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Abstract 

Classical swine fever virus (CSFV) is the causative agent of classical swine fever, a notifiable 

disease of economic importance that causes severe leukopenia, fever and haemorrhagic 

disease in domesticated pigs and wild boar across the globe. In vitro CSFV has been shown to 

antagonise the induction of type I IFN, partly through a function of its N-terminal protease 

(Npro) which binds IRF3 and targets it for proteasomal degradation. Additionally, Npro has been 

shown to antagonise apoptosis triggered by the dsRNA-homolog poly(I:C), however the exact 

mechanism by which this is achieved has not been fully elucidated.  

The ability of Npro to inhibit poly(I:C)-mediated apoptosis was confirmed and in addition Npro 

was found to antagonise Sendai virus-mediated apoptosis in PK-15 cells. Gene edited PK-15 

cell lines were used to show the dsRNA-sensing pattern recognition receptors (PRRs) TLR3 and 

RIG-I specifically recognise poly(I:C) and SeV respectively, subsequently triggering apoptosis 

through pathways that converge on IRF3 and culminate in the cleavage of caspase-3. Deletion 

of IRF3, stable expression of Npro and infection with wild-type CSFV were found to antagonise 

the mitochondrial relocalisation of Bax, a pro-apoptotic Bcl-2 family protein. Together, these 

findings show that the putative interaction between Npro and IRF3 is involved not only in its 

antagonism of type I IFN, but also dsRNA-mediated mitochondrial apoptosis. Elucidation of the 

mechanism by which Npro antagonises the apoptotic response will help inform the 

development of novel antivirals and rationally designed, live attenuated vaccines.  
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PAMP Pathogen-associated molecular pattern 
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PKR Protein Kinase R  
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TIR Toll/Interleukin 1 receptor  

TLR Toll like receptor 

Tm Melting temperature 

TNF-α Tumour necrosis factor alpha 

TNF-R1 TNF receptor 1 
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TRAF TNF receptor associated factor 

TRAIL TNF-related apoptosis-inducing ligand 
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1. Introduction 

1.1. Classical swine fever virus (CSFV) 

Formerly known as hog cholera virus, the highly contagious and pathogenic classical swine 

fever virus (CSFV) is responsible for severe haemorrhagic disease in pigs and wild boar (Sus 

scrofa), listed by the World Organisation for Animal Health (OIE) and European Union (EU) as a 

notifiable disease of economic importance (EC, 1982, OIE, 2019b). Mortality is typically 100% 

in pigs infected with the most virulent strains, characterised by high fever, leukopenia and 

petechial haemorrhages, accompanied also by a number of neurological complications 

(Mittelholzer et al., 2000). Virus spread typically occurs as a consequence of direct contact 

with infected pigs or their bodily fluids (oronasal and ocular discharge, blood, faeces, urine, 

semen). Widespread apoptosis and necrosis of uninfected cells has also been observed 

(Summerfield et al., 2000). An additional finding is the phenomena of persistent infection and 

immunotolerance in young swine – this can occur as either a direct consequence of vertical 

transmission across the placenta from mother to foetus, or early post-natal infection (Gottipati 

et al., 2014, Cabezon et al., 2015, Munoz-Gonzalez et al., 2015).  

1.1.1. Epidemiology 

1.1.1.1. Geographical distribution 

CSFV remains endemic across many parts of the globe in both wild boar and domestic pigs 

(Arzt et al., 2010). North America has been free from disease for a number of decades,  

however much of Central and Southern America remain endemically infected while outbreaks, 

with the exception of Japan, occur frequently across much of Asia (Brown and Bevins, 2018) 

(figure 1.1).  

In 1980, the European Union (EU) launched a new initiative with the aim of eradicating CSFV in 

member-states. Based primarily on culling as opposed to mass-vaccination, this initiative 
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proved successful. While the UK last saw an outbreak in 2000, virus has been identified in wild 

boar populations in parts of Eastern Europe, leading to sporadic outbreaks in Latvia and 

Lithuania. A particularly severe outbreak occurred in the Netherlands between 1997 and 1998 

with loses as high as 2.3 billion US$ (Elber et al., 1999) while in 2009, a smaller outbreak was 

identified in wild boar of the North Rhine Westphalia region of Germany (Leifer et al., 2010).  

1.1.1.2. 2018-2019 Japanese outbreak   

More recently in August 2018 (confirmed September 2018), the Gifu prefecture of Japan was 

struck by an outbreak, the country’s first in 26 years. Although these outbreaks have been and 

are currently being rapidly resolved, new outbreaks are recurring. The OIE have recently 

reported (18/08/2019) that a total of 1707 domestic pigs have been culled and a total of 68 

cases detected in wild boar between July 25th and August 13th (OIE, 2019a). While these 

outbreaks were initially restricted to Gifu prefecture, cases have been detected in 

neighbouring provinces and these have primarily occurred in wild boar (figure 1.2). As wild 

boar are as susceptible to infection as domestic pigs, eradication in CSFV from wild boar 

populations would be invaluable (Moennig, 2015). Sequence analyses of the 5’ UTR, as well as 

the E2 and NS5B ORFs showed the Japanese isolates belong to subgenotype 2.1 and are closely 

related to Chinese and Mongolian isolates from 2011-2015  (Nishi et al., 2019, Postel et al., 

2019). CFSV remains a global threat to food security, therefore justifying continued research 

into viral pathogenesis, surveillance and vaccine development.  

1.1.1.3. Phylogeny 

At present, CSFV is divided into three genotypes and 11 subgenotypes (Postel et al., 2013b). 

Reflecting the increasing availability of complete CSFV genome sequences deposited to 
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GenBank, our understanding of viral diversity has improved and as such a new genotyping 

scheme has been proposed – this would instead be comprised of five genotypes and 14 

Figure 1.1: Map of OIE member countries and zones (regions of countries) recognised as CSFV-free 

as of May 2019. (OIE, 2019).  

 

Figure 1.2: Map of current CSFV outbreaks in domestic pig and wild boar populations in Gifu 

prefecture and surrounding provinces as of August 18th 2019. Resolved wild (green) and domestic 

cases (blue) and ongoing domestic cases (red) are indicated (adapted from OIE, 2019).  
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subgenotypes (Rios et al., 2018).  

1.1.2. Virus structure 

CSFV, along with bovine viral diarrhoea virus (BVDV) and border disease virus (BDV), are all 

enveloped pestiviruses which belong to the positive-sense single-stranded RNA Flaviviridae 

family of viruses. Members of the Pestivirus genus range between 40-60 nm in diameter and 

possess a genome of approximately 12.3 kb enclosed within a proteinaceous nucleocapsid 

(Lindenbach et al., 2007) (figure 1.3). The genome of CSFV encodes a single open reading 

frame (ORF) which is flanked by 5’ and 3’ untranslated regions (UTRs) and encodes a 

polyprotein of 3,898 amino acids (Lindenbach et al., 2007) (figure 1.4). The 5’ UTR is highly-

conserved across the Pestivirus genus and has the role of acting as an internal ribosomal entry 

site (IRES), enabling cap-independent initiation of translation (Rijnbrand et al., 1997). This is in 

contrast to the majority of host mRNAs which are typically translated as a consequence of a 5’ 

capped structure in a process termed “cap-dependent translation” (Merrick, 2004). Following 

translation, viral and host proteases process and cleave the polyprotein into 12 mature 

polypeptides:  Npro, C, Erns, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Lindenbach et 

al., 2007). These proteins encompass a wide range of roles such as cell attachment (Erns, E1, 

E2), polymerase activity (NS5B) and helicase activity (NS3).  

1.1.3. Genome organisation 

Genes encoding the four structural proteins (Core, Erns, E1 and E2) are located adjacent to each 

other in the 5’ region of the ORF and are therefore amongst the first viral proteins to be 

expressed (figure 1.4).  

1.1.3.1. Npro 

The first protein encoded by the ORF is the N-terminal autoprotease (Npro), a 19 kDa C63 

cysteine autoprotease that exhibits co-translational autoproteolytical activity upon itself, 
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facilitating cleavage from the downstream nucleocapsid Core protein (1.1.3.2) (Wiskerchen et 

al., 1991, Stark et al., 1993, Rumenapf et al., 1998, Rawlings et al., 2012). Although Npro is 

dispensable for CSFV replication in the interferon-defective SK6 cell line (Tratschin et al., 

1998), deletion has been associated with significant attenuation in vivo (Mayer et al., 2004). 

CSFV Npro has been shown to antagonise in vitro induction of double-stranded RNA (dsRNA)-

mediated apoptosis (Ruggli et al., 2005, Johns et al., 2010a) and type I IFN (Ruggli et al., 2003, 

Bauhofer et al., 2005, Ruggli et al., 2005). In vivo, antagonism of type I IFN induction by CSFV 

Figure 1.4: Schematic of CSFV genome and polyprotein processing. Positive-sense RNA genome is 

initially translated as a single polyprotein which then undergoes cleavage by viral and host proteases 

into 12 mature proteins (ICTV, 2019). 

 

Figure 1.3: Schematic of CSFV virion structure. CSFV virions enveloped, spherical and approximately 

40-60 nm in diameter. Positive-sense RNA genome is contained within a nucleocapsid core protein 

(ViralZone, 2010). 
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Npro was associated with enhanced replication at local sites of infection (Tamura et al., 2014). 

These functions of Npro are discussed in greater detail in 1.2.4 and 1.3.3.  

1.1.3.2. Core 

Core protein (Core) encases the viral genome (RNA) to form a proteinaceous viral 

nucleocapsid, however the exact mechanism by which this is achieved remains to be 

elucidated. Virions devoid of Core protein were shown to actively integrate complemented 

Core protein, resulting in improved infectivity of cells pre-treated with IFN (Riedel et al., 2017). 

Riedel et al. suggest the observed phenotype likely corresponds to protection from interferon-

stimulated gene (ISG) products such as RNaseL and ISG20, two ISGs that exert ribonuclease 

and exonuclease activity on viral RNA, respectively (Schoggins, 2019).  

1.1.3.3. Erns, E1 and E2 

Found on the surface of mature virions, the viral glycoprotein Erns  (Thiel et al., 1991, Rümenapf 

et al., 1993) has been proposed to facilitate initial binding and attachment to host cells 

through interactions with sugars, heparan sulphate (HS) and laminin (Hulst and Moormann, 

1997, Hulst et al., 2001, Chen et al., 2015). This is thought to be important in virus adaption to 

cell culture (Hulst et al., 2000).  In addition to its structural role, infected cells also produce Erns 

in a soluble, secretable form that has been shown to act as a scavenger receptor for and exert 

endoribonuclease activity on viral single-stranded RNA (ssRNA), dsRNA (a genome replication 

intermediate) and its synthetic homolog polyinosinic:polycytidylic acid (poly(I:C)), contributing 

toward CSFV’s antagonism of type I IFN induction (Hausmann et al., 2004, Lussi et al., 2018). 

With regards to BVDV, a closely related Pestivirus, this mechanism has been proposed to 

prevent its own pathogen-associated molecular pattern (PAMP) from inadvertently triggering 

TLR3-mediated induction of type I IFN (Zurcher et al., 2014a, Zurcher et al., 2014b).  

Two other glycoproteins, E1 and E2, are located on the surface of the CSFV virion (Thiel et al., 

1991, Rümenapf et al., 1993). E2 forms homodimers with itself and heterodimers with E1, the 
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latter being essential and sufficient for Pestivirus cell entry (Hulst and Moormann, 1997, Wang 

et al., 2004). The roles of these proteins in mediating attachment and entry into host cells are 

discussed in greater detail in 1.1.4.1. E2 is the predominant immunogen that elicits a 

protective humoral response in CSFV-infected pigs (van Zijl et al., 1991, Hulst et al., 1993, 

Konig et al., 1995, van Rijn et al., 1996).  

1.1.3.4. p7 

Nonstructural protein p7 is cleaved from E2 by a unique cellular signal peptidase, however this 

cleavage is incomplete and results in mature E2 and p7 as well as residual E2p7 precursor 

(Elbers et al., 1996). Recently, it has been proposed that p7 complexes with E2 and NS2 at the 

ER membrane to modulate virus assembly (Zhao et al., 2017). In addition, p7 was identified as 

a viroporin, essential for virus replication and virulence in pigs (Gladue et al., 2012). Through a 

function of its C-terminal transmembrane helix, p7 was observed to form pores in model ER-

like membranes in a pH-dependent manner, facilitating the passage of ions (Gladue et al., 

2012, Largo et al., 2016). An interaction between p7 and CALMG, a key mediator of cytosolic 

calcium accumulation, was recently identified (Gladue et al., 2018). These findings are 

interesting as variations in calcium concentration have been associated with control of cell 

metabolism, mitosis and apoptosis. Modulation of these responses by a viroporin such as p7 

might therefore serve to benefit CSFV infection (Clapham, 2007, Pinton et al., 2008).  

1.1.3.5. NS2-3, NS2 and NS3 

Due to the endogenous autoprotease activity of NS2, the protein is cleaved from a NS2-3 

precursor to yield two mature proteins, NS2 and NS3 – this is made possible through an 

interaction with the cellular chaperone J-domain protein interacting with viral protein (Jiv90) 

(Lackner et al., 2006, Isken et al., 2019). Enhancement of NS2-3 processing is a major virulence 

determinant of cytopathic BVDV strains (Peterhans et al., 2010). Delayed processing of CSFV 

NS2-3 has also been observed (Lamp et al., 2011) as has cytopathogenicity upon expression of 



29 
 

Jiv90 by a recombinant virus (Gallei et al., 2008), explaining the noncytopathogenic nature of 

CSFV.  Remaining uncleaved as a consequence of depleted Jiv90 (Rinck et al., 2001, Lackner et 

al., 2005), NS2-3 precursor is required for both CSFV (Moulin et al., 2007) and BVDV virus 

particle assembly (Agapov et al., 2004).  

Once cleaved from its precursor, NS2 is not essential for CSFV replication (Moulin et al., 2007). 

However, it might serve a regulatory role and facilitate a cellular environment advantageous 

for viral replication (Tang et al., 2010). NS3 has several functions and is essential for 

replication:  at its C-terminus it exerts autoproteolytic activity, cleaving itself from the 

remainder of the polyprotein (comprised of NS3, NS4A, NS4B, NS5A and NS5B), while its N-

terminal serine protease domain utilises NS4A as a co-factor to bring about subsequent 

cleavage of the polyprotein to yield its constituent components (Tautz et al., 2000).  In 

addition, NS3 was recently found to interact with tumour necrosis factor receptor-associated 

factor 6 (TRAF6), an adapter protein of toll-like receptor (TLR) and NF-kB signalling pathways 

responsible for induction of proinflammatory cytokines (Lv et al., 2017a).  

1.1.3.6. NS4A and NS4B 

While essential for CSFV replication and particle formation, the only characterised function of 

NS4A is to act as a co-factor for the NS3 serine protease (Moulin et al., 2007). Also essential for 

viral replication, the elucidated functions of NS4B are more extensive – NS4B is an NTPase, 

playing a role in ATP and GTP hydrolysis which are important for membrane trafficking and 

fusion (Gladue et al., 2011). In addition, the protein appears to antagonise TLR7-mediated 

responses through a function of a predicted Toll/Interleukin 1 receptor like (TIR-like) binding 

domain (Fernandez-Sainz et al., 2010).  

1.1.3.7. NS5A and NS5B (RdRp) 

Nonstructural protein 5A (NS5A) is also essential for replication and has been reported to 

associate with heat shock protein 70 (HSP70) (Zhang et al., 2015), a protein involved in a 
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plethora of cellular processes vital to the viral life cycle (Sullivan and Pipas, 2001). 

Nonstructural protein 5B (NS5B) represents a viral RNA-dependent RNA polymerase (RdRp), 

responsible for the initiation of RNA synthesis (Steffens  et al., 1999).  The initiation of 

replication by NS5B and its regulation by NS5A are discussed in 1.1.4.2.  

1.1.4. Virus life cycle 

1.1.4.1. Entry 

It is the exposed surface glycoproteins of CSFV (E1 and E2) which are primarily responsible for 

interacting with the host cell plasma membrane and facilitating the process of entry. E1-E2 

heterodimers were sufficient for entry of a CSFV-pseudotyped HIV virus into porcine cell lines 

(Wang et al., 2004) while an earlier study found that when applied exogenously, E2 inhibited 

infection and cell-to-cell spread of CSFV, suggesting that interactions with specific receptors 

are responsible (Hulst and Moormann, 1997). While the precise cell-surface receptor for E2 

remains undefined, it might be a porcine homolog of bovine CD46, the entry receptor reported 

for BVDV (Maurer et al., 2004, Krey et al., 2006, El Omari et al., 2013). However, when porcine 

cell lines were treated with anti-CD46 monoclonal antibody (mAb), infection by field isolates of 

CSFV was antagonised but not inhibited, suggesting the requirement of additional receptors 

(Dräger et al., 2015).  

Early studies with BVDV suggested that, similarly to Hepatitis C virus (HCV), entry occurs 

through a clathrin-mediated pathway of endocytosis whereby virions must be primed for low 

pH prior to fusion (Lecot et al., 2005). In PK-15 cells, uptake of CSFV was later reported to be 

dynamin and cholesterol-dependent, requiring the action of the Rab5 and Rab7 proteins (Shi 

et al., 2016). In contrast, a study working with porcine alveolar macrophages found uptake to 

be caveola-dependent and clathrin-independent, implicating Rab11 in addition to Rab5 and 

Rab7 (Zhang et al., 2018). Rab proteins belong to a superfamily of monomeric G-proteins that 

are involved in membrane trafficking and are localised to specific subcellular compartments 
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(Zhen and Stenmark, 2015). Rab5 and Rab7 are found in early and late endosomes respectively 

while Rab11 is associated with recycling endosomes and fusion with lysosomes. Therefore, 

upon uptake via clathrin or caveola-mediated endocytosis, CSFV progresses through early and 

late endosomes – subsequently, fusion and release of genome occurs either here or in 

recycling endosomes or lysosomes (Shi et al., 2016, Zhang et al., 2018).    

With regards to potential entry receptors, Laminin receptor (LamR) was recently implicated in 

vitro. CSFV co-localised with exogenous LamR and infection was inhibited following its 

knockdown or pre-treatment with inhibitors or anti-LamR mAbs (Chen et al., 2015). While 

previously shown to be dispensable for both attachment and entry (Wang et al., 2004), Erns 

was the only protein of CSFV found to interact with LamR. It is therefore conceivable that by 

binding to an alternate receptor to that of E2, Erns serves an accessory function in attachment 

but not cell entry (Chen et al., 2015).  

1.1.4.2. Genome replication 

Following fusion with endosomal membranes, CSFV virions release their RNA genome into the 

cytosol. As CSFV contains a positive-sense single-stranded RNA genome, it immediately 

undergoes translation by ribosomes associated with the rough endoplasmic reticulum (ER). For 

genome replication to be initiated, a number of non-structural CFSV proteins are required 

(Risager et al., 2013) however the function of NS5A is most prominent. The viral RdRp NS5B is 

responsible for the transcription of negative-sense viral RNA from the positive-sense genome, 

the resulting transcript used as a template for the transcription of new positive-sense RNA 

(Xiao et al., 2003, Xiao et al., 2004). Together, NS5A and NS5B have the capacity to bind to the 

3’ NTR (the site of replication initiation) at two sites, 3’ UTRL-1 and 3’ UTRL-2. Initially NS5A 

occupies both sites, inhibiting initiation of replication however if NS5B is expressed highly or 

NS5A expressed lowly, both NS5A and NS5B bind 3’ UTRL-1, initiating replication (Chen et al. 

2012, Sheng et al. 2012). Another nonstructural protein, NS3 has been reported to exert 
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helicase activity on viral RNA, unwinding the secondary structure present at its 3’ UTR.   

Interestingly, studies have found NS5B and NS3 to favour association with negative-sense viral 

RNA over positive-sense (Xiao et al., 2004, Sheng et al., 2007).  

1.1.4.3. Morphogenesis and release 

Positive-sense RNA virus replication is membrane-associated and, in the case of HCV, is 

dependent on the reorganisation of ER membranes (Egger et al., 2002). Little data exists as to 

whether or not this is the case for CSFV, however BVDV and BDV have been associated with ER 

rearrangements in bovine embryonic testis cells (Gray and Nettleton, 1987). In contrast, a 

recent study observed no ER rearrangements in Madin-Darby bovine kidney (MDBK) cells 

infected with the distantly related Pestivirus Giraffe-1 (Schmeiser et al., 2014).  

Maturation of the closely-related BVDV occurs via transport of protein from the ER to the golgi 

complex as Brefeldin A, an inhibitor of this process, was observed to block virus release but 

had no effect on assembly or infectivity (Macovei et al., 2006). Data regarding release of 

progeny CSFV virions is minimal, however Giraffe-1 was observed to leave infected MDBK cells 

in small exocytotic vesicles following passage through the golgi complex (Schmeiser et al., 

2014).  

1.1.5. Pathology  

1.1.5.1. Transmission 

Transmission of CSFV typically occurs oronasally through direct or indirect contact with the 

urinary, respiratory or alimentary tract excretions of infected individuals or vertically between 

sow and offspring (Moennig et al., 2003a). Additionally, airborne transmission has also been 

reported (Roberts, 1995) and uncooked infected pig meat present in feed (swill) also has the 

capacity to initiate infection in potentially CSFV-free areas (Terpstra, 1988). Indeed, viable virus 

has been recovered from meat frozen for more than 4 years (Edgar, 1949) and chilled for up to 
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85 days (Doyle, 1933, Helwig and Keast, 1966), demonstrating the longevity of the virus under 

a range of conditions.  

1.1.5.2. Clinical disease and pathogenesis  

CSFV has an incubation period of 7-10 days at which point the virus is actively replicating in 

lymph nodes and tonsillar tissue (Moennig et al., 2003b). Virulence and clinical outcome are 

multifactorial, being both age and strain-dependent (Floegel-Niesmann et al., 2003, Moennig 

et al., 2003b). Infection of piglets less than 12 weeks of age manifests as an acute disease 

associated with severe leukopenia, fever, haemorrhagic disease and a host of neurological 

complications (ataxia, convulsions) and death follows 1-3 weeks later. Disease is less acute in 

older pigs, often resulting in chronic infection, a phenomenon also observed prenatally in 

piglets infected 50-70 days into gestation (Munoz-Gonzalez et al., 2015). Recovery from acute 

infection is associated with production of neutralising antibodies against E2 which occur from 

13 days post-infection (Tarradas et al., 2014). Chronic and prenatal infection is always lethal 

and is associated with a failure to generate a neutralising antibody response (Moennig et al., 

2003a).  

Leukopenia is a key hallmark of CSFV infection, primarily resulting in the depletion of T and B 

lymphocytes (Summerfield et al., 1998, Summerfield et al., 2006, Summerfield and Ruggli, 

2015). Magnitude of leukopenia and speed of onset correlate with strain virulence (Tarradas et 

al., 2014). Leukocytes are not infected in the early stages of infection; instead this 

phenomenon is associated with bystander apoptosis caused by high levels of circulating IFN-α 

(Summerfield et al., 1998, Renson et al., 2010, Tarradas et al., 2014). In vitro CSFV antagonises 

induction of type I IFN in epithelial cells and in vivo it antagonises induction in macrophages 

and cells at the local site of infection (Renson et al., 2010, Tamura et al., 2014). Uninfected 

pDCs are believed to the primary source of IFN-α (Summerfield et al., 2006), however infected  

pDCs have also been associated with an induction of this protein (Jamin et al., 2008).  
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Together, these observations suggest a complex interplay between the virus and the host 

immune system. 

1.1.5.3. Diagnosis 

While combinations of analysis of clinical signs and pathology by veterinarians are invaluable 

(1.1.5.2), ultimately diagnosis is made possible either through indirect (serology) or direct 

detection (live virus, viral antigen or viral RNA) (Greiser-Wilke et al., 2007). Antibodies are 

detectable 2-3 weeks post-infection and persist for life. Considered a “gold standard” 

diagnostic, virus neutralisation tests (VNT) determine the capacity of sera isolated from an 

individual to neutralise an infection in cell culture (Stear, 2005). While time-consuming and 

labour-intensive, VNT’s do enable discrimination between infections by pestiviruses other than 

CSFV such as BVDV and BDV.  Enzyme-linked immunosorbent assays (ELISAs) are used for the 

detection of antibodies reactive with CSFV’s E2 glycoprotein (Wensvoort et al., 1988, Moser et 

al., 1996). While high-throughput, these assays can cross-react with antibodies induced by 

other pestiviruses (Soos et al., 2001, Loeffen, 2005, Muller et al., 2005) and can’t be used to 

accurately identify persistently infected pigs infected in utero as maternal-derived antibodies 

are transferred during gestation (Saubusse et al., 2016). Viral antigen can be directly detected 

through the inoculation of susceptible cells (PK-15 or SK6) with blood, sera or clarified organ 

followed by either an indirect immunofluorescence test (IFT) or immunoperoxidase assay 

(PLA), both of which are also regarded as “gold standard” (Stear, 2005). Considered the most 

sensitive method of detection, RT-PCR is used routinely in CSFV diagnostics as it has low 

detection limits and enables earlier detection than with virus isolation (Dewulf et al., 2004, 

Handel et al., 2004).  
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1.1.6. Methods of control and prevention 

1.1.6.1. Culling and movement restrictions 

With regards to methods of control, culling is often the first point of call in any outbreak. 

Directive 2001/89/EC of the European Council requires that all pigs within a 1 km radius of the 

CSFV infected farm are culled, however, pre-empting further spread this is often extended to 2 

km (Ribbens et al., 2005). Carcases, bedding and feed are also destroyed. This inevitably leads 

to the death of countless healthy animals and considerable economic losses for farmers in 

affected areas (Paton and Greiser-Wilke, 2003).  Suspension of CSFV-free status by the OIE 

hinders international trade, providing yet another source of economic loss.  

1.1.6.2. Live attenuated vaccines 

Live attenuated vaccine usage in EU member-states is legislated by European Council Directive 

2001/89/EC (EC, 2001, Postel et al., 2013a).  Developed through serial passage in rabbits, the 

live attenuated and avirulent CSFV C-strain confers rapid immunity (with a few days of 

vaccination) that appears to persist lifelong (van Oirschot, 2003b, a). At 7 days post-

vaccination, sterile immunity is complete (Terpstra et al., 1990, de Smit et al., 2001), however 

in a recent study it was found to protect the majority of animals from viremia and clinical 

disease as early as 3 days post-vaccination (Graham et al., 2012). Recently, this rapid onset of 

protection was associated with upregulation of ISGs linked to the ISG15 pathway (McCarthy et 

al., 2019). In turn, C-strain is regarded as an effective vaccine for control of outbreaks. 

In theory, vaccination against CSFV using C-strain should be straightforward as antigenic 

sequences are highly conserved due to a low mutation rate (Vanderhallen et al., 1999). Despite 

this, C-strain vaccines from multiple manufacturers were found to be ineffective against the 

emergent subgenotype 2.1d CSFV now circulating in China (Luo et al., 2017). In addition, 

Article 1.9.1 of the OIE Terrestrial Animal Health Code dictates that vaccination of herds with 

the current generation of live attenuated vaccines must not have taken place in the past 12 
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months to be granted CSF-free status. This is because pigs vaccinated with C-stain are 

indistinguishable from those that are infected but subclinical. Failure to differentiate between 

these two groups of pigs is because they are not Differentiating Infected from Vaccinated 

Animals (DIVA) vaccines. Therefore, C-strain vaccination is not suitable for routine vaccination 

in countries seeking to retain or obtain CSF-free status from the OIE. 

Over the last decade, work detailing a highly efficacious DIVA vaccine has been published and 

in 2015 it was finally licensed for usage by the European Medicines Agency (EMA) (Blome et 

al., 2017). CP7_E2alf (marketed as “Suvaxyn® CSF Marker”) is a chimeric live attenuated 

vaccine based on a BVDV backbone with the E2 coding region replaced by the corresponding 

sequence of CSFV (Alfort/187) (Koenig et al., 2007). Duration of immunity from a single 

intramuscular dose has been demonstrated to last for at least 6 months (Gabriel et al., 2012) 

and has been shown to confer protection against more recent genotypes such as 2.1 and 2.3 

(Blome et al., 2014). Due to the attenuated nature of CP7_E2alf, replication following 

inoculation is limited, however RT-PCR can be used to detect vaccine-specific sequences (Leifer 

et al., 2009a, Liu et al., 2009) while commercial ELISAs (distributed by Thermofisher and 

Qiagen) have also been developed to enable detection of anti-CSFV Erns antibodies. However, 

due to the delayed onset of anti-Erns antibodies these ELISAs are less sensitive than those used 

for detection of anti-E2 antibodies, thus increasing the likelihood of false negative results 

(Blome et al., 2012). With regards to the immune responses elicited by the vaccine, following 

vaccination with CP7_E2alf pre-challenge CSFV-specific IgG1 was found to be less than 

observed with C-strain vaccination (Renson et al., 2013) while post-challenge CP7_E2alf 

demonstrated significantly less cytokine induction (e.g. TNF-α, IL-6) (Renson et al., 2014). In 

addition, full clinical protection is only conferred 1 week post intramuscular and 2 weeks post 

oral vaccination and the European Medicines Agency (EMA) states that onset of immunity is 

only after 14 days (Leifer et al., 2009b). During an outbreak, this could prove problematic as 
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despite the overall efficacy of the vaccine, there would still be a clear time period whereby 

vaccinated pigs are susceptible to infection.  

1.1.6.3. Subunit vaccines 

Prior to the development of the live attenuated CP7_E2alf vaccine, subunit vaccines were the 

only viable DIVA alternative. Two groups have described baculovirus-expressed E2 subunit 

vaccines that are presently licensed for usage (Lutticken et al., 1998, Moormann et al., 2000). 

The E2 protein expressed in this system has had its transmembrane domain deleted, resulting 

in its secretion into the cell culture supernatant, enabling harvest. As with CP7_E2alf, DIVA is 

made possible through an ELISA that detects anti-CSFV Erns antibody.  

However, vaccination-challenge studies seeking to determine efficacy have yielded variable 

and conflicting results. 14 days post-vaccination, pigs were usually protected when challenged 

intranasally or orally (Bouma et al., 2000, Uttenthal et al., 2001), however when challenged 13 

months post-vaccination, protection was incomplete as 2 out 8 pigs died (de Smit et al., 2001). 

While single dose vaccination has been found to significantly reduce shedding and viremia 

(Bouma et al., 2000, Uttenthal et al., 2001), others have reported otherwise (Ziegler and 

Kaden, 2002). In another study, viremia was detected following challenge as many as 21 days 

post-vaccination (Uttenthal et al., 2001). The quantity of E2 protein is thought to be a decisive 

factor and in turn double-vaccinated herds were found to be almost completely protected, 

however many pigs still developed viremia (Dewulf et al., 2000). Data regarding transmission 

between unvaccinated and vaccinated pigs following challenge is equally inconclusive and 

conflicting - reports of transmission occurring up to 21 days post-vaccination are concerning 

and highlight why C-strain is typically favoured over E2 subunit vaccination during outbreaks 

(Bouma et al., 2000, Uttenthal et al., 2001).  
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1.1.6.4. Transgenic pigs  

Recently, a group in China developed transgenic pigs that were resistant to CSFV infection 

(Shimen strain) (Xie et al., 2018). Building on previous studies which explored its efficacy in 

vitro (Xu et al., 2008, Li et al., 2010, Li et al., 2011), Xie et al. identified a single shRNA capable 

of antagonising CSFV infection in vitro and subsequently generated knock-in transgenic pigs at 

the Rosa26 locus using CRISPR-Cas9 and somatic cell nuclear transfer. Already, this technology 

has been used to successfully generate transgenic pigs that are resistant to infection with 

Porcine Reproductive and Respiratory Syndrome virus (PRRSV) (Burkard et al., 2018) and 

transmissible gastroenteritis virus (TGEV) (Whitworth et al., 2019).  

While this development is exciting, genetic manipulation of animals to bring about resistance 

to specific diseases and infections is not without risk. One danger is that by applying such a 

selection pressure, CSFV escape mutants might emerge over time rendering transgenic pigs 

vulnerable to future infections. In addition, opposition to transgenic technologies and food is 

widespread (Houdebine, 2014), meaning export of pork products to some regions might prove 

problematic.  

1.2. IFN signalling 

1.2.1. Sensing of positive-sense RNA viruses 

Interferon (IFN) comprise a large family of immunomodulatory proteins which are a key 

component of the innate immune system. Type I (α, β), type II (γ) and type III (λ) IFN are 

distinct from one another in their amino acid sequence homology, the cell types they are 

expressed by and the respective receptors utilised by each in initiating responses (Pestka et al., 

2004).   

Most mammalian cells sense dsRNA, a viral replicative intermediate of positive-sense RNA 

viruses such as CSFV, through a series of pattern recognition receptors (PRRs). These receptors 
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include the endosomal toll-like receptor 3 (TLR3) and two cytoplasmic RNA helicases – retinoic 

acid-inducible gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) 

(Randall and Goodbourn, 2008, McNab et al., 2015) (figure 1.5). When activated, pathways 

downstream of these proteins are responsible for inducing the production and release of pro-

inflammatory cytokines such as type I IFN. Cells respond to type I IFN by upregulating a 

plethora of ISGs, thus activating a key element of the antiviral innate immune system (Franchi 

et al., 2009, Li et al., 2009, O'Neill et al., 2013). CSFV infection is thought to be sensed by TLR3, 

MDA5 and RIG-I (Hüsser et al., 2011). 

 

 

Figure 1.5: Schematic of presently known PRRs and their downstream signalling pathways. 

Intracellular PRRs such as RIG-I and MDA5 detect cytosolic dsRNA molecules and signal through the 

mitochondrial adapter protein MAVS to activate IRF3 and NF-kB, transcription factors of type I IFN. 

Endosomal TLRs detect endocytosed dsRNA or ssRNA and signal through the adapter proteins TRIF 

or MyD88 and TRAF protein to activate the same transcription factors. Type I IFN is detected by cell 

surface receptors which upregulate ISGs through the JAK-STAT pathway (EC, 1982, McNab et al., 

2015). 
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1.2.1.1. dsRNA sensing: RIG-I and MDA5 

The N-termini of cytosolic PRRs RIG-I and MDA5 both have RNA helicase activity and contain a 

DExD/H box motif as well as a caspase activation and recruitment domain (CARD), while their 

C-termini display a conserved regulatory domain (CTD). The CARD domains convey the ability 

to transduce signals, whilst the CTDs play a role in the recognition of RNA (Yoneyama et al., 

2004, Yoneyama and Fujita, 2008). Studies in knockout mice have revealed that these proteins 

have non-redundant roles by detecting largely distant but also overlapping groups of viruses, 

indicating differing PAMPs in the induction of host antiviral responses (Kato et al., 2006, Loo et 

al., 2008). RIG-I is activated by short dsRNA molecules and ssRNA molecules bearing an 

overhanging 5’-triphospahte (5’-ppp) cap which are both recognised directly by the protein’s 

CTD, while MDA5 is activated by longer dsRNA molecules lacking a cap (Cui et al., 2008). This 

explains the selectivity of the two proteins and also why some viruses enzymatically remove 

their cap to prevent recognition by RIG-I (Habjan et al., 2008).  

Mitochondrial antiviral-signalling protein (MAVS) is key to the induction of type I IFN by 

cytosolic dsRNA, facilitating the transduction of signals from RIG-I and MDA5 to the 

transcription factors IRF3 and NF-kB (Wu and Hur, 2015). RIG-I and MDA5 engage with MAVS 

via their respective CARD domains, undergoing significant oligomerisation which drives the 

CARD domains of MAVS to transform into a filament which recruits TRAF2, 3, 5 and 6 (Saha et 

al., 2006, Paz et al., 2011, Liu et al., 2013) (figure 1.6). It is ultimately the accumulation of TRAF 

proteins which enables further downstream signal transduction.   

There are competing theories with regards to the mechanism by which activated MAVS 

mediates the activation of IRF3, however the kinases TBK1 and IKKε are a common element of 

each (Fitzgerald et al., 2003). One theory suggests that upon recruitment of TRAF proteins by 

MAVS, IKKε and TBK1 are activated which in turn phosphorylate MAVS, facilitating recruitment 

of IRF3 to MAVS and subsequent phosphorylation of IRF3 by TBK1 (Liu et al., 2015). More 
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recently, Fang et al. suggested that MAVS recruits a pre-associated TRAF-IKKε/TBK1 complex 

which results in the trans-autophosphorylation of each kinase, facilitating phosphorylation of 

IRF3 (see 1.2.2.1) (Fang et al., 2017). IKKα/β, typically associated with NF-kB signalling, 

interacts with TBK1 in a process thought to enhance the phosphorylation of IKKε/TBK1 and 

IRF3 (Fang et al., 2017). In their study, NEMO was key to MAVS-induced activation of IKKα/β 

and IKKε/TBK1 which is interesting considering the well-characterised roles of NEMO and 

IKKα/β in NF-kB signalling. Indeed, they observed IKKα/β to directly phosphorylate TBK1 – this 

was in agreement with previous studies which found NEMO and IKKα/β to be critical for both 

NF-kB and IRF3/IRF7 signalling (Zhao et al., 2007, Clark et al., 2011), likely explaining these 

observations.  

1.2.1.2. dsRNA sensing: TLR3 

Unlike the RIG-I family of receptors which are expressed ubiquitously and detect dsRNA in the 

cytoplasm of most cell types, TLR3 is predominately expressed in macrophages and dendritic 

Figure 1.6: Schematic of responses to viral dsRNA by RIG-I, MDA5 and the MAVS adapter protein. 

Upon activation, RIG-I/MDA5 CARD domains oligomerise with the CARD domain of MAVS, 

transforming it into a filamentous structure capable of recruiting TRAF proteins and transducing 

signals required for induction of type I IFN (Wu and Hur, 2015).  
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cells and is strictly endosomal (Takeuchi and Akira, 2008). Internalised dsRNA binds readily to 

TLR3 after which its cytosolic Toll/IL-1 receptor (TIR) domain recruits TRIF, leading to its 

oligomerisation and subsequent assembly of a larger signalling complex which cumulates in 

activation of the NF-kB and IRF3 transcription factors. TLR3 is unique in this respect as it is the 

only TLR to not utilise the myeloid differentiation primary response 88 (MyD88) adapter 

protein (Yamamoto et al., 2003), however some elements are common with RIG-I/MDA5-

mediated signalling. Initially, TRAF3 and 6 are recruited however each have distinct functions 

(Hacker et al., 2006, Oganesyan et al., 2006). Both TRAF3 and 6 recruit receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1), which in turn interacts with and activates the 

transforming growth factor beta-activated kinase 1 (TAK1) complex, cumulating in the 

activation and nuclear translocation of NF-kB (see 1.2.2.1). In contrast, TRAF3 alone is 

sufficient to trigger the recruitment of TBK1 and IKKε in a NEMO-dependent manner (Hacker et 

al., 2006, Oganesyan et al., 2006). As with RIG-I/MDA5-mediated signalling, this results in the 

phosphorylation of IRF3, its subsequent dimerization and nuclear translocation.   

1.2.1.3. ssRNA sensing: TLR7 

Expressed in the endosomes of pDCs, TLR7 is primarily responsible for the sensing of single-

stranded RNA (ssRNA) molecules of viral origin (Diebold et al., 2004). Induction of type I IFN by 

TLR7 requires the adapter protein MyD88 and is responsible for the activation of IRF7, a 

transcription factor closely related to IRF3 that is constitutively expressed in pDCs (Honda et 

al., 2004, Kawai et al., 2004). MyD88 achieves this by recruiting IRF7 and TRAF6 to form a 

complex in the cytosol. It is ultimately the E3 ubiquitin ligase activity of TRAF6 which activates 

IRF7 through phosphorylation in a TBK1/IKKε-independent manner, resulting in its nuclear 

relocalisation and induction of IFN-α as well as IFN-β (Kawai et al., 2004).  
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1.2.2. Activation of type I IFN transcription by IRF3 and IRF7 

1.2.2.1. IRF3 

Following their activation (discussed in 1.2.1), IRF3 and NF-kB translocate to the nucleus. In the 

case of IRF3, this is dependent on TBK1/IKKε-mediated phosphorylation of a cluster of C-

terminal residues (Ser385, Ser386, Ser396, Ser398, Ser402, Thr404, Ser405) which enables dimerization, 

binding of CREB binding protein (CBP) and the exposure of a nuclear localisation signal (NLS) 

(Lin et al., 1998, Servant et al., 2003, Mori et al., 2004, Dragan et al., 2007). Data regarding the 

importance of phosphorylation at each of these residues is conflicting. It is thought that 

sequential phosphorylation of site 1 (Ser385 and Ser386) and site 2 residues (Ser396, Ser398, Ser402, 

Thr404, Ser405) takes place, unfolding IRF3 from an autoinhibitory conformation thus enabling 

dimerization and activation (Lin et al., 1998, Qin et al., 2003, Servant et al., 2003, Bergstroem 

et al., 2010). However Panne et al. suggest phosphorylation at site 2 precedes phosphorylation 

at site 1 (Panne et al., 2007). In unstimulated cells, NF-kB is retained in the cytosol through an 

interaction with the inhibitor IkBα (Huxford et al., 1998, Jacobs and Harrison, 1998) which 

obscures its NLS (Beg et al., 1992). Phosphorylation of IkBα results in its ubiquitination and 

degradation in a proteasome-dependent manner (Karin and Ben-Neriah, 2000) and exposes 

the NF-kB NLS, enabling nuclear translocation. 

The IFN-β gene promoter contains a series of positive and negative regulatory elements. Upon 

stimulation, positive regulatory domains (PRD) I, II, III and IV operate together as a virus-

inducible enhancer (Kim and Maniatis, 1997) (figure 1.7). PRDI and PRDIII are bound by IRF3 

while PRDII and PRDIV are bound by both NF-kB and activated protein-1 (AP-1), a heterodimer 

of activating transcription factor 2 (ATF2) and c-JUN. Together, these bound proteins form a 

complex known as the “enhanceosome”, driving the further recruitment of general control of 

amino acid synthesis 5 (GCN5) and CBP (Kim and Maniatis, 1997). In resting cells, the 

transcriptional start site of the IFN-β gene is obscured by histones in the nucleosome (Agalioti 
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et al., 2000). However, upon stimulation histone acetylation by GCN5 and CBP recruits the 

Brahma-related gene (BRG)-Brahma (BRM)-associated factor (BAF) complex, displacing the 

nucleosome. Following exposure of the transcription start site, the transcription factor IID 

(TFIID) transcription complex is finally recruited, enabling the initiation of IFN-β gene 

transcription (Agalioti et al., 2000).   

 

Figure 1.7: Schematic of initiation of IFN-β gene transcription following viral infection. (A) In 

unstimulated cells, the IFN-β transcription start site is obscured by the nucleosome. (B, C) 

Engagement by factors including activated IRF3 and IRF7 protein, CBP and NF-kB subunits p65 and 

p50 forms the “enhancesome”, (D) exposing the transcription start site and enabling initiation of 

IFN-β transcription (Agalioti et al., 2000). 
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1.2.2.2. IRF7 

Constitutively expressed in pDCs, the IRF7 transcription factor can substitute for IRF3 and form 

heterodimers and homodimers which bind to the promoters of IFN-α and IFN-β, activating 

their transcription. IRF3 has a preference for activation of IFN-β while IRF7 is able to efficiently 

activate both (Marié et al., 1998, Sato et al., 1998). Importantly, IRF7 is an ISG and is therefore 

upregulated by type I IFN (discussed in 1.2.3.2), forming a positive-feedback system in non-

pDC cell types (Sato et al., 1998, Levy et al., 2002). 

1.2.3. Type I IFN-mediated responses 

1.2.3.1. JAK-STAT signalling 

Upon translation, IFN-α/β (type I IFN) are secreted from the cell and bind to the IFN-α/β 

receptor (IFNAR) to elicit their antiviral effects. IFNAR is a heterodimer comprised of two 

subunits, IFNAR1 and IFNAR2 (Novick et al., 1994). In the receptor’s resting state, IFNAR1 is 

bound to tyrosine kinase 2 (TYK2) while IFNAR2 is bound to both Janus kinase 1 (JAK1) and 

signal transducers and activators of transcription 2 (STAT2) (Stancato et al., 1996). Upon 

binding of type I IFN, conformational changes occur in the cytosolic tails of IFNAR1 and IFNAR2 

which facilitate the activation of TYK2 and JAK1, respectively (Velazquez et al., 1992, Muller et 

al., 1993). In turn, JAK1 and TYK2 phosphorylate signal transducers and activators of 

transcription 1 (STAT1) and STAT2, resulting in the formation of an active STAT1-STAT2 active 

heterodimer (Darnell et al., 1994). Phosphorylation of STAT2 inactivates its nuclear export 

(Frahm et al., 2006) and STAT1-STAT2 heterdimerisation creates an NLS (Banninger and Reich, 

2004). Subsequently, the complex binds to interferon regulatory factor 9 (IRF9), leading to the 

formation of a heterotrimeric transcription factor termed interferon-stimulated gene factor 3 

(ISGF3). Promoters of most ISGs bear an IFN-stimulated response element (ISRE) and it is this 

element to which ISGF3 binds and enhances transcription (Friedman and Stark, 1985, Porter et 

al., 1988, Darnell et al., 1994). 
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1.2.3.2. ISG upregulation 

ISGs have a diverse range of functions, however they can generally be split into three groups: 

antagonists of viral entry, antagonists of replication and antagonists of assembly and egress 

(Schoggins, 2019). For example the interferon-induced transmembrane (IFITM) family of 

proteins antagonise virus entry (Bailey et al., 2014) and, in the case of IFITM3, this is achieved 

by the trafficking of invading virus particles to lysosomes for degradation (Spence et al., 2019). 

However, ISG15 is more promiscuous and exerts an array of antiviral functions both 

intracellularly and extracellularly (Dzimianski et al., 2019).   

Past studies utilised microarray analysis to identify ISGs and a meta-analysis published in 2011 

determined there to be in excess of 450 ISGs induced by type I IFN in a range of cell types from 

different species (Schoggins et al., 2011). More recently, Shaw et al. built on this and found, 

following treatment with IFN-α, a core set of 62 vertebrate genes to be upregulated in primary 

fibroblasts from nine mammals (Shaw et al., 2017). In addition to genes classically associated 

with antiviral responses, genes encoding the PRRs for viral dsRNA (TLR3, MDA5, RIG-I) were 

found to be particularly conserved in their upregulation as were proteins governing the initial 

response to type I IFN (STAT1 and STAT2).   

1.2.4. Antagonism of IFN induction by CSFV Npro 

Early studies on pestiviruses determined that persistent infection of cattle with non-cytopathic 

strains of BVDV was as a consequence of their inability to mount an effective type I IFN 

response (Charleston et al., 2001, Schweizer and Peterhans, 2001, Ruggli et al., 2003). This 

antagonism of the innate type I IFN response is conserved by CSFV. Indeed, type I IFN 

induction has been shown to be antagonised in vitro by the expression of the CSFV Npro protein 

in multiple IFN-competent cell lines (Ruggli et al., 2005, Seago et al., 2007). Only induction of 

type I IFN was antagonised and not the JAK-STAT pathway governing response to IFN (Seago et 

al., 2007).  
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Importantly, a recombinant Npro-deleted virus (ΔNpro rCSFV) was unable to antagonise type I 

IFN production, confirming Npro to be the primary source of inhibition during CSFV infection 

(Ruggli et al., 2003, Bauhofer et al., 2005, Ruggli et al., 2005). While ΔNpro rCSFV is thought to 

induce type I IFN in response to detection of viral dsRNA by cellular PRRs, levels of dsRNA are 

unaffected in cells infected with a parental virus (Bauhofer et al., 2005). This indicated that 

Npro’s ability to antagonise induction of type I IFN is dependent on interactions with host cell 

proteins.  

CSFV and BVDV Npro were shown to have no effect on IRF3 transcription (Hilton et al., 2006, 

Bauhofer et al., 2007, Chen et al., 2007) or the stability of IRF3 transcripts (Bauhofer et al., 

2007). It was subsequently discovered that, through a direct or indirect interaction, CSFV Npro 

antagonises cellular levels of IRF3 protein by a mechanism dependent on proteasomal 

degradation (Bauhofer et al., 2007, Seago et al., 2007).  Notably, this mechanism is shared with 

BVDV Npro (Hilton et al., 2006, Seago et al., 2007). It is the polyubiquitination of proteins which 

targets them to the proteasome for degradation (Zheng and Shabek, 2017). While Npro lacks 

endogenous ubiquitin ligase activity, required for the polyubiquitination of target protein, it 

may act as a scaffold to recruit an ubiquitin ligase protein (Bauhofer et al., 2007). Indeed, 

TRIM56 has been reported to directly interact with BVDV Npro and facilitate the proteasomal 

degradation of IRF3 (Wang et al., 2011). CSFV Npro has been shown to interact with both 

monomeric and CBP-bound dimeric IRF, suggesting that the interaction is independent of IRF3 

activation and DNA binding (Gottipati et al., 2016). 

CSFV Npro contains a novel zinc-binding “TRASH” motif in its C-terminal domain that has been 

reported to be responsible for its interaction with IRF3 (Ettema et al., 2003, Szymanski et al., 

2009). The structure of CSFV Npro showed the TRASH motif contains the key residues Cys112, 

Cys134, Asp136 and Cys138. Zinc-binding is thought to be an essential property of CSFV Npro as 
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mutation of these residues eliminated its capacity to antagonise the induction of type I IFN in 

vitro (Szymanski et al., 2009). 

The significance of the TRASH motif in Npro has been studied in vivo. Upon acquisition of a 

mutation (N136D) which abrogated its interaction with IRF3, Npro was no longer able to 

antagonise induction of IFN-α while reversion of these mutations recovered this function, 

enabling enhanced replication at and spread from localised sites of infection (Tamura et al., 

2014).  An earlier study found mutation of the same residue (Asp136) and an additional residue 

(Cys112) to only partially attenuate in vivo infection with the moderately-virulent Alfort (Ruggli 

et al., 2009). Despite developing viremia and fever, pigs infected with viruses encoding either 

Npro mutant displayed antagonised type I IFN, reduced clinical scores and in fact recovered 

after 12-13 days compared to those infected with parental virus which were euthanised 

between days 7-11 (Ruggli et al., 2009).  

CSFV Npro has also been reported to interact with IRF7 in yeast (Lv et al., 2017b) and pDCs 

(Fiebach et al., 2011), cells which are typically regarded as “professional” producers of type I 

IFN (Ning et al., 2011). Type I IFN is partially antagonised in infected pDCs, presumably as a 

consequence of Npro’s interaction with IRF7 (Fiebach et al., 2011). IRF7 is also partially 

antagonised by Npro in non-pDC cells, explaining why pDCs are unable to sensitise them (Husser 

et al., 2012). The high levels of circulating type I IFN detected in CSFV-infected pigs (Jamin et 

al., 2008) is therefore likely produced by infected and bystander pDCs detecting viral PAMPs in 

a contact-dependent manner through the pDC-exclusive TLR7 (see 1.2.1.3) (Summerfield, 

2012, Python et al., 2013, Summerfield and Ruggli, 2015).  

An additional interacting partner of CSFV Npro, IkBα is responsible for the inhibition of NF-kB 

signalling in unstimulated cells however the relevance of this interaction with respect to CSFV 

infection has yet to be determined (Doceul et al., 2008).  
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1.3. Apoptosis  

Apoptosis is an orderly programme of cell death employed by multicellular organisms to 

eliminate damaged, aberrant or infected cells and is an essential component of cell turnover 

and embryonic development (Nagata, 2018).  Early studies defined apoptosis as a 

morphological state of cells characterised by key hallmarks such as cell shrinking, plasma 

membrane blebbing and nuclear destruction (karyorrhexis) (Kerr et al., 1972, Saraste and 

Pulkki, 2000).  

Apoptosis of infected cells ultimately serves as yet another mechanism by which the 

intracellular innate immune system is able to counter viruses at the local site of infection and 

prevent their wider dissemination within the host (Jorgensen et al., 2017). Leukopenia in CSFV-

infected pigs is thought to occur as a consequence of cell death (Sanchez-Cordon et al., 2002, 

Choi et al., 2004), however these cells rarely contain virus (Summerfield et al., 2000). Taking 

into account the high titres of virus detected in acutely infected pigs, infected cells resistant to 

virus-induced apoptosis likely have a role to play in determining the overall clinical outcome 

(Tamura et al., 2014, Summerfield and Ruggli, 2015). 

While various modes of apoptosis exist, they each converge to activate a core set of proteases 

termed “caspases” (cysteine aspartyl proteases) (Alnemri et al., 1996). By the process of 

proteolysis, caspases cleave over 1,000 cellular proteins at multiple sites (Crawford et al., 

2013), however they do have preferred substrates (Julien et al., 2016). Initiator caspases -2, -8, 

-9 and -10 transduce apoptotic signals to the executioner caspases -3, -6 and -7 (McIlwain et 

al., 2013). Shedding light on the biochemical nature of apoptosis, executioner caspase-3 has 

been shown to cleave substrates resulting in lethal DNA fragmentation (Enari et al., 1998), 

plasma membrane blebbing (Coleman et al., 2001) and exposure of amine-containing or 

anionic phospholipids such as phosphatidylserine (PtdSer) (Suzuki et al., 2013, Segawa et al., 

2014). Externalised PtdSer acts as a molecular “eat me” signal for disposal by professional 
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phagocytic cells such as macrophages (Fadok et al., 1992) however failure to initiate this 

process is associated with pathology and disease (Nagata, 2018). 

The intrinsic and extrinsic pathways of apoptosis share many core signalling components and 

each cumulate in the cleavage of caspase-3 (figure 1.8). As their names suggest, the intrinsic 

pathway responds to intracellular stimuli and stresses while the extrinsic pathway responds to 

those of extracellular origin.  

1.3.1. Intrinsic pathway 

1.3.1.1. Bcl-2 family member proteins and MOMP 

Also known as the “mitochondrial pathway”, the intrinsic pathway governs cellular responses 

to a diverse array of stress-related stimuli of intracellular origin such as toxins, hypoxia, 

infection and radiation-induced damage. Irrespective of the apoptotic stimuli, mitochondrial 

outer membrane permeabilization (MOMP) is a key hallmark (Tait and Green, 2010). However, 

this process is tightly regulated by and dependent on the action of Bcl-2 family proteins which 

are either pro-apoptotic (Bim, Bid, Bad, Puma, Noxa, Hrk, Bmf), anti-apoptotic (Bcl-2, Bcl-xL, 

Bcl-B, Mcl-1, A1) or effectors (Bax, Bak, Bok) (Czabotar et al., 2014). In response to upstream 

apoptotic stimuli, pro-apoptotic Bcl-2 family proteins bearing only a single Bcl-2 homology 

domain (BH3-only) are either upregulated or post-translationally modified (Tait and Green, 

2010).  

BH3-only “activator” proteins (Bid, Bim, Puma, p53) interact directly with Bax/Bak triggering 

conformational changes, a prerequisite for initiation of MOMP (Dewson et al., 2008, 

Gavathiotis et al., 2010, Tait and Green, 2013). In non-apoptotic cells, anti-apoptotic Bcl-2 

family proteins (Bcl-2, Bcl-xL, Mcl-1) engage Bax/Bak through their respective BH3 domains, 

antagonising their activity until overwhelmed by the action of BH3-only “sensitizer” proteins 

(Chen et al., 2005, Chipuk et al., 2008, Llambi et al., 2011). Interestingly, Bax/Bak 
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autoactivation has been reported in the absence of known BH3-only activator proteins (Zhang 

et al., 2016, Jeng et al., 2018). 

Figure 1.8: Intrinsic and extrinsic pathways of apoptosis converge to initiate apoptosis through the 

cleavage of executioner caspases (Ichim and Tait, 2016). Intracellular stimuli initiate the intrinsic 

pathway of apoptosis through modulation of Bcl-2 family member proteins, resulting in 

mitochondrial outer membrane permeabilization (MOMP) and release of pro-apoptotic 

mitochondrial intermembrane space (IMS) proteins. Cytochrome c activates Apaf-1 which then 

activates caspase-9, resulting in activation of caspase-3 via cleavage. Extracellular stimuli initiate the 

extrinisic pathway of apoptosis and are sensed by cell surface “death receptors”.  A complex 

assembles around ligand-bound receptors, resulting in the activation of caspase-8 – this caspase 

then triggers MOMP through cleavage of Bcl-2 family protein Bid or cleaves caspase-3 directly.  
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Recently, there have been significant advances in elucidating the biochemical nature of direct 

BH3-only protein activation of Bax (Westphal et al., 2014, Cosentino and García-Sáez, 2017, 

Walensky, 2019). BH3-only proteins initially bind to alpha helices 1 (α1) and 6 (α6) of Bax, 

exposing α9 which enables insertion into the mitochondrial outer membrane (MOM) (Dengler 

et al., 2019) (figure 1.9). This exposes the so-called “canonical groove” which facilitates further 

binding of BH3-only proteins (Dengler et al., 2019). This observation is supported by additional 

studies which recently found α9 to be sequestered in autoinhibited dimers of cytosolic Bax 

(Garner et al., 2016, Robin et al., 2018). When exposed, the canonical groove of one Bax 

monomer interacts with the BH3/α2 domain of another, forming “symmetric” homodimers 

which undergo homo-oligomerisation (Czabotar et al., 2013, Subburaj et al., 2015) to create 

pores of variable sizes (Bleicken et al., 2013, Xu et al., 2013). Pores are thought to be either 

Figure 1.9: Recent model of BH3-mediated direct activation of Bax through sequential 

engagement of the α1/α6 helices and canonical groove. BH3 domains of BH3-only proteins first 

engage the α1/α6 surface of BAX, triggering conformational changes which enable insertion of the 

α9 helice into the MOM. BH3-only proteins bind to the now exposed “canonical groove”, further 

activating Bax and leading to MOMP and Cytochrome c release  (Dengler et al., 2019). 
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lipidic or proteinaceous and serve to initiate MOMP, facilitating release of apoptotic 

mitochondrial intermembrane space (IMS) proteins (Cosentino and García-Sáez, 2017). 

1.3.1.2. The apoptosome  

MOMP facilitates the release of proteins from the IMS. Cyotochrome c is a well characterised 

IMS protein which, upon release, associates with apoptotic protease-activating factor 1 (Apaf-

1) to form a wheel-shaped complex termed the “apoptosome” (Riedl and Salvesen, 2007, Yuan 

and Akey, 2013). The apoptosome is predicted to comprise of 7 Apaf-1 monomers which 

oligomerise following hydrolysis of ATP nucleotides by their ATPase domains (Kim et al., 2005). 

Assembly of this complex exposes the N-terminal CARD domains of Apaf-1, facilitating the 

recruitment and activation of caspase-9 which, in turn, cleaves and activates caspase-3 (Hu et 

al., 1999, Zou et al., 1999). Interestingly, cleavage of caspase-9 is not a prerequisite for 

activation (Rodriguez and Lazebnik, 1999, Stennicke et al., 1999). Instead, monomers of 

caspase-9 are thought to be activated by proximity-induced dimerisation (Boatright et al., 

2003, Boatright and Salvesen, 2003, Shi, 2004).  

Other IMS proteins released following MOMP include second mitochondria-derived activator 

of caspase (Smac) and Omi/high temperature requirement A2 (HtrA2) which antagonise the 

activity of X chromosome-linked IAP (XIAP) (Du et al., 2000, Suzuki et al., 2004), a potent 

inhibitor of caspase-3, -7 and -9 (Salvesen and Duckett, 2002).  

1.3.2. Extrinsic pathway 

Also known as the “death receptor-mediated pathway”, the extrinsic pathway is directly 

initiated through a series of transmembrane receptor-mediated interactions involving 

receptors belonging to the tumour necrosis factor (TNF) family (Walczak, 2013). The cysteine-

rich extracellular domains of the TNF family receptors share homology with one-another – in 

addition, they each possess an intracellular “death domain” to facilitate downstream signal 



54 
 

transduction (Ashkenazi and Dixit, 1998). Death domains function by recruiting death-inducing 

signalling complexes (DISC) which facilitate the auto-catalytic activation of caspase-8 (Kischkel 

et al., 1995). The fate of activated caspase-8 is cell and tissue dependent: caspase-8 directly 

activates caspase-3 in progenitor T-cells while in fibroblasts and hepatocytes caspase-8 triggers 

MOMP (see 1.3.1.1) through the cleavage of Bid, a BH3-only protein (Peter and Krammer, 

1998, Strasser et al., 2009, Walczak, 2013). DISC assembly facilitates the dimerization of 

caspase-8 monomers, activating it in much the same way that the apoptosome activates 

caspase-9 (see 1.3.1.2) (Boatright et al., 2003, Oberst et al., 2010). 

In the case of the apoptotic inducers Fas ligand (FasL) and tumor necrosis factor (TNF)-related 

apoptosis-inducing ligand (TRAIL), their respective receptors (FasR and TRAIL-R1/TRAIL-R2) 

cluster at their intracellular death domains upon ligand binding (Boldin et al., 1996, Walczak et 

al., 1997, Kischkel et al., 2000, Sprick et al., 2000). The adaptor protein Fas-associated death 

domain (FADD) assembles with these death domains (Chinnaiyan et al., 1995), leading to the 

formation of a DISC, recruitment of caspase-8 and its subsequent activation. While primarily 

responsible for induction of NF-kB signalling, TNF-α and its receptor TNF receptor 1 (TNF-R1) 

mediate apoptosis in a similar manner to FasL and TRAIL (Walczak, 2013). However, the 

adapter proteins TNF-R1-associated DEATH domain protein (TRADD) and receptor-interacting 

protein 1 (RIPK1) are also reported to play a role in DISC formation and caspase-8 activation 

(Wang et al., 2008, Declercq et al., 2009).  

Cellular FLICE-like inhibitory protein (cFLIP) is present in the DISC and exists as two isoforms, 

cFLIPL and cFLIPS which are thought to interfere with necrosis (a caspase-independent mode of 

cell death) and apoptosis respectively when present at high enough concentrations (Irmler et 

al., 1997). Both isoforms are upregulated as a consequence of NF-kB signalling, explaining why 

apoptosis is not the primary output of TNF-α/TNF-R1 signalling (Micheau et al., 2001).    
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Through its adapter protein TRIF, TRL3 has been reported to recruit a complex termed the 

“ripoptosome” comprised of RIPK1, FADD and caspase-8 following stimulation of cancer cell 

lines with poly(I:C) (Feoktistova et al., 2011, Tenev et al., 2011). Expression of members of the 

inhibitors of apoptosis (IAP) protein family antagonise this pathway as do cFLIP isoforms 

(Alkurdi et al., 2018), the latter being products of the TLR3-mediated NF-kB signalling.  

1.3.3. Antagonism of apoptosis by CSFV Npro 

1.3.3.1. What we know so far 

An early study in 2001 was the first to demonstrate that infection of macrophages with non-

cytopathic BVDV protected them from poly(I:C)-mediated apoptosis (Schweizer and Peterhans, 

2001). CSFV was found to share this phenotype (Ruggli et al., 2003), later being attributed to 

an anti-apoptotic function of Npro (Ruggli et al., 2005, Johns et al., 2010a). The ability of CSFV 

and BVDV Npro to antagonise type I IFN has been studied extensively and its mechanisms 

elucidated (discussed in 1.2.4), however the means by which apoptosis is antagonised has yet 

to be determined. Antagonism of poly(I:C)-mediated caspase-8 and -9 cleavage and tBid 

activity in CSFV infected cells has been reported (Johns et al., 2010a), however it is uncertain 

whether this is mediated by Npro or another viral protein. At present, the only published data 

regarding Npro’s own anti-apoptotic functions confirms an increase in cell survival (Ruggli et al., 

2005) and an antagonism of caspase-3 activation (Johns et al., 2010a) upon treatment of 

porcine cell lines with poly(I:C). Importantly, CSFV Npro was unable to protect CSFV-infected 

cells from FasL or staurosporine (STS)-mediated apoptosis (Johns et al., 2010a). FasL induces 

death receptor-mediated apoptosis (see 1.3.2) while STS is thought to induce apoptosis 

through MOMP and caspase-dependent pathways (Belmokhtar et al., 2001, Zhang et al., 2004, 

Malsy et al., 2019) and also a caspase-independent pathway (Belmokhtar et al., 2001, Zhang et 

al., 2004). These observations are significant as they suggest that Npro acts on protein(s) 
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upstream of the mitochondria to antagonise induction of dsRNA-mediated mitochondrial 

pathway of apoptosis, independent of death receptor signalling.  

CSFV Npro antagonises induction of type I IFN through an interaction with IRF3 that targets it 

for proteasomal degradation (discussed in 1.2.4). A key question is whether this same 

interaction is also responsible for the antagonism of apoptosis or whether additional or 

alternate interactions are required.  

1.3.3.2. IRF3 

The primary outcome of IRF3 activation is the production of type I IFN and the subsequent 

upregulation of ISGs (see 1.2.2 and 1.2.3). Porcine genes encoding apoptotic proteins such as 

caspase-8, Noxa and TRAIL are upregulated by IFN-α (Shaw et al., 2017), suggesting that type I 

might prove to be pro-apoptotic. However, this is unlikely as the interferon-defective SK6 cell 

line is still sensitive to poly(I:C)-mediated apoptosis (Ruggli et al., 2005, Johns et al., 2010a).  

RNA viruses have been reported to induce an intrinsic pathway of apoptosis termed RLR-

induced IRF3-mediated pathway of apoptosis (RIPA) through IRF3-mediated activation of Bax 

(Chattopadhyay et al., 2010, Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). In Sendai 

virus (SeV)-infected cells, IRF3 was shown to interact with Bax through a putative BH3-

homology domain, facilitating their co-translocation to the mitochondria and Bax’s subsequent 

induction of apoptosis through MOMP (discussed in 1.3.1.1) (Chattopadhyay et al., 2010). 

Ubiquitination of IRF3 on specific lysine residues was required for induction of this pathway 

while activation of IRF3’s transcriptional activity proved dispensable both in vitro and in vivo 

(Chattopadhyay et al., 2016). Induction of RIPA required many of the same components for 

induction of type I IFN (MAVS, TBK1, TRAF3) but also TRAF2, TRAF6 and the linear ubiquitin 

chain assembly complex (LUBAC) (Chattopadhyay et al., 2016). RIPA was important in 

conferring protection against not only SeV but also Vesicular stomatis virus (VSV) and 

Encephalomyocarditis virus (EMCV), suggesting this pathway might be a more generalised 
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response to infection with RNA viruses (Chattopadhyay et al., 2011). Indeed, BVDV Npro has 

been reported to antagonise a sodium arsenate mediated IRF3/Bax-dependent pathway of 

apoptosis (Jefferson et al., 2014).  

1.3.3.3. TID1 

In order to further elucidate the functions of Npro, yeast two-hybrid (Y2H) screens were carried 

out at The Pirbright Institute by Dr Seago. Tumorous imaginal disc 1 (TID1) was identified as a 

putative binding partner (unpublished work). TID1 has recently been shown to participate in 

chaperone activities relating to p53-mediated apoptosis as well as maintenance of 

mitochondrial membrane potential and mitochondrial DNA (mtDNA) integrity (Lu et al., 2006, 

Ahn et al., 2010, Trinh et al., 2010, Ng et al., 2014). Through a putative BH3 domain p53 

directly activates Bax, inducing MOMP (see 1.3.1.1) (Chipuk et al., 2004). TID1 is a member of 

the DnaJ family of chaperone proteins and exists as two splice variants, both of which are 

nuclear-encoded mitochondrial matrix proteins which have been reported to act as opposing 

modulators of apoptosis induced by exogenous stimuli. hTID1L was shown to increase 

apoptosis while hTID1S suppressed it; the pro-apoptotic activity of hTID1L deriving from a J-

domain (Syken et al., 1999). Npro might antagonise p53-mediated apoptosis through this 

putative interaction as knockdown of TID1 conferred protection against hypoxic and genotoxic 

stresses (Ahn et al., 2010, Trinh et al., 2010). However, the implications of antagonising p53 

during infection with an RNA virus or treatment with a dsRNA ligand such a poly(I:C) remain 

uncertain.  

1.3.3.4. HAX-1 

In addition to TID1, HS-1-associated protein X-1 (HAX-1) was also identified as a Npro binding 

host protein by Y2H analysis (Johns et al., 2010a).  Expression of Npro or infection with CSFV 

redistributed HAX-1 from the mitochondria to perinuclear regions corresponding to the ER. 

HAX-1 has been associated with promotion of cell survival through regulation of ER calcium ion 
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activity (Vafiadaki et al., 2009). In addition, ER stress has been associated with HAX-1-

dependent apoptosis (Abdelwahid et al., 2016). HAX-1 has also been linked to p53-mediated 

mitochondrial apoptosis in glioblastoma cell lines (Deng et al., 2017) and cell infected with HCV 

(Banerjee et al., 2009). Therefore, the implications of Npro’s interaction with HAX-1 and 

induction of apoptosis remain unclear.  

1.4. Project aims 

CSFV Npro has been shown to antagonise the induction of dsRNA-mediated apoptosis using 

poly(I:C), a synthetic homolog of dsRNA (Ruggli et al., 2005, Johns et al., 2010a). As discussed 

in 1.3.3.1, there is data which suggests a mitochondrial pathway of apoptosis might be 

antagonised (Johns et al., 2010a). However, these studies did not establish which pathways 

were responsible for the induction of dsRNA-mediated apoptosis and which interactions 

between CSFV Npro and cellular proteins were required for this antagonism. 

Recent studies have suggested that, upon activation of the same pathways responsible for 

type I IFN induction, IRF3 mediates a mitochondrial, Bax-dependent pathway of apoptosis 

independent of its functions as a transcription factor (Chattopadhyay et al., 2010, 

Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). These studies are interesting when 

considering the clear proteasome-dependent turnover of IRF3 by Npro (Bauhofer et al., 2007, 

Seago et al., 2007). 

Therefore, this project has two aims: (1) to elucidate the pathways through which dsRNA 

initiates apoptosis in porcine cell lines susceptible to CSFV and (2) to determine whether 

turnover of IRF3 by Npro is required for the antagonism of apoptosis or whether alternate 

interactions are responsible.  
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1.4.1. Hypothesis 

▪ Turnover of IRF3 by Npro is not only responsible for antagonism of type I IFN but also 

induction of dsRNA-mediated apoptosis.   

▪ dsRNA-mediated apoptosis in porcine cell lines is dependent on the mitochondria and 

functions of IRF3 independent of its role as a transcription factor.  

1.4.2. Project significance 

Apoptosis is an important innate mechanism by which cells counter viruses at local sites of 

infection, thus preventing wider spread and dissemination within the host (Jorgensen et al., 

2017). Indeed, Chattopadhyay et al. have demonstrated one means by which viral replication 

intermediate dsRNA and RNA viruses such as SeV, VSV and EMCV can initiate apoptosis 

(Chattopadhyay et al., 2010, Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). Viral 

antagonism of apoptosis is well documented: through confocal and structural studies, African 

swine fever virus A179L was shown to achieve this by directly binding tBid and Bax (Galindo et 

al., 2008, Banjara et al., 2017) while viral deletion mutants revealed vFLIP of γ-herpesviruses to 

inhibit caspase-8’s interaction with the DISC (Glykofrydes et al., 2000). This project will further 

elucidate the mechanism by which dsRNA can initiate apoptosis in porcine cell lines and the 

mechanisms by which CSFV Npro subverts this innate process. 

Persistent infection, immunotolerance and early dissemination of the virus at local sites of 

infection have been linked to the antagonism of type I IFN induction by CSFV Npro (Tamura et 

al., 2014). CSFV Npro may further contribute to these phenomena by antagonising the induction 

of dsRNA-mediated apoptosis (Bensaude et al., 2004, Johns et al., 2010a). Elucidating the 

mechanism by which Npro antagonises apoptosis may inform the design of future live 

attenuated vaccines and antivirals for control of outbreaks in typically CSFV-free countries.  
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2. Materials and methods 

2.1. Mammalian cell culture 

2.1.1. Cell lines 

2.1.1.1. Available within the group 

PK-15 (porcine kidney epithelial cells, CCl-33, LGC Promochem), SK6 (porcine kidney fibroblast 

cells), HEK 293T cells (human embryonic kidney epithelial cells) and HeLa cells (adult human 

cervical epithelial cells) were available within the group and used as stated. HEK 293T cells 

(human embryonic kidney cells derived from HEK 293 cells and expressing SV40 large T 

antigen) were transfected and used to produce 3rd-generation lentivirus as described in 2.12. 

PK-15 cells were used for the majority of experiments as they have an intact IFN response 

while SK6 cells, devoid of an IFN response, were used for experiments utilising Npro-deleted 

CSFV (6.4.1). Also available within the group were three PK-15 cell lines, one expressing Npro 

(PK-15 Npro 31) and two expressing histidine-tagged Npro (PK-15 His-Npro 23, 61) (Seago et al., 

2010). In addition, two PK-15 (PK-15 GFP-11, PK-15 GFP-Npro-4) and two SK6 cell lines (SK6 GFP-

1, SK6 GFP-Npro-28) expressing either GFP or GFP-Npro were also available within the group. Npro 

sequence for these cell lines was derived from CSFV-strain Alfort 187. These cell lines are 

confirmed to be free from pestivirus.  

Henceforth, the Npro protein of CSFV is referred to simply as “Npro” except when referring to 

the Npro protein of other pestiviruses (BVDV or BDV) or where clarity is beneficial to the point 

being made. 

2.1.1.2. Generated for the project 

EGFP and EGFP-Npro-expressing PK-15 cell lines were generated as detailed in 2.12, 2.1.2.4 and 

3.4. Npro sequence for these cell lines was derived from CSFV strain Brescia, a highly-virulent 
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reference strain used extensively in past studies and literature. CRISPR-Cas9 knockout cell lines 

targeting IRF3, TLR3 and RIG-I were generated as detailed in 2.18. 

2.1.2. Cell line propagation 

2.1.2.1. Culture media conditions 

Unless otherwise stated, all cells were cultured in HEPES-buffered high-glucose DMEM 

(Dulbecco’s Modified Eagle Medium) (Gibco, #32430100) containing GlutaMAXTM (stabilised l-

glutamine, in media), 5% (v/v) adult bovine serum (ABS, Selborne Biological Services; 

Tasmanian origin, tested for BVDV and gamma irradiated), penicillin (50 U/ml)/streptomycin 

(50 µg/mL) (Gibco, #15140-122); henceforth this is referred to as “complete media”. Unless 

otherwise stated, all cell culture was performed using Greiner CELLSTAR flasks and plates. All 

incubation steps were performed at 37°C in the presence of 5% CO2. 

2.1.2.2. Passage of cell lines  

To maintain continual growth of cell lines, they required passaging once the cell monolayer 

neared confluency. Media was removed from flasks and the cells washed with an appropriate 

volume of 1x PBSa (10 ml for a T-75 flask) before the addition of 0.05% trypsin-EDTA (4 ml for a 

T-75 flask; Gibco, #25300096). Flasks were incubated at 37°C until the majority of cells had 

rounded up. Flasks were then agitated and cells collected in a suspension after adding an 

appropriate volume of complete media to neutralise the trypsin-EDTA (5 ml for a T-75 flask). 

Cells were pelleted by centrifugation at 300 rcf and the supernatant discarded. Pellets were 

then resuspended in 1 ml of complete media and an appropriate aliquot applied to a new flask 

containing fresh media.   

2.1.2.3. Generation of long-term mammalian cell line stocks 

If not required for continued cell culture, individual pellets were instead resuspended in 1-5 ml 

of storage media comprised of 45% (v/v) ABS, 45% (v/v) complete media and 10% (v/v) DMSO 
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(Sigma, #276855). 1 ml aliquots were then prepared in sterile cryovials (Sarstedt, #72.377) and 

frozen at -80°C in Mr. Frosty™ freezing containers (Thermo Scientific, #5100-0001) for long-

term storage.  

2.1.2.4. Isolation of cell colonies 

When generating clonal cell lines (following CRISPR-mediated gene knockout (2.18) or 

lentivirus transduction (2.12.2)), isolation of single cells was required. Once single cells had 

multiplied to form visible colonies following removal of selection (puromycin antibiotic), media 

was aspirated and cells washed with 1x PBS. Sterile 20 µl pipette tips were used to physically 

pick colonies of cells and resuspend them in 24-well plates containing 500 µl of complete 

media (10% (w/v) ABS) in each well. As each colony reached confluency they were trypsinised 

(2.1.2.2), pelleted by centrifugation at 1,000 rcf and stored at -80°C as detailed in 2.1.2.3.  

2.2. Viruses 

2.2.1. Sendai virus (SeV) 

Sendai Virus (SeV), Cantell Strain (ATCC VR-907 Parainfluenza 1), used for induction of 

apoptosis in PK-15 and SK6 cells, was purchased from Charles River, Wilmington MA, USA 

(#10100772) at a titre of 2000 HA/ml unless otherwise stated. 

2.2.2. CSFV 

2.2.2.1. Virus strains 

Multiple CSFV strains were available within the group. CSFV strain Alfort/187, referred to 

henceforth as “Alfort”, was originally obtained from the EU Reference Lab for CSFV (Hannover, 

Germany). CSFV strain Brescia was originally obtained from the Institute for Animal Science 

and Health (Lelystad, The Netherlands). Recombinant CSFV with the Npro gene deleted (ΔNpro 

rCSFV, infectious clone EP#96/2) and a parental recombinant virus (rCSFV, infectious clone 
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EP#98/2) are derived from CSFV strain Alfort Tübingen and were a kind gift from Prof Dr 

Gregor Meyers, Friedrich Loeffler Institute (Greifswald, Germany). 

rCSFV and ΔNpro rCSFV were grown in SK6 cells which do not induce type I IFN (Ruggli et al., 

2003). To infect cells for the purpose of generating frozen stocks, media was removed from 60-

70% confluent T-175 cell culture flasks and replaced with 5 ml of serum-free media. 1 ml of the 

respective virus was applied to the flask and the cells incubated for 1 hour (hr), allowing time 

for virus attachment and uptake. Virus-containing media was then aspirated and replaced with 

25 ml of complete media (5% (v/v) ABS). After a further 72 hr incubation, flasks were subjected 

to 3x freeze/thaw cycles (-80°C/21°C) to lyse the cells. 5 ml of media was then transferred to a 

new 60-70% confluent T-175 cell culture flask and the process repeated. Media was 

centrifuged for 10 minutes at 2,800 rcf/4°C to pellet cell debris after which supernatant 

containing virus was stored at -80°C in 1 ml aliquots. Sequential infections and freeze-thaw 

cycles were performed to maximise virus yield. Frozen stocks were recorded on Freezerworks, 

the institute system for documenting all SAPO3 and SAPO4 viruses.  

2.2.2.2. Virus titration 

Titration of CSFV stocks was carried out in SK6 cells with all incubation steps performed at 

37oC/5% CO2. Flat bottom 96-well plates were seeded with 1x104 cells/well in complete media 

and incubated for 18 hr or until 90-100% confluency of the cell monolayer was reached. Media 

was removed from each well and replaced with 90 µl of serum-free media. 10 µl volumes of 

virus were applied to the first column of wells for a 1x10-1 dilution. Virus-containing media was 

then serially diluted across the remaining columns of wells (1x10-1-1x10-10) and the cells 

incubated for 2 hr. Media was removed and replaced with reduced-serum media (2.5% ABS) 

and the cells incubated for a further 72 hr. After removal of media, cells were transferred to 

R/T (21°C), washed three times in 1x PBS, fixed for 60 minutes in 4% (v/v) paraformaldehyde  

in 1x PBS (Santa Cruz Biotechnology, #sc-281692) at R/T, then washed three times in 1x PBS. 
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Plates were then transferred to 4°C until ready to stain. Henceforth, R/T corresponds to 21°C 

unless stated otherwise. 

The method of staining plates of CSFV-infected cells with anti-E2 mAb largely follows that 

which is outlined in 2.14.3. Permeabilisation, block and wash steps were performed using 100 

µl of the respective reagent per well (see 2.14.3). CSFV was detected using a mouse mAb 

recognising the E2 glycoprotein of CSFV (APHA, #WH303) and a secondary anti-mouse IgG1 

monoclonal antibody (mAb) conjugated to Alexa Fluor 488 (Invitrogen, #A-21121). These 

antibodies were applied in 100 µl volumes of block solution to each well at concentrations of 

1/100 and 1/500 respectively. Finally, 100 μl of 1x PBS was added to each well and then those 

which were positive for CSFV (wells containing cells showing green fluorescence) were 

manually scored using a Nikon Eclipse TE300 microscope with a GFP filter. Data was used to 

calculate the tissue culture infectious dose at which 50% of cells are infected (TCID50) and 

plaque-forming units (pfu) per ml using a spreadsheet employing the Reed-Muench method 

(Reed and Muench, 1938). Classical plaque assays are not possible with CSFV as it is a non-

cytopathic virus.  

2.3. Mammalian plasmids 

2.3.1. Purchased and externally-sourced 

Name Description Source 

pdlMCSpuro-Npro 2nd-gen lentiviral transfer 
plasmid, encodes CSFV Npro 

Brescia 

Prof. Steve Goodbourn 

pLP1 3rd-gen lentiviral packaging 
plasmid, encodes gag/pol gene 
of HIV-1 

Prof. Steve Goodbourn 

pLP2 3rd-gen lentiviral packaging 
plasmid, encodes rev gene of 
HIV-1 

Prof. Steve Goodbourn 

Table 2.1: Purchased and externally sourced plasmids for expression in mammalian cell culture.    
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pLP/VSV-G 3rd-gen lentiviral packaging 
plasmid, encodes retroviral 
vesicular stomatitis virus (VSV)-
pseudotyped envelope  

Prof. Steve Goodbourn 

pLMJ1-EGFP 3rd-gen lentiviral transfer 
plasmid, encodes EGFP 

David Sabatini (Addgene plasmid 
#19319) (Sancak et al., 2008) 

pC3-EGFP-hBax Encodes N-terminal EGFP-
tagged human Bax 

Richard Youle (Addgene plasmid 
#19741) (Nechushtan et al., 1999) 

pGFP-Cytochrome C Encodes N-terminal EGFP-
tagged human cytochrome c 

Douglas Green (Addgene plasmid 
#41181) (Goldstein et al., 2000) 

pCytochrome C-GFP Encodes C-terminal EGFP-
tagged murine cytochrome c 

Douglas Green (Addgene plasmid 
#41182) (Goldstein et al., 2000) 

pcDNA3.1 Empty expression plasmid Invitrogen (available within 
group) 

pX461-poIRF3-g1 Encodes Cas9, GFP and a CRISPR 
gRNA targeting porcine IRF3 

Prof. Steve Goodbourn 

pX462-poIRF3-g2 Encodes Cas9, puromycin 
resistance and a CRISPR gRNA 
targeting porcine IRF3 

Prof. Steve Goodbourn 

pX461-poRIG-I-g1 Encodes Cas9, GFP and a CRISPR 
gRNA targeting porcine RIG-I 

Prof. Steve Goodbourn 

pX462-poRIG-I-g2 Encodes Cas9, puromycin 
resistance and a CRISPR gRNA 
targeting porcine RIG-I 

Prof. Steve Goodbourn 

pX461-poTLR3-g1 Encodes Cas9, GFP and a CRISPR 
gRNA targeting porcine TLR3 

Prof. Steve Goodbourn 

pX462-poTLR3-g2 Encodes Cas9, puromycin 
resistance and a CRISPR gRNA 
targeting porcine TLR3 

Prof. Steve Goodbourn 

 

2.3.2. Constructed in-house 

Name Description 

pLMJ1-EGFP-Npro 3rd-gen lentiviral transfer plasmid, encodes EGFP-Npro (CSFV origin) 

pC3-EGFP Expression plasmid, encodes EGFP, prepared from pC3-EGFP-hBax 

pcDNA3.1-EGFP-
poIRF3-WT 

pcDNA3.1 expression plasmid, encodes EGFP-tagged wild-type 
porcine IRF3 (NP_998935.1) 

pcDNA3.1-EGFP-
poIRF3-S1 

pcDNA3.1 expression plasmid, encodes EGFP-tagged S1 mutant 
porcine IRF3 (NP_998935.1; S396A and S398A) 

pLJM1-FLAG-poIRF3-
WT 

3rd-gen lentiviral transfer plasmid, encodes N-terminus FLAG-
tagged porcine IRF3 (NP_998935.1) 

pLJM1-FLAG-poIRF3-
S1 

3rd-gen lentiviral transfer plasmid, encodes N-terminus FLAG-
tagged S1 mutant porcine IRF3 (NP_998935.1; S396A and S398A) 

 

 

 

Table 2.2: Plasmids for expression in mammalian cell culture constructed in-house.    
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2.4. Plasmid amplification in Escherichia coli (E. coli) 

2.4.1. Transformation of commercial chemically-competent cells 

One Shot® TOP10 (ThermoFisher Scientific, #C404006) and NEB® 10-beta (NEB, #C3019H) 

chemically-competent E. coli were transformed, incubated and grown as instructed in the 

protocols provided by each manufacturer (https://assets.thermofisher.com/TFS-

Assets/LSG/manuals/oneshottop10_man.pdf and 

https://international.neb.com/protocols/0001/01/01/high-efficiency-transformation-protocol-

c3019 respectively). 

2.4.2. Transformation of chemically-competent cells prepared in-house 

On ice, plasmid (typically 50-300 ng) was added to a 50 μl aliquot of E. coli JM109 cells which 

had been produced as described in 2.11. The aliquot was then incubated on ice for 10 minutes 

(min), heat shocked at 42oC for 45 seconds (sec) and then incubated again on ice for a further 

2 min. 250 μl of pre-heated 37oC Super Optimal Broth (S.O.C.; Invitrogen, #15544034) was then 

added. The cells were incubated at 37oC for 1 hr on an orbital shaker at 200 rpm. Following 

this, 50-200 μl aliquots were plated onto Lysogeny Broth (LB) agar (in-house) containing 

ampicillin (100 μg/ml) or kanamycin (50 μg/ml). Plates were incubated for 16-18 hr at 37oC and 

checked for colonies in the morning, enabling the selection and further amplification of 

positively transformed bacterial clones.  

2.4.3. Generation of stably transformed bacterial stocks  

5 ml LB media (in-house) was inoculated with single colonies of E. coli (One Shot® TOP10 or 

JM109) that had previously been confirmed by whole-colony PCR (2.8.2) and/or Sanger 

sequencing (2.8.3) to contain the desired plasmid. Following an 18 hr incubation on an orbital 

shaker at 37°C/200 rpm, 1 ml aliquots were taken and used to inoculate 5x 4 ml volumes LB 

(in-house). After 5 hrs of culture on an orbital shaker at 37°C/200 rpm, 1 ml of glycerol (VWR 

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/oneshottop10_man.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/oneshottop10_man.pdf
https://international.neb.com/protocols/0001/01/01/high-efficiency-transformation-protocol-c3019
https://international.neb.com/protocols/0001/01/01/high-efficiency-transformation-protocol-c3019
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International, #24388.26) was added to each culture for a final concentration of 20% (v/v). 

Cultures were aliquoted into 1 ml volumes and frozen at -80°C. When required, aliquots were 

thawed at R/T and 10-100 μl of culture added to 5 ml LB media (in-house). Purification of 

plasmid DNA was performed as detailed in 2.5. All LB used in this procedure was 

supplemented with ampicillin or kanamycin at final concentrations of 100 μg/ml and 50 μg/ml 

respectively.   

2.5. Purification of plasmid DNA       

2.5.1. Miniprep 

All plasmid minipreps were performed using overnight (16-18 hr) bacterial cultures (typically 5 

ml) and the QIAprep® Spin Miniprep kit (Qiagen, #27104). The manufacturer’s instructions 

were followed (https://www.qiagen.com/gb/resources/resourcedetail?id=ebb38a38-c61c-

40a7-910d-9b10d1148022&lang=en), and the recommended additional wash step was carried 

out. Plasmid DNA was typically eluted in 50 μl volumes of dH2O. 

2.5.2. Quantification 

All amplified and purified plasmid DNA was quantified using a NanoDrop® UV 

spectrophotometer (Thermo Scientific, #ND-1000). The spectrophotometer was blanked using 

1 μl of the molecular grade dH2O (Sigma, #W4502). The sample mount was then wiped clean 

and 1 μl of plasmid DNA sample subsequently loaded. Final plasmid DNA concentration at an 

optical density of 260 nm (OD260) was calculated and provided by the accompanying software. 

Triplicate readings were taken to allow the calculation of average concentration in ng/μl.  

2.6. Plasmid manipulation 

2.6.1. Restriction digests 

Purified plasmid DNA was subject to restriction digestion for both analytical and cloning 

purposes. All digests were performed using restriction enzyme (RE) sourced from Promega. 

https://www.qiagen.com/gb/resources/resourcedetail?id=ebb38a38-c61c-40a7-910d-9b10d1148022&lang=en
https://www.qiagen.com/gb/resources/resourcedetail?id=ebb38a38-c61c-40a7-910d-9b10d1148022&lang=en
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Single or double digests were assembled on ice and subsequently incubated over a 2 hr period 

at 37oC (table 2.3). Digest products were separated on agarose gels containing ethidium 

bromide (200 ng/ml) as detailed in 2.10 and DNA bands were visualised under ultraviolet light 

(UV). If required, they were extracted and purified (see 2.10).  

 

 

 

If performing double digests with REs requiring incompatible buffers (for example, HindIII/ 

EcoRI or NotI/BamHI), sequential digests were performed. DNA from the initial first digest was 

purified using the DNA Clean & Concentrator-5 kit (Zymo Research, #D4013), following the 

protocol provided by the manufacturer. Purified DNA was then eluted in 5-10 µl of dH2O, 

digested and subjected to a second digest with an alternate RE and its respective buffer.  

2.6.2. Ligation 

To insert DNA into RE-digested plasmids, ligation was performed. On ice, ligation reactions 

using T4 DNA ligase (NEB, #M0202) and the supplied buffer were assembled as detailed in 

table 2.4. 

 

 

 

 

Component Volume for single digest 
(1 RE, μl) 

Volume for double digest 
(2 REs, μl)  

10x buffer (varies) 2 3 

10x BSA 2 3 

Plasmid DNA 1-4 μg (volume varies) 1-4 μg (volume varies) 

RE (varies) 1 unit (1 μl) 2 units (1:1, 2 μl) 

dH2O X µl to make a total volume 
of 20 

X µl to make a total volume 
of 30 

Component Volume for a single ligation (µl) 
10x T4 DNA ligase 
buffer 

2 

Vector DNA 50 ng (volume varies) 

Insert DNA (quantity and volume vary) 

T4 DNA ligase 1 

dH2O X µl to make a total volume of 20 

Table 2.3: Reagents used for single and double restriction enzyme digests.  

 

Note: Bovine serum albumin (BSA) was sourced from Promega (#R3961) and was supplied with each 

RE.    

 

Table 2.4: Reagents used for the ligation of DNA into RE-digested plasmids.  
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Typically, insert DNA was ligated into 50 ng of vector at a ratio of 3:1. To calculate the quantity 

of insert DNA required (in ng), the following formula was employed: 

𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔)  × 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑘𝑏)

𝑠𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑘𝑏)
× 𝑖𝑛𝑠𝑒𝑟𝑡: 𝑣𝑒𝑐𝑡𝑜𝑟 𝑟𝑎𝑡𝑖𝑜 = 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔) 

Upon assembly, ligation reactions were gently mixed and incubated for 16-18 hrs at R/T. 

Chemically competent E. coli were then transformed with the resulting ligation products (see 

2.4.1 and 2.4.2).  

2.7. Transfection of mammalian cell lines with plasmid 

2.7.1. Transfection of single plasmids 

Unless otherwise stated, 5x104 mammalian cells were seeded onto coverslips or into empty 

wells of a 24-well plate containing complete media. Cells were then incubated for 18-24 hr 

until the cell monolayer was 60-80% confluent. Cells were transfected with plasmids using 

FuGENE® 6 Transfection Reagent (Promega, #E2691) following the manufacturer’s protocol 

(https://www.promega.com/-/media/files/resources/protocols/technical-

manuals/101/fugene-6-transfection-reagent-protocol.pdf). Briefly, FuGENE® 6 was added to 

serum-free media in a sterile 1.5 ml tube. After 5 min incubation at R/T, plasmid was added 

(typically, 500 ng of plasmid was transfected per well of a 24-well plate) and the tube 

incubated for a further 30 min at R/T. Media was removed from cells and the FuGENE® 6-

plasmid mix applied in a drop-wise manner. Following 4 hr of incubation at 37oC, complete 

media was applied to the transfected cells (up to 500 µl in a 24-well plate) and incubated for a 

further 24-48 hr at 37oC to allow time for sufficient protein expression.  

 

 

 

https://www.promega.com/-/media/files/resources/protocols/technical-manuals/101/fugene-6-transfection-reagent-protocol.pdf
https://www.promega.com/-/media/files/resources/protocols/technical-manuals/101/fugene-6-transfection-reagent-protocol.pdf
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2.7.2. Co-transfection of multiple plasmids  

To produce 3rd-generation lentivirus and generate CRISPR-Cas9 knockout cell lines, co-

transfection of two or more plasmids was required. Information regarding co-transfection can 

be found in 2.12.1 and 2.18.2.  

2.8. Polymerase chain reaction (PCR) 

2.8.1. PCR amplification of purified DNA 

PCR reaction mixes were prepared on ice. A typical 50 µl mix comprised of 20 μl dH2O, 25 μl of 

Q5® High-Fidelity 2X Master Mix (NEB, #M0492S), 1 μl of DNA template (100-250 ng of 

genomic DNA or 10-50 ng of plasmid DNA) and 4 μl of primers (see 2.20, table 2.12) to give a 

final concentration of 0.4 µM. PCR reactions were performed using a T100™ Thermal Cycler 

(Bio-Rad) and the parameters detailed in table 2.5. As per the manufacturer’s guidelines, 

extension times for reactions prepared with Q5® polymerase assumed an amplification rate of 

30 seconds/1 kb of sequence.   

 

2.8.2. PCR amplification from bacterial colonies  

Per colony, each reaction mix was made up to 25 µl using the recipe described in 2.8.1 

however ReadyMix™ Taq PCR Reaction Mix (Sigma, #P4600-100RXN) was used instead of Q5® 

High-Fidelity 2X Master Mix. A small quantity of each colony to be screened was then 

transferred to and resuspended in the reaction mix using a sterile pipette tip. PCR reactions 

were run using the program detailed in 2.8.1. As per the manufacturer’s guidelines, extension 

Stage Procedure Temperature  Number of cycles  

1  Initial denature 95oC, 4 min 1 

2 Denature 95oC, 20 sec 30-34 

3 Anneal primers 56oC, 20 sec 

4 Extension 72oC, 30 sec 

5 Final extension 72oC, 4 min 1 

6  4oC, hold 1 

Table 2.5: Program used to amplify sequence by PCR.  
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times for reactions prepared with Taq polymerase assumed an amplification rate of 1 min/1 kb 

of sequence.   

2.8.3. Sanger sequencing 

Sequencing of plasmid DNA was carried out by a fluorescent dideoxy chain termination 

method using the BigDye® Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific, 

#4337454). Initially, 50-250 ng of PCR product or 250-500 ng of plasmid DNA was prepared in 

6.5 µl of molecular-grade DNase and RNase-free dH2O (Sigma, #W4502-1L) and denatured at 

95oC for 2 minutes on a thermocycler before being placed on ice. Additionally, the sequencing 

mix was prepared on ice – this comprised of 2 μl 5x sequencing buffer (kit), 0.5 μl of big-dye 

terminator mix (kit) and 1 μl of primer (3.4 pM) (see 2.20, table 2.12). The sequencing mix was 

then added to the denatured plasmid DNA mix and briefly vortexed before the sequencing 

reaction was carried out using the program detailed in table 2.6.  

 

 

 

5 μl of 100 mM EDTA was added to stop the reaction. 100 μl of 100% (v/v) ethanol (EtOH) was 

then added and tubes centrifuged at 12,000 rcf for 20 min to pellet the DNA precipitate. 

Supernatant was carefully removed and the resulting pellet washed with 100 μl of 70% (v/v) 

EtOH and then centrifuged at 12,000 rcf for a further 5 min. Supernatant was removed and the 

pellet left to dry in a dark microbiological safety cabinet (MBSC) and stored at -20°C until ready 

for sequencing. The DNA pellet was then resuspended in 20 μl of Hi-Di formamide (Applied 

Biosystems, #4311320) and Sanger-sequenced on an ABI 3730 DNA Analyser (Applied 

Biosystems, #3730S) by the Pirbright Institute’s in-house sequencing department.  Sequence 

Stage Temperature  Number of cycles  

1 96oC, 2 min 1 

2 96oC, 10 sec 25 

3 50oC, 10 sec 

4 60oC, 4 min 

5 4oC, hold 1 

Table 2.6: Big-Dye Terminator program used to amplify sequence.  
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identity was confirmed using either NCBI’s Basic Local Alignment Search Tool (BLAST) (Altschul 

et al., 1990) or Chromas Lite v2.0.1 (Technelysium Pty Ltd).  

2.9. Annealing of oligos for ligation  

When a premature termination of a plasmid open reading frame (ORF) was required, oligos 

bearing tandem repeats of stop codons in alternate reading frames were designed:  

Top oligo:         5’ TGAATCGTAGATACTGA 3’ 

Bottom oligo:      3’ ACTTAGCATCTATGACT 5’ 

 

Sequence corresponding to the overhangs generated by restriction enzyme digest at the 

chosen sites of insertion in the destination plasmid (in this case, HindIII and EcoRI) were added 

to the 5’ and 3’ termini of each oligo.  

Top oligo:    5’ agcttTGAATCGTAGATACTGAg     3’ 

Bottom oligo: 3’     aACTTAGCATCTATGACTcttaa 5’ 

 

Following synthesis, oligos were resuspended in dH2O to give a concentration of 100 µM and 

diluted further in dH2O for a final concentration of 20 µM. 5 µl of each were then mixed with 

40 µl of dH2O. The oligo mix was then incubated at 95°C for 4 minutes in a thermocycler then 

70°C for 15 minutes on a heater block. The heater block was then removed from the heating 

unit and the oligo mix allowed to slowly cool to R/T (∼45 min). 1 µl of the annealed oligos were 

then ligated into the desired destination plasmid (2.6.2).  

2.10. DNA gel electrophoresis   

6x loading dye (Thermo Scientific, #R1161) was added to aliquots of DNA typically to give a 

total volume of 24 μl. These samples were then run at 95 V on a Tris/Borate/EDTA (TBE) 

agarose gel (1% (w/v)) containing ethidium bromide (200 ng/ml; Invitrogen, #15585-011) at 

R/T in a Mini-Sub® Cell GT tank (BioRad, #329BR019508) before visualisation using a BioRad 

gel-dock. To determine the estimated size of visualised DNA, 1 kb (NEB, #N0468S) and 100 bp 
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(NEB, #N0467S) DNA ladders were ran alongside samples on each gel. If required, bands were 

excised and subjected to further downstream purification using an Illustra GFX PCR DNA and 

Gel Band Purification Kit (GE Healthcare, #28-9034-70). 

2.11. Generation of rubidium-competent E. coli 

2.11.1. Solutions 

Solutions TFB1 and TFB2 were prepared in a fume hood and made up to total volumes of 200 

ml and 20 ml respectively. 

2.11.1.1. TFB1 

- 30 mM potassium acetate  

- 100 mM rubidium chloride 

- 50 mM calcium chloride  

- 15% glycerol (v/v) 

2.11.1.2. TFB2 

- 10 mM MOPS 

- 10 mM rubidium chloride  

- 75 mM calcium chloride 

- 50 mM manganese chloride 

- 15% glycerol (v/v) 

2.11.2. Procedure  

A -80oC stock of E. coli (JM109; e14– (McrA–) recA1 endA1 gyrA96 thi-1 hsdR17 (rK
– mK

+) supE44 

relA1 ∆(lac-proAB) [F  ́traD36 proAB lacIqZ∆M15]) was thawed at R/T and a small aliquot 

streaked onto an agar plate free from antibiotic. Following incubation overnight at 37oC a 

single colony was picked and added to 20 ml LB; the culture was incubated for 18 hr at 37oC 

with shaking (200 rpm). 4 ml of the culture was then added to 400 ml of LB and incubated at 

37oC with shaking (200 rpm) until the culture had reached an optical density of 550 (OD550).  

The 400 ml culture was then transferred to eight 50 ml centrifuge tubes and centrifuged for 5 

min at 4oC, 1,000 rcf. The supernatants were discarded, and the pellets were resuspended in 
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10 ml of cold (4oC) TFB1 and incubated for 5 min at R/T. After incubation, the resuspended 

pellets were centrifuged for 5 min at 4oC, 1,000 rcf. The supernatants were discarded, and the 

pellets were each resuspended in 1 ml TFB2; the resuspended cell pellets were then incubated 

for 15 min on ice, after which 0.5 ml aliquots were prepared with 20% (v/v) glycerol (VWR 

International, #24388.26) and frozen at -80oC. 

2.12. Production of 3rd-generation lentivirus  

2.12.1. Production procedure  

HEK 293T cells were used for the production of 3rd-generation lentivirus which, upon infection 

of cell culture, would result in permanent expression of EGFP and EGFP-Npro fusion protein. To 

do so, cells were transfected with plasmids using TransIT-LT1 Transfection Reagent (Mirus, 

#MIR2300) following the manufacturer’s protocol 

(https://www.mirusbio.com/assets/protocols/ml001_transit_lt1_transfection_reagent.pdf).  

For the generation of lentivirus using a single T-75 culture flask, 200 μl of media (serum and 

antibiotic-free) was added to two 1.5 ml microcentrifuge tubes. 25 μg of plasmid (2:1:1:1 of 

pLJM1:pLP1:pLP2:pLP/VSV-G) was then added to one tube and 50 µl of Transit-LTI transfection 

reagent (MirusBio, #MIR2304) to the other (table 2.7) for a 2:1 ratio of transfection 

reagent:plasmid. Both tubes were incubated for 5 minutes at R/T after which the plasmid 

mixture was gently added to the transfection reagent solution to generate a transfection 

complex. The complex was briefly vortexed and incubated at R/T for a further 30 minutes, 

after which additional serum and antibiotic-free media was added to a final volume of 5 ml. 

Media was removed from HEK 293T cells (at 60-90% confluency) and gently replaced with the 

5 ml of transfection complex. After a 4 hr incubation at 37oC, complete media was applied to a 

final volume of 20 ml. Cells were incubated at 37oC for 72 hr to allow time for lentivirus to be 

produced and released into the cell culture media.  

https://www.mirusbio.com/assets/protocols/ml001_transit_lt1_transfection_reagent.pdf
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At 72 hr post-transfection, media was removed using a volumetric pipette and centrifuged at 

3,622 rcf for 5 min to pellet any cell debris. Media containing lentivirus was then prepared as 1 

ml aliquots which were frozen at -80oC until required. 

2.12.2. Infection of porcine cells with lentivirus  

Infections were normally performed in 24-well plates and with cells that were between 30-

50% confluent. Prior to infection, media was aspirated and replaced with 500 μl of fresh 

DMEM (2% (v/v) ABS) containing polybrene at 2 ng/μl. Different volumes (10-200 µl) of virus 

(untitred) were then applied to the relevant wells and the plates centrifuged at 1,000 rcf for 30 

min at R/T. This procedure is referred to as “spinoculation” (O'Doherty et al., 2000). 

On the morning following infection, all media in virus and polybrene-containing wells was 

removed and replaced with 1 ml of fresh DMEM containing 10% (v/v) ABS. Cells were left to 

grow either for a total of 72 hr or until they had reached 100% confluency, after which they 

were then either fixed and mounted for visualisation by confocal microscopy (2.13.1) or lysed 

for Western blot analysis (2.10). For infections carried out on cells in 24-well plates, typically 

100 μl of Laemmli lysis buffer was applied to the relevant wells. Collected lysates were then 

heated at 95°C for 5 min after which they are frozen at -20˚C until required for Western 

blotting.  

Plasmid Quantity per transfection (μg) 

pLMJ1 (EGFP, EGFP-Npro, FLAG-poIRF3-
WT or FLAG-poIRF3-S1) 

10 

pLP1 5 

pLP2 5 

pLP/VSV-G 5 

Table 2.7: Plasmids used for the generation of 3rd-generation lentivirus. 
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For the generation of cell lines stably expressing lentivirus-encoded transgenes, infected cells 

were incubated with puromycin (3 μg/ml) until large colonies were visible (∼1 week) at which 

point they were isolated, propagated and stored as detailed in 2.1.2.4 and 2.1.2.3. 

2.13. Protein analysis 

2.13.1. Solutions 

2.13.1.1. Laemmli lysis buffer (4x) 

- 4% (v/v) SDS  

- 10% (v/v) β-mercaptoethanol  

- 20% (v/v) glycerol  

- 0.004% (w/v) bromophenol blue  

- 125 mM Tris HCL (pH 6.8) 

The above reagents were prepared in distilled water (dH2O) to give a 4x stock buffer. 2x buffer 

was prepared by diluting 50% (v/v) in dH2O. 

2.13.1.2. SDS-PAGE running buffer (10x) 

- 250 mM Tris 

- 1.92 M Glycine 

- 0.1% (w/v) SDS  

Diluted 10% (v/v) in distilled dH2O to give a 1x buffer. 

2.13.1.3. Western blot transfer buffer (10x) 

- 250 mM Tris 

- 1.92 M Glycine 

Diluted 10x in dH2O containing 20% isopropyl alcohol (v/v) to give a 1x buffer. 

2.13.1.4. Western blot blocking buffer (1x) 

- 5% (w/v) Marvel milk powder  

- 0.1% (v/v) Tween-20  

- 1x PBS (in-house) 
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2.13.1.5. Western blot wash buffer (1x) 

- 0.1% (v/v) Tween-20  

- 1x PBS (in house) 

2.13.2. Antibodies 

Antibodies for Western blotting were either produced in-house or purchased from Promega, 

Cell Signalling Technology, Abcam and Santa Cruz Biotechnology and used as detailed in table 

2.8. 

Protein Primary antibody Secondary antibody 

CSFV Npro Rabbit polyclonal anti-Npro DS14 
(in-house, 
11KTNKQKPMGVEEPVYDATGKPL
FGDPS37), 1/3,000 O/N 4oC 

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

CSFV E2 Mouse monoclonal IgG1 anti-E2 
WH303 (APHA Scientific, 
#RAE0826), 1/500 O/N 4oC 

Goat polyclonal anti-mouse IgG 
(H+L) HRP #W402B (Promega, 
W4021), 1/5,000 1 hr R/T 

GFP/EGFP Rabbit polyclonal anti-GFP 
(Abcam, #ab290), 1/3,000 O/N 
4oC 

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

Cleaved caspase-3 Rabbit monoclonal anti-cleaved 
caspase-3 Asp175 5A1E (Cell 
Signalling Technology, #9661), 
1/1,000 O/N 4oC 

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

Gamma-tubulin Mouse monoclonal IgG1 anti-
gamma-tubulin GTU-88 (Sigma, 
#T6557), 1/5,000 1 hr R/T 

Goat polyclonal anti-mouse IgG 
(H+L) HRP #W402B (Promega, 
W4021), 1/5,000 1 hr R/T 

Mx1 Mouse monoclonal IgG1 anti-
Mx1 AM39 (Abcam, #ab79609), 
1/4,000 O/N 4oC 

Goat polyclonal anti-mouse IgG 
(H+L) HRP #W402B (Promega, 
W4021), 1/5,000 1 hr R/T 

ISG15 Rabbit polyclonal anti-ISG15 H-
150 (Santa Cruz Biotechnology, 
#sc-50366), 1/10,000 O/N 4oC 

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

IRF3 Rabbit polyclonal anti-IRF3 FL-
425 (Santa Cruz Biotechnology, 
#sc-9082), 1/2,000 

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

RIG-I Mouse monoclonal IgG1 anti-
RIG-I D-12 (Santa Cruz 
Biotechnology, #sc-376845), 
1/4,000 O/N 4oC 

Goat polyclonal anti-mouse IgG 
(H+L) HRP #W402B (Promega, 
W4021), 1/5,000 1 hr R/T 

Bax Rabbit polyclonal anti-Bax (Cell 
Signalling Technology, #2772), 
1/1,000 O/N 4oC   

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

Table 2.8: Primary and secondary antibody concentrations and conditions of use for the detection 

of proteins by Western blot analysis.  
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2.13.3. Sample collection 

2x Laemmli lysis buffer (prepared in-house, see 2.13.1.1) was utilised for the collection of all 

whole cell protein lysate samples comprised of all cellular compartments. Upon addition of 

buffer to the desired cells, samples were incubated for 5 min at 95°C and frozen at -20°C for 

storage until ready for analysis by SDS-PAGE and Western blot. 

2.13.4. SDS-PAGE 

An XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen, #EI0001) was used for the 

running of all SDS-PAGE gels. Pre-cast Novex™ 4-20% Tris-Glycine Mini Gels (Invitrogen, 

#XP04200BOX) were loaded into the system which was then filled with 1x SDS-PAGE running 

buffer. Assembly of the system was as indicated by the manufacturer. Samples were thawed 

and incubated for 5 min at 95°C, after which they were loaded into separate wells of a gel in 

10-50 µl volumes. 4 μl of full range protein marker (Sigma, #RPN800E) was loaded alongside 

samples on each gel. Gels were ran at 150-225 V, R/T for approximately 60-90 min or until the 

dye front had disappeared.  

2.13.5. Western blot 

A Mini Trans-Blot® Cell system (BioRad, #1703930) was used for the running of all Western 

blot transfers. The system was assembled and operated as indicated by the manufacturer. 

Transfers were ran at 200 mA for 70 min. Following transfer, the membrane was removed and 

placed in Western blot blocking buffer on an orbital shaker for 1 hr at R/T. Fresh blocking 

buffer, containing primary antibody at the relevant dilution (see 2.13.2, table 2.8), was then 

FLAG Rabbit polyclonal anti-FLAG, 
DYKDDDDK (Acris, #R1180), 
1/2,000 O/N 4oC     

Goat polyclonal anti-rabbit IgG 
(H+L) HRP #W401B (Promega, 
W4011), 1/5,000 1 hr R/T 

Note: Primary and secondary antibodies were applied in 5% milk solution (0.1% Tween-20) and 

applied to membranes which were incubated either overnight (O/N) at 4°C or for 1 hr at room 

temperature (R/T) on an orbital shaker.  
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applied and the blot incubated for either 1 hr at R/T or overnight at 4°C with shaking. 

Following incubation, antibody-containing blocking buffer was aspirated and the membrane 

washed three times, each time for 15 min at R/T in fresh blocking solution with shaking. Next, 

secondary antibody (see 2.13.2, table 2.8) diluted in blocking buffer was applied and the blot 

was incubated for a further 1 hr at R/T with shaking. Membranes were then washed three 

times with Western blot wash buffer over 45 min and then briefly with 1x PBS (prepared in-

house).  

Membranes were blotted dry on plain paper and 2 ml of pre-mixed ImmobilonTM Western 

chemiluminescent substrate (Millipore, #WBKLS0500) applied for 1 min. Horseradish 

peroxidase (HRP) luminescence was detected by exposure onto Medical X-ray blue film 

(Carestream, #771 1468) in a dark room. 

2.14. Confocal microscopy  

2.14.1. Mitochondrial labelling  

Prior to fixation, single 50 µg vials of MitoTracker™ (MTT) Red CMXRos (Invitrogen, #M7152) or 

Deep Red FM (Invitrogen, #M22426) were solubilised in DMSO to a 1 mM stock solution. 

Working solutions of MTT were prepared in complete media pre-heated to 37°C and applied to 

cells prior to fixation. Cells were incubated at 37°C with 150 nM MTT Red CMXRos for 30 min 

and with 250 nM MTT Deep Red FM for 45 min.  

2.14.2. Coverslip preparation 

Growth media was aspirated from the cover slips, after which they were washed twice with 1x 

PBSa. 4% (v/v) paraformaldehyde in 1x PBS (Santa Cruz Biotechnology, sc-281692) was then 

applied for 30 min at R/T to fix the cells. Two additional washes with 1x PBSa were 

subsequently carried out. For nuclear labelling, 1 μg/ml of DAPI was prepared in dH2O and 

applied for 15 min at R/T, after which the cover slips were washed twice more in 1x PBSa and 
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mounted onto glass slides for visualisation using Vectashield (Vector Laboratories, #H-1000) as 

mounting media and nail varnish to seal them.   

2.14.3. Immunofluorescence 

Cells prepared on coverslips were fixed according to 2.14.2 and stored overnight at 4°C. They 

were then washed twice with 1x PBSa and treated with 150 µl of 0.2% (v/v) Triton X-100 

(Sigma, #T8787) for 5 min to permeabilise them. After three additional washes in 1x PBSa, 

coverslips were blocked for 30 min in 10% (v/v) sheep serum (Sigma, #S3772-10ML) or goat 

serum (Sigma, #G9023-10ML) prepared in 1x PBSa. Primary antibody was then applied at the 

relevant concentrations stated in table 2.9 and incubated for 30 minutes. Coverslips were 

subsequently washed five times in 5% (v/v) serum in 1x PBSa, each time for 5 min. The 

relevant secondary antibody was then applied for 30 min as stated in table 2.9. Coverslips 

were then treated with 1 μg/ml of DAPI prepared in dH2O and mounted as described in 2.14.2. 

All wash steps and incubations with antibody were performed at R/T on a plate shaker (300 

rpm). 

Protein Primary antibody Secondary antibody 

Cytochrome c Mouse monoclonal IgG1 anti-
cytochrome c 6H2.B4 (BD 
Biosciences, #556432; rat 
protein), 1/500 

Goat polyclonal anti-mouse IgG1 
Alexa Fluor® 488 490/525 
(Invitrogen, #A-21121), 1/500 

Bax  Rabbit polyclonal anti-Bax (Cell 
Signalling Technology, #2772), 
1/200   

Goat polyclonal anti-rabbit IgG 
(H+L) Alexa Fluor® 488 490/525 
(Invitrogen, #A-11008), 1/500 
Goat polyclonal anti-rabbit IgG 
(H+L) Alexa Fluor® 568 578/603 

(Invitrogen, #A-11011), 1/500 

CSFV E2 Mouse monoclonal IgG1 anti-E2 
WH303 (APHA Scientific, 
#RAE0826), 1/100 

Goat polyclonal anti-mouse IgG1 
Alexa Fluor® 647 650/665 
(Invitrogen, #A-21235), 1/500 

Table 2.9: Primary and secondary antibody concentrations and conditions of use for the detection 

of proteins by immunofluorescence/confocal microscopy.  

 

Note: All antibodies were applied in 5% (v/v) sheep or goat serum (prepared in 1x PBSa) and 

incubated with coverslips on an orbital shaker (300 rpm) for 30 at R/T. Alexa Fluor dye excitation 

(nm) / emission (nm) are indicated.  
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2.14.4. Imaging of prepared slides  

Prepared slides of cells were imaged on a Leica TCS SP2 Acousto-Optical Beam Splitter confocal 

scanning laser microscope at wavelengths appropriate for each Alexa Fluor probe.  

2.14.5. Quantification of protein relocalisation 

Where specified, protein relocalisation was quantified. Images were initially imported into 

ImageJ (Schneider et al., 2012) in .tif format and converted to greyscale. Then, the “analyse 

particles” function was used to automatically determine the total number of nuclei per field of 

view. For Bax studies, cells demonstrating condensed mitochondrial relocalisation were 

manually counted and divided by the nuclei count given by ImageJ to give the percent of 

positive cells; this was repeated for five fields of view for each treatment (n=5). 2-way ANOVA 

(Graphpad Prism) was used to determine mean, standard deviation (SD) and confidence 

intervals (CI) for n=5.  

2.15. Induction of innate responses in cell lines  

2.15.1. Induction of apoptosis with poly(I:C) or SeV  

Cells were seeded in either 6, 12 or 24-well plates and grown to a confluency of 70-90%. Cells 

to be induced were treated with 1-100 µg/ml of poly(I:C) (Sigma, #P1530-25MG) or 2-200 

HA/ml SeV (Charles River Laboratories, #10100772) by addition to growth media and 

incubated for 18-24 hr. In order to collect adherent cells as well as cells in suspension (due to 

apoptosis), adherent cells were detached by agitation with the blunt end of a pipette tip. Cell 

suspensions were transferred to 1.5 ml microcentrifuge tubes and centrifuged at 1,000 rcf for 

5 min to pellet. Supernatant was removed, and pellets washed once in 100 µl 1x PBS. Following 

removal of the supernatant, pellets were lysed in 100-200 µl of Laemmli lysis buffer (2.13.1.1) 

and heated at 95°C for 5 min to denature harvested protein. Cell lysates were frozen at -20°C 

until ready for Western blot analysis. 
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2.15.2. Induction of ISG expression with type I IFN 

Recombinant porcine IFN-α (RD Systems, #17105-1) was added to media to final 

concentrations of 10-1,000 IU/ml and incubated with porcine (PK-15, SK6) and human (HEK 

293T) cells for 18-24 hr. These conditions were chosen so as to enable sufficient detection of 

ISGs by Western blot. Following incubation, media was removed and cells washed with an 

appropriate volume of 1x PBS (500 µl for a 12-well plate). Cells were then lysed directly in 100-

200 µl of Laemmli lysis buffer (2.13.1.1) and prepared as in 2.15.1.  

2.16. Pharmacological inhibition of cellular processes  

The pan caspase inhibiter Z-VAD(OMe)-FMK (Bachem, #N-1560) was prepared as a 20 mM 

stock solution in DMSO (Sigma, #276855) and applied to cells at a final concentration of 100 

μM immediately prior to treatment with either poly(I:C) or SeV (see 2.15.1) where specified. 

The Janus-kinase (JAK) 1/2 inhibitor Ruxolitinib (RXT; Selleckchem, #INCB018424) was 

prepared as a 5 mM stock solution in DMSO and applied to cells at a final concentration of 0.5 

μM in the same manner as Z-VAD(OMe)-FMK. The proteasome inhibitor MG132 (Sigma, 

#74790) was prepared as a 10 mg/ml stock solution in DMSO and applied to cells at a final 

concentration of 25 µM; treated cells were incubated for 18 hr.  

2.17. Genomic DNA extraction  

All DNA extractions were performed using a DNeasy Blood & Tissue Kit (Qiagen, #69504). 

Briefly, 1 x 105 cells were pelleted at 1,000 rcf for 5 min in a 1.5 ml microcentrifuge tube. 

Supernatant was removed and the pellets washed in 100 µl of 1x PBS. Pellets were centrifuged 

again and, following removal of the supernatant, frozen at -20°C until ready for DNA 

extraction. DNA extraction was then performed as detailed in the “spin column protocol” 

supplied with the kit (https://www.qiagen.com/gb/resources/resourcedetail?id=6b09dfb8-

6319-464d-996c-79e8c7045a50&lang=en) and eluted using the supplied elution buffer.  

https://www.qiagen.com/gb/resources/resourcedetail?id=6b09dfb8-6319-464d-996c-79e8c7045a50&lang=en
https://www.qiagen.com/gb/resources/resourcedetail?id=6b09dfb8-6319-464d-996c-79e8c7045a50&lang=en
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2.18. CRISPR-Cas9 gene knockout in PK-15 cells 

2.18.1. Guide RNA slection (gRNA) 

The plasmids detailed in table 2.10 were gifts from Professor Steve Goodbourn, St. George’s 

University of London. To be used in conjugation with a Cas9 nickase mutant, pairs of guide 

RNAs (gRNAs) with defined offsets from each other were selected using Zhang Lab’s “double-

nickase” design tool (https://zlab.bio/) which is no longer available. The German Cancer 

Research Centre (http://www.e-crisp.org/E-CRISP/designcrispr.html) and the Broad Institute 

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) offer equivalent 

alternatives. 

 

 

 

 

 

2.18.2. Co-transfection of Cas9n/gRNA plasmids into PK-15 cells 

For the co-transfection of each pair of Cas9n/gRNA plasmids, two individual mixes were 

prepared. The first tube contained 1 µg of each plasmid (2 µg in total) made up to a final 

volume of 50 µl DMEM (no antibiotic or serum) while the second contained 6 µl of Transit-LTI 

(MirusBio, #MIR2304) made up to 50 µl in the same media, giving a DNA:transfection reagent 

ratio of 1:3. Mixes were incubated at R/T for 5 min, after which the plasmid mix was added to 

the transfection reagent mix and incubated at R/T for a further 30 min.  

One hundred µl of transfection mixes (plasmid and transfection reagent) were applied to PK-

15 cells (90% confluent) in 12-well plates. Mixes were applied “drop-wise” across the well and 

the plates rocked gently to ensure equal distribution. An additional 300 µl of media containing 

no antibiotic or serum was immediately applied to each well. Following 2 hr of incubation at 

Knock-out 
target 

gRNA-1 (pX461) gRNA-2 (pX462) Offset 

IRF3 GCCGCAAGCCGTGCTTCCAA GGAGGACTTCGGCATCTTCC +13 

TLR3 CTCCATCCAAGGTAGTAAGT ATTTAACACCATCTCAAAGC +1 

RIG-I GATGATGGAGATAGAGAGTC GATGCACTTAAATCTGTCAG +11 

Table 2.10: Guide RNAs (gRNAs) cloned into pX461 and pX462 CRISPR-Cas9 nickase plasmids.  

 

https://zlab.bio/
http://www.e-crisp.org/E-CRISP/designcrispr.html
https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
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37°C, 700 µl of complete media was applied to each well. 24 hr post-transfection, media was 

replaced with reduced-serum media (2.5% (w/v)). 72 hr post-transfection, media was replaced 

and 3 µg/ml of puromycin was added. Antibiotic selection proceeded for 72 hr, with fresh 

media containing 3 µg/ml of puromycin being applied after 48 hr. Complete media (10% (w/v) 

ABS) without puromycin was then applied to the cells. Cells were then incubated until large 

colonies were visible (∼2 weeks) at which point they were isolated, propagated and stored as 

detailed in 2.1.2.4 and 2.1.2.3.  

2.18.3. Screening for knockouts  

Post-selection, cells were screened for gene knockout by Sanger sequencing (see 2.8.3). 

Genomic DNA extracted from cells was subjected to PCR and sequencing as detailed in 2.17, 

2.8.1 and 2.8.3. Genomic DNA sequences were aligned using MEGA7 (Mega Software) to 

identify indels. Where a suitable antibody had been identified (RIG-I and IRF3 only), absence of 

protein encoded by the target gene was determined by Western blot (see 2.13). 

2.19. Yeast two-hybrid screen 

 The Matchmaker© 3 GAL4-based yeast two-hybrid system (Clontech Laboratories) was used to 

determine if porcine Bax interacts with either porcine IRF3 or CSFV Npro (discussed in 6.5). 

Yeast plasmid cloning, yeast transformation and selection by growth on stringent media were 

performed as detailed in the protocol supplied by the manufacturer (Clontech Laboratories, 

PR742219; https://www.takarabio.com/assets/documents/User%20Manual/PT3247-1.pdf). 

Plasmids and the co-transformation combinations utilised are detailed in table 2.11.  
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Yeast co-transformed with plasmid combinations 1-14 were plated onto double-dropout (DDO) 

media the amino acids leucine and tryptophan. Those co-transformed with plasmid 

combinations 1-8 were further plated onto quadruple-dropout (QDO) media additionally 

lacking the amino acids adenine and histidine.  Further details regarding the screen can be 

found in 6.5.  

2.20. Primers  

All primers for PCR, cloning or sequencing were sourced either in-house or designed and 

ordered using Sigma’s oligonucleotide (oligo) synthesis service (table 2.12). 

Plasmid co-

transformation  

pGBKT7 plasmid (DNA 

binding domain fusion) 

pGADT7 (activation domain 

fusion) 

1 CSFV Npro Porcine IRF3 

2 Porcine BaxS CSFV Npro 

3 Porcine BaxL CSFV Npro 

4 Porcine BaxS Porcine IRF3 

5 Porcine BaxL Porcine IRF3 

6 Murine p53  SV40 large T antigen 

7 Human lamin C SV40 large T antigen 

8 CSFV Npro Porcine IkBα 

9 Porcine BaxS EV 

10 Porcine BaxS SV40 large T antigen 

11 Porcine BaxL EV 

12 Porcine BaxL SV40 large T antigen 

13 EV Porcine IRF3 

14 Murine p53 Porcine IRF3 

Note: The yeast two-hybrid system was used to screen for interactions between CSFV Npro, porcine 

IRF3 and porcine Bax (long and short isoforms; XM_003127290.5 and XM_013998624.2) (orange). 

Positive (green) and negative controls (red) were employed. EV indicated where an empty vector 

has been used. pGBKT7-Npro, pGADT7-IkBα and pGADT7-IRF3 were sourced in-house; pGBKT7-BaxL 

and pGBKT7-BaxS were prepared for the project using cDNA synthesised by GeneArt (Invitrogen). All 

other plasmids were supplied by the kit. 

 

Table 2.11: Yeast co-transformations performed using the Matchmaker© 3 GAL4-based yeast 

two-hybrid system (Clontech Laboratories) and accompanying protocol (Clontech Laboratories, 

PR742219).  
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Name Sequence (5'->3') PCR and/or 

cloning 

Sequencing  

Npro-EcoRI-fw GCGCGAATTCGGAGTTGAATCATTTTGA

ACTTTTA 

x 
 

Npro-EcoRI-rev GCGCGAATTCTTAGCAACTGGTAACCCA

CAA 

x x 

pCMV-fw CGCAAATGGGCGGTAGGCGTG 
 

x 

EGFP-F1_C TACCTGAGCACCCAGTCCGC 
 

x 

EGFP-f1   GGTTTAGTGAACCGTCAGATCC x 
 

EGFP-r1 CGTCCATGCCGAGAGTGATC x 
 

EGFP-f2 GTGAAGTTCGAGGGCGACAC x 
 

Npro-r1 CGGGCCCATGTAGTCCTG x 
 

poMDA5 fw.1 CAGTTGTCAGGCACGTTGC x 
 

poMDA5 rv.1 CAGCAGTTGGAGACACTCATC  x 
 

poMDA5 fw.2 GCAAATTGTTCTTCTCTCGAGG x x 

poMDA5 rv.2 CAACAGTTGCTCCTCCACAC x x 

poTLR3 fw.2 CTGTTGCCCTTTTGGATACTG x x 

poTLR3 rev.3 CCATCTTGCCATCAAAAATAGTT x x 

poTLR3 fw.1 GGTGAAGAGTGAGGAAGGAGG x 
 

poTLR3 rev.2 GCATCATGGCTAGTACAGAACG x x 

poRIG-I fw.2 GCCACTGCAAGGTTTTTGAG x x 

poRIG-I rev.2 CACCTGGCACAATAAGTACCTG x x 

poRIG-I rev.1 GGTGCGTGTATTCAGATGGC 
 

x 

poIRF3 fw.1 GTACCTGCACTGTGTGATGTGG x x 

poIRF3 rev.2 CTCTAATATTCCAAGGTCCGC x x 

poIRF3 fw.3 CCTGGGAGTCCGCCTATATC 
 

x 

intEcoRV-poIRF3 CGTAGCGATATCTCAGCTGAACCAGGG x 
 

poIRF3-NotI TGCTTAGCGGCCGCCTAGAAATCCATGT

CCTCCACC 

x 
 

BamHI-3frameSTOP-

NotI_FW 

GATCCTGAATCGTAGATACTGAGC x 
 

BamHI-3frameSTOP-

NotI_REV 

GGCCGCTCAGTATCTACGATTCAG x 
 

FW-AgeI-kozak-

FLAG-poIRF3 

GCTACCGGTGCCACCATGGACTACAAA

GACGATGACGACAAGGGAACTCAGAAG

CCTCGAATC 

x 
 

RV-poIRF3-EcoRI GGCTTAGAATTCCTAGAAATCCATGTCC

TCCACCAG 

x 
 

KpnI_Kozak_5’EGFP_

FW 

GCTGGTACCGCCACCATGGTGAGCAAG x 
 

Table 2.12: Primers used for PCR, cloning or sequencing throughout the project.   
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3’EGFP_BamHI_5’poI

RF3_REV 

GGCATGGACGAGCTGTACAAGGGATCC

GGAACTCAGAAGCCTCGAATCCTGCCCT

GGCTGATATCGTCTG 

x 
 

poIRF3_BamHI_fw GCAGGATCCGCCACCATGGGAACTCAG

AAGCCTCG 

x 
 

poIRF3_NotI_rev TGCTTAGCGGCCGCCTAGAAATCCATGT

CCTCCACC 

x 
 

HindIII-3frameSTOP-

EcoRI_FW 

AGCTTTGAATCGTAGATACTGAG x 
 

HindIII-3frameSTOP-

EcoRI_REV 

AATTCTCAGTATCTACGATTCAA x 
 

SV40polyA_1_REV GCATCACAAATTTCACAAATAAAGC  x 

SV40polyA_2_REV GTAACCATTATAAGCTGCAATAAACAAG  x 

poIRF3_int1_fw GCTTCCGCATCCCTTGG  x 

poIRF3_int2_rev GTAACTTATCCAGACTGTCTTCGTGG  x 

poIRF3_int3_fw CTGACGGACAGGGGTGTG  x 

poIRF3_int4_rev GACCATCACCAGCCTCTTGAC  x 
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3. Npro antagonises IFN-independent 

poly(I:C) and Sendai virus -mediated 

apoptosis  

3.1. Introduction 

As discussed in 1.3.3, the Npro protein of CSFV is a documented antagonist of poly(I:C)-

mediated apoptosis; however, the mechanism by which this is achieved and the pathways 

targeted to achieve this have yet to be elucidated (Schweizer and Peterhans, 2001, Ruggli et 

al., 2003, Ruggli et al., 2005, Johns et al., 2010a, Jefferson et al., 2014). To address this, cell 

lines available in the group stably expressing Npro with various tags have been assessed for 

their capacity to antagonise the induction of apoptosis. In addition, a lentivirus expressing 

fluorescently-tagged Npro has been developed and the role played by IFN in poly(I:C)-mediated 

apoptosis explored. Henceforth, the Npro protein of CSFV is referred to simply as “Npro” except 

when referring to BVDV or BDV Npro or where clarity is beneficial to the point being made. 
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3.2. Stably expressed Npro antagonises poly(I:C) and SeV-

mediated apoptosis  

3.2.1. His-Npro and Npro  

To confirm previous reports of Npro’s ability to antagonise dsRNA-mediated apoptosis, a 

porcine kidney cell line (PK-15) stably expressing untagged Npro and two expressing His-tagged 

(6xHis) Npro available within the group (Seago et al., 2007, Johns et al., 2010b, Seago et al., 

2010) were analysed. PK-15 His-Npro 23, Npro 31 and His-Npro 61 were grown alongside parental 

negative control PK-15 cells and whole cell lysates prepared once confluency was reached.  

Whole cell lysates were analysed by Western blot using the DS14 rabbit polyclonal antisera 

against Npro (11KTNKQKPMGVEEPVYDATGKPLFGDPS37) to determine the respective levels of Npro 

protein in each cell line. Treatment of cells with the proteasome inhibitor MG132 (see 2.16) 

was not required for the detection and visualisation of His-Npro in the His-Npro 23 cell line which 

resolved as a single   1̴9 kDa band, although in agreement with past literature, lysates prepared 

from cells treated with inhibitor exhibited a comparatively higher expression (figure 3.1, A) 

(Seago et al., 2010). A band of approximately the same size was also observed for His-Npro 61 

following proteasome inhibition, but no clear increase in expression was observed for the Npro 

31 cell line due to high background on the blot.  

Each Npro-expressing cell line was subsequently assessed for the capacity to antagonise 

poly(I:C)-mediated apoptosis. As expected, Western blot analysis showed whole cell lysates 

prepared from PK-15 cells treated with poly(I:C) contained cleaved caspase-3, routinely used 

as a terminal indicator of apoptosis. In agreement with previous reports, each Npro-expressing 

cell line exhibited a comparatively reduced level of cleaved caspase-3 following poly(I:C) 
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treatment, indicating an antagonism of the innate apoptotic response (figure 3.1, B). Out of 

the three lines treated, His-Npro 23 appeared to antagonise induction of caspase-3 cleavage to 

the greatest extent. This agreed with figure 3.1, A which revealed the His-Npro 23 line to be a 

higher expresser of Npro than the Npro 31 and His-Npro 61 cell lines. As expected, all bands 

corresponding to cleaved caspase-3 ran close to the predicted molecular weight of 17 kDa. 

Western blot analysis of uncleaved caspase-3 levels would have proved insightful however this 

was not possible due to the lack of reactvitity with available antibodies.  

 

Figure 3.1: Cell lines stably expressing Npro and His-Npro antagonise the induction of poly(I:C)-

mediated apoptosis. WT, Npro and His-Npro-expressing PK-15 cells were seeded in 6-well plates and 

treated with either (A) 25 µM MG132 or (B) 100 µg/ml poly(I:C). 18 hours post-treatment, whole 

cell lysates were prepared and analysed by Western blot using a polyclonal Ab recognising Npro (*) 

and a mAb recognising cleaved caspase-3 as indicated. A mAb recognising γ-tubulin was used to 

determine relative protein concentrations.  

 

A 

B 
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3.2.2. GFP-Npro 

PK-15 and SK6 cell lines stably expressing either GFP or GFP-Npro also available in the group 

were used for this study. To confirm the expression of GFP or GFP-Npro, Western blots of whole 

cell lysates were carried out. GFP was detectable without the addition of MG132 in both the 

PK-15 and SK6 cell lines although the corresponding band was more intense in the presence of 

inhibitor (figure 3.2). In order to detect GFP-Npro in the PK-15 cell line, treatment with the 

proteasome inhibitor MG132 was required (figure 3.2). However, proteasome inhibition was 

not required to detect GFP-Npro in the SK6 cell line (figure 3.2). Both GFP and GFP-Npro migrated 

at the expected molecular weights of 27 kDa and 46 kDa respectively.  

Next, the extent of apoptosis antagonism in these cell lines was examined; as before, whole 

cell lysates prepared from cell lines treated with poly(I:C) were analysed by Western blot for 

Figure 3.2: Confirmation of GFP and GFP-Npro expression in PK-15 and SK6 stable cell-lines. WT, 

GFP and GFP-Npro-expressing PK-15 and SK6 cells were seeded in 6-well plates and treated with 25 

µM MG132. 18 hours post-treatment, whole cell lysates were prepared and analysed by Western 

blot using a mAb recognising GFP. 
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cleaved caspase 3. With regards to the GFP-Npro PK-15 cell line, the level of cleaved caspase-3 

was comparatively lower than that observed for the GFP and parental PK-15 control cells 

(figure 3.3, A). The GFP-Npro SK6 cell line yielded similar findings, exhibiting a markedly reduced 

level of cleaved caspase-3 in comparison to the respective GFP and parental SK6 control cells 

(figure 3.3, B). In contrast to the blotted PK-15 lysates, cleaved caspase-3 was detected in all 

lysate samples prepared from untreated SK6 cells. However, the level of cleaved caspase-3 in 

lysates prepared from the untreated GFP-Npro SK6 cell line was comparatively lower than that 

observed for both the GFP and parental SK6 control cells.  

Next, to confirm that the expression of GFP-Npro in PK-15 cells could inhibit poly(I:C)-mediated 

induction of IFN and thus prevent the transcriptional activation of IFN stimulated genes (ISG) 

such as Mx1, the PK-15 lysate samples were also analysed for the presence of the Mx1 protein. 

Western blot analysis for Mx1 produced intense bands at 76 kDa for poly(I:C) treated (10 and 

100 μg/ml) GFP and parental PK-15 control cells, but no bands were observed for untreated 

samples (figure 3.3, A). In comparison to the GFP and parental control cells, the level of Mx1 

observed in lysates prepared for the poly(I:C) treated GFP-Npro PK-15 cells was markedly 

reduced, confirming the ability of Npro to inhibit the production of type I IFN. The GFP-Npro SK6 

cell line was not assessed for its capacity to antagonise the induction of type I IFN since SK6 

cells are defective in their ability to express it (Ruggli et al., 2003). 

3.3. Stably expressed Npro antagonises Sendai virus-mediated 

apoptosis  

Since poly(I:C) is widely regarded as an agonist of TLR3-mediated signalling when applied to 

cell culture media, additional experiments were conducted using Sendai virus (Cantell strain, 

SeV), a reported agonist of RIG-I-mediated signalling (Strahle et al., 2006, Baum et al., 2010, 

Kato et al., 2011). A representative Npro cell line (His-Npro 23) and parental PK-15 cells were 

treated with increasing quantities of SeV and whole cell lysates examined by Western blot for 
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cleaved caspase-3, as well as the ISG products Mx1, ISG15 and RIG-I. Whole cell lysates of 

poly(I:C)-treated PK-15 cells and the His-Npro 23 cell line were examined alongside as positive 

and negative controls respectively. Western blot analysis of whole cell lysates confirmed that 

SeV was able to induce the cleavage of caspase-3 in parental PK-15 cells, but comparatively 

lower levels were observed for the His-Npro cell line (figure 3.4, B). In agreement with past 

literature, Mx1, ISG15 and RIG-I were not upregulated following treatment with poly(I:C) in the 

His-Npro 23 cell line but were in the parental PK-15 cells (figure 3.4, A). At lower quantities (2 

HA/ml), SeV treatment induced the expression of Mx1, ISG15 and RIG-I in the control PK-15 

A 

B 

Figure 3.3:  Stably-expressed GFP-Npro antagonises the induction of poly(I:C)-mediated apoptosis 

in PK-15 and SK6 cells and also ISG upregulation in PK-15 cells. WT, GFP and GFP-Npro-expressing 

(A) PK-15 and (B) SK6 cells were seeded in 6-well plates and treated with poly(I:C) at the indicated 

concentrations. 18 hours post-treatment, whole cell lysates were prepared and analysed by 

Western blot using mAbs recognising (A, B) cleaved caspase-3 or (A) Mx1. A mAb recognising γ-

tubulin was used to determine relative protein concentrations. 
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cells and to a comparatively lower level in the His-Npro cell line, demonstrating Npro’s ability to 

antagonise SeV-induced IFN production (figure 3.4, B). In control PK-15 cells, the level of 

cleaved caspase-3 showed a positive correlation with the quantity of SeV used, however under 

the same conditions ISG upregulation exhibited a negative correlation – this can be explained 

by the presence of the SeV encoded C-protein, a known antagonist of the JAK-STAT pathway 

that governs the response to type I IFN (Garcin et al., 2002). 

3.4. Lentivirus-expressed EGFP-Npro antagonises poly(I:C) and 

SeV-mediated apoptosis  

Having confirmed Npro’s ability to antagonise the induction of poly(I:C)-mediated apoptosis and 

IFN induction and having also identified Npro’s previously unknown ability to antagonise SeV-

mediated apoptosis, a lentiviral system expressing an EGFP-tagged Npro protein was developed 

to facilitate the study of protein localisation in primary cells and immortalised cell lines. A 3rd-

Figure 3.4: Npro antagonises Sendai virus-mediated apoptosis in PK-15 cells. WT and His-Npro-

expressing PK-15 cells were seeded in 12-well plates and treated with (A) poly(I:C) or (B) Sendai 

virus (Cantell strain, SeV) at the indicated concentrations. 18 hours post-treatment, whole cell 

lysates were prepared and analysed by Western blotting using polyclonal Abs recognising ISG15 or 

Npro and mAbs recognising cleaved caspase-3, Mx1 or RIG-I as indicated. A mAb recognising γ-

tubulin was used to determine relative protein concentrations. 

 

A B 
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generation lentiviral expression system was employed instead of the older 2nd-generation 

system due to the fact that the packaging system is split across two plasmids instead of one, 

rendering it safer (Dull et al., 1998). 

3.4.1. Generation of EGFP-Npro-expressing 3rd-generation lentivirus 

PK-15 and SK6 cells were infected with varying volumes (0-200 μl) of collected supernatants 

prepared from the HEK 293T transfected with EGFP and EGFP-Npro-encoding lentivirus plasmids 

as detailed in appendix A and 2.12. Whole cell lysates were prepared 72 hours post-infection 

(hpi) (see 2.13.3) and subsequently subjected to Western blot analysis to confirm the presence 

of EGFP and EGFP-Npro (see 2.13.4 and 2.13.5). For both the blotted PK-15 and SK6 whole cell 

lysates, EGFP appeared as a single band of   3̴3 kDa, which is slightly larger than the predicted 

MW of 28 kDa, and the intensity of the band increased with an increase in the quantity of 

lentivirus used to infect the cells (figure 3.5). In both PK-15 and SK6 cell samples, EGFP-Npro 

resolved as a doublet of bands at both   4̴7 kDa (figure 3.5, ***) and   6̴0-65 kDa (figure 3.5, 

****), the higher band resolving significantly higher than the predicted MW of 47 kDa. As with 

the EGFP-encoding lentivirus, band intensity increased with increasing quantities of virus, 

suggesting that the bands do indeed correspond to EGFP-Npro. In each cell line, the band 

corresponding to EGFP was of a greater intensity than those corresponding to EGFP-Npro; this is 

potentially due to the fact that Npro is rapidly turned-over (Seago et al., 2010).  

After confirming the expression of the EGFP and EGFP-Npro proteins by Western blot, 

experiments were conducted to visualise EGFP and EGFP-Npro in PK-15 and SK6 cells by 

fluorescence confocal microscopy. In EGFP-encoding lentivirus-infected cells, fluorescent 

protein did not appear to demonstrate any particular sub-cellular localisation and was 

distributed throughout the cytosol, nucleus and nucleolus (figure 3.6). However, in cells 

infected with EGFP-Npro-encoding lentivirus, the resulting fluorescent protein adopted a clear 

localisation to the nucleolus and to a lesser extent, the nucleus and cytoplasm as previously 
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reported (Doceul et al., 2008, Li et al., 2014). These distinct differences in protein localisation 

and distribution were visible at both colony level (figure 3.6, A) and single-cell level (figure 3.6, 

B). In summary, these findings demonstrate the successful generation of a 3rd-generation 

lentivirus capable of expressing EGFP-Npro fusion protein in infected cells. 

In order to confirm EGFP-Npro’s functionality as an antagonist of poly(I:C)-mediated apoptosis, 

PK-15 cells were infected for 48 hours with fresh aliquots of each respective lentivirus and 

then treated with poly(I:C) (100 μg/ml) to induce apoptosis (see 2.15.1) and whole cell lysates 

were subsequently prepared and subjected to Western blot analysis for cleaved caspase-3. As 

previously observed, EGFP resolved primarily as a single band at   3̴3 kDa (figure 3.7, *) and 

Figure 3.5: EGFP and EGFP-Npro are detectable by Western blot following infection of PK-15 and 

SK6 cells. PK-16 and SK6 cells were seeded in 24-well plates and infected with increasing crude 

volumes of 3rd-generation lentivirus encoding EGFP and EGFP-Npro as indicated. 2 μg/ml polybrene 

was applied to each well after which plates were centrifuged at 1000 rcf for 30 minutes. 72 hours 

post-infection, whole cell lysates were prepared and analysed by Western blotting using a mAb 

recognising GFP. A mAb recognising γ-tubulin was used to determine relative protein 

concentrations. EGFP resolved primarily as a single band (*) with a faint second band also 

detectable (**) while EGFP-Npro resolved as a doublet (*** and ****). 
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EGFP-Npro as a doublet of   4̴7 kDa and    6̴0-65 kDa (figure 3.7, ** and ***). Poly(I:C) treatment 

induced considerable levels of cleaved caspase-3 in both uninfected and EGFP lentivirus-

infected cells. However, no cleaved caspase-3 was observed for the EGFP-Npro lentivirus-

infected cells, confirming that EGFP-Npro successfully antagonised the induction of poly(I:C)-

mediated apoptosis. As cleaved caspase-3 was undetectable in these samples, it suggests that 

the lentiviruses used might have been of a higher titre than that used for the infections imaged 

in figure 3.6. The presence of EGFP-Npro was confirmed not only by Western blot with DS14 but 

A 
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also an antibody recognising GFP, further confirming the bands’ identity – in each case, the 

larger   6̴0-65 kDa band was most intense. Interestingly, the EGFP-Npro doublet appeared more 

Figure 3.6: Lentivirus-expressed EGFP and EGFP-Npro exhibit distinct localisation within PK-15 and 

SK6 cells. PK-15 and SK6 cells were infected with 3rd-generation lentiviruses encoding EGFP and 

EGFP-Npro, fixed 72 hours post-infection and visualised by confocal fluorescent microscopy. (A) Cells 

were visualised at the colony and (B) single-cell level. Nuclei were stained blue with 1 μg/ml DAPI. 

As expected, EGFP was distributed throughout each cell while EGFP-Npro was primarily localised to 

the nucleolus and nucleus. 

 

B 
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intense following treatment with poly(I:C) which was previously observed in figure 3.4, A. 

3.4.2. Establishment of EGFP and EGFP-Npro-expressing PK-15 cell lines by 

lentivirus transduction 

For the purpose of studying these EGFP-Npro-expressing cells further, stably-expressing cell 

lines were established. Briefly, PK-15 cells were infected with EGFP and EGFP-Npro lentiviruses 

and at 72 hpi puromycin (3 μg/ml) antibiotic was added for 72 hours. Surviving colonies of cells 

were then isolated, grown and then either fixed on coverslips for fluorescence confocal 

microscopy (figure 3.9) or used to prepare whole cell lysates for Western blot analysis (figure 

3.8).  

Figure 3.7: Lentivirus-expressed EGFP-Npro antagonises induction of poly(I:C)-mediated apoptosis 

in PK-15 cells. PK-15 cells were infected with 3rd-generation lentiviruses encoding EGFP and EGFP-

Npro for 48 hours and treated with 100 µg/ml poly(I:C). 18 hours post-treatment, whole cell lysates 

were prepared and analysed by Western blotting using a polyclonal Ab recognising Npro and a mAb 

recognising GFP. A mAb recognising γ-tubulin was used to determine relative protein 

concentrations. EGFP resolved as a single band (*) while EGFP-Npro resolved as a doublet (** and 

***). 
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Western blot analysis using an antibody recognising GFP identified 7 cell lines that stably 

expressed EGFP at different levels, as indicated by the varying band intensities. EGFP-35 

appeared to be the highest expresser, EGFP-10 an intermediate expresser and EGFP-18 the 

lowest (figure 3.8, A). With regards to EGFP-Npro, 3 cell lines stably expressing the protein were 

identified. As previously observed, EGFP-Npro resolved as a doublet at   4̴7 kDa and   6̴0-65 kDa 

with each constituent band of almost equal intensity – these doublets were detected using 

antibodies reactive against GFP and Npro with the latter revealing a 3rd band running at   3̴3 kDa 

(figure 3.8, B). EGFP-Npro-26 and EGFP-Npro-39 were identified to be low expressers and EGFP-

Npro-17 a comparably higher expresser. When the EGFP and EGFP-Npro PK-15 cell lines were 

Figure 3.8: Western blot analysis of lentivirus-transduced PK-15 cells identified 7 EGFP and 3 

EGFP-Npro stably-expressing cell lines. WT, (A) EGFP and (B) EGFP-Npro-expressing lentivirus-

transduced cells were seeded in 12-well plate. Once confluency was reached, whole cell lysates 

were prepared and analysed by Western blot using a polyclonal Ab recognising Npro and a mAb 

recognising GFP as indicated. A mAb recognising γ-tubulin was used to determine relative protein 

concentrations. 
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analysed by fluorescence confocal microscopy (figure 3.9) the comparative signal intensities of 

the respective proteins mirrored that seen in Western blots (figure 3.8).  

A 

B 

Figure 3.9: Lentivirus-transduced PK-15 cell lines express EGFP and EGFP-Npro to varying degrees. 

WT, (A) EGFP and (B) EGFP-Npro-expressing cell lines were prepared on coverslips, fixed and 

visualised by confocal fluorescent microscopy. Nuclei were stained blue with 1 μg/ml DAPI.  
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3.4.3. Characterisation of PK-15 cell lines stably expressing EGFP-Npro 

confirms their ability to antagonise poly(I:C) and Sendai virus-mediated 

apoptosis 

As with each of the Npro (figure 3.1), His-Npro (figure 3.1) and GFP-Npro (figure 3.3) PK-15 cell 

lines previously screened, established EGFP-Npro cell lines also had to be screened for their 

capacity to antagonise the induction of poly(I:C) and SeV-mediated apoptosis.  Each cell line 

was treated with 100 µg/ml poly(I:C) or 200 HA/ml SeV for 18 hours, after which whole cell 

lysates were prepared for analysis by Western blot.  

Following treatment with poly(I:C), EGFP-expressing cells displayed pronounced induction of 

cleaved caspase-3. In comparison, the levels of cleaved caspase-3 were reduced in two EGFP-

Npro cell lines (17 and 26, figure 3.10, A) and almost entirely absent from a 3rd (39, figure 3.10, 

A). This was interesting as despite EGFP-Npro cell line 17 being the highest expresser (figure 3.8, 

B), it appeared to be the poorest antagonist of poly(I:C)-mediated apoptosis out of the 3 lines 

screened. This might be due to clonal variation between the cell lines stemming from 

heterogeneity within the parental population of PK-15 cells. Likewise, EGFP-Npro cell lines 26 

and 39 displayed a complete block on the induction of ISG Mx1 induction while low levels of 

Mx1 were still detectable in the sample corresponding to line 17. However ISG15, another ISG 

product, was not detected in any of the EGFP-Npro lines screened (figure 3.10, A). In line with 

previous observations (figure 3.4, A), samples analysed with DS14 revealed levels of EGFP-Npro 

in each cell line to be increased following induction of poly(I:C)-mediated apoptosis. The same 

pattern was observed when using an antibody reactive against GFP – levels of EGFP-Npro 

protein expression increased while EGFP expression levels remained unchanged.  

As with poly(I:C) treatment, SeV triggered significant induction of cleaved caspase-3 in the 

EGFP-expressing cell line, induction which was almost entirely antagonised by EGFP-Npro cell 

line 39 and partially by lines 17 and 26 (figure 3.10, B). This pattern in caspase-3 cleavage 
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mirrored what was seen following poly(I:C) treatment (figure 3.10, A). ISG15 upregulation was 

also absent from EGFP-Npro cell line 39, however it was detectable in lines 17 and 26 at low 

Figure 3.10: PK-15 cell lines stably expressing EGFP-Npro antagonise poly(I:C) and Sendai virus-

mediated apoptosis. EGFP and EGFP-Npro-expressing PK-15 cell lines were seeded in 12-well plates 

and treated with (A) 100 µg/ml poly(I:C) or (B) 200 HA/ml SeV (Cantell strain). 18 hours post-

treatment, whole cell lysates were prepared and analysed by Western blotting using polyclonal Abs 

recognising ISG15 or Npro and mAbs recognising cleaved caspase-3, Mx1 or GFP as indicated. A mAb 

recognising γ-tubulin was used to determine relative protein concentrations. 

 

 

A 
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levels. In addition, blotting with GFP and Npro-reactive antibodies revealed the same 

upregulation of EGFP-Npro that was observed following poly(I:C) treatment. 

Taken together, these results show that in vitro EGFP-tagged Npro localises correctly in porcine 

cell lines and displays the two key hallmarks of Npro’s immunomodulatory activity, namely 

antagonism of dsRNA-mediated apoptosis (using poly(I:C) and SeV as apoptotic inducers) and 

type I IFN induction. 

3.5. Poly(I:C)-mediated apoptosis is amplified by type I IFN  

Npro’s interaction with IRF3 and the subsequent proteasomal degradation of IRF3 are both well 

documented in past literature (Bauhofer et al., 2007, Seago et al., 2007). A series of 

experiments were therefore conducted to explore whether Npro’s ability to antagonise 

apoptosis stems from this interaction and the resulting antagonism of IFN induction and ISG 

upregulation.  

3.5.1. JAK-STAT inhibitor treatment significantly reduces poly(I:C) but 

not SeV-mediated apoptosis  

The pharmacological inhibitor ruxolitinib (RXT) has been shown to effectively block the JAK-

STAT pathway that mediates response to type I IFN (referred to hereafter as “the type I IFN 

signalling response”) (Mesa, 2010). Prior to using RXT to determine the role of IFN in poly(I:C) 

and SeV-mediated apoptosis, a useable working concentration first had to be established – a 

concentration high enough to sufficiently block ISG upregulation but not so high that it triggers 

unintended cytotoxic effects (Szymanska et al., 2015). Therefore, PK-15 cells were treated with 

0.5 M or 4 μM RXT, or DMSO as a negative control, and then subsequently treated with 

either poly(I:C) (100 μg/ml) or porcine IFN-α (1000 IU/ml) to induce ISG upregulation. 18 hours 

post-treatment (hpt), whole cell lysates were prepared and analysed for the presence of Mx1 



105 
 

by Western blot. The lower concentration of RXT tested, 0.5 μM was sufficient to entierly block 

Mx1 upregulation in response to both poly(I:C) and IFN-α treatment (figure 3.11, A).    

PK-15 cells were subsequently treated with either poly(I:C) or SeV in the presence of 0.5 μM 

RXT (figure 3.11, B) and whole cell lysates were then analysed by Western blot for cleaved 

caspase-3. Interestingly, a large reduction in cleaved caspase-3 was observed in comparison to 

Figure 3.11: JAK-STAT inhibitor Ruxolitinib antagonises poly(I:C)-mediated apoptosis but not SeV-

mediated apoptosis. (A) PK-15 cells were seeded in 12-well plates and treated either with DMSO or 

JAK-STAT inhibitor Ruxolitinib (RXT) at the indicated concentrations. 18 hours post-treatment, whole 

cell lysates were prepared and analysed by Western blot using a mAb recognising Mx1. A mAb 

recognising γ-tubulin was used to determine relative protein concentrations. (B) PK-15 cells were 

seeded in 12-well plates and treated with poly(I:C) or SeV in the presence or absence of 0.5 μM RXT. 

18 hours post-treatment, whole cell lysates were prepared and analysed by Western blot as in (A) 

using a polyclonal Ab recognising ISG15 and additional mAbs recognising cleaved-caspase-3 or RIG-I 

as indicated.  

 

A 
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cells treated with poly(I:C) in the absence of RXT (figure 3.11, B). However, the levels of 

cleaved caspase-3 in cells treated with SeV were unaffected by the presence of RXT. To confim 

RXT treatment had efficiently blocked the type I IFN signalling response following poly(I:C) 

treatment, the sample lysates were then analysed for Mx1, ISG15 and RIG-I; as expected, the 

upregulation of Mx1 and RIG-I was inhibited in the presence of RXT, while ISG15 upregulation 

was only partially antagonised since IRF3 can likely bind directly to its promoter (Grandvaux et 

al., 2002, Ashley et al., 2019). SK6 cells were not treated with RXT as they are defective in their 

ability to produce IFN (Ruggli et al., 2003). 

3.5.2. Type I IFN amplifies poly(I:C)-mediated apoptosis  

In order to further elucidate the impact that IFN has on poly(I:C)-mediated apoptosis, PK-15 

and SK6 cells were treated with poly(I:C) in the presence of increasing quantities of porcine 

IFN-α (0, 100, 1000 IU/ml). For both the PK-15 and SK6 treated cells, subsequent Western blot 

analyses revealed a positive correlation between the quantity of IFN-α used and the observed 

level of cleaved caspase-3 (figure 3.12). The increase in cleaved caspase-3 was most 

pronounced with SK6 cells, a cell line known to be incapable of producing endogenous IFN 

(Ruggli et al., 2003). Importantly, IFN-α treatment alone was incapable of inducing caspase-3 

cleavage.  

3.5.3. Type I IFN only partially restores sensitivity of Npro-expressing cells 

to poly(I:C)-mediated apoptosis 

If type I IFN alone were responsible for the observed apoptosis, a restoration of cleaved 

caspase-3 would be expected in Npro-expressing cells treated with both poly(I:C) and IFN. This is 

due to the fact that Npro and CSFV infection antagonise levels of IRF3, thus inhibiting 

production of IFN-β (La Rocca et al., 2005, Ruggli et al., 2005, Bauhofer et al., 2007, Seago et 

al., 2007).  
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A His-Npro-expressing PK-15 cell line (23) and parental PK-15 control cells were treated with 

poly(I:C) (100 µg/ml) in the presence or absence of porcine IFN-α (1000 IU/ml) and 18 hpt 

whole cell lysates were analysed by Western blot for cleaved caspase-3. As previously 

observed, poly(I:C) treatment of Npro expressing cells induced lower levels of cleaved caspase-3 

compared to treated PK-15 control cells (figure 3.13). When the Npro-expressing PK-15 cell line 

received both poly(I:C) and IFN-α treatment, the level of cleaved caspase-3 increased, 

however, a much lower level of cleaved caspase-3 was still observed compared with PK-15 

control cells treated with poly(I:C) alone (figure 3.13). Subsequent Western blot analyses did 

Figure 3.12: IFN-α amplifies poly(I:C)-mediated apoptosis but does trigger comparable levels of 

apoptosis in the absence of poly(I:C). PK-15 (top) and SK6 (bottom) cells were seeded in 12-well 

plates and treated with increasing concentrations of porcine IFN-α in the presence or absence of 

poly(I:C). 18 hours post-treatment, whole cell lysates were prepared and analysed by Western blot 

using a polyclonal Ab recognising ISG15 and mAbs recognising cleaved caspase-3 or Mx1 as 

indicated. A mAb recognising γ-tubulin was used to determine relative protein concentrations. 
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not detect Mx1 and ISG15 expression by Npro-expressing cells following poly(I:C) treatment, but 

did following combined poly(I:C)/IFN-α treatment. Additionally, while Npro expression 

increased following poly(I:C) treatment, IFN-α treatment did not appear to have any effect on 

Npro expression.  

 

 

 

 

 

Figure 3.13: IFN-α treatment partially restores sensitivity of Npro-expressing cells to poly(I:C)-

mediated apoptosis. WT and His-Npro-expressing PK-15 cells were seeded in 12-well plates and 

treated with 100 µg/ml poly(I:C) in the presence or absence of 1000 IU/ml porcine IFN-α. 18 hours 

post-treatment, whole cell lysates were prepared and analysed by Western blot using polyclonal 

Abs recognising ISG15 or Npro and mAbs recognising cleaved caspase-3 or Mx1 as indicated. A mAb 

recognising γ-tubulin was used to determine relative protein concentrations. 
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3.6. Discussion 

The Npro protein of CSFV and BVDV has been documented to antagonise poly(I:C)-mediated 

apoptosis by numerous groups, however the mechanism by which this occurs has not yet been 

determined (Schweizer and Peterhans, 2001, Ruggli et al., 2003, Ruggli et al., 2005, Johns et 

al., 2010a, Jefferson et al., 2014). Initially, a number of cell lines stably-expressing either 

untagged or tagged (His and GFP) Npro available within the group were assessed for their 

capacity to antagonise poly(I:C)-mediated apoptosis – in turn, each was found to antagonise 

the process, confirming previous reports. While screening these cell lines, Npro was 

unexpectedly found to antagonise SeV-mediated apoptosis, something which has not been 

reported in the literature. This was particularly interesting since to date the only experiments 

studying the ability of Npro to antagonise apoptosis have utilised poly(I:C) applied to cell culture 

media – a treatment thought to trigger TLR3-mediated signalling (Alexopoulou et al., 2001, 

Salaun et al., 2006). SeV copy-back defective interfering (cbDI) RNA is widely reported to be an 

agonist of the RIG-I signalling pathway (Strahle et al., 2006, Baum et al., 2010, Kato et al., 

2011), suggesting that Npro is capable of targeting pro-apoptotic signalling triggered by multiple 

pathways. In the present work, cleaved caspase-3 was employed as a terminal indicator of 

apoptosis. However, additional readouts could have also been employed such as annexin V-

positive cell populations which can be identified via fluorescence-activated cell sorting (FACS) 

and also live cell imaging to confirm cell rounding and detachment at multiple timepoints post-

treatment.  

Lentivirus has a number of benefits – namely, the ability to infect a wide range of cells types 

including primary cells, and also the ability to permanently transduce cultured cells more 

efficiently than other techniques such as transfection and electroporation. By generating a 

lentivirus capable of transducing porcine cells with an expression cassette encoding EGFP-Npro, 

it should now be possible to perform localisation studies on Npro and also to study the effects 
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of Npro expression in primary cells. Lentivirus-expressed EGFP-Npro localises correctly in 

transduced cells (figure 3.6), which is in agreement with past literature (Doceul et al., 2008, Li 

et al., 2014), and still retains the ability to antagonise dsRNA-mediated apoptosis and IFN 

induction (figures 3.7 and 3.10), confirming its viability and usefulness for performing such 

studies. Unexpectidly, lentivirus-expressed EGFP-Npro was observed to resolve as a triplet of 

bands with the 47 kDa middle band resolving at the fusion protein’s predicted molecular MW 

(figures 3.8 and 3.10). The higher band might represent modified forms of the protein while 

the smallest band might correspond to cleavage products. While these observations might 

indicate potential limitations of lentiviral expression of EGFP-Npro, they do not appear to have 

affected the protein’s capacity to antagonise induction of poly(I:C) and SeV-mediated 

apoptosis.   

Prior to the current work, it was not known whether the apoptosis antagonised by Npro 

occurred in an IFN-dependent or IFN-independent manner. Since Npro targets IRF3 for 

proteasomal degradation it was tempting to suggest that the source of this antagonism is the 

absence of IFN. Pharmacological inhibition of the JAK-STAT pathway using RXT and subsequent 

treatment of cells with porcine IFN-α revealed the apoptosis mediated by poly(I:C), but not 

SeV, to be amplified while IFN-α alone appeared to cause no detectable caspase-3 cleavage. 

Upon activation, caspase-3 targets many proteins for cleavage, however ISGs are themselves 

not reported to be targeted, explaining why addition of IFN to cells treated with an apoptotic 

agonist such as poly(I:C) appears to have an effect. Ultimately, the type I IFN signalling 

response is required for the upregulation of a diverse range of ISGs, a number of which are 

pro-apoptotic. In light of this, it is likely that components of the TLR3 signalling pathway (but 

not the RIG-I-dependent pathway) are upregulated by type I IFN, thus explaining the observed 

amplification of caspase-3 cleavage. Shaw et al. reported upregulation of TLR3, caspase-8, 

Noxa and TRAIL expression in ex vivo porcine skin fibroblast cultures following IFN treatment 

(Shaw et al., 2017), while Renson et al. found elements of the Fas and TRAIL signalling 



111 
 

pathways to be upregulated in uninfected bystander peripheral blood mononuclear cells 

(PBMC) during in vivo infection with a related Pestivirus, BVDV (Renson et al., 2010). To test 

this theory, poly(I:C)-treated Npro-expressing cells were additionally treated with IFN-α and this 

treatment did marginally recover induction of caspase-3 cleavage, suggesting Npro’s anti-

apoptotic potential does not rest entirely in its ability to antagonise transcriptional 

upregulation of IFN. Direct amplification of poly(I:C)-mediated apoptosis by IFN-α has been 

previously described (Kaiser et al., 2004), however the capacity of type I IFN to modulate the 

innate apoptotic response likely varies depending on tissue and cell type. SeV encodes C-

protein, an antagonist of STAT1 phosphorylation, which likely explains the apparent absence of 

ISG upregulation or subsequent effect from the RXT treatment (Garcin et al., 2002). 

Together, these experiments have further confirmed Npro’s anti-apoptotic potential in cell 

culture whilst also providing insight into additional pathways of apoptosis that might also be 

antagonised.  Furthermore, tools have been developed which will allow present and future 

studies to explore the functions and localisation of Npro not only in established cell lines but 

also primary cells too. The following chapters detail the elucidation of the pathways of 

apoptosis antagonised by Npro and further explore the pivotal role played by IRF3.  
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4. Targeted CRISPR knockout of innate 

immune and apoptotic genes to 

identify pathways antagonised by Npro 

4.1. Introduction 

When stably expressed in cell-culture, Npro antagonises the induction of apoptosis triggered by 

two agonists, poly(I:C) and Sendai virus. In order to elucidate the mechanism used by Npro to 

antagonise the induction of apoptosis, it was first necessary to identify the cell signalling 

pathways through which these two agonists act in a cell line susceptible and relevant to CSFV 

infection. The PK-15 porcine kidney cell line was selected as it is routinely used for research on 

CSFV and has functional type I IFN and apoptotic responses. To functionally characterise the 

two agonist pathways in PK-15 cells, methods were identified that could be used to reduce the 

expression of target genes; these included methodologies for knocking-down or knocking-out 

target gene expression.  

Both shRNA and siRNA-knockdown utilise the mammalian cell’s own RNAi machinery (Argo-2, 

Dicer) to cleave target mRNA sequences at the RNA-induced silencing complex (RISC). While 

the ability to deliver shRNA by a viral vector such as lentivirus confers some improvement to 

cell delivery, overall knock-down efficiency can be limited by protein half-life and there is the 

chance of off-target binding and induction of innate responses such as IFN (Bridge et al., 2003).  

Clustered regularly interspaced short palindromic repeats (CRISPR), identified in numerous 

species of bacteria, comprise an adaptive immune system that confers protection against 

invading DNA viruses (bacteriophage) (Mojica et al., 2005, Barrangou et al., 2007). This system 

was later adapted and developed to allow the editing of eukaryotic genomes, enabling the 

manipulation and deletion of entire genes (Cong et al., 2013, Ran et al., 2013b). Briefly, Cas9 
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nuclease protein (commonly of Streptococcus pyogenes) associated with short sequences of 

“guide RNA” (gRNA) binds to corresponding segments of genomic DNA upstream of an NGG 

protospacer-adjacent motif (PAM), enabling the formation of Cas9-mediated double-stranded 

breaks (DSBs). DSBs are subsequently repaired by one of two mechanisms. One of these, non-

homologous end-joining (NHEJ), is an error-prone process during which insertion or deletions 

(termed indels) form – these can result in frameshift mutations and total gene knockout by 

introduction of a premature stop codon. Another mechanism is homology-directed repair 

(HDR), a process which relies upon Rad51 proteins which direct genomic recombination with 

an exogenous template. Since wild-type Cas9 only relies upon a single PAM site and target 

sequence in order to introduce DSBs, off-target binding and activity is possible when there is 

homology elsewhere in the genome. Further to this, studies have demonstrated that Cas9 can 

tolerate multiple mismatches between gRNA and target sequence (Fu et al., 2013, Hsu et al., 

2013). In response, the D10A mutant of Cas9 was developed (Cas9n). In its native form, Cas9 

has two independent single-stranded nicking activities and the D10A change inactivates one of 

these, converting the enzyme into one with single-stranded nicking activity. By targeting two 

independent “nicking” nuclease molecules to two closely linked sites on opposite strands using 

a pair of gRNAs the resulting nicks are close enough as to effectively generate a double-

stranded break which is repaired by HDR (Cong et al., 2013, Ran et al., 2013a). Unopposed 

gRNA single-stranded nicks in genomic DNA are repaired with very high efficiency, meaning 

that off-target effects are minimal. This iteration of CRISPR is thought to improve specificity by 

up to 1000-fold (Dianov and Hübscher, 2013). Indels introduced during the repair of cut 

sequence can introduce frameshift mutations and therefore premature stop codons. Upon 

translation, this brings about nonsense-mediated decay of the remaining transcript, effectively 

“knocking out” the protein encoded by the target gene (Popp and Maquat, 2016).  

This system has clear advantages over siRNA and shRNA knockdown, in effect enabling the 

complete elimination of target proteins as opposed to simply reducing their levels of 



114 
 

expression. In turn, this allows clearer conclusions to be drawn when using resulting cell lines 

experimentally. Therefore, double-nickase CRISPR was chosen as the method to be used in the 

elucidation of poly(I:C) and Sendai virus-mediated pathways of apoptosis antagonised by Npro.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

4.2. Guide RNA (gRNA) target selection and design 

As discussed in 1.3.3.2, the same pathways that are responsible for the induction of IFN in 

response to dsRNA have also been implicated in the induction of apoptosis in response to 

agonists of dsRNA signalling such as poly(I:C) and Sendai virus.  TLR3 and RIG-I were therefore 

selected as targets for CRISPR knockout due to their established roles in the sensing of 

intracellular and extracellular dsRNA (discussed in 1.2.1.1 and 1.2.1.2). IRF3 transduces 

upstream signalling from TLR3 and RIG-I and was also chosen for knockout. Suitable target 

sequences were identified in coding exons of each target gene using an online service hosted 

by Zhang Lab (http://crispr.mit.edu/) which, at the time of writing, was no longer available 

(figure 4.1, A). When possible, target sequences were chosen that disrupted the coding 

sequence of genes in early codons - this was done to reduce the possibility of generating 

truncated gene products with wild type or aberrant functions. Suitable target sequences were 

identified in the first coding exons of TLR3 and IRF3 however the 10th coding exon of RIG-I was 

the first to contain suitable sequences. These target guide sequences were subsequently 

cloned into the Cas9n plasmid vectors pX461 and pX462, which encode the green fluorescent 

protein (GFP) and puromycin resistance markers respectively (see 2.18.1, table 2.10 and table 

2.1). The resulting plasmids were then transfected into wild-type PK-15 cells and individual cell 

lines were selected for screening as detailed in 2.18.2 and 2.1.2.4 (figure 4.1, B). 

http://crispr.mit.edu/
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Figure 4.1: Generation of CRISPR-Cas9 knockout PK-15 cell lines. (A) Introns, coding exons and 5’/3’ 

UTRs for each target gene were identified using Ensembl’s transcript-display 

(http://www.ensembl.org/Sus_scrofa/Info/Index) and formatted using Nikhil Bhatla’s Exon-Intron 

Graphic Maker tool (http://wormweb.org/exonintron). Clear shapes correspond to UTRs and filled 

shapes correspond to coding exons. * (red) indicates coding exons targeted by gRNA pairs; 

introns/exons are to scale. Scale bars represent 1000 bp. (B) Representative confocal images of 

wild-type PK-15 cells co-transfected with gRNA-encoding plasmids pX461 (GFP) and pX462 

(puromycin) prior to antibiotic selection. 

GFP GFP+DAPI 
B 

A 

http://www.ensembl.org/Sus_scrofa/Info/Index
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4.3. Generation of TLR3 knockout cell lines 

4.3.1. Identification of TLR3 knockout cell lines by Western blot 

Prior to the screening of isolated colonies of possible TLR3 knockout PK-15 cells, an antibody 

reactive against porcine TLR3 first had to be identified. However, screening of multiple 

antibodies yielded none that were reactive. 

4.3.2. Identification of TLR3 knockout cell lines by PCR and Sanger 

sequencing 

TLR3 colonies were selected for genomic DNA (gDNA) extraction, PCR amplification and Sanger 

sequencing.  In the absence of Western blot data that would have indicated putative 

knockouts, a larger selection of colonies were selected for screening by this approach.  

To confirm the TLR3 gene had been targeted, gDNA was extracted from non-edited PK-15 and 

edited cell lines as detailed in 2.17. One of two pairs of primers were used to amplify a region 

of the TLR3 gene (  1̴ kb) within the first exon that contained both gRNA target sites; primer 

pair one (poTLR3 fw.2, poTLR3 rev.3; table 2.12) was used to amplify gDNA extracted from 

edited cell lines 2, 4, 8, 9 and primer pair two (poTLR3 fw.1, poTLR3 rev.2; table 2.12) for 

edited cell lines 3, 6, 10, 11. Both sets of primers were used to amplify gDNA extracted from 

non-edited PK-15 cells. A modified version of the PCR program detailed in 2.8.1 was used: 

reactions were denatured at 95°C for 30s, annealed at 57°C for 30 seconds and extended at 

72°C for 50 seconds for a total of 30 cycles. Each reaction was analysed by agarose gel 

electrophoresis as detailed in 2.10 (figure 4.2). A single band close to the expected size of the 

PCR product (1 kb) was observed for the non-edited PK-15 cells (positive control). In contrast, 

single marginally smaller bands were observed for cell lines 3, 4, 8 and 9, suggesting the 

presence of small indels. The band corresponding to cell line 6 ran considerably higher (1.5kb) 

than that observed for non-edited PK-15 cells, indicative of a large insertion within or between 
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the gRNA target sites. Cell lines 2, 10 and 11 gave multiple bands of considerable but varied 

intensity, suggesting indel heterozygosity.    

Bands from the lanes corresponding to cell lines 3, 4 and 6 were subsequently gel-purified and 

sequenced as detailed in 2.10 and 2.8.3 using a selection of primers (poTLR3 fw.2, poTLR3 

rev.2, poTLR3 rev.3; table 2.12) in order to obtain full coverage across the gRNA target sites. In 

order to maximise the quantity of template present in each sequencing reaction, additional 

gel-purified band (6 µl) was added in place of the dH2O that would normally be added when 

sequencing plasmid DNA. Chromatogram data from each reaction was analysed in Chromas 

Lite software and the respective FASTA sequences aligned with each other and a reference 

genomic porcine TLR3 sequence (NC_010457.5:46966262-46977774) using MEGA7 software. 

The resulting alignments were then reformatted using EMBL’s MView software 

(http://www.ebi.ac.uk/Tools/msa/mview/; figure 4.3) (Brown et al., 1998). Aligned sequences 

from cell lines 3 and 4 each contained indels of 32 bp and 34 bp respectively. Both indels had 

Figure 4.2: PCR amplification of TLR3 gene edited cell lines reveals putative indels. gDNA was 

extracted from non-edited PK-15 cells and PK-15 cell lines (2, 3, 4, 6, 8, 9, 10 and 11) gene edited for 

TLR3. One of two primer pairs was then used to amplify a region (  ̴1 kb) of the TLR3 gene that 

contained both gRNA target sites. Primer pair one (poTLR3 fw.2, poTLR3 rev.3; table 2.12) was used 

to amplify gDNA extracted from edited cell lines 2, 4, 8, 9 (left) and primer pair two (poTLR3 fw.1, 

poTLR3 rev.2; table 2.12) for edited cell lines 3, 6, 10, 11 (right). PCR products were analysed by 

agarose gel electrophoresis. 1 kb DNA ladder values are indicated in bp. 

 

http://www.ebi.ac.uk/Tools/msa/mview/
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extended upstream of the first target sequence (figure 4.3). As expected, the WT sequence 

aligned fully with the chosen reference sequence. 

When aligned with the same reference sequence, it was discovered that the roughly 1.5 kb 

insert present in cell line 6 was inserted at the 5’ guide gRNA target site and is comprised of 3 

discrete sets of sequence. Using NCBI BLAST software (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 

(Altschul et al., 1990), 1,276 bp of insert sequence was identified as partial Cas9n sequence 

from either the pX461 (Addgene plasmid #48140 pSpCas9n(BB)-2A-GFP) or pX462 vector 

(Addgene plasmid #62987 pSpCas9n(BB)-2A-Puro) that had presumably been inserted by 

recombination (figure 4.4). The remaining 30 bp sequence not aligning with vector was 

analysed by BLAST software, identifying a 22 bp duplicated and recombined TLR3 sequence 

from a segment downstream of the 3’ gRNA target site; BLAST was unable to determine the 

identity or origin of the remaining 8 bp sequence. 

 

            1 [        .         .         .         .         1 50 

GENOMIC REF   TTACAATATACAGCCAACTTACTACCTTGGATGGAGGATTTAACACCATC     

WT            TTACAATATACAGCCAACTTACTACCTTGGATGGAGGATTTAACACCATC     

TLR3-3        TTACAATATACAG--------------------------------CCATC     

TLR3-4        TTACAA----------------------------------TAACACCATC     

 

           51          .         .         .         .         : 100 

GENOMIC REF   TCAAAGCTGGAGCCAGAATTGTGCCAAAGTCTCCCTTTGTTGGAAATTTT     

WT            TCAAAGCTGGAGCCAGAATTGTGCCAAAGTCTCCCTTTGTTGGAAATTTT     

TLR3-3        TCAAAGCTGGAGCCAGAATTGTGCCAAAGTCTCCCTTTGTTGGAAATTTT     

TLR3-4        TCAAAGCTGGAGCCAGAATTGTGCCAAAGTCTCCCTTTGTTGGAAATTTT     

 

          101          .         .         .         .         ] 150 

GENOMIC REF   GAACCTCCAACACAATGAGCTCTCTCAGCTTTCTGATAAAACCTTTATCT     

WT            GAACCTCCAACACAATGAGCTCTCTCAGCTTTCTGATAAAACCTTTATCT     

TLR3-3        GAACCTCCAACACAATGAGCTCTCTCAGCTTTCTGATAAAACCTTTATCT     

TLR3-4        GAACCTCCAACACAATGAGCTCTCTCAGCTTTCTGATAAAACCTTTATCT     

 

 

Figure 4.3: Alignment of nucleotide sequences determined for TLR3 gene edited cell lines 3 and 4 

reveals indels within the first coding exon. TLR3 sequences obtained using gDNA extracted from 

non-edited PK-15 cells (WT) and PK-15 cell lines (3 and 4) gene edited for TLR3 were aligned with 

the gDNA sequence for porcine TLR3 (NC_010457.5:46966262-46977774) using MEGA7 software. 

Small indels of 32 bp and 34 bp were identified in the sequences determined for cell lines 3 and 4 

respectively. PAM sites (waves, underlined) and the sequence of the first (green) and second (blue) 

gRNA targets are indicated as are premature stop codons (red). 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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            1 [        .         .         .         .         : 50   

GENOMIC REF   ACCACCTGCCAATTTTACAATATACAGCCAACTTACTACCT---------      

WT            ACCACCTGCCAATTTTACAATATACAGCCAACTTACTACCT---------      

TLR3-6        ACCACCTGCCAATTTTACAATATACAGCCAACTTACTACCTGCCCTCCAA      

 

           51          .         .         .         .         1 100  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        ATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGGCT      

 

          101          .         .         .         .         : 150  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CCCCCGAGGATAATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCAC      

 

          151          .         .         .         .         2 200  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        TACCTGGACTAGATCATCGAGCAGATCAGCGAGTTCTCCAAGAGAGTGAT      

 

          201          .         .         .         .         : 250  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CCTGGCCGACGCTAATCTGGACAAAGTGCTGTCCGCCTACAACAAGCACC      

 

          251          .         .         .         .         3 300  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        GGGATAAGCCCATCAGAGAGCAGGCCGAGAATATCATCCACCTGTTTACC      

 

          301          .         .         .         .         : 350  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CTGACCAATCTGGGAGCCCCTGCCGCCTTCAAGTACTTTGACACCACCAT      

 

          351          .         .         .         .         4 400  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CGACCGGAAGAGGTACACCAGCACCAAAGAGGTGCTGGACGCCACCCTGA      

 

          401          .         .         .         .         : 450  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        TCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTCAG      

 

          451          .         .         .         .         5 500  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CTGGGAGGCGACAAAAGGCCGGCGGCCACGAAAAAGGCCGGCCAGGCAAA      

 

          501          .         .         .         .         : 550  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        AAAGAAAAAGGAATTCGGCAGTGGAGAGGGCAGAGGAAGTCTGCTAACAT      

 

          551          .         .         .         .         6 600  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        GCGGTGACGTCGAGGAGAATCCTGGCCCAGTGAGCAAGGGCGAGGAGCTG      

 

          601          .         .         .         .         : 650  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        TTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGG      
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          651          .         .         .         .         7 700  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCA      

 

          701          .         .         .         .         : 750  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        AGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGG      

 

          751          .         .         .         .         8 800  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTA      

 

          801          .         .         .         .         : 850  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAG      

 

          851          .         .         .         .         9 900  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        GCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAG      

 

          901          .         .         .         .         : 950  

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        ACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGA      

 

          951          .         .         .         .         0 1000 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

Tlr3-6        GCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGC      

 

         1001          .         .         .         .         : 1050 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        TGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAG      

 

         1051          .         .         .         .         1 1100 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        AAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG      

 

         1101          .         .         .         .         : 1150 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACG      

 

         1151          .         .         .         .         2 1200 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        GCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTG      

 

         1201          .         .         .         .         : 1250 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        AGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGT      
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         1251          .         .         .         .         3 1300 

GENOMIC REF   --------------------------------------------------      

WT            --------------------------------------------------      

TLR3-6        GACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGAATTCT      

 

         1301          .         .         .         .         : 1350 

GENOMIMC REF  -----------------------------------------------TGG      

WT            -----------------------------------------------TGG      

TLR3-6        AACTAGAGCTCGCTGATGGAGGATTTAACACCATCTCAATACTACCTTGG      

 

         1351          .         .         .         .         ] 1400 

GENOMIC REF   ATGGAGGATTTAACACCATCTCAAAGCTGGAGCCAGAATTGTGCCAAAGT      

WT            ATGGAGGATTTAACACCATCTCAAAGCTGGAGCCAGAATTGTGCCAAAGT      

TLR3-6        ATGGAGGATTTAACACCATCTCAAAGCTGGAGCCAGAATTGTGCCAAAGT      

 

 
A 
      61 [        .         .         .         .         ] 110 

REF      THNQLRRLPPANFTIYSQLTTLDGGFNTISKLEPELCQSLPLLEILNLQH    

WT       THNQLRRLPPANFTIYSQLTTLDGGFNTISKLEPELCQSLPLLEILNLQH    

TLR3-3   THNQLRRLPPANFTIYSHLKAGARIVPKSPFVGNFEPPTQ----------    

TLR3-4   THNQLRRLPPANFTITPSQSWSQNCAKVSLCWKF----------------    

TLR3-6   THNQLRRLPPANFTIYSQLTTCPPNM------------------------    

 

B 
 

Cell line Amino acid residue count Predicted molecular weight (kDa)  

TLR3-3 99 11.32 

TLR3-4 92 10.78 

TLR3-6 85 9.83 

Figure 4.4: Alignment of nucleotide sequence determined for TLR3 gene edited cell line 6 reveals a 

large insertion within the first coding exon. Sequences obtained from cell line 6 were also aligned 

with a reference sequence for porcine TLR3 (NC_010457.5:46966262-46977774) in MEGA7. A large 

insertion was identified upstream of the second gRNA target site (blue) and within the first (green) 

which aligned with TLR3 sequence (pink and underlined) and sequence from either the px461 or 

px462 Cas9n vector (grey); the identity of an 8 bp segment of the insert was not determined 

(orange). PAM sites (waves, underlined) and a premature stop codon (red) are indicated. 

 

Figure 4.5: Amino acid alignment reveals TLR3 gene edited cell lines 3, 4 and 6 contain premature 

stop codons. (A) The TLR3 sequences shown in Figures *** and *** were translated and then 

aligned with reference TLR3 sequence (NP_001090913.1) using MEGA7 software. Truncated protein 

products were identified for all the TLR3 gene edited cell lines (3, 4 and 6). Colours relate to the 

physiochemical properties of each amino acid while grey indicates inserted or non-homologous 

sequence. (B) Bioinformatics.org’s protein molecular weight prediction tool was used to predict the 

molecular weights of the translated sequences.  
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The gDNA sequences from TLR3 cell lines 3, 4 and 6 were then translated using ExPASy’s 

Translate tool software (https://web.expasy.org/translate/) and aligned using MEGA7 software 

with a reference amino acid sequence for porcine TLR3 (NP_001090913.1) (figure 4.5, A). As 

premature stop codons were introduced in each instance (figures 4.3 and 4.4, red), translated 

sequences were truncated and the remaining sequences were predicted to generate proteins 

of   1̴0 kDa, considerably smaller than predicted molecular weight of TLR3 (104 kDa) (figure 

4.5, B).  

4.4. Generation of RIG-I knockout cell lines 

4.4.1. Identification of RIG-I knockout cell lines by Western blot 

As with the TLR3 knockout cells, an antibody reactive against porcine RIG-I first had to be 

identified in order to screen lysates from each colony by Western blot for presence or absence 

of the protein. Whole cell lysates from IFN-α-treated PK-15 cells were used to screen a sample 

of sc-376845 mAb (Santa Cruz) for its ability to detect endogenous porcine RIG-I by Western 

blot; lysates from IFN-α-treated HEK 293T cells were employed as a positive control. In the 

lanes corresponding to PK-15 cells, a single band was at detected at   1̴00 kDa following IFN-α 

treatment. This is close to the 108 kDa predicted by the ExPASy molecular weight prediction 

software (figure 4.6), however, a band of the same size was also observed for the HEK 293T 

cells. Additional bands, both larger (  1̴15-120 kDa) and smaller (52 kDa), were present for the 

HEK 293T cells but were considerably weaker in intensity than the   1̴00 kDa band. RIG-I 

(encoded by the DDX58 gene) is known to be an ISG and is therefore upregulated in response 

to IFN – indeed, Shaw et al. observed a 7.8 log2 fold change in expression (Shaw et al., 2017). 

Therefore, the   1̴00 kDa band that appears to increase in intensity following treatment was 

presumed to correspond to RIG-I. The additional bands detected in the lanes corresponding to 

HEK 293T lysates are possibly truncated or modified forms of the protein or are nonspecific.  

https://web.expasy.org/translate/
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Fresh whole cell lysates were prepared from IFN-α-treated putative RIG-I knockout cell lines 

and analysed by Western blot alongside control lysates prepared from treated and untreated 

wild-type PK-15 cells (figure 4.7). As with the initial screening of sc-376845, the band thought 

to correspond to porcine RIG-I ran as previously observed, however on this occasion a faint 

band was visible above it in the lane corresponding to untreated, unstimulated wild-type PK-15 

cells. In each lane corresponding to a candidate RIG-I knockout cell line, the intense band 

presumed to correspond to RIG-I  was no longer detectable, although faint bands were 

observed for cell lines 15 and 17. Lower bands were visible in the lanes corresponding to cell 

lines 10 and 14; these bands possibly correspond to truncated RIG-I proteins whereby coding 

sequence had been cut and edited but not knocked out of frame. Consequently, cell lines 3, 6 

and 10 were selected for further screening.  

Figure 4.6: Identification of an antibody for detection of porcine RIG-I by Western blot. WT PK-

15 and HEK 293T cells were treated with 1000 IU/ml IFN-α for 18 hours and whole cell lysates 

harvested and analysed by Western blot using a mAb (Santa Cruz, #sc-376845) that recognises 

human RIG-I; sc376845 was used at 1/200. A mAb recognising γ-tubulin (Sigma, #T6557) was used 

to determine relative protein concentrations. 
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4.4.2. Identification of RIG-I knockout cell lines by PCR and Sanger 

sequencing 

Putative RIG-I knockout cell lines selected for further screening were subjected to genomic 

DNA extraction, PCR amplification of porcine RIG-I and Sanger sequencing as detailed in 2.17, 

2.8.1 and 2.8.3. DNA extracted from non-edited PK-15 cells was used as a positive control. 

Figure 4.7: Identification of putative RIG-I knockout cell lines by Western blot. PK-15 cells (WT) 

and putative RIG-I knockout PK-15 cell lines (2, 3, 5, 6, 7, 8, 9, 10, 11, 14, 15, 16, 17) were seeded in 

12-well plates and treated with IFN-α at the indicated concentration. 18 hours post-treatment, 

whole cell lysates were prepared and analysed by Western blotting using a mAb recognising RIG-I 

(Santa Cruz, #sc-376845) as indicated. A mAb recognising γ-tubulin (Sigma, #T6557) was used to 

determine relative protein concentrations. Cell lines 3, 6 and 10 were selected for further screening.   
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Briefly, upon extraction a single-pair of primers (poRIG-I fw.2, poRIG-I rev.2; table 2.12) were 

used to amplify a 750 bp fragment encompassing both gRNA target sites within the 10th coding 

exon of porcine RIG-I using the PCR program detailed in 4.3.2. Analysis of the amplification 

products by agarose gel electrophoresis revealed a single band of the expected size (750 bp) in 

the control PK-15 lane (figure 4.8). Comparatively larger bands were observed for cell line 2      

(  8̴50 bp) and cell line 3 (  2̴,000 bp), suggesting large insertions between or close to the gRNA 

target sites (figure 4.8).  Cell lines 6 and 10 exhibited bands of similar size to the control PK-15 

cells. Unexpectedly, no bands were detected from sequence amplified from cell lines 5 and 14, 

suggesting large deletions had occurred, potentially destroying the target PCR primer sites. 

Since a single intense PCR product was observed for each sample, deletions and insertions 

were likely homozygous. 

The single bands from each lane corresponding to cell lines 3, 6 and 10 were subsequently gel-

purified and sequenced alongside non-edited PK-15 sequence extracted from the same gel as 

detailed in 2.10 and 2.8.3. A number of primers (poRIG-I fw.2, poRIG-I rev.1, poRIG-I rev.2; 

Figure 4.8: PCR amplification of RIG-I gene edited PK-15 cell lines reveals putative indels. gDNA 

was extracted from non-edited PK-15 cells (WT) and PK-15 cell lines (lines 2, 3, 5, 6, 10 and 14) gene 

edited for RIG-I. PCR primers (poRIG-I fw.2, poRIG-I rev.2; table 2.12) were then used to amplify a 

region (750 bp) containing both gRNA target sites within the RIG-I gene. PCR products were 

analysed by agarose gel electrophoresis. 1 kb DNA ladder values correspond to length in bp. 
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table 2.12) were utilised in order to obtain full coverage of the sequence within and flanking 

each gRNA target site. Obtained sequences were then aligned with a reference porcine RIG-I 

gDNA sequence (NC_010452.4:33891720-33976151) using MEGA7 software. 

Deletions of 24 bp and 3 bp were identified in the RIG-I cell line 6 and 10 sequences 

respectively. The RIG-I cell line 6 indel spanned both gRNA target sites while the RIG-I cell line 

10 indel is within the 5’ gRNA target site (figure 4.9). Since both of these deletions are 

multiples of three, the respective coding sequences should remain in-frame and therefore the 

remainder of the transcript should be translated in its entirety. Alignment of the RIG-I 

sequence determined for cell line 3 revealed the presence of a large insert of 456 bp adjacent 

to and immediately upstream of the 5’ gRNA target site (figure 4.10). Sequence analysis using 

BLAST software revealed the majority of inserted sequence (452 bp) to be a reverse-

complemented portion of the ampicillin resistance gene (AmpR) from either the px461 or 

px462 Cas9n vector. However, it was not possible to determine the origin or identity of the 

remaining 4 bp (figure 4.10, orange). In addition to this insert a 17 bp insertion was also 

identified, spanning from the 5’ gRNA target site into the 3’ site (figure 4.10, grey) followed by 

a 10 bp deletion (figure 4.10). The 17 bp insertion corresponded to sequence from the AmpR 

gene of the expression vector. Upon translation using ExPASy it was noted that a premature 

stop codon (TAA) had been introduced, leaving an ORF of only 16 bp of the AmpR gene (figure 

32, red). Overall, these indels are in agreement with the alterations in band sizes seen in figure 

4.8.  
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            1 [         .         .         .         .        : 50 

GENOMIC REF   TCACTTTCCTTTGATGGCTCTAGTTTTCAGGAAAGTGGAATTACGGACCA     

WT            TCACTTTCCTTTGATGGCTCTAGTTTTCAGGAAAGTGGAATTACGGACCA     

RIG-I-6       TCACTTTCCTTTGATGGCTCTAGTTTTCAGGAAAGTGGAATTACGGACCA     

RIG-I-10      TCACTTTCCTTTGATGGCTCTAGTTTTCAGGAAAGTGGAATTACGGACCA     

 

           51           .         .         .         .        1 100 

GENOMIC REF   CTGACAGATTTAAGTGCATCATATCACAGCTGATGATGGAGATAGAGAGT     

WT            CTGACAGATTTAAGTGCATCATATCGCAGCTGATGATGGAGATAGAGAGT     

RIG-I-6       CTGACAGATTTAA------------------------GGAGATAGAGAGT     

RIG-I-10      CTGACAGATTTAG---CATCATATCGCAGCTGATGATGGAGATAGAGAGT     

 

 

          101 [        .         .         .         .         ] 150 

GENOMIC REF   CTGGCAAAGAGCATCTTTGAAGAACTTGGTACCATAACTCTTGGTGAGCT     

WT            CTGGCAAAGAGCATCTTTGAAGAACTTGGTACCATAACTCTTGGTGAGCT     

RIG-I-6       CTGGCAAAGAGCATCTTTGAAGAACTTGGTACCATAACTCTTGGTGAGCT     

RIG-I-10      CTGGCAAAGAGCATCTTTGAAGAACTTGGTACCATAACTCTTGGTGAGCT     

 
            1 [        .         .         .         .         : 50  

GENOMIC REF   TTTTCAGGAAAGTGGAATTACGGACCA-----------------------     

WT            TTTTCAGGAAAGTGGAATTACGGACCA-----------------------     

RIG-I-3       TTTTCAGGAAAGTGGAATTACGGACCACTTCATTAAAAATGAAGTTTTAA     

 

           51          .         .         .         .         1 100 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT     

 

          101          .         .         .         .         : 150 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATA     

 

          151          .         .         .         .         2 200 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       GTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACC     

 

          201          .         .         .         .         : 250 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       ATCTGGCCCCAGTGCTGCAATGATACCGCGGCTTCCACGCTCACCGGCTC     

 

          251          .         .         .         .         3 300 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       CAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGT   

  

 

Figure 4.9: Alignment of nucleotide sequence determined for RIG-I gene edited cell lines 6 and 10 

reveals indels within the 10th coding exon. Sequenced PCR products spanning the gRNA sites within 

the 10th coding exon of RIG-I were aligned with each other and a reference sequence 

(NC_010452.4:33891720-33976151) for porcine RIG-I using MEGA7 software. Small deletions of 24 bp 

and 3 bp were identified in the sequences determined for cell lines 6 and 10 respectively. A single 
synonymous mutation was identified in the non-edited PK-15 (WT) sequence (yellow).  PAM sites 

(waves, underlined) and the sequence of the first (green) and second (blue) gRNA targets are 

indicated. 
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          301          .         .         .         .         : 350 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       GGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGA     

 

          351          .         .         .         .         4 400 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       AGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCA     

 

          401          .         .         .         .         : 450 

GENOMIC REF   --------------------------------------------------     

WT            --------------------------------------------------     

RIG-I-3       TTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTC     

          451          .         .         .         .         5 500 

GENOMIC REF   ---------------------------------CTGACAGATTTAAGTGC     

WT            ---------------------------------CTGACAGATTTAAGTGC     

RIG-I-3       AGCTCCGGTTCCCAACGATCAAGGCGAGTTACACTGACAGATTTAAGTGC     

 

          501          .         .         .         .         ] 550 

GENOMIC REF   ATCATATCACAGCTGATGATGGAGATAGAGAGTCTGGCAAAGAGCATCTT     

WT            ATCATATCGCAGCTGATGATGGAGATAGAGAGTCTGGCAAAGAGCATCTT     

RIG-I-3       ATCTGATCCCCCATGTTGTG----------AGTCTGGCAAAGAGCATCTT     

 

Nucleotide sequences from RIG-I cell lines 3, 6 and 10 were subsequently translated as 

detailed in 4.3.2, the resulting amino acid sequences aligned against a reference sequence for 

porcine RIG-I (NP_998969.2) (figure 4.11, A). A premature stop codon only appears to have 

been introduced in the cell line featuring a large insertion, cell line 3, hence why transcript 

translation does not terminate prematurely with cell lines 6 and 10. The RIG-I sequence of cell 

line 3 aligned partially with the reference gDNA RIG-I sequence, after which the large 456 bp 

insertion resulted in a further 6 nucleotides of ORF followed by a premature stop codon. The 

resulting truncated RIG-I protein had a predicted MW of 53.72 kDa (figure 4.11, B). With 

regards to RIG-I cell lines 6 and 10, since no frameshift was introduced by either indel a 

premature stop codon was not introduced however there were slight differences in the  

 

Figure 4.10: Alignment of nucleotide sequence determined for RIG-I gene edited cell line 3 reveals a 

large insertion and a small deletion within the 10th coding exon. Sequences determined for cell line 3 

and unedited PK-15 cells (WT) were aligned with gDNA reference sequence (NC_010452.4:33891720-

33976151) for porcine RIG-I using MEGA7 software. A large insertion (456 bp, grey) was identified 

adjacent to and immediately upstream of the first (green) and second gRNA target sites (blue). An 

additional insertion (17 bp, grey) was identified between each gRNA target site, followed by a short 10 

bp deletion. A single synonymous mutation was identified in the WT sequence (yellow). PAM sites 

(waves, underlined) and a premature stop codon (red) are indicated. 
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A 
 
     461 [        .         .         .         .         ] 510 

REF      RKVELRTTDRFKCIISQLMMEIESLAKSIFEELGTITLGGLFQIQNSNFG    

WT       RKVELRTTDRFKCIISQLMMEIESLAKSIFEELGTITLGGLFQIQNSNFG    

RIG-I-3  RKVELRTTSLKMKF------------------------------------    

RIG-I-6  RKVELRTTDRF--------KEIESLAKSIFEELGTITLGGLFQIQNSNFG    

RIG-I-10 RKVELRTTDRF-SIISQLMMEIESLAKSIFEELGTITLGGLFQIQNSNFG    

 

 
B 
 

 

Cell line Amino acid residue count Predicted molecular weight (kDa)  

RIG-I-3 473 53.72 

RIG-I-6 935 106.98 

RIG-I-10 942 107.78 
 

resulting sequence (figure 4.11, B, grey). These proteins are predicted to be 106.98 kD and 

107.78 kDa respectively (figure 4.11, B). 

4.5. Generation of IRF3 knockout cell lines 

4.5.1. Identification of IRF3 knockout cell lines by PCR and Sanger 

sequencing 

Due to the poor specificity of the available anti-IRF3 antibody, potential IRF3 knockout cell 

lines were first screened by PCR and Sanger sequencing as detailed previously (4.3.2 and 

4.4.2).  

Briefly, following gDNA extraction a single pair of primers (poIRF3 fw.1, poIRF3 rev.2; table 

2.12) were used to amplify an 803 bp fragment spanning the gRNA target sites within the first 

coding exon of porcine IRF3 in WT and candidate knockout cell lines using the PCR program 

Figure 4.11: Aligned translated sequence from the RIG-I gene of cell line 3 but not cell lines 6 or 10 

indicates premature termination of each transcript and formation of truncated protein. (A) 

Translated genomic sequence from cell lines 3, 6 and 10 were aligned using MEGA7. Colours relate 

to the physiochemical properties of each amino acid while grey indicates inserted or non-

homologous sequence. (B) Bioinformatics.org’s protein molecular weight prediction tool was used 

to predict the molecular weights of the translated sequences.  
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detailed in 4.3.2. PCR products were subsequently analysed by agarose gel electrophoresis; a 

band of the expected size (803 bp) was observed for the wild-type cell line, while candidate 

knockout cell lines yielded bands of varying sizes (figure 4.12). Lines 7, 12 and 18 were selected 

for sequencing and Western blot analyses, as they each exhibited a single PCR product 

suggesting putative edits were homozygous. PCR products for cells lines 7 and 18 ran 

comparatively lower than the wild-type band suggesting the introduction of deletions. The PCR 

product for cell line 12 ran at a comparable size to the wild type band, but the presence of a 

small deletion or insertion was possible.  PCR products from the remaining cell lines ran as 

multiple bands suggesting they were either heterozygous or were mixed, non-clonal pools of 

cells.  

The remainder of the PCR products for cell lines 7, 12 and 18 were then run on fresh gels, gel 

extracted and Sanger sequenced using a range of primers (poIRF3 fw.3, poIRF3 rev.1, poIRF3 

rev.2; table 2.12); their nucleotide sequences were then aligned against a genomic reference 

Figure 4.12: PCR amplification of wild-type and IRF3 knockout cell line genomic sequence reveals 

likely indels and insertions. 803 bp fragments spanning both gRNA target sites within the IRF3 gene 

were PCR amplified using DNA extracted from WT and IRF3 cell lines 1, 2, 6, 7, 8, 10, 12, 17, 18 and 

19 using poIRF3 fw.1/poIRF3 rev.2 forward and reverse primers. Products were ran on a 1% agarose 

gel and individual bands selected for DNA extraction and Sanger sequencing. G5711 1 kb DNA 

ladder values correspond to sequence length in bp. 
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(NC_010448.4:c54706079-54701733) using MEGA software and respective deletions of 13, 28 

and 61 bp were identified (figure 4.13).  

Since each deletion was not a multiple of three, it was concluded that frameshifts in the coding 

sequence had been introduced. However, upon translation it was noted that no premature 

stop codon had been introduced in the first coding exon. In the absence of genomic sequence 

from the second coding exon, missing sequence was introduced using a cDNA sequence 

available on NCBI (NM_213770.1) and new translations were performed. Assuming that the 

pre-mRNA of each was spliced correctly, transcripts from cell lines 7, 12 and 18 were predicted 

to terminate prematurely at a newly introduced stop codon (TGA) 86 nt into the second coding 

exon (figure 4.14, A, red). The IRF3 genes of cell lines 7, 12 and 18 were predicted to encode 

74, 79 and 63 amino acid proteins, with molecular weights of 11.79, 11.70 and 10.64 kDa 

respectively (figures 4.14, B and C).  

 

 

 

 

            1 [        .         .         .         .         : 50  

GENOMIC_REF   GGCGTGGCCTGGCTGGATGAGGGCCACACGCGCTTCCGCATCCCTTGGAA     

WT            GGCGTGGCCTGGCTGGATGAGGGCCACACGCGCTTCCGCATCCCTTGGAA     

IRF3-7        GGCGTGGCCTGGCTGGATGAGGGCCACACGCGCTTCCGCATCCCTTGGAA     

IRF3-12       GGCGTGGCCTGGCTGGATGAGGGCCACACGCGCTTC-------------A     

IRF3-18       GGCGTGGCCTGGCTGGATGAGGGCCACACG--------------------     

 

           51          .         .         .         .         ] 100 

GENOMIC_REF   GCACGGCTTGCGGCAGGATGCCCAGCAGGAGGACTTCGGCATCTTCCAGG     

WT            GCACGGCTTGCGGCAGGATGCCCAGCAGGAGGACTTCGGCATCTTCCAGG     

IRF3-7        GCACGGCTTGCGG----------------------------TCTTCCAGG     

IRF3-12       GCACGGCTTGCGGCAGGATGCCCAGCAGGAGGACTTCGGCATCTTCCAGG      

IRF3-18       -----------------------------------------TCTTCCAGG     

 

 

Figure 4.13: Alignment of nucleotide sequences determined for IRF3 gene edited cell lines 7, 12 

and 18 reveals indels within the first coding exon. Sequenced PCR products spanning both gRNA 

target sites were aligned with each other and a reference sequence for porcine IRF3 in MEGA7. 13 

bp, 28 bp and 61 bp were identified in the sequence determined for cell lines 7, 12 and 18 

respectively. PAM sites (waves, underlined) and the sequence of the first (green) and second (blue) 

gRNA targets are indicated. 
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A 
 

GCCTGGGCCGAGGCCAGTGGTGCCTACACTCCTGGGAAGGATAAGCCCGACCTGCCCACCTGGA

AGAGGAATTTCCGGTCTGCCCTGAACCGGAAAGAAGCATTGCGTTTAGCAGAGGACCACAGCAA

GGACCCCCACGACCCACACAAGATCTATGAGTTTGTGACCTCAG      

 

B 

        1 [        .         .         .         .         : 50  

REF       MGTQKPRILPWLISQLNQGQLEGVAWLDEGHTRFRIPWKHGLRQDAQQED     

IRF3-7    MGTQKPRILPWLISQLNQGQLEGVAWLDEGHTRFRIPWKHGLRSSRPGPR     

IRF3-12   MGTQKPRILPWLISQLNQGQLEGVAWLDEGHTRFSTACGRMPSRRTSASS     

IRF3-18   MGTQKPRILPWLISQLNQGQLEGVAWLDEGHTSSRPGPRPVVPTLLGRIS     

 

       51          .         .         .         .         ] 100 

REF       FGIFQAWAEASGAYTPGKDKPDLPTWKRNFRSALNRKEALRLAEDHSKDP     

IRF3-7    PVVPTLLGRISPTCPPGRGISGLP--------------------------     

IRF3-12   RPGPRPVVPTLLGRISPTCPPGRGISGLP---------------------     

IRF3-18   PTCPPGRGISGLP-------------------------------------    

 
C 
  

Cell line Amino acid residue count Predicted molecular weight (kDa)  

IRF3-7 74 11.79 

IRF3-12 79 11.70 

IRF3-18 63 10.64 

4.5.2. Identification of IRF3 knockout cell lines by Western blot 

In order to confirm the absence of full length IRF3 protein in cell lines 7, 12 and 18, untreated 

whole cell lysates were analysed by Western blot using a rabbit polyclonal Ab (FL-425, Santa 

Cruz) recognising IRF3. A band running close to the predicted molecular weight of 47 kDa was 

detected in whole cell lysate prepared from wild-type PK-15 cells, but no bands were observed 

for the putative IRF3 knockout cell lines 7, 12 and 18.  

Figure 4.14: IRF3 genes of cell lines 7, 12 and 18 are predicted to contain premature termination 

codons and encode truncated proteins. (A) Available cDNA (NM_213770.1) of the 2nd coding exon 

of IRF3 was used to identify the introduction of a premature stop codon in the IRF3 ORF of cell lines 

7, 12 and 18. (B) Translated genomic sequence from cell lines 7, 12 and 18 was aligned using MEGA7 

software; colours relate to the physiochemical properties of each amino acid while grey indicates 

inserted or non-homologous sequence. (C) Bioinformatics.org software was used to predict the 

molecular weights of IRF3 proteins encoded by cell lines 7, 12 and 18.  
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Figure 4.15: Confirmation of IRF3 absence in candidate knockout cell lines by Western blot. 

Lysates from unstimulated WT and candidate IRF3 knockout cell lines were subject to Western blot 

analysis to identify cell lines producing no IRF3 protein; 1/3000 sc-9082 (Santa Cruz) and 1/5000 

T6557 (Sigma) were used to detect IRF3 and the loading-control γ-tubulin respectively. A band 

corresponding to IRF3 (predicted: 47 kDa) was not detected in samples from any of the IRF3 

candidate knockout cell lines screened. RPN800E ladder values correspond to protein molecular 

weight in kDa. 
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4.6. Discussion 

TLR3, RIG-I and IRF3 knockout PK-15 cell lines have been successfully generated in triplicate. 

While not discussed any further, MDA5 knockout PK-15 cell lines were also generated 

(appendix B). In order to achieve this, the first coding exon of each was targeted, introducing 

frameshifts and stop codons through indels which are predicted to result in premature 

termination of transcripts. However, depending on where the stop codon has been introduced, 

a sizeable portion of protein might still be produced – this was most notable for RIG-I as the 

10th coding exon was targeted. Therefore, it was important to consider whether these residual, 

truncated proteins were likely to retain any physiological functions.  

With regards to TLR3, truncated proteins of approximately 10 kDa were predicted.  The 

leucine-rich repeating (LRR) ectodomains required for dsRNA-binding, homodimerisation and 

activation were almost entirely absent from each of these truncated proteins; out of a total of 

23 LRRs present in TLR3, the truncated proteins each contained only LRR 1 (AA 52-75) in its 

entirety and only portions of LRR 2 (AA 76-99) (Bell et al., 2003). The cytoplasmic Toll IL-1 

receptor (TIR) homology domain required for recruitment of the adaptor protein TRIF required 

for downstream signal transduction was also absent (Alexopoulou et al., 2001). It was 

therefore inconcievable that these small 10 kDa proteins would have any physiological 

functions.  

As the 10th coding exon of RIG-I was targeted, only partial truncation of the protein was 

expected. Two cell lines (6 and 10) were devoid of a frameshift and RIG-I proteins present in 

these were predicted to be approximately 107 kD and 108 kDa respectively while in a third line 

(3) the truncated RIG-I comprised of 468 amino acids was expected to be 53.72 kDa. Porcine 

RIG-I is a 927 amino acid protein and therefore cell line 3 will still be producing a significant 

portion of it the protein. The N-terminus of the sequence is comprised of two CARD domains 

(1-92; 100-186) and a helicase domain (250-429). As with MDA5, these CARD domains are 
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responsible for downstream signal transduction via MAVS while the helicase domain and 

carboxy terminal domain (CTD) are both thought to be required for interaction with RNA 

molecules. Truncation of the human RIG-I CTD from nucleotide position 797 has been shown 

to have little effect on IFN-β promoter activity when analysed by luciferase assay following 

stimulation with poly(I:C), however more extensive truncations lacking the pincer domain and 

the C-terminus of the helicase domain (1-744 and 1-734 respectively) have been shown to 

render the protein constitutively active in the absence of any ligand (Louber et al., 2015). A 

naturally-occurring truncated frameshift variant of human RIG-I (1-229) terminating after its 

CARD domains was also found to be constitutively active (Pothlichet et al., 2009, Shigemoto et 

al., 2009). In the absence of functional characterisation of the RIG-I cell line 3, however, it was 

not possible to determine whether or not the translated protein will be constitutively active or 

functional.  With regards to RIG-I lines 6 and 10, only short indels bringing about deletions of 

AA 460-470 and AA 460 were identified respectively. Downstream of these deletions, a 

combination of substitutions in the C-terminus of the helicase domain of human RIG-I (K508A, 

Q511A, V514A and K518A) were found by others to abolish recognition of poly(I:C) and 

5’pppdsRNA in multiple cell types (Louber et al., 2015). However as with RIG-I cell line 3, it was 

not possible to determine whether these proteins would be constitutively active or functional 

upon translation without proper characterisation.  

With regards to IRF3, it seemed unlikely that any of the truncated proteins (ranging from 10-12 

kDa) would have a physiological role. Dimerisation and subsequent activation of IRF3’s 

transcriptional functions relies upon phosphorylation at a pair of phosphoacceptor sites 

clustered at the C-terminus of IRF3. The first of these sites is comprised of Ser385 and Ser386 

while the second site spans a cluster of serine and threonine amino acids from AA 396-405 (Lin 

et al., 1998, Yoneyama et al., 1998, Servant et al., 2003).  A putative IRF3-mediated pathway of 

apoptosis, RIPA is thought to rely upon linear polyubiquitination at lysine residues 105, 193, 

313 and 315 (Chattopadhyay et al., 2016). Each truncated protein terminates prematurely in 
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the N-terminal DNA-binding domain which would normally be comprised of 120 residues – in 

the absence of the other IRF3 domains which facilitate dimerization, activation and induction 

of apoptosis, it seemed likely these truncated proteins would be non-functional.   

Using these cell lines in triplicate, it was possible to elucidate the cell signalling pathways of 

apoptosis targeted by Npro – this is addressed in chapter 5.  
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5. Identification of dsRNA-sensing 

pathways antagonised by Npro using 

targeted CRISPR-knockout cell lines 

5.1. Introduction 

It was hypothesised that the functional characterisation of poly(I:C) and SeV-induced apoptosis 

in PK-15 cells would help inform the mechanism by which Npro mediates its inhibition. Poly(I:C) 

and SeV have been shown to be recognised by specific PRRs, namely TLR3 (Alexopoulou et al., 

2001) and RIG-I (Strahle et al., 2006, Baum et al., 2010). Both TLR3 and RIG-I transduce signals 

through IRF3, inducing type I IFN and the upregulation of a number of genes in a diverse range 

of cells (Schafer et al., 1998, Yoneyama et al., 1998, Takeuchi and Akira, 2010). In chapter 3 

type I IFN treatment was shown not to induce apoptosis in PK-15 cells but could amplify 

poly(I:C)-mediated apoptosis. This chapter investigates whether poly(I:C) and SeV are 

recognised by TLR3 and RIG-I respectively in PK-15 cells, and if specific components of the 

signalling cascade upstream of IFN production are responsible for the induction of apoptosis. 

Indeed, recent work by others suggests that IRF3 may play an additional role in the induction 

of dsRNA-mediated apoptosis in mice and HT1080 cells, a human cell line (Chattopadhyay et 

al., 2010, Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). Having generated, screened 

and validated a suite of CRISPR-Cas9 knockout cell lines targeting TLR3, RIG-I and IRF3 in 

triplicate (chapter 4), this chapter documents their subsequent use to functionally characterise 

the apoptotic response of PK-15 cells to poly(I:C) and SeV (Cantell strain) treatments.  
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5.2. Functional characterisation of PK-15 TLR3-/- cell lines 

5.2.1. TLR3 is required for poly(I:C)-mediated apoptosis  

Based on published literature, poly(I:C)-mediated apoptosis in PK-15 cells was expected to act 

through the PRR TLR3. To confirm this, TLR3-/- cells (described in chapter 4) were screened in 

triplicate by Western blot analysis (see 2.13) for their capacity to respond to extracellular 

poly(I:C) (100 μg/ml for 18 hr) in the presence or absence of the JAK-STAT inhibitor RXT 

(0.5µM). 

As previously observed, extracellular poly(I:C) triggered caspase-3 cleavage in WT PK-15 cells 

and this was either reduced significantly or eliminated in cells additionally treated with RXT 

(figure 5.1). Confirming the efficacy of RXT, the ISG Mx1 was undetectable in any of the 

samples harvested from inhibitor-treated cells. However, no cleaved caspase-3 was detected 

in any of the screened TLR3-/- cell lines and, irrespective of RXT presence, nor was Mx1. Low 

levels of cleaved caspase-3 were detected in unstimulated samples however levels did not 

increase in samples from TLR-/- following extracellular treatment with poly(I:C). In turn, these 

results confirm that TLR3 is a sensor and mediator of extracellular poly(I:C)-mediated 

apoptosis in PK-15 cells.  

5.2.2. TLR3 has no role in SeV-mediated apoptosis  

To establish whether TLR3 has any role in the sensing of intracellular dsRNA in PK-15 cells, the 

same cell lines were treated with SeV (200 HA/ml), a reported agonist of RIG-I signalling 

(Strahle et al., 2006, Baum et al., 2010). Whole cell lysates were again harvested and subjected 

to Western blot analysis. Caspase-3 cleavage was clearly detectable at equal levels in WT cells 

and each of the TLR3-/- cell lines screened (figure 5.2). Concurrently, ISG15 appeared to be 

upregulated in each cell line to levels comparable to the respective samples from WT cells. 

Therefore, it is clear that deletion of TLR3 has no observable effect on cellular capacity to 

respond to intracellular agonists of dsRNA-mediated signalling such as SeV.  
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Figure 5.1: TLR3 is required for induction of extracellular poly(I:C)-mediated apoptosis in PK-15 

cells. WT and three CRISPR-Cas9 knockout TLR3-/- PK-15 cell lines were seeded in 12-well plates and 

treated with 100 μg/ml poly(I:C) in the presence or absence of RXT. 18 hours post-treatment, whole 

cell lysates were prepared and analysed by Western blot using mAbs recognising cleaved caspase-3 

and Mx1. A mAb recognising γ-tubulin was used to determine relative protein concentrations. 

 

Figure 5.2: TLR3 is not required for induction of SeV-mediated apoptosis in PK-15 cells. WT and 

three CRISPR-Cas9 knockout TLR3-/- PK-15 cell lines were seeded in 12-well plates and treated with 

200 HA/ml SeV. 18 hours post-treatment, whole cell lysates were prepared and analysed by 

Western blot using a polyclonal Ab recognising ISG15 and a mAb recognising cleaved caspase-3. A 

mAb recognising γ-tubulin was used to determine relative protein concentrations. 
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5.3. Functional characterisation of PK-15 RIG-I-/- cell lines 

5.3.1. RIG-I is required for SeV-mediated apoptosis  

As with the TLR3-/- PK-15 cell lines, RIG-I-/- cell lines generated in chapter 4 were also screened 

for their capacity to respond to dsRNA agonists. SeV is reported to be recognised by the RIG-I 

PRR (Strahle et al., 2006, Baum et al., 2010), so the RIG-I-/- cell lines were screened and 

characterised using SeV. WT and RIG-I-/- PK-15 cells were treated with SeV (200 HA/ml) for 18 

hr) after which whole cell lysates were harvested and subjected to Western blot analysis 

(figure 5.3).  

All but one of the RIG-I-/- cell lines screened (RIG-I-/- 10) displayed a complete absence of 

caspase-3 cleavage following SeV treatment, a finding which was mirrored by the absence of 

ISG15 upregulation (figure 5.3). Samples from RIG-I-/- 10 displayed low levels of caspase-3 

cleavage and ISG15 following SeV treatment. As expected, treatment with RXT did not alter the 

observed induction of caspase-3 cleavage or ISG15 upregulation, confirming that SeV-induced 

apoptosis acts independently of IFN induction and response.  Interestingly, while RXT did 

antagonise SeV-mediated upregulation of RIG-I in WT cells, induction of caspase-3 cleavage 

was unaffected.   

5.3.2. RIG-I has no role in poly(I:C)-mediated apoptosis  

To further confirm the role and specificity of RIG-I in SeV-mediated apoptotic signalling, RIG-I-/- 

cells were treated extracellularly with poly(I:C) (100 µg/ml for 18 hr) and whole cell lysates 

harvested for analysis by Western blot. Poly(I:C)-mediated caspase-3 cleavage was unchanged 

in RIG-I-/- cell line 3 compared to the WT sample but was marginally increased in RIG-I-/- cell 

lines 6 and 10 (figure 5.4), however the γ-tubulin loading control confirms this is likely 

attributable to protein loading discrepancies. It is therefore clear that deletion of RIG-I from 
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PK-15 cells has no effect on their capacity to initiate pro-apoptotic signalling in response to 

extracellular poly(I:C) treatment. The presence of low-level RIG-I expression in RIG-I-/- 10 was 

not unexpected as CRISPR-Cas9 gene editing had not introduced a frameshift in the genome of 

this cell line; this was discussed in 4.4 and 4.6.    

 

 

Figure 5.3: RIG-I is required for induction of SeV-mediated apoptosis in PK-15 cells. WT and three 

CRISPR-Cas9 knockout RIG-I-/- PK-15 cell lines were seeded in 12-well plates and treated with 200 

HA/ml SeV in the presence or absence of RXT. 18 hours post-treatment, whole cell lysates were 

prepared and analysed by Western blot using a polyclonal Ab recognising ISG15 and mAbs 

recognising cleaved caspase-3 and RIG-I. A mAb recognising γ-tubulin was used to determine 

relative protein concentrations. 
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5.4. Functional characterisation of PK-15 IRF3-/- cell lines 

5.4.1. IRF3 is essential for poly(I:C) and SeV-mediated apoptosis 

Since IRF3 is known to coordinate signal transduction downstream of RIG-I and TLR3 

activation, it was important to determine the capacity of IRF3-/- PK-15 cells to respond to 

poly(I:C) and SeV, confirmed agonists of TLR3 and RIG-I-mediated pro-apoptotic signalling in 

PK-15 cells. IRF3-/- cell lines were prepared in triplicate and treated extracellularly with either 

poly(I:C) (100 μg/ml) or SeV (200 HA/ml) for 18 hr and visualised using a recently acquired light 

microscope capable of imaging live cells. Both treatments triggered significant levels of cell 

rounding and detachment of WT PK-15 cells, indicative of cell death and apoptosis (figure 5.5). 

However, this phenotype was entirely absent from the poly(I:C)-treated well, and clearly 

reduced in the SeV-treated well of IRF3-/- cells when compared to treated WT cells. 

Figure 5.4: RIG-I is not required for induction of extracellular poly(I:C)-mediated apoptosis in PK-

15 cells. WT and three CRISPR-Cas9 knockout RIG-I-/- PK-15 cell lines were seeded in 12-well plates 

and treated with 100 μg/ml poly(I:C). 18 hours post-treatment, whole cell lysates were harvested 

and analysed by Western blot using a polyclonal Ab recognising ISG15 and mAbs recognising 

cleaved caspase-3, Mx1 and RIG-I. A mAb recognising γ-tubulin was used to determine relative 

protein concentrations. 
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Having collected images of each well, the treatments were repeated in the presence and 

absence of RXT and whole cell lysates subsequently harvested and analysed by Western blot. 

When IRF3-/- cell lines were treated extracellularly with poly(I:C), caspase-3 cleavage initially 

appeared absent, however on longer film exposures a low level of cleaved caspase-3 was 

observed in samples from untreated IRF3-/- cells (figure 5.6). RXT reduced poly(I:C)-mediated 

caspase-3 cleavage in WT control cells, but it did not appear to have any noticeable, consistent 

effect on the induction of caspase-3 cleavage in any of IRF3-/- cell lines. IRF3-/- 7 displayed a 

marginal increase in poly(I:C)-mediated caspase-3 cleavage, IRF3-/-18 decreased while IRF3-/- 12 

remained unchanged – these slight variations in band intensity are likely attributable to 

differences in total protein loading. Interestingly, despite the presence of low levels of cleaved 

caspase-3 in each of the untreated IRF3-/- cell lines, there was no detectable upregulation of 

two ISGs, Mx1 and ISG15.  

Figure 5.5: Deletion of IRF3 protects PK-15 cells from poly(I:C) and SeV-mediated cell death. WT 

and a representative CRISPR-Cas9 knockout IRF3-/- PK-15 cell line (line 18) were seeded in 12-well 

plates and treated with poly(I:C) and SeV. 18 hours post-treatment, wells of cells were visualised 

and imaged. 
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Subsequently, these same IRF3-/- cell lines were treated with SeV.  Compared to WT controls, 

SeV-mediated caspase-3 cleavage was greatly reduced in each of the IRF3-/- cell lines tested 

(figure 5.7); only on longer exposures was a low level of cleaved caspase-3 detected. Unlike 

poly(I:C)-treated IRF3-/- cells, ISG15 was marginally upregulated following SeV treatment, 

Figure 5.6: IRF3 is essential for induction of extracellular poly(I:C)-mediated apoptosis in PK-15 

cells. WT and three CRISPR-Cas9 knockout IRF3-/- PK-15 cell lines were seeded in 12-well plates and 

treated with 100 μg/ml poly(I:C) in the presence or absence of RXT. 18 hours post-treatment, whole 

cell lysates were prepared and analysed by Western blot with a polyclonal Ab recognising ISG15 and 

mAbs recognising cleaved caspase-3 and Mx1. A mAb recognising γ-tubulin was used to determine 

relative protein concentrations. 
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however the levels of upregulation were greatly reduced compared to WT controls. RXT did 

not appear to have any effect on caspase-3 cleavage in the IRF3-/- cells, while a partial 

Figure 5.7: IRF3 is essential for induction of extracellular SeV-mediated apoptosis in PK-15 cells. 

WT and three CRISPR-Cas9 knockout IRF3-/- PK-15 cell lines were seeded in 12-well plates and 

treated with 200 HA/ml SeV in the presence or absence of RXT. 18 hours post-treatment, whole cell 

lysates were prepared and analysed by Western blot using a polyclonal Ab recognising ISG15 and 

mAbs recognising cleaved caspase-3, Mx1 and RIG-I. A mAb recognising γ-tubulin was used to 

determine relative protein concentrations. 

 



147 
 

reduction in ISG15 upregulation was observed but only on longer exposures.  

Together, these findings suggest that IRF3 is largely indispensable for the induction of poly(I:C) 

and SeV-mediated apoptosis in PK-15 cells.   

5.4.2. Deletion of IRF3 has no significant effect on the response to type I 

IFN 

In order to confirm that in PK-15 cells IRF3 is responsible only for the induction of type I IFN 

and not the response (mediated by the JAK-STAT pathway), WT PK-15 cells and a 

representative IRF3-/- cell line was treated with increasing concentrations of porcine IFN-α for 

18 hr (see 2.15.2). As detailed in 2.13, whole cell lysates were prepared and subjected to 

Western blot analysis (figure 5.8).  

Mx1 upregulation was detectable in WT and IRF3-/- samples from 100 IU/ml IFN-α while ISG15 

was detected with as little as 10 IU/ml (figure 5.8). Despite the clear induction of both ISGs in 

each of the cell lines tested a small reduction in the upregulation of each was noted in the 

IRF3-/- cell line.  

 

Figure 5.8: Deletion of IRF3 has no significant effect on the response to type I IFN. WT and IRF3-/- 

12 PK-15 cell lines were seeded in 12-well plates and treated with 0-1000 IU/ml porcine IFN-α. 18 

hpt, whole cell lysates were prepared and analysed by Western blot using a polyclonal Ab 

recognising ISG15 and a mAb recognising Mx1. A mAb recognising γ-tubulin was used to determine 

relative protein concentrations. 
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5.5. Discussion 

By utilising a suite of CRISPR-Cas9 knockout cell lines, it has been possible to fully elucidate the 

initial pathways through which poly(I:C) and SeV mediate apoptosis in PK-15 cells, an 

endothelial porcine kidney cell line relevant to CSFV infection. The dsRNA-sensing PRRs RIG-I 

and TLR3 were found to be essential for SeV and poly(I:C)-mediated apoptosis respectively, 

while IRF3, typically associated with IFN upregulation, was required for coordinating the 

apoptotic response to each. Since Npro has been shown to antagonise poly(I:C) and SeV-

mediated apoptosis, it can therefore be concluded that it likely does so by targeting RIG-I/IRF3 

and TLR3/IRF3 signalling pathways. 

5.5.1. TLR3 

The endosomal PRR TLR3 has been widely reported as a sensor of extracellular dsRNA and thus 

the protein’s essential role in mediating apoptosis (capsase-3 cleavage) in response to poly(I:C) 

applied to cell culture was not entirely unexpected (Alexopoulou et al., 2001, Salaun et al., 

2006). In the present work, aside from the basal levels detected, cleaved caspase-3 was absent 

from TLR3-/- PK-15 cells following poly(I:C) treatment. In addition, ISG upregulation was not 

detected as indicated by the absence of Mx1 from treated cells. Following treatment with SeV, 

a putative RIG-I agonist, the role of TLR3 as a sensor of poly(I:C) and extracellular dsRNA in PK-

15 cells was further validated since induction of caspase-3 cleavage occurred equally across all 

WT and TLR3-/- cell lines screened. In turn, this confirmed that in PK-15 cells TLR3 is solely 

responsible for the induction of extracellular poly(I:C)-mediated apoptosis. This allows us to 

conclude that Npro antagonises TLR3-mediated apoptotic responses. 

The role of TLR3 during viral infections is complex, controversial and thought to be redundant 

in some cells and tissues possibly due to compensation from other innate pathways 

(Chattopadhyay and Sen, 2014). It is tempting to suggest that TLR3 serves to induce innate 

responses such as type I IFN and apoptosis following endocytosis of extracellular dsRNA of viral 
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or host origin released from neighbouring cells that have succumbed to the effects of infection 

(Vercammen et al., 2008, Perales-Linares and Navas-Martin, 2013) and that CSFV Npro is, in 

turn, able to antagonise these responses. However, in vitro CSFV is a largely non-cytopathic 

virus and the cytopathic effect observed in vivo occurs primarily in uninfected bystander cells 

due to cytokines such as IFN-α secreted by pDCs and TNF-α, IL-6 and IL-1β by macrophages 

(Summerfield and Ruggli, 2015). However Hüsser et al. observed significantly reduced 

induction of IFN-β following knockdown of TLR3 and infection with an Npro-deleted virus, 

supporting the idea of TLR3 having a protective (albeit antagonised) role during CFSV infection 

(Hüsser et al., 2011). In light of this discovery, they suggested that CSFV viral dsRNAs might 

activate TLR3 signalling following uptake into endosomes during autophagy as observed by Lee 

et al. who explored this same process but in the context of pDCs and TLR7-mediated detection 

of viral infections (Lee et al., 2007). Indeed, in vitro autophagy has been shown to be active in 

CSFV-infected porcine cells (Pei et al., 2014, Luo et al., 2018). Therefore, by acting on TLR3 

directly or on a downstream protein, in vivo Npro is possibly able to antagonise TLR3-mediated 

apoptosis triggered in response to endocytosed dsRNA molecules released from neighbouring 

dead cells or as a consequence of autophagy following infection and intracellular production of 

dsRNA molecules.  

Despite its usefulness as an intracellular agonist of IRF3 activity through its copy-back defective 

interfering (cbDI) RNA (Strahle et al., 2006, Baum et al., 2010, Kato et al., 2011), SeV is a virus 

which ultimately encodes a range of proteins, some of which have immunomodulatory 

functions. One such protein is C protein, a known antagonist of the JAK-STAT pathway that 

governs the response to type I IFN (Garcin et al., 2002). Because of IFN’s importance in 

amplifying poly(I:C)-mediated apoptosis, it was important to identify an intracellular agonist of 

the same pathways likely mediated by SeV but lacking any capacity to antagonise the IFN 

response. This would help not only to validate the specificity of poly(I:C) as a TLR3 agonist but 

also to identify a suitable agonist for the validation of RIG-I-/- PK-15 cells.  
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Transfected poly(I:C) has been previously used to study intracellular dsRNA-mediated 

responses in a number of cell types, with shorter sequences found to trigger RIG-I-mediated 

responses and longer sequences MDA5-mediated responses (Kato et al., 2006, Kato et al., 

2008). However, upon transfection, no clear induction of cleaved caspase-3 and only limited 

upregulation of the ISG Mx1 were detected in TLR3-/- cells compared to WT PK-15 cells 

(appendix C). Therefore, it was concluded that transfection of poly(I:C) using the present 

method was not a suitable means of validating or characterising intracellular responses to 

dsRNA in each of the knockout cell lines studied (RIG-I, TLR3, IRF3). Due to its ability to 

mediate completely TLR3-independent apoptosis in PK-15 cells (figure 5.2), SeV was therefore 

selected as the most suitable agonist of intracellular dsRNA-mediated responses to continue 

screening and characterising the remaining knockout cell lines (RIG-I and IRF3).  

5.5.2. RIG-I 

As previously detailed, SeV is widely reported to be an agonist of RIG-I-mediated responses 

including apoptosis and thus RIG-I’s apparent requirement for SeV-mediated apoptotic 

responses in PK-15 cells was expected and in agreement with past literature (Yoneyama et al., 

2004, Chattopadhyay et al., 2010, Chattopadhyay et al., 2011). In the present work, cleaved 

caspase-3 and ISG15 upregulation each appeared to be absent from RIG-I-/- PK-15 cells 

following SeV treatment with only minimal levels of each detected in one of the lines (RIG-I-/- 

10) and this was due to the incomplete knockout of the RIG-I gene in that particular line. RIG-I 

knockout was found to have no observable effect on extracellular poly(I:C)-mediated apoptosis 

(when applied to cell culture media), further validating RIG-I’s role as a sensor of only 

intracellular dsRNA.  In turn, this confirmed that in PK-15 cells RIG-I is solely responsible for the 

induction of SeV-mediated apoptosis. These results show that Npro antagonises RIG-I-mediated 

apoptotic responses. 
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The role of RIG-I during viral infection of mammalian cells is well established: cytosolic sensing 

of short dsRNA molecules and those bearing 5′-triphosphates (5′ppp) serves to potently induce 

type I IFN following infection of a range of tissues with a diverse collection of viruses 

(Yoneyama et al., 2004). In some cases, activation of RIG-I has been associated with the 

induction of apoptosis, most notably by SeV (Chattopadhyay et al., 2010, Chattopadhyay et al., 

2011) which has been used in this work to characterise the role of porcine RIG-I. With regards 

to CSFV and Npro, limited literature is available however as with TLR3, Hüsser et al. found IFN-β 

induction to be reduced in PK-15 cells following knockdown of RIG-I and infection with an Npro-

deleted virus (Hüsser et al., 2011). Therefore, by acting on RIG-I directly or on a downstream 

protein, in vivo Npro is likely able to antagonise RIG-I-mediated apoptosis triggered by cytosolic, 

intracellular dsRNA molecules during CSFV infection.  

5.5.3. IRF3 

IRF3’s role as a master regulator of intracellular innate responses is well established, 

transducing upstream signals from PRRs such as TLR3, RIG-I and MDA5 in its capacity as a 

transcription factor for type I IFN (Schafer et al., 1998, Yoneyama et al., 1998, Takeuchi and 

Akira, 2010). However, its role as a mediator of apoptotic responses following stimulation of 

these upstream pathways is unclear and less well defined. In the present work, cleaved 

caspase-3 and ISGs were almost undetectable in IRF3-/- PK-15 cells following treatment with 

poly(I:C) and SeV, respective agonists of TLR3 and RIG-I-mediated apoptosis. In turn, this 

confirmed that in PK-15 cells IRF3 is largely indispensable for the induction of apoptosis 

mediated by each agonist. This enables us to conclude that the apoptosis antagonised by Npro 

is mediated via pathways that converge on IRF3 to bring about caspase-3 cleavage. Npro’s 

antagonism of type I IFN induction is well characterised and occurs via an interaction with IRF3 

that brings about its proteasomal degradation (Bauhofer et al., 2007, Seago et al., 2007). Due 

to IRF3’s apparently pivotal role in coordinating RIG-I and TLR3-mediated apoptosis, it is 
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therefore conceivable that this same interaction is responsible for Npro’s antagonism of 

apoptosis.  

Low levels of cleaved caspase-3 and ISG detected in SeV-treated IRF3-/- cells on longer Western 

blot exposures suggests another apoptotic pathway may be triggered however IRF3 still 

appears to be the primary route through which RIG-I-mediated apoptotic signals are 

transduced. PKR may be responsible for the residual apoptosis detected in this instance 

(Takeuchi et al., 2008). 

Chattopadhyay et al. have demonstrated that IRF3 undergoes ubiquitination and interacts with 

Bcl-2 family member Bax to bring about mitochondrial apoptosis following activation of RIG-I 

signalling by SeV (Chattopadhyay et al., 2010, Chattopadhyay et al., 2011, Chattopadhyay et 

al., 2016) and others have observed STING to mediate a similar Bax-dependent pathway of 

apoptosis through an interaction with IRF3 following ER stress (Petrasek et al., 2013, Qiao et 

al., 2018). Together, these findings provide potential explanations for the observed reliance on 

IRF3 as a mediator of apoptosis in PK-15 cells. By targeting IRF3, Npro can antagonise both TLR3 

and RIG-I-mediated apoptotic responses, suggesting that during in vivo CSFV infection there is 

scope for the pro-apoptotic activity of dsRNA molecules of both intracellular and extracellular 

origin to be antagonised. Indeed, the pro-apoptotic function of IRF3 has been shown to exert 

antiviral activity – in vivo, a mutant of murine IRF3 unable to promote IFN transcription (S388A, 

S390A) was still able to protect mice from infection with SeV Strain 52 and Cantell, both of 

which are deadly in IRF3-/- mice (Chattopadhyay et al., 2016). The role of IRF3 in the putative 

Bax-mediated pathway of apoptosis in PK-15 cells is further explored in the following chapter 

(chapter 6).  

Aside from the putative IRF3-Bax pathway of apoptosis potentially triggered following TLR3 

and RIG-I stimulation, it is possible that IRF3’s apoptotic activity in PK-15 cells arises from an 

upregulation of pro-apoptotic genes. In chapter 3, pharmacological inhibition of the JAK-STAT 



153 
 

pathway using RXT and subsequent treatment of cells with porcine IFN-α revealed the 

apoptosis mediated by poly(I:C), but not SeV, to be amplified however IFN-α alone appeared to 

cause no detectable caspase-3 cleavage. Shaw et al. reported upregulation of TLR3, caspase-8, 

Noxa and TRAIL expression in ex vivo porcine skin fibroblast cultures following IFN treatment 

(Shaw et al., 2017). Despite its antagonism of the type I IFN signalling response, SeV is still 

capable of upregulating the levels of IFN-independent ISGs such as ISG15 (see figures 5.2, 5.3 

and 5.7). If porcine IRF3 is indeed able to bind directly to the promoters of ISGs such as Noxa 

and TRAIL, it is conceivable that these proteins are the means by which IRF3 exerts its pro-

apoptotic activity. Noxa has been implicated in virus-mediated apoptosis and its upregulation 

has been found to occur in both an IFN-dependent (Eitz Ferrer et al., 2011) and independent 

(Knowlton et al., 2012) manner. Likewise, TRAIL displays similar activity and can be 

upregulated in an IFN-independent manner likely by the direct binding of IRF3 to the ISRE of its 

promoter (Kirshner et al., 2005).  In order to further explore IFN-independent pro-apoptotic 

transcriptional functions of IRF3, a mutant was constructed with the intention of it to be 

devoid of transcriptional activity – this is discussed in 6.6 and appendix D.  

Future studies should therefore seek to identify specific agonists of alternate sensors of dsRNA 

MDA5 (appendix B) and PKR in PK-15 cells. In doing so, it should be possible to determine the 

extent to which each are responsible for mediating apoptotic responses and also the capacity 

for them to be antagonised by Npro. These studies would be insightful since they may reveal 

IRF3-independent pathways of apoptosis also antagonised by Npro. It would also be insightful to 

delete these same genes in SK6 cells, another porcine cell line, and to also knock down their 

expression in primary porcine cells. Doing so would further validate this chapter’s key findings 

and reaffirm the importance of these genes and their respective proteins in the induction of 

dsRNA-mediated apoptosis.  
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5.5.4. Conclusions 

In addition to triggering signalling cascades that cumulate in the induction of type I IFN, it was 

unclear prior to the completion of these experiments as to whether the PRRs TLR3 and RIG-I 

were responsible for the induction of apoptosis. Since TLR3 and RIG-I-mediated signalling 

converge on IRF3 in their induction of type I IFN, and in light of recent literature exploring the 

role of IRF3 (Chattopadhyay et al., 2010, Chattopadhyay et al., 2011, Chattopadhyay et al., 

2016), it was hypothesised that stimulation of each pathway with specific agonists would 

trigger apoptosis. Stimulation of TLR3 and RIG-I with poly(I:C) and SeV respectively triggered 

not only induction of type I IFN but also apoptosis in a manner that was ultimately dependent 

on the presence of IRF3 – the significance of this being Npro’s well-characterised antagonism of 

IRF3 through interaction and proteasomal degradation (Bauhofer et al., 2007, Seago et al., 

2007).  In turn, these experiments have deepened our understanding of the nature of Npro’s 

antagonism of dsRNA-mediated apoptosis. In chapter 3 it was established that type I IFN 

amplifies poly(I:C)-mediated apoptosis however IFN alone was incapable of triggering 

comparable levels of apoptosis to what is achieved with poly(I:C) alone. What remained 

unclear, however, is the means by which IRF3 exerts its pro-apoptotic activity if not in an 

entirely IFN and transcriptional manner. This question is addressed in the following chapter, 

chapter 6.  
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6. Npro antagonises an IRF3-dependent 

mitochondrial pathway of apoptosis  

6.1. Introduction 

The results presented in chapter 3 show Npro’s ability to antagonise both poly(I:C) and SeV-

mediated apoptosis and demonstrate the ability of type I IFN to amplify poly(I:C)-mediated 

apoptotic responses. The results presented in chapters 4 and 5 describe how CRISPR-Cas9 

knockout technology was used to show TLR3 and RIG-I are essential in mediating poly(I:C) and 

SeV-mediated apoptotic responses, respectively. The inability of cells that had been gene 

edited for IRF3 to mediate poly(I:C) and SeV-induced apoptosis confirmed that both of these 

pathways utilise signalling cascades that converge on IRF3. What remained to be established 

however was the nature of IRF3’s role in apoptosis. Firstly, it remained to be determined 

whether IRF3 mediates a mitochondrial or non-mitochondrial pathway of apoptosis. And 

secondly, whether IRF3 mediates apoptosis directly or by upregulating the expression of 

apoptotic proteins. It was hypothesised that the elucidation of IRF3’s role in poly(I:C) and SeV-

mediated apoptosis would provide valuable insight into the pathways antagonised by Npro in 

order to achieve its immunomodulatory functions.  
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6.2. Npro antagonises IRF3-dependent mitochondrial 

relocalisation of Bax 

CSFV has previously been shown to antagonise poly(I:C)-mediated mitochondrial release of 

cytochrome c and caspase-9 cleavage (Johns et al., 2010a). Furthermore, Npro’s ability to target 

IRF3 for ubiquitin-dependent proteasomal degradation has been well documented. More 

recently, IRF3 has been reported to play a role in a transcription-independent pathway of 

apoptosis that reportedly relies upon an interaction with the pro-apoptotic protein Bax and its 

subsequent translocation to the mitochondrial outer membrane (Chattopadhyay et al., 2010, 

Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). Therefore, experiments were 

conducted in order to investigate whether Bax can relocalise to the mitochondrial membrane 

following the induction of apoptosis in the presence of Npro and in the absence of IRF3.  

6.2.1. Poly(I:C) and SeV trigger mitochondrial relocalisation of Bax 

Experiments using PK-15 cells and immunofluorescence confocal microscopy were performed 

in order to confirm the relocalisation of endogenous Bax to the mitochondria following 

exposure to the respective TLR3 and RIG-I agonists, poly(I:C) and SeV. PK-15 cells were treated 

with each agonist for 18 hr in the absence or presence of Z-VAD(OMe)-FMK (100 µM; Bachem), 

an inhibitor of the downstream effector caspases, in order to maximise the number of cells for 

visualisation by immunofluorescence. Treated cells were then stained with MitoTracker Red 

CMXRos for 30 min after which they were fixed and subjected to immunofluorescent staining 

to detect Bax.   

In both poly(I:C) and SeV treated PK-15 cells Bax was undetectable prior to treatment (figure 

6.1, A), in agreement with past work studying the phenomena by subcellular fractionation 

(Chattopadhyay et al. 2010, Chattopadhyay et al. 2011, Chattopadhyay et al. 2016) and 

immunofluorescence confocal microscopy (Murphy et al., 2000). However, following 

treatment with either poly(I:C) or SeV Bax was detectable in a significant portion of cells, more 



157 
 

so with SeV than poly(I:C) (figure 6.1, A). Upon closer inspection, Bax signal appeared as 

distinct, condensed puncta that co-localised with the mitochondrial membrane, but did not 

appear to have been internalised (figure 6.1, B). The observed puncta appeared to be adjacent 

to the mitochondria, potentially associated with the mitochondrial membrane.  In PK-15 cells 

that had been treated with either agonist the mitochondria exhibited a condensed 

morphology characteristic of apoptosis. In comparison, the mitochondria of untreated cells 

retained a more elongated morphology, typical of mitochondria in non-apoptotic cells. These 

data indicated that poly(I:C) and SeV trigger a mitochondrial pathway of apoptosis 

characterised by relocalisation of Bax to the mitochondria.  

A 
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Figure 6.1: Bax relocalises to the mitochondrial membrane as distinct puncta in PK-15 cells following 

treatment with poly(I:C) and SeV. PK-15 cells were seeded onto coverslips in 24-well plates and treated 

with 100 μg/ml  poly(I:C) or 200 HA/ml SeV in the presence of 100 µM caspase inhibitor Z-VAD(OMe)-

FMK (Bachem). 18 hours post-treatment, cells were treated with MitoTracker (MTT) Red CMXRos (red) 

for a further 30 min and fixed with 4% paraformaldehyde. Fixed cells were analysed by 

immunofluorescence using a polyclonal Ab recognising Bax which was co-stained with Alexa Fluor 488 

IgG H+L (green). Nuclei are stained blue with DAPI. Cells were first visualised at a lower magnification (A) 

and then at the single-cell level (B); white boxes indicate cropped fields of view.  

 

B 
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6.2.2. Deletion of IRF3 antagonises poly(I:C) and SeV-mediated 

mitochondrial relocalisation of Bax 

As stated previously, IRF3 has been implicated as a key mediator of a mitochondrial pathway 

of apoptosis termed RIPA, entirely independent of its transcriptional functions. This pathway 

has been studied in both human and murine cells but not porcine cells. IRF3 has already been 

shown to be essential for poly(I:C) and SeV-mediated apoptosis as indicated by the absence of 

cleaved caspase-3 in IRF3-/- cells treated with each apoptotic agonist. In order to determine if 

IRF3 mediates apoptosis using the RIPA pathway in porcine cells, WT and triplicate IRF3-/- PK-

15 cell lines were prepared on coverslips and treated with either poly(I:C) (100 μg/ml) or SeV 

(200 HA/ml) and Z-VAD(OMe)-FMK. While a large proportion of WT PK-15 cells displayed 

mitochondrial relocalisation following SeV treatment, there was a complete absence in one 

IRF3-/- cell line (line 18) and an almost complete absence in the other two tested (lines 7 and 

12) (figure 6.2). In addition, no relocalisation was detected in any of the IRF3-/- cell lines 

following treatment with poly(I:C). Indeed, these data indicated a requirement for IRF3 in 

facilitating poly(I:C) and SeV-mediated mitochondrial relocalisation of Bax. 

6.2.3. Stably-expressed Npro antagonises poly(I:C) and SeV-mediated 

mitochondrial relocalisation of Bax 

Having shown a positive correlation between the presence of IRF3, relocalisation of Bax and 

the induction of poly(I:C) or SeV induced apoptosis, Npro’s capacity to antagonise Bax 

relocalisation was next investigated. In knowing that Npro targets IRF3 for proteasomal 

degradation, it was hypothesised that expression of Npro – either stably in cell culture or 

through infection with CSFV – would also antagonise the mitochondrial relocalisation of Bax 

following treatment of cells with poly(I:C) or SeV.   
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Figure 6.2: Deletion of IRF3 antagonises poly(I:C) and SeV-mediated mitochondrial relocalisation 

of Bax. WT and IRF3-/- PK-15 cells were seeded onto coverslips in 24-well plates and treated with 

100 μg/ml  poly(I:C) or 200 HA/ml SeV in the presence of 100 µM caspase inhibitor Z-VAD(OMe)-

FMK. 18 hours post-treatment, cells were treated with MitoTracker (MTT) Red CMXRos for a further 

30 min and fixed with 4% paraformaldehyde. Fixed cells were analysed by immunofluorescence 

using a polyclonal Ab recognising Bax which was co-stained with Alexa Fluor 488 IgG H+L (green). 

Nuclei are stained blue with DAPI. Scale bars represent 45 μM 
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WT PK-15 cells were prepared on coverslips alongside His-Npro 23 PK-15 cells and subsequently 

treated with Z-VAD(OMe)-FMK and either agonist. While poly(I:C) was still applied at 100 

μg/ml, SeV was applied at 20 HA/ml as well as the original 200 HA/ml so that any antagonism 

of Bax relocalisation by Npro could be more readily detected. Upon visualisation of stained cells 

by immunofluorescence confocal microscopy (figure 6.3), a large portion of poly(I:C) and SeV-

treated WT cells displayed Bax relocalisation. In comparison, Bax relocalisation was entirely 

absent from His-Npro 23 cells treated with poly(I:C) and 20 HA/ml SeV (figure 6.3). Treatment 

with 200 HA/ml SeV did not trigger a noticeably higher proportion of cells to display Bax 

Figure 6.3: Stably-expressed His-Npro antagonises poly(I:C) and SeV-mediated mitochondrial 

relocalisation of Bax. WT and His-Npro 23 PK-15 cells were seeded onto coverslips in 24-well plates 

and treated with 100 μg/ml  poly(I:C) or 200 HA/ml SeV in the presence of 100 µM caspase inhibitor 

Z-VAD(OMe)-FMK. 18 hours post-treatment, cells were treated with MitoTracker (MTT) Red 

CMXRos (red) for a further 30 min and fixed with 4% paraformaldehyde. Fixed cells were analysed 

by immunofluorescence using a polyclonal Ab recognising Bax which was co-stained with Alexa 

Fluor 488 IgG H+L (green). Nuclei are stained blue with DAPI. Scale bars represent 45 μM 
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relocalisation, however Bax relocalisation was detectable but markedly less than that observed 

in WT cells. Together, these observations suggested that Npro is able to antagonise poly(I:C) and 

SeV-mediated mitochondrial relocalisation of Bax.  

In order to further confirm Npro’s antagonism of Bax relocalisation, EGFP-10 and EGFP-Npro-17 

PK-15 cell lines were treated as previously detailed; in this experiment an alternative 

mitochondrial label (MitoTracker Deep Red FM) was used that excites at the longer 

wavelength of 644 nm.  As these cell lines express EGFP and an EGFP-tagged protein, a 

secondary antibody with a conjugated fluorophore different to EGFP’s excitation wavelength 

of 488 nm had to be utilised – therefore, Bax was co-stained with Alexa Fluor 568. Upon 

visualisation by immunofluorescence confocal microscopy, Bax relocalisation was clearly 

detectable in the EGFP-10 cell line (figure 6.4, false-coloured as cyan), however relocalisation 

was almost undetectable in the EGFP-Npro-17 cell line. In addition to confirming Npro’s ability to 

antagonise mitochondrial relocalisation of Bax, it also confirmed that Npro is able to achieve 

this even when tagged with EGFP (33 kDa), a considerably larger tag than His (1 kDa). 

Interestingly, EGFP and to a lesser extend EGFP-Npro signal was observed to increase following 

treatment with SeV (figure 6.4), a phenomenon which was previously observed in 3.4.3 while 

screening the cell lines by Western blot to determine their capacity to antagonise induction of 

apoptosis (figure 3.10). While the apparent increase in EGFP signal intensity does not coincide 

with an increase in EGFP protein levels (figure 3.10), interactions with or modifications by 

proteins associated with apoptosis might be responsible. Npro is actively turned-over in a 

proteasome-dependent manner (Seago et al., 2010), therefore the apparent increase in EGFP-

Npro protein levels when assessed by confocal microscopy (figure 6.4) and Western blot (figure 

3.10) might be attributed to a potential stabilising interaction with a cellular protein. EGFP and 

EGFP-Npro cell lines were not treated with poly(I:C) due to the reduced sensitivity of Alexa Fluor 

568 secondary antibody in detecting Bax labelled with primary antibody. This was not an issue, 
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however, since poly(I:C) and SeV had already been shown to trigger convergent, IRF3-

dependent pathways of apoptosis in PK-15 cells.   

 

Figure 6.4: Stably-expressed EGFP-Npro antagonises SeV-mediated mitochondrial relocalisation of 

Bax. EGFP-10 and EGFP-Npro-17 PK-15 cells were seeded onto coverslips in 24-well plates and 

treated with 20 HA/ml SeV in the presence of 100 µM caspase inhibitor Z-VAD(OMe)-FMK. 18 hours 

post-treatment, cells were treated with MitoTracker (MTT) Deep Red FM (red) for a further 30 min 

and fixed with 4% paraformaldehyde. Fixed cells were analysed by immunofluorescence using a 

polyclonal Ab recognising Bax which was co-stained with Alexa Fluor 568 IgG H+L (cyan). Nuclei are 

stained blue with DAPI. EGFP channels were not included in the merged overlay images for ease of 

visualising mitochondrial relocalisation of Bax. Scale bars represent 45 μM 
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6.2.4. Poly(I:C) triggers mitochondrial relocalisation of EGFP-hBax in both 

WT and IRF3-/- PK-15 cells  

While visualisation of endogenous Bax relocalisation proved to be an effective and insightful 

way of exploring IRF3’s role in apoptosis and elucidating the mechanism of Npro’s antagonism 

of it, a mammalian expression vector encoding an EGFP-tagged human Bax was initially 

employed. This was due to its extensive use in past and recent literature (Nechushtan et al., 

1999, Kale et al., 2018, Rudd and Devaraj, 2018, Ader et al., 2019) and the relative ease of 

visualising a fluorescently-tagged protein compared to the difficulty in identifying antibodies 

suitable for immunofluorescence that are reactive with porcine protein. 

Briefly, WT and IRF3-/- 18 PK-15 cells were transfected with pEGFP-C3-hBax (Addgene plasmid 

#19741), incubated for 24 hr to allow time for exogenous protein expression to occur and then 

treated with Z-VAD(OMe)-FMK and poly(I:C) for either 10 or 18 hr prior to incubation with 

MitoTracker Red CMXRos and fixation. Poly(I:C) treatments were staggered in order that cells 

were fixed at the same time-point. Due to the poor transfection efficiency of PK-15 cells, 

images collected were of representative single-cells as opposed to wider fields of view that 

would have encompassed a larger number of cells.  

Upon visualisation by confocal microscopy, EGFP-hBax was observed to be distributed diffusely 

in the cytosol and nucleus (figure 6.5, A and B) however upon closer inspection some protein 

was localised around the mitochondria in a uniform manner (figure 6.5, C). At 10 hpt with 

poly(I:C), EGFP-hBax had lost its nuclear and cytosolic distribution in WT cells and was now 

localised almost exclusively with the mitochondria. Unlike untreated cells, EGFP-hBax now 

appeared as condensed puncta possibly co-localised with the mitochondrial membrane 

however it did not appear to have been internalised. By 18 hpt, EGFP-hBax signal had 

considerably increased and instead of appearing as condensed puncta the protein now 
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presented as a single homogenous mass within transfected cells as did the mitochondria 

(figure 6.5, C).  

A 
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At this time-point, due to the condensed nature of the EGFP-hBax and MitoTracker signals, it 

was not possible to determine whether hBax was still associated with the mitochondrial 

membrane or whether it had now been internalised. In transfected IRF3-/- cells, EGFP-hBax had 

an identical distribution as in WT cells however at 10 hpt there was potentially more protein 

Figure 6.5: Transfected EGFP-hBax relocalises to the mitochondria in poly(I:C)-treated WT and 

IRF3-/- PK-15 cells. (A, C) WT and (B) IRF3-/- 18 PK-15 cells were seeded onto coverslips in 24-well 

plates and transfected with pEGFP-C3-hBax (Addgene plasmid #19741). 24 hours post-transfection, 

cells were treated with poly(I:C) for a further 10 or 18 hours in the presence of 100 µM caspase 

inhibitor Z-VAD(OMe)-FMK. Cells were treated with MitoTracker (MTT) Red CMXRos (red) for a 

further 30 min and fixed with 4% paraformaldehyde. Fixed cells were then analysed by confocal 

microscopy; images of WT cells (A) were cropped and enlarged (C) for clearer visualisation of 

protein localisation. Nuclei are stained blue with DAPI.  

C 
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retained in the cytosol and nucleus and by 24 hpt the homogenous, intense distribution of 

mitochondrial and EGFP-hBax signal observed in WT cells was not present – condensed puncta 

were still identifiable (figure 6.5, A and B).  

6.2.5. Transfection of WT and IRF3-/- PK-15 cells with EGFP-hBax does not 

induce or amplify caspase-3 cleavage  

Because of the discrepancy between IRF3’s reported role in directing Bax to the mitochondria 

(Chattopadhyay et al., 2010) and the data presented in 6.2.4 (figure 6.5) which suggests that 

EGFP-tagged Bax can still relocalise even in the absence of IRF3, the apoptotic potential of 

transfected Bax was investigated. An experiment was subsequently performed in order to 

determine whether EGFP-hBax could restore the sensitivity of IRF3-/- PK-15 cells to poly(I:C)-

mediated apoptosis and whether it could amplify the apoptosis observed in WT PK-15 cells.  

WT and IRF3-/- PK-15 cells were prepared in 24-well plates, transfected with pC3-EGFP-hBax 

and pC3-EGFP (a control plasmid prepared in-house1) and treated with poly(I:C) for 18 hr in the 

absence of Z-VAD(OMe)-FMK. Whole-cell lysates were then analysed by Western blot for the 

presence of cleaved caspase-3, Bax and EGFP. Cleaved caspase-3 was detected at equal levels 

in poly(I:C)-treated WT cells overexpressing EGFP and EGFP-hBax, however it remained 

completely undetectable in the IRF3-/- cells, irrespective of EGFP-hBax overexpression (figure 

6.6). Interestingly, while EGFP-hBax was easily detected using an antibody that recognises 

endogenous Bax protein (figure 6.6, **) it was undetectable using an antibody that recognises 

EGFP (figure 6.6, ****).  In turn, these observations suggested that EGFP-hBax is by itself not 

pro-apoptotic in PK-15 cells but failed to explain why or how EGFP-hBax was able to relocalise 

to the mitochondria even in the absence of IRF3.    

                                                           
1 Two oligos bearing internal stop codons (HindIII-3frameSTOP-EcoRI_FW, HindIII-3frameSTOP-
EcoRI_REV; table 2.20) were annealed (see 2.9) and ligated into pC3-EGFP-hBax following HindIII/EcoRI 
digest of insert and vector.  
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6.3. Bax does not appear to be an ISG and loss of relocalisation 

is independent of expression levels 

While the nature of Bax’s role in IRF3-mediated apoptosis has been reported for murine and 

human cells, it remains to be determined for PK-15 cells – a porcine cell line in which an IRF3-

mediated pathway of apoptosis is antagonised by CSFV Npro. In 6.2.5 (figure 6.6) it was 

established that overexpression of Bax was not pro-apoptotic. One key, remaining question to 

be addressed was whether Bax is an ISG and whether its levels of expression have a role in its 

ability to relocalise to the mitochondria in PK-15 cells.  

Figure 6.6: Transfection of WT and IRF3-/- PK-15 cells with EGFP-hBax does not induce or amplify 

caspase-3 cleavage. WT and IRF3-/- 18 PK-15 cells were prepared in 24-well plates and transfected 

with either pC3-EGFP-hBax (Addgene plasmid #19741) or pC3-EGFP (in-house). 24 hours post-

transfection, cells were treated with poly(I:C) for a further 18 hours. Whole cell lysates were 

prepared and analysed by Western blotting using polyclonal Abs recognising cleaved caspase-3 or 

Bax and a mAb recognising GFP. A mAb recognising γ-tubulin was used to determine relative protein 

concentrations. Bax (*) and EGFP-hBax (**) resolved as single bands with the Bax polyclonal; EGFP 

resolved as a single band (***) while EGFP-hBax was undetectable at the expected position (****) 

with the GFP monoclonal Ab.  
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6.3.1. Poly(I:C) but not SeV-mediated mitochondrial relocalisation of Bax 

protein is antagonised by inhibition of the type I IFN signalling response 

In order to determine whether mitochondrial relocalisation of Bax is dependent on an intact 

ISG response, WT PK-15 cells were treated with Z-VAD(OMe)-FMK and either porcine IFN-α, 

poly(I:C) or SeV in the presence or absence of RXT, a janus kinase inhibitor that prevents ISG 

expression mediated by the type I IFN signalling response (stimulation of the JAK-STAT 

pathway). At 18 hpt, poly(I:C) and SeV triggered significant levels of Bax relocalisation, but IFN-

Figure 6.7: Poly(I:C) but not SeV-mediated mitochondrial relocalisation of Bax protein is 

antagonised by inhibition of the type I IFN signalling response. WT PK-15 cells were seeded onto 

coverslips in 24-well plates treated with 100 µM Z-VAD(OMe)-FMK and either 1000 IU/ml porcine 

IFN-α, 100 μg/ml poly(I:C) or 200 HA/ml SeV in the presence of DMSO or 0.5 μm RXT. 18 hours post-

treatment, cells were treated with MitoTracker (MTT) Red CMXRos (red) for a further 30 min and 

fixed with 4% paraformaldehyde. Fixed cells were analysed by immunofluorescence using a 

polyclonal Ab recognising Bax which was co-stained with Alexa Fluor 488 IgG H+L (green). Nuclei are 

stained blue with DAPI. Scale bars represent 45 μM 
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α did not appear to trigger any (figure 6.7). However, when treated with RXT, poly(I:C)-

mediated mitochondrial relocalisation of Bax was heavily antaognised while SeV-mediated 

relocalisation remained entirely unaffected.  This showed that poly(I:C) stimulation of the JAK-

STAT signalling pathway enhances the relocalisation of Bax in PK-15 cells. SeV stimulation of 

the JAK-STAT signalling pathway was not expected to have an effect as it encodes C-protein, 

a known antagonist of Janus kinase (JAK) 1/2 (Garcin et al., 2002).   

6.3.2. Bax protein expression levels are unaffected by inhibition of the 

type I IFN signalling response  

In knowledge of the newfound role of the type I IFN signalling response in enabling poly(I:C)-

mediated mitochondrial relocalisation of Bax, it was important to determine whether the 

reason for this phenomenon was because of an upregulation of Bax protein. WT PK-15 cells 

were treated with either porcine IFN-α, poly(I:C) or SeV in the absence of Z-VAD(OMe)-FMK 

and whole-cell lysates were then analysed by Western blot for the presence of Bax, cleaved-

caspase-3 and the ISGs Mx1 and ISG15. ISG expression was analysed in order to confirm 

successful antagonism of the type I IFN signalling response. 

Levels of Bax protein expression appeared to be relatively consistent, both in the presence of 

each agonist (IFN-α, poly(I:C) and SeV) and RXT (figure 6.8). In agreement with previous 

observations, cleaved caspase-3 production was reduced following poly(I:C) but not SeV 

treatment in the presence of RXT. This indicated that upregulation of Bax expression is not a 

prerequisite for the induction of IRF3 and Bax-mediated apoptosis and further confirmed that 

the type I IFN signalling response (stimulation of the JAK-STAT pathway) upregulates poly(I:C)-

mediated apoptosis.  
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6.3.3. Bax protein expression levels remain unchanged in the absence of 

IRF3  

It had been established that poly(I:C) and SeV-mediated mitochondrial relocalisation of Bax is 

dependent on IRF3 (6.2.2, figure 6.2) and antagonised by stable expression of Npro (6.2.3, 

figures 6.3 and 6.4). In addition, the type I IFN signalling response had been shown to be 

responsible for amplification of poly(I:C)-mediated Bax relocalisation (6.3.1, figure 6.7). Next, 

experiments were conducted to determine if the levels of Bax expression change in the 

absence of IRF3. Whole cell lysates prepared from WT and a representative IRF3-/- PK-15 cell 

line (line 18) were analysed by Western blot for the presence of Bax. While cleaved caspase-3 

was absent from poly(I:C)-treated IRF3-/- cells, levels of Bax protein expression were 

indistinguishable from those observed in WT cells (figure 6.9).  

 

Figure 6.8: Bax protein expression levels are unaffected by inhibition of the type I IFN signalling 

response. WT PK-15 cells were prepared in 12-well plates and treated with either 1000 IU/ml 

porcine IFN-α, 100 μg/ml poly(I:C) or 200 HA/ml SeV in the presence of DMSO or 0.5 μm RXT. Whole 

cell lysates were prepared and analysed by Western blotting using polyclonal Abs recognising Bax, 

cleaved caspase-3 or ISG15 and a mAb recognising Mx1. A mAb recognising γ-tubulin was used to 

determine relative protein concentrations.  
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6.3.4. Bax protein expression levels remain unchanged in the presence of 

Npro 

While Npro targets IRF3 for proteasomal degradation, deletion of IRF3 was not observed to 

have any effect on levels of Bax protein expression. One remaining possibility is that Npro may 

antagonise apoptosis by modulating and antagonising levels of Bax.  To that end, Npro-

expressing cell lines were assessed to determine whether Npro has the capacity to antagonise 

Bax expression.  

Initially, a representative Npro-expressing PK-15 cell line, His-Npro 23, was used to assess the 

expression level of Bax due to its previously observed strong antagonism of poly(I:C) and SeV-

mediated apoptosis. WT and His-Npro 23 PK-15 cells were treated with either poly(I:C) or SeV at 

two different concentrations (20 HA/ml and 200 HA/ml). 18 hpt, whole cell lysates were 

prepared and analysed by Western blot for the presence of Bax, cleaved-caspase 3 and Npro. 

Bax protein expression levels appeared to remain relatively consistent with each treatment 

across each cell line (figure 6.10). Despite Npro’s clear antagonism of both poly(I:C) and SeV-

mediated apoptosis, as noted by the antagonism of cleaved caspase-3 induction, there was no 

Figure 6.9: Bax protein expression levels are unaffected by the absence of IRF3. Whole cell lysates 

from poly(I:C) and RXT-treated WT and IRF3-/- PK-15 previously analysed in 5.4.1 (figure 5.6) were 

analysed by Western blotting using a polyclonal Ab recognising Bax. Cleaved caspase-3 and γ-tubulin 

data has been duplicated from figure 5.6.  
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detectable antagonism of Bax protein expression levels. In line with previous observations, 

Figure 6.10: Bax protein expression levels remain unchanged in the presence of Npro. (A) WT and 

His-Npro 23 PK-15 cells were prepared in 12-well plates and treated with either 100 μg/ml poly(I:C) 

or SeV (20 or 200 HA/ml). Whole cell lysates were prepared and analysed by Western blotting using 

polyclonal Abs recognising Bax, cleaved caspase-3 or Npro. A mAb recognising γ-tubulin was used to 

determine relative protein concentrations. (B) Whole cell lysates from poly(I:C) (top) and SeV-

treated (bottom) EGFP and EGFP-Npro PK-15 cell lines previously analysed by Western blot in 3.4.3 

(figure 3.10) were re-analysed using a polyclonal Ab recognising Bax. Cleaved caspase-3, Npro and γ-

tubulin data has been duplicated from figure 3.10. 

A 
 

B 
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notable increases in Npro expression were noted following treatment with poly(I:C) but not SeV 

(figure 6.10, A).   

To further confirm Npro’s inability to antagonise Bax protein expression, whole cell lysates from 

three poly(I:C) or SeV-treated EGFP-Npro cell lines were also analysed for the presence of Bax. 

As observed with the His-Npro 23 cell line (figure 6.10, A), levels of Bax remained consistent 

across each of the EGFP-Npro cell lines analysed despite a clear antagonism of both poly(I:C) 

and SeV-mediated apoptosis in each (figure 6.10, B).  

6.4. CSFV antagonises pro-apoptotic IRF3/Bax activity 

6.4.1. Wild-type and Npro-deleted recombinant CSFV (rCSFV) strains 

antagonise poly(I:C)-mediated Bax relocalisation and caspase-3 cleavage 

while only wild-type rCSFV is able to partially antagonise SeV-mediated 

Bax relocalisation and caspase-3 cleavage 

In order to demonstrate that CSFV mirrors Npro’s antagonism of not only poly(I:C) and SeV-

mediated caspase-3 cleavage but also mitochondrial relocalisation of Bax, infections of SK6 

cells were performed. SK6 cells were prepared in 24-well plates and infected (MOI 0.2) with 

WT or Npro-deleted (ΔNpro) recombinant CSFV Alfort (rCSFV) and then treated with each agonist 

prior to analysis by immunofluorescence microscopy (figure 6.11, A and B) and Western blot 

(figure 6.11, C). SK6 cells, which do not produce IFN but do undergo apoptosis following 

poly(I:C) treatment, were used for these experiments due to the inability of ΔNpro rCSFV to 

efficiently replicate in PK-15 cells which have an intact IFN response.  

When analysed by immunofluorescence microscopy, SK6 cells that were infected with rCSFV 

prior to poly(I:C) treatment displayed no visible Bax relocalisation (p<.001), while those 

infected with ΔNpro rCSFV displayed reduced levels of relocalisation in comparison to the 

uninfected cells (p=.001). However, when treated with SeV, only a partial reduction in Bax 

relocalisation was observed with rCSFV while none was observed with ΔNpro rCSFV (figure 6.11, 
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A and B). Significance was determined by calculating the proportion of cells displaying Bax 

relocalisation as detailed in 2.14.5. Subsequent Western blot analyses confirmed that rCSFV 

inhibited the production of cleaved caspase-3 and ISG15 upregulation following poly(I:C) 

treatment, but could only partially inhibit cleaved caspase-3 production following SeV 

treatment (figure 6.11, C). ΔNpro rCSFV also inhibited the production of cleaved caspase-3 and 

ISG15 upregulation following poly(I:C) treatment, but did not antagonise either following SeV 

A 
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treatment. Comparison of the respective levels of structural E2 glycoprotein expressed 

following either infection confirmed the viruses had replicated to equivalent levels, however, 

B 
 

C 
 

Figure 6.11: Wild-type and Npro-deleted recombinant CSFV (rCSFV) strains antagonise poly(I:C)-

mediated Bax relocalisation and caspase-3 cleavage while only wild-type rCSFV is able to partially 

antagonise SeV-mediated Bax relocalisation and caspase-3 cleavage. (A) SK6 cells were infected 

(MOI of 0.2) with WT or ΔNpro rCSFV Alfort for 72 hr and then treated with poly(I:C) or SeV as 

indicated. 18 hours post-treatment, cells were treated with MitoTracker (red) and analysed by 

immunofluorescence microscopy using a polyclonal Ab recognising Bax (green) and a mAb 

recognising CSFV E2 (grey). Nuclei are stained blue with DAPI. (B) The percentage of cells displaying 

Bax relocalisation following each treatment was then quantified; ns: not significant, **: p<.01, ***: 

p<.001. (C) In parallel, whole cell lysates from replicate samples were analysed by Western blot 

using polyclonal Abs recognising ISG15 or Npro and mAbs recognising cleaved caspase-3, or CSFV E2. 

A mAb recognising γ-tubulin was used to determine relative protein concentrations. 

SK6 
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the low levels of Npro expressed by rCSFV indicated a low level of virus replication (figure 6.11, 

C). 

It was therefore hypothesised that the inability of rCSFV to completely inhibit Bax localisation 

and effectively inhibit caspase-3 cleavage following SeV treatment was due to inefficient virus 

replication and consequently low levels of Npro expression.  To address this, additional 

experiments were performed in which rCSFV alongside two wild-type CSFV strains (Alfort and 

Brescia) were also used to infect SK6 and PK-15 cells prior to SeV treatment.  

6.4.2. Wild-type CSFV Alfort and Brescia strains antagonise SeV-

mediated caspase-3 cleavage and mitochondrial Bax relocalisation in  

PK-15 and SK6 cells 

PK-15 and SK6 cells were infected (MOI 0.2) with either rCSFV, CSFV Alfort or Brescia strains 

and subsequently treated with SeV. Fixed cells were then subjected to immunofluorescence 

analysis (figure 6.12, A and B). Following treatment with SeV, rCSFV, CSFV Alfort and CSFV 

Brescia-infected PK-15 cells each demonstrated reduced Bax relocalisation (p=.021, p<.001, 

p<.001) in comparison to non-infected PK-15, however, the reduction was most significant 

with the two non-recombinant Alfort and Brescia strains. Antagonism of Bax relocalisation in 

SeV treated SK6 cells appeared comparable, irrespective of infecting CSFV strain (p<.001, 

p<.001, p<.001).   

To determine whether the reduction in SeV-mediated Bax relocalisation in CSFV Alfort and 

Brescia infected PK-15 and SK6 cells corresponded to reduced levels of caspase-3 cleavage, 

replicate lysates were subjected to Western blot analysis. Infection of PK-15 cells with CSFV 

Alfort and Brescia was associated with a greater reduction in caspase-3 cleavage than that 

observed in rCSFV-infected cells while in infected SK6 cells the reduction was comparable, 

irrespective of infecting CSFV strain (figure 6.12, C). Levels of Npro expression were noticeably 

higher in cells infected with the non-recombinant CSFV Alfort and Brescia strains in 
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comparison to that observed for rCSFV. In summary, these results confirmed that CSFV is 

indeed capable of antagonising SeV-mediated mitochondrial Bax relocalisation and cleavage of 

caspase-3 in multiple porcine kidney endothelial cell lines. 

6.5. Yeast two-hybrid screen confirms IRF3/Npro interaction but 

not IRF3/Bax or Npro/Bax interactions 

6.5.1. Conservation of a putative BH3-homology domain suggests 

possible interaction between porcine IRF3 and Bax 

An in vitro interaction between human IRF3 and Bax has been reported (Chattopadhyay et al., 

2010, Chattopadhyay et al., 2011) and IRF3-/- mice have been developed in which this 

IRF3/Bax-mediated pathway of apoptosis no longer exists, suggesting the interaction also has 

significance in vivo (Chattopadhyay et al., 2016). 

A 
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Figure 6.12: Wild-type CSFV Alfort and Brescia strains antagonise SeV-mediated caspase-3 

cleavage and mitochondrial Bax relocalisation in PK15 and SK6 cells. (A) WT PK-15 and SK6 cells 

were infected (MOI of 0.2) with rCSFV Alfort, CSFV Alfort or CSFV Brescia for 72 hr and then treated 

with SeV. 18 hours post-treatment, cells were treated with MitoTracker (red) and analysed by 

immunofluorescence staining using a polyclonal Ab recognising Bax (green) and a mAb recognising 

CSFV E2 (grey). Nuclei are stained blue with DAPI. (B) The percentage of cells displaying Bax 

relocalisation following each treatment was then quantified; ns: not significant, *: p<0.05, **: p<.01, 

***: p<.001.  (C) In parallel, whole cell lysates from replicate samples were analysed by Western 

blot using polyclonal Abs recognising ISG15 or Npro and mAbs recognising cleaved caspase-3 or CSFV 

E2. A mAb recognising γ-tubulin was used to determine relative protein concentrations. 
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Indeed, they confirmed a putative BH3-only domain in human IRF3 to be required for its 

interaction with Bax. Subsequent alignments with known porcine homologs of human BH3-

only proteins and a human consensus sequence (Day et al., 2008) were performed and 

indicated the same domain might also be present in porcine IRF3 (figure 6.13). While only 2 

residues appear to be conserved at the residue level (Leu370 and Asp375), they have each been 

implicated in facilitating interactions with other Bcl2-family proteins (Hinds and Day, 2005). 

Despite lacking conservation, other residues of porcine IRF3 (Val366, Leu373, Ala377 and Arg377) 

appear to share the same biochemical properties as their BH3-only protein counterparts. 

To determine whether porcine IRF3 and Bax interact and whether CSFV Npro has any capacity 

to act directly on Bax, a yeast two-hybrid screen was performed. Identification of interactions 

between these proteins would shed light on their respective roles in poly(I:C) and SeV-

mediated apoptosis. The yeast two-hybrid system has been used extensively within the group 

to explore and elucidate protein-protein interactions which is why it was chosen over 

immunoprecipitation (IP) and immunofluorescence microscopy co-localisation. The Clontech 

Matchmaker© 3 GAL4-based yeast two-hybrid system enables the screening of interactions 

    366          378 
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IGAQLRRMADDLN 

IARHLARIGDRME 

IAQELRRIGDEFN 

CAIQFRRIGDKLN 
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Figure 6.13: Porcine IRF3 shares homology with “activator” and “sensitiser” BH3-only proteins and 

also a human consensus sequence, suggesting the existence of a putative BH3 domain. Porcine 

IRF3 (NP_001184051.1), Puma (XP_013853986.2), Bid (NP_001025706.1), Noxa (NP_999312.2) and 

Bad (XP_020938542.1) protein sequences were aligned in MEGA, revealing conservation of residues 

with similar biochemical properties.  Key consensus residues that define the human BH3 domain are 

highlighted grey; Φ1–Φ4 represent hydrophobic residues (Φ2 is usually a conserved leucine), Σ1 and 

Σ2 are small residues (G, A, S), Z is usually an acidic residue, D is a conserved aspartate, Γ is a 

hydrophilic residue (N, H, D or Y) and X is any residue (Day et al., 2008).  
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between two proteins by employing cDNA sequences encoding proteins of interest fused to 

either the GAL4 DNA binding domain (DNA-BD) or GAL4 activation domain (AD) (Fields and 

Song, 1989, Chien et al., 1991). When these fusion proteins interact, the DNA-BD and AD are 

brought into close proximity enabling the transcription of reporter proteins which either 

facilitate growth on restrictive media or hydrolyse chromogenic substrates. Ultimately, only 

yeast containing plasmids encoding interacting proteins will be able to survive under the most 

stringent media selection. Positive and negative controls are included to confirm both the 

functionality of the system and to determine whether any components have the capacity to 

self-activate (table 6.1).  

6.5.2. Cloning of Bax yeast two-hybrid vectors  

Briefly, cDNA sequences encoding full-length porcine Bax (BaxL, XM_003127290.5) and a 

predicted truncated isoform utilising a putative downstream start codon (BaxS, 

XM_013998624.2) were each synthesised in the pMA-RQ vector (GeneArt). To generate 

pGBKT7-Bax vectors, cDNA (600 bp and 500bp, respectively) encoding BaxL and BaxS proteins 

were gel-purified and ligated into NdeI/SmaI-digested pGBKT7 plasmid.   

 

Vector Type Control 

pGADT7-IkBα +  Human IkBα interacts with CSFV Npro (Doceul et al., 2008) 

pGADT7-T + T interacts with 53 (Iwabuchi et al., 1993, Li and Fields, 1993) 

pGBKT7-53 + 53 interacts with T (Iwabuchi et al., 1993, Li and Fields, 1993) 

pGBKT7-LAM - LAM does not interact with T (Bartel et al., 1993, Ye and 

Worman, 1995) 

pGADT7  - Empty vector 

pGBKT7 - Empty vector 

Table 6.1: Positive and negative control vectors were employed in order to confirm system 

functionality, identify self-activation and also non-specific interactions.  

 

 

 

Note: Acronyms: SV40 large T antigen (T), murine p53 (53), human lamin C (LAM). + and - indicate 

positive and negative controls respectively.  
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6.5.3. Screen for potential interactions between IRF3, BaxL/S and Npro 

Yeast were prepared and co-transformed with the vector combinations outlined in table 2.11 

and figure 6.15 as detailed in 2.19. Transformed yeast were initially plated onto double 

dropout (DDO) media deficient in leucine (Leu) and tryptophan (Trp) – this enabled the 

isolation of yeast cells which had received both plasmids since they encoded Leu and Trp 

biosynthesis genes which are otherwise absent from the cells (figure 6.16, A, top). A lawn of 

white colonies were observed for yeast co-transformed with Npro+IRF3 as well as the positive 

controls Npro+IkBα (Doceul et al., 2008) and T+53 (Iwabuchi et al., 1993, Li and Fields, 1993). 

However only a handful of orange colonies were observed for any of the yeast co-transformed 

with a plasmid encoding either Bax isoform. Negative control T+LAM yeast displayed 

significantly more growth on DDO media than yeast co-transformed with BaxL/S vectors, 

however observed colonies were the same pigmentation.  

Yeast were then restreaked from the DDO plates onto quadruple dropout (QDO) media lacking 

adenine (Ade) and histidine (His) in addition to Leu and Trp in order to isolate cells in which an 

interaction had occurred. White colonies were again detected for yeast co-transformed with 

Npro+IRF3 and the positive controls Npro+IkBα and T+53, indicating interactions between the 

Figure 6.15: Vector cloning for yeast two-hybrid screen of porcine Bax, porcine IRF3 and Npro 

(CSFV Alfort). (A) BaxL and BaxS (BaxL/S) cDNA sequences were extracted from NdeI/SmaI-digested 

plasmids for ligation into NdeI/SmaI-digested pGBKT7 GAL4 DNA-BD yeast vector. (B) Interactions 

between BaxL/S+IRF3, IRF3+Npro and also Npro+BaxL/S were screened for using the yeast two-hybrid 

system. 
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respective proteins. However, unlike on DDO media lacking only Leu and Trp, no orange 

colonies were observed on QDO media for any of the yeast transformed with a plasmid 

encoding Bax. As an additional control and to identify self-activation/non-specific interactions, 

yeast were co-transformed with BaxL/S vector and pGADT7 empty vector; on DDO media the 

resulting colonies were orange and few in number and this remained unchanged when cells 

were co-transformed with BaxL/S vector and pGADT7-T (figure 6.16, A, bottom). In contrast, co-

transformation of IRF3 and either empty pGBKT7 or pGBKT7-53 (negative controls for IRF-3-

Npro interaction) produced many orange colonies on DDO media.  

6.5.4. Isolation of potential BaxL/S colonies 

Colonies from yeast co-transformed with IRF3+BaxL/S and Npro+BaxL/S on DDO media were re-

streaked onto fresh DDO media (figure 6.16, B) and subsequently QDO media alongside single 

colonies of positive-control Npro+IRF3, Npro+IkBα and T+53 yeast and negative-control T+LAM 

yeast. However, no colony growth was observed while each positive control (Npro+IRF3, 

Npro+IkBα and T+53) displayed significant growth. In summary, these data confirm the putative 

interaction between CSFV Npro and porcine IRF3 but failed to identify whether there are 

interactions between either isoform of porcine Bax and CSFV Npro or porcine IRF3.  
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Figure 6.16 Yeast two-hybrid screen confirms interaction between Npro and porcine IRF3 but not 

BaxL/S and Npro or porcine IRF3. (A) Yeast were co-transformed with the indicated vectors and 

plated onto double dropout (DDO) media deficient in Leu and Trp or quadruple dropout (QDO) 

media deficient in Leu, Trp, Ade and His. Usage of an empty vector control is indicated with ev. (B) 

Individual colonies of yeast co-transformed with IRF3+BaxL/S, Npro+BaxL/S, Npro+IRF3, the positive 

controls Npro+IkBα and T+53 and also the negative control T+LAM. 

 

 

A 
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6.6. Generation of porcine IRF3 mutant to investigate IFN and 

transcriptional upregulation-independent IRF3-mediated 

apoptosis  

According to recent work by Chattopadhyay et al., IRF3 has a directly pro-apoptotic function 

that is entirely separate from its ability to upregulate the transcription of a host of genes 

including that which encodes IFN-β, a type I IFN (Chattopadhyay et al., 2010, Chattopadhyay et 

al., 2011, Chattopadhyay et al., 2016). As discussed in 1.3.3.2, they demonstrated in vivo that a 

murine IRF3 S1 mutant containing two serine mutations (Ser388 and Ser390 to Ala) was unable to 

mediate gene upregulation but retained its ability to trigger apoptosis following challenge with 

SeV (Strain 52). These residues have been identified as having a potentially essential role in 

IRF3’s interaction with CREB-binding protein (CBP), a prerequisite for IRF3’s binding to gene 

promoters (Lin et al., 1998, Servant et al., 2003, Chen et al., 2008). In 6.5, a yeast two-hybrid 

screen was performed however it failed to identify an interaction between porcine IRF3 and 

porcine Bax. In a renewed attempt to determine whether porcine IRF3 retains the apoptotic 

functions of its murine counterpart, a porcine IRF3 construct bearing the same serine residue 

mutation was generated with the intention of investigating its ability to restore poly(I:C) and 

SeV-mediated apoptosis in the absence of ISG upregulation. 

6.6.1. IRF3 phosphorylation sites are conserved  

In order to establish whether the serine residues in question are conserved, sequence 

alignments of human (NP_001562.1), murine (XP_006541058.1) and porcine IRF3 

(NP_998935.1) were performed using MEGA7 (Mega Software). IRF3 has two phosphorylation 

sites at its c-terminus termed sites 1 and 2 (figure 6.17, A) each comprised of serine or 

threonine residues. The alignment showed that Ser396 and Ser398, the site 2 residues mutated in 

murine IRF3 by Chattopadhyay et al., were conserved in porcine IRF3 as well as every other 
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serine and threonine residue at each of the two sites. Therefore, a porcine S1 mutant of IRF3 

(poIRF3S1) was prepared (figure 6.17, B and C).  

6.6.2. Generation of pcDNA3.1 plasmids expressing EGFP-tagged WT or 

S1 mutant porcine IRF3  

Initially, EGFP-tagged poIRF3WT and poIRF3S1 fusions were prepared in the mammalian 

expression vector pcDNA3.1 as outlined in appendix D.  WT and S1 mutant IRF3 expressed 

successfully in PK-15 and SK6 cells and their cytosolic, non-nuclear distribution was correct, 

however the overall rate of transfection of these plasmids in PK-15 cells was very poor (data 

not shown). Therefore, the decision was made to instead express each construct via 3rd-

generation lentivirus.  

A 
 

C 
 

Figure 6.17: Conserved serine residues implicated in IRF3’s transcriptional activity were mutated 

and cloned into the lentiviral plasmid pLJM1 as EGFP FLAG-tagged fusions. (A) Alignments of 

human, porcine and murine IRF3 protein sequences were performed in MEGA7 (Mega Software) to 

confirm conservation of residues implicated in IRF3’s transcriptional activity. Conserved (*) and non-

conserved residues (-) are indicated as is the DNA binding domain (DBD) of IRF3. Mutations were 

designed in porcine IRF3 (B) which were subsequently cloned into the lentiviral plasmid pLJM1 to 

generate N-terminal FLAG-tagged WT and S1 mutant poIRF3 fusions (C).  

 

B 
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6.6.3. Production of 3rd-generation lentiviruses expressing FLAG-tagged 

WT or S1 mutant porcine IRF3 

To enable expression of poIRF3WT and poIRF3S1 via lentivirus, each sequence was first 

subcloned into the lentiviral transfer plasmid, pLJM1. The FLAG tag (DYKDDDDK) was chosen 

instead of EGFP due to its vastly reduced size. Briefly, poIRF3WT and poIRF3S1 were PCR 

amplified with a forward primer containing an AgeI restriction site, Kozak sequence, start 

codon and FLAG tag cDNA and a reverse primer containing an EcoRI restriction site (FW-AgeI-

kozak-FLAG-poIRF3, RV-poIRF3-EcoRI; table 2.20). The resulting PCR products were ligated into 

AgeI/EcoRI-digested pLJM1 to generate pLJM1-FLAG-poIRF3-W1 and pLJM1-FLAG-poIRF3-S1. 

3rd-generation lentiviruses expressing FLAG-tagged poIRF3WT or poIRF3S1 were subsequently 

generated using the procedure outlined in 2.12.1.   

IRF3-/- PK-15 cell lines (7 and 18) were then infected with each lentivirus and enriched as pools 

of transduced cells using puromycin selection (see 2.12.2). To confirm expression of FLAG-

tagged poIRF3WT and poIRF3S1, whole cell lysates were prepared from these cells. Whole cell 

lysates were also prepared from uninfected wild-type and IRF3-/- PK-15 cells as negative 

controls. When analysed by Western blot, bands of the expected size (48 kDa) and of identical 

intensity were detected for each of the cell lines infected with lentiviruses encoding either IRF3 

fusion protein (figure 6.18).   

Due to time constrains however, it was not possible to study the functionality of either IRF3 

fusion protein or to determine whether the S1 mutant has the capacity to restore sensitivity to 

poly(I:C) and SeV-mediated apoptosis in IRF3-/- PK-15 cells.  
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Figure 6.18: FLAG-tagged WT and S1 mutant porcine IRF3 resolve at their predicted sizes when 

analysed by Western blot. IRF3-/- PK-15 cell lines (7 and 18) infected with lentivirus encoding FLAG-

tagged WT and S1 mutant porcine IRF3 were prepared in 12-well plates. Following 18 hrs of 

incubation, whole cell lysates were prepared and analysed alongside a sample from uninfected wild-

type PK-15 cells by Western blotting using a mAb recognising the FLAG epitope. A mAb recognising 

γ-tubulin was used to determine relative protein concentrations. FLAG (*) and γ-tubulin (**) are 

indicated. 
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6.7. Discussion 

IRF3 is a master regulator of the transcription of the IFN-β gene as well as a host of other 

proteins with innate antiviral functions (Randall and Goodbourn, 2008). Through an 

interaction, the Npro protein of CSFV brings about the proteasomal degradation of IRF3, 

eliminating this response (Bauhofer et al., 2007, Seago et al., 2007). The importance of IRF3 in 

coordinating the induction of pro-apoptotic TLR3 and RIG-I mediated responses was shown in 

chapter 5. IRF3 has been implicated in the induction of a dsRNA-mediated IRF3/Bax dependent 

pathway of apoptosis termed RIPA (RLR-induced IRF3 mediated Pathway of Apoptosis) that 

also cumulates in cleavage of caspase-3 and cell death (Chattopadhyay et al., 2010, 

Chattopadhyay et al., 2011, Chattopadhyay et al., 2016). Importantly, the authors showed that 

this pathway had no requirement for new transcriptional upregulation of genes 

(Chattopadhyay et al., 2010) and instead relied upon linear polyubiquitiniation of IRF3 at 

specific lysine residues as opposed to phosphorylation (Chattopadhyay et al., 2016). 

Considering Npro’s well-documented ability to antagonise levels of IRF3 in CSFV-infected cells 

and those which stably express Npro, it was important to determine the exact mechanism by 

which IRF3 mediates apoptotic responses in porcine cells and whether RIPA is a conserved 

pathway in cells which are susceptible to CSFV infection. 

6.7.1. IRF3/Bax-mediated apoptosis 

This putative IRF3/Bax-mediated pathway was found to be not only active in porcine kidney 

endothelial cells (as indicated by the absence of endogenous Bax relocalisation in IRF3-/- cells) 

but also heavily antagonised by both stable expression of Npro and infection with CSFV as seen 

by the absence of, or significant reduction in, mitochondrial relocalisation of endogenous Bax 

and associated cleavage of caspase-3. In the present work, Bax staining appeared as distinct 

puncta associated with the mitochondria following treatment with poly(I:C) and SeV, likely 

corresponding to oligomeric pores comprised of Bax and possibly Bak homodimers. These 



191 
 

oligomeric homodimers have been reported to facilitate mitochondrial outer membrane 

permeabilization (MOMP) and release of apoptotic proteins such as cytochrome c and Smac 

(Zhou and Chang, 2008, Zhang et al., 2017). As discussed in 1.3.1.1, BH3-only Bcl2-homology 

proteins such as Bid and Bim bind to Bax and Bak, promoting their oligomerisation at the 

mitochondrial outer membrane (MOM) (Wang et al., 1996, Harada et al., 2004, Shamas-Din et 

al., 2011). Chattopadhyay et al. identified a putative BH3-only domain near the c-terminus of 

IRF3 (Chattopadhyay et al., 2010), a domain which also appears to be relatively conserved in 

porcine IRF3 (figure 6.13). Conformational changes that occur following activation of IRF3 may 

expose its putative BH3 domain of IRF3 and facilitate its interaction with Bax (Chattopadhyay 

et al., 2010) as might its linear ubiquitination by the LUBAC complex of ubiquitinating proteins 

(Chattopadhyay et al., 2016). However one question that remains is whether ubiquitination of 

IRF3 alone is sufficient to bring about these changes or whether recruitment of additional 

adapter proteins are required. BH3-only proteins such as Bid and Bim have recently been 

reported to bind sequentially to two sites on Bax, the α1/α6 helicies and a canonical groove, 

that are important for outer membrane translocation and oligomerisation, respectively (see 

1.3.1.1, figure 1.9) (Dengler et al., 2019). Due to its homology with human IRF3 and porcine 

BH3-only proteins, porcine IRF3 may behave in a similar manner when bound to Bax, if indeed 

they interact. 

Future work should seek to further confirm porcine IRF3’s role in Bax relocalisation through 

subcellular fractionation, immunofluorescence co-localisation experiments and the generation 

of Bax-/- cells. Isolation of pure mitochondrial, cytosolic and nuclear cell fractions would help 

establish whether the reported mitochondrial relocalisation of IRF3 coincides with induction of 

Bax relocalisation and apoptosis. With regards to Bax, it has been suggested that knockout is 

insuffient to prevent MOMP induced by various stimuli and that double knockout of both Bax 

and Bak is required due to reported functional redundancy (Lindsten et al., 2000, Wei et al., 

2001, Zong et al., 2001). It will be interesting to see whether this holds true in porcine cells 



192 
 

treated with poly(I:C) and SeV; indeed, knockout of Bax alone has been associated with a 

signficant antagonism of IRF3-mediated apoptosis (Chattopadhyay et al., 2010). Additionally, 

members of the linear ubiquitinating complex (LUBAC) such as SHARPIN, HOIP and HOIL-1 

could be deleted to confirm the role of IRF3’s ubiquitination in induction of apoptosis as 

demonstrated with human IRF3 (Chattopadhyay et al., 2016). The ubuquitination sites 

required for IRF3’s apoptotic functions (Chattopadhyay et al., 2016) could also be mutated, 

further supporting a non-transcriptional, uniquitin-dependent function of IRF3 in the induction 

of apoptosis.  

While rCSFV Alfort was unable to effectively antagonise SeV-mediated mitochondrial 

relocalisation of endogenous Bax and caspase-3 cleavage in SK6 cells, wild-type CSFV Alfort 

and Brescia strains offered improved antagonism in PK-15 cells. This was likely due to the fact 

that Npro was expressed at much higher levels in cells infected with these wild-type strains. SK6 

cells were used because ΔNpro rCSFV cannot efficiently replicate in IFN-competent PK-15 cells 

due to the lost capacity of the virus to antagonise innate responses. Indeed, an increase in 

virus yields was observed when ΔNpro rCSFV was grown in PK-15 IRF3-/- cells in comparison to 

wild type PK-15 (data not shown). Unexpectedly, ΔNpro rCSFV was also found to partially 

antagonise poly(I:C)-mediated endogenous Bax relocalisation and caspase-3 cleavage in SK6 

cells. ΔNpro rCSFV still encodes the soluble and secretable endoribonuclease Erns thought to act 

as a scavenger receptor for dsRNA and poly(I:C), likely explaining these observations 

(Hausmann et al., 2004, Lussi et al., 2018).  

Importantly, mitochondrial relocalisation of endogenous Bax occurred in a manner 

independent of Bax expression levels, lending credence to the idea that the observed 

phenotype is due to IFN-independent IRF3/Bax activity. If Bax were an ISG and its upregulation 

required for induction of apoptosis, mitochondrial relocalisation would be absent in cells 

devoid of IRF3 or treated with either RXT or SeV, both antagonists of the type I IFN signalling 
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response (Garcin et al., 2002). Indeed, overexpression of Bax has previously been linked with 

induction of or sensitisation toward apoptosis (Pastorino et al., 1998, Lin et al., 2005). While 

RXT was found to partially antagonise poly(I:C)-mediated Bax relocalisation, SeV-mediated 

relocalisation remained unaffected. Despite this, Bax expression levels remained unchanged 

following RXT treatment. As discussed in 3.6, several proteins in the TLR3-IRF3 signalling axis 

are ISGs, providing one possible explanation for this phenomenon. In addition, Bax protein 

expression levels were unaffected by expression of Npro, further supporting the idea that the 

observed IRF3/Bax-mediated pathway of apoptosis is antagonised by Npro’s interaction with 

IRF3. The reported transcriptionally inert S1 mutant of porcine IRF3 (see 6.6 and appendix D) 

and inhibitors of transcription and translation such as actinomycin D and cycloheximide will 

prove valuable in confirming the transcription-independent nature of this pathway in porcine 

cells.  

EGFP-Bax fusion protein should be avoided in future studies due to its unexpected behaviour 

in both wild-type and IRF3-/- PK-15 cells. EGFP-Bax was found to translocate to the 

mitochondria and visibly oligomerise to form larger strucutres following treatment with 

poly(I:C), far larger than those observed with endogenous Bax which were distinctly more 

punctate. Mitochondria also appeared reorganised and homogenous, and surprisingly EGFP-

Bax translocated even in the absence of IRF3. The size of the EGFP tag (27 kDa) compared to 

Bax (22 kDa) as well as EGFP’s predisposition to oligomerise at membranes (Snapp et al., 2003, 

Costantini et al., 2012) might be responsible as may its overexpression. Indeed, overexpression 

of a protein already expressed within a cell can complicate interpretation of results. Even more 

surpising was the fact that relocalisation of Bax did not appear to be associated with induction 

of caspase-3 cleavage in IRF3-/-. One possibility is that these oligomeric structures are non-

functional and do not facilitate MOMP (Todt et al., 2013), while another is that the PK-15 

transfection efficiency was simply too low to be able to detect increases in cleaved caspase-3 

levels. Ulimately, studying endogenous protein or utilising a smaller or strictly monomeric GFP 
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(mGFP) tag would potentially eliminate many of these issues. In addition, future studies should 

also consider either ommiting Z-VAD(OMe)-FMK or utilising lower concentrations as this 

compound has been reported to display toxicity by inducing autophagy and necrosis (Lemaire 

et al., 1998, Chen et al., 2011), potentially explaining the punctate appearance of mitochondria 

in this experiment and others detailed throughout the chapter. 

6.7.2. IRF3 interactions 

Identifying an interaction between porcine IRF3 and porcine Bax would explain the findings 

reported so far, as interaction between their human counterparts proved to be essential in 

facilitating IRF3-mediated mitochondrial apoptosis (Chattopadhyay et al., 2010). IRF3 is highly 

conserved in mammals and the putative BH3 domain which facilitates interaction between Bax 

and human IRF3 might also be present in the porcine IRF3 protein (figure 6.13), suggesting the 

possibility of interaction. While not antagonising its activity through modulation of expression 

levels, Npro may still interact with Bax. While a yeast two-hybrid screen confirmed the 

interaction between porcine IRF3 and Npro, it did not identify interactions between porcine 

IRF3 and Bax or Bax and Npro. Subsequent reviews of past literature provided evidence that Bax 

toxicity might have influenced the observed yeast two-hybrid results; indeed, toxicity of 

mammalian Bax expression in yeast has been reported (Sato et al., 1994, Ligr et al., 1998). In 

addition, yeast two-hybrid screens rely upon direct protein-protein interactions meaning that a 

potential interaction between two proteins could go undetected if it were indirect and 

required a 3rd protein. To avoid such issues such as these, future studies should instead utilise 

confocal co-localisation or co-immunoprecipitation in mammalian cells, enabling the detection 

of both direct and indirect interactions. 

IRF3 may not be the only protein Npro interacts with in order for it to exert its anti-apoptotic 

activity. As discussed previously (see 1.3.3.3), an interaction with TID1 has also been identified 

by yeast two-hybrid (unpublished data). Through a function of its co-chaperone DnaJ domain, 
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TID1 has been reported to interact with and target p53 to the mitochondrial membrane (Ahn 

et al., 2010, Trinh et al., 2010), facilitating the activation of Bax via either an interaction in the 

cytosol or at the MOM (Chipuk et al., 2004, Wolff et al., 2008). How exactly IRF3 and Bax are 

targeted to the mitochondria remains to be determined, however one possibility is that, as 

with p53, TID1 directs each protein to the MOM either alone or in complex with p53 to bring 

about permeabilisation and apoptosis. Another possibility is that p53/TID1-mediated apoptosis 

occurs parallel to IRF3/Bax-mediated apoptosis, acting synergistically to bring about MOMP.  

How activation of p53 would occur in the latter scenario is uncertain – p53 has classically been 

associated with responses to genotoxic stress (Hafner et al., 2019) and more recently with 

mitochondrial apoptosis through interactions with Bcl-2-family member proteins such as the 

anti-apoptotic Bcl-xL (Mihara et al., 2003) and the pro-apoptotic Bak (Leu et al., 2004) and Bad 

(Jiang et al., 2006). In short, TID1-/-, p53-/- and Bax-/- PK-15 cells would prove invaluable in 

testing each of these theories as would co-immunoprecipitation and mass spectrometry 

studies which could confirm the discussed interactions.  

6.7.3. MOMP and cytochrome c release  

With regards to mitochondrial outer membrane permeabilization (MOMP), CSFV has been 

shown to antagonise cytochrome c release and caspase-9 cleavage (Johns et al., 2010a). This 

fits with the observations made in the present work which identified a clear antagonism of Bax 

mitochondrial relocalisation by Npro and IRF3 knockout, further increasing the probability that 

Npro antagonises a distinctly mitochondrial pathway of apoptosis such as RIPA. Multiple 

attempts were made to study the release of cytochrome c as an additional readout for 

mitochondrial apoptosis and its antagonism by Npro. Poor homology between porcine 

cytochrome c and its rat counterpart was likely responsible for the lack of reactivity when 

screened by immunofluorescence confocal microscopy (appendix E, figure E.1). GFP-tagged 

cytochrome c offered no improvement as protein tagged at both its N and C termini did not 
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localise correctly (appendix E, figure E.2). Future studies looking to assess IRF3’s capacity to 

trigger MOMP and release of cytochrome c and their antagonism by Npro should instead utilise 

available assays that measure caspase-9 cleavage. 

6.7.4. Npro and IRF3-mediated apoptosis: the big picture  

A past study by Jefferson et al. observed that transfected CSFV Npro and the related Pestivirus 

BVDV antagonised sodium arsenate-mediated mitochondrial Bax relocalisation (Jefferson et 

al., 2014). However, this agonist is thought to trigger apoptosis by upregulating Bax expression 

in a c-Jun N-terminal kinase (JNK)-dependent manner (Lau et al., 2004). In the present work, 

Bax relocalisation has been explored in the context of stably-expressed Npro and CSFV infection 

utilising authentic agonists of dsRNA signalling pathways. We have demonstrated both 

poly(I:C) and SeV to be relevant and authentic agonists of TLR3 and RIG-I signalling pathways 

that converge on IRF3 in their induction of apoptosis. The significance of TLR3 and RIG-I 

mediated responses during CSFV infection was discussed in 5.5.1 and 5.5.2 and their relevance 

highlighted by Hüsser et al. using shRNA knockdown to target each (Hüsser et al., 2011).  

Taken together, these results suggest that Npro’s interaction with IRF3 is not only responsible 

for antagonising the induction of type I IFN but also the induction of IFN-independent 

IRF3/Bax-mediated caspase-3 cleavage and apoptosis. Ultimately, Npro’s antagonism of TLR3, 

RIG-I and IRF3-mediated apoptotic responses might serve as another mechanism of CSFV 

immune evasion, potentially contributing to the establishment of infection and host 

persistence.  
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7. Final discussion and future work 

7.1. Discussion 

Generated as a replication intermediate of the RNA virus genome, dsRNA triggers the 

induction of innate responses such as type I IFN and apoptosis. The apoptosis triggered by 

dsRNA as a consequence of infection is thought to have a protective role, serving to limit 

further virus dissemination within the host (Jorgensen et al., 2017). Thus, many viruses have 

evolved proteins which function to counter the response (Benedict et al., 2002). ASFV A179L 

binds tBid and Bax, antagonising their activity (Galindo et al., 2008, Banjara et al., 2017) while 

γ-herpesviruses encode a homolog of FLIP, preventing activation of caspase-8 by DISC 

signalling (Glykofrydes et al., 2000). When expressed stably and during infection, CSFV Npro has 

been shown to antagonise not only induction of type I IFN, but also apoptosis (Ruggli et al., 

2003, Ruggli et al., 2005, Bauhofer et al., 2007, Seago et al., 2007, Johns et al., 2010a).  

While Npro’s putative interaction with IRF3 has been identified as the source of IFN antagonism, 

the mechanism by which Npro antagonises the induction of dsRNA-meditated apoptosis has yet 

to be identified. Identification of this mechanism will provide further insights into CSFV 

pathology and potentially help facilitate the development of future, rationally designed 

vaccines and antivirals to counter infection. Using a combination of CRISPR-Cas9 gene-editing 

technology and confocal microscopy, it is reported herein that in porcine kidney endothelial 

cells IRF3 coordinates the induction of RIG-I and TLR3-mediated apoptosis in an IRF3-

dependent IFN-independent manner, cumulating in the relocalisation of pro-apoptotic Bax to 

the mitochondrial membrane and induction of caspase-3 cleavage, key hallmarks of apoptosis. 

Based on these findings, a provisional model for antagonism of RIG-I and TLR3-mediated 

apoptosis by CSFV Npro in PK-15 cells is proposed (figure 7.1).  
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RIG-I activation results in the activation of MAVS which likely assembles two complexes of 

proteins: (1) IRF3, TRAF3, TBK1 and (2) IRF3, TRAF2, TRAF3, TRAF6, TBK1 and the LUBAC 

complex (discussed in 1.3.3.2) as previously reported (Chattopadhyay et al., 2010, 

Chattopadhyay et al., 2016). Assembly of the first complex phosphorylates IRF3, resulting in 

induction of IFN and subsequent upregulation of IFN-dependent and independent ISGs. 

Assembly of the second complex termed RIPA facilitates the linear polyubiquitination of IRF3, 

enabling an interaction with Bax and subsequent induction of apoptosis triggered by MOMP. 

Due to the shared nature of the induction of these pathways, it is therefore conceivable that 

Figure 7.1: Model of TLR3 and RIG-I-mediated apoptosis and its antagonism by CSFV Npro in PK-15 

cells. Upon stimulation with poly(I:C) and SeV, TLR3 and RIG-I initiate apoptosis in an IRF3-

dependent manner characterised by mitochondrial relocalisation of Bax and activation of caspase-3. 

IRF3 also triggers induction of IFN-β and IFN-dependent and independent upregulation of ISGs 

which might amplify the TLR3/IRF3 signalling axis. CSFV Npro (purple), apoptotic signalling (red), IFN 

signalling (blue) and uncertain or inferred pathways (?) are indicated. 
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the well characterised turnover of IRF3 following interaction with CSFV Npro (Bauhofer et al., 

2007, Seago et al., 2007) is also responsible for the observed antagonism of RIG-I-mediated 

apoptosis.  

It is likely that TLR3 initiates apoptosis in a similar manner to RIG-I However, TLR3-mediated 

apoptosis is less well characterised and has not been reported to require MAVS 

(Chattopadhyay et al., 2010, Chattopadhyay et al., 2016). Indeed, stimulation of both TLR3 and 

RIG-I triggers activation of caspase-3 in an IRF3 dependent manner potentially requiring Bax 

(figure 7.1). These findings would explain why CSFV Npro is able to antagonise TLR3-mediated 

apoptosis. Unlike RIG-I activation which uses the adaptor MAVS, TLR3 uses TRIF to initiate 

production of type I IFN (discussed in 1.2.1.2) (Yamamoto et al., 2003). Recruitment of TRIF to 

TLR3 upon activation might facilitate pro-apoptotic polyubiquitination of IRF3 in the same way 

MAVS does upon RIG-I activation. Indeed, components of the RIPA pathway such as LUBAC and 

TRAF6 have been identified in TLR3 signalling complexes (Zinngrebe et al., 2016), as has TRAF2 

(Sasai et al., 2010), while TRAF3 deficiency is associated with impaired induction of type I and 

III IFN by TLR3 (Pérez de Diego et al., 2010). In contrast to its reported involvement in RIPA 

induction when associated with MAVS (Chattopadhyay et al., 2016), LUBAC was reported to 

have an anti-apoptotic effect following poly(I:C) treatment of mice (Zinngrebe et al., 2016). 

Therefore, the exact mechanism by which TLR3/IRF3-mediated apoptosis occurs remains to be 

fully elucidated. 

While not responsible for induction of TLR3 or RIG-I-mediated apoptosis, type I IFN appears to 

amplify TLR3-mediated apoptosis. Inhibition of the type I IFN signalling response by RXT (a JAK 

inhibitor) reduced poly(I:C) mediated apoptosis, suggesting downstream events are 

responsible for the observed amplification – whether these are pre or post ISG induction 

remains to be elucidated. It is feasible that ISG products could be responsible, indeed, at least 

15 pro-apoptotic ISGs have been identified (Chawla-Sarkar et al., 2003) and porcine TLR3 is 
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itself upregulated 3.2-fold in ex vivo porcine fibroblasts treated with IFN-α (Shaw et al., 2017). 

Importantly, Bax clearly relocalised to the mitochondria upon stimulation of TLR3 with 

poly(I:C) in the presence of caspase inhibitor – a phenotype not observed in TLR3-/- cells. If 

TLR3-mediated apoptosis did not rely on the direct action of IRF3 and instead required 

DISC/caspase-8 signalling, Bax relocalisation would not have been observed.  

IRF3-mediated apoptosis protects multiple human cell lines from persistent infection with SeV  

(Peters et al., 2008, Chattopadhyay et al., 2013) and CSFV infection in vitro is non-cytopathic 

(Moennig and Plagemann, 1992). CSFV infection is detected in vitro by both TLR3 and RIG-I 

(Hüsser et al., 2011) and it is possible that Npro’s antagonism of the apoptosis mediated by each 

is required for infection in vivo. Tamura demonstrated the importance of CSFV Npro in 

antagonising type I IFN as a means of maximising localised dissemination and it is possible that 

antagonism of apoptosis complements this effect (Tamura et al., 2014). Mutation of Npro and 

Erns prevents persistent foetal infection with BVDV and it is conceivable such mutations might 

have a similar effect if introduced into CSFV (Meyers et al., 2007).  

Collectively, these results suggest that Npro’s interaction with IRF3 is not only responsible for 

antagonising the induction of type I IFN but also the induction of IFN-independent IRF3/Bax-

mediated caspase-3 cleavage and apoptosis. The model presented here is largely in agreement 

with past findings made by Chattopadhyay et al. (Chattopadhyay et al., 2010, Chattopadhyay 

et al., 2016), TLR3-mediated apoptosis being an exception that requires further investigation. 

Ultimately, Npro’s antagonism of TLR3, RIG-I and IRF3-mediated apoptotic responses might 

serve as another mechanism of CSFV immune evasion, contributing to the establishment of 

infection and host persistence. 
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7.2. Future work  

While the present work has shed light on TLR3 and RIG-I-mediated apoptosis in porcine cell 

lines and the significance of IRF3 antagonism by CSFV Npro, key questions remain to be 

addressed.  

Complementation experiments with wild-type and S1 mutant porcine IRF3 constructs into 

IRF3-/- PK-15 cell lines should confirm the observed apoptosis to be independent of IRF3’s 

transcriptional function. If the hypothesis in the present work holds true, then both constructs 

will display restored sensitivity to these agonists even in the absence of ISG upregulation by 

the S1 mutant.  The mutated residues present in S1 (S396A and S398A) might be insufficient to 

block IRF3’s transcriptional activity and additional mutations might be required (e.g. S386A) 

(Mori et al., 2004, Chen et al., 2008, Bergstroem et al., 2010). Alternately, inhibitors of 

transcription and translation actinomycin D (ActD) and cycloheximide (CHX) could be 

employed to answer the same question by preventing total protein upregulation upon 

induction of apoptosis.  

There are numerous means by which the mitochondrial nature of the apoptosis antagonised 

by Npro can be determined. As discussed in 6.7.1, Bax knockout cells would prove invaluable as 

they would confirm the significance of Bax relocalisation observed following treatment with 

poly(I:C) and SeV. Additionally, Western blot analysis of mitochondrial and cytosolic fractions 

could be assessed for cytochrome c and Bax expression while luminescence assays could 

quantify the extent of caspase-9 activation, key hallmarks of mitochondrial apoptosis.  

Much of the data presented here fits with the RIPA model of RIG-I and IRF3-mediated 

apoptosis put forward by Chattopadhyay et al. (Chattopadhyay et al., 2010, Chattopadhyay et 

al., 2016). However, assembly of the MAVS-associated complex implicated in IRF3’s apoptotic 

activity remains to be determined in porcine cells in vitro.  Knockout of TRAF and LUBAC 

complex proteins, co-immunoprecipitation (Co-IP) and mutation of the IRF3 residues 
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implicated in its polyubiquitination would confirm the existence and significance of such a 

complex. It is unclear whether this pathway is exclusive to MAVS or whether TRIF, the adaptor 

protein of TLR3, also has IRF3-dependent apoptotic potential. Therefore, additional knockout 

of TRIF would shed light on the nature of TLR3-mediated apoptosis. Yeast two-hybrid was 

unable to identify an interaction between IRF3 and Bax, which would have confirmed previous 

reports and elucidate the mechanism of Bax relocalisation to the mitochondria in PK-15 cells. 

Alternative techniques such as Co-IP and colocalization could be employed to explore this 

potential interaction.   

Past yeast two-hybrid screens have identified additional interactions with proteins such as 

TID1 (unpublished) and HX-1 (Johns et al., 2010b) (discussed in 1.3.3.3 and 1.3.3.4). Recently 

Npro and us10, a ribosomal protein implicated in regulation of TLR3 expression, were found to 

interact (Lv et al., 2017b). It is unclear how modulation of any of these proteins would affect 

TLR3 and RIG-I-mediated apoptosis in porcine cells such as PK-15 considering how it is clearly 

IRF3-mediated. Knockout of the genes encoding each would help determine their involvement 

in apoptosis mediated by each PRR. Their functions might be accessory to the IRF3/Bax-

mediated pathway of apoptosis discussed in the present work or may modulate cellular 

responses to infection with CSFV.  Due to time constraints knockouts of TID1, HAX-1 and us10 

were not generated, however they would provide an interesting avenue of study to pursue.  

The data presented here demonstrates that clear progress in elucidating the core mechanisms 

of RIG-I, TLR3 and IRF3-mediated apoptosis and the likely mechanism by which Npro 

antagonises these pathways in vitro. However, there is still a significant body of work which 

needs to be completed before we can fully appreciate the significance of apoptosis 

antagonism in vivo. Progress made in our understanding of this process, as well as the 

molecular tools generated over the course of the project, should together facilitate future 
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studies which might one day inform the development of vaccines and antivirals which may 

target Npro’s function as an antagonist of TLR3 and RIG-I-mediated apoptosis.   
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Appendix A 

Cloning of EGFP-Npro-expressing 3rd-generation lentivirus 

Briefly, an Npro sequence (Brescia strain) was PCR amplified (Npro-EcoRI-fw, Npro-EcoRI-rev; 

table 2.20) from an existing plasmid and ligated into a lentiviral EGFP-expressing 3rd-generation 

transfer plasmid (pLJM1-EGFP, AddGene #19319). Sequence was ligated downstream of Npro 

resulting in an N-terminal tag since a C-terminal tag would be post-translationally cleaved as a 

consequence of Npro’s own autoprotease activity (Stark et al., 1993, Rumenapf et al., 1998). 

Bacterial transformations with each ligation product were carried out as described in 2.4.1. In 

total, 40 colonies were screened by whole-colony PCR (see 2.8.2) utilising primers spanning the 

vector-insert boundary (EGFP_F1_c, Npro-EcoRI-rev; table 2.20), identifying a single colony 

containing a plasmid with the Npro insert in the correct orientation. Subsequent restriction 

digestion analysis and Sanger sequencing of the plasmid cDNA (see 2.6.1 and 2.8.3) confirmed 

it to be correct. EGFP and EGFP-Npro-expressing lentiviruses were then generated in HEK 293T 

cells as detailed in 2.12. 
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Appendix B 

Generation of MDA5 knockout cell lines 

Identification of MDA5 knockout cell lines by Western blot 

Prior to the screening of isolated colonies of possible MDA5 knockout PK-15 cells, an antibody 

reactive against porcine MDA5 first had to be identified. Due to the high level of homology 

between the immunising peptide from human MDA5 and the corresponding sequence of 

porcine MDA5, ab126630 (Abcam) was chosen for screening. PK-15 and HEK 293T cells were 

treated with 1000 IU/ml of IFN-α for 24 hours; whole cell lysates were then harvested and 

subjected to Western blot analysis, using the antibody at a concentration of 1/1000 (figure B.1, 

left panel). Untreated PK-15 cells gave a faint 125 kDa band which increased in intensity 

considerably when treated with IFN-α. Following IFN-α treatment, a number of smaller bands 

Figure B.1: Identification and optimisation of antibody for detection of porcine MDA5 by Western 

blot. PK-15 or HEK 293T (control) cells were seeded in 12-well plates and treated with IFN-α at the 

indicated concentration. 18 hours post-treatment, whole cell lysates were prepared and analysed 

by Western blotting using a mAb that recognises human MDA5 (ab126630) as indicated. Western 

blots were performed to determine antibody reactivity at a 1/1000 dilution (left-panel) and to 

optimise detection and clarity (right-panel). A mAb recognising γ-tubulin was used to determine 

relative protein concentrations. 
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were also detected at approximately 40, 76 and 105 kDa. HEK 293T cells were used as a 

positive control and following IFN-α treatment an intense band was detected at 125 kDa, close 

to the predicted molecular weight (117 kDa) of human MDA5. As the large 125 kDa band 

present in the treated PK-15 lane runs at the same size as the corresponding band in the HEK 

A 



231 
 

293T lane (positive control), it likely corresponds to porcine MDA5. These observations are in 

agreement with past literature which identified MDA5 to be an ISG (Kang et al., 2002). 

Replicate membranes were probed with the same anti-MDA5 antibody at dilutions of 1/1000, 

1/2000 and 1/4000 (figure B.1, right panel) in order to identify the concentration which would 

give the clearest bands. Consequently, the 1/2000 dilution was chosen.  

B 

Figure B.2: Identification of putative MDA5 knockout cell lines by Western blot. (A) Putative MDA5 

knockout PK-15 cell lines were seeded in 12-well plates and treated with IFN-α (1000 IU/ml). 18 

hours post-treatment, whole cell lysates were prepared and analysed by Western blotting using a 

mAb (ab126630, Abcam) recognising MDA5. A mAb recognising γ-tubulin was used to determine 

relative protein concentrations. (B) Whole cell lysates from putative MDA5 knockout PK-15 cell lines 

were independently re-analysed by Western blotting as described in (A). 
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Subsequently, whole cell lysates prepared from IFN-α treated MDA5 knockout cell lines were 

analysed by Western blot alongside whole cell lysates from parental WT PK-15 cells (positive 

control) (figure B.2, A). A band corresponding to MDA5 was not observed for several cell lines 

(4, 6, 10, 16, 20, 23, 25, 26), indicating putative knockouts. For some cell lines (1, 7, 12), bands 

that ran smaller than expected were observed, suggesting the formation of indels that 

truncated protein either through the introduction of premature stop codons later in the open 

reading frame (ORF) or through excision of large sections of coding sequence. The lysates from 

cell lines that gave no bands were re-run on a fresh Western blot to further confirm the 

absence of protein (figure B.2, B) – only cell lines 6, 16 and 26 were negative for MDA5 protein 

while cell line 4 revealed a potentially truncated protein. Consequently, cell lines 4, 6, 16 and 

26 were selected for further screening. 

Identification of MDA5 knockout cell lines by PCR and Sanger sequencing 

To confirm the MDA5 gene of the edited PK-15 cells had been targeted, DNA was extracted, 

MDA5 sequence amplified by PCR and the resulting products Sanger sequenced (see 2.17, 

2.8.1 and 2.8.3). Two primer pairs, each flanking the gRNA target sites within the first coding 

exon of porcine MDA5, were used (poMDA5 fw.1, poMDA5 rv.1 and poMDA5 fw.2, poMDA5 

rv.2; table 2.20). The same, modified PCR program as used in 4.3.2 was used to amplify these 

fragments. Each reaction was analysed by agarose gel electrophoresis (figure B.3).  

As expected, the fragment amplified by each primer pair gave a single band running close to 

the 500 bp ladder marker (expected: 487 bp) for the DNA extracted from non-edited PK-15 

cells (positive control). However, amplification of the same fragment using DNA extracted from 

MDA5 cell line 6 cells gave a bright band of   3̴50 bp and a series of larger bands (700 – 1400 

bp) that were comparatively less intense. The   3̴50 bp band indicated an indel in at least one 

allele of the MDA5 gene, and the total absence of a   5̴00 bp band suggested that both alleles 

had been edited (figure B.3, A). The identity of the fainter bands observed in lanes 
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corresponding to MDA5 cell line 6 cells remains unknown. It is possible they correspond to 

ssDNA extending off a single primer, suggesting the annealing site for one primer has been 

destroyed by an indel on one allele.     

PCR reactions utilising primer pair 2 were repeated using DNA extracted from cell lines 16, 26 

and 4. The resulting products were then analysed by agarose gel electrophoresis alongside the 

previous WT and cell line 6 products for comparison (figure B.3, B). While no band was 

Figure B.3: PCR amplification of MDA5 gene edited cell line reveals putative indels. (A) gDNA was 

extracted from non-edited PK-15 cells and cell line 6, a PK-15 cell line gene edited for MDA5. Two 

pairs of primers (1 and 2) were then used to amplify a region (  ̴500 bp) of MDA5 that contained 

both gRNA target sites. PCR products were analysed by agarose gel electrophoresis. (B)  PCR 

reactions using primer pair 2 were repeated using gDNA extracted from cell lines 4, 16 and 26 and 

ran alongside PCR products derived from non-edited PK-15 and cell line 6 cells.  1 kb DNA ladder 

values are indicated in bp. 

 

A 

B 
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observed for cell line 16, cell line 26 gave a single bright band close to 500 bp as well as two 

fainter bands at 700 bp and 750 bp. Cell line 4 gave only a single bright band of   3̴00 bp.  

Subsequently, the brightest band from each lane was extracted, purified and then sequenced 

using a BigDye® Terminator v3.1 Cycle Sequencing Kit (ThermoFisher Scientific, #4337454) as 

detailed in 2.8.3 using forward and reverse primers (poMDA5 fw.2, poMDA5 rv.2; table 2.12) 

to obtain sequence flanking both gRNA target sites.  

Obtained sequences were then aligned with a reference genomic porcine MDA5 sequence 

(NC_010457.5:68930998-68985145) using MEGA7 software. The resulting alignments were 

then reformatted using EMBL’s MView software (http://www.ebi.ac.uk/Tools/msa/mview/; 

figure B.4). Deletions of 227 bp, 155 bp and 19 bp were identified in the sequences determined 

for cell lines 4, 6 and 26 respectively. Each of these indels were within the first coding exon of 

MDA5, beginning within the target sequence of the first gRNA and ending either within the 

second target sequence (cell line 26) or significantly downstream of it (cell lines 4 and 6).  

Nucleotide sequences from MDA5 cell lines 4, 6 and 26 were then translated as detailed in 

4.3.2 and the resulting amino acid sequences aligned against a reference sequence for porcine 

MDA5 (NP_001093664.1) (figure B.5). Upon translation, truncated amino acid sequences were 

observed for each of the cell lines compared to WT and reference sequences, indicating the 

introduction of premature stop codons (figure B.4, red) as a consequence of the frameshifts 

introduced by each indel.  Bioinformatics.org’s protein molecular weight prediction tool 

(https://www.bioinformatics.org/sms/prot_mw.html) found each of these truncated proteins 

to have predicted molecular weights of approximately 5 kDa (figure B.5, B).  These findings and 

observations are in agreement with those made in figure B.2 and indicate that cell lines 4, 6 

and 26 are homozygous MDA5 knockouts. 

 

http://www.ebi.ac.uk/Tools/msa/mview/
https://www.bioinformatics.org/sms/prot_mw.html
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        1 [        .         .         .         .         : 50  

REF       TTCAGGTGGAGCCGGTATTGGACTACTTGACCTTTCTGCCTGCAGAGGTG    

WT        TTCAGGTGGAGCCGGTATTGGACTACTTGACCTTTCTGCCTGCAGAGGTG      

MDA5-4    TTCAGGTGGAGCCGGTATTGGACTA-------------------------     

MDA5-6    TTCAGGTGGAGCCGGTATTGGACTA-------------------------     

MDA5-26   TTCAGGTGGAGCCGGTATTGGACTACTTGACCTTTCTGCCTGCAGAGGTG     

 

        51         .         .         .         .         1 100 

REF       AAGGAGCAGATTCAGAGGGCGGTCGCCACCACTGGGAACATAAACGCAGC   

WT        AAGGAGCAGATTCAGAGGGCGGTCGCCACCACTGGGAACATAAACGCAGC   

MDA5-4    --------------------------------------------------     

MDA5-6    --------------------------------------------------     

MDA5-26   AAGGAGCAGATT-------------------CTGGGAACATAAACGCAGC     

 

       101         .         .         .         .         : 150 

REF       TGAACTGCTTCTGAACACTTTGGAGAAGGGGGTCTGGCCCCCCGGCTGGA     

WT        TGAACTGCTTCTGAACACTTTGGAGAAGGGGGTCTGGCCCCCCGGCTGGA     

MDA5-4    --------------------------------------------------     

MDA5-6    --------------------------------------------------     

MDA5-26   TGAACTGCTTCTGAACACTTTGGAGAAGGGGGTCTGGCCCCCCGGCTGGA     

 

       151         .         .         .         .         2 200 

REF       CTAGGATGTTTGTGCAGGCTCTCCGGGAAACAGGCAACTCCTTAGCGGCC    

WT        CTAGGATGTTTGTGCAGGCTCTCCGGGAAACAGGCAACTCCTTAGCGGCC      

MDA5-4    --------------------------------------------------     

MDA5-6    ------------------------------CAGGCAACTCCTTAGCGGCC     

MDA5-26   CTAGGATGTTTGTGCAGGCTCTCCGGGAAACAGGCAACTCCTTAGCGGCC     

 

       201         .         .         .         .         : 250 

REF       CGCTACGTGAACCCCGATCTCACCGACTTGCCCTCTCCATCCTTTGAGAG  

WT        CGCTACGTGAACCCCGATCTCACCGACTTGCCCTCTCCATCCTTTGAGAG        

MDA5-4    --------------------------------------------------     

MDA5-6    CGCTACGTGAACCCCGATCTCACCGACTTGCCCTCTCCATCCTTTGAGAG     

MDA5-26   CGCTACGTGAACCCCGATCTCACCGACTTGCCCTCTCCATCCTTTGAGAG     

 

       251         .         .      ] 277 

REF       CTCTCATGATGAGTGTCTCCAACTGCT     

WT        CTCTCATGATGAGTGTCTCCAACTGCT     

MDA5-4    --CTCATGATGAGTGTCTCCAACTGCT     

MDA5-6    CTCTCATGATGAGTGTCTCCAACTGCT     

MDA5-26   CTCTCATGATGAGTGTCTCCAACTGCT 

 

 

 
 
 
 
 
 

Figure B.4: Alignment of nucleotide sequences reveals MDA5 gene edited cell lines contain indels 

within the first exon. MDA5 sequences obtained using gDNA extracted from non-edited PK-15 cells 

(WT) and PK-15 cell lines (4, 6 and 26) gene edited for MDA5 were aligned with the cDNA sequence 

for porcine MDA5 (NP_001093664.1) using MEGA7 software. Large indels were identified for all 

gene edited cell lines. PAM sites (waves, underlined) and the sequence of the first (green) and 

second (blue) gRNA targets are indicated as are premature stop codons (red). 
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A 
 

        1 [        .         .         .         .         : 50 

REF       MSSDGYSADQNFCYLISCFRARVKRYIQVEPVLDYLTFLPAEVKEQIQRA    

WT        MSSDGYSADQNFCYLISCFRARVKRYIQVEPVLDYLTFLPAEVKEQIQRA    

MDA5-4    MSSDGYSADQNFCYLISCFRARVKRYIQVEPVLDYS--------------    

MDA5-6    MSSDGYSADQNFCYLISCFRARVKRYIQVEPVLDYRQLLSGPLREPRSHR    

MDA5-26   MSSDGYSADQNFCYLISCFRARVKRYIQVEPVLDYLTFLPAEVKEQILGT    

 

        51         .         .         ] 80 

REF       VATTGNINAAELLLNTLEKGVWPPGWTRMF    

WT        VATTGNINAAELLLNTLEKGVWPPGWTRMF    

MDA5-4    ------------------------------    

MDA5-6    LALSIL------------------------    

MDA5-26   ------------------------------ 

 

 

B 
 

 

 

 

 

 

 

 

 

 

 

Cell line Amino acid residue count Predicted molecular weight (kDa)  

MDA5-4 36 4.23 

MDA5-6 56 6.53 

MDA5-26 50 5.78 

Figure B.5: Amino acid alignment reveals MDA5 gene edited cell lines contain premature stop 

codons. (A) The MDA5 sequences shown in Figure *** were translated and then aligned using 

MEGA7 software. Truncated protein products were identified for all the MDA5 gene edited cell lines 

(4, 6 and 26). Colours relate to the physiochemical properties of each amino acid while grey 

indicates inserted or non-homologous sequence. (B) Bioinformatics.org’s protein molecular weight 

prediction tool was used to predict the molecular weights of the translated sequences.  
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Appendix C 

Transfected poly(I:C) triggers no observable apoptosis in TLR3-/- 

cells 

 

 

 

 

 

Figure C.1: Transfected poly(I:C) triggers no observable apoptosis in TLR3 knockout PK-15 cells. 

WT and three CRISPR-Cas9 knockout TLR3-/- PK-15 cell lines were seeded in 12-well plates and 

treated with 100 μg/ml poly(I:C) in the presence and absence of transfection reagent. 18 hours 

post-treatment, whole cell lysates were prepared and analysed by Western blot using mAbs 

recognising cleaved caspase-3 and Mx1. A mAb recognising γ-tubulin was used to determine relative 

protein concentrations. 
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Appendix D 

Generation of porcine IRF3 mutant to investigate IFN and 

transcriptional upregulation-independent IRF3-mediated 

apoptosis 

Cloning of EGFP-tagged WT and S1 mutant porcine IRF3 into the 

pcDNA3.1 expression vector  

In the absence of a suitable antibody reactive with porcine IRF3, N-terminus EGFP-tagged WT 

(poIRF3WT) and poIRF3S1 constructs were cloned in the pcDNA3.1 vector (Invitrogen). Briefly, 

poIRF3WT was PCR amplified from pGADT7-IRF3 (2.8.1) with BamHI/NotI overhangs 

(poIRF3_BamHI_fw, poIRF3_NotI_rev; table 2.20) and ligated into the pcDNA3.1 mammalian 

expression vector (2.6.2) to generate pcDNA3.1-poIRF3-WT. To introduce an n-terminal tag, 

EGFP was amplified from pLJM1-EGFP using a forward primer with a 5’ KpnI site, a Kozak 

sequence and a start codon, and a reverse primer that contained 32 nt of the poIRF3WT 3’ ORF 

containing an internal EcoRV site (KpnI_Kozak_5’EGFP_FW, 3’EGFP_BamHI_5’poIRF3_REV; 

table 2.20) and subsequently ligated into pcDNA3.1-poIRF3-WT to generate pcDNA3.1-EGFP-

poIRF3-WT. poIRF3S1 cDNA was acquired from GeneArt and PCR amplified using a forward 

primer containing the internal EcoRV site and a reverse primer containing a NotI site 

(intEcoRV-poIRF3, poIRF3-NotI; table 2.20), which upon ligation generated the pcDNA3.1-

EGFP-poIRF3-S1 plasmid.  
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Confirmation of EGFP-IRF3 WT and S1 mutant expression and 

localisation 

PK-15 and SK6 cells were transfected (see 2.7.1) with pcDNA3.1-poIRF3-W1 and S1 plasmids in 

order to confirm expression and correct localisation. Each cell line was also transfected with an 

EGFP control plasmid2. Expression was confirmed by Western blot (figure D.1) and confocal 

microscopy (figure D.2). 

                                                           
2 Prepared by annealing two oligos bearing internal stop codons (BamHI-3frameSTOP-NotI_FW, BamHI-
3frameSTOP-NotI_REV; table 2.20) and ligating them into pcDNA3.1-EGFP-poIRF3-WT following 
BamHI/NotI digest to remove poIRF3S1. 

Figure D.1: EGFP-tagged WT and S1 mutant porcine IRF3 resolve at their predicted sizes when 

analysed by Western following expression in PK-15 and SK6 cells. PK-15 and SK6 cells were 

prepared 24-well plates and transfected with pcDNA3.1 plasmid encoding either EGFP, EGFP-

poIRF3-WT or EGFP-poIRF3-S1. 24 hours post-transfection, whole cell lysates were prepared and 

analysed by Western blotting using a mAb recognising GFP. 
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Figure D.2: EGFP-tagged WT and S1 mutant porcine IRF3 is distributed exclusively in the cytosol 

and is excluded from the nucleus in unstimulated PK-15 and SK6 cells. (A) PK-15 and (B) SK6 cells 

were seeded onto coverslips in 24-well plates and transfected with pcDNA3.1 plasmid encoding 

either EGFP, EGFP-poIRF3-WT or EGFP-poIRF3-S1. 24 hours post-transfection, cells were fixed and 

analysed by confocal microscopy.  Nuclei are stained blue with DAPI. 

A 
 

B 
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Appendix E 

Problematic visualisation of cytochrome c in porcine cell lines 

Endogenous cytochrome c was detectable by immunofluorescence in 

human but not porcine cell lines  

The mouse mAb 6H2.B4 (Cell Signalling, #12963), was acquired in order to detect cytochrome c 

in unstimulated and apoptotic cells by immunofluorescence confocal microscopy. PK-15 cells 

were prepared alongside two human cell lines (HEK 293T and HeLa), the latter of which acted 

as positive controls. Once each cell line neared confluency they were stained with MitoTracker 

Red CMXRos for 30 min after which they were fixed and subjected to immunofluorescent 

staining to detect cytochrome c. In HEK 293T and HeLa cells, cytochrome c signal was intense 

and matched the distribution of MitoTracker signal, indicating perfect co-localisation with the 

mitochondria (figure E.1). While the mitochondria of HeLa cells appeared more elongated than 

those of HEK 293T cells, cytochrome c still co-localised to the same extent. However, in PK-15 

cells the cytochrome c signal appeared punctate throughout the cytosol with no detectable co-

localisation with the mitochondria (figure E.1) suggesting that BH2.B4 does not recognise 

porcine cytochrome c by immunofluorescence.  
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Figure E.1: Endogenous cytochrome c was detectable by immunofluorescence with mAb 6H2.B4 

by immunofluorescence in HEK 293T and HeLa cells but not PK-15 cells. HEK 293T, HeLa and PK-15 

cells were seeded onto coverslips in 24-well plates. Cells were then treated with MitoTracker (MTT) 

Red CMXRos (red) for 30 min and fixed with 4% paraformaldehyde. Fixed cells were analysed by 

immunofluorescence using a mAb (6H2.B4) recognising cytochrome c which was co-stained with 

Alexa Fluor 488 IgG1 (green). Nuclei are stained blue with DAPI. Cells were visualised at the single-

cell level (A); white boxes indicate cropped fields of view (B). 

 

A 
 

B 
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Transfected GFP-cytochrome c localises primarily to the mitochondria 

and nucleus while cytochrome c-GFP is distributed evenly throughout 

the cytosol of PK-15 cells  

PK-15 cells were prepared on coverslips and initially transfected with pGFP-Cytochrome 

(Addgene plasmid #41181). Twenty-four hr post-transfection, mitochondria were stained with 

MitoTracker and the cells were fixed. While GFP-cytochrome c clearly localised to the 

mitochondria as indicated by its clear co-localisation with the mitochondria, a significant 

portion was also present in the nucleus (figure E.2, A and B). To a lesser extent, GFP-

cytochrome c was also present in the cytosol however this varied from cell to cell – the 

cytochrome c signal co-localised with mitochondria in all cells, but differences were observed 

between cells with regards to cytosolic and nuclear distribution (figure E.2, A, middle) than 

others (figure E.2, A, top and bottom). PK-15 cells were subsequently transfected with 

pCytochrome C-GFP (Addgene plasmid #41182) to determine whether C-terminal fusion with 

GFP eliminates unwanted nuclear and cytosolic localisation. However, upon visualisation by 

confocal microscopy it was clear that cytochrome c-GFP was devoid of any mitochondrial 

localisation and instead appeared to be distributed throughout all subcellular compartments 

(figure E.2, C and D). It was decided that neither cytochrome c GFP-fusion would be suitable 

for apoptotic studies involving Npro. 
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C 
 

D 
 

Figure E.2: Transfected GFP-cytochrome c localises primarily to the mitochondria and nucleus 

while cytochrome c-GFP is distributed evenly throughout the cytosol of PK-15 cells. (A, B, C, D) 

PK-15 cells were seeded onto coverslips in 24-well plates and transfected with (A, B) pGFP-

Cytochrome C (Addgene plasmid #41181) or (C, D) pCytochrome c-GFP (Addgene plasmid 

#41182). 24 hours post-transfection, cells were treated with MitoTracker (MTT) Red CMXRos (red) 

for a further 30 min and fixed with 4% paraformaldehyde. Fixed cells were then analysed by 

confocal microscopy; images of single cells (A, C) were cropped and enlarged (B, D) for clearer 

visualisation of protein localisation. Nuclei are stained blue with DAPI.  
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