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Abstract 

With the world population expected to reach 9.7 billion by 2050; food security is a 

growing concern. As animal protein is one of the most accessible proteins available 

to people in the developing world, reducing disease outbreaks in livestock is vital. 

Currently, genomic selection of quantitative trait loci (QTLs) associated with 

resistance to certain diseases can allow farmers to make an informed choice of which 

animals to breed from. Unfortunately, appropriate QTLs have not been identified for 

many diseases and, where they are available, selecting for disease resistance could 

lead to a loss in productivity in other areas such as milk yield or carcass weight. 

Recent advances in gene editing technologies can be employed to make specific 

changes to the DNA of prime breeding animals to introduce existing or novel disease 

resistance alleles without negatively impacting on the overall productivity of the 

animal. Although QTLs can be useful in narrowing down specific targets to edit, our 

knowledge of host-pathogen interactions can also be beneficial in finding ways of 

increasing disease-resistance where QTLs have not been identified within the 

population. 

Foot and Mouth Disease (FMD) is an economically important disease that costs 

between £5-16 billion globally each year. Eradicated from North America and the 

majority of Europe, the causative agent of the disease – FMD Virus or 

FMDV – remains widespread throughout Asia, Africa, and South America. A member 

of the Picornavirus family, FMDV is a small, single-stranded, positive-sense, 

unencapsulated RNA virus that is both highly infectious and severely pathogenic. 

Typical symptoms of infection are mastitis and the development of lesions that the 

disease is named after within the oral cavity and between the toes of cloven-hooved 

mammals such as cattle and pigs. There are currently two methods used to control 

the spread of FMDV; vaccination and mass culling of infected animals.  Currently 

available vaccines are unable to provide cross-protection between the 7 FMDV 

serotypes, making them ineffective without having a large-scale co-ordinated 

vaccination strategy in place. Although effective, culling at the scale required to 

achieve eradication is extremely costly, for example, culls carried out by the UK during 

the 2001 FMDV outbreak led to the destruction of over 6 million animals and cost £8 

billion. 
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In order to control and eventually eradicate FMDV, better control strategies are 

required. Significant international effort is being spent on the development of new 

vaccines that offer cross-serotype protection. As an alternative, genome editors could 

potentially be used to generate disease resistance alleles as has been recently 

described for Porcine Reproductive and Respiratory Syndrome Virus (PRRSV). 

However, in order to apply this strategy to FMDV, we first need to better understand 

the numerous host-virus interactions involved throughout the replication cycle so that 

we can identify candidate genes for editing. 

FMDV is known to bind RGD-binding integrins such as integrin αVβ6 in order to enter 

the cell via clathrin-mediated endocytosis. This project aimed to investigate whether 

integrin αVβ6 from different species would make cells more, or less, susceptible to 

RGD-binding of FMDV peptides. A human colon adenocarcinoma cell line that is not 

susceptible to FMDV (SW480 cells) was utilised in this study. Full-length cDNAs 

encoding both integrin αV and integrin β6 from species considered to be either 

naturally infected, experimentally infected or resistant to the virus, were synthesised 

for cloning into lentiviral vectors. To prevent the formation of chimeric integrin αVβ6, 

CRISPR-Cas9 was used in an attempt to knock out the human integrin αV subunit 

from SW480 cells. Due to issues with both deletion of the human integrin αV subunit 

as well as full-length synthesis of the genes, these experiments were not completed. 

The body of work carried out to identify candidate gene variants for analysis forms the 

basis for future work in an area that could provide valuable insight into the 

mechanisms of FMDV entry into the cell. 

In order to further investigate entry, a cross-species sequence homology study was 

carried out to identify potential sequence variants in integrin αV and integrin β6 that 

could impact on virus binding or entry. CRISPR-Cas9 reagents were designed and 

optimised in order to engineer allelic variants from other species into an endothelial 

porcine kidney cell line (PK-15). Four cell lines were successfully engineered and 

genotyped prior to being analysed for their ability to bind RGD-peptides from FMDV. 

However, a full challenge study with the virus will be necessary to test the impact of 

these edits on FMDV entry. 

Lab strains of FMDV at the Pirbright Institute in the UK have a limited ability to infect 

PK-15 cells whereas FMDV replicates efficiently within the interferon-incompetent 

Baby Hamster Kidney cell line (BHK-21). A 700 kb deletion of the entire Type I 

Interferon gene cluster (IFN GC) was carried out in PK-15 cells to investigate if the 
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susceptibility of BHK-21 cells compared to PK-15 cells was due to the lack of a Type 

I IFN response during FMDV infection in vitro. 3/515 (0.006 %) clones were genotyped 

as being homozygous for the deletion. Testing whether the cells were more 

susceptible to interferon-sensitive viruses compared to WT PK-15 cells, they were 

challenged with two strains of Influenza A Virus that are either IFN sensitive (NS1 

R38A/K41A) or not (PR8). Plaque assays showed that the NS1 R38A/K41A virus infected 

the Type I IFN GC-/- more readily when compared to WT cells whereas the PR8 virus 

showed no significant difference. These results suggest that these cells are more 

susceptible to interferon sensitive-viruses and that they could potentially be serially 

infected with viruses in order to obtain attenuated strains. 
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Lay Summary 

With the world population expected to reach 9.7 billion by 2050; food security is a 

growing concern. As animal protein is one of the most accessible proteins available 

to people in the developing world, reducing disease outbreaks in livestock is vital. 

Foot and Mouth Disease Virus (FMDV) causes a highly infectious disease of pigs, 

cattle, and sheep that costs the livestock industry between £5-16 billion globally each 

year. Current control strategies for FMDV are inadequate due to either the high costs 

involved or the level of management required to maintain protection. Recent 

breakthroughs in genome editing technologies, such as CRISPR-Cas9, has enabled 

efficient precise genetic modification of livestock species, which can be utilised for the 

introduction of novel disease resistance traits. However, in order to identify candidate 

genes for editing disease resistance, we first need to improve our understanding of 

how the virus infects its livestock host. This thesis explores how FMDV enters the cell 

as well as the role of host anti-viral responses during infection. 

As different strains of FMDV often show a preference for infecting a particular species, 

we were interested in investigating the cell surface proteins involved in FMDV entry 

in species that are considered to be resistant compared to those which are naturally 

infected. Our first approach was to attempt to genetically engineer human cell lines 

that lack the entry proteins and instead produce entry proteins from one of six different 

species. These cell lines could then be used to compare how efficiently FMDV binds 

to the entry proteins in these species. Secondly, genome editors were then used to 

introduce specific changes identified in the horse – a species considered to FMDV 

resistant – into the entry receptor of pig cells to investigate if these changes have a 

role in FMDV infection. Unfortunately, the pig cells that were used for these 

experiments are poorly infected by FMDV in culture, thus we also used genome 

editors to remove a large number of genes involved in the anti-viral immune response 

in attempt to improve FMDV infection efficiency in these cells. 

The work in this thesis shows that it is possible to use CRISPR-Cas9 to investigate 

viral infection. Although some of the work is currently incomplete due to technical 

difficulties, we have successfully developed multiple cell lines that can be used to 

study FMDV infection.
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1 Introduction 

1.1 Livestock farming and disease 

1.1.1 Domestication and livestock farming 

Mitochondrial deoxyribonucleic acid (DNA) analysis of man’s best friend, the dog, has 

estimated that domestication from its wolf ancestors began between 15,000-40,000 

years ago in Eurasia (Savolainen et al. 2002). The earliest archaeological evidence 

of domestication of dogs is 15,000 years old which is around the same period that the 

first evidence of plant cultivation has been found (Germonpré et al. 2009, Larson et 

al. 2014). These early domestication events would lead to the shift from the lifestyle 

of Homo sapiens as hunter-gatherers with temporary settlements to exploiting the 

lands and species around them in a way that allowed them to create permanent 

settlements.  

Early domestication of livestock species occurred throughout the Middle East, with 

sheep being the first livestock species to be domesticated approximately 11,000 years 

ago (MacHugh, Larson and Orlando 2017). Within a century, another three of the 

common livestock species bred today were domesticated in the Middle East in the 

shape of goats, cows, and pigs (Figure 1-1). Interestingly, a second, separate, 

domestication event of pigs occurred in China approximately 2,300 years later. Over 

15,000 years, 41 species of animals have been classified as a domestic species while 

a further 105 are either semi-domesticated, captive-bred or their domestication status 

is unclear.  

Over time, improvements in farming techniques led to increased productivity of 

livestock animals. An early improvement in farming occurred in the Middle Ages when 

rotation of pasture land was found to increase the quantity of meat and milk produced 

due to the increased availability of food. This led to the consumption of animal 

products increasing in relation to the increased productivity which, in turn, resulted in 

more land being cultivated to meet demand.  

Intensive farming gained popularity in the 19th century, with animals being kept largely 

indoors as farmland became more valuable for growing crops. Although intensification 

led to increased numbers of livestock, it also saw an increase in the prevalence of 

livestock diseases as infections were able to spread quickly between animals kept in 
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poorly-ventilated housing alongside large numbers of other animals. Today, intensive 

farming has led to farms that specialise on keeping large numbers of a single species 

that are bred for a specific purpose such as dairy or beef farms rather than keeping 

smaller numbers of multiple species. 

 

Figure 1-1 Domestication timeline. 

Timeline showing the domestication of key species using the earliest identified timepoints 

through either archaeological or genetic material (Savolainen et al. 2002, MacHugh, Larson 

and Orlando 2017). Colours denote the location that domestication took place in. 

1.1.2 Challenges in livestock farming 

By 2050, the global population is estimated to reach 9.7 billion people, which is 

approximately a 25% increase from the 7.7 billion estimated to be alive in November 

2018 by the United Nations (UN 2017). Although the population is believed to have 

steadily risen since 5000 BC (Worldometers 2018), the advent of the industrial 

revolution caused the population to begin to increase at a faster pace. Between 

1800-1927 the population had doubled to 2 billion despite the loss of life from World 

War I, and only 54 years later the population reached 5 billion (Figure 1-2a) 

(Worldometers 2018). This rapid growth in population has led to a pressure on 

agriculture to improve food security. 

In order to increase food production to meet demand, intensive farming practices have 

led to an increase in meat production from approximately 75 million tonnes in 1961 to 

over 300 million tonnes in 2013 (Ritchie and Roser 2018). Meat from pigs and 

chickens made up over 2/3 of the total amount of meat produced in 2013 with chickens 

being the highest producers (Figure 1-2b). The preference for pigs and chickens may 
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be due to the higher feed conversion rates associated with ruminants such as cows 

and sheep when compared to pigs and chickens. For example, cows require 

approximately 25 kg of feed to produce 1 kg of meat, while pigs and chickens require 

6.4 kg and 3.3 kg of feed per kg of meat produced respectively (Alexander et al. 2016). 

The large quantity of feed required means that, according to the Food and Agriculture 

Organisation (FAO), almost 80% of agricultural land is used to rear and provide feed 

for livestock.  

 

Figure 1-2 World population and Meat production. 

a) screenshot taken from Worldometers (2018) showing the worldwide population growth since 

1800-present and the forecasted population levels up until 2100 AD. b) screenshot taken from 

Ritchie and Roser (2018) showing the quantity (tonnes) of meat produced between 1961-2013. 

Figures are from dressed carcass weights and are broken down into what species the meat 

came from. 
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Due to the amount of land required to sustain livestock farming, levels of methane 

produced by the animals, and the ongoing destruction of habitats to increase 

production in the developing world, livestock farming has a high impact on the 

environment (Foley et al. 2005, Pradbre 2014). As climate change and extinction 

events are commonly referred to in news articles, finding ways to decrease the 

environmental impact associated with livestock farming has become increasingly 

important. This has led to research investigating the methods by which the animals 

are reared (Stanley et al. 2018) as well as utilising a range of approaches to improve 

feed-conversion rates (Ertl et al. 2015, Horodyska et al. 2017, Shah et al. 2016). 

Disease burden is one of the biggest risks to global food security and the economy. 

With large numbers of animals being kept in close proximity, infections such as bovine 

tuberculosis (TB), porcine reproductive and respiratory syndrome virus (PRRSV), and 

Foot and Mouth Disease Virus (FMDV) can spread quickly through the herd and 

globally cost billions of pounds through both the loss of animals and the development 

and implementation of prevention methods. 

1.1.3 Disease control methods 

Successful prevention of disease is important to limit the economic loss associated 

with illness as well as limiting the risk to human health from interaction with sick 

animals, the consumption of contaminated food products, through bites and 

scratches, or through insect vectors. With high density populations of people living 

together in cities and increasing numbers of people travelling both locally and globally, 

highly infectious zoonoses such as strains of Influenza A Virus (IAV), malaria, and 

Zika Virus are capable of spreading efficiently. As zoonotic diseases can be bacterial, 

viral, parasitic, or fungal in origin, control of a wide range of diseases in our food 

production animals is important to limit the risk of animal to human transmission. 

In farming, antibiotics are routinely used as a preventative measure and as treatment 

for animals with suspected bacterial infections. When treating sick animals, they may 

be used to treat an individual in cases where they are not easily passed onto others 

or to treat the herd during outbreaks of diseases such as bovine respiratory disease, 

where multiple animals may already be infected with the bacterium at the time of 

diagnosis (Taylor et al. 2010). Antibiotic use in farming accounts for 30% and 80% of 

antibiotics used in the UK and US each year respectively (Martin, Thottathil and 

Newman 2015, Responsible Use of Medicines in Agriculture Alliance 2018). With 

approximately 70% of the antibiotics used on food production animals overlapping 
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with those used in human medicine, there is a concern that the overuse of antibiotics 

in farming will contribute to antimicrobial resistance (Martin et al. 2015). As a result, 

antibiotics are being used more judiciously in UK agriculture, which has led to an 82% 

reduction in antibiotic use in poultry between 2012-2017, and a 50% reduction in pigs 

between 2015-2017 (Agriculture and Horticulture Development Board Pork. 2018, 

British Poultry Council. 2018). Although antiviral treatments are available, their use is 

not as widespread as the use of antibiotics. Instead, other control methods are 

commonly utilised such as vaccination and culling. 

The culling of infected animals is an effective way of controlling the outbreak of some 

diseases. With viruses such as FMDV, where a number of countries are labelled as 

being free from the disease, a viral outbreak is often treated by culling all the animals 

within the herd as well as animals on nearby land. Although this comes at a heavy 

cost to both the local and national economy, within countries like the UK it is made 

necessary due to export restrictions on meat that is positive for antibodies against 

FMDV. Culling is also often routinely carried out in the UK for cows that test positive 

for bovine TB, which resulted in over 44,000 cows killed in the 12 month period 

following June 2017 (Defra 2018). 

The first successful vaccine was discovered in 1796 by Edward Jenner, who observed 

that previous infection with cowpox virus offered protection against smallpox in milk 

maids. This led to the successful eradication of smallpox in 1980 which is currently 

the only virus that has been globally eradicated through the utilisation of vaccines. 

Vaccinations have proven to be an effective way of offering protection against a 

number of microbial infections in food production animals such as salmonella 

vaccines for poultry (Desin, Köster and Potter 2013), and vaccinations for cattle 

against bovine lungworm (Dictyocaulus viviparus) (Bain 1999) and bovine viral 

diarrhoea (BVD) virus (Bachofen et al. 2013).  

Vaccines are a biological agent that stimulates the adaptive immune response to 

provide long-term immunity against a specific pathogen. With viral vaccines, either 

live attenuated virus or dead “inactivated” virus are often used to stimulate the 

adaptive immune response. While effective, live attenuated viral vaccines against 

viruses such as PRRSV and poliovirus have been known to revert to virulent forms 

(Famulare et al. 2016, Nielsen et al. 2001). In contrast, inactivated viral vaccines are 

safer but usually illicit a weaker immune response. As the stability of inactivated 

vaccines tends to be higher than live attenuated vaccines, they are able to be stored 
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without refrigeration which is beneficial to countries in the developing world where 

cold chains are often inefficient (Liu et al. 2015, Sridhar, Brokstad and Cox 2015). 

The success of vaccination programs is dependent on a number of factors, including 

how quickly the virus mutates, the similarity of the antigenic regions between viral 

serotypes, and what percentage of the population is vaccinated. The greater the 

number of mutations within the antigenic structures of the virus, the lower the 

efficiency of the vaccine is likely to be since the memory T cells generated following 

vaccine delivery may not be specific enough to recognise the circulating strain (Duarte 

et al. 1994). When viruses have multiple serotypes that have highly variable antigenic 

regions, it can be challenging to find a vaccine that will offer cross-protection between 

the serotypes. In cases where effective vaccines with cross-protection have not yet 

been developed, it means that the population may need to be vaccinated against 

different serotypes on a regular basis to provide good levels of protection. Herd 

immunity is a well described concept in successful vaccine strategy: as the number 

of individuals within the population that is vaccinated increases, the probability of an 

unvaccinated individual within the population being infected decreases (Lyons et al. 

2016). 

More recently, disease control in livestock has been investigated through 

bioinformatic studies that search for qualitative trait loci (QTLs) that are predicted to 

offer resistance or resilience to disease. If a QTL is successfully discovered within the 

population then it is possible to selectively breed from these animals to increase the 

frequency of the QTL within the population in order to generate a population that is 

resistant or resilient to the disease. This method was successfully utilised at The 

Roslin Institute to select for a QTL in Atlantic salmon that is resistant to infectious 

pancreatic necrosis virus (Houston et al. 2008, Houston et al. 2010). However, with 

some diseases there are no identified QTLs for either resistance or resilience. In these 

situations, genetic engineering has previously been used to make transgenic chickens 

that are partially resistant to IAV. By using lentiviruses to introducing a synthetic 

short-hairpin ribonucleic acid (RNA) that acts as a decoy, the replication of IAV is 

disrupted through competitive binding of the IAV polymerase which, in turn, reduces 

the ability of IAV to transmit between animals (Lyall et al. 2011). 

The generation of transgenic animals can be effective in producing animals that are 

resistant to disease. However, there is a lot of resistance in accepting the production 

of transgenic animals as a food source through both governing bodies and the general 
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population. With the growing use of genome editors, which are capable of generating 

precise modifications to DNA, there is hope that gene edited animals such as 

PRRSV-resistant pigs could eventually be approved for use in food production 

(Burkard et al. 2018). 

1.2 Genome editors 

1.2.1 Cell repair mechanisms 

Mammalian DNA is continuously being damaged by an array of endogenous and 

exogenous reagents. This damage is counteracted through a number of DNA repair 

pathways which are capable of recognising and repairing a number of forms of DNA 

damage from double-strand breaks (DSBs) to the deamination of nucleotides. It is 

estimated that between 104-105 DNA lesions per cell are formed in mammalian 

genomic DNA (gDNA) every day (Lindahl and Barnes 2000). These lesions are 

caused by replicative errors, spontaneous decay, and cellular metabolism and are 

recognised and repaired by the cell’s DNA repair machinery (Saini 2015).  

There are five major DNA damage response pathways that are active in replicative 

cells: base excision repair (BER); nucleotide excision repair (NER); mis-match repair 

(MMR); non-homologous end-joining (NHEJ); and homology-directed repair (HDR). 

Each pathway is responsible for the recognition and repair of specific forms of DNA 

lesions or is preferentially used as a repair mechanism in certain phases of the cell 

growth cycle. For example, NHEJ and HDR both are involved with the recognition of 

DSBs in the DNA, however, HDR machinery is preferentially utilised in the late S-G2 

phase of the cell cycle (Takata et al. 1998). While the other repair mechanisms are 

capable of “scar-free” repairs to the genome, NHEJ often leaves a marker in the gDNA 

where repairs have occurred through the formation of insertion or deletion events 

(indels) around the break site. As these pathways help to maintain the stability of 

gDNA through limiting the rate at which mutagenesis occurs, the disruption or 

dysregulation of one or more of these pathways promotes the progression of cancers. 

1.2.1.1 Base excision repair pathway 

BER detects damage to single bases in the forms of deamination, alkylation, abasic, 

and oxidative damage. Although these forms of damage are unlikely to cause 

significant distortion to the alpha helix structure of DNA, they can impact on the 

stability of the helix and block DNA replication and transcription from occurring 

(Dahlmann, Vaidyanathan and Sturla 2009). BER machinery is usually active 
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throughout the G1 phase of the cell cycle where chromatin remodelling allows the 

BER proteins to recognise and access the lesions (Chaudhry 2007, Hinz and Czaja 

2015). Excision of the base is carried out by DNA glycosylases that cleave the 

N-glycosylic bond between the target base and deoxyribose. The cleavage site 

releases a free base while leaving an apurinic/apyrimidinic (AP) site that signals for 

the nucleotide to be exchanged (Krokan, Standal and Slupphaug 1997). 

1.2.1.2 Nucleotide excision repair pathway 

While BER recognises small lesions to the DNA, NER recognises bulky covalent 

modifications of DNA known as adducts that thermodynamically destabilise the DNA 

duplex (Gunz, Hess and Naegeli 1996). These DNA adducts are common products 

of DNA damage caused by UV or interactions with carcinogens. There are two forms 

of NER: the global genome (GG) NER, and the transcription-coupled (TC) NER. As 

the name suggests, GG NER machinery is able to detect DNA adducts anywhere 

within the genome while TC NER activity is controlled by RNA polymerases where 

they repair lesions within the transcribed strand of active genes. Although NER is 

active throughout multiple phases of the cell cycle, different polymerases and ligases 

are enlisted at different stages of the cell cycle (Schärer 2013).  

1.2.1.3 Mismatch repair pathway 

An evolutionarily conserved pathway in both eukaryotes and prokaryotes, the MMR 

machinery recognises the base-mismatches and insertion-deletion loops that often 

occur during replication due to strand slippage events within repetitive sequences 

(Arana and Kunkel 2010, Kunkel 2009). By repairing single base-pair mismatches that 

occur during replication the MMR pathway increases replication fidelity between 

50-1000-fold (Hsieh and Yamane 2008). Alongside its role in DNA repair, MMRs also 

play important roles in other cell processes including DNA damage signalling (Stojic, 

Brun and Jiricny 2004), apoptosis signalling (Hickman and Samson 1999, Negureanu 

and Salsbury 2012), and mitotic and meiotic recombination (Evans and Alani 2000). 

In the absence of MMR, these small replication errors accumulate within repetitive 

sequences and ultimately result in a reduction or increase in length within the region 

which can cause a predisposition to certain types of cancer such as colorectal and 

endometrial carcinomas (de la Chapelle and Hampel 2010, Kim, Laird and Park 

2013). 
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1.2.1.4 Non-homologous end-joining pathway 

DSBs are one of the most dangerous forms of DNA lesion. When inappropriately 

repaired they can cause genomic instability, while failure to be repaired at all can lead 

to cell senescence or apoptosis (Kaina 2003, Noda et al. 2012, van Gent, Hoeijmakers 

and Kanaar 2001). NHEJ and HDR are the two major repair pathways of DSBs, with 

NHEJ being responsible for the majority of the repairs taking place. Active throughout 

the cell cycle, the NHEJ machinery is capable of preparing any form of broken DNA 

end for direct strand ligation (Davis and Chen 2013). Repair by NHEJ often leads to 

indels that may lead to loss of protein function if the DSB occurs within a gene through 

the occurrence of frame-shift mutations (Heidenreich et al. 2003, Mali et al. 2013b). 

The first stage to NHEJ repair begins with the recognition of DSBs by the Ku 

heterodimer that consists of a Ku70 and a Ku80 subunit (Fell and Schild-Poulter 

2015). The subunits mainly differ in the function of their carboxy-terminal domain, with 

Ku70 being involved in DNA binding while the carboxy-terminal domain on Ku80 

facilitates protein-protein interactions that aid in the formation of the NHEJ complex 

(Aravind and Koonin 2000, Gell and Jackson 1999). Due to Ku70 binding to the sugar 

backbone of DNA rather than the bases directly, the Ku heterodimer is capable of 

binding to DNA in a sequence-independent manner. Because of their high affinity for 

DNA ends and being highly concentrated in cells, the Ku heterodimer has been 

observed to localise to laser-generated DSBs within seconds of the break occurring 

(Blier et al. 1993, Davis and Chen 2013, Mari et al. 2006).  

The speed at which Ku localises and binds to the DNA is important in preserving the 

ends of the DSB to prevent degradation from occurring (Mimitou and Symington 

2010). As a result, Ku often binds to DSBs before the repair pathway being utilised to 

mend the break has been determined. During NHEJ, Ku acts as a scaffold for the 

other NHEJ factors including DNA-dependent protein kinase, catalytic subunit 

(DNA-PKcs), X-ray cross-complementing protein 4 (XRCC4), DNA ligase IV, and 

XRCC4-like factor (XLF). The order in which the factors are recruited to the complex 

appears to be flexible, with some members not always being required for repair to 

occur, suggesting that the complex configuration may be dependent on the type of 

DSB being repaired (Reynolds et al. 2012).  

DNA-PKcs forms a DNA-PK complex with the DNA which mediates its interaction with 

the Ku heterodimer (Gottlieb and Jackson 1993). This interaction is thought to be 

important in the formation of a synaptic complex that holds the ends together while 



 

10 
 

the XRCC4-XLF heterodimer bridges the gap to allow DNA Ligase IV to repair the 

lesion (Andres et al. 2012, Hammel et al. 2010). Mending of the DSB through DNA 

Ligase IV requires a heterodimer to be formed between itself and XRCC4 

(XRCC4-Ligase IV) prior to interacting with Ku. The interaction between Ku and 

XRCC4-Ligase IV directs recruitment of NHEJ factors to the break site which are 

capable of processing the DNA ends into a form that DNA Ligase IV can ligate 

together to mend the DSB (Kusumoto et al. 2008, Mahajan et al. 2002). Once ligation 

has occurred, Ku80 is polyubiquitylated to mediate the dissociation of Ku from the 

DNA and target it for degradation by proteasomes (Ishida et al. 2017, Postow et al. 

2008). 

1.2.1.5 Homology-directed repair pathway 

Unlike NHEJ which is active throughout the cell cycle, HDR is only active in the late 

S/G2 phase where it competes with the NHEJ pathway (Takata et al. 1998). In order 

to repair DSB, HDR requires a template that is homologous to the region being 

repaired and will only occur on DSBs where the 5’ of the break ends have been 

resected (Kass and Jasin 2010, Symington and Gautier 2011). Resection generates 

a 3’ single stranded DNA (ssDNA) that serves two functions: acting as a substrate 

that allows invasion by Rad51 recombinase filaments, and acting as a primer that can 

be used to repair the break by DNA polymerase δ or DNA polymerase η. The 

polymerisation of Rad51 on the 3’ ssDNA forms a highly ordered right-handed helical 

protein filament which is mediated by DNA repair associated Breast cancer 2 

(BRCA2) and allows the template to interact with the broken DNA ends forming the 

strand invasion intermediate (D-loop) (Rajendra and Venkitaraman 2010, Reymer et 

al. 2009, Short et al. 2016). This allows the polymerase to read off the 5’ strand of the 

template during repair rather than the damaged DNA to mend the template fully. 

As it is a highly specific repair mechanism, HDR is commonly exploited to generate 

precise changes to the genome when using gene editing technologies such as zinc 

finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and 

clustered regularly interspaced short palindromic repeat – CRISPR-associated 

nuclease (CRISPR-Cas). 

1.2.2 History of genome editors 

Genome editors are a group of targeted nucleases that are capable of generating a 

break or nick at a specific region of the DNA. There are four main types of genome 

editors in use today: meganucleases, zinc finger nucleases (ZFNs), transcription 
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activator-like effector nucleases (TALENs), and clustered regularly interspaced short 

palindromic repeat - CRISPR associated nuclease (CRISPR-Cas). 

The DNA targeted by genome editors are recognised by the damage response 

mechanisms and repaired by either NHEJ or HDR. By using plasmids or 

single-stranded oligodeoxynucleotides (ssODNs), the HDR pathway can be exploited 

to generate specific changes in the nucleotide sequence as accurately as to a single 

nucleotide (Chen et al. 2011a). Alongside the ability to make singular changes to the 

genomic sequence, it has also been shown to be possible to introduce multiple 

changes throughout the gDNA through a process called multiplexing (Cong et al. 

2013, Tothova et al. 2017, Zhang et al. 2016) or to create multiple double strand 

breaks (DSBs) on the same chromosome in order to mediate larger deletions within 

the genome (Chen et al. 2011a, Cong et al. 2013). Recent developments in gene 

editing technology have made them cheaper and easier to use. 

The first nucleases to be utilised in gene editing applications were the meganucleases 

(Smith et al. 2006). Split into five families based on their sequences, meganucleases 

appear to have no purposeful role within the host, but the most well studied family, 

LAGLIDADG, function either as an RNA maturase that splices its own introns or as a 

highly-specific endonuclease that splices its own exon-exon boundaries (Heath et al. 

1997, Orlowski, Boniecki and Bujnicki 2007). Despite showing promising results in 

recombination rates, the use of meganucleases as gene editors has not been widely 

adopted due to difficulties in understanding how the meganuclease protein residues 

correspond in their specificity towards the targeted DNA sequence. The issues 

caused by the lack of knowledge in regards to target specificity meant that the use of 

meganucleases as gene editors was superseded by ZFNs. 

First described in the transcription factor IIIA in Xenopus, the Cys2-His2 zinc finger 

domains are one the most common DNA-binding motifs found in eukaryotes. Each 

zinc-finger is 30 amino acids in length which form a conserved configuration of two 

β-sheets followed by an α-helix (Lee et al. 1989, Miller, McLachlan and Klug 1985). 

As residues on the α-helix are responsible for interacting with 3-4 base pairs in the 

DNA, changes to the alpha-helix amino acid sequence allows the zinc fingers to 

interact with different nucleotide sequences (Huang et al. 1996a). ZFNs are a fusion 

of zinc-finger domains that recognise a 18-36 base pair (bp) sequence linked to a 

non-specific DNA cleavage domain of the FokI restriction endonuclease (Figure 1-3a) 

(Beerli and Barbas 2002, Kim, Cha and Chandrasegaran 1996, Segal et al. 2006). As 
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FokI is an obligate dimer, two ZFN monomers are required to interact through an 

inverted tail-to-tail orientation of the FokI domains to induce a DSB in the genome 

(Mani et al. 2005, Vanamee, Santagata and Aggarwal 2001). 

This ability of ZFNs and, more recently, TALENs to recognise a large number of 

specific DNA sequences makes them a lot more versatile as gene editors. Although 

TALENs also employ the FokI cleavage domain they are very different gene editing 

systems. They make use of naturally occurring DNA recognition proteins from the 

plant pathogen Xanthomas called transcription activator like effector proteins (or 

TALEs) (Bonas, Stall and Staskawicz 1989). These TALEs contain a series of 33-35 

amino acid repeat domains where each repeat domain recognises a single base pair. 

The specificity of each TALE is conferred by the repeat-variable di-residues (RVDs), 

which are two hypervariable amino acids that interact with the nucleotide sequence 

(Deng et al. 2012, Mak et al. 2012) (Figure 1-3rreb). By linking modular TALEs 

together, the FokI endonuclease can be directed towards a contiguous DNA 

sequence. Similar to ZFNs, a pair of TALENs must dimerize through the FokI 

nuclease in order to induce a DSB at the target site (Christian et al. 2010). 

Although ZFNs are highly specific gene editors, the time, money, and expertise 

required to create specific guides using these methods make them inaccessible to 

most researchers. Despite the ease of use and cost-effectiveness of TALENs 

compared to ZFNs, CRISPR-Cas9 has quickly become the most popular gene editing 

technology due to it being both easier to manipulate, and cheaper than the previous 

classes of genome editors (Table 1-1).
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Table 1-1 Comparison of genome editors 

A comparison of the main features of ZFNs, TALENs and CRISPR/Cas9. 

SpCas9 – Streptococcus pyogenes Cas9. 

1.2.3 CRISPR-Cas9 

In 1987, Ishino et al discovered an unusual repetitive element downstream of the iap 

gene in E. coli. The repeats were 29 nucleotides long and were interspaced with five 

intervening non-repetitive sequences that were 32 nucleotides in length. Thirteen 

years later, these interspaced repeat sequences were eventually classified as a family 

of clustered repeat elements found in over 40% of bacteria, and 90% of 

archaebacteria which would later be named CRISPRs (Jansen et al. 2002, Mojica et 

al. 2000). 

Shortly after classification, several genes that were proximal to the CRISPR elements 

were identified as Cas genes (Jansen et al. 2002). These loci would later be classified 

into three different types of CRISPR system (Types I-III) (Haft et al. 2005, Makarova 

et al. 2011). By forming complexes with a short guide RNA (crRNA), the Cas proteins 

encoded for by the loci can recognise and target specific nucleic acid sequences 

(Barrangou et al. 2007, Brouns et al. 2008, Hale et al. 2009). Studies into the potential 

function of the CRISPR elements and their associated proteins identified a link 

between the spacer sequences and regions within phage genomes (Bolotin et al. 

2005, Mojica et al. 2005, Pourcel, Salvignol and Vergnaud 2005). At the same time, 

Bolotin et al (2005) discovered that a protospacer-adjacent motif (PAM) sequence 

was required by Type II Cas nucleases to direct the DNA cleavage of invading 

phages. The PAM sequence required is highly dependent on the Cas variant. For 

example, an -NGG PAM is required for cleavage by Streptococcus pyogenes Cas9 

  ZFNs TALENs CRISPR-Cas9 

Origin Eukaryotic Prokaryotic Prokaryotic 

Nuclease FokI FokI Cas9 

DNA targeting Zinc finger domains  TALE proteins  sgRNA  
Protein-DNA Protein-DNA RNA-DNA  
3-4 nucleotides 
/zinc finger 

1 nucleotide /TALE 1 nucleotide /1 
nucleotide 

Target site length 18-36 30-40 18-20 

Coding sequence 
length 

~1kb x2 ~3kb x2 Cas9       4.2 kb 
sgRNA 0.1 kb 

Targeting 
restrictions 

G-rich Starts with T and 
ends with A 

PAM required    
(NGG for SpCas9) 

Cost High Low Low 

Ease of use Difficult Easy Very easy 



 

14 
 

whereas a PAM motif for Cas9 from S. thermophilus is –NNAGAAW (Mojica et al. 

2009). The way that the Cas9 nucleases were targeted to the DSB region remained 

a puzzle until 2011, when it was discovered that a non-coding trans-activating crRNA 

(tracrRNA) was able to hybridise with the crRNA in order to guide the Cas9 nuclease 

to the target site (Deltcheva et al. 2011). 

By fusing the tracrRNA to the crRNA to create a single guide RNA (sgRNA) it became 

possible to target specific genomic sites with only two components, the Type II Cas9 

protease and a sgRNA (Jinek et al. 2012). The first studies exploring the use of 

engineered Type II CRISPR systems as gene editing technologies in mammalian cells 

appeared in 2013 (Cong et al. 2013, Mali, Esvelt and Church 2013a). These designed 

sgRNAs would target a specific sequence in the target genome and direct the Cas9 

nuclease to cleave 3 nucleotides downstream from the PAM site (Figure 1-3c). 

 

 

  

Figure 1-3 Genome editors. 

a) Adapted from Kim et al (2014). Shows the binding of a pair of ZFNs to its target DNA 

sequence. Each FokI nuclease generates a single nick in the DNA generating a double strand 

break at the target site b) Adapted from Kim et al (2014). Shows the binding of a pair of 

TALENs to its target DNA sequence. Each FokI nuclease generates a single nick in the DNA 

generating a double strand break at the target site c) shows the CRISPR-Cas9 gene editing 

system and the host cell repair mechanisms that gene editors exploit. The sgRNA in 

CRISPR-Cas9 interacts with the complementary sequence in the host genome to direct the 

Cas9 nuclease. The nuclease generates a double strand break 3 bases upstream from the 

PAM motif. The hosts cell repair mechanism recognises the break in the DNA and repairs it 

through one of two pathways: NHEJ or HDR. NHEJ often causes a random insertion or 

deletion at the site of the double strand break that can lead to loss of function within the protein 

whereas HDR uses a homologous template to try and repair the gene to the original sequence. 

HDR can be exploited by introducing a template with desired sequence changes to create a 

cell or animal line with specific insertions, deletions, or nucleotide changes of interest. 
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1.2.3.1 CRISPR-Cas9 recruitment and activity 

As previously described, the CRISPR Cas9 complex consists of a Cas9 nuclease and 

a guide RNA. The guide RNA can either be a sgRNA, or a crRNA and tracrRNA 

complex (Deltcheva et al. 2011, Jinek et al. 2012). The crRNA is made up of an 18-20 

nucleotide-long spacer region at the 5’-end while the 3’-end contains a piece of the 

CRISPR repeat sequence that allows base pairing to occur between the crRNA and 

the tracrRNA (Deltcheva et al. 2011). This pairing maturates the crRNA and allows it 

to interact with and direct the Cas9 nuclease through interaction between the 3’-end 

of the tracrRNA and the Cas9 nuclease. 

The Cas9 nuclease is a bilobed protein that is 1369 amino acids in length. The two 

lobes that form the Cas9 are the alpha-helical recognition (REC) lobe and the 

nuclease (NUC) lobe. The REC and NUC lobes are linked together by an arginine-rich 

helix as well as a disordered linker located between the 712 and 717 amino acid 

residues. The REC domain contains three alpha-helical domains names Hel I-III 

which are involved in binding to the sgRNA and inducing large conformational 

changes to form an active CRISPR-Cas9 complex (Figure 1-4) (Jinek et al. 2014). 

As the name suggests, the NUC lobe contains the two active endonucleases of Cas9: 

the histidine-asparagine-histidine-like (HNH) nuclease that is named after its 

characteristic residues, and the RuvC nuclease that is named after the RuvC protein 

identified in Escherichia coli (Jinek et al. 2014). The HNH nuclease cleaves the 

complementary target strand of the DNA while RuvC cleaves the off-target strand 

(Chen, Choi and Bailey 2014b). Generation of Cas9 with two mutations at D10A within 

the RuvC domain and H840A in the HNH domain leads to expression of dead Cas9 

(dCas9). Although dCas9 exhibits no endonuclease activity, its ability to bind to DNA 

is retained (Qi et al. 2013). 

The third domain of NUC is the C-terminal domain (CTD) which plays a role in 

interacting with the PAM during targeting. In Cas9s inactive state, the CTD is 

disorganised to prevent endonuclease activity occurring when inactive Cas9 binds 

non-specifically to DNA. However, once bound to a guide RNA, the CTD undergoes 

large conformational changes that allows PAM interrogation to occur (Jinek et al. 

2014). 

Once in its active state, the Cas9 complex scans the DNA for the PAM sequence and 

hybridises to it (Sternberg et al. 2014). Once recognised, the complex triggers for local 
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DNA melting to occur so that the guide RNA can invade the strand (Sternberg et al. 

2014, Szczelkun et al. 2014). RNA invasion allows for the sgRNA to hybridise to the 

DNA in order to check for sequence complementarity. During hybridisation, the 

nucleotides 10-12 bases from the 3’ end of the spacer region are the most important 

in determining target specificity in S. pyogenes Cas9. Mismatches within this region 

severely impair binding and cleavage when compared to mismatches at other 

positions of the spacer sequence (Semenova et al. 2011, Wiedenheft et al. 2011). 

Once an RNA-DNA hybrid with sufficient spatial complementarity is found, the 

PAM-guide RNA heteroduplex lies in a positively charged groove located between the 

NUC and REC lobe while the RNA-DNA heteroduplex is cleaved by HNH and RuvC 

three bases upstream from the PAM (Jiang et al. 2016a). After the DNA is cleaved, 

the Cas9 remains tightly bound to the DNA until it is displaced by other cellular factors 

(Sternberg et al. 2014). 
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Figure 1-4 Cas9 nuclease conformation. 

The Cas9 nuclease in its unbound conformation as well as the conformation formed by the 

Cas9 nuclease when complexed to a sgRNA. 

1.2.3.2 Other applications of CRISPR-Cas9 

Since the first reports of CRISPR-Cas9 being an efficient, programmable genome 

editor its use in research has increased dramatically. Researchers have developed 

many innovative applications for the tool – from directly editing the genome to using 

it to control transcription levels of other genes (Gilbert et al. 2013, Qi et al. 

2013) – proving it to be a highly versatile and useful addition to the genetic toolbox. 

Qi et al (2013) generated a Cas9 nuclease with mutations that silenced the nuclease 

activities of RuvC1 and the HNH domains to catalytically inactivate it while retaining 

its ability to bind sgRNAs. This inactive form is referred to as dead Cas9 (dCas9) and 

can be fused to proteins to elicit a range of responses, including the activation or 
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repression of genes. Kruppel associated box (KRAB) was the first described protein 

to be used to silence transcription activation (Gilbert et al. 2013) while tetrameric viral 

protein (VP)16 can be used to activate gene expression (Maeder et al. 2013, 

Perez-Pinera et al. 2013). By replacing the protein that is fused to the Cas9 with a 

different transcription factor or complexing it with others, it is possible to alter the 

potency of the transcription activation or interference (Dominguez, Lim and Qi 2016). 

However, despite usually transiently affecting expression, these transcription factors 

can leave inheritable genetic marks upon the genome which can be undesirable 

(Amabile et al. 2016). 

Other described applications of dCas9 includes the modification of epigenetic markers 

using fusion proteins such as DNA Methyltransferase 3 Alpha (DNMT3A) which 

transiently targets and methylates DNA (Liu et al. 2016, Vojta et al. 2016) or 

ten-eleven translocation 1 (TET1) which demethylates DNA by converting 

5-methyl-Cytosines (5mCs) to 5-hydroxymethyl-Cytosines (5hmCs) (Liu et al. 2016, 

Liu et al. 2018). By fusing dCas9 to positive-regulatory domain-containing protein 9 

(PRDM9) (Cano-Rodriguez et al. 2016), Lysine-specific histone demethylase 1A 

(LSD1) (Kearns et al. 2015), p300 (Hilton et al. 2015), or histone deacetylase 3 

(HDAC3) (Kwon et al. 2017) it is possible to methylate, demethylate, acetylate, and 

deacetylate histones respectively in order to modify the architecture of DNA. 

As there is hope that CRISPR-Cas9 and dCas9 can be used therapeutically, it is 

important that the activity can be finely controlled. To achieve this, researchers have 

developed drug-tuneable versions of Cas9 that will only be active in the presence of 

activating molecules in a concentration-sensitive manner (Kleinjan et al. 2017). Not 

only will this lead to fine-tuning of the activity level of Cas9 within cells, it can also be 

utilised to target activity within specific tissues to ensure that activity is occurring 

locally rather than systemically to try and avoid unnecessary off-target events from 

occurring. In 2014, Shalem et al developed a human genome-scale CRISPR-Cas9 

knockout (GeCKO) library as a tool for interrogating gene function on a genome-wide 

scale. Although initial studies investigated the roles of genes in cell viability in both 

cancer and pluripotent stem cells, it has also been used to investigate drug 

interactions with cellular proteins (Shalem et al. 2014). More recently, reports have 

been published of its use in investigating host-pathogen interactions with IAV in 

humans (Han et al. 2018), suggesting that it may be a highly useful tool in identifying 

targets for drugs or even gene editing in livestock. The potential for this tool means 
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that there are many groups working towards the development of GeCKO libraries for 

various food production animals, in the hope that it can help us to develop new 

prevention strategies for economically important livestock diseases such as FMDV. 

1.2.4 Gene edited livestock 

The path leading towards gene edited livestock began in 1985, when the first report 

of successful pronuclear injection (PNI) in rabbits, pigs, and sheep was published 

(Hammer et al. 1985). However, due to the low efficiency associated with the method 

and the issues in variable gene expression that are associated with random 

integration meant that there was a need for more robust methods of generating 

transgenic livestock. 

The advent of a more efficient method of producing transgenic livestock occurred 

13 years after PNI was reported, when oncoretroviruses were utilised as a method for 

generating transgenic cows (Chan et al. 1998). However, their use was short-lived as 

there were notable issues with silencing of the transgene in offspring bred from the 

founder animals. These issues were overcome with the utilisation of lentiviruses to 

deliver the transgene. Reports by Whitelaw et al (2004) described the use of a virus 

derived from equine infectious anaemia virus (EIAV) as a delivery system to generate 

pigs that expressed green fluorescent protein (GFP). Of 40 piglets born, 35 of them 

expressed GFP which was higher than reported efficiencies for the oncoretrovirus 

delivery system.  

Although this method was efficient and robust, it still had limitations since lentiviruses 

could only package cargo up to 8 kb in length. As a result, transposon technology 

became popular as it not only allowed for larger genes to be inserted into the genome, 

but also allowed for the delivery method to be viral-free (Jakobsen et al. 2011). 

While the previously described systems all dealt with the insertion of genes into an 

animal system, gene targeting by HDR allowed for both disruptions and insertions into 

the genome. However, initial attempts at this were largely inefficient in mammalian 

cells and, at first, required selective markers to increase the efficiency. As marker 

genes are often undesirable, a Cre-recombinase system was later developed that 

would drive HDR while allowing for the removal of marker genes (Nagy, Mar and 

Watts 2009). 

Due to the lack of robust embryonic stem cells (ESCs) for livestock, gene targeting to 

generate transgenic livestock is instead performed in primary cells. The nuclease is 
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taken from cells that are positively-selected for the editing event and implanted into a 

enucleacted oocyte using the method that was made famous by Dolly the sheep: 

somatic cell nuclear transfer (SCNT) (Wilmut et al. 1997). 

The generation of transgenic livestock was largely limited to generating animals that 

were useful in biomedicine, including xenotransplantation, and modelling of human 

diseases. As there is public resistance against the introduction of transgenic animals 

into the food production industry, utilisation of these technologies for food production 

purposes was not widely carried out.  

Since the first report of livestock edited by ZFNs being successfully produced by 

SCNT in 2011 (Whyte et al. 2011, Yang et al. 2011), over 300 gene edited livestock 

models have been generated using ZFNs, TALENs, and CRISPR-Cas9 (Tan et al. 

2016). These animals have been produced using either SCNT (Whyte et al. 2011) or 

cytoplasmic injection (Lillico et al. 2013) as a delivery system for the gene editors, and 

have produced animals with both NHEJ (Lillico et al. 2013) and HDR events (Tan et 

al. 2012) as well as deletions (Burkard et al. 2018) and insertions (Wu et al. 2015) into 

the genome. Alongside the production of livestock for biomedical purposes such as 

xenotransplantation (Hauschild et al. 2011, Li et al. 2015), disease models (Tan et al. 

2012), and bioreactors (Liu et al. 2013); genome editors have been utilised in the 

production of animals in the attempt to enhance productivity (Proudfoot et al. 2015), 

or generate resistance to diseases such as PRRSV (Burkard et al. 2018). 

The relative ease and speed in which CRISPR-Cas9 can generate edited cell lines 

and animal models has shown great promise for use in research and industry for a 

number of applications, including the creation of livestock lines that are resistant to 

common diseases. This is particularly important in diseases that have a large impact 

on the economy, such as FMDV. 
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1.3 FMDV 

1.3.1 Disease prevalence and economic impact 

Foot and Mouth Disease (FMD) is a highly infectious disease of even-toed ungulates 

such as cattle, pigs and sheep. Caused by Foot and Mouth Disease Virus (FMDV), a 

member of the family Picornaviridae, the annual global cost of the disease is 

estimated to be around $5 billion, making it an economically important disease 

worldwide. 

Although the majority of Europe is classified by the World Organisation of Animal 

Health (OIE) as being free from FMD (Figure 1-5a), outbreaks of the disease from 

sources such as contaminated feeds, imported meat, and breaches within the 

biosecurity of facilities handling FMDV, can have severe financial consequences. For 

example, the 2001 outbreak of FMD is thought to have cost up to £8 billion and led to 

the destruction of an estimated 6 million animals. 

Currently, FMDV is prevalent throughout most of the developing world, with many 

countries in Africa, the Middle East, and Asia being endemic for the disease (Figure 

1-5a). This means that the greatest cost burdens are covered by the poorest countries 

(Figure 1-5b), who heavily rely on the livestock they produce to feed the population. 

Further financial difficulties come from trade restrictions that prevent the export of 

produce to countries that are already free from FMDV and causes governments to 

look for effective control strategies.  
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Figure 1-5 FMDV prevalence. 

a) shows the FMDV disease status of countries from January-July 2014 as reported to the OIE 

b) shows the predicted prevalence of FMDV in countries that are not wholly free from the virus 

in relation to the distribution of livestock populations (adapted from Sumption et al. 2008). 

1.3.2 Pathology and host range 

FMDV has been observed to infect over 100 different mammalian species either 

naturally or experimentally, including members of the order rodentia such as the 

guinea pig (Cavia porcellus) and the brown rat (Ratticus norvegicus) (reviewed by 

Weaver et al. 2014). Although the majority of animals outside of the order Artiodactyla 

are unable to transmit the virus on to others, reports have been made that some, such 

as the Asiatic black bear (Ursus thibetanus) are both highly susceptible to FMDV and 

infectious to others (Officer et al. 2014). 
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The ability of FMDV to persistently infect a wide range of species for varying periods 

of time post infection allows the renewed outbreak of disease into areas where it has 

been previously eradicated. This usually occurs due to the spread of infection either 

from a contaminated object, or through transmittance from one susceptible species to 

another via common water sources and grazing areas. In Southern Africa, Cape 

buffalo (Syncerus caffer) are thought to play a large role in the spread of FMDV, as 

the virus has been recorded to persist within a herd for at least twenty years (Condy 

et al. 1985). 

By analysing the viral RNA, it is possible to identify both the serotype and subtype of 

the FMDV during an outbreak by comparing sequence homology. There are 

7 recognised FMDV serotypes that have been identified – O, A, C, Asia-1, South 

African Territories (SAT) 1-3. The serotypes O and A are the most widespread 

throughout the globe, with Asia-1 and the three SAT serotypes being more 

geographically restricted (Table 1-2). The homology observed between 

these serotypes is around 60-70% and they can be easily differentiated from each 

other through the use of diagnostic tests such as ELISA and polymerase chain 

reaction (PCR) (Robson, Harris and Brown 1977). By analysing the most variable 

structural protein, viral protein (VP) 1, with reverse transcriptase PCR (RT-PCR), 

the subtype can be identified and used to track the infection to its original source 

(Letshwenyo, Mapitse and Hyera 2006). 

1.3.3 Control methods 

The strategies in place for controlling FMDV vary in their success. In the majority of 

Europe and North America, that have a free from FMDV status, the use of vaccines 

is used to limit further spread during an outbreak, followed by the destruction of all the 

vaccinated animals as well as those that may have been in contact with the virus. 

Although a highly effective method, the economic loss is extremely high and not 

practical to be carried out in the developing world where the affected livestock is the 

main food source for the community. 

Instead, vaccination programmes can be employed to try and eradicate FMDV from 

that region with widely different success rates. They can be quite successful; however, 

these programmes take a long time to develop good protection from FMDV and 

requires a lot of co-operation between different regions to be effective. 
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The co-operation and co-ordination between different regions is vital in vaccination 

programmes, as can be seen by the progress made in South America. The 

vaccination programme began in the 1960’s, with very little initial success until the 

OIE formed a committee to help all the countries to co-ordinate their vaccination 

regimes. Once regions started to see FMDV disappear from certain areas however, 

the number of vaccinated animals began to fall and caused a setback in areas of 

Brazil and Argentina when FMDV was reintroduced into the region. The progress 

made within South America can be seen in Figure 1-5a, where the vast majority of 

South America has been awarded either a status of being free from FMDV or a status 

of having one or more zones free from FMDV by the OIE. 

The importance of co-ordination in vaccination programmes comes from the fact that 

vaccines have very little cross-protection against the different FMDV serotypes. As 

more than one serotype tends to be circulating within the same region (Table 1-2), if 

one serotype is being vaccinated against and an outbreak of a second serotype 

occurs, the new serotype spreads as quickly within the vaccinated animals as it does 

in unvaccinated ones. However, as these outbreaks tend to occur in waves throughout 

the region, it is possible to vaccinate animals with the newly emerging serotype before 

it spreads too far if the response time is quick enough. 

Table 1-2 Geographical distribution of the FMDV serotypes. 

Serotype Distribution 

O South East Asia, South Asia, Western Eurasia, Middle 
East, East/West/Central Africa, South America 

A South East Asia, South Asia, Western Eurasia, Middle 
East, East/West/Central Africa, South America 

C Not observed outside of laboratories since 2005/6 

SAT-1 East/West/Central/Southern Africa 
SAT-2 East/West/Central/Southern Africa 
SAT-3 Southern Africa 

 

The current FMDV vaccines are binary ethyleneimine inactivated FMDV viruses. Due 

to the vaccines lack of cross protection between the serotypes, large libraries of 

vaccines are produced and stored in liquid nitrogen to allow a quick response in 

vaccine distribution during outbreaks. Although there is a cumulative effect on 

protection when cattle are challenged with multiple serotypes of virus (Cottral and 

Gailiunus 1972), the same effect has not been observed when multiple vaccines are 

administered (Black et al. 1986, Waters et al. 2018). However, the range of protection 
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can be broadened by increasing the potency of the vaccine (Brehm et al. 2008, 

Nagendrakumar et al. 2011). 

In order to produce chemically inactivated FMDV vaccine, large quantities of virus 

must be produced in high containment facilities. Due to the high mutation rate of the 

virus, the viruses in production must also be constantly adapted in order to match 

those currently in circulation. Once the vaccine is administered, there has been an 

observed delay in protection of 4-21 days where the animal can still be infected with 

FMDV (Cox and Barnett 2009, Parida 2009). Full protection from the day of 

vaccination could be achieved if the vaccine is co-administered with adenovirus 

expressing interferon-α (Chinsangaram et al. 2003). However even with full 

protection, the vaccine is only effective for 4-6 months (Parida 2009), and FMDV 

remains capable of persistently infecting the pharynx epithelium in over 50% of 

immunised cattle (Kitching et al. 2007), making more effective vaccines an important 

topic of FMDV research. 

One of the most frequent reasons for vaccination failure is due to antigenic 

mismatching of the vaccine resulting from antigenic drift of the field virus caused by 

the high mutation rate of FMDV (Mahapatra et al. 2016). As a result, at the time of 

outbreak, the strain must be identified by matching tests where animals are 

vaccinated then either challenged with the field strain of virus, or by measuring the 

cross-reactivity between the antibodies produced by the vaccine and the virus strain 

present in the serum of infected animals (Maradei et al. 2013, OIE 2000). By 

sequencing the field virus strain in combination with the matching tests, it is possible 

to establish predictive models that will allow the rapid selection of suitable viral strains 

to be produced as vaccines (Rahman et al. 2015, Reeve et al. 2010, Reeve et al. 

2016). 

Although culling is a much more effective strategy than the current vaccines for FMDV 

outbreaks occurring in countries that have a free from FMDV status, there are large 

ethical and economical issues associated with this method. For example, the 2001 

outbreak of FMDV was estimated to cost up to £8 billion and led to the destruction of 

an estimated 6 million animals. At the time of the UK outbreak, vaccination of animals 

meant that they would be unable to be transported outside the UK due to there being 

no accurate tests that could identify vaccinated animals from animals that had been 

previously infected with FMDV. However, as there are now enzyme-linked 

immunosorbent assays (ELISAs) that are capable of identifying vaccinated animals 
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from infected ones (Paton et al. 2006), the EU has changed their policies to allow a 

“Vaccinate to Live” strategy for FMDV (EU directive 2003/85/EC) that allows a country 

to be declared free from FMDV 6 months after an outbreak where vaccines have been 

utilised to prevent the wholesale slaughter of animals. 

1.3.4 Picornaviruses 

Picornaviruses are a family of non-enveloped, single-stranded, positive-sense RNA 

viruses with a genome of around 7000-8800 nucleotides in length. Currently 

recognised by the International Committee on Taxonomy of Viruses (ICTV) to contain 

29 genera, Picornaviridae encompasses many highly pathogenic viruses such as the 

causative agents of the common cold (rhinovirus), hand-foot-and-mouth disease in 

children (coxsackievirus), and FMDV. 

The prototypical member of the genus Aphthovirus, FMDV is a highly infectious virus 

that primarily affects the oropharynx and between the toes of cloven-hooved animals. 

The predilection of these areas to be the primary sites of infection by the virus is 

believed to be due to the tissues involved being prone to physical damage, allowing 

FMDV to access the epithelial cells more easily. The acute vesicular symptoms 

caused by FMDV lasts for only a short period of time but can have lasting effects on 

the infected animal. For example, reports have shown reduced weight gain in beef 

cattle, as well as dairy cattle suffering from reduced milk production for many years 

post-infection (Bayissa et al. 2011). The severity of FMDV infection and maintenance 

of a carrier state appears to be dependent on the species infected. For example, cows 

are highly susceptible, show significant pathology with viraemia being detectable in 

the blood for up to 9 months post-infection, but do not shed a large volume of viral 

particles, whereas pigs suffer less when infected, have not been observed to have a 

carrier state, and produce a large titre of aerosolised viral particles (Arzt et al. 2011b, 

Arzt et al. 2011a, Stenfeldt et al. 2014). 

1.3.5 FMDV genetics 

The FMDV genome is around 8400 nucleotides in length and encodes for a single 

open reading frame of 4 structural and 11 non-structural proteins flanked by two 

untranslated regions (UTRs) (Figure 1-6a). There is still a lot to learn about the 

genome, including the structure and functions of both the 5’-UTR (Figure 1-6b) and 

the encoded proteins. By exchanging the structural proteins for a fluorescent marker 

to generate a non-infectious replicon system it is possible to study the functions of the 
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non-structural proteins and UTRs of FMDV outside of Category 4 laboratories (Tulloch 

et al. 2014). 

Rieder et al (1993) investigated the role of the 80-450 nucleotide long poly-C tract at 

the 5’ of the FMDV genome (Figure 1-6b) by synthesising viral RNA with a truncated 

poly-C tract that were 2 nucleotides in length or longer. The RNA was transfected into 

cells and the poly-C tract from any recovered virus was analysed. When a synthesised 

RNA with a poly-C tract of only 6 residues in length was transfected into Baby Hamster 

Kidney (BHK) cells, the recovered virus had a poly-C of 80 nucleotides in length or 

longer. Conversely, the poly-C tract length was not rescued when using a tract of 2 

nucleotides in length and the resulting recovered virus was attenuated in vitro. This 

suggests that the poly-C tract plays a role in viral virulence, possibly through 

mediation of viral amplification as smaller poly-C tracts replicated at a slower rate. 

Although functions for the long-hairpin S-fragment and the pseudoknots (PKs) found 

within the 5’-UTR region are yet to be elucidated, the remainder of the structures 

found within the 5’-UTR region are associated with either replication or translation of 

the viral RNA. Replication of the viral RNA is facilitated through the cis-acting 

replication element (cre) which contains a conserved AAACA within the loop region 

that acts as a template for the uridylylation of the 3B protein by the 3D RNA 

polymerase (Gerber, Wimmer and Paul 2001, Paul et al. 2000). Downstream of the 

cre is the major structure for the synthesis of the viral polyprotein, the Internal 

Ribosome Entry Site (IRES). 

The IRES is formed by complex secondary structures that interact with the ribosomes 

to initiate cap-independent synthesis once the Leader protease (Lpro) cleaves the 

eukaryotic translation initiation factor 4G (eIF4G) to prevent the translation of host 

proteins (Devaney et al. 1988, Medina et al. 1993). The secondary structure of the 

IRES helps to guide the RNA to the entry site of the ribosome that will begin to scan 

for a start codon. Within the FMDV genome, the polypyrimidine tracts (PPTs) prime 

the ribosome to start translating at the next AUG codon. As shown in Figure 1-6b, 

FMDV encodes two PPT sites located 84 nucleotides away from each other that give 

rise to two possible isoforms of Lpro, Lab and Lb ( Figure 1-6b).  
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Figure 1-6 FMDV genome.  

Taken from Belsham (2005) a) is a simplified version of the whole genome and identifies the 

intermediate products formed during the processing of the viral polyprotein. Formation of 

different intermediates from the ones shown is possible, such as 3CD. The proteins encoded 

for are both structural (VP1-4) and non-structural (L, 2A-C and 3A-D). The functions for the 

non-structural proteins can be found in Table 1-3. b) is an expanded view of the 5’-UTR region 

that is around 1300 nucleotides in length. The stems shown are the putative secondary 

structures of the region, with indicated stems being imperfectly base-paired throughout. 

 

The presence of two L proteases in seen only in two members of the Picornavirus 

family, FMDV and encephalomyocarditis virus (ECMV). Studies have shown that 

although the IRES directs the ribosome towards the initial Lab AUG codon, the 

ribosome is able to skip it and continue to scan for the next AUG codon (Sangar et al. 

1987, Belsham 1992). In FMDV, the ribosome preferentially skips the first initiation 
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factor in favour of Lb, whereas in ECMV, the ribosome will preferentially begin 

synthesis at the first AUG codon and synthesise the Lab variation (Belsham 1992, 

Kaminski, Howell and Jackson 1990). As both forms of the papain-like 

cysteine Lpro play an equal role in viral infectivity, it has been suggested that the start 

of the Lab Lpro is not essential in infection (Cao et al. 1995, Piccone et al. 1995). Once 

the synthesis of the Lpro begins, the rest of the structural and non-structural proteins 

are synthesised as a single polyprotein. 

Processing of the viral polyprotein begins early on during synthesis into 4 intermediate 

components – Lpro, P1-2A, P2, and P3 (Figure 1-6a). The proteolysis of the P1-2A/P2 

junction occurs rapidly during synthesis on the ribosome by the 2A protease (2Apro) to 

prevent the formation of a specific 2A-2B peptide bond from forming (Donnelly et al. 

2001b). Once proteolysis occurs, the Lpro self-cleaves itself from the P1-2A 

polyprotein, leaving a myristoylated Gly residue on the N-term of P1-2A 

that lends stability to the intermediate structure (Belsham et al. 1991, Chow et al. 

1987, Strebel and Beck 1986). The final initial intermediate products, P2 and P3, are 

cleaved from each other by a trypsin-like family of serine protease, 3C, which is also 

responsible for the further processing of the polyproteins into their singular units. The 

cleavage of the VP0 intermediate protein into VP2 and VP4 occurs shortly before the 

viral RNA is packaged.  

In order to package the viral RNA, 60 copies of each structural protein are required to 

form the icosahedral capsid structure (Abrams, King and Belsham 1995). The 

structural proteins VP1-3 are located on the outside of the capsid protein and interact 

with the internal VP4 protein to link together. Once formed, the capsid is pH sensitive 

and will dissociate in a more acidic environment (Miller et al. 2001). 

The non-structural proteins play a number of roles during FMDV infection, from the 

aforementioned roles in processing the viral polyprotein and roles in inhibiting the 

immune response that are described in further detail in section 1.5.3. While 3D 

polymerase (3Dpol) has only one known function in amplifying the viral RNA, multiple 

functions have been elucidated for the other non-structural proteins. A list of some of 

the known and putative functions of the non-structural proteins are outlined in Table 

1-3. 
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Table 1-3 FMDV non-structural protein functions. 

Describes the main putative and known functions of the FMDV non-structural proteins. Putative functions are in italics. 

 

NS Protein Functions References

Papain-like cysteine protease

Self-cleaves from the viral polyprotein at the L/P1 junction Strebel and Beck, 1986

Inhibits cap-dependent protein synthesis through cleavage of eIF4G Devaney et al , 1988; Medina et al , 1993

May induce cleavage of a cellular protein that modifies IRES function Roberts et al , 1998

Stimulation of enterovirus IRES Roberts et al , 1998; Hinton et al , 2002

Protease

Cleaves at the P1-2A/P2 junction Donnelly et al, 1997

Prevents synthesis of a specific peptide bond at the 2A/2B junction Donnelly et al , 2001

Increase permeability of cells (enterovirus 2B) van Kuppeveld et al , 1997

Blocks endoplasmic reticulum (ER)-to-Golgi transport of proteins Moffat et al , 2005

Blocks protein secretion Doedens and Kirkegaard, 1995

Blocks endoplasmic reticulum (ER)-to-Golgi transport of proteins Moffat et al , 2005

Determines sensitivity of viral RNA replication to guanadine inhibition Saunders and King, 1982

Anchors itself to membranes Choe et al , 2004; Liu et al , 2004

May deliver 3B to sites of RNA replication Datta and Dasgupta 1994; Doedens et al , 1997; 

Fujita et al , 2007; Towner et al , 1996

Role in host virulence through interaction with DCTN3 Gladue et al , 2014; Knowles et al , 2001; Li et al , 

2010; Nunez et al , 2001

Primes RNA synthesis Paul, 2002

Deletion destroys virus viability due to defect in polyprotein processing Falk et al , 1992

Serine protease (trypsin-like)

Responsible for the majority of the proteolytic processing of the viral 

polyprotein

Vakharia et al , 1987

Modifies certain cellular proteins e.g. histone, eIF4AI and eIF4GI Falk et al , 1990; Belsham et al , 2000; Li et al , 2001

RNA polymerase

Replication of viral RNA Caliguiri and Tamm, 1969

Protease

RNA-binding and protease activity Harris et al , 1992; Parsley et al , 1999

Required for the cre -dependent uridylylation of 3B Paul et al , 2000

3CD

2A

L

3B 1-3

3A

2C

2B

3D

3C
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1.3.6 FMDV Replicon System 

The first reported FMDV replicon was based on the genome sequenced from 

FMDV type-O O1/Kaufbeuren/FRG/66 (Forss et al. 1984, McInerney et al. 2000). 

Lacking the functional Lb region of Lpro and the majority of the capsid coding region in 

exchange for a chloramphenicol acetyltransferase (CAT), the replication levels could 

be measured by performing a CAT assay on cell lysates (Figure 1-7a) (McInerney et 

al. 2000). Replacing the truncated Lpro with a functional version and inserting a fused 

Aequorea GFP (Aq-GFP)-puromycin-n-acetyl-transferase (PAC) in place of most of 

the P1 region of the FMDV genome (Figure 1-7b) resulted in a replicon system with a 

GFP output that could be quickly and robustly analysed using an IncuCyte ZOOM 

kinetic imaging system (Forrest et al. 2014, Herod et al. 2015, Tulloch et al. 2014). 

The inserted PAC gene allowed puromycin selection of FMDV replicon transfected 

cells to carry out serial infection studies (Tulloch 2015). Cleavage of the Aq-GFP by 

Lpro leading to lower GFP expression was reported by Tulloch (2015). This led to the 

construction of another replicon variant containing Ptilosarcus (Pt) GFP (pPt-GFP), 

without the addition of the fused PAC gene (Figure 1-7c) that showed the same 

replication kinetics as the Aq.GFP-PAC replicon. 

Although the replicon system is unable to form infectious viral particles, it has been 

shown that FMDV virus can be rescued from cDNA by reinstating the full P1-2A 

sequence of the FMDV genome (Chang et al. 2009, Herod et al. 2017, Tulloch 2015). 

This makes the FMDV replicon a useful tool in studying FMDV replication as the 

non-structural proteins and UTRs can be easily mutated and studied in a high 

throughput manner to screen mutations for effects on replication prior to generating 

infectious clones (Forrest et al. 2014, Herod et al. 2015, Herod et al. 2017). In 

conjunction with this, the fact that it is non-infectious means that the replicon system 

is able to be used outside of high category labs as there is no biological safety risk 

associated with the replicons. 

Work investigating the effect of mutations on FMDV replication has led to a number 

of replicons being constructed. This includes replication competent versions, such as 

pPt-GFP (Figure 1-7c), replication incompetent versions lacking the Lpro gene such as 

pLA-GFP  (Figure 1-7d) (Strebel and Beck 1986, Tulloch et al. 2014, Tulloch 2015) or 

mutants such as pPt-GFP-GNN (Figure 1-7e) containing an altered 3Dpol that inhibits 

the catalysis of viral RNA synthesis (Herod et al. 2015, Loundras et al. 2016, Rai et 

al. 2017). Another use of the replicon is to generate chimeric viruses to investigate 
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how the function of related viral proteins may differ from one another. For example,  

replacing the FMDV 2Apro with the 2Apro from Enterovirus E (formally bovine 

enterovirus, or BEV) from the replication incompetent pLA-GFP (BEV2A-GFP; Figure 

1-7f) results in the recovery of replication (Tulloch 2015). 
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Figure 1-7 FMDV replicons. 

a) shows the organisation of the first described FMDV replicon system that encoded for a 

non-functional Lpro and a CAT marker gene in the place of VP0 and a partial deletion of VP3 

(McInerney et al. 2000). b) is an improved FMDV replicon (GFP-PAC) that retains a functional 

Lpro while removing the functional proteins of FMDV, leaving behind small, non-functional 

deleted portions of VP4 and VP1. The initial replicon encoded for a GFP marker to allow for 

real-time analysis of replication through live-cell imaging and a PAC marker which allowed for 

positive selection of replicating cells (Tulloch et al. 2014) c-f) show examples of FMDV 

replicons that have been generated by Professor Martin Ryan’s group based off the GFP-PAC 

replicon in b). c) pPT-GFP lacks the PAC marker of GFP-PAC; d) pLA-pPT-GFP lacks the 

Leader protease of pPT-GFP to generate an attenuated replicon; e) pPT-GFP-GNN is based 

off pPT-GFP but encodes for a GNN mutation within the active domain of 3Dpol which causes 

the replicon to be attenuated; and f) BEV2A-GFP is based on pLA-pPT-GFP where the FMDV 

2Apro has been substituted for the 2A found in BEV. 

1.3.7 FMDV entry 

The viral capsid is formed by the 4 structural proteins (Grubman et al. 2008). VP1-3 

are present on the outside of the capsid, while VP4 interacts with them to maintain 

the icosahedral structure internally. The VP1 protein contains a conserved 

Arg-Gly-Asp (RGD) amino acid motif on the G-H loop that is used to bind to FMDV 

receptors on the cell surface (Figure 1-8). Reported entry receptors for FMDV include 

a group of cell adhesion molecules, the integrins, and a proteoglycan, heparin 

sulphate (Jackson et al. 1996). It is widely believed that the heparin sulphate entry 

mechanism is limited to cell-adapted strains due to a lack of evidence to support 

heparin sulphate binding in field strain viruses. Instead, the virus is likely to exploit 

integrin receptors in vivo in order to activate the clathrin-mediated endocytosis 

pathway (Berinstein et al. 1995, Duque and Baxt 2003, Jackson et al. 2004, Neff, 

Mason and Baxt 2000).  

Once successfully bound to the integrin receptor, the viral capsid is taken into the cell 

by clathrin-mediated endocytosis. Once the endosome is formed, the lowered pH 

causes the pH-sensitive capsid to begin to dissociate. How the viral RNA escapes 

from the endosome before being degraded is yet to be elucidated. However, it has 

been predicted to follow a similar mechanism to a fellow member of the Picornavirus 

family rhinovirus-A (RV-A), which utilises the VP4 protein to form a pore in the 

endosome membrane that the viral RNA can escape through (Figure 1-8) (Davis et 

al. 2008). 
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Figure 1-8 FMDV entry. 

The entry pathway of FMDV through binding to integrins such as integrin αVβ6. When the RGD 

motifs on VP1 have bound to multiple integrins, the cytoplasmic domains signal for 

clathrin-mediated endocytosis to begin. Once the endosome is formed, the acidic environment 

causes the acid-labile capsid to dissociate and release the viral RNA. VP4 is hypothesised to 

form a pore in the endosome that allows the viral RNA to escape the endosome. 

1.4 Integrins 

1.4.1 Integrin biology 

The integrins are a group of cell adhesion molecules that interact with both intra- and 

extracellular ligands via transmembrane helices. Interactions between integrin α and 

integrin β subunits form heterodimer complexes that undergo conformational changes 

in the presence of ligands in order to regulate activity and function (Hughes et al. 

1996, Takagi, Erickson and Springer 2001, Vinogradova et al. 2002). 

The functions carried out by integrin receptors are wholly dependent on the subunits 

they are formed by, with some playing key roles in embryo development, 

vasculogenesis, leukocyte trafficking, and homeostasis. There are 18 integrin 

α subunits and 8 integrin β subunits known to be expressed by mammals. These can 

form up to 24 tissue-specific heterodimer combinations that can be organised into four 

groups according to the extracellular ligand that they bind. The four integrin groups 
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are the leukocyte-specific integrins, the laminin-binding integrins, the collagen-binding 

integrins and the arginine-glycine-aspartic acid (RGD)-binding integrins (Figure 1-9a). 

1.4.2 RGD-binding integrins 

There are 8 RGD-binding integrins (Figure 1-9a) that primarily recognise fibronectin 

and other ligands containing the conserved RGD triple peptide motif. Figure 1-9b 

shows the location of the binding site for the motif between the β-propeller on the 

α subunit and the I-like domain of the β chain (Springer, Zhu and Xiao 2008, Xiong et 

al. 2002) which can be interacted with in its inactive state by small ligands and viral 

proteins.  

Despite their similarity the RGD-binding integrins are capable of distinguishing 

between different extracellular membrane proteins containing an RGD motif and are 

able to respond differently to each ligand (Plow et al. 2000). Adhesion by RGD-binding 

integrins regulates multiple physiological processes including cell proliferation, cell 

survival, and cell migration (Mould and Humphries 2004). However, erroneous 

expression of these integrins are implicated in tumour invasion and the formation of 

metastases. 

Cyclic RGD motifs have been used to investigate RGD-binding specificities by altering 

the residues surrounding the motif (Aumailley et al. 1991, Pfaff et al. 1994). The 

results of these experiments suggested that the kink in the RGD motif is important in 

the selectivity of integrin αV (ITGAV) heterodimers (Dechantsreiter et al. 1999). For 

example, residue changes at the +1-position following the RGD motif was shown to 

impact on the ability of integrin αVβ3 to bind to the cyclic RGD, with hydrophobic 

aromatic amino acid residues increasing the binding activity of integrin αVβ3 (Haubner 

et al. 1996). 

1.4.3 Integrins involved in FMDV entry 

Studies have shown that FMDV is able to interact with several of the RGD-binding 

integrins (αVβ1, αVβ3, αVβ6, and αVβ8) in vitro through a conserved RGD motif located 

on the GH-loop of the VP1 protein. However, as αVβ6 is the only RGD-binding integrin 

to be constitutively expressed on the epithelial cells targeted by FMDV (Monaghan et 

al. 2005), it has been hypothesised to be the main entry route for the virus (Burman 

et al. 2006, Dicara et al. 2008, O'Donnell et al. 2009). 
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Figure 1-9 Integrin heterodimers.  

a) Diagrammatical representation of the known interactions between the integrin α and β 

subunits. The possible pairings highlighted in green show the group of integrins capable of 

binding to the triple peptide RGD motif and are commonly referred to in literature as 

RGD-binding integrins. b) Adapted from Shattil et al (2010). The RGD-binding domain is 

located between the β-propeller on the α chain and the I-like domain on the β chain.  
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Several studies investigating the role of integrins in FMDV infection have suggested 

that integrin αVβ6 is the main entry receptor for the virus through the use of gene 

expression profiles within tissues (Dicara et al. 2008). Further evidence using in vitro 

techniques have strengthened this support by looking at the binding affinity for FMDV 

and the alteration of normal gene expression and function within tissues. One of the 

first reports of integrin αVβ6 as an entry receptor was made by Jackson et al (2000b) 

when they transfected the integrin β6 (ITGB6) subunit into non-permissive human 

colon adenocarcinoma cells (SW480) that expressed ITGAV and found that the cells 

expressing integrin αVβ6 were now permissive to the virus. When the permissive cells 

were later probed with a monoclonal antibody that recognised integrin αVβ6 prior to 

FMDV infection, FMDV entry was inhibited. These secondary tests showed that it was 

the newly introduced ITGB6 subunit that was responsible for the ability of FMDV to 

infect the cells. 

Later studies would go on to investigate the importance of the cytoplasmic domain of 

the ITGB6 subunit (Jackson et al. 2004, Miller et al. 2001). Truncations within the 

cytoplasmic domain of integrin αVβ6 in BHK cells prevented FMDV from entering the 

cells despite being able to interact with the unmodified extracellular domains of the 

integrin αVβ6 receptor. The greatest effects were observed when two of the sites used 

to localise integrin αVβ6 to focal adhesions were removed (Miller et al. 2001), while 

removal of the 11 bases unique to the ITGB6 subunit still reduced FMDV entry by 

80%. Although these papers showed that the cytoplasmic domain of ITGB6 was not 

important for FMDV binding, it did show that it plays a vital role in integrin αVβ6 

mediated infection. 

More recent studies have been exploring the use of small interfering RNA (siRNAs) 

to reduce integrin αVβ6 expression both in in vitro and in vivo models. For example, 

Luo et al (2011) transfected a pig epithelial cell line (PK-15) with a siRNA to silence 

ITGAV expression. Upon testing the rate of FMDV replication within the cells, there 

was a large decrease in virus yield in the PK-15 cells with the downregulated ITGAV 

expression when compared to the control PK-15 cells. This same technology was 

then used to produce a mouse model that stably expressed the siRNA (Du et al. 

2014a). When challenged with FMDV, the transgenic mice showed significantly 

increased resistance to FMDV infection when compared to wild type mice. Due to 

omissions within the publication from Du et al, very little is known about the mice in 

regards to the observed level of knock down in ITGAV expression or whether the 
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transgenic mice had any adverse phenotypes so this report must be interpreted with 

caution. 

1.4.4 Integrin αVβ6 

Integrin αVβ6 is an epithelial specific receptor that is induced during wound healing 

and inflammation (AlDahlawi et al. 2006b, Breuss et al. 1995, Chen et al. 2011b). 

Each subunit consists of a large extracellular head, a flexible leg section, a 

single-spanning transmembrane domain and a cytoplasmic domain (Campbell and 

Humphries 2011). When in its heterodimer formation the extracellular heads interact 

to form the RGD-binding domain which can bind to ligands such as fibronectin, 

tenascin C, vitronectin and latent factors of transforming growth factor beta (TGF-β). 

The cytoplasmic domain of ITGB6 is responsible for linking the receptor to the 

cytoskeleton and is responsible for intracellular signalling pathways through 

protein-protein interactions (Horton et al. 2016). For example, haematopoietic lineage 

cell-specific protein (HLCS1)-associated protein X-1 (HAX-1) is responsible for the 

induction of clathrin-mediated endocytosis (Ramsay et al. 2007) while psoriasin is 

involved in carcinoma cell invasion (Morgan et al. 2004). ITGB6 has a unique 11 

amino acid extension to the C-terminal that is responsible for many of the functions 

solely performed by integrin αVβ6 including cell proliferation and carcinoma cell 

invasion (Lee et al. 2014, Morgan et al. 2004). 

Exclusively restricted to epithelial cells, integrin αVβ6 expression is generally low in 

fully differentiated epithelial tissues. Integrin αVβ6 exists in a positive feedback loop 

with TGF-β with integrin αVβ6 expression in normal epithelial cells relying on the 

expression of TGF-β (Sullivan et al. 2011). Acting as a negative regulator of epithelial 

cell proliferation, integrin αVβ6-mediated TGF-β1 activation maintains the quiescent 

state of epithelial cells and limits their cell growth while latent TGF-β1 leads to 

epithelial cell proliferation (Ludlow et al. 2005, Xie et al. 2012). As a result of this, 

aberrations in the expression and functions of ITGB6 or TGF-β1 are heavily implicated 

in epithelial hyperplasia (Xie et al. 2012), emphysema (Morris et al. 2003), and tumour 

formation (Niu and Li 2017). 

1.4.4.1 KO mouse models 

Ascertaining the functions of Integrin αVβ6 has been achieved through the use of 

knock-out models. In vivo studies on ITGAV knock-out mice (ITGAV-/-) show the 

mutation to be embryonic lethal in 80% of mice due to placental defects and perinatal 
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lethal in the remaining offspring from intracerebral and intestinal haemorrhaging 

(Bader et al, 1998). The lethality of the ITGAV-/- mutation is unsurprising due to its 

ability to interact with multiple β chains. In contrast, ITGB6 only interacts with the 

ITGAV chain and is seen to have a viable phenotype when knocked-out in mice 

(ITGB6-/-). ITGB6-/- mice develop normally in utero, however, they have been 

observed to develop juvenile baldness between the ages of 5-30 days old, with hair 

being sparse in areas throughout their life (Huang et al, 1996). Alongside the 

abnormal hair growth, Huang et al (1996) observed elevated levels of macrophages 

in the dermis, and B- and T-lymphocytes infiltrating the lung epithelia after 21 days. A 

more recent study on ITGB6-/- mice by Morris et al (2003) looked at the effect the 

mutation had on mice over 6 months old and showed that, after 2 months, ITGB6-/- 

mice began to develop spontaneous progressive pulmonary emphysema. Despite the 

role integrin β6 is believed to play in FMDV entry, no studies have been published 

testing the permissiveness of these ITGB6-/- mice to FMDV. 

1.5 The Innate Immune System 

1.5.1  The Innate Anti-Viral Immune Response 

The first line of defence against viral infection, the innate immune system uses host 

pathogen recognition receptors (PRRs) to sense viral pathogen-associated molecular 

patterns (PAMPs) such as ssRNA, CpG-rich DNA and viral proteins. Once recognised, 

the host cells mount an antiviral response through Type I or III Interferon (IFN) 

expression or the release of chemokines and cytokines to mediate or inhibit viral 

replication and spread. Literature shows that there are currently five classes of PRRs, 

the retinoic acid-inducible gene I (RIG-I) -like receptors (RLRs), the Toll-like receptors 

(TLRs), the nucleotide-binding oligomerisation domain (NOD) -like receptors (NLRs), 

C-type lectin receptors (CLRs), and absent in melanoma 2 (AIM2)-like receptors 

(ALRs). 

1.5.1.1 RIG-like Receptor (RLR) signalling pathway 

Responsible for detecting cytosolic dsRNA, there are currently three known members 

of the RLR signalling pathway: RIG-I; melanoma differentiation-associated gene-5 

(MDA5); and laboratory of genetics and physiology 2 (LGP2). The RLRs each consist 

of a helicase domain and a C-terminal Repressor Domain (RD). Both RIG-I and MDA5 

also have a caspase activation and recruitment domain (CARD) that are important in 

the RLR signalling pathway. LGP2 lacks the CARD domain and can act as both a 
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positive and a negative regulator of RIG-I and MDA5. RIG-I is responsible for 

detecting shorter dsRNA fragments (approx. 1kb) whereas MDA5 detects longer 

dsRNA fragments (>2 kb) through a C-terminal recognition domain (Cui et al. 2008, 

Takahasi et al. 2008, Yoneyama et al. 2004). When bound to a PAMP, the helicase 

domain of RLRs undergoes a conformational change to form an ATP-binding pocket 

which in turn makes the tandem CARDs become accessible to form CARD-CARD 

interactions with mitochondrial activators of viral signalling (MAV). 

Once the CARD-CARD interaction occurs, the MAV protein sets off a signalling 

cascade which can result in apoptosis of the cell through the tumour necrosis factor 

receptor type 1-associated death domain protein (TRADD)-Fas-associated protein 

with death domain (FADD) pathway. Alternatively, the cell can activate the TNF 

Receptor Associated Factor (TRAF)6 which leads to nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) complex formation. NF-κB 

binds to DNA as a transcription activator for a number of cytokines such as interleukin 

(IL)-12 and IL-8. A third pathway through TRAF3 activation leads to the production of 

Type I interferons (IFNs) such as IFN-α (IFNA) and IFN-β (IFNB) (Figure 1-10a). The 

role of interferons in the innate immune system is described in section 1.5.2.  

RLRs are essential for the production of Type I IFN and chemokine production upon 

recognition of a PAMP from viral RNA. For example, MDA-5 null mice fail to mount an 

immune response to infection from members of the Picornavirus family including 

Encephalomyocarditis virus (EMCV) or Theiler's Murine Encephalomyelitis Virus 

(TMEV). As IFN production has been shown to be prevented in vitro in cells that lack 

both MDA-5 and RIG-I when infected with RNA viruses, it is assumed that RLR 

signalling is the main line of defence against RNA viruses such as FMDV. 

1.5.1.2 Toll-like receptor (TLR) signalling pathway 

TLRs are a homologue of the Toll receptor that was discovered in drosophila in the 

early 1980s (Anderson and Nüsslein-Volhard 1984). Its function as an immune 

activator was discovered 11 years later around the same time that the first three TLRs 

were identified in humans (Rosetto et al. 1995, Taguchi et al. 1996). There are 10 

members of the TLR family named TLR1-10 that have been described in mammals. 

Of the ten, TLR1-9 are known to play roles in the host innate immune response, while 

TLR10 appears to act as a negative regulator for TLR signalling pathways and inhibit 

inflammatory proteins (Hess et al. 2017, Jiang et al. 2016b, Oosting et al. 2014). The 

family is a group of transmembrane receptors that consist of an extracellular domain 
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that recognises specific pathogens, a transmembrane region and a Toll-IL-1R 

cytoplasmic domain that is responsible for the initiation of intracellular signalling. TLRs 

1, 2, 4-6, and 10 are all expressed on the cell surface while TLRs 3, and 7-9 can be 

located in endosomes. The cell surface TLRs are able to recognise bacterial 

components including flagellin and lipopolysaccharides (LPS). Of the TLRs taken up 

in endosomal complexes, TLR9 is the only one that recognises a PAMP associated 

with bacteria in the form of CpG double-stranded DNA (dsDNA). TLR3 recognises 

viral dsRNA while TLR7 and TLR8 both recognise ssRNA from viruses.  

Once a PAMP is recognised, TLRs activate signalling cascades through either 

myeloid differentiation primary response 88 (myD88) or Toll/Interleukin-I 

receptor-domain-containing adapter-inducing interferon-β (TRIF) that are associated 

with the cytoplasmic domain of the TLRs (Takeda, Kaisho and Akira 2003). Both 

pathways lead to the induction of Type I IFNs through the phosphorylation of interferon 

response factor (IRF) proteins (Uematsu and Akira 2007). However, the myD88 

pathway activates TRAF6, which either phosphorylates IRFs or stimulates the 

formation of the NF-κB complex to induce the transcription of inflammatory cytokines. 

Rather than expressing NF-κB, the TRIF cascade leads to the activation of 

Mitogen-activated protein kinases (MAPKs) which induce the transcription of 

pro-inflammatory cytokines by activator protein-1 (AP-1) (Figure 1-10b).   
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Figure 1-10 Pattern recognition receptor signalling. 

a) shows the cytoplasmic RLR-signalling cascades that lead to the activation of apoptosis 

machinery and transcription of Type I IFNs and inflammatory cytokines following CARD-CARD 

interactions between RIG-I or MDA5 and MAVs. Part of the RLR family, LGP2 is capable of 

both inhibiting and stimulating the binding of RIG-I and MDA5 to PAMPs as well as blocking 

the CARD-CARD interactions. Upon interaction with RLRs, MAVs signal for the formation of 

three main complexes: the FADD-TRADD complex; the TRAF3-TANK complex; and the 

TRAF6-IRAK4-IRAK-2 complex. FADD-TRADD is responsible for activating a potent inducer 

of apoptosis, Caspase 8. TRAF-3-TANK initiates the activation and recruitment of DDX3, 

TBK1, and IKKε which phosphorylate IRF homodimer transcription factors including IRF3 and 

IRF7 which translocate to the nucleus and activate the IFN-stimulated response elements 

(ISRE) to stimulate transcription of Type I IFNs. The TRAF6-IRAK2-IRAK-4 signalling cascade 

is shared between RLR- and TLR-signalling pathways and leads to the recruitment of the 

NF-κB complex. Activation of NEMO, IKKα, and IKKβ causes the degradation of IKKβ and 

releases the p50/p65 heterodimer. Once released p50/p65 is translocated to the nucleus 

where it forms the core of the NF-κB complex to initiate transcription of inflammatory cytokines. 

b) shows the TLR-signalling pathways involved with TLRs located in endosomes. There are 

two main signalling pathways in TLR signalling: the MyD88 pathway, and TRIF pathway. The 

MyD88 protein associates with the C-terminal of TLR8 and TLR9 where it can stimulate the 

recruitment of two different TRAF6-IRAK complexes. One of the pathways 

TRAF6-IRAK2-IRAK4 has been previously described in a) and leads to activation of NF-κB 

and induction of inflammatory cytokines. The second pathway TRAF6-IRAK1-IRAK4 instead 

stimulates IKKα to phosphorylate IRF7. After phosphorylation, an IRF7 homodimer is formed 

that translocates to the nucleus to stimulate the production of Type I IFNs through ISRE. 

TRAF6-IRAK1-IRAK4 can also be stimulated by the TRIF pathway utilised by TLR3. Once 

activated, the TRIF protein activates the RIP1-TRADD complex, initiating the formation of 

TAK1-TAB2-TAB3 which can either signal for NF-κB activation through NEMO or stimulate 

MKK phosphorylation of ERK, JNK, and p38 which signal for expression of cfos and Jun. The 

cfos/Jun heterodimer acts as a transcription factor for AP-1 which signals for the transduction 

of pro-inflammatory cytokines. DDX3 – aspartic acid-glutamic acid-alanine-aspartic acid 

(DEAD)-Box Helicase 3; ERK – extracellular signal-regulated kinases; IKK – inhibitor of NF-κB 

kinase; IRAK – Interleukin-1 receptor-associated kinase; JNK – c-Jun N-terminal kinase; 

MKK – MAPK kinase; NEMO – NF-κB essential modulator; RIP1 – Receptor-interacting 

serine/threonine-protein kinase 1; TAB – TAK1-binding proteins; TAK – TGF-β-activated 

kinase; TANK – TRAF family member-associated NF-kappa-B activator; TBK – TANK-binding 

kinase. 
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1.5.1.3 NOD-like receptor (NLR) signalling pathway 

Recognising both PAMPs and damage-associated molecular patterns (DAMPs), the 

cytoplasmic NLRs are divided into four subfamilies according to their N-terminal 

domain: acidic transactivation domain, the baculoviral inhibitory repeat-like domain, 

the CARD domain, and the pyrin domain (Ting et al. 2008). Although most NLRs 

function as PRRs, some are regulated by interferons and other cytokines (Guarda et 

al. 2011). Once activated, NLRs function to form inflammasomes, perform signalling 

transduction of pro-inflammatory cytokines through NF-κB, activate the transcription 

of major histocompatibility complex molecules, or signal for autophagy to occur 

(Fiorentino et al. 2002, Martinon, Burns and Tschopp 2002, Meissner et al. 2010, 

Travassos et al. 2010). 

Inflammasomes are large multi-protein complexes that play a key role in the 

orchestration of the innate immune response. The formation of inflammasomes has 

to be tightly regulated as too few inflammasomes will prevent the cell from mounting 

an immune response against infectious pathogens whereas too many or 

inappropriately formed inflammasomes have been linked to a number of autoimmune, 

autoinflammatory, and metabolic diseases such as Alzheimer’s Disease and obesity 

(Strowig et al. 2012). 

1.5.1.4 C-type lectin receptor (CLR) signalling pathway 

CLRs are a large family of glycan-binding receptors that are capable of recognising 

bacteria, fungi, and viruses through one or more carbohydrate recognition domains 

(CRDs) (Drickamer and Taylor 2015). There are 17 recognised groups of CLRs which 

are grouped according to their structure and phylogeny (Zelensky and Gready 2005). 

Expressed on antigen presenting cells (APCs) such as macrophages and dendritic 

cells, CLRs respond quickly to a number of enveloped viruses including human 

immunodeficiency virus-1 (HIV-1) (Altfeld et al. 2011, Sehgal et al. 2013). CLR 

activation is capable of inducing a signalling pathway either directly through 

immunoreceptor tyrosine-based activation motif (ITAM)-like motifs present on the 

cytoplasmic tail of the CLR or, indirectly through association with adaptor molecules 

containing ITAM such as the Fc Receptor γ-chain (Rogers et al. 2005). Activation of 

these signalling pathways leads to expression of NF-κB and MAPK to activate innate 

immune responses such as inflammasome activation, phagocytosis and cytokine 

production or to trigger the development of the adaptive immune response through 
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T-helper cell development (Feriotti et al. 2015, Geijtenbeek and Gringhuis 2016, 

Gringhuis et al. 2009, Kimura et al. 2016, Tavares et al. 2013). 

1.5.1.5 AIM2-like receptor (ALR) signalling pathway 

The ALRs are a group of nuclear and cytosolic receptors that recognise foreign 

dsDNA. Although the genes are found within the same tandem locus in placental 

mammals with the exception of bats (Cridland et al. 2012), the number of ALR genes 

is highly variable between species. For example, mice have 13 ALR genes, humans 

and rats have four, and pigs only have two ALR genes (Brunette et al. 2012). The 

structure of ALRs each contain an N-terminal pyrin domain which belongs to the death 

domain superfamily, and a C-terminal HIN200 domains which bind to the dsDNA 

PAMP (Bertin and DiStefano 2000, Shaw and Liu 2014). Once bound to a PAMP, the 

ALRs either activate or sequester the stimulator of IFN genes (STING) pathway to 

modulate IFN-β production (Nakaya et al. 2017). The namesake of the ALRs, AIM2, 

interacts with the caspase-1-activating scaffold to form inflammasomes upon 

activation by PAMPs (Jin et al. 2012, Hornung et al. 2009). Although the roles for most 

of the ALR genes remain unknown, activation of the ALRs by endogenous PRRs has 

been linked to a number of autoimmune diseases such as lupus erythematosus 

(Zhang et al. 2013, Caneparo et al. 2018). 

1.5.1.6 Artificial stimulation of the innate immune response 

The innate immune response can be artificially stimulated by using chemicals that 

have been synthesised to simulate PAMPs. Polyinosinic-polycytidylic acid (Poly(I:C)), 

CpG ODN and lipopolysaccharide (LPS) are commonly used for this purpose, 

primarily stimulating TLR3, TLR9, and TLR4 respectively (Toshchakov et al. 2002, 

Zhou et al. 2013). 

Poly(I:C) is a poly I homopolymer chain annealed to a poly C homopolymer chain that 

mimics dsRNA PAMPs. Due to its ability to be recognised by the cytoplasmic 

receptors RIG-I/MDA5 and protein kinase RNA-activated (PKR), Poly(I:C) can either 

be added to medium to bind to TLR3 or be transfected into cells in order to either 

stimulate a stronger response or to stimulate a response when using cells that lack 

TLR3 (Gitlin et al. 2006, Jiang et al. 2003, Wang et al. 2010b, Zhou et al. 2013). Once 

recognised, Poly(I:C) stimulates the production of Type I IFNs and NF-κB, as well as 

the phosphorylation of eukaryotic translation initiation factor 2A (eIF2A) through 

interaction with PKR (Gil et al. 2004, Jiang et al. 2003). 
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Simulating a protein found on the membrane of a gram-negative bacterial wall, LPS 

stimulates CD14-positive macrophages through interaction with both CD14 and 

LPS-binding protein as well as stimulating autophagy in hepatocytes through 

interaction with TLR4 and TLR2 (Chen et al. 2014a, Good, George and Watts 2012, 

Levy et al. 2009, Toshchakov et al. 2002). Alongside the promotion of autophagy, LPS 

also stimulates the production of NF-κB and chemokines involved in the inflammation 

response pathway of the innate immune system (Andreakos et al. 2004, Reynier et 

al. 2012, Sharif et al. 2007). 

In contrast to Poly(I:C) and LPS, CpG ODN is known to only bind to a single receptor 

to stimulate the immune response. Mimicking the dsDNA present in bacterial 

genomes, CpG ODN binds to TLR9 and can be divided into three classes depending 

on their structural characteristics (Vollmer et al. 2004). As TLR9 is only constitutively 

expressed on plasmacytoid dendritic cells and B-cells – immune cells that are 

involved in the development of innate immunity – CpG ODN is commonly used as an 

adjuvant for vaccines (Lipford et al. 1997, Panahi et al. 2018, Reeman et al. 2017). 

1.5.2 Interferons (IFNs) 

Named after their ability to interfere with viral replication, the IFNs are a large family 

of secreted proteins that are expressed upon recognition of PAMPs by PRRs. They 

are categorised into three groups named Type I-III depending on which IFN receptor 

they bind. Binding to the receptor induces a signalling cascade that results in the 

expression of a number of IFN stimulated genes (ISGs) which play roles in innate 

antiviral defence, the regulation of cell growth, and the activation of the adaptive 

immune response (Chen et al. 2013b, Hertzog, Hwang and Kola 1994, Honke et al. 

2016, Kandasamy et al. 2016). Mouse models have been generated which are null 

for the three IFN receptors. As a result of the knock-out they have been shown to be 

more susceptible to a number of different viruses (Ank et al. 2008, Hwang et al. 1995, 

Müller et al. 1994). 

1.5.2.1 Type I IFNs 

Commonly believed to be the most potent antiviral mediators, the family of Type I IFNs 

consists of IFNA, IFNB, IFN-δ, IFN-ε, IFN-κ, IFN-φ, IFN-ω, IFN-χ, IFN-ν, IFN-ζ, and 

IFN-αω genes in mammals. Due to evolutionary divergence as well as subtype 

expansion and contraction, the number and types of genes present in the genome is 

highly variable between species, for example, mice encode for only 26 functional IFN 

type I genes whereas pigs have a total of 57 copies (Table 1-4) (Sang, Bergkamp and 
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Blecha 2014). Successive gene duplication and divergence has resulted in several 

unique type I IFNs that that are associated with specific groups of mammals such as 

IFN-ν (felines), IFN-χ (cows) and IFN-αω (cows, pigs, and horses) (Carbone, Pestka 

and Jubin 2010, Sang et al. 2014, Walker and Roberts 2009). 

Table 1-4 Type I interferons 

Shows the number of functional Type I interferons know to be encoded for in human (Homo 

sapien), mouse (Mus musculus), cow (Bos taurus), and pig (Sus scrofa) gDNA. Numbers in 

brackets denote the Type I IFN pseudogenes currently identified in each species. 

Subfamily 
Number of Genes (Pseudogenes) 

Human Mouse Cow Pig 

IFN-α 13 (4) 14 (3) 13 26 (9) 

IFN-αω 0 0 2 1 

IFN-β 1 1 6 (1) 1 

IFN-Δ 0 0 0 (3) 16 (1) 

IFN-ε 1 1 (1) 1 1 

IFN-κ 1 1 1 1 

IFN-ν 0 (1) 0 0 0 

IFN-τ 0 0 3 (2) 0 

IFN-ω 1 (7) 0 24 (8) 11 (6) 

IFN-χ 0 0 3 (1) 0 

IFN-ξ 0 2 (1) 0 0 

Total 17 (12) 19 (5) 53 (13) 57 (16) 

 
Type I IFNs bind to an IFN alpha receptor (IFNAR) that is made up of two subunits, 

IFNAR1 and IFNAR2. There is a single version of the IFNAR1 which consists of an 

extracellular, a transmembrane, and a 100 amino acid long cytoplasmic domain. 

There are three versions of IFNAR2: a full-length version which has a cytoplasmic 

domain of 250 amino acids, a truncated form with a cytoplasmic domain that is only 

67 amino acids in length, and a soluble form which lacks the cytoplasmic and 

transmembrane domain (Novick, Cohen and Rubinstein 1994, Owczarek et al. 1997). 

IFNAR2 has a higher binding affinity to Type I IFNs than the IFNAR1 subunit, while 

the heterodimer affinity is 10-fold higher than the IFNAR2 receptor (Cutrone and 

Langer 1997). Upon binding to a type I IFN, the IFNAR undergoes a conformational 

change which activates the tyrosine kinase (TYK)-2 protein and Janus kinase-1 

(JAK1) that are tethered to the IFNAR1 and IFNAR2 proteins respectively. Interaction 

with TYK2 and JAK1 signals for the phosphorylation of signal transducer and 

activation of transcription (STAT) proteins which in turn form heterodimers with other 

STAT proteins such as the STAT1-STAT2 heterodimer. The STAT heterodimers then 
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translocate to the nucleus where they activate the transcription of ISGs through 

binding to ISRE and gamma interferon activated site (GAS) elements (Figure 1-11a). 

IFNA is responsible for the induction of approximately 300 genes that play roles in the 

modulation of cell homeostasis, cell death signalling pathways, or inhibition of viral 

replication (Der et al. 1998, Sen 2001, Stark et al. 1998). As a result, IFNA exhibits a 

variety of functions including both antiviral and anti-tumour activity which has led to it 

being used as a therapeutic in the treatment of a number of cancers including 

metastatic melanoma (Hauschild 2009), and hairy cell leukaemia (Golomb et al. 

1986), as well as a treatment for Hepatitis C Virus (HCV) infection (Moriyama and 

Arakawa 2006). While IFNA is predominantly synthesised by leukocytes in an 

IFNB-independent manner, IFNA expression in mouse fibroblast cells has been 

shown to be dependent on IFNB expression (Erlandsson et al. 1998). 

IFNB is a broadly expressed cytokine that is capable of activating both pro- and 

anti-inflammatory responses. Currently, research is being conducted on the possible 

protective roles that IFNB may have on diseases such as colorectal cancer (Shimizu 

et al. 1998), and ischemic stroke (Wanve et al. 2018). Efficient expression of IFNB 

requires the assembly of an enhanceosome that contains a combination of NF-κB, 

phosphorylated IRF3 and/or IRF7, and AP-1 (Panne, Maniatis and Harrison 2007, Yie, 

Senger and Thanos 1999). Once expressed IFNB drives the innate immune response 

by activating pro- and anti-inflammatory cytokines. Alongside the modulation of 

inflammation, ISGs expressed by the activation of the JAK-STAT pathway by IFNB 

play a role in cell proliferation and differentiation (Erdmann et al. 2011, McRae et al. 

2000, Ramgolam and Markovic-Plese 2010, van Koetsveld et al. 2013). Although its 

ability to mount an antiviral response is similar to the other Type I IFNs, IFNB is 

capable of being a more potent modulator of cell proliferation and differentiation than 

the other Type I IFNs due to its higher affinity for the IFNAR1 subunit (de Weerd et al. 

2017, Jaitin et al. 2006). 

Although the other Type I IFNs are not as well described as IFNA and IFNB, their roles 

have largely been elucidated. Interestingly, one ruminant-specific member of the 

family found in cows, deer and sheep – IFN-τ – is not known to be induced by viral 

infection. Rather, it appears to prevent the maternal corpus luteum from regressing to 

allow the fertilised pre-implantation conceptus to survive in a similar method to the 

hormone gonadotrophin (Ezashi and Roberts 2004, Imakawa et al. 2017). The 
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remaining Type I IFNs are all induced upon viral infection and possess 

immunomodulatory and antiproliferative properties.  

Aberrant expression of proteins associated with the Type I IFN response have been 

implicated in a number of auto-immune related diseases including lupus 

erythematosus (Crow 2014), multiple sclerosis (Reder and Feng 2014), and 

rheumatoid arthritis (Conigliaro et al. 2010, Rodríguez-Carrio et al. 2017). Alongside 

this, mutations within the IFNA and IFNB signalling pathways that lead to a lowered 

immune response have been attributed to increased susceptibility to fatal viral 

infections in infants (Moens et al. 2017, Vairo et al. 2011). This increased viral 

susceptibility has also been observed in BHK cells and a kidney epithelial cell line 

from the African Green monkey (Vero) that are considered to be Type I IFN 

incompetent (Andzhaparidze et al. 1981, Clarke and Spier 1983, Desmyter, Melnick 

and Rawls 1968). 

1.5.2.2 Type II IFNS 

The sole member of the Type II IFN group, IFN-γ is secreted by Natural Killer (NK) 

cells, T cells, and APCs such as monocytes and macrophages. Expression is 

stimulated by interleukins (IL) -2, -12, and -18 (Kasahara et al. 1983, Stegmann, De 

Souza and Riley 2015, Tominaga et al. 2000) and repressed by IL-10 and TGF-β 

(Marchant et al. 1994, Park, Letterio and Gorham 2007). Unlike the monomeric Type 

I IFNs, IFN-γ exists as a homodimeric protein that exhibits an anti-parallel locking 

structure (Ealick et al. 1991, Samudzi, Burton and Rubin 1991). IFN-γ expression is 

tightly controlled by a large number of factors including epigenetics (Aune et al. 2013), 

histone modification (Chang and Aune 2007), and both repression and activation by 

micro RNAs (Dai et al. 2008, Dorhoi et al. 2013, Park et al. 2015). This is particularly 

important as abnormal expression of IFN-γ has been linked to a number of diseases 

including multiple sclerosis and the destruction of beta cells in Type 1 diabetes 

(Arellano et al. 2015, Gysemans et al. 2008, von Herrath and Oldstone 1997). 

Underexpression of IFN-γ has also been shown to lead to increased susceptibility to 

bacterial infections (Ramirez-Alejo and Santos-Argumedo 2014, Sullivan et al. 2005). 

IFN-γ binds to a heterodimeric IFN gamma receptor (IFNGR) consisting of a high 

affinity α-chain (IFNGR1) and a low affinity β-chain (IFNGR2) recruiting JAK1 and 

JAK2 to the C-terminus of each chain respectively (Blouin et al. 2016, Randal and 

Kossiakoff 2001). The JAK proteins phosphorylate STAT1 proteins, which allows them 
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to form a homodimer that binds to a GAS element to initiate the transcription of ISGs 

(Blouin et al. 2016) (Figure 1-11b). 

Although IFN-γ does show some antiviral properties (Gao et al. 2018, Sen et al. 2018, 

Vahedi et al. 2018), it plays a larger role as modulator of gene expression of over 

2,300 genes in humans (Rusinova et al. 2013) through the binding of the STAT1 

homodimer to GAS elements. One of its most noted roles is the ability to trigger 

immune responses that lead to phagocytosis as well as controlling the activation, 

differentiation and growth of a number of cell types including epithelial cells (Nava et 

al. 2010), macrophages (Wu et al. 2014a), and both T- and B-cells (Abed et al. 1994, 

Whitmire, Tan and Whitton 2005).  

1.5.2.3 Type III IFNs 

IFN-λ1-3 (also known as IL-29, IL-28A, and IL-28B respectively) and IFN- λ4 make up 

the four known members of the Type III IFN group in humans (Kotenko et al. 2003, 

Prokunina-Olsson et al. 2013, Sheppard et al. 2003). Type III IFNs protect epithelial 

mucosal surfaces and the liver against viral infection in a manner that reduces the risk 

of immune-associated damage that can be caused by the Type I IFNs. Alongside the 

anti-viral response, there have also been reports of a second function of IFN-λ in the 

clearance of HCV infection from the liver leading to speculation that IFN-λ may 

modulate the immune response to infection (Bibert et al. 2013, Prokunina-Olsson et 

al. 2013, Wack, Terczyńska-Dyla and Hartmann 2015).  

Stimulation of Type III IFN expression is thought to be modulated by NK-κB, activator 

protein 1, IRF3 and IRF7 in a tissue-specific manner (Ank et al. 2006, Bruening, 

Weigel and Gerold 2017, Onoguchi et al. 2007, Osterlund et al. 2007). Once 

expressed, the IFN-λ protein forms a complex with the heterodimeric IFN-λ receptor 

(IFNLR) which consists of an α-subunit (IFNLAR) and a β-subunit (IFNLBR). Binding 

to the IFNLR causes the activation of JAK1 and TYK2 and phosphorylation of STAT-1 

and STAT-2. The STAT proteins form a heterodimeric complex, then activate the 

expression of ISGs through interactions with ISRE (Figure 1-11c). 
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Figure 1-11 Interferon signalling pathways. 

Adapted from (Platanias 2005). Diagram showing the signalling pathways in response to a) 

Type I IFNs binding to IFNAR, b) Type II IFNs binding to IFNGR, and c) Type III IFNs binding 

to IFNLR. Binding alters the conformation of the IFNR and the JAK or TYK protein associated 

to the C-term of the interferon receptor (IFNR) subunits. This allows interaction with STAT 

proteins which are phosphorylated by JAK and TYK. Following phosphorylation, the STAT 

proteins form both homo- and hetero-dimers. Heterodimers are able to recruit IRF9 prior to 

translocating to the nucleus to bind to ISREs. Homodimers translocate to the nucleus and bind 

to GAS elements. ISG expression is induced by the action of the STAT complexes binding to 

ISRE or GAS. ISRE is activated by Type I or Type III IFNRs whereas GAS can be activated 

by all three IFNR signalling pathways 
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1.5.2.4 Interferon Stimulated Genes 

The induction of ISGs is essential in supressing viral and microbial infections and the 

pathology that is associated with them. Once the phosphorylated STAT dimers 

interact with the ISRE and GAS elements, ISGs are transcribed in a tissue and 

cell-dependent manner. The phosphorylation of the STAT proteins can be inhibited by 

phosphatases such as T-cell protein tyrosine phosphatase (TCPTP) and suppressor 

of cytokine signalling-1 (SOCS1) (David et al. 1993, Haspel and Darnell 1999, Liau et 

al. 2018, Song and Shuai 1998). Of the seven known STAT proteins, STAT1 and 

STAT2 are the most important in the IFN signalling pathway. Although STAT dimers 

are capable of binding to the GAS element unaided, formation of an ISG Factor (ISGF) 

complex with DNA-binding components is required for binding and activation of ISRE. 

The best described complex is ISGF3 which is formed by interferon regulatory factor 

9 (IRF9) binding to a STAT1-STAT2 heterodimer. 

The ISGs are expressed in a tissue- and cell-specific manner and act on different 

stages of the viral replication cycle. For example, members of the Interferon Induced 

proteins with Tetratricopeptide repeats (IFIT) family are capable of inhibiting 

numerous viruses by inhibiting translation (Fleith et al. 2018, Kumar et al. 2014, Young 

et al. 2016) while the interferon-induced transmembrane proteins (IFITM) prevent 

entry of enveloped viruses (Brass et al. 2009, Desai et al. 2014). One of the most 

highly induced ISGs is Radical S-adenosyl methionine domain-containing protein 2 

(RSAD2) which exhibits antiviral activity against both RNA and DNA viruses at various 

stages throughout the viral replication cycle (Helbig et al. 2011, Panayiotou et al. 

2018). 

A subset of the ISGs have been observed to be expressed in the absence of IFNs or 

IFN signalling during acute viral infection. Rather than being induced by the canonical 

IFN signally pathway, these ISGs have been elucidated to be induced directly through 

PRR signalling pathways that express IRF transcription factors such as IRF3. Some 

ISG promoters contain IRF-binding sites within the ISG promoter regions. 

IRF3-binding sites are a major contributor to the production of ISGs including IFIT1-3, 

RSAD2, and ISG15. These ISGs are the true first line of defence in viral attacks and 

are sometimes referred to as virus-stimulated genes (VSGs) (Majumdar et al. 2015, 

Paladino et al. 2006). 
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1.5.3 The role of interferons during FMDV infection 

Although RIG-I, MDA-5, and TLR3 have all been implicated in the recognition of 

FMDV, during infection of PK-15 cells the ssRNA and dsRNA structures that are 

formed in the 5’-UTR of FMDV are solely recognised by MDA-5 (Hüsser et al. 2011). 

The interferons expressed upon PAMP recognition then leads to the transduction of a 

number of ISGs that can impair FMDV replication and infection. There are four 

antiviral cytokines and chemokines which have been shown to effective against FMDV 

infection: IFNA, IFNB, IFN-γ, and IL-15 (Dias et al. 2011, Diaz-San Segundo et al. 

2010, Kim et al. 2015, Toka et al. 2009, Wang et al. 2008). 

Pretreatment with IFNA, IFNB, IFN-γ and poly(I:C) prior to infection with FMDV have 

all been observed to have a protective effect in vitro (Cao et al. 2013, Chinsangaram, 

Koster and Grubman 2001, Fu et al. 2016, Richmond and Hamilton 1969). Similarly, 

the use of a recombinant adenovirus that expressed IFNA showed a reduction in 

FMDV replication and pathology in pigs and cattle (Chinsangaram et al. 2003, Wu et 

al. 2003). Studies involving pig skin tissue showed evidence that IFNA was 

constitutively expressed at a constant level in dendritic cells both before and during 

infection while IFNB expression was rapidly transduced upon recognition of FMDV 

PAMPs. This suggests that skin tissue is ordinarily primed to secrete IFNs to stimulate 

the expression of ISGs at the very early stages of viral infection (Bautista et al. 2005). 

Upregulation of several ISGs by both Type I and Type II IFNs have been identified to 

play a role in inhibiting the replication of FMDV, including 2′-5′-oligoadenylate 

synthetase (OAS) 1, OAS2, IFN-induced GTP-binding protein Mx (Mx), and 

double-stranded RNA-dependent protein kinase R (PKR) (de Los Santos et al. 2006, 

Díaz-San Segundo et al. 2011, Moraes et al. 2007, Perez-Martin et al. 2014). OAS1 

and OAS2 are involved with the activation of the endonuclease RNase L which 

degrades both host and FMDV viral RNA (Chakrabarti, Jha and Silverman 2011). 

Although there is evidence that the Mx proteins are able to inhibit FMDV replication, 

the method behind it is yet to be elucidated (Cai et al. 2013). PKR helps to strengthen 

the immune response through the inhibition of protein translation by phosphorylating 

the transcription factor eIF2α (García et al. 2006, Proud 2005). Another antiviral 

mechanism associated with PKR involves elevating IFNB expression to drive the 

innate immune responses during infection (McAllister, Taghavi and Samuel 2012, 

Sanz et al. 2013). 
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There is a delicate balancing act between the immune system and viruses, with each 

constantly adapting to either successfully protect or infect the host respectively. 

FMDV has evolved multiple mechanisms to evade both the innate and the adaptive 

immune responses as well as being able to trigger apoptosis. There are two main 

FMDV proteases that have key roles in limiting the protective effects of the IFNs and 

NF-κB: Lpro, and 3Cpro. 

Lpro is the first protein encoded for in the single ORF of the FMDV genome (Figure 1-

6a). Upon translation, it self-cleaves from the polyprotein during translation where it 

then shuts off cap-dependent protein synthesis through the cleavage of eIF4G 

(Devaney et al. 1988, Kirchweger et al. 1994). Alongside this, Lpro has also been 

observed to limit innate immune response through the cleavage of the p65 protein 

that forms part of the NF-κB complex, and inhibiting the expression of the IRF-3/7 

proteins that act as transcription factors for IFNs (de Los Santos, Diaz-San Segundo 

and Grubman 2007, Wang et al. 2010a). The inhibition of IFN expression would 

ordinarily prevent the production of ISGs, however IRF9 is not affected by Lpro activity 

and can assist in the production of IFN-β (Ma et al. 2018). As FMDV mutant strains 

lacking Lpro are potently attenuated, this protein is essential in successful virus 

propagation. This is believed to be due to its role in silencing the type I IFN response 

(Brown et al. 1996, Zhu et al. 2010). As a result, it has been suggested that viruses 

lacking Lpro are attenuated in interferon competent cells, but that the virus may be 

recovered if passaged on a cell line that lacks a Type I IFN response (Grubman et al. 

2008). 

Once the viral polyprotein has been cleaved by Lpro and the 2A protein into Lpro, P1, 

and P2/3 products, 3Cpro processes the P1 and P2/3 polyproteins into their individual 

proteins as well as a number of partial cleavage products (Figure 1-6a) (Kristensen et 

al. 2017). After processing, the 3Cpro targets host transcription factors through partial 

cleavage of eIF4A (Belsham et al. 2000). Precursors of 3Cpro have been observed to 

be present in the cell nucleus where they cleave histone H3 to block its function in 

regulating transcriptionally active chromatin (Capozzo et al. 2002, García-Briones et 

al. 2006). When present in cells at excessive levels there is evidence that 3Cpro can 

cleave eIF4G, although it is not believed to be as functionally important in this role as 

Lpro (Belsham et al. 2000). The 3Cpro has also been shown to directly target the innate 

immune response through blocking the translocation of the STAT1-STAT2 complex 
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into the nucleus, thereby disrupting the transcription of ISGs and blocking formation 

of the NF-κB complex by cleaving TANK (Du et al. 2014b, Huang et al. 2015). 

1.6 Hypotheses 

This body of work investigates how CRISPR-Cas9 can be utilised to investigate 

host-viral interactions during FMDV infection with a focus on the role of integrin αVβ6 

in FMDV entry. 

Neff et al (2000) transfected cell lines that are non-permissive to FMDV with bovine 

or human integrin αVβ3. When infected with FMDV, viral titre was increased in the cells 

transfected with bovine integrin αVβ3 when compared to the human version. As cows 

are highly susceptible to FMDV while humans are rarely infected, we hypothesise that 

there are species-specific differences within the RGD-binding integrins that 

determines host susceptibility to FMDV infection. We focused on the role of integrin 

αVβ6
 because it is predicted to be the main entry receptor for FMDV (Dicara et al. 

2008, Monaghan et al. 2005). In order to test this hypothesis, we employed two 

separate approaches to investigate receptor specificity of the integrins from different 

species as well as the role of specific residues within the protein that were identified 

in a sequence-identity study. 

Despite PK-15 cells being utilised in FMDV literature (Du et al. 2014a, Hüsser et al. 

2011, Zhang et al. 2018), private communications with Dr Bryan Charleston, Dr Toby 

Tuthill, and Dr Julian Seago from The Pirbright Institute highlighted that PK-15 cells 

were not particularly susceptible to infection (unpublished). As BHK cells are thought 

to be readily infected by a number of viruses including FMDV because they lack a 

Type I IFN response (Andzhaparidze et al. 1981, Clarke and Spier 1983, Nikolay et 

al. 2018), we hypothesised that removal of the Type I IFN gene cluster in PK-15 cells 

would make them more susceptible to FMDV infection. 

1.7 Thesis objectives 

The objectives of this thesis are to: 

1. Investigate whether integrin αVβ6 from different species have different binding 

specificities for FMDV by 

a. Knocking out ITGAV in SW480 cells with CRISPR-Cas9. 

b. Transducing the SW480 ITGAV-/- cells with lentiviruses encoding for 

ITGAV and ITGB6 from different species 
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2. Investigate species-specific differences in FMDV RGD-binding by: 

a. Performing a sequence identity study between species that are 

considered to be resistant against those which are naturally or 

experimentally infected with FMDV in ITGAV and ITGB6. 

b. Using the results from the sequence identity study to generate precise 

changes in the DNA of PK-15 cells with CRISPR-Cas9 to match those 

observed in Przewalskii’s horse. 

3. Generate a PK-15 cell line with a 700 kb deletion of the Type I IFN gene cluster 

using CRISPR-Cas9 to investigate the role of Type I IFNs on FMDV 

replication. 
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2 Materials and Methods 

2.1 Bacterial Molecular Biology 

2.1.1 Bacterial media and antibiotics 

Streptomycin, kanamycin, and carbenicillin were sourced from Sigma Aldrich and 

made up to a concentration of 50 mg/ml in MilliQ water and stored at -20 oC in 1 ml 

aliquots. The appropriate volumes of antibiotics to give a final working concentration 

of 12.5 μg/ml streptomycin, 50 μg/ml for kanamycin, or 50 μg/ml carbenicillin were 

pipetted into SOB medium, and LB medium (made by the Central Services Unit (CSU) 

at the Roslin Institute) prior to being inoculated with bacteria. The antibiotic used was 

dependent on the purpose of the bacterial cultures. Agar plates were made by melting 

LB agar (made by the CSU) in a 1000 W microwave on the defrost function for 

20 minutes. An appropriate volume of antibiotic to give a final working concentration 

of 12.5 μg/ml streptomycin, 50 μg/ml for kanamycin, or 50 μg/ml carbenicillin were 

pipetted into the melted agar once it reached approximately 50 oC. It was thoroughly 

mixed into the agar by gently shaking the flask before immediately pouring 10 ml into 

a 90 mm single vent petri dish. 

2.1.2 Making Top10 competent cells 

Top10 cells were streaked onto an agar plate containing Streptomycin using a sterile 

200 μl RPT Ultrapoint Graduated Tip (Starlab) and grown for 18 hours at 37 oC. 

Twenty colonies were picked from the plate using sterile tips and grown in a single 

2 L conical flask containing 200 ml of SOB medium containing 12.5 μg/ml 

streptomycin. The culture was grown in a 37 oC shaking incubator at 200 RPM until 

the OD600 reached 0.04-0.09 when measured on a spectrophotometer. 

The cells were pelleted at 3000 × g in a large capacity refrigerated centrifuge for 

10 minutes at 4 oC and the supernatant was discarded. The cell pellet was 

re-suspended in 66 ml of RF1 solution (Table 2-1) and incubated on ice for 

60 minutes. Cells were centrifuged at 3000 × g for 10 minutes at 4 oC and the 

supernatant was discarded. The cell pellet was re-suspended in 16.5 ml of RF2 

solution (Table 2-1) and incubated on ice for 15 minutes. 25 or 50 μl aliquots of cells 

were then pipetted into 0.2ml PCR tubes with flip tops and flash frozen on dry ice. The 

competent cells were then stored at -80 oC. 
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Table 2-1 Buffers used to make Top10 competent cells. 

Shows the composition of the buffers used to give Top10 cells chemical competence. 

Solution Composition Instructions 

RF1 
100 mM rubidium chloride (RbCl), 50 mM 
manganese (II) chloride, 30 mM potassium 
acetate, 10 mM calcium chloride (CaCl2), 15% (v/v) 
glycerol, Millipore water 

pH to 5.8 with glacial acetic acid 
Filter sterilise with a 0.45 μM 
filter 

RF2 10mM MOPS, 10 mM RbCl, 75 mM CaCl2, Millipore 
water 

pH to 6.8 with sodium hydroxide 
Filter sterilise with a 0.45 μM 
filter 

2.1.3 Transforming competent cells 

Unless otherwise stated, 25 μl of Top10 competent cells were used for each 

transformation. 

Cells frozen at -80 oC were thawed on ice before adding 1 μl of plasmid (0.5-5 ng). 

While adding the plasmid, the pipette tip was used to gently mix the suspended cells. 

The cells were incubated on ice for 10 minutes then heat shocked at 42 oC for 

35 seconds before being returned to ice for two minutes. If a plasmid encoding beta 

lactamase was used, the cells were plated directly onto agar plates containing 

50 µg/ml carbenicillin. If the plasmid encoded for Tn5 aphA gene the cells were 

transferred to 100 μl of SOB without antibiotics and incubated at 37 oC for 60 minutes 

in a shaking incubator set at 200 revolutions per minute (RPM) before being plated 

onto agar plates containing with 50 µg/ml kanamycin. Once plated, the cells were 

incubated overnight at 37 oC. 

2.1.4 Plasmid miniprep 

Small-scale plasmid preparations were carried out using a QIAprep Spin Miniprep Kit 

(Qiagen) and all centrifugation steps were carried out in a table-top centrifuge at 

16,000 × g. 

Bacterial colonies were picked from plates using a sterile 200 μl RPT Ultrapoint 

Graduated Tip (Starlab) and cultured overnight at 37 oC in an orbital shaking incubator 

in 3 ml of LB with appropriate antibiotic. 1 ml of the culture was transferred to a 1.5 ml 

Eppendorf and centrifuged for five minutes. The resulting supernatant was discarded 

and the cell pellet was thoroughly resuspended in 250 μl of Buffer P1 containing Lyse 

Blue reagent. 250 μl of Buffer P2 was added. The tube was inverted gently until the 

solution went a uniform blue colour. The lysis reactions were incubated at room 

temperature for a maximum of five minutes and then neutralised by adding 350 μl of 
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Buffer N3 and inverting the tube until the blue colour disappeared completely. Once 

the neutralisation process was complete, the tubes were centrifuged for 10 minutes 

and the supernatant was transferred to a QIAprep spin column and incubated for one 

minute at room temperature. The spin columns were centrifuged for one minute and 

the flow through was discarded. 500 μl of Buffer PB was added to the spin column, 

which was then centrifuged again for one minute. The supernatant was discarded and 

750 μl of Buffer PE was added to the spin column, which was then centrifuged again 

for one minute. The supernatant was discarded and the spin column was centrifuged 

for a further minute to remove any residual wash buffer. The spin columns were 

transferred to a sterile 1.5 ml Eppendorf and 50 μl of Buffer EB was added to the 

column membrane. The columns were incubated at room temperature for one minute 

before centrifuging for one minute to elute the plasmid. Quantification of the plasmid 

was carried out using a NanoDrop spectrophotometer (see section 2.2.4). 

2.1.5 Plasmid midiprep 

Large-scale preparations of plasmid for use in transfections were carried out using a 

PureLink™ HiPure Plasmid Midiprep Kit (Invitrogen). 

Bacterial colonies were picked from plates using a sterile 200 μl RPT Ultrapoint 

Graduated Tip (Starlab) and cultured for 6 hours at 37 oC in an orbital shaking 

incubator in 3 ml of LB containing an appropriate antibiotic. 1 ml of culture was 

transferred to 50 ml of antibiotic-containing-LB and the cultures were grown overnight 

at 37 oC in an orbital shaking incubator. The cultures were transferred to a 50 ml 

Falcon tube and centrifuged for 25 minutes at 3,000 × g. The supernatant was 

discarded and the pellets were resuspended in 4 ml of R3 buffer containing RNase at 

a concentration of 100 μg/ml. 4 ml of Buffer L7 was added and the tubes were inverted 

six times before being incubated at room temperature for five minutes. To neutralise 

the lysis reaction, 4 ml of Buffer N3 was added and the tubes were inverted six times 

before centrifuging at 3,000 × g for 30 minutes. 

The HiPure Midi Column was equilibriated by adding 10 ml of EQ1 Buffer and allowing 

it to drip through by gravity. Following equilibriation, the supernatant was transferred 

to the column and allowed to drip through fully before washing the column twice with 

10 ml of W8 buffer. Sterile 15 ml Falcon tubes were positioned underneath the 

columns and 5 ml of E4 buffer was added to the column to elute the plasmid. 3.5 ml 

of cold isopropanol was added to precipitate the plasmid and the tubes were 

centrifuged at 3,000 × g for 1 hour at 4 oC. The supernatant was discarded before 
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washing the pellet in 1 ml of cold 70% ethanol and transferring it to a 1.5 ml Eppendorf 

before centrifuging for a further 10 minutes at 16,000 × g at 4 oC in a table-top 

centrifuge. The supernatant was discarded in a sterile cell-hood and the pellets were 

air-dried for 10 minutes before resuspending in 100 μl of sterile TE buffer. 

Quantification of the plasmid was carried out using a NanoDrop spectrophotometer 

(see section 2.2.4). 

2.1.6 ZeroBlunt TOPO cloning 

PCR products with blunt ends were routinely cloned into ZeroBlunt TOPO vectors for 

sequencing. 0.5 µl of PCR product was used in a reaction if the product was ˂1kb or 

2 µl was used if yield was low or the product was ˃1kb. The rest of the components 

used were 0.5 µl of salt solution, 0.5 µl of pCR™II-Blunt-TOPO®, and water to make 

it up to a final volume of 3 µl. The pCR™II-Blunt-TOPO® vector was added last and 

the solution was gently mixed using the pipette tip. The mix was incubated for 5 

minutes at room temperature and then transformed into Top10 cells as described in 

section 2.1.3. 

2.2 Mammalian Molecular Biology 

2.2.1 RNA extraction from mammalian cells using RNeasy Mini Kit 

RNA extraction from mammalian cells was carried out using a RNeasy Mini Kit 

(Qiagen). The cells were grown on Nunc™ 6-well plates (Thermo Fisher) and lysed 

with 350 µl of Buffer RLT on the plate once 90-100% confluence had been reached. 

The lysate was collected using a plate scraper and transferred to a sterile, RNase-free 

flip-top Eppendorf to be vortexed briefly. Once vortexed, the lysate was transferred to 

a QIAshredder spin column and centrifuged at 13,000 × g for 2 minutes and 1 volume 

of 70% ethanol was added to the flow-through. After thorough mixing, the lysate was 

transferred to a RNeasy spin column and centrifuged at 8000 × g for 15 seconds. The 

flow-through was discarded and 700 µl of Buffer RW1 was added to the spin column 

before centrifuging for a further 15 seconds at 8000 × g. After discarding the 

flow-through, 500 µl of Buffer RPE was added to the spin column and centrifuged for 

15 seconds at 8000 × g. A final wash step using 500 µl of Buffer RPE was carried out 

by adding it to the spin column and centrifuging for 2 minutes at 8000 × g. To ensure 

that all the ethanol had been removed, the spin column was transferred to a clean 

collection tube and centrifuged for a further minute at 13,000 × g. The purified RNA 

was then eluted by adding 30 µl of RNase-free water to the spin column and 
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centrifuging at 13,000 × g for 1 minute. The purified RNA was quantified using a 

NanoDrop spectrophotometer (refer to section 2.2.4) and the quality analysed using 

the Agilent TapeStation (refer to section 2.2.5). 

2.2.2 RNA extraction from mammalian cells using Direct-zol RNA kits 

RNA extraction from mammalian cells was carried out using a Direct-zol RNA kit. The 

cells were grown on Nunc™ 6-well plates (Thermo Fisher) and lysed in 500 µl of 

Tri-Reagent. The lysate was collected using a plate scraper and transferred to a 

sterile, RNase-free flip-top Eppendorf. The lysate was mixed with an equal volume of 

95-100% ethanol and transferred to a Zymo spin column. The column was centrifuged 

for 15 seconds at 16,000 x g and the flow-through was discarded. 400 µl of RNA wash 

buffer was added to the column which was centrifuged for 15 seconds at 16,000 x g. 

The flow through was discarded and and 80 µl of pre-mixed DNase I (5 µl) and DNA 

digestion buffer (75 µl) was directly added to the column matrix. The column was 

incubated at room temperature for 15 minutes before being washed with 400 µl of 

Direct-zol RNA prewash buffer followed by a centrifuge step for 15 seconds at 16,000 

x g. The Direct-zol prewash step was repeated before performing a final wash step 

with 700 µl of RNA Wash Buffer. The column was centrifuged at full speed for 2 

minutes and then transferred to an RNase-free tube. 50 µl of DNase/RNase-free 

water was added to the column and centrifuged for 15 seconds at 16,000 x g to elute 

the RNA. The purified RNA was quantified using a NanoDrop spectrophotometer 

(refer to section 2.2.4) and the quality analysed using the Agilent TapeStation (refer 

to section 2.2.5). 

2.2.3 DNA extraction from cells using DNeasy Blood and Tissue Kit 

DNA was extracted from cells on 6-well plates using a DNeasy Blood and Tissue kit 

(Qiagen). The medium was aspirated from each well and then the cells were washed 

with 2 ml of PBS (made by the CSU at the Roslin Institute). 200 μl of PBS, 20 μl of 

proteinase K and 200 μl of Buffer AL were added to each well and the lysate was 

pipetted vigorously to dislodge any remaining cells from the plate. The lysate was 

transferred to a flip-top Eppendorf tube, vortexed briefly and then incubated at 56 oC 

for 10 minutes before adding 200 μl of 100% ethanol (Fisher Scientific). The lysate 

was vortexed briefly before being transferred to a DNeasy Mini spin column where it 

was then centrifuged at 6000 × g for 1 minute. The spin column was transferred to a 

new collection tube and 500 μl of Buffer AW1 was added to the column before 

centrifuging again at 6000 × g for 1 minute. The spin column was transferred to a new 
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collection tube and 500 μl of Buffer AW2 was added to the column before centrifuging 

at 16000 × g for 3 minutes. To elute the purified DNA, the spin column was transferred 

to a 1.5 ml flip-top Eppendorf and 200 μl of Buffer AE was added to the column. After 

incubating at room temperature for 1 minute, the spin column was centrifuged at 6000 

× g for 1 minute and the eluted DNA was analysed using a NanoDrop 

spectrophotometer (refer to section 2.2.4). 

2.2.4 DNA and RNA quantification using the NanoDrop Spectrophotometer 

DNA and RNA were frequently quantified using a NanoDrop spectrophotometer 

(Thermo Fisher) and ND-1000 software. Upon opening the software for quantification 

of nucleic acids, calibration of the machine was carried out by dispensing 1 μl of 

de-ionised water onto the pedestal and the arm lowered to form a column of liquid 

that allows measurements to be taken. Once calibrated, the water was wiped off both 

the upper and lower pedestal using a lint-free cloth and the type of sample being 

measured was chosen. “DNA-50” was used to measure genomic DNA (gDNA) and 

plasmids, and “RNA-40” was used to measure RNA samples. To blank the machine, 

1 μl of a blanking solution was pipetted onto the pedestal and the “Blank” tab on the 

software was clicked. The blanking solution used was the same as the solution the 

DNA or RNA was eluted in.  Once blanked, the sample was measured by pipetting 

1 μl onto the lower pedestal, lowering the arm and clicking the “Measure” tab on the 

software. Each sample was briefly vortexed to ensure equal mixing before being 

measured and the pedestals were wiped between samples to ensure accurate 

measurements were taken. The concentrations were recorded and the 260/280 and 

260/230 absorbencies were checked to see how pure the samples were.  Pure DNA 

should have a 260/280 value of ~1.8 whereas RNA should have a 260/280 value of 

~2.0 with the 260/230 value being higher than the 260/280 value. 

2.2.5 Analysis of RNA quality using the Agilent 2200 TapeStation 

RNA quality was analysed using RNA ScreenTape in a 2200 TapeStation system 

(Agilent). 1 µl of RNA at a concentration under 500 ng/µl was mixed with 5 µl of RNA 

Sample Buffer (Agilent) in an 8-strip PCR tubes with cap strips (StarLab) on ice and 

the samples were spun down briefly using a microcentrifuge. The samples were 

denatured in a TProf thermocycler at 72 oC for 3 minutes and placed back on ice 

before loading them into the 2200 TapeStation system. Once the samples, RNA 

ScreenTape and Loading Tips had been correctly inserted into the machine, the tubes 

with samples to be analysed were highlighted and named on the 2200 TapeStation 
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Controller Software and the “Start” button pressed. After the programme was finished, 

the 2200 TapeStation Controller Software produced a report showing an image of the 

RNA resolved on the ScreenTape gel, an electropherogram of each sample showing 

the intensity of each resolved product on the gel and an RNA integrity number (RIN) 

value. The electropherogram was studied to ensure that the RIN value was being 

calculated from the correct peaks. If it had identified incorrect signals as the 20S and 

18S bands then the boundaries were altered so that they analysed the correct peaks 

by left clicking and dragging the boundary to the correct point and the software 

automatically recalculated the RIN value. Samples with values above 7.0 were used 

in downstream processes unless otherwise stated. 

2.2.6 First strand cDNA synthesis 

cDNA was synthesised using 1 µg of RNA as a template and the SuperScript™ III 

First-Strand Synthesis System (Thermo Fisher).  

1 µl of oligo(dT)s, and 1 µl of 10 mM dNTP mix were mixed with the RNA and made 

up to a volume of 10 µl with RNase/DNase-free water. The tube was incubated at 

65 oC for 5 minutes and incubated on ice for 1 minute. The following components were 

added to the RNA-oligo(dT) mix in the following order: 2 µl of 10X RT buffer, 4 µl of 

25 mM MgCl2, 2 µl of 0.1 M DTT, 1 µl of RNaseOUT (40U/ µL), and 1 µl of Superscript 

III RT (200 U/µL). The mix was then incubated as follows: 50 minutes at 50 oC, 5 

minutes at 85 oC. The tubes were chilled on ice for 2 minutes before adding 1 µl of 

RNase H and incubating for 20 minutes at 37 oC. The cDNA was stored at -20 oC.  

2.2.7 PCR 

PCRs were performed using 100 ng of gDNA extracted from cells as described in 

section 0 or 1 µl of cell lysate buffer described section 2.4.9 as a template for every 

50 µl of reaction mix. A list of the primer pairs used and their annealing temperatures 

can be found in the appendices. 

2.2.7.1 Accuprime Taq DNA Polymerase, Hi-Fi 

5 µl of 10X AccuPrime™ PCR Buffer II, 1 µl of forward primer (10 µM), 1 µl of reverse 

primer (10 µM), 0.2 µl of Accuprime Taq DNA Polymerase and 200 ng of gDNA were 

made up to a final volume of 50 µl with nuclease-free water. The reactions were 

performed using the thermocycling conditions outlines in Table 2-2. 
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2.2.7.2 NEB Phusion polymerase 

25 µl of 2X NEB Phusion polymerase Master Mix with HF buffer, 1 µl of forward primer 

(10 µM), 1 µl of reverse primer (10 µM), and 200 ng of gDNA were made up to a final 

volume of 50 µl with nuclease-free water. The reactions were performed using the 

thermocycling conditions outlines in Table 2-2. 

For products under 1 kb the annealing time was 30 seconds, for products over 1 kb 

we used an annealing time of 90 seconds. 

2.2.7.3 Takara PrimeSTAR MAX polymerase 

25 µl of 2X Takara PrimeSTAR MAX Master Mix, 1 µl of forward primer (10 µM), 1 µl 

of reverse primer (10 µM), and 200 ng of gDNA were made up to a final volume of 

50 µl with nuclease-free water. The reactions were performed using the thermocycling 

conditions outlines in Table 2-2. 

For products under 1 kb the annealing time was 20 seconds, for products over 1 kb 

we used an annealing time of 60 seconds. 

Table 2-2 Polymerase thermocycler conditions. 

 

2.2.8 Exo-SAP PCR clean-up  

0.2 μl of Exonuclease I (NEB), 0.4 μl of Shrimp Alkaline Phosphatase rSAP (NEB) 

and 0.4 μl of nuclease-free water was added to 5 μl of PCR product and incubated at 

37 oC for 30 minutes to degrade excess dNTPs and primers from PCR products and 

80 oC for 15 minutes to inactivate the enzymes. The clean PCR product was stored 

at -20 oC until required. 

2.2.9 Extracting DNA fragments from gels using the GFX illustra PCR clean-

up kit 

To extract the DNA from the gel, an illustra GFX PCR DNA and Gel Band Purification 

Kit (GE Healthcare) was used. DNA was electrophoresed on a 2% TAE gel (refer to 

Section 2.2.10) and the DNA visualised on a blue-lightbox. The desired band was cut 

Temperature 

(oC)
Time 

Temperature 

(oC)

Time (s) 

products 

<1kb

Time (s) 

products 

>1kb

Temperature 

(oC)

Time (s) 

products 

<1kb

Time (s) 

products 

>1kb

Initial Denature 94 2 mins 98 2 mins 2 mins 98 2 mins 2 mins

Denaturing temperature 94 30 s 98 30 s 30 s 98 20 s 20 s

Annealing temperature
See primer 

tables
30 s

See primer 

tables
30 s 30 s

See primer 

tables
20 s 20 s

Extension temperature 68 60 s 72 30 s 90 s 72 20 s 60 s

Final extension 68 5 mins 72 5 mins 5 mins 72 5 mins 5 mins

Accuprime Taq PrimeSTAR MAXPhusion polymerase
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out using a clean scalpel and placed in a clean 1.5 ml flip-top Eppendorf containing 

500 μl of Capture Buffer Type 3. The Eppendorf was placed in a 60 oC heat block and 

inverted every 3 minutes until fully melted before transferring to a GFX MicroSpin 

column. After incubating the spin column for 1 minute at room temperature, it was 

centrifuged at 16,000 × g for 30 seconds and the flow-through was discarded. The 

column was washed twice by adding 500 μl of Wash buffer and centrifuging at 

16,000 × g for 30 seconds. After the second wash step, the spin column was 

transferred to a fresh collection tube and centrifuged for a further 3 minutes at 16,000 

× g to remove any residual ethanol. To elute the purified DNA for downstream 

processing such as cloning, 25 μl of Elution Buffer Type 4 was incubated in the spin 

column at room temperature before centrifuging at 16,000 × g for 1 minute. If the 

product was to be sent for sequencing, Elution Buffer Type 6 was used instead. The 

products were stored at -20 oC until required. 

To purify PCR products using this kit, 300 µl of Capture Buffer 3 was mixed with the 

PCR product and transferred to a Microspin column. The protocol for washing and 

eluting the column is the same as described above. 

2.2.10 Gel electrophoresis 

1X TAE agarose gels were routinely used to resolve PCR and restriction-digest 

products. 

1X TAE was made by diluting a 50X stock (made by the CSU at Roslin) in MilliQ H2O. 

To make a 1% gel, 1 g of UltraPure™ Agarose (Invitrogen) was added to 100 ml of 

1X TAE and melted in a 900 W microwave for 3 minutes at full power (for production 

of a 2% gel refer to Table 2-3). Once melted, the agarose was left at room temperature 

until it was around 50 oC prior to adding 7 μl of SYBR™ Safe DNA Gel Stain 

(Invitrogen). After gently shaking the flask to thoroughly mix the SYBR Safe into the 

agarose, it was poured into a suitable gel tray. Combs that provided a sufficient 

number of wells were inserted into the tray and the gel was left to set at room 

temperature. Once set, the gel tray was transferred into a gel tank (BioRad) filled with 

1X TAE and the comb was gently removed. 5 μl of the sample was resolved alongside 

5 μl of Generuler DNA Ladder Mix (Thermo Fisher) at 5 V/cm for 25 minutes for 1% 

gels. For 2% gels, the running time was doubled. After the gel had finished running, it 

was imaged using a UV Transilluminator Gel Doc.



 

68 
 

 

Table 2-3 Making TAE agarose gels 

Shows the quantities of reagents used to make 100 ml of 1X TAE agarose gels of different 

percentages. 

Gel percentage 
(%) 

Agarose 
(g) 

1x TAE 
(ml) 

SYBR™ Safe 
(μl) 

1 1 100 7 
2 2 100 7 

 

2.2.11 Sanger sequencing of DNA and plasmids 

Edinburgh Genomics were used to sequence PCR products and plasmids using their 

Big Dye Master Mix required option. All samples contained 6.4 μM sequencing primer 

and the amount of product requested by Edinburgh Genomics (see Table 2-4) made 

up to 6 μl with water.  

Table 2-4 Quantity of template required by Edinburgh Genomics to carry out Sanger 

Sequencing depending on the size and type of DNA template. 

DNA Template Recommended 
amount (ng) 

100-200 bp PCR product 1.5-3.0 
200-500 bp PCR product 4.5-10.0 
500-1000 bp PCR product 7.0-20.0 
1000-2000 bp PCR product 15.0-40.0 
dsDNA from plasmid vectors 300.0-400.0 

 

2.3 CRISPR-Cas9 construction 

2.3.1 Annotating genes using Geneious 

Genes were annotated using the NCBI Gene database on the Geneious software 

(Version 11). Using the search box, the database was filtered by looking for the gene 

name and organism and downloaded from the list. From there, the exons were 

annotated by right-clicking an exon present on the CDS track, highlighting the 

“Annotation” option and clicking the “Add” option. On the Add Annotation pop-up box, 

the annotation type was changed to exon and the “OK” button was pressed. From 

there, the target exons were found and extracted using the “Annotation” tab. 

2.3.2 Designing CRISPR-Cas9 sgRNAs 

Once the target exons and their surrounding nucleotides were identified and extracted 

as described in section 2.3.1, the sgRNAs for cloning into a CRISPR-Cas9 plasmid 
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could be designed. sgRNA design was carried out by using the online design tool, 

CRISPOR (Haeussler et al. 2016) by entering a target sequence less than 2000 bp in 

length, selecting the genome of the relevant organism and choosing the 

“20bp-NGG – Sp Cas9, SpCas9-HF1, eSpCas9 1.1” PAM. Once the software had 

analysed all the available options, it provided a colour-coded table and an interactive 

diagram of the target region to help to identify the best available guides. Guides were 

chosen based on their proximity to the target site, their predicted specificity scores 

(Hsu et al, 2013), and any potential off-target sites in other exonic sequences. Once 

the 20bp guide sequences were chosen, they were modified by either changing the 

5’-base to a guanine or making the guide shorter if there was a guanine present at 

position 19 or 18 to drive sgRNA expression in mammalian cells from the U6 RNA 

polymerase III promoter present in the pSL66 and px458-mCherry Cas9 expression 

vectors used throughout this body of work (Figure 2-1). The vectors contain a U6 

promoter that requires a guanine at the 5’ of the guide sequence to initiate translation. 

As the nucleotides at the 5’ of the guide are not essential for sgRNA binding to the 

DNA, we routinely change the final nucleotide to a guanine or truncate the guide if a 

guanine is present at positions 18 or 19 upstream from the PAM. The guides are 

cloned into the vector through the use of two BbsI sites downstream from the U6 

promoter. The restriction sites leave unique overhangs on either side that allow the 

guides to be inserted in a specific direction when the sequences 5’-CACC-3’, and 

5’-AAAC-3’ are added to the beginning of the forward and reverse complement oligos 

respectively. The sequences were then ordered as dry, standard, 25 nm oligos from 

IDT for cloning into a pSL66 or px458-mCherry expression vector. 
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Figure 2-1 Cas9 expression vectors 

Shows the two variations of CRISPR-Cas9 plasmids used a) pSL66 is based on the px458 

plasmid backbone but contains an extension to the dCas9-binding hairpin and a nucleotide 

modification to the DNA matching region of the sgRNA scaffold to enhance guide targeting 

(Chen et al. 2013a) b) px458-mCherry is a px458 backbone where the eGFP marker protein 

has been exchanged for an mCherry fluorescent marker. 

2.3.3 Cloning sgRNAs into a pSL66 plasmid backbone 

All sgRNA oligos were cloned into either a px458-mCherry plasmid or a plasmid made 

by Simon Lillico, pSL66, that is a px458 backbone with modifications to the stem of 

the sgRNA scaffold as described by Chen et al (2013) (see   

Figure 2-1) and encodes for a Cas9-2A-GFP. Prior to cloning, the oligos were 

reconstituted as 100 nM stocks with nuclease-free water (Qiagen) and annealed 

together in a TProf thermocycler by adding the reagents listed in Table 2-5 into a PCR 

tube and heating to 95 oC for 5 minutes, and ramping down to 25 oC at a rate of 5 oC 

min-1. 

Table 2-5 Reagents used to anneal sgRNA oligos together. 

Reagent Volume (μl) 

Forward oligo (100 nM) 1 
Reverse oligo (100 nM) 1 
NEBuffer™ 2 (10X) 1 
Nuclease free water 7 

a) b) 
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Once annealed, 1 μl of the oligo duplex was diluted in 199 μl of nuclease free water 

and used in a one-step cloning reaction with pSL66 using the reagents outlined in 

Table 2-6. The cloning reaction was carried out in a TProf using a program of 6 cycles 

of 37 oC for 5 minutes followed by 21 oC for a further 5 minutes. 

Table 2-6 shows the reagents used in the one-step sgRNA cloning step. 

Reagent Volume (μl) 

pSL66 (100 ng/μl) 1 
Diluted oligo duplex 2 
NEB T4 DNA Ligase Buffer (10X) 2 
BbsI-HF (NEB) 1 
T7 ligase (NEB) 0.5 
Nuclease-free water 13.5 

After the one-step cloning reaction was complete, the reaction was treated with 

Plasmid-Safe™ ATP-Dependent DNase (epicentre) to remove any residual linearised 

DNA. Using the reagents outlined in   

Table 2-7, the reaction was incubated at 37 oC for 30 minutes, followed by 70 oC for 

30 minutes in a TProf thermocycler. 

After the Plasmid-Safe™ ATP-Dependent DNase treatment, the plasmid was 

transformed into Top10 competent cells and grown on carbenicillin plates overnight 

as outlined in section 2.1.3  

Table 2-7 Reagents used in the Plasmid-Safe™ ATP-Dependent DNase treatment step. 

Reagent Volume (μl) 

Cloning product 11 
Plasmid-Safe™ Buffer (10X) 1.5 
ATP (10mM) 1.5 
Plasmid-Safe™ ATP-Dependent DNase 1 

2.3.4 Screening bacterial colonies for sgRNA insertion 

After carbenicillin plates containing competent cells transformed with the modified 

pSL66 plasmid had been incubated overnight, three colonies were picked at random 

and scraped off the plate with a sterile pipette tip. The clones were dipped into a 20 µl 

PCR reaction (see Table 2-8) before being placed into a sterile Falcon® 14 ml Round 

Bottom High Clarity PP Test Tube with Snap Cap (Corning) containing 3 ml of LB 

medium treated with carbenicillin and being cultured overnight at 37 oC. 

The forward primer used for the PCR reaction was the same oligo used as the sense 

strand for the sgRNA guide during the cloning step in section 2.3.3. The reverse 
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primer was designed by Simon Lillico in the sgRNA scaffold of the plasmid (5’- 

GTCAATAGGGGGCGTACTTG). The PCR reaction was then amplified in a TProf 

thermocycler using an initial denature step of 5 minutes at 98 oC followed by 30 cycles 

of 98 oC for 30 seconds, 55 oC for 30 seconds, and 64 oC for 30 seconds before 

carrying out a final extension of 64 oC for 7 minutes. The reaction was resolved on a 

1% TAE agarose gel as described in section 2.2.10. 

Table 2-8 Reagents used to screen bacterial colonies for the sgRNA inserts. 

Reagent Volume (μl) 

DreamTaq Green PCR Master Mix 
(2X) (Thermo Fisher) 

10 

oSL35 Reverse primer (10 pmol/µl) 0.4 
sgRNA Forward primer (10 pmol/µl) 0.4 
Nuclease-free H2O 9.2 

 

2.4 Cell culture techniques 

2.4.1 Cell growth conditions 

Cells were cultured in Nunc™ treated plates and flasks (Thermo Fisher) and 

incubated at 37 oC in a 5 % CO2 atmosphere in Hera incubators. DMEM, high glucose, 

GlutaMAX™ Supplement, with pyruvate (Gibco), and FBS (Gibco) were extensively 

used as a base for several media types used during cell culture, with 

Penicillin-Streptomycin (10,000 U/mL) being added to growth and conditioned 

medium to reduce the probability of bacterial contamination (see Table 2-9). 

Table 2-9 Types and compositions of media used in cell culture techniques 

 Media 
FBS 
(%) 

Pen/Strep 
1X 

Additional 

Growth medium 
DMEM, high glucose, 
GlutaMAX™ 
Supplement, pyruvate 

10 Yes None 

Freezer medium 
DMEM, high glucose, 
GlutaMAX™ 
Supplement, pyruvate 

20 No 10% DMSO 

Conditioned 
medium 

DMEM, high glucose, 
GlutaMAX™ 
Supplement, pyruvate 

10 Yes 
10% filtered growth 
medium taken from cells 
in G-phase 
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2.4.2 Counting cells with a haemocytometer 

Cell suspensions were counted by loading 20 μl of single-cell suspension into a 

haemocytometer and viewing the grid at 100X magnification with a light microscope. 

Cells were counted in each of the corner 4x4 grids highlighted in blue in Figure 2-2 

and the mean number (n) calculated. The total number of cells was then calculated 

using the following equation: 

Number of cells/ml = n x104 

Total number of cells = cells/ml x total volume (ml) 

 

 

Figure 2-2 Haemocytometer. 

Shows the grid pattern present on a haemocytometer. The fields of view used to count cells 

are shaded in grey. 

2.4.3 Thawing cells 

1 ml frozen cell stocks were thawed quickly in a 37 oC water bath for 30 seconds and 

immediately transferred into 10 ml of pre-warmed growth medium. The cell 

suspension was centrifuged at 200 × g for 5 minutes at room temperature and the 

supernatant was discarded. The cell pellet was gently resuspended by pipetting up 

and down in 10 ml of medium using a PipetteBoy and a 12 ml stripette before 

transferring to a T75 Nunc™ Cell Culture Treated Flasks with Filter Cap (Thermo 

Fisher). 
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2.4.4 Passaging cells 

Once the cells had reached 80-90% confluence, the medium was aspirated from the 

cell-culture flask and the cells were washed with Cell Therapy Systems (CTS™) 

Dulbecco’s PBS (DPBS), without calcium chloride, without magnesium chloride 

(Gibco) before being treated with TrypLE™ Express Enzyme (1X) (Gibco) at 37 oC for 

5 minutes. The cells were tapped firmly by hand in a sideways motion to dislodge any 

remaining adherent cells before the TrypLE™ was inactivated by FBS-containing 

growth medium at a 2:1 ratio (media:TrypLE™). The cell suspension was transferred 

to a 50 ml falcon tube and centrifuged at 200 × g for 5 minutes at room temperature. 

After discarding the supernatant, the cell pellet was gently resuspended into a single-

cell suspension and split according to the growth conditions outlined in section 2.4.1. 

2.4.5 Freezing down cells 

For long-term storage, cells were stored in 1 ml aliquots at -150 oC. 

Once the cells had reached 70-80% confluence, they were detached from the flask 

as described in section 2.4.4. The cell suspension was transferred to a 50 ml Falcon™ 

tube and centrifuged at 200 × g for 5 minutes at room temperature. After discarding 

the supernatent, the cell pellet was resuspended in either 6 or 12 ml of freezing media 

depending on if they were cultured in a T75 or a T150 respectively. The cell 

suspension was aliquoted into 1.5 ml screw cap conical tubes (Star labs, 

E1415-2231). The cells were stored at -80 oC overnight in a Mr. Frosty™ Freezing 

Container (Nalgene) containing isopropanol (Sigma) before transferring them 

to -150 oC the next day. 

2.4.6 Collagen-coating plates 

SW480 cells culture well on collagen-coating plates. 10 mg of collagen from rat tail, 

Bornstein and Traub Type I (Invitrogen; C7661) dissolved in 100 ml of 0.1 M acetic 

acid by stirring at room temp for 1-3 hours (yielding a concentration of 0.01% 

collagen). 10 ml of chloroform (10% of the volume) was added and left overnight at 

4°C to sterilise the collagen. The next day, the collagen transferred to sterile 15 ml 

Falcon tubes and stored at 4 oC. When coating T75s, 1 ml of collagen was spread 

evenly around the flask then incubated at 37 oC for 1 hour. The collagen was aspirated 

and the flask was washed 3 x with 20 ml of DPBS.  
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2.4.7 Transfecting cells using the Neon® Transfection System 

Transfections were carried out using the Neon® Transfection System 100 μl kit 

(Invitrogen). 

Once the cells had reached 70-80% confluence, they were detached from the flask 

as described in section 2.4.4. The cell suspension was transferred to a 50 ml falcon 

tube and the number of cells in suspension were counted using a haemocytometer 

(refer to section 2.4.2) before being centrifuged at 200 × g for 5 minutes at room 

temperature. After removing the supernatant the cell pellet was resuspended in 10 ml 

DPBS to wash the cells and an appropriate number of cells for the number of 

transfections were centrifuged again at 200 × g for 5 minutes at room temperature. 

During the centrifugation step, the plasmids were prepared ready for transfection. For 

a single transfection, 2.4 μg of the plasmid was transferred to a sterile 1.5 ml flip-top 

Eppendorf tube. If two plasmids were being co-transfected then 2.4 μg of each 

plasmid was transferred to the same sterile 1.5 ml flip-top Eppendorf tube unless 

otherwise stated. The supernatant was removed from the cell pellet and the cells were 

resuspended in Resuspension Buffer R at a concentration of 5 x106 cells/ml. Prior to 

the transfections, 120 μl of the cell suspension was mixed with the plasmid aliquots 

and 3 ml of Electrolytic Buffer E2 was added to a sterile Neon® Tube placed inside 

the Neon® Pipette Station. 100 μl of cell suspension mixed with plasmid was drawn 

up into a sterile 100 μl Neon® Tip and transferred to the Neon® Pipette Station. Once 

correctly placed in the Neon® Pipette Station, the “Start” button was pressed on the 

screen on the Neon® Transfection Device. Once transfected, the cells were 

transferred into the wells of a pre-incubated 6-well plate containing 2 ml of fresh 

medium. Between transfections, the Neon® Tip was washed thoroughly in DPBS and 

used for up to 6 transfections before being changed. 

The Neon® Transfection Device was set to either 1400 V, 30 ms, 1 pulse for PK-15 

cells or 1350 V, 20 ms, 2 pulses for SW480 cells.  

2.4.8 Fluorescent Activated Cell Sorting (FACS) 

Cells underwent FACS 24-48 hours post-transfection once strong GFP or mCherry 

expression was observed. The cells were dislodged from the flask as described in 

section 2.4.4 using 300 μl of TrypLE™ per well in a 6-well plate. Once centrifuged, 

the cells were resuspended in 300 μl of medium and transferred to a Falcon™ Test 

Tube with Cell Strainer Snap Cap (Corning™ 352235) before undergoing FACS. Prior 

to each FACS, a negative and a positive control for each fluorescent marker were 
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used to set the gating for the cells using a BD FACS ARIA III machine. The cells were 

either collected as a pooled population in a 1.5 ml screw-top Eppendorf containing 

50 μl of medium or single-cell sorted into Nunc™ 96-well plates (Thermo Fisher) 

containing 50 μl of medium per well. All FACS experiments were performed by Roslin 

Bioimaging Services. 

2.4.9 DNA extraction from 96-well plates using QuickExtract™ DNA 

Extraction Solution 

DNA was extracted from cell clones grown on 96-well plates using QuickExtract™ 

DNA Extraction Solution (Epicentre). The medium was aspirated before washing the 

cells with PBS. After the wash step, the cells were either stored at -20 oC for later use 

or immediately lysed. For lysis, 50 μl of QuickExtract™ DNA Extraction Solution was 

added to each well using a twelve-channel pipette and the cells were agitated by 

vigorously pipetting up and down 20 times before being transferred to a 96-well PCR 

plate. The plate was then put into a TProf thermocycler and incubated for a single 

cycle of 65 oC for 6 minutes and 98 oC for 2 minutes. The samples were stored 

at -20 oC and they were used directly in PCR reactions at a ratio of 1 µl of the lysates 

to 50 µl of PCR master mix.  

2.4.10 Protein extraction from 6-well plates using RIPA buffer 

RIPA Lysis and Extraction Buffer (Thermo Fisher) was used to extract protein from 

cells for Western Blot analysis. The cells were washed twice with cold DPBS before 

adding 200 µl of cold RIPA buffer to each well and agitating on ice for 5 minutes. 

Using a cell scraper, the lysate was pulled to one side of the well and transferred to a 

1.5 ml flip-top Eppendorf. To remove the cell debris, the lysate was centrifuged at 16, 

000 × g for 15 minutes at 4 oC and the supernatant was flash frozen in 20 µl aliquots 

on dry ice before being stored at -80 oC. 

2.5 Analysis of CRISPR-Cas9 activity 

2.5.1 T7 assay 

72 hours post-transfection, genomic DNA samples were prepared and used as 

template for a PCR reaction spanning the target site. PCR products were assessed 

for insertion/deletion (indel) formation by T7 assay. 200 ng of the PCR products were 

denature-annealed in PCR tubes in a Thermocycler using the following protocol:



 

77 
 

  

98 oC  1 minute 

95 oC  5 minutes decrease to 85 oC at a rate of 2 oC/s 

85 oC  5 seconds decrease to 25 oC at a rate of 0.1 oC/s 

25 oC  5 seconds 

4 oC  Hold 

 
Following the denature/anneal step, 1 μl of T7 endonuclease I (NEB) was added to a 

19 μl reaction containing 2 μl (10X) NEBuffer™ 2 (NEB) and 200 ng of PCR product. 

The reaction was incubated at 37 oC for 15 minutes and resolved on a 2% TAE 

agarose gel (refer to section 2.2.10). 

2.5.2 Tracking of Indels by Decomposition (TIDE) 

After PCR products of the target region of sgRNAs were sequenced (refer to section 

2.2.11), the traces were analysed using the online TIDE software (Brinkman et al, 

2014) that decomposes the traces to give a percentage for the number, location and 

type of indels present which provides an appropriate analysis of pooled cells. This 

method requires a WT reference sequence. 

2.6 Characterising edited cells 

2.6.1 qPCR 

In order to compare gene expression between control samples and samples 

containing edits to the porcine ITGAV and porcine ITGB6 gene in PK-15 cells, qPCR 

was used. All the steps were performed on ice unless otherwise stated. 

Before setting up the reactions, a standard was set up by taking an aliquot of each 

sample being analysed and mixing them together in one sample tube. The samples 

were then diluted down a doubling dilution gradient ranging frome 1:5 to 1:5120. 

cDNA samples were diluted 1:20 prior to setting up the reactions. Each reaction 

contained 12.5 μl of Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen), 

0.1 μl of ROX reference dye, 2 µl of each 5 µM primer, and 5 μl of diluted cDNA 

sample. The reactions were made up to a final volume of 25 µl with nuclease-free 

water. To limit variation due to pipetting error, a master mix was made for all the 

samples that contained all the components apart from the cDNA template. 20 µl of 

the master mix was pipetted into each well of a 96-well Thermo fast PCR plate using 
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an Eppendorf Multipette M4 before adding 5 µl of each sample in triplicate. A no cDNA 

template control and a no reverse-transcriptase control were also included. 

The plates were sealed with flat-topped strip caps and centrifuged for 1 minute at 

6000 x g before being analysed on an Mx3005P qPCR machine. Set-up and analysis 

was performed using MxPro software (Stratagene). The qPCR programme used was: 

50 °C for 2 minutes; 95 °C for 2 minutes; followed by 40 cycles of 95 °C for 15 seconds 

and 60 °C for 1 minute. A final step was performed to analyse the melting curve that 

consisted of 95°C for 1 minute; 60 °C for 30 seconds; and 95 °C for 30 seconds. 

The gene expression was normalised to the porcine reference genes YWHAZ, 

TOP2B, and TBP1. The comparative Ct (cycle threshold) ΔΔCt method was used to 

quantify relative gene expression using the formula: Fold Change = 2-Δ(ΔCt), where ΔCt 

= Ct (target) – Ct (reference) and Δ(ΔCt) = ΔCt, (treatment) – ΔCt (control). 

2.6.2 Bradford Assay 

Protein concentration from cell lysates was quantified using the Quick Start™ 

Bradford Protein Assay Kit (BioRad). Prior to the assay, 7 µl of cell lysate prepared 

as described in section 2.4.10 were diluted with 17.5 µl of water. In a flat-bottomed 

96-well plate, 250 µl of Bradford Dye Reagent was added to enough wells to allow for 

triplicates of all standards and samples. 5 µl of the Quick Start™ protein standards 

were loaded in the wells in triplicate. 5 µl of the diluted cell lysates were loaded in the 

remaining wells in triplicate. The plate was agitated gently and any bubbles in the 

liquid were removed by popping them with a hypodermic needle dipped in absolute 

ethanol. The absorbency was read on a plate reader at 595 nm wavelength. 

The mean absorbency for each standard was plotted to generate a standard curve 

before using the curve equation to calculate the concentration of the diluted cell lysate 

samples. The concentration for the stock lysates was then calculated by multiplying 

the diluted lysate concentration by 3.5. 

2.6.3 Western Blot 

An equal volume of 2X Tris-Glycine SDS Sample Buffer (Novex) was added to 20 µg 

of protein before being heated to 95 oC for 3 minutes. The denatured protein samples 

were then loaded onto Value 10% Tris-Glycine 15-well Mini Gels (Novex) alongside 

5 µl of EZ-Run™ Prestained Rec Protein Ladder (Thermo Fisher) and ran at 200 V in 

1X Running Buffer (Table 2-10) until the dye front reached the bottom of the gel. The 

gel case was cracked open and the gel gently removed before being placed in a 
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transfer cassette. By placing the side of the cassette that interacts with the negative 

electrode in 1X Transfer buffer (Table 2-10). The transfer sandwich was made by 

placing a sponge followed by a piece of filter paper, the Novex gel, a 10 cm x 10 cm 

piece of Hybond-C nitrocellulose membrane (GE Healthcare), a second piece of filter 

paper and a second sponge in the cassette (Figure 2-3). The cassette was then 

locked and placed in an electrophoresis module filled with 1X Transfer Buffer so that 

the negative electrode matched up to each other. An ice pack was added to the tank 

to prevent it overheating. The transfer was carried out at 100 V for 1 hour. 

 

Figure 2-3 Western Blot transfer sandwich. 

Adapted from Novus Biologicals.  

 

Following the transfer, the nitrocellulose membrane was transferred to a 50 ml Falcon 

tube with 10 ml of blocking buffer (Table 2-10) and left on a tube roller at room 

temperature for 1 hour. Once the membrane was blocked, the buffer was poured off 

the membrane and fresh blocking buffer containing an appropriate dilution of 

anti-integrin αVβ6 (Bioss; bs-5791R) was added at a 1:1000 dilution. The membrane 

was then stored at 4 oC overnight on a tube roller. 

After the overnight incubation, the membrane was washed for 5 minutes on a tube 

roller with PBS-T three times (Table 2-10). Once washed, blocking buffer containing 

an appropriate dilution of a HRP-conjugated goat anti-rabbit secondary antibody 

(Thermo Fisher; 31460) at a 1:10,000 dilution was added to the membrane and 

returned to a tube roller at room temperature for 1 hour. The membrane was washed 

for 15 minutes on a tube roller with PBS-T three times.
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Table 2-10 Western Blot buffers. 

  Concentration Reagents 

Running buffer 10X 192mM Glycine, 25mM Tris, 0.1% (w/v) SDS 

Transfer Buffer 10X 192mM Glycine, 25mM Tris, 20% 9v/v Methanol 

Blocking Buffer 1X 5% milk/1% β-glycerophosphate/PBS-Tween (0.1%) 

PBS-T 1X PBS/Tween-20 (0.1%) 
 

The blot was placed on glass sheet with radiolucent markers. Pierce™ ECL Western 

Blotting Substrate (Thermo Fisher; 32106) was prepared as directed by Thermo 

Fisher and 2 ml was placed onto the blot. Following a 1 minute incubation at room 

temperature, the reagents were gently blotted from the membrane before covering it 

with cling film. The protein bands were visualised by placing the blot followed by an 

Hyperfilm™ (GE Healthcare) into an X-ray film cassette in a dark room. The cassette 

was incubated for 1 minute before the film was removed and developed using an 

X-ograph developer (X-ograph). 

2.7 Infection studies 

2.7.1 Influenza A Virus infections 

PK-15 and Madin-Darby canine kidney (MDCK) cells were plated at a density of 2x105 

cells/well in triplicate on a 24-well plate. 24-hours after plating, the medium was 

aspirated from the wells and each well was washed with 1 ml of serum-free medium 

(1x DMEM with 1X Pen/Strep). 200 µl of virus at a multiplicity of infection (MOI) of 

0.01 in serum-free medium was added to each well and the cells were incubated at 

37 oC in 5% CO2 for 60 minutes to allow the virus to attach to the cell surface. 

Following the incubation step, the medium was aspirated from the wells and 1 ml of 

serum-free medium containing 0.14% bovine serum albumin (BSA) fraction V and 

1 µg/ml of L-1-Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated bovine 

pancreas trypsin was added to each well. The cells were then incubated at 37 oC in 

5% CO2 for 24- or 48-hours post-infection (hpi) when the medium was harvested and 

frozen in 100 µl aliquots at -80 oC. 

2.7.2 Plaque assay 

MDCK cells were plated onto 6-well plates at a density of 2x106 cells/well in 2 ml 

medium. 
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55 µl of the aliquots harvested from the infected cells were diluted with 500 µl of 

serum-free medium. A 1:10 serial dilution was carried out so that the samples ranged 

from 1x10-1 to 1x10-8. Working on one plate at a time to prevent the cells from drying 

out, the medium was aspirated and the cells were washed with 2 ml of DPBS. 450 µl 

of diluted virus was added to each well so that the dilution factor for PR8 samples 

ranged between 1x10-3-1x10-8 and NS1 R38A/K41A ranged between 1x10-2-1x10-7. The 

cells were incubated at 37 oC for 60 minutes with the plates being gently agitated by 

rocking every 10 minutes to ensure that the cell monolayer did not dry out in the centre 

of the well. 

After the incubation step, the medium was aspirated from the wells and 2 ml of overlay 

medium (equal volumes of 2.4% avicell and serum-free medium supplemented with 

0.14% BSA fraction V and 1 µg/ml of PCK trypsin) was added to each well. The cells 

were incubated at 37 oC in 5% CO2 for 48 hours for PR8 and 72 hours for NS1 

R38A/K41A. 

After 48-72 hours, 2 ml of NBF was added to each well and incubated at room 

temperature in a fume cupboard overnight to fix the cells. After fixation, the NBF was 

discarded and 1-2ml of 0.1% toluidine blue was added to each well for 1 hour to stain 

the cells. The toluidine blue was removed from the wells and the plates washed in 

water to remove any excess dye and the plates were air dried to prevent water spots 

from forming. 

Images of the plaque assays were taken with a camera and plaques counted from 

wells containing between 10-100 clones. The titre of the virus was calculated as 

follows: 

Plaque forming units (PFU)/ml = No. of plaques ×  dilution factor × (
1

0.450
) 

2.7.3 FMDV replicon challenge 

FMDV replicon constructs first had to be linearised with HpaI or AscI (New England 

Biolabs) for 1 hr at 37 °C. and purified using a Gel/PCR Purification kit (Biomiga). The 

transcriptions reactions contained: ~500 ng of linearised DNA, 20 µl of 

5X transcription buffer (Promega), 10.5 µl of 100 mM DTT (Promega), 2.5 μl of 

RNasin Ribonuclease Inhibitor (40 U/µl, Promega), 2.5 µl of T7 RNA polymerase 

(20 U/µl, Promega), and 40 µl of 4 x 10 mM rNTP’s (Promega) made up to a final 
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volume of 100 µl with nuclease-free water. The reactions were incubated at 37 oC for 

2 hours. 

5 µl of RQ DNaseI (1 U/µl Promega) was added to remove template DNA, and the 

reactions incubated for a further 20 minutes at 37 oC. RNA was resolved on a 1% TAE 

agarose gel to assess quantity and yield was quantified using a Quantus™ 

Fluorometer. 

QuantiFluor® RNA Dye was diluted 1:2,000 in 1X TE buffer to make the QuantiFluor® 

RNA Dye working solution. 200 µl was used to blank the Quantus™ Fluorometer 

before analysing the samples. The samples were prepared by mixing 1 µl of sample 

in 199 µl of the QuantiFluor® RNA Dye working solution. The samples were then 

measured on the Quantus™ Fluorometer. 

2.25 x 105 cells were plated into each well of a 24-well plate 24 hours prior to 

transfection. Lipofectamine3000 was used as described in section to transfect 500 ng 

of replicon RNA into PK-15 cells in triplicate. Images were captured of the cells at 

1 hour intervals for 22 hours post-transfection using an IncuCyte ZOOM kinetic 

imaging system (Essen BioScience) that was housed within an incubator maintained 

at 37 oC in a 5% CO2 atmosphere. Images were captured at 9 regions/well using 10X 

magnification. IncuCyte image processing software measured GFP positive object 

counts, and the mean and total GFP intensities. The software automatically calculated 

the mean value for each well. 

2.8 Reagent List 

2.8.1 General reagents 

Agilent Technologies Tapestation RNA Screen Tape 5067-5576 

Agilent Technologies Tapestation RNA Screen Tape Buffer  5067-5577 

Bioss Integrin Alpha V + Beta 6 Antibody bs-5791R 

epicentre Plasmid-Safe™ ATP-Dependent DNase E3110K 

Gibco™ Carbenicillin, Disodium Salt 10177012 

Gibco™ Kanamycin Sulfate 15160054 

Gibco™ Streptomycin Sulfate 11860038 
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Invitrogen™ AccuPrime™ Taq DNA Polymerase, high fidelity 12346086 

Invitrogen™ Biotin Monoclonal Antibody (BK-1/39), PE, eBioscience™ 12989582 

Invitrogen™ Platinum™ SYBR™ Green qPCR SuperMix-UDG 11733038 

Invitrogen™ Superscript III RT 10,000u 18080044 

Invitrogen™ Sybr Safe Dna Gel S33102 

Invitrogen™ TRIzol Reagent 15596026 

MP Biomedicals Lysing Matrix D, 2 mL Tube 116913050 

NEB AscI R0558 

NEB BamHI-HF® R3136 

NEB BanI R0118 

NEB EcoRI-HF® R3101 

NEB HindIII-HF® R3104 

NEB HpaI R0105 

NEB Phusion® High-Fidelity PCR Master Mix with HF Buffer M0531 

NEB T7 DNA Ligase M0318 

NEB T7 Endonuclease I M0302 

NEB TseI R0591 

Pbl Pig IFN 17105-1 

Pbl Universal IFN 11200-1 

Promega dNTP mix U1515 

Promega Random Primers 20ug C1181 

Promega RNasin® Ribonuclease Inhibitors N2111 

Promega rNTPs P1221 
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Promega T7 RNA Polymerase P2075 

Sigma Aldrich Cresol Red 114472 

Sigma Aldrich Ficoll® 400 F9378 

Sigma Aldrich RNaseZAP™ R2020 

Takara PrimeSTAR Max DNA Polymerase R045A 

Thermo Scientific™ AarI (2 U/µL) ER1581 

2.8.2 Cell culture 

epicentre QuickExtract™ DNA Extraction Solution QE09050 

Invitrogen™ Lipofectamine™ 3000 Transfection Reagent L3000015 

Invitrogen™ Neon™ Transfection System 100 µL Kit MPK10096 

Gibco™ DMEM, high glucose, GlutaMAX™ Supplement 10566016 

Gibco™ DMEM, low glucose, GlutaMAX™ Supplement, pyruvate 21885108 

Gibco™ DPBS, no calcium, no magnesium 14190250 

Gibco™ Fetal Bovine Serum, qualified, heat inactivated, E.U.-approved, South 

America Origin 10500056 

Gibco™ Fibronectin Bovine Protein, Plasma 33010018 

Gibco™ Opti-MEM™ I Reduced Serum Medium, no phenol red 11058021 

Gibco™ Penicillin-Streptomycin (10,000 U/mL) 15140122 

Gibco™ TrypLE™ Express Enzyme (1X), no phenol red 12604013 

Sigma Aldrich Collagen from rat tail, Bornstein and Traub Type I C7661 

Sigma Aldrich L-15 Medium (Leibovitz) With L-glutamine L1518 

Tocris Poly(I:C) 4287 

2.8.3 Kits 

Abbexa Pig Interferon Alpha (IFNa) ELISA Kit abx154951 
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Abbexa Pig Interferon Beta (IFNb) ELISA Kit  abx154952 

GE Healthcare illustra GFX PCR DNA and Gel Band Purification Kits 28903471 

Invitrogen™ 5' RACE System for Rapid Amplification of cDNA Ends, version 2.0

 18374058 

Invitrogen™ Zero Blunt™ TOPO™ PCR Cloning Kit for Sequencing 450159 

Invitrogen™ PureLink™ HiPure Plasmid Midiprep Kit K210004 

NEB Gibson Assembly® Master Mix E2611 

Qiagen  DNeasy Blood & Tissue Kit (250) 69506 

Qiagen  QIAprep Spin Miniprep Kit (250) 27106 

Qiagen  RNeasy Mini Kit (50) 74104 

Zymo Research Direct-zol RNA MiniPrep, 50 preps R2050
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3 Investigating the Role of Host Integrin αVβ6 in FMDV Entry 

3.1 Introduction 

The prototypical member of the Aphthovirus genus of the Picornavirus family, FMDV 

primarily causes acute, vesicular lesions in the oral cavity and on the soft tissue of the 

feet. Although best described as a disease of even-toed ungulates such as cows, 

pigs, and sheep, strains of FMDV have been successfully isolated from other species 

including Asiatic black bears (Ursus thibetanus), Asian elephants (Elephas maximus), 

and humans (Homo sapiens) (Bauer 1997, Hedge et al. 2010, Officer et al. 2014). 

Although over 100 species have been infected with FMDV either naturally or 

experimentally (Weaver et al. 2013), the African buffalo (Syncerus caffer) is the only 

non-domesticated species known to play a large role in FMDV maintenance in Africa 

due to the ability of the virus to persistently infect herds for as long as 24 years (Condy 

et al. 1985). However, pathology within the African buffalo tends to remain sub-clinical 

(Vosloo et al. 2007) whereas other infected species such as cattle show severe 

symptoms of infection, often leading to lameness and loss of productivity within the 

animal (Kitching 2002). 

The reason behind the ability of some species like the African buffalo and cattle to be 

carriers of the virus for years when others, such as the pig, show no evidence of a 

carrier state remains unclear (Moonen and Schrijver 2000, Stenfeldt et al. 2014). 

There is strong evidence that the differences in severity and infectivity of each species 

is due to host-specific differences present in the molecular pathways involved in 

FMDV infection (Arzt et al. 2011a, Pacheco et al. 2013). It is these host-specific 

differences that might hold the key to understanding why even-toed ungulates are so 

susceptible to FMDV infection when compared to animals that are considered to be 

resistant such as horses, cats, and dogs. By using transgenic technologies such as 

lentiviral vectors, it is possible to directly compare the effect of specific host factors 

within a controlled system in vitro. 

Integrins are a group of heterodimeric cell surface receptors that are grouped 

according the ligands they bind to: leukocyte-specific receptors, collagen-binding, 

laminin-binding and RGD-binding integrins. There are eight RGD-binding integrins 

that bind to proteins such as fibronectin and vitromectin that contain an RGD amino 

acid sequence. Five of the RGD-binding integrins are known to be able to bind the 
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conserved RGD motif found on the GH-loop of the VP1 structural protein of FMDV: 

integrin αVβ1, integrin αVβ3, integrin αVβ6, and integrin αVβ8 (Jackson et al. 2000a, 

Jackson et al. 2000b, Jackson et al. 2002, Jackson et al. 2004). Of the four, integrin 

αVβ6 exhibits the highest binding affinity for the RGD peptides of FMDV (Dicara et al. 

2008). This strong binding affinity alongside it being constitutively expressed on the 

epithelial cells primarily infected by the virus means that it is believed to be the main 

entry receptor during FMDV infection (O'Donnell et al. 2009). Although there has been 

a lot of work involved in discovering the receptors responsible for uptake of the virus, 

there has been little work carried out on whether species-specific differences within 

the ITGAV or ITGB6 genes play a role in host susceptibility to FMDV infection through 

mediation of viral entry (Wang et al. 2016). 

The SW480 human colon adenocarcinoma cell line is well described as being 

non-permissive to FMDV infection, despite expressing integrin α5β1 and integrin αVβ5 

(Jackson et al. 2000b, Jackson et al. 2004). Transduction of ITGB6 or ITGB8 into 

these cells is sufficient to make them susceptible to FMDV infection (Jackson et al. 

2000b, Jackson et al. 2004) as the β subunit pairs with the endogenously expressed 

ITGAV subunit. We hypothesise that by knocking out the endogenous ITGAV from 

SW480 cells and subsequently transducing them with integrin αVβ6 subunits from 

different species we will be able to investigate the role of these molecules in host 

susceptibility to FMDV infection in vitro. 

3.1.1 Aims 

The main aims of this chapter are: 

i) To knock out ITGAV expression in SW480 cells using 

CRISPR-Cas9. 

ii) To construct lentiviral vectors that encode the full-length cDNA 

transcripts of ITGAV and ITGB6 from species that are considered 

to be resistant, species that are naturally infected, and species that 

can be experimentally infected with FMDV. 

iii) To transduce and select transgenic SW480 cell lines that express 

integrin αVβ6 from different species and assess levels of protein 

expression on the cell surface by flow cytometry. 

iv) Use an RGD peptide-binding assay to test whether there are 

species-specific differences that influence the FMDV RGD-motif 

binding to integrin αVβ6. 
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3.2 Results 

3.2.1 Optimising SW480 cell culture and transfection conditions 

SW480 cells (Sigma Aldrich, catalogue number: 87092801) were cultured as directed 

by the American Type Culture Collection (ATCC) in Leibovitz (L-15) medium with 

glutamine (Sigma Aldrich, catalogue number: L1518) and 10% FBS in a 0.1% CO2 

atmosphere at 37 oC. When cultured on nunclon-treated cell culture plates, the cells 

grew slowly with a doubling time of ten days, adhered poorly to the flask, and showed 

a preference for growing on top of other adhered cells rather than spreading evenly 

on the plate (Figure 3-1a). To investigate whether it was possible to improve upon the 

recommended culture conditions, the cells were cultured at 37 oC in three different 

media types (High glucose DMEM, low glucose DMEM, and L-15 media) in either 5% 

CO2 for the DMEM or 0.1% CO2 for L-15 medium (Table 3-1) and on plates coated 

with collagen, fibronectin, or poly-L-lysine (PLL). Fibronectin was tested as a coating 

as SW480 cells are known to express the fibronectin-binding integrin α5β1 (Koretz et 

al. 1994, Weinacker et al. 1994, Zhang et al. 1995). Alongside this, collagen and PLL 

were used as coatings due to their ability to facilitate adherence of a large number of 

different cell lines to cell culture vessels. All coating optimisations were carried out in 

triplicate (n=3). 

Methods for coating plates with collagen can be found in section 2.4.6. To coat plates 

with fibronectin from bovine plasma (Sigma Aldrich; catalogue number F1141), the 

1 mg/ml stock solution was diluted to 0.01% w/v in DPBS. 1 ml of fibronectin was 

added to a T25 and spread evenly on the plate before incubating for 45 minutes at 

room temperature. Excess fibronectin was aspirated from the flask and the flask was 

washed with 10 ml of DPBS. The flask was then air-dried in a cell culture hood before 

being sterilised under 254 nm UV light for 1 hour before being stored at 4 oC for no 

longer than 24 hours. 

To coat plates with PLL solution in water (Sigma Aldrich; catalogue number P8920), 

it was first diluted to 0.01% w/v in sterile, endotoxin-free H2O. 1 ml of PLL was added 

to a T25 and spread evenly on the growth surface of the plate before incubating for 

10 minutes at room temperature. Excess PLL was aspirated from the flask and the 

flask was washed with 10 ml of DPBS. The flask was then air-dried in a cell culture 

hood before being sterilised under UV light for 1 hour before being stored at 4 oC for 

no longer than 24 hours.
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Figure 3-1 SW480 cells cultured in different media. 

Bright field images taken at 15X magnification of SW480 cells at 24, 48, and 72 hours after passage when grown in either a) L-15, b) high glucose DMEM 

(DMEM HG) or low glucose DMEM (DMEM LG) media on Nunclon-treated T80 flasks (n=3). 
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Table 3-1 SW480 growth conditions. 

Growth conditions used with each media that was tested during the SW480 growth 

optimisations. 

Media Temp (oC) CO2 (%) 

L-15, L-glutamine supplement, 10% FBS, 1X 
Pen/Strep 

37 0.1 

DMEM, low glucose, GlutaMAX™ supplement, 
pyruvate, 10% FBS, 1X Pen/Strep  

37 5 

DMEM, high glucose, GlutaMAX™ supplement, 
pyruvate, 10% FBS, 1X Pen/Strep  

37 5 

 
Tests with different media showed that the SW480 cells grew at a faster rate in both 

high glucose (HG) and low glucose (LG) DMEM media when compared to L-15. The 

fastest growth was seen in cells cultured in DMEM HG (Figure 3-1b). When grown on 

the coated plates, all three coatings improved adherence and slightly reduced the 

tendency for the cells to grow on top of each other but PLL and collagen were better 

attachment factors than fibronectin (Figure 3-2). During repeats of this test, SW480 

cells cultured on collagen-coated plates formed a monolayer more consistently than 

PLL. As a result, SW480 cells were cultured in DMEM HG on collagen-coated plates 

and split 1:6 when they reached 80% confluence throughout this chapter. ATCC have 

been informed of these culture conditions. 

In order to establish a transfection protocol for SW480 cells they were initially plated 

at 5 x 105 cells/well in a 6-well plate between 38-94 hours after their previous passage. 

24 hours after plating, they were transfected with pSL66 (Figure 2-1a) by linear 

Polyethylenimine (PEI), or X-tremeGENE™ HP DNA Transfection Reagent as 

detailed below. All transfection optimisations were quantified by trypsinising the cells 

24 hours post transfection and counting the total number of cells and the number of 

cells expressing GFP using a haemocytometer. The experiments were carried out in 

duplicate (n=2).
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Figure 3-2 SW480 cells cultured on coated plates. 

Bright field images taken at 15X magnification of SW480 cells at 24, 48, and 72 hours after passage when grown in DMEM HG on either untreated T25 

flasks or flasks treated with fibronectin, collagen or PLL (n=3). 
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To transfect the cells with PEI, 2 µg of pSL66 was added to 200 µl of Opti-MEM. 20 µl 

of 1 µg/µl 25 kDa linear PEI was gently mixed into the transfection mix and was then 

incubated at room temperature for 15 minutes. To transfect the cells with 

X-tremeGENE™ HP DNA Transfection Reagent, 2 µg of pSL66 was added to 196 µl 

of Opti-MEM. 2 µl of X-tremeGENE™ HP DNA Transfection Reagent was gently 

mixed into the transfection mix and was then incubated at room temperature for 

30 minutes. The volume of medium in each well was reduced to 1 ml prior to adding 

the transfection mix. The transfection mix was added in a dropwise manner to ensure 

even mixing. The cells were analysed for GFP fluorescence 24 hours following 

transfection with both PEI and X-tremeGENE™ HP DNA Transfection Reagent by 

trypsinising the cells from the plate and counting the total number of cells and the total 

number of GFP positive cells using a haemocytometer as described in section 2.4.2 

and a fluorescent microscope. Each condition was carried out in duplicate. 

When transfected with PEI between 18-70 hours post passage, the highest 

transfection efficiency observed was less than 6% when transfected 42 hours after 

being passaged (Figure 3-3a). When compared to transfections using 

X-tremeGENE™ HP DNA Transfection Reagent, the transfection efficiencies using 

PEI were generally lower. Only the cells transfected 22 hours post-passage with 

X-tremeGENE™ HP DNA Transfection Reagent had a lower transfection efficiency 

than PEI at 5% (Figure 3-3a and b). Transfections at 66 hours post passage with 

X-tremeGENE™ HP DNA Transfection Reagent yielded the highest transfection 

efficiencies at 12.5% (Figure 3-3b). Due to the low rate of transfection the PEI 

transfection method was not optimised any further. All subsequent transfections of 

SW480 cells using X-tremeGENE™ HP DNA Transfection Reagent were performed 

66 hours after being passaged. 

Further conditions using X-tremeGENE™ HP DNA Transfection Reagent were tested 

including the effect of plasmid concentration, ratio of pSL66:X-tremeGENE™ HP DNA 

Transfection Reagent, and cell density on transfection efficiency (Table 3-2). SW480 

cells were plated at a density of 1.25 x 105 cells per well in a 12-well plate and 

transfected with either 0.25, 0.5, or 1 µg of pSL66 using a pSL66:X-tremeGENE™ HP 

DNA Transfection Reagent ratio of either 1:1, 1:2, or 1:3. The highest transfection 

efficiency of approximately 20.5% was observed when using 0.5 µg of pSL66 at a 1:1 

ratio (Figure 3-3c). While testing cells density, 1.25, 1.75, or 2.25 x 105 cells were 

plated into wells of a 12-well plate and transfected with 0.5 µg of pSL66 at a 
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pSL66:X-tremeGENE™ HP DNA Transfection Reagent ratio of 1:1, 1:2 or 1:3. The 

1:1 ratio consistently provided the highest transfection efficiency at each cell density 

while 1:3 was the lowest (Figure 3-3d). The highest transfection efficiency of 20.5% 

was observed using 1.25 x 105 cells using a pSL66:X-tremeGENE™ HP DNA 

Transfection Reagent ratio of 1:1. 

 

Table 3-2 X-tremeGENE™ HP DNA Transfection Reagent conditions tested in SW480 

cells. 

 Shows the cell densities, plasmid quantities and pSL66:X-tremeGENE™ HP DNA 

Transfection Reagent ratio used when optimising the transfection conditions for SW480 cells. 

Cell density (x105) Plasmid (µg) pSL66:XG 

1.25 0.25 1:1 

1.25 0.25 1:2 

1.25 0.25 1:3 

1.25 0.5 1:1 

1.25 0.5 1:2 

1.25 0.5 1:3 

1.25 1 1:1 

1.25 1 1:2 

1.25 1 1:3 

1.75 0.5 1:1 

1.75 0.5 1:2 

1.75 0.5 1:3 

2.25 0.5 1:1 

2.25 0.5 1:2 

2.25 0.5 1:3 
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The maximum transfection efficiency achieved using X-tremeGENE™ HP DNA 

Transfection Reagent was still low around 20%. As a higher efficiency would be more 

ideal, we chose to test the Neon® Transfection System on SW480 cells. Thermo 

Fisher had an optimised protocol for SW480 cells for three conditions that gave 

transfection efficiencies of over 80% (Table 3-3). Both conditions requiring 5 x 106 

cells/ml were tested as the third condition required considerably more cells per 

transfection at a density of 2.67 x 107 cells/ml which would require culturing larger 

numbers of cells when testing CRISPR-Cas9 sgRNA activity. This was due to the 

SW480 cells dividing slowly despite the optimisations, making the use of larger 

numbers of cells per transfection was impractical. 

Table 3-3 Neon® Transfection System conditions for SW480 cells. 

Screenshot taken from Thermo Fisher showing the recommended electroporation parameters 

for transfecting SW480 cells using the Neon® Transfection System. 

 

In order to test the effect of plasmid concentration on transfection efficiency, 1, 2, or 

4 µg of pSL66 was transfected using both electroporation conditions. The highest 

transfection efficiency obtained was using 4 µg of pSL66 and two 20 ms pulses at 

1350 V at 37.4% (Figure 3-3e). Subsequent experiments used these parameters in 

SW480 cells cultured in HG DMEM on collagen-coated plates. 
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Figure 3-3 SW480 transfection efficiencies obtained while optimising transfection 

methods. 

a) and b) show the transfection efficiencies obtained at 14, 18, 22, 38, 42, 46, 62, 66, and 70 

hours post passage using a) linear PEI transfection and b) XtremeGENE™ HP Transfection 

Reagent. c) and d) show further optimisations using XtremeGENE™ HP Transfection Reagent 

by altering the pSL66:XtremeGENE™ HP Transfection Reagent ratio (dark grey 1:1, grey 1:2, 

and light grey 1:3) as well as c) the quantity of plasmid used per transfection or d) the density 

at which the cells were plated. e) shows the transfection efficiencies observed when 

transfecting with the Neon® Transfection System on cells suspended at a density of 5 x106 

cells/ml. Grey with a black border is using a single, 20 ms pulse of 1550 V, white with a black 

border is using two, 10 ms pulses at 1350 V. Error bars show the standard error from 2 

biological replicates. 
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3.2.2 Designing and testing sgRNAs to delete exon 1 of Homo sapiens 

transcript hITGAV-201 

At the start of this project, we thought that there was only one transcript of ITGAV 

(hITGAV-201 - Ensembl ID: ENST00000261023) in humans (Figure 3-4a). This was 

due to an error made when reviewing literature that stated that there is only a single 

transcript for integrin β6 rather than ITGAV. In order to attempt to knock-out human 

hITGAV-201 in SW480 cells, sgRNAs were designed as described in section 2.3.2 

upstream of the proximal promoter region and downstream of the start codon located 

in exon 1 (Figure 3-4b and c). Sequences for the guides can be found in Table A1. 

The upstream guides were cloned into pSL66 which encodes for a Cas9-2A-GFP and 

the downstream guides into px458-mCherry which encodes for a Cas9-2A-mCherry 

as described in section 2.3.3 (Figure 2-1) to allow populations that were 

co-transfected with both sgRNAs to be easily identified. 

PCR primers were designed to flank both target regions to analyse the ability of the 

designed sgRNAs to generate insertion/deletion (indel) events when complexed with 

Cas9 (Figure 3-4b and c). Optimisations of the primer pairs were carried out by 

gradient PCR using NEB Phusion polymerase with HF buffer and an annealing 

temperature between 50.0-65.0 oC as described in section 2.2.7 (Figure 3-5a and b). 

When resolved on a 1% TAE agarose gel as described in section 2.2.10, hITGAV-201 

upstream exon 1 Primer pair (PrP) amplified cleanly and efficiently between 

54.8-65.0 oC while hITGAV-201 downstream exon 1 PrP only amplified cleanly at 

58.4-60.2 oC. As all products were amplified efficiently at an annealing temperature 

of 60.2 oC it was used in subsequent experiments for both primer pairs.
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Figure 3-4 sgRNA and primer design targeting hITGAV-201. 

a) screenshot taken from the ensembl genome browser of the hITGAV-201 transcript. b) shows the region upstream of the proximal promoter of 

hITGAV-201 and the designed sgRNAs targeting the region (dark blue). Green arrows annotate the locations of primers used to amplify the region targeted 

by the guides. c) shows exon 1 (light grey) and the start codon (red) of hITGAV-201and the designed sgRNAs targeting the 3’ end of the exon (dark blue). 

Green arrows annotate the locations of primers used to amplify the region targeted by the guides.
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While the growth and transfection optimisations were being carried out in SW480 

cells, HEK 293T cells were used to test the sgRNAs as they grow well and transfect 

efficiently with X-tremeGENE™ HP DNA Transfection Reagent using the protocol 

described in section 3.2.1. In order to test the indel frequencies associated with 

individual sgRNAs, a single sgRNA cloned into a Cas9-2A-GFP or Cas9-2A-mCherry 

expression vector was transfected into each population. 24 hours post transfection, 

the cells were observed using a fluorescent microscope to ensure that the transfection 

was successful and to estimate the transfection efficiency. At 72 hours post 

transfection, the gDNA was extracted from the HEK 293T cells as described in section 

3.2.1. PCR amplification of the target region using the isolated gDNA and the PCR 

primers and conditions outlined previously in this section yielded a single fragment 

(Figure 3-5c). This was used as substrate for T7 endonuclease digestion as described 

in section 2.5.1 to assess indel formation as a result of NHEJ (Figure 3-5d). When 

resolved on a 2% TAE agarose gel upstream guides 1, 2 and 4 and downstream 

guides 1-3 were positive for indel formation (Figure 3-5d). Nine variations of guide 

pairs were tested for deletion events in HEK cells as outlined in Table 3-4. 
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Figure 3-5 Testing indel formation by the hITGAV-201 sgRNA-Cas9 complexes 

a) 1% TAE agarose gel showing the resolved products from a gradient PCR using the primer 

pair hITGAV-201 upstream PrP and NEB Phusion Polymerase with HF buffer on wild type 

(WT) HEK 293T gDNA across an annealing temperature gradient of 50.0-65.0 oC. Expected 

product sizes (596 bp) are highlighted by a grey arrow. b) 1% TAE agarose gel showing the 

resolved products from a gradient PCR using the primer pair hITGAV-201 downstream PrP 



 

101 
 

and NEB Phusion Polymerase with HF buffer on WT HEK 293T gDNA across an annealing 

temperature gradient of 50.0-65.0 oC. Expected product sizes (421 bp) are highlighted by a 

red arrow. c) 1% TAE agarose gel of the resolved products from PCR amplifications using 

gDNA extracted from HEK 293T cells that were transfected with sgRNAs in a Cas9 expression 

vector, hITGAV-201 upstream exon 1 PrP, hITGAV-201 downstream exon 1 PrP and NEB 

Phusion Polymerase with HF buffer at an annealing temperature of 60.2 oC. d) 2% TAE 

agarose gel showing the resolved products from a T7 endonuclease assay performed on the 

products in c). Black arrows indicate fragments as a result of T7 digestion on mis-matched 

DNA as a consequence of indel formation. Expected fragment sizes are between 280-300 and 

121-141 for sgRNAs targeting downstream exon 1 and 413-434 and 162-183 for sgRNAs 

targeting upstream exon 1 of hITGAV-201 (n=1). 

Table 3-4 hITGAV-201 guide pair combinations. 

Shows the combinations of guide pairs used to target the hITGAV-201 transcript and the 

nomenclature used in subsequent experiments. 

  
hITGAV-201 

upstream exon 1 
hITGAV-201 

downstream exon 1 

hITGAV-201 gp 1 g1 g1 

hITGAV-201 gp 2 g1 g2 

hITGAV-201 gp 3 g1 g4 

hITGAV-201 gp 4 g2 g1 

hITGAV-201 gp 5 g2 g2 

hITGAV-201 gp 6 g2 g4 

hITGAV-201 gp 7 g3 g1 

hITGAV-201 gp 8 g3 g2 

hITGAV-201 gp 9 g3 g4 

 
To analyse for the presence of deletion events, the forward primer from hITGAV-201 

upstream exon 1 PrP and the reverse primer from hITGAV-201 downstream exon 

1 PrP were used to perform a spanning PCR across the 1729 base pair (bp) target 

region. Using Takara PrimeSTAR® MAX polymerase, the thermocycling conditions 

outlined in section 2.2.7.3 were used with an annealing temperature gradient between 

55.0-72.0 oC. When resolved on a 1% TAE agarose gel, the annealing temperature 

of 55.0 oC was chosen for future PCRs across this region as it gave a clean product 

with good amplification (Figure 3-6a). 

The nine possible guide pairs identified in Table 3-4 were transfected into HEK 293T 

cells as described in section 3.2.2. After 24 hours, the cells underwent FACS into a 

pool of cells co-expressing eGFP and mCherry by the Roslin Bio-imaging facility. 
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Following FACS the cells were plated into 12-well plates and grown until reaching full 

confluence. The gDNA was extracted from the cells using the method described in 

section 2.2.3. A PCR spanning the target region was carried using the conditions 

previously described in this section. The products were resolved on a 1% TAE 

agarose gel revealing that seven of the sgRNA pairs showed evidence of deletion 

events but only guide pairs 1, 2, 4, and 5 resulted in deletion efficiencies at a 

frequency that was useful for subsequent experiments (Figure 3-6b). There were two 

unexpected fragments observed in the guide pairs that showed cutting activity. One 

was larger than the WT band while the second was between the WT and the deletion 

fragment. Although the reasons for these fragments are unknown, it has been 

observed previously within our group when testing guide pairs (unpublished data). As 

the WT fragment shows no signs of extra fragments, it is possible that the fragments 

are a result of inversion and integration events during NHEJ in a percentage of the 

population. As hITGAV-201 guide pair 1 showed the highest deletion efficiency, this 

guide pair was used in subsequent experiments to delete hITGAV-201 in SW480 

cells. 
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Figure 3-6 PCRs spanning hITGAV-201. 

 a) 1% TAE agarose gel showing the resolved products from a spanning PCR across the 

hITGAV-201 exon 1 target site. The PCR was carried out using WT HEK 293T cells, 

PrimeSTAR® MAX polymerase, hITGAV-201 upstream exon 1 PrP F and hITGAV-201 

downstream exon 1 PrP R across an annealing temperature gradient of 55.0-70.0 oC. The 

blue arrow denotes the expected product size of 1729 bp. b) 1% TAE agarose gel showing 

the resolved products from a spanning PCR using primer pair hITGAV-201 upstream exon 1 

PrP F and hITGAV-201 downstream exon 1 PrP R and Takara PrimeSTAR® MAX DNA 

Polymerase at an annealing temperature of 55.0 oC using gDNA isolated from HEK 293T cells 

transfected with hITGAV-201 sgRNA pairs 1-9 (n=1). Grey arrow denotes the expected 

fragment size for the WT target region while the black arrows highlight the expected size of 

the deletion fragments. 

3.2.3 Generating clonal populations of SW480 cells for the presence of 

deletion events in the hITGAV-201 gene 

SW480 cells were transfected as described in section 3.2.1 with hITGAV-201 gp1. 24 

hours post-transfection, the cells underwent single-cell FACS for eGFP and mCherry 

expression into wells of a single collagen-coated 96-well plate from Gibco™ 

(catalogue number A1142803) containing 100 µl of 10% conditioned medium per well. 

The medium was changed every 5 days until the cells were 70-100% confluent. Once 

confluent, the clonal populations were passaged from the 96-well plate to wells of a 

24-well plates that were coated with collagen as described in section 2.4.6 and 

subsequently into a 12-well plate and then into two wells of a 6-well plate coated with 

collagen as described in section 2.4.6. Of 96 single cells plated in a 96-well format 
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only 23 clones were successfully expanded to the 6-well plate stage and their gDNA 

was extracted from one of the wells using the method outlined in section 2.2.3 while 

the second well remained in culture.  

Spanning PCRs across the deletion region were performed on the extracted gDNA. 

Out of the 23 clones, the following appeared to be homozygous for the deletion; c1, 

c11, c14, c16, c19-21 and c23 (Figure 3-7). However, earlier PCRs suggested that c1 

was heterozygous for the deletion (Supplementary Figure A1) leaving 7 clones that 

were homozygous for the deletion. Of those 7 clones, only SW480 hITGAV-201-/- c11 

failed to survive being passaged to collagen-coated T75 flasks. 

In order to investigate whether the clones lacked hITGAV expression, RNA was 

extracted from each clone to be analysed by reverse transcription PCR (RT-PCR). 

5 x 105 cells of WT PK-15 cells and the hITGAV-201-/- clones were plated in triplicate 

wells of a 6-well plate along with wild-type SW480 cells and grown until confluence. 

RNA was extracted using the method outlined in section 2.2.2. RNA quality was 

assessed using the Agilent Tapestation System (section 2.2.5). All RNA integrity 

number (RIN) values were above 7.5 (Figure 3-8a) and 1 µg of the RNA was used to 

synthesise first-strand cDNA as described in section 2.2.6.  
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Figure 3-7 Spanning PCR of hITGAV-201-/- clones. 

1% TAE agarose gel showing the resolved products from a spanning PCR across the 

hITGAV-201 upstream exon 1 and downstream exon 1 guide target regions. The region was 

amplified using PrimeSTAR® MAX polymerase, hITGAV-201 upstream exon 1 PrP F and 

hITGAV-201 downstream exon 1 PrP R and gDNA extracted from SW480 clonal populations 

transfected with hITGAV-201 gp1 at an annealing temperature of 55.0 oC. Grey arrows denote 

fragment sizes that are consistent with WT alleles (1729 bp) and black arrows denote 

fragments sizes that are consistent with deletion events (716 bp). Clones predicted to be 

homozygous for the deletion event are underlined. 

The cDNA was used to analyse the clones for ITGAV expression using the primer 

pairs outlined in Table A3 and Platinum™ SYBR™ Green qPCR SuperMix-UDG. 

Three different RT-PCR primer pairs for hITGAV were tested alongside a single 

human Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein 

Zeta (hYWHAZ) primer pair as a positive control gene since it is a commonly used 

reference gene that is stably expressed in colon adenocarcinoma cells 

(Krzystek-Korpacka et al. 2016). As we were only interested in whether the cells 

expressed ITGAV rather than the levels of expression, the reaction was not carried 

out using a qPCR machine, but instead using a TProf PCR machine using the PCR 

template described in section 2.6.1. Once amplified, the PCR product was resolved 

on a 2% TAE agarose gel (section 2.2.10). All the cell populations were positive for 

hYWHAZ expression, suggesting that the cDNA was synthesised correctly and the 

quantity of cDNA in the reactions was sufficient. However, only one of the three 

reactions using the primer pairs amplifying hITGAV and WT cDNA amplified. Similarly, 

two of three of the PCRs were negative for hITGAV when using hITGAV-201-/- c20 as 
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a template while only one of the PCRs were negative for both hITGAV-201-/- c16 and 

c19. As the PCRs that failed to amplify were not consistent between the WT cDNA 

and the clones, the results from the RT-PCRs using the human ITGAV qPCR primers 

were unreliable (Figure 3-8b). 

 

Figure 3-8 RT-PCRs testing ITGAV mRNA expression in the hITGAV-201-/- clones. 

a) The quality of the RNA extracted in triplicate from WT SW480 cells and hITGAV-201 

exon 1-/- clones was analysed using the Agilent RNA Screentape on a Tapestation 2200 

system. RNA quality was measured using Agilent’s RIN algorithm. Scores between 7.0-8.0 

are highlighted dark grey, scores ˃8.0 are highlighted in light grey. b) 2% TAE agarose gels 

showing the resolved products of RT-PCRs using cDNA converted from the RNA shown in a) 

(n=1). PCRs were performed using Platinum™ SYBR™ Green qPCR SuperMix-UDG using a 

TProf thermocycler and the primer pairs hITGAV PrP 1-3 and hYWHAZ PrP. NRT – no reverse 

transcription control; NTC – no template control. 
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As the results of the RT-PCR were unreliable, protein was extracted from SW480 

hITGAV-201-/- clones to analyse them for hITGAV expression by Western Blot. 5 x 105 

cells of each clone were plated into wells of two 6-well plates along with wild-type 

SW480 cells and grown until confluence. Once confluent, the protein was extracted 

from the cells as described in section 2.4.10 to analyse the protein expression of 

ITGAV in the clones. Once extracted, the protein concentration was analysed by a 

Bradford Assay (section 2.6.2). The results from the Bradford assay showed that the 

concentration of the protein extractions from each clone were ˃2.4 mg/ml (Table A4), 

which was sufficient to be used in a Western Blot. 

Western blot analysis of the clones was performed as described in section 2.6.3. 

However, we were unable to validate the antibody used due to issues with transferring 

the protein onto the membrane efficiently. One western blot showed a small amount 

of anti-ITGAV antibody binding, suggesting that all the clones were expressing ITGAV 

(Supplementary Figure A2). 

3.2.4 Designing and testing sgRNAs to delete exon 1 of Homo sapiens 

transcript hITGAV-204 

As the ITGAV-201-/- clones were possibly expressing mRNA for ITGAV, we 

re-analysed the human transcripts of ITGAV. We realised that we were mistaken that 

there was only a single transcript of hITGAV as ensembl had three annotated 

transcripts of ITGAV (Figure 3-9a). hITGAV-202 shared the same start codon as 

hITGAV-201 whereas hITGAV-204 had an alternative exon 1 which contained a 

different start codon from the other transcripts. This suggested that the ITGAV mRNA 

observed in our ITGAV-201-/- cells was likely to be a result of hITGAV-204 expression. 

In order to attempt to KO human ITGAV in SW480 cells, sgRNAs were designed 

upstream of the proximal promoter region and downstream of the start codon located 

in the alternative exon 1 of hITGAV-204 as described in section 2.3.2 (Figure 3-9a 

and b). Sequences for the guides can be found in Table A1. The upstream guides 

were cloned into pSL66 and the downstream guides into px458-mCherry as described 

in section 2.3.3 to allow populations that were co-transfected with both sgRNAs to be 

easily identified. PCR primers were designed to flank both target regions (see Table 

A2) to analyse the cutting efficiency of the designed guides (Figure 3-9a and b). 
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Figure 3-9 hITGAV-204 guides and primers. 

a) screenshot taken from the ensembl genome browser of the hITGAV-204 transcript. b) shows the region upstream of the proximal promoter of 

hITGAV-204 and the designed sgRNAs targeting the region (dark blue). Green arrows denote the locations of primers used to amplify the region targeted 

by the guides. c) shows exon 1 (light grey) and the start codon (red) of hITGAV-204 and the designed sgRNAs targeting the 3’ end of the exon (dark 

blue). Green arrows denote the locations of primers used to amplify the region targeted by the guides.
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Optimisations of the primer pairs were carried out by gradient PCR using NEB 

Phusion polymerase with HF buffer and an annealing temperature between 

50.0-65.0 oC as described in section 2.2.7.2 (Figure 3-10a). When resolved on a 1% 

TAE agarose gel as described in section 2.2.10, both hITGAV-204 upstream exon 1 

PrP 2 and hITGAV-204 downstream exon 1 PrP 2 amplified a single fragment 

efficiently between 60.2-65.0 oC. An annealing temperature of 65.0 oC was chosen to 

be used in subsequent experiments. (Figure 3-10b).  

As HEK 293T cells were easier to culture and transfected more efficiently than SW480 

cells, they were used to test the indel frequencies associated with individual sgRNAs. 

A single sgRNA cloned into a Cas9-2A-GFP or Cas9-2A-mCherry expression vector 

was transfected into each population of HEK 293T cells as described in section 3.2.2. 

24 hours post transfection, the cells were observed using a fluorescent microscope to 

ensure that the transfection was successful and to estimate the transfection efficiency. 

At 72 hours post transfection, the gDNA was extracted from the HEK 293T cells as 

described in section 2.2.3. PCR amplification of the target region using the isolated 

gDNA and the PCR primers and conditions outlined previously in this section yielded 

a single fragment (Figure 3-10c). This was used as substrate for T7 endonuclease 

digestion as described in section 2.5.1 to assess indel formation as a result of NHEJ 

(Figure 3-10d). When resolved on a 2% TAE agarose gel all four upstream guides 

and downstream guides 2-4 were positive for indel formation (Figure 3-10d). 12 

variations of guide pairs were tested for deletion events in HEK cells as outlined in 

Table 3-5.



 

110 
 

 

Figure 3-10 Testing indel formation by the hITGAV-204 sgRNA-Cas9 complexes. 

a) 1% TAE agarose gel showing the resolved products from a gradient PCR using hITGAV-204 

upstream exon 1 PrP 2, NEB Phusion Polymerase with HF buffer, and WT HEK 293T gDNA 

across an annealing temperature gradient of 50.0-65.0 oC. Expected product sizes of 1028 bp 

are highlighted by a red arrow. b) 1% TAE agarose gel showing the resolved products from a 

gradient PCR using hITGAV-204 downstream exon 1 PrP 2, NEB Phusion Polymerase with 

HF buffer and WT HEK 293T gDNA across an annealing temperature gradient of 50.0-65.0 oC. 

Expected product sizes of 457 bp are indicated by a red arrow. c) 1% TAE agarose gel of the 

resolved products from PCR amplifications using gDNA extracted from HEK 293T cells that 
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were transfected with a single sgRNA, hITGAV-204 upstream exon 1 PrP 2, hITGAV-204 

downstream exon 1 PrP 2 and NEB Phusion Polymerase with HF buffer at an annealing 

temperature of 65.0 oC. d) 2% TAE agarose gel showing the resolved products from a T7 

endonuclease assay performed on the products from c). Blue arrows indicate fragments 

predicted to result from T7 digestion on mis-matched DNA as a consequence of indel 

formation. Expected fragment sizes are between 605-791 and 234-423 for sgRNAs targeting 

upstream exon 1 and 229-305 and 152-228 for sgRNAs targeting upstream exon 1 of 

hITGAV-204 (n=1). 

 

Table 3-5 hITGAV-204 guide pair combinations 

Shows the combinations of guide pairs used to target the hITGAV-204 transcript and the 

nomenclature used in subsequent experiments. 

  
hITGAV-204 

upstream exon 1 
hITGAV-204 

downstream exon 1 

hITGAV-204 gp 1 g1 g2 

hITGAV-204 gp 2 g1 g3 

hITGAV-204 gp 3 g1 g4 

hITGAV-204 gp 4 g2 g2 

hITGAV-204 gp 5 g2 g3 

hITGAV-204 gp 6 g2 g4 

hITGAV-204 gp 7 g3 g2 

hITGAV-204 gp 8 g3 g3 

hITGAV-204 gp 9 g3 g4 

hITGAV-204 gp 10 g4 g2 

hITGAV-204 gp 11 g4 g3 

hITGAV-204 gp 12 g4 g4 
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The guide pairs were transfected into HEK cells as previously described in section 

3.2.2. After 24 hours, cells co-expressing eGFP and mCherry underwent FACS into 

a pool by the Roslin Bio-imaging facility. Following FACS the cells were plated into 

12-well plates and grown until reaching full confluence. The gDNA was extracted from 

the cells using the method described in section 2.2.3. A PCR spanning the deleted 

region was optimised using Dreamtaq Polymerase and hITGAV-204 upstream exon 

1 PrP 2F and hITGAV-204 downstream exon 1 PrP 1R with an annealing gradient 

between 50.0-65.0 oC. When resolved on a 1% TAE agarose gel, a single fragment 

of the predicted size was observed that increased in intensity between 50.0-62.0 oC 

and remained at a constant intensity for the remaining annealing temperatures. As a 

result, an annealing temperature of 65 oC was chosen in subsequent experiments 

(Figure 3-11a). PCRs using the gDNA of HEK cells transfected with the guide pairs, 

Dreamtaq Polymerase and hITGAV-204 upstream exon 1 PrP 2F and hITGAV-204 

downstream exon 1 PrP 1R all 12 of the guide pairs resolved fragments of the 

expected size for the deletion product on a 1% TAE agarose gel. As these bands were 

of a similar intensity, it was concluded that the deletion efficiencies of the guide pairs 

were comparable to each other (Figure 3-11b). As all guide pairs appeared to be 

capable of generating deletion events at a useful frequency for generating 

hITGAV-204 exon 1-/- clones, hITGAV-204 gp1 was used in subsequent experiments 

to delete hITGAV-204 in SW480 cells.



 

113 
 

 

Figure 3-11 PCRs spanning hITGAV-204. 

a) 1% TAE agarose gel showing the resolved products from a spanning PCR across the 

hITGAV-204 exon 1 target site. The PCR was performed using WT HEK 293T gDNA, 

DreamTaq polymerase, hITGAV-204 upstream exon 1 PrP 2F, and hITGAV-204 downstream 

exon 1 PrP 1R across an annealing temperature gradient of 50.0-65.0 oC. Grey arrow denotes 

expected product size of 1647 bp. b) 1% TAE agarose gel showing the resolved products from 

a spanning PCR using primer pair hITGAV-204 upstream exon 1 PrP 2F, hITGAV-204 

downstream exon 1 PrP 1R, and DreamTaq Polymerase at an annealing temperature of 

65.0 oC using gDNA isolated from HEK 293T cells transfected with hITGAV-204 sgRNA pairs 

1-12. White arrows highlight the expected size of the deletion fragment (ranging between 

501-1057 bp). 

3.2.5 Generating clonal populations of SW480 cells for the presence of 

deletion events in the hITGAV-204 gene 

Despite the efforts outlined in section 3.2.1 to improve the published culture conditions 

of SW480 cells, they still remained a slow-growing line. Following genetic 

manipulation and clonal expansion this became more evident in some of the 

hITGAV-201 exon 1-/- populations. As the hITGAV-201 exon 1-/- c23 cells grew 

similarly to WT cells, they were used to generate the hITGAV-204 exon 1-/-. They were 

transfected as described in section 3.2.1 with hITGAV-204 gp1 and underwent 

single-cell FACS for eGFP and mCherry expression 24 hours later into two 

collagen-coated 96-well plates containing 100 µl of 10% conditioned media (Table 

2-9). The medium was changed every 5 days until the cells were 70-100% confluent. 

Once confluent, 93/192 wells established colonies and were replated into one 
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collagen-coated 96-well plate. The clones were grown until confluence and each plate 

was then split 1:2 between two 96-well plates. One plate was used to lyse the cells 

for use in PCRs using the method outlined in section 2.4.9 while the other plate 

remained in culture. 

PCRs spanning the deletion region were performed on the extracted gDNA using PCR 

primers hITGAV-204 upstream exon 1 PrP 2F and hITGAV-204 downstream exon 1 

PrP 1R and the conditions previously outlined in section 3.2.4. When resolved on a 

1% TAE agarose gel 9 clones failed to produce a product that was consistent with the 

presence of a WT allele. These 9 clones were interpreted as being homozygous for 

the deletion (Figure 3-12a). The amplification of the 93 clones show that there is a 

heavy bias for smaller PCR fragments as the majority of the PCRs only amplified a 

faint fragment that was consistent with the WT allele.  

In order to confirm that the clones lacked the upstream and downstream regions of 

the sgRNA target regions we performed junction PCRs surrounding the upstream and 

the downstream sgRNAs. Using the PCR primers hITGAV-204 upstream exon 1 

PrP 2 and the conditions outlined in section 3.2.4, the region targeted by the upstream 

sgRNA of hITGAV-204 exon 1 gp1 was amplified. When resolved on a 1% TAE 

agarose gel, clones A2, D10, and G6 that were previously predicted to be 

homozygous for the deletion produced a fragment that was consistent with the 

presence of the sgRNA region which suggested that the initial genotyping was 

incorrect (Figure 3-12b). Using the PCR primers hITGAV-204 downstream exon 1 

PrP 2 and the conditions outlined in section 3.2.4, the region targeted by the 

downstream sgRNA of hITGAV-204 exon 1 gp1 was amplified. When resolved on a 

1% TAE agarose gel, clones A2, D10, and G6 once again produced a fragment that 

was consistent with the presence of the sgRNA region which suggested that the initial 

genotyping was incorrect (Figure 3-12b).  

As a final confirmation of the genotyping, a PCR primer pair (hITGAV-204 internal 

PrP) that was internal to the target region was designed (Table A2; Supplementary 

Figure A3a) and optimised using Phusion polymerase on a gradient annealing 

temperature between 50.0-65.0 oC (Supplementary Figure A3b). When resolved on a 

1% TAE agarose gel, a single fragment of the expected size had been amplified 

between 58.4-65.0 oC. As the bands were all of a similar intensity, a temperature 

within the centre of the range (63.5 oC) was used as the annealing temperature in 

subsequent experiments. The region internal to the deletion site was amplified using 
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hITGAV-204 internal PrP and the gDNA isolated from the 93 clones transfected with 

hITGAV-204 exon 1 guide pair 1 and resolved on a 1% TAE agarose gel. The gel 

showed that four of the six clones that were predicted to be homozygous for the 

deletion event from Figure 3-12a-c failed to amplify the internal fragment: A6, B4, B9, 

and D5 (Figure 3-12d). This suggested that these clones were homozygous for the 

deletion within hITGAV-204. These cells are here on out referred to by the prefix 

SW480 hITGAV-204-/- followed by their plate location as shown in (Figure 3-12a-d). 

Of those 4 clones, only SW480 hITGAV-204-/- A6 failed to survive being passaged to 

collagen-coated T75 flasks. 



 

116 
 

 



 

117 
 

 



 

118 
 

Figure 3-12 Genotyping of hITGAV-204-/- clones. 

a) 1% TAE agarose gel showing the resolved products of a spanning PCR across the 

hITGAV-204 upstream exon 1 and downstream exon 1 guide target regions using hITGAV-204 

upstream exon 1 PrP2F, hITGAV-204 downstream exon 1 PrP1R, DreamTaq polymerase, 

and gDNA extracted from SW480 clonal populations transfected with hITGAV-204 gp1 at an 

annealing temperature of 65.0 oC. Underlined clones were predicted to be homozygous for the 

deletion. Expected product sizes are 1647 for PCR products lacking the deletion and 507 bp 

for the deletion products. b) 1% TAE agarose gel showing the resolved products of a junction 

PCR across the hITGAV-204 upstream exon 1 guide target region using hITGAV-204 

upstream exon 1 PrP2, Phusion polymerase, and gDNA extracted from SW480 clonal 

populations transfected with hITGAV-204 gp1 using an annealing temperature of 65.0 oC. 

Expected product size is 596 bp. Underlined clones were predicted to be homozygous for the 

deletion from a). c) 1% TAE agarose gel showing the resolved products of a junction PCR 

across the hITGAV-204 downstream exon 1 guide target region using hITGAV-204 

downstream exon 1 PrP2, Phusion polymerase, and gDNA extracted from SW480 clonal 

populations transfected with hITGAV-204 gp1 using an annealing temperature of 65.0 oC. 

Expected product size is 421 bp. Underlined clones were predicted to be homozygous for the 

deletion from a). d) 1% TAE agarose gel showing the resolved products of an internal PCR 

within the deletion region using hITGAV-204 internal PrP, Phusion polymerase, and gDNA 

extracted from SW480 clonal populations transfected with hITGAV-204 gp1 using an 

annealing temperature of 63.5 oC. Expected product size is 255 bp. Underlined clones were 

predicted to be homozygous for the deletion from a). 

In order to investigate whether the clones lacked hITGAV expression, RNA was 

extracted from hITGAV-204-/- A6, B4, B9, and D5 to be analysed by reverse 

transcription PCR (RT-PCR). 5 x 105 cells of WT SW480 cells and the hITGAV-204-/- 

clones were plated into wells of a 6-well plate along with wild-type SW480 cells and 

grown until confluence. RNA was extracted using the method outlined in section 2.2.2. 

RNA was analysed for quality using the Agilent Tapestation System (section 2.2.5). 

All RIN values were above 7.5 (Figure 3-13a) and 1 µg of the RNA was used to 

synthesise first-strand cDNA as described in section 2.2.6. 

The cDNA was used to analyse ITGAV mRNA expression in the clones using the 

primer pairs outlined in Table A3 and Platinum™ SYBR™ Green qPCR 

SuperMix-UDG as previously described in section 3.2.3. As we were only interested 

in whether the cells expressed ITGAV rather than the levels of expression, the 

reaction was not carried out using a qPCR machine, but instead using a TProf PCR 

machine using the thermocycling conditions described in section 2.6.1. SYBR-green 



 

119 
 

polymerase was used for an end-point PCR as it was the polymerase that the primers 

were optimised for. PCR products were resolved on a 2% TAE agarose gel (section 

2.2.10) and imaged under UV light. The gel image showed that all three clones 

amplified ITGAV mRNA, suggesting that ITGAV had not been fully disrupted in any of 

the clones while the PCR for the WT cells failed (Figure 3-13b). Due to time 

constraints it was not possible to attempt to disrupt ITGAV expression in SW480 cells 

any further.
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Figure 3-13 RT-PCRs testing ITGAV mRNA expression in the hITGAV-204-/- clones. 

a) The quality of the RNA extracted in triplicate from WT SW480 cells and hITGAV-204 exon 1-

/- clones was analysed using the Agilent RNA Screentape on a Tapestation 2200 system. RNA 

quality was measured using Agilent’s RIN algorithm. Scores ˃8.0 are highlighted in grey. A 

dash denotes where no RIN value could be calculated. b) 2% TAE agarose gels showing the 

resolved products of RT-PCRs using cDNA converted from the RNA shown in a) (n=1). PCRs 

were performed using Platinum™ SYBR™ Green qPCR SuperMix-UDG using a TProf 

thermocycler and the primer pairs hITGAV PrP 1-3 and hYWHAZ PrP. NRT – no reverse 

transcription control; NTC – no template control. 
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3.2.6 Extracting RNA from animal tissues 

RNA was extracted from animal tissues to be utilised for synthesising full-length cDNA 

transcripts of ITGAV and ITGB6 to be cloned into lentiviral vectors. As the mouth is a 

common area of infection during FMDV outbreaks, a small portion of epithelial tissue 

was removed from the inner lips of pigs, cows, horses, dogs, rabbits and rats and was 

immediately snap frozen in liquid nitrogen and stored at -80 oC to preserve the RNA. 

The tissues were homogenised using Lysing Matrix D beads (MP Bio), and a 

FastPrep-24 machine using two 30 second cycles at a speed of 6.0. Once 

homogenised the RNA was extracted using the RNeasy Mini Kit (Qiagen, catalogue 

number: 74104), the Direct-zol RNA extraction kit (Zymo) and a cell lysis buffer (CL 

buffer) that can be used directly in qPCRs (Shatzkes, Teferedegne and Murata 2014) 

to see which isolation method worked best. The provided protocol was carried out for 

both the RNeasy and Direct-zol kits with the tissue being homogenised in RLT buffer 

(Qiagen) or Trizol respectively. The composition of the CL buffer was 10 mM Tris-HCl 

pH 7.4, 0.25% Igepal CA-630, and 150 mM NaCl. When using the CL buffer, the tissue 

was homogenised in 300 µl of CL buffer and incubated at room temperature for ten 

minutes. RNA was analysed for quality as described in section 2.2.5 at the following 

dilution factors: neat, 1:5, 1:10, and 1:20 dilutions in RNase-free water. The analysis 

showed that the Direct-zol kit gave better yields than the RNeasy kit while the CL 

buffer did not isolate RNA from tissues very efficiently (Figure 3-14). The RIN value 

of the RNeasy kit (9.8) was higher than that of the Direct-zol kit (RIN 6.8-7.8) 

suggesting that the RNeasy kit was better at isolating high-quality RNA (Figure 3-14). 

Repeats of RNA extractions using both the RNeasy and Direct-zol kit suggested that 

the quality of RNA from lip tissue was highly variable (Supplementary Figure A4). We 

hypothesise that the variable yield is due to the lip tissue being difficult to homogenise 

efficiently. As RNA extractions using the Direct-zol kit were working well for both cells 

and other tissues (Figure 3-8a, Figure 3-13a, and Figure 3-16) it was used for all 

future RNA extractions. 
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Figure 3-14 Testing RNA extraction methods on porcine lip tissue. 

The quality of the RNA extracted from pig inner lip tissue by either CL Buffer, Qiagen RNeasy 

kit or Zymo Direct-zol kit at different dilution factors was analysed using the Agilent 2100 

Bioanalyzer system. RNA quality was measured using Agilent’s RIN algorithm.  

To investigate the levels of ITGAV and ITGB6 expressed in the harvested tissues, a 

series of PCRs using SYBR-green and the thermocycling conditions outlined in 

section 2.6.1 was carried out using 20-, 30-, and 40-cycles. SYBR-green polymerase 

was used for an end-point PCR as it was the polymerase that the primers were 

optimised for.  A moderately expressed reference gene, YWHAZ that has been 



 

123 
 

published to be stably expressed in pigs (Nygard et al. 2007) was also amplified as a 

positive control for the cDNA. When resolved on a 2% TAE gel, none of the genes 

amplified at 20 cycles (Figure 3-15a) both YWHAZ and ITGAV amplified from 

30-cycles (Figure 3-15b) however ITGB6 only faintly amplified at 40 cycles (Figure 

3-15c). This suggested that the lip was not a good choice of tissue for synthesising 

the full-length transcripts of ITGB6. 

 

Figure 3-15 ITGAV and ITGB6 mRNA expression in porcine lip tissue. 

RNA extracted from pig tissue with the Zymo Direct-zol kit was converted to cDNA and genes 

ITGAV (111 bp), ITGB6 (147 bp), and YWHAZ (203 bp) were PCR amplified (n=1). PCR 

products were resolved on a 2% TAE gel. PCRs amplified over a) 20 cycles, b) 30 cycles, and 

c) 40 cycles. 

To find an alternative tissue, the pig protein ATLAS (Freeman et al. 2012) was utilised 

to identify tissues that had high-levels of expression of ITGAV and ITGB6. It was 

decided to use kidney medulla as both genes displayed expression levels three times 

higher in this tissue than the overall mean level of expression in pigs. 

Whole kidneys were harvested from C57BL/6 mice, and kidney medulla was collected 

from dogs and horses. A rat kidney was kindly donated by Dr Clare Pridans. Kidney 

medulla RNA isolated by Heather Finlayson from both pig and sheep was kindly 

donated by Professor Alan Archibald. The kidney tissues were homogenised as 
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described earlier in this section, and the RNA was extracted and analysed as 

described in sections 2.2.2. RNA quality was analysed using the Agilent Tapestation 

System (section 2.2.5). The RIN values suggested that all the RNA samples were of 

a sufficient quality to synthesise full-length transcripts of ITGAV and ITGB6 (Figure 

3-16). 

 

Figure 3-16 RNA extracted from kidneys of different species. 

The quality of the RNA extracted from kidney medulla from dog, and horse, the kidney 

cortex from horse, and whole kidney from mouse and rat were analysed using the 

Agilent RNA Screentape on a Tapestation 2200 system. RNA quality was measured 

using Agilent’s RIN algorithm. Scores ˃8.0 are highlighted in dark grey while scores 

below 8.0 are highlighted in light grey. 

3.2.7 Synthesising full-length ITGAV and ITGB6 cDNA 

1 µg of RNA from each species was used as a template for cDNA synthesis as 

described in section 2.2.6. Primers were designed to amplify ITGAV-201 and ITGB6 

from different species. As the biological significance of the different transcripts is 

unknown, we wanted to synthesise the ITGAV-201 transcripts for each species to 

ensure that the results were comparable. When designing primers for dog ITGAV, we 

noticed that only the ITGAV-204 transcript was known. In order to identify the 5’ region 

of the ITGAV-201 and ITGAV-202 transcripts in dogs, 5’-Rapid Amplification of cDNA 



 

125 
 

Ends (RACE) was performed using a 5' RACE System for Rapid Amplification of 

cDNA Ends kit (Invitrogen, catalogue number - 18374058). The RACE protocol was 

carried out using the protocol provided with the kit and the primers in Table A3. 

When resolved on a 2% TAE agarose gel, it was observed that the 5’ RACE results 

amplified three products during the initial PCR and seven products during the nested 

PCR (Figure 3-17a-b). These products were all sent for sequencing and the results 

that came back all aligned to dog ITGAV-204 (Supplementary Figure A5). 

 

Figure 3-17 5’ RACE results of dog kidney medulla ITGAV transcripts. 

5’ RACE results of dog ITGAV transcripts found in dog kidney medulla resolved on a 2% TAE 

agarose gel (n=1). a) Primary PCR using dog ITGAV GSP1 as the reverse primer b) nested 

PCR using dog ITGAV GSP2 as the reverse primer. 

In order to amplify the full-length transcripts, a gradient PCR using Phusion® 

High-Fidelity PCR Master Mix with HF Buffer was carried out on the cDNA using the 

conditions outlined in section 2.2.7. When resolved on a 1% TAE agarose gel, we 

observed that all the transcripts apart from pig ITGAV and sheep ITGB6 had been 

amplified at multiple temperatures across the gradient (Figure 3-18a). Using the 

annealing temperatures outlined in Table A2, the amplification of the full-length cDNA 

of ITGAV and ITGB6 of each species was attempted. All but the rat ITGAV transcripts 

appeared to amplify to some degree, however horse ITGAV and both pig transcripts 

only amplified at a very low level (Figure 3-18b).  
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Figure 3-18 PCRs amplifying full length cDNA transcripts of ITGAV and ITGB6. 

a) 1% TAE agarose gel showing the resolved products from gradient PCRs amplifying the 

full-length cDNA of ITGAV and ITGB6 from horse (H), mouse (M), pig (P), sheep (S), and rat 

(R) using an annealing temperature gradient between 50.0-65.0 oC and Phusion polymerase. 

b) 1% TAE agarose gel showing the resolved products from PCRs using the optimised 

conditions identified in a) for each species. Expected product sizes are approximately 3.15 kb 

for ITGAV products and 2.36 kb for ITGB6 products. 
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As the attempts to knock out ITGAV in SW480 cells were unsuccessful, it was decided 

in subsequent experiments to focus on synthesising the ITGB6 transcripts for 

insertion into lentiviral vectors. At the same time, we decided to insert a human 

influenza hemagglutinin (HA) tag after the cellular localisation signal on the N-term of 

the protein to allow us to quantify the expression on the surface of the cells. By 

positioning the HA tag after the cellular localisation signal we hypothesised that the 

HA tag should neither be affected by the cleavage of the cellular localisation signal 

during protein processing or interfere with the cellular localisation signal from docking 

to the endoplasmic reticulum for protein packaging to the cell membrane (Kapp   et 

al. 2013). By analysing HA expression, we hypothesised that we could use a 

fluorescent anti-HA antibody to FACS cells that showed similar fluorescence 

intensities to try and standardise ITGB6 expression in each cell population following 

transduction of the lentiviral vectors. This should reduce the variation of the number 

of receptors available on the cell surface that could distort the analyses when 

measuring RGD-binding frequency. To achieve this, primers were designed to 

perform fusion PCR by generating the products in Figure 3-19a. As attempts to 

amplify ITGB6 from pig RNA were largely unsuccessful, it was instead decided to 

synthesise the gene, using either whole gene synthesis or by fusion of consecutive 

Gblocks (Thermo Fisher). In order to amplify the truncated version of cDNA for fusion 

PCR from dog, horse, mouse, rat and sheep cDNA, a gradient PCR was performed 

using the new primers, Phusion® High-Fidelity PCR Master Mix with HF Buffer, the 

cDNA synthesised from RNA extracted from kidney tissue, and an annealing 

temperature gradient between 50.0-65.0 0C. When resolved on a 1% TAE agarose 

gel, the primers targeting the cDNA from horse, mouse, rat and sheep amplified well 

across the gradient, however, the dog cDNA amplified poorly with only faint levels of 

the transcript being present when using an annealing temperature of 50.0 oC (Figure 

3-19b). In order to amplify the dog ITGB6 cDNA, a nested gradient PCR using the 

same primers and Phusion polymerase was performed using the 50.0 oC product as 

a template and an annealing temperature gradient of 50.0-65.0 oC. When resolved on 

a 1% TAE agarose gel, there were 3 or 4 fragments apparent at each annealing 

temperature which is likely to be due to mis-priming events. However, a product that 

was approximately the predicted size amplified well across the 50.0-65.0 oC gradient 

(Figure 3-19c). 

In Fusion PCR, two fragments that share a homologous overhang at the 3’-end of the 

first fragment and at the 5’-end of the second fragment are used as templates in a 



 

128 
 

PCR reaction. When using a forward primer that is present in the first fragment and a 

reverse primer that is present in the second fragment the overhang allows the primers 

to switch between the fragments to amplify a recombinant product Figure 3-19d. In 

order to test if the fusion PCR would work, the reaction was carried out using an 

annealing temperature gradient of 50.0-65.0 oC using the PCR product for horse 

ITGB6 amplified at an annealing temperature of 60.2 oC (Figure 3-19a) that was 

diluted 100X in nuclease-free water and 1 ng of a Gblock encoding for the start codon 

and HA tag as templates. The fusion PCR was carried out as described in section 

using Phusion polymerase and the primers outlined in Table A5. The resulting gel 

showed that the expected product amplified poorly (Figure 3-19e). The fragment was 

extracted from the gel as described in section 2.2.9, and cloned into a Zero Blunt™ 

TOPO™ vector (Catalogue number: 450031) as described in section 2.1.6. Despite 

several attempts at TOPO™ cloning, there were no successful transformants. 

Due to the issues with synthesising the tagged gene, we decided to order the ITGB6 

genes encoding for the HA tag from cow and horse as a synthetic gene (Thermo 

Fisher) and a Gblock (IDT) respectively (Table A5). A synthetic gene was required for 

the cow gene as IDT were unable to synthesise the sequence as a Gblock. These 

species were chosen as they are naturally infected or considered to be resistant to 

FMDV respectively. The cow was chosen over the pig or sheep due to it being of more 

economic importance as a livestock animal within the UK as well as a species that 

develops severe pathology when infected with the virus. The horse was chosen as 

there are two potential reports of dogs and cats being infected by FMDV 

experimentally (Wildpro® 2018) including a recent report of FMDV being isolated from 

the heart muscle of a dog (unpublished correspondence with Nick Knowles, Pirbright). 
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Figure 3-19 Introducing a HA tag into full-length ITGB6 cDNA. 

a) shows the location of the HA tag being introduced into the ITGB6 protein b) gradient PCRs 

were performed using an annealing temperature gradient between 50.0-65.0 oC and resolved 

on a 1% TAE agarose gel. Templates used to amplify the truncated ITGB6 genes from horse, 

mouse, rat, and sheep were the PCR products from initial amplifications of ITGB6 in Figure 

3-18d. cDNA synthesised from RNA isolated from kidney medulla was used as a template for 

synthesising dog ITGB6. The PCR primers used can be found in Table A5 c) a nested gradient 

PCR was performed using the dog ITGB6 product amplified at an annealing temperature of 

50.0 oC in b) as a template. The reaction was performed using PCR primers Dog HA-ITGB6 

PrP F and Dog ITGB6 PrP R, Phusion polymerase, and an annealing temperature gradient 

between 50.0-65.0 oC and resolved on a 1% TAE agarose gel. d) In Fusion PCR, two 

fragments that share a homologous overhang at the 3’-end of the first fragment and at the 
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5’-end of the second fragment are used as templates in a PCR reaction. When using a forward 

primer that is present in the first fragment and a reverse primer that is present in the second 

fragment the overhang allows the primers to switch between the fragments to amplify a 

recombinant product. e) 1% TAE agarose gel showing the resolved products of a fusion PCR 

performed across an annealing temperature gradient of 50.0-65.0 oC to obtain the full-length 

cDNA HA-tagged horse ITGB6 gene. The PCR was performed using PCR product for horse 

ITGB6 amplified at an annealing temperature of 60.2 oC in a) that was diluted 100X in 

nuclease-free water and 1 ng of a Gblock encoding for the start codon and HA tag as 

templates. Phusion polymerase and PCR primers Horse ITGB6-HA Pr F and Horse ITGB6 

Pr R were used. Expected product sizes for b-e are approximately 2.36 kb. 

3.2.8 Cloning into lentiviral expression vectors 

To insert the ITGB6 transcripts into a lentiviral plasmid, an existing plasmid cloned by 

Simon Lillico, pSL06 (Supplementary Figure A6a), was used as a plasmid backbone 

by removing the existing SV40 promoter and 2A-GFP selective marker and replacing 

it with a CMV promoter and puromycin-2A-ITGB6 or blasticidin-2A-ITGAV bi-cistronic 

transcript (Supplementary Figure A6b). To do so, an EcoRI and EcoRV restriction 

digest was carried out at room temperature overnight before being resolved on a 2% 

agarose gel. As it was to be used for Gibson Assembly no image was taken to prevent 

the product from being damaged by the UV light. The fragment of the predicted size 

was excised from the gel and extracted as described in section 2.2.9. 1 µl of the 

purified product was resolved on a 1% TAE agarose gel to both assess the purity and 

estimate the quantity for use in Gibson Assembly (Figure 3-20b). The product was 

stored at -20 oC for less than a week prior to carrying out the Gibson Assembly. 

Gibson Assembly is a method of cloning 2-6 fragments into a vector backbone through 

the use of 20-40 bp regions at the start and end of each fragment that overlap with 

the fragments immediately adjacent to it. 

The CMV promoter was amplified from a pLP/VSVG plasmid (Invitrogen) using 

Phusion Polymerase Master Mix with HF Buffer and PCR primer pair CMV promoter 

PrP (Table A5) and an annealing temperature gradient of 50.0-65.0 oC. When 

resolved on a 1% TAE agarose gel the PCR amplified a single fragment across the 

whole gradient, with fragments decreasing in intensity between 63.5-65.0 oC (Figure 

3-20a). The promoter was amplified using an annealing temperature of 60.0 oC as it 

amplified efficiently at that temperature. The PCR product was resolved on a 1% TAE 

agarose gel and a single fragment was observed. No images were taken of the gel to 

prevent degradation of the PCR product by UV damage. The fragment was excised 
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from the gel and extracted as described in section 2.2.9. 1 µl of the extracted product 

was resolved on a 1% TAE agarose gel to both assess the purity and estimate the 

quantity for use in Gibson Assembly (Figure 3-20b). The product was stored at -20 oC 

for less than a week prior to carrying out the Gibson Assembly. 

A gradient PCR using annealing temperatures between 50.0-65.0 oC was performed 

to amplify the cow gene synthesised by Thermo Fisher. When resolved on a 2% TAE 

agarose gel, the product was both clean and abundant enough to extract from the gel 

as described in section 2.2.9. As it was to be used for Gibson assembly no image was 

taken to prevent the product from DNA damage by the UV light. 1 µl of the purified 

product was resolved on a 1% TAE agarose gel to both assess the purity and estimate 

the quantity for use in Gibson Assembly (Figure 3-20b). The product was stored 

at -20 oC for less than a week prior to carrying out the Gibson Assembly. The horse 

cDNA Gblock was reconstituted with nuclease-free water on the day of the Gibson 

Assembly to a concentration of 200 ng/µl. 

The puromycin-2A product was designed and ordered as a Gblock rather than trying 

to amplify it from another plasmid and clone the 2A peptide into the end (Table A5). 

The Gblock was reconstituted with water on the day of the Gibson Assembly to a 

concentration of 100 ng/µl. 

Gibson assembly was performed as described in section. When transformed into 

Top10 cells, over 20 colonies grew on each plate. 5 were picked from the plate and 

grown in 3 ml of LB for miniprep as described in section 2.1.4. The plasmid was eluted 

in 30 µl of Buffer EB and quantified as described in section 2.2.4. The yields obtained 

from the minipreps were very low with an average concentration of 100 ng/µl 

compared to concentrations between 300-500 ng/µl with plasmids of a similar size. 

500 ng of each plasmid was digested with HindIII and BamHI at room temperature 

overnight to limit star activity during the extended incubation period. When resolved 

on a 2% agarose gel, the digestion products did not match up the expected product 

sizes for either the pSL06 backbone or the desired plasmids (Figure 3-20d). With the 

low concentration of plasmid, there was insufficient to sequence the whole plasmid. 

Future work will involve performing a midiprep on the plasmid and sequencing it using 

primers that are ≤1 kb apart. 
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Figure 3-20▲ Gibson Assembly of lentiviral vectors. 

a) 1% TAE agarose gel showing the resolved products from a gradient PCR amplifying the 

CMV promoter from a pLP/VSVG plasmid using an annealing temperature gradient between 

50.0-65.0 oC. PCR primer pair CMV promoter PrP and Phusion polymerase were used in the 

reaction. Expected product size is 666 bp. b) PCR products were resolved on a 2% TAE 

agarose gel and purified by gel extraction using an illustra GFX PCR, DNA, and Gel Band 

Purification Kit. 1% TAE agarose gel showing the extraction products for use in Gibson 

Assembly: digested pSL06 plasmid (5562), CMV promoter (666 bp), and HA-tagged cow 

ITGB6 cDNA (2474 bp). c) Virtual gel generated by Geneious software of the expected product 

sizes from a HindIII and BamHI restriction digest of pSL06, Puro-2A-Horse ITGB6 lenti, and 

Puro-2A-Cow ITGB6 lentivirus plasmids compared to the restriction digest products obtained 

and resolved on a 2% TAE agarose gel from the Gibson Assembly Puro-2A-Horse ITGB6, and 

Puro-2A-Cow ITGB6 lentivirus plasmids.
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3.3 Discussion 

The conserved RGD motif on the GH loop of the VP1 structural protein of FMDV 

interacts with four members of the RGD-binding integrins during viral entry: integrin 

αVβ1, integrin αVβ3, integrin αVβ6, and integrin αVβ8 (Jackson et al. 2000a, Jackson et 

al. 2000b, Jackson et al. 2002, Jackson et al. 2004). Expression profiles of tissues 

commonly infected with FMDV has predicted that integrin αVβ6 is the main receptor 

involved in FMDV entry (O'Donnell et al. 2009) which is supported by its ability to form 

a highly stable EDTA-resistant complex with the sequences surrounding the RGD 

motifs encoded by FMDV (Dicara et al. 2008). Studies investigating serotype-specific 

FMDV binding affinity for integrins reported that different serotypes utilised different 

combinations of integrin heterodimers. For example, Type A viruses mainly utilised 

integrin αVβ3, and integrin αVβ6 while Type O viruses mostly utilised integrin αVβ6 and 

integrin αVβ1 (Duque and Baxt 2003). Neff et al (2000) reported that COS-1 cells 

transfected with bovine integrin αVβ3 produced higher viral titres compared to COS-1 

cells transfected with human integrin αVβ3, suggesting that there might be 

species-specific differences within integrin αVβ3 that mediate viral infection. Since 

integrin αVβ6 is predicted to be the main entry receptor for FMDV, we hypothesised 

that there are species-specific differences within integrin αVβ6 that affect FMDV entry. 

3.3.1 SW480 cell culture conditions 

Published literature using SW480 cells reported the use of DMEM medium in a 5% 

CO2 atmosphere rather than the L-15 medium in 0% CO2 recommended by the ATCC 

(Fischer, Brown-Grant and Li 2012, Jackson et al. 2000b, Weinacker et al. 1994). As 

cells grew very slowly in L-15 we decided to compare this with DMEM containing 

either high or low glucose. Growth of SW480 in high glucose DMEM in 5% CO2 was 

significantly better than in the recommended L-15, but cells retained a preference for 

growing on top of one another in a 3D structure rather than adhering to the plate and 

spreading as a monolayer. This led to a lot of cell detachment from the plate due to 

the death of cells, possibly due to lack of nutrients available to the cells in the middle 

of the structure. It was therefore necessary to coat the plates with collagen type I to 

encourage the cells to grow in a monolayer. 

Although the collagen was effective, studies have shown that different coatings can 

alter the morphology and proliferation of cell lines (Liberio et al. 2014). This study did 

not specifically look at morphology of the cells in great detail, however the appearance 
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of some of the SW480 cells did alter to a small degree by appearing flatter, probably 

as a result of attaching to the plate more than when the plate was untreated. No 

significant changes in the size of the cells were noted during the optimisation process 

when observed with a light microscope. However, these cells would benefit from 

growth curves, cell morphology studies, metabolic studies, and gene expression 

analyses to be performed prior to any future work being undertaken to ensure that the 

coating is not interfering with normal cell function in any way. 

3.3.2 SW480 transfection conditions 

As we wanted to transfect SW480 with Cas9 expression vectors, we tested three 

separate methods of transfection to investigate which was more effective: PEI, 

X-tremeGENE™ HP Transfection Reagent, and the Neon® Transfection System. Of 

the three systems, the Neon® Transfection System was the most efficient at 

transfecting the cells. This result was somewhat expected due to the fact that, even 

with the collagen coated plates, there was still some preference with these cells to 

grow in a 3D structure. 

PEI and XtremeGENE™ work by settling on top of the surface of attached cells and 

entering the cells by either interacting with anionic receptors to trigger endocytosis in 

the case of PEI or by forming liposomes with the DNA and entering the cell through 

either endocytosis or by direct fusion with the lipid membrane of the cells. As the 

chance of settling on a cell through gravitational forces is greater when using cells 

grown at high density in a monolayer, the SW480 cells limit the ability of these two 

transfection methods by reducing the number of available cells. 

The Neon® Transfection System requires that the cells be in a single-cell suspension 

prior to transfection. This means that all the cells are equally as likely to be transfected 

as the whole surface area of the cell is available. At 30-40%, the transfection efficiency 

provided by the Neon® Transfection System is suitable for testing sgRNA cutting 

activity without the need for FAC enrichment prior to analysis. 

There was a discrepancy between the levels of transfection efficiency that we saw 

with the use of the Neon® Transfection System when compared to the 80% figure 

published on the Thermo Fisher site. It is possible that the reduced efficiency of 35% 

in our hands was a result of size differences in the plasmids used to transfect cells 

can affect transfection efficiency. For example, the pSL66 plasmid is almost 9.3 kb in 

size whereas the GFP reporter plasmid, GFP Max, is only around 3.5 kb which means 
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that there are higher copy numbers of a smaller plasmid within the transfection mix 

compared to the same mass of a larger plasmid. 

With a higher copy number, the chances of a plasmid entering the cell once the 

membrane is disrupted by the pulse is greater. Also, 0.5 µg of plasmid was used in a 

10 µl Neon® Tip mix for the transfection conditions outlined by Thermo Fisher. As we 

use the larger 100 µl Neon® Tips, the equivalent amount of plasmid in a transfection 

would be 5 µg whereas we only tested up to 4 µg since we routinely use 2 µg or less 

for pSL66 transfections in other cell types. Finally, the different tip size used could 

also cause variations with transfection efficiency when the same parameters are used 

as there may be a difference between the strength of the pulse with the same voltage 

being applied across a larger volume. In conclusion, there are several different 

reasons why the transfection efficiency we observed was different to those published 

by Thermo Fisher, however, the most likely reasons are probably due to the size and 

quantity of the plasmid used. 

3.3.3 Knocking out ITGAV in SW480 cells 

As we wanted to investigate species-specific differences in integrin αVβ6 by 

transfecting them into SW480 cells, we had to knock out ITGAV expression in them 

to prevent hybrid heterodimers from forming with the endogenous ITGAV subunit. To 

knock out ITGAV, we planned to use pairs of sgRNAs to delete the proximal 

promoters and the start codons of the transcripts. Attempts at knocking out the 

hITGAV were unsuccessful. These results are unsurprising for the targeting exon 1 of 

hITGAV-201 with the knowledge that there are three possible transcripts of hITGAV, 

one of which has a different proximal promoter and start codon from the others. 

However, it was surprising that there are still signs of expression of hITGAV when the 

proximal promoter and start codon for hITGAV-204 was also deleted within one of the 

hITGAV-201-/- clones. When genotyping the hITGAV-201-/- clones only a PCR 

spanning the deletion region was performed rather than the series of PCRs used to 

genotype the hITGAV-204-/- clones. As hITGAV-201-/- c1 appeared to be homozygous 

in the initial PCR whilst the second confirmed it to be heterozygous suggests that the 

PCR used was unreliable for genotyping the clones as a result of bias for amplifying 

smaller fragments. To confirm this, junction PCRs using the same primer pairs 

optimised to analyse single guide cutting efficiency could be used to confirm the 

genotype of the hITGAV-201-/- clones. 
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If further genotyping was performed on the clones and hITGAV-201-/- c23 was 

confirmed to be a heterozygous clone then it would explain the expression of hITGAV 

mRNA still observed within the three hITGAV-204-/- clones. If the clone appeared to 

be homozygous, performing 5’ RACE on the cells would be sensible to investigate 

which transcript of hITGAV is still being expressed. 

If I were to repeat this experiment, introducing a frameshift or stop codon into exon 2 

which is shared between all three transcripts using NHEJ or HDR would be the most 

sensible approach. To achieve this, I would suggest using the sgRNAs and primers 

designed and outlined within Supplementary Figure A7 and Table A6. 

3.3.4 Extracting RNA from porcine lip tissue 

The quality of RNA extracted from the lip tissue of pigs was problematic. Although 

some extractions gave high RIN values ˃9, the majority were of low quality. The 

reasoning for this is unclear, as the tissues were all extracted, using sterile, 

RNase-free materials and handled at the same time, immediately flash-frozen and 

stored on dry-ice until being transferred to a -80 oC freezer less than an hour after 

harvest. One possible explanation is that, in my experience, tissue from the lip is 

difficult to homogenise using a FastPrep-24 instrument and lysing matrix D beads. 

This could mean that only low amounts of RNA were released from cells, while 

endogenous RNase activity might have been maintained over a prolonged period. In 

comparison, kidney tissues homogenised using the same conditions provided high 

quality RNA, including tissue that was taken from a horse that had been dead for 4 

hours prior to tissue collection. 

As RNases have been shown to act as microbial barriers within the epithelia of 

humans, including in the oral cavity (Eberhard et al. 2008, Harder and Schroder 2002), 

it is possible that there are elevated levels of RNase activity in the epithelia of pig 

tissues. In addition, the mouth is an area that is prone to abrasions that would localise 

secreted RNases to it (Chan et al. 2012, Shamri, Young and Weller 2013), further 

strengthening the argument that the quality of the RNA is probably a result of the 

RNase levels in the tissue rather than a result of RNase contamination from other 

sources. 

3.3.5 Synthesising full-length cDNA of ITGAV and ITGB6 

As we wanted to transduce SW480 cells with integrin αVβ6 from different species, we 

had to obtain the full-length cDNA transcripts from each subunit. To do so, we used 
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mRNA extracted from kidney cells to synthesise cDNA. The cDNA was then used in 

PCRs and Fusion PCRs to synthesise the full-length transcripts.  The synthesis of the 

transcripts by PCR was somewhat successful prior to attempting to add a HA tag after 

the first 30 amino acid residues that act as a localisation signal for the protein. 

However, as PCR optimisations across an annealing temperature gradient appeared 

to be more successful than using the chosen optimised conditions, it suggests that 

the PCR is extremely sensitive to changes in the ramp times between thermocycling 

steps. 

Generating PCR products for the fusion PCR may have been more successful if the 

full-length cDNAs were inserted into a TOPO vector prior to amplifying the truncated 

version of the protein that is missing the first 30 residues. However, this was not 

carried out due to the greater risk of introducing mutations into the sequence through 

multiple rounds of PCRs. Due to time constraints, the issues with amplifying the full-

length cDNA with the HA tag could not be resolved. However, as fusion PCR is usually 

a fairly robust method, further optimisation of the fusion PCR thermocycling conditions 

should make it possible to obtain the full-length ITGB6 cDNA from each species at a 

lower cost than ordering them as a Gblock or as a synthesised gene. 

Obtaining the ITGAV cDNA from each species could be more problematic, as ideally, 

you would want to synthesise the same transcript from each species. The ITGAV 

primers ordered were for the synthesis of ITGAV-201, however, the published dog 

transcript matched up more closely to ITGAV-204.  Theoretically, the 5’ RACE of the 

dog cDNA should have allowed us to find the start site of ITGAV-201 and ITGAV-202, 

yet the only transcript to be successfully sequenced was ITGAV-204. As the 

expression profiles of different splice variants have been shown to differ between 

tissues in a number of mammals including humans (Noh et al. 2006, Yeo et al. 2004), 

mouse (Noh et al. 2006), and pigs (Nygard et al. 2010), it is possible that ITGAV-204 

is the main splice variant expressed in the kidney medulla of dogs. To test this, 5’ 

RACE could be performed on mRNA extracted from a panel of tissues in dogs. 

Finally, the fact that there are three transcripts of ITGAV raises the question as to 

whether one is functionally more important, particularly in the entry of FMDV during 

infection. The relevance of the difference in sequence in the localisation signal of the 

N-terminus of ITGAV-204 when compared to ITGAV-201 and ITGAV-203 is unclear; 

is the sequence important in localisation of the receptor in a specific pattern on the 

cell surface, with a particular preference for integrin β receptors or are the sequences 
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somewhat redundant, with multiple sequences leading to the same packaging on the 

cellular membrane? 

3.3.6 Cloning lentiviral plasmids expressing ITGB6 

We wanted to assemble lentiviral vectors that encoded for integrin β6 from cows and 

horses. To do so we performed Gibson Assembly to ligate three separate fragments 

together. Once all the necessary components had been obtained or ordered as either 

Gblocks or a synthesised gene, Gibson assembly was performed to assemble 

lentiviral vectors containing the full-length transcripts of cow or horse ITGB6. The 

number of colonies cultured on LB plates suggested that the Gibson assembly worked 

efficiently, however minipreps of the resulting plasmids gave lower yields than 

expected. 

Initial tests by digesting the plasmids with HindIII and BamHI were inconclusive, with 

digestion products that failed to match either the ITGB6-containing plasmids or the 

parental pSL06 plasmid. Some of this appeared to be due to incomplete digestion of 

the plasmid, whereas – when compared to the ladder – some products are 

approximately 100 bp smaller than expected. The logical next step will be to sequence 

a number of plasmid clones to ascertain the sequence of the inserts. 

The low plasmid yields are problematic due to sequencing services requiring around 

500 ng of plasmid per reaction, and 10 primers being necessary for sequencing the 

whole plasmid to ensure the entire sequence is correct. Currently, we are carrying out 

initial sequencing around the ligation points and across the ITGB6 cDNA to ensure 

that they are correct. As the low yields may be due to complexities within the 

sequence that the Top10 cells cannot copy efficiently, any clones that show the 

correct insertions will be grown for midiprep and then sent for sequencing once better 

yields have been achieved. Another possibility for the low yields could be the size of 

the plasmid. However, as the plasmid is approximately the same size as the 9.5 kb 

pSL66 vector, this is unlikely since we routinely get higher yields of pSL66 variants 

when using only 1 ml of bacterial culture.  
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4 Investigating the Role of Specific Residues of ITGAV and 

ITGB6 in FMDV Entry 

4.1 Introduction 

An acute vesicular disease that primarily affects cloven-hooved mammals such as 

cows and pigs, FMD globally costs an estimated £5-16 billion each year. FMDV is the 

causative agent of the disease and a member of the Picornavirus family which 

includes other highly pathogenic viruses such as poliovirus and coxsackievirus. The 

prototypical member of the genus Aphthovirus, FMDV is a small, unencapsulated, 

single-stranded, positive-sense RNA virus with a genome of approximately 8400 

nucleotides encoding 4 structural and 11 non-structural proteins. 60 copies of each of 

the structural proteins, VP1-4, form a pH-sensitive icosahedral capsid around the viral 

RNA. One of these structural proteins, VP1, encodes a GH-loop that contains a 

conserved RGD-motif that interacts with RGD-binding integrins on the surface of host 

cells during viral entry. 

Once bound, the RGD-binding integrin signals for clathrin-mediated endocytosis to 

occur, with the lowered pH inside the endosome causing the capsid proteins to 

dissociate. This dissociation is believed to allow the VP1 structural protein to anchor 

to the endosome membrane, which positions the VP4 protein to form a pore within 

the endosome and release the viral RNA into the cell in a mechanism that is similar 

to that of other Picornaviridae such as Human Rhinovirus (Panjwani et al. 2014, Ren 

et al. 2013). 

Integrins are a group of heterodimeric transmembrane receptors that are involved in 

cell-extracellular matrix adhesion and signal transduction. There are 24 known 

heterodimer combinations in mammals that are grouped according to the ligands they 

bind to: the leukocyte-specific integrins, the laminin-binding integrins, the 

collagen-binding integrins, and the RGD-binding integrins. Of the eight known 

RGD-binding integrins, FMDV is known to be able to interact with five of them: integrin 

α5β1, integrin αVβ1, integrin αVβ3, integrin αVβ6, and integrin αVβ8 (Jackson et al. 1997, 

Jackson et al. 2000a, Jackson et al. 2000b, Jackson et al. 2002, Jackson et al. 2004). 

Through RGD-binding integrin expression studies and binding-affinity of the integrins 

to the VP1 protein of FMDV, integrin αVβ6 has been hypothesised to be the main entry 

receptor during infection (Dicara et al. 2008, O'Donnell et al. 2009). 
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Under normal physiological conditions, integrin αVβ6 binds the RGD-motif within 

TGF-β as part of its role in the regulation of inflammation and wound healing 

(AlDahlawi et al. 2006a, Huang et al. 1996b). As a result of this, integrin αVβ6 is 

upregulated in response to epithelial damage, and so is expressed at high levels in 

tissues that suffer regular abrasions and tears such as the oral cavity. The increased 

number of RGD-binding sites in these tissues increases the possibility of FMDV 

successfully binding to and entering the cells in vivo. 

Mouse KO models of ITGAV and ITGB6 are either non-viable or develop health issues 

throughout their lifespan respectively. 80% of ITGAV-/- mice were shown to die in utero 

from placental defects, and the mice that were alive at birth died a few hours later 

from intestinal and intra-cerebral haemorrhaging (Bader et al. 1998). Although the 

phenotype of ITGB6-/- mice were not embryonic/perinatal lethal like the ITGAV-/- mice, 

they have been reported to exhibit phenotypes including hair loss, reduced tooth 

enamel bio-mineralisation and the development of spontaneous pulmonary 

emphysema from 6 months old (Huang et al. 1996b, Morris et al. 2003, Mohazab et 

al. 2013). 

FMDV has been reported to infect over 100 different mammalian species (Weaver et 

al. 2013) with certain species being more susceptible to infection. For example, cows 

are readily infected with the virus while virus has rarely been isolated from humans 

(Bauer 1997). In this chapter we set out to identify and interrogate species-specific 

sequence variations in integrin αVβ6. As members of the genus Equus are considered 

to be resistant to FMDV infection, we hypothesised that specific residue changes 

present in the RGD-binding, transmembrane or cytoplasmic domains of ITGAV and 

ITGB6 in this genus could underlie the observed resistance to FMDV infection by 

altering the ability of the virus to enter the cells. We compared sequences from 

multiple species to pinpoint divergent residues that may play key roles in FMDV entry. 

Once identified, appropriate residue changes were introduced into a porcine kidney 

epithelial cell line (PK-15) using CRISPR-Cas9 reagents.  

The main aims of this chapter were to: 

i. Carry out a sequence homology study of both ITGAV and ITGB6 within 

animals considered to be resistant compared to animals that are either 

naturally or experimentally infected with FMDV. 

ii. Identify changes that might be of importance in FMDV entry in vitro. 
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iii. Use CRISPR-Cas9 to modify pig ITGAV and ITGB6 genes to 

incorporate the identified changes by HDR. 

iv. Analyse the mRNA expression levels of ITGAV and ITGB6 within the 

edited cell lines by qPCR. 

v. Test whether the cells show a difference in their ability to bind FMDV 

RGD-peptides by flow cytometry.
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4.2 Results 

4.2.1 Sequence homology study of ITGAV and ITGB6 

A cross-species sequence homology study of ITGAV and ITGB6 was carried out 

between the species outlined in Table 4-1 to identify areas of divergence between 

species. To do so, the full-length protein sequences for ITGB6 and ITGAV-201 were 

accessed from the NCBI database and entered into Geneious to be aligned by the 

ClustalW algorithm. Once aligned, differences in identity within the protein sequence 

were identified between species considered to be resistant and those which could be 

either naturally or experimentally infected with FMDV. As we were interested in 

changes that might confer disease resistance, any changes shared with naturally 

infected animals were discounted from the study. 

The variants were filtered based on their polarity and their location within the protein. 

Variants that resulted in the polarity of the residue changing, for example a 

positively- to a negatively-charged amino acid were given priority as they were 

predicted to be more likely to lead to a change in the 3D structure of the protein. 

Changes that were in close proximity to either the RGD-binding, transmembrane or 

cytoplasmic domains of the proteins were of particular interest as changes within 

these regions may lead to changes in RGD-binding, integrin presentation on the cell 

surface, or downstream signalling of the integrin subunits respectively. This narrowed 

the study down to five residue changes that were of interest, two of which were located 

together; ITGAV T136A, ITGAV N950D, ITGB6 R777S, and ITGB6 VD782-783LA (Figure 4-

1a-c). Using the EMBOSS Protein Analysis plugin for Geneious we then looked at 

how the predicted secondary structure of the pig sequence would alter if the residues 

were changed to those found in Przewalskii’s horse. Predicted changes in ITGAV 

T136A included the formation of an alpha-helix (α-helix) that disrupted the end of a 

beta-sheet (β-sheet) and the beginning of a turn upstream from the residue change 

as well as further disruption to the turn of the β-propeller domain due to a hydrophobic 

to hydrophilic residue change. This could alter the spatial arrangement of the 

RGD-binding domain (Figure 4-1d). ITGAV N950D predicted a small difference in the 

extension of the β-sheet (Figure 4-1e). ITGB6 VD782-783LA is predicted to remove a 

β-sheet from the C-terminus of the cytoplasmic domain of ITGB6 through extension 

of the α-helix as well as disrupting the final turn in the cytoplasmic domain of ITGB6 

(Figure 4-1f). ITGB6 R777S, in combination with VD782-783LA, led to the same predicted 

changes as VD782-783LA with the addition of a predicted shortened turn followed by the 
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addition of a β-sheet and a random coil that truncated the α-chain directly upstream 

of the ITGB6 R777S modification (Figure 4-1f). 
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Table 4-1 Species used during sequence identity study 

Species used during the sequence identity study and their susceptibility to FMDV. * denotes species that are considered to be resistant rather than 

confirmed as resistant. NCBI accession numbers of the ITGAV and ITGB6 variants used are also shown.  

 

 

 

 

 

 

 

Latin name English name 
Susceptible to 

FMDV 

Accession number 

ITGAV ITGB6 

Equus przewalskii Przewalski’s horse No* XM_008530577 XP_014587988 

Canis familiaris Dog No* XM_014110784 XP_005640289 

Felis catus Cat No* XM_023259536 XM_023259380 

Bos taurus Cow Naturally XM_005202252 XM_005202407 

Sus scrofa Pig Naturally XM_021074686 XP_020930111 

Ovis aries Sheep Naturally XM_012110914 XP_011966335 

Homo sapiens Human Naturally NM_002210  NM_000888 

Vicugna pacos Alpaca Naturally XM_006210004 XM_015249677 

Ursus maritimus Polar Bear Unknown XM_008687234 XM_008687015 

Dasypus novemcinctus Nine-banded armadillo Experimentally XM_004477038 XM_004463888 
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Figure 4-1▲ Sequence identity study of integrin αV and integrin β6. 

a) screenshot of ITGAV sequence alignment study showing ITGAV T136A (black arrow) in relation to two of three RGD sites of interaction (orange arrows) 

(Civera et al. 2017). b) screenshot of ITGAV sequence homology study showing ITGAV N950D (black arrow) in relation to the transmembrane domain 

(dashed box). c) shows a screenshot of ITGB6 sequence with VD782-783LA and R777S (black arrows) in relation to the transmembrane domain (dashed 

box). d-f) show predicted secondary structures of each modification where pink bar denotes the formation of an α-helix; yellow arrow denotes β-fold, blue 

arrow denotes a turn; grey wave denotes a coil within the sequence; and yellow box identifies the residue changes of interest. c) and f) red line denotes 

regions of the cytoplasmic domain that are used to localise ITGB6 to focal adhesion sites and the blue line shows the region that is unique to ITGB6.
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4.2.2 Optimising the transfection of PK-15 cells using the Neon™ 

Transfection System 

As Thermo Fisher had no recommendations for transfecting PK-15 cells using the 

Neon™ Transfection System, we used the optimisation protocol provided in the 

Neon™ Transfection System manual. Once cells had reached 80% confluence they 

were washed, trypsinised and resuspended at a concentration of 5 x106 cells/ml in 

Neon™ Buffer R. 0.5 µg of the GFP MAX plasmid (Supplementary Figure A8) was 

transfected using one of the 24 conditions outlined in Table 4-2. 24 hours 

post-transfection, images were captured at 15X magnification using a microscope and 

the percentage of cells expressing GFP was calculated by manually counting the 

number of cells present in the field of view under brightfield followed by the number 

of GFP fluorescent cells, then dividing the number of fluorescent cells by the total 

number of cells and multiplying by 100 (Table 4-2). 

The results from the initial transfection suggested that two 20 ms pulses at 1300 V or 

a single 30 ms pulse at 1400 V gave good transfection efficiencies at 65.5% or 59.7% 

respectively while maintaining good cell viability with a total of 284 and 290 cells per 

field of view (Table 4-2). Repeats of these conditions showed that two 20 ms pulses 

at 1300 V showed higher levels cytotoxicity compared to the single 30 ms pulse at 

1400 V when viewed under the microscope. There also appeared to be a higher 

transfection efficiency at the 1400 V condition when using the pSL66 plasmid when 

the transfection efficiency was estimated by eye (Figure 4-2). This meant that, unless 

otherwise stated, a single 30 ms pulse at 1400 V was used for all PK-15 sgRNA 

plasmid transfections in subsequent experiments.  
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Table 4-2 Neon™ Transfection System optimisations of PK-15 cells. 

Shows the total number of viable and GFP positive PK-15 cells in a single field of view at 15 X 

magnification after transfecting 5 x105 cells with 0.5 µg of GFP MAX plasmid using varied 

Neon™ Transfection System conditions.  Transfection efficiency was calculated by dividing 

the number of GFP positive cells by the number of viable cells and multiplying by 100. The 

underlined conditions are those that were used in subsequent experiments. 

Pulse 
(V) 

Pulse 
width (ms) 

Number 
of pulses 

Viable 
cells 

GFP +ve 
cells 

Transfection 
efficiency 

1800 20 1 200 107 53.50% 

1400 20 1 226 41 18.14% 

1500 20 1 649 296 45.61% 

1600 20 1 189 50 26.46% 

1700 20 1 433 183 42.26% 

1100 30 1 334 48 14.37% 

1200 30 1 445 97 21.80% 

1300 30 1 157 81 51.59% 

1400 30 1 290 173 59.66% 

1000 40 1 267 19 7.12% 

1100 40 1 280 64 22.86% 

1200 40 1 253 78 30.83% 

1100 20 2 230 66 28.70% 

1200 20 2 232 76 32.76% 

1300 20 2 284 186 65.49% 

1400 20 2 47 21 44.68% 

850 30 2 298 15 5.03% 

950 30 2 263 33 12.55% 

1050 30 2 19 13 68.42% 

1150 30 2 4 2 50.00% 

1300 10 3 247 80 32.39% 

1400 10 3 108 60 55.56% 

1500 10 3 77 44 57.14% 

1600 10 3 5 4 80.00% 
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Figure 4-2 Transfection of PK-15 cells with the Neon™ Transfection System. 

Shows images of PK-15 cells 24 hours after transfection using the Neon™ Transfection System at 15 X magnification. 5 x105 cells were transfected with 

either 0.5 µg of GFP MAX plasmid or 2 µg of pSL66 plasmid. The transfection conditions used were either one 30 ms, 1400 V pulse or two 1300 V, 20 ms 

pulses. Red arrows highlight the presence of dead cells within each brightfield image.  
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4.2.3 Designing and Testing sgRNAs to pITGAV exon 3 

ITGAV T136 is located at the 3’ end of exon 3, 12 and 14 residues away from two of 

the three sites of RGD interaction (Figure 4-1a). It was interesting to note that the 

ITGAV A136 residue was present within Przewalksii’s horse, cat, and dog but not within 

the polar bear, which is more closely related to cats and dogs than to horse yet is a 

member of a genus in which several species have been observed to be naturally 

infected by FMDV (Weaver et al. 2013). A search carried out with NCBI BLAST for 

the presence of ITGAV A136 in other species showed that the residue was shared by 

the animals outlined in Table 4-3. Although the residue was shared by rabbits, which 

can be experimentally infected, it appears to be conserved within members of the 

taxonomic orders Canidae, Felidae, and Perissodactyla (Table 4-3). However, it is 

important to note that the ability of FMDV to infect most of the species identified in the 

search is unknown. Four sgRNAs close to T136 and PCR primers surrounding the 

target region were designed as described in section 2.3.2 (Tables A7 and A8, Figure 

4-3a). Once designed, the sgRNAs were cloned into pSL66 plasmids as described in 

section 2.3.3 and the resulting colonies were analysed by PCR for the presence of 

the sgRNA-pSL66 plasmid as described in section 2.3.3. 
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Table 4-3 Species that encode ITGAV A136. 

BLAST results listing the species that share ITGAV A136, the gene accession number, and the 

taxonomic order that they belong to. 

 
The PCR primers pITGAV e3 PrP1 were optimised using porcine embryonic 

fibroblasts (PEF) gDNA, and AccuPrime™ Taq HiFi polymerase across an annealing 

temperature gradient of 52.0-65.0 oC (Figure 4-3b). As an annealing temperature of 

57.7 oC amplified a clean product with acceptable yield it was used in subsequent 

experiments. 

In order to test the cutting efficiency of the cloned sgRNAs Invitrogen midiprep quality 

plasmid DNA was prepared and transfected into PEF cells using a transfection 

protocol previously optimised in our lab. While transfection of PEFs with plasmid 

pSL66 using the Neon™ Transfection System at 1800 V for a single 20 ms pulse had 

previously resulted in a transfection efficiency exceeding 50%, when used in these 

experiments the efficiency was observed to be low at around 10% when estimated by 

eye (Supplementary Figure A9). 

Taxonomic 
order Latin name Common name 

Accession 
number 

Afrosoricida Chrysochloris asiatica Cape golden mole XP_006864127.1 

Afrosoricida Echinops telfairi Lesser hedgehog tenrec XP_004701534.1 

Canidae Canis lupus dingo Dingo XP_025316218.1 

Canidae Canis lupus familiaris Dog XP_013966259.1 

Canidae Vulpes Vulpes Red fox XP_025869377.1 

Felidae Acinonyx jubatus Cheetah XP_014929445.1 

Felidae Felis catus Cat XP_023115304.1 

Felidae Panthera pardus Leopard XP_019317150.1 

Felidae Panthera tigris altaica Amur tiger XP_007083930.1 

Felidae Puma concolor Cougar XP_025768112.1 

Lagomorpha Ochotona princeps American pika XP_004577047.1 

Lagomorpha Oryctolagus cuniculus European rabbit XP_002712375.1 

Perissodactyla Ceratotherium simum simum White rhinoceros XP_004426768.1 

Perissodactyla Equus asinus Donkey XP_014690785.1 

Perissodactyla Equus caballus Horse XP_023477934.1 

Perissodactyla Equus przewalskii Przewalkskii's horse XP_008528799.1 

Primates Microcebus murinus Grey mouse-lemur XP_012634934.1 

Primates Propithecus coquereli Coquerel's sifaka XP_012519105.1 

Rodentia Castor canadensis North American beaver XP_020019660.1 

Rodentia Jaculus jaculus Lesser Egyptian jerboa XP_004660331.1 

Scandentia Tupaia chinensis Chinese tree shrew XP_006164967.1 
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72 hours post-transfection, the gDNA was extracted from the cells as described in 

section 2.2.3. The target region was amplified using the conditions previously outlined 

in this section for PCR primers pITGAV e3 PrP1 (Figure 4-3c). The products were 

purified as described in section 2.2.9 and a T7 endonuclease assay was performed 

as described in section 2.5.1. When the products from the T7 assay were resolved on 

a 2% TAE agarose gel, very low levels of indel formation were detected in all four 

guides, suggesting that only a small percentage of the cell population had been edited 

by the sgRNAs (Figure 4-3d). However, as the transfection efficiency of the PEF cells 

was low, and T7 assay is not very sensitive for the detection of low levels of indel 

formation, the fact that digestion products of the expected sizes could be seen 

suggested that the sgRNAs were quite efficient at directing Cas9 to the target site for 

cutting. Of the four guides, sgRNA 4 appeared to show the highest indel frequency 

when the intensity of the largest digestion product was compared to the parental 

fragment. It was decided to use sgRNA 4 in subsequent experiments due to the higher 

indel frequency observed in this assay as well as it being the closest guide to the 

pITGAV T136 residue.  
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Figure 4-3 Testing sgRNAs targeting pITGAV exon 3 transfected into PEF cells. 

a) shows exon 3 (dark grey) and T136 (purple) of pITGAV and the designed sgRNAs targeting 

the exon (dark blue). Green arrows annotate the locations of PCR primers used to amplify the 

region targeted by the guides. b) 1% TAE agarose gel showing the resolved products from a 

gradient PCR using primer pair pITGAV e3 PrP 1, Accuprime Taq HiFi polymerase, and WT 

PEF gDNA across an annealing temperature gradient of 52.0-63.7 oC. The expected product 

size of 747 bp is highlighted by a grey arrow. c) 1% TAE agarose gel showing the resolved 

products from a PCR amplifying across the target site using gDNA extracted from transfected 

PEF cells as a template and the conditions optimised in b) and an annealing temperature of 

57.7 oC. The expected product size of 747 bp is highlighted by a grey arrow. d) 2% TAE 

agarose gel showing the resolved products from a T7 endonuclease assay performed on the 

products in c) to assess NHEJ formation at the target site. Black arrows indicate fragments as 

a result of T7 digestion on mis-matched DNA as a consequence of indel formation (expected 

sizes between 496-559 and 118-251 bp). 
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As the T7 assay was difficult to interpret due to the low transfection efficiency of the 

PEFs, it was decided to repeat the transfections to obtain more convincing T7 assay 

results. PCR primer pair pITGAV e3 PrP 3 was optimised using Phusion® 

High-Fidelity PCR Master Mix with HF Buffer with an annealing step gradient between 

52.0-65.0 oC (Figure 4-4a). As all 12 annealing temperatures amplified a single 

product at a high yield, the median annealing temperature of the gradient (57.7 oC) 

was selected to be used in subsequent experiments.  

Dr Vrushali Patil kindly transfected PK-15 cells with plasmids containing pITGAV 

sgRNAs 1-4 using the conditions established in section 4.2.2. Cells underwent FACS 

for GFP expression 24 hours post-transfection into GFP positive pooled populations 

in 12-well plates. Once confluent, gDNA was extracted from the cells as described in 

section 2.2.3 followed by PCR amplification with primers pITGAV e3 PrP3 using the 

conditions outlined in the previous paragraph (Figure 4-4b). A T7 endonuclease assay 

was performed on the PCR products as described in section 2.5.1 and the products 

were resolved on a 2% TAE agarose gel (Figure 4-4c). All four pooled populations 

had a high indel frequency, with pITGAV exon 3 sgRNA 1 showing the highest indel 

frequency as the full-length PCR product band was weaker in intensity than the 

longest digestion product band while the undigested band was equal in intensity for 

sgRNAs 2-4. Despite sgRNA 1 showing better cutting activity, pITGAV exon 3 sgRNA 

4 was used in subsequent experiments targeting exon 3 of pITGAV as we predicted 

that its proximity to the T136 residue would be more beneficial in generating HDR 

events than the higher indel frequency. 
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Figure 4-4 Testing sgRNAs targeting pITGAV exon 3 transfected into PK-15 cells. 

a) 1% TAE agarose gel showing the resolved products from a gradient PCR using primer pair 

pITGAV e3 PrP 3, Phusion® High-Fidelity PCR Master Mix with HF Buffer, and WT PK-15 

gDNA across an annealing temperature gradient of 52.0-65.0 oC. The expected product size 

of 859 bp is highlighted by a red arrow. b) 1% TAE agarose gel showing the resolved products 

from a PCR amplifying across the target site using gDNA extracted from transfected PK-15 

cells as a template and the conditions optimised in a) and an annealing temperature of 57.7 oC.  

c) 2% TAE agarose gel showing the resolved products from a T7 endonuclease assay 

performed on the products in b) to assess NHEJ formation at the target site. Blue arrows 

indicate fragments resulting from T7 digestion indicative of indel formation (expected product 

sizes between 588-651 and 208-271 bp). b) and c) were performed by Dr Vrushali Patil. 

4.2.4 Designing and Testing sgRNAs in pITGAV exon 28 

ITGAV D950 is located at the 5’ end of exon 28 and is 8 residues away from the 

transmembrane domain of ITGAV (Figure 4-1b). NCBI BLAST showed that the 



 

160 
 

presence of ITGAV N950 was shared by the animals outlined in Table 4-4. Although 

the residue was shared by the nine-banded armadillo which can be experimentally 

infected, the residue is conserved between two members of the taxonomic order 

Perissodactyla, the white rhinoceros and the Przewalskii’s horse (Table 4-4). Four 

sgRNAs close to D950 and PCR primers surrounding the target region were designed 

as described in section 2.3.2 (Tables A7 and A8, Figure 4-5a). Oligonucleotides were 

annealed and cloned into pSL66 plasmids as described in section 2.3.3 and the 

resulting colonies were analysed by colony PCR for the presence of the 

sgRNA-pSL66 plasmid as described in section2.3.4. 

The PCR primer pair pITGAV exon 28 PrP 1 was optimised using WT PEF gDNA, 

and AccuPrime™ Taq HiFi polymerase with an annealing temperature gradient 

between 52.0-65.0 oC (Figure 4-5b). The PCR product amplified cleanly across the 

gradient however the yield was lower at the higher annealing temperatures. As the 

product amplified well with an annealing temperature of 60.9 oC this was used in 

subsequent experiments. 

Table 4-4 Species that share ITGAV N950. 

BLAST results listing the species that share the ITGAV N950, the gene accession number and 

the taxonomic order that they belong to. 

Taxonomic 
order Latin name Common name 

Accession 
number 

Afrosoricida Chrysochloris asiatica Cape golden mole XP_006864127.1 

Chiroptera Eptesicus fuscus Big brown bat XP_008144802.1 

Cingulata Dasypus novemcinctus Nine-banded armadillo XP_004477096.1 

Perissodactyla Ceratotherium simum simum White rhinoceros XP_004426768.1 

Perissodactyla Equus przewalskii Przewalskii's horse XP_008528799.1 

Rodentia Fukomys damarensis Damara Mole-rat KFO27947.1 

 
In order to test the cutting efficiency of the cloned sgRNAs, Invitrogen midiprep quality 

plasmid DNA was prepared and transfected into PK-15 cells using the conditions 

described in section 4.2.2. 24 hours post-transfection the cells underwent FACS for 

GFP expression into GFP-positive pooled populations cultured on 12-well plates. 

Once confluent, the gDNA was extracted from the cells as described in section 2.2.3. 

The target region was amplified using the conditions previously outlined in this section 

for PCR primers pITGAV e28 PrP1 and the PCR products were cleaned-up as 

described in section 2.2.9 (Figure 4-5c). A T7 endonuclease assay was performed as 

described in section 2.5.1 and the products were resolved on a 2% TAE agarose gel, 
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revealing evidence of indel formation in all four populations (Figure 4-5d). The indel 

frequency was judged by comparing the intensity of the undigested PCR product 

against the longest digestion product, which suggested that sgRNA 4 gave the lowest 

indel frequency, while the population transfected with sgRNA 2 showed the highest 

frequency. sgRNAs 1 and 3 were comparable to each other (Figure 4-5d). During 

subsequent experiments pITGAV exon 28 sgRNA 2 was used due to it showing the 

highest indel frequency which meant that it was the guide that was likely to induce the 

highest on-target Cas9 efficiency.
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Figure 4-5 Testing sgRNAs targeting pITGAV exon 28 transfected into PK-15 cells. 

a) shows exon 28 (dark grey) and N950 (purple) of pITGAV and the designed sgRNAs targeting 

the exon (dark blue). Green arrows denote the locations of PCR primers used to amplify the 

region targeted by the guides. b) 1% TAE agarose gel showing the resolved products from a 

gradient PCR using primer pair pITGAV e28 PrP 1, AccuPrime™ Taq HiFi polymerase, and 

WT PEF gDNA across an annealing temperature gradient of 52.0-65.0 oC. Expected product 

sizes of 609 bp are highlighted by a grey arrow. c) 1% TAE agarose gel showing the resolved 

products from a PCR amplifying across the target site using gDNA extracted from transfected 

PK-15 cells as a template, the conditions optimised in b) and an annealing temperature of 60.9 

oC. Expected product sizes of 609 bp are highlighted by a grey arrow. d) 2% TAE agarose gel 

showing the resolved products from a T7 endonuclease assay performed on the products in 

c) to assess NHEJ formation at the target site. Black arrows indicate fragments resulting from 

T7 digestion on mis-matched DNA as a consequence of indel formation (expected product 

sizes range from 400-419 and 190-209 bp). 
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4.2.5 Designing and Testing sgRNAs in pITGB6 exon 15 

ITGB6 R777S, and ITGB6 VD782-783LA are all located at the 3’ end of exon 15 and are 

part of the cytoplasmic domain of ITGB6 (Figure 4-1c). ITGB6 R777 is one residue 

away from the region of the cytoplasmic domain that is unique to ITGB6 whilst ITGB6 

VD782-783LA lies within that region. Studies investigating the role of the cytoplasmic 

domain in FMDV entry have shown that this unique region is important in the ability 

of FMDV to form infectious centres in vitro (Miller et al. 2001). 

NCBI BLAST searches of the variants show that both ITGB6 S777 and ITGB6 A783 are 

unique to members of the genus Equus (Table 4-5). ITGB6 L782 is shared by the 

European hedgehog, which has been observed to be naturally infected, the Florida 

manatee, and members of the genus Equus (Table 4-5). We decided to engineer two 

variations of edits within the cytoplasmic domain: pITGB6 exon 15 A which encodes 

for ITGB6 VD782/783LA, and pITGB6 exon 15 B which encodes for both ITGB6 R777S 

and VD782/783LA, as we hypothesised that the cumulative changes could be more 

effective at producing a functional change within the protein than a single residue 

change. 

Five sgRNAs close to the 3’ end of ITGB6 exon 15 and PCR primers surrounding the 

target region were designed as described in section 2.3.2 (Tables A7 and A8, Figure 

4-6a). Once designed, the sgRNAs were cloned into pSL66 plasmids as described in 

section 2.3.3 and the resulting colonies grown on Carb-treated plates were analysed 

by colony PCR for the presence of the sgRNA-pSL66 plasmid as described in section. 

The PCR primer pair pITGB6 e15 PrP1 was optimised using WT PEF gDNA, 

Phusion® High-Fidelity PCR Master Mix with HF Buffer and an annealing temperature 

gradient between 59.0-71.0 oC. The optimisation showed that the primer pair worked 

best between 59.0-62.8 oC where it amplified a single, clean product (Figure 4-6b). 

An annealing temperature of 60.2 oC was used in subsequent experiments.
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Table 4-5 Species sharing ITGB6 S777, ITGB6 L782, or ITGB6 A783. 

BLAST results listing the species that share the ITGB6 S777, L782, or A783 residues, the gene 

accession number and the taxonomic order that they belong to. 

Residue 
of 
interest 

Taxonomic 
order 

Latin name Common name 
Accession 
number 

ITGB6 
S777 

Perissodactyla Equus asinus Donkey XP_014715388 

Perissodactyla Equus caballus Horse XP_005601590 

Perissodactyla Equus przewalskii Przewalskii's Horse XP_008511931 

ITGB6 
L782 

Eulipotyphla Erinaceus europaeus European hedgehog XP_007523843 

Perissodactyla Equus asinus Donkey XP_014715388 

Perissodactyla Equus caballus Horse XP_005601590 

Perissodactyla Equus przewalskii Przewalskii's Horse XP_008511931 

Sirenia Trichechus manatus latirostris Florida manatee XP_004375473 

ITGB6 
A783 

Perissodactyla Equus asinus Donkey XP_014715388 

Perissodactyla Equus caballus Horse XP_005601590 

Perissodactyla Equus przewalskii Przewalskii's Horse XP_008511931 

 
PK-15 cells were transfected with the guides using the optimised conditions described 

in section 4.2.2, and imaged after 24 hours to assess transfection efficiency. As the 

efficiency was around 40%, the cells were not enriched by FACS and the gDNA was 

extracted from the cells 72 hours post-transfection as described in section 2.2.3. PCR 

primer pair pITGB6 e15 PrP 1 were used to amplify across the target region using the 

extracted gDNA as a template and the conditions previously outlined in this section 

(Figure 4-6c). A T7 endonuclease assay was carried out on the PCR products as 

described in section 2.5.1 and the fragments were resolved on a 2% TAE agarose gel 

(Figure 4-6d). Evidence of indels were seen in all five transfected populations. When 

comparing the intensity between the undigested PCR product band and the longest 

digestion product, sgRNA 2, 4, and 5 appeared to have induced the lowest indel 

frequency while sgRNA 1 and 3 were comparable to each other. As pITGB6 exon 15 

sgRNA 1 had one of the highest indel frequencies from the T7 assay and was the 

closest in proximity to ITGB6 VD782/783, it was used in subsequent experiments for 

engineering the pITGB6 exon 15A and pITGB6 e15B modifications in PK-15 cells.
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Figure 4-6 Testing sgRNAs targeting pITGB6 exon 15 transfected into PK-15 cells. 

a) shows exon 15 (dark grey), S777 and VD782-783 (purple) of pITGB6, and the designed sgRNAs 

targeting the exon (dark blue). Green arrows denote the locations of PCR primers used to 

amplify or sequence the region targeted by the guides. The red box denotes the Stop codon. 

b) 1% TAE agarose gel showing the resolved products from a gradient PCR using primer pair 

pITGB6 e15 PrP 1, Phusion® High-Fidelity PCR Master Mix with HF Buffer, and WT PK-15 

gDNA across an annealing temperature gradient of 59.0-71.0 oC. The expected product size 

of 655 bp is highlighted by a grey arrow. c) 1% TAE agarose gel showing the resolved products 

from a PCR amplifying across the target site using gDNA extracted from transfected PEF cells 

as a template using the conditions optimised in b) and an annealing temperature of 60.2 oC. 

The expected product size of 655 bp is highlighted by a grey arrow. d) 2% TAE agarose gel 

showing the resolved products from a T7 endonuclease assay performed on the products 

shown in c) to assess NHEJ formation at the target site. Black arrows indicate fragments 

resulting from T7 digestion of mis-matched DNA as a consequence of indel formation 

(expected product sizes range from 394-415 and 240-261 bp).  
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4.2.6 Designing and generating HDR templates 

HDR templates were designed with base changes reflecting the residues identified in 

Przewalskii’s horse in place of those existing in the target PK15 cells for each of the 

selected sgRNAs. Additional silent mutations were also introduced into the HDR 

template sequences to prevent re-cutting by Cas9 following successful HDR events 

and to insert a novel restriction site into the region to allow the clones to be genotyped 

by restriction digestion (Figure 4-7a-c).  
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Figure 4-7 HDR template modificatons. 

HDR template modifications to a) pITGAV e3 b) pITGAV e28, and c) pITGAV e15. Blue arrow shows sgRNA location and sequence, grey box proximal 

to sgRNA denotes the PAM sequence. Yellow boxes highlight modifications to the WT sequence. Once the sgRNAs cut the target sequence, the templates 

are utilised by the cells HDR machinery to generate specific modifications to the sequence. The changes encoded for in the templates are a) modifications 

downstream of pITGAV e3 sgRNA 4 introduces ITGAV T136A.  AarI and BanI restriction sites are introduced by modifications to the 5’-end of pITGAV e3 

sgRNA 4 while modifications to the 3’-end prevent recutting. b) Modifications to the 5’-end of pITGAV e28 sgRNA 2 introduces ITGAV N950D. A TseI 

restriction site is introduced by modifications to the 3’-end of pITGAV e28 sgRNA 2 whilst modifications to the PAM region prevents recutting. 

c) Modifications to the PAM region of pITGB6 e15 sgRNA 1 prevents recutting, while the modifications downstream of the guide introduces both ITGB6 

VD782-783LA and a HindIII restriction site. Further modifications 23 nucleotides downstream of pITGB6 e15 sgRNA 1 introduces ITGB6 R977S into the 

pITGB6 e15B templates.
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Both single-stranded oligodeoxynucleotide (ssODN) and dsDNA templates ranging 

from 70-1000 nucleotides in length were designed as we did not know what effect 

template type or size would have on HDR efficiency. Once the templates were 

designed, PCR primers and ssODN Ultramers® were ordered from IDT to generate a 

number of HDR templates that would be used to investigate HDR efficiency in PK-15 

cells for each modification (Table 4-6). The ssODN sequences can be found in Table 

A9. In order to generate the dsDNA templates, we used Fusion PCR (Figure 3-19d) 

PCR primers for each modification were ordered to generate two overlapping 500 bp 

fragments, with the 40 bp overhang containing the modified nucleotides. These were 

used in a Fusion PCR to generate the dsDNA templates (Figure 4-8a; Table A10). 

The PCR primers amplifying both fragments were optimised using Phusion® 

High-Fidelity PCR Master Mix with HF Buffer and an annealing temperature gradient 

between 55.0-66.0 oC. When resolved on a 1% TAE agarose gel, only the 

amplification of the first fragment for pITGAV N950D 1000 amplified a single fragment 

of the expected size across the gradient and the second fragment for pITGB6 e15B 

at 65.7-66.0 oC amplified a single clean fragment. The remaining PCR primers 

showed non-specific binding throughout the gradient (Figure 4-8b-e). 
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Table 4-6 HDR template information. 

Shows the type, length, and sense-orientation of the designed HDR templates in relation to 

the coding sequence of the genes. The table also shows the length of the homology arms 

designed for each individual template. 

Name 
Template 

type 
Sense/anti-

sense 

Homology 
arm length 

(5'/3') 

Total 
length 

pITGAV T136A 250 Plasmid N/A 127/108 258 
pITGAV T136A 500 Plasmid N/A 245/233 501 
pITGAV T136A 750 Plasmid N/A 367/359 749 
pITGAV T136A 1000 Plasmid N/A 498/487 1008 
pITGAV T136A 70s ssODN Sense 23/24 70 
pITGAV T136A 85s ssODN Sense 30/32 85 
pITGAV T136A 100s ssODN Sense 38/39 100 
pITGAV T136A 70as ssODN Anti-sense 24/23 70 
pITGAV T136A 85as ssODN Anti-sense 32/30 85 
pITGAV T136A 100s ssODN Anti-sense 39/38 100 

pITGAV N950D 250 Plasmid N/A 147/80 247 
pITGAV N950D 500 Plasmid N/A 276/194 489 
pITGAV N950D 750 Plasmid N/A 327/407 754 
pITGAV N950D 1000 Plasmid N/A 491/481 992 
pITGAV N950D 70s ssODN Sense 25/25 70 
pITGAV N950D 85s ssODN Sense 33/32 85 
pITGAV N950D 100s ssODN Sense 40/40 100 
pITGAV N950D 70as ssODN Anti-sense 25/25 70 
pITGAV N950D 85as ssODN Anti-sense 32/33 85 
pITGAV N950D 100s ssODN Anti-sense 40/40 100 

pITGB6 e15A 250 Plasmid N/A 126/119 252 
pITGB6 e15A 500 Plasmid N/A 246/246 498 
pITGB6 e15A 750 Plasmid N/A 379/364 749 
pITGB6 e15A 1000 Plasmid N/A 495/504 1005 
pITGB6 e15A 70s ssODN Sense 32/32 70 
pITGB6 e15A 85s ssODN Sense 40/39 85 
pITGB6 e15A 100s ssODN Sense 47/47 100 
pITGB6 e15A 70as ssODN Anti-sense 32/32 70 
pITGB6 e15A 85as ssODN Anti-sense 39/40 85 
pITGB6 e15A 100s ssODN Anti-sense 47/47 100 

pITGB6 e15B 250 Plasmid N/A 111/119 252 
pITGB6 e15B 500 Plasmid N/A 231/246 498 
pITGB6 e15B 750 Plasmid N/A 364/364 749 
pITGB6 e15B 1000 Plasmid N/A 480/504 1005 
pITGB6 e15B 70s ssODN Sense 25/24 70 
pITGB6 e15B 85s ssODN Sense 32/32 85 
pITGB6 e15B 100s ssODN Sense 40/39 100 
pITGB6 e15B 70as ssODN Anti-sense 24/25 70 
pITGB6 e15B 85as ssODN Anti-sense 32/32 85 
pITGB6 e15B 100s ssODN Anti-sense 39/40 100 
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Figure 4-8▲ Fragment PCR optimisations for HDR template Fusion PCRs. 

a) screenshot taken from Geneious showing an example of the overlap regions between the 

first and second fragment with the edited nucleotides (dark grey bar) in the centre. b-e) 1% 

TAE agarose gels showing the resolved products from gradient PCRs using Phusion® 

High-Fidelity PCR Master Mix with HF Buffer and annealing temperatures between 

55.0-66.0 oC. PCR primers from Table A9 were used to amplify the first and second fragments 

for the following templates b) pITGAV T136A 1000 (expected product sizes are 518 and 507 

bp) c) pITGAV N950D 1000 (expected product sizes are 511 and 501 bp) d) pITGB6 e15 A 

1000 (expected product sizes are 515 and 524 bp) and, e) pITGB6 e15B 1000 (expected 

product sizes are 500 and 524 bp). 

Using the annealing temperatures that provided the highest yield (Table A9), 

fragments were amplified prior to being resolved and extracted from a 1% TAE 

agarose gel to remove any non-specific fragments from the product as described in 

section 2.2.9 (Figure 4-9a). Fusion PCR was carried out on the fragments as 

described in section 3.2.7 using Phusion® High-Fidelity PCR Master Mix with HF 

Buffer and an annealing temperature gradient between 54.0-72.0 oC (Figure 4-9b-e).  
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Figure 4-9 Fusion PCR optimisations of 1000 nucleotide long HDR templates. 

a) first and second gel extracted fragments resolved on a 1% TAE agarose gel. These were 

used as templates for gradient Fusion PCR with Phusion® High-Fidelity PCR Master Mix with 

HF Buffer to generate the 1000 bp long HDR templates and b-e) resolved on a 1% TAE 

agarose gel. b) pITGAV T136A 1000 (1008 bp) c) pITGAV N950D 1000 (992 bp) d) pITGB6 e15 

A 1000 (1005 bp), and e) pITGB6 e15B 1000 (1005 bp). 
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As all annealing temperatures resulted in the amplification of a high yield of clean 

PCR product, all four 1000 bp inserts were amplified by Fusion PCR at an annealing 

temperature of 60.0 oC (Figure 4-10a). The PCR products were directly cloned into a 

Zero Blunt TOPO vector as described in section 2.1.6 and the plasmids obtained were 

analysed for the presence of an insert by EcoRI restriction digestion (Figure 4-10b). 

Once plasmids with an insert of the correct size had been identified, they were 

sequenced to confirm the genotype was correct (Supplementary Figure A10). The 

plasmids containing the 1000 bp HDR templates used in subsequent experiments can 

be found in Table 4-7. 

Table 4-7 List of HDR plasmid clones used in optimisations. 

Shows the plasmids that were sequenced to confirm their sequences prior to being used 

during the HDR optimisations in sections 4.2.7-4.2.9. pITGB6 e15A and B 500 bp plasmids 

were mislabelled during the miniprep protocol. 

Target Template size Plasmid clone 

pITGAV 
T136A 

250 1 

500 1 

750 1 

1000 1 

pITGAV 
N950D 

250 1 

500 1 

750 1 

1000 1 

pITGB6 
e15 A 

250 1 

500 pITGB6 e15B 500 1 

750 1 

1000 1 

pITGB6 
e15 B 

250 1 

500 pITGB6 e15A 500 1 

750 1 

1000 1 
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The sequenced plasmids were used as templates to amplify smaller HDR fragments 

with either 125, 250, or 375 bp homology arms on each side of the target region. The 

primer pairs were optimised by gradient PCR using an annealing gradient between 

55.0-66.0 oC (Supplementary Figure A11). As all the primers amplified well at 64.9 oC, 

it was used as the annealing temperature so that all of the products could be amplified 

in conjunction using the same thermocycler (Figure 4-10c). The PCR products were 

cloned into Zero Blunt TOPO vectors and the plasmids were purified (Qiagen 

Minispin). The plasmids were analysed for the presence of an insert by EcoRI 

restriction digestion (Figure 4-10d). Once plasmids with inserts of the correct size had 

been identified, they were sequenced to ensure that the genotype was correct 

(Supplementary Figure A12). The sequencing results showed that a labelling error 

had been made during the miniprep protocol as the 500 bp dsDNA templates for 

pITGB6 e15 A and B had been switched. The plasmids used as dsDNA templates to 

generate HDR events can be found in Table 4-7.
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Figure 4-10 PCR amplifications of 250, 500, and 750 nucleotide dsDNA HDR templates. 

a) 1% TAE agarose gel of the full-length 1000 bp HDR templates generated by Fusion PCR 

using Phusion® High-Fidelity PCR Master Mix with HF Buffer at an annealing temperature of 

60 oC. b) 1% TAE agarose gel of EcoRI restriction digestion products from ZeroBlunt TOPO 

plasmids containing the 1000 bp inserts. Expected product sizes are 3950 and between 

995-1008 bp. c) PCR amplifications of the smaller HDR template inserts using Phusion® 

High-Fidelity PCR Master Mix with HF Buffer and the 1000 bp dsDNA HDR template plasmids 

as a template were resolved on a 1% TAE agarose gel. Expected product sizes are 

approximately 250, 500, or 750 bp. d) 1% TAE agarose gel of EcoRI restriction digestion 

products from ZeroBlunt TOPO plasmids containing the 250, 500, and 750 bp inserts. 

Expected product sizes are 3950 and approximately 250, 500, or 750 bp. 



 

179 
 

4.2.7 Generating PK-15 cells with T136A in pITGAV 

In order to test whether the T136A amino acid residue in ITGAV found in Przewalskii’s 

horse affected FMDV binding to integrin αVβ6, clonal populations of PK-15 cell lines 

expressing ITGAV T136A were generated. PCR primer pair pITGAV e3 PrP2 were 

optimised using Phusion® High-Fidelity PCR Master Mix with HF Buffer with an 

annealing step gradient between 50-65 oC (Figure 4-11a). The primer pair amplified 

well across the gradient with each annealing temperature producing a single clean 

band so the annealing temperature of 60.2 oC was used in subsequent experiments. 

PK-15 cells were transfected as described in section 4.2.2 with the HDR templates 

using 2 µg of pITGAV e3 sgRNA 4 and either 1, 2 or 4 µg of the HDR plasmids, or 1, 

2, or 4 µM of the ssODN templates outlined in Table 4-6. 24 hours post-transfection, 

the cells underwent FACS into GFP-positive pooled populations and cultured in 

12-well plates until confluent. gDNA was extracted from the cells as described in 

section 2.2.3 and the target region amplified using the conditions described earlier in 

this section for PCR primer pair pITGAV e3 PrP 2 (Figure 4-11b). The pITGAV T136A 

1000 HDR plasmid was also amplified alongside the samples as a positive control for 

the subsequent restriction digestions. The PCR products were purified as outlined in 

section 2.2.9 before carrying out an AarI restriction digest at 37 oC for 1 hour to identify 

HDR events. 

The restriction digestion of the positive control was incomplete. This may suggest that 

the frequency of HDR events is higher than the restriction digestion products suggest 

as they may not be fully digested either (Figure 4-11c). The ssODN templates showed 

limited HDR activity compared to the plasmid templates as the resolved digestion 

products could only be observed once the image was taken with a longer exposure 

time to heavily oversaturate the image (Supplementary Figure A13). With the plasmid 

templates, pITGAV T136A 250 only showed convincing restriction digestion products 

in the populations transfected with 2 µg of the HDR template whereas the three larger 

plasmids all showed evidence of HDR events when transfected with all three 

quantities of plasmids. 2 and 4 µg of the pITGAV T136A 500 HDR plasmid and all three 

quantities for pITGAV T136A 750 and 1000 showed comparable levels of digestion 

product (Figure 4-11d). However, it is possible that the location of both PCR primers 

being internal to the larger HDR plasmid templates meant that amplification of false 

positive HDR events was possible if the plasmid had been inserted elsewhere into the 

genome. 
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Figure 4-11 pITGAV T136A HDR optimisations. 

a) 1% TAE agarose gel of gradient PCR products from primer pair pITGAV e3 PrP 2 using 

Phusion® High-Fidelity PCR Master Mix with HF Buffer and an annealing temperature gradient 

between 50-65 oC. Grey arrow denotes products of the expected size (387 bp). b) 1 % TAE 

agarose gel of PCR products amplified using the conditions outlined in a) at an annealing 

temperature of 60.2 oC. PCR templates were PK-15 gDNA transfected with pITGAV e3 sgRNA 

4 and the HDR templates at either 1, 2 or 4 µg for plasmid or 1, 2, or 4 µM for ssODN templates. 

c)  2% TAE agarose gel of AarI restriction digestion products on the PCR products from b) to 

assess HDR events. White arrows indicate fragments resulting from AarI digestion as a 

consequence of HDR events (expected product sizes are 224 and 163 bp). 

The PCR primer pair pITGAV e3 PrP3 that was previously described in section 1.1.1 

contained one primer outside of the 1000 bp long HDR template and one within. Using 
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the previously described annealing temperature of 57.7 oC, the gDNA from the PK-15 

cells transfected with pITGAV exon 3 sgRNA 4 and the plasmid HDR templates was 

amplified (Figure 4-12a). The populations transfected with the ssODN templates were 

not repeated as the pITGAV e3 PrP2 already flanked the shorter HDR templates. The 

PCR products were cleaned-up as outlined in section 2.2.9 and an AarI restriction 

digest was carried out at 37 oC for 1 hour. Results of the restriction digest showed 

very similar results to the digestion products using pITGAV e3 PrP 2 (Figure 4-12b). 

As the location of the forward PCR primer was within the 750 and 1000 bp HDR 

plasmid templates it remained possible that PCR amplification could give rise to a 

false positive signal if intact plasmid remained in the cells at the time of gDNA 

extraction. As the primers sat outwith the HDR template, 4 µg of pITGAV T136A 500 

was chosen to be used over pITGAV T136A 750 or 1000 in subsequent experiments.
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Figure 4-12 Repeat of pITGAV T136A HDR optimisations. 

a) 1 % TAE agarose gel of PCR products amplified using pITGAV e3 PrP 3 with Phusion® 

High-Fidelity PCR Master Mix with HF Buffer at an annealing temperature of 57.7 oC and 

PK-15 gDNA transfected with pITGAV e3 sgRNA 4 and 1, 2 or 4 µg of the plasmid HDR 

templates. Expected product size is 859 bp. b) 2% TAE agarose gel of AarI restriction digestion 

products on the PCR products from a) to assess HDR events. White arrows indicate fragments 

resulting from AarI digestion, indicating successful HDR (expected product sizes 638 and 221 

bp). 

A new PCR primer pair, pITGAV e3 Pr 4F and pITGAV e3 PrP 3R, was optimised with 

Phusion® High-Fidelity PCR Master Mix with HF Buffer, and WT PK-15 cell gDNA 

using an annealing temperature gradient between 50.0-65.0 oC (Supplementary 

Figure A14 a), due to concerns that the forward primer of pITGAV PrP 3 within the 

plasmid sequence could lead to a false positive signal. An annealing temperature of 

65.0 oC was used in subsequent experiments as it amplified cleanly and provided high 

product yields.   
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PK-15 cells were transfected with 2 µg of pITGAV exon 3 sgRNA 4 and 4 µg of 

pITGAV T136A 750 HDR template as described in section 4.2.2. After 24 hours, the 

cells underwent single-cell FACS for GFP expression into each well of five 

Nunclon-coated 96-well plates containing 50 µl of 10% conditioned medium for PK-15 

cells (Table 2-9). The clones were grown until confluence and then split 1:2 between 

two 96-well plates. One plate was used for cell lysis to produce templates for PCR 

using the method outlined in section 2.4.9 while the other plate remained in culture. 

PCR was performed using primers pITGAV e3 Pr 4F and pITGAV e3 PrP 3R using 

the conditions outlined in the previous paragraph. 62 clones were successfully 

amplified from two 96-well plates (Supplementary Figure A14 b). The HDR 

modifications led to the introduction of a BanI site. This was used in place of AarI 

because NEB BanI cuts efficiently in Phusion® High-Fidelity PCR Master Mix with HF 

Buffer buffer, meaning that the products did not require a clean-up step. Furthermore, 

AarI requires two copies of the restriction site to cleave the product while BanI only 

requires a single site. As a consequence, it was considered that BanI was less likely 

to result in a false negative result due to poor cleavage of the PCR products. 

The restriction digestion of the PCRs of the clonal populations showed that, of the 62 

clones amplified, 27 (43.5%) produced a BanI profile consistent with an HDR event 

(Figure 4-13). Sequencing confirmed that 12 clones (19.4% of the original 62) were 

homozygous for the ITGAV A136 residue (Figure 4-13, Supplementary Figure A15). All 

the clones appeared to be morphologically normal and the following clones were 

chosen for future work: P1-E10, P1-G7, P1-G11, P1-H8, and P2-C1. These clones 

will henceforth be referred to as pITGAV T136A c1-5 respectively. 
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Figure 4-13 Genotyping clones for pITGAV T136A HDR events. 

2% TAE agarose gel BanI restriction digestion of the PCR products in supplementary fig. Black 

arrows denote BanI digestion products as a consequence of HDR events while underlined 

clone numbers were those that were confirmed as being homozygous for the HDR activity by 

sequencing. Expected product sizes for HDR events are 665 and 650 bp. 
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4.2.8 Generating PK-15 cells with N950D modification in pITGAV 

In order to test whether the N950D amino acid residue in ITGAV found in Przewalskii’s 

horse affected FMDV binding to integrin αVβ6, clonal populations of PK-15 cell lines 

expressing ITGAV N950D were generated. PCR primer pair pITGAV e28 PrP2 were 

optimised using Phusion® High-Fidelity PCR Master Mix with HF Buffer and WT 

PK-15 gDNA with an annealing step gradient between 50-65 oC (Figure 4-14a). The 

primer pair amplified well across the gradient with each annealing temperature 

producing a single clean band. The annealing temperature of 60.2 oC was used in 

subsequent experiments. 

PK-15 cells were transfected as described in section 4.2.2 with the HDR templates 

using 2 µg of pITGAV e28 sgRNA 2 and either 1, 2 or 4 µg of the HDR plasmids, or 

1, 2, or 4 µM of the ssODN templates outlined in Table 4-6. 24 hours post-transfection, 

the cells underwent FACS into GFP-positive pooled populations and cultured in 

12-well plates until they reached confluence. Once confluent, gDNA was extracted 

from the cells as described in section 2.2.3. The target region was amplified using the 

conditions described earlier in this section for PCR primer pair pITGAV e28 PrP 2 

(Figure 4-14b). The PCR products were purified as outlined in section 2.2.9 and a 

TseI restriction digest was carried out at 65 oC for 1 hour. 
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Figure 4-14 Amplification of pITGAV e28 to analyse HDR frequency. 

a) 1% TAE agarose gel of a gradient PCR using pITGAV e28 PrP 2, Phusion® High-Fidelity 

PCR Master Mix with HF Buffer, and WT PK-15 gDNA across an annealing temperature 

gradient of 50.0-65.0 oC. Black arrow denotes products of the expected size of 832 bp. b) 1% 

TAE agarose gel of PCRs using the primer pair and polymerase outlined in a) at an annealing 

temperature of 60.2 oC, and PK-15 gDNA transfected with pITGAV e28 sgRNA 2 and the HDR 

templates at either 1, 2 or 4 µg for the plasmid templates, or 1, 2, or 4 µM for ssODN templates. 

Restriction digestion products were resolved on a 2% TAE agarose gel, revealing 

limited HDR activity associated with the ssODN templates when compared to the 

plasmid templates (Figure 4-15). It was difficult to assess the HDR efficiency in the 

samples transfected with pITGAV N950D 1000 HDR due to the amplification of 

non-specific PCR products. The ratio of digestion products to the parental fragment 

was lower in the samples transfected with pITGAV N950D 500 compared to the 

samples transfected with pITGAV N950D 250 and pITGAV N950D 750. The efficiency 

with which HDR was driven in PK-15 cells using pITGAV N950D 250 and pITGAV N950D 

750 HDR templates was comparable, with both templates showing higher levels of 

HDR when 4 µg of plasmid was used compared to 1 and 2 µg of HDR template. 4 µg 

of the pITGAV N950D 250 HDR template was chosen to be used over pITGAV N950D 

750 in subsequent experiments. This was due to one of the PCR primers being 

located within the pITGAV N950D 750 template, which could potentially lead to false 

positive results if the HDR plasmid had integrated into the genome. 
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Figure 4-15 Analysing pITGAV e28 N950D HDR frequency. 

The PCR products from Figure 4-14b were digested with TseI for 1 hour at 65 oC and resolved 

on a 2% TAE agarose gel. White arrows indicate fragments resulting from TseI digestion as a 

consequence of HDR activity. The expected digestion product sizes are 510 and 322 bp. 

PK-15 cells were transfected with 2 µg of pITGAV e28 sgRNA 2 and 4 µg of pITGAV 

N950D 250 HDR template as described in section 4.2.2. After 24 hours, the cells 

underwent single-cell FACS for GFP expression into five Nunclon-coated 96-well 

plates containing 50µl of 10% conditioned medium for PK-15 cells (Table 2-9). The 

clones were grown until confluence and then split 1:2 between two 96-well plates. 

One plate was used to lyse the cells for use in PCRs using the method outlined in 

section 2.4.9 while the other plate remained in culture. The cell lysates were used as 

template for a PCR with primer pair pITGAV e28 PrP2 using the conditions previously 

outlined in this section. When resolved on a 1% TAE agarose gel, the PCR was 

successful for 62 out of 192 clones (Supplementary Figure A16b). The restriction 



 

188 
 

digestion with TseI was carried out on the PCR products at 65 oC for 1 hour to assess 

the clones for HDR events. 

18/62 clones (29%) produced a restriction profile consistent with an HDR event 

(Figure 4-16). Sequencing confirmed that 6/18 clones were homozygous for the 

ITGAV N950D residue (8.1%) (Supplementary Figure A16b). Clones P2-E4, P1-F9, 

P2-G8, P1-D4, and P1-E10 will henceforth be referred to as pITGAV N950D c1-5 

respectively. 

 

Figure 4-16 Genotyping PK-15 clones for pITGAV N950D 

The PCR products in Supplementary Figure A16b were digested using TseI at 65 oC for 1 hour 

and the fragments were resolved on a 2% TAE agarose gel. White arrows denote digested 

fragments consistent with HDR events (584 and 570 bp), while underlined clone numbers are 

those confirmed as being homozygous for the HDR event by sequencing. 

pITGAV N950D c1 and c5 appeared to have normal morphology and adherence 

patterns when compared to WT cells when viewed using a brightfield microscope at 

15X magnification. pITGAV N950D c2 and c4 showed elongated morphology that 

resembled fibroblast cells, with the differences in pITGAV N950D c2 being more 

pronounced. pITGAV N950D c3 showed a preference for growing in a spherical 

structure rather than forming a monolayer on the surface of the Nunclon plates (Figure 

4-17). 
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Figure 4-17 Morphology of pITGAV N950D PK-15 clones. 

Brightfield images taken at 15 X magnification of WT PK-15 cells and pITGAV N950D c1-5 at 

24- and 72-hours post-passage. 
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4.2.9 Generating PK-15 cells with e15A and e15B modifications in pITGB6 

In order to test whether the differences in amino acid residues within the cytoplasmic 

domain of ITGB6 observed in Przewalskii’s horse affected FMDV entry, clonal 

populations of PK-15 cell lines expressing ITGB6 e15A and e15B were generated. 

PCR primer pair pITGB6 e15 PrP2 were optimised using Phusion® High-Fidelity PCR 

Master Mix with HF Buffer and WT PK-15 gDNA across an annealing step gradient 

between 59.0-71.0 oC (Figure 4-18a). A single fragment was amplified between 

59.0-62.8 oC. An annealing temperature of 59.2 oC was used in subsequent 

experiments as it amplified most efficiently. 

PK-15 cells were transfected as described in section 4.2.2 with the HDR templates 

using 2 µg of pITGB6 e15 sgRNA 1 and either 1, 2 or 4 µg of the HDR plasmids, or 

1, 2, or 4 µM of the ssODN templates outlined in Table 4-6. 24 hours post-transfection, 

the cells underwent FACS into GFP-positive pooled populations and cultured in 

12-well plates until confluence. Once confluent, the gDNA was extracted from the 

cells as described in section 2.2.3. The target region was amplified using the gDNA 

extracted from the transfected cells as templates and the conditions described earlier 

in this section for PCR primer pair pITGB6 e15 PrP 2 (Figure 4-18b). The PCR 

products were purified as outlined in section 2.2.9 before undergoing a HindIII 

restriction digest at 37.0 oC for 1 hour to identify HDR events. 
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Figure 4-18 Amplification of pITGB6 e15 to analyse HDR frequency. 

a) A gradient PCR using pITGB6 e15 PrP 2, Phusion® High-Fidelity PCR Master Mix with HF 

Buffer, and WT PK-15 gDNA across an annealing temperature gradient of 59.0-71.0 oC was 

resolved on a 1% TAE agarose gel. Black arrow denotes products of the expected size. b) and 

c) PCRs using the primer pair and polymerase outlined in a) at an annealing temperature of 

59.2 oC, and PK-15 gDNA transfected with pITGB6 e15 sgRNA 1 and the HDR templates at 

either 1, 2 or 4 µg for the plasmid templates, or 1, 2, or 4 µM for ssODN templates for b) 

pITGB6 e15A and c) pITGB6 e15B were resolved on a 1% TAE agarose gel. 

Restriction digestion products were resolved on a 2% TAE agarose gel, revealing 

limited HDR activity associated with the ssODN templates, pITGB6 e15A 250 or 

pITGB6 e15A 500 (Figure 4-19a), including when the exposure time was increased 

to heavily oversaturate the image (Supplementary Figure A18). The efficiency with 
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which HDR was driven in PK-15 cells using pITGB6 e15A 750 and pITGB6 e15A 1000 

HDR templates was comparable, with both templates showing higher levels of HDR 

when 4 µg of plasmid was used compared to 1 and 2 µg of HDR template. The same 

HDR efficiencies were observed with the pITGB6 e15B plasmids (Figure 4-19b). 

However, it was possible that the location of both PCR primers being internal to the 

larger HDR plasmid templates meant that amplification of false positive HDR events 

was possible if the plasmid had been inserted elsewhere into the genome. 
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Figure 4-19  Analysing HDR frequency for pITGB6 e15A and pITGB6 e15B. 

The PCR products in Figure 4-18b were digested with HindIII at 37.0 oC for 1 hour and resolved 

on a 2% TAE agarose gel for a) pITGB6 e15A and b) pITGB6 e15B. Black arrows indicate 

fragments resulting from TseI digestion consistent with HDR events. Expected digestion 

product sizes are 369 and 179 bp.
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PCR primer pair pITGB6 e15 PrP3 lay outside of the 1000 bp long HDR templates. 

They were optimised using WT PK-15 gDNA using PrimeStar MAX polymerase 

across an annealing temperature gradient of 50.0-65.0 oC (Figure 4-20a). The 

annealing temperature chosen to be used in subsequent experiments was 54.8 oC as 

it amplified a single product efficiently.  

PCR primer pair pITGB6 e15 PrP3, gDNA from the PK-15 cells transfected with 

pITGB6 e15 sgRNA 1, and the plasmid HDR templates using the conditions described 

in the previous paragraph were used to amplify the target region. The populations 

transfected with the ssODN templates were not repeated as the pITGB6 e15 PrP2 

already flanked the shorter HDR templates. When resolved on a 1% TAE agarose 

gel, the reaction had amplified a large amount of non-specific binding despite the 

gradient PCR amplifying a single clean product (Supplementary Figure A19). The 

products of the correct size were extracted from a 2% TAE agarose gel and 

cleaned-up as outlined in section 2.2.10 (Figure 4-20b) and a HindIII restriction digest 

was carried out at 37.0 oC for 1 hour.  
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Figure 4-20 Amplifications of pITGB6 e15 using PrimeSTAR MAX to analyse HDR 

frequency of pITGB6 e15A and pITGB6 e15B. 

a) A gradient PCR using pITGB6 e15 PrP 3, PrimeStar MAX polymerase, and WT PK-15 

gDNA across an annealing temperature gradient of 50.0-65.0 oC was resolved on a 1% TAE 

agarose gel. Black arrow denotes products of the expected size. b) and c) The PCR fragments 

from Supplementary Figure A18 were purified by gel extraction and resolved on a 1% TAE 

agarose gel for b) pITGB6 e15A and c) pITGB6 e15B. Expected product size for a-d of 1339 

bp.  

Restriction digestion products were resolved on a 2% TAE agarose gel, revealing very 

similar results to the digestion products using the PCR primer pair pITGB6 e15 PrP2 

Figure 4-19 (Figure 4-21). 4 µg of the pITGB6 e15 750 HDR templates for edits A and 

B were used in subsequent experiments as the ratio of digestion products to the 
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parental fragment was slightly higher when compared to the samples transfected with 

4 µg of pITGB6 e15 1000 HDR templates. 

 

Figure 4-21 Analysing pITGB6 e15A and pITGB6 e15B HDR frequency. 

The PCR products in Figure 4-20b were digested using HindIII for 1 hour at 37 oC and were 

resolved on a 2% TAE agarose gel. White arrows indicate fragments resulting from HindIII 

digestion that is consistent with HDR activity. Expected digestion product sizes were 774 and 

565 bp. 

PK-15 cells were transfected with 2 µg of pITGB6 e15 sgRNA 1 and 4 µg of either 

pITGB6 e15A 750 or pITGB6 e15B 750 HDR templates as described in section 4.2.2. 

24 hours post transfection, the cells underwent single-cell FACS for GFP expression 

and cultured and lysed on 96-well plates as previously described in section 4.2.7. Due 

to previous issues with amplifying ITGB6 e15 cleanly and at high yields 

(Supplementary Figure A19), the clonal cell lysates were amplified initially using 

pITGB6 e15 PrP 3 at an annealing temperature gradient of 50 oC with PrimeStar MAX 
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for 30 cycles. A second nested PCR was then performed using 0.5 µl of the first PCR 

reaction as a template, pITGB6 e15 PrP 2 and Phusion® High-Fidelity PCR Master 

Mix with HF Buffer at an annealing temperature of 60.2 oC for a further 30 cycles. The 

HindIII restriction digest was performed on PCR products without a clean-up step 

despite the HF buffer from Phusion® High-Fidelity PCR Master Mix with HF Buffer 

inhibiting the activity of HindIII. This inhibition meant that clones that appeared to be 

≥50% digested were predicted to be homozygous for edits A or B. 

The restriction digestion assessing HDR events in PK-15 cells transfected with the 

pITGB6 e15A 750 plasmid showed that, of the 153 clones that resulted in an 

amplification product, 60 showed a restriction pattern consistent with HDR events 

(39.2%), with 36 (23.5%) predicted to be homozygous for the pITGB6 e15A HDR edit 

since the digestion product was of equal or greater intensity than the undigested 

product (Figure 4-22). 26 clones were sent for sequencing, confirming 17 to be 

homozygous for pITGB6 e15A, and 2 to be homozygous for pITGB6 e15B. Only one 

clone showed no evidence of HDR whilst 2 clones were heterozygous for pITGB6 

e15A (Supplementary Figure A20a). Two of the sequencing samples failed. All the 

clones with the pITGB6 e15A edits appeared to be morphologically normal and the 

following clones were chosen for future work: pITGB6 e15A P1-C6, P1-D4, and 

P1-E7. These clones will henceforth be referred to as pITGB6 e15A c1-3 respectively. 

The restriction digestion assessing HDR events within PK-15 cells transfected with 

the pITGB6 e15B 750 plasmid showed that, 32/139 showed evidence of the predicted 

digestion profile (23.0%) with 17/32 clones (12.2%) predicted to be homozygous for 

the pITGB6 e15B HDR edit (Figure 4-23). 11/18 clones sent for sequencing were 

homozygous for pITGB6 e15B (7.9% of the original 139 clones) and 4 clones were 

homozygous for pITGB6 e15A but lacked pITGB6 R777S (2.9%). 3 clones were 

heterozygous for pITGB6 e15B (2.3%) (Supplementary Figure A20b). All the clones 

that were homozygous for pITGB6 e15B appeared to be morphologically normal 

however only two of the pITGB6 e15B homozygous lines survived expansion to T75 

flasks. A third plate was analysed (Supplementary Figure A21) and the following 

clones were chosen for future work: pITGB6 e15B P1-D8, P2-C7, P3-A4. These 

clones will henceforth be referred to as pITGB6 e15B c1-3 respectively. 
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Figure 4-22 Genotyping PK-15 clones for pITGB6 e15A. 

The PCR products from supplementary fig were digested using HindIII for 1 hour at 37.0 oC 

and were resolved on a 2% TAE agarose gel. White arrows denote HindIII digestion products 

that are consistent with HDR activity (369 and 179 bp). Underlined clone numbers are those 

predicted to be homozygous for pITGB6 e15A HDR edits; those with black arrows above them 

are the clones that were sent for sequencing to confirm their genotypes. 
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Figure 4-23 Genotyping PK-15 clones for pITGB6 e15B. 

The PCR products from supplementary fig were digested using HindIII for 1 hour at 37.0 oC 

and were resolved on a 2% TAE agarose gel. White arrows denote HindIII digestion products 

that are consistent with HDR activity (369 and 179 bp). Underlined clone numbers are those 

predicted to be homozygous for pITGB6 e15B HDR edits; those with black arrows above them 

are the clones that were sent for sequencing to confirm their genotypes. 
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4.2.10 qPCR analysis of ITGAV and ITGB6 expression in edited cell lines 

Clones were seeded into 12-well plates and cells grown to 90% confluence. RNA from 

each clone was isolated in triplicate as outlined in section 2.2.2 and the quality was 

analysed using the Agilent Tapestation system (section 2.2.5). pITGAV N950D c2 (1) 

and pITGB6 e15B c3 (2) both lacked a signal due to a loading error by the machine. 

As the RIN values of these samples were unknown, they were omitted from all further 

analyses. The remaining RNA all had a RIN value over 7 (Figure 4-24). 1 µg of the 

RNA samples were used to synthesise First Strand cDNA as outlined in section 2.2.6. 

This was used as a template for qPCR using the primers for porcine ITGAV, ITGB6, 

TBP1, TOP2B and YWHAZ outlined in Table A11. Using the conditions described in 

section 2.6.1, the 2-ΔΔCt values were analysed for ITGAV and ITGB6 expression to 

confirm that the edited clones expressed either subunit at a similar level to WT cells. 
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Figure 4-24 Extracted RNA from PK-15 HDR clones. 

The quality of the RNA extracted in triplicate from WT PK-15 cells and clones c1-3 of pITGAV 

T136A, pITGAV N950D, pITGB6 e15A, and pITGB6 e15B was analysed using the Agilent RNA 

Screentape on a Tapestation 2200 system. RNA quality was measured using Agilent’s RIN 

algorithm. Scores between 7.0-8.0 are highlighted light grey, scores ˃8.0 are highlighted in 

dark grey. A dash denotes where no RNA was detected. Green line at the bottom of the gel 

indicates loading dye. 

There was a 4.3-fold increase in ITGAV expression within pITGAV T136A c1 compared 

to WT PK-15 cells. pITGB6 e15A c3 also showed a 3.5-fold increase in ITGAV mRNA 

expression compared to the WT cells. There were also some decreases in ITGAV 

expression observed such as an almost 6.4-fold decrease in expression in pITGB6 

e15B c3 when compared to WT PK-15 cells. There were no significant differences in 

ITGAV mRNA expression in any of the clones when analysed by one-way ANOVA 

(n=3) compared to the WT PK-15 cell expression levels (Figure 4-25a). 

There was a 6.5-fold increase in ITGB6 expression within pITGAV N950D c2 compared 

to WT-PK-15 cells. The lowest levels of expression were observed in pITGAV N950D 

c3 and pITGb6 e15B c2 with 4- and 3-fold decreases in ITGB6 mRNA expression 
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respectively when compared to WT PK-15 cells. There were significant differences in 

pITGAV N950D c1 (P=0.0058) and pITGAV N950D c2 (P˃0.0001) when analysed by 

one-way ANOVA (Figure 4-25 b). Due to the variations in expression of both ITGAV 

and ITGB6 being seen in clones that had changes in either subunit, it is likely that the 

variation in expression is down to individual variation within the clones rather than 

being a direct result of the HDR edits.
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Figure 4-25 qPCR analysis of ITGAV and ITGB6 expression in HDR-edited PK-15 cells. 

qPCR analysis for a) ITGAV and b) ITGB6 mRNA expression within the HDR clones. ΔCT calculated by calculating the mean CT value for the three 

reference genes (YWHAZ, TOP2B, and TBP1) and subtracting it from the CT value of the gene of interest. ΔΔCT is the CT of the cell population divided 

by the CT value of the WT PK-15 cells. mRNA expression measured as the mean 2-ΔΔCT value. Error bars represent minimum and maximum values within 

each sample. * denotes where P is ≤0.05; **** denotes where P ˂0.0001 by one-way ANOVA using WT PK-15 expression as a control (n=3).
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4.2.11 Testing the ability of PK-15 cells to bind to FMDV RGD peptides 

RGD-binding peptides have been previously used in FMDV literature to investigate 

the affinity of entry receptors to the RGD-sequences found on the GH-loop of the VP1 

structural protein (Dicara et al. 2008). The peptide used in this chapter was a 

biotinylated FMDV RGD O1BFS-17-mer peptide (VPNLRGDLQVLAQKVAR) 

described in Dicara et al (2008), synthesised by Thermo Fisher. 

All steps were carried out at 4 oC. PK-15 cells from a 12-well plate were either scraped 

from the plate and gently pipetted to a single-cell suspension or left adhered to the 

plate and washed with flow cytometry buffer (DPBS containing 0.1% bovine serum 

albumin (BSA) and 0.1% sodium azide). The BSA was added to reduce apoptosis in 

the cells while sodium azide was used to stabilise the peptides and the antibodies. 

The cells in suspension were split into triplicate samples into wells in a 96-well PCR 

plate. From this point onwards 100 µl volumes were used for the suspended cells 

whereas 300 µl was used for the adherent cells. Once washed the cells were 

incubated in the following concentrations of peptide for 30 minutes at 4 oC: 100 µM, 

50 µM, 10 µM, 5 µM, 1 µM, 0.5 µM, 0.1 µM, 0.05 µM, 0.01 µM, and 0 µM.  Following 

the peptide incubation step, the cells were washed twice in flow cytometry buffer, with 

the adherent cells being briefly centrifuged at 3000 x g for 30 seconds between 

washes. 1.25 µl of a mouse Biotin Monoclonal Antibody (BK-1/39) conjugated with 

phycoerythrin (PE) (eBioscience™; catalogue number 12-9895-82), was added to 

each cell suspension sample, while 3.75 µl was added to the adherent cells. The cells 

were incubated at 4 oC for 30 minutes to allow the antibody to bind to the peptide. 

After the incubation step, the cells were washed three times in flow cytometry buffer. 

The adherent cells were then scraped off the plate in 300µl of flow cytometry buffer 

and gently pipetted to single-cell suspension prior to all samples being analysed on a 

BD LSRFortessa™ flow cytometry system (BD biosciences). 

When setting the gating for the cells bound to the O1BFS-17-mer peptide in 

suspension, side-scatter area (SSC-A) was plotted against forward-scatter area 

(FSC-A) to filter out cell debris from the analysis (Figure 4-26a). The next filter step 

was to measure SSC-A by side-scatter height (SSC-H) to remove any cells that were 

not in a single-cell suspension (Figure 4-26b). Finally, the cells were analysed for 

excitation of the PE fluorophore using a Blue 488 nm laser with a B 586/15 filter 

against side-scatter area (SSC-A) to identify cells that were positive for anti-biotin-PE 

antibody binding. A spider-gate was added to this population to separate the 
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populations that were negative (Q1) and positive (Q2) for PE-excitation for analysis 

(Figure 4-26c-e). PK-15 cells that were untreated with both the peptide and the 

anti-biotin antibody were used as an unstained negative control. PK-15 cells that were 

untreated with the peptide while being incubated in the presence of the anti-biotin 

antibody were used as a stained negative control for background fluorescence. As 

there were issues obtaining the lentivirus plasmids for transduction of SW480 cells 

with ITGB6, there was no appropriate positive control available, therefore the highest 

concentration of peptide was used to modify the gating of the laser. 

Results from the flow cytometry showed that performing the RGD-binding assay on 

suspended cells led to high levels of positive-binding events in all the stained 

populations including the stained negative control (Figure 4-26c-f). When observing 

the intensity of the excitation as a histogram, it appeared that the median value of the 

negative population remained the same as the peptide concentration increased, whilst 

the population that was positive for the PE-conjugated antibody shifted to the left 

(Figure 4-26f). When the population was separated into Q1 and Q2 (Figure 4-26c-e), 

the median B-586/15 intensity was calculated for each population and charted as 

box-and-whisker plots (Figure 4-26g-h).  

Figure 4-26g showed a modest increase in B586 median intensity of the Q1 

populations after the 100 nM condition as the concentration of O1BFS-17-mer 

increased. The B586/15 median intensity of the Q1 steadily increased by 4% in the 

sample treated with 100 nM of O1BFS-17-mer up to 17% in the 100 µM sample when 

compared to the 0 µM stained negative control. There was a more obvious decrease 

in B586 median intensity in the Q2 populations as the concentration of O1BFS-17-mer 

increased (Figure 4-26h). The B586/15 median intensity of the Q2 population began 

to decrease at 500 nM of O1BFS-17-mer by 7.4% when compared to the 0 µM stained 

negative control. The B586/15 median intensity of the Q2 population decreased by 

38.5% when treated with 5 µM of the O1BFS-17-mer. The largest decrease in B586 

median intensity in the Q2 populations was 59.9% when cells were treated with 100 

µM of the O1BFS-17-mer. We were unable to perform statistical tests on these results 

as the experiment was only performed once due to time constraints. 



 

206 
 

 

 

 

 

 

 

Figure 4-26 Flow cytometry of an RGD peptide-binding assay on suspended PK-15 cells. 

Flow cytometry of PK-15 cells in a peptide-binding assay using biotinylated 17-mer RGD 

peptide and 0.125 µg of PE-conjugated anti-biotin antibody. a) shows the size of the PK-15 

cells analysed by FSC-A by SSC-A and the gate used to filter out cell debris. b) FSC-A by 

FSC-H was used to identify and gate for cells that were in a single-cell suspension. c-e) the 

B586/15 intensity emitted from the cells when excited by a 481 nm laser was measured for c) 

unstained negative control PK-15 cells, d) stained negative control cells (0 µM), and e) the 

population using 100 µM of peptide in the binding step. Also shown are the spider gates used 

to separate negative populations (Q1) from positive populations (Q2) f) histograms showing 

the median intensity of the Q1 populations (red) and Q2 populations (blue). Grey dashed lines 

denote the median intensity of Q1 and Q2 for the 0 µM condition. g-h) box-and-whisker plots 

of the median B856/15 intensity of the g) Q1 and h) Q2 B586 median intensity values. Error 

bars show minimum and maximum values of three technical replicates (n=1).
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When setting the gating for the adherent cells bound to the O1BFS-17-mer peptide, 

SSC-A was plotted against FSC-A to filter cell debris from the analysis (Figure 4-27a). 

The next filter step was to measure SSC-A by SSC-H to remove any cells that were 

not in a single-cell suspension (Figure 4-27b). Finally, the cells were analysed for 

excitation of the PE fluorophore using a Blue 488 nm laser with a B 586/15 filter 

against SSC-A to identify cells that were positive for binding the anti-biotin-PE 

antibody. A spider-gate was applied to this population to separate the populations that 

were negative (Q1) and positive (Q2) for PE-excitation for analysis (Figure 4-27c-d). 

Unstained and stained cells that were untreated with the peptide were used as 

negative controls. As there were issues obtaining the lentivirus plasmids for 

transducing the SW480 cells with ITGB6, there was no appropriate positive control 

available, therefore, the highest concentration of peptide was used to modify the 

gating of the laser. 

Results from the flow cytometry showed that there was no second defined population 

observed in any of the conditions when using adherent cells, and background staining 

was low (Figure 4-27c-e). When observing the intensity of the excitation as a 

histogram, it appeared that the median value of the population shifted to the right as 

the concentration of peptide increased from the 5 µM value (Figure 4-27e). The 

B586/15 median intensity was calculated for the whole PK-15 population and charted 

as a box-and-whisker plot (Figure 4-27f). This showed a slight increase in median 

intensity as the concentration of the O1BFS-17-mer increased after the 5 µM 

concentration. The 5 µM condition unexpectedly showed a 1.3-fold increase in B585 

median intensity when compared to the 0 µM stained negative control which was 

similar to the increases observed in the 50 and 100 µM groups. Interestingly, the 

10 µM group only showed a 1.12-fold increase in B586/15 median intensity when 

compared to the 0 µM stained negative control. When the population was separated 

into Q1 and Q2 (Figure 4-27c-d) the percentage of the population present in Q2 were 

analysed and charted as a box-and-whisker plot (Figure 4-27g). The percentage of 

cells present in Q2 across the concentrations showed a similar trend as the B586/15 

median intensities in Figure 4-27f. There was a 3.6-, 5.7-, and 7.7-fold increase in 

percentage of the population present in Q2 at the 5, 50, and 100 µM conditions 

respectively when compared to the unstained 0 µM control.  Once again, the 10 µM 

group showed a smaller fold-change in percentage of the population present in Q2 

compared to the 5 µM condition with a fold change of 1.97. We were unable to perform 
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statistical tests on these results as the experiment was only performed once due to 

time constraints.
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Figure 4-27 Flow cytometry of an RGD peptide-binding assay on adherent PK-15 cells 

Flow cytometry data for optimisations from PK-15 cells that remained adhered to plates during 

a peptide-binding assay using different concentrations of biotinylated 17-mer RGD peptide 

based on the sequence of the O1BFS strain of FMDV and 0.125 µg of PE-conjugated anti-

biotin antibody. a) shows the size of the PK-15 cells analysed by FSC-A by SSC-A and the 

gate used to filter out cell debris. b) FSC-A by FSC-H was used to identify and gate for cells 

that were in a single-cell suspension. c-e) the B586/15 intensity emitted from the cells when 

excited by a 481 nm laser was measured for c) unstained negative control PK-15 cells, and d) 

the population using 100 µM of peptide in the binding step. Also shown are the spider gates 

used to separate negative populations (Q1) from positive populations (Q2) e) histograms 

showing the median intensity of the negative control cells (red) against those exposed to 

different concentration of the O1BFS-17-mer and antibody (blue). Grey dashed line identifies 

the median intensity for negative control. f) box-and-whisker plot showing the median B856/15 

intensity of each condition. g) box-and-whisker plot showing the percentage of the PK-15 

population that were within the Q2 population. f-g) Error bars show minimum and maximum 

values of three technical replicates (n=1). 
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4.3 Discussion 

4.3.1 Sequence identity study 

The main host range for FMDV is even-toed ungulates such as cows and pigs. 

However, it has been observed to infect a number of mammals outside of the order 

Artiodactyla including, but not limited to, Asiatic black bears (Officer et al. 2014), 

European hedgehogs (McLauchlan and Henderson 1947), and brown rats 

(Capel-Edwards 1970). As horses are often described as being resistant to FMDV 

infection (Bachrach 1968, Wang et al. 2010a), we hypothesised that there are regions 

of divergence from the consensus sequences of key host proteins that play a role in 

FMDV infection within the horse genome. Research highlighting that COS-1 cells 

expressing bovine integrin αVβ3 replicate higher levels of FMDV when compared to 

human integrin αVβ6 (Neff et al. 2000) suggests that there may be species-specific 

differences within the RGD-binding integrins that could be responsible for host 

resilience to FMDV infection. As it is predicted to be the main entry receptor for FMDV 

(Dicara et al. 2008, Monaghan et al. 2005), we chose to perform a sequence identity 

study on integrin αV and integrin β6 between animals that are considered to be 

resistant and species which are either naturally or experimentally infected with the 

virus. 

The results of the sequence identity study showed that the homology between species 

for both subunits was high, with integrin αV sharing 90% homology or higher between 

species while integrin β6 shared 91% homology or higher. The most variation was 

observed in the flexible leg regions of both subunits as well as the N-terminus of the 

integrin αV which encodes for the signalling peptide, and in the last 12 residues of the 

cytoplasmic domain of integrin β6. As the leg domain is already flexible to 

accommodate the conformational changes of the integrin heterodimer from the closed 

position to its open structure (Luo, Carman and Springer 2007), we did not analyse 

these targets any further as we suspected that the flexibility of the region would 

accommodate the structural changes within the sequence more easily when 

compared to modifications to the extracellular binding domain, transmembrane 

domain and cytoplasmic domains of the proteins. However, it might be a region that 

is worth revisiting if there is a difference in the utilisation of integrin αVβ6 from different 

species by FMDV and the residues we modified in PK-15 cells in this chapter have 

no effect on FMDV infection. This is because the cumulative effect of the changes 

may impact on the structural formation of the integrin heterodimer when it is in either 
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its closed or open conformation. Since FMDV has a lowered binding-affinity for 

integrin αVβ6 in the closed state when compared to the open conformation (Kotecha 

et al. 2017) it is possible that modifications to its conformation in either its open or 

closed state could either decrease, or increase FMDV-binding affinity respectively. 

The first residue change identified within integrin αV was ITGAV T136A. The change is 

located 14 residues away from an aspartic acid residue that is involved with 

RGD-binding (Dong et al. 2014). We were particularly interested in the evolution 

behind this modification as it is shared between cats, dogs, and horses while the 

remainder of the sequences used in the sequence identity study encoded for 

ITGAV T136. This was particularly interesting as the polar bear sequence has the 

ITGAV T136 residue instead of ITGAV T136A despite cats and dogs being more 

closely-related to bears than they are to horses. Although the susceptibility of polar 

bears to FMDV is unknown, they are sufficiently related to FMDV-susceptible grizzly 

bears to produce fertile hybrid offspring (Kumar et al. 2017, Weaver et al. 2013). As 

the ITGAV T136A residue has never been reported in literature, it is unknown if it 

impacts on the 3D structure in a meaningful way. 

The second residue change identified within integrin αV was ITGAV N950D which is 

located two residues upstream from the transmembrane domain. We were interested 

in studying the effect of ITGAV N950D as we hypothesised that modifications to the 

extracellular region proximal to the transmembrane domain might impact the angle 

that the integrin αV subunit exited the transmembrane domain from. In turn this could 

affect the interaction between the extracellular head regions of integrin αVβ6 and the 

formation of the RGD-interaction site. Finally, some of the RGD-binding integrins have 

been observed to cluster on the cell surface which are thought to be essential in 

forming stable focal adhesions to ligands (Kim and Hahn 2008, Schaufler et al. 2016). 

Once a focal adhesion is formed, clathrin-mediated endocytotic machinery is recruited 

to the cytoplasmic domain of the clustered integrin heterodimers (Ezratty et al. 2009, 

Yu et al. 2015). If the same clustering mechanism applies to clathrin-mediated 

endocytosis of integrin αVβ6, then small modifications in the sequence may be 

sufficient to decrease the ability of FMDV to form a stable focal adhesion to the 

clustered integrins and prevent clathrin-mediated endocytosis from occurring. 

The remaining changes (R777S, V782L, and D783A) are all located within the cytoplasmic 

domain of integrin β6. These changes are of great interest as there are regions of the 

cytoplasmic domain that have been reported to perform vital roles in FMDV entry 
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(Miller et al. 2001). As V782 and D783 were located next to each other, we chose to 

introduce these modifications together as the changes may have an accumulative 

effect. VD782-783LA lie within the unique 11 amino acid extension that is responsible for 

many of the functions solely performed by integrin αVβ6 including cell proliferation and 

carcinoma cell invasion (Lee et al. 2014, Morgan et al. 2004). This region has been 

reported to play a large role in FMDV infection as deletions of the extension leads to 

an 80% reduction in infection (Miller et al. 2001). R777S sits directly upstream of the 

extension and has not been reported to have any specific functions as it also lies 

outwith a region that localises integrin αVβ6 to sites of focal adhesion (Cone et al. 

1994). As a result, we chose to introduce the R777S change alongside VD782-783LA as 

a second HDR template to investigate FMDV infection by comparing viral titres 

between edits ITGB6 e15A and B or using confocal imaging to visualise the virions 

entering the cell. If a difference was observed then it would be sensible to generate 

clones that contained singular modifications for R777S, V782L, or D783A in PK-15 cells. 

4.3.2 HDR template optimisations 

HDR templates were designed to be transfected alongside a pSL66 plasmid encoding 

an sgRNA as we wanted to generate clonal PK-15 cells with modifications in integrin 

αV or integrin β6. HDR frequencies have been reported to be dependent on the locus 

and cell line (Miyaoka et al. 2016) as well as template design with regards to length 

of homology arms, and whether they are ssODNs or dsDNA (Zhang et al. 2017). As 

we did not know whether ssODNs or dsDNA would be more efficient at generating 

HDR events in PK-15 cells, we tested HDR templates with different homology arms 

on each of the modifications to investigate whether the same template conditions 

would produce the highest number of HDR events for each modification. 

When optimising HDR templates, all four edits showed higher levels of HDR activity 

when double-stranded templates cloned into a TOPO vector were transfected 

alongside sgRNA-encoding pSL66 plasmids compared to ssODNs. The low HDR 

efficiency of the ssODNs was unexpected as previous reports had suggested that 

ssODN templates were efficient at generating HDR events when the modifications are 

close to the cut site (Chen et al. 2011a, Ran et al. 2013). As this study used Cas9 

expressing plasmids rather than Cas9 mRNA or protein, we suspect that the 

difference in HDR efficiency observed between the ssODN and dsDNA templates was 

due to the delivery method used. For example, many studies that report efficient HDR 

activity using an ssODN template are delivering it alongside a pre-complexed 
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CRISPR/Cas9 or Cas9 mRNA (Antony et al. 2018, Li et al. 2018, Xu et al. 2018). This 

is further supported by the difference being unlikely to be a result of insufficient 

template being available as a higher number of ssODN molecules were transfected 

into cells when compared to the dsDNA template. 

We suspect that the reason behind the preference for dsDNA templates is that the 

length of time to form the CRISPR/Cas9 complex once transfected into the cell is 

likely to depend on whether it is transfected as protein, mRNA or in an expression 

vector. As protein is precomplexed with either tracrRNA and crRNA, or an sgRNA in 

vitro prior to transfection into cells, it is immediately available to bind to DNA. When 

using mRNA encoding for Cas9, it takes longer for the CRISPR/Cas9 complex to bind 

to the DNA as the nuclease has to be translated into the protein by the cell machinery 

and form the complex with the sgRNA first. Alongside this, the sgRNA will be 

undergoing degradation while the protein is being translated, which leads to less 

stable cutting activity when compared to the other methods (Kouranova et al. 2016). 

The expression vectors that are used in our lab are likely to be the slowest method, 

as the mRNA has to be transcribed from the plasmid prior to being translated into its 

protein form. It has been suggested that Cas9 expression from plasmids is likely to 

peak around 24 hours (Wang et al. 2018). With this delay in expression, it is possible 

that ssODN template has begun to be degraded by RNases within the cell by the time 

that the Cas9 expression is at its peak. This could explain the decrease in levels of 

HDR events during the optimisation experiments when using ssODN templates as the 

plasmid templates would be more stable. 

As the intensity of the resolved bands increased with the quantity of the pITGAV N950D 

and pITGB6 e15 plasmid templates transfected into the cells, the quantity of the 

templates appeared to have some effect on HDR efficiency. Theoretically, this is likely 

to be due to increased copy numbers increasing the probability of an HDR template 

being in close proximity to the Cas9-induced DSB. In turn, this makes it more likely 

for the cell DNA repair mechanisms to recognise the homology between the genomic 

DNA and the template and repair the DNA through HDR rather than the NHEJ 

pathway. As HDR frequency has been observed to increase when using a Cas9 

nuclease with a tethered ssODN HDR template, the proximity of the template to the 

cut-site is thought to be important in determining HDR frequency (Aird et al. 2018). 

Finally, the length of the plasmid templates appeared to alter the HDR efficiency at all 

four target sites. However, the link between plasmid size and HDR efficiency appears 
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to be dependent on the target region in some way since only the pITGB6 e15A and B 

targets showed a preference for the same length of plasmids. The reason for these 

differences in preferences is unclear but may involve the accessibility of the loci 

targeted by the sgRNAs if the loci is tightly bound within a nucleosome (Yarrington et 

al. 2018) or in a chromatin complex (Verkuijl and Rots 2018). For example, if the target 

region was difficult to access by the sgRNA then it might be difficult for the templates 

of the larger sizes to be positioned in such a way that the smaller HDR plasmids are 

more easily able to locate themselves near to the DSB and increase the level of HDR 

seen within the population. 

Throughout these experiments, the method of analysing HDR efficiency was fairly 

inaccurate, with restriction digests only giving a rough estimation on the level of HDR 

within the population and being particularly inaccurate at very low HDR efficiencies. 

This could be a result of incomplete digestion of the PCR products as we observed in 

digests performed to predict the genotypes of the pITGB6 e15 A and B clones. 

Instead, it would be both more accurate and time effective to send the PCR products 

for Sanger sequencing and then analyse the results through the Tracking of Insertion, 

Deletions and Recombination events (TIDER) programme that decomposes the 

sequence traces and analyses for indels and recombination events within the 

population (Brinkman et al. 2014, Brinkman et al. 2018). 

4.3.3 Methods to increase HDR efficiency using ssODNs 

Since CRISPR/Cas9 was developed as a programmable genome editor, there have 

been many publications reporting methods to improve the specificity of the technology 

(Kleinstiver et al. 2016, Lee et al. 2018). Alongside improving the Cas9 specificity, a 

large number of studies have focused on improving HDR efficiency with the eventual 

aim of using CRISPR/Cas9 as a therapeutic agent. In the last four years, there have 

been published reports describing an increase in HDR frequency by altering a number 

of factors ranging from synchronising the cell cycle (Yang et al. 2016) to modifying 

the HDR templates (Renaud et al. 2016). 

The majority of the designed HDR templates tested in this chapter had homology arms 

of the same length. However, research suggests that HDR frequency increases if they 

are designed asymmetrically around the site of the DSB (Richardson et al. 2016). This 

is thought to be due to the way that CRISPR/Cas9 engages with the target region. 

The nuclease binds tightly to the DNA proximal to the PAM on the strand encoding 

for the sgRNA and both the distal- and proximal-regions of the opposite strand. The 
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remaining strand that is distal to the PAM on the sgRNA strand is released by the 

Cas9 complex, which allows the HDR template to anneal to the free strand and recruit 

HDR repair-machinery to the site of the DSB (Richardson et al. 2016). By designing 

a ssDNA template with a homology arm of 36 nucleotides on the distal-region of the 

PAM and 96 nucleotides on the proximal-region to the PAM, Richardson et al (2016) 

reported that HDR efficiencies of 57% are achievable. Alongside the asymmetry of 

the template, the sense orientation of ssODNs in relation to the sgRNA has also been 

reported to increase HDR efficiency. These reports fit in well with the previously 

discussed methods of engagement between CRISPR/Cas9 and the target DNA, as 

the ssODN template is most efficient when located on the opposite strand to the 

sgRNA (Richardson et al. 2016, Yang et al. 2013). 

There have been reports that the addition of phosphorothioate (PS) on the 5’- and 

3’-end of the ssODN can also improve the HDR efficiency (Renaud et al. 2016). 

Renaud et al (2016) reported that PS-modifications improve the stability of the ssODN 

by making the sequence more resistant to nuclease degradation by exonucleases. 

This increased stability is likely to be why it improves HDR efficiency as the longer the 

template is present following the ds break in the DNA, the likelihood of HDR events 

occurring is greater. Depending on the level of stability provided, this method could 

be useful when delivering Cas9 expression vectors in conjunction with ssODNs as 

they may be able to avoid degradation for a sufficient period of time to allow the Cas9 

and sgRNA to be expressed and generate the ds break. 

Finally, there have been many studies investigating how the HDR machinery and cell 

cycle can be manipulated to increase HDR efficiency. As the majority of HDR events 

occur in cells that are in the G2 or S phases of the cell cycle, arresting the cells within 

either of those phases makes it possible to increase HDR frequency (Gutschner et al. 

2016, Lin et al. 2014, Yang et al. 2016). Alternatively, it has been reported that treating 

cells with small molecules such as RS-1 and SCR7 can either inhibit NHEJ or 

upregulate HDR pathways (Pinder, Salsman and Dellaire 2015, Song et al. 2016, Van 

Chu et al. 2018). 

4.3.4 pITGAV N950D morphology 

Although the pITGAV T136A and pITGB6 e15A and B plasmids displayed normal 

morphology and growth rates, three of the pITGAV N950D clones showed unusual 

growth patterns. As two of the clones cultured as expected for PK-15 cells it is unlikely 

that the differences are a direct result of the pITGAV N950D modification. Instead we 
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hypothesise the differences are a result of off-target effects from pITGAV e28 

sgRNA 2. The frequency of off-target effects in CRISPR-Cas9 is reported to be high 

in cell lines (Hsu et al. 2013, Kosicki, Tomberg and Bradley 2018). In order to mitigate 

off-target effects from impacting on gene function, any sgRNAs that had predicted 

off-target effects within exonic regions were filtered out during the design step. 

Consequently, we were surprised that there was a dramatic effect on cell adhesion 

and/or morphology. In order to properly investigate the cause of these changes, it 

would be sensible to perform whole genome sequencing and RNA-seq on the pITGAV 

N950D clones. This would allow us to identify any off-target events and differences in 

RNA expression compared to WT PK-15 cells. 

As all observations were made by eye, it would also be sensible to passage these 

cells further and take images at various stages in their growth cycle. These images 

could then be analysed using an image processing software such as Fiji to obtain 

quantitative measurements for the volume, size, and morphology of the cells. 

Alongside this, growth curves could be performed to analyse if the modifications have 

any effect on the division rate of the cells. 

4.3.5 qPCR expression data 

qPCRs were performed on the edited PK-15 clones to confirm that the expression of 

integrin αv and integrin β6 had not been altered by the modifications. 

The results of the qPCRs showed that there was a high level of variation between the 

HDR clones in both integrin αv and integrin β6 expression. For example, pITGAV T136A 

c1 and pITGB6 e15A c3 both had a 5.9 and 3.8-fold increase in integrin αv mRNA 

expression compared to WT respectively. pITGAV N950D c1 and c2 expressed 3.8 

and 5.8-fold more integrin β6 than the WT population respectively. As the 

modifications in integrin αv should have no impact on the mRNA expression levels of 

integrin β6 and vice-versa, it’s unlikely that these variations observed are a result of 

the editing rather than being natural variations within the clones (Roberfroid, 

Vanderleyden and Steenackers 2016). 

4.3.6 RGD-peptide assay 

As FMDV cannot be used outside of Cat 4 labs in the UK, an alternative method had 

to be used to analyse the interaction between integrin αvβ6 and FMDV. The 

RGD-peptide binding assay used was adapted from the protocol described by Dicara 

et al (2008). As the work described by Dicara et al (2008) used SW480 cells that were 
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transiently expressing human integrin β6, we tested different concentrations of peptide 

within the assay to investigate if a different concentration of peptide was required to 

perform the assay in PK-15 cells. The range started from the amount used by Dicara 

et al (2008) (10 nM) up to 100 µM. It was unfeasible to use a higher concentration 

due to only having approximately 500 µl of a 1 mM stock of peptide and 

time-constraints in obtaining more synthesised peptide. 

The assay was performed on cells that were either adhered to the plate or were in 

suspension during the peptide- and antibody-binding steps to investigate whether 

there was any difference in B586 intensity. We hypothesised that there would be 

higher intensity in suspended cells due to there being more integrin αVβ6 heterodimers 

available to bind to the peptide if the whole cell-surface was available. 1X citric saline 

was used to dissociate the cells from the culture plates as it is recommended for 

detaching adherent cells to analyse surface receptors for flow cytometry (Zhang et al. 

2012). As they did not fully dissociate, the remaining adherent cells were gently 

scraped from the plate. The adherent cells were left until after the final wash step had 

been carried out before scraping the cells from the plate. When running the 

antibody-only negative control, the adherent cells showed very little background 

fluorescence whereas the cells in suspension showed high levels. As biotin is located 

intracellularly (Zempleni 2005), the background fluorescence in the suspended 

samples suggested that the cell membranes were disrupted during the dissociation 

step, allowing the antibody entry into the cell to bind to biotin present within the cell. 

This is further strengthened by the background fluorescence being low in the adherent 

cells as membrane disruption would have occurred after the antibody-binding step 

had taken place. 

When testing the concentrations of peptide on adherent cells, there were no second 

definite peaks for the phycoerythrin fluorescence in any of the conditions. However, 

there was a slight shift to the right of the negative cell peak between the 5 µM to the 

100 µM conditions, suggesting that some peptide-binding occurring. Although the 

results did show a difference from the stained negative control, it remained inefficient 

with a 1.25-fold increase in median intensity. The percentage of the population over 

the Q1/Q2 boundary was more convincing, showing up to a 3-fold difference in the 

number of cells that crossed the threshold. Despite this, the experiment would need 

to be repeated to investigate whether this difference is significant enough to measure 

differences in RGD-binding between any of the generated clones. 
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When testing the concentrations of peptide using the suspended cells, there was a lot 

of background fluorescence within the stained populations. However, it was 

interesting that a difference could still be observed, albeit in an unexpected way. The 

definite shift to the left of the second peak shows that the intensity of the peak is 

decreasing, suggesting that the RGD-peptide is binding to the surface of the cells. In 

turn, it’s likely that some of the PE-conjugated antibody is binding to the peptide rather 

than the biotin in the disrupted cells. This would explain the decrease in median 

intensity observed within the Q2 population. This decrease was matched on a smaller 

scale by the median intensity of the Q1 population showing a modest shift to the right 

which strengthens the hypothesis that it was due to competitive binding of the 

antibody to the bound, biotinylated peptides on the cell surface of the Q1 population. 

It remains difficult to say whether any obtained results could be used with confidence 

that the difference in median intensity is due to binding of the antibody to biotinylated 

RGD-peptides or another factor without experimental repeats being carried out. 

With both methods, there is only a very small difference between the concentrations 

of peptides relative to the stained negative control, and it is difficult to say with 

certainty that these differences are solely the result of RGD-binding to the peptide. 

With a fluorophore such as PE, you would expect to see a strong signal like the peak 

observed in the stained negative control of the suspended cells as it has the highest 

fluorophore brightness index score of 5 (Thermo Fisher). Due to it generating a strong, 

definitive peak when binding to biotin within the cells labelled in suspension, this small 

shift is unlikely to be a result of the antibody used. Instead it is likely to be due to either 

the peptide binding inefficiently to the pig integrin αVβ6 receptors or insufficient 

expression of the integrin heterodimer to give a definitive signal. 

Due to the fact that there is a small signal increase when the concentration of peptide 

is increased, we hypothesise that the reason that the assay failed was due to the 

binding-efficiency of the peptide rather than the levels of the integrin αVβ6 expressed 

on the cell surface. This is because, theoretically, if there were too few receptors then 

the assay would be more likely to reach a saturation point at low concentrations of 

peptides and show no further increase. In comparison the trend we observed 

suggests that there are increased numbers of peptide binding events when a higher 

concentration is used meaning that there is insufficient peptide to bind to all of the 

integrin αvβ6 heterodimers. As the assay has been published using concentrations 

that were 10,000 X weaker than the 100 µM concentration that showed the strongest 
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shift to the right (Dicara et al. 2008), the logical assumption is that lower 

concentrations can be used because SW480 cells transfected with human integrin β6 

are able to bind the O1BFS 17-mer more efficiently than PK-15 cells. If this were the 

case then it would be further evidence that there are species-specific differences 

within integrin αvβ6
 that affects FMDV entry. This would complement reports that cow 

integrin αvβ3 mediates higher levels of infection when compared to human integrin 

αvβ3 (Neff et al. 2000). 

The limitations of using this RGD-peptide assay to test our hypothesis that the edited 

clones generated in this chapter will show a difference in FMDV entry will be 

discussed in detail in section 6.4.1. 
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5 Generating an Interferon Incompetent Cell Line: Knocking 

Out the Interferon Type I Gene Cluster in PK-15 cells 

5.1 Introduction 

FMDV causes an acute vesicular disease in cloven-hooved mammals such as cattle 

and pigs. Similar to other members of the family Picornaviridae, FMDV is a 

non-enveloped, single stranded, positive-sense RNA virus with a small genome that 

is only 8400 nucleotides in length. The genome encodes a single ORF which is 

processed upon translation into 4 structural, and 11 non-structural proteins. Upon 

virion assembly, 60 copies of each structural protein form an icosahedral capsid that 

is capable of binding to RGD-binding integrins such as integrin αVβ6 through a 

conserved RGD-motif on the GH-loop of structural protein VP1. The heterodimeric 

RGD-binding integrins signal for clathrin-mediated endocytosis to occur upon binding 

to the virion, allowing the virus to enter the cell to begin replicating. 

Mammalian organisms have developed numerous ways of detecting and defending 

against viral infection. When PK-15 cells are infected with FMDV, the viral RNA is 

recognised in the cytoplasm by the PRR MDA5 (Hüsser et al. 2011). MDA5 signals 

for the expression of a number of cytokines and chemokines including IL-6 and Type I 

(TI) IFNs such as IFNA and IFNB. Upon expression, the TI IFNs bind to IFNAR 

receptors and stimulate the phosphorylation of STATs by the kinases JAK1 and TYK2. 

The phosphorylated STATs are able to dimerise in order to bind to ISRE and GAS 

elements which induces the expression of ISGs such as OAS1 and IRF9. 

Upregulation of several ISGs by TI IFNs have been identified to play a role in inhibiting 

the replication of FMDV (de Los Santos et al. 2006, Díaz-San Segundo et al. 2011, 

Moraes et al. 2007, Perez-Martin et al. 2014). The ISGs OAS1 and OAS2 activate the 

endonuclease RNase L to degrade both host and FMDV viral RNA (Chakrabarti et al. 

2011). Phosphorylation of the transcription factor eIF2α by the ISG PKR both inhibits 

viral RNA expression and enhances IFNB expression to drive the innate immune 

response during viral infection (McAllister et al. 2012, Sanz et al. 2013). Although 

there is evidence that upregulation of Mx protein is able to inhibit FMDV replication, 

the method behind it remains unknown (Cai et al. 2013). 
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The host immune system and viruses exist in a delicate balancing act, with each 

adapting in the attempt to survive. Two of the FMDV proteases, Lpro and 3Cpro play 

key roles in bypassing the TI IFN response of FMDV. 

Lpro is the first protein encoded for in the single ORF of the FMDV genome. During 

translation, it self-cleaves from the polyprotein where it then shuts off cap-dependent 

protein synthesis through the cleavage of eIF4G (Devaney et al. 1988, Kirchweger et 

al. 1994). Alongside this, Lpro has also been observed to limit the innate immune 

response by cleaving the p65 protein that forms part of the NF-κB complex and 

inhibiting the formation of the IRF-3/7 homodimers that act as transcription factors for 

the TI IFNs (de Los Santos et al. 2007, Wang et al. 2010a). 

3Cpro is the main viral protease involved in processing the viral polyprotein. After 

processing, the 3Cpro targets host transcription factors through partial cleavage of 

eIF4A (Belsham et al. 2000). Precursors of 3Cpro have been observed to be present 

in the cell nucleus where they cleave histone H3 to block its function in regulating 

eukaryotic transcriptionally active chromatin (Capozzo et al. 2002, García-Briones et 

al. 2006). When present in cells at excessive levels there is evidence that 3Cpro can 

cleave eIF4G, although it is not believed to be as functionally important in this role as 

Lpro (Belsham et al. 2000). The 3Cpro has also been shown to directly target the innate 

immune response by blocking the translocation of the STAT1-STAT2 heterodimer 

complex into the nucleus to disrupt the transcription of ISGs as well as blocking the 

formation of the NF-κB complex by cleaving TANK (Du et al. 2014b, Huang et al. 

2015). 

Despite PK-15 cells being commonly used to study FMDV infection (Li et al. 2010, 

Luo et al. 2011, Zhang et al. 2018), private communications with Dr Bryan Charleston, 

Dr Toby Tuthill, and Dr Julian Seago at the Pirbright Institute highlighted issues they 

observed infecting PK-15 cells with commonly used strains of FMDV. As BHK cells 

are readily infected with multiple viruses due to being TI IFN incompetent, we 

hypothesised that the deletion of the TI IFN gene cluster in PK-15 cells should make 

them more susceptible to a number of porcine viruses, including FMDV. 

  



 

229 
 

5.1.1 Aims 

The aims of this chapter are: 

i. To design sgRNAs capable of deleting a 700 kb region containing the 

complete interferon type I gene cluster in pigs. 

ii. Generate a PK-15 clonal cell lines that are homozygous for the deletion 

of the interferon type I gene cluster. 

iii. To analyse the effect that deleting the interferon type I gene cluster 

has on: 

a. The PK-15 cells response to poly(I:C) 

b. Influenza A Virus (IAV) infection 

c. FMDV replication using the replicon system 
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5.2 Results 

5.2.1 Designing and testing sgRNA pairs to delete the IFN type I gene cluster 

in PK-15 cells 

At the beginning of this work, the latest pig genome assembly (Pig_Sscrofa 11.1) had 

not been released. As it was being assembled by members of the Roslin Institute, Dr 

Amanda Warr kindly helped us to identify the IFN type I gene cluster (IFN TI GC) in 

the Pig_Sscrofa 11.1 assembly. The gene cluster is located on chromosome 1 

between 1:201,220,333 - 201,856,855. We designed sgRNAs that targeted upstream 

(1:201,213,606 - 201,214,484) and downstream (1:201,912,643 - 201,913,815) of the 

IFN TI GC (Figure 5-1, Table A13). Once designed, the upstream sgRNAs were 

cloned into pSL66 plasmids (Figure 2-1a) and the downstream guides were cloned 

into px458-mCherry plasmids (Figure 2-1b) as described in section 2.3.3. The 

resulting colonies were analysed by colony PCR for the presence of the 

sgRNA-pSL66 plasmid as described in section 2.3.4. 

Primers were designed around both target regions (see Table A14) to analyse the 

cutting efficiency of the designed guides (Figure 5-1b-c). Optimisation of the primer 

pairs were carried out by gradient PCR using Takara PrimeSTAR® MAX DNA 

Polymerase and an annealing temperature between 50.0-65.0 oC (Figure 5-2a-b). 

When resolved on a 1% TAE agarose gel, pIFN TI GC PrP1 efficiently amplified a 

single product of the expected size between 50.0-58.4 oC, with product yield reducing 

between 60.2-64.6 oC. No product was resolved at 65.0 oC. An annealing temperature 

of 50.0 oC was chosen to be used for pIFN TI GC PrP1 in subsequent experiments as 

it efficiently amplified a single fragment. When resolved on a 1% TAE agarose gel, 

pIFN TI GC PrP2 efficienty amplified a single product of the expected size between 

50.0-62.0 oC, with product yield reducing between 63.5-65.0 oC. An annealing 

temperature of 58.4 oC was chosen to be used for pIFN TI GC PrP1 in subsequent 

experiments as it efficiently amplified a single fragment. 
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Figure 5-1 Porcine Type I IFN gene cluster sgRNAs and primers. 

a) representation of the IFN TI GC. Scissors donate region where sgRNAs were designed to 

target the region. Green circle denotes that the bi-cistronic Cas9 encodes for a GFP 

fluorescent marker while red circle denotes a mCherry fluorescent marker. b) shows the 

location of the upstream sgRNAs in relation to the PCR primer pairs that were designed 

upstream of the IFN TI GC. c) shows the location of the downstream sgRNAs in relation to the 

PCR primer pairs that were designed downstream of the IFN TI GC. 

In order to test the cutting efficiency of the cloned sgRNAs, invitrogen midiprep quality 

plasmid DNA was prepared and transfected into PK-15 cells as described in section 

2.4.7. When observed under a fluorescent microscope 24 hours post-transfection, the 

transfection efficiency was estimated by eye to be approximately 40%. 72 hours post 

transfection, the gDNA was extracted from transfected populations as outlined in 

section 2.2.3 and the target regions amplified as described earlier in this section using 

IFN TI GC PrP1 Figure 5-2c. Due to user error when performing the PCR, IFN TI GC 

PrP2 was amplified at an annealing temperature of 65.0 oC using Takara 

PrimeSTAR® MAX DNA Polymerase (Figure 5-2c-d). The amplicons were cleaned up 

using the method outlined in section 2.2.9 and a T7 endonuclease assay was 

performed as described in section 2.5.1. 
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Figure 5-2 PCRs of Type I IFN sgRNA target regions. 

a) 1% TAE agarose gel showing the resolved products from a gradient PCR using primer pair 

pIFN TI GC PrP1, Takara PrimeSTAR® MAX DNA Polymerase, and WT PK-15 gDNA across 

an annealing temperature gradient of 50.0-65.0 oC. Expected product size (781 bp) is 

highlighted by a black arrow. b) 1% TAE agarose gel showing the resolved products from a 

gradient PCR using primer pair pIFN TI GC PrP2, Takara PrimeSTAR® MAX DNA 

Polymerase, and WT PK-15 gDNA across an annealing temperature gradient of 50.0-65.0 oC. 

Expected product size (1163 bp) is highlighted by a black arrow. c) 1% TAE agarose gel 

showing the resolved products from a PCR amplifying across the target site using gDNA 

extracted from transfected PK-15 cells as templates using conditions optimised in a) and an 

annealing temperature of 50.0 oC. d) 1% TAE agarose gel showing the resolved products from 

a PCR amplifying across the target site using gDNA extracted from transfected PK-15 cells as 

templates using conditions optimised in b) and an annealing temperature of 65.0 oC. 
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When the products from the T7 assay were resolved on a 2% TAE agarose gel, all 

eight sgRNAs were positive for indel formation (Figure 5-3 a&b). pIFN TI GC sgRNAs 

1 and 3 showed the highest level of indel events out of the upstream sgRNAs when 

the intensity of the largest digestion fragment was compared to the parental fragment 

(Figure 5-3a). Despite the digestion products appearing to be approximately the same 

intensity for downstream sgRNAs pIFN TI GC sgRNAs 5-7, the frequency of indel 

formation was likely to be higher in pIFN TI GC sgRNA 5, followed by sgRNA 7 when 

compared to the intensity of the parental product band as the amount of initial product 

within the digestions varied. When compared to pIFN TI GC sgRNAs 5-7, pIFN TI GC 

sgRNA 8 appeared to have very limited cutting ability (Figure 5-3b). 

Although the T7 assays for all eight sgRNAs showed evidence of indel events, only 

twelve variations of guide pairs were chosen and tested for deletion events in PK-15 

cells (Table 5-1). The cells were co-transfected into PK-15 cells as described in 

section 2.4.7 and underwent FACS 24 hours post transfection for mCherry and GFP 

co-expression into pooled populations as described in section 2.4.8. The cells were 

cultured on a 12-well plate until they reached confluence and were lysed using 200 µl 

of QE buffer (section 2.4.9). The cell lysates were used directly in a PCR to test if the 

sgRNA guide pairs were capable of generating deletion events in PK-15 cells. 

A PCR was optimised that spanned the deleted region using pIFN TI GC PrP 1F and 

pIFN TI GC PrP 2R and Takara PrimeSTAR® MAX DNA Polymerase with an 

annealing temperature gradient between 54.8-63.5 oC. To ensure the PCR was 

optimised for all the deletion products, the PCR optimisations were carried out on all 

the lysates from PK-15 cells transfected with pIFN TI GC guide pairs and lysate from 

WT PK-15 cells. The annealing temperature that amplified single fragments of the 

expected size for all 12 deletion products was 60.2 oC which was used in subsequent 

experiments (Supplementary Figure A22). The spanning PCRs were repeated using 

the chosen conditions which showed evidence evidence of deletion events occurring 

in each guide pair (Figure 5-3c). The fragments were confirmed to be deletion event 

products by sequencing (Supplementary Figure A23). 
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Figure 5-3▲ Testing sgRNAs targeting the Type I IFN gene cluster individually and as a 

pair. 

a&b) 2% TAE agarose gel showing the resolved products from a T7 endonuclease assay 

performed on the products in a) Figure 5-2c and b) Figure 5-2d to assess NHEJ formation at 

the target sites. Dark grey arrows indicate fragments as a result of T7 digestion on mis-

matched DNA as a consequence of indel formation. c) 1% TAE agarose gel showing the 

resolved products from a spanning PCR using primer pair pIFN TI GC PrP1F and pIFN TI GC 

PrP2R and Takara PrimeSTAR® MAX DNA Polymerase at an annealing temperature of 60.2 

oC using lysates from PK-15 cells transfected with pIFN TI GC sgRNA pairs 1-12. Numbers 

below gel images denote expected product sizes. 

 

Table 5-1 Type I IFN gene cluster sgRNA pairs tested. 

Shows the upstream and downstream guides chosen to be used in pIFN TI GC sgRNA pair 

1-12. 

 

 

 

 

 

 

 

 

 

5.2.2 Analysing Clones for Homozygous Deletion Events 

As we hypothesised that increasing the number of guides would increase the chance 

of deletion events occurring, pIFN TI GC sgRNAs 1, 2, 5, and 6 were co-transfected 

into PK-15 cells as described in section 2.4.7. 24 hours post-transfection, the cells 

underwent single-cell FACS by mCherry and GFP co-expression into five 96-well 

plates containing 50 µl/well of conditioned medium (section 2.4.8). Once confluent, 

the 107 clones that survived were condensed down onto two 96-well plates. The 

clones were grown until confluent and each plate was then split 1:2 into two 96-well 

  sgRNA 

  Upstream Downstream 

pIFN TI GC sgRNA pair 1 pIFN TI GC sgRNA 1 pIFN TI GC sgRNA 5 

pIFN TI GC sgRNA pair 2 pIFN TI GC sgRNA 1 pIFN TI GC sgRNA 6 

pIFN TI GC sgRNA pair 3 pIFN TI GC sgRNA 1 pIFN TI GC sgRNA 7 

pIFN TI GC sgRNA pair 4 pIFN TI GC sgRNA 1 pIFN TI GC sgRNA 8 

pIFN TI GC sgRNA pair 5 pIFN TI GC sgRNA 2 pIFN TI GC sgRNA 5 

pIFN TI GC sgRNA pair 6 pIFN TI GC sgRNA 2 pIFN TI GC sgRNA 6 

pIFN TI GC sgRNA pair 7 pIFN TI GC sgRNA 2 pIFN TI GC sgRNA 7 

pIFN TI GC sgRNA pair 8 pIFN TI GC sgRNA 2 pIFN TI GC sgRNA 8 

pIFN TI GC sgRNA pair 9 pIFN TI GC sgRNA 3 pIFN TI GC sgRNA 5 

pIFN TI GC sgRNA pair 10 pIFN TI GC sgRNA 3 pIFN TI GC sgRNA 6 

pIFN TI GC sgRNA pair 11 pIFN TI GC sgRNA 3 pIFN TI GC sgRNA 7 

pIFN TI GC sgRNA pair 12 pIFN TI GC sgRNA 3 pIFN TI GC sgRNA 8 
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plates. One plate was used to lyse the cells for use in PCRs using the method outlined 

in section 2.4.9 while the other plate remained in culture. A series of four PCRs 

including a single spanning PCR, two junction PCRs, and a single PCR that was 

internal to the deletion site were used to genotype the clones (Figure 5-4a). Clones 

that were WT would theoretically show no amplification in the spanning PCR, whilst 

amplifying products in the junction and internal PCRs. Heterozygous clones should 

amplify fragments in all four PCRs and homozygous clones would only amplify 

fragments in the spanning PCR (Figure 5-4b). 
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Figure 5-4 PCR assay design to genotype Type I IFN gene cluster-/- clones. 

a) diagrammatical representations of where the primers are located in relation to the pIFN TI GC for the spanning, junction and internal PCRs and b) a 

digital gel for each type of PCR showing that pIFN TI GC+/- clones should amplify all of the PCR products, while pIFN TI GC-/- clones should only amplify 

the spanning PCR product. WT clones are expected to amplify the junction and internal PCRs and be negative for the spanning PCR product.
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PCR primer pair pIFN TI GC PrP 3 was initially optimised as a multiplex PCR 

alongside pIFN TI GC PrP 1 and pIFN TI GC PrP 2 using Phusion polymerase on an 

annealing temperature gradient between 50.0-65.0 oC. When resolved on a 1% TAE 

agarose gel, only two of the three fragments amplified throughout the gradient as pIFN 

TI GC PrP 2 failed to amplify. This is thought to be because there was a preference 

of the polymerase to amplify the smaller fragments produced with pIFN TI GC PrP 1 

and 3, which amplified cleanly and efficiently between an annealing temperature of 

50.4-65.0 oC (Figure 5-5a). In subsequent experiments, an annealing temperature of 

65.0 oC was chosen for amplifications by pIFN TI GC PrP 3 as it amplified efficiently. 

As NEB Phusion Polymerase is more cost-effective than the Takara PrimeSTAR MAX 

DNA polymerase, we decided to use the Phusion polymerase at an annealing 

temperature of 65.0 oC in subsequent experiments using pIFN TI GC PrP1. A separate 

gradient PCR was performed using pIFN TI GC PrP2 using an annealing temperature 

gradient between 50.0-65.0 oC. When resolved on a 1% TAE agarose gel, a single 

fragment was amplified efficiently between 58.4-65.0 oC (Figure 5-5b). As all the 

fragments amplified at a similar efficiency, an annealing temperature of 65.0 oC was 

used in subsequent experiments. The spanning PCR was performed using the same 

primers and conditions described in section 5.2.1. 

Three further internal PCR primers (pIFN TI GC PrP 4-6) were optimised with Phusion 

polymerase using an annealing temperature gradient between 50.0-65.0 oC and WT 

PK-15 gDNA. When resolved on 1% TAE agarose gels, all of the primers amplified 

cleanly and efficiently at an annealing temperature of 65.0 oC, which was used in 

subsequent experiments (Figure 5-5c-e). 
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Figure 5-5 Gradient PCRs using primers targeting the internal region of the Type I IFN 

gene cluster. 

a) 1% TAE agarose gel showing the resolved products from a multiplex PCR using primer 

pairs pIFN TI GC PrP1 (781 bp), pIFN TI GC PrP2 (1163 bp), and pIFN TI GC PrP3 (279 bp). 

b-e) 1% TAE agarose gels showing the resolved products from gradient PCRs using primer 

pairs b) pIFN TI GC PrP2 (1163 bp) c) pIFN TI GC PrP4 (339 bp), d) pIFN TI GC PrP5 (737 bp), 

and e) pIFN TI GC PrP6 (400 bp). a-d) All the PCRs were amplified using NEB Phusion 

polymerase on WT PK-15 gDNA across an annealing temperature gradient of 50.0-65.0 oC. 

Expected product sizes are highlighted by black arrows. 
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Of the 107 clones analysed, 23 clones amplified the spanning PCR product using 

pIFN TI GC PrP 1F and pIFN TI GC PrP 2R and the conditions previously outlined in 

section 5.2.1 (Figure 5-6a). The lysates from the 23 clones that amplified a spanning 

PCR product were used in junction PCRs using PCR the primer pairs pIFN TI GC 

PrP 1 and 2 and the conditions outlined previously in this section. Alongside the 

junction PCRs, an internal PCR, using PCR primer pair pIFN TI GC PrP 3 and the 

conditions outlined in this section, was also used to analyse the 23 clones. Of those 

23 clones, only D1 and H1 were negative for both junction PCRs and positive for the 

internal PCR using primer pair pIFN TI GC PrP 3 suggesting that they may be 

homozygous for the deletion (Figure 5-6b-d). Clones E8 and A9 were positive for the 

spanning PCR (Figure 5-6a), and negative for the internal PCRs (Figure 5-6b-d) but 

A9 was positive for the upstream junction PCR (Figure 5-6c) while E8 was positive for 

the downstream junction PCR (Figure 5-6d). The remaining internal PCRs were 

performed on the lysates from the first 96-well plate and 5 of the remaining 11 clones 

that were either positive for the spanning PCR product or negative for one of the 

junction PCRs. The reason for not performing the amplification on all 107 clones was 

due to a mistake when calculating volumes of reagents while making PCR 

master-mixes. When resolved on 1% TAE agarose gels, all 101 clones were positive 

for the presence of the IFN gene cluster (Figure 5-6 e-g). This suggested that none of 

the clones analysed were homozygous for the deletion event. 
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Figure 5-6 Genotyping clonal populations transfected with pIFN Type I gene cluster 

guide pairs 1 and 2. 

1% TAE agarose gels showing the resolved amplification products using a) pIFN TI GC PrP1F 

and pIFN TI GC PrP2R (expected product sizes 1586, 1487, 1105, and 1005 bp), b) pIFN TI 

GC PrP1 (781 bp), c) pIFN TI GC PrP2 (1163 bp), d) pIFN TI GC PrP3 (279 bp), e) pIFN TI 

GC PrP4 (339 bp), f) pIFN TI GC PrP5 (737 bp), and g) pIFN TI GC PrP6 (400 bp) using cell 

lysates of a-c) all 107 of the clones transfected with pIFN TI GC sgRNA pairs 1, and 2 or d-g) 

101 of the clones transfected with pIFN TI GC sgRNA pairs 1, and 2. a) was amplified using 

Takara PrimeSTAR® MAX DNA Polymerase at an annealing temperature of 60.2 oC while b-g) 

were amplified using Phusion polymerase at an annealing temperature of 65 oC. Underlined 

clones are those that resolved products of the expected size in a). 

PK-15 cells were transfected with only pIFN TI GC gp 1 due to concerns that use of 

multiple pairs of sgRNAs at the same time could lead to recombination events that 

would make analysis more difficult. The sgRNAs were transfected into PK-15 cells as 

described in section 2.4.9. 24 hours post-transfection, the cells underwent single-cell 

FACS by mCherry and GFP co-expression into ten 96-well plates containing 50 µl/well 

of conditioned medium (section 2.4.8). Once confluent, the 515 clones that survived 

were condensed down into six 96-well plates. The clones were grown until confluent 

at which point each plate was split 1:2 into two 96-well plates. The clones in one of 

the plates were lysed and used in PCRs, using the method outlined in section 2.4.9, 

while the other plate remained in culture. The lysates were used to amplify the series 

of seven PCRs previously described in this section. 

Initial spanning PCRs using the primer pairs pIFN TI GC PrP 1F and pIFN TI GC PrP 

2R were all negative, including the positive control using a lysate from PK-15 cells 

transfected with pIFN TI GC gp 1 harvested in section 5.2.1 (Supplementary Figure 
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A24 a). Instead, the primer pair that was central to the deleted region was used to 

screen clones for the deletion event from a single 96-well plate (pIFN TI GC-/- plate 1). 

When resolved on a 1% TAE agarose gel, the results from the PCR of plate 1 showed 

that the incorrect primer pair had been used, as the product was 887 bp rather than 

the 400 bp fragment that was expected (Supplementary Figure A24 b). The 47 clones 

that were negative for the amplified fragment were analysed further using the correct 

primer pair pIFN TI GC PrP 3 which showed that only two of the 47 clones failed to 

amplify a fragment (Figure 5-7a). When the other internal regions were amplified only 

pIFN TI GC-/- P1-G3 failed to amplify products of the expected size (Figure 5-7b-d). 
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Figure 5-7 PCRs internal to the Type I IFN gene cluster for clones transfected with guide 

pair 1. 

1% TAE agarose gels showing the resolved amplification products using a) pIFN TI GC PrP3 

(279 bp), b) pIFN TI GC PrP4 (339 bp), c) pIFN TI GC PrP5 (737 bp), d) pIFN TI GC PrP6 

(400 bp) using cell lysates of all 96 of the clones cultured on plate 1 that were transfected with 

pIFN TI GC sgRNA gp 1 using NEB Phusion Polymerase at an annealing temperature of 

65 oC. The single underlined clone throughout a-d) is predicted to be homozygous for the 

deletion. 
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After confirming that the internal primers appeared to amplify consistently, the 

remaining 419 clones were initially analysed using NEB Phusion polymerase and 

PCR primer pair pIFN TI GC PrP 6. Of 419 clones analysed, only 14 clones failed to 

amplify (Figure 5-8a-e). The lysates from these 14 clones were used in the three 

remaining internal PCRs using NEB Phusion polymerase and PCR primer pairs pIFN 

TI GC PrP3-5 which suggested that clones P4-A1 and, P5-B11 could be homozygous 

for the deletion event (Figure 5-8f-h) alongside P1-G3 which was previously described 

in this section.  
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Figure 5-8 PCRs genotyping clones transfected with Type I IFN gene cluster guide pair 

1. 

1% TAE agarose gels showing the resolved amplification products from PCRs internal to the 

deletion event using NEB Phusion polymerase at an annealing temperature of 65.0 oC. 

a-e) Amplifications performed using PCR primer pair pIFN TI GC PrP6 (400 bp) and lysates 

from PK-15 cells transfected with pIFN TI GC sgRNA gp 1 from a) plate 2, b) plate 3, c) plate 

4, d) plate 5, and e) plate 6. f) Amplifications performed using PCR primer pair pIFN TI GC 

PrP3 (279 bp) using the lysates extracted from the clones underlined in figures a-e. Underlined 

clones are predicted to be homozygous for the deletion event. g) Amplifications performed 

using PCR primer pair pIFN TI GC PrP4 (339 bp) using the lysates extracted from the clones 
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underlined in figures a-e. Underlined clones are predicted to be homozygous for the deletion 

event. h) Amplifications performed using PCR primer pair pIFN TI GC PrP5 (737 bp) using 

NEB Phusion polymerase at an annealing temperature of 65.0 oC and the lysates extracted 

from the clones underlined in figures a-e. Underlined clones are predicted to be homozygous 

for the deletion event. 

Junction PCRs using NEB Phusion polymerase and pIFN TI GC PrP 1 and 2 on the 

lysates of the 15 clones outlined in Table 5-2 using the conditions previously outlined 

in this section were resolved on 1% TAE agarose gels. Out of the 15 clones tested, 

only clones P1 G3, P4 A1 and, P5 B11 failed to amplify in all five PCRs (Figure 5-9a 

and b). The lysates from the P1 G3, P4 A1 and, P5 B11 were used as templates for 

a spanning PCR using PCR primers pIFN TI GC PrP1 F and pIFN TI GC PrP2 R and 

NEB Phusion polymerase. A no template control and WT gDNA lysate were used as 

negative controls while lysates from pools of PK-15 cells transfected with pIFN gp 

10-12 were used as positive controls. When resolved on a 1% TAE agarose gel, the 

positive controls and all three clones had amplified products while the WT and 

negative controls failed to amplify, confirming that the clones were positive for the 

deletion event (Figure 5-9c). This suggested that, out of 515 clones, P1 G3, P4 A1 

and, P5 B11 (henceforth named pIFN TI GC-/- c1-c3 respectively) were homozygous 

for the deletion event. Although pIFN TI GC-/- c1 and c3 amplified products of the 

expected size, pIFN TI GC-/- c2 amplified a smaller fragment (Figure 5-9c). The 

spanning PCR was repeated so that the fragments could be sent for sequencing. pIFN 

TI GC-/- c1 and c3 amplified single fragments while pIFN TI GC-/- c2 amplified four 

fragments. The fragments were extracted from a 2% TAE agarose gel as described 

in section and were sent for sequencing alongside the spanning PCR products from 

pIFN TI GC-/- c1 and c3. To prevent degradation of the sequences, the gel was not 

imaged prior to the extraction. 
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Table 5-2 Clones genotyped further for Type I IFN gene cluster deletion. 

Shows the plate number and position of the single clone from plate 1 that is predicted to be 

homozygous for the deletion event (P1-G3) and the 14 clones that failed to amplify fragments 

in internal PCRs using NEB Phusion polymerase and PCR primer pair pIFN TI GC PrP6. 

Plate   

Number Position Name 

1 G3 P1-G3 

2 H12 P2-H12 

3 A10 P3-A10 

3 B10 P3-B10 

4 A1 P4-A1 

4 C9 P4-C9 

4 E10 P4-E10 

5 A4 P5-A4 

5 B11 P5-B11 

5 C3 P5-C3 

5 D4 P5-D4 

5 E4 P5-E4 

6 A4 P6-A4 

6 B1 P6-B1 

6 H4 P6-H4 
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Figure 5-9 Junction and spanning PCRs testing for the presence of IFN TI GC in clones 

transfected with guide pair 1. 

1% TAE agarose gels showing the resolved amplification products from a-b) junction and c) 

spanning PCRs testing for the presence of the IFN TI GC. a) Amplifications were performed 

using PCR primer pair pIFN TI GC PrP1 (781 bp), NEB Phusion polymerase at an annealing 

temperature of 65.0 oC and, lysates from PK-15 cells transfected with pIFN TI GC sgRNA gp 1 

from Table 5-2. Underlined clones are predicted to be homozygous for the deletion event. b) 

Amplifications were performed using PCR primer pair pIFN TI GC PrP2 (1163 bp), NEB 

Phusion polymerase at an annealing temperature of 65.0 oC and, lysates from PK-15 cells 

transfected with pIFN TI GC sgRNA gp 1 from Table 5-2. Underlined clones are predicted to 

be homozygous for the deletion event. c) Amplifications were performed using PCR primer 

pair pIFN TI GC PrP1 F and pIFN TI GC PrP2 R (1586 bp), Takara PrimeSTAR MAX DNA 

polymerase at an annealing temperature of 60.2 oC and, lysates from PK-15 cells transfected 

with pIFN TI GC sgRNA gp 1 from Table 5-2. Underlined clones are predicted to be 

homozygous for the deletion event. 
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Sequencing results of the spanning PCR products showed that the consensus for 

pIFN TI GC-/- c1 and c3 were the same as the expected sequence of a deletion event 

obtained by pIFN TI GC gp 1, although there was a second trace that suggested that 

there were some modifications introduced into both clones as a result of the editing 

event (Supplementary Figure A25). The fragments isolated from the pIFN TI GC-/- c2 

spanning PCR confirmed that all four products were amplifications of the correct 

region. The largest fragment was the same size as the expected deletion events but 

contained modifications to the consensus sequence where pIFN TI GC sgRNA 5 cut. 

The second smallest fragment showed a 381 bp deletion around the cut sites, and 

the smallest fragment showed a 473 bp deletion around the cut sites. The trace from 

the second largest fragment was poor and was unable to be analysed (Supplementary 

Figure A25). 

5.2.3 Optimising PK-15 transfection efficiency using Lipofectamine™ 3000 

Reagent 

We tested the ability of PK-15 cells to be transfected by Lipofectamine™ 3000 

Reagent as we were aware that the FMDV replicon work described in section 5.2.7 

would require cells that were adherent during the transfection protocol. When they 

reached 80% confluence, WT PK-15 cells were trypsinised from the plate as 

described in section 2.4.4 and plated out in a 24-well plate at either 1, 1.5 or 2 x105 

cells/well. 24 hours later a DNA master mix was prepared containing 0.5 µg of pSL66, 

25 µl of Opti-MEM™ medium, and 2 µl of P3000™ Reagent per transfection into a 

sterile 1.5 ml Eppendorf tube and mixed gently to make a homogeneous solution. Two 

Lipofectamine™ 3000 Reagent master mixes were also prepared containing 25 µl of 

Opti-MEM™ medium and either 0.75 or 1.5 µl of Lipofectamine™ 3000 Reagent per 

transfection. 

As there were two lipofectamine master mixes, the volume of DNA master mix was 

double that of the Lipofectamine™ 3000 Reagent master mix. 25 µl per transfection 

of the Lipofectamine™ 3000 Reagent master mixes were pipetted into sterile 1.5 ml 

Eppendorf tubes prior to an equal volume of the DNA master mix being added. The 

solution was pipetted up and down five times to ensure even mixing and then 

incubated at room temperature for 15 minutes. Following the incubation step, 50 µl of 

the transfection mixes were evenly distributed on the cell monolayer by adding the 

solution dropwise to each well. The cells were incubated at 37 oC in 5% CO2 for 

24 hours before being observed for GFP expression using a fluorescent microscope. 
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When the transfection efficiency was estimated by eye it suggested that using 1.5 µl 

of Lipofectamine™ 3000 Reagent was more effective than using 0.75 µl across all 

three cell density conditions (Figure 5-10). Cell density did not appear to impact the 

transfection as comparisons between 0.5-2 x105 cells showed a similar transfection 

efficiency (Figure 5-10). In subsequent experiments, we used a cell density of 2 x105 

cells and 1.5 µl of Lipofectamine™ 3000 Reagent when transfecting a 24-well plate 

as transfecting a larger number of cells meant that a higher total number of cells would 

be transfected when similar transfection efficiencies were observed. 1 x106 cells and 

7.5 µl of Lipofectamine™ 3000 Reagent was used when transfecting a 6-well plate. 

When transfecting RNA or poly(I:C), the P3000™ Reagent was omitted as it is an 

enhancer for double-stranded DNA. 
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Figure 5-10 GFP expression in PK-15 cells transfected using Lipofectamine 3000. 

Shows images of PK-15 cells 24 hours after transfection at 15X magnification. 1-2 x105 cells plated onto 24 well plates and transfected 24 hours later 

with 0.5 µg of pSL66 plasmid using either 0.75 or 1.5 µl of Lipofectamine 3000™ Reagent (n=3). 
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5.2.4 Stimulation of the IFN type I immune response in PK-15 cells using 

poly(I:C) 

Once the pIFN TI GC-/- clones had been genotyped they needed to be stimulated with 

poly(I:C) for mRNA and protein expression of type I IFNs. We tested methods of 

stimulating poly(I:C) as we did not know if PK-15 cells expressed TLR3 which binds 

and internalises extracellular poly(I:C). To do so we either cultured PK-15 cells in 

reduced growth medium (1X DMEM with 2% FBS) containing poly(I:C) or transfected 

poly(I:C) into WT PK-15 cells using Lipofectamine 3000™ Reagent as described in 

section 5.2.3 to bypass the TLR3 binding step. 

1 x 106 cells/well were plated into 6-well plates. 24 hours later, the medium was 

aspirated from two wells and replaced with 1 ml of reduced growth medium 30 

minutes prior to being transfected with 25 µg poly(I:C) using the method outlined in 

section 5.2.3. The growth medium was aspirated from the remaining wells and 

replaced in duplicate with 1 ml of reduced growth medium containing either 0, 10, or 

100 µg/ml. The cells were incubated for 3 hours at 37 oC in 5% CO2 before aspirating 

the medium from all wells. The cells were washed twice with DPBS before adding 

1 ml of fresh reduced growth medium to each well. The cells were incubated at 37 oC 

in 5% CO2 for 24 hours post-treatment after which the medium was harvested from 

the wells as TI IFNs will stably accumulate in culture medium for up to 24 hours. The 

medium was centrifuged at full speed for 10 minutes at 4 oC to remove any cell debris. 

The supernatant was transferred into clean 2.5 ml Eppendorf tubes and frozen 

at -20 oC. 

WT PK-15 cells were trypsinised as described in section 2.4.4, and plated in two 

96-well plates at a cell density of 1.5 x104 cells/well in 50 µl of medium. 24 hours after 

plating, the medium was aspirated from the wells and replaced with 100 µl of the 

medium harvested from poly(I:C) treated cells on a doubling dilution gradient in 

triplicate. The remaining lanes were treated with 100 µl of reduced growth medium 

containing universal IFN (PBL; 11200-1) or pig IFN (PBL; 17105-1) on a doubling 

dilution gradient using an initial dilution of 1:100 or 1:1000 in triplicate as shown in 

Figure 5-11. The cells were incubated for 24 hours at 37 oC in 5% CO2 before 

aspirating the medium from all wells. 100 µl of reduced growth medium containing 

parainfluenza strain 5-VΔC (PIV5-VΔC), and encephalomyocarditis virus (EMCV) at 

a multiplicity of infection (MOI) of 1 was pipetted into each well. One lane was 
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mock-infected as a negative control. The cells were incubated at 37 oC in 5% CO2 for 

72 hours. 

 

Figure 5-11 Layout of 96-well plates used in IFN infection assay. 

1.5 x 104 PK-15 cells were plated in two 96 well plates. After 24 hours, wells A1-12 on the first 

plate were either left untreated or were treated with medium harvested from PK-15 cells that 

were either transfected with 25 µg of poly(I:C), or cultured in medium treated with either 10 or 

100 µg of Poly(I:C). Wells A1-12 on the remaining plate were treated with either universal IFN 

or pig IFN at a starting dilution factor of 1:100 or 1:1000. The medium in row A of both 96 well 

plates was then used in a doubling dilution factor down the row with a final dilution of 1:128. 

The treated cells were cultured for 24 hours prior to co-infection with PIV5-VΔC and EMCV at 

a MOI of 1. Row labelled “-ve C” were mock infected. 
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72 hours post-infection, the wells were fixed with 100 µl of neutral buffered formaline 

(NBF) for 60 minutes. Crystal Violet stain was made by dissolving 2 g of crystal violet 

in 20 ml of 95% ethyl alcohol and 0.8 g of ammonium citrate monohydrate in 80 ml of 

milliQ H2O and mixing the solutions together at a 1:5 ratio. The NBF was aspirated 

from the wells and replaced with 50 µl of Crystal Violet to stain the fixed cells. The 

Crystal Violet was aspirated from the wells and the plates were washed with water to 

remove any excess dye after 60 minutes. The plates were then air-dried at room 

temperature and photographs were taken of the plates. 

The stained plates showed that the mock infected row of PK-15 cells that were 

cultured in medium from cells that were untreated with Poly(I:C) had an intact 

monolayer. The rows that were infected showed that the majority of the cells had 

lysed. When comparing the three poly(I:C) conditions, the cells that were transfected 

showed the greatest level of protection, with the monolayers being intact until the final 

dilution of 1:128, whilst the 100 µg/ml overlay lost protection after the 1:16 dilution. 

The 10 µg/ml provided the least protection as the only intact monolayer was observed 

in the undiluted sample (Figure 5-12a). When checking the positive control plate using 

universal or pig IFN at different conditions, the universal IFN offered full protection 

through all the dilution factors while the pig IFN provided weaker protection, with the 

monolayer being disrupted from a dilution factor of 1:2000 (Figure 5-12b). 
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Figure 5-12 Type I IFN infection assay. 

a) 1.5 x 104 PK-15 cells cultured on 96-well plates were pre-stimulated with IFN 24 hours prior 

to infection using media harvested from PK-15 cells that were transfected with 25 µg of 

poly(I:C) or cultured in media containing either 10 or 100 µg/ml of poly(I:C). The medium was 

diluted down the row using a doubling dilution gradient. b) PK-15 cells were also stimulated 

using universal or pig IFN at an initial dilution factor of either 1:100 or 1:1000 before being 

diluted further on a doubling dilution gradient. All wells were co-infected with PIV5-VΔC and 

EMCV at a MOI of 1 and cultured for 72 hours at 37 oC in 5% CO2 (n-1). 72 hours later, the 

medium was aspirated from all wells and replaced with 50 µl of NBF and incubated for 2 hours 

at room temperature. The NBF was aspirated and 50 µl of Crystal Violet was added to each 

well. Following 30 minutes incubation at room temperature, the Crystal violet was disposed of 

and the plates were washed in water prior to being air dried. Images were taken of the plates 

by a camera. 
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5.2.5 Analysing the type I IFN response in IFN Type I GC-/- PK-15 clones using 

poly(I:C) stimulation 

Two identical 12-well plates containing WT PK-15 cells and the IFN Type I GC-/- 

clones at a cell density of 4x105 cells/well in triplicate were plated 24 hours prior to 

transfection. After 24 hours, the medium was aspirated from one of the plates and the 

wells were washed twice with 1 ml of cold DPBS. 300 µl of Trizol was added to each 

well and the plates were flash frozen on dry-ice prior to being stored at -80 oC 

overnight. The remaining wells were transfected with poly(I:C) using the method 

outlined in section 5.2.3 replacing 1 µg of plasmid with 4 µg of poly(I:C) and omitting 

the P3000™ reagent. 6 hours post-transfection, the medium was aspirated from the 

plate and the wells were washed twice with 1 ml of 4 oC DPBS. 300 µl of Trizol was 

added to each well and the plates were flash frozen on dry-ice prior to being stored 

at -80 oC overnight. 

The next day all of the cell lysates were kept on ice until thawed and the RNA was 

isolated as described in section 2.2.2. The quality of the RNA was assessed using an 

Agilent Technologies 2200 Tapestation System and RNA ScreenTape as described 

in section 2.2.5. RNA isolated from the cells that were not transfected with Poly(I:C) 

was of high quality, with the lowest RIN value being 8.8. The RNA from the transfected 

cells was of a lower quality, with the RIN value ranging from 5.7 - 8.0 (Figure 5-12a). 

When the transfected samples were resolved on a 1% TAE agarose gel, the RNA 

samples from the cells transfected with poly(I:C) were comparable in quality to each 

other. The quality of the untransfected cells was higher as the transfected samples 

had an extra fragment below the 18S ribosome (Figure 5-12b). 

1 µg of RNA from each sample was converted to cDNA as described in section 2.2.6. 

The cDNA was then used in PCRs with primers to amplify IFNA, IFNB, pYWHAZ, and 

pTBP1 (Table A11). As we were only interested in whether the IFNA and IFNB 

subunits were being expressed rather than the quantity of mRNA present, the PCRs 

were performed in a TProf thermocycler and the products were resolved on a 2% TAE 

agarose gel. The gel images showed that all the clones expressed the reference 

genes being used as positive controls (Figure 5-13c and d), but only the WT cells 

expressed IFNA and IFNB. There was a difference between the IFNA and IFNB 

expression in WT cells with IFNA being expressed in cells that were both treated and 

untreated with poly(I:C), whereas IFNB was only observed in the treated cells (Figure 

5-13e and f). 
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Figure 5-13 Type I IFN mRNA expression in WT PK-15 cells and pIFN TI GC clones 

stimulated with poly(I:C). 

a) RNA was extracted from WT PK-15 cells and pIFN TI GC-/- c1-3 cells that were either 

transfected with 4 µg of poly(I:C) and cultured for 24 hours or were harvested prior to 

transfection. The quality of the extracted RNA was analysed using an Agilent Technologies 
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2200 Tapestation System and RNA ScreenTape. Samples highlighted in light grey have a RIN 

value ˃8.0. Samples highlighted in medium grey have a RIN value between 6.5-8.0. Samples 

highlighted in dark grey have a RIN value below 6.5. b) 1% TAE agarose gel of all 12 of the 

poly(I:C) treated and WT-1 and pIFN TI GC-/- c3 of the untreated RNA samples in a). c-f) 2% 

TAE agarose gel showing the resolved products from PCR amplifications using cDNA 

synthesised from the RNA in a) as a template and Platinum™ SYBR™ Green qPCR 

SuperMix-UDG. -ve C is a no template control from the cDNA synthesis (n=1). The PCR 

primers used were c) pTBP1 qPCR PrP (153 bp), d) pYWHAZ qPCR PrP (203 bp), e) pIFNA 

qPCR PrP (111 bp), and f) pIFNB qPCR PrP (147 bp). 

Enzyme-linked immunosorbent assays (ELISAs) were purchased from Abbexa to test 

for the expression of pig IFNA (catalogue number - abx154951) and IFNB (catalogue 

number - abx154952). The clones were trypsinised as described in section 2.4.4 and 

plated in triplicate in 6-well plates at a cell density of 1x106 cells/well, along with a set 

of identical 6-well plates. After 24 hours, the medium was harvested from one of the 

sets of plates and centrifuged at 16,000 x g for 10 minutes at 4 oC. The supernatant 

was frozen in 500 µl aliquots at -20 oC. The remaining wells were transfected with 

poly(I:C) using the method outlined in section 5.2.3 replacing 2.5 µg of plasmid with 

10 µg of poly(I:C) and omitting the P3000™ reagent. 24 hours post-transfection the 

medium was harvested and centrifuged at 16,000 x g for 10 minutes at 4 oC. The 

supernatant was frozen in 500 µl aliquots at -20 oC for less than a month to prevent 

degradation of the samples. 

The samples and ELISA kits were equilibrated to room temperature for 30-60 minutes 

prior to use. 1 ml of Standard Diluent Buffer was added to the lyophilised standard to 

a concentration of 2000 pg/ml and was gently agitated on a rocker at room 

temperature for 15 minutes. A 1:1 serial dilution was carried out by adding 500 µl of 

Standard Diluent Buffer to seven sterile Eppendorf tubes and then adding 500 µl of 

standard to the first tube followed by consecutive doubling dilution of the sample 

through the remaining tubes to obtain the working concentrations of 1000, 500, 250, 

125, 62.5, 31.25, 15.625 pg/ml. 

Duplicates of each standard sample and the Standard Diluent Buffer (as a negative 

control) were set up in the 96-well ELISA plate using 100 µl per well of each 

pre-prepared solution. 100 µl of the samples from the cells that were treated or 

untreated with Poly(I:C) were set up in triplicate. The plate was sealed using the plate 

seals provided in the ELISA kit and the plate was incubated at 37 oC for 1 hour. During 
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the incubation step, Detection Reagent A (100X), and Detection Reagent B (100X) 

were diluted to 1X solutions by adding 115 µl of the concentrated reagent to 11.5 ml 

of Diluent A and B respectively. 20 ml of 30X Wash Buffer was diluted in 580 ml of 

milli-Q H2O. 

The liquid was discarded from the plate and 100 µl of 1X Detection Reagent A was 

pipetted into each well before incubating the plate at 37 oC. 1 hour later, the liquid was 

again discarded from the plate and the plate was washed three times with 300 µl/well 

of 1X Wash Buffer. The plate was incubated at room temperature in the Wash Buffer 

for 90 seconds for each wash step. 100 µl of Detection Reagent B was then added to 

the plate and incubated at 37 oC for 30 minutes. 

After the liquid was discarded, the plate was washed five times with 1X Wash Buffer 

as described in the previous paragraph. Once the final wash step was completed, 

90 µl of TMB Substrate Solution was added and incubated for a further 20 minutes at 

37 oC before 50 µl of Stop Solution was added. The absorbency of the wells was 

measured immediately on a plate reader at 450 nm. 

The O.D. 450 was calculated using the following equation: 

Relative O.D. 450 = Sample O.D. 450 – Mean O.D. 450 of blank 

The relative O.D. 450 values of the standards were then plotted on a scatter graph 

and a curve of best fit calculated (Supplementary Figure A26). The equation of the 

curve of best fit was then used to calculate the concentration (pg/ml) of each sample. 

The concentration of IFNA was low in every sample, with the WT cells transfected 

with poly(I:C) having the most abundant at 22 pg/ml. The mock transfected control 

had the lowest concentration at 13.6 pg/ml. When comparing the transfected against 

the untransfected cells there was an increase of 4.5 pg/ml and 3 pg/ml in the WT and 

the IFN TI GC-/- c2 cells respectively, a decrease of 3.5 pg/ml in IFN TI GC-/- c1, and 

no change in in IFN TI GC-/- c3 (Figure 5-14a). 

The concentration of IFNB showed a similar pattern as with IFNA, with the transfected 

poly(I:C) IFN TI GC-/- c3 cells having the most abundant at 25 pg/ml whilst the 

untransfected IFN TI GC-/- c2 cells had the lowest concentration at 16.7 pg/ml. When 

comparing the transfected and untransfected cells there was an increase of 5 pg/ml, 

8 pg/ml and 4.7 pg/ml in the WT, the IFN TI GC-/- c2 cells, and the IFN TI GC-/- c3 cells 

respectively, and no change in in IFN TI GC-/- c1 cells (Figure 5-14b). 
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Figure 5-14 Type I IFN ELISAs using serum from WT PK-15 cells and pIFN TI GC-/- clones 

stimulated with poly(I:C). 

Graphs showing the concentrations (pg/ml) of a) IFNA and b) IFNB calculated from the relative 

O.D. 450 obtained from a plate reader on ELISA samples. Samples were taken at either 

0 hours or 24 hours post transfection with 25 µg of poly(I:C). Bars show the mean, minimum 

and maximum values of three technical replicates (n=1). 

5.2.6 Challenging IFN Type I GC-/- cells with Influenza A Virus 

The clones were challenged with two strains of Influenza A Virus (IAV) as we were 

interested in the effect that the IFN TI GC-/- would have on the susceptibility of PK-15 

cells to viral infection. IAV is a member of the Orthomyxoviridae family and is 

comprised of a genome of eight negative-sense ssRNA segments. The non-structural 

(NS)-segment encodes for two proteins, NS protein-1 (NS1) and nuclear export 

protein (NEP, or NS2). NS1 is involved in antagonising the immune system by 

inhibiting the synthesis of Type I IFNs and blocking the function of OAS and PKR that 
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are involved with signalling for RNA degradation through the synthesis of RNase L 

and limiting cellular and viral synthesis respectively (Hale et al. 2008). In this section, 

two strains of IAV were used to challenge the IFN TI GC-/- PK-15 cells: the A/Puerto 

Rico/8/1934 H1N1 (PR8), and a PR8 strain with modifications to the NS1 protein 

(R38A/K41A) that are essential to the inhibition of the TI IFN response (NS1 R38A/K41A) 

(Donelan, Basler and García-Sastre 2003). 

As IAV infects Madin-Darby canine kidney (MDCK) cells well, they were infected 

alongside the IFN TI GC-/- and WT PK-15 cells as a positive control as described in 

section 2.7.1. The harvested medium from the infected cells was then used in plaque 

assays to calculate viral titre as described in section 2.7.2. Results from the PR8 strain 

infections showed that the mean viral titres in WT and IFN TI GC-/- c1 and c2 PK-15 

cells increased 7.2 - 9.7-fold between 24 and 48 hpi. IFN TI GC-/- c3 mean viral titre 

showed a 50-fold increase between 24 and 48 hpi whereas MDCK cells showed a 

0.7-fold decrease in mean viral titre. There was no significant difference in viral titre 

between the WT PK-15 cells and the IFN TI GC-/- clones at either the 24 or 48 hpi 

timepoints when analysed by one-way ANOVA. However, there was a log-fold 

difference between the MDCK cells and the all the PK-15 cell populations at the 48 

hpi timepoint (Figure 5-15a). 

When infected with NS1 R38A/K41A, the viral titre also increased between the 24 and 

the 48 hpi timepoints in all the PK-15 cells. Unlike the PR8 virus, the viral titre within 

NS1 R38A/K41A infected MDCK cells also increased at 48 hpi.  When the IFN TI 

GC-/- clones were compared to WT PK-15’s there was no statistically significant 

difference in the mean viral titre at 24 hpi when analysed by one-way ANOVA. At 

48 hpi, all three IFN TI GC-/- clones showed a statistically significant (p=<0.0001; n=3) 

6 - 10-fold increases in mean viral titre when compared to the NS1 R38A/K41A-infected 

WT cells (Figure 5-15b). 
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Figure 5-15 Viral titres obtained from WT PK-15 cells and pIFN TI GC-/- clones infected 

with IAV. 

Plaque assays were performed on MDCK cells using medium harvested from cells that were 

either infected or mock infected with a) the PR8 strain of IAV, and b) the NS1 R38A/K41A strain 

of IAV. The cells infected were WT PK-15 cells, pIFN TI GC-/- c1-3, and MDCK cells. Mock 

infections of both PK-15 cells and MDCK cells were performed as a negative control. Error 

bars show minimum and maximum values. Statistical analyses were carried out by one-way 

ANOVA against the WT PK-15 infection condition. * denotes a p value <0.0001 where n=3. 

5.2.7 Challenging IFN Type I GC-/- cells with FMDV replicons 

All transfections in this section were carried out on 2x105 PK-15 cells/well on 24-well 

plates using Lipofectamine™ 3000 Reagent as described in section 5.2.3. For 

poly(I:C) transfections, the stated amount of poly(I:C) was pipetted into 25 µl of 
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Opti-MEM™ media. Replicon transfections were carried out by pipetting 500 ng of 

FMDV replicon RNA in 25 µl of Opti-MEM™. 

The replicon plasmids were synthesised as described in section 2.7.3 by Dr Fiona 

Tulloch at the University of St Andrews. The quality of the synthesised RNA was 

analysed by resolving 1 µl of the products on a 1% TAE agarose gel. When imaged 

under a UV light, a single product was observed in each synthesis reaction 

(Supplementary Figure A27). The concentration of the RNA was calculated using a 

Quantus™ Fluorometer as described in section 2.7.3. 

The FMDV replicons used in this section included a WT replicon (pPT-GFP), two 

replication-incompetent versions; one of which lacked the Lpro (pLA-pPt-GFP), and a 

second which contains a mutation within the active site of 3Dpol (pPt-GFP-GNN). A 

final replicon was used that has been shown to recover the replication capabilities of 

pLA-pPt-GFP by exchanging the FMDV 2Apro for the 2Apro from Enterovirus E (formally 

bovine enterovirus, or BEV; BEV2A-GFP). The number of cells showing replication 

activity was measured using total green object count. The mean level of replication 

within each cell was measured using average green object mean intensity (GCU), 

while the total level of replication within the well was measured by the total green 

object integrated intensity (GCU x µm²/Image).  

To investigate whether the FMDV replicon system worked within PK-15 cells, WT 

PK-15 cells were either mock transfected, or transfected with a panel of FMDV 

replicons in triplicate 28-hours after being plated in 24-well plates. The wells were 

analysed for GFP expression every hour for a total of 22 hours. The values for green 

object count, GCU, and GCU x µm²/Image all showed the same trend, with the 

readouts being lowest for the mock infected cells, and highest for the pPT-GFP 

replicon. The pLA-GFP and pPt-GFP replicons both replicated at levels that were only 

slightly higher than the mock infected condition, whereas the replication ability of the 

BEV2A replicon had recovered to approximately 70% of the replication activity 

recorded in the pPT-GFP replicon when looking at total green object integrated 

intensity. The total green object count of BEV2A-GFP was similar to pPT-GFP at 

93.4% (Figure 5-16a-c). 

Once the replicon was shown to work as expected in PK-15 cells, different methods 

and concentrations of poly(I:C) were used to investigate the effect that they had on 

the replication kinetics of the FMDV replicon. We used an FMDV replicon with 
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mutations to the sequence for the RNA secondary structure stem-loop 8 

(SL8-pPT-GFP) which exhibited similar replication kinetics in BHK cells to pPT-GFP 

when previously tested by Dr Fiona Tulloch (unpublished data). Initial tests of the 

effect that poly(I:C) treatment has on SL8-pPT-GFP were performed in conjunction 

with the replicon work described in the previous paragraph. WT PK-15 cells were 

plated in 24-well plates and incubated at 37 oC in 5% CO2. After 22 hours, the medium 

was aspirated from all the wells and replaced with 300 µl of medium containing either 

0, 10 or 100 µg/ml of poly(I:C) in triplicate. The wells that contained medium with 

0 µg/ml of poly(I:C) were transfected with 2 µg of poly(I:C) as described in section 

5.2.3. After 3 hours, the medium was aspirated from all the wells and the cells washed 

three times with 500 µl of DBPS. After the final wash, 500 µl of Fluoro-brite™ medium 

containing 2% FBS was pipetted into each well and the cells were incubated at 37 oC 

in 5% CO2 for 3-4 hours. Following the incubation step, the cells were transfected with 

500 ng of SL8-pPT-GFP and analysed for GFP fluorescence as described in section 

2.7.3. 

Initial tests showed that SL8-pPT-GFP replication was reduced by 88-90% when 

cultured in medium treated with poly(I:C) compared to the condition that was 

transfected with 2 µg of poly(I:C). This was surprising since previous results showed 

that PK-15 cells showed greater protection when transfected with poly(I:C) when 

compared to using medium containing poly(I:C) (section 5.2.4). Further testing of the 

transfected poly(I:C) conditions were performed transfecting WT PK-15 cells with 5, 

7.5 or 10 µg of poly(I:C) as previously described. Some wells were treated with 

reduced growth medium containing 10 µg/ml of poly(I:C) so that the previous results 

could be compared to the new data. Wells containing 0 or 10 µg/ml of poly(I:C) were 

mock transfected to investigate if there was a difference in replication as a result of 

cells being transfected twice in a 6-hour period. All conditions were tested in triplicate 

and incubated at 37 oC in 5% CO2. Following transfection, the cells were treated as 

described in the initial SL8-pPT-GFP experiments. The results between the two 

poly(I:C) tests were standardised by calculating fold change against the 10 µg/ml 

condition. 

The green object count showed a 15.4% reduction on the mean number of fluorescent 

cells when the cells were mock transfected 6-7 hours prior to being transfected with 

the SL8-pPT-GFP when compared to the poly(I:C) untreated cells transfected with 

SL8-pPT-GFP. The cells that were transfected with 2 µg of poly(I:C) showed the 
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smallest reduction in green object count with a mean decrease of 2.8%, while the cells 

transfected with 5, 7.5, and 10 µg of poly(I:C) showed a 91-91.5% decrease when 

compared to the poly(I:C) untreated cells. Cells that were treated with medium 

containing poly(I:C) at 10 or 100 µg/ml showed an 88% reduction in total green object 

count. However, cells that were treated with medium containing poly(I:C) at 10 µg/ml 

and mock transfected 6-7 hours prior to being transfected with SL8-pPT-GFP showed 

the largest decrease in green object count compared to the poly(I:C) untreated 

condition at 94.1% (Figure 5-16d). 

The GCU showed no difference when the cells were mock transfected 6-7 hours prior 

to being transfected with the SL8-pPT-GFP when compared to the poly(I:C) untreated 

cells transfected with SL8-pPT-GFP. The cells that were transfected with 2 µg of 

poly(I:C) showed the smallest reduction in GCU with a mean decrease of 27.5%, while 

the cells transfected with 5, 7.5, and 10 µg of poly(I:C) showed a 52.5-54.9% decrease 

when compared to the poly(I:C) untreated cells. Cells that were treated with medium 

containing poly(I:C) at 10 or 100 µg/ml showed a 47.7% and a 54.0% reduction in 

total GCU respectively. Cells that were both treated with medium containing poly(I:C) 

at 10 µg/ml and mock transfected 6-7 hours prior to being transfected with 

SL8-pPT-GFP showed a similar GCU as the 10 µg/ml poly(I:C) treated cells with a 

44.3% decrease compared to cells transfected with only SL8-pPT-GFP (Figure 

5-16e). 

The GCU x µm²/Image showed a 9.2% reduction on the mean number of fluorescent 

cells when the cells were mock transfected 6-7 hours prior to being transfected with 

the SL8-pPT-GFP when compared to the poly(I:C) untreated cells. The cells that were 

transfected with 2 µg of poly(I:C) showed a reduction in total green object integrated 

intensity of 19.7%, while the cells transfected with 5, 7.5, and 10 µg of poly(I:C) 

showed a 97% decrease when compared to the poly(I:C) untreated cells transfected 

with SL8-pPT-GFP. Cells that were treated with medium containing poly(I:C) at 10 or 

100 µg/ml showed an 90-91% reduction in total green object integrated intensity. 

However, cells that were both treated with medium containing poly(I:C) at 10 µg/ml 

and mock transfected 6-7 hours prior to being transfected with SL8-pPT-GFP showed 

the largest decrease in total green object integrated intensity compared to the 

poly(I:C) untreated condition at 97.5% (Figure 5-16f). In subsequent experiments, 

growth medium treated with 10 µg/ml of poly(I:C) was used to stimulate the type I IFN 

response. 
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Figure 5-16 Replication kinetics of FMDV replicons transfected in WT PK-15 cells. 

a-c) Graphs showing the replication kinetics over a 22 hour period of each FMDV replicon 

utilised in the study within WT PK-15 cells measuring the a) green object count, b) average 

green object mean intensity, and c) total green object integrated intensity. d-f) show the d) 

green object count, e) average green object mean intensity, and f) total green object integrated 

intensity measured at 18 hours post-transfection while testing the effect of poly(I:C) 

concentration and treatment methods on the replication kinetics of pSL8-pPT-GFP. Bars show 

the mean, minimum, and maximum values of three technical replicates (n=1). 

WT PK-15 cells and the IFN TI GC-/- c1-3 populations were plated onto 24-well plates. 

20 hours later, the cells were transfected with the replicons, and analysed as 

described in section 2.7.3. In order to standardise the results between repeats, the 

values were measured as fold change against pPT-GFP in WT-PK-15 cells. The 

results showed that all three IFN TI GC-/- clones showed the same overall trend as the 

WT PK-15 cells in green object count, average green object mean integrated intensity, 

and total green object integrated intensity when untreated with poly(I:C) for all four 

FMDV replicons (Figure 5-17a-c). Replications kinetics of pPT-GFP and BEV2A in WT 

PK-15 cells decreased to similar levels to the replication incompetent replicons for all 

three values when treated with poly(I:C). However, they were able to replicate 

efficiently in all three IFN TI GC-/- clones (Figure 5-17d-f).  
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Figure 5-17 Replication kinetics of FMDV replicons in WT PK-15 cells and pIFN TI GC-/- 

clones. 

Graphs showing GFP measurements taken at 18 hours post-transfection with all four replicons 

in WT-PK-15 cells and pIFN TI GC-/- c1-3 which were either a-c) untreated or d-f) treated with 

10 mg/ml poly(I:C) 6 hours prior to transfection. Graphs show a & d) the green object count, b 

& e) the average green object mean intensity, and c & f) the total green object integrated 

intensity. Statistical analysis carried out by one-way ANOVA against the measurements taken 

from the WT PK-15 cells transfected with the same replicon. *** denotes p=<0.0001, 

** p=<0.0005, and * p=<0.05 where n=3. 

5.2.7.1 Analysing pPT-GFP replication kinetics in IFN TI GC-/- PK-15 cells 

When untreated WT and IFN TI GC-/- PK-15 cells transfected with pPT-GFP were 

compared, a statistically significant increase in IFN TI GC-/- c3 in green object count 

was observed when measured against WT PK-15 cells by 2-way ANOVA (p=0.0029; 

n=3). When comparing the treated cells, there was a statistically significant increase 

in all IFN TI GC-/- clones compared to WT PK-15 cells (IFN TI GC-/-c1 – p=0.0143; IFN 

TI GC-/- c1 – p=0.0004, and IFN TI GC-/- c3 – p=<0.0001; n=3). There was a 10-25% 

decrease in mean green object count when the IFN TI GC-/- clones were treated with 

poly(I:C) when compared to their untreated counterparts while treated WT cells 

showed a 77.4% decrease (Figure 5-18a). 

A similar trend was seen in the average green object mean intensity, with a statistically 

significant difference being observed when IFN TI GC-/- c3 cells were compared to 

WT PK-15 cells by 2-way ANOVA (p=0.0138; n=3). There was no statistically 

significant difference between IFN TI GC-/- c1 or c2 when compared to WT PK-15 

transfected with pPt-GFP. The treated IFN TI GC-/- clones all showed statistically 

significant increases in average green object mean intensity compared to WT PK-15 

cells treated with poly(I:C) (p=˂0.0001; n=3). There was a 56.7% decrease in average 

green object mean intensity when WT cells were treated with poly(I:C). In comparison, 

there was a 4% increase in treated IFN TI GC-/- c1 cells, a decrease of 2% in treated 

IFN TI GC-/- c2 cells, and a 1.5% decrease in treated IFN TI GC-/- c3 cells transfected 

with pPT-GFP (Figure 5-18b). 

In a similar trend to the green object count values, untreated IFN TI GC-/- c3 cells 

transfected with pPT-GFP showed a statistically significant increase in total green 

object integrated intensity compared to WT PK-15 cells when analysed by 2-way 

ANOVA (p=0.0298; n=3).  There was no statistically significant difference between the 
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untreated WT PK-15 cells and IFN TI GC-/- c1 and c2. In the poly(I:C)-treated groups, 

there was a statistically significant increase between IFN TI GC-/- c3 (p=0.0133; n=3) 

when compared to WT PK-15 cells. There was no statistically significant difference 

between the Poly(I:C)-treated WT PK-15 cells and IFN TI GC-/- c1 and c2. There was 

a 96% decrease in total green object integrated intensity when WT cells were treated 

with poly(I:C) when compared to the untreated group. The three IFN TI GC-/- clones 

saw decreases of 24.5%, 16%, and 33.5% respectively when transfected with pPT-

GFP (Figure 5-18c). 
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Figure 5-18 pPT-GFP replication kinetics in WT PK-15 cells and pIFN TI GC-/- clones. 

Graphs showing GFP measurements taken at 18 hours post-transfection with pPT-GFP in 

WT-PK-15 cells and pIFN TI GC-/- c1-3 which were either untreated or treated with 10 mg/ml 

poly(I:C) 6 hours prior to transfection. Graphs show a) the green object count, b) the average 

green object mean intensity, and c) the total green object integrated intensity. Statistical 

analysis carried out by two-way ANOVA against the measurements taken from the WT PK-15 

cells (n=3). 

5.2.7.2 Analysing BEV2A replication kinetics in IFN TI GC-/- PK-15 cells 

Unlike pPT-GFP, when untreated WT and IFN TI GC-/- c3 PK-15 cells transfected with 

BEV2A were compared, there was no statistically significant difference in green object 

count observed between the IFN TI GC-/- clones and WT PK-15 cells when analysed 

by 2-way ANOVA. When comparing the treated cells, there was a statistically 

significant increase in only IFN TI GC-/- c1 when compared to the WT PK-15 cells 

(p=0.429; n=3). There was an 86.7% decrease in mean green object count when WT 

cells were treated with poly(I:C) compared to untreated cells. When compared to their 

untreated counterparts, there was a decrease of 30% in treated IFN TI GC-/- c1 cells, 

15.3% in treated IFN TI GC-/- c2 cells, and 33.6% in treated IFN TI GC-/- c3 cells 

transfected with BEV2A (Figure 5-19a). 

When average green object mean intensity was measured in untreated cells 

transfected with BEV2A, there was a statistically significant increase observed in IFN 

TI GC-/- c3 when compared to WT PK-15 cells when analysed by 2-way ANOVA 

(p=0.0352; n=3). There was no statistically significant difference between IFN TI GC-/- 

c1 or c2 when compared to untreated WT PK-15 cells transfected with BEV2A. The 

treated IFN TI GC-/- clones all showed a statistically significant increases in average 

green object mean intensity compared to WT PK-15 cells treated with poly(I:C) 

(p=˂0.0001; n=3). There was a 67.6% decrease in average green object mean 

intensity when WT cells were treated with poly(I:C) compared to untreated cells. When 

compared to their untreated counterparts, there was a decrease of 5.2% treated IFN 

TI GC-/- c1 cells, 9% in treated IFN TI GC-/- c2 cells, and 18.6% in treated IFN TI GC-

/- c3 cells transfected with BEV2A (Figure 5-19b). 

None of the IFN TI GC-/- clones showed a statistically significant increase in total green 

object integrated intensity compared to WT cells when analysed by 2-way ANOVA 

(n=3) in either the Poly(I:C)-treated or untreated conditions. There was a 97% 

decrease in total green object integrated intensity when WT cells were treated with 
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poly(I:C) when compared to the untreated group. All three IFN TI GC-/- clones in the 

poly(I:C)-treated group saw decreases of 34.7%, 27.1%, and 52.2% respectively 

when transfected with BEV2A when compared to their untreated counterparts (Figure 

5-19c). 
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Figure 5-19 BEV2A replication kinetics in WT PK-15 cells and pIFN TI GC-/- clones. 

Graphs showing GFP measurements taken at 18 hours post-transfection with BEV-2A in WT-

PK-15 cells and pIFN TI GC-/- c1-3 which were either untreated or treated with 10 mg/ml 

poly(I:C) 6 hours prior to transfection. Graphs show a) the green object count, b) the average 

green object mean intensity, and c) the total green object integrated intensity. Statistical 

analysis carried out by two-way ANOVA against the measurements taken from the WT PK-15 

cells (n=3). 

 



 

280 
 

5.3 Discussion 

5.3.1 The efficiency of CRISPR/Cas9 in generating large scale deletions  

By using a pair of sgRNAs, CRISPR/Cas9 has been reported to be capable of deleting 

sections of DNA up to 1 Mb in length in both mammalian cells and mouse lines (He 

et al. 2015, Korablev, Serova and Serov 2017). Recently, there have been reports 

that larger deletions of up to 5 Mb have been obtained in mice by using a donor HDR 

plasmid alongside a pair of sgRNA and Cas9 protein in mouse embryos which allows 

a controlled joining between the target regions of the sgRNA (Kato et al. 2017). Initial 

attempts to generate PK-15 cells with a homozygous 700 kb deletion were tested 

using four sgRNAs as deletion efficiency has been reported to double when two pairs 

of sgRNAs are used instead of one (Han et al. 2014).  However, in this study none of 

the clones analysed after transfection with 4 guides were identified as being 

homozygous. This could be a result of inversion events occurring during repair as the 

deleted fragment is likely to remain in proximity to the site of the ds break with it being 

a large fragment of DNA. When four active CRISPR/Cas9 complexes are introduced 

into the cell there is a greater risk of off-target events occurring with the introduction 

of more CRISPR/Cas9 complexes as a result increasing the risk of integration events 

occurring. 

When the transfections were repeated using a single pair of guides, 3 clones were 

obtained with a homozygous deletion efficiency of 0.58%. Although the deletion 

efficiency appears low at first, it is important to consider that the true deletion 

efficiency is unknown since the spanning PCR failed to amplify in a consistent 

manner. Also, it is important to note that the transfected guide pair was not chosen by 

deletion frequency due to time constraints. However, as previous studies have 

suggested that deletion efficiency for large scale deletions around 1 Mb have been 

between 1-10%, the low number of homozygous clones obtained was expected (He 

et al. 2015). 

5.3.2 Poly(I:C) stimulation of PK-15 cells 

TLR3 recognises and binds to extracellular poly(I:C) (Zhou et al. 2013). This means 

that PK-15 cells must express TLR3 as they are able to mount an immune response 

when stimulated with poly(I:C). During the EMCV/PIV infection assays, it was shown 

that poly(I:C) mounted a stronger response when transfected into PK-15 cells rather 

than treating medium with either 10 or 100 µg/ml of poly(I:C). Although the level of 
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protection provided by using a passive method of stimulation with poly(I:C) was lower, 

it was still sufficient to protect PK-15 cells during the infection stage. However, 

whether the stronger response from transfecting poly(I:C) into the cells was through 

increased production and secretion of IFN or an alternative pathway involved in the 

innate immune response is unclear. By testing the expression of key proteins including 

IFNA, IFNB, and NF-κB-associated chemokines through qPCR, ELISA, and Western 

Blot it should be possible to deduce if the Type I IFNs were solely responsible for the 

response. 

While testing the IFN TI GC-/- clones for IFNA and IFNB mRNA expression, it was 

noted that the RNA from the populations stimulated with poly(I:C) were of a 

consistently lower quality than those that were untreated with poly(I:C). As both 

populations had been immediately frozen on the plates at -80 oC in trizol and left 

overnight prior to carrying out RNA extraction together, it is unlikely that technical 

errors during the extraction process were responsible for the RNA being of poor 

quality. Instead, we hypothesise that the lower quality of the RNA was a result of the 

ability of poly(I:C) to also upregulate the expression of OAS through activation of IFN-γ 

(St Paul et al. 2012). The main function of OAS is to activate the endoribonuclease 

RNase L, which is capable of degrading both viral and host RNA. This indiscriminate 

degradation of RNA by RNase L plays an important role in limiting viral protein 

production (Kumar, Zhang and Yu 2006). By testing for OAS expression by RT-PCR 

or qPCR on the RNA samples in section 5.2.5, it would be possible to test whether 

the lowered RNA quality observed in the treated cells was a result of increased OAS 

expression. 

The RT-PCRs on the IFN TI GC-/- clones transfected with poly(I:C) showed no 

presence of IFNA or IFNB, suggesting that the deletion was successful. However, the 

ELISAs suggested that there were similar quantities of IFNA and IFNB within the 

supernatant of the WT PK-15 cells and the IFN TI GC-/- clones. As there was only a 

small difference in absorption between the negative control and the standards at the 

lowest concentrations, there was very little margin for error. This meant that it was 

difficult to determine whether the results were due to presence of the IFN proteins 

within the samples or user error. To determine whether the ELISA results were a true 

representation of the IFNA and IFNB expression in PK-15 cells, it would be useful to 

carry out a similar infection assay as the EMCV/PIV co-infection assay described in 

section 5.2.4 using supernatant from all three IFN TI GC-/- clones alongside WT PK-15 
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cells. It would also be beneficial to make our own pig IFNA and IFNB ELISA plates 

using reagents that have been previously reported to compare to the results obtained 

from the Abbexa kits (Loving et al. 2006, Souza et al. 2007).  

5.3.3 The Role of the IFN Type I Response in IAV Infection 

Normally, IAV is not very susceptible to Type I IFNs due to the role that NS1 plays in 

silencing the IFN response in early stages of infection (Donelan et al. 2003). This is 

further supported by there being no significant difference in viral titres when WT and 

IFN TI GC-/- PK-15 cells are infected with the PR8 strain of IAV. The NS1 R38A/K41A 

strain is an attenuated form of PR8 that lacks normal NS1 function in inhibiting the 

production of host IFN due to R38A/K41A mutations (Hale et al. 2008). Due to these 

particular mutations, the statistically significant increase in viral titre in the IFN TI GC-

/- clones compared to WT PK-15 cells was expected and confirmed that the clones 

behaved differently to WT cells when infected with IFN-sensitive viruses. 

Although the viral titres of the PR8 infections showed no significant different between 

the WT PK-15 cells and the pIFN TI GC-/- clones, it would be interesting to investigate 

the effect that the deletion had on serial infections with PR8. As IAV proteins that are 

usually involved in silencing the immune response would become redundant within 

the viral replication cycle, we hypothesise that serial infection of the pIFN TI GC-/- 

clones would lead to an increased production of attenuated viruses. If this hypothesis 

is correct then the pIFN TI GC-/- clones could be a useful cell line for live attenuated 

viral vaccine production and to investigate residues and proteins that are important in 

successful viral infection. 

MDCK cells are commonly used in IAV research due to them being highly efficient at 

propagating IAV. When viral titres were compared, the titres from the WT and IFN TI 

GC-/- PK-15 cells infected with PR8 were higher or equivalent to the MDCK cells at 

24 hpi. At 48 hpi, the titres from all the PK-15 cells were higher than the MDCK cells. 

However, the significance of these results is unclear due to few biological replicates 

being carried out on the MDCK cells compared to the WT and IFN TI GC-/- PK-15 

cells. If the PK-15 cells continued to be able to propagate virus at increased titres 

compared to MDCK cells, then it may increase the potential application of the IFN TI 

GC-/- PK-15 clones in attenuating IAV strains for vaccine production purposes. 
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5.3.4 The Role of the IFN Type I Response in FMDV Replication 

The FMDV replicon is a robust, non-infectious replication system that allows the user 

to investigate FMDV replication kinetics outside of Cat 4 labs in the UK. Despite PK-15 

cells being commonly used to investigate FMDV infection in China (Li et al. 2017, 

Zhang et al. 2018, Zhu et al. 2017) there are no publications showing the use of the 

FMDV replicon in PK-15 cells. This work shows that WT PK-15 are able to replicate 

the pPt-GFP and BEV2A FMDV replicons efficiently under normal conditions. 

Attenuation of leaderless FMDV strains when compared to WT strains (Brown et al. 

1996, Zhu et al. 2010) is thought to be due to the role that Lpro plays in silencing the 

Type I IFN response (de Los Santos et al. 2006, de Los Santos et al. 2007, Grubman 

et al. 2008). As a result, it is believed that leaderless FMDV will be attenuated in Type 

I IFN competent cells while being recovered in Type I IFN incompetent cells. However, 

when WT PK-15 cells and the IFN TI GC-/- cells were transfected with the 

pLA-pPT-GFP FMDV replicon, there was no significant difference in replication 

kinetics between the cells. This suggests that there may be other pathways that are 

responsible for the attenuation either in full or in conjunction with the Type I IFNs. 

The replicon system is a closed, non-infectious system, which only shows the 

replication kinetics in the cells that were successfully transfected whereas during viral 

infection, the virus would spread to other cells following replication. This is problematic 

in measuring the full effect of the Type I IFNs on FMDV replication as it would only 

measure the short-term effect of Type I IFNs within the stimulated cells rather than 

the effect on the population as a whole. As a result, we hypothesised that there would 

be no significant difference between FMDV replication kinetics in WT PK-15 cells 

compared to the IFN TI GC-/- cells if the immune system was not stimulated prior to 

transfection. When analysed, IFN TI GC-/- c3 transfected with pPT-GFP and BEV2A 

consistently showed a significant increase in replication kinetics when compared to 

WT PK-15 cells. However, we suspect that those results are due to individual 

variations within the clone that may lead to increased levels of replication such as 

being more susceptible to transfection rather than it being a result of the KO since the 

same trend was not observed in the other clones. 

While testing which methods of poly(I:C) were more effective, we found that there was 

no significant difference in the replication kinetics of SL8-pPt-GFP when transfected 

into WT PK-15 cells grown in medium containing either 100 or 10 µg/ml of poly(I:C). 

When taken into account with the EMCV/PIV infection assay which suggested that 
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there were higher levels of Type I IFNs produced from the 100 µg/ml condition, there 

could be a saturation threshold in the ability of Type I IFNs to provide protection from 

FMDV replication. This is similar to observations made in bovine cells that showed 

that dosages of 100 U of either bovine IFNA, IFNB, or IFN-γ prior to FMDV infection 

led to no further enhancement of ISG production when compared to cells treated with 

50 U of the chemokines (Díaz-San Segundo et al. 2011).  

There was a decrease in the level of replication observed between the cells that were 

transfected with ≥5 µg of poly(I:C) when compared to cells grown in medium 

containing 10 µg/ml of poly(I:C). However, it is unlikely that these results were due to 

the increased levels of Type I IFNs gained from transfecting cells that was observed 

in the EMCV/PIV assay because of the saturation of Type I IFNs leading to a 

stagnation in protection against FMDV replication as discussed earlier in this section. 

Rather, as mock transfected controls treated with 10 µg/ml of poly(I:C) showed lower 

replication kinetics than any of the poly(I:C) transfected populations, we propose that 

the decrease was a result of lowered cell fitness following transfection with poly(I:C) 

that impacted on the transfection and replication of the FMDV replicon. Although 

lipofectamine 3000™ appears to have low levels of cytotoxicity on PK-15 cells when 

observed under a bright-field microscope, a study using two Lipofectamine 

reagents – RNAiMAX, and LTX – have been shown to significantly decrease the 

proliferation of cells following transfection (Antczak et al. 2014). Advice from Thermo 

Fisher states that actively dividing cells are more capable of taking up foreign nucleic 

acids than cells that are quiescent. Therefore, it is reasonable to believe that a 

decrease in proliferation could lead to a decrease in transfection efficiency when cells 

are transfected twice in a period of 6 hours. In order to confirm that this was the driving 

factor for the decrease in replication kinetics, it would be useful to carry out growth 

curves following transfection of PK-15 cells by Lipofectamine 3000™. Alongside 

growth curves, analysis of the cells for stress markers such as Heat-shock protein 1 

would be important as stress could also lead to a decrease in transfection efficiency 

during the second round of transfections. This would also be important in testing 

whether the decrease in FMDV replication kinetics in cells that were mock transfected 

with poly(I:C) was due to either decreased stability of mRNA within the cells, or 

changes within gene expression driven by stress or cell quiescence (Anderson and 

Kedersha 2002, Jennings et al. 2017, Johnson, Robinson and Coller 2017).  
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When the pIFN TI GC-/- clones were transfected with pPt-GFP and BEV2A, the 

poly(I:C) groups showed a reduction in average green object mean intensity when 

compared to the untreated populations. This suggests that there is another immune 

response pathway being stimulated by the poly(I:C) such as OAS, NF-κB or STAT1 

phosphorylation through IFN-γ expression which is leading to inhibition of replication 

(Dempoya et al. 2012, Lundberg et al. 2007, Kumar et al. 2006, Wu et al. 2014b). 

However, as the replication levels in the treated pIFN TI GC-/- clones were significantly 

higher compared to treated WT PK-15 cells it suggests that Type I IFNs play a larger 

role in suppressing FMDV replication compared to other pathways stimulated by 

poly(I:C). 

Interestingly, there have been suggestions that the attenuation of leaderless FMDV is 

due to the role of Lpro in inhibiting the Type I IFN response (Brown et al. 1996, Zhu et 

al. 2010). If this were the case then we would expect to see a difference in replication 

kinetics between the WT PK-15 cells and the pIFN TI GC-/- clones that were poly(I:C) 

treated. Instead, no significant difference was noted during our analysis suggesting 

that the role of Lpro in cleaving eIF4G to shut down cap-dependent protein synthesis 

(Devaney et al. 1988, Medina et al. 1993) may be more important during the initial 

stages of FMDV infection. It would be valuable to infect both WT PK-15 cells and the 

pIFN TI GC-/- clones with leaderless strains of FMDV to investigate whether the virus 

is more viable within the interferon incompetent cells and compare them to BHK cells 

which are known to be capable of producing leaderless FMDV (Belsham 2013). 
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6 Discussion 

Costing an estimated $5 billion globally each year (Knight-Jones and Rushton 2013), 

FMD is an economically important disease of cloven-hooved livestock. The main 

pathology of the disease is the formation of acute vesicular lesions between the toes 

and in the oral cavity of infected animals. Although mortality is often low in infected 

adult animals, there is a loss of productivity associated with the disease including 

decreased milk production (Bayissa et al. 2011), weight loss (Rufael et al. 2008), and 

a decrease in draught power of animals following infection (Bayissa et al. 2011, James 

and Rushton 2002). 

The causative agent of FMD is the prototypical member of the Aphthovirus genus of 

the Picornavirus family, FMDV. FMDV has been reported to be capable of infecting 

over 100 different mammalian species either naturally or experimentally, including 

water buffalo, Asiatic bears, and the brown rat (Officer et al. 2014, Weaver et al. 

2013). Although most strains are capable of infecting a number of different host 

species, certain strains of virus have been reported to show specificity for certain 

species (Dunn and Donaldson 1997), as well as different levels of virulence between 

species (Alexandersen and Mowat 2005, Sellers and Gloster 2008). Similarly, the 

ability of the virus to persist in a host varies widely between no carrier stage being 

observed in pigs to virions being isolated from individuals from 9 months to at least 

5 years after infection in small ruminants and African buffalo respectively (Condy et 

al. 1985, McVicar and Sutmoller 1968). 

The FMDV genome is 8400 nucleotides in length and consists of a 5’-UTR, a single 

ORF, and a 3’-UTR. The ORF is self-cleaved into 4 structural, and 11 non-structural 

proteins upon translation. There are seven serotypes of FMDV that share between 

60 – 70% sequence homology, with the VP1 structural protein showing the highest 

level of variation between the serotypes. As an RNA virus, FMDV has a high mutation 

rate of 10−3 to 10−5 mutations per nucleotide per replication cycle (Grubman and Baxt 

2004), which leads to an average of 0.1 – 10 mutated bases when compared to the 

parental genome (Haydon, Samuel and Knowles 2001). It is this high rate of mutation 

that makes it difficult to develop successful vaccination strategies. There are currently 

no developed vaccines that provide cross-protection between the serotypes 

(Cartwright, Chapman and Sharpe 1982) and the antigenic variation can be significant 
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enough that vaccinations may only provide partial protection to an emerging strain of 

the same serotype (Mattion et al. 2004). 

Currently, the only other control method for FMDV is the mass culling of infected 

herds. Although highly effective, this method is not practical for countries where FMDV 

is endemic in due to the high costs associated with the loss of the animals that they 

heavily rely on for food. Due to the issues associated with the current control methods 

in place for FMDV, more effective systems need to be developed in order to control 

and potentially eradicate the virus globally. With little progress being made in 

developing a more effective vaccine strategy that offers protection between the 

serotypes, researchers are beginning to look at the use of genome editors such as 

CRISPR-Cas9 to generate host species that are resistant or resilient to the virus.  

Since the first reports of CRISPR-Cas9 being used as a programmable genome editor 

in mammalian cells were published (Cong et al. 2013, Mali et al. 2013b), its use in 

scientific research has increased exponentially. Although gene editing was already 

possible through the use of ZFNs and TALENs, the versatility of the CRISPR-Cas9 

system and the speed in which multiple sgRNAs can be synthesised has led to it being 

adopted more readily. 

Recently, gene edited pigs generated by researchers at The Roslin Institute have 

been reported to be resistant to PRRSV (Burkard et al. 2018). This research is a clear 

indication of the potential of genome editors to improve animal welfare by reducing 

the incidence of common diseases within livestock. The over-arching aim of this 

project was to screen potential targets within the host, with a particular focus on the 

entry receptors that bind to FMDV, that could be edited using CRISPR-Cas9 in order 

to generate resistance to FMDV. 

6.1 Investigating the role of integrin αVβ6 in FMDV entry 

60 copies of each of the four structural proteins of FMDV form an icosahedral capsid 

structure that packages the viral RNA to form FMDV virions. One of the structural 

proteins, VP1, contains a GH-loop that encodes for a conserved RGD-motif that binds 

to RGD-binding integrins during viral entry. Integrins are a group of heterodimeric 

cell-surface receptors that consist of an α- and a β-subunit. Each subunit consists of 

an extracellular head region, a transmembrane domain, and a cytoplasmic domain. 

There are 24 known tissue-specific heterodimer combinations of integrins that are 

grouped according to the ligand that they bind to: the leukocyte-specific integrins, the 
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laminin-binding integrins, the collagen-binding integrins and the RGD-binding 

integrins. 

Although all 8 RGD-binding integrins recognise the same motif, each are capable of 

distinguishing between ligands and responding accordingly (Plow et al. 2000). FMDV 

is known to be capable of binding to four of the RGD-binding integrins to gain entry 

into host cells: αVβ1, αVβ3, αVβ6, and αVβ8. Of these four, integrin αVβ6 is predicted to 

be the main entry receptor of the virus during infection in vivo due to it being the only 

constitutively expressed integrin in tissues that are commonly infected by FMDV. We 

hypothesised that species-specific differences within integrin αVβ6 could be 

responsible for the differences in susceptibility observed with different strains of 

FMDV. 

The human colon adenocarcinoma cell line SW480 has been described to be 

non-permissive to FMDV unless it is transduced with an integrin β subunit that can 

bind the virus such as integrin β6 (Jackson et al. 2000b, Miller et al. 2001) or integrin 

β8 (Jackson et al. 2004). In chapter 3, we designed guides to attempt to knock out 

integrin αV in SW480 cells in order to transduce them with the full-length transcripts of 

integrin αVβ6 from different species to investigate whether there was any difference in 

binding-specificity to RGD peptides or FMDV infection. Although the work remained 

incomplete due to the failure to generate SW480 cells that lacked integrin αV 

expression, an alternative cell line described in FMDV literature (COS-1) could be 

used instead (Duque and Baxt 2003, Neff et al. 2000, Wang et al. 2016). 

Neff et al (2000) described the use of COS-1 cells to compare FMDV infection in cells 

that were transiently infected with either bovine or human integrin αVβ3. They reported 

that viral titre was higher in the COS-1 cells expressing bovine integrin αVβ3, 

suggesting that there are species-specific differences within the RGD-binding 

integrins that can alter the rate in which FMDV can enter cells. More recently, reports 

that SW480 and COS-1 cells were susceptible to FMDV infection when transfected 

with equine integrin β6 and equine integrin αVβ6 were published (Wang et al. 2016). 

Although this suggests that species-specific differences within integrin αVβ6 is not the 

reason why there are no reported cases of horses being infected with FMDV, the 

study by Wang et al did not perform a direct comparison between infection levels in 

COS-1 cells transfected with integrin αVβ6 from horse, and either cow, or human. This 

is important due to the work performed by Neff et al (2000) noting a lowered rate of 

infection in COS-1 cells transfected with human integrin αVβ3 when compared to cow. 
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Due to the work being performed in COS-1 cells, the difference in infection observed 

was likely to be due to differences within the integrin αVβ3 receptors. This suggests 

that it remains possible that the entry receptor sequence may have an effect on 

host-susceptibility to the virus as, although humans are known to be able to be 

infected by FMDV, there are relatively few confirmed cases which suggests that 

humans are overall not very susceptible (Bauer 1997). Although the work performed 

in chapter 3 remains incomplete, it would be worthwhile infecting COS-1 cells 

transduced with integrin αVβ6 from different species including horse, cow, and human 

with different serotypes of FMDV to investigate whether viral titre decreases according 

to how susceptible each host is to infection in vivo. 

6.2 Investigating the role of species-specific residues in integrin 

αVβ6 during FMDV entry 

In order to investigate whether there were any residues present within integrin αVβ6 in 

equids that could affect FMDV binding, a sequence identity study was performed in 

chapter 4 on the integrin αV and integrin β6 proteins from species that have been 

reported to be either naturally or experimentally infected with FMDV against the 

sequence from Przewalskii’s horse. From our study, two amino acid residues within 

integrin αV and three within integrin β6 were identified. The first target identified in 

integrin αV was located upstream from an RGD-binding site, while the second was 

located upstream of the transmembrane domain. All three targets identified in integrin 

β6 were located in the cytoplasmic domain. The potential implications of all five edits 

are discussed in detail in section 4.3.1. Clonal PK-15 cell lines containing one or more 

of the residue changes were generated through HDR events that occurred when a 

plasmid encoding for an sgRNA proximal to the target region and a bi-cistronic 

Cas9-GFP alongside a dsDNA template were transfected into PK-15 cells. The 

efficiencies of the HDR event using the reagents for each modification has been 

discussed in detail in section 4.3.2. 

The aim of chapter 4 was to investigate whether any of the identified modifications 

would have an effect on integrin αVβ6 binding to RGD-peptide sequences observed in 

FMDV. The intention behind this work was to identify targets that could be utilised to 

generate genetically modified livestock that are either more resilient or resistant to 

FMDV infection. There have been recent publications reporting that pigs lacking the 

scavenger receptor cysteine-rich domain 5 (SRCR5) region of the CD163 receptor 

are resistant to PRRSV infection (Burkard et al. 2018). These reports show that it is 
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possible to use CRISPR-Cas9 to genetically modify animals that are resistant to 

certain viral infections. However, the deletion was relatively straightforward as SRCR5 

is encoded entirely and exclusively by exon 7 of CD163 (Burkard et al. 2017) and its 

only known function is to bind PRRSV (Van Gorp, Delputte and Nauwynck 2010).  

Although integrin αVβ6 is hypothesised to be the main entry receptor of FMDV (Dicara 

et al. 2008, Monaghan et al. 2005), there is evidence that other RGD-binding integrins 

can be utilised in viral entry (Duque and Baxt 2003, Jackson et al. 2002, Jackson et 

al. 2004). Alongside this there are reports of cell-culture adapted strains of FMDV 

utilising heparan sulphate and macropinocytosis rather than RGD-binding integrins 

(Han et al. 2016, O'Donnell, Larocco and Baxt 2008). The implications of these 

alternative entry pathways could mean that there is a risk that FMDV would be 

capable of adapting to mutations made within integrin αVβ6 in vivo. 

6.3 Generating a PK-15 cell line that is more susceptible to viral 

infection 

Despite PK-15 cells being previously used in FMDV literature (Li et al. 2017, Luo et 

al. 2011, Zhang et al. 2018), private communications with Dr Bryan Charleston, Dr 

Toby Tuthill, and Dr Julian Seago from The Pirbright Institute highlighted issues they 

had infecting PK-15 cells with FMDV (unpublished data). The reason behind the 

resilience of PK-15 cells to FMDV infection is unknown, however, we hypothesised 

that they would be more susceptible to infection if they lacked a Type I IFN response. 

The reasoning behind this hypothesis was that BHK cells are highly susceptible to a 

number of viruses including rabies virus (Wild and Bijlenga 1981), Zika virus (Nikolay 

et al. 2018), and FMDV (Rieder et al. 1993, Jackson et al. 2004, Miller et al. 2001). 

This susceptibility is thought to be due to the cells being Type I IFN incompetent 

(Clarke and Spier 1983). 

Type I IFNs are believed to be the most potent antiviral mediators in mammals as 

they are capable of stimulating a broad number of interferon stimulated genes 

including OAS and IRF9 through binding to the IFN-α receptor (IFNAR) (Platanias 

2005). It has been reported that Lpro and 3Cpro of FMDV are capable of modulating the 

immune response  through preventing the formation of the NF-κB complex, inhibiting 

the transcription factors for the Type I IFNs, and blocking translocation of STAT 

homodimers to the nucleus to prevent ISGs from being expressed (de Los Santos et 

al. 2007, Du et al. 2014b, Huang et al. 2015, Wang et al. 2010a). Despite the 
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modulation of the immune response by FMDV, the Type I IFNs have been observed 

to inhibit the replication of FMDV through the upregulation of OAS1, OAS2, 

IFN-induced GTP-binding protein Mx, and PKR (de Los Santos et al. 2006, Díaz-San 

Segundo et al. 2011, Moraes et al. 2007, Perez-Martin et al. 2014).   

In chapter 5, we generated a PK-15 cell line with a 700 kb deletion that removed the 

Type I IFN gene cluster. Although type I interferon incompetent cell lines have 

previously been generated, they have been obtained through deletion of IFNAR1 

rather than deletion of the gene cluster in both mice (Müller et al. 1994) and cells (Xia 

et al. 2017). Although this deletion has been reported to generate an organism that is 

unresponsive to Type I IFNs (Müller et al. 1994), the Type I IFNs can still be produced 

at high levels upon infection, indicating that there are alternative pathways that the 

Type I IFNs can utilise when there are no available IFNAR receptors (Kochs et al. 

2016). The benefit of deleting the gene cluster is that the PK-15 cells lines generated 

are unable to express any of the Type I IFNs, which means that it should completely 

lack the ability to modulate viral infection through the Type I IFN pathway. 

When challenged with a panel of FMDV replicons, WT PK-15 cells showed delayed 

replication similar to that observed in BHK cells as the replication kinetics peaked at 

approximately 18 and 10 hours post-transfection respectively (Tulloch et al. 2014). 

The reason behind this delay in replication is unlikely to be a result of Type I IFN 

expression as the untreated pIFN TI GC-/- clones show the same replication kinetic 

profiles as the WT PK-15 cells over 22 hours. Although there was a statistically 

significant difference between WT PK-15 cells and pIFN TI GC-/- clones treated with 

poly(I:C) prior to transfection with replicons, the significance of this data in relation to 

infection with FMDV in vitro is currently unknown (section 6.4.2). We predict that the 

pIFN TI GC-/- clones will show a significant difference when challenged with FMDV in 

a similar manner to the results observed when the cells were challenged with the NS1 

R38A/K41A strain of IAV in chapter 5. 

Recent communications with Dr Julian Seago from The Pirbright Institute has 

confirmed that PK-15 cells are susceptible to FMDV infection in a strain-dependent 

manner (unpublished). The strains tested during this challenge has not been 

disclosed but it raises some interesting questions about whether the changes are 

consistent throughout a certain serotype or whether they are strain-specific and, if so, 

what mutations do the strains have in common that might provide insight into why 

PK-15 cells can only be infected with certain strains of virus. Further investigation 
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using other porcine cells and cell lines would also be beneficial allowing us to assess 

whether this resilience is species-specific or solely seen in PK-15 cells. When these 

reports are taken in conjunction with the results obtained from the RGD 

peptide-binding assay in chapter 4 it could indicate that the resilience of PK-15 cells 

to FMDV might be a result of inefficient-binding of FMDV to integrin αVβ6. If the 

resilience appears to be serotype-specific then it would further strengthen the 

argument that it is related to the entry receptors as different serotypes of FMDV have 

been observed to show a preference for different RGD-binding integrins (Duque and 

Baxt 2003, Neff et al. 2000). 

6.4 Limitations of methodology 

As Cat 4 labs are required to work with FMDV in the UK, we had to investigate 

alternative methods that could be used to challenge the cell lines generated 

throughout this body of work. Although both these methods have been published and 

can be robust measurements of certain aspects of FMDV infection, they are limited in 

what we can interpret from them when compared to a viral challenge. 

6.4.1  RGD peptide-binding assay 

RGD peptide-binding assays have previously been used in FMDV literature to 

examine which RGD-binding integrins are capable of binding the RGD-motif encoded 

by the FMDV structural protein VP1 (Dicara et al. 2008, Jackson et al. 2000b, Jackson 

et al. 2004). Although it is possible to analyse the stability and specificity of 

RGD-binding using this assay (Dicara et al. 2008), only two of the HDR edited cells 

lines described in chapter 4 (pITGAV T136A and pITGAV N950D) might be involved with 

RGD-binding of FMDV to integrin αVβ6. The remaining modifications made to the 

cytoplasmic domain of integrin β6 are unlikely to affect binding but instead might play 

a role in the internalisation of FMDV since there are reports that truncations to the 

cytoplasmic domain of integrin β6 inhibit internalisation but do not impact on binding 

efficiency (Miller et al. 2001). Similarly, when performing the sequence identity studies 

of integrin αV and integrin β6, the majority of the disagreements from the consensus 

sequence were present in the N’-terminus signalling peptide and the cytoplasmic 

domains of the proteins. 

As binding of the RGD-motif to integrin αVβ6 is only one part of FMDV entry, it is 

important to analyse the number of virions internalised by clathrin-mediated 

endocytosis. In order to measure internalisation, viral challenge using a fluorescent 
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FMDV virus (Seago et al. 2013) or immunofluorescence using an antibody generated 

against the capsid structure of FMDV (Cho et al. 2012, Harwood et al. 2008). 

Alternatively, it might be possible to develop an internalisation assay using an 

adenovirus-vectored empty FMDV capsid that has been developed as an FMDV 

vaccine (Pacheco et al. 2005, Porta et al. 2013). To do so would involve using 

antibodies generated against the capsid structure of FMDV or developing a way to 

tag the capsid with a fluorescent marker that would allow binding and internalisation 

to be measured by confocal live-cell imaging. 

6.4.2 FMDV replicon system 

The FMDV replicon is a robust, rapid, and easy to use method of measuring the 

replication kinetics of FMDV (Tulloch et al. 2014). By reintroducing the structural 

proteins into the RNA sequence in place of the GFP, it is possible to generate viable 

virions with the same replication kinetics as the replicon when transfected into cells 

(Chang et al. 2009, Herod et al. 2017, Tulloch 2015). Although it is an extremely useful 

tool for measuring the levels of replication observed during a single-cycle of infection, 

investigating the effect of the Type I IFN gene cluster deletion in PK-15 cells on 

multi-cycle infection is important. 

Once Type I IFNs are induced, they are secreted out of the cell where they then bind 

to IFNARs on the cell surface of nearby cells to upregulate ISG expression (Platanias 

2005). With replication starting to peak at 18 hours post-transfection with the replicon 

system, it is unlikely that a difference would be noticed in Type I IFN incompetent 

PK-15 cells compared to WT PK-15 cells since the cells adjacent to the infected cells 

would be in an antiviral state. This meant that it was necessary to pre-stimulate the 

cells with poly(I:C) to measure the effect of IFN production on FMDV replication. 

However, poly(I:C) might stimulate IFN expression at a higher level than viral infection 

would, meaning that the results in chapter 5 may show a larger decrease in FMDV 

replication kinetics in WT PK-15 cells compared to those observed during a 

multi-cycle viral challenge. However, other than challenging the cells with FMDV, the 

replicon system is currently the best method available for use in facilities that are Cat 

3 or lower.  
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6.5 Alternative approaches to investigate host-virus interactions 

during FMDV infection 

The over-arching aim of this project was to investigate potential targets within pigs 

that could be modified to generate animals that are resistant or more resilient to FMDV 

infection. Although this body of work focused on the role of species-specific 

differences within integrin αVβ6 in FMDV infection, the ability of the virus to utilise other 

RGD-binding integrins (Jackson et al. 2000a, Jackson et al. 2002, Jackson et al. 2004, 

Neff et al. 2000) and adapt to using other methods of entry (Han et al. 2016, Jackson 

et al. 1996) suggests that other proteins involved in host-virus interactions should be 

investigated. Pursuing other targets is further supported by the study published by 

Wang et al (2016) that observed that equine kidney epithelial cells expressing both 

integrins αVβ3 and αVβ6 failed to replicate FMDV serotypes O, A, and Asia-1 despite 

viral entry. If the reason behind horses failing to replicate FMDV can be elucidated, it 

may provide insights that allow the generation of livestock species resistant to FMDV 

using CRISPR-Cas9 in the future. 

Alongside studying the mechanisms behind FMDV resistance in the horse, the 

development of genome-scale CRISPR-Cas9 knockout (GeCKO) libraries provides a 

powerful tool that can theoretically be used as a high-throughput assay to identify key 

host genes involved in FMDV infection. This approach has already been utilised to 

investigate West Nile Virus in human cells (Ma et al. 2015), and norovirus in murine 

cells (Haga et al. 2016). Scientists at The Roslin Institute are developing bovine and 

porcine GeCKO libraries that could be utilised in conjunction with each other to identify 

targets that are important in FMDV infection in both species. If the same target can 

be modified in both cows and pigs to generate resistance then it would be possible to 

test the modification in pigs prior to cattle. The benefit of this is that pigs produce 

larger litter sizes which, in turn, increases the probability of obtaining animals with the 

desired edits. Alongside this, pigs mature quickly and have a shorter gestation period 

than cows, which means that a pig cohort for viral challenge can be bred quicker. 

In order to utilise the GeCKO library to investigate FMDV infection, cell lines that are 

readily infected with FMDV need to be identified. Currently, PK-15 cells are the most 

commonly used porcine cell line described in FMDV literature. However, as has been 

previously discussed, the ability of FMDV to infect PK-15 cells appears to be 

strain-dependent (unpublished). Prior to utilising the GeCKO library, it would be 

sensible to infect a panel of porcine and bovine cells with different strains and 
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serotypes of FMDV to identify suitable cell lines. Once cell lines are identified then 

they would need to be genetically modified to stably express Cas9 to be used in the 

assay. 

6.6 Concluding remarks 

As the global population is expected to reach 9.7 billion by 2050, food security is 

becoming an increasing concern. One of the biggest risks to food security and global 

economy is disease in livestock, with viral outbreaks such as PRRSV and FMDV 

costing billions of pounds each year. There is still a lot of scope left on this project 

from both completing experiments and new questions that have arisen from the 

results we have described. 

CRISPR/Cas9 is a powerful tool that has given rise to a number of methodologies that 

should prove to be useful in identifying key host-pathogen interactions in common 

livestock diseases. Once our understanding of the relationship between the host and 

pathogen increases, there is an increased possibility that we might be able to develop 

livestock that are resistant to a number of key diseases. However, due to the many 

regulatory restraints in place it is unclear whether the production of gene-edited 

livestock will become an accepted practice, particularly within the developed world. 

As our understanding of the technology improves regarding the off-target effects of 

Cas9, there is hope that it will pave the way for gene-edited produce and livestock to 

be approved for human consumption.  
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A1. Appendices 

Table A 1 sgRNA sequences used in Chapter 3. 

Name Strand Sequence 

hITGAV-201 sgRNA 1 
Sense caccgTACATACCTCACTTGCAAG 

Antisense aaacCTTGCAAGTGAGGTATGTAc 

hITGAV-201 sgRNA 2 
Sense caccgCACTTGCAAGAGGCTATGC 

Antisense aaacGCATAGCCTCTTGCAAGTGc 

hITGAV-201 sgRNA 3 
Sense caccGAGGCTATGCTGGCTTTC 

Antisense aaacGAAAGCCAGCATAGCCTC 

hITGAV-201 sgRNA 4 
Sense caccGCATAGCCTCTTGCAAGTG 

Antisense aaacCACTTGCAAGAGGCTATGC 

hITGAV-201 sgRNA 5 
Sense caccGGCCACTTACGAAGACGCGC 

Antisense aaacGCGCGTCTTCGTAAGTGGCC 

hITGAV-201 sgRNA 6 
Sense caccGCCACTTACGAAGACGCGCT 

Antisense aaacAGCGCGTCTTCGTAAGTGGC 

hITGAV-201 sgRNA 7 
Sense caccGCCCAGCGCGTCTTCGTAAG 

Antisense aaacCTTACGAAGACGCGCTGGGC 

hITGAV-201 sgRNA 8 
Sense caccgCTTCGTAAGTGGCCGCACT 

Antisense aaacAGTGCGGCCACTTACGAAGc 

hITGAV-204 sgRNA 1 
Sense caccGCCAGGGGAAGCGTCGAAAG 

Antisense aaacCTTTCGACGCTTCCCCTGGC 

hITGAV-204 sgRNA 2 
Sense caccgCCTCTTTCGACGCTTCCCC 

Antisense aaacGGGGAAGCGTCGAAAGAGGc 

hITGAV-204 sgRNA 3 
Sense caccGCAGGGCTTCAGACTACAAC 

Antisense aaacGTTGTAGTCTGAAGCCCTGC 

hITGAV-204 sgRNA 4 
Sense caccgCCTTCTTGAGTGCATTGAT 

Antisense aaacATCAATGCACTCAAGAAGGc 

hITGAV-204 sgRNA 5 
Sense caccGAAATAACTTCTCTGTCT 

Antisense aaacAGACAGAGAAGTTATTTC 

hITGAV-204 sgRNA 6 
Sense caccGAAAGATTTCCTCTAGGTAA 

Antisense aaacTTACCTAGAGGAAATCTTTC 

hITGAV-204 sgRNA 7 
Sense caccgCCTGTACATCTTAATGTTG 

Antisense aaacCAACATTAAGATGTACAGGc 

hITGAV-204 sgRNA 8 
Sense caccGAGGGGAAAGATTTCCTCT 

Antisense aaacAGAGGAAATCTTTCCCCTC 
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Table A 2 PCR primers used in Chapter 3. 

PCR primers used in chapter 3, the expected amplicon length, the polymerase and annealing temperatures used to amplify the products. 

Name 
Amplicon 

length 
(bp) 

Strand Sequence 5'→3' 
Annealing 
temp (oC) 

Polymerase 

hITGAV-201 
upstream PrP 

596 
Sense TGGGCACTTTGCTCATTTCG 

60.2 NEB Phusion 
Antisense CTTCCGTGCGACTGTTGTTT 

hITGAV-201 
downstream PrP 

421 
Sense TCTCTCGGGACTCCTGCTAC 

60.2 NEB Phusion 
Antisense TTGATTTCCCACTTTCCCCGA 

hITGAV-201 
spanning PCR 

1729 
Sense TGGGCACTTTGCTCATTTCG 

55.0 
Takara 
PrimeSTAR 
MAX Antisense TTGATTTCCCACTTTCCCCGA 

hITGAV-204 
upstream PrP 

1028 
Sense GATTTGGCAGCTACTACCCAGAA 

65.0 NEB Phusion 
Antisense TTATGCCCTATGGGGAAAGCA 

hITGAV-204 
downstream PrP 

459 
Sense GTCCCCTCCTTCAGCCATAC 

55.0 NEB Phusion 
Antisense CCTTAGAGGCAAGAAACTAGCCA 

hITGAV-204 
spanning PCR 

1647 
Sense GATTTGGCAGCTACTACCCAGAA 

65.0 
DreamTaq 
polymerase 

Antisense CCTTAGAGGCAAGAAACTAGCCA 

hITGAV-204 
internal PrP 

255 
Sense GATCACACTCACCTGCTCCC 

63.5 NEB Phusion 
Antisense CCGGGAGTGGCACAAGATAA 

Horse ITGAV PrP ~3150 
Sense 

TCGAGGAGAATCCTGGGCCCGAGCAGAAGCTGATCTCCGAAGAGGACCTCGCTTCTCCG
CCGCCGCGGCCG 56.6 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCTTAAGTTTCTGAGTTTCCTTC 
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Horse ITGB6 PrP ~2360 
Sense 

TCGAGGAGAATCCTGGGCCCTATCCATACGATGTGCCAGATTACGCTGGGATTGAACTG
CTCTGCCTG 56.6 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCCTAGCCATCTGTGGAAAGGG 

Mouse ITGAV PrP ~3150 
Sense 

TCGAGGAGAATCCTGGGCCCGAGCAGAAGCTGATCTCCGAAGAGGACCTCGCTGCTCCC
GGGCGCCTGCTG 56.6 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCTTAGGTTTCAGAGTTTCCTTCG 

Mouse ITGB6 PrP ~2360 
Sense 

TCGAGGAGAATCCTGGGCCCTATCCATACGATGTGCCAGATTACGCTGGGATTGAGCTG
GTCTGCCTG 60.2 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCCTACCCATCTGAGGAAAGGC 

Pig ITGAV PrP ~3150 
Sense GGAGAATCCGGGCCCTGCTTCTCTGCCGCGGCGACG 

54.8 NEB Phusion 
Antisense GTACCGTCGACTGCAGAATTCTTAAGTTTCTGAGTTTCCTTC 

Pig ITGB6 PrP ~2360 
Sense GGAGAATCCGGGCCCTGGGATTGAACTGCTTTGCCTG 

58.4 NEB Phusion 
Antisense GTACCGTCGACTGCAGAATTCCTATCCATCCATGGAAAGG 

Rat ITGAV PrP ~3150 
Sense 

TCGAGGAGAATCCTGGGCCCGAGCAGAAGCTGATCTCCGAAGAGGACCTCGCTGATCCC
GGGCGGCTGCTG 58.4 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCTTAGGTTTCAGAGTTTCCTTCG 

Rat ITGB6 PrP ~2360 
Sense 

TCGAGGAGAATCCTGGGCCCTATCCATACGATGTGCCAGATTACGCTGGGATTGAGCTG
GTCTGCCTG 60.2 NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCCTACCCATCTGAAGAAAGG 

Sheep ITGAV PrP ~3150 
Sense 

TCGAGGAGAATCCTGGGCCCGAGCAGAAGCTGATCTCCGAAGAGGACCTCGCTTTTCCG
CCGCGGCGGCG --- NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCTTAAGTTTCTGAGTTTCCTTC 

Sheep ITGB6 Prp ~2360 

Sense 
TCGAGGAGAATCCTGGGCCCTATCCATACGATGTGCCAGATTACGCTGGGATTGAACTG
CTTTGCCTG 

--- NEB Phusion 

Antisense TACCGTCGACTGCAGAATTCCTATCCATCCGTGGAAAAATC 



 

 
 

3
4
6
 

HA-Horse ITGB6 
PrP 

~2360 
Sense CTAAGCTTCATCGAAAACCC 

58.4 NEB Phusion 
Antisense GGTCTTAAAGGTACCGTCGACTGCAGAATTCTAGCCATCTGTGGAAAGGG 

HA-Pig ITGB6 PrP ~2360 
Sense TTGCACCTCAAAGCTTGACTC 

58.4 NEB Phusion 
Antisense GTCGACTGCAGAATTCTATCCATCCATGGAAAGG 

HA-Rat ITGB6 PrP ~2360 
Sense GATTGCTCCTCAAAGCTTGG 

63.5 NEB Phusion 
Antisense GTCGACTGCAGAATTCTACCCATCTGAAGAAAGG 

HA-Mouse ITGB6 
PrP 

~2360 
Sense TTGCTCCTCAAAGCTTGGTTC 

58.4 NEB Phusion 
Antisense GTCGACTGCAGAATTCTACCCATCTGAGGAAAGGCC 

HA-Sheep ITGB6 
PrP 

~2360 
Sense GATTTCACCTCAAAGCTTGG 

--- NEB Phusion 
Antisense GTCGACTGCAGAATTCTATCCATCCGTGGAAAAATC 

Dog ITGB6 PrP ~2360 
Sense CTAACTTTCATCGAAAACCC 

50.0 NEB Phusion 
Antisense GTCGACTGCAGAATTCTATCCATCTGTGGAAAGG 

CMV PrP 666 

Sense 
AGGGACAGCAGAGATCCAGTTTGGATCCGTTAACGCTAGTGATATCACATTGATTATTG
ACTAGTT 

60.0 NEB Phusion 

Antisense ATCAGATCCGAAAATGGATATACAAGCTCCCGGGAGCTTAGGCTGGATCGGTCCCGGTG
T 
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Figure A 1 Spanning PCR of hITGAV-201-/- clones. 

1% TAE agarose gel showing the resolved products from a spanning PCR across the 

hITGAV-201 upstream exon 1 and downstream exon 1 guide target regions. The region was 

amplified using PrimeSTAR® MAX polymerase, hITGAV-201 upstream exon 1 PrP F and 

hITGAV-201 downstream exon 1 PrP R and gDNA extracted from SW480 clonal populations 

transfected with hITGAV-201 guide pair 1 at an annealing temperature of 55.0 oC. Grey arrows 

denote fragment sizes that are consistent with WT alleles and blue arrows denote fragments 

sizes that are consistent with deletion events. Clones predicted to be homozygous for the 

deletion event are highlighted in red.



 

 
 

3
4
8
 

 

Table A 3 PCR primers used to amplify human RNA transcripts. 

PCR primers used to amplify human RNA transcripts, the expected amplicon length, the polymerase and annealing temperatures used to amplify the 

products. Primer sequences were obtained from the listed reports. 

Name 
Amplicon 
length (bp) 

Strand Sequence 5'→3' 
Annealing 
temp (oC) 

Polymerase Ref 

hYWHAZ qPCR PrP 263 
Sense TCACAACAAGCATACCAAGAAGC 

60.0 
Platinum SYBR 
green 

(Krzystek-Korpacka et al. 2016) 

Antisense GTATCCGATGTCCACAATGTCAAG  

hITGAV qPCR PrP 1 136 
Sense ATCTGTGAGGTCGAAACAGGA 

60.0 
Platinum SYBR 
green 

(Lucifora et al. 2014) 

Antisense TGGAGCATACTCAACAGTCTTTG  

hITGAV qPCR PrP 2 136 
Sense GCTGTCGGAGATTTCAATGGT 

60.0 
Platinum SYBR 
green 

(Hermann et al. 2016) 

Antisense TCTGCTCGCCAGTAAAATTGT  

hITGAV qPCR PrP 3 183 
Sense GGCTGCATATTTCGGATTTTCTG 

60.0 
Platinum SYBR 
green 

(Cai et al. 2017) 

Antisense CCATTCAGCTTTGTCGTCTGG  



 

349 
 

Table A 4 Calculated concentrations of protein from cell lysates of the hITGAV-201-/- 

cells used in Western Blot. 

Sample 
Concentration 
(mg/ml) 

WT SW480 3.36 

hITGAV-201-/- 
c14 

3.41 

hITGAV-201-/- 
c16 

6.86 

hITGAV-201-/- 
c19 

2.42 

hITGAV-201-/- 
c20 

4.50 

hITGAV-201-/- 
c21 

9.53 

hITGAV-201-/- 
c23 

3.99 

 

 

 

Figure A 2 Western blot testing for hITGAV expression in hITGAV-/- SW480 clones (n=1).
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Figure A 3 hITGAV-204 internal primers. 

a) shows the location of hITGAV-204 internal PrP in relation to hITgAV-204 PrP 1, hITGAV-204 PrP 2, and hITGAV-204 guide pair 1. b) A gradient PCR 

amplification was performed using hITGAV-204 internal PrP, HEK293 gDNA, NEB Phusion polymerase and annealing temperatures between 

50.0-65.0 oC. The products were resolved on a 1% TAE agarose gel. The grey arrow indicates the expected product size of 255 bp.
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Figure A 4 Analysing quality of RNA extractions from porcine lip tissue. 

RNA was extracted from porcine lip tissue using either the Zymo Direct-zol kit or Qiagen 

RNeasy kit. The quality of the RNA was analysed using an Agilent Bioanalyser. 
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Figure A 5 Sequencing results from 5’ RACE on dog ITGAV transcripts. 

The products from the 5’ RACE on dog ITGAV transcripts were sent for sequencing. Nucleotides in grey match consensus sequence.
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Figure A 6 Lentiviral expression vector design. 

a) shows the original construct used as a backbone, pSL06. b) shows the designed constructs for ITGAV and ITGB6. The ITGAV plasmid encodes for a 

blasticidin resistance selection marker and cMyc epitope tag on the N’-terminus of the ITGAV cDNA. The ITGB6 plasmid encodes for a puromycin 

resistance selection marker and HA epitope tag on the N’-terminus of the ITGAV cDNA.  
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Table A 5 G-blocks ordered for Gibson Assembly of lentiviral expression vectors 

containing ITGB6 from cow or horse. 

Name Sequence 5'→3' 

Puro-2A AAACTGCCTGGCGCCTGCATCAGCATCTTCGGCTCTGATCAGCACCCCGTGGCCACCATGACTGA
GTATAAACCTACTGTTCGGTTGGCCACGAGGGACGACGTGCCTCGCGCAGTCAGGACGCTTGCT
GCCGCTTTTGCTGATTACCCAGCAACAAGACACACAGTGGATCCGGACCGACATATAGAGAGGG
TGACGGAGCTGCAAGAGCTGTTTCTCACTAGGGTTGGTTTGGATATAGGAAAAGTCTGGGTCGC
TGACGATGGGGCCGCAGTAGCTGTCTGGACGACTCCCGAATCTGTCGAGGCCGGGGCTGTATTC
GCAGAGATAGGCCCCAGGATGGCAGAGTTGTCCGGTTCACGCCTCGCAGCTCAACAGCAGATG
GAGGGGCTGCTTGCACCCCACAGACCAAAAGAACCAGCTTGGTTTTTGGCGACTGTCGGCGTTT
CCCCCGACCACCAGGGTAAGGGGCTTGGCAGTGCTGTAGTGTTGCCAGGAGTCGAGGCGGCAG
AGCGAGCAGGAGTGCCCGCATTTCTCGAAACGTCCGCACCCAGGAATTTGCCTTTCTACGAGCG
ATTGGGGTTCACTGTCACCGCCGACGTCGAGGTGCCGGAAGGCCCACGCACCTGGTGTATGACA
AGAAAACCCGGAGCCGAATTCGGCAGTGGCGAGGGCAGAGGAAGTCTTCTAACATGCGGTGAC
GTGGAGGAGAATCCCGGCCCT 

Horse 
ITGB6-
HA 

TCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGGGGATTGAACTGCTCTGCCTG
TTCTTTCTATTTCTAGGAAGGAATGATCGCGTTCAAGGTTACCCATACGATGTTCCAGATTACGCT
GGCTGTGCCGTGGGAGGTGCAGAAACCTGTGAAGACTGCTTACTCACTGGACCTCAGTGTGCCT
GGTGTTCTCAGGAGAATTTTACCCATCCATCTGGAGTTGGTGAAAGGTGTGATAGCCCAGCCAAT
CTTTTAGCTAAAGGATGTCAACTAAGCTTCATCGAAAACCCCGTCTCCCAAGTAGAAATACTTACA
AATAAGCCTCTCAGTGTAGGGAGACAGAAAAATAGTTCCAACATTGTCCAGATTTCACCTCAAAG
CTTGACTCTTAAATTGAGACCAGGCAGTGAGCAGACTCTGCAAGTTCAAGTCCGCCAGACCGAG
GATTACCCGGTGGACTTGTATTACCTCATGGACCTCTCAGCCTCCATGGATGACGACCTCAACAC
AATCAAAGAGCTGGGCTCCCTGCTTTCCAAGGAGATGTCTAAATTAACAAGCAACTTTAGACTGG
GCTTCGGCTCTTTTGTGGAAAAACCTGTCTCCCCTTTTATGAAAACATCGCCAGAAGAAATCGCC
AACCCTTGCAGTAGTATTCCATATTTCTGCTTACCTACATTTGGATTCAAACACATTTTGCCACTGA
CAAATGATGCCGAAAGATTTAATGAGATTGTGAAGAATCAGAAAATTTCTGCTAATATTGATACA
CCCGAAGGTGGATTTGATGCAATTATGCAAGCTGCTGTGTGCAAGGAAAAAATTGGCTGGCGAA
ACGACTCCCTCCATCTTCTGGTCTTTGTGAGTGACGCTGACTCTCATTTTGGAATGGACAGCAAAC
TGGCAGGCATCGTCATTCCTAACGACGGGCTCTGCCACTTGGACAGCAAGAACGAATACTCCAT
GTCAACTGTCTTGGAATATCCAACAATTGGACAACTCATTGATAAACTGGTGCAAAATAATGTGT
TACTGATCTTTGCTGTAACCCAAGAACAAGTTCATTTATATGAGAATTATGCGAAACTGATTCCTG
GAGCTACAGTAGGGCTGCTTCAGAAGGACTCTGGAAACATTCTCCAGCTGATCATCTCGGCTTAT
GAAGAACTACGGTCTGAGGTGGAACTGGAAGTGTTAGGAGACACAGAAGGACTCAACCTGTCG
TTCACGGCTATCTGTAACAATGGGACCCTCTTCCCACACCAGAAGAAATGCTCCCACATGAAGGT
GGGAGACACAGCTTCATTCAACGTGACTGTGAGTATACCAAACTGTGAGAGAAGAAGCAGGCAT
ATTATCATAAAGCCTGTAGGACTGGGGGACGCCCTAGAAATACTTGTCAGTCCAGAGTGTGACT
GTGACTGTCAGAAAGAAGTGGAAGTCAACAGCTCCAAATGCCACAATGGGAACGGCTCCTTCCA
GTGTGGGGTGTGTGCCTGCAACCCTGGCCACATGGGTCCTCGCTGCGAGTGTGGGGAGGACAT
GCTGAGCACAGATTCCTGCAAGGAGGCCCCGGATCTCCCCTCGTGCAGTGGAAGAGGCGATTGC
TACTGTGGACAGTGCATCTGCCACTTGTCTCCCTATGGAAACATTTATGGGCCTTTCTGCCAGTGT
GACAATTTCTCCTGCGTGAGACACAAAGGACTGCTCTGTGGAGATCACGGCGACTGTGACTGCG
GTGAATGCGTGTGCAAGAGCGGCTGGACTGGCGAGTACTGTAACTGCACAACCAGCACGGACT
CATGCGTCTCTGAAGATGGCGTGCTCTGCAGTGGCCGAGGGGACTGCATTTGTGGCAAGTGTGT
TTGCACGAACCCTGGAGCCTCAGGACCAACCTGTGAACGTTGTCCTACCTGTGGCGATCCCTGTA
ACTCTAAACGGAGCTGCATTGAATGCTACCTGTCTGCAGACGGCCAGGCCCGAGAAGAATGTGT
TGACAAATGCAAACTAGCTGGTGCAACCATCAATGAAGAAGAAGATTTCTCAAAGGATAGTTCT
GTTTCCTGTTCTCTGCAAGGAGAAAATGAATGTCTTATTACATTCCTAATAACTACAGATAATGAA
GGGAAAACCATCATTCACAGCATCAGCGAGAAAGACTGTCCAAAACCTCCAAACATTCCCATGAT
CATGTTGGGGGTGTCGCTGGCTATTCTTCTCATTGGGGTTGTCCTACTGTGCATTTGGAAGCTGC
TGGTGTCATTTCACGATCGTAAAGAAGTTGCCAAATTTGAAGCAGAACGGTCAAAGGCCAAGTG
GCAAACGGGAACCAATCCACTGTACAGAGGCTCCACCAGCACCTTTAAAAATGTAACCTATAAAC
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ATAGCGAAAAACAAAAGTTGGCCCTTTCCACAGATGGCTAGGAATTCTGCAGTCGACGGTACCT
TTAAGACCAATGACTTA 

Cow 
ITGB6-
HA 

TCTTCTAACATGCGGTGACGTGGAGGAGAATCCCGGCCCTATGGGGATTGAACTGCTTT
GCCTGTTCTTTCTATGTCTAGGAAGGAATGATCACGTACAAGGTTACCCATACGATGTT
CCAGATTACGCTGGCTGTGCTGTGGGGGGTGCGGAGACCTGTGAGGACTGCTTACTCA
TTGGACCTCAGTGTGCCTGGTGTTCTCAGGAGAATTTTACGCACCTATCTGGAGTTGGA
GAAAGATGTGATACCCCAGCAAATCTTTTAGCTAAAGGATGTCAACTAACCTTCATCGA
AAACCCTGTCTCCCAAGTTGAGATACTTACAAATAAGCCTCTCAGCATAGGCAGACAGA
AAAATAGCTCCGACATCGTTCAGATTTCACCTCAAAGCTTGGCTCTTAAACTGAGACCA
GGCCTTGAACAGACCCTGCAAGTTCAAGTTCGCCAGACTGAGGATTACCCTGTGGATTT
GTATTACCTCATGGACCTCTCGGCCTCCATGGACGACGACCTCAACACCATCAAAGAGC
TGGGCTCCCTGCTCTCCAAGGAGATGTCTAAATTAACCAGCAACTTTAGACTGGGCTTC
GGCTCTTTTGTGGAGAAACCCATCTCCCCTTTTATGAAAACAACACCAGAAGAAATCGC
TAACCCTTGCAGTAGTATTCCATACTTTTGTTTGCCTACATTTGGATTCAAGCACATTTTG
CCGTTGACAAATGATGCTGAAAGATTCAACGAAATTGTGAAGAATCAGAAAATTTCTGC
TAATATTGACACCCCAGAAGGTGGATTTGATGCAATTATGCAAGCTGCTGTGTGTAAGG
AAAAAATTGGCTGGCGGAATGATTCCCTCCATCTCCTGGTCTTTGTGAGTGACGCGGAC
TCTCATTTTGGAATGGACAGCAAACTGGCAGGCATCGTCATTCCTAACGATGGGCTCTG
TCACTTGGACAGCAAGAATGAATACTCCATGTCAACAATCTTGGAATATCCAACAATTG
GACAACTCATTGATAAACTGGTGCAAAATAACGTGTTACTGATCTTTGCTGTAACCCAA
GAACAAGTTCACTTGTATGAGAATTATGCAAAACTTATTCCTGGAGCTACAGTAGGGGT
ACTTCAGAAGGACTCTGGAAACATTCTCCAGCTGATCATCTCAGCTTATGAAGAACTGC
GGTCTGAGGTGGAGCTGGAAGTGTTAGGAGACACGGAAGGACTAAACCTCTCATTTAC
AGCCATCTGTAACACCGGGATCCCCGTTCCACACCAAAAGAAATGCTCTCACATGAAGG
TGGGAGACACAGCTTCATTCAATGTGACTGTGAGTTTACCAAACTGTGAGAGAAGGAG
CAGGCACATTATCCTAAAGCCCGTGGGGCTGGGGGACGCTTTGGAAATCCTCGTCAGC
CCGGAATGCAGCTGTGACTGCCAGAAAGAAGTGGAGGTGAACAGCTCCAAGTGCAAC
AACGGCAATGGTTCCTTCCAGTGCGGGGTGTGTGCCTGCCACCCTGGCCACATGGGTC
ACCACTGCGAGTGCGGGGAGGACACGCTGAGCACCGAGTCCTGCAAAGAGGCCCCAG
GGCGCCCCTCGTGCAGTGGGAGAGGCGACTGCTACTGCGGGCAGTGTGTCTGCCACTT
GTCCCCCTACGGAAACATTTACGGGCCTTACTGCCAGTGTGACAACTTCTCCTGCGTGA
GACACAAGGGGCTGCTCTGCGGAGATAATGGCGACTGTGACTGTGGCGAGTGCGTGT
GCAGGAGCGGCTGGACAGGAGAGTACTGTAACTGCACCACCAGCACAGACCCCTGTGT
CTCCGAAGACGGGATCCTCTGCAGCGGCCGAGGGGACTGTGTGTGCGGCAAGTGCATT
TGCACGAATCCTGGAGCCTCGGGACCCACCTGTGAACGTTGTCCCACCTGCGGCGATCC
CTGCAACTCTAAACGGAGCTGCATTGAATGCTACCTGTCTGCAGATGGCCAGGCCCAA
GAAGAATGTGTTGACAAATGCAAACTAGCTGGTGCGACCATCAATGAAGAAGAAGATT
TCTCAAAGGATAGCTTTGTTTCCTGTTCTCTGCAAGGAGAAAATGAATGCCTTATTACAT
TCCTACTTACTACAGATAATGAAGGGAAAACCGTCATTCACAGCATCAATGAGAAAGAC
TGTCCAAAACCTCCAAATATTCCCATGATCATGTTGGGGGTTTCGCTGGCTATTCTTCTT
ATTGGAGTCGTCCTGCTGTGCATTTGGAAGCTCCTGGTGTCTTTTCATGATAGGAAAGA
AGTTGCCAAGTTTGAAGCAGAAAGGTCAAAGGCCAAGTGGCAAACGGGAACCAATCC
ACTGTACAGAGGCTCCACCAGTACCTTTAAAAATGTAACCTATAAACACAAGGAAAAAC
AAAAGGTTGATCTTTCCACGGATGGATAGGAATTCTGCAGTCGACGGTACCTTTAAGAC
CAATGACTTA 
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Figure A 7 hITGAV exon 2 sgRNA and primer design. 

Showing the location of the guides and primers that could be utilised to KO hITGAV in SW480 cells. 
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Table A 6 hITGAV exon 2 sgRNA and primer sequences. 

Name 
Amplicon length 

(bp) 
Orientation Sequence 5'→3' 

Melting 
temp (oC) 

GC% 

hITGAV e2 PrP 1 385 
Forward CCCTCAGTGAATAGCAAATGGTT 58.98 43.48 

Reverse CCTGTGAAGCTGAGGTGCTTAT 60.36 50 

hITGAV e2 PrP 2 577 
Forward ATGTATGCATGCAAGAGACTACCA 60.14 41.67 

Reverse ACCCCAAATTTCTGTGGGTTGA 60.36 45.45 

   
 

  

Name 
Guide length 

(nt) 
Orientation Sequence 5'→3' Specificity 

score 

Out-of-
frame score 

hITGAV e2 sgRNA 1 20 
Forward caccGTGACTGGTCTTCTACCCGC 

93 55 
Reverse aaacGCGGGTAGAAGACCAGTCA 

hITGAV e2 sgRNA 2 19 
Forward caccgTCAATTGGCTGGCACCGGC 

89 57 
Reverse aaacGCCGGTGCCAGCCAATTGAAc 

hITGAV e2 sgRNA 3 18 
Forward caccGCATCAAATTCAATTGGC 

79 90 
Reverse aaacGCCAATTGAATTTGATGC 

hITGAV e2 sgRNA 4 20 
Forward caccGGCAGGTCCTCAAATGTGAC 

77 76 
Reverse aaacGTCACATTTGAGGACCTGCC 
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Figure A 8 GFP MAX plasmid map. 
Taken from Amaxa/Lonza Inc.
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Table A 7 sgRNA sequences used in Chapter 4. 

Name Sequence Strand 

pITGAV e3 sgRNA 1 
caccgATGCAGATCAAGTATGTAT Sense 

aaacATACATACTTGATCTGCATc Antisense 

pITGAV e3 sgRNA 2 
caccGAAGAAAGCAAGTTCCAAC Sense 

aaacGTTGGAACTTGCTTTCTTC Antisense 

pITGAV e3 sgRNA 3 
caccGTTGGAACTTGCTTTCTTC Sense 

aaacGAAGAAAGCAAGTTCCAAC Antisense 

pITGAV e3 sgRNA 4 
caccGGAACTTGCTTTCTTCAGGA Sense 

aaacTCCTGAAGAAAGCAAGTTCC Antisense 

pITGAV e28 sgRNA 1 
caccGGTTACCACTAATGTTACCT Sense 

aaacAGGTAACATTAGTGGTAACC Antisense 

pITGAV e28 sgRNA 2 
caccgCATTAGTGGTAACCTGTTG Sense 

aaacCAACAGGTTACCACTAATGc Antisense 

pITGAV e28 sgRNA 3 
caccgACATTAGTGGTAACCTGTT Sense 

aaacAACAGGTTACCACTAATGTc Antisense 

pITGAV e28 sgRNA 4 
caccGGTTACCACTAATGTTACC Sense 

aaacGGTAACATTAGTGGTAACC Antisense 

pITGB6 e15 sgRNA 1 
caccGTTCTATCCATCCATGGAA Sense 

aaacTTCCATGGATGGATAGAAC Antisense 

pITGB6 e15 sgRNA 2 
caccGCAGTTCTATCCATCCA Sense 

aaacTGGATGGATAGAACTGC Antisense 

pITGB6 e15 sgRNA 3 
caccGGTGGACCTTTCCATGGA Sense 

aaacTCCATGGAAAGGTCCACC Antisense 

pITGB6 e15 sgRNA 4 
caccgCAAAAGGTGGACCTTTCCA Sense 

aaacTGGAAAGGTCCACCTTTTGc Antisense 

pITGB6 e15 sgRNA 5 
caccgCACAGGGAAAAACAAAAGG Sense 

aaacCCTTTTGTTTTTCCCTGTGc Antisense 
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Table A 8 PCR primers used in Chapter 4. 

Name 
Amplicon 
length 
(bp) 

Strand Sequence 5'→3' 
Annealing 
temp (oC) 

Polymerase 

pITGAV e3 PrP 1 747 
Sense CCGAAAGCAGAATGGTCATAG 

57.7 
Accuprime 
Taq HiFi Antisense CCTCGTGGATCCTAGTCAGG 

pITGAV e3 PrP 2 387 
Sense TTATCCACTGCCGTGTTAAGGAA 

60.2 
Phusion with 
HF buffer Antisense CTGCAGTCATCAAACATCATAGCA 

pITGAV e3 PrP 3 859 
Sense CCACTGCCGTGTTAAGGAATTT 

57.7 
Phusion with 
HF buffer Antisense CCAGGCCTGACCTAGACGA 

pITGAV e3 PrP 4F & 
3R 

1315 
Sense ACCAAGTGTTTTCCAGGGGTT 

65.0 
Phusion with 
HF buffer Antisense CCAGGCCTGACCTAGACGA 

pITGAV e28 PrP 1 609 
Sense TTCAGAGGCAGTCAGTGGTT 

60.9 
Accuprime 
Taq HiFi Antisense CTGTTCTTCTTGAGGTGGTCG 

pITGAV e28 PrP 2 832 
Sense ATGGGGAATTTCTCCCCACAAA 

60.2 
Phusion with 
HF buffer Antisense TGGGTCAGGATGTAGCGTAAC 

pITGAV e28 PrP 3 1154 
Sense TCATGGATTGGGGGAAATGGAA 

65.0 
Phusion with 
HF buffer Antisense CCATCAGCAGTGAAGTCTTG 

pITGB6 e15 PrP 1 655 
Sense TGCTAAAAGTATGGTAGAGCA 

60.2 
Phusion with 
HF buffer Antisense AGCATATGGACTTTGTGACT 

pITGB6 e15 PrP 2 548 
Sense CTTCTTCCAATCTGTAGTGG 

59.2 
Phusion with 
HF buffer Antisense AGGTACCCATATTCCTGCAA 

pITGB6 e15 PrP 3 1339 
Sense ATTTAGTGCATTTCCAAAAAGGT 

54.8 
PrimeStar 
MAX Antisense TCTTCCCATGTGGGACATCTT 



 

362 
 

 

 

Figure A 9 Neon Transfection of PEF cells. 
PEF cells were transfected with 2 µg of pITGAV e3 sgRNA 1/pSL66. Images were taken at 
15X magnification 24 hours post-transfection. 
 

Table A 9 ssODN HDR template sequences. 

ssODN HDR template sequences and their orientation relative to the gene coding sequence. 

Name Orientation Sequence 5'→3' 

pITGAV T136A 
70s 

Sense 
AAACAGGAGAGAGAGCCTGTTGGcACcTGCTTTtTgCAaGACGGAgC
AAAGACTGTTGAGTATGCTCCAT 

pITGAV T136A 
70as 

Antisense 
ATGGAGCATACTCAACAGTCTTTGcTCCGTCtTGcAaAAAGCAgGTgC
CAACAGGCTCTCTCTCCTGTTT 

pITGAV T136A 
85s 

Sense 
TGAAATGAAACAGGAGAGAGAGCCTGTTGGcACcTGCTTTtTgCAaG
ACGGAgCAAAGACTGTTGAGTATGCTCCATGCAGATCA 

pITGAV T136A 
85as 

Antisense 
TGATCTGCATGGAGCATACTCAACAGTCTTTGcTCCGTCtTGcAaAAA
GCAgGTgCCAACAGGCTCTCTCTCCTGTTTCATTTCA 

pITGAV T136A 
100s 

Sense 
TGGAGGACTGAAATGAAACAGGAGAGAGAGCCTGTTGGcACcTGCT
TTtTgCAaGACGGAgCAAAGACTGTTGAGTATGCTCCATGCAGATCAA
GTATGT 

pITGAV T136A 
100as 

Antisense 
ACATACTTGATCTGCATGGAGCATACTCAACAGTCTTTGcTCCGTCtT
GcAaAAAGCAgGTgCCAACAGGCTCTCTCTCCTGTTTCATTTCAGTCCT
CCA 

pITGAV N950D 
70s 

Sense 
TATTTTCTAACTCAAAAACATTCCCgCCgCAgCAGGTTACCACTgATGT
TACCTGGGGCATTCAGCCAGC 

pITGAV N950D 
70as 

Antisense 
GCTGGCTGAATGCCCCAGGTAACATcAGTGGTAACCTGcTGcGGcGG
GAATGTTTTTGAGTTAGAAAATA 

pITGAV N950D 
85s 

Sense 
AGTGACCTATTTTCTAACTCAAAAACATTCCCgCCgCAgCAGGTTACC
ACTgATGTTACCTGGGGCATTCAGCCAGCACCCATGC 

pITGAV N950D 
85as 

Antisense 
GCATGGGTGCTGGCTGAATGCCCCAGGTAACATcAGTGGTAACCTGc
TGcGGcGGGAATGTTTTTGAGTTAGAAAATAGGTCACT 

pITGAV N950D 
100s 

Sense 
AATAGTTCAGTGACCTATTTTCTAACTCAAAAACATTCCCgCCgCAgCA
GGTTACCACTgATGTTACCTGGGGCATTCAGCCAGCACCCATGCCGG
TGCC 

pITGAV N950D 
100as 

Antisense 
GGCACCGGCATGGGTGCTGGCTGAATGCCCCAGGTAACATcAGTGG
TAACCTGcTGcGGcGGGAATGTTTTTGAGTTAGAAAATAGGTCACTG
AACTATT 
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pITGB6 e15A 
70s 

Sense 
ATGTAACCTACAAACACAGGGAAAAACAAAAGcTtGctCTTTCCATGG
ATGGATAGAACTGCTTTACTCA 

pITGB6 e15A 
70as 

Antisense 
TGAGTAAAGCAGTTCTATCCATCCATGGAAAGagCaAgCTTTTGTTTT
TCCCTGTGTTTGTAGGTTACAT 

pITGB6 e15A 
85s 

Sense 
CTTTAAAAATGTAACCTACAAACACAGGGAAAAACAAAAGcTtGctCT
TTCCATGGATGGATAGAACTGCTTTACTCACGGAAAA 

pITGB6 e15A 
85as 

Antisense 
TTTTCCGTGAGTAAAGCAGTTCTATCCATCCATGGAAAGagCaAgCTT
TTGTTTTTCCCTGTGTTTGTAGGTTACATTTTTAAAG 

pITGB6 e15A 
100s 

Sense 
CCAGCACCTTTAAAAATGTAACCTACAAACACAGGGAAAAACAAAA
GcTtGctCTTTCCATGGATGGATAGAACTGCTTTACTCACGGAAAAAA
GTCTGT 

pITGB6 e15A 
100as 

Antisense 
ACAGACTTTTTTCCGTGAGTAAAGCAGTTCTATCCATCCATGGAAAGa
gCaAgCTTTTGTTTTTCCCTGTGTTTGTAGGTTACATTTTTAAAGGTGC
TGG 

pITGB6 e15B 
70s 

Sense 
CTTTAAAAATGTAACCTACAAACACtcGGAAAAACAAAAGcTtGctCTT
TCCATGGATGGATAGAACTGC 

pITGB6 e15B 
70as 

Antisense 
GCAGTTCTATCCATCCATGGAAAGagCaAgCTTTTGTTTTTCCgaGTGT
TTGTAGGTTACATTTTTAAAG 

pITGB6 e15B 
85s 

Sense 
CCAGCACCTTTAAAAATGTAACCTACAAACACtcGGAAAAACAAAAG
cTtGctCTTTCCATGGATGGATAGAACTGCTTTACTCA 

pITGB6 e15B 
85as 

Antisense 
TGAGTAAAGCAGTTCTATCCATCCATGGAAAGagCaAgCTTTTGTTTT
TCCgaGTGTTTGTAGGTTACATTTTTAAAGGTGCTGG 

pITGB6 e15B 
100s 

Sense 
AGGCTCTACCAGCACCTTTAAAAATGTAACCTACAAACACtcGGAAAA
ACAAAAGcTtGctCTTTCCATGGATGGATAGAACTGCTTTACTCACGG
AAAA 

pITGB6 e15B 
100as 

Antisense 
TTTTCCGTGAGTAAAGCAGTTCTATCCATCCATGGAAAGagCaAgCTT
TTGTTTTTCCgaGTGTTTGTAGGTTACATTTTTAAAGGTGCTGGTAGA
GCCT 
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Table A 10 Primer pairs used to generate the HDR templates in Chapter 4. 

Name Orientation Sequence 5'→3' 

pITGAV T136A 
1st fragment PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTCCGAAAGCAG
AATGGTCATAG 

Reverse GGACTGAAATGAAACAGGAGAGAGAGCCTGTTGGCACCTG
CTTTTTGCAAGACGGAGCAAAG 

pITGAV T136A 
2nd fragment PrP 

Forward CTTTGCTCCGTCTTGCAAAAAGCAGGTGCCAACAGGC 

Reverse GCATGGGTCTCAGGAATTCCCAAGGAAGATGAACACTAGTT
C 

pITGAV N950D 
1st fragment PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTGGCAATTTAAC
TATCTTG 

Reverse GTGACCTATTTTCTAACTCAAAAACATTCCCGCCGCAGCAGG
TTACCACTGATGTTACCTGGGG 

pITGAV N950D 
1st fragment PrP 

Forward CCCCAGGTAACATCAGTGGTAACCTGCTGCGGCGGGAATG 

Reverse GCATGGGTCTCAGGAATTCGCGTAACTTTAAGAATCACAG 

pITGB6 e15A 1st 
fragment PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCTCTAGAGAGCCATGAG
GTTGTGGGTTTG 

Reverse CCATCCATGGAAAGAGCAAGCTTTTGTTTTTCCCTGTG 

pITGB6 e15A 2nd 
fragment PrP 

Forward CCTTTAAAAATGTAACCTACAAACACAGGGAAAAACAAAAG
CTTGCTCTTTCCATGG 

Reverse GCATGGGTCTCAGCCCGGGCAGCATCTCAAGGTTTCATAG 

pITGB6 e15B 1st 
fragment PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCTCTAGAGAGCCATGAG
GTTGTGGGTTTG 

Reverse CCATCCATGGAAAGAGCAAGCTTTTGTTTTTCCGAGTG 

pITGB6 e15B 2nd 
fragment PrP 

Forward CCTTTAAAAATGTAACCTACAAACACTCGGAAAAACAAAAG
CTTGCTCTTTCCATGG 

Reverse GCATGGGTCTCAGCCCGGGCAGCATCTCAAGGTTTCATAG 

pITGAV T136A 
750 PrP 

Forward CGCGTAACGAGCAAGCTTGTTGACTGAGTCTATGACTTC 
Reverse GCATGGGTCTCAGGAATTCCAGAGCTACAGCTGCTGGCC 

pITGAV T136A 
500 PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTGAAGAATGTG
AGAAGAGTAC 

Reverse GCATGGGTCTCAGGAATTCGCCGCAACCTCGTGGATCCTAG 

pITGAV T136A 
250 PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTGGCAATGTAG
ATTGTCTGAAACAC 

Reverse GCATGGGTCTCAGGAATTCCACACACATACACTTTTTAACG 

pITGAV N950D 
750 PrP 

Forward CGCGTAACGAGCAAGCTTGGGGGAAATTATGGGGAATT 
Reverse GCATGGGTCTCAGGAATTCCCTGTTCTTCTTGAGGTGGT 

pITGAV N950D 
500 PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTCTGCAGTTAAG
TGAAGGCAT 

Reverse GCATGGGTCTCAGGAATTCCTTCTTCCCTTCTTTTCCTCCC 

pITGAV N950D 
250 PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCAAGCTTCATGTGTGTAT
GTGTATGC 

Reverse GCATGGGTCTCAGGAATTCCAACAATCCCGCTAGAACTGC 

pITGB6 e15 750 
PrP 

Forward CGCGTAACGAGCTCTAGAGTGGTGTAGGCCAGTGGCTAC 
Reverse GCATGGGTCTCAGCCCGGGGGTACCCATATTCCTGCAAC 

pITGB6 e15 500 
PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCTCTAGAATGCTAAAAGT
ATGGTAGAGCA 

Reverse GCATGGGTCTCAGCCCGGGCCTGAAATGATCCCCAAAGTC 

pITGB6 e15 250 
PrP 

Forward GCCTAGTGGAATCGCGTAACGAGCTCTAGAGTGTCATAATA
AAATGTACATAC 

Reverse GCATGGGTCTCAGCCCGGGCTTAAACCAACCTCATTTTAA 
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Figure A 10 Sequencing 1000 bp HDR templates. 

The 1000 bp HDR templates were sent for sequencing to ensure that they encoded for the desired modifications for a) pITGAV T136A, b) pITGAV N950D, 

c) pITGB6 e15A, and d) pITGB6 e15B.
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Figure A 11 Gradient PCRs for 750, 500, and 250 bp HDR templates resolved on a 1% TAE agarose gel. 

PCRs were performed using NEB Phusion polymerase, an annealing temperature gradient between 50.0-65.0 oC, and the 1000 bp long HDR templates 

to obtain the 750, 500, and 250 bp templates for a-c) pITGAV T136A, d-f) pITGAV N950D, g-i) pITGB6 e15A, and j-l) pITGB6 e15B. The products were 

resolved on a 1% TAE agarose gel.
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▲Figure A 12 Sequencing of 750, and 500 bp HDR templates. 

The templates were sent for sequencing and the traces analysed using Geneious software for 

a) pITGAV T136A, b) pITGAV N950D, c) pITGB6 e15A, and d) pITGB6 e15B.  

 

 

Figure A 13 Oversaturated TAE gel image of pITGAV T136A ssODN restriction digestion 

products. 

PCR products amplifying across the pITGAV T136A were digested with AarI for 1 hour at 37 oC 

and resolved on a 2% agarose gel. The image was oversaturated to investigate whether there 

were low levels of digestion in the samples. White arrows denote fragment sizes that are 

consistent with the expected product sizes from cleavage occurring due to HDR events.
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Figure A 14 Amplifying pITGAV T136A clones for genotype analysis. 

a) A gradient PCR was performed using pITGAV e3 PrP 4F and 3R, NEB Phusion polymerase, 

WT PK-15 gDNA and an annealing temperature gradient of 50.0-65.0 oC and the products 

were resolved on a 1% TAE agarose gel. Black arrows denote the expected product size of 

1315 bp. b) PCR amplifications were performed using the PrP and polymerase outlined in a), 

an annealing temperature of 65.0 oC and using PK-15 clonal populations that were transfected 

with 2 µg of pITGAV e3 sgRNA 4 and 4 µg of the 500 bp HDR template as a template. The 

PCR products were resolved on a 1% TAE agarose gel and imaged under UV light. 



 

374 
 

 

Figure A 15 Sequencing pITGAV T136A clones. 

Clones predicted to be homozygous for the HDR events were sent for sequencing. The traces 

were analysed using the Geneious software by aligning them to the expected edited 

sequences. Yellow boxes denote nucleotides that are modified from the WT sequence.
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Figure A 16 Amplifying pITGAV N950D clones for genotype analysis. 

a) A gradient PCR was performed using pITGAV e28 PrP 3, NEB Phusion polymerase, WT PK-15 gDNA and an annealing temperature gradient of 

50.0--65.0 oC and the products were resolved on a 1% TAE agarose gel. Black arrows denote the expected product size of 1154 bp. b) PCR amplifications 

were performed using the PrP and polymerase outlined in a), an annealing temperature of 65.0 oC and using PK-15 clonal populations that were 

transfected with 2 µg of pITGAV e28 sgRNA 2 and 4 µg of the 250 bp HDR template as a template. The PCR products were resolved on a 1% TAE 

agarose gel and imaged under UV light.
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Figure A 17 Sequencing pITGAV N950D clones. 

Clones predicted to be homozygous for the HDR events were sent for sequencing. The traces 

were analysed using the Geneious software by aligning them to the expected edited 

sequences. Yellow boxes denote nucleotides that are modified from the WT sequence. 

 

 

Figure A 18 Oversaturated TAE gel image of pITGB6 e15 A and B ssODN restriction 

digestion products. 

PCR products amplifying across the pITGB6 e15 were digested with HindIII for 1 hour at 37 oC 

and resolved on a 2% agarose gel. The image was oversaturated to investigate whether there 

were low levels of digestion in the samples. White arrows denote fragment sizes that are 

consistent with the expected product sizes from cleavage occurring due to HDR events. 
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Figure A 19 Amplifying across pITGB6 e15. 

PCR amplifications performed using gDNA extracted from pooled populations of cells 

transfected with pITGB6 e15 sgRNA 1 and different concentrations and size of HDR template 

plasmids, pITGB6 e15 PrP 3, PrimeStar MAX polymerase, and an annealing temperature of 

54.8 oC were resolved on a 1% TAE agarose gel. 
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Figure A 20 Sequencing pITGB6 e15A and B clones. 

Clones predicted to be homozygous for the HDR events were sent for sequencing. The traces 

were analysed using the Geneious software by aligning them to the expected edited 

sequences. Orange and purple arrows denote the modifications to the WT sequence. 
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Figure A 21 pITGB6 e15B Plate 3 HindIII restriction digestion. 

PCR products amplifying across pITGB6 e15 using gDNA isolated from clones on e15B plate 

3 were digested with HindIII at 37 oC for 1 hour and the products were resolved on a 2% TAE 

agarose gel. Underlined clone is confirmed to be homozygous for pITGB6 e15B by 

sequencing. 

Table A 11 Primers used to amplify pig RNA transcripts. 

All primers amplified at 60.0 oC in Platinum SYBR Green.  

Name Orientation Sequence 5'→3' Reference 

pYWHAZ qPCR PrP 
Forward TGATGATAAGAAAGGGATTGTGG (Nygard et al. 

2007) Reverse GTTCAGCAATGGCTTCATCA 

pTOP2B qPCR PrP 
Forward AACTGGATGATGCTAATGATGCT (Erkens et al. 

2006) Reverse TGGAAAAACTCCGTATCTGTCTC 

pTBP1 qPCR PrP 
Forward AACAGTTCAGTAGTTATGAGCCAGA (Nygard et al. 

2007) Reverse AGATGTTCTCAAACGCTTCG 

pITGAV qPCR PrP 
Forward CGAGGACTTTGGGAATGGTTT (King et al. 

2011) Reverse CAGTGGCAGCGACAGAAAATC 

pITGB6 qPCR PrP 
Forward TCCAGCTGATCATCTCAGCTTATG (King et al. 

2011) Reverse TCATGTGAGAGCATTTCTTTTGGT 

pIFNA qPCR PrP 
Forward CTGGCTGTGAGGAAATACTT (Hu et al. 

2016) Reverse TTGTGGAGGAAGAGAAGACT 

pIFNB qPCR PrP 
Forward TGCAACCACCACAATTCC  (Wang et al. 

2018) Reverse CTGAGAATGCCGAAGATCTG 
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Table A 12 sgRNA sequences used in Chapter 5. 

Name Strand Sequence 

pIFN_GC sgRNA 1 
Sense CACCGTAGGAGAGTGATACCGACC 

Antisense AAACGGTCGGTATCACTCTCCTAC 

pIFN_GC sgRNA 2 
Sense CACCGTTCATAGTCCACCTAGGAT 

Antisense AAACATCCTAGGTGGACTATGAAC 

pIFN_GC sgRNA 3 
Sense CACCGTGACATCCACATACACGTA 

Antisense AAACTACGTGTATGTGGATGTCAC 

pIFN_GC sgRNA 4 
Sense CACCGTATTCTCCATACGTGTATG 

Antisense AAACCATACACGTATGGAGAATAC 

pIFN_GC sgRNA 5 
Sense CACCGGACAGGAATCGTATTGTGT 

Antisense AAACACACAATACGATTCCTGTCC 

pIFN_GC sgRNA 6 
Sense CACCGCTTAGGGTGTGCTCCAAGT 

Antisense AAACACTTGGAGCACACCCTAAGC 

pIFN_GC sgRNA 7 
Sense CACCGGAAACAGGAGATTCGCAC 

Antisense AAACGTGCGAATCTCCTGTTTCC 

pIFN_GC sgRNA 8 
Sense CACCGAGGTAAACGTCTTTATT 

Antisense AAACAATAAAGACGTTTACCTC 
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Table A 13 PCR primers used in Chapter 5. 

Name 
Amplicon 

length 
(bp) 

Orientation Sequence 5'→3' 
Annealing 
temp (oC) 

Polymerase 

pIFN TI GC PrP 1 781 
Forward AAGTAACGTTGTTATCGCACCA 

65.0 NEB Phusion 
Reverse TTGTTCCAGGTTTGAAAAGAAGGG 

pIFN TI GC PrP 2 1163 
Forward TGCTCACAGAGGTACGATGC 

65.0 NEB Phusion 
Reverse AGGGAAGTTCTTAAGGTAATCTGGT 

pIFN TI GC PrP 1F & 2R 1586 
Forward AAGTAACGTTGTTATCGCACCA 

60.2 
Takara 
PrimeStar MAX Reverse AGGGAAGTTCTTAAGGTAATCTGGT 

pIFN TI GC PrP 3 279 
Forward ACTGGGAATTATTGCCCCCA 

65.0 NEB Phusion 
Reverse AAAGCACCTGCTTCACTGGT 

pIFN TI GC PrP 4 339 
Forward CTGCCCCTCTCTCTTCTCCT 

65.0 NEB Phusion 
Reverse TCCAATGCTGCCAAGTGGAT 

pIFN TI GC PrP 5 737 
Forward TTCCTGAGTGATATGAAGCCCAAA 

65.0 NEB Phusion 
Reverse TGAAAAAGCACTAGGAAGGCACA 

pIFN TI GC PrP 6 400 
Forward TCCTGATTTTAGCTTAAGGTTTGGC 

65.0 NEB Phusion 
Reverse CCACATGTCAAAGTTAACCTCTGTT 
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Figure A 22 Gradient PCR of the IFN TI GC spanning PCR. 

Gradient PCRs were performed on gDNA extracted from pools of PK-15 cells transfected with 

guide pairs 1-12 using Takara PrimeSTAR® MAX DNA Polymerase and pIFN TI GC PrP 1F 

and 2R across an annealing temperature gradient between 54.8 63.5 oC. The products were 

resolved on a 1% TAE agarose gel. Numbers 1-12 refer to the guide pair transfected into the 

cells; WT refers to gDNA extracted from WT PK-15 cells using the Qiagen RNeasy kit; QE WT 

refers to gDNA obtained from WT PK-15 cells using QE buffer; -ve is a no gDNA negative 

control. 
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Figure A 23 Sequencing pIFN TI GC guide pair deletion fragment PCRs. 
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Figure A 24 Analysing clonal PK-15 cells for pIFN TI GC-/- 

a) A spanning PCR using gDNA extracted from clonal PK-15 cells transfected with pIFN TI 

GC gp 1, PrimeStar MAX polymerase, pIFN TI GC PrP 1F and 2R and an annealing 

temperature of 60.2 oC was performed and resolved on a 1% TAE agarose gel. b) A PCR 

internal to the deletion fragment was performed using the same gDNA in a), NEB Phusion 

polymerase, an annealing temperature of 65.0 oC and pIFN TI GC PrP 7. The products were 

resolved on a 1% TAE agarose gel. Underlined clones are those that were analysed further 

for the deletion.
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▲Figure A 25 Sequencing results of the spanning PCR products from pIFN TI GC-/- 

clones. 

 

 

Figure A 26 O.D. 450 curve of best fit for IFNA and IFNB ELISAs. 
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Figure A 27 Assessing purity of synthesised FMDV replicon RNA. 

Following RNA synthesis, the replicon RNA was resolved on a 1% TAE agarose gel. 


