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asstrRACT. An ELISA kit for detection of antibodies to a nonstructural protein of foot-and-mouth disease (FMDV) was further evaluated
using sequentially collected serum samples of experimentally infected animals, because the sensitivity of the kit used in a previous study
was significantly low in field animals. The kit fully detected antibodies in infected animals without vaccination; however, the first detections
of antibodies by the kit were later than those by the liquid-phase blocking ELISA that is used for serological surveillance in the aftermath of
outbreaks in Japan, for detection of antibodies to structural proteins of FMDV. Additionally, although the kit effectively detected antibodies
in infected cattle with vaccination, there were several infected pigs with vaccination for which the kit did not detect antibodies during the
experimental period. Taken together, the kit may not be suitable for serological surveillance after an FMD outbreak either with or without

emergency vaccination in FMD-free countries.
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Foot-and-mouth disease (FMD) is the most important
infectious disease in the veterinary field, because it is the
most contagious in cloven-hoofed animals, such as cattle,
pigs, sheep and goats [4]. Currently, Japan is an FMD-free
country where vaccination is not routinely practiced; how-
ever, Japan has a significantly high risk to be invaded by
FMD, because the disease is endemic in neighboring Asian
countries like China and South Korea [13].

In general, when FMD occurs in FMD-free countries
where vaccination is not practiced, immediately sacrificing
the affected animals and all contact animals, and control of
livestock movement inside the affected regions are applied
as control measures. In addition, emergency vaccination
can also be applied. Vaccines for emergency use, which
are stored as concentrated vaccine antigens in national or
regional vaccine banks in FMD-free countries where vac-
cination is not practiced, are generally of high potency and
purity [7]. Recent commercial FMD vaccines are purified
by industrial ultrafiltration and chromatography in order to
remove unnecessary cellular protein contaminants and viral
nonstructural proteins (NSPs) [7]. Therefore, differentiating
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infected animals from vaccinated animals, so-called DIVA,
can be performed by detecting antibodies to NSPs, because
non-infected animals with vaccination theoretically would
not have antibodies to the NSPs [6].

A country can adopt both a “vaccinate-to-die” policy and
a “vaccinate-to-live” policy after emergency vaccination is
performed in an outbreak [20]. All vaccinated animals must
be culled in the “vaccinate-to-die” policy. In the “vaccinate-
to-live” policy, instead of destroying vaccinated animals,
serological surveillance of vaccinated animals by detecting
antibodies to NSPs should be performed in order to confirm
that the vaccinated animals are not infected with an FMD vi-
rus (FMDV) and to substantiate the absence of occult FMDV
infections. This is because, irrespective of vaccination status,
FMDV-infected ruminants can be long-term carrier animals
of FMDYV and discharge viruses intermittently. It is impor-
tant to detect carrier animals for control of FMD, because
carrier animals may be subsequent infectious sources to
other susceptible animals although infected animals gener-
ally shed fewer viruses during a persistent infection stage
than in an acute infection stage [4]. In addition, although a
country can adopt both policies, the waiting period required
to regain World Organization for Animal Health (OIE) status
with regard to FMD differs depending on the selection of
the policies. The waiting period for the “vaccinate-to-die”
policy is shorter than that for the “vaccinate-to-live” policy;
the former is 3 months, while the latter is 6 months [20].
Recently, it has been proposed that the waiting periods for
the two policies should be equalized [1, 12, 17]. In addition,
destroying a large number of animals in a future outbreak
would cause serious problems in terms of environmental
contamination, animal welfare, food security and conserva-
tion of scarce genetic resources. Therefore, the “vaccinate-
to-live” policy has many practical reasons to be favored over


http://creativecommons.org/licenses/by-nc-nd/3.0/

366 K. FUKAI ET AL.

the “vaccinate-to-die” policy.

Previously, several commercial ELISA kits that detect
antibodies to NSPs (NSP-ELISA) were evaluated for their
specificities and sensitivities [10], because the “vaccinate-
to-live” policy relies fully upon the capability of the NSP
kit that is used. Of the previously evaluated NSP-ELISA
kits, the PrioCHECK FMDYV NS [19] was thought to be the
most convenient, because the PrioCHECK kit is a blocking
ELISA and can examine serum samples collected from all
animal species. In a previous study [10], the specificity of
the PrioCHECK kit was as high as that of a liquid-phase
blocking ELISA (LPBE), which is generally used as the anti-
body test of FMDYV in Japan. Although the sensitivity of the
PrioCHECK kit to serum samples collected from experimen-
tally infected pigs was high, that to serum samples collected
from infected animals in the field was significantly low [10].
Namely, the results for the sensitivity of the PrioCHECK kit
were opposite for experimentally infected pigs and infected
animals in the field [10]. Therefore, further evaluation of the
sensitivity of the PrioCHECK kit needed to be performed us-
ing additional samples. The first objective of this study was
to evaluate the sensitivity of the PrioCHECK kit using serum
samples collected sequentially from several experimental
infections of infected animals without vaccination.

In addition to this obscurity, validation tests showed that
the sensitivities of the NSP-ELISA kits to infected animals
with vaccination were much lower than those to infected
animals without vaccination [2, 3, 5, 16]. Because the NSP-
ELISA kit was originally used for serological surveillance
after emergency vaccination in an outbreak to substantiate
absence of infection, evaluation of the sensitivity of the
PrioCHECK kit to infected animals with vaccination needs
to be performed in the context of the possible adoption of the
“vaccinate-to-live” policy in Japan. Therefore, the second
objective of this study was an evaluation of the sensitivity of
the PrioCHECK kit using serum samples collected sequen-
tially from experimental infections of infected animals with
vaccination.

MATERIALS AND METHODS

Ethics: The Animal Care and Use Committee of the
National Institute of Animal Health (NIAH) approved all
animal procedures prior to initiation of this study (authori-
zation numbers: 12-027, 12-056, 12-081, 13-024, 13-054
and 14-009). All experimental infections were performed in
cubicles whose sizes have approximately 14 m? in a high-
containment facility at the NIAH.

Experimental infections in non-vaccinated animals: Full
details of experimental infections (i), (ii) and (iii) have
already been published [11, 14]. Brief details of the experi-
mental infections that provided serum samples for this study
are as follows: (i) Two 6-month-old Holstein cattle housed
in separate cubicles were inoculated with 1 m/ of 1052 50%
tissue culture infectious dose (TCIDsy) of the FMDV O/
JPN/2010-1/14C [9] by an intradermal route. At 1 day post-
infection (dpi), two additional 6-month-old Holstein cattle
were housed with the infected cattle. They were housed in

the same cubicle for approximately 1 month [14]. (ii) Two
4-month-old Japanese Saanen goats were inoculated with
1 m/ of 1052 TCIDs, of the O/JPN/2010-1/14C by an intra-
dermal route. At 1 dpi, 2 additional 4-month-old Japanese
Saanen goats were housed with the infected goats. They
were housed in the same cubicle for approximately 1 month
[14]. (iii)) Thirteen 2-month-old pigs were inoculated with
1 m/ of 103 or 10¢ TCIDs, of the FMDV O/JPN/2010-1/14C
by intranasal or intraoral route. They were housed in sepa-
rate cubicles for approximately 2 weeks [11].

Experimental infections in vaccinated animals: (iv) Seven
3-month-old Holstein cattle were administered intramuscu-
larly an inactivated FMDYV vaccine (six 50% protection dose
(PDsy), serotype O, O Manisa strain, Aftpor, Merial, Lyon,
France). At 3 or 30 days post-vaccination (dpv), the vacci-
nated cattle were inoculated with 1 m/ of 10® TCIDs, of the
FMDV O/JPN/2010-1/14C by an intradermal route. They
were observed for approximately 2 weeks to 1 month after
the infection. (v) Six 2-month-old pigs were administered
intramuscularly the FMDYV vaccine (6 PDs). At 3 or 30 dpv,
the vaccinated pigs were inoculated with 1 m/ of 10° TCIDs,
of the FMDV O/JPN/2010-1/14C by an intraoral route. They
were observed for approximately 1 month after the infection.

Collection of clinical samples from the animals: The
clinical samples were collected routinely as shown in
Tables 1 to 5. Sera were collected from cervical veins using
a vacuum blood collection tube (Venoject II, Terumo Corpo-
ration, Tokyo, Japan). Saliva was collected from oral cavi-
ties using a roll-shaped synthetic saliva collector (Salivette,
Sarstedt KK, Tokyo, Japan) and forceps. Nasal swabs were
collected from nasal cavities using a cotton swab (Men-tip,
JCB Industry Limited, Tokyo, Japan).

RNA extraction and RT-PCR: Viral RNAs were extracted
from the clinical samples using the High Pure Viral RNA
kit (Roche Diagnostics, Basel, Switzerland). The FMDV-
specific genes were detected by an RT-PCR assay using
primers FM8 and FM9, which can amplify a portion of a 3D
region of an FMDV genome [18].

LPBE and NSP-ELISA: An LPBE (Institute for Animal
Health, Surrey, U.K.) was performed for detection of anti-
bodies to structural proteins (SPs) of FMDV according to
manufacturer’s instructions. The FMDV O Manisa strain
was used as the antigen of the LPBE. The PrioCHECK
FMDV NS (Thermo Fisher Scientific, Waltham, MA,
U.S.A)) [19] was performed for detection of antibodies to
the non-structural protein 3ABC of FMDYV according to the
manufacturer’s instructions.

RESULTS

Infected cattle without vaccination: In cattle 1 and 2,
which were inoculated with the FMDYV, clinical signs, such
as vesicular development on the tongues, inside lips, snouts
and feet, excess salivation, and lameness, were initially
found between 1 and 6 dpi. Viral genes were detected from
the clinical samples between 1 and 9 dpi (Table 1). Antibod-
ies were detected from 5 dpi in the LPBE. Antibody titers
were between 45 and 724. In the PrioCHECK kit, antibod-
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Table 1.  Detection of viral genes from clinical samples by RT-PCR assay and of antibodies by LPBE and the PrioCHECK kit in infected cattle
without vaccination
Clinical dpi and dpc? Clinieal
Cattle Nos. samplesand 0 1 2 3 4 6 7 9 12 15 19 23 27 30 33349 signs®
assays 0 1 2 3 4 5 6 8 11 14 18 22 26 29 32/339
Infected with the FMDV O/JPN/2010
Sera
Saliva

1 Nasal swabs +
LPBE
NSP-ELISA - - - - - - - +8) e 4= + + + + + +
Sera - - - - - - - - - - - -

Saliva - - - - - - - - -

2 Nasal swabs - - - - - - - - - +
LPBE <32 <32 <32 <32 <32 190073620 724 51205120724 512362 724241562
NSP-ELISA - - - - - - - o I & F ¥ 4 == +* 4

Contacted with the infected cattle at 1 dpi
Sera NTD - -
Saliva NT - -

3 Nasal swabs  NT - - +
LPBE NT <32 <32 <32 <32 <32
NSP-ELISA NT - - -  — - - o o 4+ 4 4+ o+ o+ o+
Sera NT - - - - - - - - - - -

Saliva NT - - - - - - - - -

4 Nasal swabs ~ NT - - - - - - - - - +
LPBE NT <32 <32 <32 <32 <32 <32 <32 [U81 362 724 362362 362 81181
NSP-ELISA NT - - -  «  — o o 4+ 4+ o+ o+ o+ o+ o+

a) Days post-infection and days post-contact. b) The clinical signs were either vesicular development, excess salivation, lameness, depression or
reduced appetite. ¢) The clinical samples were collected from cattle 1 at 33 dpi and from cattle 2 at 34 dpi. d) The clinical samples were collected from
cattle 3 at 32 dpc and from cattle 4 at 33 dpc. e) Days when the viral genes were detected from the clinical samples by the RT-PCR assay are colored
orange. f) Days when the antibodies were detected by the LPBE are colored green. g) Days when the antibodies were detected by the PrioCHECK kit

are colored pink. h) Not tested.

ies were detected from 7 dpi. The days when the antibodies
were first detected in the PrioCHECK kit were delayed for
2 days from those in the LPBE.

In cattle 3 and 4, which were housed with the infected
cattle, clinical signs, such as vesicular development on the
tongues, inside lips, snouts and feet, and excess salivation,
were initially found between 4 and 6 days post-contact (dpc).
Viral genes were detected from the clinical samples between
2 and 8 dpc (Table 1). Antibodies were detected from 8 dpc
in the LPBE. Antibody titers were between 90 and 724.
In the PrioCHECK kit, the antibodies were detected from
11 dpc. The days when the antibodies were first detected in
the PrioCHECK kit were delayed for 3 days from those in
the LPBE.

Infected goats without vaccination: In goats 1 and 2,
which were inoculated with the FMDV, clinical signs, such
as vesicular development on the feet, were initially found
between 3 and 4 dpi. Viral genes were detected from the
clinical samples between 1 and 8 dpi (Table 2). Antibodies
were detected from 4 dpi in the LPBE. Antibody titers were
between 90 and 724. In the PrioCHECK Kkit, the antibodies
were detected from 5 and 4 dpi, respectively. The day when
the antibody was first detected in the PrioCHECK kit was

1 day after that by the LPBE in goat 1; in goat 2, antibodies
were detected by both tests on the same day.

In goats 3 and 4, which were housed with the infected
goats, clinical signs, such as vesicular development on the
tongue, inside lip, snout and feet, and excess salivation,
were initially found between 6 and 11 dpc. Viral genes were
detected from the clinical samples between 3 and 11 dpc
(Table 2). Antibodies were detected from 10 and 8 dpc in
the LPBE, respectively. Antibody titers were between 64 and
724. In the PrioCHECK Kkit, the antibodies were detected
from 11 and 9 dpc, respectively. The antibodies were first de-
tected 1 day later by the PrioCHECK kit than by the LPBE.

Infected pigs by the intranasal route without vaccination:
In pigs 124 to 126, which were inoculated with 10° TCIDs,
of the FMDYV, clinical signs, such as vesicular development
on the inside lips, snouts, teat and feet, excess salivation,
lameness, depression and reduced appetite, were initially
found between 3 and 9 dpi [11]. The days when viral genes
were detected in pigs 124 to 126 were as described previ-
ously [11]. As previously reported [11], antibodies were
detected from 8, 8 and 7 dpi in the LPBE, respectively
(Table 3). Antibody titers were between 64 and 362. In the
PrioCHECK kit, the antibodies were detected from 9, 9 and
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Table 2.  Detection of viral genes from clinical samples by RT-PCR assay and of antibodies by LPBE and the PrioCHECK kit in infected goats
without vaccination
Clinical dpi and dpc? .

Goat Clinical
Nos samples 0 1 2 3 4 5 6 8 9 10 1m 12 15 19 23 27 30 34 signs®

and assays 0 1 2 3 4 7 8 9 10 11 14 18 22 26 29
Infected with the FMDV O/JPN/2010

Sera - NT® NT - - - - - - -

Saliva - NT NT - - - - - - -

1 Nasal swabs - NT NT - - - - - - - +
LPBE <2 32 <32 <R NT  NT 362 362 181 256 181 181 90
NSP-ELISA - - - - -+ 4 + + + NT NT + + + + + + +
Sera - - - NT NT - - - - - - -

Saliva - - - NT NT - - - - - - _

2 Nasal swabs - - - - NT NT - - - - - - - +
LPBE <2 <32 <32 <R NT  NT 362 362 362 724 181 181 181
NSP-ELISA - - - - 4 4 F + 4 + NT NT + + + + + + +

Contacted with the infected goats at 1 dpi
Sera NT - - - - - - - -
Saliva NT - - - - - - - -

3 Nasal swabs NT - - - - - - - - +
LPBE NT 2o 2 2o o= o 2 < GOSN e
NSP-ELISA NT - - - - - - - - - - - ue + + + + + +
Sera NT - - - - - - - - - - - - -

Saliva NT - - - - - - - - - - -

4 Nasal swabs NT - - - - - - _ - - _ - +
LPBE NT <32 <32 <32 <32 <32 <32 <32 <32 [190. 90 8iSi27241362 724724 362 I8l
NSP-ELISA NT - - -  « =« o oo 4+ 4 4+ o+ o+ o+

a) Days post-infection and days post-contact. b) The clinical signs were either vesicular development, excess salivation, lameness, depression or
reduced appetite. ¢) Days when the viral genes were detected from the clinical samples by the RT-PCR assay are colored orange. d) Not tested. ¢) Days
when the antibodies were detected by the LPBE are colored green. f) Days when the antibodies were detected by the PrioCHECK kit are colored pink.

13 dpi, respectively. The days when the antibodies were first
detected in the PrioCHECK kit were delayed for 1, 1 and
6 days from those in the LPBE, respectively.

In pigs 121 to 123, viral genes and LPBE antibodies were
not detected during the experimental period as described
previously [11]. In the PrioCHECK kit, antibodies were not
also detected in this study.

Infected pigs by the intraoral route without vaccination:
In pigs 131 to 133, which were inoculated with 10° TCIDs,
of the FMDV, clinical signs, such as vesicular development
on the tongue, inside lips, snouts and feet, excess salivation,
lameness and depression, were initially found between 7
and 10 dpi [11]. The days when viral genes were detected in
pigs 131 to 133 were as described previously [11]. As previ-
ously reported [11], antibodies were detected from 13, 10
and 12 dpi in the LPBE, respectively (Table 3). Antibody
titers were between 90 and 2,048. In the PrioCHECK Kkit,
the antibodies were detected from 14, 11 and 14 dpi, respec-
tively. The days when the antibodies were first detected in
the PrioCHECK kit were delayed for 1, 1 and 2 days from
those in the LPBE, respectively.

In pigs 134 to 137, which were inoculated with 10° TCIDs,
of the FMDY, clinical signs, such as vesicular development
on the snout and feet, excess salivation, lameness, depres-
sion and reduced appetite, were initially found between 1

and 6 dpi [11]. The days when viral genes were detected in
pigs 134 to 137 were as described previously [11]. As pre-
viously reported [11], antibodies were detected from 6, 6,
7 and 7 dpi in the LPBE, respectively (Table 3). Antibody
titers were between 45 and 724. In the PrioCHECK Kkit, the
antibodies were detected from 7, 7, 9 and 13 dpi, respec-
tively. The days when the antibodies were first detected in
the PrioCHECK kit were delayed for 1, 1, 2 and 6 days from
those in the LPBE, respectively.

Infected cattle with vaccination: In cattle 0, 1 and 6, which
were vaccinated at 30 days before virus infection (dbv), any
clinical signs, such as vesicular development, excess saliva-
tion, lameness, depression and reduced appetite, were not
found, except for development of lesions on sites of the virus
infection. Viral genes were detected from the clinical sam-
ples between 1 and 7 dpi; however, they were not detected in
cattle 1 during the experimental period (Table 4). Antibod-
ies were detected from 23 dbv in the LPBE. Antibody titers
were between 90 and 5792. Using the PrioCHECK Kkit, the
antibodies were detected from 6, 3 and 7 dpi, respectively.

In cattle 3, 7, 2 and 9, which were vaccinated at 3 dbv,
clinical signs, such as vesicular development on the tongues,
inside lips, snouts and feet, were initially found between
1 and 6 dpi. Viral genes were detected from the clinical sam-
ples between 1 and 7 dpi (Table 4). Antibodies were detected
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Table 3.  Detection of antibodies by LPBE and the PrioCHECK kit in infected pigs by the intranasal and intraoral routes without vaccination
Pig Clinical samples dpi®) Clinical
Nos. and assays o 1 2 3 4 5 6 7 & 9 10 11 12 13 14 signs
Infected with 10° TCIDs, of the FMDV O/JPN/2010 by the intranasal route
LPBE® <32 <32 <32 <32 <32 <32 <32 <32 L90® 90 181  NT® NT | 081 NT
124 \sp-ELISA - - . . . . . . . % 4+ NT NT + NT M
LPBE <32 <32 <32 <32 <32 <32 <32 <32 L0 362 362 NT NT | 181 | NT
125 \sp-ELISA - - - . . . . . . '+ 4 NT NT + NT *
LPBE <32 <32 <32 <32 <32 <32 <32 [6AL 081 I8l 181 NT NT | 181 NT
126 \sp-ELISA - - - - . - . . . . - NT NT + NT M
Inoculated with 103 TCIDs, of the FMDV O/JPN/2010 by the intraoral route
13y LPBE 2 2 2 oS S22 32 32 <2 <32 <32 <32 <32 LO0sl|
NSP-ELISA S Nl
13p LPBE <32 <32 <32 <32 <32 <32 <32 <32 <32 <32 ‘
NSP-ELISA S s T Ty e
LPBE <32 <32 <32 <32 <32 <32 <32 <32 <32 <32 <32 <32 |90 2048 362
133 \sp-ELISA e *
Inoculated with 10° TCIDs, of the FMDV O/JPN/2010 by the intraoral route
LPBE <32 <32 <32 <32 <32 <32 45090 90 128 64" NT NT |90 NT
134 \SP-ELISA - - - - . . - 4 + 4+ + NT NT |  + NT *
LPBE <32 <32 <32 <32 <32 <32 450 90 181 128 128 NT NT | 90 | NT
135 \sp-ELISA - - . . . - - 4 + + + NT NT + NT M
LPBE <32 <32 <32 <32 <32 <32 <32 L8l 362 724 362 NT NT | 362 NT
136 \sp.ELISA - - - . . . . . . '+ 4 NT NT + NT M
LPBE <32 <32 <32 <32 <32 <32 <32 45900 90 64 NT NT | 64 NT
137 Nsp-ELISA - - - . . - . . - . - NT NT + NT N

a) Days post-infection. b) The clinical signs were either vesicular development, excess salivation, lameness, depression or reduced appetite. ¢) Results
of LPBE in this table have been previously reported [11]. d) Days when the antibodies were detected by the LPBE are colored green. ¢) Not tested. f)
Days when the antibodies were detected by the PrioCHECK kit are colored pink.

from 3, 3, 2 and 2 dpi in the LPBE, respectively. Antibody
titers were between 45 and 1448. In the PrioCHECK kit, the
antibodies were detected from 5, 5, 6 and 5 dpi, respectively.
However, in cattle 2, no antibody was detected at 14 dpi in
the PrioCHECK Kkit.

Infected pigs with vaccination: In pigs 1 to 3, which were
vaccinated at 30 dbv, any clinical signs, such as vesicular
development, excess salivation, lameness, depression and
reduced appetite, were not found. Viral genes were detected
from the clinical samples between 1 and 7 dpi (Table 5).
Antibody responses of the pigs by LPBE varied. Pig 1 was
the latest of the pigs to show antibody response. An antibody
was first detected at 3 dbv. In pig 2, although an antibody
was first detected at 20 dbv, there were several days when
antibodies were not detected until 1 dbv. In pig 3, antibodies
were detected at 10 and 17 dbv; however, antibodies were
not detected from 3 dbv to 4 dpi. In the PrioCHECK Kkit,
antibody responses of the pigs also varied. In pigs 1 and 2,
antibodies were not detected during the experimental period
in this study, except for 7 dpi in pig 2. An antibody was first
detected at 18 dpi in pig 3.

In pigs 5 and 6, which were vaccinated at 3 dbv, clini-
cal signs, such as vesicular development on the tongues,
snout and feet, were initially found between 4 and 11 dpi.

However, any clinical signs, such as vesicular development,
excess salivation, lameness, depression and reduced ap-
petite, were not found in pig 4. Viral genes were detected
from the clinical samples between 1 and 18 dpi (Table 5).
Antibodies were detected from 4, 11 and 6 dpi in the LPBE,
respectively. Antibody titers were between 32 and 724. In
the PrioCHECK, antibodies were detected from 11 and 7 dpi
in pigs 5 and 6, respectively; however, the antibodies were
detected intermittently between 11 and 34 dpi in pig 4.

DISCUSSION

Recommended serological tests for FMD surveillance are
described in the OIE manual [21]. The tests are in principle
divided into 2 kinds of tests; those detecting antibodies to SPs
and to NSPs of FMDV, respectively. There are 7 serotypes
in FMDV: A, O, C, SAT1, SAT2, SAT3 and Asial [4]. Tests
for SPs therefore are dependent on serotypes. An appropri-
ate antigen needs to be used for measuring antibodies to a
seeking serotype. In contrast to tests for SPs, tests for NSPs
are independent of serotypes. Tests for NSPs therefore may
be more convenient in countries where several serotypes of
FMDVs are prevalent. According to the Terrestrial Animal
Health Code [20], tests for both SPs and NSPs can be used
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for serological surveillance in areas where animals are not
vaccinated. In practice, tests for NSPs have been frequently
used for serological surveillance of cattle in South American
countries [1, 2]. However, the results in this study showed
that the first detection of antibodies by the PrioCHECK kit
was delayed compared to that by the LPBE. Therefore, tests
for SPs should be used for surveillance, especially in an out-
break in FMD-free countries, because tests for SPs may be
able to detect FMDYV infections earlier than tests for NSPs.

In our previous study [10], the sensitivities of three
NSP-ELISA kits were significantly low in infected animals
without vaccination tested in the 2010 epidemic in Japan.
In contrast to our results, the sensitivities of several NSP-
ELISA kits were reported to be high in infected animals
without vaccination [2, 3, 5, 16]. Both of the results were
completely inconsistent with each other. In our previous
study, the antibody titers of serum samples in the LPBE
were the focus of inquiry regarding the inconsistent results,
because precise dates when the animals had been infected
with the FMDV in the field were unknown. Serum samples
that showed relatively high antibody titers were speculated
to have been collected from animals a longer time after vi-
rus infection. However, many serum samples that showed
relatively high antibody titers in the LPBE showed negative
results in the NSP-ELISA kits. To explore the reasons for
this inconsistency, we focused on the relationships between
the results of the RT-PCR assay, LPBE and NSP-ELISA kit
in this study.

As mentioned in Tables 1 and 2, and the chapter of the
results of infected pigs by the intranasal and intraoral routes
without vaccination, basically, the viral genes by the RT-
PCR assay, the antibodies by the LPBE and the antibodies
by the PrioCHECK kit were sequentially detected in infected
animals without vaccination. Detection of the viral genes by
the RT-PCR assay therefore meant that the samples were col-
lected early after the FMDYV infection. In contrast, relatively
high antibody titers did not usually mean that the samples
were collected late after the animals were infected with
FMDYV, because high antibody titers were observed even at
early dpi when the viral genes were detected simultaneously
by the RT-PCR assay. From these results, early collection of
samples after the animals were infected with an FMDYV there-
fore may be the reason for the significantly low sensitivities
of the NSP-ELISA kits in the serum samples collected from
the animals in the field in the 2010 epidemic in Japan.

Antibody responses were influenced by viral doses for
infection in the pigs (Table 3). The antibodies in the LPBE
were detected earlier in pigs 134 to 137 inoculated with 10°
TCIDjsj of the isolate than in pigs 131 to 133 inoculated with
10° TCIDs, of the isolate. In the antibody titers, the serum
sample collected from pig 133 at 13 dpi showed the highest
antibody titer, as 2048. The pig and pig 131 were assumed
to be infected by horizontal transmission from pig 132 [14].
Therefore, high viral dose infection from pig 132 may stimu-
late the highest antibody titer in pig 133.

In previous studies [2, 3, 5, 16], sensitivities of several
evaluated NSP-ELISA kits were relatively high in infected
animals without vaccination. On the other hand, sensitivities

of the NSP-ELISA kits were considerably low in infected
animals with vaccination in the studies. As a reason for
these differential sensitivities, it was speculated that viral
replication is limited in infected animals with vaccination
and that serological conversion to NSPs occurs more slowly
and in a lower proportion than in infected animals without
vaccination. However, the precise reason why there are cases
in which antibodies to NSPs are not detected in infected ani-
mals with vaccination has not yet been confirmed. A report
proposed that studies should be encouraged to define patho-
genicity including antibody responses to NSPs in infected
animals with vaccination [2]. In this study, antibodies were
detected fully from serum samples collected from infected
cattle with vaccination by the PrioCHECK kit, although
the first detection dates were later than those in the LPBE
(Table 4). The PrioCHECK kit therefore may be applicable
for serological surveillance in cattle after emergency vac-
cination would be practiced in an FMD outbreak. However,
it should be noted that tests for NSPs are generally consid-
ered reliable at a herd level [1, 16]. In addition, antibody
responses to NSPs in infected cattle with vaccination need
to be further evaluated in different experimental conditions,
such as viral infected doses and routes.

On the other hand, the study of the infected pigs with vac-
cination showed the different results. The PrioCHECK kit
did not detect antibodies in pig 1 during the experimental
period, and in pig 2, it detected antibodies at only 7 dpi,
although both the pigs were confirmed to be infected with
the FMDYV by the results of the detection of the viral genes
from the clinical samples (Table 5). Well-vaccinated animals
may become subclinically infected, even if they are exposed
to a sufficient virus challenge [8, 15]. Similarly, in this study,
pigs 1 to 4 did not show any clinical signs, even though viral
infection occurred (Table 5). The PrioCHECK kit therefore
may not be suitable to apply for serological surveillance
in pigs after emergency vaccination would be practiced in
an FMD outbreak, because infected pigs with vaccination
may not be detected by either serological or clinical surveil-
lance. If the PrioCHECK kit would be applied as an assay
for serological surveillance in pigs after emergency vacci-
nation would be practiced in an FMD outbreak, statistical
sufficient numbers of pigs should be examined by the kit. In
addition, a high sensitive assay, such as an RT-PCR assay,
should be applied simultaneously, because other pigs, which
are in an acute stage of infection, may exist in the same
premise. However, rapid sampling from the large numbers
of pigs would be hard to perform during an outbreak. To
reveal availability for serological surveillance in pigs, the
PrioCHECK kit needs to be further evaluated using infected
pigs with vaccination before it is used for surveillance pur-
poses. In addition, evaluation of these two ELISA kits for
antibody detection in infected goats with vaccination might
be needed, although goats along with sheep are not major
domestic animals in Japan.

In conclusion, the following was confirmed in this study:
(i) the LPBE can detect antibodies in infected animals
without vaccination earlier than the PrioCHECK Kkit; (ii) the
significantly low sensitivities of the NSP-ELISA kits in the
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previous study may have been due to the early collection
dates of samples after animals were infected with FMDV;
and (iii) the PrioCHECK kit may not be able to detect
antibodies in infected pigs with vaccination. These results
will be valuable for authorities in choosing adequate control
measures for possible FMD outbreaks in the future.
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