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ABSTRACT   

Veterinary vaccination is one of the main effective measures to reduce and eradicate impairment prompted by infectious 

diseases in animals and humans. Various vaccines are used as either, prophylactic vaccines that protect body prior to 

pathogenic exposure, or as therapeutic vaccines that are responsible for strengthening immunity post pathogenic 

infections. Several effective vaccines have been developed which have significantly reduced the impact of a number of 

diseases, playing a decisive role in the health, survival and well-being of livestock and companion animals. Thus, 

vaccination has a pivotal role in the prevention, management and eradication of lethal diseases as the use of antibiotics 

against these infections is developing antibiotic resistance in livestock as well as in humans due to the consumption of 

food derived from these animals. Conventional vaccinations, such as live or killed modified pathogen, have been used for 

centuries to regularly immunize animals to reduce the impact of disease. However, current developments in genetics, 

molecular biology, microbiology, and immunology have led to the development of numerous innovative, safer, and more 

effective approaches to vaccine development. This chapter sheds light on the conventional and advanced approaches in 

veterinary industry to combat the challenges in vaccine development against veterinary diseases. 
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INTRODUCTION 
 

History of Veterinary Vaccines and Immunization 

The vaccine inoculations have been started for about 500 years ago when Edward Jenner first inoculated a boy with 

the small pox lesions for immunization in 1796 (Barakat, 2021). After 80 years, Louis Pasteur developed the vaccine for viral 

disease rabies. With the advancements in the vaccine production, further research involving erysipelas and rabies 

investigated serial passage as a substitute method to lessen or eradicate virulence in animals or other animal-derived 

tissues. This immunization technique aided in the prevention of anthrax and rabies (Saleh et al., 2021). Another method of 

immunizing against veterinary diseases was developed by Salmon and Smith in 1886, which was based on attenuation and 

inactivation principles (Nooraei et al., 2023). To increase vaccine diversity, these vaccine types were expanded to include 

toxoid vaccinations developed by Gaston Ramen at the Pasture institute against tetanus (Conti, 2021). Thus, in early 

twentieth century, first toxoid vaccine was created in 1924 by chemically inactivating the toxin, which was then adjuvanted 

to increase its effectiveness (Gupta and Pellett, 2023). 

 

Veterinary Vaccines and One-Health  

The rise and dissemination of zoonotic infections such as COVID-19 emphasized on averting the emergence of novel 

and hazardous zoonoses that could have adverse effects on human health. This is especially significant as the pandemic 

aligns with the One Health theory, which takes into account the relationship that exists between people, animals, and the 

environment (Zinsstag et al., 2023). At least 75% of newly discovered diseases have a zoonotic origin, with a variety of 
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animal species serving as their main reservoir. Prominent instances of these zoonoses comprise pandemics and/or 

epidemics including the Ebola virus, H1N1, SARS, MERS, and Spanish flu (de Melo et al., 2020).  

In veterinary medicine, vaccination decreases disease rate within animal populations and improves public health by 

targeting zoonoses. There are various diseases that are zoonotic and can be transmitted by direct interaction or contact 

with the diseased animals, fluids, tissues or by some vectors like arthropods, effecting both food security and public health 

(Udainiya et al., 2024). It is very important to secure animal and human life by preventing the transmission of diseases at 

animal-human interface. Hence, veterinary vaccination acts as a bridge in “One-Health” and as a barrier to pandemic and 

epizootics control (Entrican and Francis, 2022). 

 

 
 

Fig. 1: Veterinary Vaccines – One Health Perspective 

 

Development of Vaccine and Immune Responses 

For many of the animal diseases, licensed vaccines produced by classical methodologies are being administered 

according to standard immunization schedule (Ghattas et al., 2021). Vaccines exploit two main principles, specificity and 

memory. Specificity is the crucial factor for the successful production of vaccines. This can be achieved by selection of 

whole antigen or some particular antigens that will induce the pool of memory lymphocytes as the primary response after 

vaccination (Brun, 2022). Ideally, the immunity would not only protect against morbidity and mortality but also prevent 

infection by blocking the infectious agent and its replication (Ali et al., 2023). There are several methods for developing 

vaccine against pathogenic microbes. These decisions are usually based on fundamental knowledge about the infectious 

agent, including how it infects the host cells, how the immune system responds to it, and the type of field strain in the 

particular region of the world (Yadav et al., 2020).  

The developed vaccine should have the following properties  

 It should provide long lasting immune responses including B-cell and T-cell responses 

 It should be thermostable, should not be dependent on cold chains maintenance  

 Easy administration of the vaccine, preferably through oral means 

 It should provide protection against multiple diseases, hence be multivalent 

 It should be cost effective and acceptable to country’s authorities and policy (Gravagna et al., 2020). 

 

Vaccine Design and Selection of Antigen 

The vaccination methodology in past was designed empirically, but by optimizing the response of immune system, 
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synthesizing a rational vaccine can maximize their effectiveness. The logical design of vaccine is substantially influenced by 

the determination of the immunological connection with protection. This simplifies the choice of the appropriate antigens 

and adjuvants for vaccination to produce optimal adaptive and cell-meditated responses. Certain critical steps are involved 

in the potential design of modern vaccines (Schijns et al., 2021). These tactical decisions should ideally depend on 

targeting the immune response for designing successful vaccine, selection of the antigen, its presentation and delivery, 

effective immunomodulator and vaccine adjuvant.  

The strategies behind successful capturing target-antigen are opting the target receptor, antigen to be administered, 

and antigen transporter. The APC target, adjuvant, and specific receptor work together to assemble the CD4+ T-cell 

response toward the Th1, Th2, and Th17 profiles in addition to selecting a specific target receptor. (Sulczewski et al., 2020). 

These features are mandatory for triggering immunity to combat future pathogen eradication. The mode of delivery has 

also a major impact on progress of the systemic or mucosal responses. The most commonly used immunization routes 

include intradermal, subcutaneous, intramuscular, and oral (Melgoza-González et al., 2023).  

 

Types of Vaccines and Immune Response 

There are several vaccines that helps body to cope with infectious diseases and boost the immunity. Currently, there 

are four types of vaccines that are available: 

 

Type 1 Vaccines 

Inactivated or killed vaccines have been used for decades and are generally being prepared by various chemicals or 

physical methods which results in disruption of pathogen replication ability. Chemical methods that are most widely used 

include formaldehyde and organic compounds based on cyclic esters (β-propiolactone) or binary ethylenimine (BEI). Some 

other cross-linking agents like glutaraldehyde can be used for this purpose. However, the limitation of using these cross-

linking agents is their potential for disrupting the antigenic epitopes by aggregation leads to reduced immunogenicity 

(Jarvi and Balu-Iyer, 2021). Hence, other inactivation approaches can be opted such as hydrogen peroxide or some 

protonating compounds such as diethyl-pyrocarbonate (DEPC). The ability of hydrogen peroxide to inactivate both RNA 

and DNA viruses reduces the antigenic structural damage and minimize the effect on immunogenicity (Brun, 2022). 

However, such types of vaccines provide short duration of protection and induce ineffective immune response, as 

compared to live viral vaccines. This is why strong adjuvant is required when administering inactivated vaccinations, and it 

requires multiple booster doses to maintain long term and satisfactory immunity (Vashishtha and Kumar, 2024) .  

 

Type 2 Vaccines 

Live attenuated vaccines are one of the most successful kinds of vaccines with respect to providing booster immunity. 

The most highlighting feature of these vaccines is their ability to eliminate the virulence factors while maintaining the 

immunogenicity. The prominent benefit of attenuated vaccines is that it presents wider range of epitopes, leading to 

expression of more proteins as a result of viral replication into the infected host cell. The other possibility is its 

administration through natural routes of infection. Therefore, the induced immune responses are also similar to that of 

infections which triggers innate immune responses along with humoral and cellular responses (Torina et al., 2020) .  

 

Type 3 Vaccines 

This category of vaccine includes both subunit and nucleic acid vaccines. Subunit vaccines are superior to attenuated 

vaccines especially in production and safety factors. In subunit vaccines, another effective aspect is its possibility of 

generating virus like particles (VLPs) devoid of ribonucleoproteins by co-expressing the capsid proteins that are 

constituents of virions. Just like viral capsids, VPLs are also made of geometrically arranged patterns of proteins that forms 

the repetitive structures against which B-cell receptors or soluble antibodies can interact with high affinity. These VPL 

structures are good inducers of T-cell independent responses. In addition, these VPL structures can also be internalized 

and processed by antigen presenting cells (APCs) to trigger Th and CTL responses, showing the capacity to generate 

broader immune responses as compared to monomeric forms of protein subunit (Banerjee and Madhyastha, 2021).  

On the other hand, genetic vaccines or nucleic acid vaccine were first discovered upon gene therapy experiments 

conducted by Wolff and Felgner when they were designed to transfer DNA into muscle cells using cationic lipid as carrier 

(Tiwari and Menghani, 2020). Generally, DNA vaccines are usually delivered by intradermal or intramuscular injections. But 

muscle cells can also be directly transfected and express the proteins. This can be achieved by using dendritic cells that are 

present in interstitial spaces, actively responsible for the uptake of soluble antigens, or can take up the cells killed by 

vaccines, or can be transfected directly. The advantages of these DNA vaccines are their easy design and production 

procedure, differentiation of vaccinated and infected animals (DIVA), natural processing of antigens, mimicking the 

immune response generated by virus replication as a result induce both humoral and cell-mediated immune responses. To 

date, the only DNA vaccine licensed have been against VHS in Salmonids and WNV in horses (Brun, 2022). 

 

Type 4 Vaccines 

Recombinant viral vectors, which make up the fourth category of vaccines, are an essential domain for the 

development of vaccines and for exploratory vaccination point of view. In this technique, non-pathogenic, infectious, virus 
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can be used to provide a system for recombinant incorporation and to express foreign genes. This technique has been 

used for different RNA viruses but among the DNA viruses, Poxvirus (from parapoxvirus and orthopoxvirus genus), 

Adenovirus, Herpesvirus and Baculovirus have been most widely used to deliver vaccine in experimental vaccine trials. The 

advantage of using DNA viruses over RNA viruses is the high stability of DNA genomes, containing more insertional sites 

and availability of BAC-DNA clones making it possible to engineer and rescue recombinant virus, a conventional laboratory 

task. Additional beneficial factors include, cytoplasmic expression and generation long term humoral and cell-mediated 

immune responses. These immune responses with immense emphasis on CD8-T-cell activation that is mediated by 

attenuated adenovirus and poxvirus infections (Dhakal et al., 2021).  

 

Conventional Veterinary Vaccines against Bacterial Infections 

Historically, vaccination with a range of raw antigen preparations was tried to control a number of bacterial veterinary 

infections. Live vaccinations are wild-type or naturally occurring variations of parental strains, whereas bacterin vaccines are 

prepared from complete dead cells or cell lysates (Rabie and Amin Girh, 2020). Due to the lack of knowledge about specific 

protective antigens and low cost of manufacturing, early vaccination followed bacterins or live cells for immunization. For 

sheep, cattle, and pigs, bacterin immunization showed that piliated bacteria were required for protection against foot rot, 

pinkeye, and scours respectively. For each of these infections, the early bacterin vaccines were unable to offer sufficient levels 

of host protection because of poorly piliated vaccine cultures containing only one or two potential serotypes. To overcome 

this problem, eight B. nodosus (Tizard, 2021) and twelve E. coli strains are currently present in the effective foot rot and scours 

bacterin vaccines respectively, which in each case represent all known serotypes.  

The effectiveness of live-cell and bacterin vaccinations against cow mastitis has been studied. It was discovered that 

vaccinations against Staphylococcus aureus given into the mammary gland, generated protection against Staphylococcus 

infections to considerable extent, which are one of the main causes of mastitis (El-Diasty et al., 2021). Nevertheless, the 

large S. aureus bacterin doses necessary to promote protective immunity may cause lactation loss in the future. For 

commercial application, intramammary immunization is therefore not a viable choice. Differently from the case of killed 

vaccine, live S. aureus administered systemically to cows elicited protective immune responses because only live cells 

growing in vivo produce immunogenic level of capsular and toxin antigens. Which are critical for eliciting protective 

immunity. The cost of producing live vaccinations is higher than that of inactivated vaccines, which are also more resilient 

to environmental changes (Côté-Gravel et al., 2019). Since inactivated immunizations stop the spread of pathogens, they 

are not effective for long-term protection, even though their safety profiles are superior (Jorge and Dellagostin, 2017).  

Salmonellosis and brucellosis in cattle are those infections in which the bacterial pathogen lacks both virulence 

elements associated with toxins and pili. Calves have been protected against oral Salmonella challenges by vaccination 

with live, virulent Salmonella and with a dead whole-cell bacterin; however, attenuated live bacteria are generally 

recommended as salmonellosis vaccine (Edrington et al., 2020).  

Whereas, brucellosis caused by Brucella affects both humans and domestic animals including sheep, goats, cattle, and 

pig. Although live vaccinations including B. suis S2 and B. melitensis M5 have been widely utilized for preventing 

brucellosis infection in China (Li et al., 2023), the live attenuated B. abortus strain 19 is currently the recommended vaccine 

against bovine brucellosis (de Oliveira et al., 2022). The 45/20 strain of killed B. abortus vaccine has been used successfully 

in several nations with variable immunogenic properties. Originally isolated in the early 1920s, strain 19 is inexpensive and 

easy-to-use option for vaccination, but it has drawback of its lethal nature as a tiny portion of vaccinated animals shed the 

bacterium and experience chronic illnesses (Maruf et al., 2019). 

 

Conventional Veterinary Vaccines against Viral infections  

The most prevalent viral infections causing gastroenteritis in neonatal calves are rotavirus and coronavirus. In the 

gastrointestinal tract, local immunity is necessary to offer sufficient protection against infection. For calves, an oral 

vaccination has been designed to confer local immunity. Since nearly all cattle have antibodies to the coronavirus and 

rotavirus in their milk, the vaccine virus is swiftly neutralized by the antibodies in the milk, preventing the formation of 

immunity. Therefore, the vaccination needs to be given before nursing. The current vaccination contains only one serotype 

(serotype 6) contributing to the lack of potential action in the field. According to recent research, calves may carry multiple 

serotype infections, and vaccination against one serotype may not guarantee protection against heterologous serotype 

challenges (Geletu et al., 2021). The obstacle in the active immunization within calf is resolved by hyper immunizing the 

dam in mid-gestation and increasing antibody levels during the end of gestation. This methodology resulted in increased 

levels of milk and colostrum antibodies. 

The foot-and-mouth disease (FMD) is a highly feared bovine viral infection in prevalent regions such as South 

America, Asia, and Africa, where immunization is the only measure of prevention. Inactivated and live-attenuated vaccines 

have been tested, which are mostly synthesized by inactivating viruses cultivated in tissue cultures (Kamel et al., 2019). 

Numerous serotypes of FMDV exist, including 0, A, C, SATl, SAT2, SAT3, and Asia 1. Apart from these seven serotypes, there 

is a significant level of antigenic diversity among these serotypes. Due to this antigenic diversity, it is crucial to make sure 

that control efforts through vaccination are being made against those specific serotypes circulating in the field. The 

antigenic structural analysis of the virus reveals VP1 protein as primary immunogenic location on FMDV. This localization 

led to the expression of FMDV VPl in E. coli, which was one of the first proteins to be evaluated as a vaccine in the early 
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1980s (Qadeer et al., 2021).  

A member of the morbillivirus genus, rinderpest induces acute systemic infection that erodes the mucosal epithelium 

of the respiratory and digestive tracts in ruminants. Vaccination against rinderpest using inactivated viruses have been 

administered in regions where the disease is enzootic (Jia et al., 2020). The immune response associated with these 

vaccines was frequently transient, necessitating yearly booster shots providing enhanced degree and duration of immunity.  

 

Table 1: Licensed Vaccines against Veterinary Bacterial and Viral Infections 

Vaccines Disease Pathogen Protected 

Host 

Category of 

Vaccine 

References 

WEST NILE-

INNOVATOR®  

Encephalomyelitis  West Nile Virus  Horses DNA vaccine  (Pereira et al., 

2014) 

Plowright Tissue Culture 

Vaccine 

Rinderpest disease  Rinderpest Virus  Cattle, 

Buffalo  

Live  

attenuated  

(Sills and 

Robertshaw, 

2010) 

Human Diploid Cell 

Rabies Vaccine (HDCV), 

Purified Chicken Embryo 

Cell Vaccine (PCECV) 

Rabies Rabies lyssavirus  Rabid 

animals  

Live attenuated  (Prevention, 

2024) 

Avinew Newcastle Disease Virus  Newcastle Disease Chickens Live VG/GA 

virus strain 

(Bwala et al., 

2009) 

AE-Poxine  Avipox virus, Avian 

encephalomyelitis virus  

Fowl pox, Avian 

encephalomyelitis 

Chicken  Combination 

modified live 

virus 

(Islam et al., 

2008) 

Tetanus toxoid  Clostridium tetani  Tetanus  Equines  Subunit vaccine  (Manual, 2021) 

Bovilis VistaI Once SQ Mannheimia 

haemolytica, Pasteurella 

multocida, BHV-1, BVDV, 

BPI3V, BRSV 

Bovine respiratory disease, 

IBR, Bovine viral diarrhea, 

Bovine parainfluenza 3, 

viral pneumonia,  

Cattle Modified live 

virus vaccine  

(Purtle et al., 

2016) 

Nobivac Lepto Leptospira canicola, 

Leptospira 

iterohaemorrhagiae 

Leptospirosis  Dogs  Bivalent 

inactivated 

vaccine  

(Health, 2023) 

 

Advancements in Veterinary Vaccines 

Despite accessibility of innovative classes of vaccines, the same fundamental technologies continue to be the 

backbone of vaccine manufacture in the contemporary era of vaccination use. The fundamentals of manufacturing, 

registration, and developmental research still adhere to the magnificent heritage methods. The majority of these vaccines 

were created in local research facilities. When Waldman and others employed large-scale, regulated procedures to create 

FMD antigens in Germany in the 1930s and 1940s, the processes started to become industrialized (Abbas et al., 2022). In 

the 1950s and 1960s, primary cell lines were developed, followed by clean cell lines (Szkodny and Lee, 2022). Moreover, 

significant developments in the field of vaccination have been made possible by advances in inactivation technologies, 

antigen concentration, purification, bulk antigen storage, enhanced aluminum gels, and oil suspension as adjuvants used in 

the preparation of polyvalent antigens (McVey and Shi, 2010).  

The area of vaccine technology with the quickest rate of growth is DNA vaccination. DNA vaccinations cause the host 

to produce antigens through a plasmid containing a gene for a protein, found in mammals or for a virus, bacteria, or 

parasite that can be generated in mammals (Shafaati et al., 2021). Innate and adaptive immunity are both stimulated by 

DNA vaccination. The innate immune system can be triggered by identifying the dsDNA of the plasmid backbone, whereas 

the adaptive immune response comprises the processing of antigen and its presentation in class I and class II MHC 

molecules to CD8+ and CD4+ T cells, respectively (Gómez and Oñate, 2018).  

Attenuated live vaccine Attenuation via extended tissue culture could be considered an early form of genetic 

engineering. While molecular genetics technique modifies an organism's genes to cause irreversible attenuation and helps 

pinpoint certain virulence genes (Antoine et al., 2021). This can be achieved by introducing many mutations or even 

eliminating the entire gene, depending on the pathogen. Using this methodology, it is possible to create a vaccination that 

is both safe and affordable instead of utilizing traditional techniques. To change the attenuation level, the appropriate 

gene or gene set(s) should be removed or modified (Dolan, 2020). The capacity to deliver live vaccines that have been 

genetically attenuated that resemble their actual infection pattern is the primary advantage of this technique. Therefore, 

they should elicit an immunological response same as induced by highly pathogenic field isolates of the pathogen 

(Gutiérrez-Álvarez et al., 2021).  

Live recombinant vaccines are based on a genetically modified live virus or bacterial vector that expresses a variety of 

foreign antigens in the cytoplasm of target cells. As a vaccination, the recombinant organism itself may be used. The most 

frequent viruses utilized as a vector for the creation of live recombinant virus vaccines are adenoviruses, herpesviruses, and 
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poxviruses (Kamel and El-Sayed, 2019). Poxviruses with large, stable genomes that allow it relatively easy to insert a new 

gene, such as vaccinia, fowl pox, and canarypox, have been the most commonly used viruses in the design of live 

recombinant vaccines (Lee et al., 2012). The rinderpest vaccine is made up of a capri pox or vaccinia vector that has the 

rinderpest virus's fusion (F) or hemagglutinin (H) genes (Minhas et al., 2016; Teffera, 2021). Live recombinant vaccines can 

induce robust humoral and cell-mediated immune responses that can result in immunological memory. It can also encode 

for many antigens from different diseases. There is a chance that one vaccination could soon be available for several 

diseases. One of the drawbacks (Francis, 2018) of live recombinant vaccine is its live-attenuated nature (either bacteria or 

viruses), so there is potential for reversion to virulence form of the pathogen. 

Short polypeptides can be chemically synthesized to create subunit vaccinations. While solid phase peptide synthesis 

is not a novel technology, advancements in the last ten years have reduced costs and raised process efficiency (Ferrazzano 

et al., 2022). The methodology involves precisely sequencing DNA to pinpoint protective antigenic determinants on 

antigens and availability of monoclonal antibodies to identify these epitopes. The FMDV was among pioneer viruses to be 

tested for determining the viability of exploiting synthetic peptides as a vaccine candidate. Unfortunately, antigenic 

variation can occur in many viruses, including FMDV. Therefore, prior to the development of a single broad coverage 

synthetic peptide vaccination, it is necessary to identify important conserved epitopes on the virus. Furthermore, to 

enhance the efficacy of these vaccines, genetic engineering methods are followed. For instance, all rotavirus serotypes 

share a proteolytic cleavage site in VP4, which is present in all rotaviruses (Hoxie and Dennehy, 2020). It has been 

demonstrated that a synthetic peptide vaccine targeting the VP4 cleavage site can produce protection against several 

other serotypes from different species. These molecular approaches have resulted in new strategies for creating novel 

vaccines against infectious, parasitic, or metabolic diseases in addition to improving knowledge of the genes causing 

virulence and making it easier to identify the factors influencing protective immune responses.  

Subunit Vaccine comprise of one or more pure or semi-pure antigens from the target pathogen. These subunit 

vaccines are being produced in huge quantities using a variety of expression systems including, prokaryotic systems, and 

eukaryotic systems, such as yeasts, filamentous fungi, algae, mammalian and insect cells. To enhance the immunogenic 

response against multiple serotypes of the same pathogen, it is advantageous to immunize an animal with a vaccine 

comprising several defensive proteins from several serotypes. This can be accomplished by creating chimeric proteins, 

which are proteins that combine protective epitopes from several organisms into a single protein. (Karch and Burkhard, 

2016). One example of subunit vaccine which makes use of recombinant DNA technology, incorporates the fusion and 

hemagglutinin-neuraminidase proteins of rinderpest into the vaccinia virus, resulting in the development of a strain that is 

resistant to heat (Cid and Bolívar, 2021) .  

Marker vaccines enable serological distinction between vaccinated and infected persons. The basis for this distinction 

is lack of one or more microbial proteins within vaccine formulation that are found within wild type microbe. Consequently, 

an antibody response against those particular protein or proteins can be found after infection but not after immunization. 

Thus, it is possible to differentiate between vaccinated and infected patients using a protein-specific antibody test. 

Through conventional methods as well as recombinant DNA technologies, marker vaccines against infections caused by 

the pseudorabies virus (PRV) and the bovine herpesvirus 1 (BHV1) have been created (Zheng et al., 2022). It has been 

demonstrated that these vaccinations are effective in lowering clinical symptoms following infection, replication of the 

wild-type virus following infection, and transmission of the wild-type virus in both the laboratory and the field. 

mRNA vaccines are becoming focus of research in recent years because of their high efficacy, speed of production, 

potential for low-cost manufacture, potential for safe delivery, and as a replacement for conventional vaccination methods. 

mRNA vaccines do not create or incorporate infectious particles into the host cells; therefore, their genome remains 

unaltered. They can express complex antigens without being limited by packing restrictions and can be used to transport 

antigens for in-situ expression without any requirement to breach the nuclear membrane barrier (Nitika et al., 2021). By 

utilizing the machinery of the host cell to convert mRNA into the proper antigen in vivo, the mRNA vaccine imitates a 

natural infection and elicits robust humoral and cellular immune responses (Zhang et al., 2019). 

 

Conclusion 

Vaccination in veterinary sector is the most economical method for preventing and controlling newly emerging and 

reemerging infectious diseases. Improving animal health acts as a tool in improving public health and welfare, and 

maintaining the balance of One-Health triangle. New and more potent vaccinations have been created as a consequence 

of recent developments in molecular biology and genetic engineering. Novel methodologies within vaccine development 

can revolutionize the fate of vaccine industry through low-cost, high production rate, safe delivery, and high efficacy. 
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