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Abstract

:

Simple Summary


Foot-and-mouth disease (FMD) inactivated vaccines play a crucial role in curbing the spread of FMDV. The 50% protective dose (PD50) is considered the “gold standard” to assess the efficacy of FMD inactivated vaccines. It is a highly important metric to evaluate vaccine quality. However, assessing PD50 requires antibody-negative pigs or cattle, and so it is time-consuming and costly and requires high-level biosafety facilities. The 146S component, which represents intact virus particles containing all the neutralizing epitopes of FMDV, can effectively stimulate the production of protective antibodies in animals. We found that antibody titers and IFN-γ secretion levels at specific time points after immunization were positively associated with 146S contents. Additionally, 146S content showed a positive correlation with PD50, with greater PD50 values recorded for 146S contents ranging from 4.72 to 16.55 µg/dose. The determination of 146S contents could serve as a new method for potency testing, offering an alternative to animal challenge tests. This approach would not only significantly reduce the cost and duration of vaccine production testing but also minimize the need for animal challenge tests, thereby enhancing animal welfare.




Abstract


To investigate the association between 146S antigen contents in FMD inactivated vaccines and levels of antiviral immunity, this study vaccinated 30 kg pigs with three batches of FMD types O and A bivalent inactivated vaccines. Antibody titers and interferon-gamma (IFN-γ) secretion levels were measured on days 7, 14, 21, and 28 after primary immunization and on days 14 and 28 following booster immunization to assess associations between 146S contents and both antibody titers and IFN-γ secretion levels. Furthermore, 30 kg pigs were vaccinated with 46 batches of FMD type O inactivated vaccines and challenged on day 28, after which PD50 values were determined to evaluate the association between 146S content and PD50. The findings suggested that antibody titers and IFN-γ secretion levels at specific time points after immunization were positively associated with 146S contents. Additionally, 146S content showed a positive correlation with PD50, with greater PD50 values recorded for 146S contents ranging from 4.72 to 16.55 µg/dose. This investigation established a significant association between the 146S content in FMD inactivated vaccines and induced immune response against FMDV, thereby emphasizing its critical role in vaccine quality control. The determination of 146S content could serve as a new method for potency testing, offering an alternative to animal challenge tests.
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1. Introduction


Foot-and-mouth disease (FMD) is an acute, febrile, highly contagious, and severe infectious disease that affects cloven-hoofed animals, such as pigs, cattle, and sheep [1,2,3]. It is caused by foot-and-mouth disease virus (FMDV). This disease poses a significant threat to the livestock industry, leading to substantial economic losses and social consequences [4,5,6,7,8]. The World Organization for Animal Health classifies it as a notifiable animal disease [9]. FMD is prevalent in two-thirds of countries worldwide, particularly in Asia, Africa, and the Middle East, and it has gained widespread attention [10,11,12]. Countries free from the disease invest heavily in prevention measures, while affected countries allocate significant resources to its control [13]. Among the seven serotypes of FMDV, types O and A are the most common and damaging [14].



Currently, vaccination with inactivated FMD vaccines is the most effective measure for preventing and controlling this disease [15,16,17]. It plays a crucial role in curbing the spread of FMDV. The 50% protective dose (PD50) is considered the “gold standard” for assessing the efficacy of inactivated FMD vaccines [18]. It is a highly important metric used to evaluate vaccine quality. However, assessing PD50 requires the use of antibody-negative pigs or cattle, and so it is time-consuming and costly and requires high-level biosafety facilities. The 146S component, which represents intact virus particles containing all the neutralizing epitopes of FMDV, can effectively stimulate the production of protective antibodies in animals [19,20]. Therefore, evaluating the correlation between the 146S content of a vaccine and the PD50 is significant.



Research conducted by Black et al. in 1984 laid a strong foundation for subsequent vaccine efficacy testing by establishing a correlation between average antibody titers in vaccinated animal groups and protection against challenge [21]. In 2020, Al Amin et al. further explored the association between antibody titers following vaccination with inactivated FMD vaccines and vaccine efficacy [22]. However, there are no systematic studies examining the correlation between the 146S content in inactivated FMD vaccines, antibody titers, interferon-gamma (IFN-γ) secretion levels, and PD50.



This study aimed to evaluate the induced antibody titers and IFN-γ secretion levels after primary and booster vaccinations by administering different doses of bivalent inactivated FMD vaccines (types O and A) with varying 146S contents per dose to pigs. The associations between 146S content and antibody titers, qualification rate, and IFN-γ secretion levels were analyzed. Additionally, the study investigated the association between 146S content and PD50 by measuring the PD50 values in pigs vaccinated with 46 batches of type O FMD inactivated vaccines with different 146S contents per dose. The findings of this study support the development of a rapid, simple, and cost-effective method to replace the current animal challenge test for assessing vaccine potency. This approach would not only significantly reduce the cost and duration of vaccine production testing but also minimize the need for animal challenge tests, thereby enhancing animal welfare.




2. Materials and Methods


2.1. Viruses and Vaccines


The FMDV serotype O strain O/BY/CHA/2010 (GenBank JN998085.1) and the serotype A strain A/GDMM/CHA/2013 (GenBank KF450794.1) were provided by China Agricultural Veterinary Biotechnology Co., Ltd. (Lanzhou, China).



The vaccines employed in this study were commercial monovalent and bivalent batches, produced by different manufacturers: 46 batches of the serotype O monovalent vaccine were obtained from China Agricultural Veterinary Biotechnology Co., Ltd. and 3 batches of the serotype O and A bivalent vaccines were obtained from a commercial market. The vaccines were prepared from viruses which had been grown in BHK suspension cell cultures and subsequently inactivated with binary ethyleneimine (BEI). The inactivated antigens were adjuvanted with Montanide ISA-206 [23]. The ratio of serotype O to A antigens in bivalent vaccines is 1:1.




2.2. Quantification of 146S


The vaccine samples were demulsified as described previously [24]. Briefly, nine volumes of each sample were mixed with one volume of n-butylalcohol; each sample was then vortexed thoroughly and centrifuged for 5 min at 4 °C, 5000× g. The aqueous phase was collected.



The quantity of the 146S component in each batch vaccine was tested with the sucrose density gradient centrifugation method [25]. The aqueous phase collected from the demulsified sample was directly applied to the top of a 15–45% sucrose gradient. After ultracentrifugation at 35,000 r/min for 3 h, the light absorption values of each band were tested at 259 nm with a continuous UV detector, and an absorption peak map was generated. The 146S content in the aqueous phase was obtained by calculating the absorption peak area. The test was conducted three times, and the final 146S value was derived by averaging the results of the three measurements.




2.3. Animal Immunization and Challenge


Healthy pigs weighing approximately 30 kg and free of antibodies to FMDV serotypes O and A (LPB-ELISA antibody titers ≤1:8 and seronegative for FMDV non-structural protein 3ABC) were purchased from a designated pig farm in Gansu Province.



For each batch of monovalent vaccine, 17 pigs were randomly divided into 4 groups. Groups 1–3, with 5 pigs in each group, were inoculated intramuscularly, receiving 1 dose (2 mL), 1/3 dose (0.66 mL), and 1/9 dose (0.22 mL) of the vaccine, respectively. Group 4, with 2 animals, was inoculated with PBS and designated as the control group. Twenty-eight days after vaccination, all pigs were inoculated with 1000 ID50 of O/BY/CHA/2010 intramuscularly and examined daily for 10 days for clinical signs of FMD. The PD50 was calculated based on the Reed–Muench method [26].



For each batch of bivalent vaccine, 34 pigs were randomly divided into 3 groups. Groups 1–3, with 10 pigs in each group, were inoculated intramuscularly with 1 dose (2 mL), 1/3 dose (0.66 mL), and 1/9 dose (0.22 mL) of the vaccine, respectively. Group 4, with 4 animals, was inoculated with PBS and designated as the control group.



Twenty-eight days after vaccination, the animals were boosted with the same vaccine they received in the primary immunization. Blood samples were collected from all animals at 7, 14, 21, and 28 days post-immunization and 14 and 28 days post-booster immunization. Sera were separated for antibody titer assays and IFN-γ level assays.




2.4. Serological Assays


2.4.1. Total Anti-FMDV Antibody Assay


The antibody titers of the anti-FMDV A and O serotypes were evaluated following the instructions provided in the kit that was used (FMD type O and A antibody liquid-phase blocking ELISA detection kit, Lanzhou Shouyan Biotechnology Co., Ltd., Lanzhou, China). Briefly, the serum samples were diluted by two-fold dilutions with PBST from 1:8 to 1:1024 and then mixed with an equal volume of FMDV antigen. After incubation overnight at 4 °C, 50 µL of the mixture was transferred to an enzyme-labelled reaction plate and incubated at 37 °C for 1 h. The microplate was washed with PBST, followed by the addition of guinea pig anti-FMDV serum and incubation at 37 °C for 1 h. After washing with PBST, the microplate was incubated with peroxidase-conjugated guinea pig secondary antibodies for 30 min. The test was finally developed with chromogen (TMB) substrate and stopped with 2M H2SO4. After reading the absorbance at the OD450 nm wavelength using a microplate reader (Bio-Rad, Hercules, CA, USA), the titers were determined by the OD450 value 50% of the antigen control.




2.4.2. Interferon (IFN)-γ Assay


The serum IFN-γ secretion levels were evaluated according to the instructions provided in the kit that was used (The pig IFN-γELISA antibody detection kit, Solarbio, Beijing, China). Briefly, standard and serum samples (100 µL/well) were added to 96-well microplates. The microplates were incubated for 60 min at room temperature, followed by the addition of 100 µL working solution of porcine-conjugate anti-Porcine IFN-γ antibody. After incubation for 60 min at room temperature, the plates were washed with buffer, followed by the addition of a working solution of Streptavidin–HRP (100 µL/well). After incubation for 20 min at room temperature, the plates were washed with buffer. The tests were finally developed with chromogen (TMB) substrate and stopped with 2M H2SO4. After reading the absorbance at the OD450 nm wavelength using a microplate reader (Bio-Rad, USA), the results for the samples were determined by the standard curve generated from the standard samples provided in the kit.





2.5. Statistical Analyses


Statistical analysis was performed using two-way analysis of variance, and statistical significance was established at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***), ns, no significant differences.





3. Results


3.1. Correlation between the Quantity of 146S and the Antibody Titer after the First Immunization


There were 33.10 µg, 45.30 µg, and 54.00 µg quantities of O + A antigens in the three batches of bivalent vaccines. Within the groups administered one-ninth, one-third, and full doses, the antigen contents (O or A) were 1.84, 5.52, and 16.55 µg; 2.52, 7.55, and 22.65 µg; and 3.00, 9.00, and 27.00 µg, respectively. After immunization, antibody titers were measured on days 7, 14, 21, and 28 using liquid-phase blocking ELISA. The results indicated that for both types O and A, the 27.00 µg and 22.65 µg dose groups showed significantly greater antibody levels than the other groups on day 7 post-immunization (p < 0.05). On day 14 post-immunization, the antibody levels in the 27.00 µg and 22.65 µg dose groups were significantly greater than those in the 16.55 µg, 9.00 µg, and 7.55 µg dose groups (p < 0.05). The antibody levels in the 16.55 µg, 9.00 µg, and 7.55 µg dose groups were significantly greater than those in the 5.52 µg, 3.00 µg, 2.52 µg, and 1.84 µg dose groups (p < 0.05). On day 21 post-immunization, the antibody levels in the 27.00 µg and 22.65 µg dose groups were significantly greater than those in the 16.55 µg, 9.00 µg, 7.55 µg, and 5.52 µg dose groups (O: p < 0.01, A: p < 0.05). The antibody levels in the 16.55 µg, 9.00 µg, 7.55 µg, and 5.52 µg dose groups were significantly greater than those in the 3.00 µg, 2.52 µg, and 1.84 µg dose groups (p < 0.05). By day 28 post-immunization, the antibody levels in the 27.00 µg, 22.65 µg, and 16.55 µg dose groups were significantly higher than those in the 9.00 µg, 7.55 µg, and 5.52 µg dose groups (p < 0.05). The antibody levels in the 9.00 µg, 7.55 µg, and 5.52 µg dose groups were significantly higher than those in the 3.00 µg, 2.52 µg, and 1.84 µg dose groups (p < 0.05) (Figure 1). Further analysis revealed a moderate correlation [27] between the antibody titers and the 146S contents on day 14 post-immunization (O: R2 = 0.6435, p < 0.0001; A: R2 = 0.6103, p < 0.0001) and a strong correlation on days 21 and 28 post-immunization (21 days: O, R2 = 0.8417, p < 0.0001; A, R2 = 0.7672, p < 0.0001; 28 days: O, R2 = 0.8509, p < 0.0001; A, R2 = 0.8851, p < 0.0001) (Figure 2). In summary, higher 146S doses led to earlier antibody production and higher antibody titers at the same post-immunization times.




3.2. Correlation between the Quantity of 146S and the Qualification Rate after the First Imunization


Liu Zhang et al. (2016) reported a strong correlation between liquid-phase blocking ELISA antibody titers and protection against challenge in the context of FMDV vaccination [28]. A protection threshold of 1:64 was established based on complete protection observed in immunized animals with antibody titers at or above this level. The rates of satisfactory O-type antibody titers were then evaluated on days 7, 14, 21, and 28 following the initial vaccination.



On day 7 post-vaccination, the satisfactory antibody titer rates were 20% for the 27.00 µg and 22.65 µg dose groups, while all other dose groups exhibited rates of 0%. By day 14, the rates increased to 80% for the 27.00 µg and 22.65 µg dose groups, while the 16.55 µg, 9.00 µg, and 7.55 µg dose groups had rates of 50%, 30%, and 20%, respectively. The rates for the other dose groups stayed at 0%. On day 21, the percentages in the 27.00 µg and 22.65 µg dose groups reached 100%, while those in the 16.55 µg, 9.00 µg, 7.55 µg, and 5.52 µg dose groups increased to 80%, 70%, 40%, and 20%, respectively. The other dose groups kept at 0%. By day 28, the percentages in the 27.00 µg, 22.65 µg, and 16.55 µg dose groups achieved 100%, and those in the 9.00 µg, 7.55 µg, 5.52 µg, 3.00 µg, and 2.52 µg dose groups rose to 80%, 70%, 50%, 40%, and 30%, respectively. The 1.84 µg dose group still exhibited a 0% increase (Figure S1A). The rates of satisfactory A-type antibody titers post-initial vaccination showed a pattern similar to those of the O type (Figure S1B). In summary, a higher 146S content resulted in an earlier achievement of satisfactory antibody titers following vaccination, leading to higher rates of satisfactory antibody titers at the corresponding time points.




3.3. Correlation between the Quantity of 146S and the Antibody Titer after Boost Immunization


The immunization boost was conducted on day 28 after the initial vaccination, and the antibody titers were assessed on days 14 and 28 after the boost to determine the rates of satisfactory antibody titers. On days 14 and 28 after the boost, the levels of O-type FMDV antibodies induced in the 27.00 µg, 22.65 µg, and 16.55 µg groups were significantly greater than those induced in the 9.00 µg, 7.55 µg, and 5.52 µg groups (p < 0.05), while the latter groups showed significantly greater levels than the 3.00 µg, 2.52 µg, and 1.84 µg groups (p < 0.05) (Figure 3A). The levels of A-type FMDV antibodies after the boost on days 14 and 28 were similar to those of O-type FMDV antibodies (Figure 3B). Further analysis revealed a strong correlation between antibody titers and 146S contents on days 14 and 28 after the boost (day 14: O, R2 = 0.7809, p < 0.0001; A, R2 = 0.8121, p < 0.0001; day 28: O, R2 = 0.7677, p < 0.0001; A, R2 = 0.7609, p < 0.0001) (Figure 4). For both the O-type and A-type groups, the rates of satisfactory antibody titers reached 100% on days 14 and 28 after the boost for all dosage groups. In summary, prime–boost immunization elicited a stronger immune response than prime vaccination only, and higher 146S contents resulted in higher antibody titers at the same time points after vaccination.




3.4. Correlation between the Quantity of 146S and the IFN-γ Secretion Levels after Immunization


Cell-mediated immunity plays a vital role in the generation of effective immunity and the control of disease following infection and vaccination with FMDV [29,30]. IFN-γ plays a crucial role in this immune response by activating macrophages and natural killer (NK) cells to combat FMDV [31]. Research has shown that measuring the level of IFN-γ released by FMDV-specific T cells has the potential to replace the challenge test in assessing the effectiveness of FMD vaccines [32].



This study aimed to measure the levels of IFN-γ secretion at different time points after primary and booster immunizations by comparing different dosage groups. On day 7 after primary immunization, there was no significant difference in IFN-γ secretion compared to that in all groups (p > 0.05). However, on day 14, the 27.00 µg and 22.65 µg dosage groups showing significantly greater levels than the 16.55 µg, 9.00 µg, 7.55 µg, 5.52 µg, 3.00 µg, and 2.52 µg dosage groups (p < 0.001), while the latter groups showed significantly greater levels than the 1.84 µg group (p < 0.05). By day 21, the 27.00 µg and 22.65 µg dosage groups exhibiting significantly greater IFN-γ secretion levels than the 16.55 µg, 9.00 µg, and 7.55 µg dosage groups (p < 0.001). The IFN-γ secretion levels in the 16.55 µg, 9.00 µg, and 7.55 µg dosage groups were significantly greater than those in the 5.52 µg, 3.00 µg, and 2.52 µg dosage groups (p < 0.05), and the IFN-γ secretion levels in the 5.52 µg, 3.00 µg, and 2.52 µg dosage groups were significantly greater than those in the 1.84 µg dosage group (p < 0.05). On day 28, the 27 µg and 22.65 µg dosage groups showing significantly greater levels than the 16.55 µg, 9.00 µg, and 7.55 µg dosage groups (p < 0.05), and the levels in the 16.55 µg, 9.00 µg, and 7.55 µg dosage groups were significantly greater than those in the 5.52 µg, 3.00 µg, 2.52 µg, and 1.84 µg dosage groups (p < 0.05). The differences in IFN-γ secretion levels on days 14 and 28 after booster immunization were similar to those observed on day 28 after first immunization (Figure 5).



Further analysis revealed a moderate correlation between IFN-γ secretion and the 146S concentration on day 14 after primary immunization (R2 = 0.6995, p < 0.0001) and a strong correlation on days 21 and 28 (21 days: R2 = 0.8669, p < 0.0001; 28 days: R2 = 0.7755, p < 0.0001) (Figure 6A). A strong correlation was also found between antibody titers and 146S contents on days 14 and 28 after booster immunization (14 days: R2 = 0.8505, p < 0.0001; 28 days: R2 = 0.7598, p < 0.0001) (Figure 6B). In summary, higher 146S levels were associated with greater IFN-γ secretion at the same post-immunization time points.




3.5. Correlation between the Quantity of 146S and the PD50


The vaccines underwent homogenization, followed by separation and purification utilizing sucrose density gradient centrifugation to quantify the 146S content at each vaccine dose. Twenty-eight days after vaccination, the PD50 test was performed. The 146S contents in 46 batches of type O foot-and-mouth disease inactivated vaccines ranged from 4.72 to 38.90 µg/dose, with corresponding PD50 values ranging from 7.05 to 15.59 (Table S1). Within the range of 4.72–16.55 µg/dose, higher 146S contents showed a positive correlation with higher PD50 values. Furthermore, when the 146S content reached ≥16.55 µg, the PD50 values consistently reached a maximum of 15.59. Further analysis revealed a strong correlation between the 146S content of the vaccine and the PD50 (R2 = 0.8816, p < 0.0001) (Figure 7).





4. Discussion


FMD has drawn global attention due to its high infectivity rate, high mortality rate among young livestock, and wide host range [33,34]. In response, China has classified it as a Category I animal disease and mandated immunization. Currently, immunization with inactivated vaccines is the most important, cost-effective, and convenient technique for preventing and controlling FMD. Europe successfully reduced and eventually eradicated the disease by implementing this measure [35]. To manage this disease, developing countries continue to prioritize comprehensive prevention and control measures centered on inactivated vaccine immunization [36]. The quality of inactivated vaccines is a critical factor in determining the success of FMD prevention and control [37]. The “gold standard” for testing the quality of these vaccines is the potency test using a target animal challenge. However, this method is time-consuming and costly and involves live viruses, which poses biosafety risks [38]. The effective antigen content, specifically the 146S content in FMD inactivated vaccines, directly determines vaccine quality. The 12S structural subunit is the core component of 146S, produced from 146S particles due to long-term storage (at a low temperature, i.e., 4 °C), acidification, or rupture of cold chains of foot-and-mouth disease inactivated vaccines [39]. The dissociation of 146S into 12S degradation products is accompanied by a decrease in immunogenicity [40] The study by Meloen et al. (1979) showed that the neutralizing antibody reaction triggered by I46S particles was 10 times higher than that of 12S particles [41]. Therefore, establishing the association between the 146S concentration and the anti-FMDV immune response induced by the vaccine will enable a convenient, rapid, and accurate evaluation of the quality and protective efficacy of FMD inactivated vaccines.



Techniques for measuring 146S content include sucrose density gradient centrifugation, high-performance liquid chromatography, sandwich ELISA, complement fixation tests, and cesium chloride density gradient centrifugation. In this study, sucrose density gradient centrifugation, internationally recognized as a technical standard [42] due to its precision, sensitivity, and speed, was employed to determine the 146S contents.



The data demonstrated a positive correlation between the 146S content in FMD inactivated vaccines and antibody titers and IFN-γ secretion levels. A higher 146S content leads to earlier induction of antibody and IFN-γ secretion after initial immunization, as well as higher antibody titers, IFN-γ secretion levels, and rates of satisfactory antibody titers at the same time points post-vaccination. There was a strong correlation between the 146S content and PD50. Within the range of 4.72–16.55 µg, a higher 146S content results in higher PD50 values. When the 146S content exceeded 16.55 µg, the PD50 reached a maximum of 15.59. Thus, evaluating vaccine quality by measuring 146S contents may replace the efficacious testing method of target animal challenge, leading to significant time and cost savings, enhanced animal welfare, and elimination of biosafety risks.



Immunological memory plays a crucial role in booster immunization, where even minimal antigen stimulation can prompt B lymphocytes to differentiate into plasma cells, resulting in a robust immune response and the production of a substantial quantity of antibodies [43]. This study revealed that booster immunization conducted 28 days after primary immunization, even with vaccines with lower 146S contents, could induce a favorable immune response. Following booster immunization with 1.84 µg of 146S on days 14 and 28, all animals achieved qualifying antibody titers, indicating complete protection [28]. These findings have significant implications for clinical immunization strategies.



Research has confirmed that IFN-γ possesses anti-FMDV properties, promoting the activation of NK cells and macrophages and inhibiting FMDV replication within the host [44]. Van Lierop et al. were the first to discover that upon stimulation by FMDV antigens, the body generates IFN-γ via MHC class II-restricted T cells (CD4) [45]. Gerner et al. demonstrated lymphocyte production of IFN-γ when cattle infected with FMDV were restimulated with peptides from the FMDV structural protein VP1 region. Yooni Oh et al. also supported the role of both humoral and cellular immunity in the protective efficacy of FMD vaccines [46]. Our findings revealed a positive correlation between the 146S concentration and IFN-γ secretion on days 14, 21, and 28 after primary and booster immunization. A higher 146S content leads to earlier IFN-γ secretion after immunization and greater IFN-γ secretion at corresponding times post-immunization. This discovery may assist in the design and research of new FMD vaccines in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vetsci11040168/s1, Figure S1: Qualification rates of type O (A) and type A (B) antibody titers following primary immunization at different days post-vaccination with varying 146S doses in the administered vaccines; Table S1: Raw data on 146S/dose and PD50.





Author Contributions


Conceptualization, Q.Z. and B.T.; Data curation, Y.L. and R.Y.; Formal analysis, Y.L. and S.S.; Funding acquisition, Y.L.; Investigation, F.Y. and H.Z.; Methodology, G.Z.; Project administration, B.T.; Writing original draft, Y.L.; Writing—review and editing, Q.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Gansu Province Major Science and Technology Special Project “Creation and Application of Animal Biological Products: 21ZD3NA001”.




Institutional Review Board Statement


The animal studies were approved by the China Agricultural Veterinary Biotechnology Co., Ltd. Animal ethics were strictly followed during the animal study (no. 2021YFXM009).




Informed Consent Statement


Not applicable.




Data Availability Statement


All datasets generated for this study are included in the article.




Conflicts of Interest


Yongxia Li, Ruai Yang, Fu Yin, Haisheng Zhang, Guoyuan Zhai, Bo Tian are employees in China Agricultural Veterinary Biotechnology Co., Ltd. The remaining authors have no conflicts of interest to declare.




References


	



Grubman, M.J.; Baxt, B. Foot-and-mouth disease. Clin. Microbiol. Rev. 2004, 17, 465–493. [Google Scholar] [CrossRef] [PubMed]

	



Sultanov, A.A.; Tyulegenov, S.; Yessembekova, G.N.; Berdikulov, M.A.; Mukhanbetkaliyev, Y.; Akhmetzhanova, A.; Perez, A.M.; Abdrakhmanov, S.K. The progressive control of foot-and-mouth disease (FMD) in the Republic of Kazakhstan: Successes and challenges. Front. Vet. Sci. 2023, 10, 1036121. [Google Scholar] [CrossRef] [PubMed]

	



Charleston, B.; Rodriguez, L.L. Understanding foot-and-mouth disease virus early pathogenesis and immune responses. Transbound. Emerg. Dis. 2011, 58, 281–282. [Google Scholar] [CrossRef]

	



James, A.D.; Rushton, J. The economics of foot and mouth disease. Rev. Sci. Tech. 2002, 21, 637–644. [Google Scholar] [CrossRef]

	



Pluimers, F.H.; Akkerman, A.M.; van der Wal, P.; Dekker, A.; Bianchi, A. Lessons from the foot and mouth disease outbreak in The Netherlands in 2001. Rev. Sci. Tech. 2002, 21, 711–721. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, D.; Muriel, P.; Russell, D.; Osborne, P.; Bromley, A.; Rowland, M.; Creigh-Tyte, S.; Brown, C. Economic costs of the foot and mouth disease outbreak in the United Kingdom in 2001. Rev. Sci. Tech. 2002, 21, 675–687. [Google Scholar] [CrossRef] [PubMed]

	



Knight-Jones, T.J.; Rushton, J. The economic impacts of foot and mouth disease–What are they, how big are they and where do they occur? Prev. Vet. Med. 2013, 112, 161–173. [Google Scholar] [CrossRef]

	



Mohamed, F.; Swafford, S.; Petrowski, H.; Bracht, A.; Schmit, B.; Fabian, A.; Pacheco, J.M.; Hartwig, E.; Berninger, M.; Carrillo, C.; et al. Foot-and-mouth disease in feral swine: Susceptibility and transmission. Transbound. Emerg. Dis. 2011, 58, 358–371. [Google Scholar] [CrossRef] [PubMed]

	



Jamal, S.M.; Belsham, G.J. Foot-and-mouth disease: Past, present and future. Vet. Res. 2013, 44, 116. [Google Scholar] [CrossRef]

	



Paton, D.J.; Sumption, K.J.; Charleston, B. Options for control of foot-and-mouth disease: Knowledge, capability and policy. Philos. T R. Soc. B 2009, 364, 2657–2667. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, L.L.; Gay, C.G. Development of vaccines toward the global control and eradication of foot-and-mouth disease. Expert. Rev. Vaccines 2011, 10, 377–387. [Google Scholar] [CrossRef]

	



Leon, E.A. Foot-and-mouth disease in pigs: Current epidemiological situation and control methods. Transbound. Emerg. Dis. 2012, 59 (Suppl. 1), 36–49. [Google Scholar] [CrossRef] [PubMed]

	



Paton, D.J.; Sinclair, M.; Rodriguez, R. Qualitative assessment of the commodity risk for spread of foot-and-mouth disease associated with international trade in deboned beef. Transbound. Emerg. Dis. 2010, 57, 115–134. [Google Scholar] [CrossRef] [PubMed]

	



Brito, B.P.; Rodriguez, L.L.; Hammond, J.M.; Pinto, J.; Perez, A.M. Review of the Global Distribution of Foot-and-Mouth Disease Virus from 2007 to 2014. Transbound Emerg. Dis. 2017, 64, 316–332. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, L.L.; Grubman, M.J. Foot and mouth disease virus vaccines. Vaccine 2009, 27 (Suppl. 4), D90–D94. [Google Scholar] [CrossRef] [PubMed]

	



Parida, S. Vaccination against foot-and-mouth disease virus: Strategies and effectiveness. Expert. Rev. Vaccines 2009, 8, 347–365. [Google Scholar] [CrossRef] [PubMed]

	



Belsham, G.J. Towards improvements in foot-and-mouth disease vaccine performance. Acta Vet. Scand. 2020, 62, 20. [Google Scholar] [CrossRef] [PubMed]

	



OIE. 2018. Available online: http://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/3.01.08_FMD.pdf (accessed on 7 March 2024).

	



Fayet, M.T.; Fargeaud, D.; Louisot, P.; Stellmann, C.; Roumiantzeff, M. Physical chemical measurement of 140S particles of the foot-and-mouth disease virus. Ann. Inst. Pasteur 1971, 121, 107–118. [Google Scholar]

	



Rweyemamu, M.M.; Unehara, O.; Giorgi, W.; Medeiros, R.; Lucca, D.; Baltazar, M. Effect of formaldehyde and binary ethyleneimine (BEI) on the integrity of foot and mouth disease virus capsid. Rev. Sci. Tech. 1989, 8, 747–764. [Google Scholar] [CrossRef] [PubMed]

	



Black, L.; Francis, M.J.; Rweyemamu, M.M.; Umebara, O.; Boge, A. The relationship between serum antibody titres and protection from foot and mouth disease in pigs after oil emulsion vaccination. J. Biol. Stand. 1984, 12, 379–389. [Google Scholar] [CrossRef] [PubMed]

	



Al Amin, M.; Ali, M.R.; Islam, M.R.; Alam, A.; Shill, D.K.; Rahman, M.S.; Siddique, M.A.; Sultana, M.; Hossain, M.A. Development and serology based efficacy assessment of a trivalent foot-and-mouth disease vaccine. Vaccine 2020, 38, 4970–4978. [Google Scholar] [CrossRef] [PubMed]

	



Dar, P.; Kalaivanan, R.; Sied, N.; Mamo, B.; Kishore, S.; Suryanarayana, V.V.; Kondabattula, G. Montanide ISA 201 adjuvanted FMD vaccine induces improved immune responses and protection in cattle. Vaccine 2013, 31, 3327–3332. [Google Scholar] [CrossRef] [PubMed]

	



Feng, X.; Ma, J.W.; Sun, S.Q.; Guo, H.C.; Yang, Y.M.; Jin, Y.; Zhou, G.Q.; He, J.J.; Guo, J.H.; Qi, S.Y.; et al. Quantitative Detection of the Foot-And-Mouth Disease Virus Serotype O 146S Antigen for Vaccine Production Using a Double-Antibody Sandwich ELISA and Nonlinear Standard Curves. PLoS ONE 2016, 11, e0149569. [Google Scholar] [CrossRef] [PubMed]

	



Kim, A.Y.; Park, S.Y.; Park, S.H.; Kim, J.Y.; Jin, J.S.; Kim, E.S.; Park, J.H.; Ko, Y.J. Comparison of High-Performance Liquid Chromatography with Sucrose Density Gradient Ultracentrifugation for the Quantification of Foot-and-Mouth Disease Vaccine Antigens. Vaccines 2022, 10, 667. [Google Scholar] [CrossRef] [PubMed]

	



Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoint. Am. J. Hyg. 1938, 27, 493–497. [Google Scholar]

	



Schober, P.; Boer, C.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 2018, 126, 1763–1768. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Feng, X.; Jin, Y.; Ma, J.; Cai, H.; Zhang, X. Immunoprotective mechanisms in swine within the “grey zone” in antibody response after immunization with foot-and-mouth disease vaccine. Virus Res. 2016, 220, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Becker, Y. Need for cellular and humoral immune responses in bovines to ensure protection from foot-and-mouth disease virus (FMDV)–A point of view. Virus Genes 1994, 8, 199–214. [Google Scholar] [CrossRef] [PubMed]

	



Martins, R.P.; Souza, F.N. Editorial: Cell-mediated immunity in ruminants: Novel approaches and insights. Front. Vet. Sci. 2023, 10, 1177315. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.D.; Hutching, G.; Kitching, P.; Alexandersen, S. The effects of gamma interferon on replication of foot-and-mouth disease virus in persistently infected bovine cells. Arch. Virol. 2002, 147, 2157–2167. [Google Scholar] [CrossRef] [PubMed]

	



Kim, W.S.; Zhi, Y.; Guo, H.; Byun, E.B.; Lim, J.H.; Seo, H.S. Promotion of Cellular and Humoral Immunity against Foot-and-Mouth Disease Virus by Immunization with Virus-Like Particles Encapsulated in Monophosphoryl Lipid A and Liposomes. Vaccines 2020, 8, 633. [Google Scholar] [CrossRef] [PubMed]

	



Blacksell, S.D.; Siengsanan-Lamont, J.; Kamolsiripichaiporn, S.; Gleeson, L.J.; Windsor, P.A. A history of FMD research and control programmes in Southeast Asia: Lessons from the past informing the future. Epidemiol. Infect. 2019, 147, e171. [Google Scholar] [CrossRef]

	



Hammond, J.M.; Maulidi, B.; Henning, N. Targeted FMD Vaccines for Eastern Africa: The AgResults Foot and Mouth Disease Vaccine Challenge Project. Viruses 2021, 13, 1830. [Google Scholar] [CrossRef] [PubMed]

	



Brown, F. New approaches to vaccination against foot-and-mouth disease. Vaccine 1992, 10, 1022–1026. [Google Scholar] [CrossRef] [PubMed]

	



Aidaros, H.A. Regional status and approaches to control and eradication of foot and mouth disease in the Middle East and North Africa. Rev. Sci. Tech. 2002, 21, 451–458. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Chen, J.; Cai, Z.; Du, L.; Hou, J.; Qiao, X.; Zheng, Q. Development of GEM-PA-nanotrap for purification of foot-and-mouth disease virus. Vaccine 2019, 37, 3205–3213. [Google Scholar] [CrossRef] [PubMed]

	



Goris, N.; Merkelbach-Peters, P.; Diev, V.I.; Verloo, D.; Zakharov, V.M.; Kraft, H.P.; De Clercq, K. European Pharmacopoeia foot-and-mouth disease vaccine potency testing in cattle: Between test variability and its consequences. Vaccine 2007, 25, 3373–3379. [Google Scholar] [CrossRef] [PubMed]

	



Caridi, F.; Vazquez-Calvo, A.; Borrego, B.; McCullough, K.; Summerfield, A.; Sobrino, F.; Martin-Acebes, M.A. Preserved immunogenicity of an inactivated vaccine based on foot-and-mouth disease virus particles with improved stability. Vet. Microbiol. 2017, 203, 275–279. [Google Scholar] [CrossRef] [PubMed]

	



Harmsen, M.M.; Fijten, H.P.; Westra, D.F.; Dekker, A. Stabilizing effects of excipients on dissociation of intact (146S) foot-and-mouth disease virions into 12S particles during storage as oil-emulsion vaccine. Vaccine 2015, 33, 2477–2484. [Google Scholar] [CrossRef] [PubMed]

	



Meloen, R.H.; Rowlands, D.J.; Brown, F. Comparison of the antibodies elicited by the individual structural polypeptides of foot-and mouth disease and polio viruses. J. Gen. Virol. 1979, 45, 761–763. [Google Scholar] [CrossRef] [PubMed]

	



Doel, T.R.; Fletton, B.W.; Staple, R.F. Further developments in the quantification of small RNA viruses by U.V. photometry of sucrose density gradients. Dev. Biol. Stand. 1981, 50, 209–219. [Google Scholar] [PubMed]

	



Cancro, M.P.; Tomayko, M.M. Memory B cells and plasma cells: The differentiative continuum of humoral immunity. Immunol. Rev. 2021, 303, 72–82. [Google Scholar] [CrossRef] [PubMed]

	



Summerfield, A.; Guzylack-Piriou, L.; Harwood, L.; McCullough, K.C. Innate immune responses against foot-and-mouth disease virus: Current understanding and future directions. Vet. Immunol. Immunopathol. 2009, 128, 205–210. [Google Scholar] [CrossRef]

	



Boehm, U.; Klamp, T.; Groot, M.; Howard, J.C. Cellular responses to interferon-gamma. Annu. Rev. Immunol. 1997, 15, 749–795. [Google Scholar] [CrossRef] [PubMed]

	



Oh, Y.; Fleming, L.; Statham, B.; Hamblin, P.; Barnett, P.; Paton, D.J.; Park, J.H.; Joo, Y.S.; Parida, S. Interferon-gamma induced by in vitro re-stimulation of CD4+ T-cells correlates with in vivo FMD vaccine induced protection of cattle against disease and persistent infection. PLoS ONE 2012, 7, e44365. [Google Scholar] [CrossRef]








[image: Vetsci 11 00168 g001] 





Figure 1. The antibody titers in log base 10 of type O and A following primary immunization at different days post-vaccination with varying 146S doses in the administered vaccines. 
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Figure 2. Correlation between 146S dose in the administered vaccine and antibody titers of type O and A at different days post-primary vaccination. The * reresent multiplication sign (×). 
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Figure 3. The antibody titers in log base 10 of type O (A) and type A (B) following booster immunization at different days post-vaccination with varying 146S doses in the administered vaccines. 
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Figure 4. Correlation between 146S doses in the administered vaccines and antibody titers of type O and A at different days post-booster immunization. The * reresent multiplication sign (×). 
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Figure 5. Serum IFN-γ levels following primary and booster immunization at different days post-vaccination with varying 146S doses in the administered vaccines. 
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Figure 6. Correlation between the 146S doses in the administered vaccines and IFN-γ secretion at different days after primary (A) and booster immunization (B). The * reresent multiplication sign (×). 
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Figure 7. Analysis of the correlation between the log base 10 of 146S doses in the foot-and-mouth disease inactivated vaccines and PD50. The * reresent multiplication sign (×). 
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