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Disease Virus
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Foot-and-mouth disease (FMD) is one of the most highly contagious and economically devastating diseases, and it severely con-
strains the international trade of animals. Vaccination against FMD is a key element in the control of FMD. However, vaccina-
tion of susceptible animals raises critical issues, such as the differentiation of infected animals from vaccinated animals. The cur-
rent study developed a reliable and rapid test to detect antibodies against the conserved, nonstructural proteins (NSPs) of the
FMD virus (FMDV) to distinguish infected animals from vaccinated animals. A monoclonal antibody (MAb) against the FMDV
NSP 3B was produced. A competitive enzyme-linked immunosorbent assay (cELISA) for FMDV/NSP antibody detection was
developed using a recombinant 3ABC protein as the antigen and the 3B-specific MADb. Sera collected from naive, FMDV experi-
mentally infected, vaccinated carrier, and noncarrier animals were tested using the 3B cELISA. The diagnostic specificity was
99.4% for naive animals (cattle, pigs, and sheep) and 99.7% for vaccinated noncarrier animals. The diagnostic sensitivity was
100% for experimentally inoculated animals and 64% for vaccinated carrier animals. The performance of this 3B cELISA

was compared to that of four commercial ELISA kits using a panel of serum samples established by the World Reference Labora-
tory for FMD at The Pirbright Institute, Pirbright, United Kingdom. The diagnostic sensitivity of the 3B cELISA for the panel of
FMDV/NSP-positive bovine serum samples was 94%, which was comparable to or better than that of the commercially available
NSP antibody detection kits. This 3B cELISA is a simple, reliable test to detect antibodies against FMDV nonstructural proteins.

Foot—and—mouth disease (FMD) is one of the most highly con-
tagious and economically devastating diseases of cloven-
hoofed animals, and it severely constrains the international trade
of animals and animal products. Vaccination against FMD, in
addition to the slaughter and restriction of the movement of in-
fected animals, is a key element in the control of FMD. However,
countries that vaccinate in the event of an outbreak must reestab-
lish their FMD-free status to the satisfaction of their trading part-
ners (1, 2). Vaccination of susceptible animals raises critical issues,
such as the differentiation of infected animals from vaccinated
animals and the development of carrier status because of subclin-
ical infection in vaccinated animals.

FMD is caused by the FMD virus (FMDV), which is a member
of the genus Aphthovirus and the family Picornaviridae (3), and it
exhibits seven serotypes, O, A, Asia 1, C, SAT 1,SAT 2, and SAT 3.
FMDV has a positive-sense, single-stranded RNA genome of
8,400 nucleotides that code for 12 proteins. Four structural pro-
teins (VP1, VP2, VP3, and VP4) compose the viral capsid, and
eight proteins are nonstructural proteins (NSPs; L, 2A, 2B, 2C, 3A,
3B, 3C, and 3D). All 12 proteins allow the virus to replicate in
infected cells (4-6). Antibodies to the 3ABC NSPs are a reliable
indicator of infection, regardless of the FMDV serotype. Enzyme-
linked immunosorbent assays (ELISAs) for the detection of anti-
bodies against NSPs are widely used to differentiate vaccinated
and infected animals because purified vaccines are free of NSPs
and thus elicit antibodies only against structural proteins (7).
However, not all manufacturers produce purified FMD vaccines,
and the degree of purity among FMD vaccine manufacturers is not
always identical (8).

Several tests for the detection of antibodies against NSPs were
reported, and some of these tests were made into commercially
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available kits. The tests produced by Svanova, Bommeli, and UBI
and several other published tests (9—15) are not ideal, because
these tests require species-specific conjugated antibodies. Separate
assays are required to test samples from different species (cattle,
deer, goats, and sheep), and no reagents are available for wildlife
(2, 16). A wide range of animal species are susceptible to FMDV.
Therefore, a competitive ELISA (cELISA) would be advantageous
because serum samples from different species could be tested
without changing reagents (17). cELISAs are simple, easy to per-
form, and species independent. Numerous cELISAs for the detec-
tion of antibodies against NSPs were used to differentiate vacci-
nated animals from infected animals (1, 18). However, polyclonal
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antibodies were used as the competitor in these tests. The use of
polyclonal antibodies cannot ensure consistent quality compared
to the quality achieved by the use of monoclonal antibodies
(MADs) because of batch-to-batch variations. Serensen et al. (17)
produced a MAb against NSP 3B and developed a cELISA using
the same MAD (L74D5) used as the capture and detector antibody
in a blocking ELISA. The disadvantage of this ELISA system is that
when the antigen binds to the capture antibody, the same epitope
that is recognized by the polyclonal or competition antibodies
might be hidden, which reduces the test sensitivity. The PrioCheck
NS test uses a specific MADb against NSP and a recombinant NSP
protein in a cELISA format. One study demonstrated that the
PrioCheck NS test is sensitive and very specific in the buffalo pop-
ulations of eastern Africa (16). However, the use of a commercial
kit for regular diagnosis and surveillance can be costly. The devel-
opment of an effective in-house test for the detection of antibodies
against FMDV/NSP regardless of the species is necessary to make
daily tests more affordable.

A MAD against a conserved epitope located on the 3B NSP was
produced. A cELISA for FMD NSP 3B antibody detection was
developed using this MAb and a recombinant 3ABC protein. The
assay was validated using a panel of serum samples and samples
collected from naive, experimentally inoculated, and vaccinated
carrier and noncarrier animals. Development of a reliable NSP
antibody assay would enable successful disease diagnosis, the es-
tablishment of disease-free zones, and the acceleration of global
FMD control.

MATERIALS AND METHODS

Nonstructural protein production. The cloning and expression of His-
tagged recombinant 3ABC protein were performed as described previ-
ously (1, 19). Recombinant bacterial antigen was produced in cultures
that were incubated for 2 to 3 h at 37°C with shaking until an optical
density at 600 nm (ODy,) of 0.6 to 0.7 was reached. Protein expression
was induced by the addition of isopropyl B-p-1-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM, and the solution was incubated
for an additional 3 h at 37°C with shaking. The culture was pelleted using
centrifugation at 8,000 X g for 15 min at 4°C. The cell pellet was com-
pletely resuspended at room temperature in BugBuster reagent (25 U/ml;
Novagen, Darmstadt, Germany) to extract the recombinant 6XHis-
3ABC. Benzonase nuclease (Novagen) was added, and the suspension was
incubated at room temperature with gentle shaking for 10 to 20 min.
Insoluble cell debris was collected using centrifugation at 10,000 X g for
20 min at 4°C. The pellet was completely resuspended in the same volume
of BugBuster reagent and centrifuged at 10,000 X g for 20 min at 4°C to
collect the inclusion bodies. The final pellet was resuspended in 50 ml of 8
M urea, 0.1 M sodium phosphate buffer, 0.01 M Tris-HCI, pH 8.0, until
the inclusion bodies (recombinant 3ABC protein) became soluble and the
solution was transparent. Any insoluble material was removed using cen-
trifugation at 10,000 X g for 20 min at 4°C. The collected supernatant
containing the recombinant 3ABC NSP was aliquoted and stored at
—70°C.

Peptides, mouse immunization, and monoclonal antibody produc-
tion. The peptide H,N-CGPYAGPLERQKPLK-OH (20), derived from
3B1, was synthesized for immunization, and its purity was assessed using
high-pressure liquid chromatography (New England Peptide, MA, USA).
The peptide was conjugated to the carrier protein keyhole limpet hemo-
cyanin (KLH) by New England Peptide.

The Canadian Science Centre for Human and Animal Health Animal
Care Committee approved the animal use and study procedures (animal
use document C-02-002). The procedures for mouse immunization and
MAD production were performed as previously described (21). Hybrid-
oma supernatants were screened using the recombinant 3ABC NSP as the
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antigen in an indirect ELISA. The positive clone (F8-3Bp) was subcloned,
and the isotype was determined using a mouse monoclonal antibody iso-
typing kit (Roche, Indianapolis, IN, USA).

Development of the 3B cELISA. The optimal concentrations for re-
combinant 3ABC protein, MAb, and conjugated antibody dilutions were
determined using checkerboard titrations of known strongly positive,
weakly positive, and negative sera. The 3B cELISA was performed by coat-
ing microtiter plates (Immunoplate; Nunc, Roskilde, Denmark) with 100
pl/well of recombinant 3ABC antigen that was diluted on the basis of the
titration of each batch in 0.06 M carbonate/bicarbonate buffer, pH 9.6,
and the plates were incubated overnight at 4°C. After five washes with the
washing buffer (0.05% Tween 20 in 0.01 M phosphate-buffered saline
[PBS-T]), 100 pl of saturation buffer (50 mM Tris-HCI, 150 mM NaCl,
0.05% NaN3, 0.2% bovine serum albumin, 6% D-sorbitol) was added to
each well and the plate was incubated overnight at 4°C. The saturation
buffer was discarded, and the plates were dried at room temperature for 5
h, heat sealed under vacuum, and stored for up to 12 months at 4°C. For
testing, the plates were washed 3 times with PBS-T, followed by the addi-
tion of 50 pl of heat-inactivated test serum (final dilution, 1:5) in dupli-
cate and an equal volume of hybridoma culture supernatants (1:1,000) in
PBS-T. The plates were incubated at 37°C for 1 h with agitation. After
washing five times, 100 pl of horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (1:2,000; Jackson ImmunoResearch Laboratories
Inc.) in PBS-T was added and the plates were incubated for 1 h at 37°C
with subsequent washing. The 3,3',5,5'-tetramethylbenzidine dihydro-
chloride (TMB) substrate (Sigma-Aldrich, St. Louis, MO, USA) was
added, and color development was stopped after 15 min with the addition
of 50 pl/well of 2 M sulfuric acid. The OD,5, was determined using an
automated plate reader (Photometer Multiskan reader; Labsystems, Fos-
ter, VA, USA).

Results were calculated on the basis of the results for reference sera
with strongly positive (Q1), weakly positive (Q2), and negative (Q3) re-
sults. Test results (the mean for the serum sample tested in duplicate
wells) were derived using the following formula: percent inhibition (PI) =
[(Q3 sample OD — test sample OD)/(Q3 sample OD — QI sample
OD)] X 100.

Negative sera from cattle, pigs, and sheep. Negative serum samples
were collected from naive cattle (n = 503), pigs (1 = 508), and sheep (n =
507) in Canada. Sera from naive cattle (n = 353) and sheep (n = 436) were
also included in the evaluation in Mexico.

Raising of sera against the seven serotypes of FMDV in cattle, sheep,
pigs, and deer. The FMDYV strains used in this study (O/UKG/11/2001,
A,, Iraq, A,,/Cruzeiro/Br/55, C1 Noville, Asia 1/Shamir, SAT 1/BOT
1/68, SAT 1 KEN/4/98, SAT 2 SAU 1/2000, and SAT 3 ZIM 4/81) are
reference strains that were obtained from the World Reference Laboratory
for FMD (WRLFMD) at The Pirbright Institute, Pirbright, United King-
dom. Baby hamster kidney clone 21 (BHK-21) cells or lamb kidney (LK)
primary cells were used to prepare viruses of the seven FMDV serotypes.
The cells were infected with FMDV in Glasgow’s minimal essential me-
dium supplemented with 2 mM L-glutamine and 50 pg/ml gentamicin.
Viruses were harvested upon observation of a complete cytopathic effect
(CPE) and clarified using centrifugation at 2,000 X g for 20 min.

All procedures involving experimental animal inoculations and care
were performed according to the Canadian Council of Animal Care
guidelines. The local animal care committee approved all animal proce-
dures prior to initiation of the study. Cattle, sheep, pigs, and deer (1, 22)
were inoculated with one of the FMDV strains. Cattle and sheep were
infected via intradermal/subdermal injections on the dorsal aspect of the
tongue and pigs were inoculated in their heel bulb with a total viral dose of
10° 50% tissue culture infectious doses (TCIDs,) at five sites. Two white-
tailed deer (animals D16 and D20) were inoculated intranasally with 10*
TCID;, of FMDV O/UKG/11/2001 diluted in 5 ml of culture medium.
Blood samples were collected before (0 days postinoculation [p.i.]) and
after virus inoculation until 28 to 31 days p.i.
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FIG 1 Frequency distribution of the negative sera tested using the 3B cELISA for serum samples collected from disease-free cattle (n = 503), pigs (n = 508), and
sheep (n = 507) in Canada (a) and cattle (n = 353) and pigs (n = 436) in Mexico (b). Recombinant 3ABC protein was coated onto microtiter plates. Equal
volumes of diluted sera and MAb (F8-3Bp) were added to the plates and allowed to compete with antibodies in the serum samples. Results are expressed as

percent inhibition.

Panel of positive bovine serum samples for evaluation of the 3B
cELISA. The panel of bovine serum samples (23) was established by the
WRLEMD at The Pirbright Institute, Pirbright, United Kingdom. This
panel evaluates new tests and provides quality control for new batches of
existing tests. Thirty-six bovine serum samples were selected from a series
of vaccination-challenge experiments. The details of the experiments used
to generate these samples were reported previously (23).

Sera from control, vaccinated, and carrier cattle. Sera from control,
vaccinated, and carrier cattle were raised by the WRLFMD at The Pir-
bright Institute. Cattle were vaccinated with O1/Manisa and challenged
with O/UKG/34/2001 in two experiments, UV and UY (24, 25). The vac-
cination dose in the second experiment (UY) was increased 10-fold com-
pared to that in the first experiment (UV). Cattle were grouped into con-
trol (nonvaccinated), vaccinated noncarrier, and vaccinated carrier
groups. The carrier state was confirmed by either positive virus isolation
or a positive quantitative reverse transcription-PCR (RT-PCR) result for
the probang samples taken from individual animals (24, 25). Serum sam-
ples were collected from these animals 7 days before vaccination and at
7-day intervals until 168 days postchallenge (dpc) (26, 27). However, not
every animal was sampled at all time points.

Statistical analysis. Correlation analyses for comparisons of the two
test methods (the 3B cELISA versus the PrioCheck NS test) were per-
formed using Microsoft Excel software. Statistical significance was set ata
P value of <0.05.

RESULTS

Production of a monoclonal antibody against the 3B peptide.
The KLH-conjugated FMDYV 3B peptide (H,N-CGPYAGPLERQ
KPLK-OH) was used as the immunogen to produce the peptide-
specific MAb (F8-3Bp). This MAD is an IgGl1 isotype with kappa
light chains. The MAb was examined for its reactivity and speci-
ficity against the recombinant 3ABC NSP and the 3B peptide using
an indirect ELISA. Results indicated that the MAD reacted with the
recombinant 3ABC protein and the 3B peptide in the ELISA with
an OD higher than 1.0 after background subtraction. The MAb
F8-3Bp competed with the serum from an FMDV-infected
animal.

Development and evaluation of the 3B cELISA. A cELISA to
detect antibodies against FMDV NSP was developed using the
newly generated MAb (F8-3Bp) and the recombinant 3ABC pro-
tein as the antigen. The optimal concentrations for the recombi-
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nant 3ABC protein, MAb, and conjugated antibody dilutions were
optimized using checkerboard titrations of known strongly posi-
tive, weakly positive, and negative sera.

A total of 1,518 negative serum samples (n = 503 bovine, n =
508 porcine, and n = 507 ovine serum samples) were collected
from Canada and tested using the 3B cELISA. The frequencies of
the percent inhibition (PI) generated from these sera were nor-
mally distributed (Fig. 1a). The mean PIs for the negative sera
were 4.43% (standard deviation [SD] = 14.03%), —8.63% (SD =
14.0%), and —9.6% (SD = 9.59%) for bovine, porcine, and ovine
serum samples, respectively. Similar results were obtained using
sera collected from Mexico (n = 353 bovine and n = 436 ovine
serum samples) (Fig. 1b). The mean PIs were —6.4% (SD =
17.35%) and —15.76% (SD = 18.92%) for bovine and ovine se-
rum samples, respectively. The negative cutoff values, which were
calculated by the addition of 3 SDs to the mean PIs for the negative
serum samples, equaled 19 to 46% inhibition for all animal spe-
cies. Therefore, the cutoff value was set at <50% inhibition (28).
Less than 1% of the tested negative samples collected from cattle,
pigs, and sheep had values that exceeded this cutoff value, which
produced a diagnostic specificity of 99.4%.

A panel of bovine serum samples for the evaluation of antibod-
ies against FMDV NSP was tested using the 3B cELISA, and the
results were compared with those of other commercially available
tests. This serum sample panel (n = 36) was selected from a series
of vaccination-challenge experiments (23, 29). All samples were
seropositive by the virus neutralization test (VNT) (23). Compar-
ison of the results of the 3B cELISA with those of commercially
available tests indicated that the 3B cELISA detected the highest
percentage of positive sera (94%) among the NSP antibody detec-
tion tests (Table 1). The PrioCheck NS test had a slightly lower
percentage of positive results (92%) than the 3B cELISA. The
Bommedi, UBI, and Svanova tests demonstrated rates of positive
results ranging from 61 to 81%. The 3B cELISA detected the NSP
antibody in 34 of 36 serum samples, and it failed to detect anti-
bodies against NSP in 2 samples (from animals UV10 and UV19)
that were also negative in the Bommedi, UBI, and Svanova tests.
These two samples were from vaccinated (O1/Manisa) and chal-
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TABLE 1 Comparison of test results with FMDV NSP antibody
evaluation panel®

No. of animals seropositive/total no. of animals tested (%)

PrioCheck

Animal group 3B cELISA NS¢ Bommedi” UBI Svanova“

Vaccinated 18/20 18/20 14/20 11/20 10/20
carrier

Vaccinated 4/4 3/4 3/4 2/4 2/4
noncarrier

Control 717 717 717 6/7 6/7
carrier

Control 5/5 5/5 5/5 5/5 4/5
noncarrier

Total 34/36 (94) 33/36 (92) 29/36 (81) 24/36 (67) 22/36 (61)

“ PrioCheck NS, Cedi Diagnostics B.V., Lelystad, The Netherlands.

b Bommedi, Chekit-FMD-3ABC bo-ov, Bommeli Diagnostics, Liebefeld-Bern,
Switzerland.

¢ UBL, UBI FMDV NS ELISA (cattle), United Biomedical Inc., Hauppauge, NY.

4 Svanova, Svanovir FMDV 3ABC-Ab ELISA, Svanova Biotech AB, Uppsala, Sweden.

¢ All animals (n = 36 animals from the vaccinated and control groups) were challenged
and shown to be seropositive by VNT. The results of all tests except the 3B cELISA have
previously been reported by Parida et al. (23).

lenged (O/UKG) carriers. Their VNT titers were 178 and 256,
respectively. Three serum samples (two from the vaccinated car-
rier group, one from the vaccinated noncarrier group) with VNT
titers of >512 exhibited a negative NSP antibody response in the
PrioCheck NS test (29).

Serum samples from vaccinated noncarriers in vaccination-
challenge experiment 1 were tested using both the 3B cELISA and
the PrioCheck NS test to evaluate the 3B cELISA as a test for
differentiating vaccinated from infected animals (DIVA). The
PrioCheck NS test is the test that is the most commonly used for
FMD/NSP-specific antibody detection. Therefore, the 3B cELISA
results were compared with those of the PrioCheck NS test. A total
of 114 and 111 of 115 samples had percent inhibitions of <50% by
the 3B cELISA and PrioCheck NS test, respectively. These results
indicate that no or a few antibodies against NSP were present in
these vaccinated noncarrier animals. One sample that was an ex-
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ception (sample UV8), which was collected at 42 dpc, showed a
positive antibody response with a PI of 60%, which produced a
test specificity for DIVA 0f 99.1% for the 3B cELISA (Fig. 2a). Four
samples demonstrated positive antibody responses in the Prio-
Check NS test for a test specificity of 96.6% (Fig. 2b). All cattle in
the control group (nonvaccinated, challenged animals) exhibited
a PI of >50% from 14 dpc, which indicates the presence of anti-
bodies to the 3B NSP. The 3B cELISA results demonstrated a good
correlation with the PrioCheck NS test results, with correlation
coefficients of 0.87 and 0.98 for the two experiments, respectively
(Fig. 3). Moreover, the sera taken from vaccinated carrier cattle
were tested using the 3B cELISA, and the results were compared
with the previous PrioCheck NS test results (Fig. 4). Seven of 11
cattle showed positive seroconversion by both the 3B ¢cELISA and
the PrioCheck NS test after 14 dpc. However, two carrier cattle
(animals UV2 and UV14), which were confirmed to be positive
using reverse transcription-PCR, were negative by these two tests.
The other two carrier cattle (animals UV5 and UY76) showed
positive antibody responses against NSP in the PrioCheck NS test
but negative antibody responses in the 3B cELISA. The correlation
coefficient between the 3B cELISA and the PrioCheck NS test was
0.70 for both experiments, with P being <0.0001 (Fig. 4C).

Detection of seroconversion in FMDV-inoculated animals
using 3B cELISA. The antibody responses to FMDV/NSP in ex-
perimentally inoculated animal species (15 cattle, 9 pigs, 18 sheep,
and 2 deer) were examined using the 3B cELISA. Antibodies to
NSP were undetectable from 0 to 5 days p.i. for swine, cattle, and
deer (Table 2). One of 18 sheep showed a positive antibody re-
sponse against NSP at 5 days p.i. A total of 89 to 100% of samples
from all tested species demonstrated positive antibody responses
after 9 days p.i. Two samples, one from a pig and one from a sheep,
demonstrated positive NSP antibody responses at 9 days p.i.
Therefore, seroconversions occurred mainly between 6 and 9 days
p.i. Samples from all animals except one pig remained positive for
antibody responses until the end of the experiment (28 days p.i.).
These results indicate that the 3B cELISA detected antibodies
against NSP in all tested animal species.

Serum samples from animals experimentally inoculated with
all seven serotypes were tested to determine whether the 3B
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FIG 2 Evaluation of the 3B cELISA using sera from vaccinated noncarrier cattle. During the course vaccine experiment 1, serum samples were collected from
vaccinated noncarrier cattle (animals UV3, UV4, UV6, UV7, UV8, UV12, UV15, UV16, UV18, UV20, and UV21) at 7-day intervals from —7 dpv to 168 dpc.

Samples were tested using the 3B cELISA (a) and the PrioCheck NS test (b).
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FIG 3 Correlations between the 3B cELISA and the PrioCheck NS test results for sera collected from the control group (unvaccinated, challenged animals).
Correlation coefficients between the 3B cELISA and the PrioCheck NS test were determined for vaccine experiment 1 (a) and vaccine experiment 2 (b).

cELISA detected NSP antibodies in sera containing different sero-
types. The results demonstrated positive antibody responses to
NSP at 8 to 10 days p.i., and the responses remained positive until
the end of the experiment (Fig. 5). Two serum samples from sheep
experimentally inoculated with SAT 3 showed a positive serocon-
version after 10 days p.i. and remained positive until 28 days p.i.
These results showed that the 3B cELISA is serotype independent
for NSP-specific antibody detection.

DISCUSSION

The use of vaccines against FMD is an economic strategy to pre-
vent and control this disease. The differentiation of infected and
vaccinated animals is also important in surveillance efforts. An
accurate test for detecting infection in susceptible animals is
needed, especially for infections after vaccination (30). ELISA for
the detection of antibodies against FMDV/NSP can distinguish
between vaccinated animals and infected animals. A good MAb
that recognizes strain-independent epitopes on FMDV/NSP is re-
quired to develop tests for FMDV/NSP antibody detection. Linear
B-cell epitopes located in the FMDV NSP were identified (31, 32).
Hohlich et al. (20) identified six linear B-cell epitopes in the NSPs.
Three of six peptides were recognized by sera collected from all
infected animals regardless of the infecting strains. In their exper-
iments, none of the serum samples from vaccinated animals con-
tained antibodies against these peptides. Therefore, our study
used one (CGPYAGPLERQKPLK) of the 3B peptides (20) as the
immunogen for MAb production, and the MAD produced against
this peptide was used as the basis for the 3B cELISA to differentiate
vaccinated from infected animals.

The MADs that are raised by peptides may not recognize orig-
inal or recombinant protein (33, 34). However, the MAb F8-3Bp
that was produced in the current study reacted with the 3B peptide
and recombinant 3ABC. Similar results were also obtained by
Yang et al. (35), who successfully produced MAbs against FMDV/
NSP 3D using immunization with recombinant 3D and a booster
with a 3D peptide. Different species may recognize different
epitopes. Sera from FMDV-infected pigs failed to react with any
linear epitope located on the 3D protein (35). The peptide used for
immunization in this study was recognized by sera from all in-
fected animals independently of the animal species (20).
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A 3B cELISA was developed using the recombinant 3ABC pro-
tein and the 3B-specific MAb. A cutoff value of 50% inhibition was
established on the basis of the findings for 2,307 negative serum
samples. This cutoff provided a clear distinction between positive
and negative sera. Diagnostic specificities using this cutoff value
were 99.4% for all tested animal species (cattle, pigs, and sheep).
The diagnostic specificity of a previously developed 3ABC indirect
ELISA for bovines was estimated to be 96.4% (15). Some previ-
ously developed tests were designed to detect NSP antibodies pre-
dominantly in cattle, but these tests are less useful in sheep and
pigs. Sheep, in particular, may fail to develop detectable levels of
these antibodies because of the frequently subclinical nature of
FMD (30, 36). Immune responses to infection may vary within
individuals, virus serotypes, and animal species, but our 3B
cELISA detected antibodies against FMDV/NSP in cattle, swine,
and sheep in a serotype-independent manner. However, more
deer and buffalo samples may need to be tested.

Evaluations of the performance of a new test require compar-
isons of the performance with standard samples. A panel of serum
samples (n = 36) collected from FMD-vaccinated and challenged
animals (WRLFMD, Pirbright, United Kingdom) was used to
evaluate the 3B cELISA. The test results indicated that the 3B
cELISA detected the highest percentage of positive serum samples
(94%) among the NSP antibody detection tests (the PrioCheck
NS, Bommedi, UBI, and Svanova tests). The 3B cELISA failed to
detect two positive samples (from animals UV10 and UV19) from
this panel. These samples consisted of sera collected from cattle
that were vaccinated and challenged by direct contact. The most
reliable and consistent route of infection in experimental studies
on FMD is generally via intradermal/subdermal injection of virus
(2). Therefore, one possible explanation for this observation may
be that vaccinated cattle challenged by contact with infected do-
nors rather than by needle inoculation were generally subclinically
infected and produced low levels of NSP antibody because of lim-
ited viral replication in the presence of high levels of structural
antibodies produced against the vaccine (23).

The aim of this study was to develop a test for DIVA, and
samples collected from vaccinated cattle in two vaccination-chal-
lenge experiments were analyzed. Theoretically, antibody re-
sponses against FMDV/NSP in the vaccinated population should
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be similar to those in the naive population. Serum samples col-
lected from 11 vaccinated and challenged noncarrier cattle that
demonstrated positive virus isolation results from probang sam-
ples that cleared by 28 days after initial contact (24, 25) were tested
using the 3B cELISA and the PrioCheck NS test. A total of 114 of
the 115 samples from these animals (collected from —7 days post-
vaccination [dpv] to 168 dpc) showed negative results in the 3B
cELISA, which indicated that no antibodies against NSP were
present in those serum samples. These cattle were challenged after
vaccination, but there was little or no FMDV replication because
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of induction of the protective immune response. Therefore, no
antibodies against NSP were detected.

Samples collected from control cattle (nonvaccinated, chal-
lenged animals) were also tested using the 3B cELISA, and the
results were comparable to the PrioCheck NS test results (23). The
PrioCheck NS test demonstrated the highest diagnostic specificity
among the commercial ELISA kits in a comparative study (37, 38).
The 3B cELISA results exhibited a good correlation with the Prio-
Check NS test results, with correlation coefficients 0f0.87 and 0.98
for experiments 1 and 2, respectively. Clearly, the 3B cELISA can
be used to detect antibodies against FMDV/NSP and differentiate
vaccinated from infected animals (39).

The use of vaccination in countries where FMD is endemic or
during an outbreak situation results in a strong possibility that the
clinical disease will be masked in animals with partial immunity
that are exposed to live virus (36). The challenge for FMD diag-
nosis is to identify vaccinated animals that have had contact with
live virus and become carriers. The sera from vaccinated carrier
cattle in two vaccination-challenge experiments were tested using
the 3B cELISA, and the results were compared with the PrioCheck
NS test results. Seven of 11 cattle showed seroconversion in both
the 3B cELISA and the PrioCheck NS test after 14 dpc. Two vac-
cinated carrier cattle (animals UV2 and UV14), which were con-
firmed to have positive results using RT-PCR, showed negative
results in both the 3B cELISA and the PrioCheck NS test. The
other two vaccinated carriers (animals UV5 and UY76) showed
positive antibody responses against FMDV/NSP in the PrioCheck
NS test but were negative by the 3B cELISA. The development of
antibodies to NSP correlates with the extent of virus replication.
Therefore, the immune response induced by vaccination may re-
duce virus replication and the amount of FMDV/NSP produced,
which would result in a low anti-NSP antibody response (17, 26,
40). One outcome could be that the antibody response may fall
below the detection limit of the 3B cELISA because of a decreased
level of FMDV/NSPs. However, some vaccinated carrier animals
fail to develop antibodies against the NSPs (11). Present tests for
antibodies to NSPs cannot completely guarantee thata population
of vaccinated animals exposed to live virus contains no carriers
(2). Caution must be taken when analyzing data from vaccinated
animals. The definitive identification of carrier status or subclin-
ically infected animals requires the recovery of live FMDV from
these animals or, potentially, the use of real-time RT-PCR (2, 36).

In conclusion, the 3B cELISA that was developed using a 3B-
specific MADb and a recombinant 3ABC antigen is a simple and
reliable diagnostic test for the detection of FMDV 3B-specific an-
tibodies. The 3B cELISA exhibited performance characteristics
comparable to those of the PrioCheck NS test, and it outper-
formed other FMDV/NSP antibody detection tests. The binding
epitope of the MAD used in this 3B cELISA is well characterized

TABLE 2 FMDV NSP-specific antibody responses in different animal
species inoculated with different serotypes of FMDV

No. (%) positive at:

Animal species 5 days p.i. 7 days p.i. 9 days p.i. 28 days p.i.
Pigs (n =9) 0(0) 1(12.5) 8(89) 8(89)
Sheep (n = 18) 1(6) 14 (82) 17 (94) 18 (100)
Cattle (n=15)  0(0) 8 (53) 15 (100) 15 (100)
Deer (n = 2) 0(0) 2 (100) 2 (100) 2 (100)
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and conserved among the seven FMDYV serotypes. The test is se-
rotype and species independent. The advantages of the 3B cELISA
over the PrioCheck NS test include (i) a reduced assay time of
under 4 h, using precoated plates, for the 3B cELISA compared to
an assay time of 20 h for the PrioCheck NS test and (ii) a much
lower cost for the 3B cELISA (<<$1 per sample in duplicate) than
the PrioCheck NS test ($5 to $6 per sample). The reduced time and
the reduced cost required to detect antibodies against NSP while
maintaining diagnostic sensitivity and specificity are critical for
FMD diagnosis.
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