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ORIGINAL ARTICLE

Karrar Ali Mohammed Hasan Alsakini1 , Ayşe Nalbantsoy2 

Objective: Foot-and-mouth disease virus (FMDV) is a highly contagious viral pathogen that 
significantly impacts livestock health and productivity. This study aimed to evaluate the im-
munological responses to FMDV O-146S antigen adjuvanted with water-in-oil (W/O) and wa-
ter-in-oil-in-water (W/O/W) emulsion in mice.
Materials and Methods: Mice were immunized intramuscularly with a vaccine formulation 
containing the FMDV O-146S antigen combined with oil emulsion adjuvants at a predeter-
mined ratio and then monitored for 21 days. 
Results: Compared to FMDV O-146S antigen alone, formulations containing oil emulsion 
adjuvants induced earlier and increased levels of anti-FMDV specific antibody responses, 
as demonstrated by elevated levels of anti-FMDV IgG (p<0.0001), IgG1 (p<0.0002), and Ig-
G2a (p<0.0018). The increased IgG1 and IgG2a antibody isotype responses suggest activa-
tion of both Th2- and Th1-type immunity, respectively. Vaccines were also more effective 
at eliciting a cellular immune response, as measured by the effector T cells represented 
by CD3+CD8+ T cells (p<0.0001), IFN-γ secreting CD8+ T cells (p<0.0001), IFN-γ secreting 
CD3+ T cells (p<0.0001) and proliferation of splenocytes represented by higher stimulation 
index (p<0.0001), as well as the production of IFN-γ (p<0.0001), IL-4 (p<0.0002), and IL-1β 
(p<0.0006) cytokines.
Conclusion: Oil emulsion adjuvants containing FMDV O-146S antigen significantly boost 
humoral and cell-mediated immune responses to the FMDV O-146S antigen in mice.
Keywords: Foot and mouth disease, oil emulsion adjuvant, vaccine, immune response

Immunogenic Potential of Foot and Mouth Virus 
Antigen O-146S Adjuvanted with Water-in-Oil and 
Water-in-Oil-in-Water Emulsion in Mice

This work is licensed under the Creative 
Commons Attribution-NonCommer-
cial-Non-Derivatives 4.0 International 
License (CC BY-NC-ND 4.0).

Introduction
Foot-and-mouth disease (FMD) is a highly contagious and potentially fatal animal 
disease, according to the World Organization for Animal Health (WOAH), that pri-
marily affects cloven-hoofed animals (1-3). The causative agent, foot-and-mouth 
disease virus (FMDV), is a member of the Picornaviridae family and belongs to 
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the genus Aphthovirus. The symptoms of the disease in-
clude a sudden onset of fever and lesions on the mouth 
and the feet (4,5). The spread of FMD poses a significant 
risk to livestock, the agricultural sector, and the broader 
economy (6). 

It is common practice to test FMDV vaccinations on 
susceptible pigs, cattle, and sheep for different types of 
vaccines. Comparatively, a mouse model can be used as 
a simple and inexpensive transitional model to test the 
immunological impact of a vaccine without the need for 
the extensive time, resources, and effort required by oth-
er animal models. Rodents, including water rats, moles, 
and brown house rats, have been shown to be suscepti-
ble to FMDV infection (7). 

Water-in-oil (W/O) emulsion platforms are widely used in 
vaccine development due to their ability to enhance anti-
gen presentation by modulating delivery to antigen-pre-
senting cells (APCs) or through direct stimulation of 
immune cells (8). Commercially available adjuvants for 
FMDV vaccines include the mineral oil-based formula-
tions such as Montanide ISA-206 and SA-201, as well as 
aluminum hydroxide. Oil emulsions are highly immuno-
genic because of their high reactogenicity (9). 

This study aimed to evaluate, for the first time in mice, the 
immunogenic potential of novel W/O and water-in-oil-in-
water (W/O/W) emulsion adjuvants developed by Coral 
Biotechnology, Inc. against the FMDV O-146S antigen.

Materials and Methods
Adjuvants
The emulsion adjuvants used in this study were Coralvac 
AT 318, Coralvac AT 318 SIS, and Coralvac 252. These 
adjuvants, listed in Table 1, were obtained from Coral 
Biotechnology, Inc. (Kartepe, Kocaeli, Türkiye).

FMDV O-146S antigen 
Following approval from the Ministry of Agriculture 
and Forestry and the Foot-and-Mouth Disease Re-
search Institute (Ankara, Türkiye) under permit number 
E-71037622-799-5127956, purified and sterilized FMDV 
O-146S antigen was obtained for this study. The antigen 
was supplied at a concentration of 110 μg/mL. Particles 
of the O-146S antigen, derived from FMDV strains, were 
used as the immunogen. The baby hamster kidney cell 
line (BHK21) was used for virus propagation.

Preparation of Emulsion Adjuvant-Based 
FMDV O-146S Antigen-Containing Vaccine 
Formulations
Vaccine formulations were prepared by mixing 3 µg/mL 
of FMDV O-146S antigen with each adjuvant (Coralvac 
AT 318, Coralvac AT 318 SIS, or Coralvac 252) in a 50:50 
ratio to obtain a final volume of 15 mL. The adjuvants 
were filtered through 0.22 µm sterile filters prior to use 
in the vaccine formulation. 

To prepare the formulations, the antigen phase was 
first transferred to a beaker and stirred at 100 rpm 
using a mechanical mixer. While stirring, the adjuvant 
was slowly added to the antigen phase. For Coralvac 
AT 318, the stirring speed was increased to 400 rpm 
and continued for 30 minutes. For Coralvac 252, the 
speed was also increased to 400 rpm, and the mixture 
was stirred for 2 minutes before being transferred to 
a homogenizer, where it was homogenized at 15,000 
rpm for 10 minutes. 

The prepared vaccine formulations were stored at +4°C 
for 24 hours. 

Physical Stability Test
This experimental setup was designed to assess the sta-
bility of formulations under varying temperature condi-
tions. Each antigen-adjuvant formulation was placed in a 
1 mL sterile Eppendorf tube and incubated at both 25°C 
and +4°C to compare the stability of W/O and W/O/W 
emulsion-based vaccines. Following incubation periods 
of seven days, two months, and six months under both 
conditions, the tubes were evaluated for phase separa-
tion and visual agglomeration to determine the physical 
stability of the formulations over time. 

According to characterization data provided by the 
manufacturer, the particle size distribution of the new 
adjuvant formulations was determined using integrat-

Table 1. Emulsion adjuvants of water-in-oil (W/O) and water-in-
oil-in-water (W/O/W) types used in the study.

Trade name Emulsion  
type

Antigen/adjuvant 
(% v/v)

Coralvac AT 318 W/O/W 50/50

Coralvac AT 318 SIS W/O/W 50/50

Coralvac 252 W/O 50/50
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ed light scattering with a Malvern Pro Red instrument. 
Measurements of particle diameter range, specific sur-
face area, and surface-volume mean diameter were con-
ducted at room temperature immediately after emul-
sion preparation and again after six months of storage. 
The volume fraction of oil in the diluted emulsions was 
approximately 1:1000 in all cases.

Experimental mice
All in vivo experiments were approved by the Ege Univer-
sity Animal Experiments Local Ethics Committee, with 
the decision numbered 2022-013 and dated January 25, 
2023. Swiss albino mice, weighing 25–33 g, aged 4–6 
weeks, were obtained from the Bornova Veterinary Control 
Research Institute. All mice were sexually mature at the 
time of acquisition. Prior to the experiments, the animals 
were acclimatized and quarantined at the Ege University 
Laboratory Animals Application and Research Center. 

Immunological Studies
For this study, 25 Swiss albino mice (25–33 g, 4–6 weeks 
old) were divided into five groups (Table 2). Each mouse 
received a single intramuscular injection of 0.1 mL of 
FMDV O-146S antigen, either alone or formulated with 
W/O or W/O/W emulsion adjuvant. Vaccinations were 
administered into the hindlimb muscles on day zero. On 
day 21, the mice were euthanized; the injection sites 
were examined for local reactions, and blood and spleen 
samples were collected for immunological evaluation.

Detection of FMDV (O-146S-Ag)-Specific 
Antibody Response Using Indirect Enzyme-
Linked Immunosorbent Assay (ELISA)
The levels of specific antibodies against the FMDV 
O-146S antigen in serum samples were determined us-
ing an indirect enzyme-linked immunosorbent assay 
(ELISA), as previously described (11). Briefly, microplates 
were coated with FMDV O-146S antigen at a concentra-
tion of 5 µg/mL in 100 µL per well. Serum samples were 
diluted 1:200, and 100 µL of the diluted sera was added 
to each well.

Cytokine Analysis by ELISA
Serum samples from each group were analyzed for cyto-
kine levels using commercial ELISA kits (FineTest, China), 
according to the manufacturer's instructions. The detec-
tion range of IL-4, IL-1β and IFN-γ was IL-4 (15.625-1000 
pg/ml; catalog no. EM0119), IL-1β (12.5-800 pg/ml; cat-
alog no. EM0109), and IFN-γ (31.25-2000 pg/ml; catalog 
no. EM0093), respectively. 

Splenic Cell Proliferation Assay 
The splenic cell proliferation assay was performed 
as previously described (11). For each vaccination 
group, spleen cells were divided into three subgroups: 
a non-stimulated control group, an FMDV-stimulated 
group (O-146S antigen), and a lipopolysaccharide 
(LPS)-stimulated group (12). 

Mouse spleens were aseptically excised and mechani-
cally disrupted using a sterile mesh in Roswell Park Me-
morial Institute (RPMI)-1640 medium (Gibco, USA) sup-
plemented with 10% bovine serum (Gibco, USA) and 1% 
penicillin-streptomycin (Gibco, USA) to obtain a homo-
geneous cellular suspension (13). The cell suspension 
was centrifuged at 450 g for 5 minutes and washed three 
times with RPMI-1640 medium. Cells were then resus-
pended in 7 mL of fresh medium and counted using a 
hemocytometer. A total of 5 × 10⁷ cells/mL were seeded 
into 96-well plates (100 µL/well). Plates were incubated 
at 37°C  in a humidified atmosphere with 5% CO₂. 

After 72 hours, splenocyte proliferation was assessed 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide (MTT) assay. Mitochondrial de-
hydrogenase enzymes in proliferating cells convert MTT 
into a purple, water-insoluble formazan crystal, which is 
observed under an inverted microscope (14). The stimu-
lation index (SI) was calculated using the following for-
mula:

Stimulation index = (OD of stimulated cells − OD of un-
stimulated cells) / (OD of unstimulated cells)

Analysis of Cell-Mediated Immunity using 
Flow Cytometry
Using flow cytometry, the ratio of IFN-γ secreting 

Table 2. Vaccination groups and the number of mice in each group.

Number 
of groups

Number 
of mice

Vaccinated and control 
groups

1 5 Unvaccinated control (-)

2 5 Inactive FMDV (O-146S-Ag) control (+)

3 5 Inactivated FMDV (O-146S-Ag) (+) 
Coralvac AT 318 adjuvant

4 5 Inactivated FMDV (O-146S-Ag) (+) 
Coralvac AT 318 SIS adjuvant

5 5 Inactivated FMDV (O-146S-Ag) (+) 
Coralvac 252 adjuvant
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CD3+CD8+ cells was determined. To achieve this goal,  
3 μg/mL of FMDV O-146S antigen was added to the 
wells. The microtiter plates were then incubated in an 
incubator at 37°C and 5% CO₂ for 72 hours (19). After 
incubation, the samples in the microplates were trans-
ferred one by one to Eppendorf tubes. The samples were 
centrifuged at 2000 rpm for 5 minutes, and the superna-
tant was removed. 

After centrifugation, 50 µL of fluorescein isothiocyanate 
(FITC)-conjugated rat anti-mouse CD3 molecular com-
plex (BD Biosciences, USA), 50 µL of PerCP-conjugated 
rat anti-mouse CD8a (BD Biosciences, USA), 100 µL of 
fixation/permeabilization solution, and 50 µL of PE rat 
anti-mouse INF-γ (BD Biosciences, USA) antibodies were 
added to the Eppendorf tubes, respectively. Antibody 
working solutions were prepared separately by diluting 
1 μL of anti-mouse CD3 antibody, 2.5 μL of anti-mouse 
CD8a antibody (in 3% fetal bovine serum [FBS]), and 2.5 
μL of anti-mouse IFN-γ antibody in 1000 μL of phos-
phate-buffered saline (PBS) containing 3% FBS. 

The samples were incubated at +4°C for 30 minutes in 
the dark at each stage and then centrifuged at 2000 rpm 
for 5 minutes between incubations. They were washed 
repeatedly twice with 250 µL of PBS containing 3% FBS. 
In the final stage, all samples were washed twice with 
250 µL of washing solution, suspended in 300 µL, and 
analyzed in a flow cytometer device. Data analysis was 
conducted with BD Accuri™ C6 Software (BD Biosciences, 
USA).

Data Analysis
All data analyses and graphical presentations were con-
ducted using GraphPad Prism 8 (GraphPad Software Inc., 
La Jolla, CA, USA). Statistical differences between groups 
were evaluated using analysis of variance (ANOVA) fol-
lowed by post hoc testing. A p-value of <0.05 was con-
sidered statistically significant. Statistical significance 
was expressed as follows: n.s., not significant p≥0.05;  
p<0.05, significant. 

Results
Stability of Prepared Oil Emulsion Adjuvant-
Antigen Combinations
To evaluate the stability of the W/O and W/O/W emul-
sion formulations, each antigen-adjuvant combination 
intended for vaccination (FMDV O-146S antigen with 

Coralvac AT 318, Coralvac AT 318 SIS, and Coralvac 252) 
was incubated at two different temperatures. 

At 25°C, none of the formulations showed visible ag-
glomeration or phase separation after seven days. Fol-
lowing two months of incubation at this temperature, all 
formulations remained stable, except those containing 
Coralvac AT 318 and Coralvac AT 318 SIS, which exhib-
ited signs of phase separation. After six months at 25°C, 
visual inspection revealed phase separation in all formu-
lations (Figure S3). 

At +4°C, all vaccine formulations were stable after sev-
en days and two months. After six months of incubation 
at this temperature, phase separation was observed in 
all formulations, except for FMDV O-146S antigen com-
bined with Coralvac AT 318 or Coralvac AT 318 SIS, which 
remained stable throughout the entire six-month stor-
age period (Figure S4). 

Particle size distribution of the emulsions was analyzed 
using integrated light scattering. Figures S1 and S2 dis-
play the particle size distributions immediately after 
preparation and after one year of storage. The resulting 
S-shaped curves indicate average droplet sizes rang-
ing from 215.7 nm for Coralvac AT 318 to 249.2 nm for 
Coralvac 252 (Tables S1 and S2). 

These findings suggest that +4°C was the ideal storage 
temperature for all formulations for a minimum of two 
months. 

Determination of Specific Antibody Levels 
by Indirect ELISA
Twenty-one days after vaccination, serum samples were 
collected, and total immunoglobulin G (IgG) subclass 
antibody responses specific to the FMDV O-146S anti-
gen were measured using indirect ELISA. Compared to 
the control group, mice that received the FMDV O-146S 
antigen formulated with adjuvants exhibited significant-
ly higher absorbance values, indicating the development 
of an antigen-specific immune response.

As shown in Figure 1, all oil emulsion adjuvant formula-
tions enhanced the production of IgG, IgG1, and IgG2a 
antibod-ies compared to the control group receiving an-
tigen alone. Mice immunized with adjuvanted vac-cines 
displayed considerably higher IgG titers (****, p<0.0001). 
Specifically, IgG1 (associated with Th2-type responses) ti-
ters were increased in all adjuvant groups: FMDV O-146S 

https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
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antigen + Coralvac AT 318 (****, p<0.0001); FMDV O-146S 
antigen + Coralvac AT 318 SIS (***, p< 0.0002 ); and FMDV 
O-146S antigen + Coralvac 252 (***, p<0.0005 ).

Similarly, IgG2a antibody levels (indicative of Th1-type 
responses) were significantly higher in all adjuvanted 
groups compared to the control group: FMDV O-146S an-
tigen + Coralvac AT 318 (p<0.0002); FMDV O-146S anti-
gen + Coralvac AT 318 SIS (p<0.0004 ); and FMDV O-146S 
antigen + Coralvac 252 (p<0.0018) (Table 3 and Figure 1). 

Determination of Cytokine Levels Following 
Vaccination with FMDV Formulation Groups
To evaluate the effects of each formulation on cyto-
kine levels, serum samples from immunized mice were 
analyzed for Th1, Th2, and macrophage-associated cy-
tokines. The higher levels of IFN-γ were detected in the 
serum from the mice immunized with FMDV O-146S an-
tigen + CV AT 318, FMDV O-146S antigen + CV AT 318 
SIS, and FMDV O-146S antigen + CV 252 compared to 

those from the mice immunized with the antigen alone 
(p<0.0001) (Figure 2).

Serum from mice immunized with FMDV O-146S antigen 
+ CV AT 318 represented higher levels of IL-4 in CD4+ 
T cells (p<0.0002) than serum from mice immunized 
with other adjuvanted groups; FMDV O-146S antigen 
+ CV AT 318 SIS (p<0.033), and FMDV O-146S antigen 
+ CV 252 (p<0.034) when compared with  the control 
group (Figure 3). Serum from immunized mice showed 
statististically significantly increased levels of IL1-β in 
immune cells that produced it in the FMDV O-146S an-
tigen + CV AT 318 (p<0.0006), FMDV O-146S antigen + 
CV AT 318 SIS (p<0.0011), and FMDV O-146S antigen + 
CV 252 (p<0.0053) groups compared to those from the 
mice vaccinated with the control group ( Figure 4). 

These results demonstrate that the FMDV O-146S anti-
gen, formulated with Coralvac adjuvants, effectively stim-
ulated a balanced immune response by prompting both 

Table 3. Absorbance values (mean ± standard deviation) at 450 nm for antibody responses specific to foot-and-mouth disease virus 
(FMDV) O-146S antigen.

Groups IgG IgG1 IgG2a

Control (0.9% NaCl) 0.73 ± 0.09 0.30 ± 0.11 0.09 ± 0.01

FMDV (O-146S antigen) 1.56 ± 0.47 0.55 ± 0.10 0.30 ± 0.19

FMDV + Coralvac AT 318 3.45 ± 0.23 1.82 ± 0.25 1.56 ± 0.46

FMDV + Coralvac AT 318 SIS 3.44 ± 0.35 1.72 ± 0.27 1.56 ± 0.32

FMDV + Coralvac 252 3.39 ± 0.24 1.59 ± 0.42 1.40 ± 0.23

Figure 1. Absorbance values (450 nm) of foot-and-mouth disease virus (FMDV) O-146S antigen-specific antibody responses. **, p<0.0018; 
***, p<0.0002; ****, p<0.0001.



Emulsion Adjuvant for FMDV

104

Th1 (IFN-γ) and Th2 (IL-4) cytokine production, as well as 
activating macrophage-mediated responses (IL-1β).

Evaluation of Splenocyte Proliferation in 
Immunized Mice
The MTT showed that the FMDV O-146S antigen + CV 
AT 318 (p<0.0001) and FMDV O-146S antigen + CV 252 
(p<0.0001) groups exhibited significantly higher SI val-
ues and  FMDV O-146S antigen + CV AT 318 SIS (p<0.049) 
compared to the group that received the FMDV O-146S 
antigen control alone (Table 4 and Figure 5). 

Analysis of the Cellular Immune Response in 
Immunized Mice Using Flow Cytometry
All vaccine formulation groups exhibited an increase in 
CD8+ T cell populations secreting IFN-γ after 72 hours 
of FMDV O-146S antigen stimulation. Notably, the 
CD3+CD8+ T cell immune response was significantly el-
evated in the FMDV O-146S antigen + CV AT 318, FMDV 
O-146S antigen + CV AT 318 SIS, and FMDV O-146S an-
tigen + CV 252 groups compared to the control group 
(p<0.0001). The CD3+/CD8+ T cell ratio was approxi-
mately 20% across these three vaccine formulations  
(Figures 6a and S11). 

The IFN-γ-secreting CD8+ T cells were found to be signifi-
cantly higher when FMDV O-146S antigen + CV AT 318 

(9.8%) vaccine combination was given (p<0.0001). In 
comparison to the control group, the FMDV O-146S an-
tigen + CV AT 318 SIS group exhibited the second-high-
est response (7.9%) (p<0.0001), followed by the FMDV 

Figure 3. Effects of different FMDV vaccine formulations on 
interleukin-4 (IL-4) cytokine responses. *, p<0.033; ***, p<0.0002.

Figure 2. Effects of different FMDV vaccine formulations on 
interferon-γ (IFN-γ) cytokine responses. ****, p<0.0001.

Figure 4. Effects of different FMDV vaccine formulations on 
interleukin-1β (IL-1β) cytokine responses. **, p<0.053; ***, 
p<0.0006.

https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
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O-146S antigen + CV 252 group (4.4%) (p<0.0005) (Fig-
ures 6b and S12). 

When the mice were injected the FMDV O-146S anti-
gen + CV AT 318, the IFN-γ producing CD3+ T cell ratio 
was 12.7%, which was statistically significantly higher 
than the virus control group (p<0.0001). It was 12.5% 
in mice that were given FMDV o 146S antigen + AT 318 
SIS (p<0.0001) compared to the control group. It was 
demonstrated that FMDV O-146S antigen + CV 252 had 
the third-highest proportion of IFN-γ-secreting T cells 
(8.4%) among all the groups and was significantly dif-
ferent from the control group (p<0.0001) (Figures 6c 
and S13).

Discussion
The results of this study showed that the newly devel-
oped oil emulsion adjuvants significantly enhanced 
adaptive immune responses and exhibited strong adju-
vant properties when combined with the FMDV O-146S 
antigen-containing vaccine formulation in mice. Adding 
an adjuvant to a co-administered antigen enhances the 
immunogenicity of the substance by stimulating a more 
robust and durable immune response (16). The use of a 
mouse model for evaluating vaccines offers several ad-
vantages, primarily in terms of reducing cost and time 
by allowing the assessment of the immune response 
before testing them in the primary host. The pathogen-
esis of FMDV in mice is influenced by multiple factors, 
including viral characteristics, the animal strain, and the 
method of viral penetration (17). Results from studies on 
target species often balance results from mouse stud-
ies. Therefore, the mouse model can reliably predict the 
immune response to foot-and-mouth disease viruses 
in cattle and pigs (17,18). Furthermore, several studies 
have used mice to evaluate the effectiveness of vaccines 
in both mice and cattle, and the results have been simi-
lar for both species (16,19,20).

Emulsion adjuvant studies have demonstrated that an-
tigens can adsorb at the oil-water interface through 
both hydrophobic and electrostatic forces, resulting in 
significant inter-protein interactions and conformational 
changes in the adsorbed protein (19,20). In the current 
study, visual inspection of phase separation variations 
was used to investigate the thermal stability of FMDV 
vaccines across various temperatures. Inactivated FMDV 
is relatively stable at +4°C, but it exhibits poor stability at 

temperatures above 37°C, consistent with findings from 
studies on the live virus (21). Problems with early in vitro 
characterization of the vaccine may lead to the loss of 
the effective antigens going undetected and, ultimate-
ly, to a failed immunization (22). As a result, there is an 
urgent need for an FMDV vaccination with greater sta-
bility of vaccine formulation. Figures S3 and S4 present 
the findings of this study, which examine the stability of 
FMDV O-146S antigen-containing vaccine formulations 
with new adjuvants over time. The results demonstrate 
that vaccines are more stable when stored at 25°C for 
seven days and at +4°C for two months.

Previous research from our group demonstrated that 
when the adjuvant was evaluated independently, it did 
not induce any adverse effects or elicit a reaction against 

Table 4. Stimulation index (SI) values (mean ± standard devia-
tion) of splenocytes in response to lipopolysaccharide (LPS) and 
foot-and-mouth disease virus (FMDV) O-146S antigen.

Groups LPS FMDV

Control (0.9% NaCl) 0.57 ± 0.04 0.46 ± 0.05

FMDV (O-146S antigen) 0.58 ± 0.04 0.48 ± 0.06

FMDV + Coralvac AT 318 0.88 ± 0.04 0.61 ± 0.15

FMDV + Coralvac AT 318 SIS 0.62 ± 0.10 0.51 ± 0.13

FMDV + Coralvac 252 0.66 ± 0.05 0.57 ± 0.07

Figure 5. Splenocyte proliferation index (SI) values in response to 
different FMDV vaccine formulations. *, p<0.049; ****, p<0.0001.

https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
https://turkishimmunology.org/wp-content/uploads/2025/08/TJI-13-2-671.V2_Supplementary-1.pdf
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itself (23). The induction of neutralizing antibodies is 
responsible for the protective immunity to the antigen. 
Vaccines are designed primarily to induce specific hu-
moral immunity. Antibody induction is typically credit-
ed as the cause of protective immunity against FMDV 
(24). Therefore, the efficacy of an adjuvant depends on 
its ability to induce faster, stronger, and more sustained 
responses from the immune system in the form of neu-
tralizing antibodies (25). Specifically, total IgG antibody 
titers and neutralizing antibody responses can be effec-
tively induced against FMDV using newly designed oil 
emulsion adjuvants. Immunization-induced IgG subclass 
is a predictor for the balance between Th2- and Th1-type 
cytokines (26).

In general, IgG2a antibodies are associated with Th1 
cells, while IgG1 antibodies are induced by Th2 cells 
(27,28). Both IgG1 and IgG2a may have potent neutral-
izing abilities; however, IgG2a is more likely to contrib-
ute to virus clearance due to its important interaction 
with complement components and Fc receptors (29). 
The effectiveness of FMD vaccinations can be estimat-
ed indirectly by analyzing serological reactions following 
vaccination, as humoral immunity is linked to clinical 
protection against FMD (30). The antibody isotype re-
sponse may indicate the kind of immune activity (Th1 
vs. Th2) occurring in vivo (31). In this study, IgG isotypes 
against the FMDV O-146S antigen were detected using 
an indirect ELISA method. Following a single intramus-
cular injection, mice immunized with oil adjuvant for-

mulations containing inactivated FMDV produced FMDV 
O-146S antigen-specific IgG1 and IgG2a, indicating the 
stimulation of Th1 and Th2 cells, which will have a sig-
nificant effect in providing good protection against FMD 
virus infection through viral clearance.

A higher lymphoproliferative response was observed in 
mice injected with the inactive FMDV O-146S antigen + 
CV AT 318, FMDV O-146S antigen + CV AT 318 SIS, and 
FMDV O-146S antigen + CV 252 vaccine groups, as de-
termined by studies of virus-specific cellular response.  
These findings suggest that the use of these adjuvants 
enhances the adaptive immune response against the 
FMDV O-146S antigen. Immunizing mice with FMDV 
O-146S antigen has been demonstrated to stimulate 
T-cell responses and increase the number of CD8+ T 
cells in the spleen (32). In addition, oil emulsion formu-
lations of FMDV cause FMDV O-146S antigen-specific 
CD8+ T cells to proliferate and secrete IFN-γ. It is gen-
erally known that IFN-γ plays a role in switching the iso-
type of immunoglobulins, which ultimately results in a 
greater number of IgG2a types (33). This result is consis-
tent with the high amounts of IgG2a that were acquired, 
as well as the proliferation levels that were found in the 
FMDV + CV AT 318, FMDV + CV AT 318 SIS, and FMDV 
O-146S antigen + CV 252 groups. These findings sug-
gest that FMDV O-146S antigen adjuvanted with newly 
designed oil emulsion adjuvants elicits a significant cel-
lular response.

Figure 6. Effects of different FMDV vaccine formulations on splenic CD3+ and CD8+ T cell responses and interferon-γ (IFN-γ) production. 
***, p<0.0005; ****, p<0.0001.
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Conclusion
The results of this study reveal that both humoral and 
cell-mediated immune responses against FMDV O-146S 
antigen can be developed in mice given a vaccine con-
taining FMDV O-146S antigen formulated with novel 
W/O and W/O/W type emulsion adjuvants.
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