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Abstract: In foot-and-mouth disease (FMD)-endemic countries, vaccination is commonly used to
control the disease, whilst in FMD-free countries, vaccination is considered as an option, in addition
to culling the infected and in contact animals. FMD vaccines are mainly comprised of inactivated
virions and stimulate protective antibodies to virus structural proteins. In contrast, infection with
FMD virus leads to virus replication and additional antibody responses to viral nonstructural proteins
(NSP). Therefore, antibodies against NSPs are used to differentiate infection in vaccinated animals
(DIVA), in order to estimate the prevalence of infection or its absence. Another advantage of NSP
antibody tests is that they detect FMD infection in the field, irrespective of the serotypes of virus in
circulation. In cattle, the NSP tests that target the 3ABC polyprotein provides the highest sensitivity,
detecting up to 90% of vaccinated animals that become carriers after exposure to infection, with
a specificity of around 99%. Due to insufficient diagnostic sensitivity and specificity, detection of
a low level of infection is difficult at the population level with a high degree of confidence. The
low level of non-specific responses can be overcome by retesting samples scored positive using
a second confirmatory test, which should have at least comparable sensitivity to the first test. In
this study, six in-house tests were developed incorporating different NSP antigens, and validated
using bovine sera from naïve animals, field cases and experimentally vaccinated and/or infected
animals. In addition, two (short and long incubation) new commercial NSP tests based on 3ABC
competitive blocking ELISAs (ID Screen® FMD NSP Competition, IDvet, France) were validated in
this study. The two commercial ELISAs had very similar sensitivities and specificities that were not
improved by lengthening the incubation period. Several of the new in-house tests had performance
characteristics that were nearly as good as the commercial ELISAs. Finally, the in-house tests were
evaluated for use as confirmatory tests following screening with the PrioCHECK® and ID Screen®

FMDV NS commercial kits, to assess the diagnostic performance produced by a multiple testing
strategy. The in-house tests could be used in series (to confirm) or in parallel (to augment) with the
PrioCHECK® and IDvet® FMDV NS commercial kits, in order to improve either the specificity or
sensitivity of the overall test system, although this comes at the cost of a reduction in the counterpart
(sensitivity/specificity) parameter.

Keywords: foot-and-mouth disease; DIVA; NSP ELISA; vaccinate-to-live; sero-surveillance; multi-
ple testing
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1. Introduction

Vaccination is widely used for foot-and-mouth disease (FMD) control in endemic
countries. Some countries also use vaccination to maintain freedom, whilst others with-
out FMD virus (FMDV) infection only consider vaccination as an option if the disease
is introduced. This form of emergency vaccination may be followed by retention or re-
moval of the vaccinated animals through the adoption of so-called ‘vaccination-to-live’
or ‘vaccination-to-kill’ policies, according to the urgency with which the FMD-free status
is to be recovered [1]. FMD vaccination can protect animals against clinical disease and
reduce or eliminate virus circulation. However, until virus circulation stops, vaccinated an-
imals can become infected with or without showing clinical disease [2]. An asymptomatic,
FMD-persistent infection (the carrier state) can be established in ruminants beyond 28
days post-infection and last up to several years, irrespective of the vaccination status [3],
and such animals have been considered a risk for FMD resurgence, even if there is no
certainty that this can occur [4]. Furthermore, vaccine effectiveness and vaccine coverage
are invariably less than 100%; therefore, in the case of an outbreak controlled by vaccination,
sero-surveillance is necessary to substantiate absence of infection and declare freedom
from the disease. Vaccines prepared from FMDV antigen that has been purified to remove
most viral non-structural proteins (NSP) elicit antibodies mainly against viral structural
proteins (SP), whereas infection elicits antibodies against both SP and NSPs. Therefore,
NSP tests are used to differentiate infection in vaccinated animals (i.e., DIVA test).

Amongst the FMDV NSPs, 3ABC is considered as the most reliable antigen for DIVA
testing [5–8]. The OIE index method (NCPanaftosa) uses a 3ABC ELISA for initial screening
followed by a confirmatory immunoblotting test to detect antibodies against a panel of
FMDV NSPs, namely 3A, 3B, 3ABC, 3D, and 2C [1]. However, this testing scheme is
laborious and not universally available. Several ELISAs using different NSPs, such as 2B,
2C, 3ABC, 3B, and 3D, have been developed [5,9–20]. Among these, one of the most reliable,
commercially available tests is the PrioCHECK® FMDV NS (Prionics AG, Switzerland),
which is a competitive blocking ELISA [5,8]. Nevertheless, it has been reported that the
diagnostic sensitivity of available tests was not sufficient to detect all cases of infection
in vaccinated animals [8], whilst imperfect specificity creates difficulties in verifying the
free status of herds and flocks. Hence, there remains a need to develop test systems that
maximize both sensitivity and specificity—for example, by combining tests and applying
simultaneous and/or sequential joint testing schemes [7].

Based on the above assumptions, in this study, six in-house tests were developed
incorporating different NSP antigens and these assays were validated using bovine sera
from naïve animals, field cases and experimentally vaccinated and/or infected animals.
In addition, two (short and long incubation) new commercial NSP tests based on 3ABC
competitive blocking ELISAs (ID Screen® FMD NSP Competition, IDvet, France) were
validated in this study. Finally, the in-house tests were evaluated for use as confirmatory
tests following screening with the PrioCHECK® and ID Screen® FMDV NS commercial
kits, to assess the diagnostic performance produced by a multiple testing strategy.

2. Materials and Methods
2.1. Serum Samples

To determine the diagnostic specificity for each of the new tests, sera collected from
991 naïve Italian cattle were tested. A further collection of 130 sera came from UK cat-
tle involved in trials at the Pirbright Institute but were sampled before they were ei-
ther vaccinated or experimentally infected. Twenty-one days post-vaccinal sera from
these 130 experimental cattle were also used to estimate specificity in a vaccinated pop-
ulation. To determine the diagnostic sensitivity for each of the tests, serum samples
that had been derived from several experimental FMD vaccine/challenge studies con-
ducted at the Pirbright Institute over the last 14 years were examined. Experimental
bovine sera were derived from four O serotype vaccine-challenge (contact challenge)
experiments and five (A, Asia1 and SAT serotypes) European Pharmacopoeia potency
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tests (needle challenged). The details of these experimental studies have been previously
published [2,21–24]. The experimental sera were classified into four categories according
to the vaccination and infection status: unvaccinated–infected–recovered, unvaccinated–
infected–carrier, vaccinated–infected–recovered, and vaccinated–infected–carrier (Table 1).
The carrier status was determined by whether or not FMDV could be detected by either
virus isolation or RT-qPCR from probang samples collected weekly over the period of
the experimentation on or after 28 days post-infection. The samples were collected at 35,
56 and 82 days post-challenge (dpc) and included a panel of 36 bovine sera previously
established to evaluate NSP tests [23]. A set of 159 field sera from vaccinated and clinically
infected Turkish cattle was also tested.

Table 1. Categorization of the experimental sera used to determine the diagnostic sensitivity for the
in-house developed ELISAs, the PrioCHECK® and IDvet® FMDV NS commercial tests.

Group Infection Route Number of Animals Number of Samples

Non-carrier
Unvaccinated

infected recovered 30 47

Contact 20 31
Needle 10 16

Vaccinated infected
recovered 185 261

Contact 80 130
Needle 75 131

Carrier
Unvaccinated 12 22

Contact 8 16
Needle 4 6

Vaccinated 68 154
Contact 32 74
Needle 36 80

2.2. Recombinant Proteins and Peptides Used for Development and Validation of NSP Tests

Four recombinant proteins—3ABC, 3D, 3CD, and 2C—were used to develop and
validate the in-house NSP ELISAs. The plasmid constructs pQE-3D and pQE-3CD [25]
were kindly provided by Dr. Graham Belsham, Division of Molecular Biology, the Pirbright
Institute, and transformed in E. coli M15 cells. The previously described plasmid pMF21
expressing FMDV 3ABC [9] was transformed into E. coli JM109 cells. Plasmid pMAL-2C
was kindly provided by Dr. Jong-Hyeon Park, National Veterinary Research and Quaran-
tine Service, South Korea, and was transformed into E. coli JM109 cells. The expression
and purification of the protein was performed as per the manufacturer’s instructions. The
proteins had different tags allowing purification by affinity chromatography (3ABC: GST
tag; 2C: MBP tag; 3D and 3CD: His tags). The 2B peptide used to develop the 2B ELISA
test is a peptide of 13 aa in length and has been described by Inoue et al. (2006). The 3B
peptide used is a 58 aa full-length peptide. The protein coding sequences of the 3B peptide
is as follows: GPYAGPLERQKPLKVRAKLPQQEGPYAGPMERQKPLKVKAKAPVVKEG-
PYEGPVKKPV.

2.3. Optimisation of Antigen and Serum Concentration

All proteins (3ABC, 3D, 3CD, and 2C) were titrated twofold from 8 µg/mL to 0.06 µg/mL
in ELISAs. E. coli cell lysate was used as a negative control to reduce non-specificity. As for
the recombinant proteins, the E. coli cell lysate was titrated and optimized for each ELISA.
The dilution of serum in each test was also optimized by testing serial dilutions of at least
three positive and three negative sera. The E. coli expressed total NSPs were quantified
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using a Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, USA) as per the manufacturer’s
instruction.

2.4. 2C, 3ABC, 3D, and 3CD NS ELISAs

For 3ABC, 3CD and 3D ELISA, the odd-column plates of a 96-well MaxiSorp Nunc-
Immuno™ (Sigma, St. Louis, MO, USA) were coated with 4 µg/mL of recombinant antigen
and even-column plates were coated with the same amount of E. coli antigens as negative
controls and incubated at 4 ◦C overnight. For 2C ELISA, 8 µg/mL of 2C was coated in odd
columns and the same amount of E. coli antigen was coated in the even columns. For 3ABC
and 2C, JM109 cell lysate, and for 3D and 3CD, M15 cell lysate were taken as negative
controls as their expression was carried out using these respective E. coli. The next day,
plates were washed, and sera were added. Known positive- and negative-control sera were
included in each test plate. Sera were diluted in blocking buffer (5% marvel, 2% normal
rabbit serum and 0.1% tween 20 in PBS) at 1:10 for 3ABC and 2C, 1:16.6 for 3D and 3CD.
After serum addition, plates were incubated for 1 h at 37 ◦C on an orbital shaker, and
then washed. Conjugate (anti-bovine IgG) was added at 1:15,000 dilution (optimized by
titration) and then incubated for 1 h at 37 ◦C. Subsequently, plates were washed, and color
reaction was developed by adding a chromogen/substrate mixture (50 µL/well) containing
5.05 mM ortho-phenylene-diamine dihydrochloride (Sigma) 30% (w/w) hydrogen peroxide
(Sigma) at 1:2000 dilution. The reaction was stopped after 10 min by the addition of 1 M
sulfuric acid and the plates were read on a multi-channel spectrophotometer (Molecular
Devices Inc., USA) at 490 nm (A490).

2.5. 2B/3B Peptide ELISA

The 2B peptide assay had been previously developed at the Pirbright Institute [14].
Although the assay provided a good diagnostic sensitivity, the specificity was not very high.
Therefore, the assay was modified by the inclusion of normal horse serum (NHS) in the
blocking step (5% marvel, 1% tween 20, 1% NHS in PBS). Briefly, MaxiSorp Nunc-Immuno™
plates were coated with 2B N-cys KLH peptide at 250 ng/mL in carbonate-bicarbonate
buffer and kept at 4 ◦C overnight. Plates were washed three times with PBS and blocked
with 200 µL of blocking buffer (as above) for 1 h at 37 ◦C on an orbital shaker. Subsequently,
the plates were washed, and serum samples were added at 1:10 dilution (1% marvel, 1%
tween 20, 1% NHS in PBS) in a total volume of 50 µL and then incubated for 1 h at 37 ◦C
on an orbital shaker. Plates were then washed three times and 50 µL of diluted anti-bovine
conjugate (1:15,000) was added and incubated for 1 h at 37 ◦C on an orbital shaker. After
the final wash, the colour was developed for spectrophotometer reading as described above.
The 3B peptide ELISA was performed as above except that the peptide was coated at a
concentration of 200 ng/mL.

2.6. Interpretation of Results and Statistical Analysis

For PrioCHECK® (Schlieren-Zuerich, Switzerland) and IDvet® FMDV NS (Rue Louis
Pasteur, Grabels, France) tests, the interpretation of their results was performed as per the
manufacturer’s protocols. In the PrioCHECK® test, a percentage of inhibition (PI) value of
>50% is considered as positive. The test result for each sample for IDvet® was determined
as negative-to-positive control ratio (S/N%) = OD sample/OD negative control × 100, thus
expressing a percentage of positivity (PP). The diagnostic cut-off for the IDvet® is set at
a S/N value of <50%. For the in-house tests, OD values of the positive control (ODpos),
negative control (ODneg) and the test samples (ODsamp) were corrected by subtracting the
OD value of the E. coli antigen control (ODant). Finally, the test result (ODcorr) for each
sample was determined as follows:

OD(corr) = [OD of control or test sample] − [OD of antigen control]

For 2B and 3B peptide ELISAs, the sample OD was taken as the final OD. To deter-
mine the performance and diagnostic parameters (specificity and sensitivity) at different
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cut-off points for each of the in-house NSP ELISAs, non-parametric receiver operating
characteristic (ROC) curve analysis was performed in the Stata SE 13 (StataCorp LLC, USA)
statistical programme. The reference variable indicating the true state of the observation
(infected/non-infected) was extracted from the PCR and/or virus isolation (VI) data on
saliva/nasal swabs and oropharyngeal fluid. All FMDV carrier animals were scored as
infected. For non-carrier animals, the PCR/VI status from 7dpc to 21dpc was considered.
If the non-carrier animal scored positive in PCR/VI between 7dpc and 21dpc, the animal
was considered infected; otherwise, it was considered non-infected. For estimating the
diagnostic sensitivity and specificity using the field outbreak sera, clinical signs were taken
as the reference variable. All animals from field outbreaks that showed clinical signs were
considered as infected.

All in-house tests were compared with the PrioCHECK® FMDV NS and IDvet®

FMDV NS using both the long and short incubation protocols by comparing their ROC
curves, based on the correlated U statistics [26]. The agreement of in-house tests with the
PrioCHECK® FMDV NS test and IDvet® long and short incubation FMDV NS tests was
expressed in terms of Kappa statistics, and estimating their positive percent agreement
(PPA) and negative percent agreement (NPA) [27]. Briefly, Kappa estimates of <0.4, 0.4 to
0.6, 0.6 to 0.8, and >0.8 indicates poor, fair, good, and very good agreement, respectively.

In addition, in order to estimate the diagnostic performance of two correlated tests
when used in multiple testing schemes [28], a conditional dependence Bayesian model was
developed, as previously described [29]. Two different multiple testing approaches were
evaluated: (i) the sampled animals were classified as infected only if both test outcomes
were positive (sequential or serial testing, and equivalent to a confirmatory testing)—
here, the testing process is aimed at reducing the false positivity rate, thus increasing the
specificity; (ii) the animals that test positive in either one or both tests can be classified
as infected (simultaneous or parallel testing)—for this case, the goal is to maximize the
probability that animals with the disease (true positives) are identified, thus increasing
the sensitivity. The diagnostic sensitivity and specificity of multiple testing was evaluated
for all groups by combining in-house tests with the PrioCHECK®, and IDvet® FMDV NS.
Informative priors for both specificity and sensitivity parameters were specified using the
non-parametric ROC estimates previously obtained. Calculations were performed in R
3.6.2 [30] using the R2OpenBUGS package to call OpenBUGS 3.2.3 within R [31,32]. For the
analysis presented, posterior inferences were based on 50,000 iterations after a burn-in of
5000 iterations were discarded. Convergence was assessed by running three chains from
dispersed starting values [33].

3. Results
3.1. Optimisation of Antigen Concentration

The optimal antigen concentrations for 3ABC, 3D and 3CD assays were found to be
4 µg/mL, and for the 2C test it was 8 µg/mL. The optimal concentration of peptides for
the 2B and 3B assays were determined as 250 ng/mL and 200 ng/mL, respectively.

3.2. Determination of Cut-Off Values to Estimate Diagnostic Sensitivity and Specificity

Based on the ELISA data from naïve animals, unvaccinated infected and vaccinated
and subsequently challenged animals, the cut-off values were determined from non-
parametric ROC analyses. The selection of the cut-off value is determined for the purpose
for which the assay will be used (determining the prevalence or substantiating the absence
of infection) without losing the ability of the test to detect the true status of the test samples.
From the ROC analysis, the best trade-off between specificity and sensitivity was estimated
at a cut-off point of 0.5 OD, which was thus selected for all in-house ELISAs. The cut-off
values for the PrioCHECK® FMDV NS (50% PI) and for the IDvet® FMDV NS (50% S/N%)
have already been determined previously by the manufacturers.



Viruses 2021, 13, 914 6 of 19

3.3. Performance of NSP ELISA Tests

The performance of individual in-house tests was estimated from the area under the
curve (AUC) and further compared with the PrioCHECK® FMDV NS and two versions
(short and long incubation) of the IDvet® FMDV NS (Figure 1). For detecting infection
and/or carrier status in unvaccinated infected animals, all the tests, except the 2C, per-
formed very well (AUC range of 0.99) and no significant differences were observed between
the individual in-house tests and both the PrioCHECK® FMDV NS and IDvet® FMDV
NS tests (p > 0.05) (Figure 1, Table 2). Although the 2C test (AUC = 0.85) showed good
results for the detection of infection in unvaccinated cattle, the test did not show good
performance (AUC = 0.77) in detecting carrier animals (Figure 1, Table 2).

Table 2. Diagnostic parameters estimated for each of the NSP test for the detection of infection
and/or carrier status in unvaccinated, vaccinated, published NSP panel and known clinically in-
fected field sera from cattle. n = number of samples tested (all the categories include the 991 sera
from naïve animal of known negative status); AUC = area under the curve; Se = sensitivity (%);
Sp = specificity (%).

Test n Se Sp AUC [95% CI]

Unvaccinated
Infected
Recovered

Prionics 1038 100.00 99.39 1.00 [0.99–1.00]
IDvet Long 1038 100.00 99.29 0.99 [0.99–1.00]
IDvet Short 1038 100.00 99.39 0.99 [0.99–1.00]

2B 1038 100.00 99.10 0.99 [0.99–1.00]
3B 1038 100.00 98.39 0.99 [0.99–0.99]

3ABC 1038 100.00 99.09 0.99 [0.99–1.00]
3D 1038 97.87 97.17 0.99 [0.99–0.99]

3CD 1038 97.87 98.59 0.99 [0.99–0.99]
2C 1038 82.98 76.69 0.85 [0.79–0.89]

Unvaccinated
Carrier

Prionics 1013 100.00 99.39 1.00 [0.99–1.00]
IDvet Long 1013 100.00 99.29 0.99 [0.99–1.00]
IDvet Short 1013 100.00 99.39 0.99 [0.99–1.00]

2B 1013 100.00 99.10 0.99 [0.99–1.00]
3B 1013 100.00 98.39 0.99 [0.99–1.00]

3ABC 1013 100.00 99.09 0.99 [0.99–0.99]
3D 1013 95.45 97.17 0.99 [0.98–0.99]

3CD 1013 95.45 98.59 0.99 [0.99–1.00]
2C 1013 68.18 76.69 0.77 [0.68–0.87]

Vaccinated
Infected
Recovered

Prionics 1252 82.49 99.39 0.92 [0.90–0.95]
IDvet Long 1252 77.33 99.10 0.93 [0.92–0.95]
IDvet Short 1252 82.49 99.39 0.92 [0.91–0.94]

2B 1252 59.14 99.10 0.83 [0.80–0.87]
3B 1252 72.37 98.39 0.89 [0.86–0.91]

3ABC 1252 59.92 99.09 0.79 [0.75–0.83]
3D 1252 66.15 97.17 0.92 [0.90–0.94]

3CD 1252 57.59 98.59 0.92 [0.90–0.94]
2C 1252 43.19 76.69 0.59 [0.54–0.63]
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Table 2. Cont.

Test n Se Sp AUC [95% CI]

Vaccinated
Carrier

Prionics 1145 90.26 99.39 0.96 [0.94–0.98]
IDvet Long 1145 86.36 99.29 0.96 [0.95–0.97]
IDvet Short 1145 83.77 99.50 0.95 [0.94–0.96]

2B 1145 70.13 99.10 0.90 [0.87–0.93]
3B 1145 75.97 98.39 0.90 [0.87–0.94]

3ABC 1145 70.78 99.09 0.89 [0.85–0.93]
3D 1145 61.04 97.17 0.92 [0.90–0.94]

3CD 1145 56.49 98.59 0.93 [0.90–0.95]
2C 1145 49.35 76.69 0.68 [0.63–0.72]

Panel
Prionics 1027 91.67 99.39 0.99 [0.98–1.00]

IDvet Long 1027 91.67 99.29 0.99 [0.99–1.00]
IDvet Short 1027 91.67 99.50 0.99 [0.99–1.00]

2B 1027 91.67 99.10 0.99 [0.99–0.99]
3B 1027 88.89 98.39 0.96 [0.91–1.00]

3ABC 1027 75.00 99.09 0.96 [0.92–1.00]
3D 1027 72.20 97.17 0.91 [0.84–0.98]

3CD 1027 72.20 98.59 0.94 [0.89–0.98]
2C 1027 63.80 76.69 0.78 [0.70–0.85]

Field
Prionics 159 96.86 99.39 0.99 [0.98–0.00]

IDvet Long 159 100.00 99.29 1.00 [0.99–1.00]
IDvet Short 159 97.48 99.39 0.99 [0.98–1.00]

2B 159 96.23 99.10 0.98 [0.97–1.00]
3B 159 97.48 98.39 0.98 [0.97–0.99]

3ABC 159 96.23 99.09 0.98 [0.97–0.99]
3D 159 75.47 97.17 0.87 [0.83–0.92]

3CD 159 71.07 98.59 0.84 [0.79–0.89]
2C 159 81.76 76.69 0.76 [0.69–0.83]

For detecting infection and/or carrier status in vaccinated populations, the perfor-
mance of all of the in-house tests except 2C were classified as good (AUC range of =0.80 to
0.90) to excellent (AUC range of 0.90 to 0.93) (Figure 1, Table 2). For the vaccinated, needle-
challenged animals, the performance of all in-house tests (except 2C) to detect infection
and/or carrier was excellent (AUC range of =0.90 to 1.00) and no significant differences
were observed between the individual in-house tests and both the PrioCHECK® FMDV NS
and IDvet® FMDV NS tests (p > 0.05) (data not shown). In contrast, for detecting infection
and/or carrier status in vaccinated and contact-challenged animals, the performance of all
in-house tests apart from 2C were classified as only fair (AUC range of = 0.70 to 0.80) to
good (AUC range of = 0.80 to 0.90) (data not shown).

All in-house tests (except 2C), PrioCHECK® FMDV NS and IDvet® FMDV NS tests
were found to have excellent performance when tested with the bovine serum panel for
detecting infection (Figure 1, Table 2). For field outbreak sera 2B, 3B and 3ABC, in-house
tests gave excellent performance (AUC range of =0.960.99) comparable to that of both the
PrioCHECK® FMDV NS and the IDvet® FMDV NS (AUC = 0.99) tests. The 3D and 3CD
in-house tests gave good results, returning AUC values of 0.891 and 0.94, respectively
(Figure 1, Table 2).
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Figure 1. Non-parametric ROC curve comparison of in-house tests with Prionics and IDvet 3ABC tests to detect infection in
unvaccinated (A), vaccinated (B), serum panel (C, left) and field sera (C, right).
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3.4. Agreement between NSP ELISA Tests

According to the results provided in Supplementary Table S1, all the in-house tests
apart from 2C showed a very good agreement with both the PrioCHECK® 3ABC test
and IDvet® FMDV NS in testing negative sera for all the categories (i.e., unvaccinated,
vaccinated, panel, and field sera), with the percentage correctly classified as negative
(NPA) higher than 94%. The percentage of samples correctly classified as positive (PPA)
results were found to be different when testing for infection or carrier status: a lower
match was obtained when using all the in-house ELISA tests for detecting carrier status in
both unvaccinated and vaccinated animals (PPA range of 53.6 to 81.5% and 50.4 to 82.7%,
respectively), whilst a higher match was reported when detecting infection in unvaccinated
animals (PPA range of 75.5 to 90.4%) (Supplementary Table S1). Similarly, low values of
PPA were reported for all the in-house tests, apart from 2B and 3B, for detecting infection
when testing the bovine serum panel. In samples from known clinically infected cattle
from the field, the 2B, 3B and 3ABC in-house tests largely matched the results from both the
PrioCHECK® 3ABC test and the IDvet® FMDV NS ELISAs, with PPA values higher than
92.7% (Supplementary Table S1). In addition, all the results obtained using the in-house
tests were found to a better match to the ones provided by the IDvet® FMDV NS than the
PrioCHECK® 3ABC ELISA, with higher PPA values estimated when comparing to the
short incubation version (Supplementary Table S1).

3.5. Detection of Specificity and Sensitivity of NSP Antibody Tests

For all groups of animals, the specificity of all in-house tests, except 2C, ranged
from 96.62% to 99.10% (Table 2) at the established cut-off value of 0.5. The specificity of
PrioCHECK® FMDV NS and IDvet® FMDV NS tests (long and short incubation) ranged
from 99.20% to 99.50% (Table 2). In unvaccinated animals as a whole, the infection and/or
carrier status was detected with a sensitivity level of 95.45 to 100% in in-house tests (except
2C), whilst a 100% sensitivity was obtained for both PrioCHECK® FMDV NS and IDvet®

FMDV NS tests (long and short incubation) (Table 2). In the vaccinated animals as a
whole, the sensitivity of in-house tests (except 2C) to detect infection and/or carrier status
was lower (range of 56.49 to 75.97%) in comparison to the commercially available ELISAs,
returning values in the range of 70.73 to 90.26% (Table 2). Both unvaccinated and vaccinated
animals were further subdivided into contact and needle challenge groups according to
their route of infection. For the unvaccinated contact and/or needle challenge groups,
all in-house tests performed with a high level of sensitivity (93.75 to 100%) similar to
what was estimated for the PrioCHECK® FMDV NS and the IDvet® FMDV NS tests to
detect infection and/or carrier status (data not shown). Unlike the detection of infection
in unvaccinated contact- and needle-challenged cattle, the sensitivity for the detection of
infection and/or carrier status in the vaccinated and contact-challenged animals was lower
in the in-house tests than in the PrioCHECK® FMDV NS and the IDvet® FMDV NS tests.
However, in the vaccinated and subsequently needle-challenged group, the sensitivity to
detect infection using 2B, 3B, 3ABC, and 3D in-house tests was estimated as 82.44%, 90.84%,
80.92%, and 87.02%, respectively, which was closer to the sensitivity of 93.89% and 92.37 %
determined for the PrioCHECK® FMDV NS and IDvet® FMDV NS (long) tests, respectively
(data not shown). However, sensitivity of detection of infection by 3CD and 2C were only
78.63% and 57.25% for the vaccinated needle-challenged animals. Similarly, the in-house 2B,
3B, 3ABC, and 3D tests performed with a sensitivity of 88.75%, 92.50%, 88.75%, and 85.00%,
respectively, to detect vaccinated needle-challenged carriers, which is comparable to the
sensitivity (92.50%) reported for both the PrioCHECK® FMDV NS and IDvet® FMDV NS
tests (data not shown). In contrast, the sensitivity values obtained for the in-house tests to
detect infection and/or carrier status in the vaccinated and contact-challenged group were
lower, ranging from 31.08% to 58.11%, whereas the sensitivity for the detection of infection
and carrier status using the PrioCHECK® FMDV NS test was estimated as 69.83% and
87.84%, respectively, with the diagnostic sensitivity of the IDvet® FMDV NS estimated as
61.21 to 79.73% (long incubation) and 60.34 to 81.08% (short incubation) (data not shown).
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Based on the bovine serum panel data, 2B and 3B showed comparable sensitivity (2B =
94.44%; 3B = 88.89%) and specificity (2B = 99.09%; 3B = 98.39%) with the PrioCHECK®

FMDV NS (Se = 91.67%; Sp = 99.39%) and IDvet® FMDV NS tests (Se = 91.67%; Sp range of
=99.29 to 99.50%) for detecting infection (Table 2). The 3ABC, 3D and 3CD tests reported
sensitivity in a range between 72.2% and 75% for detecting infection using the bovine
serum panel. Similar diagnostic performances were obtained for testing the field outbreak
sera, where three tests (2B, 3B and 3ABC) were found to have comparable sensitivity levels
(2B = 96.23%; 3B = 97.48%; 3ABC = 96.23%) to the PrioCHECK® FMDV NS (Se = 96.86%)
and IDvet® FMDV NS tests (Se = 97.48% for the short incubation; Se = 100% for the long
incubation) (Table 2). The 3D and 3CD in-house tests detected 75.47% and 71.07% of
infections, respectively. Although the 2C test detected more than 81% of infected animals,
its lower Kappa value (0.37) indicated poor agreement with the commercial ELISA kits and
thus was not considered as significant (Supplementary Table S1).

3.6. Performance of in-House Tests Employed in Multiple Testing Schemes with the PrioCHECK®

and IDvet® FMDV NS Tests

Considering all the groups tested, all in-house tests (with the exception of the 2C)
showed an improved sensitivity when employed simultaneously (parallel testing) and an
improved specificity when applied sequentially (serial testing) with both the PrioCHECK®

FMDV NS and IDvet® FMDV NS tests, although at the expense of the other diagnostic
parameter (Figures 2–4). Similarly, either the sensitivity or the specificity could be increased
at the cost of the other parameter compared to use of the PrioCHECK® FMDV NS test
or IDvet® FMDV NS tests alone. When using a single commercial ELISA test (either the
PrioCHECK® FMDV NS or the IDvet® FMDV NS test) but employed in a serial or parallel
diagnostic scheme while changing the cut-off, thus adjusting the sensitivity and specificity
of the test accordingly, the obtained diagnostic performance ranges were not as improved
as by using different tests based on different NSPs (Supplementary Table S2). This was
found to be true for all the sample categories.

For all the groups of unvaccinated infected cattle, the sensitivity in parallel testing
and the specificity in serial testing reached 100% (Figure 2). For vaccinated infected cattle,
the sensitivity by parallel testing and specificity by serial testing were observed in a range
of 87 to 93% and 99.9%, respectively, in comparison to 82.49% and 99.39% for the use of
the PrioCHECK® FMDV NS test alone, and to 77.33%/74.90% (long/short incubation)
and 99.10%/99.30% (long/short) for using the IDvet® FMDV NS test (Figure 3). For the
vaccinated contact-challenged group, the sensitivity increased within a range of 73 to 83%
when parallel testing was applied, whereas the specificity in serial testing increased to
99.9%, higher than that of the PrioCHECK® FMDV NS (Se = 69.83%, Sp = 99.39%) and the
IDvet® FMDV NS (Se = 60.34% for both long and short incubation; Sp = 99.29/99.50% for
long/short incubation) used as a single test. Similarly, the diagnostic sensitivity by parallel
testing increased up to 94 to 99% and specificity by serial testing increased up to 99.9% in
the vaccinated needle-challenged group in comparison to 93.89% and 99.39% for that of the
single PrioCHECK® FMDV NS test, and to 92.37%/87.79% (long/short incubation) and
99.39% for that of the IDvet® FMDV NS test (Figure 3).
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Figure 2. Bayesian analysis for multiple testing of in-house NSP tests with the PrioCHECK® (A), IDvet® long (B) and
short (C) incubation FMDV NS tests to detect infection and/or carriers in unvaccinated infected challenged cattle. Serial
(sequential testing): samples are classified as either infected and/or carrier only if both test outcomes are positive; parallel
(simultaneous testing): samples that test positive in either of the two tests are classified as infected and/or carrier.
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Figure 3. Bayesian analysis for multiple testing of in-house NSP tests with the PrioCHECK® (A),
IDvet® long (B) and short (C) incubation FMDV NS tests to detect infection and/or carriers in
vaccinated infected challenged cattle. Serial (sequential testing): samples are classified as either
infected and/or carrier only if both test outcomes are positive; parallel (simultaneous testing):
samples that test positive in either of the two tests are classified as infected and/or carrier.
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Figure 4. Bayesian analysis for multiple testing of in-house NSP tests with the PrioCHECK® (A), IDvet® long (B) and short
(C) incubation FMDV NS test to detect infection in Bovine serum panel and known clinically infected field samples. Serial
(sequential testing): samples are classified as either infected and/or carrier only if both test outcomes are positive; parallel
(simultaneous testing): samples that test positive in either of the two tests are classified as infected and/or carrier.
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The sensitivity and specificity for detecting the carrier status in the vaccinated infected
carrier group increased within a range of 92 to 97% in parallel testing and 99.9% in serial
testing, respectively, in comparison to 90.26% and 99.39% for the PrioCHECK® FMDV NS
test, whilst the IDvet® FMDV NS reported sensitivity values of 86.36%/83.77% (long/short
incubation) and specificity values of 99.29%/99.50% (long/short incubation) (Figure 3).
The sensitivity and specificity for detecting the carrier status in the vaccinated infected
contact-challenged group increased to a range of 86 to 94% in parallel testing and 99.9%
in serial testing, respectively, in comparison to 87.84% and 99.39% for the PrioCHECK®

FMDV NS, and to 60.34% and 99.29%/99.50% (long/short incubation) for the IDvet®

FMDV NS test (Figure 3). Similarly, the diagnostic sensitivity and specificity to detect
carriers in the vaccinated needle-challenged group increased up to a range of 96 to 99% and
99.9%, respectively, in comparison to 92.5% and 99.39% for the sensitivity and specificity
of the PrioCHECK® FMDV NS test, and to 92.37%/87.79% (long/short incubation) and
99.29%/99.50% (long/short incubation) for the sensitivity and specificity estimated by the
IDvet® FMDV NS test (Figure 3).

The diagnostic sensitivity and specificity of the PrioCHECK® FMDV NS test (91.67%
and 99.39%, respectively) and that of the IDvet® FMDV NS ELISA test (91.67%/88.89% and
99.29%/99.50%, long/short, respectively) could be increased up to 96 to 99% in parallel
testing and the specificity up to 99.9% in serial testing with in-house tests when panel sera
were used (Figure 4). Similarly, for the field sample analysis, the diagnostic sensitivity
and specificity of the PrioCHECK® FMDV NS test (96.86% and 99.39%) and that of the
IDvet® FMDV NS test (98.74%/97.48% and 99.29%/99.50%, long/short, respectively) could
be increased up to 98 to 99% and 99.9% in parallel and serial testing, respectively, when
combined with in-house NSP tests (Figure 4).

4. Discussion

Following the economic losses experienced during the UK 2001 FMD outbreak, efforts
have been made to facilitate the adoption of a ‘vaccinate-to-live’ control policy, which
consists of an emergency ring-vaccination within the surrounding areas of the infected
premises followed by sero-surveillance to substantiate the absence of virus carrier animals
and of virus circulation and to support a declaration of freedom from FMD infection [1].
Several serological tests can be used to help diagnose FMD and to certify that animal
populations or geographical regions are free of FMDV infection. The NSP tests are ad-
vantageous as they can detect infection for all FMDV serotypes and can be used to detect
infection in vaccinated animals. However, when using these tests to screen for vaccinated
animals that have recovered from infection, the accuracy in the detection was not as high
as expected [8,34,35].

The study by Brocchi et al. [8] evidenced that tests performed with a diagnostic
specificity between 97% and 98% are capable of detecting the status of carriers in vaccinated
and subsequently infected cattle with sensitivity values ranging between 68% and 94%.
The PrioCHECK® FMDV NS (commercial ELISA) kit was reported to have a sensitivity
of 86.4% and performed similarly to the prescribed OIE index method (NCPanaftosa) [8].
It was found that retesting the samples tested as positive by the PrioCHECK® FMDV NS
with the same test improved the specificity from 98.1% up to 99.2%, whilst when retesting
with the SVANOVIRTM FMDV 3ABC-Ab ELISA, the specificity increased up to 99.98%
with a drop in diagnostic sensitivity to 71.2%. Hence, it was suggested to adopt multiple
testing strategies to maximize the net diagnostic specificity [7]. It was also recognized that
if a more sensitive and specific confirmatory test could be found, then the situation would
be further improved. Following this resolution, we have developed, within this study, six
new in-house tests and validated them using the well-established PrioCHECK® FMDV NS,
along with a new commercial IDvet® FMDV NS test that has similar diagnostic sensitivity
and specificity. Furthermore, we have employed, in silico, the six in-house tests and either
the PrioCHECK® FMDV NS test or the IDvet® FMDV NS tests within multiple testing
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strategies, in order to estimate the net diagnostic specificity or sensitivity: these included
sequential or serial testing and simultaneous or parallel testing schemes.

In previous studies, the efficacy of the 2B NSP test for detecting infection in sera from
cattle under experimental and field conditions has been investigated [14,34,36]. However,
it was reported to be associated with some non-specificity, which has now been improved
by incorporating normal horse serum in the blocking step. In the present study, four
recombinant proteins and two peptides, including the 2B peptide, were evaluated in an
indirect-ELISA format and methodically validated using a large collection of negative
sera from naïve animals, an extensive and varied number of experimental vaccinated and
subsequently infected samples, field outbreak sera from known clinically infected cattle,
and a well-established panel of bovine sera [2,21–24], therefore, capturing the response
repertoire of the tests to different system conditions.

In the event of an FMD outbreak, the ability to differentiate infected from vaccinated
animals is crucial to regain the FMD-free status [1]. Hence, it is necessary to conduct
large-scale post-outbreak serosurveillance to detect NSP antibodies. Particularly in areas
characterized by low prevalence, it is essential that the tests should perform with both high
sensitivity and specificity, in order to increase the positive predictive value [5]. In FMD-free
countries, these NSP assays are used on a herd basis and, therefore, if a single infection is
confirmed, then the whole herd is culled, assuming that due to incomplete sensitivity, other
unidentified carrier animals could be present. Following the FMD epidemic in the UK in
2001, ~3.5 million sera were tested serologically to demonstrate freedom from infection,
and with such a number, even a test with 99% specificity will give rise to ~17,500 false
positive reactors. Therefore, a test specificity of >99% is probably required. All in-house
NSP assays, except the 2C assay, developed during this study performed with a specificity
ranging from 97.2% to 99.2% were classified as having excellent performance characteristics,
and also produced comparable results to that of the PrioCHECK® FMDV NS and IDvet®

FMDV NS tests for detecting infection and/or carrier status in unvaccinated–infected,
vaccinated–needle-challenged animals, field known clinically infected animals, and using
the well-characterized bovine serum panel data. As reported in a previous study [8], the
detection rate for infected cattle within unvaccinated animals seems to be higher than in
vaccinated groups. Amongst the new in-house tests, the 3ABC, 3B and 2B assays produced
the highest sensitivity and specificity for the detection of infection and/or carrier status in
the unvaccinated–infected and vaccinated–needle-challenged groups. Similar results were
obtained for the bovine serum panel, where the 2B and 3B tests (but not the in-house 3ABC
test) showed both sensitivity and specificity comparable to the results provided by the
PrioCHECK® FMDV NS and the IDvet® FMDV NS tests. In general, all the in-house tests
except 2C were classified as performing excellently for detecting infection and/or carrier
status in vaccinated–needle-challenged animals. Overall, the 2B, 3B and 3ABC tests showed
comparable sensitivity and specificity to the PrioCHECK® and IDvet® FMDV NS tests for
detecting infection and/or carrier status in the bovine serum panel, and also in vaccinated–
needle-challenged animals. In a similar fashion, the sensitivity and specificity of 2B, 3B and
3ABC was comparable to the PrioCHECK® and IDvet® FMDV NS tests to detect infection
in field outbreak sera. However, a low detection rate when testing the vaccinated contact-
challenged group was observed for all in-house tests, in contrast with the results obtained
for the vaccinated–needle-challenged group, which may be either due to a low replication
of the virus in these animals in the presence of antibodies elicited by potent vaccines,
or due to a lower level of virus challenge in susceptible contact animals in comparison
to animals challenged by the intradermolingual needle route. This was subsequently
marked by a low performance to detect infection and/or carrier status for the vaccinated–
contact-challenged group in comparison to the unvaccinated–contact-challenged animals,
where the infection and/or carrier status were detected with a sensitivity of 100%. Cross-
tabulating the dichotomous results extracted from the 3ABC, 2B and 3B tests, a good to very
good agreement with the PrioCHECK® FMDV NS and IDvet® FMDV NS was estimated
for all groups except for the vaccinated contact-challenged results derived from the 3ABC
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assay. This would consider all the in-house tests except 2C as producing a good to very
good agreement with the PrioCHECK® FMDV NS and IDvet® FMDV NS for detecting
infection and/or carrier status in unvaccinated–infected and vaccinated, subsequently
needle-challenged groups.

Although all samples for the bovine serum panel were derived from vaccinated and
subsequently contact and/or needle-challenged animals, higher sensitivity was observed
for the panel in comparison to vaccinated recovered animals, particularly in vaccinated-
contact-challenged animals. This could reflect the representative composition of the panel
sera, which consists of samples from both vaccinated (nine contact and 15 needle-challenged
cattle) and unvaccinated groups (n = 12) and hence, a higher detection rate would be
expected. The sensitivity and specificity of the 2C assay to detect infection and/or carrier
status was low for all groups in both experimental and field conditions. The 2C test, in
all cases, was highly non-specific, which could be due to the effect of anti-MBP (maltose
binding protein) antibodies present in the bovine serum [37], that could be overcome by
the inclusion of a pre-adsorption step, with incubation of sera with MBP protein [16,37,38].
In the 2C ELISA developed earlier [9], 2C was tagged with GST (glutathione S-transferase)
and showed a sensitivity and specificity of 94% and 95%, respectively. Similarly, in the
2C protein used in the 2C test developed recently [15] with a His tag protein, a sensitivity
of 92.9% and a specificity of 94% was demonstrated. Therefore, the significant use of 2C
to detect carriers [39] cannot be disregarded, and our assay needs further improvement
either by pre-adsorption of sera with MBP protein or designing a 2C construct of shorter
length [13,40,41] to avoid a non-specific response.

The OIE-approved system that is used in South America for serial testing involves a
screening by 3ABC ELISA with confirmatory testing against other viral NSPs by western
blotting (enzyme linked immuno-electro-transfer blotting or IETB). A test sample is consid-
ered positive if antigens 3ABC, 3A, 3B, and 3D (±2C) demonstrate staining densities equal
to or higher than that of their appropriate controls. A sample is considered negative if two
or more antigens demonstrate densities below their control sera. Test samples not fitting
either profile are considered indeterminate [1].

This confirmatory testing undoubtedly improves the specificity of the overall test
system, but presumably reduces the sensitivity as well. In addition, the methodology
does not lend itself to automation and large-scale use. In this study, we have instead
established and evaluated ELISAs for each of the NSPs. This could be a precursor for
the development of a multiplex serological assay. Sequentially testing (serial scheme)
sera using in-house tests (2B, 3B and 3ABC) along with either the PrioCHECK® FMDV
NS or IDvet® FMDV NS increased the specificity, whilst an increase in sensitivity was
observed when simultaneously testing sera (parallel scheme). For the parallel testing, a
significant increase in sensitivity for detecting infection and/or carrier status was obtained,
particularly in the contact-challenged animals. In addition, a clear increase in sensitivity
was produced when testing in parallel sera obtained from vaccinated cattle either infected
by contact or needle-challenged. The increase in diagnostic performance observed in this
study by applying in a serial or parallel scheme two ELISAs based on different recombinant
NSPs is higher than potentially using a single PrioCHECK® FMDV NS or IDvet® FMDV
NS test and then varying the cut-off according to the requirements. This would suggest
that the use of more than one NSP can widen the range of detection of antibodies detected
by a serial/parallel system instead of detection of a single NSP using a single test.

It should be considered that the use of multiple testing strategies depends on cost,
volume of test, presence and capability of lab infrastructure and, mainly, on the epidemio-
logical system that is investigated. In fact, the gain in diagnostic sensitivity or specificity
by means of multiple testing strategies always results in an incidental higher non-specific
and non-sensitive response: in simultaneous testing, there is a net gain in sensitivity but a
net loss in specificity when compared to either of the tests used individually, increasing
the true positive rate at the expense of having more false positives, which is the opposite
case for the sequential testing. This needs to be clearly taken into account according to
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the epidemiological system of investigation. For example, during eradication campaigns
or to regain disease-free status, the aim is to substantiate absence of disease and, ideally,
the diagnostic test in use should be able to correctly define as negative those animals who
are actually free of the disease (i.e., a very low false positive rate with a high negative
predictive value). In the face of an outbreak, the priority is to detect and eliminate all
infections (and virus circulations) in the system; thus, a test with a very high positive
predictive value and a very high sensitivity is required (i.e., reducing the false negative
rate). Based on the results presented here, a parallel regime of simultaneously testing can
be followed, provided that tests are established with a similarly high level of specificity,
whilst a sequential testing (serial regime) would always provide a net diagnostic specificity
of 100%.

A PrioCHECK® FMDV NS ELISA and both the long and short incubation IDvet®

FMDV NS tests revealed high sensitivity and specificity, and changing the duration of the
incubation period had little impact. Using a shorter incubation period has the advantage of
a quicker test turnaround, although it may be convenient to have an overnight incubation
when testing samples that arrive late in the day. Either of these commercial tests might
be used as a screening test and the other one as a confirmatory test to obtain the best
sensitivity and specificity. The analysis is ongoing in this regard in our laboratory. Based on
the diagnostic parameters estimated here, the 2B, 3ABC and 3B tests can be used as robust
and accurate confirmatory DIVA tests along with the PrioCHECK® FMDV NS ELISA or
the IDvet® FMDV NS and, therefore, as serosurveillance tools to substantiate the absence
of FMD infection. As the screening test is based on the 3ABC protein, a confirmatory test
based on a different NSP/peptide (i.e., 2B test) to the screening test would provide further
confidence on detection of FMD infection in vaccinated animals (a multiple testing strategy
previously applied in the field to confirm recent FMD infections circulating in Cyprus
between 2004 and 2005) [36].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/v13050914/s1, Table S1: Assessment of the diagnostic agreement between either the Pri-
oCHECK®or IDvet FMDV NS ELISAs and the in-house ELISA tests for detecting infection and/or
carrier status in unvaccinated, vaccinated, bovine NSP panel, and cattle field sera., Table S2: Assess-
ment of the diagnostic performance for a range of ±0.1 cut-off points of each of the NSP tests, for the
detection of infection and/or carrier status in. unvaccinated, vaccinated, published NSP panel, and
known clinically infected field sera from cattle.

Author Contributions: Conceptualization, S.P.; methodology, A.T., H.A., K.P. and S.P.; statistical
analysis, A.D.N. and A.T.; Supervision, S.P., D.J.P. and J.G.; writing—first draft, A.T.; writing—review
and editing, A.T., A.D.N., T.I., J.G., D.J.P. and S.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by DEFRA (department for environment, food and
rural affairs, grant numbers SE1125, SE1127, SE1129 and SE1130), and EU FMD-DISCONVAC (project
no. 226556) and ICAR IF (Indian Council of Agricultural Research international fellowship). A.T. is
the recipient of ICAR IF. S.P. acknowledges funding from BBSRC (grant codes: BBS/E/I/00001703,
BBS/E/I/00007031 and BBS/E/I/00007036-37). S.P. is a visiting professor at the Royal Veterinary
College (RVC), University of London and a Jenner investigator at the Jenner Institute, Oxford
University.

Acknowledgments: The authors would like to thank Donald King, Head of FMD World reference
laboratory, The Pirbright Institute for his comments. Colleagues from SAP, FMD Institute Ankara,
Turkey (Can Cokcaliskan, FuatOzyoruk, Musa Alkan, Naci Bulut, Unal Parlak, Abdullah Arslan
and Oktay Tezal who helped collection of samples from field outbreaks) and IZSLER, Italy (Santina
Grazioli and Emiliana Brocchi) are thankfully acknowledged for providing sera from field outbreaks
in Turkey and naïve animals in Italy, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/v13050914/s1
https://www.mdpi.com/article/10.3390/v13050914/s1


Viruses 2021, 13, 914 18 of 19

References
1. OIE. Foot and mouth disease (Infection with foot and mouth disease virus). OIE Terr. Man. 2018, 433–464.
2. Cox, S.J.; Voyce, C.; Parida, S.; Reid, S.M.; Hamblin, P.A.; Hutchings, G.; Paton, D.J.; Barnett, P.V. Effect of emergency FMD vaccine

antigen payload on protection, sub-clinical infection and persistence following direct contact challenge of cattle. Vaccine 2006, 24,
3184–3190. [CrossRef]

3. Salt, J.S. The carrier state in foot and mouth disease-an immunological review. Br. Vet. J. 1993, 149, 207–223. [CrossRef]
4. Tenzin, D.A.; Vernooij, H.; Bouma, A.; Stegeman, A. Rate of foot-and-mouth disease virus transmission by carriers quantified

from experimental data. Risk Anal. 2008, 28, 303–309. [PubMed]
5. Sorensen, K.J.; Madsen, K.G.; Madsen, E.S.; Salt, J.S.; Nqindi, J.; Mackay, D.K.J. Differentiation of infection from vaccination in

foot-and-mouth disease by the detection of antibodies to the non-structural proteins 3D, 3AB and 3ABC in ELISA using antigens
expressed in baculovirus. Arch. Virol. 1998, 143, 1461–1476. [CrossRef] [PubMed]

6. Moonen, P.; Jacobs, L.; Crienen, A.; Dekker, A. Detection of carriers of foot-and-mouth disease virus among vaccinated cattle. Vet.
Microbiol. 2004, 103, 151–160. [CrossRef] [PubMed]

7. Paton, D.J.; de Clercq, K.; Greiner, M.; Dekker, A.; Brocchi, E.; Bergmann, I.; Sammin, D.J.; Gubbins, S.; Parida, S. Application of
non-structural protein antibody tests in substantiating freedom from foot-and-mouth disease virus infection after emergency
vaccination of cattle. Vaccine 2006, 24, 6503–6512. [CrossRef] [PubMed]

8. Brocchi, E.; Bergmann, I.E.; Dekker, A.; Paton, D.J.; Sammin, D.J.; Greiner, M.; Grazioli, S.; De Simone, F.; Yadin, H.; Haas, B.; et al.
Comparative evaluation of six ELISAs for the detection of antibodies to the non-structural proteins of foot-and-mouth disease
virus. Vaccine 2006, 24, 6966–6979. [CrossRef] [PubMed]

9. Mackay, D.K.J.; Forsyth, M.A.; Davies, P.R.; Berlinzani, A.; Belsham, G.J.; Flint, M.; Ryan, M.D. Differentiating infection from
vaccination in foot-and-mouth disease using a panel of recombinant, non-structural proteins in ELISA. Vaccine 1998, 16, 446–459.
[CrossRef]

10. Kweon, C.H.; Ko, Y.J.; Kim, W.; Lee, S.Y.; Nah, J.J.; Lee, K.N.; Sohn, H.J.; Choi, K.S.; Hyun, B.H.; Kang, S.W.; et al. Development
of a foot-and-mouth disease NSP ELISA and its comparison with differential diagnostic methods. Vaccine 2003, 21, 1409–1414.
[CrossRef]

11. Malirat, V.; Neitzert, E.; Bergmann, I.E.; Maradei, E.; Beck, E. Detection of cattle exposed to foot-and-mouth disease virus by
means of an indirect elisa test using bioengineered nonstructural polyprotein 3abc. Vet. Q. 1998, 20, 24–26. [CrossRef] [PubMed]

12. Silberstein, E.; Kaplan, G.; Taboga, O.; Duffy, S.; Palma, E. Foot-and-mouth disease virus-infected but not vaccinated cattle
develop antibodies against recombinant 3AB1 nonstructural protein. Arch. Virol. 1997, 142, 795–805. [CrossRef]

13. Shen, F.; Chen, P.D.; Walfield, A.M.; Ye, J.; House, J.; Brown, F.; Wang, C.Y. Differentiation of convalescent animals from those
vaccinated against foot-and-mouth disease by a peptide ELISA. Vaccine 1999, 17, 3039–3049. [CrossRef]

14. Inoue, T.; Parida, S.; Paton, D.J.; Linchongsubongkoch, W.; Mackay, D.; Oh, Y.; Aunpomma, D.; Gubbins, S.; Saeki, T. Development
and evaluation of an indirect enzyme-linked immunosorbent assay for detection of foot-and-mouth disease virus nonstructural
protein antibody using a chemically synthesized 2B peptide as antigen. J. Vet. Diagn. Investig. 2006, 18, 545–552. [CrossRef]
[PubMed]

15. Mahajan, S.; Mohapatra, J.K.; Pandey, L.K.; Sharma, G.K.; Pattnaik, B. Truncated recombinant non-structural protein 2C-based
indirect ELISA for FMD sero-surveillance. J. Virol. Methods 2013, 193, 405–414. [CrossRef]

16. Biswal, J.K.; Jena, S.; Mohapatra, J.K.; Bisht, P.; Pattnaik, B. Detection of antibodies specific for foot-and-mouth disease virus
infection using indirect ELISA based on recombinant nonstructural protein 2B. Arch. Virol. 2014, 159, 1641–1650. [CrossRef]

17. Dekker, A.; Sammin, D.; Greiner, M.; Bergmann, I.; Paton, D.; Grazioli, S.; de Clercq, K.; Brocchi, E. Use of continuous results
to compare ELISAs for the detection of antibodies to non-structural proteins of foot-and-mouth disease virus. Vaccine 2008, 26,
2723–2732. [CrossRef] [PubMed]

18. Sharma, G.K.; Mohapatra, J.K.; Pandey, L.K.; Mahajan, S.; Mathapati, B.S.; Sanyal, A.; Pattnaik, B. Immunodiagnosis of foot-
and-mouth disease using mutated recombinant 3ABC polyprotein in a competitive ELISA. J. Virol. Methods 2012, 185, 52–60.
[CrossRef]

19. Lubroth, J.; Brown, F. Identification of native foot-and-mouth disease virus non-structural protein 2C as a serological indicator to
differentiate infected from vaccinated livestock. Res. Vet. Sci. 1995, 59, 70–78. [CrossRef]

20. De Diego, M.; Brocchi, E.; Mackay, D.; De Simone, F. The non-structural polyprotein 3ABC of foot-and-mouth disease virus as a
diagnostic antigen in ELISA to differentiate infected from vaccinated cattle. Arch. Virol. 1997, 142, 2021–2033. [CrossRef]

21. Cox, S.J.; Parida, S.; Voyce, C.; Reid, S.M.; Hamblin, P.A.; Hutchings, G.; Paton, D.J.; Barnett, P.V. Further evaluation of higher
potency vaccines for early protection of cattle against FMDV direct contact challenge. Vaccine 2007, 25, 7687–7695. [CrossRef]

22. Parida, S.; Anderson, J.; Cox, S.J.; Barnett, P.V.; Paton, D.J. Secretory IgA as an indicator of oro-pharyngeal foot-and-mouth disease
virus replication and as a tool for post vaccination surveillance. Vaccine 2006, 24, 1107–1116. [CrossRef]

23. Parida, S.; Fleming, L.; Gibson, D.; Hamblin, P.A.; Grazioli, S.; Brocchi, E.; Paton, D.J. Bovine serum panel for evaluating
foot-and-mouth disease virus nonstructural protein antibody tests. J. Vet. Diagn. Investig. 2007, 19, 539–544. [CrossRef] [PubMed]

24. Oh, Y.; Fleming, L.; Statham, B.; Hamblin, P.; Barnett, P.; Paton, D.J.; Park, J.H.; Joo, Y.S.; Parida, S. Interferon-γ Induced by In
Vitro Re-Stimulation of CD4+ T-Cells Correlates with In Vivo FMD Vaccine Induced Protection of Cattle against Disease and
Persistent Infection. PLoS ONE 2012, 7, e44365. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vaccine.2006.01.037
http://doi.org/10.1016/S0007-1935(05)80168-X
http://www.ncbi.nlm.nih.gov/pubmed/18419650
http://doi.org/10.1007/s007050050390
http://www.ncbi.nlm.nih.gov/pubmed/9739326
http://doi.org/10.1016/j.vetmic.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15504586
http://doi.org/10.1016/j.vaccine.2006.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16872727
http://doi.org/10.1016/j.vaccine.2006.04.050
http://www.ncbi.nlm.nih.gov/pubmed/16753241
http://doi.org/10.1016/S0264-410X(97)00227-2
http://doi.org/10.1016/S0264-410X(02)00684-9
http://doi.org/10.1080/01652176.1998.9694958
http://www.ncbi.nlm.nih.gov/pubmed/9652059
http://doi.org/10.1007/s007050050119
http://doi.org/10.1016/S0264-410X(99)00148-6
http://doi.org/10.1177/104063870601800604
http://www.ncbi.nlm.nih.gov/pubmed/17121081
http://doi.org/10.1016/j.jviromet.2013.07.003
http://doi.org/10.1007/s00705-013-1973-3
http://doi.org/10.1016/j.vaccine.2008.03.052
http://www.ncbi.nlm.nih.gov/pubmed/18450336
http://doi.org/10.1016/j.jviromet.2012.05.029
http://doi.org/10.1016/0034-5288(95)90034-9
http://doi.org/10.1007/s007050050219
http://doi.org/10.1016/j.vaccine.2007.07.067
http://doi.org/10.1016/j.vaccine.2005.09.006
http://doi.org/10.1177/104063870701900513
http://www.ncbi.nlm.nih.gov/pubmed/17823399
http://doi.org/10.1371/journal.pone.0044365
http://www.ncbi.nlm.nih.gov/pubmed/23028529


Viruses 2021, 13, 914 19 of 19

25. Nayak, A.; Goodfellow, I.G.; Belsham, G.J. Factors Required for the Uridylylation of the Foot-and-Mouth Disease Virus 3B1, 3B2,
and 3B3 Peptides by the RNA-Dependent RNA Polymerase (3Dpol) In Vitro. J. Virol. 2005, 79, 7698–7706. [CrossRef] [PubMed]

26. DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the Areas under Two or More Correlated Receiver Operating
Characteristic Curves: A Nonparametric Approach. Biometrics 1988, 44, 837. [CrossRef]

27. Cicchetti, D.V.; Feinstein, A.R. High agreement but low kappa: II. Resolving the paradoxes. J. Clin. Epidemiol. 1990, 43, 551–558.
[CrossRef]

28. Branscum, A.J.; Gardner, I.A.; Johnson, W.O. Estimation of diagnostic-test sensitivity and specificity through Bayesian modeling.
Prev. Vet. Med. 2005, 68, 145–163. [CrossRef]

29. Dendukuri, N.; Joseph, L. Bayesian approaches to modeling the conditional dependence between multiple diagnostic tests.
Biometrics 2001, 57, 158–167. [CrossRef]

30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2019.

31. Sturtz, S.; Ligges, U.; Gelman, A. R2WinBUGS: A package for running WinBUGS from R. J. Stat. Softw. 2005, 12, 1–16. [CrossRef]
32. Lunn, D.; Spiegelhalter, D.; Thomas, A.; Best, N. The BUGS project: Evolution, critique and future directions. Stat. Med. 2009, 28,

3049–3067. [CrossRef]
33. Toft, N.; Innocent, G.T.; Gettinby, G.; Reid, S.W.J. Assessing the convergence of Markov Chain Monte Carlo methods: An example

from evaluation of diagnostic tests in absence of a gold standard. Prev. Vet. Med. 2007, 79, 244–256. [CrossRef]
34. Parida, S.; Cox, S.J.; Reid, S.M.; Hamblin, P.; Barnett, P.V.; Inoue, T.; Anderson, J.; Paton, D.J. The application of new techniques to

the improved detection of persistently infected cattle after vaccination and contact exposure to foot-and-mouth disease. Vaccine
2005, 23, 5186–5195. [CrossRef] [PubMed]

35. Sammin, D.J.; Paton, D.J.; Parida, S.; Ferris, N.P.; Hutchings, G.H.; Reid, S.M.; Shaw, A.E.; Holmes, C.; Gibson, D.; Corteyn, M.;
et al. Evaluation of laboratory tests for SAT serotypes of foot-and-mouth disease virus with specimens collected from convalescent
cattle in Zimbabwe. Vet. Rec. 2007, 160, 647–654. [CrossRef]

36. Paton, D.J.; Ferris, N.P.; Hutchings, G.H.; Li, Y.; Swabey, K.; Keel, P.; Hamblin, P.; King, D.P.; Reid, S.M.; Ebert, K.; et al.
Investigations into the cause of foot-and-mouth disease virus seropositive small ruminants in Cyprus during 2007. Transbound.
Emerg. Dis. 2009, 56, 321–328. [CrossRef]

37. Torioni De Echaide, S.; Knowles, D.P.; McGuire, T.C.; Palmer, G.H.; Suarez, C.E.; McElwain, T.F. Detection of cattle naturally
infected with Anaplasma marginale in a region of endemicity by nested PCR and a competitive enzyme-linked immunosorbent
assay using recombinant major surface protein 5. J. Clin. Microbiol. 1998, 36, 777–782. [CrossRef]

38. Knowles, D.; De Echaide, S.T.; Palmer, G.; McGuire, T.; Stiller, D.; McElwain, T. Antibody against an Anaplasma marginale
MSP5 epitope common to tick and erythrocyte stages identifies persistently infected cattle. J. Clin. Microbiol. 1996, 34, 2225–2230.
[CrossRef] [PubMed]

39. Lubroth, J.; Grubman, M.J.; Burrage, T.G.; Newman, J.F.E.; Brown, F. Absence of protein 2C from clarified foot-and-mouth disease
virus vaccines provides the basis for distinguishing convalescent from vaccinated animals. Vaccine 1996, 14, 419–427. [CrossRef]

40. Hohlich, B.-J.; Wiesmuller, K.-H.; Schlapp, T.; Haas, B.; Pfaff, E.; Saalmuller, A. Identification of Foot-and-Mouth Disease
Virus-Specific Linear B-Cell Epitopes To Differentiate between Infected and Vaccinated Cattle. J. Virol. 2003, 77, 8633–8639.
[CrossRef]

41. Oem, J.K.; Kye, S.J.; Lee, K.N.; Park, J.H.; Kim, Y.J.; Song, H.J.; Yeh, M. Development of synthetic peptide ELISA based on
nonstructural protein 2C of foot and mouth disease virus. J. Vet. Sci. 2005, 6, 317. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.79.12.7698-7706.2005
http://www.ncbi.nlm.nih.gov/pubmed/15919922
http://doi.org/10.2307/2531595
http://doi.org/10.1016/0895-4356(90)90159-M
http://doi.org/10.1016/j.prevetmed.2004.12.005
http://doi.org/10.1111/j.0006-341X.2001.00158.x
http://doi.org/10.18637/jss.v012.i03
http://doi.org/10.1002/sim.3680
http://doi.org/10.1016/j.prevetmed.2007.01.003
http://doi.org/10.1016/j.vaccine.2005.06.012
http://www.ncbi.nlm.nih.gov/pubmed/16039761
http://doi.org/10.1136/vr.160.19.647
http://doi.org/10.1111/j.1865-1682.2009.01088.x
http://doi.org/10.1128/JCM.36.3.777-782.1998
http://doi.org/10.1128/JCM.34.9.2225-2230.1996
http://www.ncbi.nlm.nih.gov/pubmed/8862589
http://doi.org/10.1016/0264-410X(95)00172-W
http://doi.org/10.1128/JVI.77.16.8633-8639.2003
http://doi.org/10.4142/jvs.2005.6.4.317
http://www.ncbi.nlm.nih.gov/pubmed/16293996

	Introduction 
	Materials and Methods 
	Serum Samples 
	Recombinant Proteins and Peptides Used for Development and Validation of NSP Tests 
	Optimisation of Antigen and Serum Concentration 
	2C, 3ABC, 3D, and 3CD NS ELISAs 
	2B/3B Peptide ELISA 
	Interpretation of Results and Statistical Analysis 

	Results 
	Optimisation of Antigen Concentration 
	Determination of Cut-Off Values to Estimate Diagnostic Sensitivity and Specificity 
	Performance of NSP ELISA Tests 
	Agreement between NSP ELISA Tests 
	Detection of Specificity and Sensitivity of NSP Antibody Tests 
	Performance of in-House Tests Employed in Multiple Testing Schemes with the PrioCHECK® and IDvet® FMDV NS Tests 

	Discussion 
	References

