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Summary 
 

Foot-and-mouth disease is an important viral disease of cloven-hoofed animals. Inactivated whole particle virus vaccines are still 

widely used in prophylactic vaccination campaigns. The choice of adjuvant is a very important factor in enhancing immune 

responses and the efficacy of inactivated vaccines. Montanide ISA 61 VG is a new ready-to-use mineral oil-based adjuvant 

developed by SEPPIC Inc. (SEPPIC, France) with high-potential immune responses needed for clinical protection against FMD 

infection. In this study, we compared the efficacy of two FMD vaccines either formulated with the new oil-based adjuvant ISA 61 

VG and saponin, or with aluminum hydroxide gel and saponin. Both vaccines contained the same antigen payloads of O2010/IR. 

Two groups of 15 naive cattle received a single vaccination with different doses (full dose, 1/3 dose and 1/9 dose) to calculate their 

PD50 (50% protective dose) after being challenged with the homologous virulent virus. The mean neutralizing antibody titer was 

determined at 0, 7, 14 and 21 days after vaccination, measured by a micro neutralization test. The new vaccine improved humoral 

immune responses by 19%, while inducing a higher geometric mean. The titer for neutralizing antibodies was 2.91 log10 compared to 

the alum-gel based adjuvant vaccine which was 2.44 log10 (P-value=0.1782). The new vaccine showed a PD50 value of 10.05 as 

compared to a PD50 value of 4.171, respectively. According to the results, the FMD vaccine formulated with the new oil adjuvant, 

ISA 61 VG, shows potential as an alternative vaccine for routine and emergency vaccinations in the FMD enzootic region. 
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Introduction 
 

Foot-and-mouth disease (FMD) is an acute and 

highly contagious viral disease of cloven-hoofed 

animals, especially ruminants and pigs. FMD is an 

important economical disease with low mortality (except 

for newborn and young animals) and high morbidity in 

susceptible animals. The causative agent of this disease 

belongs to the genus Aphtovirus of the Picornaviridae 

family which includes seven distinct serological 

serotypes A, O, Asia1, C, and South African Territories 

(SAT) types 1, 2, 3 and many (sub)lineages (Grubman et 

al., 2004; Jamal et al., 2013). In Iran, FMD is an 

enzootic disease first reported by the World Reference 

Laboratory (WRL) in 1956 when it appeared as a 

serotype O virus. Serotypes of Asia1 and A were also 

isolated in 1957 and 1960, respectively (WRLFMD, 

1956-1960 Iran). One of the most important strategies for 

controlling and eradicating FMD is vaccination with high 

quality vaccines, especially in enzootic areas (Brückner 

et al., 2010). 

The goal of vaccination is to generate immune 

responses to the administered antigen which should 

provide long-term protection against infection. Despite 

advances in the field of vaccinology, FMD inactivated 

whole-virus vaccines are still commonly used to combat 

the disease. One of the most important factors that 

enhance the immunogenicity of these vaccines is the 

nature of the adjuvant. The induction of strong and long 

lasting immune responses with inactivated as opposed to 

live attenuated viral vaccines often requires the addition 

of a potent and safe adjuvant (Petrovsky et al., 2004). 

Many types of adjuvants are employed in veterinary 

vaccines, however, alum-based and mineral oil-based 

adjuvants with or without saponin are most frequently 

used for inactivated FMD vaccines (Park et al., 2014). 

Vaccines containing aluminum hydroxide and 

saponin as adjuvants have several deficiencies such as 

the induction of short-lived antibody responses which 

require relatively frequent revaccinations at intervals of 6 

or even 4 months. In contrast, oil-based adjuvant FMD 

vaccines appear to have several advantages such as the 

induction of high titers and long-lived antibody 

responses, resulting in more effective protection 

(Aucouturier et al., 2001; Cloete et al., 2008). Unlike 

alum-based adjuvant vaccines, oil-based adjuvant 

vaccines can overcome interference by maternal 

antibodies in neonates and can consequently be applied 

earlier in life (Iyer et al., 2000). 

Montanide ISA 61 VG is a new mineral oil-based 

adjuvant developed by SEPPIC. According to the 

manufacturer, Montanide ISA 61 VG water-in-oil (W/O) 

emulsion is robust, stable, easy to inject, induces strong 

and long lasting protection and is especially suitable for 
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antigens with a relatively low immunogenicity (SEPPIC, 

2010). 

In the case of FMD, the serum neutralization test 

(SNT) is serotype-specific and is considered highly 

sensitive to antibodies against the FMD virus (Selim et 

al., 2010; OIE, 2012). 

Potency testing is another reliable method of 

estimating vaccine efficacy by determining the 

protection of cattle vaccinated with different doses of the 

vaccine after being challenged with a homologous virus 

(OIE, 2012). 

In the present study, we evaluated a monovalent 

O2010/IR oil-based FMD vaccine formulated with the 

new Montanide ISA 61 VG W/O emulsion adjuvant, and 

compared it with a conventional vaccine formulated with 

an alum-based adjuvant and saponin with the same 

vaccine virus strain and antigen payload. We determined 

which formulation would elicit the highest neutralization 

antibody titers and protection against the homologous 

virulent virus challenge PD50 (50% protective dose). 

 

Materials and Methods 
 

Animals 
Naive Holstein calves used in this study were 

between 6 to 9 months old and weighted between 300 

and 400 kg. These calves were monitored and controlled 

from birth until the beginning of the experiment, and had 

never been infected or vaccinated against the FMD virus 

as evidenced by the absence of neutralizing antibodies 

and NSP (nonstructural proteins) antibodies prior to 

vaccination in all groups and before the challenge in the 

non-vaccinated control group. 

 

Preparation of vaccines 
The virus was propagated on a monolayer and 

suspension BHK21 cell culture. It was then harvested 

and centrifuged to remove cell debris and concentrated 

by 8% polyethylene glycol 6000. The virus concentration 

titer was measured by the TCID50 method and inactivated 

by 4 mM w/v Binary Ethyleneimine (BEI) for 30 h at 

30°C. To neutralize and remove residues of BEI, 2 mM 

sodium thiosulfate was added. Finally, the formulation 

was carried out as follows: 

2.5 × 10
7
 TCID50 inactivated FMD virus type O2010/IR 

was used as the antigen payload per dose. Three 

mg/doses saponin was added and maintained for the 

aqueous phase of the vaccine bulk. Vaccines were then 

prepared for experiments 1 and 2 as follows: 

Experiment 1: A stable and efficient vaccine was 

obtained by mixing the aqueous phase bulk into the 

Montanide ISA 61 VG (W/O) at lower than 20 +/-2°C 

using a high shear mixer, which was prepared based on 2 

ml per dose. 

Experiment 2: 2.5% aluminum hydroxide gel was 

prepared as an alum-based adjuvant and a 30% per dose 

was added to the aqueous phase of the vaccine bulk, 

mixed for 1 h in a low speed agitating mixer at 25°C. 

The vaccines were then prepared and employed in 5 ml-

volumes per dose for subcutaneous injection. 

 

Vaccine and challenge experiment 
Initially, 32 naive calves were assigned to three 

groups; group A for experiment 1 with 15 calves, group 

B for experiment 2 with 15 calves and group C with 2 

calves as the control group (OIE, 2012). Groups A and B 

were then divided into three subgroups (A1, A2, A3 and 

B1, B2, B3) each including 5 calves. Animals were kept 

in a controlled area and housed in separated boxes. 

Vaccination was finally performed as follows: 

Group A: A1, 2 ml (full dose); A2, 0.67 ml (1:3 dose) 

and A3, 0.22 ml (1:9 dose) vaccination. 

Group B: B1, 5 ml (full dose); B2, 1.67 ml (1:3 dose) 

and B3, 0.55 ml (1:9 dose) vaccination. 

Group C: Unvaccinated control animals. 

All animals were monitored daily for 21 days post 

vaccination and before the challenge with 10000 BID50 

virulent virus. 

 

Sample collection 
Clotted blood samples were collected in 10 ml 

venoject tubes from all cattle on days 0, 7, 14 and 21 

after vaccination. Sera were harvested after incubating 

the clotted blood samples at 4-8°C for 4-5 h and 

centrifuged at 2,500 rpm at 4°C for 20 min. The sera 

were then stored at -20°C until used (Rweyemamu et al., 

1978; OIE, 2012). 

 

Antibody assays 
The titer of neutralizing antibodies against FMD 

virus type O2010/IR was measured by micro 

neutralization tests, and expressed as the reciprocal of the 

dilution that neutralized 50% of the virus in BHK-21 

cells. Average SNT titers were calculated as log10 

geometric mean titers (Patil et al., 2002). 

 

Potency test 
Potency tests of the two vaccines (experiment 1 and 

2) were carried out in compliance with the OIE terrestrial 

manual and European Pharmacopeia (SEPPIC). Briefly, 

the challenge was carried out at day 21 post vaccination 

for all vaccinated (A and B) and unvaccinated calves (C) 

by intradermolingual injection of 0.2 ml of 10,000 

bovine infectious dose 50% (BID50), homologous to the 

virulent virus, onto the two sides of the tongue (0.1 ml in 

each side). All animals were monitored for 8 days and 

their body temperature was measured and recorded daily. 

Animals were tranquillized using Xylazine. Their hooves 

were then washed carefully to determine protected and 

unprotected animals by investigating lesions at sites 

other than the tongue. The PD50 was estimated for both 

experiments using Karber’s method (Karber, 1931). 

 

Statistical analysis 
Raw data of all experiments were used for statistical 

analysis. The collected data were analyzed using Graph 

Pad Prism 6 software. Analyses were carried out at a 

95% confidence level and p-values of less than 0.05 were 
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considered as significant. 

 

Results 
 

The geometric mean SNT titer at day 7 post 

vaccination for experiment 1 and experiment 2 indicated 

a more rapid antibody induction for the full dose of 

alum-based adjuvant vaccine, reaching to 1.764 log10 and 

1.36 log10 for Montanide ISA 61 VG. Antibody titers 

increased to maximum levels at day 21 after vaccination. 

Details of full and reduced doses (1:3 and 1:9) of both 

vaccines 1 and 2, are shown in Table 1 and Fig. 1. 

Geometric mean antibody titers for full dose vaccination 

with the new oil-based adjuvant ISA 61 VG and alum-

based adjuvant vaccine at day 21 post vaccination were 

2.91 and 2.44 log10, respectively, which were not 

significantly different (P-value=0.1782). Nevertheless, it 

is clear that the new ISA 61 VG oil-based adjuvant 

vaccine improved at least 19% of the humoral response 

compared to the alum-based adjuvant vaccine. 

The ability of the two vaccines with different 

adjuvants (experiments 1 and 2) to protect cattle against 

the generalization of the disease after being challenged 

with virulent FMD virus type O2010/IR is presented in 

Tables 2 and 3. As expected, body temperature in the 

two control group animals increased 24 h after challenge 

and both calves showed typical clinical signs of FMD 

with vesicle formation in all four feet at the 2nd-day post 

challenge. For experiment 1, one calf vaccinated with a 

1:3 dose, subgroup A2, and one calf vaccinated with a 

1:9 dose, subgroup A3, showed clinical lesions in two or 

more feet. Thirteen cattle were clinically protected and 

this vaccine passed with a PD50 value of 10.05. In 

experiment 2, two vaccinated cattle from subgroup B2 

which received 1:3 dose, and four cattle from subgroup 

B3, which received 1:9 dose, showed clinical lesions on 

their feet. Nine cattle were protected and this vaccine 

passed with a PD50 value of 4.171 as calculated by 

Spaerman and Karber (1931). The PD50 value for the oil-

based adjuvant ISA 61 VG (W/O) emulsified FMD 

vaccine (experiment 1) appeared to be higher than the 

PD50 value of the alum-based adjuvant (experiment 2). 

 

Discussion 
 

Vaccination  with high potency vaccines may prevent 
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Fig. 1: Trend of induction of means of the neutralizing 

antibody titers (humoral response) in each period of sampling 

from day zero to day 21 (the day of challenge) for the two 

groups of vaccinated cattle. Group A (A1, A2 and A3) was 

vaccinated with ISA 61 VG oil-based adjuvant and group B 

(B1, B2 and B3) with alum-based adjuvant 

 
Table 1: Summary of mean antibody titers obtained by SNT (log10) 

Vaccine Experiment 1 (ISA 61 VG) group A  Experiment 2 (alum-gel) group B 

Sub groups 
A1 

full dose 

A2 

1:3 dose 

A3 

1:9 dose 

 B1 

Full dose 

B2 

1:3 dose 

B3 

1:9 dose 

Days post vaccination Mean SNT titer log10  Mean SNT titer log10 

D0       0.214 0.214 0.308        0.274 0.308 0.308 

D7       1.39 1.036 1.004        1.764a 1.244 1.062 

D14       2.256 1.788 1.666        2.028 1.692 1.354 

D21       2.914 2.432 2.056        2.44 2.136 1.968 
a Higher antibody titer induced by the vaccine formulated in experiment 2 than experiment 1 at day 7 

 
Table 2: FMD experiment vaccine 1 (ISA 61 VG new oil-based adjuvant) inspection at necropsy on day 8 post challenge 

Details 
Sub groups 

A1 A2 A3 

Animal ID 090 181 194 146 222 091 111 147 208 209 139 186 202 210 232 

Vaccine dose/ml 2 2 2 2 2 0.67 0.67 0.67 0.67 0.67 0.22 0.22 0.22 0.22 0.22 
LFL lesion 0a 0 0 0 0 0 0 0 0 0 0 0 0 1b 0 

RFL lesion 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

LHL lesion 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 
RHL lesion 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

Tongue 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Total score 0 1 1 1 1 1 1 1 2 1 1 1 1 5 1 
a, b 0: There is no FMD virus lesion, and 1: There is at least one FMD virus lesion. LFL: Left front leg, RFL: Right front leg, LHL: 

Left hind leg, and RHL: Right hind leg 
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Table 3: FMD experiment vaccine 2 (alum-based adjuvant) inspection at necropsy on day 8 post challenge 

Details 
Sub groups 

B1 B2 B3 

Animal ID 120 177 143 231 233 093 125 199 219 234 162 197 198 203 229 

Vaccine dose/ml 5 5 5 5 5 1.67 1.67 1.67 1.67 1.67 0.55 0.55 0.55 0.55 0.55 

LFL lesion 0a 0 0 0 0 0 1b 0 0 1 1 1 0 1 0 
RFL lesion 0 0 0 0 0 0 1 0 0 1 1 1 0 1 0 

LHL lesion 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 

RHL lesion 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 
Tongue 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Total score 1 1 1 1 1 1 5 1 1 5 5 5 3 5 1 
a, b 0: There is no FMD virus lesions, and 1: There is at least one FMD virus lesion. LFL: Left front leg, RFL: Right front leg, LHL: 

Left hind leg, and RHL: Right hind leg 

 
virus replication in the pharyngeal region, reduce clinical 

symptoms and finally decrease the incidence of FMD 

infections (Selim et al., 2010). Since we could not find 

any report of Montanide ISA 61 VG adjuvanted FMD 

vaccines, we hypothesized that this new oil-based 

adjuvant formulation might induce a better immune 

response and protection in cattle as compared to a 

conventional alum-based adjuvant vaccine. In this study, 

the following mean neutralizing antibody titers were 

detected in all vaccinated cattle in groups A and B. These 

data were in agreement with earlier reports (Rweyemamu 

et al., 1978; Bahnemann et al., 1987; Barteling et al., 

1991; Cloete et al., 2008; Dar et al., 2013). On the other 

hand, it was shown that the immune response to a full 

dose of the experiment 2 vaccines induced an earlier 

immune response than the experiment 1 vaccine. 

However, the results showed that after 14 days post-

vaccination, antibody titers were higher in all groups 

vaccinated with different volumes of the experiment 1 

vaccine as compared to the experiment 2 vaccine, which 

was similar to the results reported by the previous studies 

(Bahnemann et al., 1987; De Diego et al., 1997; Cloete 

et al., 2008; Cox et al., 2010; Selim et al., 2010). These 

data were also consistent with previous reports regarding 

oil-based adjuvant vaccines and the better immune 

responses they caused at all-time points (except at day 7) 

as compared to an alum-based adjuvant vaccine, 

suggesting that a vaccine containing ISA 61 VG may be 

a good candidate for replacing conventional the alum-

based vaccine (Selim et al., 2010). Three different doses 

of each vaccine (full, 1:3 and 1:9 doses) were used in 

two potency tests. The relationship between dose and 

clinical protection obtained in this study was similar to 

the findings of other researchers (McCullough et al., 

1992; Patil et al., 2002; Cox et al., 2010; Selim et al., 

2010; Oh et al., 2012; Li et al., 2013). According to the 

statistical analysis, there was no significant difference 

(P≤0.05) in the SNT titer log10 between experiments 1 

and 2. However, the PD50 value of the ISA 61 VG 

formulated vaccine was higher than that of the alum-

based adjuvant vaccine. The potency of FMD vaccines 

can be negatively influenced by the disruption of the 

146S antigen during adsorption processes to the 

aluminum hydroxide gel (Doel et al., 1990; Li et al., 

2013). We found in both potency tests that all cattle with 

neutralizing antibody titers higher than 2.1 log10 were 

fully protected, whereas cattle with neutralizing antibody 

titers of 1.5 log10 (group A) and 1.8-1.98 log10 (group B) 

were not. However, one case in group A was protected 

with an antibody titer of 1.8 log10. Since the amount of 

antigen used in both vaccines was equal, this efficacy in 

protection was presumably related to the type of adjuvant 

used in the vaccine formulation and the capacity of its 

humoral and cellular response stimulation (Petrovsky et 

al., 2004; Meeusen et al., 2007; SEPPIC, 2010; Park, 

2013). Although humoral immunity is the most 

important factor in protection against FMD, this 

protection can also be determined by reticuloendothelial 

system cells (phagocytosis) that play a crucial role in the 

immune defense against the FMD virus (McCullough et 

al., 1992; Oh et al., 2012; Park, 2013) and are strongly 

influenced by the quality (avidity and affinities) of the 

antibodies produced following vaccination (McCullough 

et al., 1992; Summerfield et al., 2009). The new oil FMD 

vaccine seems to have induced antibodies with high 

avidity and affinity. In the new oil FMD vaccine, there is 

a case indicating a lower antibody of 1.8 log10, that 

protected the animals against the challenge, while the 

two cases in the aqueous vaccine demonstrating 

antibodies of 1.8 and 1.9 log10, did not. 

According to OIE manual and EU pharmacopeia, the 

PD50 value obtained against the homologues virulent 

virus challenge is a standard and acceptable method for 

improving FMD vaccines potency (OIE, 2012). 

Therefore, the new oil FMD vaccine showed 10.05 PD50 

whereas the aqueous vaccine showed 4.17 PD50. It can be 

inferred that at least 1/10 of the dose of the new oil FMD 

vaccine (0.2 ml) is required to protect 50% of the cattle 

while at least 1/4 dose of aqueous vaccine (1.25 ml) 

protects 50% of the animals. Thus, the new oil FMD 

vaccine is shown to have better efficiency and potency to 

protect the cattle against the FMD virus. 

In conclusion, the results of this study showed that a 

single administration of ISA 61 VG oil-based adjuvant 

vaccine induced high mean neutralizing antibody titers at 

any given period of the study (except day 7 post 

vaccination) and provided superior clinical protection 

against a homologous challenge (PD50≥10.05) as 

compared to an alum-based adjuvant vaccine with the 

same antigen payload (PD50≥4.171). These observations 

suggest that the vaccine formulated with new ISA 61 VG 

W/O emulsion oil-based adjuvant can be a good 

alternative to alum-based adjuvant vaccines in enzootic 

countries such as the IRI. 
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