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This review article points out the Foot-and-Mouth Disease (FMD) as a major global animal 

disease of serious economic importance and limitations of conventional inactivated whole-

virus vaccines. It gives DNA vaccine technology as a potential and safer way of achieving 

immunity by expressing microbial antigens in host cells and thereby eliciting both humoral and 

cellular immunity responses. The principles and mechanisms of the DNA vaccines are 

described in the article: antigen presentation, activation of T- T-cells, as well as the functions of 

adjuvants, the delivery methods, and electroporation, gene gun, and nanoparticles in the 

increasing of their e�cacy.  In addition, it summarizes the advancement in the FMD DNA 

vaccines against diverse viral proteins such as VP1 and the P1 polyprotein, reviews conducted 

experimental studies and studies in e�cacy trials on animal models and the targeted livestock 

animal.  
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Involving fever and manifestation of vesicular lesions of the 
mouth and feet,  widespread patterns and rapid 
transmission of FMD as well as the presence of seven 
serotypes of the foot-and-mouth disease virus (FMDV) 
pose challenges to the control [4]. For several decades 
now, inactivated whole-virus vaccination has been the 
most helpful approach to the prevention and control of 
FMD. Nevertheless, even though, after more than 70 years, 
there is a vaccine at our disposal, FMD is an endemic 
disease in the world. There are a few drawbacks associated 

I N T R O D U C T I O N

Foot-and-mouth disease (FMD) is a paramount animal 
disease and zoonotic with serious, highly contagious, and 
economically ruinous viral illness that affects millions of 
cloven-hoofed animals all over the world (cattle, pigs, deer, 
goats, and sheep) [1]. Animal disease pathogen, �rst 
identi�ed as a virus in the 16th century, and the very �rst 
animal disease pathogen identi�ed [2]. The disease not 
only deteriorates the commercial values of livestock by 
loss of weight and milk output, but also results in enormous 
economic loss to livestock producers and industry [3]. 
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with these traditional vaccines, such as a lack of induction 
of long-term protection, restricted antigen coverage, and a 
lack of ability to curb infection [5-7]. The advances in 
biotechnology have opened new doors for synthesizing 
speci�c proteins through microorganisms, and the DNA 
vaccines were a breakthrough made in that regard [8,9].
FMD: A Global Threat
FMD is one of the major animal diseases that is linked to a 
severe and highly contagious, economically devastating 
viral infection of numerous cloven-hoofed animals [10]. 
Epidemics may cause signi�cant monetary losses and 
disrupt the production of animals and animal products. The 
high rate and varied nature of the FMD virus require 
intervention measures to avert the destructive effects [11].
Etiology and Pathogenesis of FMD Virus (FMDV)
FMD is caused by the FMDV. FMDV is the prototype of the 
genus Aphthovirus in the family Picornaviridae [12]. It is a 
virus that consists of RNA with an icosahedral capsid. 
FMDV is known for the existence of seven serotypes that 
are reported to be immunologically distinct: A, O, C, SAT1, 2 
& 3, and Asia1 [13]. There is also a great genetic and 
antigenic variation of strains within each serotype. 
Historically, the �rst animal disease pathogen to be found 
as a virus was FMDV [14-15]. The children of the disease 
may be higher in young animals with occasional mortality 
as a result of myocardial degeneration. FMDV is also able to 
establish a carrier state, especially in cases of cattle, in 
which persistently infected animals can shed the virus [16].
Transmission and Economic Impact
FMDV can be transmitted through various routes. These 
include direct contact with infected animals, as well as 
indirect contact via contaminated materials such as 
agricultural tools, vehicles, and animal products [17]. 
Airborne transmission over short distances can also occur. 
Factors such as animal movement, trade, community 
grazing, and insu�cient surveillance contribute to the 
spread of the disease [18]. This contamination can then 
lead to new infections through direct contact with 
aerosols, indirect contact with contaminated materials, or 
ingestion of contaminated products (Figure 1). 

FMD poses a major economic threat to agriculture 
worldwide. Outbreaks result in direct losses due to reduced 
weight gain, decreased milk production, and mortality, 
especially in young animals [19]. Affected countries often 
face trade embargoes, leading to signi�cant �nancial 
losses for livestock producers and the industry as a whole 
[20]. The 1997 outbreak in Taiwan, caused by a CHY 
topotype virus, resulted in the slaughter of over 4 million 
pigs and over 6 billion U.S. dollars in �nancial losses. 
Control and eradication efforts also incur substantial costs 
[21]. Vaccination with inactivated whole-virus vaccines has 
been the most widely used method for prevention and 
control for over 70 years [22]. In India, a nationwide FMD 
Control Programme (FMD-CP) using an indigenously 
produced killed trivalent vaccine has shown encouraging 
results in reducing disease incidence. However, 
conventional vaccines have limitations such as failure to 
induce long-term protection, narrow antigenic coverage, 
and inability to prevent infection [23].
DNA Vaccines: Principles and Mechanisms
DNA vaccines are a modern approach utilizing engineered 
plasmid DNA encoding speci�c antigens under a strong 
promoter to elicit immunity [24-26]. Upon delivery (e.g., 
direct injection or gene gun [27], the plasmid enters host 
cells, where the antigen gene is transcribed and translated 
[28, 29]. Immunogenicity arises from the plasmid DNA's 
inherent adjuvant properties, initially attributed to CpG 
motifs and more recently linked to TLR-independent TBK1 
signalling triggered by its double-stranded structure [30-
32], absence of live pathogens eliminating infection risk, 
focused immune response on the target antigen (without 
inducing anti-DNA antibodies) [33], rapid and cost-
effective production via standard molecular biology, ease 
of modi�cation for different targets, enhanced antigen 
presentation due to in vivo expression and potential post-
translational modi�cations [34-35], and the ability to 
polarize T-cell responses [36].
Development of DNA Vaccines Against FMD
The development of DNA vaccines has emerged as a 
promising and safer alternative to traditional inactivated 
vaccines for FMD [37]. A lot of efforts have been aimed at 
targeting several viral proteins for the development of FMD 
DNA vaccines, especially on structural proteins [38]. VP1, 
the most abundant capsid protein of FMDV, is also the most 
intensively studied one, as it has proven to be immunogenic 
[39]. Using one of the approaches, the VP1 gene was 
engineered into the Hepatitis B virus (HBV) core gene to 
produce a chimeric core-VP1 VLP that, with a DNA 
construct, produced signi�cantly high immune responses 
and protection as compared to a standard VP1 DNA 
construct [40]. Another important target is the P1 
polyprotein that is cleaved to yield the structural proteins: 
VP0, VP3, and VP1 [41]. DNA vaccines containing the P1 
region, have been effective in triggering an immune 

 

Figure 1: The Pathways of FMDV Spread from Infected Animals 

Through Breath, Secretions/Excretions, and Animal Products, 

Leading to Contamination and Subsequent Infection Via Direct or 

Indirect Contact
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response and protection in pigs [42]. Combination of B- 
and T-cell epitopes has also been examined in DNA vaccine 
designs and has shown protection in mice even without 
speci�c antibodies at the challenge level [43]. DNA 
vaccines for FMD are typically plasmid-based [44]. A 
common promoter used in DNA vaccine studies is the 
cytomegalovirus (CMV) immediate-early promoter. [45]. 
Some plasmids have been designed to express not only the 
antigen but also immunoregulatory molecules like 
cytokines (e.g., interleukins, interferons, GM-CSF) or co-
stimulatory molecules as genetic adjuvants to boost the 
immune response [46]. The FMDV Vaccine Development 
Strategies illustrate various approaches, including whole 
inactivated, modi�ed live attenuated, virus-like particles, 
recombinant viral vectors, DNA, and peptides [47].

method for the FMDV DNA vaccines [50]. These 

nanoparticles can prevent the degradation of DNA and can 

increase cellular uptake and improve the immunological 

values and protection for viral challenge. For instance, 

mannosylated chitosan nanoparticles loaded with FMDV 

V P 1 - O m p a  D N A  v a c c i n e  i n d i c a t e d  a  p r o m i s i n g 

immunological evaluation in guinea pigs [51].

Immunological Effects Caused by FMD DNA Vaccines

The DNA vaccines for FMD target both humoral and cellular 

immune responses with the delivery of genetic materials 

encoding the antigens of FMDV into host's cells. These 

vaccines utilize host's cells for production of viral proteins 

that are processed and presented to the immune response 

[52].

Humoral and Cellular Immunity

FMD DNA vaccines can produce neutralizing antibody 

responses, which are known to be the primary immunity 

against FMDV. The major capsid protein VP1 protein that is 

frequently targeted to induce these antibodies. For 

instance, a DNA construct of a chimeric core-VP1 virus-like 

particle caused far greater amounts of antigen-speci�c 

IgG production and neutralizing antibodies in mice than a 

regular VP1 DNA construct [53]. Other than humoral 

immunity, cell-mediated immunity (CMI) can be stimulated 

by FMD DNA vaccines [54]. The endogenously expressed 

antigens are presented via both MHC class I and class II 

pathways, leading to the activation of these T cell subsets. 

Studies have shown that FMD DNA vaccines can induce 

FMDV-speci�c T cell proliferation and CTL responses [55].

T-Cell Activation and Memory Response

Upon uptake of the DNA vaccine by host cells, including 

antigen-presenting cells (APCs) like dendritic cells, the 

encoded antigen is expressed and processed [56, 57]. FMD 

DNA vaccination can lead to the generation of memory T 

cells, contributing to long-term immunity [58].

Role of Adjuvants and Co-Stimulatory Molecules

The immunogenicity of FMD DNA vaccines can be 

signi�cantly enhanced by the use of adjuvants and co-

stimulatory molecules. Due to the sometimes lower 

immunogenicity of DNA vaccines compared to traditional 

vaccines, various strategies have been employed to boost 

the immune response [59]. Genetic adjuvants, such as 

cytokines and chemokines, can be co-expressed from the 

same plasmid or delivered separately. Several cytokines 

have shown promise in enhancing FMD DNA vaccine 

e�cacy. IL-6 has been shown to advance the cellular 

immune response and promote the maturation of dendritic 

cells [60]. IL-15 has been shown to enhance cellular and 

mucosal immune responses and the level of IFN-γ induced 

by FMD DNA vaccines [61]. Intranasal administration of 

FMDV DNA vaccine with IL-15 as an adjuvant induced 
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Figure 2: Various Approaches Including Whole Inactivated, 

Modi�ed Live Attenuated, Virus-Like Particles, Recombinant Viral 

Vectors, DNA, and Peptides

D e l i ve r y  M et h o d s  ( E l e c t ro p o rat i o n,  G e n e  G u n, 

Nanoparticles) 

The e�cacy of DNA vaccines can be in�uenced 

signi�cantly by the method of delivery, which affects the 

uptake of plasmid DNA by host cells [47]. Several 

approaches have been explored to enhance DNA delivery 

and immunogenicity for FMD vaccines. Electroporation 

involves the application of brief electrical pulses to the 

injection site, which transiently increases cell membrane 

permeability, facilitating DNA uptake [48]. This method 

increases the transfection e�ciency of DNA vaccines in 

vivo, provoking a better immune response to FMDV. Gene 

gun (biolistics) involves a mortar-like tool to shoot the gold 

micro particles coated with DNA right into the skin with the 

help of the gas pressure [49]. This approach attacks the 

antigen-presenting cells in the skin and has been used for 

FMD DNA vaccination to show the development of the 

immune responses. Nanoparticles like mannosylated 

c h i to s a n  n a n o p a r t i c l e s  a n d  c a l c i u m  p h o s p h ate 

nanoparticles have been examined for use as the delivery 



challenge. Serum neutralizing antibody levels often 

correlate with protection [69]. Vaccinated animals are 

challenged with live FMDV, and protection is evaluated by 

monitoring clinical signs (e.g., vesicular lesions) and 

sometimes sub-clinical infection and viral persistence [70-

73], DNA vaccines in swine). Overall, e�cacy testing 

progresses from small animal models to target species, 

rigorously evaluating clinical protection and ideally, sterile 

immunity [74]. Measuring humoral and cellular responses, 

are critical, as is considering scalability for industrial 

production [75].
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enhanced CMI. IL-18 can increase the immunogenicity of 

DNA vaccines. Co-administration of bovine IL-18 with a 

DNA vaccine gave a protective immune response in cattle. 

GM-CSF as an adjuvant with a DNA vaccine encoding P1-2A 

induced robust FMDV-speci�c and neutralizing antibodies 

in swine [62, 63]. Delivery methods can also act as 

adjuvants by improving DNA uptake and transfection 

e�ciency. Electroporation and gene gun delivery have 

been shown to enhance immune responses against FMDV 

DNA vaccines. Nanoparticles, such as mannosylated 

chitosan nanoparticles, have demonstrated substantial 

improvements in immunological parameters [64]. Cationic 

PLGA micro particles used to coat DNA vaccines have also 

resulted in long-term immune responses.

Experimental Studies and E�cacy Trials

Experimental studies and e�cacy trials are crucial steps in 

the development of foot-and-mouth disease (FMD) 

vaccines to evaluate their immunogenicity and protective 

potential before widespread use. These studies involve 

rigorous testing in animal models, followed by trials in 

target livestock species.

Experimental Studies

Mice and guinea pigs are often used as initial small animal 

models to assess the immunogenicity of FMD vaccine 

candidates, including DNA vaccines, subunit vaccines, and 

empty capsid vaccines [65].  For instance, mice have been 

used to analyze the immune response induced by DNA 

constructs encoding FMDV antigens. Guinea pigs have 

been used to evaluate the immunological parameters of 

nanoparticle-based DNA vaccines. However, it's important 

to note that results in these models may not always directly 

correlate with those in natural hosts like cattle and swine. 

These studies typically measure humoral immune 

responses, such as the induction of neutralizing antibodies 

[66]. Assays like plaque-reduction assays are used to 

detect speci�c neutralizing antibodies against FMDV in 

serum samples. Cellular immune responses, including T 

cell proliferation, cytotoxic T lymphocyte (CTL) responses, 

and cytokine production (e.g., IFN-γ), are also evaluated 

[67]. For example, one study compared the immune 

responses induced by a chimeric core-VP1 DNA vaccine 

and a regular VP1 DNA construct in mice by assessing IgG 

production, T cell proliferation, CTL response, and cytokine 

production. Before in vivo testing, studies might involve in 

vitro experiments to assess antigen expression in 

transfected cells. For example, the expression levels of 

DNA vaccine constructs were studied in HeLa cells and 

HEK and CHO cells [68].

E�cacy Trials

E�cacy trials in cattle and swine, the natural hosts of 

FMDV, assess a vaccine's protective ability against viral 

C o n  i c t s o f I n t e r e s t

All the authors declare no con�ict of interest.

S o u r c e o f F u n d i n g

The authors received no �nancial support for the research, 

authorship and/or publication of this article.

All authors have read and agreed to the published version of 

the manuscript.

A u t h o r s C o n t r i b u t i o n

Conceptualization: SK, TA

Methodology: BA, EK

Formal analysis: AN, MFT

Writing review and editing: AS, AR, SA

C O N C L U S I O N

In conclusion, this review article highlights FMD as a 

s i g n i � c a n t  g l o b a l  t h re at  to  a n i m a l  a g r i c u l t u re, 

underscoring the limitations of traditional inactivated 

whole-virus vaccines despite their long history of use. It 

presents DNA vaccine technology as a novel and promising 

biotechnological strategy that offers several advantages, 

including enhanced safety pro�les and the potential to 

induce both humoral and cellular immune responses by 

expressing microbial antigens within host cells. The article 

details the principles, mechanisms of action, and various 

approaches to enhance the e�cacy of FMD DNA vaccines, 

such as targeting speci�c viral proteins like VP1 and the P1 

polyprotein, utilising adjuvants and advanced delivery 

methods like electroporation and nanoparticles. While 

acknowledging the progress made in experimental studies 

and e�cacy trials, the review also recognises the 

challenges and limitations that currently hinder the 

widespread application of DNA vaccines against FMD, 

paving the way for future research and development 

efforts to overcome these obstacles and realise the full 

potential of this innovative approach.



9. doi: 10.1016/j.virusres.2020.197909.

Aslam M and Alkhera�e KA. The Prevalence of Foot-

and-Mouth Disease in Asia. Frontiers in Veterinary 

Science.  2023 Jun; 10: 1201578. doi: 10.3389/fvets. 

2023.1201578.

Azeem A, Rashid I, Hassan MM, Asad M , Kaukab G, 

Tehseen A et al. 10. A Review on Foot and Mouth 

Disease in Dairy Animals, Etiology, Pathogenesis and 

Clinical Findings. Pure and Applied Biology.  2020 

Feb; 9(1): 821-32. doi: 10.19045/bspab.2020.90088.

Sukoco H, Wahyuni S, Utami S, Cahyani AP, 

Andanawari S, Siswanto FM. Foot and Mouth Disease 

(FMD): Etiology, Pathogenesis, Prevention and 

Control in Even or Split Hoofed Livestock. Jurnal Sain 

Peternakan Indonesia.  2023 Dec; 18(4): 268-73. doi: 

10.31186/jspi.id.18.4.268-273.

Zhang Z, Waters R, Li Y. Pathogenesis of Non-

Epithelial Foot-and-Mouth Disease in Neonatal 

Animals. Veterinary Microbiology.  2021 Mar; 254: 

108961. doi: 10.1016/j.vetmic.2020.108961.

Raoof HS. Foot and Mouth Disease (FMD). Assiut 

Veterinary Medical Journal.  2024 Jul; 70(182): 1-8. 

doi: 10.21608/avmj.2024.274826.1232.

Shimelis E, Tesfaye S, Tadesse F. Diagnostic 

Overview of Foot-and-Mouth Disease Viruses 

(FMDV). South Asian Research Journal of Agriculture 

and Fisheries.  2023; 5(4): 36-44. doi:  10.36346/sar 

jaf.2023.v05i04.002.

Marschik T, Kopacka I, Stockreiter S, Schmoll F, 

H i e s e l  J ,  H ö � e c h n e r - P ö l t l  A  e t  a l .  T h e 

Epidemiological and Economic Impact of a Potential 

Foot-and-Mouth Disease Outbreak in Austria. 

Frontiers in Veterinary Science.  2021 Jan; 7: 594753. 

doi: 10.3389/fvets.2020.594753.

He DM, Qian KX, Shen GF, Li YN, Zhang ZF, Su ZL et al. 

Stable Expression of Foot-and-Mouth Disease Virus 

Protein VP1 Fused with Cholera Toxin B Subunit in the 

Potato (Solanum Tuberosum). Colloids and Surfaces 

B: Bio-interfaces.  2007 Apr; 55(2): 159-63. doi: 

10.1016/j.colsurfb.2006.11.043.

Abdelkarim OF, Rehman SU, Samad A, Khan IU, Akram 

MW, Sayeed MA et al. Biotechnological Approaches to 

Discovery of Drugs for Veterinary Use: Discovery of 

Drugs for Veterinary Use. Futuristic Biotechnology.  

2024 Dec: 21-8. doi: 10.54393/fbt.v4i04.150.

Zewdie G, Akalu M, Tolossa W, Belay H, Deresse G, 

Zekarias M et al. A Review of Foot-and-Mouth Disease 

in Ethiopia: Epidemiological Aspects, Economic 

Implications, and Control Strategies. Virology 

Journal.  2023 Dec; 20(1): 299. doi: 10.1186/s12985-

023-02263-0.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

R E F E R E N C E S

Suchowski M, Eschbaumer M, Teifke JP, Ulrich R. 

After Nasopharyngeal Infection, Foot-and-Mouth 

Disease Virus Serotype A RNA Is Shed in Bovine Milk 

without Associated Mastitis. Journal of Veterinary 

Diagnostic Investigation.  2021 Sep; 33(5): 997-1001. 

doi: 10.1177/10406387211022467.

Ghonaim AH, Rouby SR, Hopo MG, Li W. Foot-and-

Mouth Disease: A Persistent Challenge for the 

Livestock Industry. In Veterinary Virology of 

Domestic and Pet Animals. Cham: Springer Nature 

Switzerland.  2024 Dec: 1-19.  doi: 10.1007/978-3-031-

54690-7_31-1.

Lu Z, Yu S, Wang W, Chen W, Wang X, Wu K, Li X, Fan S, 

Ding H, Yi L, Chen J. Development of Foot-And-Mouth 

Disease Vaccines in Recent Years. Vaccines.  2022 

Oct; 10(11): 1817. doi: 10.3390/vaccines10111817.

Kenubih A. Foot and Mouth Disease Vaccine 

Development and Challenges in Inducing Long-

Lasting Immunity: Trends and Current Perspectives. 

Veterinary Medicine: Research and Reports.  2021 

Sep: 205-15. doi: 10.2147/VMRR.S319761.

Fang CY and Liu CC. Novel Strategies for the 

Development of Hand, Foot, and Mouth Disease 

Vaccines and Antiviral Therapies. Expert Opinion on 

Drug Discovery.  2022 Jan; 17(1): 27-39. doi: 10.1080/ 

17460441.2021.1965987.

Haynie T. Recombinant DNA Vaccine Design as A 

Potential Strategy Against Bovine Foot and Mouth 

Disease Virus (FMDV). Louisiana State University and 

Agricultural and Mechanical College.  2023. 

Puckette M, Clark BA, Barrera J, Neilan JG, 

Rasmussen MV. Evaluation of  DNA Vaccine 

Candidates Against Foot-And-Mouth Disease Virus in 

Cattle. Vaccines.  2023 Feb; 11(2): 386. doi: 10.3390/ 

vaccines11020386.

Elrashedy A, Nayel M, Salama A, Zaghawa A, El-

Shabasy RM, Hasan ME. Foot-and-Mouth Disease: 

Genomic and Proteomic Structure, Antigenic Sites, 

Serotype Relationships, Immune Evasion, Recent 

Vaccine Development Strategies, and Future 

Perspectives. Veterinary Research.  2025 Apr; 56(1): 

78. doi: 10.1186/s13567-025-01485-0.

Lu Y, Dong H, Li J, Li L, Wang M, Liu H et al. Enhanced 

Protective Immune Response of Foot-and-Mouth 

Disease Vaccine Through DNA-Loaded Virus-Like 

Particles. Microbial Pathogenesis.  2020 Jun; 143: 

104130. doi: 10.1016/j.micpath.2020.104130.

Belsham GJ, Kristensen T, Jackson T. Foot-and-

Mouth Disease Virus: Prospects for Using Knowledge 

of Virus Biology to Improve Control of This Continuing 

Global Threat. Virus Research.  2020 May; 281: 19790 

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

06
FBT VOL. 5 Issue. 2 April-June 2025 Copyright © 2025. FBT, Published by Crosslinks International Publishers LLC, USA

          DOI: https://doi.org/10.54393/fbt.v5i2.167
Khan S et al.,

DNA Vaccines Against Foot-and-Mouth Disease



Yadav MP, Singh RK, Malik YS. Epidemiological 

Perspective in Managing Viral Diseases in Animals. 

Recent Advances in Animal Virology.  2019: 381-407. 

doi: 10.1007/978-981-13-9073-9_20.

Barrera J, Schutta C, Pisano M, Grubman MJ, Brake 

DA, Miller T et al. Use of ENABL® Adjuvant to Increase 

the Potency of an Adenovirus-Vectored Foot-and-

Mouth Disease Virus Serotype a Subunit Vaccine. 

Vaccine.  2018 Feb; 36(8): 1078-84. doi: 10.1016/j. 

vaccine.2018.01.026.

Robinson L, Knight‐Jones TJ, Charleston B, 

Rodriguez LL, Gay CG, Sumption KJ et al. Global 

Foot‐and‐Mouth Disease Research Update and Gap 

Analysis: 3‐Vaccines. Transboundary and Emerging 

Diseases.  2016 Jun; 63: 30-41. doi: 10.1111/tbed.12521.

Kozak M and Hu J. DNA Vaccines: Their Formulations, 

Engineering and Delivery. Vaccines.  2024 Jan; 12(1): 

71. doi: 10.3390/vaccines12010071.

Qin F, Xia F, Chen H, Cui B, Feng Y, Zhang P, Chen J, 

Luo M. A Guide to Nucleic Acid Vaccines in the 

Prevention and Treatment of Infectious Diseases and 

Cancers:  From Basic Principles to Current 

Applications. Frontiers in Cell and Developmental 

Biology.  2021 May; 9: 633776. doi: 10.3389/fcell.2021. 

633776.

Koonin EV, Krupovic M, Agol VI. The Baltimore 

Classi�cation of Viruses 50 Years Later: How Does It 

Stand in the Light of Virus Evolution? Microbiology 

and Molecular Biology Reviews.  2021 Aug; 85(3): 10-

128. doi: 10.1128/MMBR.00053-21.

Walker PJ, Siddell SG, Lefkowitz EJ, Mushegian AR, 

Adriaenssens EM, Dempsey DM et al. Changes to 

Virus Taxonomy and the Statutes Rati�ed by the 

International Committee on Taxonomy of Viruses 

(2020). Archives of Virology.  2020 Aug; 165: 

2737–2748. doi: 10.1007/s00705-020-04752-x.

Harryvan TJ, de Lange S, Hawinkels LJ, Verdegaal 

EM. The ABCs of Antigen Presentation by Stromal 

Non-Professional Antigen-Presenting Cells. 

International Journal of Molecular Sciences.  2021 

Dec; 23(1): 137. doi: 10.3390/�ms23010137.

Baljon JJ and Wilson JT. Bioinspired Vaccines to 

Enhance MHC Class-I Antigen Cross-Presentation. 

Current Opinion in Immunology.  2022 Aug; 77: 

102215. doi: 10.1016/j.coi.2022.102215.

Webster RG and Robinson HL. DNA Vaccines: A 

Review of Developments. Bio-Drugs.  1997 Oct; 8: 

273-92. doi: 10.2165/00063030-199708040-00004.

Yang ZY, Kong WP, Huang Y, Roberts A, Murphy BR, 

Subbarao K et al. A DNA Vaccine Induces SARS 

Coronavirus Neutralization and Protective Immunity 

in Mice. Nature.  2004 Apr; 428(6982): 561-4. doi: 10.1 

038 /nature02463.

McLaws M, Ahmadi BV, Condoleo R, Limon G, Kamata 

A, Arshed M et al. Risk of foot-and-mouth disease 

SAT2 introduction and spread in countries in the Near 

East and West Eurasia: FAO Qualitative Risk 

Assessment, October 2023. Food and Agriculture 

Organization.  2023 Oct. 

Wells TJ, Esposito T, Henderson IR, Labzin LI. 

Mechanisms of Antibody-Dependent Enhancement 

of Infectious Disease. Nature Reviews Immunology.  

2025 Jan; 25(1): 6-21. doi: 10.1038/s41577-024-01067-

9.

Mort M, Convery I, Baxter J, Bailey C. Psychosocial 

Effects of the 2001 UK Foot and Mouth Disease 

Epidemic in A Rural Population: Qualitative Diary-

Based Study. British Medical Journal.  2005 Nov; 

331(7527): 1234. doi: 10.1136/bmj.38603.375856.68.

Kim JY, Park SY, Jin JS, Kim D, Park JH, Park SH et al. 

E�cacy of Binary Ethylenimine in the Inactivation of 

Foot-and-Mouth Disease Virus for  Vaccine 

Production in South Korea. Pathogens.  2023 May; 

12(6): 760. doi: 10.3390/pathogens12060760.

B o s h a r t  M ,  We b e r  F,  J a h n  G ,  D o r s c h - H  K , 

Fleckenstein B, Schaffner W. A Very Strong Enhancer 

Is Located Upstream of an Immediate Early Gene of 

Human Cytomegalovirus. Cell. 1985 Jun; 41(2): 521-

30. doi: 10.1016/S0092-8674(85)80025-8.

Ivanov G, Klement E, Gelman B, Elnekave E, Karniely 

S. Foot and Mouth Disease Viruses Are Recurrently 

Introduced to Israel and Spread by Extensively 

Reared Sheep and Cattle: Insights from A Whole-

Genome Sequence Analysis. Virology.  2024 Feb; 

590: 109950. doi: 10.1016/j.virol.2023.109950.

Zhang X, Zhang Y, Li H, Liu L. Hand-Foot-And-Mouth 

D i s e a s e - A s s o c i a t e d  E n t e r o v i r u s  a n d  t h e 

Development of Multivalent HFMD Vaccines. 

International Journal of Molecular Sciences.  2022 

Dec; 24(1): 169. doi: 10.3390/�ms24010169.

Li K, Wang C, Yang F, Cao W, Zhu Z, Zheng H. 

Virus–Host Interactions in Foot-and-Mouth Disease 

Virus Infection. Frontiers in Immunology.  2021 Feb; 

12:571509. doi: 10.3389/�mmu.2021.571509.

Aberle JH, Aberle SW, Allison SL, Stiasny K, Ecker M, 

Mandl CW et al. A DNA Immunization Model Study with 

Constructs Expressing the Tick-Borne Encephalitis 

Virus Envelope Protein E in Different Physical Forms. 

The Journal of Immunology.  1999 Dec; 163(12): 6756-

61. doi: 10.4049/jimmunol.163.12.6756.

Tobing TM, Rantam FA, Widiyatno TV, Tacharina MR, 

Rahmahani J, Triakoso N et al. Inactivation of an 

Indonesian Isolate of Foot-and-Mouth Disease Virus 

Using Formaldehyde. Veterinary World.  2024 Jun; 

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

07
FBT VOL. 5 Issue. 2 April-June 2025 Copyright © 2025. FBT, Published by Crosslinks International Publishers LLC, USA

          DOI: https://doi.org/10.54393/fbt.v5i2.167
Khan S et al.,

DNA Vaccines Against Foot-and-Mouth Disease



17(6): 1190. doi: 10.14202/vetworld.2024.1190-1195.

Mikhalishin DV, Mikhalishin VV, Gochmuradov YМ, 

El'kina YS. Inactivation of Foot and Mouth Disease 

Virus for Vaccine Production. Veterinary Science 

Today.  2023; 12(2):164. doi: 10.29326/2304-196X-

2023-12-2-164-170.

Yadav S, Delgado AH, Hagerman AD, Bertram MR, 

Moreno-Torres KI, Stenfeldt C et al. Epidemiologic 

a n d  E c o n o m i c  C o n s i d e r a t i o n s  R e g a r d i n g 

Persistently Infected Cattle During Vaccinate-to-

Live Strategies for Control of Foot-and-Mouth 

Disease in FMD-Free Regions. Frontiers in Veterinary 

Science.  2022 Oct; 9: 1026592. doi: 10.3389/fvets.20 

22.1026592.

Yang Y, Yuan H, Zhang Y, Luan J, Wang H. Progress in 

African Swine Fever Vector Vaccine Development. 

International Journal of Molecular Sciences.  2025 

Jan; 26(3): 921. doi: 10.3390/�ms26030921.

Bhatt M, Mohapatra JK, Pandey LK, Mohanty NN, Das 

B, Prusty BR et al. Mutational Analysis of Foot and 

Mouth Disease Virus Nonstructural Polyprotein 3AB-

Coding Region to Design A Negative Marker Virus. 

Virus Research.  2018 Jan; 243: 36-43. doi: 10.1016/j. 

virusres.2017.10.010.

Dong H, Liu P, Bai M, Wang K, Feng R, Zhu D et al. 

Structural and Molecular Basis for Foot-and-Mouth 

Disease Virus Neutralization by Two Potent 

Protective Antibodies. Protein and Cell.  2022 Jun; 

13(6): 446-53. doi: 10.1007/s13238-021-00828-9.

Singh RK, Sharma GK, Mahajan S, Dhama K, 

Basagoudanavar SH, Hosamani M et al. Foot-and-

Mouth Disease Virus: Immunobiology, Advances in 

Vaccines and Vaccination Strategies Addressing 

Vaccine Failures—An Indian Perspective. Vaccines.  

2019 Sep; 7(3): 90. doi: 10.3390/vaccines7030090.

Qiu Y, Abila R, Rodtian P, King DP, Knowles NJ, Ngo LT 

et al. Emergence of an Exotic Strain of Serotype O 

Foot‐and‐Mouth Disease Virus O/ME‐SA/Ind‐2001d 

in South‐East Asia in 2015. Transboundary and 

Emerging Diseases.  2018 Feb; 65(1): e104-12. doi: 10.1 

111/tbed.12687.

Gubbins S, Paton DJ, Dekker A, Ludi AB, Wilsden G, 

Browning CF et al. Predicting Cross-Protection 

Against Foot-and-Mouth Disease Virus Strains by 

Serology After Vaccination. Frontiers in Veterinary 

Science.  2022 Dec; 9: 1027006. doi: 10.3389/fvets.20 

22.1027006.

Urge B and Dawo F. Outbreak Study of Foot and Mouth 

Disease in Relation to Vaccination and Vaccine 

E�cacy Assessment in Central Ethiopia. Biomedical 

Journal of Scienti�c and Technical Research.  2021; 

35(2): 27573-81. doi: 10.26717/BJSTR.2021.35.0 

05685.

Ren H, Jin Z, Pei X, Li M, Wang Y, Zhang J. Assessment 

of Immunization Procedures for Foot-And-Mouth 

Disease in Large-Scale Pig Farms in China Based on 

Actual Data and Dynamics. Animal Diseases.  2022 

Feb 18;2(1):3. doi: 10.1186/s44149-021-00035-3.

Mignaqui AC, Ruiz V, Durocher Y, Wigdorovitz A. 

Advances in Novel Vaccines for Foot and Mouth 

Disease: Focus on Recombinant Empty Capsids. 

Critical Reviews in Biotechnology.  2019 Apr; 39(3): 

306-20. doi: 10.1080/07388551.2018.1554619.

Jin H, Xiao W, Xiao C, Yu Y, Kang Y, Du X et al. 

Protective Immune Responses Against Foot-and-

Mouth Disease Virus by Vaccination with A DNA 

Vaccine Expressing Virus-Like Particles. Viral 

Immunology.  2007 Sep; 20(3): 429-40. doi: 10.1089/ 

vim.2007.0031.

Barnett PV, Geale DW, Clarke G, Davis J, Kasari TR. A 

Review of OIE Country Status Recovery Using 

Vaccinate‐to‐Live Versus Vaccinate‐to‐Die 

Foot‐and‐Mouth Disease Response Policies I: 

Bene�ts of Higher Potency Vaccines and Associated 

N S P  D I VA  Te s t  S ys t e m s  i n  Po s t ‐ O u t b r e a k 

Sur vei l lance.  Transboundar y and Emerging 

Diseases.  2015 Aug; 62(4): 367-87. doi: 10.1111/tbed.12 

166.

Berryman S, Feenstra F, Asfor A, Coco-Martin J, 

Jackson T, Tuthill TJ. Foot-and-Mouth Disease 

Vaccines by Design; Production of Capsid-Modi�ed 

Foot-and-Mouth Disease Viruses with Improved Cell 

Culture Growth. Vaccines.  2025 Mar; 13(3): 281. doi: 

10.3390/vaccines13030281.

Anil KU, Sreenivasa BP, Mohapatra JK, Hosamani M, 

Kumar R, Venkataramanan R. Sequence Analysis of 

Capsid Coding Region of Foot-And-Mouth Disease 

Virus Type a Vaccine Strain During Serial Passages in 

BHK-21 Adherent and Suspension Cells. Biologicals.  

2012 Nov; 40(6): 426-30. doi: 10.1016/j.biologicals.20 

12.08.002.

Capozzo AV, Vosloo W, De los Santos T, Pérez AM, 

Pérez-Filgueira M. Foot-and-Mouth Disease 

Epidemiology, Vaccines and Vaccination: Moving 

Forward. Frontiers in Veterinary Science.  2023 Jun 

20; 10: 1231005. doi: 10.3389/fvets.2023.1231005.

Wubshet AK, Werid GM, Teklue T, Zhou L, Bayasgalan 

C, Tserendorj A et al. Foot and Mouth Disease Vaccine 

E�cacy in Africa: A Systematic Review and Meta-

Analysis. Frontiers in Veterinary Science.  2024 Jun; 

11: 1360256. doi: 10.3389/fvets.2024.1360256.

Rasmussen P, Shaw AP, Jemberu WT, Knight-Jones 

T, Conrady B, Apenteng OO et al. Economic Losses 

Due to Foot-and-Mouth Disease (FMD) in Ethiopian 

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

08
FBT VOL. 5 Issue. 2 April-June 2025 Copyright © 2025. FBT, Published by Crosslinks International Publishers LLC, USA

          DOI: https://doi.org/10.54393/fbt.v5i2.167
Khan S et al.,

DNA Vaccines Against Foot-and-Mouth Disease



Cattle. Preventive Veterinary Medicine.  2024 Sep; 

230: 106276. doi: 10.1016/j.prevetmed.2024.106276.

Clarke JD, Duyvesteyn HM, Perez-Martin E, Latišenko 

U, Porta C, Humphreys KV et al. A Broadly Reactive 

Ultralong Bovine Antibody That Can Determine the 

Integrity of Foot-and-Mouth Disease Virus Capsids. 

Journal of General Virology.  2024 Oct; 105(10): 

002032. doi: 10.1099/jgv.0.002032.

Biswal JK, Subramaniam S, Ranjan R, Sharma GK, 

Misri J, Pattnaik B. Marker Vaccine Potential of Foot-

and-Mouth Disease Virus with Large Deletion in the 

Non-Structural Proteins 3A and 3B. Biologicals.  2015 

Nov; 43(6): 504-11. doi: 10.1016/j.biologicals.2015. 

07.004.

Lalzampuia H, Elango S, Biswal JK, Krishnaswamy N, 

Selvan RT, Saravanan P et al. Infection and Protection 

Responses of Deletion Mutants of Non-Structural 

Proteins of Foot-and-Mouth Disease Virus Serotype 

Asia1 in Guinea Pigs. Applied Microbiology and 

Biotechnology.  2022 Jan: 1-4. doi: 10.1007/s00253-

021-11692-2.

Bouazzaoui A, Abdellatif AA, Al-Allaf FA, Bogari NM, 

Al-Dehlawi S, Qari SH. Strategies for Vaccination: 

Conventional Vaccine Approaches Versus New-

Generation Strategies in Combination with 

Adjuvants. Pharmaceutics. 2021 Jan 22;13(2):140. 

doi: 10.3390/pharmaceutics13020140.

Song X, Li Y, Wu H, Qiu HJ, Sun Y. T-Cell Epitope-

Based Vaccines: A Promising Strategy for Prevention 

of Infectious Diseases. Vaccines.  2024 Oct; 12(10): 

1181. doi: 10.3390/vaccines12101181.

Tang H, Wang H, Yang L, Chen H, Kong L, Xin X. 

Immunogenicity Analysis of the E. Coli Expressed 

Structural Protein VP1 of Persistent Infection Foot-

and-Mouth Disease Virus. Virology.  2023 Feb; 579: 

111-8. doi: 10.1016/j.virol.2023.01.004.

Forner M, Cañas-Arranz R, Defaus S, de León P, 

Rodríguez-Pulido M, Ganges L et al. Peptide-Based 

Vaccines: Foot-and-Mouth Disease Virus, A 

Paradigm in Animal Health. Vaccines.  2021 May; 9(5): 

477. doi: 10.3390/vaccines9050477.

Arjmand B, Alavi-Moghadam S, Khorsand G, Sarvari 

M, Arjmand R, Rezaei-Tavirani M et al. Cell-Based 

Vaccines: Frontiers in Medical Technology for Cancer 

Tr e a t m e n t .  R e g e n e r a t i ve  E n g i n e e r i n g  a n d 

Translational Medicine.  2024 Mar: 1-20. doi: 10.1007 

/s40883-024-00338-0.

Kuhn JH. Virus Taxonomy. Encyclopedia of Virology.  

2021 Mar: 28. doi: 10.1016/B978-0-12-809633-8.2123 

1-4.

Gorbalenya AE and Lauber C. Bioinformatics of Virus 

Taxonomy: Foundations and Tools for Developing 

Sequence-Based Hierarchical Classi�cation. 

Current Opinion in Virology.  2022 Feb; 52: 48-56. doi: 

10.1016/j.coviro.2021.11.003.

Dash HR, Shrivastava P, Das S. Principles and 

Practices of DNA Analysis: A Laboratory Manual for 

Forensic DNA Typing. Humana Press.  2020. doi: 

10.1007/978-1-0716-0274-4.

Zaher MR, El-Husseiny MH, Hagag NM, El-Amir AM, El 

Zowalaty ME, Tammam RH. A Novel Immuno-

informatic Approach for Design and Evaluation of 

Heptavalent Multiepitope Foot-and-Mouth Disease 

Virus Vaccine. BioMed Central Veterinary Research.  

2025 Mar; 21(1): 152. doi: 10.1186/s12917-025-04509-1.

A k b a r z a d e g a n  M ,  M a h r a v a n i  H ,  P i r a v a r  Z . 

Investigation of the Relationship between Virus 

Neutralization Test and ELISA with Challenge Test in 

Evaluation of FMD Vaccine Potency. Iranian Journal 

of Virology.  2023 Jul; 17(1): 57-62. 

Motamedi-Sedeh F, Hosseini SD, Mahravani H, 

Behgar M, Shawrang P, Mohammadi M. Immune 

Responses to Foot-and-Mouth Disease Vaccines in A 

Guinea-Pig Model. Sustainable Animal Production 

and Health.  2021: 44. 

Mignaqui AC, Ruiz V, Perret S, St-Laurent G, Singh 

Chahal P, Trans�guracion J et al. Transient Gene 

Expression in Serum-Free Suspension-Growing 

Mammalian Cells for the Production of Foot-and-

Mouth Disease Virus Empty Capsids. PLOS ONE.  2013 

Aug; 8(8): e72800. doi: 10.1371/journal.pone.00728 

00.

Capon TR, Garner MG, Tapsuwan S, Roche S, Breed 

AC, Liu S et al. A Simulation Study of the Use of 

Vaccination to Control Foot-and-Mouth Disease 

Outbreaks Across Australia. Frontiers in Veterinary 

Science.  2021 Aug; 8: 648003. doi: 10.3389/fvets.20 

21.648003.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

09
FBT VOL. 5 Issue. 2 April-June 2025 Copyright © 2025. FBT, Published by Crosslinks International Publishers LLC, USA

          DOI: https://doi.org/10.54393/fbt.v5i2.167
Khan S et al.,

DNA Vaccines Against Foot-and-Mouth Disease


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

