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Summary

Foot and mouth disease (FMD) is a highly contagious viral-induced disease of cloven-hoofed animals 
that results in serious economic consequences in affected countries that have a significant international 
livestock trade.  Currently disease control measures include inhibition of susceptible animal movement, 
slaughter of infected and susceptible in-contact animals, disinfection, and possibly vaccination with an 
inactivated whole virus antigen. However, there are a number of problems with use of the current vaccine in 
outbreaks in countries which have been previously free of FMD. As a result countries which vaccinate face 
a longer delay in regaining FMD-free status than countries which do not vaccinate but rather slaughter 
all infected or susceptible in-contact animals. Researchers have been attempting to develop both new FMD 
vaccines to overcome the limitations of the current inactivated vaccine as well as methods to more rapidly 
induce a protective response. In this manuscript I discuss the most effective new FMD vaccines and novel 
antiviral strategies that are currently being examined. 
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Introduction

Foot and mouth disease (FMD) is a highly 
contagious disease of domestic and wild cloven-
hoofed animals including cattle, swine, sheep, 
goats, and deer that rapidly replicates in the host 
and readily spreads to susceptible animals by contact 
and aerosol (14). The disease is characterized by 
fever, lameness and vesicular lesions on the tongue, 
feet, snout and teats resulting in high morbidity but 
low mortality in adult animals. However, mortality 
can be high in young animals since the disease can 
affect the heart (14). FMD is considered one of the 
most contagious diseases of animal or man and is 
listed on the A list of infectious diseases of animals 

by the Office International des Epizooties (OIE), the 
world organization of animal health. This designation 
indicates that FMD is a transmissible disease that has 
the potential for very serious and rapid spread and 
is of serious socioeconomic importance. A disease 
outbreak must be immediately reported by a member 
country to the OIE and results in the inhibition of 
trade in susceptible animals and their products.  
Clearly outbreaks of FMD can have devastating 
economic consequences in countries that have a 
significant international livestock trade. 

  
FMD is enzootic in all continents except Australia 

and North America, but by the 1990’s had been 
eradicated from many developed countries (4). 
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However, numerous outbreaks have occurred in the 
past decade in countries that had been free of the  
disease for many years. In particular, outbreaks in 
Taiwan in 1997 and the United Kingdom in 2001 resulted 
in the slaughter of millions of animals at a cost of 
billions of dollars (US) (15, 28). Furthermore, there 
has been a re-emergence of FMD in some countries in 
South America that were either free of the disease, such 
as Uruguay and Argentina, or where specific regions 
of the country were disease-free such as the southern 
part of Brazil (9). Currently an outbreak of FMDV 
type O is occurring in the southern Brazilian states 
of Mato Grosso do Sul and Parana with concurrent 
severe economic consequences. In addition, since the 
terrorist attacks in the U.S. in 2001, the possible use 
of FMDV as a bioterrorist weapon is of considerable 
concern to disease-free countries.

The causative agent of the disease, FMD virus 
(FMDV), the type species of the Aphthovirus 
genus, of the Picornaviridae family,    contains 
a single-stranded, positive-sense RNA genome 
of approximately 8500 bases surrounded by an 
icosahedral capsid with 60 copies each of 4 structural 
proteins, VP1-4 (14, 23). The virus is antigenically 
highly variable and consists of seven serotypes and 
multiple subtypes (14). Upon infection of cells the 
virus is uncoated and the viral genome translated 
into a polyprotein that is processed by the viral 
encoded proteinases L and 3C and the peptide 2A 
into the mature viral structural and nonstructural 
(NS) proteins. The 3C proteinase, 3Cpro, processes 
the capsid precursor polyprotein P1-2A into the viral 
structural proteins, VP0, VP3, and VP1 and these 
capsid proteins assemble, via a series of steps, into 
the virus particle. Researchers have attempted to 
utilize this basic information in the development 
of novel marker vaccines. 

Disease control

The methods used to control FMD outbreaks 
and eliminate the disease have included inhibition 
of movement of susceptible animals and animal 
products, slaughter of infected and susceptible 
in-contact animals, disinfection, and vaccination 
programs with an inactivated whole virus antigen. 
As a result of these campaigns many countries 

including Western European countries and parts of 
South America became FMD-free in the late 1980’s 
and early 1990’s. These countries then stopped 
vaccination programs and were reluctant to use 
vaccination in the event of an outbreak because 
OIE regulations favored slaughter as the most rapid 
way to regain FMD-free status and thus resume 
international trade. There were a number of reasons 
for this policy including difficulty in distinguishing 
vaccinated from infected animals and the potential 
for the development of an asymptomatic persistent 
infection or carrier state upon exposure of 
vaccinated animals to infectious virus. For these 
reasons the U.K. did not vaccinate to control the 
2001 outbreak, while in the subsequent outbreak 
in The Netherlands animals were vaccinated but 
were eventually all slaughtered (21). The large-
scale slaughter of infected animals and in-contact 
susceptible animals, many of which were probably 
not infected, raised considerable public concern 
and has resulted in a change in OIE, European 
Union, and U.K. policy to a more prominent role 
for vaccination, including vaccination-to-live, in 
disease control in previously FMD-free countries 
(2, 25). Included in this policy change was the 
recognition and support for development of new 
vaccines and disease control strategies (2). 

There are a number of other drawbacks with the use 
of the current inactivated vaccine in the elimination 
of FMD from disease-free countries including 
the requirement for expensive, high-containment 
facilities for vaccine production and the inability of 
this vaccine to induce the rapid protection required 
to control FMD. As a result there is a “window of 
susceptibility” prior to the onset of vaccine-induced 
immunity. 

Development of new vaccines

Over the past 30 years researchers have attempted 
to develop alternative vaccines that overcome some 
of the drawbacks with the inactivated vaccine. To 
be successful in campaigns to eliminate FMD in 
a previously disease-free country a new vaccine 
must induce protection in one inoculation and must 
contain a marker to allow unequivocal differentiation 
between vaccinated and infected animals. Thus 
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far the only vaccine that has met these goals is an 
FMDV empty viral capsid immunogen delivered 
by a replication-defective human type 5 adenovirus 
(Ad5) vector (16, 18).

Empty viral capsids are virus particles lacking 
nucleic acid and are naturally produced in 
FMDV infected cell cultures. These particles are 
antigenically similar to infectious virus, and are as 
immunogenic as virions in animals (22, 24). Thus, 
this immunogen contains the entire repertoire of 
immunogenic sites present on intact virus. Utilizing 
recombinant DNA technology we have produced 
an Ad5 construct that contains the portions of the  
FMDV genome required for capsid protein synthesis 
and assembly (16). This construct includes the coding 
region for the viral capsid protein precursor, P1-
2A, and 3Cpro (26), but lacks the coding regions for 
most of the other viral NS proteins. Furthermore, 
when assembled, this immunogen, by definition 
lacks FMDV nucleic acid, and can not synthesize 
infectious viral nucleic acid when inoculated into 
animals. This marker vaccine can be utilized with 
companion diagnostic assays specifically designed 
to detect FMDV antigens not present in the vaccine 
and thus vaccinated animals can unequivocally be 
distinguished from infected animals. An additional 
advantage of a DNA-based FMD vaccine is the 
faithful replication of Ad5 and foreign DNA 
which thereby overcomes the potential problem 
of selection of antigenic variants during FMDV 
cell culture passage required for traditional      
inactivated vaccine production.

We have constructed an Ad5 vector containing 
the capsid coding region from FMDV A24 Cruzeiro, 
a field strain from Brazil, and the 3Cpro coding 
region (Ad5-A24) (18). Inoculation of swine 
with one dose of this vaccine protected animals 
subsequently challenged by direct inoculation 7, 
14 or 42 days later from clinical disease, viremia 
or virus in nasal swabs, while control animals 
developed severe clinical disease, including fever 
and viremia (18). In a separate experiment swine 
were inoculated with Ad5-A24 and challenged by 
direct inoculation 5 days later (17). Although all 
vaccinated animals developed clinical disease,  
their lesion score was considerably less than  

control challenged animals and 2 of the 3 vaccinated 
animals did not develop viremia, while the third  
animal in this group only had a low level viremia for 
1 day. In contrast, all the control animals developed 
viremia for 2-3 days. Thus, Ad5-A24 can induce 
a partially protective response in swine within 5 
days. 

Cattle inoculated with a single dose of the Ad5-
A24 vaccine were protected from systemic disease 
and viremia when challenged 7 days later by 
intradermolingual inoculation and contact exposure 
(19). In addition, preliminary experiments indicate 
that this vaccine can be administered more than one 
time since twice-inoculated animals developed a 
significant boost in the FMDV-specific neutralizing 
antibody response. Thus, Ad5 vectored FMDV may 
be useful in vaccination campaigns in countries  
where FMD is enzootic. Furthermore, serological 
evidence from the above experiment indicates that 
after two inoculations with this vaccine there is 
still a clear distinction of vaccinated animals from 
infected animals (13). 

FMDV serotype O is prevalent worldwide and 
has caused recent outbreaks in Asia, Europe and the 
current outbreak in Brazil. It has been shown that 
the inactivated O vaccine is a poorer immunogen 
than a serotype A vaccine and successful O vaccines 
require 4-5 times greater antigenic payload than A 
(10, 20). We constructed a serotype O1 Campos Ad5 
vaccine and inoculated pigs once with the same dose 
as Ad5-A24 and challenged the animals 21 days later 
(5). The Ad5-O1C vaccine induced a detectable, but 
low, FMD-specific neutralizing antibody response. 
Vaccinated animals were not completely protected, 
but disease was delayed and considerably reduced 
and there was a 10.000-fold reduction in viremia 
as compared to control animals. We are currently 
examining various avenues to enhance the efficacy 
of the Ad5-O1C vaccine.

Development of antivirals for rapid protection

While both the traditional vaccine and the 
Ad5-A24 vaccine can induce protection by 7 days 
postadministration (11, 19), the ability of FMDV to 
replicate and spread very rapidly results in a “window 
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of susceptibility” to disease prior to the induction of 
the adaptive immune response.

Antivirals can potentially cover this early period 
of susceptibility since these compounds can rapidly 
inhibit virus replication. Antivirals can either be 
designed to specifically inhibit the function of one 
or more viral proteins or a more generic antiviral 
approach can be attempted utilizing components of 
the host innate immune response. 

One of the initial general responses of the host to 
viral infection is the induction of type I interferon 
(IFN-α/β) mRNA (3). Expression, secretion, and 
binding of IFN-α/β protein to specific receptors 
on cells results in initiation of a signal transduction 
pathway and induction of a virus-resistant state in 
these cells by activation of a series of genes whose 
protein products can inhibit various steps in the 
virus life cycle (3, 12). Although viruses, including 
FMDV, have devised various strategies to overcome 
the host antiviral response, we and others have shown 
that FMDV replication is inhibited in cell cultures 
pretreated with IFN-α/β protein (1, 6, 8, 12). These 
results suggest the potential use of IFN-α/β as an 
anti-FMDV agent in animals. 

We have used the replication-defective Ad5 
vector system as an efficient method of introduction 
and expression of IFN-α/β in swine (7, 17). In this 
delivery system IFN is produced in the animal and 
the amount of IFN expressed can be controlled 
by the dose of Ad5 administered. This approach 
overcomes some of the current concerns with the 
clinical use of IFN including its rapid metabolism 
in vivo requiring frequent high doses. Recombinant 
Ad5 vectors containing either porcine IFN-α or 
porcine IFN-β were constructed and expressed high 
levels of biologically active IFN in cell culture (7). 
Swine were inoculated with Ad5-IFNα or a control 
Ad5 virus and challenged by direct inoculation one 
day later with FMDV (7). The group given Ad5-
IFNα did not develop clinical disease or viremia, 
had only a low FMDV-specific neutralizing antibody 
response and no antibodies against the viral NS 
proteins while the control Ad5 inoculated group 
developed severe clinical disease. In additional 
experiments the single dose of Ad5-IFNα could 

protect swine from FMDV for as long as 3-5 
days (17). These results indicate that prophylactic 
treatment with IFN can induce sterile protection. In  
an additional experiment Ad5-IFNα was 
administered therapeutically one day postchallenge. 
The   animals had reduced levels of viremia and 
severity of disease as compared to controls  
suggesting that this treatment can reduce the amount  
of virus shed thereby potentially limiting disease 
spread. In support of this result we showed that 
treatment of FMDV-infected cells with IFN-α at 
various times postinfection significantly reduced 
virus yield (8).

 
To address the need to induce both rapid and 

relatively long-lasting protection, we inoculated 
swine with a combination of Ad5-pIFNα and 
Ad5-A24 and challenged them 5 days later (17). 
These animals had a low level, but detectable 
neutralizing antibody response prior to 
challenge, and a  significant boost in titer after 
challenge. However, there was no evidence of 
virus replication and the group was completely 
protected from clinical disease. These results   
indicate that the combination approach does afford 
animals exposed to FMDV soon after treatment 
both rapid protection and a more robust neutralizing   
antibody and protective response than animals 
administered either the antiviral or vaccine alone.

Prophylactic use of IFN was partially effective in 
cattle, but most of the inoculated animals developed 
clinical disease which was delayed and less severe 
as compared to the controls (27). Evidence suggests 
that the reduced effectiveness of IFN treatment in 
cattle is a result of a lower blood concentration of 
IFN than in swine.

How do we propose to implement a combination 
vaccine and antiviral strategy?

Animals in an FMD-infected zone should be 
rapidly given an antiviral, but these animals would 
still be slaughtered. This strategy should reduce the 
amount and duration of virus shedding. Animals in 
the surrounding zone free of disease would be gi-
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ven both the antiviral and the vaccine and if these 
animals were negative by a companion diagnostic 
assay, ie., 3D ELISA, they would not be slaughtered. 
This strategy should promote a policy of vaccination-
to-live thereby reducing the number of animals that 
would have to be destroyed as well as have a positive 
environmental and social impact as compared to a 

Resumen 

Nuevas aproximaciones hacia el control de la fiebre aftosa: antivirales y nuevas vacunas

La fiebre aftosa es una enfermedad viral altamente contagiosa, que afecta a los animales de pezuña 
hendida y produce pérdidas económicas importantes, afectando el comercio internacional pecuario de los 
países que la padecen. En la actualidad las medidas de control para esta enfermedad incluyen la restric-
ción del movimiento de animales susceptibles, el sacrificio de animales infectados y aquellos susceptibles 
que entran en contacto con los infectados, la desinfección y la posible vacunación con un antígeno viral 
completo inactivado. No obstante, existen varios problemas con el uso de las vacunas disponibles durante 
los brotes en países que habían sido considerados previamente libres de la enfermedad. Como resultado de 
lo anterior, los países que vacunan, enfrentan una demora significativa en obtener nuevamente el estado 
de “país libre” de fiebre aftosa, a diferencia de aquellos que no vacunan y deciden sacrificar todos sus 
animales infectados o los susceptibles que se exponen a la infección. Los científicos han estado tratando de 
desarrollar nuevas vacunas para superar las limitaciones de las actuales vacunas inactivadas, a la vez que 
se intentan desarrollar nuevos métodos para inducir una respuesta inmune protectora más rápida. En este 
documento se discuten, nuevas vacunas que son más efectivas para controlar la fiebre aftosa e igualmente, 
estrategias antivirales novedosas que están actualmente en investigación.

Palabras calve: estrategias antivirales, fiebre aftosa, prevención, vacunas.

slaughter only approach. It is also possible that this 
strategy can be used in the final phases of FMD era-
dication campaigns in countries where the disease is 
enzootic. In particular, the use of a marker vaccine 
should allow unequivocal demonstration of absence 
or presence of infected animals during serological 
surveillance programs. 
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