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ABSTRACT

Due to the range of species affected, the high rate of infectivity, and the fact that

virus is shed before clinical signs occur, foot-and-mouth disease (FMD) is one of the

most feared reportable animal disease in North America.

FMD is the most contagious infectious disease of mammals and the economic and

social impact of this disease can be catastrophic causing severe economic loss in

immunolo gically naive cloven-ho ofed animal s.

Control of the disease in the FMD-free world would include exclusion and

slaughter policy. However, the reality of the numbers of animals that would be

slaughtered in a widespread FMD epizootic has lead to a serious re-consideration of

control through vaccination. Today, there is a need for improved vaccines since current

vaccines consisting of partially purified inactivated virus preparation present the risk of

virus escape from production labs. All vaccines are also type-specific and will not

confer immunity to more than one serotytrle.

Antibodies are the only host defence mechanism capable of completely preventing

an infection and are being pursued as emergency passive vaccines for some of the worst

infectious threats on the planet. FMD virus infection can be diagnosed by the detection

of a specific antibody response. The tests generally used are virus neutralization (VN)

and enzyme-linked immuno sorbent assay (ELISA).

Herein we describe the development and charactenzation of 3 murine monoclonal

antibodies F24GI,F24G2 andF24G3 to the VPI protein of the FMD virus. The mice

underwent a complex sequential immunization strategy designed to select for B cells

1X



reactive against epitopes conserved between difÊerent serotypes. While our data show

that these mAbs recognize type A24ç,*e¡¡s and Asia I FMD virus specifically in ELISA

using whole virus, the mAbs neutralize the infectivity of only serotype A24 in vitro in

cell culture. All 3 mAbs recognize trypsin-sensitive, linear, heat-stable epitope(s). We

have determined the molecular sequence of the immunoglobulin variable regions of

these hybridomas in order to analyze clonal relatedness of the B cells from which they

were derived.

Work by others with individual peptides has shown a major antigenic site to be the

variable region, known as the "GH loop". In FMDV virions, the Arg-Gly-Asp (RGD)

triplet located at the G-H loop of capsid protein VPl is essential for the interaction with

neutralizing antibodies. In our study we use 24mer synthetic peptides representing

residues upstream and downstream of the RGD triplet to pinpoint the exact amino acid

sequence of the epitope(s) involved. The specificity and affinity of these 3 mAbs have

been evaluated by ELISA methods and by Bia-Evaluation software respectively. In the

latter, a research grade CM-5 chip was coated wíth F24 mAbs and used to determine

affinity of different peptides to these mAbs.

The identification and characteization of the conserved epitope recognized by

these mAbs may lead to the development of FMDV vaccines capable of providing

protection against multiple serotytrles. A cross-protective FMDV vaccine would offer a

major improvement over current vaccines. These mAbs are currently being produced

through recombinant methods for passive protection studies and will also be used for

the development of veterinary diagnostics.



CIIAPTER. 1

Introduction

l.l Picornøviridøe

Picomaviruses are among the most diverse (more than 200 serotypes) and

'oldest'known viruses (temple record from Egypt ca. 1400 B.C.). The name comes

from the Greek wordpico (very small) RNA viruses.

The picornaviruses are small single-stranded RNA viruses of considerable

economic and medical importance, some of which exhibit great antigenic variation.

They include poliovirus, rhinovirus, coxsackievirus and hepatitis A virus. Foot-and-

mouth disease viruses constitute the Aphthovirus genus of the Pícornaviridae and are

economically important pathogens of cloven-hoofed livestock worldwide. FMDV

\ryas one of the first viruses to be recognized first by Loeffler and Frosch in 1898.

1.2 Physical characteristics of Picornayiruses

During the twentieth century, research on FMD virus led to detailed

understanding of its genetic and physical structure, culminating in a complete

description of the three-dimensional structure of the virion by X-ray crystallography

(Acharya et a1., 1989; Samuel and Knowles,2001a; Sutmoller and Casas,2003).

Elucidation of its general morphology was not possible until the advent of the

electron microscope, when negative-stained images to a resolution of 40-50 Å

revealed smooth, round particles of 30nm in diameter (Wild et al., 1969). A detailed

understanding of its structure came two decades later when advances in technology



and the production of crystals of the virus (Fox et al., 1987) permitted the application

of X-ray crystallography. The X-ray diffraction data, together with knowledge of the

complete protein sequence and structural information from related picornaviruses, led

to the atomic resolution structure for the proteins shell of an O serotype virus

(Acharya et a1., 1989). Subsequent studies permitted comparisons with other

serotytrles and subtypes. Indeed, picornavirus receptor structural work has become a

well-known model for host-virus interaction. These viruses contain one molecule of

single-stranded positive-sense genome RNA within icosahedral particles with no

envelope, about 30 nm in diameter. The genome RNA contains a vanable length

(100-400 nucleotides) polyC tract located about 360 nucleotides from the 5' terminus.

Besides FMD virus, the genus contains only one other virus, equine rhinitis A, which

is related to FMD virus having about 50% identity in nucleotide sequence across the

entire genome.

1.3 FMDV Serotypes

In the early part of the twentieth century it became clear that FMD virus existed as

more than a serological type, and initially two types were named, type O (for Oise in

France, where it was isolated) and type A for Allemagne (Germany). Later, type C was

recognized as an additional type in Germany.

Some 30 years later, work at the Pirbright laboratory in England demonstrated three

novel serotytrles of the virus in samples that had been collected from the FMD outbreaks

in South Africa, and these were named SAT1, SAT2 and SAT3 (Brooksby,1958). The

seventh and final serotype to be recognized, Asia 1, was present in a sample from



Pakistan (Brooksby,1967). Extensive examination of further samples originating

worldwide has not revealed the existence of other serotypes.

The sequences of the capsid genes cluster into serotlpe-specific lineages upon

phylogenetic analysis. With the development of techniques for nucleotide sequence

analysis, comparison of the nucleotide sequences of the capsid protein genes from

many FMD viruses from different geographical sites of isolation shows good

correspondence with serotype differences. The seven serotypes of FMDV cluster into

distinct genetic lineages with approximately 30-50% differences in the VPl gene

(Knowles and Samuel,2003). This differentiation can only be seen with the capsid

region genes, and the sequences of other genes do not cluster in this way (Abrams et a1.,

1995). Presumably, these differences in capsid gene sequence have arisen as the result

of host immune response selection pressure over evolutionary time.

As a further aid to the molecular epidemiolory of FMDV, Samuel and Knowles

have established "topot5rpes" to various FMDV serotypes, so, for example, FMDV type

O can be divided into eight topotypes, each containing viruses which differ in VPl

sequence by at least 15% and aÍe also geographically distinct (Samuel and

Knowles,2001a). With these techniques it has been possible to track the recent type O

pandemic strain from Asia and into Africa and Europe.



1.4 The Virus and the Disease

Foot-and-mouth disease (FMD) virus (FMDV) is the etiological agent of an

important disease of livestock. FMD is highly contagious and affects artiodactylae,

mostly cattle, swine, sheep and goats (Belsham,l993). The disease was first described

in Venice in 1546 (Fracastorius, 1546). FMDV was the first animal virus to be

identified as a filterable agent by Loeffler and Frosch in 7897, although at the time it

could not be visualized.

FMD produces an acute, systemic vesicular disease. Besides farm animals, FMD

also affects more than 30 wild ruminant species (Snowdon,1968), and especially in

Africa it can cause serious disease outbreaks in African buffalo species (Samuel and

Knowles,2O0lb, Thomson et al., 2003).

ln vitro, FMDV productively infects several primary cultures as well as established

cell lines such as BHK-21 (baby hamster kidney), IBRS-2 or BK cells. The

intraperitoneal inoculation of FMDV produces death in suckling mice, and this has

been extensively exploited to titrate virus infectivity. Likewise, FMDV can be adapted,

by serial passages, to produce clinical symptoms in guinea pigs, an animal model that

has been used mostly for immunological analysis.

ln spite of the considerable information accumulated in the last years of the virus,

the disease and the availability of vaccines, FMD still affects extensive area of the

world (Kitching,1998), and is the most transmissible viral disease of animals. FMD

ranks first in the A list of infectious diseases of animals, according to the Office

lnternational des Epizooties. Despite low mortality rates, FMD severely decreases

important trade restrictions on animals and livestock products.



1.4.1Transmission

ln natural infections the main route of virus entry is the respiratory tract, and as few

as one to ten infective particles can produce the disease (Donaldson et al., 1987).

FMDV can be mechanically disseminated by animals, farmers, farming equipment, and

during animals transport (Brooksby,l9S2). Long-distance, airborne transmission has

also been documented (Donaldson et al., l9S7) (King et al., 1981) and demonstrates the

extreme infectious nature of this virus. The initial virus multiplication usually takes

place in the pharynx epithelium, producing primary vesicles, or "aphthae"(Bunows et

&1., 1981). The virus can also penetrate through skin lesions and it can be

experimentally inoculated by intradermal injection into the tongue or in the claws.

The virus has been reported to survive in infectious form for up to 12 years in soil

and will survive for at least a year in cell culture medium held at 4oC. Another

important means of spread of disease is by carriage in milk or animal products such as

frozenbone marrow and lymph nodes. Because of this, international trade laws ban the

export of animal products from a country in which FMD is endemic, which may cause

severe economic hardship to a country trading in meat and meat products. This is the

main reason why FMD-free countries prefer to control epidemics by slaughtering

infected animals and those in contact with them rather than relying on vaccination as a

control strategy. There is evidence that vaccinated animals which are not completely

protected may be a source of infection (Samuel and Knowles,2O0lb; Sutmoller and

Casas,2003). Although such animals may show no clinical signs, virus replication and

shedding may occur.



1.4.2 Clinical Signs of the Disease and Pathogenesis

Under field conditions susceptible animals may be infected by FMDV as a result of

direct or indirect contact with infected animals or an infected environment. When

animals are close together the transfer of airborne droplets and droplet nuclei (aerosols)

from the breath of infected animals to the respiratory tract of recipient animals is

probably the most common form of transmission, although the virus may also gain

entry into a susceptible host through damaged integument (Davies,2002). Infected

animals are only infectious for a matter of days (Burrows,l968) but during that period

the amount of virus expelled may vary enormously with the species affected, the stage

of the disease and the virus strain. Pigs excrete considerably greater quantities of virus

than either cattle or sheep (Sellers and Parker,1969).

Fever and viremia start within 24-48 h after epithelium infection and the virus

enters the blood stream and spreads to different organs and tissues, producing

secondary vesicles preferentially in the mouth and feet. Little is known of the

mechanism mediating the viral spread observed dwing viremia, although the

involvement of macrophages in this process has been suggested (Baxt and Mason,1995;

Yilma,1980).

The replication of the infectious particles is extremely rapid after entry through the

upper respiratory tract or lung, with viremia seeding infection into the epithelium where

secondary virus multiplication results in vesicles and shedding from the udder in milk

(Hyslop,1965).



The incubation period, from infection to clinical signs, may be as short as two to three

days or as long as 14 days (Garland,2003) and infected animals may become infectious

before showing clinical signs (Burrows,1968). The virus is excreted during viremia for

some days; thereafter as serum antibody develops viremia decreases, and the animal

ceases to be infectious as the lesions heal.

The disease is charactenzed by vesicular lesions on the coronary band of the hooves

and in the mucosae of the mouth including the tongue and the palate. The vesicles

typically contain clear or straw-coloured fluid before they burst and heal. There is a rise

in body temperature of some 3-4"C. The lesions in sheep are often difficult to find and

may be confused with other conditions (Ayers et al., 2001). The disease varies

considerably in its severity. It may result in death or severe morbidity, particularly in

newborns and young animals, but in areas where the infection is endemic the disease may

be mild and the few vesicles that appear may heal without further damage. The acute

phase of the disease lasts about one week and declines gradually coinciding with the

appearance of a strong humoral antibody response (Bachrach et al., 1975). [n some cases,

mortality can be observed among young animals, and is associated with lesions in the

myocardium.

A high viral amplification frequently takes place in infected animals, being

particularly dramatic in pigs, for which up to 1012 infectious units per infected animal

have been scored (Sellers et al., 1971).In ruminants, an symptomatic, persistent infection

can be established during which virus can be isolated from the oesophagus and throat

fluids of the animals from a few weeks up to several years of the initial infection

(Sa1t,1993). Both naïve and vaccinated animals can become persistently infected



(Sutmoller and Casas,2002) and they may do so following an acute infection. The

mechanisms that mediate this persistence are unclear, but they are likely to result from a

dynamic equilibrium between the host immune response and the selection of viral

antigenic variants at the mucosae of the upper respiratory tract (Gebauer et al., 1988;

Salt,1993). There is epidemiological evidence to support that carrier animals may be the

origin of outbreaks of acute disease, when brought into contact with susceptible animals

(Hedger and Condy,1985). However, so far, neither a definitive confirmation of this

mode of transmission nor its possible epidemiological impact has been reported.

The carrier state in FMD is the subject of much debate and is no exaggeration to say

that it has achieved iconic status in the international trade because of the concem that

some animals recovering from the disease may become carriers and spread the disease to

others (Davies,2002).

A carrier animal is one from which the virus can be recovered 28 days or more after

infection. The carrier state in FMD is an unapparent infection in which the intermittent

isolation of the virus from the oropha4mx is currently the sole means of detection.

Carriers have been recorded in cattle, African buffalo, sheep and goats but not in pigs. It

occurs with all serotypes and has been identified in both experimentally and naturally

infected animals (Burrows, I 968 ; Hedger, I 968).

The prevalence of carriers is high immediately after infection but declines, as do the

virus titres, with time and most cattle clear the infection after 4-5 months. The carrier

period appears to vary between species, being in excess of 12 months in cattle, up to 9

months in sheep and goats and af least 5 years in African bufFalo (Condy et a1.,1935).



FMDV is a highly variable virus existing as quasispecies, defined as a swarm of viruses

driven by various selection pressures.

The mechanism by which FMDV virions initiate infection of cells is thought to

involve the attachment of the RGD loop of VPl on the viral capsid to host integrins on

the surface of target cells. In certain cell cultures, this interaction between virus and cells

is different and an altered/selected stretch of VP3 binds to heparin-like moieties on the

cell culture surface (Fry et al., 1999).

The levels of antibodies against FMDV cannot be used to distinguish between carriers

and non-carriers, although carriers often have high titres. This is because the variability is

too great to allow a clear distinction to be made (Salt et a1.,1996).

1.4.3 Diagnosis and Control

Positive diagnosis may be confirmed by laboratory and confirmatory tests (ie. PCR,

virus neutralization tests) that are essential when the disease makes its first appearance in

a country or zone. Erosive lesions in the buccal cavity, foot lesions, and excessive

salivation, lameness in all four feet and a sharp rise in temperature are characteristics of

FMD and should always be a cause of suspicion. Livestock inspectors and veterinarians

should be trained to recognize signs of FMD infection.

There are two approaches to controlling or eradicating FMD: slaughter and

vaccination. Control programmes that include an element of slaughter depend on prompt

diagnosis. Most countries, and particularly those where incursions of FMD are a constant

threat, vaccinate without resorting to slaughter. Countries free from FMD are under threat

of disease due to the large international movement of animals and animal products and



control depends primarily on preventing entry of the virus by adopting strict regulations

on the importation of animals and animal products from countries in which FMD occurs.

After infection of a host cell, a number of other proteins are also translated from the

viral genome, and these are necessary in the replication and morphogenesis of new virus

particles. These so-called non-structural proteins (NSPs) are capable of stimulating an

immune response, and, for many years, antibody titres against one of them, were widely

regarded as a reliable serological indicator of infection fNewman et al.,1979').

1.4.4 Vaccination

Vaccines are widely employed to control FMD. The first vaccine against FMDV

relied on formalin-inactivated virus obtained from the tongue epithelium of infected

cattle (WALDMANN andZIMMERMANN,I955), but was eventually replaced by virus

grown in vitro on a bovine tongue epithelial cells (FRENKEL,1950). By 1952 all cattle

were vaccinated in the Netherlands by this procedure. This was extended to France and

Germany over the next ten years. An improved method of FMDV vaccine production was

developed at the Pirbright laboratory, using suspension cultures of BHK cells invitro,

which support the growth of virus (Capstick et al., 1965; FRENKEL,1950; Mowat and

Chapman,1962). Finally, problems with the inactivation of the virus by formalin were

overcome by the introduction of binary ethyleneimine (BEÐ as the inactivant

(Bahnemann,l975), which is less harsh on proteins structures compared to formalin.

The vaccines currently available are inactivated and contain whole virus in a semi-

pwified state. The protective component of the virus is the VPl polypeptide and

protection can be conferred with peptides alone corresponding to this protein (Bittle et

10



ã1., 1982). However, intact virus capsid, 1465, has been correlated with improved

protection compared to 125 (Doel and Chong,1982). Vaccines may include one or several

of the serotypes but the strain used should match the field strains that are causing the

disease.

Formulation of FMD vaccine has generally employed aqueous aluminum hydroxide

and saponin as the adjuvant, but alternatively mineral oil emulsions are employed, and

such vaccines are particularly used for vaccinating pigs, which do not respond well to

vaccines based on aluminum hydroxide and saponin.

The current generation of FMD vaccines protects animals for periods up to 12 months

(Cox et a1.,2005) but the immunity conferred is not absolute and FMD wild virus may

multiply to a greater or lesser extent in a vaccinated animal. Vaccine program failures

may be attributable to overwhelming challenge as in large intensive units (Donaldson and

Kitching,l989) or to inadequate population cover that leaves sufficient unvaccinated and

therefore susceptible animals for the virus to maintain itself and continue circulating.

The antigenic structure of the FMD virus has been studied in great detail. This has

allowed the design of vaccines based on synthetic peptides corresponding to B cell

epitopes identified on the viral capsid (Brown, 1988). The immunogenicity of these

peptide constructs in a number of host species was substantially lower than that of

conventional vaccines. Taboga et al. reported that different peptides induced low and

partial protection to viral infection in cattle (Taboga et a1., 1997). However, in a great

proportion of the lesions of the unprotected animals FMDV mutants were found.

The use of mixtures of peptides covering different antigenic variants may decrease

the chances of selection of escape mutants. Also the inclusion of immunodominant T cell

11



epitopes in FMDV structural and non-structural proteins (Blanco et a\.,2000) could result

in the design of safer and more effective anti-FMD peptide vaccines.

The advantage of vaccination is that it does not require large numbers of operatives

and little in the way of equipment, whereas slaughter requires large teams to diagnose,

slaughter, disinfect premises, and bury or bum carcases (Kitching,2004). The generai

reluctance to vaccinate in the face of an epidemic is due to international adherence to OIE

(Office International des Epizooties) and other standards governing trade in animals and

animal products. As matters stand at the moment, a country can be granted FMD free

status and resume exports three months after the last outbreak if control is by slaughter. If

animals are vaccinated the interval is T2 months (OIE Animal Health Code). The

rationale for this difference appears to be that clinical signs of infection would be masked

in vaccinated populations and that traditional serological tests would not distinguish

vaccinates from animals that have encountered live infection. There is also the risk that

vaccinates, which have encountered infection and become carriers, may later become

infectious and spread disease. Tests to measure antibodies to NSP versus structural

proteins look promising as vaccinated animals and not carriers will lack antibodies to NS.

1.4.5 Virus Survival

FMD virus can survive for long periods at neutral pH, particularly at low

temperatures. Feces and other organic matter may protect it and the virus can survive in

straw for up to 15 weeks (Cothal et al.;1968). However, the virus is acid and alkaline

labile and acidic preparations at a pH 6.5 or below are effective disinfectants (Cothal et

al., 1968; Sellers,1968). Cleansing and disinfection, whilst laborious, are effective in
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eradicating the agent from infected premises. Virus survival in carcases is a crucial factor

in regulating the international trade in meat. Following slaughter the virus is inactivated

within 48 hours provided the pH drops to below 6.0 as normally occurs in the skeletal

muscles during the period of rigor mortis. However, the virus may survive in lymph

nodes and bone maffow (Gailiunas et aL, 1969) and when tissues containing FMDV are

frozen the virus can survive for years.

1.5 Molecular Biology of FMDV

1.5.1 FMDV genomic organization

FMD viral particle contains a positive strand RNA genome of about 8500 nucleotides

(nt), enclosed within a protein capsid. ln the mature virus, the genome is encapsidated in

the icosahedral structure composed of 60 copies of four proteins (14, 18, lC and lD)

(Jackson et a1.,2003; Salt et al., 1996). The genome encodes a single long open reading

frame (ORF), flanked by two non-coding regions (NCR), that has two alternative

initiation sites (figure 1.5). The encoded polyprotein can be processed into over a dozen

well-described mature polypeptides as well as a variety of partial cleavage intermediates

by various viral proteinases (Grubman et al, 1984; Robertson et al., 1984; Rueckert and

Wimmer,1984). Three viral proteinases, ypro, 2A and 3Cp' mediate most of the

proteolytic events that produce these mature products. The precise nature of cleavage of

capsid protein lAB into 1A and 18 remains unclear.

Cis-acting structural elements involved in viral replication and gene expression are

present in the NCRs. A small viral protein, VPg, is covalently linked to the 5' end of

molecule (Sangar et a1., 1977). The 5'NCR (about 1200 nt) is divided by a poly C tract

located about 400nt from eh 5' end (Brown et al., 1974; Sangar et al.,1977).

l3



The small size of the FMD genome has greatly aided in molecular epidemiology,

where whole genomes of viruses from different regions of the world can be sequenced.

Little is known about the RNA region upstream of the poly C, except that a clover leaf

structure is involved in the slmthesis of positive strand RNA (Andino et a1.,1993; Sangar

et al., 1977). The translation initiation of the FMDV RNA starts at two AUG codons

separated by 84 nt (Andino et al., 1993; Beck and Strohmaier,IgST), following ribosome

recognition of the upskeam internal ribosome entry site (IRES), which spans the 465 nt

preceding the first functional AUG (Belsham,1993; Kuhn et al., 1990). The picornavirus

IRES element provides cap-independent translation function, as do those that are present

in other viral RNAs. This region is highly structures and contains several non-initiator

AUG codons. Different RNA domains and functional features within this element,

including the binding to cellular proteins, have been reported (Lopez et al., 2002;

Martinez-Salas et a1.,1996; Meyer et a1.,1995; Niepmann et al., 1997). A highly ordered

structure is also predicted at the 3' NCR of the FMDV genome and RNA transcripts,

complementary to this region, transiently inhibit viral infectivity in cell culfure (Gutierrez

et al., 1994; Lopez et al., 2002). This region, of about 90 nt, precedes a genetically

encoded poly A tract (Chatterjee et a1.,1976). Replication and translation of FMDV RNA

occur in the cytoplasm of infected cells (Arlinghaus and Polatnick,l969), and these

biochemical processes are associated with cell membranes (Newman et a1., 1979). FMDV

RNA can produce full, infectious particles by itself, when transfected into susceptible

cells (Belsham and Bostock,l988), indicating that the normal host cell machinery is

responsible and all that is needed to create virus from nucleic acids.
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Figure 1.5. Scheme of the FMDV genome, the single encoded polyprotein (ORF) and the different viral

mature proteins. The capsid proteins l/P4,Ir'P2, VP3 and VPI are termed 14, 18, lC and lD, respectively.

VPg is the protein covalently linked to the 5' end.
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1.5.2 Structural Proteins

Initiation of FMDV genome translation begins at two different AUG codons

separated by 84 bases (Sangar et a1., 1986; Sangar et al.,1987). The large open reading

frame codes for a polyprotein that is divided into four regions: L,Pl,P2 and P3. The

polyprotein is cleaved during translation by three virus-coded proteases.

Structural proteins, accounting for approximately one-third of the polyprotein, are

encoded towards the 5' end of the open reading frame. They appear to fold into a

structure, which is antigenically very similar to the virus prior to the cleavages, which

yields the viral proteins 1AB, lD and lC (also known as VPO, VPI and VP3,

respectively). A final cleavage occurs on RNA encapsidation, separating VPO into VP4

(the N{erminal 85 residues) and VP2 (14 and 1B, respectively) (Curry et a1., 1997).ln

the mature virus particle 60 copies of each of the four structural proteins VPl-4 associate

to form an icosahedral shell or capsid that surrounds and protects the genome whilst the

virus is in transit between hosts and mediates host interactions.

The virion has a pseudo T+3 icosahedral architecture, made possible by the broadly

similar structure of VP1, VP2 and VP3. The arrangement is similar to that observed in

other Picornaviruses where VPl proteins are located around the icosahedral 5-fold axes.

VP2 and VP3 alternate around the 2- and 3-fold axes and the shorter VP4 is located

entirely at the inner surface of the capsid (Chow et al., 1987). VPland VP3 adopt a fold

almost ubiquitous in RNA viruses (hence often referred to as the RNA virus fold (RVF)),

that of a wedge-shaped eight stranded B-banel. These B-wedges form a well -fitting

mosaic that comprises the bulk of the capsid. Loops connecting the strands form the

exterior surfaces and are identified by the strands they join, thus the hypervariable
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sequence known as the FMDVJoop, spanning residues 140-160 of VPl, also known as

the GH loop.

For FMDV, the major structural proteins, VPl-3 are smaller than their counterparts in

other Picornaviruses, especially so VP1, each having a molecular weight of

approximately 24 kDa. This is achieved by the truncation of surface loop, which renders

the capsid both thinner and smoother than other Picornaviruses (Jackson et al., 2003).

FMDV serotlpes have an avetage 860lo sequence identity to each other, although VPl

is substantially more variable. In general, structural differences between subtypes are

confined to side chains and resemble the changes observed in MAR (Monoclonal

Antibody Resistant) mutants (Lea et a1.,1994).

The three-dimensional arrangements of the structural proteins within the virion

provide the antigenic sites that elicit responses to vaccination or infection (Mason et a1.,

2003). ln addition, these structures mediate binding to cell receptors, entry of the genome

into cells, and determine the stability of the capsid to environmental factors. All of these

functions influence how effectively the virus is able to spread within the host and

between hosts, and hence are important molecular determinants of virulence. The core of

proteins 18, lC and lD consists of a highly conserved eight-stranded B-banel (Acharya

et al., 1989) that is a hallmark of the capsid proteins of a large number of icosahedral

viruses that affect both animals and plants (Fry et al., 1993). As with other

picornaviruses, 14, which appears to hold a structural confirmation similar to N-terminal

portions on lC and lD, is myristylated (Chow et al., 1987) and buried within the virion

(Chow et a1.,1987). Therefore, portions of the other three proteins cover the entire capsid

surface (Jackson et al., 2003).
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1.5.3 Proteolytic Processing

FMDV is unique in having a protease as the Leader (L) protein. The L protein is a

papainJike cysteine protease and it has at least two distinct activities. It cleaves itself

from the rest of the viral polyprotein at the L/P1 junction (Strebel and Beck,1986) and it

also induces the cleavage of the translation initiation factor eIF4G (Devaney et al., 1988)

(Medina et a1.,1993). This results in the inhibition of cap-dependant protein synthesis.

The Pl region of the genome codes for the proteins 14, 18, lC and lD (VP4, VP2,

VP3 and VPl) that form the viral capsid. Proteins 18 (218aa),lC (22|aa) and lD

(2I2aa) are similar in size, while 1A (80aa) is smaller (Carroll et al,1984) (Robertson et

a1., 1985).

Within theP2 region, the2A gene codes for a 16 aa protein (Ryan et a1., 1989), which

is possibly a cis-acting protease cleaving the 2N2B junction autocatalytically. The 2B

gene codes for a protein of unknown function and The P3 region codes for 4 non-

structural proteins. The function of the protein encoded by the 3A gene is not understood.

The 3B gene is composed of three similar, but not identical VPg encoding sequences

found in tandem on the genome and all three forms have been attached to viral RNA

(King et a1., 1980). Protein 3C is a protease, while the 3D gene codes for the highly

conserved RNA-dependant RNA polyrnerase.

1.6 Capsid structure and antigenicity

Following cleavage of the structural precursor P1, three polypeptides, VPO (precursor

of VP4 and VP2), VPI and VP3 assemble into asymmetric units or protomers. Five

protomers associate, forming a pentamer, md twelve pentamers incorporate a newly
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synthesized RNA molecule to form a virus particle (Fig. 1.6). Cleavage of VPO to VP2

and VP4 is considered autocatalytic, and is observed upon the encapsidation of RNA

(Curry et al., 1996). The structures of FMD virions of serotypes C and A, and some

antigenic variants have been elucidated by X-ray crystallography. FMDV capsids have

the classic structural organizatíon of the picornavirus family. They consist of non-

enveloped capsids of icosahedral syrnmetry, 28-30 nm in diameter, composed of 60

asymmetrical subunits, or protomers, each made up of one copy of four structural

proteins, VP1-4 (fig.2). Amongst them, VP1, VP2 and VP3 are surface-oriented, whereas

VP4 is intemal and has a N-terminal myristic acid (Chow et al., 1987). VPl-3 shares a

similar structural pattern, consisting of an eight stranded B-ba:rel, composed of two four

stranded B-sheets. The loops joining these strands, as well as the C-termini of these three

proteins, are exposed on the surface of the capsid, whereas their N-termini are located

facing its interior. The antigenicity of these particles is usually associated with amino

acid residues that are well exposed on the surface of the capsid (Mateu,l995).

Despite structural similarities among picomavirus genome, FMDV exhibits

distinctive structural features. ln most picornaviruses there is a prominent depression on

the surface, termed "canyon", which is involved in the interaction with the host cell

receptor (Hogle et al., 1985). ln contrast, the FMDV capsid is relatively smooth with no

obvious canyons or pits, but remarkably, the G-H loop of VPl protrudes from the

surface, and such a loop is the most prominent feature of the virion. This protruded state

is consistent with immunodominance of VPI protein G-H loop. The structure of this large

group has attracted considerable attention because of its mobility and multifunctionality.

This region contains a highly conserved Arg-Gly-Asp (RGD) motif that constitutes the
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main cell attachment site, and comprises a major neuftalization site. The G-H loop spans

about 20 residues around positions 140-160, and can adopt different conformations

without apparent perturbations of the rest of the capsid (Verdaguer et al., 1995). The

conserved RGD motif adopts an open conformation between a B-sheet at its amino side

and a helix at its carboxy side. Flanking these structural domains, residues lacking these

secondary structures are present that presumably confer flexibility to the loop, and

connect it loosely to the capsid.
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Figure 1.6 Schematic view of the structure of the surface FMDV capsid proteins, the subunits in which

they assemble and the viral capsid. (a) Schematic tertiary structure of VPl, VP2 and VP3. (b) Arrangement

of VPI-VP3 in a biological protomer; amino terminal dornain of VPl is indicated by a black ribbon. (c)

Arrangement of five protomers into a pentamer. (d) Structure of the capsid. Taken from Davies,2002.
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1.6.1Antigenic sites and receptor binding

A major continuous FMDV antigenic site is located in the G-H loop of VPl, as

deduced from the immunogenicity of peptides spanning VPl residues around positions

140-160 (Bittle etal.,1982; Pfaff et a1.,1982; Strohmaier etal.,1982).

Structural and functional studies with FMDV over the last decade have established

that the G-H loop of capsid protein VPl and, particularly, its RGD motif are critically

involved in virus interaction with integrin ouB3 (Baranowski et al., 2000). The RGD

sequence is a universal cell-recognition site present in various extracellular proteins that

interact with cell surface integrin receptor (Pfaff et al., 1983). The presence of a highly

conserved RGD sequence within the extremely variable G-H loop region of FMDV

capsid protein VPl, together with the inhibition of virus adsorption by RGD-containing

peptides (Baxt and Becker,l99}; Fox et al., 1989; Mateu et al., 1996) provided initial

evidence of host integrin molecules being involved in FMDV cell recognition and

intemalization. Identification of integrin uuB3 as the FMDV receptor came from studies

with FMDV Al2 on inhibition of cell adsorption and later by plaque formation by

antibodies to o.,,B3 (Berinstein et a1.,1995). Soon after this additional proof from the use

of cell lines modified to express this integrin proved the role of ovB3 O{eff et al., 1998).

The requirement of an RGD-integrin binding motif for FMDV infectivity was confirmed

in serotypes A, C, and O by direct mutagenesis of infectious cDNA clones of FMDV

(Baranowski et al., 1998; Leippert et al., 1997 Mason et al., 1994; Mckenna et al.,l9g5),

and FMDVs representative of each serotype were found to bind purified human integrin

ouB3, in an RGD dependant manner (Jackson et al., 1997).
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Binding affinity and integrin specificity of RGD-sites are affected by a number of

structural parameters, and amino acid residues flanking the RGD-motif in positions -1,

+1 and +2 have been shown to confer selectivity in synthetic integrin-binding peptides

(Pfaffet al., 1988).

However, interaction with integrin receptor molecules is not required for FMDV

uncoating, and the virus can infect cells by antibody-dependant pathway (Mason et al.,

1993; Mason et a1., 1994; Rieder et al., 1996). This suggests that expression at the cell

surface of particular molecules, which can act as receptors or coreceptors for the virus,

may exert an important selective pressure on FMDV. Propagation of FMDV in cell

culture led to the rapid selection of mutant viruses which arc charactenzed by multþle

phenotypic alterations including improved replication capacity, enhanced resistance to

neutralizing mAbs, expanded cell tropism, binding to heparin and attenuation for cattle

(Baranowski et al., 1998; Escarmis et al., 1998; Jackson et al., L996; Martinez et al.,

1997; Sa-Carvalho et al., 1997; Sevilla et a1.,1998). These phenotypic traits were all

found to be associated with a limited number of capsid alterations that confer to FMDV

the capacity to use RGD-independent mechanisms of cell recognition (Baranowski et al.,

2000). Úrterestingly, the location of these critical residues appears to vary for different

FMDV strains or even for the same virus clone with different passage histories in cell

culture (Baranowski et al., 1998; Escarmis et al., 1993). This demonstrates extreme

flexibility of antigenic variation and illustrates challenges found in developing broad

protective vaccines.

Structural studies performed with an antigenic peptide representing the G-H loop of

VPl have indicated that the RGD motif, and in particular Asp residue, is not only part of
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the receptor recognition site but it also interacts directly with some anti-viral neutralizing

antibodies (Baranowski et al., 1998; Verdaguer et a1., 7995; Verdaguer,2005). This shows

that amino acid residues, which play a critical role in receptor recognition, can also be

involved in interactions with neutralizing antibodies (Baranowski et dl., 1998;

Mateu,1995).

l.6.2Immune response

Immune defence against foot-and-mouth disease virus has been related to the

antibody-mediated compartments affording protection in both animal models and natural

hosts. Upon infection, FMDV elicits rapid and broad spectrum of immune mechanisms,

including humoral and cellular responses that induce an efficient protection against

reinfection with homologous and antigenically related viruses (McCullough et al., 1992).

Neutralizing antibodies directed to well-charactenzed B cell epitopes located on the viral

capsid can be detected soon after infection or vaccination with FMDV. The first

neutralizing antibodies (3 to 4 days following infection or vaccination) are IgMs; in cattle

this response peaks around 10 to 14 days post-infection, and then declines (Clarke et al.,

1,987).IgGs are detected in pigs between four to seven days post-infection and become

the major neutralizing antibodies by two weeks post- immunizatíon. Úr both pigs and

cattle, IgGl response is generally greater than that of IgG2 (Mulcahy et al., 1990).

Induction of the specific immune response involves thç B-lymphocytes recognizing

epitopes of the virus particle to produce specific antibody. In addition, the concomitant

recognition of Tlymphocyte epitopes following antigen processing and presentation in

the context of the MHC class II molecules is essential (Mulcahy et al, 1990). This ensures
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stimulation of helper (Th) lymphocytes to produce the growth and differentiation factors

necessary for the development of the immune response.

The whole virus, often referred to as 1465, on the basis of its sedimentation

coefficient, is undoubtedly the most important viral antigen as shown by many

experiments. Mild acid or heat treatment largely destroys the protective capacity of

experimental vaccines (Doel and Chong,lg&2) and produces the co-called 12S particles,

which contain five copies of each of three of the four structural proteins of the virus

(VPl, YP2 and VP3). The remaining protein, VP4, does not appear to play any key role

in the immune recognition of the whole virus.

1.7 Antibodies

1.7.1 Structure and Classes

Antibodies are formed by clonal selection. Each individual has a large pool of

different B-lymphocytes that have a life span of days or weeks and are formed in the

bone marrow, lymph nodes and gut-associated lymphoid tissue (tonsils or appendix). B

cells display immunoglobulin molecules on their surface, which serve as receptors for a

specific antigen, so that each B cell can respond to only one antigen or a closely related

goup of antigens.

All immunoglobulin molecules are made up of light and heavy pollpeptide chains.

Light chains are encoded by rearranged light chain variable region genes and have a

molecular weight of approximately 25,000, whereas heavy chains have a molecular

weight of approximately 50,000 Da. Light (L) chains are of one of two types, r (kappa)

or l, (lambda). This classif,rcation is made based on amino acid differences in their

25



constant regions. Both types occur in all classes of immunoglobulins, but any one

immunoglobulin molecule contains only one type of L chain. The amino terminal portion

of each L chain contains part of the antigen-binding site. The amino terminal portion of

each H chain participates in the antigen-binding site. Heavy (H) chains are distinct for

each of the five immunoglobulin classes and are designated y (gamma), p (mu), o (alpha),

ô (delta) and e (epsilon) for IgG, IgM, IgA IgD and IgE respectively.

IgG antibodies consist of two L chains and two H chains and are divalent. There are

four subclasses (IgGl-IgG4), based on structure/sequence differences in the H chains 3'

constant domains. IgG is the predominant antibody in secondary immune response and

constitutes an important defence against bacteria and viruses. It is the only antibody to

pass the placenta and is therefore the most abundant immunoglobulin in newboms.

IgM antibodies are the main antibodies produces early in the primary immune

response. IgM is present on the surface of all uncommitted B cells. It is composed of five

H and five L þentamer), which allow for very efficient agglutination and complement

fixation and other antigen-antibody reactions and provide it with highest avidity of all

antibodies.

IgA is the main immunoglobulin in secretions such as milk, saliva, and tears and in

secretions of the respiratory, intestinal and genital tracts. It protects mucous membrane

from attacks by bacteria and viruses. There arc at least two sublasses, IgAl and IgÃ2,

depending on host species.

The simplest antibody molecule is roughly Y-shaped and composed of two distinct

regions into which L and H chains are subdivided. The variable region can take an

infinite variety of subtly different forms that allow it to bind specifically to an equally
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vast variety of different antigens and the constant region is far less variable and is the part

that interacts with effector cells and molecules. The antigen-binding portion of an

antibody molecule is also referred to as the Fab fragment (for Fragment Antigen

Binding), while the other region contains no antigen-binding activity but was originally

observed to crystallize rcadily, and for this reason was named the Fc fragment (for

Fragment Cry stallizable) (Brooks et al., 2 00 1 ).

The regions are composed of three-dimensionally folded, repeating segments called

domains. The structure of these domains has been determined at high resolution by x-ray

crystallography. In the variable regions of both L and H chains are three extremely

variable (hypervariable) amino acid sequences that form the antigen-binding site. The

hypervariable regions for the region complementary in structure to the antigenic

determinant or epitope are therefore also known as complementarity-determining regions

(CDRs). Only five to ten amino acids in each hypervariable region constitute the antigen-

binding site (Brooks et a1., 2001).

1.7.2 Monoclonal antibodies as therapeutic and diagnostic agents

Antibodies that arise in an animal in response to a single complex antigen are

heterogeneous because several different clones of cells form them, each expressing an

antibody capable of reacting with a different antigenic determinant on the complex

antigen. These antibodies are said to be polyclonal. Antibodies that arise from a single

clone of cell are homogeneous and are referred to as monoclonal. Fusing a myeloma cell

with an antibody-producing lymphocyte can produce monoclonal antibodies. Such

hybridomas produce virtually unlimited quantities of monoclonal antibodies in vitro.
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George Kohler and Cesar Milstein pioneered the production of monoclonal antibodies

in 1975 by fusing lymphocytes to produce a cell line that was both immortal and a

producer of specific antibodies. The two scientists were awarded the Nobel Prize for

Medicine in 1984 for the development of this "hybridoma". The value of hybridomas to

the field was not truly appreciated until about 1987, when MAbs were regularly produced

in rodents for diagnostics and continue to be today.

The key advantage of monoclonal antibodies in therapeutics use is their high levels of

specificity for the relevant disease targets. This pinpoint specificity also serves to prevent

harm to healthy cells and, hence, tlpically results in fewer adverse effects compared to

other medicines.

Hybridomas provide insight into B cell responsiveness and permit detailed analysis of

individual epitopes targeted by mAbs.

1.7 ;3 Neutralizing ability

The neutralization of virus by antibody is a complex phenomenon that can occur via a

number of different mechanisms (Mande1,l978). In the case of picornaviruses, the

introduction of monoclonal antibody technology has helped elucidate the mechanisms of

viral neutralization (Boeye et al., 1994; Brioen et al., 1983), charactertze the epitopes

involved in neutralization (Evans et a1., 1983), and locate those epitopes on various

morphogenic structures (Blondel et al., 1983; McCullough and Butche¡1982; Van der et

a1., 1983) and to try to determine valency of virus neutralization in general (Burton et al.,

2000).
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It is generally accepted by FMD researchers that the specific humoral immune

response is the most important factor in conferring protection against disease. ln this

respect, there is strong correlation between virus neutralizing antibody and protection for

at least one of the main target species, bovines (Pay &. Hingley, 1987). Numerous studies

have been undertaken to identiff these neutralizing antigenic sites in more detail, with the

aim of developing more effective vaccines (Mateu, 1995). Such studies have mainly

involved the sequencing of escape mutants produced after selection with neutralizing

monoclonal antibodies (mAbs). This approach was used successfully in delineating the

neutralizing antigenic sites of viruses representing the O serotype (Barnett et a1.,1989;

Kitson et a1.,1990; Crowther et al.,1993), A serotype (Thomas et ø1.,1988a; Baxt et al.,

1989) and C serotytrle (Mateu et al., 1990). Most of these studies relied on the use of

murine hybridomas, and it was recently shown that the mouse recognizes similar

antigenic features to those seen by bovines (Barnett et a1.,1993).
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tr.8 Aim of this Project

Antibodies that neutralize infectivity provide the dominant mechanism of protection

against FMDV and levels of circulating neutralizing antlbodies have been conelated with

protection. The identification and charactenzation of the conserved epitope recognized by

these mAbs may lead to the development of FMDV vaccines capable of providing

protection against multþle serotytrles.

Hypothesis: the production of cross-reactive monoclonal antibodies is probable by

means of implementing more strategic immunization techniques; as a consequence, the

future cross-protective FMDV vaccines would offer a major improvement over current

ones.

The overall objective behind this thesis is to gain more insight into the immunological

and biological properties of these in-house derived murine monoclonal antibodies to

FMD virus type AzqCruzeiro

The main aims of my thesis are:

I. To characterize anti-FMDV neutralizing monoclonal antibodies for potential vaccine

development;

II. To determine the identity of the minimal neutralizing target sites by epitope mapping

using overlapping synthetic peptides.

These mAbs are currently being expressed as recombinant molecules for passive

protection studies and will also be used for the development of veterinary diagnostics.

Based on data obtained from this study showing the linearity of the VPI epitope (result of

recognition of consecutive residues on a single peptide), further epitope charactenzation

can be achieved using overlapping synthetic peptides.
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CH.A.PTER 2

Materials and Methods

2.1VPI cloning and expression

Expression of 6xHis-VP1-A recombinant protein was carried out by Mingyi Lee as

described in (Clavijo et aI.,2001), and confirmed by I0%SDS-PAGE. The recombinant

proteins were solubilized and refolded using a protein refolding kit following

manufacturer's instructions (Novagen, Madison, WI, USA). The same procedure was

used for the production of both OVPl and CVPl recombinant protein antigens

2.2 ImmunÍzation of mice

Immunization of mice was performed according to NCFAD standard operating

procedures under ISO17025 (International Organrzation for Standardization). Five- to

six- week-old female BALB/C (Charles River, Wilmington, MA) mice were injected

subcutaneously (SC) with 5¡rg of recombinant type A24 cruzeiro VPl protein with an

equal part of Complete Freund's adjuvant (CFA, H37 Ra; Difco), on day 1. On days 30,

48 and 63 the mice received recombinant A24"*,"i. VP1 protein in incomplete Freund's

adjuvant (IFA). On day 132, 170, and 186 the mice received 5 pg of whole inactivated

Ol-aoisa, Asial and A24"r*r¡o FMDV, respectively in IFA. On day 192,the mice received

5 pg of highly purified Decivac vaccine antigen (Intervet) type O/A FMD in IFA; The

mice received a final booster injection with 6 pg of highly purified Decivac tlpe A

FMDV in PBS (Phosphate Buffered Saline, lX) (Sigma, St. Louis, MO), two days prior
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to fusion. Mice were euthanized by anesthesia overdose and exsanguinated by cardiac

puncture. The spleens were excised under aseptic conditions.

2.3 Generation of mAbs

lmmunization of mice, removal of spieens, and preparation of spleen and myeloma

cells, fusion and screening for monoclonal antibodies to FMDV were performed

according to NCFAD standard operating procedures under ISO17025.

Ampoules of the myeloma cell line P3X634g8.653 (ATCC, Rockville, MD) were

thawed one week prior to fusion and grown in BD Cell Mab Quantum yield medium in

the presence of 8-Azaguanine (Sigma, Oakville, ON). Cells were in log-phase growth at

the time of fusion. Hybridoma fusion was performed essentially as originally described

(Kohler and Milstein, T975) with the following modifications. Briefly, spleens were

harvested 2 days after a final boost with a given antigen and the splenocytes were

prepared by splenic perfusion as follows. Under aseptic conditions, the spleens were

perforated with a 10cm3 syringe with a 2I gavge sterile disposable needle. The spleen

cells were perfused out of the spleen with injections of serum free BD cell Mab Quantum

Yield medium (BD-Pharmingen, Oakville, ON). Two identically immunized mouse

spleens were used to produce these hybridoma clones. PEG1500 (lml; Roche, Basel,

SW) was added drop-wise over 1 minute while gently tapping the tube containing the

thoroughly washed myeloma-splenocyte pellet. The PEG-I500 (PolyEthylene Glycol)

was slowly diluted out over three minutes with serum free BD-Cell Mab Quantum yield

medium. The cells were resuspended and mixed into 90 mL of Stemcell Clonacell

Medium D (HAT) (Stemcell, Vancouver, BC) containing 5mL Origen hybridoma cloning

factor (HCF) (IGEN, Gaithersburg, MD), and plated out according to the manufacturer's

32



instructions. The plates were incubated at 37oC under 5o/o Cozoverlay for 10-18 days in

humidified chambers. Visible colonies were picked from the plates after approximately 2

weeks growth and placed into 96-we11 plates containing 150-200pL of complete

hybridoma medium (Becton Dickinson cell medium, L-glutamine (I%o), and Antibiotic-

Antimycotic (I%)) supplemented with lx hypoxanthine thymidine (Sigma, Oakville,

ON), 4% HCF and l0o/o fetalbovine serum (FBS)(Wisent). Supernatants were screened 4

days later via ELISA using recombinant AVPl protein as antigen.

Determination of the class and subclass of MAbs was performed using a

commercial murine isotyping dipstick test (Roche, Basel, SW) according to

manufacturer' s instructions (table 1 ).

Table 2.3

Mab Isotype

Y24GI IgGl/kappa

F24CZ IgG3/kappa

FZ4G3 IgGl/ kappa
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2.4 NfAb concentration and purification

Hybridoma culture supematants were concentrated 5-10 fold using Amicon

stirred cell nitrogen concentrators with 30kDa cutoff (Millipore YM-30) membranes

(both from Millipore, Billerica, MA).

MAbs were then purified from the hybridoma supernatants using HiTrap Affinity

protein A and protein G lmI- columns (Amersham) according to manufacturer's

instructions.

Purified proteins were later concentrated using CENTRIPREP (Centrifugal filter

devices, Bedford, MA) and protein concentration analysis performed using micro BCA

(Bicinchoninic assay) protein assay kits (Pierce, Rockford, IL).

2.5 Preparation of trypsin-treated antÍgen

Prior to coating ELISA plates, 100pL of tr¡psin solution (10x) was added to

AVP1 recombinant protein in PBS (at lO0ng/well). The mixture was incubated at 37oC

for 15 minutes. Preparation of trypsin-treated AVP1 for Western blot analysis was

performed in a similar fashion. For this step, trypsin was mixed (no more than 10% of

total volume) with 20¡tL of AVPl recombinant protein at lpgl¡tL, and mixture incubated

at 37"C for l5minutes prior to adding gel loading buffer.
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2.6Bnzyme linked immunosorbent assay (ELISA)

2.6.1Screening ELISA

Enzyme-linked immunosorbent assays were used to monitor antibody production

by hybridoma cells and to charactenze the final antibodies.

The Costar 96-well t/, well ELISA plates (Corning, NY) were coated with either

bovine serum albumin (BSA) or recombinant AVPI protein (40Ong/well) in PBS

overnight at 4"C and then blocked with 0.4o/o BSA in PBS, for 2 hours at 37"C. The

seven-day hybridoma supernatant was incubated neat for I hour at 37"C. The ELISA

plates were washed 10 times with distilled water and patted dry on a paper towel. A

commercial goat anti-mouse IgG-HRP antibody (Southern Biotechnology Associates,

Birmingham, AL) was diluted to 1:2000 in0.2o/o BSA in PBS, applied to the ELISA

plates for 45 minutes at 37"C, and then washed as described above. Positive binding was

detected with commercial ABTS (2,2'-Azino-di-[3-ethylbenzthiazoline sulfonate (6)]

diammonium salt, crystals) used according to the manufacturer's instructions (Roche,

Basel, SW). The final readings v/ere taken at OD 405nm at 15 and 60 min intervals

following addition of the developing agent. Mouse immune and preimmune sera were

diluted 1:2000 with 2o/oBSA in PBS for use as positive and negative controls,

respectivel% and for the establishment of the hybridoma screening assay.
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2.6.2 Direct ELISA

Direct ELISA method was utilized to test the reactivity of the th¡ee monoclonals

with recombinant VPI proteins (AVPI, kypsin-treated AVP1 (TT-AVPI), CVPI and

OVPI), synthetic 24-mer peptides, and native and heat-denatured 1465 FMD viral

particles.

2.6.2.1 Recombinant VPL proteins

Recombinant protein antigens were coated at 400n9/we11 overnight (OÆ{) at 4"C.

To test the reactivity of the three FMDV mAbs, culture supernatants of Ll32 dilution in

0.2% BSA, PBS were used.

2.6.2.2 Biotinylated synthetic peptides

In ELISA experiments with biotinylated synthetic peptides, plates were first precoated

with 500ng/well of streptavidin, followed by 500 nglwell of biotinylated peptide O/N at

4"C. Plates were blocked with 0.4%BSA for 2 hours and concentrated culture

supernatants of F24G1,2 and 3 added at60¡tLlwell. 2.6.2.3 Whole virus particles

In ELISA experiments with whole inactivated FMD virus, the plates were

directly coated with 60pL mixture of FMD whole inactivated antigen in carbonate buffer,

and left overnight at 4"C (prior to coating plates; heat denatured A24 and Asial antigens

were heated for 10 minutes at 95'C). Plates were then blocked with blocking buffer

(0.4% BSA) at 200¡tL volume and incubated at 37"C for 2 hours. After washing, a

volume of 50pL of lO-fold dilutions (10-t-10-8) of purified (mAbs standardized at

lpdtú) in PBST blocking buffer were added to appropriate wells. Mouse polyclonal

sera were diluted similarly (2-fold dilutions from 1/200) in a single column of each plate.

Plates were incubated at 37"C for t hour. After washing, 50pL secondary conjugate
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diluted 112500, was added to appropriate wells. The final step was incubation with OPD

substrate solution, and color development was stopped as above.

2.6.3 Capture ELIS.4^

A capture ELISA method was used to test the reactivity of F24G7,F24G2, andF24G3

mAbs with whole inactivated FMDV viruses. Rabbit polyclonal anti-FMD antibody at

1/5000 dilution to each of the four strains of FMD, was mixed with 0.06M carbonate

buffer, pH 9.6 and 50pL volumes adsorbed directly to the wells of microtiter ELISA

plates at 4"C overnight. Wells were washed five times in PBST and coated with 50¡rL of

FMD antigen in blocking buffer and left for I hour at 37"C. Plates were washed as above

and 2-fold serial dilutions (1/20-11160) of mAb F24Gl, F24GZ and F24G3 in PBST

blocking buffer were added to wells in duplicate columns of the plate. Plates were

incubated at37"C for t hour on a rotary shaker. After washing, 50pL secondary antibody

diluted 112000 in blocking buffer, was added to the appropriate wells. The plates were

washed and incubated as before and 50 ¡rL of the enz;qri-rre substrate HzOzlOPD (Sigma)

added to each well. After 10 minutes the reaction was stopped by the addition of 50pL of

2M HzSO¿.
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2.7 Western immunoblots

Prior to loading, all recombinant (AVPI, trypsin-treated TT-AVPI, CVPI, and oVPl)

protein samples were standardized at l¡tgl¡tL concentration in PBS. Samples were mixed

with an equal volume of reducing sample buffer with B-2-ME, a total voiume of 20¡tL,

and heated for 10 minutes at 95"C, resolved on 4-20%o SDS-PAGE (Criterion Precast

gels, BIO-RAD), and electroblotted onto Immobilon-P membranes (Millipore, Bedford,

MA) by standard methods. Washing step consisted of 3x5 min intervals with Tris

buffered saline (TBS). The membranes were blocked with PBS containing 0.3% bovine

senrm albumin for t h at 37"C, washed in TBS, and incubated with F24Gl, F24G2 and

F24G3 culture supernatants at 1:4 dilutions in TBS-T for 2 hours at 37 oC. The

membranes r,vere further washed in TBS-T and bound antibody reacted with horse-radish

peroxidase conjugated goat-anti mouse IgG (H+L) antibody (Southern Biotech) at l:2000

for I hour at room temperature. Washed in TBS-T again and developed using 3, 3'-

diaminobenzidine substrate (Pierce).

For whole-virus FMDV antigens, 5 pL of type A, O and Asial FMDV were added

to 35pL of non-reducing sample buffer. The membranes were incubated with

concentrated culture supematants of F24Gl , F24G2 andF24G3 at l:250 dilutions for 2

hours at37 "C.
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2.8 Virus

FMDV isolates used were received from the World Reference Laboratory, Pirbright,

UK. Virus was propagated in IBRS-2 (porcine cell line) cells monolayers and harvested

when cytopathic effect was maximal. The strain used for mice immunization was

inactivated with binary ethylenimine (BEI) and purified by ultracentrifugation through a

25% (wlw) sucrose cushion.

2.9In Vitro FMDV Neutralization assay

The quantitative Virus Neutralization test for FMD antibody was performed

using IB-RS-2 porcine cells in flat-bottomed tissue-culture grade microtiter plates. Stock

virus was grown in cell monolayers and stored at -20"C after the addition of 50%

glycerol. The sera are inactivated at 56oC for 30 minutes before testing. The control

standard serum is 21-day convalescent pig serum. A suitable medium is Minimal Eagle's

medium with antibiotics.

Test procedure is performed as follows:

Starting from a V¿ dilution, purified F24GI, G2 and G3 mAbs are diluted in a twofold

dilution series across the plate, using at least two rows of wells per sample, and avolume

of 50pL. Previously titrated virus is added; each 50pL unit volume of virus suspension

should contain about 100 TCID5¡(50% tissue culture infective dose) within an accepted

range (e.g. 35-350 TCIDso ). Controls include a standard antiserum of known titre, a

negative serun, a cell control, a medium control, and a virus titration used to calculate

the actual virus titre used in the test. Incubate at37"C for t hour with the plates covered.

A cell suspension at 106cel1s/ml is made up in medium containing 10% bovine serum
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(specific antibody negative) for cell growth. A volume of 50pL of cell suspension is

added to each well. Plates are covered with loosely fitting lids and incubated in an

atmosphere of 3-5%o carbon dioxide at 37"C for 48 hours. Microscope readings are

performed after 48 hours. The positive wells (where the virus has been neutralized and

the cells remain intact) are seen as preserved monolayers of cells. Titres are expressed as

the final dilution of sample present in the sample/virus mixture at the 50% end-point, i.e.

a well where there is an incomplete cell sheet. The test is considered to be valid when the

amount of virus used per well is in the range 1og10 I.5-2.5 TCID50, and the positive

standard serum is within twofold of its expected titre. Titres of 1/16 to ll32 are

considered to be doubtful, and further samples are requested for testing. Animals are

considered to be positive if the second sample has a titer of UI6 or greater. A titre of 1/8

or less is considered to be negative.

The test was carried out in microplates against 100 TCID56 of the homologous FMDV

tyæe Azc"r*"¡o, Asial, Clnoviüe and Or.uoi.u. The final dilution required to neutralize 50%o

of the inoculated cultures was calculated.

2.10 Synthetic peptides

A total of 8 biotinylated synthetic peptides (24-mers) were purchased from United

Biochemicals Inc. Of these, 4 peptides are specific for upstream or downstream, highly

variable G-H loop of VPl type A FMDV. The remaining,2 correspond to stretches in the

same region of type O and 2 to type Asial FMDV VPl protein.
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Figure 2.10. FMDV biotinylated overlapping synthetic peptides designed for the site of
the VP1 protein of serotype A, Asia and O.
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zJl Affinify measurements by BIACORE

Steady-state equilibrium binding of Mabs F24GI, F24G2 and F24G3 to FMD

peptides was monitored at 25oC using a Biacore 2000 surface plasmon resonance

biosensor (Biacore AB, Uppsala, Sweden). The sensor chip CM5 is the most versatile

chip available, creating interactions through -NHz, -SH, -CHO, and -COOH groups.

All experiments were performed at 25oC on a Biacore 2000 Instrument (Biacore).

The running buffer was 50mM Tris (pH 6.8), 200mM NaCl, and 2mM DTT. All surfaces

were regenerated with 10mM glycine (pH 1.5). The immobilization of anti-FMD

antibodies on the CM5 sensor surface followed the recommendations of the

manufacturer, with minor modifications. Briefly, the CM5 chip was docked into the

instrument and the surfaces were subject to long activation times (10-15 minutes) with a

solution containing N-ethy1-N'f3'(diethylamino) propyl] carbodiiamide (EDC) and N-

hydroxysuccinimide (NHS). Aliquots (aOpl) of Zípgl¡tL dilutions of F24G1,F24G2 and

F24G3 monoclonals in 10mM sodium acetate coupling solution (pH 5.0) were injected

into flow cells 1, 2 and 3 respectively.

The immobilization was carried out at a flow rate of Z¡tLlmin until a resonance

response of 1000-2000 RU (response units) was achieved. Subsequently the remaining

surfaces were deactivated by injection of ethanolamine and regenerated with at least five

one-minute pulses to remove non-covalently bound antibodies. Next, we injected 20¡tL of

each of the peptides at 100, 75, 50,37 .5 and 25pM concentrations into the corresponding

flow cell at a flow rate of 5pl/min. Following completion of the injection phase,

dissociation was monitored in BIAcore running buffler at the same flow rate for at least a

few minutes.
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All data were interpreted using BlAevaluation 3.2 software (Biacore). Kinetic

data were interpreted by global fit of the data using a simple Langmuir interaction model.

Simulations \¡/ere performed using the BlAsimulation software (Biacore).
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CIIAPTER 3

Results

Following the performance of the initial ELISA screening procedures, the panel

was negatively screened on BSA, to select for the clones reactive against the FMDV

antigen alone. A panel of 3 lgGlk tlpe mAbs reactive to the recombinant VPI protein of

serotype .A-24cruzeiro FMDV was identified. These monoclonals were termed F24Gl

(IgGllk), F24G2 (Igc3lk) andF24G3 (Igcllk).

3.1Anti-AVPl mAb reactivify with recombinant VPl proteins in ELISA and

\ilestern blot

Reactivity of anti-AVPI monoclonal antibodies F24G1 , F24G2 and F24G3 with

the recombinant VPI protein is shown in Fig. 3.1a. To test the specificity and the extent

of binding of these mAbs to the VP1 protein of strain A24"ru,ei,o in ELISA, we also

included type Clnou¡¡1" and O1.-isa recombinant proteins as negative controls. This clearly

shows that mAbs F24GI, F24G2 and F24G3 strongly react with serotype AVP1

recombinant protein and not CVP1 nor OVP1.'Western immunoblot analysis confirmed

that EllSA-positive mAbs react specifically with the recombinant AVPI protein and not

CVPl as shown in figure 3.lb.
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Figure 3.1a. Reactivity of anti-AVPl monoclonal antibodies F24GI, F24G2 and

F24G3 with the recombinant VPl proteins in ELISA. Antigens were coated at

400ng/well. The antibody dilution used was ll32 of culture supematant. The graph

shows specific binding of all three monoclonals to the AVP1 recombinant antigen

only, and no reactivity with CVP1 or OVPI, as expected.
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Figure 3.1b Reactivity of anti-AVPl monoclonal antibodies F24G1, F24G2 and

F24G3 with the recombinant VP1 proteins in Western blot. Immunoblot analysis on

type AVP1 and CVP1 molecules. Bands were detected with a specific goat anti-

mouse IgG antibody at 1:2000. These results show exquisite type specificity

characteristic of mAbs to VPI proteins. The molecular weights of the pre-stained

kaleidoscope markers (BioRAD) are indicated to the left of the figure.
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3.2824G1,F24G2 and F24G3 mAb reactivity with native FMD virus

To fuither investigate the specificity of these mAbs, we tested for reactivity with

native FMD virus. Fig. 3.2a shows reactivity of all three mAbs with various virus

serotytrles. The mAbs reacted with A and Asia and had O.D. greater than 1.5 at one hour,

compared to no reactivity with C and O (< 0.3 O.D. at one hour). The reactivity of mAbs

to viral structural proteins was further assessed by western immunoblot analysis. The

mAbs bound to band of 30 KDa that corresponds to the VPI protein of A and Asia but

not to O. This shows that the three mAbs (F24G1, F24G2 andF24G3) are specific for

VPI polypeptide of serotlpe A24"ru,ei,o as well as ASIAr while they are not specific for

the VPl of serotype Clnouiile. These results provide real evidence of cross-reactive Mabs

to the antigenically variable FMD virus.
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Figure 3.2a. Confirmation of whole virus reactivity using ELISA. Graph depicts

capture-ELISA experiment. Plates were precoated with Ra-FMD/Ab at 1:5000, prior to

adding FMDV antigens. Clones F24GI,F24GZ andF24G3 used in their purified forms.

ELISAs were performed as described in materials and methods.
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Figure 3.2b. Western Immunoblot of whole FMD virus with monoclonal

antibodies F24Gl, F24G2 and F24G3. The molecular weights of the pre-stained

kaleidoscope markers (BioRAD) are indicated to the left of the figure.
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3.3 Direct ELISA using native and heat denatured Antigen

Following the procedures described above, additional ELISA experiments were

performed providing more insight regarding the epitopes bound by these monoclonals.

With the experimental data presented above we are able to classi$r these three

monoclonals now as being VPl-specific as well as cross-reactive among serotypes A2a

and Asiar.

In order to fully elucidate whether the nature of the epitope(s) involved is either

linear or conformational, or even both, further tests were performed. Additional virus

samples were obtained and used to test these mAbs by direct ELISA methods against

both native and heat-denatured virus.

The results of these assays are summarized in figure 3.3. The data presented

here detail the reactivity of these mAbs with three distinctive strains of FMD virus in

their native form, as well as reactivity with heat-denatured forms of serotype A2a aîd

Asial. These data show that mAbs F24Gl,F24G2 andF24G3 react with both native

and heat-denatured forms of both serotypes A2a and, Asial foot-and-mouth disease virus

through their linear epitope-paratope interactions. The magnitude of reactivity is

lessened on heat-denatured antigen, however, the results clearly show specific

reactivity with A24 and Asial compared to no reactivity on serotytrle C and no

reactivity on0.4o/o BSA (fig. 3.3.e and f).
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Figure 3.3. Epitope charactenzation studies using native and heat denatured FMDV

antigen by ELISA. FMDV inactivation was accomplished by heating the antigen at

95oC for 10 min prior to coating plates. Additional controls used in this experiment

include preimmune and positive mouse serum, F26G3 and M1669 as non relevant

mAbs, as well as secondary Ab conjugate alone. (A) Native FMDV-A2¿. (B) Heat-

inactivated FMDV-Az+. (C) Native ASIA1-FMDV (D) Heat-inactivated ASIAr-FMDV

(E) Native FMDV-Cr (F) 0.4% BSA, no virus. Purified mAbs were diluted in PBS

starting at a standard concentration of lpdlú as described in methods. This gaph

provides definite proof that epitope(s) recognized by all three mAbs are linear in nature

due to their ability to recognize FMD virus serotypes in their denatured forms.
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3.4 Epitope analysis using trypsin-treated AVPL recombinant antigen

The reactivity of monoclonal antibodies F24Gl, F24G2 and F24G3 with

trypsin-treated AVPI recombinant protein is shown in figure 3.4a.The binding of these

monoclonals to whole VPl protein is abrogated by tr¡1psin treatment of the antigen.

This shows that the epitopes bound by these monoclonals are trypsin sensitive and

further suggests the antibodies recognize an epitope(s) located in the G-H loop of VP1.

These results were further re-confirmed by a negative Western immunoblot reaction

with tr¡lpsin-treated recombinant VPI protein (see figure 3.4b)

57





Figure 3.4a. Effects of trypsin on purified mAb reactivity (0.001pg/pl) to

recombinant AVPl protein in ELISA. ELISA was performed using plates coated with

60¡rL of native AVPI and try,psin-treated AVP1 (to 7.5 ¡rL mixture added 100pL of

trypsin) at 1 00ng/we11.
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Figure 3.4b. Western immunoblot confirmation of F24G1, F24G2 and F24G3

trypsin-sensitive epitopes. Monoclonal antibodies were used as concentrated culture

supernatan ts at 1/250 dilution in TBS-T buffer. The molecular weights of the pre-

stained kaleidoscope markers (BioRAD) are indicated to the left of the figure.

Multiple irrelevant bands indicate assay not performed under optimal conditions but

was sufficient for our needs.
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3.5 Biological characteruttton of mAb binding to FMDV

The VPl protein of Foot-and-mouth disease virus is often the target of

neutralizing antibodies. In order to test these mAbs for bioreactivity an in vitro vints

neutralization test was performed to quantitatively assess the ability of the three anti-

FMDV monoclonals F24G1, F24G2 and F24G3 to neutralize live infectious FMDV

(table 3.5). All three mAbs were used in their purified forms and were able to neutralize

the infectivity of serotlpe Az¿ FMDV. Monoclonal antibody F24G2 neutralized Asial

at background level of t/n, which may be borderline, however we deemed this as non-

neutralizing. Surprisingl¡ no neutralization was observed for the other serotl,pes of

FMDV. This shows that these three mAbs are specific for FMDV serotype 424 epitopes

in the G-H loop of VPl protein and do not neutralize serotypes Asia1, Or and Cr. While

all three mAbs neutralize the infectivity of serotype 424 FMDV, their neutralizing

titers vary significantly, with F24G3 exhibiting the highest neutralizing effect of 1/8192

dilution (table 3.5).
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In Vitro Neutralization Assay

Sample Isotype

Endpoint neutralization titre
(reciprocal dilution)

A ASIA C o

F24G1 IgGl/kappa 1024 <32 <32 <32

F24G2 IgG3/kappa
5t2 32 <32 <32

F24G3 IgGl/kappa
8192 <32 <32 <32

F26G3 lgG2a/kappa
<32 <32 <32 <32

Pos. sera
2048 8192 8192 4096

Neg. sera
<8 <8 <8 <8
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Table 3.5. Efñciency of in vitro nettralization of type AZ -FMDV by F24G7, F24G2

andF24G3 mAbs

Virus neutralization tests were performed in triplicates inside a secure level III

containment laboratory CNCFAD, National Centre for Foreign Animal Disease). Prior to

testing in VNT, all monoclonals were standardized at 0.1pdVL concentrations. Starting

mAb dilution used was 1132 after the addition of challenge virus. Positive and negative

animal sera starting dilution was L/1024 and 1/8 respectively. The sample/serum is said to

be neutralizing when the CPE is absent from the well at 1/64 dilution and higher.
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3.6 Synthetic peptide studies

'We designed a series of 8 overlapping synthetic (biotinylated) VPl peptides

corresponding to the G-H loop of VPI and flanking regions of virus serotypes

A24c,,'ejro,Asia1;*n and O1.r¡*. The peptides were purchased from United Biochemical

Inc. (Seattle) and used to test with the three monoclonals in a series of ELISA

experiments and Biacore affinity assays. Of the 8 peptides, 4 conespond to the residues

of the VPl of serot¡pe A, and 2 to t}re G-H loop of serotype O and 2 to serotype Asia

(see map in figure 2.10).

Peptides AVPI +2, OVP1+Z and AsVPI *2 correspond to residues 140-164

(G-H loop) of VPl of serotlpes A, O and Asia respectively. Peptide AVPl-1 is furthest

upstream of the G-H loop region, while AVPl+l, AsVPl+l and OVP1+1 ate

immediately upstream of the region and peptide AVP1+3 is located downstream. The

peptides were used in an ELISA experiment to test their individual specificity to our

three mAbs. The biotinylated peptides were coated onto plates precoated with

streptavidin and ELISA performed as described in materials and methods.

MabsF24Gl and F24G3 reacted strongest with AVPl+l peptide, which

corresponds to G-H loop region residues 120-144. }i4.ab F24G2 reacted strongest with

AVPl+2 peptide, which corresponds to G-H loop region residues 140-164

(immunodominant site). Even though AVP1+2 peptide had the strongest reactivity with

F24GZ mAb, its binding ability was less than AVPl+l with mAbs F24Gl andF24G2.

Reactivity of mAbs with distinct peptide epitopes is consistent with mAbs being of

distinct clonal lineage.
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Figure 3.6. Epitope mapping and reactivity of anti-AVPl mAbs with

biotinylated peptides spanning residues of the G-H loop of VP1 protein of

FMDV. Elisa plates were precoated with 5O0nglwell of streptavidin prior to

adding biotinylated peptides at 500ng/wel1. Anti-AVPl mAbs were used as

concentrated culture supernatants at 60pl/well. The results shown here represent

an average reading of 3 ELISA tests performed under identical conditions.
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3.7 Biacore AffÏnity analyses

With the help of Biacore surface plasmon resonance we were able to compare the

afñnities of the three monoclonals to their biotinylated peptide epitopes. However,

Biacore with short synthetic peptides proved to be a challenging task and the assay only

worked successfully for two peptides shown in figure 3.7. While all three monoclonals

reacted with AVPl peptides in ELISA, in Biacore the positive tests were only recorded

for F24Gl andF24G2 with AVPl+l peptide (table 3.7). This indicates there are quite

different biophysical properties of Biacore chips and ELISA plate assays. The affinities

of F24Gl andF24G2 for peptide epitopes arc 9.52 x 10-6 and,2.082 x 10-s respectively,

where lower KD value indicates higher affinity (figure 3.7). This is consistent with

typical antibody-peptide affinity constants.
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Table 3.7. Biacore afñnity analysis: monoclonal antibody and biotinylated

synthetic peptide interactions

*Unable to coat chip with peptide/ unable to see peptide flow into cell

Affinity

mAb

Biotinylated AVPI peptides Biot-AsiaVPl Biot OVPI

-1 +1 +2 +3 +1 +2 +1 +2

F24G1 U*+U?UUUU

F24G2U+U?UUUU

F24G3U-U?UUUU
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Figure 3.7. Sensograms showing kinetic analyses of F24 monoclonals interacting with

FMD peptides. Aliquots (a0¡rl) of 25¡tg/¡tL dilutions of monoclonals in 10mM sodium

acetate coupling solution (pH 5.0) were injected into flow cells. The immobilization

was carried out at a flow rate of 2¡tLlmin until a resonance response of 1000-2000 RU

was achieved. Injected 20¡tL of each of the peptides at 100, 75, 50,37.5 and 25¡tM

concentrations into the corresponding flow cell at a flow rate of 5pllmin. A) mAb

F24Gl to peptide AVP1 (region +1) interaction. B) mAb F24G2 to peptide AVP1

(region +1) interaction. The table outlines their respective dissociation constant values.
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CHAPTER 4

Discussion

Immune defence against foot-and-mouth disease virus has been related to the

antibody-mediated compartments affording protection in both animal models and natural

hosts. Induction of the specific immune response involves the BJymphocytes recognizing

epitopes on the virus particle to produce specific antibody. The humoral response in sera

against FMDV is well documented, with high titres of virus-specific antibody being related

to protection against challenge infection (Bittle et a1.,1982; DiMarchi et a1.,1986; Knudsen

et al., 1986; Morgan and Moore,1990; Wigdorovitz et al., 1999). This relationship is not

absolute, because animals with the same titre of specific antibody can differ in their

resistance to FMDV infection. Effector immunity involves antibody concentrations,

antibody affinities, and the involvement of the phagocytic system to remove the

antibody/virus complexes and destroy the virus. Conversely, little is known about the role

of cytotoxic lymphocytes (CTL) in protection against FMDV.

The capsid of FMDV presents many neutralization epitopes that cluster in

several exposed regions. One of the major antigenic sites involves the G-H loop of

VPl, and two other major sites are defined by discontinuous epitopes that are

structurally and functionally independent of that loop. The G-H loop appears as a

mobile capsid element. ln some virus strains this loop participates in discontinuous

epitopes, which may be disrupted by mutations in other capsid elements that stabilize

altemative orientations of the G-H loop. ln other virus strains the G-H loop delineates

true continuous epitopes that can be faithfully mimicked by synthetic peptides with
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nativelike conformational properties, and that have been structurally and functionally

charactenzed in detail. Some residues within this loop have a dual function in the

interaction with the cell receptor and in direct recognition by many antibodies. Some of

these neutralize infectivity through monovalent binding and steric inhibition of the

interaction with the cell receptor. The cell attachment site of FMDV is not hidden from

antibody attack, but it is protected from variation by the effect of negative selection.

The extreme antigenic diversity of FMDV occur through multiple mutations, including

a few critical ones, on the restricted subset ofresidues in each antigenic region that are

involved in antibody binding, but that are not involved in other capsid functions.

This study examines the development and charactenzation of murine

monoclonal antibodies that recognize FMDV VPl protein antigens in ELISA, western

immunoblot, Biacore assays and virus neutralization tests. Three neutralizing murine

monoclonal antibodies F24G1, F24G2 andF24G3 were developed against type A2a of

foot-and-mouth disease virus and their respective abilities charactenzed. These mAbs

are reactive against whole FMD virus type A2a and Asial, and we also demonstrate

their reactivity with recombinant AVP1 protein in ELISA and Western blot. Certainly

many of the findings of this study may be used to improve the use of mAbs for serotype

specificity and identification and diagnosis.

The mice underwent a complex sequential immunization strategy designed to

select for B cells reactive against epitopes conserved among different serotypes. This is

achieved by immunizing with an assortment of FMD antigens from recombinant AVPl

proteins to whole inactivated FMD virus including serotypes O, Asial and A. The

73



assumption \¡/as that cross-reactive B cells would be stimulated progressively in

anamnestic responses.

Initial ELISA screening on recombinant AVP1 protein revealed three positive

IgGkappa monoclonal antibodies, which were later examined more thoroughly. All

three clones are negative when screened on CVP1 and OVPI recombinant antigens,

strengthening their specificity for the A serotype VPI recombinant protein (figure

3.1a). These results are supported by western immunoblots (figure 3.1b), showing

exquisite type specificity that is characteristic of mAbs to VPl proteins. Other studies

have also reported evidence of type specific monoclonal antibodies to the VPI protein

of FMD virus including other serotypes as well (Baxt et al., 1984, Pfaffet al., 1988,

Sobrino et a1., 2001).

The RNA genome of FMDV, especially of the type A virus, evolves rapidly

(V/eddell et a1., 1985) and gives rise to alarge number of viral subtypes that have a

limited ability to elicit cross;neutralizing antibodies. Fig. 4.1 depicts VPl protein

sequence alignment of A}4cruzeiro and Asial with extensive protein sequence

dissimilarities between the two serotytrles. However, all three monoclonals when tested

against native FMD virus of different FMDV serotypes (4, C, O and Asial) reacted not

only with FMD Az¿ but also Asial (figure 3.2). To our knowledge, this is the first time

that any anti-FMDV monoclonals were developed showing signs of cross-reactivity

between two distinct serotypes, and we suggest this may occur through conserved a.a.

residues found in the G-H loop region of the VPl protein. However, epitope mapping

studies using 24mer biotinylated synthetic peptides point toward the involvement of the

region (a.a. 120-144) just upstream of the conserved G-H loop of VPl of FMDV. This
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upstream reactivity represents a novel finding and more tests need to be performed in

order to fully charactenze its role in epitope binding and attachment.

All three mAbs recognize linearly dependant epitopes, as deduced by their

ability to recognize heat-inactivated virus (figure 3.3). These linear epitopes are

functionally conserved among serotypes A2a and Asial, but not type O, which

interestingly has higher overall identity to the VPI of Asial (along entire length of

vP1).

Early FMDV studies using trypsin-treated virus or proteins isolated by chemical

or enzymatic treatment of intact FMDV highlighted the importance of the VPl protein

in the antigenicity and immunogenicity of the virus (Bachrach et a1.,1975; Kleid et al.,

1981; Strohmaier et a1., 1982; Wild et al., 1969). This was further supported by the

observation that both neutralizing antibodies and protection were conferred in guinea

pigs (Bittle et a1., 7982; Pfaff et al., 1982) and cattle (DiMarchi et al., 1986) by

immunizing them with peptides corresponding to parts (141+160 or 141+158 and

200L213) of the sequence of VPl. This led to the perception that this site was

immunodominant. Using trypsin-treated virus (trypsin specifically cleaves the VPl

within the immunogenic region) and monoclonal antibodies directed against sequences

that overlap this site, Baxt, Bachrach and their colleagues have shown that this region

of the protein is involved in virus-cell interactions and thus cell membrane attachment

(Baxt et a1., 1984).
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The site may need to change for the virus to successfully bind to and proliferate

in a new cell type with a different receptor-for example, during transmission from one

animal species to another. Such a mechanism would explain the ability of FMDV to

rapidly adapt under different selective pressures and to grow in a wide range of hosts.

This would also account for the fact that antigenic variants arise among field isolates,

especially during transmission from one species to another.

Trypsin treatment of VPI prevented reactivity of the monoclonal antibodies

with the target site (figure 3.4a-b) showing the epitopes to be trypsin-sensitive; this may

implicate trypsin sensitive sites in the G-H loop (site A) in VPl. As trypsin cleaves

only VPl of the virus, these biological effects could be localized to this protein, and

indeed it was shown that VPl alone, purified from virus particles could elicit

neutralizing and protective antibodies although its activity was very low (Laporte et a1.,

1973; Bachrach et a1.,1975; Maloen et al., 1979).

The mechanisms by which individual mAbs are able to neutralize infectivity of

the virus should be studied. It has been shown that neutralization of FMDV can be

affected by I) preventing attachment ii) preventing entry into cell and iii) causing

conformational changes to the capsid (Rowlands et ã1., l97l; Brown, 1995;

McCullough et al., 1987). The neutralization of virus by antibody is a complex

phenomenon, which can occur via a nurnber of different mechanisms (Hardy and

Moore,1981; Mandel,1978; Zinkemagel et al., 2001). ln the case of picornaviruses, the

introduction of monoclonal antibody technology has helped elucidate the mechanisms

of viral neutralization (Brioen ef a1.,1983; Xie et al, 1987), charactenze the epitopes

involved in neutralization (Baxt et al., 1984; Bolwell et al., 1989; McCullough ef a1.,
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1987) and locate those epitopes on various morphogenic structures (Robertson et al.,

1984; Strohmaier et al., 1982; Sun et a1.,2004). Our VNT data (table 3.7) provide

evidence of effective neutralizing ability of all three monoclonals, with F24G3

neutralizinE A24crurejro to a titer of 0.38lpg/pl.

All of the antibodies, which neutralize viral infectivity (F24G1, F24G2,

F24G3), react with the Az+ cell attachment site on VP1. Epitope mapping of this site on

VPl places it between amino acid residues 121 and 163 (Robertson et a1.,2001). The

assignment of the cell attachment site to this region of VP1 seems to satisfli some

previous observations on FMDV-cell interactions.

While the precise mechanism of inhibition is not known, other anti-VPl RGD

studies have shown them to be neutralizing and to prevent virus affachment (Bachrach

et al., 1975; Laporte et a1., 1973; Me1oen,1979). In contrast to capture-ELISA

experiments where all three mAbs show cross-reactivity with type ,\24 and Asial, in

VNT assays, all three monoclonals neutralize A24 but not Asial. The reasons for this

could be attributed to several factors such as antibody concentration, differences in

exact epitope sites, antibody affinity or mechanism of neutralization. At a molecular

level, the antigenic variation of VPl epitope immediately upstream or downstream of

conserved RGD site (figure 4.I) may explain the difference in susceptibility to

neutralization. Analysis of the V-genes showed that F24G1 and F24G3 are likely

clonally related as they have few differences in the light and heavy chain gene cDNAs.

These two mAbs are likely to function in a similar fashion; while conversely, F24G2,is

encoded by unique heavy and light genes, which indicate distinctive clonal origin for

this mAb and may function in a different manner (data not shown).
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We are also able to further conclude that these three mAbs do not interact with

the same residues on the G-H loop of VPl proteins. Both ELISA and Biacore affinity

analyses (figure 3.6 and 3.7) offer firm evidence of at least two of the monoclonals

(G1/G3 in ELISA, and GllG2 in Biacore) engaging with the a.a. residues (120-144) of

the VPl protein just upstream of the infamous G-H loop region identiffing potential

novel epitopes via overlapping synthetic peptide mapping of mAbs to the AVPI

protein.

High variability of the viral surface antigens is considered the major route for

the virus to effectively evade the host immune system. Two regions containing diverse

amino acid residues, positions 42-60 and 134-158, have been observed. Since VPl

carries the major antigenic determinants for serotype and subtype specificities of the

virus, these two variable regions are likely to be associated with the immunological

differences among various FMDV isolates.

Serotype (4, C, 0 and Asia) differences may be attributed to the amino acid

residues present at both variable regions. Subtype differences, however, are most

probably attributable to the second variable region (i.e., position 134-158), because

nearly identical residues are present at position 42-60 among subtypes of a given

serotype. However, three-dimensional configuration and peptide association are

extremely important when considering the antigenic sites of VPl since neither the

isolated VPl protein nor the 12S particle (composed of VPl, YP2, and VP3) induces as

high neuhalizing antibody titers (Carrevright et al., 1980; Meloen and Briaire,l980) as

the native virion, even though two doses of isolated protein induces high enough
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neutralizing antibody titer to immunize cattle and swine against challenge with virus

(Bachrach et al., 1975; Bachrach et a1.,1976).

Direct evidence supporting the second variable region as an important antigenic

site has been reported by Pfaff et al. (Pfaff et al., 1982). These investigators were able

to elicit virus specific neutralizing antibodies in experimental animals by immunizing

them with synthetic oligopeptides that correspond to position 141-160 of the

OlKaufbeuren strain. Furthermore, this site is accessible to tryptic cleavage, indicating

that it is located on the surface of the virion (Strohmaier et al., 1982). Lower

neutralizing antibody response can also be observed by using the C-terminal portion

VP 1 at position 200-213 (Strohmaier et al., 1982). The ability of these peptides to raise

neutralizing antibodies, however, is several orders of magnitude below that of the

complete virus on an equimolarbasis.

Experiments on influenza virus have shown that synthetic peptides

corresponding to conserved regions of both the hemagglutinin HAI chain and HAl-

HA2 junction elicit antisera rabbits which neuhalize viruses of a different major type

(Sutcliffe et al., 1983), even though antiserum against the whole virus does not

neutralize across strains. Synthetic peptides covering conserved regions of VP1 may

be effective in neutralizingmultiple FMDV serotypes. Four regions of VPI are higfúV

conserved among all ten FMDV strains: amino acids 5-20, 61-80, 102- 125, and 175-

190. All of these regions except 61-80 are found to be hydrophilic by using the Kyte

and Doolittle algorithm (Kyte and Dooliule,l982). Hydrophilic regions are more likely

to be present on the surface of the virion and thus potential targets for neutralizing

antibodies.
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Peptide-based vaccines would have numerous advantages as an alternative to

traditional vaccines. As peptides are chemically synthesized,there is no involvement of

infectious FMDV in vaccine production. These vaccines could also be designed to

induce protection against multiple FMDV serotypes. So far, successful immunization of

susceptible hoofed species by administration of G-H loop synthetic peptides has not

been achieved due to the limited immunogenicity of the peptides, as well as the

hypervariability of the immunodominant G-H loop domain. Selected FMD VPl a.a.

sequences are effective immunogens, which can be produced biosynthetically without

fear of contagion. The experiments performed by Morgan et a1., indicate that FMD

VPl-based peptide vaccines can be effective immunogens and that, potentially,

blending or combining several peptides into a single molecule can broaden the

spectrum of protection afforded. In the recent years, the concept that immunogenic

peptides should also include viral T cell epitopes to provide an adequate co-operation

with immune BJymphocytes to induce an effective neutralizing antibody response

became generally accepted (Sobrino et a1., 1999; Rowlands et a1., 1994, Frarrcis et a1.,

1987).It is hoped that the application of a combination of these new developments will

result in the design of safer and more effective anti-FMD peptide vaccines.

However, to date, the "correct" immunogenic determinants that elicit high

neutralizing antibodies are present only on the intact virus. Disrupted viruses and VPls

isolated from virus are less effective immunogens. This may be caused by the failure of

most of the isolated capsid proteins to mimic epitopic configurations present in the

native virion.
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This study constitutes a comparison of three different neutralizing antiFMDV

monoclonal antibodies displaying neuttalization titres in the nanomolar to picomolar

range. We have attempted to show that the mechanisms of viral neutralization, which

occur when antibodies of different epitope specificities react with virus, are not the

same. Our original strategy however, did not appear to work well due to the fact that

antigens used in immunization were very crude, therefore more studies are needed to

evaluate fairly if these antibodies may reveal novel cross-reactive areas.

Passive immune therapy is a viable treatment for exposure to numerous viruses. The

development of the monoclonal antibodies reported here is an important first step in

isolating mAbs generated against the intact FMD virus that could be used for passive

immunotherapy. Antibodies reco gni zed in the natural hosts

The epitope(s) recognized by these mAbs are potentially useful for novel cross-

protective vaccine development. A cross-protective FMDV vaccine would offer a major

improvement over current vaccines.

A general problem in viral immunology is whether antiviral antibodies elicited in

the natural hosts recognize the same antigenic sites and epitopes defined by murine mAbs.

ln particular, the precise amino acid residues which are key to the interaction of a virus

capsid with antibodies could vary depending on the dominant types of antibodies elicited in

difFerent hosts, even though the same region 9antigenic site) of the capsid could be

recognized in all cases. No systematic studies have addressed this question, and yet, the

antigenic charactenzation of viruses, which is essential for the design of antiviral vaccines,

has often relied on the use of mAbs. In the study by Mateu et al., the authors indicate a

close similarity of a major antigenic site of FMDV as recognized by murine mAbs and by
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antibodies generated by a natural host (Mateu et al., 1995). This observation is relevant to

the antigenic characterization of FMDV and to the design of synthetic vaccines. Epitopes

involved in viral neutralization, and thus the types of peptides to be included in a synthetic

vaccine formulation, are often chosen on the basis of studies with mAbs.
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