developed strong antibodies against a
synthetic peptide (the VP1 region of aa 135–160), native
viral VP1 and purified FMDV. Moreover, the mice were
completely protected against experimental challenge with
the virulent virus. This constitutes the first report of a
peptide-based vaccine produced in transgenic plants that
induced a protective immune response in experimental hosts
(Dus Santos et al., 2002). Wu et al. (2003) have expressed
two immunogenic dominant epitopes of FMDV serotype O
in tobacco plants using a vector based on recombinant
tobacco mosaic virus. One of the immunogenic dominant
epitopes made up of 11 amino acids protected pigs from
challenge. Also, these results demonstrated the possibility
of using a novel and simple methodology for obtaining
transgenic plants expressing high levels of foreign proteins,
which could be directly applied in the development of plant-
based vaccines.

4. Conclusions

Vaccination has proved a powerful defense against a range
of infectious diseases of humans and animals. However, its
potential to control major epidemics of FMD in livestock is
contentious. FMD is a highly contagious disease and is on
the A list of infectious diseases of animals of the Office
International des Epizooties (OIE) and has been recognized
as the most important constraint to international trade in
animals and animal products. The only way of control is
through vaccination followed by proper monitoring of the
animal movement. The conventional vaccines currently used
have advantages but they have to be checked on different
targets, as the control of FMD becomes one of the urgent
needs of the world. The new generation vaccines based on
viral proteins, protein fragments and nucleic acids are
attractive because of their stability, which is one of important
features of a vaccine. Subunit vaccines, synthetic peptide
vaccines, DNA vaccines, cytokine-enhanced DNA vaccines,
recombinant empty capsid vaccines, chimeric viral vaccines,
genetically engineered attenuated vaccines, recombinants
viral vector vaccines, self-replicating genetic vaccines and
transgenic plants with expressed viral proteins are the present
vaccine development strategies for FMD control. The control
is a timely need for the countries, which are endemic to
FMD. In the next future the use of recombinant vaccines in
ensuring effective immune response will apparently become
acceptable. Spread of FMD to the disease-free countries and
the restrictions to stamping-out policy in certain endemic
countries represent a challenge to scientists to search for
alternative FMD control strategies.
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