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ABSTRACT. The effectiveness of a vaccine preserved for emergency use in Japan was analyzed 
under experimental conditions using cows and pigs in order to retrospectively evaluate the 
effectiveness of the emergency vaccination performed in the 2010 epidemic in Japan. Cows and 
pigs were administered a vaccine preserved for emergency use in Japan at 3 or 30 days before 
virus infection (dbv) and were subsequently infected with the foot-and-mouth disease virus 
(FMDV) O/JPN/2010, which was isolated in the 2010 epidemic in Japan. All animals vaccinated 
at 30 dbv and one of three pigs vaccinated at 3 dbv showed no vesicular lesions during the 
experimental period. The virus titers and viral RNA loads obtained from clinical samples were 
lower in the vaccinated cows than in the non-vaccinated cows. The viral excretion periods were 
shorter in the vaccinated cows than in the non-vaccinated cows. In contrast, in the vaccinated 
pigs, the virus titers and viral RNA loads obtained from the samples, except for those obtained 
from sera, were not decreased significantly, and the viral excretion periods were not sufficiently 
shortened. These results suggest that the vaccine can protect against clinical signs of infection 
by the FMDV O/JPN/2010 in animals; however, it should be noted that in vaccinated and infected 
animals, especially pigs, clinical samples, such as saliva and nasal swabs, may contain excreted 
viruses, even if no clinical signs were exhibited.
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Foot-and-mouth disease (FMD) is the most contagious disease in cloven-hoofed animals, such as cattle, pigs, sheep and goats 
[7]. FMD is caused by the FMD virus (FMDV), which belongs to the genus Aphthovirus within the family Picornaviridae. Japan 
is currently an FMD-free country where routine vaccination is not practiced. FMD is endemic in neighboring Asian countries, such 
as China and South Korea [2]. Japan therefore has a significantly high risk of invasion by FMD.

FMDV is divided into seven serotypes: A, O, C, SAT1, SAT2, SAT3 and Asia1 [7]. There are also several topotypes in 
each serotype. The topotypes are classified based on comparisons of their VP1-coding sequences [16]. Serotype O is the most 
predominant among the serotypes around the world [2]. Serotype O is divided into 11 topotypes: ME-SA, SEA, Cathay, ISA-1, 
ISA-2, EURO-SA, WA, EA-1, EA-2, EA-3 and EA-4 [2]. The ME-SA, SEA and Cathay topotypes are endemic in Southeast Asian 
and East Asian countries [2].

An outbreak of FMD occurred in Japan from April to July 2010 [20]. It was the first epidemic in Japan since 2000. A total of 
292 cases were confirmed during this period. Approximately 0.3 million animals including those that were affected by, came into 
contact with or were administered a vaccine against FMD were destroyed as a control measure.

Immediately sacrificing the affected animals and all animals that have come into contact with the affected animals and 
controlling the movement of livestock inside the affected regions are generally applied as control measures when an FMD 
outbreak occurs in FMD-free countries where vaccination is not practiced. Emergency vaccination can also be applied. Emergency 
vaccination was carried out as one of the control measures in the 2010 epidemic in Japan and was mentioned [20].

The selection of an adequate vaccine is necessary when implementing an emergency vaccination regimen in order for the 
vaccination to have maximum effectiveness. An adequate vaccine is generally selected by analyzing the serological relationship 
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between a vaccine strain and the field strain involved in an outbreak. The serological relationship between the strains is analyzed 
by a virus neutralization test (VNT) or by ELISA using sera collected from cattle that have been administrated the vaccine [3]. The 
vaccine is judged to be effective in controlling the field strain, if the ratio between an antibody titer of antibodies to the vaccine 
strain in the sera of the vaccinated cattle and an antibody titer of antibodies to the field strain in the sera of the vaccinated cattle is 
more than 0.3 as determined by the VNT or more than 0.4 as determined by the ELISA. The ratio is called the r1 value.

In the 2010 epidemic in Japan, the number of reported cases decreased gradually after the emergency vaccination [20]. The 
vaccination was reported to be effective for reducing the intensity of the clinical signs of infection, especially in pigs [24]. The 
effectiveness of the vaccine preserved for emergency use in Japan, however, has never been examined using the FMDV O/
JPN/2010 isolated from the 2010 epidemic in Japan in animals that have received the vaccine under any experimental conditions. 
The objective of this study was to retrospectively evaluate the effectiveness of the emergency vaccination administered in the 2010 
epidemic in Japan by means of experimental infections. For this purpose, cows and pigs were administered the vaccine at 3 or 
30 days before virus infection (dbv) and then were infected with the FMDV O/JPN/2010 in this study. Their clinical signs, virus 
excretion and antibody responses were compared with those of infected animals that had not received the 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 the initiation of this study (authorization numbers: 763, 812, 12-027, 13-024, 13-054, 14-009 and 14-080). All experimental 
infections using live viruses were performed in a high-containment facility at the NIAH. The high-containment facility is compliant 
with a containment level for group 4 pathogens described in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial 
Animals 2014 [4].

Cells and viruses
IB-RS-2 and LFBK-αvβ6 cells [17] were used in this study. The IB-RS-2 cells were maintained using Eagle’s minimum essential 

medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 2.4 g/l of tryptose phosphate broth, 1% of 7.5% NaHCO3, 1% 
of 2.92% of L-glutamine and 5% of neonatal calf serum. The LFBK-αvβ6 cells were maintained using Dulbecco’s modified Eagle 
medium: nutrient mixture F-12 (DMEM; Life Technologies, Carlsbad, CA, U.S.A.) supplemented with 10% fetal bovine serum 
(FBS). The FMDV O/JPN/2010-1/14C was isolated from the first reported case in the 2010 epidemic in Japan [10]. It was initially 
isolated using primary bovine kidney cells and subsequently passed two (for experimental infections) or three (for VNT) times 
using BHK-21 cells. The FMDV O Manisa was passed 11 times using BHK-21 cells.

Antisera
 Antisera were collected from vaccinated animals as follows. Four 6-month-old Japanese Black cows and four 3-month-old 

Holstein cows were administered an FMDV vaccine (six 50% protection doses, serotype O, O Manisa strain, Aftpor, Merial, Lyon, 
France) once intramuscularly. Sera were collected from the cows at 21 days after the vaccination.

Experimental infections
 Seven 3-month-old Holstein cows and six 2-month old pigs were intramuscularly administered a single dose of the above-

mentioned FMDV vaccine. At 3 or 30 days post-vaccination, the vaccinated cows and pigs were inoculated with 1 ml of 106 
TCID50 (titrated using IB-RS-2 cells) of the FMDV O/JPN/2010-1/14C by intradermal and intraoral routes, respectively, as 
described previously [12, 21]. Basically, the vaccines preserved for emergency use in Japan are used urgently in an outbreak. 
The number of days when animals are administered the vaccine and when they are subsequently infected with an FMDV is 
therefore expected to be varied. Therefore, in this study, the virus infection was performed at both early and late time points after 
the vaccination. The animals were observed for approximately 2 weeks to 1 month after the infection. The clinical signs, virus 
excretion and antibody responses of the infected animals that had received the vaccination were compared with those of infected 
animals that had not received the vaccination reported previously [11, 12, 21]. Four 3-month-old Holstein cows were additionally 
inoculated with 1 ml of 106 TCID50 of the FMDV O/JPN/2010-1/14C by the intradermal route as described previously [21] and 
were observed for approximately 2 weeks. Their clinical signs, virus excretion and antibody responses were also compared with 
those of the infected cows that had received the vaccination.

Cows 130, 141, 146, 133, 137, 142 and 149 were designated as cows 0, 1, 6, 3, 7, 2 and 9, respectively, in our previous report 
[12]. Cows 121 and 122 were designated as cows 1 and 2, respectively, in our previous report [21]. Pigs 141–146 were designated 
as pigs 1–6, respectively, in our previous report [11].

Sera were collected from the animals’ cervical veins using a vacuum blood collection tube (Venoject II, Terumo Corporation, 
Tokyo, Japan). Saliva was collected from the animals’ oral cavities using a roll-shaped synthetic saliva collector (Salivette, Sarstedt 
KK, Tokyo, Japan) and forceps. Nasal swabs were collected from the animals’ nasal cavities using a cotton swab (Men-tip, JCB 
Industry Limited, Tokyo, Japan). Esophageal-pharyngeal fluid and throat swabs were collected from 3 (cows 130, 133 and 137) of 
the vaccinated cows and all of the vaccinated pigs using a probang cup and the cotton swab, respectively. Collection of the clinical 
samples except for the esophageal-pharyngeal fluid and throat swabs was performed daily until 10 days post-infection (dpi) and at 3- 
to 4-day intervals after that. The esophageal-pharyngeal fluid and throat swabs were collected at 0 dpi and twice a week after 18 dpi.
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Virus isolation and titration
 The LFBK-αvβ6 cells were prepared using the DMEM supplemented with 10% FBS in 24-well plates at 1 day before virus 

isolation was carried out. Ten-fold dilutions of the clinical samples were serially prepared in tubes in order to determine the virus 
titers in the samples. After the cells were washed once, a 150 µl volume of each dilution of the clinical samples was transferred to 
4 wells of the 24-well plates and incubated at 37°C for 1 hr. The cells were washed again and added to the DMEM supplemented 
with 10% FBS. The cells were incubated at 37°C for 72 hr in 5% CO2 and observed microscopically for the appearance of a 
cytopathic effect (CPE). The specificity of the CPE was confirmed by a monoclonal antibody-based sandwich ELISA for FMDV 
detection [19]. Virus isolation and titration were performed on the day when each clinical sample was obtained in order to 
minimize any decrease of the virus titers during chilled storage or due to the freezing and thawing processes. Virus titers were 
calculated by the Reed‒Muench method [22].

RNA extraction, RT-PCR and real-time RT-PCR assays
 Viral RNAs were extracted from the clinical samples using the High Pure Viral RNA kit (Roche Diagnostics, Basel, 

Switzerland) according to the manufacturer’s instructions. An RT-PCR assay was performed as previously described using primers 
FM8 and FM9 [23]. A real-time RT-PCR assay was performed using primers and a probe described elsewhere [3].

VNT
A VNT was performed using the LFBK-αvβ6 cells as previously described [3]. The FMDV O/JPN/2010-1/14C and O Manisa 

were used as antigens in the VNT in order to determine the r1 values of the O/JPN/2010-1/14C to the O Manisa and antibody 
responses to both the FMDVs in the vaccinated animals. The VNT was performed simultaneously using both the FMDVs in order 
to minimize the variation of the serum dilution among the VNT trials. The r1 values were determined as follows: the antibody titer 
of an antiserum to the O/JPN/2010-1/14C was divided by the antibody titer of the same antiserum to the O Manisa [3]. The VNT 
was repeated at least three times. Antibody titers were expressed as the mean values of the results of the VNT trials.

Liquid phase blocking ELISA (LPBE)
 LPBE (Biological Diagnostic Supplies Limited, Ayrshire, UK) was performed according to the manufacturer’s instructions. The 

O Manisa strain was used as an antigen in the LPBE. The antibody titer was expressed as the reciprocal of the dilution of each 
serum sample.

RESULTS

r1 values
 Supplementary Table 1 shows the r1 values of the antisera. The r1 values of the O/JPN/2010 to the O Manisa were between 0.36 

and >1.

Clinical signs
Supplementary Tables 2 and 3 show the dpi when vesicular development was initially observed in the infected animals with 

and without vaccination. The animals vaccinated at 30 dbv did not show any vesicular lesions except for vesicular lesions at the 
virus inoculation sites in the cows during the experimental period. The animals vaccinated at 3 dbv showed vesicular development 
between 1 and 6 dpi and between 4 and 11 dpi in the cows and pigs, respectively; however, there were several sites where vesicular 
development was not observed during the experimental period. In addition, pig 144 did not show any vesicular lesions during the 
experimental period. The clinical signs of the vaccinated animals were apparently mitigated. Vesicular development in the infected 
animals without vaccination was observed earlier and at more sites than that in the infected animals with vaccination.

Virus excretion
Figures 1‒3 and Supplementary Table 4 show virus excretion from the cows with and without vaccination. In 2 of 3 cows 

vaccinated at 30 dbv, viruses were obtained from the serum and saliva at 2 dpi and between 1 and 4 dpi, respectively. Virus titers 
in the serum and saliva were 101.6, and between 102.6 and 104.8 TCID50/ml, respectively. Viruses were not obtained from the nasal 
swabs of the 2 cows nor from any of the clinical samples of cow 141 during the experimental period.

In the cows vaccinated at 3 dbv, viruses were obtained from the sera, saliva and nasal swabs at 1 dpi, between 1 and 4 dpi, and 
between 1 and 4 dpi, respectively. The virus titers in the sera, saliva and nasal swabs were between 101.6 and 102.3, between 102.6 
and 105.3, and between 102.6 and 107.8 TCID50/ml, respectively. Viruses were not isolated from the esophageal-pharyngeal fluid 
during the experimental period (data not shown).

In the cows that had not been vaccinated, viruses were obtained from the sera, saliva and nasal swabs between 1 and 3 dpi, 
between 1 and 7 dpi, and between 1 and 7 dpi, respectively. The virus titers in the sera, saliva and nasal swabs were between 103.1 
and 104.8, between 101.3 and 106.6, and between 102.3 and 107.5 TCID50/ml, respectively.

Figures 4‒6 and Supplementary Table 5 show virus excretion in the pigs with and without vaccination. In the pigs vaccinated 
at 30 dbv, viruses were obtained from the saliva and nasal swabs between 1 and 5 dpi and between 1 and 5 dpi, respectively. The 
virus titers in the saliva and nasal swabs were between 102.6 and 106.8 and between 102.6 and 105.1 TCID50/ml, respectively. Viruses 
were not obtained from the sera during the experimental period.
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In 2 of 3 pigs vaccinated at 3 dbv, viruses were obtained from the sera between 6 and 7 dpi and between 3 and 5 dpi, 
respectively. However, viruses were not obtained from the sera of pig 144 during the experimental period. Viruses were obtained 
from the saliva and nasal swabs between 1 and 8 dpi and between 1 and 8 dpi, respectively. The virus titers in the sera, saliva and 
nasal swabs were between 101.8 and 103.8, between 102.6 and 107.3, and between 102.6 and 105.6 TCID50/ml, respectively. Viruses 
were not isolated from the throat swabs during the experimental period (data not shown).

In the pigs that did not receive vaccinations, viruses were obtained from the sera, saliva and nasal swabs between 1 and 4 dpi, 
between 1 and 5 dpi, and between 1 and 5 dpi, respectively. Virus titers were between 101.8 and 106.8, between 103.6 and 107.3, and 
between 103.6 and 107.8 TCID50/ml, respectively.

Detection and loads of viral RNAs
 Supplementary Table 4 shows the viral RNA loads in the clinical samples collected from the cows with and without vaccination. 

In cow 130, which was vaccinated at 30 dbv, viral RNAs were detected from the sera, saliva and nasal swabs between 2 and 4 dpi, 
between 2 and 6 dpi, and at 2 dpi, respectively. The viral RNA loads in the clinical samples were between 106.6 and 107.5, between 
106.7 and 1010.0, and 106.9 copies/ml, respectively. In the other cows, viral RNAs were detected only from the saliva between 1 and 
6 dpi. The viral RNA loads in the saliva were between 107.8 and 1010.9 copies/ml.

In the cows vaccinated at 3 dbv, viral RNAs were detected from the sera, saliva and nasal swabs between 1 and 3 dpi, between 1 
and 7 dpi, and between 1 and 6 dpi, respectively. The viral RNA loads were between 105.9 and 107.8, between 106.6 and 1010.6, and 
between 106.8 and 1011.6 copies/ml, respectively. Viral RNAs were not detected from the esophageal-pharyngeal fluid during the 
experimental period (data not shown).

In the cows that were not vaccinated, viral RNAs were detected from the sera, saliva and nasal swabs between 1 and 7 dpi, 
between 1 and 9 dpi, and between 1 and 9 dpi, respectively. The viral RNA loads were between 102.1 and 109.4, between 102.7 and 
1010.0, and between 105.6 and 1010.4 copies/ml, respectively.

Supplementary Table 5 shows the viral RNA loads in the clinical samples collected from the pigs with and without vaccination. 
In pig 142, which was vaccinated at 30 dbv, viral RNAs were detected from the sera, saliva and nasal swabs at 2 dpi, between 1 
and 6 dpi, and between 1 and 11 dpi, respectively. The viral RNA loads in the clinical samples were 106.9, between 108.5 and 1010.9, 

Fig. 1. Virus titers of the clinical samples collected from cows vaccinated at 30 days before the virus infection.
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and between 107.7 and 1010.0 copies/ml, respectively. In the other pigs, viral RNAs were detected only from the saliva and nasal 
swabs between 1 and 7 dpi and between 1 and 5 dpi, respectively. The viral RNA loads in the clinical samples were between 107.2 
and 1010.2, and between 107.4 and 109.4 copies/ml, respectively.

In the pigs vaccinated at 3 dbv, viral RNAs were detected from the sera, saliva and nasal swabs between 2 and 14 dpi, between 
1 and 21 dpi, and between 1 and 18 dpi, respectively. The viral RNA loads were between 106.3 and 109.4, between 107.1 and 1011.4, 
and between 107.3 and 109.6 copies/ml, respectively. Viral RNAs were not detected from the throat swabs during the experimental 
period (data not shown).

In the pigs that were not vaccinated, viral RNAs were detected from the sera, saliva and nasal swabs between 1 and 5 dpi, 
between 1 and 10 dpi, and between 1 and 10 dpi, respectively. The viral RNA loads in the clinical samples were between 105.5 and 
1010.7, between 106.9 and 1010.1, and between 106.4 and 1010.5 copies/ml, respectively.

The results of detection of the viral RNAs by the RT-PCR assay were almost comparable with those of the real-time RT-PCR 
assay (data not shown). Some of the results obtained by the RT-PCR assay have already been reported in previous papers [11, 12].

Antibody responses
 The antibody responses in the infected animals with and without vaccination, except for cows 143, 147, 152 and 154, have been 

reported previously [11, 12, 21]. Briefly, in the cows vaccinated at 30 dbv, cows vaccinated at 3 dbv and cows without vaccination, 
antibodies were detected in the LPBE from 23 dbv, 2 dpi and 4 dpi, respectively (Figs. 1‒3 and Supplementary Table 4). The 
antibody titers were between 90 and 5,792, between 45 and 1,448, and between 32 and 1,448, respectively.

In pigs 141, 142 and 143 vaccinated at 30 dbv, antibodies were detected in the LPBE from 3, 20 and 17 dbv; however, 
antibodies were not detected at 17, 10 and 2 dbv in pig 142, nor between 3 dbv and 4 dpi in pig 143, respectively (Fig. 4 and 
Supplementary Table 5). The antibody titers were between 45 and 2,048.

In the pigs vaccinated at 3 dbv and the pigs that were not vaccinated, antibodies were detected in the LPBE from 4 and 6 dpi, 
respectively (Figs. 5, 6 and Supplementary Table 5). The antibody titers were between 32 and 724, and between 45 and 724, 
respectively.

In contrast, antibody responses to the O/JPN/2010 and O Manisa were similar in the VNT (data not shown).

Fig. 2. Virus titers of the clinical samples collected from cows vaccinated at 3 days before the virus infection.
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DISCUSSION

The effectiveness of FMD vaccines has been mainly analyzed using a homologous FMDV strain [5, 8, 9, 26]. In this study, the 
effectiveness of the O Manisa vaccine was analyzed using the heterologous O/JPN/2010 in order to retrospectively evaluate the 
effectiveness of the emergency vaccination used in the 2010 epidemic in Japan. The clinical signs of the animals vaccinated at 
30 dbv were completely eliminated in this study. In addition, the clinical signs of pig 144, which was vaccinated at 3 dbv, were 
also completely eliminated. Similarly, the O Manisa vaccine prevented the appearance of any clinical signs in sheep and pigs 
infected with a heterologous FMDV isolate, which belongs to the same Mya-98 lineage of the SEA topotype of serotype O as the 
O/JPN/2010 [14, 27]. Commercially available vaccines are produced using a limited number of strains [2]. Performing routine 
experimental infections using recent heterologous field strains on animals that have been administered vaccines preserved for 
emergency use is therefore crucial in order to evaluate the effectiveness of the preserved vaccines.

In general, the r1 values of a field strain to a vaccine strain are less than 1, because the antibody titers of sera collected from 
vaccinated animals in response to a homologous vaccine strain are higher than those in response to a heterologous field strain 
[25]. However, the r1 values of O/JPN/2010 to O Manisa were more than 1 in 4 of 8 sera used in this study (Supplementary Table 
1). The reasons that the r1 values of O/JPN/2010 to O Manisa were more than 1 in the sera are unknown; however, similar results 
were also reported previously [25]. The O Manisa used in this study was kindly provided by the World Reference Laboratory for 
FMD and was not the same virus stock as the O Manisa used by the manufacturer to produce the vaccine. For example, the passage 
histories of the O Manisa used in this study must be different from those of the O Manisa used for producing of the vaccine by the 
manufacturer, although origin of the O Manisa used in this study is the same with that of the O Manisa used for production of the 
vaccine by the manufacturer [personal communication]. Therefore, the reason that the r1 values of O/JPN/2010 to O Manisa were 
more than 1 in the sera might be attributed to the difference in the passage histories. In addition, the O/JPN/2010 is thought to be 
related serologically with the O Manisa.

In this study, as mentioned above, the r1 values were used as a measurement of the antigenic relationship between the O/
JPN/2010 and O Manisa, because the objective of this study was to retrospectively evaluate the effectiveness of the emergency 
vaccination in the 2010 epidemic in Japan under experimental conditions. Previous studies have shown that there is a strong 
relationship between antibody responses and the mitigation of clinical signs in vaccinated and subsequently infected animals [13, 

Fig. 3. Virus titers of the clinical samples collected from infected cows that did not receive the vaccination.
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18, 26]. However, the degree of the antibody responses that is necessary for such protection varies among different strains. One 
report argued that the use of an r1 value to estimate the protection provided against a challenge by an FMDV is not logical because 
the difference in the antibody responses needed to achieve this protection is not taken into consideration [25]. Therefore, if the 
objective is to choose a vaccine that will best protect against infection with a field isolate, it would be better to look for a vaccine 
that can induce the highest antibody responses against the field virus strain instead of looking at the r1 value of the field strain to 
the vaccine strain. In a recent study that analyzed the serological results of cross-protection tests, it was shown that the r1 value of 
a serum sample from a vaccinated and heterologous-challenged cow did not predict protection against the challenge, but the serum 
titer against the challenge strain in the VNT was able to predict it [6]. The methods of choosing an appropriate vaccine for an 
FMDV need to be further explored as proposed in a previous report [6].

Clinical signs were completely eliminated as a result of vaccination at 30 dbv in both the cows and pigs in this study. Vesicular 
epithelia and fluid generally include large amounts of viruses [1]. Mitigating the clinical signs is therefore valuable in preventing the 
spread of viruses in the environment. In contrast, it should be noted that virus excretion to salivary and nasal discharge continued 
without any clinical signs in the animals that received the vaccination, especially the pigs. In addition, viruses and viral RNAs 
were obtained for a longer period in the pigs that received the vaccine at 3 dbv than in the infected pigs that did not receive the 
vaccination. Although horizontal transmission occurred from animals inoculated with 104 and 105 TCID50 of an FMDV to susceptible 
contact animals, horizontal transmission did not occur from animals inoculated with the higher dose of 106 TCID50 of the FMDV 
to susceptible contact animals [15]. When animals are inoculated with a high dose of an FMDV, immune responses and subsequent 
virus clearances may occur rapidly. Similarly, immune responses and virus clearance may have occurred more rapidly in the infected 
pigs that did not receive the vaccination than in the pigs administered the vaccine at 3 dbv in this study. Vaccinated and immediately 
infected pigs are likely to be more significant sources of infection for other animals than infected pigs that did not receive the 
vaccination. Pigs that are vaccinated as a control measure in an FMD outbreak therefore would need to be sacrificed immediately.

In conclusion, the following was confirmed in this study: (1) the clinical signs were completely eliminated in the animals 
vaccinated at 30 dbv; (2) the periods of virus excretion into the clinical samples were decreased in the cows by the vaccination; and 
(3) the periods of virus excretion into the clinical samples except for the sera were not decreased significantly in the pigs by the 
vaccination. The mitigation of clinical signs is important to prevent environmental contamination with viruses, because vesicular 

Fig. 4. Virus titers of the clinical samples collected from pigs vaccinated at 30 days before the virus infection.
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lesions generally have a large amount of viruses; however, it should be noted that vaccinated and subsequently infected animals, 
especially pigs, may excrete viruses into clinical samples without exhibiting any clinical signs.
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Fig. 6. Virus titers of the clinical samples collected from the infected pigs that did not receive the vaccination.



K. FUKAI ET AL.

136doi: 10.1292/jvms.16-0482

care of the animals. This study was supported by a research project on improving food and animal health of the Ministry of Agriculture, 
Forestry and Fisheries of Japan.

REFERENCES

 1. Alexandersen, S., Oleksiewicz, M. B. and Donaldson, A. I. 2001. The early pathogenesis of foot-and-mouth disease in pigs infected by contact: a 
quantitative time-course study using TaqMan RT-PCR. J. Gen. Virol. 82: 747–755. [Medline]  [CrossRef]

 2. Anonymous 2014. OIE/FAO foot-and-mouth disease reference laboratory network annual report 2014, http://www.wrlfmd.org/ref_labs/ref_lab_
reports/OIE-FAO%20FMD%20Ref%20Lab%20Network%20Report%202014.pdf

 3. Anonymous 2015. Chapter 2.1.5. Foot and mouth disease. Manual of Diagnostic Tests and Vaccines for Terrestrial Animals 2015. http://www.oie.
int/fileadmin/Home/eng/Health_standards/tahm/2.01.05_FMD.pdf

 4. Anonymous 2015. Chapter 1.1.3. Biosafety and biosecurity in the veterinary microbiology laboratory and animal facility. Manual of Diagnostic Tests 
and Vaccines for Terrestrial Animals 2015, http://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/1.01.3_BIOSAFETY_BIOSECURITY.pdf

 5. Barnett, P. V., Cox, S. J., Aggarwal, N., Gerber, H. and McCullough, K. C. 2002. Further studies on the early protective responses of pigs following 
immunisation with high potency foot and mouth disease vaccine. Vaccine 20: 3197–3208. [Medline]  [CrossRef]

 6. Brito, B. P., Perez, A. M. and Capozzo, A. V. 2014. Accuracy of traditional and novel serology tests for predicting cross-protection in foot-and-
mouth disease vaccinated cattle. Vaccine 32: 433–436. [Medline]  [CrossRef]

 7. Brown, F. 2003. The history of research in foot-and-mouth disease. Virus Res. 91: 3–7. [Medline]  [CrossRef]
 8. Eblé, P. L., Bouma, A., de Bruin, M. G. M., van Hemert-Kluitenberg, F., van Oirschot, J. T. and Dekker, A. 2004. Vaccination of pigs two weeks 

before infection significantly reduces transmission of foot-and-mouth disease virus. Vaccine 22: 1372–1378. [Medline]  [CrossRef]
 9. Eblé, P. L., Bouma, A., Weerdmeester, K., Stegeman, J. A. and Dekker, A. 2007. Serological and mucosal immune responses after vaccination and 

infection with FMDV in pigs. Vaccine 25: 1043–1054. [Medline]  [CrossRef]
 10. Fukai, K., Morioka, K. and Yoshida, K. 2011. An experimental infection in pigs using a foot-and-mouth disease virus isolated from the 2010 

epidemic in Japan. J. Vet. Med. Sci. 73: 1207–1210. [Medline]  [CrossRef]
 11. Fukai, K., Nishi, T., Morioka, K., Yamada, M., Yoshida, K., Kitano, R., Yamazoe, R. and Kanno, T. 2016. Further evaluation of an ELISA kit for 

detection of antibodies to a nonstructural protein of foot-and-mouth disease virus. J. Vet. Med. Sci. 78: 365–373. [Medline]  [CrossRef]
 12. Fukai, K., Yamada, M., Morioka, K., Ohashi, S., Yoshida, K., Kitano, R., Yamazoe, R. and Kanno, T. 2015. Dose-dependent responses of pigs 

infected with foot-and-mouth disease virus O/JPN/2010 by the intranasal and intraoral routes. Arch. Virol. 160: 129–139. [Medline]  [CrossRef]
 13. Hingley, P. J. and Pay, T. W. 1987. Sources of variability in foot and mouth disease vaccine potency estimates based on serum neutralizing antibody 

assay. J. Biol. Stand. 15: 127–142. [Medline]  [CrossRef]
 14. Horsington, J., Zhang, Z., Bittner, H., Hole, K., Singanallur, N. B., Alexandersen, S. and Vosloo, W. 2015. Early protection in sheep against 

intratypic heterologous challenge with serotype O foot-and-mouth disease virus using high-potency, emergency vaccine. Vaccine 33: 422–429. 
[Medline]  [CrossRef]

 15. Hughes, G. J., Kitching, R. P. and Woolhouse, M. E. J. 2002. Dose-dependent responses of sheep inoculated intranasally with a type O foot-and-
mouth disease virus. J. Comp. Pathol. 127: 22–29. [Medline]  [CrossRef]

 16. Knowles, N. J. and Samuel, A. R. 2003. Molecular epidemiology of foot-and-mouth disease virus. Virus Res. 91: 65–80. [Medline]  [CrossRef]
 17. LaRocco, M., Krug, P. W., Kramer, E., Ahmed, Z., Pacheco, J. M., Duque, H., Baxt, B. and Rodriguez, L. L. 2013. A continuous bovine kidney cell 

line constitutively expressing bovine αvβ6 integrin has increased susceptibility to foot-and-mouth disease virus. J. Clin. Microbiol. 51: 1714–1720. 
[Medline]  [CrossRef]

 18. Maradei, E., La Torre, J., Robiolo, B., Esteves, J., Seki, C., Pedemonte, A., Iglesias, M., D’Aloia, R. and Mattion, N. 2008. Updating of the 
correlation between lpELISA titers and protection from virus challenge for the assessment of the potency of polyvalent aphtovirus vaccines in 
Argentina. Vaccine 26: 6577–6586. [Medline]  [CrossRef]

 19. Morioka, K., Fukai, K., Sakamoto, K., Yoshida, K. and Kanno, T. 2014. Evaluation of monoclonal antibody-based sandwich direct ELISA (MSD-
ELISA) for antigen detection of foot-and-mouth disease virus using clinical samples. PLOS ONE 9: e94143. [Medline]  [CrossRef]

 20. Muroga, N., Hayama, Y., Yamamoto, T., Kurogi, A., Tsuda, T. and Tsutsui, T. 2012. The 2010 foot-and-mouth disease epidemic in Japan. J. Vet. 
Med. Sci. 74: 399–404. [Medline]  [CrossRef]

 21. Onozato, H., Fukai, K., Kitano, R., Yamazoe, R., Morioka, K., Yamada, M., Ohashi, S., Yoshida, K. and Kanno, T. 2014. Experimental infection of 
cattle and goats with a foot-and-mouth disease virus isolate from the 2010 epidemic in Japan. Arch. Virol. 159: 2901–2908. [Medline]  [CrossRef]

 22. Reed, L. J. and Muench, H. 1938. A simple method of estimating fifty percent endpoints. Am. J. Hyg. 27: 493–497.
 23. Sakamoto, K., Kanno, T., Yamakawa, M., Yoshida, K., Yamazoe, R. and Murakami, Y. 2002. Isolation of foot-and-mouth disease virus from 

Japanese black cattle in Miyazaki Prefecture, Japan, 2000. J. Vet. Med. Sci. 64: 91–94. [Medline]  [CrossRef]
 24. Shiga, A. 2011. Preventive measures against an occurrence of foot and mouth disease in major pig production areas in Japan. Proc. Jpn. Pig Vet. 

Soc. 57: 1–5 (in Japanese).
 25. Tekleghiorghis, T., Weerdmeester, K., van Hemert-Kluitenberg, F., Moormann, R. J. M. and Dekker, A. 2014. Comparison of test methodologies for 

foot-and-mouth disease virus serotype A vaccine matching. Clin. Vaccine Immunol. 21: 674–683. [Medline]  [CrossRef]
 26. Van Maanen, C. and Terpstra, C. 1989. Comparison of a liquid-phase blocking sandwich ELISA and a serum neutralization test to evaluate 

immunity in potency tests of foot-and-mouth disease vaccines. J. Immunol. Methods 124: 111–119. [Medline]  [CrossRef]
 27. Wilna, V., Hong, N. T. T., Geoffrey, F. T., Jacqueline, M. M., Jianning, W., Van Phuc, K., Ngon, Q. V., Phuong, T. T., Hung, D., Hanh, T. X., Van Hung, V., 

Anh, T. Q., Tien, M. T. M., Quang, T. V., Long, N. T. and Nagendrakumar, S. B. 2015. Efficacy of a high potency O1 Manisa monovalent vaccine against 
heterologous challenge with a FMDV O Mya98 lineage virus in pigs 4 and 7 days post vaccination. Vaccine 33: 2778–2785. [Medline] [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11257178?dopt=Abstract
http://dx.doi.org/10.1099/0022-1317-82-4-747
http://www.ncbi.nlm.nih.gov/pubmed/12163272?dopt=Abstract
http://dx.doi.org/10.1016/S0264-410X(02)00242-6
http://www.ncbi.nlm.nih.gov/pubmed/24342253?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/12527434?dopt=Abstract
http://dx.doi.org/10.1016/S0168-1702(02)00268-X
http://www.ncbi.nlm.nih.gov/pubmed/15063559?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2003.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17157418?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2006.09.066
http://www.ncbi.nlm.nih.gov/pubmed/21532260?dopt=Abstract
http://dx.doi.org/10.1292/jvms.11-0063
http://www.ncbi.nlm.nih.gov/pubmed/26498533?dopt=Abstract
http://dx.doi.org/10.1292/jvms.15-0219
http://www.ncbi.nlm.nih.gov/pubmed/25281431?dopt=Abstract
http://dx.doi.org/10.1007/s00705-014-2239-4
http://www.ncbi.nlm.nih.gov/pubmed/3036879?dopt=Abstract
http://dx.doi.org/10.1016/0092-1157(87)90036-9
http://www.ncbi.nlm.nih.gov/pubmed/25483241?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2014.11.043
http://www.ncbi.nlm.nih.gov/pubmed/12354542?dopt=Abstract
http://dx.doi.org/10.1053/jcpa.2002.0560
http://www.ncbi.nlm.nih.gov/pubmed/12527438?dopt=Abstract
http://dx.doi.org/10.1016/S0168-1702(02)00260-5
http://www.ncbi.nlm.nih.gov/pubmed/23515553?dopt=Abstract
http://dx.doi.org/10.1128/JCM.03370-12
http://www.ncbi.nlm.nih.gov/pubmed/18835312?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2008.09.033
http://www.ncbi.nlm.nih.gov/pubmed/24736560?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0094143
http://www.ncbi.nlm.nih.gov/pubmed/22075710?dopt=Abstract
http://dx.doi.org/10.1292/jvms.11-0271
http://www.ncbi.nlm.nih.gov/pubmed/24938483?dopt=Abstract
http://dx.doi.org/10.1007/s00705-014-2135-y
http://www.ncbi.nlm.nih.gov/pubmed/11853156?dopt=Abstract
http://dx.doi.org/10.1292/jvms.64.91
http://www.ncbi.nlm.nih.gov/pubmed/24623625?dopt=Abstract
http://dx.doi.org/10.1128/CVI.00034-14
http://www.ncbi.nlm.nih.gov/pubmed/2553819?dopt=Abstract
http://dx.doi.org/10.1016/0022-1759(89)90192-0
http://www.ncbi.nlm.nih.gov/pubmed/25917677?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2015.04.045

