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Abstract

With intensification of trade, livestock are increasingly exposed to severe animal diseases caused by a range of RNA viruses. Recent prime
examples include outbreaks of foot-and-mouth disease (FMD), peste des petits ruminants, Rift Valley fever and bluetongue. To minimise their
impact, controlling the spread of virus is of utmost importance. Good quality, reliable vaccines exist for some, although not all, of these diseases,
but suffer from a set of drawbacks, not the least of which being the time needed to trigger the immune response (i.e. “immunity-gap”). Effective,
rapid control tools are, therefore, urgently needed and antiviral compounds could serve this purpose. Although limited in vitro and in vivo research
has been performed, encouraging results for FMD suggest that livestock could be protected against infection within 24 h following antiviral
treatment and up to 12 h post-infection. Such prophylactic/therapeutic antiviral drugs could complement emergency vaccination in a previously
disease-free setting or be applied to treat valuable zoological collections and breeding stocks in endemic and previously disease-free regions alike.
This paper will primarily focus on the effects of FMD on livestock and other sectors, and on appropriate control tools. The outlined principles can

be extrapolated to other RNA viral diseases.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Highly pathogenic RNA viruses of livestock can be defined
as those RNA viruses that cause highly contagious or transmis-
sible animal diseases which have the potential for very severe
and rapid spread, irrespective of national borders, which are
considered to be of serious socio-economic and/or public health
consequence, and which are of major importance in international
trade of animals and their products (i.e. transboundary animal
diseases or TADs; Domenech et al., 2006). By definition, these
diseases closely relate to the former World Organisation for Ani-
mal Health (OIE) List A diseases (OIE, 2004). Of the 15 diseases
described, 11 are caused by RNA viruses from 7 different fam-
ilies (Table 1). Additionally, nearly 30% of all other OIE-listed
diseases of terrestrial animals are attributed to RNA viral infec-
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tion which highlights the threat these agents pose to the livestock
industry.

“Livestock” is a collective term used for any breed or popu-
lation of animals kept by humans for subsistence or commercial
interest. Worldwide, the sector accounts for 40% of the agri-
cultural gross domestic product (Steinfeld et al., 2006). For the
purpose of this paper, however, the term will be restricted to
cattle, pigs, sheep and goats. The focus will, thus, be put on Rift
Valley fever (RVF) virus, classical swine fever (CSF) virus, peste
des petits ruminants (PPR) virus, rinderpest (RP) virus, foot-
and-mouth disease (FMD) virus, swine vesicular disease (SVD)
virus, bluetongue (BT) virus and vesicular stomatitis (VS) virus
(Table 1).

The aim of the present paper is to describe the impact of
highly pathogenic RNA viruses on livestock and the com-
munity at large, to summarise existing control measures and
to inquire into the possibility of using antiviral drugs, as an
adjunct to available measures for disease control in livestock,
both in disease-free and disease-enzootic settings. Although
there has been considerable interest in antiviral therapy for
humans who are infected with HSN1 or other highly pathogenic


mailto:negor@var.fgov.be
mailto:frvan@var.fgov.be
mailto:krdec@var.fgov.be
dx.doi.org/10.1016/j.antiviral.2007.10.003

N. Goris et al. / Antiviral Research 78 (2008) 170-178 171

Table 1
RNA viral family, genus and species of former World Organisation for Animal Health List A diseases
Family Genus Species Disease Main affected livestock species Zoonotic
agent
Cattle Pigs Sheep Goats Others
Bunyaviridae Phlebovirus Rift Valley fever virus Rift Valley fever X - X X - X
Flaviviridae Pestivirus Classical swine fever virus Classical swine fever - X - - - -
Orthomyxoviridae  Influenza A virus  Avian influenza virus Avian (bird) flu - - - - Avian X
Paramyxoviridae ~ Avulavirus Newcastle disease virus Newcastle disease - - - - Avian X
Morbillivirus Peste des petits ruminants virus ~ Peste des petits ruminants ~ X?* X2 X X -
Morbillivirus Rinderpest virus Rinderpest X X X X - -
Picornaviridae Aphthovirus Foot-and-mouth disease virus Foot-and-mouth disease X X X X - -
Enterovirus Swine vesicular disease virus Swine vesicular disease - X - - - b
Reoviridae Orbivirus African horse sickness virus African horse sickness - - - - Equidae  -©
Orbivirus Bluetongue virus Bluetongue X - X X - -
Rhabdoviridae Vesiculovirus Vesicular stomatitis virus Vesicular stomatitis X X Equidae X

The viruses are listed in alphabetical order starting at the family level.

4 Can become infected. However, no clinical signs or virus transmission has been observed.

b Sporadic laboratory infections have been recorded.
¢ Occasionally through intranasal exposure to certain vaccine strains.

influenza viruses (De Clercq and Neyts, 2007) through expo-
sure to ducks or chickens, antiviral drugs should not be used
to treat influenza-infected poultry, as this may favour the emer-
gence of drug-resistant viruses. Avian influenza therefore will
not be discussed.

2. Impact of FMD outbreaks on agriculture and
livestock

The FMD virus (FMDV) is a classic example of a highly con-
tagious RNA virus that affects multiple species, has an extremely
high mutation rate (Domingo et al., 2003) and is very disrup-
tive to normal life and economic activity. Moreover, FMDV is
globally ranked by veterinary authorities as the first and fore-
most priority (Domenech et al., 2006). Hence, FMDV will serve
as a model throughout the paper and its control module will be
extended to that of the above-listed RNA viruses.

The impact of FMD differs significantly between disease-free
and disease-enzootic countries/zones (Perry and Rich, 2007),
and is largely dependent upon the trade status of the respective
country/zone. Economic considerations and access to lucrative
trade markets are indeed by far the major incentives for control-
ling FMD (FAO, 2006).

The main concern of FMD-free regions is to prevent virus
introduction. Despite all efforts to control the borders, outbreaks
will occur, as exemplified by the 2001 FMD outbreak in the
United Kingdom (UK) and the 1997 outbreak in Taiwan (Yang
et al., 1999), both suspected to be the result of illegal movement
of infected animals or animal products and/or the use of illegal
consignments of contaminated feed (Donaldson, 2002; Kitching
and Alexandersen, 2002). The 2001 epidemic generated costs
totalling £8-9 billion, of which £3.1 billion represented direct
losses to agriculture and the food chain (Thompson et al., 2002).
Indirect losses to tourism were estimated to be as high as £5
billion (Campbell and Lee, 2003). The direct economic conse-
quences of the Taiwan outbreak (US$ 3.31 billion) consisted of

a ban in export trade to Japan of 6 million pig carcasses and the
purchase of emergency vaccines. Similarly high revenue impact
figures are predicted in case of FMD incursions in Australia,
New Zealand and the United States of America (Belton, 2004;
Garner et al., 2002; Paarlberg et al., 2002).

Moreover, the 2001 epidemic had a profound impact on soci-
ety at large. Farmers in the affected countries saw 4.4 million
animals destroyed (OIE, 2007a), had to cope with decreased
livestock prices, standstills were imposed (Scudamore, 2001),
road blocks put up, social events cancelled and there even was
a l-year ban on fox-hunting (Baker et al., 2002). The resulting
human tragedy unfortunately led to farmer suicides (Nerlich et
al., 2002).

Although not always as apparent, FMD also has diverse,
albeit unmistakeable impacts in FMD-endemic settings (usually
developing countries), as livestock contribute to the livelihood
of roughly 70% of the world’s poor (DFID, 2000). Control-
ling FMD would have positive market and non-market benefits,
such as healthier animals (e.g. increased fertility, Hugh-Jones,
1979; increased meat quality and quantity), additional income
through renting of animals, increased milk production (Sarma
et al., 2004) and eventually improved market access (Perry and
Rich, 2007). All leading to the conclusion that poverty —in terms
of hunger eradication, child mortality reduction and improved
human health — can be reduced by improved animal health (Perry
and Sones, 2007). The incentive for FMD control, however,
varies and its cost is weighed against the benefits of control-
ling diseases such as PPR, contagious bovine pleuropneumonia
and haemorrhagic septicaemia that, unlike FMD (although mor-
tality in young animals may reach 50%; Bachrach, 1985), induce
high mortality rates in susceptible animal populations.

3. Existing FMD control measures

The current version of the OIE Terrestrial Animal Health
Code makes provision of zoo-sanitary measures (i.e. disin-
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fection, decontamination and cleaning of the animal holding
facilities, their surroundings, transport vehicles and equipment),
movement restrictions, “stamping out” (i.e. culling and disposal
of all infected and susceptible “contact” livestock) and/or vac-
cination to control outbreaks and regain FMD-freedom (OIE,
2007b). Until recently, most FMD-free countries/zones not prac-
tising routine vaccination favoured a “stamping out” policy
accompanied by zoo-sanitary measures and movement restric-
tions (e.g. Council Directive 90/423/EEC), mainly because of
the short 3-month waiting period to recover FMD-free status
(OIE, 2007b). As a result of the mass slaughter of animals
during the 2001 epidemic, however, “stamping out” has been
the topic of heated debate. Consequently, and accelerated by
the availability of reliable “marker” vaccines and DIVA tests
(i.e. tests that differentiate infected from vaccinated, uninfected
animals) (Bergmann et al., 2000; Brocchi et al., 2006), both OIE
and European guidelines were amended to facilitate the use of
emergency vaccination (Council Directive 2003/85/EC) and to
reduce the waiting period from 12 to 6 months when applying
such vaccination (OIE, 2007b).

Although “stamping out” has proven successful as a first
line of defence, some of its shortcomings merit considera-
tion. First, it can only be successfully applied when FMD is
quickly recognised and diagnosed. Logistically it is less fea-
sible with widespread disease in a densely populated livestock
area and intensive surveillance is needed to identify infected and
dangerous “contact” premises (Barteling and Sutmoller, 2002).
Insufficient decontamination of equipment and improper bio-
security measures contribute to the further spread of the disease
(Honhold, 2006). Additionally, pre-emptive culling of “contact”
animals often leads to the unnecessary death of thousands of
healthy animals and poses a threat to zoological collections and
breeding stocks, not to mention the human trauma related to
the burning, and the images thereof, of thousands of carcasses
(Nerlich et al., 2002).

In FMD-endemic and FMD-free-with-vaccination coun-
tries/zones, outbreaks are primarily controlled by vaccination
(Lubroth et al., 2007). Apart from having to ensure a cold chain
(FMD vaccine must be stored at 4 °C to guarantee stability),
the logistics needed to carry out a vaccination campaign are
relatively simple. Vaccination could be performed by farmers
(Barteling and Sutmoller, 2002) which would greatly reduce the
risk of cross-contamination between infected and disease-free
premises. The current vaccine is fairly cheap (€3 per vacci-
nate) (Umans and Deleu, 2001) and proper application prevents
clinical signs (Cox et al., 2005; Orsel et al., 2007) and animal suf-
fering. Moreover, FMD vaccination reduces virus transmission
(Cox et al., 1999; Orsel et al., 2005; Salt et al., 1998) and new
outbreaks may cease within a week (Barteling and Sutmoller,
2002).

Nevertheless, some drawbacks persist when relying on (emer-
gency) vaccination. Because of the existence of seven FMDV
serotypes and multiple subtypes (Belsham, 1993) with little
or no cross-protection among them, the efficacy of this pol-
icy depends on vigilant epidemiological monitoring to identify
new strains and on the selection of an appropriate vaccine to
match the circulating field isolate (Paton et al., 2005). There-

fore, a suitable vaccine will probably not be available during the
first few days of an outbreak. Moreover, even the best available
vaccines only confer complete clinical protection 7 days post-
vaccination because of the time needed to trigger the immune
response (i.e. “immunity-gap”) (Ebl€ et al., 2006; Golde et al.,
2005). Delays in vaccine availability and in the onset of protec-
tion implies that during the critical initial stage of an outbreak,
livestock will remain highly susceptible to infection. Further-
more, in FMD-endemic regions, vaccination of animals less
than 6 months of age is hindered by the existence of mater-
nal antibodies (Condy and Hedger, 1978). Table 2 summarises
the advantages and limitations of the FMD “stamping out” and
vaccination policy.

4. Potential for anti-FMD antiviral drug therapy and
prophylaxis

To address some of the gaps in the current control measures
(e.g. “immunity-gap”, serotype-dependence, animal welfare,
public opposition to mass pre-emptive culling, maternal anti-
bodies), alternative and/or supplementary methods need to be
investigated, developed and marketed. During recent years there
has been an upsurge in papers dealing with the potential use of
both specific and non-specific antiviral agents for rapid inhi-
bition of FMDV replication and the early onset of protection
against the disease. The success of such antiviral regimens, how-
ever, depends on the potency (efficacy), selectivity (specificity),
safety (possible side-effects) and drug-resistance profile of the
agents used. This section reviews substances that have been
shown to be active against FMDV and discusses their potential
advantages and disadvantages as prophylactic (i.e. significant
reduction in the number of diseased animals) and therapeutic
(i.e. significant reduction in the duration/severity of disease)
tools.

4.1. Non-specific anti-FMDV agents

In 1977, Cunliffe et al. demonstrated that interferon
inducers, such as polyriboadenylic—polybouridylic acid and
polyriboninosinic—polyribocytidylic acid (poly-IC), respec-
tively enhanced the immunological response of guinea pigs
and pigs to FMD vaccination (Cunliffe et al., 1977). Pre-
treatment of pigs with 1 mg/kg poly-IC alone, however, was
unable to stimulate resistance to FMDV infection. Nevertheless,
the paper highlighted the potential for non-specific inhibition
of FMDV replication in vivo by interferon, which was put
to the test some 25 years later. Research demonstrated that
pigs were protected against FMDV within 1 day following
10° pfu/animal of adenovirus-expressed porcine type I inter-
feron (Ad5-PolFN-a) inoculation. None of the treated pigs
developed clinical signs or had detectable viremia, and only low
levels of FMDV-specific neutralising antibodies were observed
(Chinsangaram et al., 2003). Moreover, protection lasted for 3—5
days (Grubman, 2005). However, when cattle were inoculated
with 10'° pfu/animal of Ad5-PoIFN-q, the appearance of lesions
and fever was delayed and disease was less severe, but none of
the animals was completely protected (Wu et al., 2003). The
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Table 2
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Advantages and limitations of “stamping out” and vaccination as foot-and-mouth disease control policies

Policy Advantages

Limitations

Stamping out Recovery to OIE FMD-free status after 3 months
Good first line of defence
Favoured cost—benefit policy if applied during a

short period of time

Vaccination Relatively cheap

Logistics are rather simple

Vaccination by farmers is feasibly and reduces
the risk of cross-contamination

Outbreaks cease within a week after application
of potent FMD vaccine

Minimal socio-economic consequences if
vaccination is not suppressive (vaccinate-to-life)
Prevents clinical disease and animal suffering

Expensive when applied on large-scale
Logistically difficult in case of widespread disease
Logistically difficult in densely populated livestock areas

Active and intensive surveillance needed to track infected and dangerous “contact”
premises

Insufficient decontamination of equipment contributes to the spread of FMDV
Increased risk of “through the gate” or indirect contact infection

Strict bio-security measures are needed for the disposal of the carcasses

Animal welfare and bio-ethical issues

Human tragedy and traumatic experience for all those directly or indirectly
involved

Recovery to OIE FMD-free status after 6 months

Vaccine is serotype and to lesser extent subtype specific

Vaccine probably unavailable during first few days of an epidemic (formulation
period)

Vaccine requires cold chain to maintain its stability and efficacy

FMD live virus escapes from vaccine production facilities have contributed to past
outbreaks

Immunity-gap during first 4-7 days

Duration of immunity is limited to 6 months

Marker vaccine and DIVA diagnostic test must be available

studies were subsequently expanded by combining interferon
types I and II. Results indicated that both types of interferon
acted synergistically to inhibit FMDV replication in vitro and
in vivo (Moraes et al., 2007). The duration of protection both
in swine and in cattle was prolonged by a single-shot delivery
of a replication-defective human adenovirus type 5 expressing
both porcine interferon alpha and a capsid-FMDV subunit vac-
cine (Moraes et al., 2003; Pacheco et al., 2005), combining the
benefits of antiviral treatment (early onset of protection) and
vaccination (long-lasting immunity).

Other significant anti-FMDV activity was observed using
a potent stimulator of the innate immune response, in casu
oligonucleotides containing unmethylated CpG motifs (CpG
ODN) which stimulate cytokine synthesis and cellular acti-
vation. Subcutaneous inoculation of this non-specific antiviral
agent in mice 4 days prior to viral challenge was found to reduce
viremia, generalised disease and death for five of the six FMDV
serotypes tested, but failed to protect against serotype SAT3
(Kamstrup et al., 2006). The effect was observed even when
CpG ODN was administrated up to 12 h post-infection and lasted
for 14 days. In vitro experiments with CpG ODN in which no
inhibitory effect on FMDV replication could be demonstrated,
further supported the assumption that CpG ODN protection is
immune-system modulated (Kamstrup et al., 2006).

Cytokines such as interferon and non-specific stimulators of
innate immunity such as CpG are broad-spectrum antimicro-
bial agents. Although the above-mentioned compounds are safe
since natural host defence mechanisms are stimulated and exert
potent antiviral activity against FMDV in limited controlled
experimental settings with healthy animals, no data are available
about their efficacy in the field. It is at present unclear if their
lack of selectivity would not reduce the demonstrated potency

against FMDV when administered to animals already immune-
compromised due to prior infections of viral, bacterial or fungal
origin.

4.2. Specific anti-FMDYV agents

More specific FMDV inhibitors were recognised in 1987,
when De la Torre et al. reported on the antiviral effects of the
nucleoside analogue ribavirin [1-B-D-ribofuranosyl-1H-1,2,4-
triazole-3-carboxamide] which was found to eliminate FMDV
— measured by both virus yield assays and infectious intracellu-
lar RNA quantification — from acutely and persistently infected
BHK-21 cell cultures at 50% effective concentrations (ECsg)
of 30-50 wg/ml and 3-6 pg/ml, respectively (De la Torre et
al., 1987). Subsequent research demonstrated that the mode of
action of ribavirin against FMDV involved at least two mecha-
nisms: direct mutagenesis driving the virus to error catastrophe
(i.e. increase in the error frequency during viral replication that
results in loss of viral infectivity) (Airaksinen et al., 2003; Crotty
etal.,2002) and inhibition of inosine 5’-monophosphatase (IMP)
dehydrogenase, a cellular enzyme engaged in viral RNA syn-
thesis and in balancing guanine nucleotides (Airaksinen et al.,
2003). Since it partially targets a host enzyme on which the
infecting virus itself has little or no influence, ribavirin is notable
for not generating drug resistance (De Clercq, 2006) and to
our knowledge resistance of FMDV replication has not been
reported.

Related mutagenic base analogues, such as 5-fluorouracil and
5-azacytidine, reduced FMDV progeny by 50—100-fold in vitro.
Both compounds are readily incorporated into RNA strands and
interfere with RNA processing and translation causing abundant
nucleoside transitions and virus mutants, resulting in a loss of
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Table 3
Small molecules reported to inhibit the replication of FMDV

Antiviral compound In vitro activity (ECsp)

In vivo activity

Ribavirin

30-50 pg/ml (De la Torre et al., 1987: lytic infection);

Remains to be explored

214 £ 124 pg/ml (Goris et al., 2007: lytic infection);
3-6 wg/ml (De la Torre et al., 1987: persistent infection)

5-Fluorouracil
5-Azacytidine
2/-C-Methylcytidine
T-1105

10 pg/ml (Sierra et al., 2000)
1.7 & 1.0 pg/ml (Goris et al., 2007)
1.6 pg/ml (Sakamoto et al., 2006)

100-1000 g/ml (Sierra et al., 2000)

Remains to be explored
Remains to be explored
Remains to be explored
Pigs, mixed with feed, 200 mg/kg
(Sakamoto et al., 2006)

viral fitness and infectivity (Sierra et al., 2000). Despite these
promising developments, safe application of error catastrophe as
an antiviral strategy requires addressing issues like toxicity to
cellular enzymes and the potential provocation of virus mutants
with unpredictable biological properties as a result of insuffi-
ciently high concentrations of mutagenic agents (Domingo et al.,
2005). However, combining the effects of mutagens and other
inhibitors that exert different antiviral effects can induce high-
fitness FMDV extinction as demonstrated in vitro by Pariente et
al. (2005). These results support observations made in the treat-
ment of Mycobacterium tuberculosis and HIV infections where
combination regimens achieve greater benefit than each drug
given individually, reduce the likelihood of resistance develop-
ment and might allow individual doses to be lowered, thereby
diminishing adverse effects (De Clercq, 2006).

Further in vitro studies identified a 50—140-fold more potent
inhibitor of the FMDV replication, namely the nucleoside ana-
logue 2'-C-methylcytidine which is active against all seven
FMDV serotypes and is suspected to target the FMDV RNA-
dependent RNA polymerase (Goris et al., 2007). Moreover, since
FMDV is a member of the Picornaviridae family in which
viruses causing important human diseases are also classified
(e.g. poliovirus and rhinoviruses), it may be possible to imple-
ment strategies that have been developed to inhibit these human
viruses. For instance, several drugs (e.g. pleconaril) have been
developed (although none of them are being used clinically)
that block the host cell attachment and/or uncoating events of
picornaviruses. Other drugs target the viral 2A gene product
(enviroxime), the viral 2C gene product(s) (TBZE-1) or the
viral 3C protease (rupintrivir) (De Clercq, 2006; De Palma et
al., 2007).

Although no in vivo testing of the aforementioned agents has
been performed, work on pyrazinecarboxamide derivates, and in
particular T-1105, both in vitro (ECsg = 1.6 jng/ml) and in pigs
clearly underlines the potential applicability of such compounds
as alternative and/or supplementary control tools, since all ani-
mals were protected against clinical disease and FMDV could
not be recovered from nasal swabs (suggesting a reduction in
virus excretion and transmission). Very low anti-FMDV anti-
body titres were detected when the compound was administered
to pigs at concentrations of 200 mg/kg twice daily for 6 days,
starting one hour before challenge, by mixing it with their feed
(Sakamoto et al., 2006).

Another antiviral strategy that is being pursued is the fea-
sibility of controlling FMD outbreaks using gene expression

silencing by RNA interference (RNAi). Plasmids expressing
short hairpin RNA targeted to the highly conserved non-
structural protein 2B coding region are capable of inhibiting
the replication of multiple FMDV serotypes in porcine cells by
approximately 97-98% (de los Santos et al., 2005), whereas
FMDV serotype-specific inhibition was obtained by RNAI tar-
geting the VP1 gene (Chen et al., 2004). Moreover, the use of
different delivery systems for mediating RNAi such as aden-
ovirus vectors is being studied (Chen et al., 2006). However, one
may question whether a technology such as RNAi is applicable in
afield situation since the concept is yet to be validated for human
use. Table 3 provides a non-exhaustive overview of agents that
have been reported to inhibit FMDV replication, either in vitro
or in vivo.

Even if antiviral protection is short-lived, it may prove suffi-
cient to bridge the “immunity-gap”. Moreover, given the rapidity
with which FMD spreads in susceptible animal populations,
treatment before and/or early in the course of infection is likely
to offer maximum effect. However, antiviral regimens will prob-
ably have to be limited in time so as to prevent the development
of viral resistance to the drugs in question.

5. Scenarios for anti-FMDYV antiviral therapy and
prophylaxis

One or a combination of potent, selective antiviral agents
might be beneficial in previously FMD-free countries/zones in
the following scenarios:

e Prophylactic antiviral drugs could be used as an adjunct to
emergency FMD vaccination to bridge the “immunity-gap”
and hence reduce viral replication, excretion and transmis-
sion.

e The best currently available DIVA tests are not sufficiently
sensitive and specific to allow the detection with 95% confi-
dence and 5% prevalence of a single FMDV-infected animal
in a vaccinated herd of less than 30 ruminants (the “small
herd problem”). Proposed strategies to circumvent this prob-
lem include avoiding vaccinating such herds in the first place
(Paton et al., 2006). In that case, an effective antiviral could be
used prophylactically to protect such herds against infection
and subsequent culling.

e Antiviral therapy and prophylaxis could be used when pre-
cious zoological collections and rare breeding stocks are
infected or are in danger of being so.
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In FMD-endemic countries/zones, the large-scale applica-
bility of antiviral therapy and prophylaxis at present will
dependent on the ease of storage and administration and on cost.
Small-scale usage, however, is not unthinkable. Recently, the
Thiruvananthapuram zoo (India) lost 19 of its animals, among
which were blackbucks (endangered antelope species) and
mithuns (rare bovine species), to an endemic FMDV serotype
O infection (ProMED-mail, 2007). Maybe these losses could
have been avoided by the availability of antiviral compounds that
reduce or inhibit virus replication. In rural settings and if consid-
ered advantageous (cost/benefit analysis), young animals could
also be treated which would overcome the current problem asso-
ciated with insufficient immunisation conferred by vaccination
due to the presence maternal antibodies.

6. Extending antiviral drug therapy and prophylaxis to
other highly pathogenic RNA viral infections of livestock

Approximately 60 countries officially reported to the OIE
the occurrence of one or more of the above-mentioned TADs,
excluding FMD, on their territories in 2006 (OIE, 2007¢). Their
presence was quite surprising at times as shown in North West
Europe where BT caused an extensive epidemic while virus
transmission by the available Cullicoides vector was unexpected
given the moderate climate conditions (Toussaint et al., 2007).
During the first half of 2007, almost half a million susceptible
animals have been exposed to these agents, of which 10% either
succumbed to the disease or were destroyed or slaughtered (OIE,
2007c). Case fatality rates ranged from 0% (SVD) to as high as
74-76% (CSF and PPR). The true, unofficial, incidence was
most certainly higher.

Like FMD, these diseases are usually controlled by “stamp-
ing out” (e.g. SVD in Portugal in 2007), vaccination (e.g. Global
RP Eradication Programme) or a combination of both. With the
exception of SVD for which no vaccine is on hand (De Clercq
and Goris, 2004; Dekker, 2000), live attenuated and/or inac-
tivated virus vaccines are available (BT: Bréard et al., 2003;
CSF: Dewulf et al., 2004; PPR: Diallo, 2003; RVF: Gerdes,
2002; VS: House et al., 2003; RP: Roeder and Taylor, 2002).

Table 4

However, apart from the disadvantages listed in Table 2, these
vaccines do not always cover all virus serotypes (e.g. BT virus),
nor do all of them, and in particular live attenuated virus vac-
cines, meet “marker” requirements to differentiate vaccinated
from infected animals (e.g. BT, RVF, PPR, limited sensitivity of
the DIVA test for CSF: Floegel-Niesmann, 2003). Additionally,
inadequate attenuation of live virus vaccines has been shown
to cause serious disease in the field (e.g. BT: Monaco et al.,
2006).

As in the case of FMD, alternative/supplementary dis-
ease control tools are, thus, urgently needed. Limited research
has been directed towards the development of antiviral ther-
apies in vitro. For instance, known FMDV inhibitors have
shown to inhibit RP virus (5-fluorouracil: Ghosh et al.,
1996), SVD virus (2'-C-methylcytidine: Goris et al., 2007)
and RVF virus (ribavirin: Peters et al., 1986), whereas
two S-adenosylhomocysteine (SAH) hydrolase inhibitors, 3-
deazaguanine and 3-deazauridine, have proven active against
BT virus (Smee et al., 1981), two additional SAH inhibitors,
neplanocin A and 3-deazaneplanocin A, interfere with the repli-
cation of the VS virus (De Clercq et al., 1989). Inhibition
of other cellular enzymes, such as the oritidine 5’-phosphate
(OMP) decarboxylase, using pyrazofurin and derivatives thereof
has been observed for RVF virus (Canonico et al., 1982;
Goebel et al., 1982). 5-[(4-Bromophenyl)methyl]-2-phenyl-5H-
imidazo[4,5-c]pyridine (BPIP), a known inhibitor of the viral
RNA-dependent RNA polymerase of pestiviruses (Paeshuyse et
al., 2006), inhibited CSF viral replication in vitro (Vrancken et
al., 2008) and inhibition of the RNA polymerase of the PPR
virus was demonstrated using uracil derivates (El-Sabbagh et
al., 2007).

Antiviral strategies based on iRNA are also being consid-
ered for most viruses (VS: Barik, 2004; PPR and RP: Servan
de Almeida et al., 2007; BT: Wirblich et al., 2006). In addi-
tion, interferon inducers and interferon inhibited the majority
of highly pathogenic RNA viruses, confirming their broad-
spectrum antiviral activity (SVD: Amadori et al., 1987; VS:
Basu et al., 2006; BT: Coen et al., 1991; RP: Fujisaki et al.,
1968; RVF: Peters et al., 1986).

Viral and/or cellular targets for specific antiviral molecules against highly pathogenic RNA viruses

Virus family Viral target

Cellular target

Bunyaviridae (RVF virus)

Flaviviridae (CSF virus)
Paramyxoviridae (PPR and RP virus)

RNA polymerase: remains to be explored

RNA polymerase: BPIP (Vrancken et al., 2008)
Fusion polypeptide: remains to be explored; RNA polymerase: RP

IMP dehydrogenase: ribavirin (Peters et al.,
1986); OMP decarboxylase: pyrazofurin
(Canonico et al., 1982; Goebel et al., 1982)
Remains to be explored

Remains to be explored

virus: 5-fluorouracil (Ghosh et al., 1996); RNA polymerase: PPR
virus: uracil derivates (El-Sabbagh et al., 2007)

Picornaviridae (SVD virus)

Viral capsid: remains to be explored (Verdaguer et al., 2003); viral

Remains to be explored

3C protease, viral 2A and 2C gene products: remains to be explored;
RNA polymerase: 2’-C-methylcytidine (Goris et al., 2007)

Reoviridae (BT virus) Remains to be explored

Rhabdoviridae (VS virus)

RNA polymerase: remains to be explored

IMP dehydrogenase: ribavirin (Smee et al.,
1981); SAH hydrolase: 3-deazaguanine,
3-deazauridine (Smee et al., 1981)

SAH hydrolase: neplanocin A,
3-deazaneplanocin A (De Clercq et al., 1989)




176 N. Goris et al. / Antiviral Research 78 (2008) 170-178

Clearly, most of this work is far from ready for field appli-
cability. Nevertheless, the basic scenarios for controlling FMD,
listed in the above paragraph, in which the availability of an
antiviral drug might prove beneficial can also be envisaged for
other highly pathogenic RNA viral infections. Drug delivery in
pigs could be envisaged by mixing the compound with pig feed
as demonstrated by Sakamoto et al. (2006), whereas injectable
or bolus compounds will most likely have to be developed for
administration to ruminants. It should be noted, however, that
bridging the “immunity-gap” may be less realistic when a live
attenuated virus vaccine is used, as the antiviral compound might
hinder vaccine efficacy. Table 4 presents the viral and/or cellu-
lar targets for specific antiviral molecules against the RNA viral
infections highlighted in this review. References to appropriate
sources of reading are also included.

7. Concluding remarks

The control of TADs remains of paramount importance to
protect livestock against severe and sometimes lethal diseases,
many of which are induced by highly pathogenic RNA viruses.
Existing control measures include “stamping out”, vaccination
or a combination of the two, accompanied by zoo-sanitary mea-
sures and severe movement restrictions. Recently, thanks to
encouraging developments in antiviral therapy, we may be wit-
nessing a paradigm shift in controlling TADs as conventional
control tools are no longer regarded as the “Holy Grail”. Some
questions concerning the use of antiviral compounds (efficacy,
selectivity, safety, route of administration, uptake and clearance
of the compound in the animal, development of drug-resistant
mutants, possible risk to humans of residual compound in food-
producing animals, etc.), however, will need to be addressed, and
further in vivo research will be required before antiviral com-
pounds are readily available and taken up in contingency plans.
Moreover, to get antiviral therapy or prophylaxis accepted by
the competent authorities, controlled field trials might need to be
set up in regions where TADs are endemic. Nevertheless, their
potential for early protection and their serotype-independence
make antiviral drugs highly attractive candidates for pro-active
research.

In conclusion, given the severe socio-economic conse-
quences related to RNA viral infections, it is not unreasonable
for public/private partnerships to spend a few millions euros
to find out how antiviral compounds might help to cure, con-
trol and eradicate disease, and possibly a few million more to
stockpile an effective therapy for emergency use, either in a
disease-free or disease-endemic setting. Moreover, as some of
these livestock viruses are zoonotic agents (Table 1) and also
pose a threat to human health (from December 2006 to May 2007
alone RVF caused four times more human casualties in Kenya,
Somalia and Tanzania than HPAI did globally during the entire
2006 epidemic; WHO, 2007), the development of prophylac-
tic and/or therapeutic agents is of utmost importance. There is
thus a great opportunity for closer collaboration between human
and veterinary scientists to enhance developments in this field
of research.

Acknowledgements

The authors kindly thank Johan Neyts and Mike Bray for their
useful comments and suggestions. The work was supported by
the Belgian Science Policy grant 60.11.45.23 from the Scien-
tific and Technical Information Service and by the European
Network of Excellence “EPIZONE”.

References

Airaksinen, A., Pariente, N., Menéndez-Arias, L., Domingo, E., 2003. Curing
of foot-and-mouth disease virus from persistently infected cells by ribavirin
involves enhanced mutagenesis. Virology 311, 339-349.

Amadori, M., Bugnetti, M., Tironi, D., 1987. Induction and characterisation of
swine beta interferon. Comp. Immunol. Microbiol. Infect. Dis. 10, 71-78.

Bachrach, H.L., 1985. Foot-and-mouth disease and its antigens. Adv. Exp. Med.
Biol. 185, 27-46.

Baker, P.J., Harris, S., Webbon, C.C., 2002. Effect of British hunting ban on fox
numbers. Nature 419, 34.

Barik, S., 2004. Control of nonsegmented negative-strand RNA virus replication
by siRNA. Virus Res. 102, 27-35.

Barteling, S.J., Sutmoller, P., 2002. Culling versus vaccination: challenging a
dogmain veterinary (FMD) science. In: Report of the Session of the Research
Group of the Standing Technical Committee of the European Commission
for the Control of Foot and Mouth Disease, Izmir, Turkey, FAO, Rome,
September 17-20 (appendix 15).

Basu, M., Maitra, R.K., Xiang, Y., Meng, X., Banerjee, A.K., Bose, S., 2006.
Inhibition of vesicular stomatitis virus infection in epithelial cells by alpha
interferon-induced soluble secreted proteins. J. Gen. Virol. 87, 2653-2662.

Belsham, G.J., 1993. Distinctive features of foot-and-mouth disease virus, a
member of the picornavirus family; aspects of virus protein synthesis, protein
processing and structure. Prog. Biophys. Mol. Biol. 60, 241-260.

Belton, D.J., 2004. The macro-economic impact of a foot-and-mouth disease
incursion in New Zealand. In: Shudel, A., Lombard, M. (Eds.), Control of
Infectious Animal Diseases by Vaccination. Developments in Biologicals,
vol. 119. Basel, Krager, pp. 457-461.

Bergmann, L.E., Malirat, V., Neitzert, E., Panizutti, N., Sanchez, C., Falczuk, A.,
2000. Improvement of serodiagnostic strategy for foot and mouth disease
virus surveillance in cattle under systematic vaccination: a combined system
of an indirect ELISA-3ABC with an enzyme-linked immunoelectrotransfer
blot. Arch. Virol. 145, 473-489.

Bréard, E., Sailleau, C., Coupier, H., Mure-Ravaud, K., Hammoumi, S., Gicquel,
B., Hamblin, C., Dubourget, P., Zientara, S., 2003. Comparison of genome
segments 2, 7 and 10 of bluetongue viruses serotype 2 for differentiation
between field isolates and the vaccine strain. Vet. Res. 34, 777-789.

Brocchi, E., Bergmann, LE., Dekker, A., Paton, D.J., Sammin, D.J., Greiner,
M., Grazioli, S., De Simone, F., Yadin, H., Haas, B., Bulut, N., Malirat,
V., Neitzert, E., Goris, N., Parida, S., Sorensen, K., De Clercq, K., 2006.
Comparative evaluation of six ELISAs for the detection of antibodies to
the non-structural proteins of foot-and-mouth disease virus. Vaccine 24,
6966-6979.

Campbell, I.D., Lee, R., 2003. Carnage by computer: the blackboard economics
of the 2001 foot and mouth epidemic. Social Legal Stud. 12, 425-458.
Canonico, P.G., Jahrling, P.B., Pannier, W.L., 1982. Antiviral efficacy of pyra-

zofurin against selected RNA viruses. Antiviral Res. 2, 331-337.

Chen, W., Yan, W, Du, O, Fei, L., Liu, M., Ni, Z., Sheng, Z., Zheng, Z.,
2004. RNA interference targeting VP1 inhibits foot-and-mouth disease virus
replication in BHK-21 cells and suckling mice. J. Virol. 78, 6900-6907.

Chen, W., Liu, M., Jiao, Y., Yan, W., Wei, X., Chen, J., Fei, L., Liu, Y., Zuo, X.,
Yang, F, Lu, Y., Zheng, Z., 2006. Adenovirus-mediated RNA interference
against foot-and-mouth disease virus infection both in vitro and in vivo. J.
Virol. 80, 3559-3566.

Chinsangaram, J., Moraes, M.P., Koster, M., Grubman, M.J., 2003. Novel
viral disease strategy: adenovirus-expressed alpha interferon rapidly protects
swine from foot-and-mouth disease. J. Virol. 77, 1621-1625.



N. Goris et al. / Antiviral Research 78 (2008) 170-178 177

Coen, M.L., Ellis, J.A., O’ Toole, D.T., Wilson, W.C., 1991. Cytokine modulation
of the interaction between bluetongue virus and endothelial cells in vitro.
Vet. Pathol. 28, 524-532.

Condy, J.B., Hedger, R.S., 1978. Experiences in the establishment of a herd
of foot-and-mouth disease free African buffalo (Syncerus caffer). S. Afr. J.
Wildl. Res. 8, 87-89.

Cox, S.J., Barnett, P.V., Dani, P, Salt, J.S., 1999. Emergency vaccination of sheep
against foot-and-mouth disease: protection against disease and reduction in
contact transmission. Vaccine 17, 1858-1868.

Cox, S.J., Voyce, C., Parida, S., Reid, S.M., Hamblin, P.A., Paton, D.J., Barnett,
P.V., 2005. Protection against direct-contact challenge following emergency
FMD vaccination of cattle and the effect on virus excretion from the orophar-
ynx. Vaccine 23, 1106-1113.

Crotty, S., Cameron, C., Andino, R., 2002. Ribavirin’s antiviral mechanism of
action: lethal mutagenesis? J. Mol. Med. 80, 86-95.

Cunliffe, H.R., Richmond, J.Y., Campbell, C.H., 1977. Interferon inducers and
foot-and-mouth disease vaccines: influence of two synthetic polynucleotides
on antibody response and immunity in guinea pigs and swine. Can. J. Comp.
Med. 41, 117-121.

De Clercq, E., 2006. Antiviral agents active against influenza A viruses. Nature
5, 1015-1025.

De Clercq, E., Cools, M., Balzarini, J., Marquez, V.E., Borcherding, D.R., Bor-
chardt, R.T., Drach, J.C., Kitaoka, S., Konno, T., 1989. Broad-spectrum
antiviral activities of neplanocin A, 3-deazaneplanocin A, and their 5'-nor
derivates. Antimicrob. Agents chemother. 33, 1291-1297.

De Clercq, E., Neyts, J., 2007. Avian influenza A (H5N1) infection: targets
and strategies for chemotherapeutic intervention. Trends Pharmacol. Sci.
28, 280-285.

De Clercq, K., Goris, N., 2004. Extending the foot-and-mouth disease module to
the control of other diseases. In: Shudel, A., Lombard, M. (Eds.), Control of
Infectious Animal Diseases by Vaccination. Developments in Biologicals,
vol. 119. Basel, Krager, pp. 333-340.

Dekker, A., 2000. Swine vesicular disease, studies on pathogenesis, diagnosis,
and epizootiology: a review. Vet. Quart. 22, 189-192.

De la Torre, J.C., Alarcén, B., Martinez-Salas, E., Carrasco, L., Domingo, E.,
1987. Ribavirin cures cells of a persistent infection with foot-and-mouth
disease virus in vitro. J. Virol. 61, 233-235.

delos Santos, T., Wu, Q., de Avila Botton, S., Grubman, M.J., 2005. Short hairpin
RNA targeted to the highly conserved 2B nonstructural protein coding region
inhibits replication of multiple serotypes of foot-and-mouth disease virus.
Virology 335, 222-231.

De Palma, A.M., Heggermont, W., Leyssen, P., Piirstinger, G., Wimmer, E.,
De Clercq, E., Rao, A., Monforte, A.-M., Chimirri, A., Neyts, J., 2007.
Anti-enterovirus activity and structure—activity relationship of a series of 2,6-
dihalophenyl-substituted 1H,3H-thiazolo[3,4-a]benzimidazoles. Biochem.
Biophys. Res. Commun. 353, 628-632.

Dewulf, J., Laevens, H., Koenen, F., Mintiens, K., de Kruif, A., 2004. Efficacy
of E2-sub-unit marker and C-strain vaccines in reducing horizontal trans-
mission of classical swine fever virus in weaner pigs. Prev. Vet. Med. 65,
121-133.

Diallo, A., 2003. Control of peste des petits ruminants: classical and new gen-
eration vaccines. In: Brown, F., Roth, J. (Eds.), Vaccines for OIE List A and
Emerging Animal Diseases. Developments in Biologicals, vol. 114. Basel,
Krager, pp. 113-119.

Domenech, J., Lubroth, J., Eddi, C., Martin, V., Roger, F., 2006. Regional and
international approaches on prevention and control of animal transboundary
and emerging diseases. Ann. NY Acad. Sci. 1081, 90-107.

Domingo, E., Escarmis, C., Baranowski, E., Ruiz-Jarabo, C.M., Carrillo, E.,
Nunez, J.I., Sobrino, E., 2003. Evolution of foot-and-mouth disease virus.
Virus Res. 91, 47-63.

Domingo, E., Pariente, N., Airaksinen, A., Gonzélez-Lopez, C., Sierra, S., Her-
rera, M., Grande-Pérez, A., Lowenstein, P.R., Manrubia, S.C., Lazaro, E.,
Escarmis, C., 2005. Foot-and-mouth disease virus evolution: exploring path-
ways towards virus extinction. CTMI 288, 149-173.

Donaldson, A I, 2002. Global FMD situation during 2001. In: Report of the 67th
Session of the Executive Committee of the Standing Technical Committee
of the European Commission for the Control of Foot and Mouth Disease,
Budapest, Hungary, FAO, Rome, April 25-26 (appendix 03).

Eblé, P.L., de Bruin, M.G., Bouma, A., van Hemert-Kluitenberg, F., Dekker, A.,
2006. Comparison of immune responses after intra-typic heterologous and
homologous vaccination against foot-and-mouth disease virus infection in
pigs. Vaccine 24, 1274-1281.

El-Sabbagh, O.1., El-Sadek, M.E., El-Kalyoubi, S., Ismail, I., 2007. Synthesis,
DNA binding and antiviral activity of new uracil, xanthine, and pteridine
derivates. Arch. Pharm. (Weinheim) 340, 26-31.

Floegel-Niesmann, G., 2003. Marker vaccines and compagnion diagnostic tests
for classical swine fever. In: Brown, F., Roth, J. (Eds.), Vaccines for OIE
List A and Emerging Animal Diseases. Developments in Biologicals, vol.
114. Basel, Krager, pp. 185-191.

Food and Agriculture Organization of the United Nations (FAO), 2006.
Livestock Report 2006. Available at: http://www.fao.org/docrep/009/
a0255e/a0255¢00.htm.

Fujisaki, Y., Ishii, S., Watanabe, M., 1968. Role of interferon in protection
of rabbits against rinderpest virus. Natl. Inst. Anim. Health Q (Tokyo) 8,
122-131.

Garner, M.G., Fisher, B.S., Murray, J.G., 2002. Economic aspects of foot and
mouth disease: perspectives of a free country, Australia. Rev. Sci. Tech. Off.
Int. Epiz. 21, 625-635.

Gerdes, G.H., 2002. Rift Valley fever. Vet. Clin. Food Anim. 18, 549-555.

Ghosh, A., Nayak, R., Shaila, M.S., 1996. Inhibition of replication of rinderpest
by 5-fluorouracil. Antiviral Res. 31, 35-44.

Goebel, RJ., Adams, A.D., McKernan, P.A., Murray, B.K., Robins, R.K.,
Revankar, G.R., Canonico, P.G., 1982. Synthesis and antiviral activity of
certain carbamoylpyrrolopyrimidine and pyrazolopyrimidine nucleosides.
J. Med. Chem. 25, 1334-1338.

Golde, W.T., Pacheco, J.M., Duque, H., Doel, T., Penfold, B., Ferman, G.S.,
Gregg, D.R., Rodriguez, L.L., 2005. Vaccination against foot-and-mouth
disease virus confers complete clinical protection in 7 days and partial protec-
tion in 4 days: use in emergency outbreak response. Vaccine 23, 5775-5782.

Goris, N., De Palma, A., Toussaint, J.-F., Musch, 1., Neyts, J., De Clercq, K.,
2007. 2'-C-Methylcytidine as a potent and selective inhibitor of the replica-
tion of foot-and-mouth disease virus. Antiviral Res. 73, 161-168.

Grubman, M.J., 2005. Development of novel strategies to control foot-
and-mouth disease: marker vaccines and antiviral. Biologicals 33,
227-234.

Honhold, N., 2006. The impact of biosecurity on the transmission of FMD in
UK in 2001. In: Report of the Session of the Research Group of the Standing
Technical Committee of the European Commission for the Control of Foot
and Mouth Disease, Paphos, Cyprus, FAO, Rome, October 16-20.

House, J.A., House, C., Dubourget, P., Lombard, M., 2003. Protective immunity
in cattle vaccinated with a commercial scale, inactivated, bivalent vesicular
stomatitis vaccine. Vaccine 21, 1932-1937.

Hugh-Jones, M.E., 1979. Some effects of foot and mouth disease in Brasilian
cattle. In: Second International Symposium on Veterinary Epidemiology and
Economics, Canberra, Canada.

Kamstrup, S., Frimann, T.H., Barfoed, A.M., 2006. Protection of Balb/c mice
against infection with FMDV by immunostimulation with CpG oligonu-
cleotides. Antiviral Res. 72, 42-48.

Kitching, R.P., Alexandersen, S., 2002. Clinical variation in foot and mouth
disease: pigs. Rev. Sci. Tech. Off. Int. Epiz. 21, 513-518.

Lubroth, J., Rweyemamu, M.M., Viljoen, G., Diallo, A., Dungu, B., Amanfu,
W., 2007. Veterinary vaccines and their use in developing countries. Rev.
Sci. Tech. Off. Int. Epiz. 26, 179-201.

Monaco, F., Camma, C., Serini, S., Savini, G., 2006. Differentiation between
field and vaccine strain of bluetongue virus serotype 16. Vet. Microbiol. 116,
45-52.

Moraes, M.P., Chinsangaram, J., Brum, M.C., Grubman, M.J., 2003. Immediate
protection of swine from foot-and-mouth disease: a combination of ade-
noviruses expressing interferon alpha and a foot-and-mouth disease virus
subunit vaccine. Vaccine 22, 268-279.

Moraes, M.P.,, de Los Santos, T., Koster, M., Turecek, T., Wang, H., Andreyev,
V.G., Grubman, M.J., 2007. Enhanced antiviral activity against foot-and-
mouth disease virus by a combination of type I and II porcine interferons. J.
Virol. 81, 7124-7135.

Nerlich, B., Hamilton, C.A., Rowe, V., 2002. Conceptualising foot and
mouth disease: the socio-cultural role of metaphors, frames and narra-


http://www.fao.org/docrep/009/a0255e/a0255e00.htm
http://www.fao.org/docrep/009/a0255e/a0255e00.htm

178 N. Goris et al. / Antiviral Research 78 (2008) 170-178

tives. Metaphorik.de 02/2002. Available at: http://www.metaphorik.de/02/
nerlich.htm.

Orsel, K., Dekker, A., Bouma, A., Stegeman, J.A., de Jong, M.C., 2005. Vacci-
nation against foot and mouth disease reduces virus transmission in groups
of calves. Vaccine 23, 4887-4894.

Orsel, K., de Jong, M.C., Bouma, A., Stegeman, J.A., Dekker, A., 2007. The
effect of vaccination on foot and mouth disease virus transmission among
dairy cows. Vaccine 25, 327-335.

Paarlberg, P.L., Lee, J.G., Seitzinger, A.H., 2002. Potential revenue impact of
an outbreak of foot-and-mouth disease in the United States. JAVMA 220,
988-992.

Pacheco, J.M., Brum, M.C., Moraes, M.P., Golde, W.T., Grubman, M.J., 2005.
Rapid protection of cattle from direct challenge with foot-and-mouth disease
virus (FMDV) by a single inoculation with an adenovirus-vectored FMDV
subunit vaccine. Virology 337, 205-209.

Paeshuyse, J., Leyssen, P., Mabery, E., Boddeker, N., Vrancken, R., Froeyen,
M., Ansari, I.H., Dutartre, H., Rozenski, J., Gil, L.H., Letellier, C., Lanford,
R., Canard, B., Koenen, F., Kerkhofs, P., Donis, R.O., Herdewijn, P., Watson,
J., De Clercq, E., Puerstinger, G., Neyts, J., 2006. A novel, highly selective
inhibitor of pestivirus replication that targets the viral RNA-dependent RNA
polymerase. J. Virol. 80, 149-160.

Pariente, N., Sierra, S., Airaksinen, A., 2005. Action of mutagenic agents
and antiviral inhibitors on foot-and-mouth disease virus. Virus Res. 107,
183-193.

Paton, D.J., Valacher, J.-F., Bergmann, 1., Matlho, O.G., Zakharov, V.M., Palma,
E.L., Thomson, G.R., 2005. Selection of foot and mouth disease vaccine
strains—a review. Rev. Sci. Tech. Off. Int. Epiz. 24, 981-993.

Paton, D.J., De Clercq, K., Greiner, M., Dekker, A., Brocchi, E., Bergmann, L.,
Sammin, D.J., Gubbins, S., Parida, S., 2006. Application of non-structural
protein antibody tests in substantiating freedom from foot-and-mouth dis-
ease virus infection after emergency vaccination of cattle. Vaccine 24,
6503-6512.

Perry, B.D., Rich, K.M., 2007. Poverty impacts of foot-and-mouth disease and
the poverty reduction implications of its control. Vet. Rec. 16, 238-241.
Perry, B., Sones, K., 2007. Science for development. Poverty reduction through

animal health. Science 315, 333-334.

Peters, C.J., Reynolds, J.A., Slone, T.W., Jones, D.E., Stephen, E.L., 1986.
Prophylaxis of Rift Valley fever with antiviral drugs, immune serum, an
interferon inducer, and a macrophage activator. Antiviral Res. 6, 285-297.

Program for Monitoring Emerging Diseases (ProMED-mail), 2007. Foot &
mouth disease, zoo wildlife—India (Kerala). ProMED-mail 15 July, 2007;
20070715.2270. http://www.promedmail.org. Accessed July 16, 2007.

Roeder, P.L., Taylor, W.P., 2002. Rinderpest. Vet. Clin. Food Anim. 18, 515-547.

Sakamoto, K., Ohashi, S., Yamazoe, R., Takahashi, K., Furuta, Y., 2006. The
inhibition of FMDV excretion from the infected pigs by an antiviral agent,
T-1105. In: Report of the Session of the Research Group of the Standing
Technical Committee of the European Commission for the Control of Foot
and Mouth Disease, Paphos, Cyprus, FAO, Rome, October 16-20.

Salt, J.S., Barnett, P.V., Dani, P., Williams, L., 1998. Emergency vaccination of
pigs against foot-and-mouth disease: protection against disease and reduc-
tion in contact transmission. Vaccine 16, 746-754.

Sarma, D.K., Kalita, K., Das, S., 2004. Outbreak of foot and mouth disease due
to virus type ‘A’ and loss of milk production. In: Blue Cross Book. Intervet
India Pvt. Ltd, pp. 21-23.

Scudamore, J.M., 2001. Foot-and-mouth disease outbreak. Vet. Rec. 148, 318.

Servan de Almeida, R., Keita, D., Libeau, G., Albina, E., 2007. Control of
ruminant morbillivirus replication by small interfering RNA. J. Gen. Virol.
88, 2307-2311.

Sierra, S., Davila, M., Lowenstein, PR., Domingo, E., 2000. Response of foot-
and-mouth disease to increased mutagenesis. Influence of viral load and
fitness in loss of infectivity. J. Virol. 74, 8316-8323.

Smee, D.E, Sidwell, R.W., Clark, S.M., Barnett, B.B., Spendlove, R.S., 1981.
Inhibition of bluetongue and Colorado tick fever orbiviruses by selected
antiviral substances. Antimicrob. Agents Chemother. 20, 533-538.

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., de Haan, C.,
2006. Livestock’s Long Shadow, first ed. FAO, Rome.

Thompson, D., Muriel, P., Russell, D., Osborne, P., Bromley, A., Rowland, M.,
Creigh-Tyte, S., Brown, C., 2002. Economic costs of the foot and mouth
disease outbreak in the United Kingdom in 2001. Rev. Sci. Tech. Off. Int.
Epiz. 21, 675-687.

Toussaint, J.F., Sailleau, C., Mast, J., Houdart, P., Czaplicki, G., Demeestere,
L., VandenBussche, F., van Dessel, W., Goris, N., Bréard, E., Bounaadja,
L., Etienne, T., Zientara, S., De Clercq, K., 2007. Bluetongue in Belgium,
2006. Emerg. Infect. Dis. 13, 614-616.

UK Department for International Development (DFID), 2000. Halving world
poverty by 2015, economic growth, equity and security. Strategies for achiev-
ing the international development targets. DFID Strategy Paper. Available
at: http://www.dfid.gov.uk/Pubs/files/tspeconomic.pdf.

Umans, S., Deleu, S., 2001. MKZ-uitbraak noopt tot herbezinning. KNMvD
126, 300-301.

Verdaguer, N., Jimenez-Clavero, M.A., Fita, 1., Ley, V., 2003. Structure of
swine vesicular disease virus: mapping of changes occurring during adap-
tation of human coxsackie B5 virus to infect swine. J. Virol. 77, 9780-
9789.

Vrancken, R., Paeshuyse, J., Haegeman, A., Puerstinger, G., Froeyen, M.,
Herdewijn, P., Kerkhofs, P., Neyts, J., Koenen, F., 2008. Imidazo[4,5-
c]pyridines inhibit the in vitro replication of the classical swine fever virus
and target the viral polymerase. Antiviral Res. 77, 114-119.

Wirblich, C., Bhattacharya, B., Roy, P., 2006. Nonstructural protein 3 of blue-
tongue virus assists virus release by recruiting ESCRT-I protein Tsg101. J.
Virol. 80, 460-473.

World Health Organization, 2007. Outbreaks of Rift Valley fever in Kenya,
Somalia and United Republic of Tanzania, December 2006—April 2007.
Wkly Epidemiol. Rec. 82, 169—-178.

World Organisation for Animal Health, 2004. Manual of Diagnostic Tests and
Vaccines for Terrestrial Animals, fifth ed. OIE, Paris, France.

World Organisation for Animal Health (OIE), 2007a. Handistatus II. Available
at: http://www.oie.int/hs2/report.asp?lang=en.

World Organisation for Animal Health, 2007b. Terrestrial Animal Health Code,
16 ed. OIE, Paris, France.

World Organisation for Animal Health (OIE), 2007c. World Animal Health
Information Database Interface. Available at: http://www.oie.int/wahid-
prod/public.php?page=home.

Wu, Q., Brum, M.C.S., Caron, L., Koster, M., Grubman, M.J., 2003. Adenovirus-
mediated type I interferon expression delays and reduces disease sings in
cattle challenged with foot-and-mouth disease virus. J. Interferon Cytokine
Res. 23, 359-368.

Yang, P.C., Chu, R.M., Chung, W.B., Sung, H.T., 1999. Epidemiological char-
acteristics and financial costs of the 1997 foot-and-mouth disease epidemic
in Taiwan. Vet. Rec. 145, 731-734.


http://www.metaphorik.de/02/nerlich.htm
http://www.metaphorik.de/02/nerlich.htm
http://www.promedmail.org/
http://www.dfid.gov.uk/Pubs/files/tspeconomic.pdf
http://www.oie.int/hs2/report.asp%3Flang=en
http://www.oie.int/wahid-prod/public.php%3Fpage=home

	Potential of antiviral therapy and prophylaxis for controlling RNA viral infections of livestock
	Introduction
	Impact of FMD outbreaks on agriculture and livestock
	Existing FMD control measures
	Potential for anti-FMD antiviral drug therapy and prophylaxis
	Non-specific anti-FMDV agents
	Specific anti-FMDV agents

	Scenarios for anti-FMDV antiviral therapy and prophylaxis
	Extending antiviral drug therapy and prophylaxis to other highly pathogenic RNA viral infections of livestock
	Concluding remarks
	Acknowledgements
	References


