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Abstract 

  

 Foot-and-mouth disease virus (FMDV) is the causative agent for foot-and-mouth disease 

(FMD) that infects primarily cloven-hoofed animals, the majority of which are domesticated 

cattle and other important livestock. FMD is highly transmissible and found in all secretions and 

excretions of infected animals.  North America, Europe, and Australia have successfully 

eradicated the virus with the help of a well-defined fiscal infrastructure and access to successful 

control measures. Less developed regions, including many Asian and African countries, have 

maintained an endemic status for decades. African territories are of particular concern because of 

the indigenous African Buffalo population that serves as an important FMDV 

reservoir.  Incursion of FMDV among livestock herds leads to a precipitous decline in 

productivity and causes irrevocable economic hardships to these farmers. Once an outbreak has 

occurred, international trade of livestock and animal product exports are prohibited, further 

devastating the economy. Control of FMDV in endemic regions must include reliable diagnosis 

through differentiation between infected and previously vaccinated livestock, access to limited 

emergency vaccine resources, proper sanitary methods including farm biosecurity and 

quarantining and culling of infected livestock. Existing FMD vaccination includes killed or 

inactivated and synthetic proteins that offer only short-term immunity and require repeated 

booster and adjuvant administration. Other challenges with this vaccine platform include a lack 

of cross-protection against multiple strains, the need for a cold storage, and the risk of reinfection 

in previously protected livestock due to short-term immunity. To overcome these challenges, the 

research utilized recombinant DNA technology to produce a safer and cost-effective 

vaccine. Prior research demonstrates that the structural proteins of the virus exhibit immunogenic 

potential through capsid stability, antigen binding, and multi-epitope formation. Using this 
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information, a plasmid-based vaccine expressing a multi-epitope protein was designed with a 

composite of the major FMDV antigens defined in the literature. This model offers a potential 

multi-epitope DNA based vaccine design as a cost-effective and non-pathogenic alternative for 

the protection against FMD. If successful, vaccinated animals could be differentiated from 

infected animals using an optimized specific diagnostic assay for antibody detection. The design, 

construction, and initial testing of the vaccine are discussed.
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Chapter 1. Introduction 

 
1.1. Taxonomy and Nomenclature 

The causative agent for Foot and Mouth Disease (FMD) is the Foot and Mouth Disease 

Virus (FMDV), a species within the genus Aphthovirus of the family Picornaviridae [1]. 

Historically, based on records dating back as early as the 16th century, FMDV was the first 

disease-causing pathogen in animals to be identified as a virus [2]. The virus infects cloven-

hoofed animals, such as cattle, pigs, sheep, and goats.  It has also been reported in at least 70 

wild species, particularly the African buffalo, which serves as an important maintenance host. 

Picornaviridae is the largest genera of viruses, including Enterovirus, Parechovirus, 

Hepatovirus, Rhinovirus, and Aphthovirus [3]. They are accountable for prototypical diseases 

such as the common cold, meningitis, and FMD [4].The initial International Committee on 

Nomenclature of Viruses (ICNV) founded in 1966 classified genera based on morphology, 

physicochemical properties such as particle size, molecular mass, buoyant density, and pH 

stability [5, 9].The Baltimore Classification of viruses was later established in the early 70s and 

used in counterpart with the now recognized International Committee on Taxonomy of Viruses 

(ICTV) to partition viruses based on the type of nucleic acid and mode of replication. [6,7,8]. 

Picornaviruses are non-enveloped, positive-sense, single-stranded ribonucleic acid ((+) ssRNA) 

virions encased in a densely packed pseudo (T=3) icosahedral procapsid structure with a 

diameter of 20-30 nanometer (nm). The FMDV procapsid initially begins with the assembly of 

four protein monomers, VP1, VP2, VP3 exposed on the surface and VP4 facing internally, 
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forming a protomer (60 copies) and used for the arrangement of the capsomere (pentamer) 

structure (12 copies) that will make up the procapsid surrounding the naked genomic RNA [4].  

 

Figure 1.1. Schematic representation for the biological assembly of wild type of FMDV-O. On the left is a 3D 

experimental data snapshot of a wild type FMDV-O aggregated particle (VP4 and viral genome not visible) after 

complete icosahedral assembly. The primary citation for identifying this experimental protein structure is 7ENP 

retrieved from the Protein Data Bank (PDB).  On the right is a 2D cross section of a FMDV particle where VP4 and 

the viral genome are visible. (Made with Biorender) 

 

 

 Over the past decade, high-throughput next-generation sequencing (HT-NGS) 

technologies have vastly expanded how scientists investigate evolutionary relationships between 

nucleotide sequences [11]. Until recently, FMDV has been the only prototypical species for 

Aphthovirus, but new strains of Equine rhinitis A virus (ERAV) and Bovine rhinitis B virus 

(BRAV) have been classified as Aphthovirus [9]. Further classification of FMDV using 

serological testing established seven distinct serotypes: A, O, C, SAT1, SAT2, SAT3, and Asia 

1, each immunologically distinct from one another [12]. The first two serotypes to be recognized 

in 1922, Vallée A (FMDV-A) and Vallée O (FMDV-O), were named after Vallée, the scientist 

who distinguished them, and after the department of Oise in France and Allemagne, where they 

originated [17]. The next serotype to be determined, Waldmann C (FMDV-C), was named after 

the scientist who initially identified three versions of the serotypes A, B, and C [18]. However, 

only FMDV-C was accepted as a distinct serotype. FMDV-C is currently not known to be in 
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circulation anywhere globally [19]. The next three serotypes were discovered in southern African 

territories, given the abbreviation SAT, distinguished by 1, 2, and 3 (FMDV-SAT1, FMDV-

SAT2, FMDV-SAT3). The last serotype, Asia-1 (FMDV-Asia-1), was named after Pakistani and 

Indian origins [20].   Serotypes are further grouped based on similar geographical locality 

between genetically distinct strains, known as topotypes. Currently, there are eight distinct 

topotypes designated as Middle East-South Asia (ME-SA), South–East Asia (SEA), Cathay, 

Indonesia-1, Indonesia-2, East Africa, West Africa and Europe-South America (Euro-SA). 

FMDV-O has the highest number of recorded occurrences among all topotypes with FMDV-

Asia-1 outbreaks rare and FMDV-C nonexistent [4, 21, 22].   

Phylogenetic analysis using prototypical FMDV isolates from each serotype indicate the 

genomes share 80-85% nucleotide sequence identity [15]. The lack of identity shared between 

sequences is attributed to the VP1 coding region. Only 50-70 % nucleotide sequence identity of 

VP1 is conserved across all serotypes [16]. The variability is attributed to a mutation on the G-H 

loop of the VP1 coding region involved with viral attachment and host cell entry [12]. The 

variation within the G-H loop structure is caused by the viral replicase’s lack of proofreading 

repair activity [4]. This phenomenon is why the RNA sequences of the VP1 region are most used 

for phylogenetic analysis, genetic characterization of strains, and even aiding epidemiologists in 

tracing outbreak origins for FMD [16]. The World Reference Laboratory for Foot-and-Mouth 

Disease (WLRFMD) recommends writing out the name for a specific isolate first by serotype 

then by topotype abbreviation followed by lineage (each classification written with a forward 

slash (/) and with any sub-lineage written as a superscript at the very end [22].  
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A collection of bovine specific FMDV-O strains/isolates with either the complete 

genome sequenced or partial polyproteins with entire VP1 sequences provided by the WRLFMD 

were used for phylogenetic analysis as seen in Figure 1.2 [13, 14].  

Figure 1.2. Schematic representation of phylogenetic tree grouping bovine specific FMDV-O isolates/strains based 

on percentage of nucleotide sequence identity between VP1 regions (633 to 648 nucleotides). Prototypical strains 

are listed in bold. Isolates were further grouped based on topotypes that share distinct genetic and geographical 

relatedness as indicated by the brackets NOT in bold. (Adapted from Knowles et al., 2019) 

 

The vast diversification greatly complicates control and treatment methods [12]. An in-

depth analysis of specific FMDV genomic characteristics, virus life cycle, and evasion 

mechanisms against the innate immune system are necessary to create potential DNA vaccine 

models.   

1.2. Genome Organization 

The starting (+) ssRNA genome for FMDV is approximately 8.4 kilobases (kbs) in length 

with over 7 kbs dedicated to a single large open reading frame (ORF) with two alternative 

initiation sites about 84 nucleotides (nts) apart. The ORF translates the coding region into four 

structural proteins (SPs) or viral protein (VP), VP1, VP2, VP3, and VP4 and ten nonstructural 

proteins (NSPs), leader protease (LPRO), 2A, 2B, 2C, 3A, 3B which encodes for three copies of 

the viral genome linked protein (VPg1,2,3), 3C protease (3CPRO), and an RNA-dependent RNA 

polymerase (Rpdp) originating from the NSP, 3D, labeled 3DPOL. The coding region is flanked between 

two untranslated regions (UTRs) starting with a long 5’ UTR (1300 nt) and ending with a short 
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3’ UTR region (90 nts) poly (A) tail. Covalently linked to the 5’ UTR is VPg1,2,3 ranging in 24 to 

25 amino acid residues in length [23, 24]. Picornaviruses normally process only one copy of the 

VPg while FMDV processes three copies of VPg1,2,3 , an attribute theorized to greatly increase 

virulency [25].  

 The 5’ UTR of FMDV is described as consisting of highly functional noncoding 

elements (NCEs) including a S fragment, a conserved poly C tract, a various number of 

pseudoknots (pks), and finally an internal ribosomal entry site (IRES) made up of conserved 

stem loop structure motifs [26, 27]. The exact functions of NCEs within the UTRs are not fully 

understood but have demonstrated importance for efficient viral replication within the host cell 

[28].  

 1.3. Virus Life Cycle 

In general, it has been observed that cellular receptor homologs across different species 

cannot be interchangeable for supporting FMDV infection [29].  In bovine species, FMD 

pathogens exhibit tropism for cell specificity.  FMD virions can enter the epithelial cell one of 

two ways, Hairpin (HS)-mediated endocytosis or integrin-mediated endocytosis [30]. One study 

demonstrated that nearly all FMD virions use integrin receptors to commence endocytosis into 

the host cell except FMDV-O particles which exclusively use HS to mediate endocytosis [31].         

Integrin-mediated endocytosis allows for viral attachment with any of the four integrin 

receptors, avB1, avB3, avB6, and avB8, located on the host’s cell surface [32, 33, 34, 36]. While 

the exact function of each integrin receptor remains unknown, FMDV can bind with more 

integrins than any other Picornavirus [37]. The avB6 integrin is a special cellular receptor only 

found on epithelial cells of the oral cavity, upper respiratory tract, pharyngeal tissue, 

gastrointestinal tract lining and the coronary bands between hooves for cloven hoofed species 
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[36]. It has been previously determined that avB6 restricts which type of cells FMDV can infect 

and freely replicate [35].  

The integrin receptors are attached to adaptor protein complexes located in between the 

lipid membrane of the host’s cell [36]. Binding of the antigen to the integrin receptor signals the 

release of clathrin, a naturally occurring molecule within the cytoplasm to aid in endocytosis [36, 

37]. Clathrin attaches to the adaptor protein complexes which creates a clathrin coated pit then 

eventually a vesicle around the virion. Once internalization is complete, the now fully clathrin-

coated vesicle is now an endosome allowing mobilization of the virus within the cytoplasm. 

Virions within FMDV-O that enter through HS-mediated endocytosis use naturally 

occurring proteoglycans, heparan sulfates (HS), located between the cholesterol-enriched 

membrane to facilitate attachment. After successful antigen binding to HS, caveolin-1 receptors 

found within the cytoplasm are signaled to adhere to the cholesterol-enriched membrane forming 

a caveolin coated vesicle then eventually an endosome surrounding the virion [37].  

FMD virions exhibit unique sensitivity to acidic environments becoming completely 

unstable at pH levels lower than 6.8. The newly formed endosome generated from either 

pathway has a relative pH of 6.0 [9,10]. The tightly packed capsomeres that surround the genome 

are triggered to be dissimilated due to the relatively acidic environment within the endosome. 

The low pH levels ensure that the outer capsid will be chemically stripped and broken apart 

allowing for naked genomic RNA to be translocated from the endosome into the cytosol [37]. 

Instead of capping the 5’ end of the mRNA to initiate translation, FMDV has genomic RNA with 

positive polarity that uses its own IRES to drive translation and allow for intrinsic infection [38]. 

In eukaryotic organisms, a protein complex formed by scaffold proteins including 

eukaryotic translation initiation factors (eIF4G, eIF4A, eIF4E), polypyrimidine tract binding 
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protein (PTBP), multimeric factor (eIF3), and small ribosomal subunit (40S) recruit the 5’ cap 

structure of the mRNA for protein synthesis to take place. By contrast, FMDV lacks the 5’ cap 

structure and instead auto-cleaves the LPRO which interacts with the PTBP on the cell’s protein 

complex removing eIF4E binding sites, consequently inhibiting host cap-dependent translation 

[24, 39].  After LPRO initiates viral translation, LPRO also cleaves the remaining P1 region of the 

initial polyprotein precursor structure into capsid SP intermediates, VP0, VP3, VP1 and one 

NSP, 2A. Once 2A is cleaved, this NSP then acts as a proteinase cleaving VP0 giving into VP4 

and VP2. This step will conclude the maturation of the final SPs.  2A is then tasked with 

cleaving the P2 region into mature NSPs, 2B and 2C. 2A is also responsible for cleaving P3 

intermediates, specifically 3CPRO.  The 3CPRO processes the remaining P3 intermediates for the 

maturation of the remaining NSPs, specifically VPg1,2,3(3B) and 3DPOL [40]. Once the three 

copies of VPg are generated, they become covalently linked to the beginning of the 5’ UTR 

acting as the uridylation site necessary for priming RNA synthesis. The induction of the VPg1,2, 

uridylation site signals the cleavage of the Rpdp, 3DPOL to carry out RNA synthesis [41]. The 

3DPOL enzyme with the assistance of NSPs 3A, 2B, and 2C is responsible for the replication of 

FMDV RNA. Viral replication has been observed to take place quickly and efficiently on the 

surface of host cell organelles such as the smooth endoplasmic reticulum (SER) and the Golgi 

apparatus [38]. Encapsidation then occurs when the naked viral genomic RNA synthesized from 

every replication cycle is released into the cytosol triggering auto-assembly of the mature 

translated SPs around the virion until it is fully encapsulated. The host cell is then lysed, and the 

newly assembled virions are released to retrieve their next host [12].  
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1.4. Induction of Innate Immunity  

Despite advancements in preventative and treatment strategies including novel vaccines, strict 

biosecurity measures and routine immunizations, FMD remains one of the greatest threats 

towards livestock within the agricultural industry, especially, dairy and beef cattle production. 

A more in-depth and comprehensive review of bovine immunology has allowed scientist to 

better understand how these pathogens are able to circumvent host immune functions and how 

the knowledge of this will aid in optimizing current anti-FMD strategies that could greatly 

reduce the vulnerability towards the disease and maintain cattle health. 

The hosts’ immune system is committed to the protection of organisms against foreign body 

invasions and promoting tissue repair after injury. Multiple lines of defense are strategically 

deployed by the host at different stages of infection, each more intricate than the last [48, 49]. 

The first line of defense relies on the hosts’ innate immune system built around intricate 

chemical and physical barriers set in place to prevent a pathogen from gaining entry and prevent 

viral replication [48, 50].  Just like other animals, cattle’s first line of defense towards invading 

pathogens uses physical barriers such as epithelial cells and mucosal membranes lining the 

respiratory tract and defense mechanisms such as coughing and sneezing to clear the virus. The 

primary site of infection FMDV is restricted to epithelial cells of the nasopharyngeal mucosa 

where viral load is amplified then is carried through lymphatic-associated tissues to further 

replicate. The innate immune response begins as the virions interact directly with the epithelium 

cells either through lytic infection of the cells or phagocytosis. Pathogen recognition receptors 

(PRRs) released from the host cell identify pathogen associated molecular patterns (PAMPS) 

from the virus and that mutual interaction is essential for activating the immune response [12, 

51,52]. After PRRs and PAMPS initial interaction during the local response, NK (Natural Killer) 
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cells release interferons (IFNs), chemokines, and inflammatory cytokines to eliminate pathogens 

and clear the virus. Specific PRRs involved with viral detection include Toll-like receptors 

(TLR) and retinoic acid-inducible gene I (RIG-I) like receptors (RLR) [55]. RLRs can be further 

classified into two groups, RIG-I and melanoma differentiation-associated gene (MDA5) [12, 

55]. RLRs such as MDA5 are important during an FMDV infection because they play an 

important role for inducing an immune response specifically against RNA virus infections. A 

recent report determined the viral 3CPRO inhibits MDA5 expression to evade the immune 

response of the host and gain entry within the host cell [55]. TLRs are found on the endosomal 

surface of macrophages, dendritic cells (DCs), and other innate immune cells [52].  NSPs, 2B 

and 2C of FMDV have also shown to increase plasmatic membrane permeability into the host 

cell by blocking protein degradation pathways of the innate immune system [56]. LPRO also 

compromises the host’s ability to develop an antiviral response since LPRO inhibits the host cell’s 

ability to carry out cap dependent translation.  FMDV can inhibit toll like receptor pathways on 

DCs and as macrophages that reduce also reduce the MHC II ability to present antigens to the T 

cell. The inhibition of TLS also stimulates the DCs to increase IL-10 protein in response which 

reduces the expression of MHC-1 and in turn decreasing the adaptive immunity of the T cell to 

effectively activate the humoral immunity and induce effective neutralizing antibodies to 

promote viral clearance. 

1.5. Transmission and Clinical Signs 

The principal routes for transmission of FMD in bovine is via aerosolization entering 

through the pharyngeal mucosa and associated lymphoid tissues of the upper respiratory tract 

replicating at the site of infection. Initially, during the acute phase the virus, FMDV SP and 

NSPs can be detected in the epithelial cells of the nasopharyngeal mucosa for 1 to 3 days. From 
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there, the virus travels through the lymphatic system circulating within the blood for up to 3 to 5 

days replicating in the epithelium of the mouth, muzzle, teats and feet.  

Within 24 hours of entering the acute phase of infection, all secretions and excretions can 

become infectious. The virus can also enter through ingestion of contaminated feed or water as it 

is shed through all secretions and excretions of acutely infected organisms. Human care takers 

can also contribute to the transmission of the disease, as they can serve as mechanical vectors for 

up to 48 hours. The entire infection process is not only self-efficient but extremely fast. It has 

been determined that it takes approximately one hour for any modification or chromatin 

condensation after initial infection to occur [43]. By the sixth hour, the life cycle of the virion is 

complete and looking for a new host to infect. Within 48 hours, physical signs will start to 

appear including ruptured vesicles and lesions leading to chronic lameness and reduced milk 

yield in dairy cows. The average incubation period lasts about 14 days in cattle and roughly a 

week in other domestic livestock [4].   

The significant amount of stress and discomfort caused by FMD results in a major reduction 

in livestock production such as reduced milk yield or even permanent depletion in milk 

production after infection [4, 12]. Unprocessed meat and milk can also serve as a mechanical 

vector for transporting the disease. Morbidity reaches 100% in susceptible populations where contact 

is imminent, such as a herd. Conversely, mortality rates are less than 1 % with deaths mostly seen in 

calves [4]. There can be sudden relapse of the malignant form of the disease that can result in 

cardiac failure leading to dyspnea and death. There are also reports of still births or abortions that 

accompany these symptoms with full recovery ranging anywhere from 8 to 10 days [44]. 
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1.6. Control and Treatment  

Due to the highly contagious and aggressive nature of the virus, infected meat and milk 

cannot be exported to FMD-free countries such as the United States or the European territories 

[45].  Introducing this pathogen into an FMD-free region is considered agroterrorism as it would 

be devastating to any economy and would be almost a decade before any country could recover 

or gain that FMD-free status again [46]. FMD status is divided into five categories, (1) being those 

countries that can exhibit a FMD free status and (5) with the highest prevalence. Those countries with 

FMD free status or category (1) have experienced no incursions within the last five years. Category (2) 

refers to regions that experience geographically contained outbreaks with reliable reporting episodes only 

one to three times within a five-year period. Category (3) exhibit erratic frequency of FMD outbreaks and 

inconsistent and unreliable reports in the past five years. Category (4) is given when the countries exhibit 

persistent infection to the point where disease becomes a seasonal hazard but restrict potential spread of 

disease to neighboring regions. Category (5) is reserved for countries exhibiting high incidence of FMD 

occurrence throughout the year and remains endemic. Serotypes exhibit some topology with serotype O 

occurring more than any other serotype followed by Asia 1 [47]. The status of countries on the 

Progressive Control Pathway for FMD (PCP-FMD) is evaluated according to defined criteria 

[58, 59]. Countries with endemic disease are in stages 1 to 3 including Africa and Asia territories 

while FMD-free countries are in stage 4 and above such as North America, Europe, and 

Australia which have successfully eradicated the disease. Low-and-middle-income countries in 

Africa (LMICs) such as Zambia and neighboring countries including the Democratic Republic of 

the Congo and Tanzania are currently at Stage 2 [61, 62].  Tanzania was ranked the second 

largest source of livestock in Africa, with over 30 million cattle alone and accounting for over 

70% of yearly revenue. In research from Häsler and others a statistical model was designed to 

analyze the cost-benefit of establishing FMD-free zones in areas like Zambia where the disease 
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is prevalent, and livestock is a main source of revenue [64]. The benefit of eliminating the 

disease would ensure the export of cattle and other animal by- products and allow the imported 

livestock to not risk contamination. The lack of available control measures and endemic status by 

the PCP-FMD prevents international trade for these regions and are prohibited from importing 

FMDV vaccines because this pathogen can maintain virulence for in well shaded and cool areas 

for up to six months making meat and dairy products an unfortunate maintenance host [63].  

While the United States (US) have maintained FMD-free status since the early 1900’s, 

the national government has gone to great lengths and heightened safety measures to ensure 

FMD remains a foreign animal disease.  Until recently, FMD vaccine banks consisting of 

vaccine antigen concentrate (VAC) were prohibited on North American territory. The only 

research facilities with access to vaccine banks included Plum Island Animal Disease Center 

(PIADC) and the Food and Agriculture Organization (FAO) FMD World Reference Laboratory 

at Pirbright Institute in the United Kingdom. In 2018, after the Agricultural Improvement Act 

was passed by Congress, the PIADC was dissolved and reestablished on the US mainland as the 

North American FMD Vaccine Bank (NAFMDVB) with the only access to FMDV vaccine 

antigen concentrates (VAC) for select antigen exclusion [63]. In accordance with the US 

Department of Agriculture Animal and Plant Health Inspection Service (USDA APHIS) and 

Department of Homeland Security Science and Technology Directorate (S&T), Boehringer 

Ingelheim was approved for a conditional license to manufacture a vaccine with the use of an 

inactive, wild-type Ad5-Vaccine [65]. This high-potency adenovirus-vectored vaccine is the only 

licensed vaccine by the USDA during the event of an emergency in the United States. [66]. In 

other FMD-free regions, contingency plans involving vaccination are only distributed to 

neighboring regions where outbreaks are occurring and access to it is restricted by the World 
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Organization for Animal Health (OIE)1 [47].  Normally, vaccine quality control is determined by 

the producer and vaccine batches are only released when they pass the quality control 

parameters. However, lack of maintenance of the cold chain before, during, or after transport 

and/or importation may reduce the vaccine efficacy even if the vaccine initially contained a 

sufficient payload of serotype(s). The immune response towards FMD once given the vaccine 

provides short-term protection ranging from seven to twenty days. Current live attenuated 

vaccines must remain chilled throughout the administration process to not destroy the RNA 

within the vaccine.  If an outbreak were to occur in a herd and vaccination was available, the first 

step would be to treat all susceptible species along with booster vaccination during outbreak to 

help warrant containment and long-term immunity [65]. Although cattle might be vaccinated, a 

major issue is that animals can still be infected (known as a carrier with no physical symptoms) 

and can easily cause an outbreak in herds and other species. For natural infection, cattle that test 

positive for FMD also test positive for vesicular stomatitis while in some rare cases also positive 

for Bluetongue. Pigs that test positive for FMD also exhibit vesicular stomatitis, vesicular 

exanthema of swine and swine vesicular diseases. For sheep and goats who test positive for 

FMD, vesicular stomatitis can be present as well but isn’t always a determining factor whereas 

sheep and goat with Bluetongue is a determining factor. For this species, vesicular stomatitis is 

present without FMD, and all other major determining diagnoses are not common [66]. 

1.7. Detection and Serological Testing 

Current FMD vaccines commercially available as well as potential vaccine platforms 

must be approved for differentiating infected and vaccinated animals (DIVA).  DIVA allows the 

potential for vaccinated animals to not be inaccurately diagnosed and slaughtered. DIVA uses 

 
1
 The OIE was abbreviated for the Office International des Epizooties but later changed its name in 2003 to World 

Organization for Animal Health. They retained the original abbreviation though [47].  
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specific FMDV NSPs for serological testing to detect if infection is present. Whereas a natural 

infection induces antibodies for specific NSPs (2C, 3A, 3B, 3C) only present during viral 

replication within the host cell, those same NSPs are completely absent from clarified virus 

stocks used for vaccination. DIVA serological testing can also be used to differentiate potential 

carrier convalescent animals from vaccinated livestock in both cattle and swine. No test has 

100% sensitivity or specificity but combination serological testing using multiple NSPs in one 

assay including the commercially available FMDV 3ABC ELISA offers the highest specificity 

and sensitivity for the presence of infection, regardless of the animals’ vaccination status [67]. 

 Distinguishing infected animals from vaccinated is a tedious, expensive and a control 

measure not feasible in lower socioeconomic regions. In endemic regions without access to Ad5 

emergency vaccine or DIVA testing, culling the entire herd is the only successful control method 

to eliminate all clinically infected animals as well as those who aren’t clinically infected but 

could be carriers for potential infection. There also is strict restriction of animal movement 

outside of infected premises, proper carcass disposal and environmental disinfection. Current 

management the farmers and livestock owners should take depends on the cleanliness and 

hygiene measures taken with their herd [68].  The virus occurs primarily as an outbreak within a 

herd, so once infected, movement, handling, and any physical contact should be virtually 

eliminated, strict quarantines set in place as well as proper carcass disposal and environmental 

disinfection. What makes FMD particularly resistant is its’ ability to withstand treatment with 

common disinfectants. For drinking water, sanitized water should be used and all equipment, 

clothes, hair, and other items that have contacted infected hosts should be thoroughly washed 

with industrial soap or 4% sodium carbonate [69]. Veterinarians, farmers, and handlers who 

encounter any infected animal can serve as mechanical vectors physically carrying the disease 
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from one host to another.  These tedious control measures are not practicable long-term. There is 

a need for a non-pathogenic vaccine for protection against FMDV that can be mass-produced and 

easily administered in endemic regions, especially when commercially available vaccines are not 

an option and hygiene measures are limited [70].  

1.8. Vaccination 

Recombinant DNA vaccines offer many benefits that other vaccine approaches lack.  For 

economically developing, endemic countries, the benefits that matter most are the safety and the 

required storage requirements for DNA vaccines. The Ad5-Vaccine is the only vaccine platform 

approved in the state of an emergency outbreak. This adenovirus-vectored vaccine is killed and 

does not provide cross protection against other serological strains so multi-valent vaccines are 

required as several strains may be active at the same time. Vaccination only offers short term 

immunity lasting six months and vaccinated animals can be sub clinically infected meaning the 

animal is now a carrier presenting no clinical signs and only replicating the virus within the 

nasopharyngeal tissue.  

Differentiation of infected versus vaccinated animals DIVA uses NSP ELISA to detect if 

infection is present. Natural infection induces antibodies for NSP involved with virus replication 

where the vaccine does not. 

 The currently available live-attenuated vaccine has the capability to revert to a virulent 

phenotype [69]. Recombinant DNA vaccines cannot do this as they do not contain the virus 

itself.  Also, DNA can be stored at room temperature for up to a year, provided it is in a sterile 

environment. This is particularly helpful to these countries, as access to cold storage is limited or 

non-existent.  
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Figure 1.3. Optimal parameters for vaccine to effectively eliminate and eradicate FMD. (Made with Biorender) 

 

Vaccinations are an effective method of disease control, as they can contribute to the 

prevention and suppression of FMD epidemics. There is a need for inexpensive and easily 

delivered vaccine options in regions that do not currently qualify for the commercially available 

vaccines. The ideal parameters for a vaccine with no specification on type of vaccine but what 

features are necessary for optimal success can be stated in Figure 1.3. This DNA vaccine 

platform designed and constructed today is a potential option for meeting many of those 

requirements and providing protection for livestock and the economic development that can flow 

from it [70].  

1.9. Optimization of DNA Components 

The concept of plasmid DNA vaccines are transfecting cells with specific-antigen DNA 

sequences to induce a robust immune response. DNA vaccines have low transfection efficacy, 

easily being degraded preventing that immune response from mounting that result in low 

therapeutic efficiency. The encoded antigen DNA must not only enter the cell but pass through 

the nuclear membrane for transcription to occur which then can now be processed into antigen-

derived peptides. Peptides are loaded onto MHCI molecules internally that activate CD+8T cells 
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induce the priming of B cells necessary to carry out a humoral immune response. For the CD8 

+T cells to be fully activated, they will need the assistance of helper CD4 + T cells which are 

exclusively activated by the loading of MHCII molecule. MHCII molecules are specific to 

exogenous antigens meaning antigen-derived peptides must be able to load in chorus to both 

MHCI and MHC II in order to active a full immune response. DC are highly professional APCs 

and that can load both molecules in parallel and under the right conditions. Specialized APCs 

like DCs also dictate specificity of the immune response and particularly susceptible to 

transfection of gene-based vaccines in vivo.  

Optimization in the immunological parameters of the DNA vaccine design has 

consistently demonstrated substantial improvements in delivery, humoral and cell mediated 

responses and enhanced protection.  Specifically, with FMDV, DNA plasmids encoding the VP1 

empty capsid including NSPs, 2A and 3CPRO have proven its success in recent research 

presenting immunodominant properties and eliciting a higher cellular immune response against 

specific serotypes [54, 71]. Other essential components necessary to combat the lack of 

transfection rate and short-lived immune response include a promoter, adjuvant, optimized 

codon, a nuclear localization sequence, optimal environment for transfection, and precise 

serological testing.   

 1.9.1. Promotor 

The cytomegalovirus (CMV) promoter was proven to have broader and higher immunity 

induction when compared to other promoters expressing recombinant proteins.  Moulin et al. 

focused on promising promoters to see which is most favorable for driving antigenic expression 

and DC-specific activity. CMV proved to direct a high level of transient gene expression in 

multiple cell-type settings. The SV40 and CMV promoters yielded the largest fractions of green 
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florescent protein (GFP) positive cells [72]. Although aspects of nuclear transport occur within 

the ORF, most of the transport activity resides in the CMV Promoter and enhancer region within 

the cell [73]. The CMV constitutive promoter showed consistent transcriptional activity in 

multiple types of cell lines and vectors making this element an essential component to the overall 

DNA vaccine design.  

1.9.2. Nuclear Localization Sequence 

 

The simian virus 40 (SV40) nuclear localization sequence (NLS) mediates nuclear 

translocation of recombinant DNA into the protein [74]. The SV40 enhancer facilitates maximal 

transport and nuclear uptake of plasmids. The CMV alone cannot drive expression but placed 

together with the SV40 NLS has proven in previous studies to contribute greatly to the nuclear 

transport of plasmids for gene expression. The SV40 sequences on the 5’ end of the CMV 

promoter has been previously determined to be essential for nuclear transport of plasmids to gene 

expression [75]. 

1.9.3. Signal Sequence 

 

 Macrophage Inflammatory Protein-1 alpha (MIP-1α) is a 92 amino acid protein that 

contains a 22 amino acid residue signal sequence involved in the secretion of the mature protein 

from the cell. The MIP-1α signal sequence is a derivate of the chemotactic cytokine from the 

subfamily of chemokines secreted by a variety of immune cells including macrophages, NK cells 

as well as T cells. in cytokines [76], which are secreted by dendritic cells [77]. These cells play a 

direct role with activation of macrophages, used by NK cells to aid CD8+ T cells during the 

antigen-presenting phase as well as aiding Th1 cells to recognize and eradicate future infections. 

[78]. A bovine-specific MIP-1α signal sequence exists and directs the secretion of cytokines 

from dendritic cells and has proven to be efficient with in vivo transfection [79].  
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1.9.4. Adjuvant and Optimized Codons 

 

Adjuvants have shown to play an important role in vaccine design and licit a higher 

cellular immune response than without, especially against more complex viruses such as FMDV 

[80]. Plasmid DNA vaccination encoding a genetic adjuvant such as Th1 cytokine, IL-18, can 

help modulate the direction and strength of antigen-specific cellular and humoral immune 

response in vivo. The inclusion of an adjuvant induces and regulates delivery of antigens to 

APC. The swine IL-18 adjuvant has shown specific T cell response specific to FMDV. A group 

of scientists utilized the FMDV genome region P1-2A capsid protein along with the 3C protease 

gene of FMDV types of Asia-I and O along with a genetic adjuvant [81]. The genetic adjuvant 

that they used was the swine IL-18 gene. Upon testing their vaccine against the commercial 

vaccines, they found that their vaccine mounted a T cell response specific to FMDV.  

Codon optimization was performed to potentially increase the efficiency of protein 

expression of the vaccines within our target cell line. The amino acid sequence of the wild-type 

viral proteins expressed by the DNA vaccine are compared to those sequences from the same 

vaccinated host species. Codons (triplet of base pairs) with high frequency for gene expression 

found within the vaccinated species are used to replace codons in the DNA vaccine that show 

low frequency. The entire amino acid sequence of the DNA vaccine remains the same while only 

altering the codons for optimal protein expression. There has been conclusive research that 

shows codon optimization has a direct effect on translation efficiency.  
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1.9.5. Polyadenylation Signal Sequence  

 

A polyadenine tail is needed to protect the 3’ end of the protein secreted from the 

dendritic cell, and to produce a polyadenine tail, a polyadenine signal sequence is required. The 

bovine growth hormone polyadenylation (BGH polyA) signal was reported twice as efficient as 

the SV40 polyA signal sequence in producing a polyadenine tail [82].  

1.9.6. Free Rotational Spacers  

 

The inclusion of Free Rotational Spacers (FRS) is a small yet extremely important 

constituent when designing recombinant vaccines [83].  FRS are synthetic spacers made up of 

small discontinuous sequences engineered to mimic natural interaction between 

immunodominant epitopes or protein domains. FRS allows proteins to fold freely and form the 

correct three-dimensional structures while also improving stabilization [84]. A group of 

researchers that have used FRS found that they greatly decrease binding affinity between the 

core binding regions thus joining the epitopes [85].   

1.9.7. Cells and Transfection 

 
Transfection is a process of introducing foreign nucleic acids into eukaryotic cells and is a 

popular method for studying protein expression [86]. In recent years, technological advances 

have expanded applications and selection methods for transfection [87]. Today there is a wide 

range of technologies allowing for the delivery of DNA into the cytoplasm.   

Transfection can be separated into two types. There is stable transfection which is ideal 

for scientists looking to maintain longevity of the effect being studied on the cell. During stable 

transfection, once the DNA has been expressed by the cell, the target gene has inserted itself into 

the cellular genome and therefore replicated with the cell's genomic DNA. This is ideal for large 

scale experiments or mass production for a particular recombinant protein or vaccine production. 
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The other type of expression is transient transfection which can only maintain expression for 

short periods of time since the foreign DNA is only introduced to the eukaryotic cell itself but is 

not integrated into the cellular genome. This method is used for small-scale production and 

testing short-lived expression antibody production, recombinant cassettes with plasmid DNA, 

and chemical delivery systems for nucleic acids [88]. Transient expression is the preferred 

method for achieving quick and efficient transfection in a short amount of time and generating 

high throughput of messenger RNA (mRNA) to use for evaluation of the results. It has been 

recently investigated whether a selective marker is needed in order to monitor the expression of 

genes [89]. The expression of plasmid DNA in this transient experiment may be sufficiently 

monitored without the use of a selective marker, but instead by GFP expression and fluorescent 

microscopy [90]. Another crucial component to the validity of the experiment is having accurate 

controls tailored to what the scientist is investigating. The problem that occurs when dealing with 

FMDV is the lack of available resources used specifically for testing against the immunogenic 

epitopes within the vaccine and determining true controls for the experiment. Louisiana State 

University also has strict regulations and precautions set in place when dealing with infection 

pathogens as well as meeting certain requirements by the distributor ultimately halting efforts 

towards that approach.  

1.10. Justification and Hypothesis 

The overall goal of this project was to design a DNA vaccine capable of cross- protection 

against FMDV serotype O infection. Using bioinformatic technology and in-silico analysis, 

immunodominant proteins of FMDV serotype O were used for the construction of a multi-

epitope DNA vaccine. The hypothesis is the recombinant DNA vaccine for FMDV serotype O 

will be transcribed in eukaryotic cells and detect significant amounts of protein expression.  
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 Current biosecurity measures for FMDV in developing countries are not enough to maintain the 

reduction of the disease pathogen throughout livestock.  With its highly infectious nature, new 

and novel vaccine approaches are needed to prevent this disease.  

This design utilized an immunodominant epitope, containing most of the P1 region, 

alongside 2A and 3C protease, proven in the past to elicit a cellular immune response against 

specific serotypes. The IL-18, a strong genetic adjuvant, included in the vaccine design to 

combat possible poor transfection rates. Enzyme-linked immunoassay (ELISA) kits for detection 

are available but lack specificity. Vaccines against strictly structural proteins allow for 

differentiation, as antibodies in an infected animal can be found against nonstructural proteins. 

After conducting a preliminary literary search for the selection of FMDV epitope candidates, the 

importance of structural proteins VP1, 2, and 3 has been greatly evidenced to play a critical role 

for capsid stability, maturation, virus binding and antigenicity. An optimized and stable Porcine 

IL-18 based immunoglobulin (Ig) G as a serological logical tool for the FMD vaccine is a 

potential benefit for future testing cell lysate production.  

The aim of this vaccine is also to be cost-effective, which is critical given that the nature 

of the pathogen is found in economically developing regions. The vaccine component was 

cloned into the backbone vector pBSX, previously used in Dr. Cooper’s lab.  Moreover, this 

vaccine design and methodology could lead to the implementation of a new and safer approach 

to address FMD.  

The aims of this study are as followed:  

1.  Design and construct a DNA vaccine with immunogenic epitopes for FMDV serotype. 

2.  Optimize ELISA positive and negative controls for future FMD DNA vaccine testing.   

3.  Determine if DNA vaccine will be transcribed in HEK cells. 
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4.  Determine if DNA vaccine will be transcribed in CHO cells. 

4.  Determine if protein expression of DNA vaccine will occur  

5. Determine optimal transfection reagents and cell line for future FMDV DNA vaccine 

testing. 
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Chapter 2. Materials and Methods 
 

2.1. Vaccine Construction  

 

2.1.1. Antigen and Epitope Selection 

 

First, estimated locations of the antigenic proteins were identified within the 2018 

Zambian Type-O strain2. The strain of choice was located at the National Center for 

Biotechnology Information (NCBI) under the GenBank number AMN16576 2. The genome that 

we selected was fully sequenced but was not fully annotated so we could not readily determine 

the locations of the desired proteins. In order to do this, we compared our amino acid sequence to 

other fully annotated sequences of other strains of Type O to identify sequence similarities using 

NCBI’s Protein Blast program [84]. Blasts were performed against the following fully annotated 

GenBank entries of available and fully annotated FMDV polyprotein sequences: AYQ95738.1, 

AOG20774.1, AZS18886.1, and AHZ45958.1 [1,2]. The former two were FMDV type-O strains 

and had identity values of 97%. The latter two were FMDV type-A strains and had identity 

values of 92%. The four annotated strains indicated the following amino acid (aa) sequence 

similarities within proteome sequence: VP1= 725- 937 aa, VP2= 287- 504 aa, VP3= 505- 724 aa, 

VP4= 202- 286 aa, 2A=938- 953 aa, 3C-protease= 1650- 1862 aa. Since the identity values were 

above 90% for all the blasts, these amino acid sequences were determined to be the approximate 

locations of the VP1, VP2, VP3, VP4, 2A, and 3C protease genes within AMN16576.1.  

The Immune Epitope Database and Analysis Resource (IEDB) website was used to 

identify immunogenic epitopes within the proteins selected [85]. Protein sequences were 

analyzed using the T cell epitope prediction software for predictions of major histocompatibility 

 
2
 The time of epitope selection was in 2019 and the polyprotein of Foot-and-mouth-disease virus O/ZAM14/2010 

strain was the most recent fully annotated sequence available.  
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complex II (MHC-II) binding. However, this software does not offer bovine as an organism for 

analysis, therefore, to possibly circumvent this issue protein sequences were analyzed against all 

available species and a random selection of alleles within them. Ultimately, the analysis 

conducted included 3 mouse alleles and 9 human alleles.  Predictions were produced for three 

mouse H-2-1 alleles (H2-lAb, H2-lAd, H2-lEd), three human HLA-DP alleles (HLA-

DPA1*01/DPB1*04:01, HLA-DPA1*01:03/DPB1*01:01, HLA-DPA1*01:03/DPB1*02:01), 

three human HLA-DQ alleles (HLA-DQA1*01:01/DQB1*02:01, HLA-

DQA1*01:01/DQB1*02:02, HLA-DQA1*01:01/DQB1*02:03), and three human HLA-DR 

alleles (HLA-DRB1*01:01, HLA-DRB1*01:02, HLA-DRB1*01:03). According to IEDB’s 

algorithm, the lower the percentile number, the higher the affinity between the antibody and the 

epitope, and therefore, the more immunogenic potential of the epitope (13, 14). Peptide 

sequences with percentile rankings of under 5% were considered to have a high affinity between 

epitopes and antibodies and therefore be immunogenic. Portions of the peptide sequences that 

had high affinity rankings with the most alleles were selected as the epitopes for this vaccine (see 

Table 2.1 and Table 2.2).  
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Table 2.1. Final amino acid sequences selected for each antigenic epitope of vaccine. 

 

Protein 

Name  

VP1 VP2 VP3 3C protease 

Protein 

Sequence  

TATVENYGGTTQV

QRRQHTDVSFILDR

FVKVTPQDQINVLD

LMQIPAHTLVGALL

RASTYYFADLELA

VKHEGNLTWVPNG

APEAALDNTT 

MRNGWDVEV

TAVGNQFNGG

CLLVAMVPEL

CSIQKRELYQL

TLFPHQFINPR

TNMTAHITVP

FVGVNRY 

FEGDVPYVTTKTE

SDRVLAQFDLSLA

AKHMSNTFLAGL

AQYYTQYSGTINL

HFMFTGPTDAKAR

YMIAYAPPGMEPP

KTPETA 

PRHLFAEKYDRIML

DGRAMTDSDYRVFE

FEIKVKGQDMLSDA

ALMVLHRGNRVRDI

TKHF 

Source: IEDB Analysis Resource [85] 

 

Table 2.2. MHC-II binding predictions within the selected epitope region 

 

Species  VP1 VP2 VP3 3C protease  

 Mouse, H-1-2 ✔✔ ✔ ✔✔ ✔ 

Human, HLA-DP ✔✔

✔ 

✔✔

✔ 

✔✔ ✔✔ 

Human, HLA-DQ ✔✔

✔ 

✔✔ ✔✔✔ ✔✔✔ 

Human, HLA-DR ✔✔

✔ 

✔ ✔✔ ✔✔ 

Notes: The check marks indicate the number of alleles that had <5% MHC-II binding predictions 

within the selected epitope region. VP4 produced very few immunogenic predictions and was 

removed from the vaccine design to reduce the vector size. The peptide sequences chosen were 

then entered into MS Excel ® to organize the order they appear in the genome and highlight 

desired regions 

Source: IEDB Analysis Resource [85] 
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2.1.2. Vaccine Components and Placement 

The SV40 NLS was placed 5’ to the CMV Promoter within the pCPP Backbone Vector 

was cloned from previously designed and tested vaccines within Dr. Cooper’s laboratory and 

incorporated into the final vaccine sequence. The bovine MIP-1α signal sequence utilized in the 

vaccine design was obtained from the UniProt website under entry number Q8SQA6 and entry 

name CCL3_BOVIN.  To best maintain protein folding when generating T cell epitope 

predictions with IEDB, epitopes were placed in the order they would occur naturally in, VP2, 

VP3, VP1, 2A, followed by 3C, each separated by an FRS sequence. Epitopes were preceded by 

the MIP-1α signal sequence and followed by the genetic adjuvant, swine Interleukin-18 gene. 

Lastly, after the adjuvant and signal sequence was designed, BGH polyA was chosen as the 

polyadenylation signal sequence attached at the 3’end.  

Figure 2.1. Linear representation of pFMDV1 DNA vector components starting with nuclear 

localization sequence, SV40, CMV promoter attached to epitope selections intercalated with 

FRS, preceded by a bovine MIP-1a signal sequence and followed by a swine IL-18 genetic 

adjuvant and finally bGH specific polyA signal sequence. (Made with GeneSnap) 

Once the theoretical vaccine sequence was constructed, the amino acid sequence was 

codon optimized by the Integrated DNA Technologies’ (IDT) codon optimization tool. All the 

codons were optimized for Bos taurus.   

2.1.3. Restriction Enzyme Sites 
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To minimize costs, the pFMDV1 vaccine was designed as a cassette, or insert, for 

cloning into the pCPP backbone vector using unique restriction enzyme sites. The pFMDV1 

coding sequence was synthesized by IDT in the pUCIDT-ampicillin vector flanked by SalI 

restriction enzyme at the 5’ end and poly A tail at the 3’ end. The vaccine also included uniquely 

placed restriction enzyme sites, PacI, BgII, and EheI with extra base pairs in between each 

cutting site to allow enzymes to bind efficiently. The FMDV vaccine was cloned into the 

backbone vector, CMV pBS puro (pCPP) backbone vector, previously sequence verified. 

Restriction enzyme sites of SalI and PacI were added to pCPP beforehand such that the vaccine 

open reading frame would be cloned in the correct orientation with the CMV promoter in CPP.  

2.1.4. Determination of Epitope Preservation 

 

Prior to ordering FMD vaccine, the amino acid sequence was analyzed in IEDB’s T-cell 

prediction software for MHC-II binding predictions. The greater ability for MHC-II to bind with 

the epitope necessary for activating CD4+ cells and act as helper function while also substantially 

increasing the cytokine production by Th1 cells. This analysis was performed using the same 

parameters used for epitope selection against the same 12 common alleles. All the chosen 

epitopes maintained their binding predictions. This indicated that neither the codon optimization 

nor the epitope size and arrangement of vaccine components altered the epitopes’ affinity to bind 

with the antibodies.   

2.1.5. Testing Complexity  

 

The final pFMDV1 vector was analyzed on the Integrated DNA Technologies (IDT) 

website for complexity of DNA sequence synthesis. The complexity score from IDT was 29.6. 

This score is considered moderate to high, making the vaccine “tentatively” possible to 

synthesize. IDT detected 3 hairpins, several regions containing repeating sequences, and several 
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guanine-cytosine rich regions, which could make vaccine construction difficult. It is an important 

step especially with a vaccine of higher complexity and ensuring cloning of the vaccine 

components done correctly. 

2.2. Transformation and Cloning 

 

The pFMDV1 DNA was ordered from IDT in the pUCIDT-Ampicillin vector (pFMDV1) 

flanked by SalI at the 5’ end and poly A tail at the 3’ end attached to uniquely placed restriction 

enzyme cutting sites, PacI, KpnI, and EheI. Extra base pairs were added in-between each cutting 

site to allow restriction enzymes enough bps to sufficiently excise the correct bands. The 

pFMDV1 was transformed using dam-/dcm- competent Escherichia coli cells (New England 

BioLabs, Cat #C2925H) according to manufacturer's protocol then spread on 1/2 Super Broth 

ampicillin (SB/amp) agar plates and incubated at 37°C overnight. Resulting colonies were picked 

with a sterile toothpick inoculated into ml of ½ SB AMP broth, incubated overnight in a shaking 

incubator at 37°C and 100 rpm. Plasmid DNA was harvested by a mini-preps procedure from the 

overnight broth mixture following the ZymoPure’s Classic Mini-prep Kit followed by archiving 

50 ul of the mini-prep on a ½ SB AMP Plate.  Once plasmid size was confirmed, colonies from 

archive plate of pFMDV1 minipreps were scaled up to a midiprep to prepare enough DNA 

concentration for excision and ligation into the backbone vector, pBlue CMV Puro (pCPP).  The 

newly made pFMDV1 midiprep was quantitated using the NanoDrop at a concentration of ul/ml.   

A previously sequenced verified pCPP midiprep stock stored at -20 C was thawed and 

transformed using dam-/dcm- competent Escherichia coli cells following the same cloning 

procedure as pFMDV1 DNA except only midipreps were performed on pCPP.  The pCPP was 

quantitated using the Nanodrop under the same conditions as pFMDV1 midipreps. The pCPP 

midiprep was then double digested using EheI and SalI restriction primers to open the vector of 
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6076 bp at the specific cutting sites and prepare for ligation with pFMDV1. The newly digested 

pCPP band was clean and concentrated following ZymoPure’s Clean and Concentrate 

instructions then electrophoresed on a 1% ethidium bromide gel to make sure the band was the 

correct size.  

The original pFMDV1 vector was 5032 bp was digested with restriction enzyme cutting 

sites EheI (2755b bp) and SalI (491) located at opposite ends with the band containing the 

pFMDV1 vaccine a total of 2264 bps and the amp (+) vector that the pFMDV1 vaccine was 

delivered in now a band length of 1839 bp.  Due to the similar size in band length band with only 

a 300 bp difference, it would be hard to tell which band is correctly excised for ligation with 

pCPP.  A third restriction enzyme site, PdmI (4644bp) was used to cut the amp (+) band making 

two smaller DNA pieces now leaving the FMDV1 band now easily detected when analyzed on a 

SyberSafe Gel.  A 1% SyberSafe Gel was conducted on pFMDV1 followed by extracting the 

band from the gel and purifying using Zymo’s DNA Recovery Kit per manufacturer’s 

instructions to prepare for ligation with pCPP clean and concentrated digest.  

The digested pCPP (6076) allows ligation of the pFMDV1 (2028 bp) between the CMV 

and the Poly A of the vector through ligation. Ligation protocol was followed using Instant 

Sticky End Master Mix (New England Biolabs, Cat # M0370) then transformed in competent E. 

coli as described previously.  Colonies were picked from transformation archive plates and 

scaled up for midipreps. The newly ligated pFMDV1/CPP vector was analyzed using restriction 

enzyme, BgIII, in a test digest to determine if pFMDV1 successfully cloned into pCPP. In 

SnapGene, BgIII cutting site was strategically placed in FMD1 vector design because it is not 

present in CMV Puro. Midipreps containing both pFMDV1 and CMV Puro were also digested 

using PacI and SalI to ensure the vector is present and not lost upon digestion. The midiprep 
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products were sent to Gene Probes and Expression Systems Laboratory/LSU BioMMED (LSU 

Gene Laboratory) for sequence verification before attaching the nuclear localization sequence 

(NLS).  Phosphorylated primers serving as the NLS gBlock at only 152 bps in length was 

ordered to be directly ligated with pFMDV1/CPP as seen in Table 2.3.  

Table 2.3. Oligonucleotide DNA Specification  

Primers 5’-/Phos/ sequence-3’ 

FMD NLS bottom 2 phos GGG GGA GCC AAA CTT TTC TTT TTT TTT TTG GCG CGA GAC AAT TAA 

CCG  

FMD NLS top 2 phos GGGGGAGCCAAACTTTTCTTTTTTTTTTTGGCGCGAGACAATTAACCGC 

Notes: Specific NLS gblock ordered as phosphorylated oligonucleotides that act as primers to be 

ligated with pFMDV1/CPP 

Source: IDT Laboratories 

 

Plasmid containing pFMDV1/CPP (8310 bp) was digested using restriction enzymes, NotI 

(6033 bp) and SmaI (6000 bp) that have unique cutting sites located close to each other between 

the CMV and the very beginning of the 5’end. The newly digested band is ligated with NLS 

following the NEB ligation protocol to create a new plasmid, mFMDV1/CPP/NLS which was 

transformed into E. coli and scaled up for midipreps. The pFMDV1/CPP/NLS midiprep was 

quantitated at a concentration of 3066.3 ng/ul and 260/280 absorbance.  Due to the small band size 

of NLS, confirmation via test digest was not used. Instead, a PCR amplifying the NLS region of 

vector using custom oligonucleotide primers ordered form IDT, NLS Primer 1 and NLS CMV 

primer 2 as seen in table 4. PCR thermocycler conditions were followed according to the 

manufacturer’s protocol with an annealing temperature of 52 C. The pFMDV1/CPP/NLS 

midipreps were then submitted to LSU Gene Laboratory for sequence verification. To reduce the 

size of the vector and because there was no selective antibiotic used in cell culture, the sequence 

verified 3-1 Puro gene was excised from pFMDV1/CPP/NLS. Restriction enzyme cutting sites 

located at ClaI (1066 bp) and NarI (2070 bp) were cut excising the 1000 bp puro gene leaving the 
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newly digested pFMDV1/NLS at 7348 bp. The band was then ligated with itself and transformed 

to grow up for midipreps. Custom DNA oligonucleotides ordered from IDT were used to assess 

specific primer focus regions. Target regions include 370 bp to 570 bp where the CPP is located 

and between 1835 to 2035 bp where only FMDV1 and NLS is found. To check that the CPP is 

present, PuroCheck F and CMV R1 were used. For confirmation that pFMDV1 and NLS DNA is 

present, Mia FMD F and Mia FMD R were created. Midiprep products were sent to LSU Gene 

Laboratories for final sequence verification before use in in vitro testing.  

 

Table 2.4.  Primers used for Sequence Verification and PCR amplification. 

Primer Name: Primer Sequence 5’ to 3’ Annealing Temp 

Puro Check Fwd CCATGGGTCTTTTCTGCAGTCACCGTCACCGTCTCG  67 ° C 

CMV Rev1 CGAGACGGTGACTGACTGCAGAAAAGACCCATGG 67 °C 

FMD Fwd 1 (mar22) ATTTCGCGGATCTTGAACTGGCAG 63 °C 

FMD Rev 1 (mar22) ACTCTGGACGTGTCCAGCCAAC 63 °C 

Mia F FMD TGGAACAACACTCAACCCTATC 52 °C 

Mia R FMD GCCAGGATTGGGAAGACAATAG 52 °C 

NLS Primer 1 CGGTTAATTGTCTCGCGCCAAAAAA 56 °C 

NLS CMV primer 2  AAGTCCCGTTGATTTTGGTGCC 56 °C 

Gapdh F GAAAGCTGTGCTGATT  57.1 °C 

Gapdh R TACTTGGCAGGTTTCTCCAG  57.1 °C 

GFP Fwd GGCCTGCCCGCCATGGAGATC 63 °C 

GFP Rev ACCGGCATCTGCATCCGGGG 63 °C 

Source: IDT Laboratories 

 

2.3. Cells and Transfection 
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The pFMDV1/NLS vaccine was transfected in-vitro using HEK293 and CHO-K1 cells 

(ATCC) complexed with transfection reagents, as described in Table 5. Media, cell lysates, and 

mRNA were collected from transfected cells as well as non-transfected cells. Green fluorescent 

protein (GFP) was used as a reporter gene under the same conditions in both cell lines 

simultaneously to visually monitor transfection efficiency.  

Prior to beginning cell culture, freeze-backs for both sequence verified midipreps, 

pFMDV1/NLS and pGFP2, were thawed, transformed and cloned for midipreps, then quantitated 

using the NanoDrop to assess the amount of DNA needed for transfection protocol. The pGFP2 

plasmid was previously constructed and transfected using SHC003BSD-Del GFPD vectors 

(Addgene, #133302) cloned into plasmids then labeled as pGFP2.  

Cells were viewed under microscope 24 hours post-transfection as determined from previous 

GFP experimentation.  

Cell Culture was performed under sterile conditions in a LabGard Class II, Type A2 

Biosafety Cabinet (Nuaire) and all instruments were sterilized prior either by autoclaving or 

delivered from manufacturer as sterile. Prior to obtaining cells, cell culture media was prepared 

(K. McDonough, personal communication): 10% or 20 mLs of heat inactivated Fetal Bovine 

Serum (FBS) (SAFC Biosciences Inc, Cat # 54616C) was added to 178 ml of F-12 (1X) Nutrient 

Mix (Ham) [+} L-glutamine (Gibco, Cat # 21700-075) along with 2 mLs of GlutaMax (Gibco, 

Cat # 12551032).  A stock culture CHO K1 Cells (ATCC, Cat # PTA-3765) was recovered from 

a liquid nitrogen freezer and propagated in 20 mLs of cell culture media that was pipetted into a 

75 cm2  cell culture canted neck flask (Corning), housed in a Sanyo MCO-18AIC (UV) CO2 

Incubator (Marshall Scientific, Hampton, WV, USA) atmosphere of 5% CO2 at 37°C. CHEK 293 

cells were treated using the same conditions as CHO-K1 throughout the entire experiment except 
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being fed a nutrient mix using 20 mLs of Dulbecco's Modified Eagle Medium (DMEM) (Gibco, 

Cat # 30-2002) supplemented with 10 % of FBS. The parent flask was incubated for 24 hours to 

reach 80% confluency. To split the cells, each flask was washed with 10 mLs of Dulbecco’s 

phosphate buffered saline (DPBS) supplemented with calcium and magnesium (Gibco, Cat # 14-

040-133).  

The adherent cells were then detached by trypsinization using 2 mLs of TrypLE Express 

(GIBCO, Cat # 12605-010). The detached cells in the 2 mLs of TrypLE Express was evenly 

pipetted and passed into two new flasks. The parent flask and the two new flasks were then 

diluted in 15 mLs of respective cell culture media. 

 This step was repeated until enough flasks were passaged to support experimental groups. 

All flasks were randomly assigned to groups 1 through 7 with three flasks belonging to each 

group and an extra three supplementary flasks as a precautionary measure for a total of 24 flasks. 

Calculations for volumes of transfection reagents were based on scaling up the growth area from 

a well of a 6-well plate to the growth area of a T75 flask as suggested by Coring Flasks for 

ThermoFisher. The optimum transfection size/density is based on 6-well culture vessel with a 

growth area of 9.6 cm2/well and total volume per well/cm2 of 125 ul.  A Coring T-75 U shaped 

Canted Neck Cell Culture Flask with a Vent Cap is 75 cm2 for surface area and total volume per 

well/cm2 of 0.1 mLs.  There are 7.81 total wells equivalent to the vessel size for a T75 flask. 

Calculations used 7.81 as the multiplication factor times the number of flasks needed for 

determining the transfection reagent complexes.  

Groups 1 through 3 were used as controls throughout the entire experiment. Group 1 was 

used as a negative control with no transfection reagent or complexed DNA. Group 2 and 3 were 

used as transfection controls with Lipofectamine 3000 (Invitrogen Cat. #L3000001) or 
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JetOPTIMUS DNA transfection reagent system (VWR, Cat #76299-632) but no complexed 

DNA. Group 4 was transfected with Lipofectamine 3000 reagent and complexed with 

pFMDV1/NLS DNA. Group 5 was transfected with Jet Optimus and complexed with 

pFMDV1/NLS DNA. Group 6 and 7 followed the same conditions for transfection reagent as 

group 4 and 5 respectively but was complexed pGFP2 transfected DNA. The layout of the 

transfection groups for the experiment can be seen in Table 5.  Cells were seeded 24 hours prior 

to transfection in associated growth media at a density of 5.4x104 viable cells/cm2.   

 

Figure 2.2. Transfection groups for both CHO-K1 cell line experiment and the HEK-293 cell line 

experiment. (Made with Biorender) 

Notes: Each group represents three reactions using T75 cm2 flasks with a total of 21 flasks for 

each treatment. Groups are further categorized based on transfection reagent. Group 1 serves as 

the negative control for the experiments with non-transfected DNA without any reagent added.  

Group 2 and 3 serve as positive control groups with a transfection reagent present but non-

transfected DNA. Group 4 and 5 test transfection reagents for complexed DNA containing 

pFMDV1/NLS. Group 6 and 7 test the two transfection reagents against the reporter gene pGFP2 

to monitor transfection within the cells.  
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2.4. Optimized Serological Testing  

 

Interleukin 18 (IL-8) (AA 36-192) protein (I7 tag, His tag) was used as the protein. Purified 

IgG1Mouse Anti-Pig Interleukin-18 non-conjugated antibody (antibodies-online Inc., Cat. # 

ABIN6236565, Batch # 1603) was used as the positive primary monoclonal antibody. Mouse 

IgG Negative Control (Bio-Rad MCA928, Batch # 151536) was used as the negative primary 

monoclonal antibody. Goat anti mouse IgG: HRP (RAT AD) (Bio-Rad STAR77, Batch # 1801) 

was used as the secondary antibody.  

The Il-18 protein (1 x 50 ug) was reconstituted using 500ul Ultrapure DNase/RNase-Free 

Distilled Water (ThermoFisher Scientific, Cat. #10977015) and aliquots of the entire 

reconstituted protein were pipetted into 1.5 ml cryopreservation storage tubes (Nalge-Bunch 

International, Cat. # 05538718) then stored in -80 C Panasonic Freezer. On the day of preparing 

the ELISA plate, one of the IL-18 protein aliquots was thawed, 62.5 ul pipetted into a 1.5 mL 

Safe-Lock Tube (Eppendorf, Cat. #0030119380). The initial protein concentration was diluted by 

adding 4937.5 ul of DPBS (ThermoFisher Scientific, Cat. # 11965084) to prepare a starting 

serial dilution of 1.25 ng per well. 2.5 mL of the first tube was then added to a second tube with 

2.5 mL of DPBS to achieve a working dilution of 0.625 ng per well, then repeated one more time 

to obtain one final working dilution of 0.312 ng per well.  Duplicates of each serial dilution of 

IL-18 protein were pipetted (100 uL per well) to their respective wells assigned to on an 

uncoated 96 well ELISA plate (Biolegend Nunc MaxiSorp, Cat. #23501) as seen in Figure 2.2.  
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Figure 2.3. Layout for ELISA Plate. (Made with Biorender).  

Notes: A 96-well uncoated ELISA Plate (100 ul per well) for each step including the initial protein coat 

replicated in groups of four seen in blue. For primary antibody, the primary positive (+) antibody 

replicated in duplicates seen in red and the negative (-) primary antibody replicated in duplicates seen in 

green. The secondary antibody was replicated across the entire grid as seen in yellow.  

 

The entire ELISA plate was coated with 100 ul of 0.5 M in house bicarbonate buffer solution, 

pH 9.6 (coating buffer). The plate was incubated at 4 C overnight to ensure antigens were 

immobilized on the well surface. After this incubation, the residual coating solution is dumped 

off by flicking the plate over a sink then firmly patting the plate face down on a clean paper 

towel. 200 ul of a 1% BSA solution was added to each well to block remaining protein binding 

sites. Plate was then incubated for two hours at room temperature on a titer plate shaker (Lab-

Line Instruments/ThermoFisher Scientific, Cat. # 4625Q).  Residual BSA solution was then 

dumped off again and washed using a 1X PBS wash buffer solution.  Primary antibodies were 

diluted using in house 1% BSA (found in appendix: Protocols: 1% BSA) in 10 mL conical tubes 

by pipetting 1 ul of stock into 4,000 ul of 1%BSA. Duplicated of both primary antibodies were 

pipetted into their designated well as seen in Figure 2.2.  The plate was then incubated again for 

2 hours at room temperature on the titer plate shaker. The residual dumping and wash step using 

1X PBS was repeated. In a 1.5 mL tube, 2 ul of the conjugated secondary antibody was diluted in 
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2 ul of 1% BSA to create a working dilution. 1 ul of that dilution was added to 5,000 ul of 1% 

BSA in a 10 mL conical tube to reach a final dilution of 1:10,000. The secondary antibody in 

blocking solution were then pipetted into each well across the entire plate. Finally, the plate was 

incubated on the titer plate shaker for two hours followed by dumping and plate wash for final 

detection reagents. 100 ul of Tetramethylbenzidine (TMB) single-component substrate solution 

(Solarbio, Cat. #34028) was added to plates. The plate was monitored over a 30-minute period 

on the shaker for signs of color change indicating the reaction is taking place. Once the desired 

color has been reached, in this case blue, or 30 minutes had elapsed, 100 ul of 2 M sulfuric acid 

solution was added to stop the reaction turning solution of each well yellow. The ELISA plate 

was read by the Benchmark Plus TM microplate spectrometer (Bio-Rad Laboratories, Model 680) 

through 9.1 microplate manager software.  ELISA detection of any conjugated protein signal and 

binding levels were measured at an optical density of 450 nm.   

 

Figure 2.4. Layout for ELISA. (Made with Biorender). 

Notes: 96-well uncoated Plate (100 ul per well) for comparing protein expression using the 

standard coat from Figure 2.2.  The initial protein coat for both cell lines from the five 

transfection groups were replicated in groups of four and can be identified by the color key on 

the right. Wells were filled with 100 ul pipetted directly from cell lysate aliquots.  
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The standard curve to be used for protein detection was determined using GraphPad Prism 8 

software, the Pearson correlation coefficient (r) with P-value (0.05) was used to interpret the 

protein (ng) absorbance readings of different primary and secondary concentrations to establish 

controls for ELISA testing. The coefficient was used to measure the strength and direction of a 

linear relationship between different concentrations. The (r)values were interpreted as looking 

for any values closest to -1 for a strong negative relationship with no correlation, and values 

closest to 1 for a strong positive relationship.  

The ELISA output from the Benchmark Plus TM microplate spectrometer was computed 

into GraphPad using the standard curve as a base line for protein detection using a two-tailed p 

value summary looking for any significance for protein expression.  
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Chapter 3. Results 
 

3.1. Verification of Vaccine Size and Placement 

 

Verification of DNA plasmid constructs were confirmed using diagnostic restriction 

digests and DNA sequencing. Before sequence verification, gel electrophoresis was used to 

validate that the plasmid size, digested DNA fragment size, and PCR product size. Plasmids 

pFMDV1 and pCPP were successfully transformed. pFMDV1 minipreps confirm the size of 

5032 bps via 1% Gel electrophoresis size and bright bands and indicated a decent amount of 

DNA concentration to work with as seen in Figure 3.2. pFMDV1 were successfully grown up to 

midipreps.  The concentration for the pFMDV1 midiprep was 955.65 ng/ul.  The pCPP midiprep 

concentration was determined to be at 166 ng/ul, which was enough to warrant moving forward 

with digestion and ligation. The newly clean and concentrated pCPP double digest matched the 

correct expected size of 6070 bps from SnapGene confirmed by 1 % Gel electrophoresis in 

Figure 3.1. The newly cut pFMDV1 band after triple digest (2264 bp) showed successful 

digestion as seen in Figures 3.3 and 3.4.  pFMDV1/CPP was successfully ligated and 

transformed as confirmed via 1% Gel electrophoresis as seen in Figure 3.5 and sequenced 

verified by Gene Laboratories. NLS was successfully ligated with pFMDV1/CPP as seen by both 

gel electrophoresis, confirming that pFMDV1/CPP vector was lost upon digestion (Figure 3.6) 

and NLS was present by PCR (Figure 3.7). pFMDV1/CPP/NLS was successfully transformed 

and grew up for midipreps. pFMDV1/CPP/NLS midiprep was sequence verified by Gene 

Laboratories. The puro gene was successfully excised after double digestion confirmed via PCR 

as seen in Figure 3.8. The pFMDV1/NLS vaccine was successfully transformed and grew up for 

midipreps with a final concentration quantitated at 457.6 ng/ul with an absorbance of 260/280 at 
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1.91. The pFMDV1/NLS vaccine was sequenced verified by Gene Laboratories warranting 

moving forward with cell culture testing.  

 

Figure 3.1. Gel confirmation of pBlue Puro CMV (pCPP) midipreps showing expected sizes. On 

the left (a.) is a 1% ethidium bromide gel. The order for the gel: 1 Kb ladder in well 1, pCPP 

midiprep in well 2, pCPP, EheI and SalI double digest in well 3, and pCPP, EheI and SalI double 

digest. On the right (b.) is the SnapGene circular map of pCPP at 6076 bp and demonstrating 

restriction enzymes’ locations within the plasmid.  

  

Figure 3.2. Gel confirmation of pUCIDT FMDV1 linear vaccine (pFMDV1) midiprep showing 

expected sizes. On the left (a.) is a 1% small ethidium bromide gel. The order for the gel; 

Supercoiled ladder in well 1, FMDV1 midipreps in well 4 and 5.  On the right (b.) SnapGene 

circular map of FMDV1 DNA vector at 5032 bp and demonstrating restriction enzymes’ location 

within the plasmid.  
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Figure 3.3. Gel confirmation of digested pFMDV1 DNA showing correct cutting sites with 

restriction enzymes to be properly cut out and prepared for ligation with pCPP.  On the left (a.) is 

a large Cybersafe gel comparing digests performed on FMD1 and CMV Puro midipreps.  Well 1 

contains 5 ul of supercoiled ladder. Well 2 is for the 1Kb Ladder. In well 3, pFMD1 midiprep 

DNA was added as a control. Well 4 is all 50 ul of a single digest performed on pFMDV1 with 

EheI.  In well 5, the same DNA mix was added except for SalI as the acting enzyme instead. In 

well 6 there is all 50 ul of pFMDV1 Double Digest using both EheI and SalI enzymes. In well 7 

all 50 ul of double digest performed on clean and concentrated pCPP midiprep DNA was added. 

In well 8, all 50 ul of single digest of pCPP midiprep DNA using EheI was added. The same 

DNA mix was added in well 9 except SalI primer was used instead. The green box is an 

indication of where the band of the pFMDV1 double digest was successfully cut out and used for 

ligation with pCPP.  

 

Figure 3.4. Gel Confirmation of ligation of pFMD1 in the pCPP Backbone Vector showing 

correct sizes. On the left (a.) is a large 1% ethidium bromide gel comparing test digest. In well 1 

is a 1 Kb Ladder. Three FMD1 midipreps which serve as control are in well 3, 4, and 5 

respectively. Single digest performed separately on each midipreps using BgII is in well 6, 7, and 

8. Double digest using PacI and SalI performed on each midiprep are in well 9, 10, and 11.  
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Figure 3.5. Gel Confirmation of pFMDV1/CPP showing correct sizes. On the left (a.) is a 1% 

small ethidium bromide gel. In well 1 is 5 ul of 1kb ladder followed by 5 ul pFMDV1/CPP 

midiprep acting as control in well 2. Well 3 is 5 ul pFMDV1/CPP midiprep after digestion with 

Smal1 and a total vector size of 8310 bp. In well 4 is 5 ul pFMDV1/CPP midiprep after digestion 

with NotI. In well 5 is 5 ul pFMDV1 midiprep after double digestion with both SalI and NotI 

with a vector size of 8298 bp. On the right (b.) is the pFMDV1/CPP vector map where these 

restriction sites are located.        

 

Figure 3.6. Gel Confirmation of pFMDV1/CPP/NLS showing correct sizes. On the left (a.) is a 

small ethidium bromide gel with a 1 Kb ladder in well 1. In well 2 and 3 is 5 ul pFMDV1/CPP 

midiprep 1 and 2 and 5 ul of pFMDV1/CPP/NLS in well 4. On the right (b) is the vector map of 

pFMDV1/CPP at 8310 bps and SV40 NLS (phosphorylated linkers) which should be around 152 

bps. The arrow is pointing to the newly formed plasmid, pFMDV1/CPP/NLS which should only 

differ about at 152 bps.  
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Figure 3.7. Gel Confirmation of pFMDV1/CPP/NLS PCR and showing correct sizes. On the left 

is (a.) is a small ethidium bromide gel with a 1 Kb ladder in well 1. In well 2 and well 5 is 

pFMDV1/CPP/NLS Midiprep. 1 and 2 respectively. In well 3 and 4 and 6 and 7 are PCRs 

Confirmation of pFMDV1/CPP/ NLS on a 1 % Ethidium Bromide Gel. PCR samples using 

pFMDV1/CPP/NLS Midiprep (at a concentration of 3066.3 ng/ul; 260/280 absorbance of 1.84) 

and pFMDV1/NLS (457.164 ng/ul; 260/280: 1.91) at 1:10 working dilution using [10x] TE 

Buffer. Mia FMD F and Mia FMD R primers were also diluted to a 1:10 working dilution using 

dH2O. Annealing temp is set at 52. On the right (b.) is the expected outcome for extension time 

and bp length of PCR amplified DNA for both pFMDV1/NLS matched sequencing verification 

as well as evidence that transcription took place. 
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Figure 3.8. Gel Confirmation of pFMDV1/CPP/ NLS showing correct sizes for a PCR on 1 % 

Ethidium Bromide Gel. PCR samples using pFMDV1/CPP/NLS midiprep (at a concentration of 

3066.3 ng/ul; 260/280 absorbance of 1.84) and pFMDV1/NLS (457.164 ng/ul; 260/280: 1.91) at 

1:10 working dilution using [10x] TE Buffer. Mia FMD F and Mia FMD R primers were also 

diluted to a 1:10 working dilution using dH2O. Samples were divided into two groups based on 

extension time of Thermocycler. Group One, which contained subgroups A and B, were set for 1 

minute and 30 seconds at 68°C. Group 2 containing subgroups C and D were set for 50 seconds 

at 68°C.  Subgroups A and C were DNA samples containing puro while subgroups B and D were 

DNA samples without puro.  

3.2. In Vitro Results 

 

Midipreps for both pFMDV1 and GFP2 plasmids had a similar concentration of 1110 ng/ul 

with the same absorbance ratio of 260/280 at 1.853. RT-PCR in Figure 3.9 matched the desired 

outcome with the transfected mRNA for the vaccine specific primers as well as a band appearing 

for the HK primers confirming that pFMDV1/NLS was in fact expressed in CHO-K1 cells as 

seen in Figure 3.9 lighting up green.  The non-transfected mRNA did not react with the 

experimental primers but was in fact brighter with the HK primers showcasing that non-

transfected CHO-K1 mRNA could be used as a true negative control as confirmed by RT-PCR in 

Figure 3.9 as well as fluorescence images in 3.10.  
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Figure 3.9. Confirmation of cDNA expression for both pGFP2 and pFMDV1/NLS in CHO-K1 

cells. In well 1 is Kb ladder. Wells 1,4,7,10, 12, 14, and 16 are for the confirmation that CHO-K1 

cells are in fact present. A band should be resent across the entire gel. Well 11 in the green box is 

the band for confirmation for GFP2 plasmid where it should be. In well 13 is the red box around 

the band for confirmation of pFMDV1/NLS. Wells 14 through 17 results were either 

contaminated or inconclusive.  

  

Figure 3.10. Images taken 24 hours after transfection with the Revolve Echo RF Upright Inverted 

Brightfield and Fluorescence Hybrid Microscope with 1.0 Zoom and 4X objective lens using the 

FITC channel for GFP and TRANS channel for normal features including overlay settings were 

used for immunofluorescence microscopy of transfected CHO cells, GFP plasmid, and FMD 

plasmid respectively.  
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Figure 3.11. Simple linear regression for two individual troubleshooting plates to determine 

standard control for testing protein lysates. On the left (a.) is the final standard curve used for 

testing lysates as seen by the red line. On the right is process of testing dilution factors for 

determining which concentrations to use for standard curve.  

 

Graphs in Figure 3.11 showing final standard curve and comparison of possible combinations of 

antibody concentrations testing for a difference in slopes using GraphPad Prism 8 (GraphPad 

Software).  In Figure 3.11.b. there was no significant difference in slopes and intercepts. All the 

positive primaries paired with the 1:1000 secondaries were not significant either.  Because 

1:4000 primary and 1:10k secondary was significant and uses less reagent than other significant 

values even though 1:2000 and 1:10k has higher concentration. value for plate one for slope 

comparison .5912. For plate 2, p value is 0.0855. Results from Figure 3.11.b indicated the only significant 

values included 1:2000 and 1:5000 secondary that had a p value of 0.0205. The final standard curve used 

was a 1:4000 working dilution for both primary antibodies and 1:10,000 working dilution for secondary 

antibody concentrations.  

 Lysate results using Plate layout as seen in Figure 3.11.a. showed no significance with any values 

that did show detectable amounts of protein concertation in groups where there shouldn’t of shown 

detection including non-transfected groups for both CHO and HEK, and also signs of protein expression 

for groups with just lipofectamine in HEK 293 and just JetOptimus in CHO-K1 cells. There was also no 

significant correlation between cell lines and because of controls testing positive for protein expression, 

no inference can be made on whether either cell line is superior to the other.   



 48 

 

3.3. Discussion 

 

 FMDV is a ss (+) RNA Aphthovirus responsible for the cloven hooved disease, FMD.  

Domesticated cattle are especially susceptible and wild African buffalo act as a maintenance host 

shedding aerosolized virus particles for 3 to 5 years. FMD is rampant in lower economic areas 

such as parts of Asia, India and Africa. Symptoms of FMD include lesions, lameness, decreased 

milk production, and deaths in calves associated with myocarditis. Current treatment methods 

include an emergency live attenuated vaccine available upon approval from the OIE. Alternative 

treatment options especially in endemic regions must rely on quarantining, culling, and 

vaccinating the non-infected. In addition, these vaccines require a cold chain to maintain 

viability and a considerably short shelf life.  Other disadvantages faced with current vaccination 

methods include only stimulating humoral immune responses and thus failing to provide long 

term protection against intracellular viruses. Additionally, no vaccine currently available offers 

protection outside of a specific strain. DNA vaccination offers the potential to offer cross-

protection as well as stimulating both a humoral immune response and invoking a cell-mediated 

response.  DNA is a naturally stable molecule that offers more predictable outcomes, increased 

shelf life, and can be stored at room temperature. DNA vaccines also have the added advantage 

of rapid manufacturing at a much lower cost overall.  

The specific approach discussed in this paper consists of a DNA vaccine encoding the 

VP1 empty capsid that would eliminate the risk many other vaccines face such as toxicity, risk of 

viral transmission or thermal degradation. The VP1 polyprotein used in this thesis is from 

Serotype O that was geared towards cross protection against other strains within multiple 

topotypes as well. The immunodominant proteins selected from this polyprotein sequence 
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obtained through NCBI and aligned then blasted with other FMDV serotype O strains available 

to find conserved regions for optimal epitope selection. Primers were then designed specifically 

for the pFMDV1 isolate protein DNA sequence using NCBI Primer Blast and IDT. These 

primers were then used to amplify the FMDV1 DNA sequence through Polymerase Chain 

Reaction. The sequences were then checked for proper size using gel electrophoresis then sent to 

Gene Laboratory for proper sequence verification. Once DNA products were verified the amino 

acid sequence of the FMDV product was analyzed through IEDB for epitope selection. 

Immunogenetic epitopes with an immunogenicity score of 5 % or lower (high chance of electing 

an immune response) were selected for incorporation into an already finished backbone vector 

used for vaccine design. The full vaccine design included regions of the immunogenic epitope 

with FRS used as spaces in-between each one to mimic natural folding and turning, a SV40 NLS 

sequence was added to the end of the epitope sequence. Codon Optimization using IDT was 

performed to bos taurus and the DNA sequence generated was ordered through IDT and called 

FMD1. Once received, the FMD1 construct was transfected into chemically competent E. coli 

cells to amplify the DNA product. A CMV promoter was added through digestion of both the 

vaccine and promoter counterparts then ligated into the pBS backbone vector. This DNA was 

transfected into competent E. coli and amplified through PCR then checked for proper size using 

gel electrophoresis. Once that sequence was verified by the Gene Laboratory, a Maxikit was 

performed on the cells then harvested for cell culture. A control for ELISA detection of FMD 

vaccine was then optimized for all future FMD DNA antibody detection. The DNA sequence 

was transfected into CHO and HEK cells. ELISA test was performed on serum to determine if 

any detectable amount of protein expression occurred. The initial project design focused on a 

disease for which we were under the assumption we would have access to the antigens provided 
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from a researcher from Plumb Island where the only available vaccine antigen concentrates were 

stored. Had we known this specific Plumb Island researcher would not follow through, we would 

have chosen a different disease. Unfortunately, as a result we were unable to procure the antigens 

for this disease and used a specific component of the actual backbone vector for the vaccine to 

use as a primary protein for establishing standard curve of the ELIS.  No statistically significant 

data was determined using the ELISA on detectable protein expression therefore no definitive 

statement can be made on if one transfection reagent outperformed the other as well if there was 

an optimal cell line.  RT-PCR did confirm transcription in all transfection groups for CHO-K1 

cell line with no detectable transcription activity in HEK-293.   Theoretically, if adequate protein 

expression was detected after repeating the cell culture enough time for statistically significant 

data, then the vaccine would be tested in a possible quail model via in vivo testing for humoral 

and cellular-mediated immune response.  

Possible adjustments to consider for better protein expression would be to conduct a 

second cell culture experiment using pCPP instead of removing it, therefore utilizing the 

selection marker that is suitable for eukaryotic cell culture testing.  Specific changes that can be 

made for future experimentation include changing the amount of FBS added to total serum 

content.  If there was a significant difference in the amount of protein secreted this would 

warrant proceeding into in-vivo testing where a pilot animal trial would take place. In-vitro 

transfection reagents can differ greatly from their effect on transfection and gene transfer in a 

controlled microenvironment versus how it would react through systematic administration with 

in vivo. Dr. Richard Cooper is currently in the process of designing a potential vehicular model 

to transport the vaccine using advanced technology such as 3D printing.  
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3.3. Conclusion 

 

With further research and sufficient resources, the use of this vaccine design could 

demonstrate protective potential and contribute to helping create an alternative solution to the 

endemic raiding livestock and the livelihoods of individuals affected by this devastating virus. 

The public sphere is constantly pressing for new and innovative solutions to combat the 

omnipresent threat of emerging infectious diseases world-wide, but these advances are only 

beneficial for those who can afford it. This fails to create a solution that reaches those in less 

developed countries. There needs to be more committed action towards creating solutions for 

those who cannot access the scientific tools or available vaccinations. Even the most 

conscientious proposals or plan of action lacks alternative methodology for those who do not 

have access to the necessary resources and technology available.  Current vaccines and 

treatments offered to those at war with FMDV are not grounded in existing local practices. 

Eradication is essentially only available in realms with advanced technology and developed 

economies. In these countries, any new threat from emerging pathogens is met with efficient and 

effective elimination to achieve a disease-free status.  Access to vaccines, disease surveillance, 

and infectious disease public health infrastructure offer an impressive arsenal against pathogenic 

threat. For less developed countries, access to these amenities is no more than an abstract idea. 

The significance of this research is advancing the optimization of potential DNA vaccine designs 

that can help pave the way towards an economically viable solution for the prevention and 

control of emerging infectious disease where it is most desperately needed. 
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Appendix A: Experimental Data and Protocols 

A.1. Experimental Data 

Protein Outputs comparing HEK vs. CHO cell line: 

Cell 

Sample  

Primary 

Treament  

Interpolated Protein 

Amount  

Data 

Entered   

H FMD+L + 0.0123224977481619 0.057  
H FMD+L - 0.0134595763305291 0.0575  
HFMD+JO +  0.0465  
HFMD+JO - 0.0327899122307701 0.066  
HLIPO +  0.0465  
HLIPO -  0.0435  
HJO +  0.0485  
HJO -  0.048  
HNT + 0.000951711924490728 0.052  
HNT - 0.0123224977481619 0.057  
CNT  + 0.04074946230734 0.0695  
CNT  - 0.0168708120776304 0.059  
CJO +  0.0505  
CJO -  0.048  
CLIPO +  0.048  
CLIPO - 0.050983169548644 0.074  
CFMDL + 0.0589427196252139 0.0775  
CFMDL - 0.0896438413491261 0.091  
CFMDJO + 0.0771359769430879 0.0855  
CFMDJO - 0.151046084796951 0.118  
     

 

A.2 Protocols: 

Transformation Protocol 

1. DNA of FMD1 Vector was delivered and eluted with 20 ul of DNA Elution Buffer 

added directly to tube. Dam negative compotentent cells found in -80 freezer.  

2. 1 ul of DNA dilution were then added immediately to 50 ul of dam – competent cells. 

3. Place mix on ice for 30 minutes 
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4. Heat shoch at 42 C for 30 seconds  

5. Place mix on ice for 5 minutes 

6. Pipette 950 ul of room temp SOC media into mixture 

7. Place in incubator at 37 C ° for 60 minutes.  

8. Warm 2 selection agar plates ( ½  SB AMP)  for growing colonies.  

9. 100 ul of transformation mix on each plate was spread evenly on plates and left in 37 

C Incubator for 24 hours.  

10. Each colony will be swabbed with a sterile toothpick then swirled in 1 ml of ½ SB 

AMP Broth and placed in shaking incubator overnight at 37 C ° 

11. After every miniprep, midiprep, or maxiprep a freezeback of stock culture broth in 

aliquotes of 1 ml each will be stored in -80 freezer.  

Digestion Protocol:  

1. Prepare mixture in PCR tube starting with 5 ul of DNA (from miniprep or other 

Zymopure prep kit)  

2. DNA followed by 5 ul of 10x Fast Green Buffer 

3. 1 ul of each enzyme desired for digestion 

4. 38 ul of dH20 was pipetted last and mixed by centrifuging for 3 seconds to ensure 

homogeneity.  

5. PCR mix was incubated at 37 C ° for 4 hours then heat shocked for 10 minutes at 65F 

 Gel Electrophoresis Protocol:  

1. Select desired casting tray and numbered well comb in correct position. Measure TAE 

Buffer needed in graduated cylinder before pouring in glass flask.  

1.1 For a small gel, measure out 50 ml of TAE buffer. 
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1.2 For a large gel measure out 100 ml of TAE buffer.  

1.3 For a SyberSafe gel, measure out premade SyberSafe solution (made in-

house) instead of TAE buffer but the amount required depending on size of 

gel stays the same.  

2. Ethidium bromide is then pipetted directly out of Amresco stock bottle directly into flask 

2.1 For a small gel, measure out 2.5 ul of EB. 

2.2 For a large gel, measure out 5 ul of EB.  

2.3 For a SyberSafe, NO ethidium bromide is added. 

3. Microwave 1-3 minutes then cool down by gently swirling flask while in chorus running 

bottom of flask under dH20.  

4. Pour into tray and wait for solidification.  

4.1 SyberSafe requires a cover or box for remaining duration of protocol due to 

light sensitivity   

5. Once solidified, remove comb, and prepare wells by pipetting desired amount. Place tray 

into the BIORAD Power Pac 300 and ensure gel is fully submerged in fresh 1 X TAE 

Buffer (made in-house) with negative node (black) at starting position of wells to ensure 

samples move toward opposite end where the positive node (red) will be.  

6. Parameters for BIORAD Power Pac 300 are set at constant ‘A’, mA at 60 followed by 

allotted time.  

Ligation Protocol for Cloning with Instant Sticky-end Ligase Master Mix (M0370):  

1. Transfer master mix to ice prior to set up. Mix tube by vortex for one second.  

2. Combine desired ul of vector and ul DNA(  3-fold molar excess) of insert and 

adjust volume to 5ul with dH2O.  
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3. Add v5 ul of Instant Sticky-end Ligase Master Mix thoroughly bony pipetting up 

and down 7-10 times, and place on nice. No heat inactivation is necessary. The 

sample is now ready to be used for transformation.   

 

**Heat activation dramatically reduces transformation efficiency. 

**In-house treating has demonstrated that maximal transformation efficiency is 

achieved using between 20-100 ng of vector (sticky) and a corresponding 3-fold 

molar excess of the insert to be ligated into the vector.  

 10X PBS Protocol:  

For the final concentration, 160 grams of Sodium Chloride (NaCL, 140 mM), 4 grams of 

Potassium dihydrogen phosphate (KH2PO4,1.5 mM), 43.4 grams of sodium phosphate 

dibasicheptahydrate (Na2HPO-7H2O, 8.0 mM), 4 grams of Potassium Chloride (KCL, 2.7 mM), 

and was diluted in 2.3 liters of Laboratory distilled water (DW) purified using a Millipore 

Synergy UV filtration and purification system (Synergy, Cat. # F1HB91145). The 10X PBS was 

homologized using a magnetic stirrer on a magnetic warmer plate for one hour. The solution was 

then autoclaved as an extra precautionary step for ensuring all salts were fully dissolved and 

sterile before use. The stock solution of 10X Phosphate Buffered Saline (PBS) alone is not the 

correct pH for this specific wash buffer solution. By diluting the freshly made 10X PBS stock 

solution with 0.5% of Tween 20 (0.5%, v/v, Amresco Cat.#1894B76) and DW, the formulation 

will be at a  desired pH of 7.4 and necessary for cells to maintain stability and survive in their 

microenvironment.  

1% BSA  
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1% Bovine Serum Albumin (BSA)(Angio-Proteomie, Cat.# CAP-46) in 10X PBS /20% Tween-

20 used as a blocking buffer by repelling nonspecific binding sites and used again to dilute 

antibodies for assays. Carbonate buffer solution, 9.6 pH, for coating plates were formulated so 

pH should not have to be adjusted. 

ELISA Protocol: 

Purpose: Prepare ELISA plates for testing protein under previously used conditions.  

Day 1: 

1.         Protein Dilutions were put on a plate (100 ul per well). Carbonate Buffer made by Mack 

was added to the plates, 100 ul/ well.   

2.         Plates were covered and placed on the shaker incubator for 2 min. Then, they were 

moved to the 4 C for storage / incubation overnight.  

Day 2: 

1.         Plate warmed to room temp for 30 mins.  

2.         Plates dumped and blocked with a fresh made blocking buffer with 200 ul/ well. Sticker 

placed on.  

BSA 1% Mix:                                   4%: 

§  1 g BSA.                              4 grams 

§  250 ul 20% Tween 20       1 ml 

§  100 ml 10 x PBS.                400 mLs 

3.         2 hour incubation on shaker incubator.  Make primary and secondary dilutions and leave 

out primary while putting secondary in the fridge).  

4.         “Bleach plate” ran through the washer with a bleach solution before doing the wash step.  
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 5.          The coated plate on shaker was dumped and tapped dry and plate was washed with 

freshly made PBS WASH buffer with settings on P08/M08  

WASH Buffer Protocol: 

2.5 ml 20% Tween 20    

100 ml 10x DPBP 

      dH20 to 1 L               

6.         Plate was tapped dry and loaded with 100 ul/well of primary. Sticker placed back on.  

7.         2-hour incubation on shaker incubation (Take out secondary out of fridge)  

8.         Plate dumped and tapped dry then was washed with PBS WASH buffer. 

9.         Plate tapped dry and coated with 100 ul of Secondary Protein (@ room temp). Sticker 

placed back on.  

10.       2-hour incubation on shaker incubator.  

11.       Plate was dumped and tapped dry then washed with PBS WASH buffer.  

 12.       Plate was tapped dry 100 ul/well TMB (room temp) loaded in the DARK 

13.       Incubated on plate shaker for 15-30 minutes depending on development  

 14.       Stopped development with 2M sulfuric acid – 100ul/well.  
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