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THE DISEASE AND ITS AGENT

The recent outbreaks of foot-and-mouth disease (FMD) in a
number of FMD-free countries, in particular Taiwan in 1997
and the United Kingdom in 2001, have significantly increased
public awareness of this highly infectious disease of cloven-
hoofed livestock. Furthermore, worldwide concern following
the terrorist attacks in the United States has raised the possi-
bility that terrorist organizations or rogue states might target
the $100 billion/year U.S. livestock industry by employing the
etiologic agent of FMD. These events have directed the efforts
of the scientific community to reexamine our knowledge of
FMD, the viral agent that causes the disease, and current
methods of disease control. In this review, we summarize the
history of this disease; present, in detail, our current knowl-
edge of the molecular biology, pathogenesis, and virulence
factors; and discuss recent disease outbreaks as well as new
disease control strategies.

* Corresponding author. Mailing address: USDA, ARS, NAA, Plum
Island Animal Disease Center, P.O. Box 848, Greenport, NY 11944.
Phone: (631) 323-3329. Fax: (631) 323-3006. E-mail: mgrubman
(@piadc.ars.usda.gov.
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The first written description of FMD probably occurred in
1514, when Fracastorius described a similar disease of cattle in
Italy (159). Almost 400 years later, in 1897, Loeffler and Frosch
(271) demonstrated that a filterable agent caused FMD. This
was the first demonstration that a disease of animals was
caused by a filterable agent and ushered in the era of virol-
ogy. Subsequently it was shown that the agent, FMD virus
(FMDV), consists of a single-stranded, plus-sense RNA ge-
nome of approximately 8,500 bases surrounded by four struc-
tural proteins to form an icosahedral capsid (401). FMDV is
the type species of the Aphthovirus genus of the Picornaviridae
family. The only other member of this genus is equine rhinitis
A virus (240). Seven serotypes (A, O, C, Asia 1, and South
African Territories 1, 2, and 3) have been identified serologi-
cally, and multiple subtypes occur within each serotype (21).

Outbreaks have occurred in every livestock-containing re-
gion of the world with the exception of New Zealand, and the
disease is currently enzootic in all continents except Australia
and North America (Fig. 1). The disease affects domestic clo-
ven-hoofed animals, including cattle, swine, sheep, and goats,
as well as more than 70 species of wild animals, including deer
(155), and is characterized by fever, lameness, and vesicular
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FIG. 1. Countries in which FMD was reported to the OIE between 1990 and 2002. The data and maps were compiled by Nick Knowles and

can be found at www.iah.bbsrc.ac.uk/virus/picornaviridae/aphthovirus.

lesions on the tongue, feet, snout, and teats (see “Pathogene-
sis” below). In sheep and goats the disease is generally mild
and can be difficult to distinguish from other common condi-
tions (138, 168). In addition, other vesicular diseases, such as
swine vesicular disease (SVD), vesicular stomatitis, and vesic-
ular exanthema of swine, cause signs so similar to those of
FMD that differential clinical diagnosis alone can be difficult
(21). Although FMD does not result in high mortality in adult
animals, the disease has debilitating effects, including weight
loss, decrease in milk production, and loss of draught power,
resulting in a loss in productivity for a considerable time. Mor-
tality, however, can be high in young animals, where the virus
can affect the heart. In addition, cattle, sheep, and goats can
become carriers, and cattle can harbor virus for up to 2 to 3
years (70) (see “Carrier state” below).

FMD is one of the most highly contagious diseases of ani-
mals or humans, and FMDV rapidly replicates and spreads
within the infected animal, among in-contact susceptible ani-
mals, and by aerosol. Disease signs can appear within 2 to 3
days after exposure and can last for 7 to 10 days. FMD is on the
A list of infectious diseases of animals of the Office Interna-
tional des Epizooties (OIE) and has been recognized as the
most important constraint to international trade in animals
and animal products (266). Countries that are free of the
disease have introduced a number of measures to retain this
status because of the detrimental economic consequences re-
sulting from its presence. The Smoot-Hawley Tariff Act of
1930, which was passed after the last outbreak of FMD in the
United States in 1929, contained restrictions on importation of
susceptible livestock, fresh meat, and animal products from
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FIG. 2. Schematic map of the FMDV genome. The ORF is shown in the boxed area, with the viral proteins named according to the
nomenclature of Rueckert and Wimmer (402). Also shown are the functional elements of the genome as described in the text and the partial
protein cleavage products. The sites of the primary cleavages and the proteases responsible are indicated. PKs, pseudoknot structures. (Adapted

from reference 295.)

countries where FMD was present (21). To protect disease-
free countries, the OIE has developed control policy recom-
mendations for affected countries to reacquire FMD-free
status and therefore participate in international trade. These
recommendations favor the more rapid return to FMD-free
status if an outbreak is controlled by slaughter and vaccination
is not employed. Thus, disease-free countries such as the
United States, the United Kingdom, and other Western Euro-
pean countries have adopted control strategies that include
inhibition of animal movement and slaughter of infected and
in-contact susceptible animals but generally do not include
vaccination. However, recent events, specifically the 2001 out-
break in the United Kingdom, have had a profound effect on
this control strategy, and new recommendations have evolved
and are evolving.

DESCRIPTION OF THE AGENT
Genome Organization

The virion is a 140S particle consisting of a single-stranded
RNA genome and 60 copies each of four structural proteins
(VP1 [1D], VP2 [1B], VP3 [1C], and VP4 [1A]). The FMDV

genome has a basic organization similar to those of other
members of the Picornaviridae, and the nomenclature for the
viral proteins was established by Rueckert and Wimmer (402).
In this review, we refer to the viral structural proteins by their
more common designations, VP1 to -4, and to viral nonstruc-
tural (NS) proteins mainly by their designations as described
by Rueckert and Wimmer (402). Within the virion, there are
small amounts of a cleavage precursor of VP2 and VP4, called
VPO (1AB) (401), and one copy of a 23- to 24-amino-acid
genome-linked protein, 3B (VPg [we use this designation for
the protein]), covalently bound to the 5’ terminus of the RNA
(186, 420). The organization of the viral genome is shown in
Fig. 2. The RNA is translated as a single long open reading
frame (ORF) into a polyprotein, followed by a series of post-
translational proteolytic cleavages to generate both the inter-
mediate and mature structural and NS viral proteins (191, 387,
402).

Based on the initial cleavage products, the genome OREF is
divided into four regions (Fig. 2). The 5’ end, the L region,
which encodes the N-terminal component of the polyprotein,
contains two in-frame AUG initiation codons that result in the
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generation of two L proteins, Lab and Lb (387, 419). While
both forms of L are synthesized during in vitro translation of
viral RNA (48, 418) and in infected cells (102), it has been
shown, by using site-directed mutagenesis, that deletion of the
second AUG from an FMDYV infectious clone abolished viral
replication upon transfection of the transcribed RNA into
cells, while deletion of the first AUG had no effect on viral
replication (84). In addition, Piccone et al. (356) generated
synthetic viral genomes lacking the L gene and showed that
only the genome that initiated polyprotein synthesis at the
second AUG codon produced live virus. These results strongly
suggest that Lb may be the biologically functional protein in
vivo. The L protein, a papain-like protease (LP™®) (251, 356,
386, 435), is autocatalytically cleaved from the polyprotein at
its C terminus (440). A crystallographic structural analysis of
LP* suggested that the self-cleavage reaction might occur in-
termolecularly, in trans, based on the position of the protein’s
C terminus within the active site of an adjacent LP*® molecule
(194). However, other structural features within the same crys-
tals suggested that an intramolecular cis self-cleavage reaction
is also possible (194). In addition, LP™ has unique cation con-
centration and pH range requirements, due to differences
within the molecule’s active site, which distinguish it from
other papain-like enzymes (193). The LP™ also plays a role in
inhibition of host protein synthesis and has been identified as
a viral virulence factor (see “Viral translation” and “Virulence
factors” below).

Directly downstream of the L region is the P1 region of the
genome (Fig. 2), encoding the four viral structural proteins
VP4, VP2, VP3, and VPI1. Following the P1 region is the P2
region (Fig. 2), encoding three viral NS proteins, 2A, 2B, and
2C, and the P3 region, encoding NS proteins 3A, three copies
of VPg, 3CP™, and 3DP°. Historically the 2A region was con-
sidered part of the P2 region; however, genetic and biochem-
ical evidence has shown that the FMDYV 2A peptide is cleaved
as a P1-2A precursor (463) (see “Viral translation” below).
3CP™ was identified as a viral protease (252) and is involved in
processing the viral polyprotein, while 3DP°! is the viral RNA-
dependent RNA polymerase (110, 275, 335, 368-370, 389).
The roles that each of these proteins play in viral replication
are discussed in Infectious Cycle below.

The FMDV genome also contains untranslated RNA found
upstream (5’ untranslated region [5" UTR]) and downstream
(3" UTR) of the ORF (Fig. 2). The 5’ UTR of FMDYV contains
about 1,300 bases (157, 191, 387) and can be divided into five
functional elements which play roles in virus translation and
RNA replication (Fig. 2). The most 5’ segment, the S frag-
ment, encompasses about 360 bases and folds into a long
stem-loop (Fig. 2) (77, 203, 336). The function of the S frag-
ment is not known, but analogies with other picornaviral ge-
nomes suggest that it may play a role in maintaining genome
stability in infected cells (33) and may also be involved in the
binding of proteins involved in genome replication (12, 13, 33,
212, 481). There have been some suggestions that the S frag-
ment may affect viral pathogenicity, but currently there is no
direct supporting evidence for this (85, 150).

Following the S fragment, there is a poly(C) tract comprising
over 90% C residues with a small number of U and A residues
(Fig. 2). This segment is over 100 bases in length; however, the
length of the poly(C) tract can be extremely variable (108),
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and, in one case, a tissue culture-adapted virus has been shown
to have a poly(C) length of over 400 bases (150). Although an
early study suggested that the length of the poly(C) tract was
associated with virulence (203), other studies have been unable
to correlate poly(C) length with this property of the virus
(108). It has been shown that the poly(C) lengths of natural
viral isolates are increased by repeated passage in cell culture
(150), as is the length of this segment in genetically engineered
viruses (381). It is possible to replicate virus with essentially no
poly(C), and while this virus is virulent in suckling mice, it has
a much higher particle/PFU ratio than viruses containing
longer poly(C) tracts (381). The virulence of this virus in sus-
ceptible animals has not been determined. While the exact role
that the poly(C) tract plays in FMDYV replication is unknown,
recent studies with poliovirus have shown an association of the
host factor, poly(rC) binding protein (PCBP), with the 5" end
of the poliovirus genome (165), which could regulate the
switch from translation to genome replication (see “Viral tran-
scription and genome replication” below) (33, 212, 470). Just
3" of the poly(C) tract there is a series of RNA pseudoknot
structures of unknown function (Fig. 2) (149, 381).

Downstream of the pseudoknots there is a short hairpin loop
structure, the cis-acting replicative element (cre) (Fig. 2) (294).
The cre, which has been identified in the genomes of human
rhinoviruses (169, 310, 311), poliovirus (176, 382), and cardio-
viruses (270), has a stem-loop with a conserved AAACA se-
quence in the loop region. In contrast to the case for other
picornaviruses, where the cre is located within different regions
of the ORF, the cre of FMDYV is located within the 5" UTR
(294). The cre is essential for RNA genome replication, and its
function is discussed in “Viral transcription and genome rep-
lication” below.

The region between the cre and ORF contains a series of
highly conserved stem-loop structures which together consti-
tute the internal ribosome entry site (IRES) (Fig. 2). All pi-
cornavirus mRNAs lack the 7-methyl-G cap structure present
at the 5’ ends of most eukaryotic mRNAs. In addition, the
5" UTR of picornaviral genomes is quite long, and it was
demonstrated for poliovirus and encephalomyocarditis virus
(EMCYV) that ribosomes enter the genome internally at the
IRES (231, 351). An IRES element was subsequently identi-
fied within the FMDV genome (51, 261). The IRES elements
of picornaviruses contain a high degree of secondary and ter-
tiary structure. They have been divided into three groups,
based on conserved structure as opposed to primary sequence
(359, 360, 385). The IRES element for aphthoviruses, which is
similar in structure to the cardiovirus IRES (group 2 IRES), is
about 450 nucleotides in length (51, 261) and has been mod-
eled into a five-domain structure (359). IRES elements contain
a pyrimidine-rich region at their 3" ends immediately preced-
ing the AUG translation initiation codon, and FMDYV contains
pyrimidine-rich regions directly upstream of each of the alter-
native AUG initiation codons (51, 261, 361).

The 3’ UTR, which follows the ORF termination codon,
contains a short stretch of RNA which folds into a specific
stem-loop structure (362) followed by a poly(A) tract of vari-
able length carried on the genome (Fig. 2) (141). The 3" UTR
also appears to be important for genome replication (312, 364,
392). This is supported by studies showing that the 3’ UTR can
bind a number of picornaviral proteins that are involved in
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FIG. 3. Structure of the mature type O;BFS FMD virion based on X-ray crystallographic data. The structures shown are based on the data of
Acharya et al. (2) and Logan et al. (272). (a) A viral protomer highlighting the B-barrel-and-loop organization of the viral proteins. (b) A pentamer
positioned on the virion looking down the fivefold axis. (c) The organization of the entire virion, highlighting the G-H loop (yellow) and the RGD
sequence (white). Note the pore located at the top of the fivefold axis (see text). (d) A protomer highlighting the positions of the G-H loop (purple)
and RGD sequence (yellow). All structures are representative of the mature virion (cleaved VPO [see text]), and the viral proteins are colored blue
(VP1), green (VP2), and red (VP3). VP4 is buried within the particle and is visible only in panel a, where it is colored yellow. The graphic

renderings were done by using RasMole.

RNA replication (114, 115, 202). Gutierrez and coworkers
(195) demonstrated that hybridization of antisense RNA to the
3" UTR of FMDYV did not effect in vitro translation of viral
RNA but did inhibit RNA replication in infected cells. In
contrast, more recent studies have demonstrated that deletion
of the FMDV 3’ UTR reduced the efficiency of in vitro trans-
lation (274) and blocked the ability to recover viable virus from
transfected cells (413). Replacing the FMDV 3’ UTR with that
of the enterovirus, SVD virus, resulted in a nonviable genome
(413), suggesting that the 3’ UTR is specific for each picorna-
virus. The poly(A) tract probably functions in FMDYV transla-
tion (274) and may also play a role in picornavirus RNA rep-
lication (33, 212).

Virus Structure

By electron microscopy, the FMD virion appears to be a
round particle with a smooth surface and a diameter of about

25 nm (21). The fine structure of the viral capsid has been
determined for a number of serotypes by using X-ray crystal-
lographic techniques (2, 117, 227, 263, 264), and the structural
features of type O,BFS are shown in Fig. 3. The structural
proteins, VP1 to -3, fold into an eight-stranded wedge-shaped
B-barrel which fit together to form the majority of the capsid
structure (Fig. 3a) (2). The VP4 protein is buried within the
capsid and has a myristyl group covalently attached to its N
terminus (50, 100). The strands of the B-barrels of VP1 to -3
are connected by loops which form the outer surface of the
virion (Fig. 3a) (227). FMDV is distinguished from other pi-
cornaviruses by the lack of a surface canyon, or pit, which has
been shown to be the receptor binding site for the entero- and
cardioviruses (49, 207, 215, 257, 280, 325, 398, 483). Another
feature of the virion is the presence of a channel at the fivefold
axis which permits the entry of small molecules, such as CsCl,
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into the capsid, resulting in FMDYV having the highest buoyant
density of the picornaviruses (Fig. 3c) (2, 227).

Unlike those of other picornaviruses, the FMDYV capsid is
dissociated at pHs of below 6.5 into 12S pentameric subunits
(76). The reason for this instability is thought to be a cluster of
His residues at the interface between VP2 and VP3 which
become protonated at low pH, weakening the capsid through
electrostatic repulsion (116, 147). This low-pH-induced insta-
bility of FMDYV leads to differences in the mechanism of its
uncoating upon infection of cells compared to that for other
picornaviruses (see “Early interactions: adsorption, penetra-
tion and uncoating” below) and also probably plays a role in
the targeting of the virus to specific tissues and organs in
susceptible hosts.

Infectious Cycle

FMDV, like other members of the Picornaviridae, has a
relatively short infectious cycle in cultured cells. Depending on
the multiplicity of infection, newly formed infectious virions
begin to appear at between 4 and 6 h after infection. The virus
is cytocidal, and infected cells exhibit morphological alter-
ations, commonly called cytopathic effects, which include cell
rounding and alteration and redistribution of internal cellular
membranes. The virus also causes biochemical alterations, in-
cluding inhibition of host translation and transcription (401).

Early interactions: adsorption, penetration, and uncoating.
The interactions of FMDV with cells have been extensively
studied for many years. It is generally accepted that FMDV
receptors, as well as other picornavirus receptors, play a role in
tissue and organ tropism which leads to disease pathogenesis
(112, 151, 429, 476). FMDYV binds rapidly to cells in culture at
both 4 and 37°C by using a limited number of receptor sites,
which has measured at between 10° and 10* per cell (39).
These studies also suggested that while six of the seven sero-
types bound to a single class of receptor site, some of the
serotypes bound to a second class of receptors which were
present at a high copy number (39, 431). Early studies showed
that limited trypsin digestion of virus resulted in viral particles
which were noninfectious due to the inability to bind to cells in
culture (22, 30, 38, 90, 318). Analysis of trypsin-treated virus
revealed a single cleavage of the VP1 protein at Argl44 (388),
which was later shown to be located within a surface loop
connecting the G and BH strands of the protein (G-H loop)
(2,272) (Fig. 3c and d). These results suggested that this region
of the VP1 protein interacted with the cell surface receptor.

In 1984 Pierschbacher and Ruoslahti (357), studying the
binding of fibronectin to cells, reported that the tripeptide
sequence Arg-Gly-Asp (RGD) was a cellular recognition site
on the molecule and that this sequence was also found in the
FMDV VP1 protein (358) (Fig. 3d). The fibronectin receptor
was subsequently shown to be part of a large family of trans-
membrane glycoproteins called integrins (449). These mole-
cules are type 1 membrane glycoproteins, consisting of two
subunits (« and B) which are noncovalently bound at the cell
surface. They are involved in cell adhesion, cell migration,
thrombosis, and lymphocyte interactions (220, 221, 223). In
FMDV, while sequences surrounding the RGD sequence
within the G-H loop are variable, the RGD sequence itself is
highly conserved (353). The first indication that the RGD

CLIN. MICROBIOL. REV.

sequences might be involved in the virus-receptor interaction
came from studies showing that small peptides containing
RGD could inhibit the binding of virus to cells (40, 158). Direct
genetic evidence for this interaction was obtained by mutating
or deleting the RGD sequence in infectious cDNA clones,
resulting in viral particles which were noninfectious, could not
adsorb to susceptible cells, and could not cause disease in sus-
ceptible animals (268, 297, 309). Of the 24 known integrin re-
ceptors, only 8 use the RGD tripeptide as a recognition se-
quence, and 5 of those are part of the o, subgroup of integrin
receptors (222, 403). The first identification of the integrin
receptor for FMDV was made based on comparison of the
receptor specificity of the virus with that of a human entero-
virus, coxsackievirus A9 (CAV9). This virus contains an exten-
sion in its VP1 protein that includes an RGD sequence (92,
93), which was shown to be involved in virus binding to cells
in culture (393). The receptor utilized by CAV9 was demon-
strated to be the integrin o5 (394), and competition binding
studies revealed that CAV9 and antibodies to the a5 inte-
grin were able to inhibit the binding of FMDV to monkey
kidney cells (56). These results were confirmed genetically by
demonstrating that cells which did not express this integrin and
were not susceptible to FMDYV infection became permissive
for viral infection upon transfection of cDNAs encoding ei-
ther the human (334) or the bovine (144, 332, 333) o B; in-
tegrin. Following these studies, it was further demonstrated that
FMDYV could also utilize two additional o, integrins, oyBg
(229) and o, B, (228); however, the virus was unable to utilize
the integrin aBs as a receptor (144; for reviews, see refer-
ences 44 and 227). To date, none of the other integrins which
utilize the RGD recognition sequence have been analyzed for
FMDV receptor activity.

A number of alternative receptors have been shown to me-
diate FMDYV infection in vitro. Antibody-complexed virus can
infect cells via Fc receptor-mediated adsorption (42, 293, 297).
In addition, an artificial receptor which consists of a single-
chain anti-FMDYV monoclonal antibody fused to intercellular
adhesion molecule 1 (ICAM-1) has been engineered, and this
receptor was also able to mediate infection with RGD-deleted
virus (380). In 1996, Jackson and coworkers (226) reported
that a type O, virus was able to utilize the glycosaminoglycan
heparan sulfate (HS) as a coreceptor. We had previously
shown that there appeared to be a second, unidentified recep-
tor present at a high copy number (39, 431), and the report by
Jackson et al., (226) was consistent with this finding. It con-
trasted, however, with our findings that a type A virus could
not bind to CHO cells which lack the integrin receptor for
FMDYV but express HS (293). We reconciled these seemingly
opposite findings by showing that tissue culture adaptation of
a type O, virus selects a variant which has a positively charged
Arg at residue 56 of VP3 and can grow in CHO cells (409).
Interestingly, this variant was relatively avirulent in cattle
(409). In contrast, a second variant of this virus containing a
His at residue 56 of VP3 could not grow in CHO cells and was
relatively virulent in cattle (409). We expanded these studies to
show that the virus with the Arg residue required only HS to
replicate in CHO cells but that the variant with the His residue
required the integrin to replicate in cell culture (334). A similar
result was also noted for type C viruses, where multiple pas-
sages in tissue culture selected viruses with positive surface
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charges which can replicate in the absence of the known inte-
grin receptors (26, 27, 290). Structural analysis of HS-com-
plexed type O virus revealed a direct interaction between HS
and residue 56 in VP3 (162, 227).

While the penetration and uncoating of FMDV have not
been studied in great detail, there have been some observa-
tions which suggest possible mechanisms of how they might
occur. We and others have shown that after adsorption to the
cell surface, the 140S virion breaks down into 12S pentameric
subunits, releasing the RNA (37-39, 89). This breakdown does
not occur at the cell surface, since particles which are eluted
from the cell after adsorption are fully infectious and still
sediment at 140S (39). By using a series of lysosomotropic
agents, which raise the pH of intracellular endosomes, it has
been demonstrated that the virus probably breaks down upon
entering an acidic endosome (37, 87, 88). Recently it has been
shown that a genetically engineered FMDYV, which is unable to
perform the maturation cleavage of VPO to VP2 and VP4 (see
“Encapsidation and maturation” below) is noninfectious, can
adsorb to cells in culture, and is acid sensitive (253). Thus, the
breakdown of 140S virus to pentameric subunits by itself does
not lead to productive infection, but there must be other events
after the breakdown. These results indicate that the viral re-
ceptor is responsible only for docking the virus to the mem-
brane of the susceptible cell and plays no role in viral uncoat-
ing, which is consistent with the ability of FMDV to utilize
multiple receptors for infection in cell culture.

Viral translation. Following uncoating, the RNA is released
into the cytoplasm by an as-yet-unknown mechanism and be-
gins a round of viral translation. The genome-linked protein
VPg is cleaved by a cellular enzyme prior to translation of the
incoming RNA (10, 11); however, protein synthesis initiation
complexes can be formed with mRNA containing VPg (174).
Unlike most host mRNAs, actively translated viral mRNA
does not contain a 7-methyl-G cap structure at its 5" end (187)
and initiates protein synthesis internally at the IRES by a
cap-independent mechanism (51, 231, 261, 351). Cap-depen-
dent mRNA translation is inhibited in infected cells as the
result of the cleavage of the protein synthesis initiation factor
elF4G by LP™ (124, 241). Intact eIF4G acts as a bridge con-
necting the mRNA cap to the 40S ribosomal subunit. This is
accomplished by the binding of the cap binding protein, eIF4E,
to the N-terminal domain of ¢IF4G, while the C-terminal do-
main binds elF4A and the 40S ribosomal subunit via eIF3
(262). In contrast, initiation of FMDV RNA translation re-
quires only the LP™-generated C-terminal eIF4G cleavage
product, which binds to the FMDV IRES and interacts with
40S ribosomal subunit-bound eIF4A and elF3 (273, 414). In
addition, eIF4B is bound to the FMDYV IRES and has been
identified in both 48S preinitiation complexes and 80S ribo-
somes (273, 314, 343, 405).

The FMDV IRES interacts with a number of cellular pro-
teins, including initiation factors important for normal cellular
mRNA translation. A host factor of 57 kDa, subsequently
identified as the nuclear polypyrimidine tract binding protein
(PTBP) (209, 237, 337, 338), was shown to interact with at least
two regions of the IRES (281, 363). Deletion of these two sites
inhibited both the binding of the protein and in vitro transla-
tion (282). More recently a second host factor, which is re-
quired for FMDV IRES-driven translation but not for trans-
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lation of cardiovirus mRNA (363), has been identified. This
45-kDa protein, IRES-specific trans-acting factor (ITAF,s),
along with PTBP, is required for the formation of the 48S
translation-initiation complex (291, 363). A third host factor,
PCBP, which is required for translation of poliovirus RNA (65)
has not to date been shown to be involved in FMDYV transla-
tion. However, the presence of the poly(C) tract upstream of
the IRES suggests that it may also play a role in FMDV
translation, genome replication, or both. It has also been pos-
tulated that PCBP facilitates a circularization of the poliovirus
genome to modulate the balance between translation and RNA
replication (33, 212).

Interestingly, the 3" end of the genome may also be required
for FMDV translation, since deletion of either the poly(A)
tract or the 3’ stem-loop and the poly(A) tract generated
noninfectious FMDV RNAs which had a lowered translation
efficiency in in vitro translation reactions (274). Furthermore,
addition of either the poly(A) tract, the FMDV 3’ stem-loop,
or both to a bicistronic construct, driven by the FMDV IRES,
stimulated IRES-directed translation in vitro (274).

Following initiation, translation results in the production of
a single polypeptide which undergoes a series of cleavages
leading to the production of both structural and NS proteins
(Fig. 2). The primary cleavage reactions are performed by
three different proteases. As discussed above, LP™ autocata-
lytically cleaves itself from polyprotein. 2A, (an 18-amino-acid
peptide), autocatalytically removes itself from the P2 polypro-
tein, and remains associated with the P1 precursor (192, 408,
463). There has been a suggestion that this cleavage is not a
proteolytic event but rather is a modification of the transla-
tional machinery by the 2A peptide which allows the release of
P1-2A from the ribosome while permitting the synthesis of the
downstream proteins to proceed (139, 140). This hypothesis,
however, has not been confirmed by other laboratories. Nev-
ertheless, the 2A peptide has been used in nonviral systems to
cleave foreign genes from polyproteins (177, 185). All of the
other cleavages of the polyprotein, as outlined in Fig. 2 (with
the exception of the maturation cleavage [see below]), are
performed by 3CP* (20, 101, 463). This protein is related to
the trypsin family of serine proteases (18, 45, 179), and Grub-
man and coworkers have mapped the active site of FMDV
3CP*™ to Cys163, His46, and Asp84 (192). The protease cleaves
at a number of different dipeptide sequences, including Gln-
Gly, Glu-Gly, Gln-Leu, and Glu-Ser (348, 387).

Viral transcription and genome replication. Picornavirus
RNA replication presents a number of unique challenges. The
5" end of the genome RNA is covalently linked to VPg, and the
3’ end has a genetically coded poly(A) tail. Thus, the viral
RNA-dependent RNA polymerase (3DP°') must distinguish
between viral RNAs and cellular mRNAs, which also contain
3’-terminal poly(A) tracts. In addition, since the mRNA and
the genome RNA are the same molecule, with the exception of
the genome-linked VPg, there must be a mechanism to distin-
guish RNAs which are bound for the ribosome and those which
will be packaged into virion particles. While there have been
very few studies on transcription and replication in the FMDV
system, extensive studies on these activities have been per-
formed with enteroviruses.

The first step in picornavirus RNA replication is the synthe-
sis of a minus-strand RNA molecule. This system has not been
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studied in FMDV; however, the models of RNA replication
developed for poliovirus are probably quite similar (350). It is
thought that translation of the plus-strand RNA must cease
before minus-strand synthesis begins (164). The mechanism of
this shutdown of translation of the plus strand is unclear;
however, it has been proposed that, in poliovirus-infected cells,
when the polymerase precursor (3CD) accumulates in the cell,
it binds to the 5’ cloverleaf structure and modifies the affinity
of PCBP for the IRES, an interaction which is essential for
translation (see “Viral translation” above). Whether 3CD plays
a similar role in FMDV RNA replication is not known; how-
ever, it has been shown that in FMDV-infected cells, this
protein is rapidly cleaved to 3CP™ and 3DP°! (191).

There is still controversy about the initiation of picornavirus
minus-strand RNA synthesis. One model proposes that initia-
tion begins after circularization of the genome facilitated by
the interactions of poly(A) binding protein (PABP) with the 3’
poly(A) tail and the PCBP-3CD-5’" cloverleaf structure (211).
In the FMDYV genome, the 5' interactions probably take place
within the S fragment and may also involve the poly(C) tract
(see above). Since initiation of minus-strand synthesis occurs in
the cytoplasm in the presence of cellular mRNAs, which also
contain poly(A) tails, picornaviruses must have developed
mechanisms enabling the polymerase to recognize viral RNA.
In picornavirus-infected cells, both plus- and minus-strand
RNAs are linked to VPg (339), and the presence of a small
protein-linked dinucleotide, VPgpUpU, in infected cells (111)
suggested that VPg might be a primer for the RNA polymer-
ase. The discovery of the cre provided a rational mechanism for
both the uridylylation of VPg and the ability of the polymerase
to discriminate viral RNA from cellular mRNAs. The cre is a
stem-loop RNA structure, found within the 5’ UTR in the
FMDV genome (Fig. 2), with a conserved AAACA motif
within the loop (see “Genome organization” above). This con-
served motif is required for poliovirus and rhinovirus minus-
strand synthesis (176, 311), and the first two A’s serve as the
template for the synthesis of VPgpU and VPgpUpU and for
viral replication initiation in enteroviruses (169, 382). Muta-
tions in this motif within the FMDYV cre severely reduced viral
replication in cell culture; however, the cre is positionally in-
dependent within picornavirus genomes (176, 294, 310, 487). It
is not clear at this time whether free VPg is utilized in the ini-
tiation step or whether a cleavage precursor (either 3AB, 3ABC,
or 3BCD) is needed. The second model, discussed below, pos-
tulates that minus-strand synthesis is primed on the poly(A)
tail.

Following the initiation reaction, elongation of the minus
strand begins, catalyzed by 3DP°!. For this to occur, the initi-
ation complex must translocate to the 3’ end of the plus-strand
template. The mechanism by which this occurs is unknown, but
one hypothesis suggests that binding of PABP to the poly(A)
tract positions this region of the plus strand near the cre (350).
The elongation of the nascent strands results in the formation
of a double-stranded molecule, the replicative form (RF) (3,
477). Free minus strands are not detectable in vivo.

After formation of the RF, new plus-strand synthesis can
begin. In poliovirus-infected cells, the ratio of plus to minus
strands is about 50:1 (340), indicating that a single minus
strand can be a template for the synthesis of numerous plus
strands, resulting in the formation of a partially double-
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stranded RNA molecule, the replicative intermediate (3). The
initiation of plus-strand synthesis from the RF has not been
elucidated; however, two possible mechanisms to generate
VPgpUp have been suggested. The first proposes either using
existing uridylylated VPg, made in abundance during minus-
strand synthesis, or uridylylating VPg at the 3’ end of the minus
strand (350). The second hypothesis, which also disputes the
mechanism for the initiation of minus strands presented above,
proposes that VPgpUpU is generated on the 3" poly(A) tail of
the plus strand and utilized for minus-strand synthesis, while
cre-generated VPgpUpU is utilized for plus-strand synthesis
(33, 321, 330). Since the data which led to the latter hypothesis
was generated totally with cell-free systems, it is still uncertain
whether these mechanisms are utilized in infected cells. In
addition, it has recently been suggested that FMDYV cre func-
tion can be complemented in #rans (456). While more studies
are necessary to confirm this result, it should be noted that cre
function could not be complemented in trans in either the
human rhinovirus (176) or the poliovirus (176, 382) system.

For plus-strand synthesis to proceed, the RF must be un-
wound. The mechanism for this is also unclear. The picorna-
virus 2C protein both has ATPase activity (249, 354, 390) and
contains helicase motifs (125, 128, 178, 180, 250), but helicase
activity has not been demonstrated (355). It has been shown
that 2C and a cellular protein (p38) bind to the minus-strand 3’
stem-loop (25, 391, 392), and this may act to destabilize the RF
molecule. The possibility of involvement of either a cellular
helicase or a nuclear protein has also been suggested, since the
RF is infectious when transfected into whole cells (317) but not
when transfected into enucleated cells (322). The elongation of
the plus strand by 3DP°' also occurs by an unknown mecha-
nism. The complete replication of a picornaviral RNA in a
cell-free system, including de novo protein synthesis, genome
replication, and encapsidation to produce infectious virus, has
been accomplished for poliovirus (32, 211, 316, 461) and
EMCV (446).

RNA synthesis occurs within a membranous replication
complex, which is derived from membranes of the endoplasmic
reticulum and Golgi and contains viral NS proteins encoded by
both the P2 (2B, 2BC, and 2C) and P3 (3A and its precursors,
3CP, and 3DP") regions (58-61, 66, 145, 170, 181, 232, 428,
442, 452, 460, 465). Structures similar to enterovirus replica-
tion complexes containing RNA and 3DP°! have been detected
in FMDV-infected cells (371, 372). The 2B protein has been
shown to enhance membrane permeability and block protein
secretion (129, 232, 465, 466), but its role in RNA synthesis is
not clear. Protein 2C has been found in membranous aggre-
gates along the periphery of FMDV-infected cells (450) and
has been directly implicated in FMDV RNA synthesis by using
the picornavirus RNA synthesis inhibitor guanidine hydrochlo-
ride (81). FMDV mutants that are resistant to guanidine inhi-
bition had an altered 2C isoelectric point (426), and changes in
the viral 2C protein in resistant mutants were directly shown by
using recombination and RNase T, oligonucleotide mapping
(427). Infection with picornaviruses results in a rapid inhibition
of host cell transcription, which does not appear to be related
to the inhibition of host cell translation (235). For FMDV-
infected cells it has been shown that histone H3 is cleaved by
3CP™, and this cleavage does not occur in cells infected by
either poliovirus or EMCV (184, 451). In the case of entero-
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virus infections, transcription catalyzed by RNA polymerases I,
II, and II1 is inhibited, and this inhibition requires the synthesis
of 3CP™, which appears to cleave cellular transcription factors
required for the activity of these three enzymes (see reference
119 and references therein). Thus, FMDYV may inhibit host cell
transcription by a mechanism different from that of the entero-
and cardioviruses.

Encapsidation and maturation. The final steps in the repli-
cation cycle are the encapsidation of the plus-strand viral RNA
and maturation cleavage of VPO to VP2 and VP4 to form the
mature virion. The mechanisms of encapsidation and matura-
tion are still unresolved and are probably the least studied of
all of the steps in the replication cycle. Again, most of the
studies have been done with the enteroviruses, and therefore
analogies must be drawn with FMDV. In broad terms, the
3CP™ cleavage products of the P1 region are assembled into a
protomer structure containing one copy of each of the proteins
VPO, VP1, and VP3 (Fig. 3a). Five protomers can assemble
into a pentamer (Fig. 3b), and 12 pentamers assemble into the
final capsid structure (Fig. 3c). Following encapsidation of the
RNA, the maturation cleavage reaction (VPO to VP2 and VP4)
takes place (see below). A number of intermediate particles
have been identified in picornavirus-infected cells, including
protomers, pentamers, a particle containing RNA with an un-
cleaved VPO (provirion) (197, 265), and a particle with an
uncleaved VPO lacking RNA (empty capsid) (190, 485). Two
unresolved issues in picornaviral maturation are what signals
are necessary for encapsidation of the RNA and what are the
roles of the empty capsid and provirion.

Picornaviruses encapsidate only plus-strand RNA, linked to
VPg, to the exclusion of all other viral and cellular RNAs (339,
340, 475). In addition, only newly synthesized plus-strand RNAs
are encapsidated, indicating that there is a link between active
RNA replication and encapsidation (201, 341). Thus, there
may be cis-acting packaging signals present within the plus-
strand RNA to facilitate encapsidation. The putative packag-
ing signal does not appear to reside within the P1 region of the
genome, since defective-interfering particles have been dem-
onstrated in poliovirus-infected cells (198, 236, 279), all of
which have deletions within the P1 region. Interestingly, no
defective-interfering particles have been detected in FMDV-
infected cells (103, 367). In addition, the complete P1 regions
of a number of picornaviruses, including FMDV (294), can be
deleted and replaced with a reporter gene generating a repli-
con, which, in the case of poliovirus, can be encapsidated when
capsid proteins are provided in trans by a coinfecting virus (15,
28, 308, 373). Further studies, using the poliovirus replicon
system, have shown that if the structural proteins of a heter-
ologous picornavirus are provided in trans, packaging of the
replicon RNA does not occur (28, 374). These data provide
additional evidence for a packaging element, specific for each
individual picornavirus, located within the genome outside the
P1 region. There has been a single unconfirmed report of
heterologous trans encapsidation of the FMDV genome with
bovine enterovirus structural proteins (462). Recently, a cis-
acting encapsidation element was identified within the stem of
a stem-loop beginning four bases from the 5’ end of the ge-
nome of a newly discovered picornavirus, Aichi virus (425). This
is the first report of such an element within the Picornaviridae.
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While naturally occurring provirions have not been demon-
strated in FMDV-infected cells, they have been shown to occur
during the replication of other picornaviruses (63, 197, 214).
There are currently two models of picornavirus assembly. One
proposes that pentamers assemble into empty capsids, fol-
lowed by insertion of the RNA, and the second proposes that
pentamers directly interact with the RNA to form the pro-
virion. In either case, it is known that myristylation of the N
terminus of VPO is necessary for capsid formation (16, 286,
323). Studies with FMDV have demonstrated that radioactive
label can be chased from structural proteins into protomers,
pentamers, empty capsids, and finally virions (485). In addi-
tion, poliovirus pentamers can self-assemble into empty cap-
sids in vitro in the absence of viral RNA (287, 347, 395). More
recently, however, it has been shown in a cell-free replication
system that only poliovirus pentamer structures can interact
with newly synthesized RNA to form virions (467), indicating
that empty capsids may be either a storage particle for pen-
tamers or a by-product of the assembly reaction.

The final step in virion assembly is the maturation cleavage
of VPO into VP4 and VP2, requiring the presence of viral RNA
(19, 215, 230, 398). An aberrant cleavage of VPO in FMDV
empty capsids has been demonstrated, suggesting that viral
RNA is required for the proper cleavage event to take place
(116, 118). Cleavage is thought to be autocatalytic and results
from a conserved His residue in VP2 which activates local
water molecules, leading to a nucleophilic attack on the scissile
bond and cleavage (34, 118, 213). Maturation cleavage is re-
quired for the generation of infectious virus (201, 253, 265). In
FMDYV, site-directed mutations within VPO led to the forma-
tion of noninfectious provirions that exhibited receptor bind-
ing and acid sensitivity, similar to the case for infectious virus
(253). Upon acid dissociation, however, the generated pentam-
ers were more hydrophobic than those from mature virions,
suggesting that VPO cleavage may be necessary for release of
the RNA into the cytoplasm (253).

Antigenic Variation

The presence of seven serotypes and multiple subtypes and
variants has added to the difficulty of laboratory diagnosis and
control of FMD. The rise of new variants is inevitably caused
by continued circulation of the virus in the field and the qua-
sispecies nature of the RNA genome (134, 206). RNA viruses
in general, and FMDYV in particular, have very high mutation
rates, in the range of 1073 to 107> per nucleotide site per
genome replication, due to the lack of error correction mech-
anisms during RNA replication (135, 142). This high error rate
leads to differences of FMDV replicated genomes from the
original parental genome of 0.1 to 10 base positions (206), and
the quasispecies concept was developed to explain the effects
of errors in replication on the evolution of replicating RNA
molecules (146). In its simplest terms, the concept envisions
that within any population of virus, all genome sequences are
not identical, and that selection occurs at the population level
rather than at the individual level (134). Thus, there is not a
“wild type” as such but rather an observed “average” pheno-
type which has adapted to and replicates “best” within any
given environment. The environment can be in either tissue
culture or a particular host species, and in either situation,
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immunologic pressure or physical conditions such as temper-
ature or pH are influential. Any change in the environment can
lead to the emergence of a new “average” phenotypic trait.
The quasispecies nature of the FMDV genome was described
over 20 years ago (132, 437), and while the concept is studied
at the nucleotide level, the variability of FMDYV populations is
manifested when mutations lead to codon changes resulting in
a change in the viral phenotype. Most of this variation occurs
within the capsid-coding region of the genome (the P1 region
[Fig. 2]) and leads to antigenic variation. While mutations also
occur within the NS protein-coding regions of the genome,
they are probably less tolerated, since proteins encoded by
these regions are necessary for viral replication and changes
are more likely to be lethal. In addition to variation caused
by mutation, FMDYV has been shown to undergo RNA recom-
bination in tissue culture (239, 304, 474). Interestingly, these
studies indicated that recombination was more likely to occur
within the regions of the genome coding for the NS proteins;
however, a more recent study has suggested that RNA recom-
bination within the capsid-coding P1 region of the genome may
contribute to genetic diversity in FMDVs isolated from the
field (459).

Antigenic variation in the field increases with time and most
probably results from immunologic pressure placed on the
virus by either the infected or vaccinated host species (134,
205). In addition, antigenic variation in FMDYV has also been
observed in tissue culture in the absence of immunologic pres-
sure (67, 126, 133, 153, 175, 433), indicating that antigenic sites
on the virion may also be involved in other virus functions.
Regardless of the mechanism, analysis of both genome se-
quence and antigenic variation has been invaluable in epide-
miological studies of outbreaks and analysis of virus within
countries where the disease is enzootic, and, in the case of a
possible deliberate introduction of virus, it will also have fo-
rensic value in tracking the source (17, 206, 210, 255, 258, 288).

Antigenic sites on the surface of the FMD virion have been
identified for five of the seven serotypes of the virus (South
African Territories 1 and 3 being the only exceptions) (41, 43,
68, 80, 113, 204, 247, 264, 288, 298, 305, 453, 484). At least four
antigenic sites have been identified, involving one or more of
the capsid proteins, VP1, VP2, and VP3; however each sero-
type may not contain all four sites. Interestingly, three of the
sites have elements located within the flexible loops which
connect the B-sheets of the viral proteins, and at least two sites
include the C terminus of VP1 (134). While all of the sites
appear to be necessary for a complete immunologic response
to either infection or vaccination, the major antigenic site, to
which most of the immune response is directed and which is
common to all of the serotypes, is located within the G-H loop
of VP1 (Fig. 3d) (see “Virus structure” above) (69, 299). This
site also contains the RGD receptor-binding recognition se-
quence (see “Early interactions: adsorption, penetration, and
uncoating” above). While this site is clearly the major antigenic
site, FMDYV antigenic variation is associated with mutations
leading to amino acid replacements within all of the known
antigenic sites (154, 300). Nevertheless, even though there is
extensive antigenic variation within FMDV, the changes are
limited to very specific regions of the viral surface. This may be
because changes within other regions of the capsid would com-
promise either viral structural integrity or virus identity (134).
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The antigenic variation within FMDYV makes control extremely
difficult, since even the best vaccine may induce immunologic
pressure within the population that results in the emergence of
a new variant. Furthermore, the observation that antigenic
variation can also occur in tissue culture 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 that the virus eventually utilized as antigen may
not provide the antigenic coverage needed.

PATHOGENESIS

While FMD affects a wide variety of cloven-hoofed animals,
pathogenesis has been studied mainly in cattle and pigs. Infec-
tion of cattle generally occurs via the respiratory route by
aerosolized virus (137). Infection can also occur through abra-
sions on the skin or mucous membranes, but is very inefficient,
requiring almost 10,000 times more virus (137). Virus is ex-
creted into the milk of dairy cattle (78, 219, 378) as well as in
semen, urine, and feces (137, 243), and calves can become
infected by inhaling milk droplets. Infected cattle also aerosol-
ize large amounts of virus, which can infect other cattle in
addition to other species (438). A number of studies have
suggested that the lung or pharyngeal areas are the sites of
initial virus replication (72, 79, 444), with rapid dissemination
of the virus to oral and pedal epithelial areas (72, 79, 444),
possibly mediated by cells of monocyte/macrophage origin
(72). In cattle experimentally infected via aerosol, it was found,
by in situ hybridization (ISH), that within the first 24 h, virus
was present in respiratory bronchiolar epithelium, subepithe-
lium, and interstitial areas of the lung (74). By 72 h, signal was
detected in epithelial cells of the tongue, soft palate, feet,
tonsils, and tracheobronchial lymph nodes (74). Other studies,
however, have suggested that the pharynx, and not the lungs,
may be the initial site of viral replication in infected cattle (8,
79, 489). The conflicting observations about the region of the
respiratory tract that is initially infected in cattle exposed to
aerosols may be the result of a number of variables, including
aerosol particle size, strain of virus, or how the aerosol was
generated (8).

Vesicles develop at multiple sites, generally on the feet and
tongue, and are usually preceded by fever. Severe lesions often
occur in areas subjected to trauma or physical stress, and most
animals develop viremia. The incubation period can be be-
tween 2 and 14 days, depending on the infecting dose and
route of infection (163).

Pigs usually become infected either by eating FMDV-con-
taminated food, by direct contact with infected animals, or by
being placed into areas that had once housed FMDV-infected
animals. They are, however, much less susceptible to aerosol
infection than cattle (5, 6), yet they excrete far more aerosol-
ized virus than cattle or sheep (6, 7). As in cattle, the incuba-
tion period is dependent on the amount of infecting virus and
the route of infection, but it is generally 2 days or more.
Animals develop fever, viremia, and lesions on the feet and
tongue. Foot lesions are the most common finding in pigs,
while lesions at other sites occur less frequently (244). Tongue
lesions are usually small and less noticeable than those in cattle
(244). In young piglets, the infection may be fatal due to
myocarditis. Initial replication of the virus occurs at the site
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TABLE 1. Viral and host factors that may determine virulence

Function Viral factors

Host factors

Adsorption and penetration
Translation

RNA replication

Assembly and maturation

Capsid proteins (VP1 to 3)
LP IRES elements

S region, poly(C), cre, 2B, 2C, 3A, 3B, 3CP™, 3DP°!
Capsid proteins (VP0, VP1, and VP3), 3CP™, 2A, viral RNA

Integrins, other receptors (?), entry factors (?)
elFs, PTBP, ITAF,s

Cellular membranes, PCBP, PABP

Cellular membranes (?)

through which the virus gains entry, followed by rapid dissem-
ination to most of the epithelial sites within the animal (73,
346). Interestingly, virus can be found at sites where clinical
lesions either were not present or do not form (73, 346). While
pigs excrete large amounts of aerosolized virus, recent evi-
dence suggests that much more viral replication takes place in
the nasal mucosa than in the lungs (346).

Of all of the important livestock species, sheep played the
major role in the United Kingdom outbreak of 2001 (see be-
low). Because it is very difficult to make a clinical diagnosis of
FMD in sheep (R. De la Rua, G. H. Watkins, and P. J. Watson,
Letter, Vet. Rec. 149:30-31, 2001), the disease can be spread
to other livestock prior to detection (245). Sheep are highly
susceptible to virus infection via aerosol and can excrete air-
borne virus; however, during outbreaks they are most likely
infected by contact with infected animals (245). Clinical dis-
ease in sheep is characterized by lesions on the feet and mouth,
fever, and viremia. It has been reported, however, that up to
25% of infected sheep may fail to develop lesions, and an
additional 20% may form only one lesion (171, 218).

FMDYV can also infect a wide variety of wildlife. The risk of
spread of the infection by wildlife is controversial and is dis-
cussed in two recent review articles (443, 455).

Virulence Factors

In theory, any of the viral structural and NS proteins, ele-
ments of the viral RNA, and host proteins and membranes that
participate in the viral replication cycle can be considered a
virulence factor, since defects in the factor or its absence in the
cell may lead to the virus’ inability to replicate and cause
disease in the host species. Table 1 lists viral and host factors
that might be involved in virulence. Some of the factors listed
in Table 1 have been shown to play a role in virulence either in
the FMDYV system or in other picornaviruses (295). It is be-
yond the scope of this review to examine the roles of all of
these factors, so we will discuss only those that have been
shown to be directly involved in virulence in susceptible ani-
mals.

It has been recognized for many years that viral receptors
play a role in tissue tropism and disease pathogenesis (112,
151, 429, 476). In “Early interactions: adsorption, penetration,
and uncoating” above, we discussed the viral integrin receptors
that have been identified and the ability of FMDV to utilize
alternative receptors. It is known that virus which has had the
RGD sequence of the VP1 G-H loop either mutated or de-
leted cannot replicate in tissue culture or cause disease in
animals (268, 297, 309). A type O virus variant adapted to
utilize the HS receptor in vitro (see “Early interactions: ad-
sorption, penetration, and uncoating” above) has shown the
importance of the virus-integrin interaction in vivo. This virus

was shown to be relatively avirulent in cattle, while the wild-
type virus, which required only integrin receptors to initiate
infection in vitro (334), was virulent in bovines (409). More
interestingly, two bovines inoculated with large amounts of the
HS binding virus eventually showed signs of FMD. Virus iso-
lated from these animals could only utilize the integrin as a
receptor and had lost the ability to interact with HS in vitro
(334, 409). It is not clear why FMDYV should need three inte-
grin receptors to cause disease or whether it utilizes all or some
the integrins in the susceptible hosts. We have recently shown
in tissue culture that different serotypes of the virus exhibit
altered efficiencies of integrin utilization (144). It is possible
that the virus uses different receptors during various stages of
the disease. While it appears that the disease process in sus-
ceptible animals is mediated by the virus-integrin interaction, a
type C virus containing an RGGD sequence has been isolated
from a bovine which was not protected from virus challenge
following immunization with an experimental peptide vaccine
(447, 448). In addition, a tissue culture-adapted type C virus
with a genetically engineered RGG sequence, which was un-
able to bind to heparin, was able to infect cells expressing both
HS and integrin receptors and cells which do not express
FMDYV integrin receptors and HS (26, 27). The ability of these
two viruses to cause disease in susceptible animals has not been
demonstrated. More interestingly, a tissue culture-adapted de-
rivative of a type O, virus, isolated in China, was able to rep-
licate in tissue culture in both an integrin- and HS-independent
manner and to cause mild disease in pigs (490). Thus, there is
a possibility that nonintegrin receptors may be involved in
disease pathogenesis. However, with the exception of the virus
isolated after challenge from the peptide-vaccinated bovine
(447, 448), no natural isolate of FMDV which does not contain
the RGD sequence within the VP1 G-H loop has been iden-
tified.

LP™ was shown to be a virulence determinant based on
experiments with animals with genetically engineered type A,
virus with LP™ deleted (leaderless) (98, 296, 356). It was
thought that this virus would be less virulent than the wild-type
virus, since the lack of LP™ would lead to the inability of the
virus to cleave elF4G and shut off cellular protein synthesis.
While this virus replicated at only a slightly lower rate than
wild-type virus in BHK-21 cells (356), it was markedly avirulent
when injected into cattle and pigs and was unable to spread to
cohoused animals (98, 296). The mechanism of attenuation of
leaderless type A, virus was examined by aerosol exposure of
cattle. Wild-type-infected cattle had histologically altered re-
spiratory bronchioles and virus-specific ISH signals in bronchi-
oles by 24 h, and by 72 h they developed clinical disease,
including fever and vesicles on the feet and positive ISH signals
in epidermal sites corresponding to visible lesion development.
In contrast, cattle infected with leaderless virus showed no
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clinical disease at 72 h and no pulmonary changes at either 24
or 72 h. These animals had only limited positive virus-specific
ISH signals in respiratory bronchioles by 24 h and had no
evidence of lesions or ISH signals in epithelial tissue by 72 h
(74). Thus, the leaderless virus did not appear to replicate well
at the site of primary infection and was not able to spread to
other sites within the host. It was subsequently shown that
infection with wild-type or leaderless virus induced the synthe-
sis of alpha/beta interferon (IFN-a/B) mRNA both in tissue
culture (96, 99) and in lung mononuclear cells from aerosol-
exposed cattle (71), but in tissue culture, IFN activity was
detected only in leaderless-virus-infected cells (96, 99). The
latter observation can be attributed to the inability of the
leaderless virus to inhibit host translation, including IFN syn-
thesis, and the production of IFN within the infected animal
probably inhibited initial amplification and spread of the virus.
In contrast, wild-type virus infection blocks capped IFN
mRNA translation, allowing the virus to rapidly spread to
neighboring cells and systemically prior to the induction of the
adaptive immune response.

The role of the 3A protein in viral virulence was demon-
strated during studies of the FMDYV isolate responsible for an
outbreak in Taiwan in 1997 (designated O/Taw/97) (see be-
low). This outbreak was unusual in that only pigs, and not
cattle, were affected, and the disease had an unusually high
mortality rate in pigs (143, 216). Molecular characterization of
the virus revealed that it contained a 10-codon deletion in the
C-terminal half of the 3A protein (47). The location of this
deletion was similar to that of a 19- to 20-codon deletion found
in FMDYV passaged in chicken embryos. This virus also exhib-
ited reduced virulence in bovines (172, 410). The role of this
deletion in the bovine-attenuated phenotype was confirmed by
using reverse genetic analysis (47), and an analysis of viruses
circulating in the region for the last 30 years suggested that in
addition to the deletion, mutations in the 3A protein in the
region surrounding the deletion may also be responsible for
the observed phenotype (254). The molecular basis for the
porcinophilic phenotype appears to be related to a reduction in
viral RNA synthesis, which is manifested to a greater degree in
bovine cells than in swine cells (345). The 3A proteins from
either the porcinophilic or a bovine-virulent isolate colocalized
to RNA replication complexes in either bovine or porcine cells
and also caused a disruption of the Golgi apparatus (345).
However, as yet, there is no clear picture as to why the 3A
deletion should affect FMDYV replication in bovine cells more
than in swine cells. Nunez and coworkers have also shown that
a single amino acid change in the 3A protein was responsible
for adaptation of FMDYV to guinea pigs; however, the mutation
was located in a different region than the deletion associated
with the porcinophilic phenotype (342).

It has been suggested that IRES elements, and possibly the
host factors that bind to them, affect the pathogenicity and
virulence of other picornaviruses (152, 238, 285, 324, 344, 436).
In FMDV, a virus rescued from persistently infected BHK-21
cells had two mutations within the IRES, which the authors
suggest might have resulted in increased virulence of the virus
in tissue culture (292). Some recent preliminary results suggest
that the FMDV-specific IRES-binding protein ITAF,s may
play a role in virus virulence by controlling virus tropism within
tissues of susceptible species (V. O’Donnell, E. Pilipenko,
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E. Viktorova. R. Roos, and P. Mason, Abstr. 12th Meet. Eur.
Study Group Mol. Biol. Picornaviruses, abstr. K11, 2002).

Host Response

The virus elicits a rapid humoral response in either infected
or vaccinated animals. Virus-specific antibodies protect ani-
mals in a serotype-specific manner against reinfection, or
against infection in the case of vaccination, and protection is
generally correlated with high levels of neutralizing antibodies
(reviewed in references 306 and 415). The response is directed
to epitopes on the three external structural proteins (see “An-
tigenic variation” above), and good protective immunity is
apparent between 7 and 14 days after either infection or vac-
cination. In cattle, the immunoglobulin G1 (IgG1) response
predominates over IgG2 (86, 326, 417), and antibody, including
IgA, can be detected in upper respiratory secretions early in
infection (415, 417). The neutralization of virus within the host
may occur by mechanisms similar to those occurring in in vitro
neutralization; however, there is a suggestion that macro-
phages may play a role in clearing the virus from the infected
animal by phagocytosis of opsonized virus (306, 307, 383).

The role of cellular immunity in the protection of animals
from FMD is still a matter of some controversy. Specific T-cell
antiviral responses, involving CD4* and CD8" cells, have been
observed in cattle and swine following either infection or vac-
cination (36, 94, 104, 166, 173, 412), and it has been suggested
that cell-mediated immunity is involved in clearance of virus
from persistently infected animals (see below) (94, 224). The
induction of anti-FMDYV antibody correlates with a lympho-
proliferative response in cattle and swine (104, 412) and is
T-cell dependent in mice (105). A recent study of the early
acute phase of FMDYV infection of swine, prior to the detection
of antibody, demonstrated a transient lymphopenia by 2 days
after infection involving CD4", CD8", and CD4*/CD8* T
cells, which does not appear to be related to either infection of
T cells or apoptosis and thus may be caused by alteration of
lymphocyte trafficking (36). In addition, T-cell function, as
measured by response to mitogens, is either reduced or elim-
inated (36). Both the number of lymphocytes and the altered
T-cell function return to normal levels by 4 days after infection.
These results suggest that T cells play a role in virus protection
and that the reduction of both T-cell numbers and function
enhances viral pathogenesis by allowing the virus to spread
within the host, leading to increased viral shedding into the
environment. In addition, immunization of both cattle and
swine with a replication-competent human adenovirus 5 (AdS)
vector expressing the P1 capsid precursor did not result in the
generation of virus-specific neutralizing antibody in the serum
but partially protected animals from FMDV challenge (423,
424). The swine developed FMDV-specific T-cell responses
(423), but these assays were not performed on the immunized
cattle. These results may further indicate a role for cellular
immunity in protection from FMDYV infection; however, it also
possible that innate immune responses may be responsible for
the protection seen in these studies.

There has been increasing interest recently concerning the
role of the innate immune response of the host to both FMDV
infection and vaccination. A number of studies have shown
that IFN-qa, -B, and -y may be involved in the host defense
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against FMDYV infection (7, 71, 96, 99, 488) (see “Antiviral
approach” below). In addition to the IFNs, other cytokines
may also play a role in the host response. In studies of swine
which were immunized with a conventional FMD vaccine, it
was shown that vaccinated pigs did not appear to exhibit a
systemic inflammatory response, but chemotactic activity of
plasma on peripheral blood leukocytes increased within the
first week after immunization (383). Furthermore, in pigs that
either were only vaccinated or were vaccinated and challenged,
levels of interleukin-6 (IL-6), IL-8, and IL-12 in plasma in-
creased after vaccination and/or challenge, suggesting mono-
cyte/macrophage activation (29). Although the levels of IL-6
and IL-8 did not appear to be related to protection of pigs
upon challenge, IL-12 levels were higher in vaccinated pigs,
which were protected from contact challenge, suggesting a role
for cytokine-induced monocytic cell activity in protection from
acute-phase disease (29).

Carrier State

Following the acute phase of FMDYV infection in ruminants,
some animals may experience a long asymptomatic persistent
infection. In addition, animals which have been successfully
vaccinated may also become persistently infected if exposed to
infectious virus. These animals are referred to as carrier ani-
mals, and the carrier state is a complication which can occur
during outbreak situations. In this section we briefly discuss
what is known about the carrier state. For more in-depth in-
formation, a number of excellent reviews on this topic have
been written (7, 415, 416).

Van Bekkum and colleagues first demonstrated that live
FMDV could be recovered from esophageal-pharyngeal fluids
of cattle during the convalescent phase of FMD (464). Cur-
rently, carrier animals are defined as those from which live
virus can be isolated at 28 days, or later, after infection (445).
In domestic cattle, the carrier state can last as long as 3.5 years,
and it has also been identified in sheep and goats but not in
pigs (7). African buffalo have been reported to carry live virus
for up to 5 years (106), and other cloven-hoofed wildlife may
become carriers (see reference 7 and references therein). The
number of carrier animals in a population depends on the
species, the incidence of infection, and the immune state of the
herd (i.e., vaccinated or not vaccinated). In the African buffalo,
the carrier rate can be as high as 50 to 70% in the field (106),
and rates in cattle and sheep can vary widely, from 15 to 50%
(7). In general, the titer of virus in the esophageal-pharyngeal
fluids of carrier animals is low, and virus is not consistently
recovered from individual animals. Currently, virus isolation
from esophageal-pharyngeal fluids is the most sensitive meth-
od to detect carrier animals, but reverse transcription-PCR
(RT-PCR) assays are being developed to attempt to increase
sensitivity. The recovered virus probably originates in the phar-
ynx, which appears to be the target region for persistent infec-
tion in cattle (7, 329, 489).

The role of carrier animals in the spread of virus in the field
is still controversial. The only direct evidence is that of trans-
mission from African buffalo to cattle during outbreaks in
Zimbabwe in the late 1980s and early 1990s (120). In addition,
transmission from buffalo to cattle has been obtained experi-
mentally (121), and it has recently been proposed that such
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transmission might occur through sexual contact (35). There
has been no experimental evidence to date indicating that
carrier cattle or sheep can transmit virus to uninfected animals.
The presence of live virus in esophageal-pharyngeal fluids,
however, does make this a real possibility. In addition, the long
persistence and replication of the virus in the host animals can
lead to genetic variation in the field, possibly being responsible
for the generation of new viral variants (167, 411, 457).

The mechanisms for the establishment and maintenance of
the carrier state are not well understood, since persistence can
occur in animals exposed to virus after either acute disease or
vaccination. It does appear that the immune status of the
animal probably controls the level of virus replication (7).
Alexandersen and colleagues (7) have proposed two mecha-
nisms for the development of persistence in the pharynx. One
suggests that FMDV can infect immune system cells, such as
macrophages, or other immunologically privileged sites, lead-
ing to evasion of the immune response. Baxt and Mason (42)
examined viral replication in porcine peripheral blood macro-
phages and found that virus can infect such cells only when
presented as an immune complex, presumably by Fc receptor-
mediated adsorption. Furthermore, the infection was abortive
and did not lead to the production of new infectious virus. In
a more recent study, Rigden and colleagues (384) found that
porcine alveolar macrophages also were not able to support
viral replication; however, the virus bound to macrophages in
the absence of specific antibody. In addition, virus appeared to
be internalized by phagocytosis but remained infectious for at
least 12 h. The second mechanism proposes that the virus
exploits the host response to provide favorable intracellular
conditions for long-term persistence, possibly by utilizing cy-
tokine signaling. Studies on the innate immune response (see
“Host response” above) should help to define the mechanisms
involved in this phenomenon and possibly help in the devel-
opment of methods to eliminate persistence.

DISEASE OUTBREAKS AND CONTROL MEASURES
Outbreaks

Since the beginning of the 20th century, FMD has been of
considerable concern to many countries, and outbreaks or the
fear of disease incursions have led to the establishment of
institutes to investigate methods to control the disease. In
particular, the Insel Reims in Germany in 1909, the Pirbright
laboratory in the United Kingdom in 1924, Lindholm Island in
Denmark in 1925, the Centro Panamericano de Fiébre Aftdsa
(PanAftosa) in Brazil in 1951, and the Plum Island Animal
Disease Center in the United States in 1953 were opened
specifically to study FMD (70).

In the late 19th and early 20th centuries, FMD outbreaks
occurred sporadically in Europe, but their occurrence had dev-
astating consequences (31). By the early 1950s however, some
countries in Western Europe were experiencing 10* to 10°
outbreaks per year (75). At that time, disease control consisted
of inhibition of animal movement, slaughter of infected ani-
mals, and disinfection. As a result of a concerted effort in the
1930s, especially by Waldmann and colleagues in Germany
(469), an inactivated FMD vaccine was developed (70). Vac-
cine was produced by inactivation of live virus with formalin in
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the presence of aluminum hydroxide gel. Virus for the Wald-
mann vaccine was obtained by infecting cattle at the slaugh-
terhouse and collecting epithelium and vesicular fluid (70).
Since only limited numbers of animals could be infected, this
method was not able to produce the amount of vaccine needed
to control the disease in Europe. It was not until Frenkel
developed a method to produce virus by infecting bovine
tongue epithelium obtained at the time of slaughter of healthy
animals (161) that FMD vaccine commercialization became a
reality. Systematic vaccination of cattle with this product led to
a dramatic reduction in the number of disease outbreaks in
Western Europe (75). The observation that FMDYV replicates
in BHK-21 cells led to more commercially viable large-scale
production of virus in suspension cultures. Current vaccines
are produced in cell culture, inactivated by treatment with
aziridines such as binary ethylenemine (24), and mixed with
adjuvant. As of the late 1990s, it was estimated that approxi-
mately 0.8 to 1 billion doses of vaccine were produced annually
worldwide (406).

As a result of a successful vaccination program in Western
Europe, which resulted in a cessation of disease outbreaks
after 1989, the European Union adopted a no-vaccination pol-
icy in 1992 (75). From 1992 until 2001 there were only a few
limited outbreaks in this region, including Bulgaria in 1991,
1993, and 1996; Italy in 1993; Russia in 1993 and 1995; Greece
in 1994, 1996, and 2000; and Albania, Macedonia, and Yugo-
slavia in 1996 (Fig. 1) (267). During the same period, remark-
able strides in disease control were also made in South Amer-
ica, utilizing annual vaccination campaigns and animal culling.
By the end of the 1990s, Argentina, Chile, Uruguay, the south-
ern part of Brazil, and Guyana were recognized by the inter-
national community as being free of FMD without vaccination
(107). Although FMD still occurred in the Middle East and
many countries in Africa and Asia, near the end of the 20th
century, it appeared that, in the developed countries and in
countries that engaged in international trade of animals and
animal products, FMD was under control. As a result, many of
these countries discontinued vaccination entirely, and research
efforts in many European and South American countries were
significantly reduced.

Reemergence of FMD in Developed Countries

In 1997 an FMD outbreak was reported in Taiwan, a country
that had been free of the disease for 68 years. This devastating
outbreak resulted in the slaughter of more than 4 million pigs,
almost 38% of the entire pig population, at a cost of approx-
imately U.S. $6 billion (486) and reminded the international
animal health community of the severe economic conse-
quences that an FMD outbreak could have for a previously
disease-free country. The outbreak, caused by a type O virus,
O/Taw/97, was first reported in March 1997 and within 3 weeks
spread to almost the entire island, demonstrating the ability of
the virus to replicate and spread at an alarming rate (143, 486).
Taiwan was declared an FMD-infected zone and lost its pork
export market. The outbreak was controlled by a combination
of slaughter of infected animals and vaccination. An interest-
ing observation during this outbreak was that disease was
found only in pigs and did not occur in cattle or goats that were
also present on some of the infected farms (143, 486). In
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experiments performed at the OIE/FAO World Reference
Laboratory for FMD at Pirbright, virus isolated from infected
swine did not infect bovine tissue culture cells and did not
cause clinical disease in cattle either by contact exposure or by
direct inoculation in the tongue (143). Subsequent studies with
this virus by Mason and colleagues revealed that the viral NS
protein 3A has a primary role in the restricted growth of the
virus in bovine cells in vitro and in vivo (47, 345) (see “Viru-
lence factors” above).

Starting in late 1999 and 2000, a series of FMD outbreaks
occurred in a number of countries in East Asia. This was
followed by an outbreak in South Africa and culminated in the
destructive outbreak in the United Kingdom which then spread
to the European continent. The World Reference Laboratory
identified a serotype O PanAsia lineage virus as the causative
agent of all of these outbreaks (256). This lineage had origi-
nated in India in 1990 and spread through the Middle East,
Turkey, and Eastern Europe. It then moved eastward into the
People’s Republic of China in 1999 and then to Taiwan, South
Korea, Japan, Mongolia, and far-east Russia. The virus then
appeared in South Africa in late 2000 and in the United King-
dom in February 2001 (Fig. 4).

The 1999 to 2000 outbreak in Taiwan affected cattle and
goats but was more limited than the 1997 incursion. Nucleotide
sequencing of virus isolated from infected animals revealed
that the virus, O/Taw/99, was different than the O/Taw/97 virus
but closely related to viruses circulating in the Middle East and
India (217). In March 2000 a large FMD outbreak occurred in
South Korea and a much more limited outbreak occurred in
Japan. Both of these countries had been free of the disease for
many decades (South Korea for 66 years and Japan for 92
years). The Korean outbreak was controlled by slaughter and
vaccination of all cloven-hoofed animals within the affected
provinces, resulting in the destruction of over 500,000 animals,
mainly cattle (233). Virus isolated from infected cows was
identified by the World Reference Laboratory as an O sero-
type, O/SKR/2000, closely related to O/Taw/99. The Japanese
outbreak was limited to a few farms and was controlled by
slaughter without vaccination. Sequence analysis also placed
this virus, O/JPN/2000, in the same lineage as O/TAW/99 and
O/SKR/2000. In September 2000 an outbreak of FMD was
detected in a province of South Africa that had been free of the
disease. The causative agent was identified as a member of the
PanAsian type O lineage similar to O/SKR/2000 and O/JPN/
2000, a serotype that had never before occurred in South
Africa (Fig. 1 and 4) (421).

These outbreaks reemphasized the extreme virulence of
FMDYV in a variety of animal species, the vulnerability of
FMD-free countries as well as countries where FMD is enzo-
otic to new viral strains, the effects of globalization on increas-
ing the risks of disease incursion, and hence the need for
countries to more closely monitor for the presence of exotic
diseases.

The 2001 United Kingdom Outbreak and Its Aftermath

On 19 February 2001, FMD was suspected in pigs at an
abattoir in Essex in southeast England. The World Reference
Laboratory confirmed this the next day, and the causative
agent was identified as serotype O PanAsia, O/UK/2001 (256).
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FIG. 4. The spread of the PanAsian strain of FMDV type O from its first appearance in India in 1990 until its appearance in the United
Kingdom in 2001. Solid colors, PanAsian strain present; cross-hatched colors, type O present and PanAsian strain suspected. The data and map
were compiled by Nick Knowles and can be found at www.iah.bbsrc.ac.uk/virus/picornaviridae/aphthovirus.

This was the first outbreak of FMD in the United Kingdom
since a 1981 disease incursion on the Isle of Wight. Subse-
quently it was determined that the disease had been present in
the United Kingdom, but not reported, for at least 3 weeks,
and by 20 February it was already present in 16 of the 23
counties that were eventually involved (430). Apparently, the
first infected pigs discovered were initially exposed upon ar-
rival at the abattoir. Further investigation determined that the
index case occurred on a farm in Northumberland in northeast
England. The delay in reporting the disease in Northumber-
land allowed sheep on neighboring farms, which had become
infected (perhaps by airborne spread) but did not show clinical
disease, to be moved to livestock markets and infect other
susceptible animals. In fact, the frequent widespread move-
ment of animals, especially sheep, around the United Kingdom
and to other European countries significantly contributed to
the severity of the outbreak. For a number of reasons, includ-
ing the wide distribution of the disease by the time it was
discovered and pressure from livestock producers, vaccination
was not used. Instead, all infected or in-contact susceptible
animals were slaughtered. In total the outbreak resulted in the
slaughter of 4 million animals, mainly sheep, with an additional
2.5 million killed on welfare grounds (430). The costs to the
economy of the United Kingdom were high. It has been esti-
mated that total losses were between U.S. $12.3 billion and
$13.8 billion, of which approximately 36% were losses to tour-

ism. The government paid about U.S. $4.2 billion in compen-
sation to the agriculture and food chain industry (454).

The outbreak subsequently spread to Northern Ireland and
to France, but it only affected a few farms there and was
controlled by culling. On 21 March FMD was confirmed in The
Netherlands. The disease was introduced by calves that had
become infected in a staging area in France where infected
sheep from the United Kingdom were present (366). Soon
after, the disease was detected in additional farms, and The
Netherlands decided on suppressive ring vaccination, which
implied that all of the vaccinated animals would be slaugh-
tered. Approximately 200,000 animals were vaccinated.

The last case of FMD occurred in the United Kingdom on
30 September 2001, and the country regained its FMD-free
status without vaccination on 22 January 2002 (430). The
United Kingdom commissioned a number of inquiries to ex-
amine the government’s handling of the outbreak and to de-
termine how the country should prepare itself for and respond
to future infectious disease outbreaks. Some of the key recom-
mendations of the Royal Society’s inquiry into preparation for
disease outbreaks included the need to incorporate emergency
vaccination as part of the control strategy from the start of any
FMD outbreak (14). It specifically indicated that the policy
should be vaccination-to-live; that is, meat and meat products
from vaccinated animals subsequently found to be uninfected
may enter the human food chain. In addition, it recommended
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the development of modern diagnostic methods to rapidly de-
tect an outbreak, as well as the investment of additional funds
in animal disease research to develop marker vaccines that
would allow easy diagnostic distinction of vaccinated from in-
fected or convalescent animals. The United Kingdom inquir-
ies, as well as commissions in France and The Netherlands,
indicated the need to coordinate new strategies on a regional
basis within the European Union as well as at the international
level through the OIE. In addition, public reaction, predomi-
nantly within The Netherlands, questioned the need for large-
scale slaughter of susceptible animals, particularly the slaugh-
ter of vaccinated animals that were healthy (366).

In May 2002 at the OIE General Session, a number of
amendments that addressed the world situation as a result of
the unexpected reemergence of FMD were adopted. These
included recognition of new diagnostic tests capable of distin-
guishing vaccinated from infected animals and reduction of the
time, from 12 to 6 months, required for a country that vacci-
nated but did not slaughter these animals to regain FMD-free
status. These amendments increase the likelihood that alter-
natives to animal culling will be utilized in the face of future
FMD outbreaks.

Disease Control

Current vaccines. The current FMD vaccine is an inacti-
vated whole-virus preparation that is formulated with adjuvant
prior to use in the field. A number of countries have estab-
lished vaccine banks which contain concentrated antigen
stored in the gaseous phase of liquid nitrogen (130). Antigen
stored under these conditions is stable for a longer period of
time than formulated vaccine (131). Banks contain antigen
against a number of virus serotypes and provide member coun-
tries with an almost immediate source of vaccine. A recent
report by Doel (130) provides an in-depth review of the his-
tory, production, and utilization of inactivated FMD vaccines,
and we will comment only on some of the limitations of their
use, especially in emergency control programs.

As already discussed (see “Outbreaks” above), the introduc-
tion of the killed FMD vaccine has been extremely successful
in reducing the number of disease outbreaks in many parts of
the world where the disease is enzootic. However, there are a
number of concerns and limitations with its use in emergency
control programs, including the following.

(i) High-containment facilities are required for the produc-
tion of vaccine.

(if) Most virus preparations used for vaccines are concen-
trated cell culture supernatants from FMDV-infected cells
and, depending on the manufacturer, contain various amounts
of contaminating viral NS proteins. Vaccinated animals de-
velop antibody responses against the contaminating proteins,
in addition to the viral structural proteins, making it difficult to
reliably distinguish vaccinated from infected or convalescent
animals with currently approved diagnostic tests.

(iif) The vaccine does not induce rapid protection against
challenge by direct inoculation or direct contact. Thus, there is
a window of susceptibility of vaccinated animals prior to the
induction of the adaptive immune response.

(iv) Vaccinated animals can become long-term carriers fol-
lowing contact with FMDV (see “Carrier state” above).
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Some of these concerns are being addressed by development
of new marker vaccines that do not require infectious virus (see
“Alternative vaccine strategies” below) and of diagnostic tests
that are based on NS proteins that are absent or are only minor
contaminants of the current vaccine (55, 122) (see “Diagnos-
tics” below). Furthermore, efforts to understand the role of
innate immunity and utilize various cytokines to both rapidly
induce protection and boost the immune response are under
way (see “Host response” above and “Antiviral approach”
below).

Alternative vaccine strategies. (i) Proteins and peptides.
Because of the concerns described above, researchers over the
past 20 to 25 years have attempted to develop alternative FMD
vaccines that do not require infectious virus. Based on infor-
mation concerning the FMDYV capsid structure, including the
prominent surface exposure of VP1 and the immunologically
important VP1 G-H surface loop, a number of strategies have
been employed. Initially these included use of VP1, either
isolated from purified virus or produced by recombinant DNA
techniques (23, 248); the use of VP1-derived peptides (441) or
chemically synthesized VP1 peptides (64, 127, 160, 331, 352);
the use of live vectors expressing VP1 fusion proteins (242,
246); inoculation with DNA expressing VP1 epitopes alone
(478) or coadministered with DNA encoding IL-2 (479); and
use of transgenic plants expressing the entire VP1-coding re-
gion or plants infected with a recombinant tobacco mosaic
virus expressing VP1 (472, 473). All of these strategies present
a limited subset of viral immunogens to the vaccinated animal
(see “Antigenic variation” above), and although they often
induce high titers of neutralizing antibodies, they do not always
achieve protection against virus challenge in livestock (127,
326-328). The immunogenicity of these subunit vaccines ap-
pears to be due to their ability to present sequential epitopes
from the immunologically important VP1 G-H surface loop.
Although these epitopes appear to be immunodominant in
many assay systems, they are not the only neutralizing epitopes
on the virion (113), nor are they uniformly recognized in all
host species (299). With the known variability and quasispecies
nature of the FMDV genome (136), the use of a limited subset
of epitopes would invite selection of antigenic variants that
could cause outbreaks among animals vaccinated with these
products (259, 313). In a large-scale bovine vaccination study
using synthetic peptides, Taboga and colleagues found only
limited protection against challenge and detected viral escape
mutants that were antigenic variants of the challenge virus in
vaccinated, unprotected animals (447, 448).

(ii) Live attenuated vaccines. Reviews by Bachrach (21) and
Brooksby (70) describe, in depth, the attempts to develop live
attenuated FMD vaccines by the classical procedures of serial
passage in nonpermissive animals or in cell culture. Attenuated
strains were produced by passage in nonsusceptible species,
such as mice, rabbits, and embryonated eggs, until their viru-
lence for cattle was weakened. Field studies with these viruses
were performed in Africa, the Middle East, and South Amer-
ica. While in some cases the attenuated vaccines induced a
degree of protection, it was found that viral strains attenuated
for a given host were often virulent in other susceptible species.
Furthermore, it has been difficult to obtain viruses that are
both attenuated and immunogenic. In addition, a major con-
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cern with live attenuated vaccines is the possibility of reversion
to virulence.

More recently, attempts to develop attenuated vaccines have
utilized genetic engineering to mutate regions of the genome
or delete a protein-coding region. By utilizing recombinant
DNA techniques, a virus was created in which the RGD re-
ceptor binding site on VP1 (see “Infectious cycle” above) was
deleted. This virus was unable to bind to cells and did not cause
disease in 7- to 10-day-old mice or in swine (309). Cattle
inoculated with this virus, in an oil emulsion, did not develop
clinical disease, developed FMDV-specific neutralizing anti-
bodies similar to those in animals inoculated with inactivated
whole-virus vaccine, and upon challenge were completely pro-
tected from clinical disease (309). However, a concern with this
approach is the potential for selection of virus variants that
could enter cells by utilizing nonintegrin receptors (26, 27, 447,
490) (see “Early interactions: adsorption, penetration, and un-
coating” above).

The deletion of the coding region of an NS protein that is
not essential for virus replication in cell culture is an alter-
native method of creating live attenuated vaccines. However,
to be useful as a vaccine, this deletion virus must still be able
to replicate in susceptible animals. The advantage of this
approach, compared to the classical method of attenuation,
which generally introduces mutations at a limited number of
sites, is that the risk of reversion to virulence is significantly
reduced.

LP™ is a virally encoded protein that is involved in the
shutoff of host protein synthesis, allowing the virus to “take
over” the translation machinery of the cell (see “Genome or-
ganization” above). A type A, virus which lacked the L-coding
region (leaderless) was constructed. This virus replicated in
BHK cells but did not cause disease in cattle or swine (98, 296,
356) (see “Virulence factors” above). Based on its greatly re-
duced pathogenicity in susceptible animals, leaderless virus
was examined as a live attenuated vaccine candidate. Inocula-
tion induced an FMDV-specific neutralizing antibody response
in both species. Cattle directly challenged in the tongue and
swine challenged by contact exposure to an infected animal in
the same room had less severe and delayed clinical disease
compared to naive animals but were not fully protected (98,
296).

In contrast, a leaderless virus containing the capsid-coding
region from a bovine-virulent serotype O,Campos strain in the
genetic background of FMDV A, was avirulent in cattle, as
demonstrated by direct inoculation in the tongue, but caused a
mild disease when inoculated into swine and was transmitted
to a naive contact animal (9). These results indicate the po-
tential for the rational design of live attenuated vaccines but
underline the difficulty in designing these viruses so that they
do not cause clinical disease and can replicate sufficiently to
induce a protective immune response.

The leaderless A,, virus was shown to be useful as a source
of antigen for traditional inactivated vaccines (98). Swine in-
oculated with inactivated leaderless or wild-type A,,, in oil
adjuvant, all developed significant FMDV-specific neutralizing
antibody responses and, after virus challenge, were completely
protected from clinical disease and challenge virus replication.
Thus, the use of attenuated viruses as the source of antigen in
traditional vaccine production could reduce the risks associ-
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ated with virus escape from the production facility or incom-
plete virus inactivation.

(iii) Empty viral capsids. Other experimental FMD vaccines
have targeted immunogens that contain the entire repertoire
of immunogenic sites present on intact virus but lack infectious
nucleic acid (50, 188, 190, 269, 396). This strategy involves the
molecular cloning of the regions of the viral genome necessary
for the synthesis, processing, and assembly of the viral struc-
tural proteins into empty viral capsids (P1-2A- and 3CP*°-
coding regions) (see “Viral translation” above). These struc-
tures are naturally produced in FMDV-infected cell culture
systems, are antigenically similar to virus particles, and are as
immunogenic as virions in animals (190, 400, 407). Animals
inoculated with this type of vaccine could be easily distin-
guished from infected or convalescent animals by using cur-
rently approved technology, since the regions of the genome
coding for the NS proteins used in the diagnostic assays to
detect infection are not present in the empty capsid cDNA
construct. In initial studies, FMDYV capsid structures were ex-
pressed in Escherichia coli or in recombinant baculovirus-in-
fected cells and inoculated into animals. Although these prod-
ucts did offer some protection, they did not reach the efficacy
of the current inactivated whole-virus vaccine because only
small amounts of antigen were obtained (50, 188, 269, 396).

To enhance the expression and delivery of empty capsid
constructs, alternative vector systems that allow expression of
FMDV capsid structures in infected cells and potentially in-
duce both humoral and cell-mediated immune responses have
been examined. One approach utilized a DNA inoculation-
based strategy designed to produce empty capsids in inocu-
lated animals (46, 52, 91, 95). Similar studies using cDNA that
encodes the entire viral genome but contains a mutation at the
cell binding site were also performed (46, 471). Initial studies
in mice, inoculated either intradermally by gene gun or intra-
muscularly (i.m.), resulted in the induction of an FMDV-spe-
cific neutralizing antibody response that required an active
viral 3CP™ in the empty capsid construct (46, 95). In swine,
however, large amounts of DNA and at least two or three
inoculations were needed to induce a low FMDV-specific neu-
tralizing antibody response and variable levels of protection
(46, 52, 91). In one study, coadministration of a plasmid en-
coding porcine granulocyte-macrophage colony-stimulating
factor together with an FMDV empty capsid construct ap-
peared to improve the FMDV-specific antibody response (91).
Although the use of naked DNA vaccines has numerous ad-
vantages, its efficiency of uptake is low and the mechanism of
action is still not well understood.

An alternative, and very efficient, antigen delivery system
utilizes a live virus vector. Both human adenovirus and poxvi-
ruses are well-characterized vectors for foreign gene expres-
sion (182, 225, 284, 303, 349, 404) and have been used to
deliver FMDYV capsid proteins (1, 57, 301, 302, 320, 423, 424,
480). Human adenoviruses possess low pathogenicity in hu-
mans and animals, and wild-type virus has been safely and
successfully used in oral immunization of U.S. military recruits
as prevention against acute respiratory disease (109, 458). As
an additional safety feature, replication-defective human Ad5
vectors, which lack a portion of the adenovirus genome, have
been produced. These vectors can productively grow only in
specific cell cultures that provide the missing functions (183).



482 GRUBMAN AND BAXT

Despite their inability to replicate, immunization of a number
of animal species with these replication-defective adenoviruses
containing genes from other viruses has resulted in induction
of an immune response against the foreign gene products and
protection from challenge (148, 156, 234, 377, 482). An addi-
tional advantage of the adenovirus system is that human ade-
novirus vectors are able to bind to and internalize in cells of
several animal species, including cattle and swine (375), thus
ensuring rapid uptake and expression of the desired genes in
these species.

We have constructed replication-defective human Ad5
vectors containing inserts coding for the FMDV serotype
A, or A,,Cruzeiro structural proteins and including either
wild-type (Ad5-A,, or Ad5-A,,) (302, 320) or inactive (Ad5-
A53CMUT) (301) 3CP*™ genes. A replication-competent
Ad5 containing the serotype C,Oberbayern capsid-coding re-
gion but lacking the 3CP™-coding region (AdS-C,) has also
been constructed (424). Swine receiving two inoculations of
Ad5-A,, or Ad5-A,, developed FMDV-specific neutralizing
antibody responses and were protected from either contact
challenge (five of six swine were protected) (302) or direct
inoculation challenge (four of four swine were protected)
(320). In contrast, swine inoculated with Ad5-A,3CMUT
(302) or swine and cattle inoculated with two doses of AdS-C,
(423, 424) did not develop FMDV-specific neutralizing anti-
bodies and were not protected against challenge. These results
demonstrate the potential of an Ad5-vectored empty capsid
vaccine approach and support the requirement of processing of
the P1-2A capsid precursor protein by 3CP™ for the production
of a potent and efficacious vaccine. These studies also indi-
cated that there was no spread of recombinant virus to unin-
oculated swine housed in the same room, as demonstrated by
the absence of both FMDV- and AdS5-specific neutralizing
antibody responses (301, 302).

Similar experiments have been performed with recombi-
nant, replication-competent vaccinia virus containing only
the capsid-coding regions of either FMDV C,Oberbayern or
C;Argentina85 (57, 423). Swine inoculated twice with vaccin-
ia-C, did not develop FMDV-specific neutralizing antibodies
and were not protected from challenge (423). In contrast, mice
inoculated with vaccinia-C; developed an FMDV-specific neu-
tralizing antibody response after the first inoculation and were
protected when challenged after a second inoculation (57). To
date these studies have not been extended to swine or cattle.

To be useful in emergency outbreak situations, an FMD
vaccine has to be given in a single dose and induce a rapid
protective response. Studies in swine with AdS5-A,, demon-
strated that a single dose could induce a neutralizing antibody
response and protection when the animals were challenged by
direct inoculation 7, 14, or 42 days later (Table 2) (320). These
animals showed no viremia or virus in nasal swabs and no
evidence of virus replication. Swine inoculated with AdS5-A,,
and challenged 5 days later had very low or no viremia and
delayed and less severe clinical disease compared to control
infected animals (319).

There have been few experimental vaccine trials in cattle
with empty viral capsids as an immunogen. However, in a
preliminary experiment, cattle inoculated with two doses of
Ad5-A,, developed a very significant FMDV-specific neutral-
izing antibody response and were completely protected from
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TABLE 2. Rapidity of Ad5-A,, induction of protection in swine

Vaccine Day of challenge® Viremia® Protection® Score?
PBS¢ 14 6 0/6 15.8
Ad5 -A24f 7 0 4/4 0

14 0 4/4 0
42 0 4/4 0

¢ The animals were challenged on the day indicated by direct inoculation in the
heel bulb of the rear foot with 10° 50% bovine infectious doses of virulent A,,.

® Determined by virus isolation (number of positive animals).

¢ Number of animals protected/total number of animals.

4 The score is the number of digits and snout with lesions; the maximum score
is 17.

¢ PBS, phosphate-buffered saline.

/ Animals were inoculated i.m. with 5 X 10° PFU.

clinical or serological evidence of FMD after direct inoculation
challenge in the tongue and contact exposure to an infected
animal in the same room (189).

Antiviral approach. While both the current vaccine and the
Ad5-vectored vaccine can induce complete protection by 7
days, in emergency outbreak situations it is imperative to block
or reduce virus shedding as rapidly as possible to contain the
outbreak. Several groups have demonstrated that in cells pre-
treated with IFN-o/B, productive replication of FMDV is in-
hibited by the IFN-induced gene products, double-stranded
RNA-dependent protein kinase and 2'-5'A synthetase/RNase
L (4, 96, 99, 432). IFN is one of the first lines of host cell
defense against viral infection (468) and can rapidly induce a
nonspecific protective response against all FMDV serotypes
thus far tested (4, 96, 99, 432). Furthermore, since effective
protection requires the vaccine to be matched to the outbreak
strain and induce a rapid immune response, antiviral therapy
could circumvent these inherent problems of FMD vaccina-
tion. Thus, IFN-a/B may be useful as an anti-FMD agent for
prophylactic treatment in susceptible animals.

Clinical studies with humans have demonstrated that IFN-
o/B protein is rapidly cleared; therefore, treatment requires
multiple high-dose inoculations (278, 376, 422). For IFN ther-
apy to be effective in an FMD outbreak, it must be delivered in
one inoculation, in combination with vaccination, so as to in-
duce rapid protection prior to the onset of the vaccine-induced
adaptive immune response. In an attempt to meet these goals,
Chinsangaram et al. (97) constructed a replication-defective
Ad5 containing porcine IFN-a (Ad5-pIFN-«). Delivery via a
viral vector would result in endogenous expression of IFN over
a period of time, and the amount delivered could be controlled
by the dosage of the recombinant virus. Swine inoculated with
one dose of this recombinant virus were completely protected
when challenged 1 day later by direct inoculation of FMDV
(97). These animals did not develop clinical disease and had no
viremia or antibody response to any viral NS protein. The
degree of protection correlated with virus dose and the level of
pIFN-a present in the plasma (Table 3) (97). Additional stud-
ies indicate that AdS5-pIFN-a treatment alone can protect
swine from challenge for 3 to 5 days and can reduce viremia,
virus shedding, and disease severity when administered 1 day
postchallenge. Furthermore, a combination of pIFN-a and
vaccination can provide both immediate and long-term protec-
tion (319). In recent studies with cattle, administration of Ad5-
IFN-«a failed to completely protect the animals from FMDV
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TABLE 3. IFN-o/B can rapidly protect swine from FMDV

Antiviral activity at the following day postinoculation®:

pIFN-« (pg/ml) at the following day postinoculation”:

Group® Virus dobse
(PFU) 0 1 2 3 4 5 0 1 2 3 4 5
Ad5-Blue 10° <25 <25 <25 <25 <25 <25 0 0 0 0 93 0
Ad5-pIFN-a 108 <25 133 58 25 <25 <25 0 5,488 1,080 65 0 0
10° <25 800 400 267 25 25 0 31,372 13,940 3,930 680 0

“ Each group contained three animals.

" The animals were inoculated i.m. with the indicated dose of the AdS vector.

¢ Results are shown as the highest dilution that reduced the FMDV A, plaque number by 50% and are averages for the three animals in each group.
@ Results (as determined by ELISA) are averages for the three animals in each group.

infection; however, disease was delayed and less severe com-
pared to that in control animals (480). This lower level of
protection of cattle compared to swine appears to be corre-
lated with reduced levels of IFN detected in their plasma.

There have been some limited attempts to develop antiviral
drug therapy that affects specific viral protein targets. Kleina
and Grubman (251) demonstrated that the compound E-64 or
its membrane-permeable analog E-64d, which have been iden-
tified as specific inhibitors of thiol proteases (199, 200), inhib-
ited the proteolytic activity of LP™ both in a cell-free transla-
tion system and in cell culture. Inhibition of LP™ autocatalytic
activity blocked virus capsid assembly, presumably because N-
terminal myristylation of P1-2A (VPO and VP4) and processing
of P1-2A by 3CP™ were blocked. As a result there was a
1,000-fold reduction in virus yield. The recently solved crystal
structure and determination of unique characteristics of LP™
by Skern and colleagues (193, 194, 260) will now allow for
rational design of LP™-specific antiviral drugs.

Finally, Sobrino and coworkers have utilized antisense tech-
nology to specifically inhibit FMDYV replication in cell culture
(62, 196, 397). However, this technology has not yet been
extended to susceptible animals.

Diagnostics. An essential component of any disease control
strategy includes diagnostic assays to rapidly confirm the initial
clinical determination of infection. For FMD this is of partic-
ular importance, since SVD, vesicular stomatitis, and vesicular
exanthema of swine cause vesicular lesions in swine and cattle
that cannot be distinguished from those caused by FMD (21).
In addition, FMDYV infection of sheep and goats can be diffi-
cult to detect clinically (138, 168). Sensitive diagnostic assays
are also necessary to distinguish vaccinated from infected or
convalescent animals, so that trade markets can rapidly reopen
to countries that may have used vaccination as part of their
disease control program and to identify carrier animals. In
addition, these assays can be used for epidemiological surveil-
lance to confirm the naive status of animals in field situations.
This section examines only the development of new assays to
rapidly detect FMD-infected animals as well as assays to dis-
tinguish vaccinated from infected animals.

(i) Rapid detection of virus. Currently FMD is confirmed by
antigen capture enzyme-linked immunosorbent assay (ELISA)
and virus isolation. While ELISA results can be obtained in 3
to 4 h after the sample is received by the laboratory, a negative
result must be confirmed by inoculation of the sample into
sensitive cell cultures followed by confirmation of the virus
serotype by ELISA. These assays can take up to 4 days, a time
frame incompatible with the need to rapidly detect disease and
initiate an appropriate disease control strategy. As a conse-

quence, researchers have been examining alternative assay sys-
tems that allow more rapid confirmation of clinical diagnosis,
which do not require a laboratory setting and may be per-
formed “pen side.”

RT-PCR methods have been used to rapidly detect and type
FMDV (83) and to detect virus infection in asymptomatic
animals (289). However, this assay is often not superior in
sensitivity to ELISA and virus isolation and, in addition, is
labor-intensive. Most recently, real-time RT-PCR methods
have been examined by a number of groups with the aim of
developing portable on-site diagnosis (82, 208, 379). The assay
is specific and as sensitive as virus isolation, and viral RNA
could be detected in oral and nasal samples from experimen-
tally infected animals 24 to 96 h before the onset of clinical
signs (82). In addition, the assay is rapid, results can be ob-
tained in about 2 h, and the cycler is portable. The next steps
required for assessing and validating this assay are optimiza-
tion of conditions with all possible field samples (i.e., blood,
milk, tissue, etc.) and testing under field conditions.

(ii) Assays to differentiate infected from vaccinated animals.
In 1966 Cowan and Graves identified a highly immunogenic
FMDYV NS antigen, called the virus infection-associated an-
tigen (VIAA), which reacted with sera from convalescent
animals but not with sera from vaccinated animals (110). How-
ever, in later studies, investigators found that sera from mul-
tiply vaccinated animals (283, 365, 399), and even from some
animals which had received a single vaccination, had antibod-
ies to VIAA (276, 283, 320). The major reason that antibodies
against an NS protein are present in sera from vaccinated
animals is that FMD vaccines are not purified and, depending
upon the manufacturer, contain various amounts of contami-
nating NS proteins (277). Nevertheless VIAA, which was sub-
sequently identified as the viral RNA polymerase (3DP°!) (335,
369), is currently used in an agar-gel immunodiffusion test to
differentiate infected from vaccinated animals.

To improve the reliability of this diagnostic assay, investiga-
tors have targeted other NS proteins as potential diagnostic
reagents. Berger et al. (53) used radioimmunoprecipitation to
identify a number of NS proteins that reacted with sera from
convalescent animals and not with sera from vaccinated ani-
mals. Based on these results, they recommended the use of NS
proteins 3AB, 2C, 3C, and 2B, or their respective peptides, as
antigens in an ELISA-based assay. Bergmann et al. (54) used
an enzyme-linked immunoelectrotransfer blot assay with puri-
fied NS proteins produced in E. coli by recombinant DNA
techniques and found that the use of NS proteins, other than
3DP! could differentiate sera from infected and vaccinated
animals. These workers recommended using more than one
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NS protein to unambiguously identify sera from infected ani-
mals. Based on this information, ELISA-based assays with
various NS proteins produced by recombinant baculovirus
(315, 439), in E. coli (122, 283), or with synthetically produced
peptides to NS proteins (434) have been developed. Currently
these assays are being validated.

With the development of new FMD marker vaccines, such as
an empty viral capsid antigen, which lack portions of the viral
genome coding for one or more NS proteins, the diagnostic
assays described above can be used in concert to unequivocally
distinguish vaccinated from infected animals. In particular,
the use of the highly immunogenic 3DP°' may serve as a very
sensitive diagnostic antigen to detect animals that are carriers
of low levels of virus.

CONCLUDING REMARKS

The recent outbreaks of FMD in many parts of the world,
particularly in developed countries, have had a profound effect
on the range of disease control procedures that are currently
being considered in the event of additional incursions. Thus,
emergency vaccination, vaccination-to-live policies, and antivi-
ral approaches are actively encouraged by measures recently
approved by the OIE and reports from government-sponsored
boards of inquiry. Furthermore, the threat of deliberate re-
lease of FMDV in the era after 11 September 2001 has caused
governments, including those of the United Kingdom and the
United States, to support the development of new diagnostic
and disease control approaches, as well as to plan for the
possibility of multiple-site release of the agent. Because of the
considerable amount of information that has become available
about FMDYV at the molecular level and the recent, but more
limited, understanding of virus-host interactions, new rapid
diagnostic assays, novel vaccine candidates, and antiviral con-
trol approaches are being developed and tested.

While these additional efforts are welcome, the globalization
of trade also makes it incumbent upon developed countries to
consider the needs of developing countries and to design inte-
grated FMD control strategies in an effort to eliminate or more
effectively control FMD worldwide.
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