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Abstract 

Porcine Reproductive and Respiratory Syndrome (PRRS) is a global disease 

which takes a significant toll on the pork industry and the welfare of pigs. The 

causative agent – PRRS virus (PRRSV) – is a single-stranded, positive-sense RNA 

virus of the Nidovirales order. In the process of replication, PRRSV induces the 

rearrangement of cellular membranes to form double-membrane vesicles (DMVs). 

These structures are thought to have a role in a) concentrating viral structures to 

increase their chances of interacting with one another, and b) preventing elements of 

the cellular immune response from detecting viral structures. 

Previous work has suggested that the DMV originates from the autophagy 

pathway – a highly-conserved mechanism for cells to recycle extraneous organelles 

and proteins during times of stress. Other work suggests that the DMV may be a co-

opted EDEMosome – a recently-discovered vesicle which is involved in regulating the 

level of endoplasmic reticulum-associated degradation (ERAD).  

This thesis explores these possibilities – using immunofluorescent imaging as 

well as examining the proteomic and ribonucleic acid composition of the DMV as 

isolated by flow cytometry or separated from other organelles by density gradient – 

calling both candidate pathways into question and suggesting other candidate 

structures such as exosomal vesicles. 
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Lay Summary 

Porcine Reproductive and Respiratory Syndrome (PRRS) is a disease which has 

a substantial impact on the pork industry and the well-being of pigs. PRRS is caused 

by a virus – known as PRRSV. This non-living parcel of chemicals hijacks the cells of 

the pig, turning them into factories for producing more virus which can go on to infect 

new hosts.  

All cells contain different internal structures known as organelles which are 

specialised to different tasks such as energy production or waste recycling. PRRSV 

virus captures one of these organelles to generate its own structure known as the double 

membrane vesicle (DMV). It’s not clear which organelle is taken over to form the 

DMV – it has been suggested that it may be the autophagosome (the recycling centre 

of the cell), or the EDEMosome (a structure that keeps the breakdown of proteins in 

balance). 

This thesis uses several approaches to determine which organelle the virus is 

hijacks. Coloured stains for the DMV, the autophagosome and the EDEMosome were 

examined by microscope. Infected cells were burst in order to separate the different 

organelles. 
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1.1 Pigs 

For millions of years, pigs (Sus scrofa) and humans (Homo sapiens) have shared 

their environment. The first signs that humans were domesticating pigs can be found 

around 8,000 BCE in diet and bone analyses (Vervynck et al. 2001; Jing & Flad 2002). 

Since this time, selective pressures have been exerted upon pigs leading to 

improvements in production traits such as feed conversion ratio and litter size 

(Mitchell et al. 1982; Avalos & Smith 1987; Webb 1998). The subspecies that was 

selected, Sus scrofa domesticus, can be found in most countries in which most 

individuals lead a similar life. 

A pregnant sow will gestate for close to 4 months before giving birth to a litter 

of approximately 10 piglets weighing up to 2 kg each. In the first month of life, most 

males are castrated and the piglets are fed on milk. After this time, they are weaned 

onto dry food and classified as weaners until they reach approximately 25 kg by 8 

weeks of age. Over the following 6 months, the pigs will typically grow to their 

slaughter weight of 100 kg. 

One billion pigs are raised for meat each year in an industry worth over $200 

billion (FAO, Food and Agriculture Organization of the United Nations; Giamalva 

2014). Respiratory disease has long been a problem at every stage in this industry, with 

Porcine Reproductive and Respiratory Syndrome (PRRS) being the most common 

viral cause since the 1990s (Guerrero 1990; Halbur 1998; Choi et al. 2008; Palzer et 

al. 2008).  
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1.2 Porcine Reproductive and Respiratory Syndrome  

Discovery and Aetiology 

Porcine Reproductive and Respiratory Syndrome is a disease which has 

burdened the swine industry for close to 30 years. The first reports of fever, 

spontaneous abortion, pneumonia and reduced growth were made within herds in 

North Carolina, Iowa and Minnesota (USA) in 1987 and 1988, and a similar 

constellation of symptoms was observed in pigs in Münster (Germany) in 1990 

(Keffaber 1989; OIE World Animal Health Report, 1991). Over the following years, 

cases were observed in other parts of the USA and Canada, across Europe 

(Netherlands, Belgium, Spain, UK, France, Denmark, Poland and the Czech 

Republic), and in the Far East (Japan and Taiwan) (OIE World Animal Health Report, 

1991; Bøtner et al. 1994; Pejsak & Markowska-Daniel 1996; Valícek et al. 1997; 

Murakami et al. 1994; Chang et al. 1993). Now, PRRS can be found in most pig-

producing countries across the globe (Figure 1.1a). Before the name PRRS was agreed 

upon by the 1st International Symposium on the disease (1992), a variety of names 

were developed including (though not limited to) swine infertility and respiratory 

syndrome (SIRS), mystery swine disease (MSD), porcine epidemic abortion and 

respiratory syndrome (PEARS), swine plague, pig AIDS and blue-ear pig disease. 

Despite similar symptoms there was no clear link between the outbreaks of 

PRRS in North America/the Far East and the outbreaks in Europe. In order to fulfil 

Koch’s postulates, a sample isolated in Lelystad (Netherlands) was passaged in cell 

culture then used to infect pregnant sows which developed mild symptoms and gave 

birth to a range of mummified, dead and weak piglets; this European infectious agent 
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was designated Lelystad virus (Terpstra et al. 1991). The following year, tissue 

collected from symptomatic piglets on a Minnesota farm was used to infect gnotobiotic 

piglets which then developed symptoms; this North American infectious agent was 

isolated in cell culture and designated VR-2332 (Collins et al. 1992). These two 

infectious agents showed sufficient homology to be considered the same virus – named 

PRRS virus (PRRSV) – however, they were divergent enough to be considered 

different genotypes (Mardassi et al. 1994); Genotype 1 (originally referred to as 

European) and Genotype 2 (North American) are discussed in depth the Phylogeny 

section (Figure 1.1b). 
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Clinical signs 

The clinical signs of PRRS depend on the age of the infected pig and, in the case 

of pregnancy, the trimester of gestation. In addition, previous exposures and the 

severity of the strain in question will have an impact on the observable effects of the 

disease. 

Sows and Gilts: The most notable symptom in PRRSV-infected pregnant sows 

is late-term reproductive failure, however transient fever, lethargy, laboured breathing, 

reduced white blood cell counts and reduced appetite may present in infected gilts and 

sows (Collins et al. 1992; Christianson et al. 1993). The extent of reproductive failure 

ranges from early farrowing with an elevated number of still-born or weak piglets, to 

spontaneous abortion and death of the sow. Rates of abortion are typically between 10 

and 20%, with greater general pathogenicity resulting in higher rates of abortion 

(Christianson et al. 1993; Halbur et al. 1998; Rowland 2010).   

Infection of the foetus can occur after approximately 90 days of gestation; 

however, reproductive failure and foetal pathology can occur prior to this point as a 

result of effects on the sow (Christianson et al. 1993; Rowland 2010). If the foetus dies 

before 35 days of gestation, it may be entirely reabsorbed; whilst later death will result 

in the foetus either being aborted, or depleted of nutrients (mummification) and 

delivered as a still-birth (Karniychuk and Nauwynck, 2013). During infection, 

macrophages in the placenta show increased expression of PRRSV receptors. It is 

believed that these cells act as a “Trojan Horse” for the virus to cross the placental 

barrier to the foetus in late gestation. (Karniychuk and Nauwynck, 2013; Cafruny and 

Bradley 1996). This in utero exposure to the virus has a unique pathology resulting 

from replication in the thymus and in the accessory organs (umbilical cord and 
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amniotic sac), and is consequently referred to as congenital PRRS (Karniychuk and 

Nauwynck, 2013; Rowland et al. 2003). In live born animals, severe respiratory 

problems cause later mortality rates of up to 100% by the time of weaning (Rosscow 

et al. 1999; Rosscow et al. 1994; Feng et al. 2001). 

Suckling Pigs: For piglets infected after farrowing but before weaning, common 

symptoms include fever, lethargy, interstitial pneumonia, diarrhoea, reduced appetite 

and reduced blood flow to the ears or hindquarters resulting in discolouration (Collins 

et al. 1992; Rosscow et al. 1999). Other reported symptoms include tremors, 

meningoencephalitis, myocarditis, haemorrhaging and doming of the forehead 

(Rosscow et al. 1999; Keffaber 1989; Loula 1991). Once again, mortality is highly 

variable, ranging from 1.5% to 80% (Linhares et al. 2012; Piras et al. 2005). 

Weaners, Growers and Finishers: In the time between weaning and slaughter, 

pigs will experience similar symptoms to those of suckling piglets, albeit with less 

severity – lethargy, reduced appetite, interstitial pneumonia and reduced blood flow to 

the ears or hindquarters are all noted along with reduced weight gain and feed 

efficiency (Allende et al. 2000; Rowland et al. 2003). 

Boars: Boars will typically express less severe symptoms than younger animals 

or sows. However, fever, lethargy, laboured breathing, reduced appetite, reduced 

libido and lower semen quality have been reported as well as death in some high 

pathogenicity strain infections (Yaeger et al. 1993; Ni et al. 2012). 
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Transmission, Control and Damage Reduction 

PRRSV is highly infectious and so a severe infection can be initiated within a 

piglet by exposure to less than 10 viral particles, although exposure to a greater number 

of particles will produce more rapid onset of symptoms (Yoon et al. 1999). The viral 

particles can enter a naïve animal through inhalation, ingestion, bodily fluid transfer 

such as insemination, suckling or direct injection. Infection is initiated  in local 

macrophages which are able to spread the virus systemically to mononuclear cells and 

macrophages in a broad range of tissues (heart, lungs, kidneys, thymus, spleen, Peyer’s 

patches, liver, brain and adrenal gland) as well as germ cells in the testes, epithelial 

cells in the lungs, and endothelial cells in the heart and lungs resulting in clinical 

disease with the shedding of the virus in faeces and nasal secretions (Christianson et 

al. 1993; Rosscow et al. 1994; Prickett et al. 2008; Halbur et al. 1995; Halbur et al. 

1996; Pol et al. 1991; Magar et al. 1995; Beyer et al. 2000). Infected sows will shed 

virus in milk secretions, which can infect suckling piglets (Wagstrom et al. 2001); and 

infected boars can shed virus in their semen, which can infect sows through natural 

mating or artificial insemination (Christopher-Hennings et al. 1995; Swenson 1994). 

PRRSV particles are relatively hardy, remaining stable at low temperatures 

(below 4°C) but rapidly becoming inactivated at higher temperatures (less than 5 

minutes at 72°C) or when exposed to UV light (Benfield et al. 1992; Dee et al. 2011). 

The virus is labile within 24 hours at ambient temperatures (~26-37°C) on most 

fomites, however it is able to last substantially longer (up to 11 days) in water (Dee et 

al. 2002; Pirtle & Beran 1996; Hermann et al. 2007). These factors explain the risk of 

mechanical transmission of the virus by humans through common farm activities 

particularly during colder weather and lower relative humidity. In order to reduce the 
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risk of farm staff introducing the virus to a herd, a 48-hour quarantine after exposure 

to other herds has been shown to be effective (Evans et al. 2008). 

In terms of non-human animals acting as vectors, it has been reported that 

PRRSV can actively infect wild fowl (Anas species), however this result could not be 

replicated and so it seems unlikely that active infection takes place in birds 

(Zimmerman et al. 1997; Trincado et al. 2004). Nevertheless, the stability of the virus 

in water and low number of infectious particles required for infection do suggest that 

birds could act as a method for transmitting the virus between the water sources of 

pigs. Houseflies (Musca domestica) which feed on infected pigs can contain infectious 

virus for between 6 and 48 hours after feeding (Otake et al. 2003a; Otake et al. 2003b; 

Schurrer et al. 2005); this has been shown to be a viable route of transmission between 

herds within 2 km of each other (Otake et al. 2003b; Pitkin et al. 2008; Schurrer et al. 

2004). 

It has been suggested that wild boar populations act as a reservoir for the virus, 

however relatively low rates of seropositivity to PRRSV have been recorded in 

samples collected by hunters. Typically, these range from zero as seen in Spain, 

Croatia and Slovenia (Vicente et al. 2001; Ruiz-Fons et al. 2006; Župančić et al. 2002; 

Vengust et al. 2006), to less than 5% as seen in France, Germany, the broader Iberian 

Peninsula and Oklahoma (USA) (Albina et al. 2000; Gethöffer et al. 2007; Kaden et 

al. 2009; Boadella et al. 2011; Saliki et al. 1998). However, these low average rates of 

seropositivity disguise some significant spatiotemporal variation as indicated by a rate 

of 38% seropositivity in boars hunted in a 2005/2006 Italian study (Montagnaro et al. 

2008), and in a longer study detecting viral RNA from boars hunted in German states 

between 2004 and 2007 which resulted in an average of 16% of samples being positive, 
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whilst the rates of individual states ranged from 5% to 45% and individual seasons 

ranging from 0% to 37% (Reiner et al. 2009). Despite temporary local increases of 

PRRSV within wild boar populations, there is no clear correlation between the size of 

these populations and the density of pig production units within a given area (Reiner 

et al. 2009). Indeed, a Swiss study, which utilised camera traps to determine boar 

movements showed that boar populations were lower in areas with higher commercial 

pig production, when this is combined with biosecurity measures such as double-

fencing, there is limited opportunity for the virus to transfer between the two 

populations (Wu et al. 2011). 

Whilst a herd may be introduced to PRRSV by humans or wild animals, the key 

risk factor for introduction is interaction with pigs from other commercial herds (Evans 

et al. 2008). Aerosol transmission of the virus has been demonstrated between herds 

over 9 km distant, although the efficiency of this route falls with distance and differs 

between strains (Otake et al. 2010; Cho et al. 2007; Mortensen et al. 2002). Stocks of 

boar semen which are purchased from infected sources may introduce the virus to a 

sow during artificial insemination via infected macrophage cells or viral particles 

within the seminal plasma (Christopher-Hennings et al. 1995; Mortensen et al. 2002; 

Christopher-Hennings 2000). The trade of infected pigs is another route by which the 

virus can be introduced to a herd; whilst it can take several weeks for an infected 

animal to develop a systemic infection and express high levels of the virus, isolating 

newly acquired pigs from the main herd for 6 days or more is associated with lower 

levels of infection (Yoon et al. 1999; Larcochelle et al. 2003; Evans et al. 2008).  

Proper biosecurity (staff quarantine, isolation of purchased pigs, testing of 

purchased pigs or semen, and thorough cleaning procedures) can reduce the chances 
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of PRRSV being introduced to a herd or spreading between groups of animals, 

however additional strategies can be employed to minimise the damage when the virus 

is already circulating on a farm. One approach is to reduce the impact of secondary 

bacterial infections, as in the case of “McRebel” (see Porcine Respiratory Disease 

Complex below), whilst other strategies such as gilt acclimation and vaccination seek 

to generate an immune response to the virus – they can therefore be used in 

combination to generate the strongest response possible. Gilt acclimation seeks to 

reduce the pathology of piglets born to new mothers by intentionally exposing gilts to 

the circulating strain of PRRSV in the form of viremic tissue in feed or live virus 

injection, by the time these gilts come to breed the majority will have neutralising 

antibodies circulating in their blood (Batista et al. 2002). 

In terms of vaccination, inactivated and modified live virus (MLV) types are 

available for use in controlling PRRSV. Inactivated vaccines have shown minimal 

success although there have been some reports of improvements in sow performance 

(Alexopoulos et al. 2005; Scortti et al. 2007; Zuckermann et al. 2007). More success 

has been reported from MLV vaccines when the vaccine is derived from the same 

strain as the challenge virus, with vaccinated pigs showing reductions in mortality and 

improvements in growth rate (Cano et al. 2007a). A moderate success rate has been 

observed when heterologous strains are used to develop an MLV, provided a strong T 

cell response was observed (Cano et al. 2007b; Meier et al. 2003). 
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Porcine Respiratory Disease Complex 

PRRSV is particularly problematic as one of several respiratory pathogens that 

come together synergistically. In the porcine respiratory disease complex (PRDC) the 

overall pathology experienced by an infected animal is greater than the sum of 

expected pathologies for each individual disease, and the presence of one pathogen 

predisposes the animal to infection with another (Gómez-Laguna et al. 2012). There 

are two key reasons for increased susceptibility and severity observed in co-infections, 

the first is the general damage caused to the epithelium of the respiratory tract – as 

PRRSV damages ciliated cells within the respiratory tract, mucus is no longer 

effectively removed and this allows microbes to remain in the tract (Done & Paton 

1995; Halbur et al. 1995). The second is the direct disruption and destruction of 

alveolar macrophages and an associated suppression of the immune system – porcine 

alveolar macrophages (PAMs) can be thought of as the “first line of defence” against 

bacterial threats in the alveoli, they phagocytose foreign bodies and present their 

antigens for a specific immune response (Cheung et al. 2000); PAMs are supported in 

their role by pulmonary intravascular macrophages, which are involved in the 

clearance of microbes which enter the vascular system and the production of 

inflammatory signals to generate a wide immune response to infection. Since these 

macrophage cell types represent the primary target cell for PRRSV, disruption of their 

activity is consistently observed (Duan 1997; Thanawongnuwech et al. 1997; 

Thanawongnuwech et al. 2001; De Baere et al. 2012). 

Due to the factors discussed above, the presence of PRRSV increases the chance 

of infection with Streptococcus suis, Mycoplasma hyopnuemonia, porcine circovirus 

2 (PCV2) and Toxoplasma gondii (Wang et al. 2014). Other pathogens found 
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alongside the virus include porcine respiratory coronavirus (PRCV), influenza virus, 

Ebola Reston virus, Bordetella bronchispetica, and Salmonella cholerasuis (Barrette 

et al. 2009; Brockmeier et al. 2000; Wills et al. 2000). 

Multiple studies have examined the effect of PRRSV co-infection with PCV2, 

there is broad agreement that the resulting PCV2 lesions are more severe and may also 

last longer than in single infections (Allan et al. 2000; Rovira et al. 2002; Opriessnig 

et al. 2011; Gu et al. 2014). Co-infection may cause PRRSV-induced pneumonia to be 

more severe and increase the rate of mutation in PRRSV (Harms et al. 2001; Yin et al. 

2013); although the mechanism for the increased rate of mutation has not been 

determined, it is possible that the presence of PCV2 in cells leads to the loss of factors 

which would allow error-correcting in PRRSV genome replication. Detailed work by 

Fan et al. (2013) examined the various viral and immunological markers when high 

pathogenicity PRRSV and PCV2 infections occurred sequentially, obtaining the 

highest viral loads and most severe symptoms from PRRSV infection followed by 

PCV2 infection after 7 days. 

Pigs infected with PRRSV and PRCV show more severe symptoms as a result 

of reduced NK-cell-mediated cytotoxicity and increased pro-inflammatory factors 

production (Renukaradhya et al. 2010); and a comparison of co-infection and single 

infections showed that the former lasted significantly longer and had more severe 

respiratory symptoms (Van Reeth et al. 1996). Co-infection with PRRSV and 

influenza resulted in a much longer fever with severe respiratory symptoms than either 

pathogen alone (Van Reeth et al. 1996). 

A similar pattern is seen in bacterial co-infections, M. hyopneumoniae, B. 

bronchispetica and S. cholerasuis all had more severe symptoms when PRRSV 
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infection was also present (Thacker et al. 1999; Brockmeier et al. 2000; Wills et al. 

2000). Due to this increase in severity, an effective strategy for reducing the damage 

caused by PRRSV is to reduce the exposure of newborn piglets to pathogenic bacteria 

(Polson et al. 2010); this McRebel (“Management Changes to Reduce Exposure to 

Bacteria to Eliminate Losses”) strategy involves limiting the fostering of piglets 

between sows, removing piglets which are unlikely to survive if they do not respond 

to antibiotic treatment, ensuring that smaller piglets get sufficient care and ensuring 

clean practices between litters or pens (McCraw et al. 2000). This type of targeted 

antibiotic use is particularly important when considering antibiotic-resistant organisms 

in the swine industry which have potential zoonotic transfer such as methicillin-

resistant Staphylococcus aureus (MSRA) and Streptococcus suis (Barton 2014). 
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1.3 Porcine Reproductive and Respiratory Syndrome Virus 

Origins, Phylogeny and Global Spread 

So far, this chapter has discussed PRRS as a disease without focusing on the 

causative agent. The story of PRRS virus begins far more recently than the divergence 

of the ancestors of pigs and humans. The rapid generation time, comparatively small 

genome, and error-prone molecular machinery of viruses makes their evolution rapid 

in comparison to our own and so the viruses of 100 million years ago have long since 

gone extinct, integrated into host genomes, or changed beyond recognition. 

PRRSV is part of an order of positive-sense RNA viruses, the Nidovirales, which 

express their structural proteins through a nested-set of sub-genomic RNAs (nido- is 

Latin for “nest”); the Arteriviridae, Coronaviridae and Roniviridae families all make 

use of this replication strategy (King et al. 2011). Based on similarities in genomic 

organisation, protein sequence and macrophage cell tropism, PRRSV is classified as a 

member of the Arteriviridae family alongside equine arteritis virus (EAV; the 

prototypical arterivirus), lactate-dehydrogenase elevating virus (LDV), simian 

haemorrhagic fever virus (SHFV), and wobbly possum disease virus (WPDV), as well 

as several newly-recognized members – Drakensberg Mountain vervet virus (DMVV-

1), Zambian malbrouck virus (ZMbV-1), Mikumi yellow baboon virus 1 (MYBV-1) 

and Southwest baboon virus 1 (SWBV-1) (Meulenberg et al. 1994; King et al. 2011; 

Dunowska et al. 2012; Bailey et al. 2014).  

Early genomic analysis of PRRSV isolates from North America and Europe 

suggested that whilst these were the same virus species, a sustained period of isolation 

had allowed their nucleotide sequences to diverge by approximately 40% (Nelsen et 
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al. 1999). Several attempts have been made to use molecular clock analysis to 

determine when the two genotypes last shared a common ancestor, and the resulting 

estimates range from 1225 to 1979 (Yoon et al. 2013; Forsberg et al. 2001; Hanada et 

al. 2005; Forsberg 2005). The extremes of these estimates disagree significantly, 

however there is broad agreement that these ancestral strains were restricted to Eurasia 

until they were transferred to North America via wild boar populations at some point 

in the past 200 years (Plagemann 2003). One thing that is certain is that both genotypes 

have had enough time to become highly diverse, with each having a nucleotide 

divergence of greater than 15% (Han et al. 2006; Van Doorsselaere et al. 2012). One 

factor which contributes to this diversity is the error-prone replicase of the arteriviruses 

which leads to an abnormally fast mutation rate (between 4.71 x 102 and 9.8 x 102 

synonymous site per year) compared to that of other nidoviruses (Forsberg et al. 2001; 

Hanada et al. 2005; Kappes & Faaberg 2015; Lauber et al. 2013). Another factor which 

led to the current diversity of PRRSV strains is the high rate of recombination seen in 

nidoviruses (Kapur et al. 1995; Yuan et al. 1999); this has resulted in regions of the 

genome (particularly those in the antigenically-significant structural protein-coding 

region) being shuffled between strains of the same genotype (Martín-Valls et al. 2014; 

Liu et al. 2011). One consequence of this rapid rate of evolution is the emergence of 

quasispecies during the course of infection, the presence of several related sub-

populations gives the virus plasticity in response to selection pressures such as antiviral 

agents or specific immune responses (Rowland et al. 1999; Goldberg et al. 2003, 

Domingo et al. 1997). It is particularly noteworthy that the high frequency of mutation 

and recombination seen in PRRSV has resulted in the emergence of high-pathogenicity 

(also referred to as “acute” or “atypical”) strains of the virus on numerous occasions 
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(Mengeling et al. 1998; Gauger et al. 2012; Tian et al. 2007; Xiao et al. 2010; 

Karniychuk et al. 2010; Murtaugh et al. 2010). 

The Replicative Cycle of PRRSV 

All viruses consist of a nucleic acid genome packaged within a shell of protein 

and, in some cases, a lipid bilayer. For PRRSV, this is a single strand of ribonucleic 

acid (RNA) coated with nucleocapsid (N) protein, packaged within a largely-spherical 

lipid membrane (of approximately 60 nm diameter) studded with spike complexes of 

glycoprotein 2 (GP2), GP3 and GP4; disulphide-linked dimers of GP5 and matrix (M) 

protein; and pores of envelope (E) protein (Figure 1.2a) (Spilman et al. 2009; Dokland 

2010). 

When a PRRSV particle comes into close proximity with a cell, M protein 

dimers will typically interact with heparin sulphate which acts keeps the virus near the 

cell surface so that other factors can initiate entry (Delputte et al. 2002; Vanderheijden 

et al. 2001). For a long time, it was believed that the GP5/M protein dimer of the virus 

interacted with CD169 (also known as sialoadhesin) to initiate entry into the cell. A 

monoclonal antibody generated against a PAM surface antigen was shown to block 

viral entry to the cell, and this surface antigen was later found to be CD169 (Duan et 

al. 1998a; Duan et al. 1998b; Vanderheijden et al. 2003); further work showed that 

this anti-CD169 monoclonal antibody was able to block the interaction between 

CD169 and sialic acid, and removal of sialic acid from the virus via neuraminidase 

treatment would prevent infection and reduce the attachment of viral particles to the 

cell surface, suggesting CD169 was facilitating entry through an interaction with the 

sialic acid of GP5 (Delputte & Nauwynck 2004). The expression of CD169 by PK-15 

cells allowed the viral particle to be internalised though active infection could not be 
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initiated, and pre-treatment of the virus with a soluble form of CD169 was able to 

prevent PRRSV infection, further illustrating the role of CD169 as a receptor for the 

virus (Vanderheijden et al. 2003; Van Breedam et al. 2010). Despite this substantial 

body of evidence, the role of CD169 as the receptor for the virus has been called into 

question due to CD169-negative pigs responding to PRRSV exposure in the same way 

as wild-type animals, and MARC-145 cells treated with the anti-CD169 monoclonal 

antibody being infected by PRRSV (Prather et al. 2013; Wissink et al. 2003). 

It seems likely that CD169 is one of several attachment factors (including 

heparin sulphate, vimentin, CD151 and DC-SIGN) which are not essential, but 

contribute to, the uptake of viral particles by the cell (Shanmukhappa et al. 2007; 

Zhang & Yoo 2015). Following attachment, PRRSV particles are internalised in small 

clatherin-associated vesicles, this use of clatherin-mediated endocytosis has also been 

demonstrated for EAV and SHFV (Van Gorp et al. 2009; Nauwynck et al. 1999; 

Vanderheijden et al. 2003; Nitschke et al. 2008; Caì et al. 2015); disruption of actin 

filament formation or cell surface receptor internalisation both result in reduced rates 

of infection, suggesting a role for microfilament-dependant endocytosis in viral entry 

(Kruetz & Ackermann 1996). 

Following uptake into endosomes, a drop in pH is required to bring about 

rearrangements in the structural proteins of the viral particle which then fuses with the 

vesicle to release the core into the cytosol. Whilst there is a pH drop as early 

endosomes mature into late endosomes, Rab5- and Rab7-negative mutants (which do 

not undergo this maturation) remain permissive to PRRSV infection suggesting that a 

small pH drop is sufficient (Kruetz & Ackermann 1996; Van Gorp et al. 2009); 

inhibition of this pH drop will cause viral particles to accumulate in vacuoles near the 
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cell surface (Nauwynck et al. 1999). As the pH falls in the early endosome, the aspartic 

protease – cathepsin E – and an unknown serine protease facilitate an interaction 

between the glycosylation sites of GP2 and GP4 in the viral trimer and the scavenger 

receptor cysteine-rich domain 5 (SRCR 5) of CD163, causing the fusion of the viral 

particle with the membrane of the endosome, and the release of the viral core into the 

cytosol (Van Gorp et al. 2008; Misinzo et al. 2008; Das et al. 2011; Van Gorp et al. 

2009). CD163 expression allows non-permissive cells to be infected by the virus 

(Calvert et al. 2007); furthermore, the role of CD163 is borne out by experiments in 

pigs, CD163-negative pigs and those with a specific deletion of SRCR 5 are unable to 

be infected by PRRSV (Whitworth et al. 2016; Burkard et al. 2017). 

After fusion of the PRRSV particle with the early endosome, the viral genome 

is released into the cytoplasm where it can be recognised by the host translation 

machinery. As the viral genome is positive-sense, capped and poly-adenylated, it is 

translated without an intermediary step, to produce large polyproteins which undergo 

cleavage to form the non-structural proteins (nsps) (Sagripanti et al. 1986). It is unclear 

whether viral proteins from the particle play a role in recruiting host proteins to the 

genome for translation; however, they are not essential to this process, as expression 

of viral RNA alone is sufficient to generate an active infection (Fang et al. 2006). As 

the viral genome is translated, several polyproteins are produced through the activity 

of two ribosomal frameshift (RFS) sites (Figure 1.2b). These polyproteins undergo 

rapid cis-cleavage by three accessory proteases resulting in nsp1α, nsp1β, nsp2 (or 

nsp2N, or nsp2TF) and a large polyprotein which is processed by the “main” serine 

protease to generate the other ~14 non-structural proteins (nsp3-nsp7α, nsp7β-nsp12) 

(Figure 1.2c) (Fang & Snijder 2010; Fang et al. 2012). The first RFS site is located in 
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the coding sequence for nsp2 and promotes a shift of -1 or -2 at a rate of 7% and 20%, 

respectively; leading to the production nsp2 variants designated nsp2 truncated 

(nsp2N) or nsp2 transframe fusion (nsp2TF) (Fang et al. 2012; Li et al. 2014). The 

second RFS site is located at the junction between nsp8 and nsp9, and promotes a shift 

of -1 at a rate of approximately 20%, leading to the production of the larger polyprotein 

instead of termination of protein synthesis (den Boon et al. 1991).  

The nsps modify the cellular environment to make it more conducive to viral 

replication by suppressing specific parts of the cellular immune response and 

generating structures to facilitate the replication and transcription of viral RNAs. The 

suppression of the immune system is primarily in the form of IFN-β signalling 

disruption. Both anti- and pro-apoptotic effects are generated by viral proteins, with 

the balance shifting from the former to the later during the course of infection, and the 

latter primarily affecting bystander cells (Costers et al. 2008). The nsps also perform 

the distinctive transcription strategy of the Nidovirales, in which a series of sub-

genomic RNAs (sgRNAs) are produced to be translated into the structural proteins of 

the virus (Conzelmann et al. 1993). It should be noted that, technically, transcription 

is the process of genetic information being copied from DNA into RNA as opposed to 

RNA to RNA copying, however in this context, transcription is used to distinguish the 

generation of sgRNAs from the generation of full-length viral genomes which is 

referred to as replication (Pasternak et al. 2006). 

Cellular membranes are re-arranged by viral nsps (nsp2, nsp3 and nsp5), driving 

the formation of a double-membrane vesicle (DMV) which is the site of replication 

and transcription for the virus (Snijder et al. 2001; Posthuma et al. 2008). In order to 

replicate the viral genome, multiple nsps form the replication and transcription 
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complex (RTC) which is able to replicate the genome via anti-sense copies, through 

the recognition of conserved sequences and structures in the 3’ untranslated region 

(UTR) (Beerens & Snijder 2007; Sun et al. 2010; Verheije et al. 2001). The activity 

of the RTC is changed by nsp1α which introduces a chance that replication of the 

genome will halt at various different stem-loops which contain body transcription-

regulating sequences (body TRSs) and then resume at a TRS near the 5’ UTR, resulting 

in the transcription of sgRNAs via anti-sense copies (Kroese et al. 2008; van Marle et 

al. 1999; Pasternak et al. 2004; Pasternak et al. 2003). The discontinues synthesis 

required for the process of transcription is guided by conserved stem-loops in the 5’ 

UTR and goes some way to explaining the high recombination rate of the Nidovirales 

(van den Born et al. 2004; Gao et al. 2012; Lu et al. 2011; Choi et al. 2006; Faaberg 

et al. 2001). 

The newly-synthesised viral genomes are encapsidated by nucleocapsid protein 

homodimers to give spherical cores (Wootton & Yoo 2003). These nucleocapsids then 

bud into the endoplasmic reticulum or the Golgi apparatus – most likely the ER-Golgi 

intermediate compartment (ERGIC), as has been shown in the Coronaviruses 

(Pedersen et al. 1999; Stertz et al. 2007). As the viral cores bud into the lumen, they 

are enveloped in a membrane containing the other structural proteins, and then the 

fully-assembled viral particles are secreted from the cell by exocytosis (Figure 1.2d) 

(Wissink et al. 2005; Pol et al. 1997; Costers et al. 2007; Veit et al. 2014) 
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Non-structural proteins 

nsp1α is a 15 kiloDalton (kDa) protein of approximately 180 residues. It contains 

a papain-like cysteine autoprotease (PCPα) domain, which allows it to be rapidly 

cleaved from the nascent polyprotein (den Boon et al. 1995). Throughout PRRSV 

infection, nsp1α localises to the perinuclear region of the cytoplasm in distinct puncta 

which contain newly-synthesised RNA (Li et al. 2012); based on the function of the 

homologous protein of EAV, nsp1α is believed to act as a discontinuous transcription 

factor for the virus, interacting with the RTC to halt RNA synthesis at body TRS sites 

and reinitiate transcription at the leader TRS to generate the viral sgRNAs which share 

a common 5’ sequence (Figure 1.2e) (Tijms et al. 2000). Within the cytoplasm, the N 

terminal zinc finger domain of nsp1α blocks the phosphorylation of IκBα, thereby 

preventing the nuclear translocation of NF-κB (Sun et al. 2009; Song et al. 2010). 

Later in infection, nsp1α localises to the nucleus where the cyclic AMP responsive 

element-binding (CREB)-binding protein (CBP) is degraded, preventing the 

recruitment of interferon regulatory factor-3 (IRF3) and thereby antagonising IFN-β 

(Tijms et al. 2002; Chen et al. 2010; Kim et al. 2010). 

nsp1β is a 24 kDa protein of approximately 205 residues, which contains papain-

like cysteine autoprotease (PCPβ) domain for rapid self-cleavage from the nascent 

polyprotein (den Boon et al. 1995). Unlike nsp1α, it does not have a clear role in viral 

sgRNA modulation; however, it has been shown to be involved in the transactivation 

of the programmed ribosomal frameshift to generate nsp2TF and nsp2N (Li et al. 

2014). nsp1β has a more significant role in inhibiting IFN-β expression by preventing 

the phosphorylation of IRF-3, interfering with the JAK-STAT signalling pathway by 

blocking phosphorylation (and thus the nuclear translocation) of the transcription 



 

44 
 

factor STAT1 from the cytoplasm, and the strong suppression of TNF-α by HP-

PRRSV (Beura et al. 2012; Chen et al. 2010; He et al. 2015). 

nsp2 is a 116 kDa protein of up to 1078 residues, which contains an essential 

cysteine protease domain which is responsible for self-cleavage from the nascent 

polyprotein (Han et al. 2009; Snijder et al. 1994; Snijder et al. 1995). The 

transmembrane region of nsp2 plays a key role in modifying the cellular membranes 

to produce the DMV and then acts an anchor for the other RTC proteins (Han et al. 

2007; Pedersen et al. 1999; Snijder 2001). A large part of nsp2 known as the 

hypervariable region is not required for cleavage of the polyprotein or replication of 

the virus; however, it is important in modulating the host immune response and thereby 

increasing virus production (Fang et al. 2003; Han et al. 2009; Wang et al. 2012). nsp2 

inhibits the ubiquitination of RIG-I and the phosphorylation (and thus nuclear 

translocation) of IRF-3, whilst nsp2TF reduces the expression of swine leukocyte 

antigen (SLA) class I – the porcine equivalent of major histocompatibility complex 

(MHC) class I – and thereby reduces presentation of viral antigens to the host immune 

system (van Kasteren et al. 2012; Li et al. 2010; Cao et al. 2016). Some of the data on 

immune modulation appears contradictory, as in the case of NF-κB activation, Sun et 

al. (2010) showed that the ovarian tumour domain of nsp2 deubiquitinates IκB thereby 

preventing the nuclear translocation of NF-κB and the resulting IFN-β production; in 

contrast, Fang et al. (2012) showed that nsp2 degrades IκB and so causes the nuclear 

translocation of NF-κB resulting in IL-6, IL-8, Cox-2 and RANTES induction. There 

is significant variation in the size of nsp2 between strains, notably a 51 base pair 

deletion in the SD01-08 strain used in this thesis (Fang et al. 2004; Fang et al. 2006). 

The lack of conservation in the hypervariable region has made it an appealing site for 
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the insertion of transgenes, including Newcastle disease virus nucleoprotein as a 

vaccine marker and EGFP as a fluorescent marker (Xu et al. 2012; Han et al. 2007); 

however, the latter is noted to lose fluorescent signal over time due to amino acid 

changes (Kim et al. 2007). 

nsp3 is a 25 kDa protein of approximately 229 residues, it has a functional role 

similar to nsp2, in which the transmembrane domain is essential to DMV formation 

and anchoring the RTC protein in the DMV (Snijder et al. 2001; Posthuma et al. 2008). 

nsp3 induces the proteasomal degradation of IFITM1 – a transmembrane protein 

which exhibits antiviral activity, preventing the membrane fusion of enveloped viruses 

(Wang et al. 2014; Brass et al. 2009; Huang et al. 2011). 

nsp4 is a 21 kDa protein of approximately 203 residues, which contains a 3C-

like serine protease domain which is the “main” protease of the virus, responsible for 

the cleavage of the majority of nsps from their polyprotein (Snijder et al. 1996; Tian 

et al. 2009). This protease induces apoptosis through the cleavage of procaspase-3, -8, 

-9 and -12, and the anti-apoptotic protein, B-cell lymphoma-extra large (Bcl-xL) 

(Yuan et al. 2016; Ma et al. 2013); as well as inhibiting IFN-β expression through the 

cleavage of NF-κB essential modulator (NEMO) (Beura et al. 2009; Huang et al. 

2014). 

nsp5 is a 19 kDa protein of approximately 170 residues, which appears to have 

a role in generating the structure of the DMV alongside nsp2 and nsp3, it contains a 

transmembrane region and co-localises with these proteins (van der Hoeven et al. 

2016). In addition, nsp5 expression has been shown to trigger autophagic cell death, 

though this may be a knock-on effect of modifying the cell membranes (Yang et al. 

2015). 
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nsp6 is a 1.7 kDa peptide of only 16 residues which does not yet have a known 

function. 

nsp7 is cleaved by the nsp4 protease to generate nsp7α and nsp7β, which are 16 

(149) and 15 (120) kDa (residues), respectively. Both of these proteins localise to the 

DMV in the perinuclear region and have been suggested as subunits of the viral 

replicase (Li et al. 2012). Deletions and mutations in each protein cause reduced 

growth or inactivation of the mutant strain, however the essential functional roles of 

these proteins have not yet been determined (Zhang et al. 2013). 

nsp8 is a 4.7 kDa protein of approximately 45 residues; the function of this 

protein is also unknown though it has been shown to co-localise with the other non-

structural proteins in the DMV suggesting a possible role in the viral replicase (Li et 

al. 2012). 

nsp9 is a 75 kDa protein of approximately 683 residues which recognises the 3’ 

end of viral genome for the RNA-dependent RNA polymerase (RdRp) activity of the 

RTC (Beerens et al. 2007). As might be expected, a silencing of nsp9 or changes to 

the sequence results in reduced viral replication or virulence (Xie et al. 2014; Li et al. 

2014). In addition to binding directly to RNA, several cellular RNA-binding proteins 

have been shown to interact with nsp9 suggesting they play a role in the RTC; cellular 

poly(C)-binding proteins 1 and 2 (PCBP1 and PCBP2) interact with nsp9 and the 5’ 

UTR of the viral genome, whilst DEAD-box RNA helicase 5 (DDX5) co-localises and 

interacts with nsp9 (Beura et al. 2011; Zhao et al. 2016). Annexin A2 has also been 

shown to interact with nsp9 and the strength of this interaction is reduced through 

RNase A treatment suggesting it is partially mediated by RNA, silencing of Annexin 

A2 reduces viral titres (Filipenko et al. 2004; Li et al. 2014). The role of Annexin A2 
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may be more complicated, as it is incorporated into the PRRSV particle, and treatment 

of nsp9 with an extract of Cryptoporus volvatus, appears to block the release of 

PRRSV particles (Zhang et al. 2010; Li et al. 2014; Saxena et al. 2012); as Annexin 

A2 plays a part in the assembly of the Hepatitis C virus (HCV) particle, it is plausible 

that Annexin A2 has a similar role with PRRSV. The RdRp of HCV appears to share 

another binding partner with the PRRSV RdRp, in the form of retinoblastoma protein 

(pRb), which undergoes proteasomal degradation in response to nsp9 expression 

(Munakata et al. 2005; Dong et al. 2016). As pRb has diverse roles within the cell, it 

is not clear what activity the virus is inhibiting though inhibition of IL-6 and IL-8 

expression seems like a likely option (Chen et al. 1996; Zhang et al. 2000). 

nsp10 is a 48 kDa protein of approximately 442 residues, which acts as a helicase 

for the RTC, contributing to the replication efficiency of the virus in vitro and in vivo 

(Li et al. 2014); however, this unwinding of dsRNA proceeds (5’ to 3’) in the opposite 

direction to the nsp9 RdRp which suggests something more complicated is going on 

that may be linked to the sgRNA transcription of arteriviruses or the production of 

PRRSV particles (van Dinten et al. 2000; Bautisa et al. 2002). nsp10 induces apoptosis 

through the extrinsic and mitochondrial-dependent pathways, activating procaspase-8 

and -9 as well as up-regulating BH3 interacting-domain death agonist (Bid) (Yuan et 

al. 2016). 

nsp11 is a 25 kDa protein of approximately 224 residues, which forms a 

homodimer that has replicative endonuclease (NendoU) activity unique to the 

Nidovirales (Shi et al. 2016a); this NendoU activity is active against a broad range of 

RNAs which seems counter-productive for an RNA virus and is presumably tightly 

controlled, though it has been suggested in a personal communication mentioned by 
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Fang & Snijder (2010) that this NendoU activity is involved in sgRNA production 

(Nedialkova et al. 2009). nsp11 has several immunomodulatory functions, 

deubiquitinating IκB to prevent degradation and IFN-β production, downregulating 

IRF3 and TNF-α to delay the cell in S phase, and downregulating Ago-2 to reduced 

siRNA silencing (Wang et al. 2015; Shi et al. 2011; Sun et al. 2014; He et al. 2015; 

Chen et al. 2015). 

nsp12 is a 17kDa protein of approximately 152 residues, which interacts with a 

wide range of cellular proteins, many of which have a role in nucleic acid binding. 

nsp12 may therefore be involved in the function of the RTC or cellular detection of 

foreign RNA (Dong et al. 2016). nsp12 increases the phosphorylation of signal 

transducer and activator of transcription 1 (STAT1), increasing the expression of IL-

1β, IL8 and ISG54 whilst inhibiting IFN-β signalling (Yu et al. 2013; Wang et al. 

2013). 

Structural Proteins 

Each sgRNA transcribed by the RTC is recognised by the host translational 

machinery to produce the proteins discussed below (Meulenberg et al. 1995; van Marle 

et al. 1999). Whilst the larger sgRNAs contain each smaller open reading frame (ORF), 

typically, only the 5’ terminal ORF is expressed. 

sgRNA2 is translated to give two proteins, glycoprotein 2a (GP2a) and the 

envelope (E) protein. GP2a is a 28 kDa protein of 253 residues, which contains two 

conserved glycosylation sites that are not essential for viral particle formation or 

infectivity (Wissink et al. 2004). GP2a forms the spike complex along with 

glycoproteins 3 and 4. E (also known as 2b) is a 10 kDa protein of 72 residues, which 
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forms an ion channel that is essential to the release of the genome from the viral 

particle (Wu et al. 2001; Lee & Yoo 2006). E protein also appears to play a role in 

disrupting tetherin – a transmembrane protein which can prevent the escape of 

enveloped viruses (Wang et al. 2014; Evans et al. 2010).  

sgRNA3 is translated to give glycoprotein 3 (GP3), this is a 30 kDa protein of 

265 residues, which contains 6 glycosylation sites that increase the mass estimate by 

SDS-PAGE to 46 kDa (Meulenberg et al. 1995). GP3 forms the spike complex in the 

viral particle, as discussed previously; however, a fraction of GP3 is secreted from 

cells in a soluble form which may have a role in the antibody response to the virus (de 

Lima et al. 2009; Mardassi et al. 1998). 

sgRNA4 is translated to give glycoprotein 4 (GP4), this is a 20 kDa protein of 

183 residues, which contains 4 glycosylation sites. GP4 forms a disulphide-linked 

complex with GP2 and GP3, this spike complex interacts with CD163 in the early 

endosome to facilitate the release of the viral core into the cytosol (Wieringa et al. 

2003; Das et al. 2010). 

sgRNA5 is translated to give glycoprotein 5 (GP5) and ORF5a protein. GP5 is a 

22 kDa protein of 201 residues, which forms a heterodimer with the matrix protein, 

which is the major structural protein. ORF5a is a 9.2 kDa protein of 55 residues, which 

is essential to the production of infectious virus (Johnson et al. 2011; Sun et al. 2013). 

sgRNA6 is translated to give the matrix (M) protein, this is a 19 kDa protein of 

173 residues, which forms the major structural heterodimer of the viral particle, which 

contains a disulphide bond between cysteine residues at position 50 and 8 in GP5 and 

M, respectively (Mardassi et al. 1996). This heterodimer is essential to the release of 



 

50 
 

viral particles, and is believed to contribute to the curvature of the envelope in budding 

and to interact with the nucleocapsid protein via the large endodomains either 

component of the dimer (Wissink et al. 2004; Wissink et al. 2005). The GP5-M dimer 

also plays a role interacting with attachment factors such as heparin sulphate and 

CD169 (Delputte et al. 2005). 

sgRNA7 is translated to give the nucleocapsid protein, this a 15 kDa protein of 

128 residues, which forms the major structural homodimer of the viral particle. The 

disulphide-linked homodimer encapsidates the viral genome through non-covalent 

interactions with the viral RNA and other N-N homodimers (Snijder and Meulenberg 

1998; Wootton & Yoo 2003). N protein also has a role in suppressing the host immune 

response, localisation signals allow it to be shuttled to and from the nucleolus from the 

cytoplasm; mutagenesis shows that these localisation signals are associated with 

longer infections, higher titres and reduced production of neutralising antibodies in 

vivo (Lee et al. 2006; Pei et al. 2008). 
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1.4 Aims of this project 

This original aim of this project was to develop a novel RNA-based approach to 

disrupting PRRSV infection, primarily in the form of “decoys”, which imitate the 

conserved structures of viral RNA to competitively bind to viral protein complexes. 

Throughout the project, a further aim of understanding the PRRSV replicative 

structure – the double membrane vesicle – emerged, as options for targeting decoys to 

this structure were explored. 

RNA Decoys 

As stated above, a decoy is a molecule which imitates a functional element of 

the virus in order to compete for the interacting partner of that element. This concept 

is best understood through the two examples which have been published, each of which 

involves the expression of short RNA molecule which is similar to functional elements 

found in the RNA of the target virus. 

The first decoy was designed against avian influenza virus (AIV). The genome 

of AIV consists of 8 negative-sense RNA segments, each of which has the same set of 

partially complimentary 5’ and 3’ sequences which form a pan-handle structure with 

the virus polymerase (Figure 1.3a) (Fodor et al. 1994). The activity of the viral 

polymerase (and thus the production of positive-sense RNA, which is essential to the 

viral replicative cycle) is dependent on these terminal sequences (Tiley et al. 1994; 

Hagen et al. 1994; Cianci et al. 1995). Luo et al. designed short RNA molecules which 

contained these terminal sequences, expression of these hairpins was able to interfere 

with the activity of the viral polymerase in a recombinant vaccinia virus reporter 

system (Luo et al. 1997). This system was transferred into a transgenic chicken by 
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Lyall et al., and whilst symptoms and viral titres remained the same, the expression of 

the decoys led to lower rates of AIV transmission compared to birds expressing a 

control decoy sequence (Lyall et al. 2009). 

The second decoy was designed against human immunodeficiency virus-1 (HIV-

1). As the genome of HIV-1 is integrated into that of the host, viral mRNA must be 

exported before it can be translated. In order to facilitate this, HIV-1 produces Rev 

protein that interacts with RNA molecules which contain a structure known as the Rev-

response element (RRE) (Figure 1.3b) (Felber et al. 1989). Viral mRNAs which 

contain the core 20 nucleotides of the RRE are stabilised and exported by Rev protein, 

ensuring productive infection (Bartel et al. 1991; Emerman et al. 1989; Hammarskjöld 

et al. 1989). Zapp et al. used neomycin B to bind the RRE in the same region that is 

targeted by the Rev protein, and this competitive inhibition was able to reduce viral 

p24 expression by 5 times in chronically infected cells without a significant effect on 

cell growth (Zapp et al. 1993). This decoy has yet to be tested further, however it 

follows a similar principle to an RNA decoy. 
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Challenges in the case of PRRSV 

These decoy strategies both rely on sequences which are conserved between viral 

strains. This conservation suggests that they are positively-selected and therefore serve 

an important function to the virus, reducing the chance of viral escape using a different 

sequence. In the example of the influenza decoy, the target sequence is found in each 

segment of the viral genome and is known to interact with the viral polymerase – so in 

order to escape from this decoy, the virus would have to generate complimentary 

mutations in each genome segment and in the binding site of the polymerase. There 

are no sequences which are this highly conserved within the PRRSV genome or 

between PRRSV strains. The closest example is the transcription regulatory sequences 

(TRSs) used in producing the sub-genomic RNAs. These 6 nucleotide TRSs are 

repeated multiple times throughout the body of the genome and are consistently found 

in the loop of a stem-loop structure (den Boon et al. 1996; Tan et al. 2001; Zheng et 

al. 2014). Unfortunately, whilst each individual virus will usually have similar TRS 

sequences, there are a wide range of differences between strains (Gauger et al. 2012; 

Guo et al. 2013). 

Whilst there are no adequately conserved sequences, there are some structural 

elements of the PRRSV genome which are more widely conserved between strains. In 

both genotypes, there are several 5’ stem-loops which are essential for the transcription 

of sgRNAs, there is a purine-rich loop which is required for packaging and there is a 

3’ UTR long stem-loop which is required for replication of the genome (Lu et al. 2011; 

Baig & Zakhartchouk 2011; Sun et al. 2010). There are multiple unknowns regarding 

the mechanisms by which these structural elements function, these are explored in 

Chapter 5. 
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Another challenge with regards to designing a decoy against the PRRSV genome 

is localisation. Both AIV and HIV-1 replicate their genomes in the nucleus of the cell, 

therefore, decoy RNA transcribed from the cell genome is already in the appropriate 

location to function. This is not the case for PRRSV, since the genome and sgRNAs 

of PRRSV are replicated and transcribed in the double-membrane vesicle. It may be 

sufficient for the decoy to be capped and poly-adenylated; however, it may be 

necessary for the decoy to contain nuclear export signal in order to reach the cytoplasm 

and another signal which is responsible for transporting the viral genome to the DMV. 

For this kind of RNA transportation to be developed, a deeper understanding of the 

DMV is required. 

Identifying the origin of PRRSV replicative structures 

The re-arrangement of cellular membranes to form replicative structures is 

observed in most RNA viruses (Caliguiri & Tamm 1970; Grun & Brinton 1988; 

Mackenzie et al. 1999). The key example of this phenomenon is poliovirus which 

forms replication complexes on vesicles which are sufficient to replicate viral RNA in 

vitro if isolated from infected cells (Bienz et al. 1992). These vesicles serve as a site 

of RNA replication on which viral proteins accumulate, as a structure for the assembly 

of viral particles and to drive cell death which allows nascent poliovirus particles to be 

released (Bienz et al. 1992; Pfister et al. 1995; Bienz et al. 1980). 

All nidoviruses generate double-membrane vesicles (DMVs) in their replicative 

cycle.  Electron micrographs of cells infected with severe acute respiratory syndrome 

virus (SARS virus; Coronaviridae) or equine arteritis virus (EAV; Arteriviridae) show 

a network of DMVs with a diameter of less than 500 nm; these DMVs are contiguous 

with the endoplasmic reticulum (ER) as well as each other (Figure 1.4b) (Knoops et 
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al. 2008; Knoops et al. 2012). The SARS virus DMV appears to be part of a more 

complex structure, with convoluted membranes and vesicle packets forming part of 

the cytoplasmic reticulovesicular network (Figure 1.4a) (Knoops et al. 2008). In 

contrast, the EAV DMVs do not appear to form such extensive membrane structures, 

however they are associated with tubular N protein structures which are likely to 

package nascent viral genome in the same manner as the vesicle packets seen in SARS 

virus (Figure 1.4c) (Knoops et al. 2012). The cellular origin of these viral membranes 

remains unclear, with evidence supporting the idea that different cellular pathways are 

co-opted to form the DMV, which are outlined below. 

The first pathway is autophagy – literally, “self-devouring” – this highly-

conserved process allows cellular structures to be degraded and recycled (Figure 1.5a). 

It should be noted that macroautophagy, microautophagy and chaperone-mediated 

autophagy are different pathways with similar outcomes which are described in the 

literature, however macroautophagy is the only pathway discussed in relation to 

PRRSV and so it is simply referred to as “autophagy” throughout this thesis. In 2016, 

Yoshinori Ohsumi was awarded a Nobel Prize for experiments which characterised 

autophagy in yeast systems. As the pathway is highly conserved between eukaryotes, 

these findings are applicable in mammals (Takeshige et al. 1992; Baba et al. 1994; 

Mizushima et al. 1998). At the cellular level, autophagy is initiated in response to 

stress (typically nutrient starvation, however infection and damage can also activate 

the pathway). A membrane known as the phagophore forms and elongates to surround 

the cargo which is to be degraded. Once the cargo is engulfed, the phagophore matures 

into an autophagosome which fuses with lysosomes. Lysozymes are then able to 

degrade the cargo as well as the internal membrane of the autophagosome for re-use 



 

57 
 

by the cell. At the molecular level, autophagy is initiated in response to a lack of amino 

acids or growth signals which indicate starvation. These signals lead to the 

downregulation kinase activity of mTOR (mechanistic target of rapamycin) and 

AMPK (AMP-activated protein kinase) which drive the formation of two protein 

complexes at the site of phagophore formation. A range of proteins are activated in 

this process, however the salient point for this work is the addition of a lipid group 

(PE; phosphatidylethanolamine) to LC3-I (Microtubule-associated protein 1A/1B-

light chain 3). This lipidation converts LC3-I to LC3-II, which can be anchored to the 

phagophore driving the curvature and elongation of the membrane around the cargo. 

LC3-II then remains on the inner and outer membranes of the autophagosome until the 

internal material undergoes lysozymal degradation, it is therefore considered an ideal 

marker for the structure (Tanida et al. 2008). 

The second pathway is endoplasmic-reticulum-associated degradation (ERAD) 

tuning (Figure 1.5b). This lesser-known pathway which was first described in 2008, 

however it remains poorly characterised (Calì et al. 2008). The pathway exists to 

regulate the activity of ERAD, which itself exists to regulate protein folding, as 

follows. As mRNA is translated by ribosomes, which are associated with the surface 

of the rough endoplasmic reticulum (ER), the nascent protein is translocated into the 

ER where folding is initiated. When the correct structure is achieved, the protein is 

transported in vesicles to the Golgi apparatus for further modifications or to another 

appropriate location; however, when the folding process goes awry, misfolded proteins 

must be degraded and recycled to prevent resources being wasted or disruption of 

cellular function. The ERAD pathway retrotranslocates misfolded proteins to the 

cytosol, ubiquitinating them so they can be degraded by the proteasome (Ellgaard et 
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al. 1999). Approximately 30% of newly synthesised proteins are degraded by ERAD 

(Schubert et al. 2000). However, the level of ERAD must change in response to 

conditions in the ER – too little ERAD allows misfolded proteins to form aggregates 

which can disrupt cell function; whilst too much ERAD prevents correctly folded 

proteins from leaving the ER to perform their function. The level of ERAD is 

maintained by ERAD tuning, in which certain highly-expressed components of the 

ERAD pathway are segregated into vesicles – known as EDEMosomes – for 

degradation (Calì et al. 2008; Sun et al. 2014). This results in high turnover of these 

components when misfolded proteins are low; when ERAD is required, the misfolded 

proteins will form complexes with these ERAD components, thereby preventing their 

segregation to EDEMosomes. This provides a method of maintaining ERAD levels 

which is more responsive to transient problems in the ER than changes in mRNA or 

protein expression. Whilst there are many open questions related to the ERAD tuning 

pathway, EDEM1, SEL1L and OS-9 are known to be segregated to the EDEMosome 

which is associated with LC3-I. As SEL1L is a transmembrane protein, it is presumed 

to act as an anchor for EDEM1 and OS-9, as well as being the interacting partner of 

LC3-I at the outside surface of the EDEMosome (Calì et al. 2008). SEL1L is regarded 

as a useful marker for the EDEMosome, though it is also known to form complexes 

which are involved in lipid metabolism (Sun et al. 2014; Sha et al. 2014). 

Both of these pathways represent possible origins for the DMVs of nidoviruses. 

Immunofluorescent imaging of infectious bronchitis virus (IBV; coronaviridae) 

showed that infection leads to the formation of LC3-positive puncta which associate 

with parts of the IBV RTC (Maier et al. 2013). A more detailed study of murine 

hepatitis virus (MHV; coronaviridae) showed that markers of the DMV were 
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associated with EDEM1, OS-9 and LC3-I in immunofluorescent imaging and co-

segregated with these proteins when run through a density gradient (Reggiori et al. 

2010). In addition, this study found that autophagy-deficient cells (Atg7-/-) were still 

able to form DMVs. Immunofluorescent imaging of equine arteritis virus (EAV; 

arteriviridae) showed that markers of the DMV showed some association (~60% 

overlap) with LC3 and EDEM1, and autophagy-deficient cells are able to produce viral 

particles and DMVs (Monastyrska et al. 2013).  

Whilst these publications suggest that the EDEMosome is the origin of the 

nidovirus DMV, several observations have been made for PRRSV which suggest 

otherwise. Cells infected with PRRSV will convert LC3-I to LC3-II due to autophagy 

induction, and viral titres can be increased or decreased through induction (via 

rapamycin) or inhibition (via siRNA induces of autophagy) of the autophagy pathway 

(Chen et al. 2012; Sun et al. 2012). Furthermore, several immunofluorescent imaging 

studies have claimed to show that PRRSV uses the autophagosome to form the DMV, 

these are discussed at length in subsequent chapters (Sun et al. 2012; Liu et al. 2012).  

Chapters 3 and 4 seek to clarify the roles of the autophagy and ERAD tuning 

pathways in the formation of the PRRSV DMV. Chapter 5 then seeks to apply this 

knowledge to the design and testing of decoys against PRRSV. 
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Chapter 2: Methods 
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For ease of reading and replication, instructions to generate buffers are listed in 

the Appendix 7.1 and detailed information about other materials is in listed the relevant 

appendix. 

 

2.1 Plasmid recovery 

Filter paper was received in a ziplock bag by post, a pencil circle of 

approximately 1 cm diameter indicated plasmid DNA. This area was cut in half with 

scissors, with one half kept as a back-up and the other half rolled up inside of a 200 

μL pipette tip with approximately 0.5 cm of the tip cut off; this tip was placed into a 

1.5 mL tube and 20 μL deionised water was then added to the filter paper and allowed 

to sit for 30 seconds. The tube was centrifuged at maximum speed for 30 seconds and 

the pipette tip containing filter paper was discarded, the eluted solution was then used 

to transform bacteria (Figure 2.1). 

 

2.2 Preparation of competent bacteria 

A 500 µL vial of XL-1 Blue Escherichia coli (Agilent Technologies) was used 

to inoculate 10 mL LB medium in a 50 mL falcon tube for overnight incubation in a 

shaker at 37˚C, 220 rpm. The following day, 2 mL of this culture was added to 200 

mL LB medium in a sterile, 500 mL conical flask and incubated for 3-4 hours at 37˚C, 

220 rpm. After this time, the OD600 was confirmed to be 0.45-0.55 and the medium 

was transferred to 50 mL falcon tubes for centrifugation for 10 minutes at 3000 x g, 

4˚C. The supernatant was discarded and the pellets were resuspended in 100 mL CaCl2 

solution (pre-chilled on ice) and incubated on ice for 30 minutes. The bacteria were 
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centrifuged for 10 minutes at 3000 x g, 4˚C and then the supernatant was discarded to 

be replaced with 10 mL pre-chilled CaCl2/glycerol solution. This bacterial suspension 

was added to pre-chilled, sterile 1.5 mL tubes in 200 μL aliquots then snap frozen in 

liquid nitrogen and stored at -80˚C. Competency was confirmed by transforming 0, 1, 

2 and 5 ng of resistance plasmid into bacteria using the method outlined below then 

counting bacterial colonies on the plates. 

 

2.3 Bacterial transformation 

A stock tube of competent XL-1 Blue E. coli was allowed to thaw for 

approximately 30 minutes on ice, 50 μL of this cell solution was combined with 5 μL 

recovered plasmid DNA or ligation mix in a 1.5 mL tube and this mixture was 

incubated on ice for 30 minutes whilst a heat block was allowed to come to 42˚C. The 

bacteria/DNA mix was placed at 42˚C for 45 seconds to heat shock the bacteria before 

being returned to ice for 2 minutes. This transformed cell mixture was then spread over 

an LB agar plate containing the appropriate selection antibiotic for the plasmid. The 

plate was placed at 37˚C overnight for colonies to grow. Once colonies were selected, 

they could be grown up for glycerol stocks, minipreps, midipreps and maxipreps. 
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2.4 Glycerol stocks 

XL-1 Blue E. coli containing the plasmid of interest was grown overnight in LB 

broth containing the appropriate selection antibiotic at a 1x concentration, 300 μL of 

culture was mixed with 300 μL 50% glycerol solution in a 1.5 mL tube and frozen at 

-80˚C. These bacteria could be recovered by scraping some frozen material out of the 

tube (keeping the contents of the tube on dry ice to remain frozen) and culturing 

overnight, 

 

2.5 Miniprep 

Qiagen miniprep kit was used. Before the kit was used, RNase A and LyseBlue 

were added to buffer P1 (this solution was then kept at 4˚C), 100% ethanol was added 

to buffer PE to give a final volume of 70% ethanol; the afternoon before harvest, 5 mL 

LB medium in a 50 mL Falcon tube was seeded with the appropriate bacteria and 

selection antibiotic then placed in a shaker at 37˚C overnight; on the day of harvest, 

buffer P3 was briefly chilled to 4˚C and the bacterial culture was centrifuged at 4˚C, 

maximum speed (approximately 3000 x g) for 30 minutes. 

The culture supernatant was discarded, the cell pellet was resuspended in 250 

μL P1, collected into a 1.5 mL tube, 250 μL P2 was added to lyse the cells and the tube 

was gently inverted several times until the mixture had turned a homogenous blue. 350 

μL N3 was added and the tubes were inverted again to neutralise the solution so that it 

was no longer blue and a flocculent precipitate had formed. 

The lysate was then centrifuged in a microfuge at maximum speed (16,000 x g) 

for 10 minutes to pellet the cell detritus and allow 800 μL of the supernatant to be 



 

68 
 

removed and added to a QIAprep column to bind. The column was centrifuged at 

maximum speed for 1 minute, the flow-through was discarded and 750 μL buffer PE 

was added to the column and centrifuged for another minute to wash the bound DNA, 

the flow through was discarded and the tube was centrifuged again to remove any 

excess liquid. The column was moved into a collection tube, 50 μL water was added 

to the column and allowed to sit for 1 minute before centrifuging at maximum speed 

to elute the DNA. The column was then discarded and the eluted plasmid was used in 

subsequent experiments. 

 

2.6 Midiprep 

PureLink HiPure Plasmid Midiprep kit was used. Before the kit was used, RNase 

A was added to buffer R3 which was then kept at 4˚C. The afternoon before harvest, 

25 mL LB medium in a conical flask was seeded with the appropriate bacteria and 

selection antibiotic then placed in a shaker (200-300 rpm) at 37˚C overnight. 

The bacterial culture was transferred into a 50 mL falcon tube and centrifuged 

at 4˚C, maximum speed (approximately 3000 x g) for 15 minutes; during this time 15 

mL EQ1 buffer was added to a HiPure Filter Midi Column and allow to drain by 

gravity flow. Supernatant was discarded and the bacterial pellet was resuspended in 10 

mL R3 buffer. 10 mL L7 buffer was added to the bacterial suspension to lyse cells, 

mixed by gentle inversion and allowed to incubate at room temperature for 5 minutes. 

10 mL N3 buffer was added to the tube, mixed by inversion, transferred to the 

equilibrated column and allowed to drain by gravity flow. 
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Once the column was drained, it was washed twice with 10mL W8 buffer then 

moved into a clean 15 mL falcon tube; 5 mL E4 buffer was added to the column and 

the DNA was allowed to elute by gravity flow then the column was discarded. This 

eluate was mixed with 3.5 mL isopropanol then centrifuged at 4˚C, maximum speed 

(approximately 3000 x g) for 30 minutes; after this time, the supernatant was 

discarded, the pellet was resuspended in 1 mL 70% ethanol and moved into a clean 1.5 

mL tube then centrifuged at 4˚C, maximum speed (approximately 13,000 x g) for 5 

minutes. The supernatant was discarded and the pellet was allowed to air-dry for 10 

minutes, it was then dissolved in 50 μL filtered, deionised water and stored at 4˚C for 

future use. 

 

2.7 Endo-free maxiprep 

Qiagen endotoxin-free maxiprep kit was used. Before the kit was used, RNase 

A and LyseBlue were added to buffer P1 (this solution was then kept at 4˚C), 100% 

ethanol was added to endotoxin-free water  to give a final concentration of 70% 

ethanol; the afternoon before harvest, 250 mL LB medium in a conical flask was 

seeded with the appropriate bacteria and selection antibiotic then placed in a shaker 

(200-300 rpm) at 37˚C overnight; on the day of harvest, buffer P3 was briefly chilled 

to 4˚C and the bacterial culture was transferred into 6 x 50 mL falcon tubes and 

centrifuged at 4˚C, maximum speed (approximately 3,000 x g) for 30 minutes. 

The cell pellets were resuspended in 10 mL P1 and collected into a single falcon 

tube, then 10 mL P2 was added to lyse the cells, the tube was gently inverted several 
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times to ensure thorough mixing and the lysate was allowed to incubate for 5 minutes 

at room temperature. 

The QIAfilter cartridge was prepare by screwing the cap onto the outlet nozzle 

and preparing a new tube for the filtrate. 10 mL of the pre-chilled P3 was added to the 

lysate and thoroughly mixed to neutralise it, then it was poured into the QIAfilter 

cartridge and allowed to incubate at room temperature for 10 minutes allowing the 

precipitate to float to the top of the cartridge. 

After this time, the cap was removed from the outlet nozzle and the plunger was 

inserted into the QIAfilter cartridge and used to filter the lysate into the new tube. A 

2.5 mL volume of buffer ER was added to the filtrate to prevent endotoxin binding and 

incubated on ice for 30 minutes, allowing the filtrate to go from turbid to clear. 

Near the end of the incubation, and QIAGEN-tip 500 was equilibrated by 

allowing 10 ml of buffer QBT to pass through it by gravity flow. Once the incubation 

was finished and buffer QBT had finished flowing through, the filtrate was poured into 

the tip and allowed to flow through. The tip was then washed twice with 30 mL of 

buffer QC. Finally, 15 mL of buffer QN added to the tip to elute the DNA into a fresh 

50 mL falcon tube. 

A volume of 15 mL 100% isopropanol was added to the tube, mixed by inversion 

to precipitate the DNA and this mix was centrifuged at maximum speed 

(approximately 3000 x g) for 45 minutes at 4˚C. The supernatant was removed, taking 

care not to disrupt the plasmid pellet. This pellet was washed by resuspending in 1 mL 

70% ethanol and transferring to a 1.5 mL tube for centrifugation at 16,000 x g for 10 

minutes. Once the supernatant was carefully removed and discarded, the pellet was 
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allowed to air-dry for 10 minutes before it was dissolved in water for quantification 

and use in future experiments. 

 

2.8 NanoDrop 

Concentrations of DNA and RNA were estimated using a NanoDrop 

spectrophotometer. The machine was calibrated with filtered, deionised water, then set 

to blank using the same buffer which the nucleic acid is dissolved in before loading 

and measuring the sample. Measurement was performed by loading 1 μL of sample 

onto the lower measurement pedestal, lowering the sampling arm and then selecting 

“Measure” on the computer interface. As the NanoDrop can be inaccurate if sample 

buffer contains high levels of salt or other biomolecules, it was only used in estimating 

nucleic acid concentration; when more accurate measurements were required, samples 

were compared with dilutions of the ladder (providing a known concentration of DNA) 

run on an agarose gel. 

 

2.9 DNA gel electrophoresis 

A 1 g weight of agarose was added to 100 ml TAE buffer in a 250 mL conical 

flask and microwaved until the agarose was fully dissolved (3 minutes at 1000 watts), 

7 μL SYBR Safe was mixed in by swirling and then the solution was poured into a gel 

casting tray sealed with tape and containing an appropriate comb, any bubbles were 

moved to the sides of the tray with a pipette tip and the gel was allowed to set. 

A sufficient amount of 5x SDS loading buffer was added to samples to give a 

ratio of 1:5 and loaded alongside the relevant ladder (shown on each Figure). The gel 
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was then run for 1 hour at 4 V/cm in a horizontal electrophoresis tank, it was then 

visualised with a Transilluminator inside a G:box imager using GeneSNAP software. 

When a DNA needed to be extracted, the relevant region of the agarose was 

excised using a scalpel and ethanol-washed blunt tweezers, and transferred to a 1.5 mL 

tube and stored at 4˚C until it was extracted within 24 hours. 

 

2.10 Polymerase chain reaction 

Roche FastStart Taq kit was used. Primers were ordered from Sigma-Aldrich or 

Life Technologies and diluted in filtered, deionised water to 100 μM, 5 μL of these 

stocks were added to 95 μL water to produce 10x primers for PCR reactions (5 μM to 

give a final concentration of 0.5 μM) (Table 2.1 shows a master mix for 25 μL 

reactions). 

A master mix was made up for the number of reactions planned (+1), with Taq 

polymerase being added last. The master mix was kept on ice until 19 μL was added 

to each PCR tube containing 2.5 μL forward primer (x10), 2.5 μL reverse primer (x10) 

and 1 μL DNA (100 ng/μL). The tubes were vortexed and briefly centrifuged to collect 

liquid in the bottom on the tube before being placed in a PCR machine to run (Table 

2.2 shows the thermal profile). 
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2.11 Gel extraction/PCR purification 

Macherey-Nagel Gel and PCR clean-up kit was used for both these procedures, 

with slight differences for each procedure. All centrifugations were at maximum speed 

in a microfuge, except for elution centrifugations which were at 8,400 x g to reduce 

the number of collection tube lids that snapped off; all centrifugations were for 1 

minute. 

For gel extraction, the weight of the excised gel was estimated (this was typically 

approximately 150 mg), 3 volumes of buffer QG was added (so 450 μL for 150 mg of 

gel) and this was allowed to dissolve at 50-65˚C (this took approximately 15 minutes). 

An equal volume of isopropanol was added before transferring the entire solution to a 

column. 

For PCR product purification, 5 volumes of buffer PB was added before 

transferring the entire solution to a column. 

From this point, gel extraction and PCR purification were treated the same way. 

The tube was centrifuged and flow-through was discarded. 750 μL buffer PE was 

added to wash the column, centrifuged and discarded. The column was then 

centrifuged to remove any excess wash buffer before being moved into a collection 

tube. A volume of 15 μL water was added to the column and this was allowed to sit at 

room temperature for 1 minute before a final centrifugation to elute the DNA. 

 

2.12 Restriction digest 

All enzymes used were from New England BioLabs, using CutSmart buffer 

where available; a full list of the restriction enzymes used is available in Appendix 7.5. 
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(Table 2.3 shows typical 25 μL). Samples were incubated at 37˚C for 60 minutes 

before heat inactivation (65˚C or 80˚C for 15 minutes), if possible – or PCR extraction 

if heat inactivation was not possible. Samples were then kept at 4˚C for use in future 

experiments. 

 

2.13 DNA sequencing 

All sequencing was performed by Edinburgh Genomics using BigDye 

sequencing reactions. 3.2 pmol sequencing primer was combined with 100 ng DNA in 

a total volume of 6 μL water to be delivered to Edinburgh Genomics. 

 

2.14 In vitro transcription 

Ambion mMESSAGE mMACHINE T7 Transcription kit was used. Plasmid 

DNA was linearised by restriction digest upstream of the T7 site and PCR purified 

prior to in vitro transcription (Table 2.4 shows a typical 20 μL reaction). Following 

assembly at room temperature, the reaction was incubated at 37˚C for 4 hours (RNA 

yield was positively related to reaction time however there were minimal gains from 

8 hours compared to 4 hours). After this time, 115 μL nuclease-free water and 15 μL 

ammonium acetate stop solution (provided) was thoroughly mixed into each reaction, 

and then RNA was recovered by phenol:chloroform extraction. RNA was purified by 

adding 150 μL phenol/chloroform followed by 150 μL chloroform, the tube was 

centrifuged for 2 minutes and the aqueous phase (the top layer) was then moved into 

a new tube. One volume of isopropanol was mixed thoroughly into this tube and 

incubated at -20˚C for 30 minutes; after this time, it was centrifuged in a chilled (4˚C) 
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microfuge at 13,000 x g for 15 minutes and the supernatant was removed leaving the 

pelleted RNA. The RNA was dissolved in water, quantified and then frozen at -80˚C 

for use in subsequent experiments. 

 

2.15 RNA analysis 

Agilent RNA ScreenTape system was used for checking the purity of in vitro 

transcribed RNA according to manufacturer’s instructions. A volume of 1 μL nucleic 

acid or Agilent RNA ladder was added to 5 μL sample buffer, vortexed for 1 minutes, 

centrifuged briefly, heated at 72° C for 3 minutes and cooled at 4°C for 2 minutes. 

Samples were centrifuged briefly again before running the TapeStation 2200 machine 

using TapeStation Analysis Software. The results were given in the window and tips 

were replaced after the run was completed. 

 

2.16 Cell culture and passaging 

All cells were grown in incubators set to 37°C and 5% CO2. All work on live 

cells was performed in a safety cabinet, sprayed and wiped with a 1/100 dilution of 

Distel disinfectant followed by 70% ethanol. All media used was DMEM containing 

10% FBS and pen/strep unless stated otherwise. 

Prior to passaging cells, medium was warmed up to 37˚C in a waterbath. Medium 

was aspirated, then cells were washed once with 5 mL PBS taking care to avoid 

detaching cells. 3mL trypsin was added to the flask which was returned to the 

incubator for 5 minutes. After this time, the microscope was used to check whether 

cells were still attached, in this case the flask was banged and checked again. A volume 
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of 7 mL medium was added to the suspended cells to deactivate trypsin and clumps of 

cells were broken apart by thorough pipetting into the corner of the flask. 

An appropriate fraction of this cell suspension was added to 9 mL medium in a 

T75 for passage (typically 1/10 every 3 days for MARC-145 cells; or 1/20 every 3 

days for HEK293T cells) as well as whichever plates were required for experiments.  

 

2.17 Haemocytometer 

For techniques, which require specific concentrations of cells, counting was 

performed using a haemocytometer. A volume of 10 μL of cell suspension was 

removed from the hood in a tube and an equal amount of Trypan blue stain was added 

(stain causes live cells to appear bright, dead cells take in impermeable stain and appear 

blue) and mixed thoroughly. A square cover slip was pressed onto the haemocytometer 

and then 10 μL of cell/stain solution was applied. Cells were then counted in 1 large 

corner square (i.e. consisting of 16 smaller squares with light shading) (Figure 2.2), if 

this contained 100 or more cells the following formula was used: 

Cells per mL = (Cells counted) ×  (Dilution, i. e. 2 for a 1 in 2 trypan dilution)  × 104 

 

If less than 100 cells were counted in one square, further large squares were 

counted until 100 cells have been reached and then the formula was used: 

Cells per mL =
(Cells counted)

(Number of large squares)
×  (Dilution, i. e. 2 for a 1 in 2 trypan dilution)  × 104 
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Once the number of cells per mL was acquired, this was multiplied by the total 

volume of cell-suspension to get a total number of cells. 

 

2.18 Freezing cells 

Freezing was performed when cells were at approximately 70% confluency to 

ensure they were metabolically active.  

Cells were detached from flasks as though they were being passaged, but once 

they were resuspended in medium, they were centrifuged at 400 x g for 5 minutes and 

the supernatant was discarded. The cell pellet was resuspended in 1 mL medium and 

a cell count was performed, then the cell suspension was diluted in medium to give a 

concentration of 4 x 106 cells per mL. 

Freezing mix was made up and mixed gently 1:1 with the cell suspension to give 

a final concentration of 2 x 106 cells per mL. Aliquots of 1mL were added to cryovials 

and then transferred into an insulated container at room temperature and stored at -

20˚C overnight. The following day the insulated container was moved to a -80˚C 

freezer for another 24 hours, then the cells were transferred to a -150˚C freezer for 

long-term storage. 

 

2.19 Thawing cells 

A 1 mL aliquot of cells was removed from the -150˚C freezer and kept on dry 

ice until needed. Medium was warmed up to 37˚C, then added to the aliquot of cells to 

thaw them into warm conditions and dilute the DMSO in the freezing solution. The 

thawed cell mixture was moved into a 15 mL falcon tube containing warm medium 
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and centrifuged at 400 x g for 5 minutes to pellet the cells. The supernatant was 

removed and the cells were resuspended in 10 mL medium to be transferred into a T75 

flask for recovery. 

 

2.20 PEI transfection 

To produce virus from the SD01-08 plasmid (pACYC177_SD01-08 with 

EGFP), HEK293T cells were transfected using linear polyethyleneimine (PEI). 24 

hours prior to transfection, HEK293T cells were seeded to give approximately 70% 

confluency at the point of transfection. PEI (1 μg/μL) and a 1 μg/μL solution of endo-

free plasmid preparation were thawed and allowed to come to room temperature. For 

one 10 cm dish, approximately 1 mL transfection mix was made by adding 5 μg DNA 

followed by 50 μg PEI to 500 μL medium (serum-free, pen/strep-free), this mixture 

was vortexed and allowed to sit at room temperature for 10 minutes. After this time, it 

was topped up to 1 mL of serum-free medium and added dropwise to the plate of 

HEK293T cells containing 6 mL medium (with serum and pen/strep). These cells were 

returned to the incubator overnight, then the medium was aspirated and 10 mL of fresh 

medium was added. 

Each day, cells were observed by fluorescent microscopy for expression of the 

viral nsp2-EGFP; typically, there was significant blebbing and cell death at 24 and 48 

hours post-transfection, then cells grew normally and released significant amounts of 

virus into the supernatant. Virus harvests were made every 48 hours (i.e. at 96 and 144 

hours post-transfection). To harvest, 10 mL supernatant was collected and 250 μL 1 

M HEPES buffer was added (to prevent inactivation of viral particles due to low pH), 
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10 mL fresh medium was added to the cells which were returned to the incubator, and 

then the supernatant was centrifuged at 1,000 x g for 5 minutes to remove cell detritus 

before aliquoting and freezing at -80˚C. Titres from these p1 harvests were typically 

greater than 1 x 104 TCID50/mL. 

 

2.21 Viral infections 

To infect cells, an appropriate volume of undiluted viral supernatant was added 

to MARC-145 cells for 30 minutes, then a sufficient volume of medium was added to 

cover the cells. 

The number of cells which could be infected increased when cells were more 

confluent, therefore viral stocks were made by infecting confluent MARC-145 cells 

with p1 harvest after 48 hours on the plate. Medium was changed 48 hours after initial 

infections and then harvests were made every 24 hours for 3 days; adding HEPES, 

centrifuging and freezing was done as in p1 harvests. Titres from these p2 harvests 

were used for subsequent experiments if they were greater than 1 x 106 TCID50/mL. 

 

2.22 Viral titration 

96-well plates were seeded with MARC-145 cells (approximately 1 x 106 cells 

per plate) 48 hours before infection to give 100% confluency. A volume of 100 μL of 

the sample was serially diluted from 10-1 to 10-6 then 100 μL of each dilution was 

added to each of 8 wells (allowing 2 different samples to be titred per plate). Plates 

were returned to the incubator for 48-96 hours then checked for the presence of nsp2-
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EGFP by fluorescence microscopy, and the number of positive wells was recorded for 

each dilution (Table 2.5 shows an example). 

The volume of supernatant which was required to give a signal in 50% of wells 

(Tissue Culture Infectious Dose 50) was determine by the method described by Reed 

and Muench calculated using the Spearman-Kaber formula (Reed & Muench 1938): 

𝑇𝐶𝐼𝐷50
𝑚𝐿⁄ = 10𝑡−

𝑑
2

+𝑑(∑
𝑟
𝑛

) ×
1000

𝑣
 

 

In which t is the last dilution (x) which contains positive wells, d is the log of the 

dilution factor, r is the number of positive wells in t, n is the number of wells for each 

dilution, and v is the volume (μL) added to each well. For the example table, the values 

are input as follows. 

𝑇𝐶𝐼𝐷50
𝑚𝐿⁄ = 104−

1
2

+1(∑
3
8

) ×
1000

100
 

 

𝑇𝐶𝐼𝐷50
𝑚𝐿⁄ = 7.5 × 104 

 

2.23 Production of and transduction with lentiviral vectors 

HEK293T cells were plated on a 10 cm dish and incubated overnight to 

approximately 70% confluency then transfected with 1.5 μg of each plasmid - pPAX2, 

pVSVG and the transfer plasmid using PEI transfection, the medium was changed at 

48 hours post-transfection then the supernatant was collected after another 48 hours. 
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Collected supernatant was centrifuged at 1,000 x g for 5 minutes to remove cellular 

material then transferred to 1.5 mL tubes to be frozen at -80˚C (Figure 2.3).  

MARC-145 cells were plated on a 6-well plate and incubated overnight; then 0.2 

mL of lentiviral solution was mixed with 1.8 mL medium, which cells were incubated 

in for 48 hours. Cells were checked for fluorescent signal by microscopy at 48, 72 and 

96 hours and once this was visible, cells expressing red fluorescence were sorted by 

FACS alongside an untransduced negative control. 
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2.24 Fluorescence-activated cell sorting 

The plate was treated with trypsin and then the detached cells were centrifuged 

(400 x g for 5 minutes) to remove the trypsin. The pellet was resuspended in PBS 

which was then kept on ice for sorting. Cells were selected based upon forward 

scattering (to ensure cellular size) and sorted based upon fluorescence (mCherry-

positive material was considered transduced; untransduced cells were collected as a 

control). Cells were sorted into medium on ice, then seeded on an appropriate plate for 

incubation. 

 

2.25 Cell disruption and organelle harvesting 

1 protease inhibitor tablet was dissolved in 2 mL filtered, deionised water, to 

give a 25x stock which was frozen at -20˚C to be used in future. 

Two 10 cm dishes were seeded with cells (approximately 1 x 106 per dish), at 24 

hours the medium was changed and one plate was infected. After another 24 hours, 

the plates were washed with 5 mL PBS followed by 5 mL HB-EDTA. 0.8 mL HB-

EDTA with a 1x concentration of protease inhibitor was added to the plate which was 

then scraped to detach cells non-enzymatically. The detached cell solution was moved 

into a 1.5 mL tube and cells further dissociated by pipetting gently. The cells were then 

mechanically disrupted by passing through a needle (gauge 25) 6 times. The resulting 

lysate was centrifuged at 1,000 x g for 5 minutes to pellet intact cells and nuclei then 

supernatant was collected and this process was repeated (Figure 2.4). The final 

supernatant was then kept on ice until it could be used in gradient separation or 

fluorescence-associated organelle sorting. 
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2.26 Gradient Separation 

These solutions were slowly added to the side of a tilted 13 mL centrifuge tubes 

to prevent significant mixing of the layers (Figure 2.5). The gradients were prepared 

on the day of use and kept covered at 4˚C until organelle harvesting was completed. 

At this point, the centrifuge tubes were placed in centrifuge buckets and 0.8 mL 

harvested material was added gently to the top of the gradient. The viral and control 

buckets were weighed and HB-EDTA with protease inhibitor was added to the lighter 

gradient until each was within 0.1 g of the other. At this point the buckets were closed 

tightly and fitted to the rotor which was loaded into the ultracentrifuge and set to 

centrifuge for 17 hours at 41,000 rpm (RCFavg = 207,570; RCFmax = 288,244). The 

following day, the gradients were removed from the rotor and kept at 4˚C until they 

were able to be harvested. 

Cells were harvested using a long needle attached to a series of tubes which were 

rinsed with sterile water and 70% ethanol. The needle was lowered to the bottom of 

the gradient, taking care to avoid disrupting the separated layers. The solution was 

drawn into the tubing using a peristaltic pump and collected in fractions of 

approximately 1.2 mL. Fractions were processed immediately for RNA extraction then 

protein precipitation. 

 

2.27 Fluorescence-associated Organelle Sorting 

Following organelle harvesting, the sample was diluted 1 in 3 with PBS to 

prevent the high level of sucrose clogging the FACS machine, this solution was filtered 

into a filter-capped FACS tube and then kept on ice until sorting. 
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Material was collected based upon forward scattering (to ensure subcellular size) 

and sorted based upon fluorescence (EGFP positive material was categorised as 

DMVs, EGFP negative material was assumed to be other cellular organelles; 

uninfected material was collected as a control). Sorted material was frozen at -20˚C 

overnight and then processed by RNA extraction or protein precipitation. 

 

2.28 Total RNA extraction 

Qiagen RNeasy mini kit was used to extract RNA from cellular samples, 

fractions generated by gradient separation and material isolated by FAOS. Before 

beginning the protocol, 4 volumes of 100% ethanol were added to buffer RPE. Care 

was taken throughout this procedure to avoid RNase contamination, using RNaseZAP 

to clean working areas/equipment and using filtered RNase-free pipette tips and tubes. 

All centrifugations were for 30 seconds at 8,000 x g in a 1.5 mL microfuge. 

1 volume of 70% ethanol was added to each sample, mixed by vortexing, then 

700 μL of this mixture was added to an RNeasy mini column which was closed and 

centrifuged to bind RNA to the column. The flow-through was discarded and 700 μL 

buffer RW1 was added to the column to be centrifuged again to remove any non-

specifically bound material. The flow through was discarded and 500 μL RPE was 

added to the column which was centrifuged once again removing excess salts. This 

wash was repeated with another 500 μL RPE. The column was then centrifuged again 

to remove any excess liquid before being moved into a clean collection tube, then 30 

μL RNase-free water was added and the column was centrifuged again. The eluate 
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from this final centrifugation was kept frozen at -80˚C or thawed on ice for use in RT-

qPCR or quantification. 

 

2.29 Viral RNA extraction 

Qiagen Viral RNA mini kit was used to extract viral RNA from cell supernatants. 

Before use, an appropriate volume of ethanol was added to buffers AW1 and AW2; 

carrier RNA was added to buffer AVL. Care was taken throughout this procedure to 

avoid RNase contamination, using RNaseZAP to clean working areas/equipment and 

using filtered RNase-free pipette tips and tubes. All centrifugations were for 30 

seconds at 8,000 x g in a 1.5 mL microfuge unless otherwise stated. 

A sample volume of 140 μL was added to 560 μL buffer AVL in a 1.5 mL tube 

and mixed by vortex. Samples were incubated at room temperature for 10 minutes to 

lyse viral particles and then 560 μL ethanol was mixed into the sample by pipetting. 

650 μL of this solution was added and centrifuged through a QIAamp mini column, 

then this was repeated for the rest of the sample. 500 μL of buffer AW1 was 

centrifuged through the column and the filtrate was discarded, then 500 μL buffer 

AW2 was centrifuged through the column at maximum speed for 3 minutes. The 

column was moved into a clean 1.5mL tube, 30uL of nuclease-free water was added 

to the column and allowed to equilibrate for 1 minute before being centrifuged through 

the column. The eluate from this final centrifugation was kept frozen at -80˚C. 
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2.30 RT-qPCR 

Agilent Brilliant III Ultra-Fast SYBR Green QRT-PCR kit was used with the 

LightCycler 480 II qPCR system, as such no reference dye was required. Standards 

were generated by in vitro transcription and serially diluted to give a standard curve; 

all reactions were performed in duplicate and averages were used for analysis (Table 

2.7 shows a typical 20 μL reaction). The reaction mixture was assembled on ice (for 

the number of reactions +1), with RT/RNase being added last. A volume of 1 μL of 

RNA sample was added to the relevant wells in LightCycler 96-well plate, then 19 μL 

of reaction mix was added to each well. The plate was sealed with LightCycler foil 

and then centrifuged briefly to collect solution in the bottom of each well. The plate 

was placed in the LightCycler II and run (Table 2.8 shows the thermal profile; the data 

reading step is marked with an asterisk). 
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2.31 Strand-specific RT-qPCR 

Promega M-MLV Reverse Transcriptase was used to generate tagged cDNA 

from viral RNA and then the Agilent Brilliant III Ultra-Fast SYBR Green qPCR kit 

was used to detect this cDNA (Figure 2.6). 

A 1 μL volume of extracted RNA was added to 1 μL tagged primer 

(concentration 1 μM) and 8 μL H2O then heated to 70˚C for 5 minutes in order to 

break down secondary structure and allow the primer to bind; this solution was 

transferred to ice until the master mix was added. A 15 μL volume of master mix was 

added to each RNA/primer mix and then incubated at 42˚C for 50 minutes to produce 

a single strand of tagged cDNA. (Table 2.9 shows a typical master mix). 

Tagged cDNA was used in a qPCR reaction with a primer specific to the tag, 

with each sample run in duplicate and the average being use for analysis. The master 

mix was assembled on ice, 1 μL of tagged cDNA was added to the relevant wells and 

then 19 μL of master mix was added. (Table 2.10 shows a typical 20μL reaction mix). 

The plate was sealed with LightCycler foil and then centrifuged briefly to collect 

solution in the bottom of each well. The plate was placed in the LightCycler II and 

cycled (Table 2.11 shows the thermal profile; the data reading step is marked with an 

asterisk). 

 

2.32 Protein precipitation  

To precipitate protein, 0.2 volumes of 100% trichloroacetic acid (TCA) was 

added to 1 volume of cellular material to give approximately 15% TCA. This was kept 

on ice for 2 hours before processing or frozen at -20˚C for up to 3 days. 
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Subsequent to thawing, samples were maintained on ice, the centrifuge was pre-

chilled to 4˚C and acetone was chilled to -20˚C. Samples were centrifuged at maximum 

speed (13,000 x g) for 10 minutes, then the supernatant was discarded. The pellet was 

resuspended in 1 mL chilled acetone and then centrifuged at maximum speed for 5 

minutes and the supernatant was discarded. This acetone wash was repeated once 

before the precipitate was left to air dry before being dissolved in 20 μL of mass 

spectrometry solution. 

 

2.33 SDS-PAGE 

Samples were diluted in 5xSDS loading buffer at ratio of 4:1 then heated at 95˚C 

for 5 minutes, at this point samples were able to be frozen for subsequent use. 

The Tetra cell tank was set up with gels and buffer dams facing U-shaped gaskets 

according to manufacturer’s instructions. Each electrophoresis module was filled with 

1xTGS running buffer to ensure no leaks were present before filling the tank to the 

appropriate level. 5 μL EZ-run protein ladder was loaded alongside the relevant 

samples, with material equivalent to approximately 50,000 cells being loaded in each 

well unless otherwise stated. The lid was placed on the tank and plugged into the power 

pack to run at 150 V for 60 minutes or 100 V for 90 minutes (the wire in the bottom 

of each module was check for bubbles to confirm correct running). 

Once running was completed, gels were removed from their electrophoresis 

modules and the gel plates, for use in western blotting or silver staining. 
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2.34 Western blotting 

Following SDS-PAGE, proteins were transferred onto nitrocellulose in a Mini 

Trans-Blot system (Figure 2.7) in chilled 1xTG Transfer Buffer at 100 V for 1 hour 

(or 20 V for 5 hours at 4˚C if running overnight). Blocking, probing and washing were 

performed on a roller with the membranes in 50 mL falcon tubes, with 2.5 mL of 5% 

milk in TBS-T to be used for the probing steps. Primary antibody was used at 1/1000 

(2.5 μL) unless stated otherwise, whilst secondary was used at 1/5000 (0.5 μL HRP-

bound). Blocking (>30 minutes) and probing (1 hour at room temperature, or overnight 

at 4˚C) was done in 5% milk in TBS-T; washing (5x3 minutes) was done in TBS-T at 

room temperature. Blots were briefly incubated with a vortexed 1:1 mix of ECL 

reagents which was left on (covered by transparent polyethylene tubing) to expose 3 

films for 30 seconds, 5 minutes and 30 minutes before developing. 

 

2.35 Membrane stripping 

The membrane was covered in Mild Stripping Buffer and incubated for 10 

minutes on a shaker, then this process was repeated with fresh stripping buffer. The 

membrane was then washed twice with PBS (10-minute incubation on a shaker) and 

then twice with TBS-T (5-minute incubation on a shaker) before it was ready for 

blocking and re-probing. This protocol was performed at room temperature. 
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2.36 Vorum Silver Stain 

Following SDS-PAGE, the gel was recovered, trimmed (removing teeth between 

wells, a diagonal cut made to mark lane 1), allowed to equilibrate in fresh 1xTGS 

Running Buffer for 30 minutes and left in Fixing Solution at 4°C overnight. The 

following day, the gel was incubated in the following series of solution on a shaker at 

room temperature. Three 20-minute incubations were performed with ethanol wash 

solution, a single 2-minute incubation was performed in sensitising solution, three 5-

minute washes were performed in filtered, deionised water, a single 20-minute 

incubation was performed in staining solution for 20 minutes, and two 1-minute 

washes were performed in filtered, deionised water. The gel was then incubated in 

Developing Solution until yellow background staining began to appear, at which point 

Stop Solution was added and allowed to react for 5 minutes.  

 

2.37 Gel drying 

Following silver staining, the gel was placed in gel drying solution along with 

two cellophane sheets and allowed to equilibrate. The gel was then sandwiched 

between the two sheets with some excess drying solution, the sheets were then 

stretched in the frame ensuring there were no air bubbles or wrinkles. The frame was 

held together with foldback clips and allowed to dry at room temperature for several 

days (Figure 2.8). 
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2.38 Cell fixation 

Circular cover slips were added to each well of a 24-well plate using a 5 mL 

stripette attached to an aspirator to produce suction, then approximately 1 x 106 cells 

were added per 24-well plate. Pressing down with a pipette tip ensured that the cover 

glasses were on the bottom of the wells. 

After 24 hours, medium was changed on these cells and virus was added. After 

an appropriate length of time (15 or 24 hours) cells were washed once with PBS before 

being fixed with 8% formalin in PBS by incubator at room temperature for 10 minutes 

to cross-link proteins; or pre-chilled (-20˚C) 100% methanol before being incubated at 

-20˚C for 10 minutes to denature proteins and cause them to coagulate. The fixative 

was then removed and cells were washed once with PBS and kept in PBS at 4˚C until 

they were ready to be stained. 

 

2.39 Immunofluorescence staining 

Care was taken to avoid drying or disrupting the cells layer, breaking cover slips 

or exposing light-sensitive stain for excessive lengths of time. Washes were performed 

gently, and cover slips were moved using a needle with a slightly bent tip (forming a 

hook to lift cover slips) and a fine pair of sharp tweezers. Details of the antibodies 

(primary antibody source, concentration, secondary, fluorophore) used can be found 

in Appendix 7.3. 

Blocking and staining was in 1% Foetal Bovine Serum and 0.1% Tween-80 in 

PBS; washes were performed with 0.1% Tween-80 in PBS; the amount of solution 

used in these steps was kept to a minimum by sandwiching 15 μL of solution between 
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cells on their cover slips, and a layer of Saran wrap; whilst staining the cover slips 

were placed in a polystyrene box with damp blue roll to prevent the solution 

evaporating or exposure to light. 

Following formalin fixation, cells were incubated in 0.1% Triton X-100 in PBS 

for 10 minutes at room temperature to disrupt cell membranes allowing epitopes to be 

accessed by antibodies; methanol fixation does not require this step however the rest 

of the staining process was the same. 

Cells were blocked for 30-60 minutes at room temperature then the cover slips 

were added to primary antibody solution, incubated at room temperature for 1 hour 

before being moved into a 24-well plate to be washed 3 times with PBS. Cover slips 

were then added to secondary antibody solution, incubated at room temperature for 1 

hour and then washing 3 times as before. Cover slips were then placed on tertiary 

binding solution containing DAPI (at a 1/10,000 dilution) and – if appropriate – 

Phalloidin (at a 1/150 dilution) where they were allowed to stain for 15 minutes before 

a final 3 washes. 

Glass slides were labelled and mountant droplets of approximately 10 μL were 

added, then each cover slip was briefly submerged in water (to remove salt that could 

otherwise form a precipitate) and held against blue roll (to remove excess liquid) 

before being placed onto the mountant droplet with the cell layer facing downwards. 

Each cover slip was pressed down gently to ensure a relatively flat cell layer for 

imaging. 
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Slides were left in the dark at room temperature overnight, allowing moisture to 

escape and the mountant to harden. Slides were kept at 4˚C and imaging by confocal 

microscopy within a month. 

 

2.40 Molecular beacon hybridisation 

Following methanol fixation, cells were washed with PBS and then coverslips 

were removed and added to 400 nM molecular beacon in PBS in a similar set up to 

immunofluorescence staining so that the stain was sandwiched between the coverslip 

and cling film, these coverslips were incubated at 37˚C overnight in a plastic box 

containing a wet blue roll to ensure humidity. The following day. Cover slips were 

washed once and then placed on tertiary binding solution containing DAPI (at a 

1/10,000 dilution) and Phalloidin (at a 1/150 dilution) where they were allowed to stain 

for 15 minutes before a final 3 washes and mounting in the same manner as 

immunofluorescence staining. 
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Chapter 3: Identification of the membrane origin of the 

PRRSV DMV through imaging 
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3.1 Overview and Background 

In order to design decoys against PRRSV, a deeper understanding of the 

structural features formed during PRRSV infection is invaluable. With this in mind, 

Chapters 3 and 4 focus on exploring the associations between cellular pathways and 

the PRRSV replicative structure – the double membrane vesicle (DMV).  

Previous attempts to characterise the PRRSV DMV have led to the suggestion 

that it is an “autophagosome-like” structure; produced in infection to concentrate viral 

components and protect the replicative and transcriptional activity of the virus from 

cellular detection. This suggestion was driven by the double-membrane of the 

structure, which is morphologically similar to that of the autophagosome (Pol et al. 

1997; Knoops et al. 2012). As well as the association between the DMV and the 

cellular protein, LC3 (Liu et al. 2012; Sun et al.  2012). Furthermore, it has been 

reported that PRRSV infection increases cellular autophagy; whilst induction or 

inhibition of autophagy leads to a corresponding increase or decrease in PRRSV 

replication (Chen et al. 2011). 

This connection is called into question by studies of other nidoviruses, which 

suggest that the DMV may be more similar to the cellular EDEMosome. Studies of the 

coronaviral DMV have continued to show the association with LC3; however, EDEM1 

and OS-9 have also been linked to the viral structure (Reggiori et al.  2010; Maier et 

al.  2013). Furthermore, the nidovirus DMV has been shown to be contiguous with the 

endoplasmic reticulum (Knoops et al.  2008; Knoops et al.  2012). This combination 

of cellular proteins and structural features suggest a role for the ERAD tuning pathway 

(Calì et al.  2008). It has also been demonstrated that the coronaviral DMV can still be 
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formed in autophagy-deficient cells (Reggiori et al.  2010). It remains to be seen 

whether PRRSV relies on the same DMV formation pathway as the coronaviruses, or 

whether it takes a different route. 

In this chapter, PRRSV-inoculated MARC-145 cells containing fluorescent 

markers specific to the DMV and the cellular pathways of interest were imaged by 

confocal microscopy. First, the technicalities of confocal microscopy and co-

localisation analysis were discussed. Then, an additional timepoint was identified for 

the study of the DMV, and markers for the appropriate structures were validated. 

Finally, these elements were brought together to analyse multiple images series of 

PRRSV-infected cells. 
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Methodology for image collection and analysis 

The image analysis performed later in this chapter measures the degree to which 

different cellular markers localise to the same cellular structures, or co-localise. It is 

worth noting that co-localisation is not the same as two molecules sharing the same 

physical space, since this is impossible. Instead, co-localisation refers to two molecules 

which are part of the same structure within the cell (such as a protein complex, or a 

vesicle). The co-occurrence of two signals does guarantee that these two objects are 

co-localised, although they may be – as is believed to be the case for markers of the 

DMV. Instead, this co-occurrence of signals is the result of individual fluorescent 

molecules being too small to distinguish using the tools available, and therefore signals 

from neighbouring markers and cellular structures overlap on the image. 

Consequently, it is necessary to rely on statistical analyses to determine the degree to 

which two markers relate. If these analyses show a strong relationship then this 

suggests that these markers are localised to the same structure (such as the DMV). 

However, it can be difficult to distinguish incidentally overlapping signals from a 

small fraction of markers being found within the same structure. Some further 

considerations for digital image collection and analysis are outlined below. 

The size of the objects which can be distinguished by light microscopy is limited 

by the resolution of the system; and this resolution is limited in turn by the properties 

of light and the data acquisition method used. In light microscopy (which includes 

fluorescence microscopy), the distinction limit is reduced due out-of-focus light being 

collected by the camera. This light is collected from signals higher or lower on the z 

axis than the focal plane and is problematic when examining co-localisation since 

markers which sit at the same points on the x and y axes, but a different point on the z 
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axis, will appear to be within the same part of the cell. Confocal microscopy reduces 

this issue using a pinhole before the camera to block out most of the out-of-focus light; 

this allows the system to focus on individual planes of the z axis, though typically at a 

lower resolution than the x and y axes (Minsky 1988; Webb 1996). 

The limiting factor on the resolution of confocal microscopy is the diffraction of 

light. When photons pass through the pinhole, they do not move as might be expected 

for macroscopic objects, instead they spread as wavelets to produce an interference 

pattern (known as the point spread function (PSF), or Airy disk) on the camera. The 

consequence of this is that the light from a single fluorescent molecule does not appear 

as a single point in the xy plane, but rather as a bright point surrounded by concentric 

circles which reduce in intensity as they move further away from this bright point 

(Shaw & Rawlins 1991). The interference patterns from every fluorescent molecule 

being imaged come together to form the overlapping structures seen in confocal 

microscopy, with a typical limit of greater than 250 nm. 

It is possible to overcome this limitation with super-resolution microscopy. This 

set of techniques rely on the sequential excitation of a subset of the fluorescent 

molecules within the sample; this allows the PSF to be identified for individual 

molecules, thus the identification of the central bright point (Hell & Wichmann 1994). 

This approach removes the noise of the concentric circles and allows significant 

increases in resolution, to limits of greater than 35 nm. Another method for improving 

the resolution of an imaging system is to forgo light entirely – replacing photons with 

electrons, and thereby generating a map of how electrons are deflected from the surface 

of a sample which allows features to be identified; this allows limits of less than 50 

picometres (Erni et al. 2009). Electron microscopy can be further improved using 
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metals which generate a more distinct signal than other structural features; gold-

labelled antibodies have been used mark specific proteins in the cell for over 40 years 

(Faulk & Taylor 1971). Recent advances have used alternate rare metals to distinguish 

several different proteins by electron at the same time (Adams et al. 2016). For 

practical reasons, the imaging presented here was done by confocal microscopy, 

allowing objects to be distinguished on the scale of hundreds of nanometres. 

When the camera collects photons within a confocal system, the data is stored as 

a matrix of numerical values (from 0 to 255 in the case of 8-byte images). Each cell in 

the matrix represents a pixel and the numerical value represents the signal intensity (a 

value related to the number of photons which are collected for that pixel). The gain, 

exposure time and laser power of the system are adjusted during image capture to 

ensure that no pixels are under- or over-exposed (meaning that there are no minimum 

(0) or maximum (255) values in the pixel intensity matrix); as this would make it 

impossible to determine the degree to which a pixel is under- or over-exposed. 

The intensity of each pixel in a digital camera does not differ based upon the 

wavelength of photons which are collected. To distinguish colours, filters must be used 

– for example, a coloured lens which only allows green light (a wavelength of 

approximately 519 nm) through. For colour images (RGB), such as those captured 

with a household digital camera, three sets of filters (red, green and blue) are used to 

generated separate matrices of pixel intensities which are combined to give a colour 

image. In fluorescence microscopy, the number of channels available is only limited 

by the wavelengths that can be distinguished by the filters of that system and the 

excitation/emission wavelength of the fluorescent molecules used. The data for each 

of these channels is stored as a separate matrix of intensity values. Whilst overlaying 
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these separate channels can be useful in identifying features, images from a single 

channel are best represented in greyscale since this allows comparisons to be made 

without bias in the perception of different colours. For merged images, false colours 

related to the fluorescent markers used for each channel were added. 

To aid in the recognition of patterns within a digital image, the intensity of each 

pixel can be plotted in a histogram which will typically results in a sharp, low intensity 

peak of background signal followed by a smoother curve of the less frequent high 

intensity pixels. This concept is taken further when comparing two channels. Plotting 

the data from each channel along the x or y axis allows a cytofluorogram to be 

generated, which can be useful in identifying a relationship between two markers. 

Two correlative values are commonly generated to examine the relationship 

between two channels. A linear regression can be performed on pixel intensity data to 

quantify the correlation between the channels. This value is called Pearson's 

correlation coefficient (PCC) and ranges from -1 (perfect negative correlation) to 1 

(perfect positive correlation), with a 0 representing no correlation between the data 

sets (Manders et al. 1992). Another method which quantifies the relationship between 

two channels is Li’s intensity correlation analysis (ICA) and the resulting Li’s intensity 

correlation coefficient (ICQ). This method works on the principle that, for any given 

data set, each value will differ from the mean value by a given amount, and the sum 

of this amount for the entire data set will equal zero. This can be extended to two data 

sets, in which each value in the first data set will differ from the equivalent value in 

the second data set by a given amount. If these two data sets are not correlated then 

the sum of these amounts will tend towards zero; however, when the two data sets are 

positively correlated, this value will tend to be greater than zero; and when the two 
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data sets are negatively correlated, this value will tend to be less than zero (Li et al. 

2001). Li’s ICQ is a value between -0.5 (perfect negative correlation) and 0.5 (perfect 

positive correlation) indicating the strength of the correlation between the data sets.  

There are several kinds of analyses which modify the original images of one 

channel to generate randomised images, which have as much correlation as would be 

expected by chance. A series of these randomised images can then be compared to the 

original image of the other channel, generating PCC values to determine whether the 

original fares better than would be expected by chance. Van Steensel’s cross-

correlative function (CCF) does this by transforming the data in either direction along 

the x axis, whilst Costes’ randomisation does this by splitting the image into sections 

and shuffling these sections across both axes (van Steensel et al. 1996; Costes et al. 

2004). Both of these techniques were performed using the Just another Co-localisation 

Plugin (JaCoP) of Fiji Is Just ImageJ (FIJI); however, since all of the markers analysed 

were found in similar locations (i.e. within as opposed to outside of cells, and at a 

greater concentration in the perinuclear region), the results were not particularly 

instructive as they were always more likely to occur than would be expected by chance. 

Therefore, these methods were deemed unsuitable for the purpose of the experiments 

on hand. 

A different approach for quantifying the co-occurrence of signal between two 

channels is to measure the amount of signal from one channel which overlaps with 

signal of the other channel. This approach first involves establishing a clear threshold 

at which a signal is considered “real” as opposed to background noise, to generate a 

binary mask – an image in which every pixel is either positive (i.e. real) or negative 

(background) – for this reason, image correction is an important part of overlap 
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techniques which is discussed at a later point. The overlap coefficients (k1 & k2) 

calculate the PCC between the binary masks for two channels whilst the Mander’s 

overlap coefficient only produces a binary mask for one channel and then gives the 

proportion of the signal from the other channel which is found in the positive area of 

the binary mask (this process is then repeated using the other channel to generate the 

binary mask) (Manders et al. 1993). Adler & Parmyd made a strong case against the 

overlap coefficient, which will not be repeated here; as a result, only the Mander’s 

overlap coefficient is used here to generate pie charts which show the proportion of 

the intensity from each channel which overlaps with the other (Adler & Parmryd 

2010). 

As mentioned several times in the previous paragraphs, the way an image is 

corrected can have a significant effect on these analyses and should therefore be done 

carefully. There are several manual techniques, which are essential to ensuring that 

images are consistent between print, projected and digital media: thresholding sets all 

pixels which are below a given intensity to zero to eliminate background noise; 

brightness adjustment allows for low intensity pixels to be seen; and contrast 

adjustment increases the intensity of pixels above a certain value whilst decreasing the 

intensity of those below that value (like a milder form of thresholding). These 

techniques were performed in the same way on all the images in this thesis, however 

no manual correction was used on images before they were analysed with the 

techniques discussed above. Instead, automatic image correction techniques were 

used. To avoid the bias introduced by manual thresholding, a technique called Costes’ 

automatic threshold was used on all images prior to analysis. This method calculates 

the PCC between the pixels with the highest intensity and those with an incrementally 
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lower intensity, then continues to add lower increments until the PCC reaches zero or 

less; the intensity of pixels which are not selected by this point are reduced to zero 

(Costes et al. 2004). By assuming that non-correlated or negatively-correlated pixels 

are background noise, this method could lose subsets of objects which contain the 

relevant marker at a low level. However, since it requires the PCC to fall to zero, it 

will continue to treat signals as real even when they have a very low correlation. 

Whilst the methods used to generate correlative values are able to account for 

low intensity background pixels, a more rigorous background noise reduction 

technique is required when calculating the Mander’s overlap coefficients as the binary 

masks that are produced can give an undue significance to false positive signals. For 

this reason, the rolling-ball algorithm was used when calculating the Mander’s overlap 

coefficient. This technique thresholds low-intensity pixels whilst taking account of the 

surrounding area so that distinct structural features are preserved (Sternberg 1986). 

The majority of the signal generated by cellular markers came from uninfected cells, 

as opposed to the infected cell of interest in each field-of-view; these signals would 

not be expected to co-localise with viral markers, therefore, their inclusion in the 

analyses artificially weakens the relationship between the two channels. To reduce the 

effect of these irrelevant regions, analyses were performed on specific regions of 

interest (ROI), which were defined manually based on the cytoskeletal structure 

identified with phalloidin staining or using the other cellular markers present in the 

imaging.  
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3.2 Results 

Viral Markers 

The most consistent and widely used marker for the PRRSV DMV is nsp2. This 

non-structural protein acts alongside nsp3 to induce membrane re-arrangement and 

formation of the DMV (Snijder et al. 2001). Both nsp2 and nsp3 play a key role in 

PRRSV replication, being situated in the membrane of the DMVs for the replication 

and transcription complex (RTC) to be formed on (van der Meer et al. 1998). A strain 

which expressed nsp2 fused to a fluorescent protein was sought, since this would 

remove the need for an anti-nsp2 antibody that might cross-react with other antibodies 

in the intended immunofluorescent staining. This had the additional benefit of being a 

simple method to confirm infection in cells without a staining step. Although there are 

a variety of infectious clones available, most of these are based on genotype 2 strains 

of the virus (Meulenberg et al. 1998; Nielsen et al. 2003; Truong et al. 2004; Lv et al. 

2008). Genotype 1 PRRSV is prevalent in Europe and therefore presents a more 

suitable model to be studied under the circumstances. Furthermore, PRRSV genotype 

2 is classified as a Specified Animal Pathogen Order (SAPO) class 3 in the UK, which 

requires higher biocontainment and therefore limits the experiment types which can 

be conducted.  

With these considerations, the infectious clone SD01-08 was chosen – whilst 

this is a genotype 1 strain, the original isolate was collected in the United States in 

2001. The nsp2 sequence of this strain was found to contain a shorter C terminal 

hypervariable region than the prototypical Lelystad virus, and an EGFP sequence was 

inserted into this region (Fang et al. 2006). This infectious clone was further modified 
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to allow expression of the virus through a transfected plasmid, resulting in increased 

titres and simplifying the process of virus production (Huang et al. 2009). 

Nevertheless, the titres associated with this EGFP-expressing clone are reported to be 

10-fold lower than the parental virus (Fang et al. 2006). Highly-variable titres were 

observed throughout the work reported here; and therefore, low titre stocks which were 

only capable of a low multiplicity of infection (MOI) were used in the imaging 

experiments of this chapter, whilst higher titre stocks were set aside for work in later 

chapters. Another feature of strain SD01-08 is low cytotoxicity, which allows changes 

to the cellular environment to be observed throughout the course of infection, but 

should be considered when comparing the imaging presented here to that based upon 

strains that are associated with increases in cellular pathology.  
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The polyethyleneimine (PEI) transfection protocol described in the previous 

chapter was followed. Briefly, a 10 cm dish was seeded with the HEK293T cell line 

(approximately 1 x 106 cells). The following day, a solution containing 5 μg endotoxin-

free plasmid DNA (pSD01-08) and 50 μg linear PEI was added to these cells, which 

were incubated overnight again; media was changed at 24 post-transfection, then virus 

harvests were made at 96 and 144 hours post-transfection, by filtration and 

centrifugation of cell supernatant. After virus was produced, it was used to inoculate 

MARC-145 cells. A 12-well plate was seeded (8 x 104 cells per well) at 1 day prior to 

infection, then inoculated with 0.5 mL transfected HEK293T cell supernatant for 

infection or 0.5 mL fresh culture media for mock-infection. At 48 hours post-infection 

(p.i.), fluorescence microscopy was used to image infected and mock-infected cells 

and strong expression of nsp2-EGFP was observed in the infected cells (Figure 3.1a). 

The nsp2-EGFP was found to form characteristic arcs within each cell, which is the 

expected result of perinuclear localisation of viral nsp2 in the double membrane vesicle 

(i.e. each arc is the result of DMVs accumulating around the nucleus of a cell; Figure 

3.1b). Auto-fluorescence in the mock-infected cells was found to be almost non-

existent, showing that the nsp2-EGFP signal is specific. 

Infected cells were observed to cluster, as can be seen in the darker patch of cells 

towards the top of the field in the infected, brightfield image (Figure 3.1a, top left 

image). However, it is not clear whether this response to the viral infection is the result 

of an inhibited stress response, reduced mortality or altered attachment characteristics. 

It is notable that, regardless of the duration of an infection, only a limited subset of 

MARC-145 were observed to be infected, therefore this sub-population must have 

some factor which renders them susceptible to infection. Since MARC-145 cells were 
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derived from MA-104 cells by clonal isolation and testing of the clonal populations 

toward PRRSV-replication ability, a genetic difference in the sub-population can be 

dismissed (Kim et al. 1993). Instead, the susceptibility factor in this sub-population of 

MARC-145 seems to be the result of altered gene expression, whether due to cell-cycle 

stage or cell signalling response. It has been suggested that these factors facilitate cell-

to-cell transmission of the virus, which also accounts for the branching pattern seen 

spreading from the initial foci (Figure 3.1c) (Cafruny et al. 2006). The ratio of cells 

expressing these susceptibility factors appeared to increase (relative to the overall 

number of cells) when there was a higher concentration of cells on the dish. For this 

reason, highly confluent cells were used throughout the experiments presented here. 

For imaging, this raised the issue of distinguishing the cytoplasmic spaces of 

individual cells from each other. Therefore, phalloidin staining was employed where 

possible to highlight the actin – and in particular the cortical cytoskeleton – and thereby 

boundaries of each cell. 

After confirming that the infectious clone SD01-08 produced infectious virus, 

which generated the expected nsp2-EGFP expression, a series of experiments (Figures 

3.2-3.5) were performed to optimise staining methods and confirm viral protein 

localisation. That is, with DMV markers localised in the perinuclear region of the cell, 

and minimal observable background in mock-infected cells or cells stained with only 

a secondary antibody. Glass coverslips in a 24-well plate were seeded with MARC-

145 cells (4 x 104 cells per well); the following day, cells were inoculated with SD01-

08 infectious clone (MOI = 0.05). At 24 hours p.i., the coverslips were treated with 

formaldehyde and triton detergent to fix and permeabilise the cells, which were then 

probed with mouse antibodies raised against nsp2, nsp8, and nucleocapsid (N) protein, 
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and double-stranded RNA (dsRNA). A red fluorescent, anti-mouse secondary 

antibody was used to probe these primary antibodies, then the (cortical) actin of each 

cell was stained with phalloidin (with a far-red fluorescent marker) and the nucleus 

was stained with 4',6-diamidino-2-phenylindole (DAPI). In this series of experiments, 

no significant background staining was observed in the mock-infected cells, 

confirming the specificity of the primary antibodies. The same is true of background 

staining in the red channel of infected cells which were only probed with secondary 

antibody, confirming the specificity of the secondary antibody towards the primary 

antibodies. 

Whilst fluorescence microscopy of infected cells (Figure 3.1) gave an indication 

as to the expression and perinuclear localisation of nsp2-EGFP through the arc-shaped 

pattern of fluorescence within each infected cell, the previous experiment lacked a 

nuclear stain and was carried out at a relatively low resolution. These image series 

(Figures 3.2-3.5) included nuclear staining and were captured using a confocal 

microscope at higher resolution, revealing the distinct perinuclear localisation of nsp2-

EGFP. The immunofluorescent staining of nsp2 (red channel, Figure 3.2) shows 

overlap with nsp2-EGFP in the perinuclear region of several cells; however, it is 

notable that the five cells on the right side of the field do not show an EGFP signal. It 

is likely that this is the result of the point mutations in the EGFP sequence which causes 

the fluorescent activity of the protein to be disrupted – this is a common phenomenon 

with PRRSV infectious clones, typically seen after several passages (Kim et al. 2007). 

To minimise this phenomenon, passage 2 virus stocks (i.e. the result of transfection of 

HEK293T cells and a single round of infection on MARC-145 cells) were used in all 

subsequent experiments. 
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Probing for nsp8 was performed due to previous reports of this protein in the 

DMV of the virus (Li et al. 2012). nsp8 is only 45 amino acids in length and no 

function has yet been determined, due to a lack of homology with other proteins. The 

perinuclear localisation of nsp8 observed here (Figure 3.3), and the apparent co-

occurrence of signal with nsp2-EGFP reflect the idea that both these proteins mark the 

viral replicative structure. 

In the arteriviruses, the N protein forms filamentous structures near the DMV 

where it is well-positioned to encapsidate the newly-replicated viral genomes for virus 

particle assembly (Knoops et al. 2012). N is also found more widely in the cytoplasm 

and nucleus where it alters the expression of host genes (Tijms et al. 2002; Rowland 

& Yoo 2003). The localisation of N which was observed (Figure 3.4) is consistent with 

these roles, as is the lower apparent co-occurrence of signal between nsp2-EGFP and 

the N protein antibody compared to the antibodies raised against nsp2 and nsp8. 

The only event which is known to result in large amounts of dsRNA within a 

mammalian cell is infection by an RNA virus; aside from some processes which are 

internal to the nucleus, such as formation of the spliceosome or the activity of small 

nuclear RNAs (Wahl et al. 2009; Nguyen et al. 2001). As a result, pathogenic pattern 

recognition molecules such as RIG-I and MDA5 evolved to allow the cell to recognise 

dsRNA and respond accordingly (Kato et al. 2006). In turn, RNA viruses have evolved 

methods of preventing this detection – for PRRSV, the process which generates 

dsRNA (replication and transcription of the viral genome) is performed within the 

DMV, as can be seen in this immunofluorescent staining (Figure 3.5). 
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Live-cell imaging of infection 

Having validated that nsp2-EGFP expression by the SD01-08 infectious clone 

was a suitable marker for the viral DMV, the course of infection was examined in more 

detail. Throughout the literature, a 24-hour timepoint is usually chosen for study; 

however, EAV DMVs begin to appear within 4 hours of inoculation, and infectious 

PRRSV is produced within 12 hours of inoculation (Knoops et al. 2012; Burkard et al. 

2017). It is reasonable to hypothesise that the PRRSV viral replicative structure forms 

prior to the arbitrary 24 hour timepoint, and that DMVs formed within this time 

window are more likely to be associated with cellular markers from their pathway of 

origin. For this reason, a live-cell imaging experiment was performed to determine the 

earliest time after infection at which a sufficient number of DMVs were present to be 

detected visually. 

MARC-145 cells were seeded on a glass-bottomed plate (8 x 104 cells per well), 

then inoculated with SD01-08 infectious clone (MOI = 0.05) on the following day. 

The plate was set up in a live-cell deconvolution system, then 10 fields of view (FOV) 

were selected to be imaged every 20 minutes over the course of 24 hours. Adjustments 

were made to the focal plane after several hours to account for initial temperature 

fluctuations, then again after approximately 13 hours to correct for any overnight drift. 

An illustrative FOV was selected (Figure 3.6a), which shows nsp2-EGFP puncta in 

the perinuclear region of infected cells from approximately 13 hours p.i. By 24 hours 

p.i., there was a significant build-up of these puncta in primarily infected cells, and 

puncta began to appear in “nearby” cells due to a secondary round of infection. Whilst 

primarily infected cells were not always directly adjacent to the secondarily infected 

cells as their puncta developed, the motility of MARC-145 cells would provide ample 
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opportunity for cell-to-cell transfer of the virus at an earlier point. Based upon this 

imaging, a timepoint was selected at 15 hours p.i. to ensure early, single-round 

infections would be captured. In addition, a 24-hour p.i. timepoint was selected to 

allow direct comparisons with previously published studies.  

In addition to the longitudinal 24-hour imaging reported above, another series of 

images was taken between 24 and 25 hours p.i. in which an image was captured every 

10 seconds over the course of an hour. An interesting phenomenon was observed 

(Figure 3.6b) in which a cell nanotube, as has been previously described by Guo et al., 

formed (Guo et al. 2016). Specifically, an infected MARC-145 cell was observed to 

move above the cell monolayer, away from a focus of infection, and extend a nanotube 

(indicated with a white arrow) approximately 85 µm in the direction of uninfected 

cells. This phenomenon was only observed on a single occasion, so caution must be 

taken in interpretation. However, if genuine, such behaviour could certainly facilitate 

the kind of cell-to-cell spread of the virus discussed in relation to Figure 3.1. It should 

be noted that MARC-145 cells, derived from kidney cells, might not be expected to be 

particularly motile; but since cell-to-cell spread of PRRSV may be more important 

than previously reported, the effect of the virus on the motility of alveolar macrophages 

and the impact this has on systemic spread in vivo are both worth investigating. 
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Cellular Markers 

Having confirmed that the SD01-08 infectious clone nsp2-GFP was localised 

expected, and determined the appropriate timepoints for investigation; markers were 

generated for cellular pathways which may be involved in the formation of DMV 

structures. It has already been noted that the PRRSV DMV is been associated with 

LC3 (Liu et al. 2012; Sun et al. 2012). Therefore, several anti-LC3 antibodies were 

tested by probing formaldehyde-fixed MARC-145 cells; this identified one antibody 

from Novus Biologicals, which specifically stained the expected cytoplasmic puncta 

by immunofluorescent staining and detected a band of the appropriate size in western 

blotting (Figure 3.7a). Previous work has suggested that the EDEMosome may be 

exploited to generate the nidovirus DMV (Calì et al. 2008; Reggiori et al. 2010). 

Therefore, antibodies for markers of this pathway were tested, and it was determined 

that an anti-SEL1L antibody gave the appropriate signal in immunofluorescent 

staining and western blotting (Figure 3.7b). 

An additional marker was also generated in the form of an LC3 fusion protein 

designed to be transduced into a population of MARC-145 cells using a lentiviral 

vector. In designing a fusion protein, it is important to avoid disruption of the normal 

functions of the protein of interest. The binding of phosphatidylethanolamine (PE) to 

LC3 – which indicates the initiation of autophagy – occurs at the C-terminus of the 

protein; consequently, the addition of a fluorescent protein at the N-terminus of LC3 

is less likely to disrupt this function. Indeed, previously published work has 

demonstrated that the fusion of a relatively large fluorescent protein at the N-terminus 

of LC3 does not result in any noticeable disruption in the localisation of this protein to 

the autophagosome (N’Diaye et al. 2009). The monomeric protein, mCherry, was 
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selected to be fused to LC3, as this red fluorescent is easily distinguished from nsp2-

EGFP (Shaner et al. 2004). Furthermore, the similarity of the mCherry excitation and 

emission spectra with that of Alexa Fluor 594 dye which marked the secondary 

antibody, made these markers interchangeable in different experiments. 

An mCherry-LC3 gene fragment (approximately 1,100 nucleotides) was ordered 

from Integrated DNA Technologies and cloned into a second generation lentiviral 

transfer plasmid (pSL10) to generate plasmid pAB001, which contains an mCherry-

LC3 expression cassette (Figure 3.8a) (Dull et al. 1998). One 10 cm dish was seeded 

with HEK293T cell line (1 x 106 cells) and incubated for 24 hours before PEI 

transfection with transfer plasmid (pAB001), packaging plasmid (psPAX2) and 

envelope plasmid (pVSVG). The medium was changed at 28 hours post-transfection 

then lentiviral vector lvAB001 was harvested after another 48 hours, centrifuged to 

remove cell debris and frozen at -80˚C. A 6-well plate was seeded with MARC-145 

cells (1.5 x 105 per cells well) and returned to the incubator; the following day, 5 of 

these wells were transduced with a dilution series (10-x) of the AB001 lentivirus and 

one well was given fresh media as a control. Over the following days, each well was 

checked for expression of the insert, indicated by red fluorescence. Once this was 

detected, cells were sorted by fluorescence activated cell sorting (FACS) to collect 

mCherry-positive transduced cells, and untransduced control cells (Figure 3.8b). Flow 

cytometry revealed that the proportion of transduced cells which expressed the insert 

was relatively small; however, sufficient numbers of these mCherry-positive cells 

were recovered to constitute a population of mCherry-LC3-transduced MARC-145 

cells. As a consequence, there was no requirement to optimise packaging or 

transduction protocols for this project. 
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After sorting, transduced and control cells were checked each day for 

morphology and growth to ensure they were recovering. At 7 days post-sort, they were 

imaged by fluorescence microscopy (Figure 3.8c), and split to produce stocks. There 

appeared to be variation in the level of red fluorescence detected in the transduced 

cells; this was expected since the transduced cells are a mixed population, with the 

expression cassette integrated at different parts of the genome that will be expressed 

differently. An aliquot of transduced (T) and untransduced (U) cells was lysed and 

analysed by western blotting, probing with two different primary antibodies against 

LC3 (Figure 3.8d), which were able to detect up to five bands (labelled i-v, 

accordingly). The first antibody, from Novus Biologicals, primarily gave a signal for 

LC3-I (band iv) but gave minimal signal for LC3-II (v); and it was able to generate a 

strong signal in immunofluorescent imaging. In contrast, the Thermo Scientific 

antibody was able to detect both forms of LC3, however it did not generate a signal in 

immunofluorescent imaging. As noted above, LC3-I and -II are expected to give bands 

at approximately 17 and 14 kDa, respectively. As the molecular weight of mCherry is 

28.8 kDa, the expected running size of the fusion proteins, mCherry-LC3-I and 

mCherry-LC3-II, would be expected to be approximately 44 kDa (band ii) and 39 kDa 

(band iii), respectively. Another band (i) was detected at approximately 72 kDa by the 

Thermo Scientific antibody; as this band is present in both the transduced and 

untransduced lysate, it is likely to be the result of non-specific binding. 

A commonly used inducer of autophagy, rapamycin, was used confirm that 

mCherry-LC3-I to mCherry-LC3-II conversion increased and that the fusion protein 

was able to concentrate in autophagic puncta, as would be expected for native LC3 

during autophagy. Transduced and untransduced MARC-145 cells were treated with 
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rapamycin (0, 0.1, 1 and 10 µM) for 1 or 24 hours, then lysate from these cells was 

analysed by western blotting; however, no increase in the ratio of LC3-I to LC3-II was 

observed. Live-cell imaging was performed on MARC-145 cells on a glass-bottom 

dish, treated with the same concentrations of rapamycin; however, no changes to the 

localisation of mCherry signal was observed in these cells over the course of 4 hours. 

This effect was replicated on multiple occasions using reagents form two companies, 

suggesting that the MARC-145 sub-population presented here has lost the ability to 

respond to rapamycin (Tsvetkoc & Finkbeiner 2010). As an alternative to rapamycin, 

both cell lines were treated with 100 µM chloroquine – which disrupts lysosomal 

fusion, and thereby causes the accumulation of LC3-positive organelles (Solomon & 

Lee, 2009). Live-cell imaging was performed over the course of 2 hours (Figure 3.8e), 

and during this time, mCherry puncta (white arrows) were detected in the chloroquine-

treated cells. This confirms that the mCherry-LC3 fusion protein expressed by these 

cells was able to be concentrated on sub-cellular vesicles, which are believed to be 

autophagosomes; though it should be noted that other vesicles other than 

autophagosomes were accumulated in this treatment. 
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Co-localisation analysis of nsp2-EGFP with cellular markers 

As the methods above were able to adequately detect viral and cellular markers, 

confocal imaging was performed to determine the degree to which these proteins co-

localise. For all the remaining experiments presented in this chapter (Figures 3.9-3.14), 

cover slips in 24-well plates were seeded with MARC-145 cells (4 x 104 cells per well). 

The following day, these cells were inoculated with infectious clone SD01-08 (MOI = 

0.05), then infection was allowed to progress for 15 or 24 hours before formaldehyde 

fixation. Fixed cells were permeabilised and stained for the appropriate markers, and 

imaged by confocal microscopy to detect co-occurrence or co-localisation of these 

markers. FIJI was used to perform image correction (ROI with Costes’ automatic 

thresholding for correlative analyses; ROI and rolling-ball algorithm with Costes’ 

automatic thresholding for the Mander’s overlap coefficient); each image series was 

then concatenated and split so that each channel could be worked with independently. 

Infected cells were identified and the polygon tool was used to draw an ROI around 

each infected cell on a montage (scale factor = 1) of the channel. These ROI were 

combined with montages of the two channels of interest in the Coloc 2 plugin to give 

analyses for each ROI which were then combined in Microsoft excel to give mean 

values and pie charts. 

Bearing in mind the methodological details and analytical considerations 

discussed above and in the introduction to this chapter, three sets of staining were 

performed on MARC-145 cells fixed after 15 hours of infection with infectious clone 

SD01-08 (MOI = 0.05). The DMV was marked by nsp2-EGFP, whilst cellular 

pathways were marked by mCherry-LC3 and antibodies against LC3 or SEL1L 

(Figure 3.9-3.11). 
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In the first experiment (Figure 3.9), it is possible to identify LC3 puncta which 

co-occur with nsp2-EGFP (right arrow in inset); or LC3 puncta which appear to 

exclude nsp2-EGFP (left arrow in inset). For this reason, it is not possible to draw 

definite co-localisation conclusions solely based upon the images. The cytofluorogram 

(Figure 3.9ii) showed no clear correlation between the signals from nsp2-EGFP and 

the LC3 antibody. This was confirmed by the weak (and contradictory) correlative 

PCC or Li’s ICQ values generated (Figure 3.9iii, and whilst close to three quarters of 

the nsp2-EGFP signal was found in LC3-positive pixels (Figure 3.9iv), overlap 

analyses alone are not sufficient to draw a conclusion. These correlative and overlap 

values were generated after different methods of image correction applied, and the 

different values were presented graphically to allow for comparison. The corrective 

methods led to a slight increase in the strength of the correlative values; however, the 

change was minimal. In contrast, the application of corrective methods to the overlap 

analyses led to significant changes. Since the rolling-ball algorithm reduces the signal 

form large areas of low-intensity pixels, caused a significant amount of incidentally 

overlapping pixels to be removed from the analysis; when this was coupled with the 

ROI, the large areas containing no nsp2-EGFP positive-pixels but abundant LC3 signal 

were removed. 

In the second experiment (Figure 3.10), the mCherry-LC3-transduced MARC-

145 cell line allowed comparison of three different markers: nsp2-EGFP, mCherry-

LC3 and LC3 antibody. The correlative values between nsp2-EGFP and both LC3 

markers (Figure 3.10ii) were low, confirming the results obtained in with LC3 

antibody alone on untransduced cells. However, it was surprising to see that these 

weak correlations were also observed when comparing LC3 and mCherry-LC3, since 
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these two proteins should be localised to the same cellular structures and detected by 

the same antibody; this failure to co-occur can be seen in the imaging, where the 

brightest mCherry-LC3 punctum appears to exclude LC3 antibody (arrow in inset). As 

previously noted, in western blotting, this LC3 antibody appears to show a bias 

towards LC3-I over LC3-II (Figure 3.8d). This raises the intriguing possibility that 

these two markers are preferentially detecting different forms of LC3; with the 

antibody detecting LC3-I, whilst the fusion protein detects LC3-II. Put another way, 

the antibody appears to detect cytoplasmic/EDEMosomal LC3, whilst the fusion 

protein detects autophagic LC3. This is far from certain, particularly because the 

conformation of the antibody binding sites are not necessarily the same between 

western blotting and immunostaining; however, if it is true then the bright punctum in 

the inset is likely to represent an autophagosome which appears to exclude nsp2-

EGFP. Other than the relationship with the LC3 antibody, the mCherry-LC3 imaging 

was consistent with our expectations; the fusion protein was not homogeneously 

expressed between cells, since the transduction protocol used to produce this mixed-

population would cause the expression cassette to be inserted into the genome at 

different sites. Furthermore, there was reduced nuclear localisation of mCherry-LC3 

in the infected cells as compared to mock-infected cells, consistent with observations 

that LC3 accumulates in the nucleus under steady state conditions and stresses such as 

infection cause the deacetylation of LC3, so that it is exported to the cytoplasm (Drake 

et al. 2010; Huang et al. 2015). 

In the third experiment (Figure 3.11), SEL1L was more diffuse in the cytoplasm 

than the previously-discussed LC3 markers; it is therefore unsurprising that nsp2-

EGFP puncta which appeared to exclude SEL1L were less frequent, though still 



 

135 
 

present (arrow in insert). The cytofluorogram and the associated correlative values 

suggest a weak, but consistent, positive correlation between these two markers (Figure 

3.11ii). Furthermore, a large proportion of nsp2-EGFP signal was detected overlapping 

with SEL1L-positive pixels (Figure 3.11iii). It should be re-iterated that whilst these 

values remain weak, they do suggest that nsp2-EGFP is more likely to be associated 

with SEL1L (and therefore the EDEMosome) than either LC3 marker at 15 hours p.i. 
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The following experiments involved the imaging of MARC-145 cells which 

were fixed and stained at 24 hours p.i. (MOI = 0.05). The previous experiments did 

not show an association between nsp2-EGFP and LC3, as has been reported in the 

literature (Liu et al. 2012; Sun et al. 2012); this raised concerns that the analytical 

methods being used were failing to identify genuine associations between markers. In 

order to test this concern, additional viral markers were introduced to be used alongside 

nsp2-EGFP. nsp8 was expected to be strongly associated with nsp2-EGFP, whilst a 

less strong association was expected from N protein (Snijder and Meulenberg 1998). 

mCherry-LC3 and antibodies against LC3 or SEL1 were still used, as in previous 

experiments. 

In the first experiment (Figure 3.12), nsp2-EGFP and LC3 still showed limited 

co-occurrence, with bright nsp2-EGFP puncta often lacking a strong LC3 signal (arrow 

in inset, Figure 3.12a). However, there appeared to be a more positive correlation 

between the two markers in the cytofluorogram at 24 hours p.i. than had appeared at 

15 hours, which was supported by slight increases in the correlative values and an 

overlap pie chart between these times. Nevertheless, these values remained low, and 

they were consistently low when additional viral markers were added (Figures 3.12b 

and 3.12c). In contrast, the signals generated by comparing nsp2-EGFP with N protein 

(Figure 3.12b) or with nsp8 (Figure 3.12c) show co-occurrence resulting from true co-

localisation. N protein did not appear to co-occur specifically with nsp2-EGFP 

visually; however, the correlative values were positive and the overlap pie chart 

showed that more than half of the intensity measured in each channel was found in 

pixels positive for the other channel. The pattern of nsp8 signal showed distinct 
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similarities to nsp2-EGFP (arrow in inset) (Figure 3.11c), whilst the correlative values 

were very strong and the majority of intensity in each channel was shown to overlap. 

In the second experiment (Figure 3.13), imaging of mCherry-LC3-transduced 

MARC-145 cells appeared to show greater visual similarity between the different 

markers than had occurred at 15 hours (such as the structure indicated by the arrow in 

the inset). The correlative values were more positive and there was more overlap at the 

later timepoint; however, they were still low in comparison to the values generated 

from comparing viral markers.  

In the third experiment (Figure 3.14), there appeared to be less co-occurrence of 

nsp2-EGFP and SEL1L at 24 hours p.i. than there had been at 15 hours. This can be 

seen visually (arrows in insets indicate viral signals with no equivalent SEL1L signal), 

and in the low correlative values and overlaps between SEL1L and the viral markers. 

Once again, this contrasts with the values between the different viral markers, with N 

protein showing a moderately strong relationship to nsp2-EGFP (Figure 3.14b), and 

nsp8 showing a very strong relationship (Figure 3.14c). 
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3.3 Discussion 

Based on the imaging presented here, it is necessary to conclude that any 

association between the viral (nsp2-EGFP, nsp8 or N protein) and cellular (LC3 or 

SEL1L) proteins are too weak to be detected through the imaging techniques applied. 

It is important to be cautious in interpreting low correlative values; however, there 

were slight increases in the strength of the relationship between nsp2-EGFP and LC3 

at 24 hours p.i. as compared to 15 hours. When considered with studies which suggest 

that PRRSV infection leads to the induction of autophagy, this increase may have been 

caused by the general increase in LC3 signal causing greater incidental co-occurrence 

(Chen et al. 2012). By contrast, the slight decrease in co-occurrence between nsp2-

EGFP and SEL1L may be indicative of different stages of DMV formation – namely, 

that the EDEMosome is initially captured by the virus early in infection (15 hours p.i.), 

then the EDEMosomal markers diminish as the replicative structure is completely 

taken over.  

The imaging presented here supports the published hypothesis that nsp2 and 

nsp8 mark the DMV, whilst the N protein has a less strong association with the viral 

replicative structure. However, the work presented here contradicts previously 

published work which suggested the DMV of PRRSV is associated with LC3, or that 

the replicative structures of nidoviruses are associated with SEL1L.  There have been 

two previous studies which sought to characterise the PRRSV DMV with imaging. 

Both performed confocal microscopy on fixed MARC-145 cells which had been 

infected with PRRSV then immunostained for cellular markers. Liu et al. performed 

immunostaining on viral proteins, whilst Sun et al. detected their viral structures using 
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PRRSV constructs which expressed nsp2-EGFP or nsp3-EGFP fusion proteins (Liu et 

al. 2012; Sun et al. 2012). 

There appears to be a significant issue in the former paper; though this should 

be taken with the caveat that the images shown in the published paper might not fairly 

reflect those captured. Nonetheless, the visual overlap between the viral and cellular 

marker in this paper appears to be implausibly strong (Liu et al. 2012, Figure 1). Every 

pixel seen in the green channel (Nsp2, panel L) gave exactly the same intensity as the 

red channel (LC3, panel M) in the merged image (panel N), giving yellow. Whilst the 

red marker appeared independently in the nucleus, the green marker never appeared 

independently. This kind of perfect overlap can occur in biological systems when 

objects are always found together. However, it is highly unlikely for these markers, 

since both have complex, independent functions – LC3 can be found in the 

autophagosome, the EDEMosome, the exosome or diffuse in the cytoplasm (Tanida et 

al. 2008; Calì et al. 2008; Fader et al. 2005). Furthermore, the abundance of individual 

fluorescent molecules on cellular structures varies stochastically; and so, many 

fluorescent molecules will accumulate on one organelle, whilst relatively few will 

accumulate on another – this should result in structures which are found in the same 

pathway differing in their intensity. The fact that the two markers not only overlap but 

also appear to have the same intensity in every pixel suggests that there is cross-

reactivity by one secondary antibody used in this experiment. And, as red staining can 

be found independently whilst the green cannot, this suggests that the red secondary 

antibody was bound to the nsp2 primary antibody or the green secondary antibody. 

This pattern of cross-reactivity can be seen in MARC-145 cells stained with different 
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primary antibodies in this paper, suggesting that the red secondary antibody is binding 

to the green secondary antibody throughout (Figure 3.15) (Liu et al. 2012). 

The paper by Sun et al. contained two co-localisation experiments between nsp2 

and LC3. In the first, cells were transfected with a plasmid that expressed a GFP-LC3 

fusion protein; these cells were infected with PRRSV, which was then detected using 

an NSP2 antibody (Sun et al. 2012, Figure 1A); the second, used cells transfected with 

a plasmid that expressed an NSP2-EGFP fusion protein then detected LC3 using an 

antibody (Sun et al. 2012, Figure 8A). These images are purported to show co-

localisation between the markers – and whilst judging images as they are reproduced 

in a paper must be done with caution – this certainly appears to be the case. There 

appears to be partial overlap between the two markers, as would be expected from the 

heterogeneous nature of biological systems, and the PCC reported by Sun et al. 

supports this association. Whilst this paper did not perform staining with any marker 

of the EDEMosome, the data they present does suggest a meaningful relationship 

between some form of LC3 and the viral DMV as marked by nsp2 (Sun et al. 2012). 

Based on the contradictory results discussed here, it seems necessary for these 

imaging experiments to be replicated; ideally, at the resolutions granted by super-

resolution microscopy techniques (although several research groups familiar with 

these techniques were contacted, the timeframe of this project did not allow their 

presentation here). Another approach to overcoming this problem is the application of 

different techniques which would allow the viral replicative structures to be isolated 

from other cellular material – this is explored in the following chapter. 
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Chapter 4: Examination of the PRRSV DMV through 

proteomic approaches 
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4.1 Overview and Background 

In the previous chapter, confocal microscopy and image analysis were applied 

to understanding the origins and cellular associations of the PRRSV double-membrane 

vesicle (DMV). However, the results of this chapter called some previously published 

work into question by generating contradictory results. This chapter sought to move 

past this contradiction by exploring the issue from a different perspective; namely, but 

taking apart the cell and using two techniques – density gradient fractionation and 

fluorescence-activated organelle sorting (FAOS) – which both seek to separate the 

DMV from other cellular material for proteomic analysis by western blotting or mass 

spectrometry. 

Density gradient fractionation involves the centrifugation of a suspension of 

microscopic objects through a density gradient; each object will migrate from low- to 

high-concentration medium, until it is surrounded by medium of an equivalent density. 

Consequently, more dense objects such as peroxisomes will be separated from less 

dense objects such as lysosomes (Figure 4.1a). The gradient can then be harvested to 

give fractions which contain objects of differing densities for analysis. In the 60 years 

since density gradient fractionation was applied to distinguishing mitochondrial 

subtypes within rat livers (de Duve et al. 1955), this technique has been modified and 

applied to the study a wide variety of sub-cellular structures, including nuclei, 

chloroplasts, lysosomes, autophagosomes, peroxisomes, Golgi, endosomes, 

ribosomes, protozoa, bacteria, and viruses (Lovtrup-Rein & McEwen 1966; Douce et 

al. 1973; Pertoft et al. 1978; Stromhaug et al. 1998; Hajra & Wu 1985; Ehrenreich et 

al. 1973; van der Sluus et al. 1991; Kirby 1965; Cornelissen et al. 1981; Hanff et al. 

1984; Reimer et al. 1967).  Indeed, density gradient fractionation has even been 
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applied to the study of nidoviral replicative structures, specifically the PRRSV DMV. 

The paper by Sun et al. which was discussed in the previous chapter used this 

technique to separate the organelles containing the DMV marker, nsp2, from other 

cellular material; this paper was thereby able to provide additional support to their 

visual observation that this marker of the DMV is localised with LC3 – a marker of 

the autophagosome (Sun et al. 2012). Beyond these experiments on PRRSV, Reggiori 

et al. used this technique effectively to demonstrate that the replicative structure of the 

coronavirus murine hepatitis virus (MHV), does not co-segregate with the 

autophagosome; but rather, with LC3-I and EDEM1 – markers of the EDEMosome 

(Reggiori et al. 2010) 

Alongside this widely-used technique, this study also applied FAOS. This is an 

analogous process to fluorescence-activated cell sorting (FACS), in which, a 

suspension of microscopic objects is passed through a tube to form a stream that is 

broken into charged droplets, these can be magnetically deflected into collection tubes 

based upon their optical properties – namely, the presence or absence of fluorescent 

dyes, and certain proxies for physical characteristics (such as the scattering of light to 

indicate object size or density) (Figure 4.1b) (Böck et al. 1997). In fact, FAOS is the 

descendant of single organelle fluorescence analysis (or SOFA), a technique originally 

applied to the study of endocytic compartments (Roederer & Murphy 1986). FAOS 

took this procedure a step further in collecting the fluorescent organelles and, in the 

two decades since its inception, FAOS has been applied to the collection and analysis 

of secretory granules, phagosomes, mitochondria and exosomes, as well as bacterial 

and viral pathogens (Gauthier et al. 2008; Dhandayuthapani et al. 1995; Cossarizza et 

al. 1996; Cao et al. 2008; Dhandayuthapani et al. 1995; Brussard et al. 2000). 
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However, this procedure has never been applied to the study of PRRSV, nidoviruses, 

or to any sub-cellular structures induced by the replicative cycle of a pathogen. 

Therefore, FAOS was used with the aim of isolating the DMV from all other cell 

debris; thereby, avoiding the collection of similar density objects which is an inevitable 

consequence of density gradient fractionation. 

Once collected through either method, DMV samples were analysed by western 

blotting for markers of known pathways or by mass spectrometry to identify additional 

proteins of interest. 
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4.2 Results 

Sample preparation 

Before infected cell lysate could be processed by density gradient fractionation 

or FAOS, cells needed to be disrupted in a manner that kept sub-cellular structures 

intact. In order to do this, a technique used by Reggiori et al. to study MHV was tested. 

Cells were disrupted mechanically by repeated passage through a needle, then larger 

debris such as unlysed cells or nuclei was removed by low speed centrifugation 

(Reggiori et al. 2010). To confirm that this technique was effective in MARC-145 cells 

infected with PRRSV, a lysis experiment was set up during which samples were 

analysed by fluorescence microscopy (to detect EGFP produced by the virus) at each 

step in the preparation process. 

A 10 cm dish was seeded with MARC-145 cells (1 x 106), which were incubated 

for 48 hours before inoculation with infectious clone SD01-08 (MOI = 0.5). At 24 

hours post-inoculation (p.i.), the medium was removed and cells were washed with 

ice-cold PBS, followed by Hoechst Buffer with EDTA (HB-EDTA). A rubber 

policeman was used to scrape cells from the dish into 0.8 mL HB-EDTA containing 

protease inhibitor. This cell suspension was passaged through a 25 G needle 5 times, 

then centrifuged at 1,000 x g for 5 minutes to pellet larger debris; this centrifugation 

step was repeated on the supernatant to ensure that minimal large debris was carried 

over. Fluorescence microscopy was used to capture images before cells were 

harvested, after mechanical disruption and after each centrifugation step (Figure 4.2). 

No strong auto-fluorescent signal was detected in any images of mock-infected 

samples, whilst EGFP could be detected in the infected samples at each step. Most 
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importantly, small green puncta could be identified in the final step (marked with white 

arrows); this indicated that the disruption technique was effective for MARC-145 cells. 

It is hypothesised that these small green puncta are viral DMVs; however, it should be 

noted that the image of infected cells taken following lysis shows larger EGFP-positive 

structures, which appear to be associated with nuclei - these may represent the viral 

replicative structure which is contiguous with the ER. 

This sample preparation procedure was able to clarify organelles from debris 

effectively. However, this process significantly reduced the material available for 

subsequent analysis. Since the available mass spectrometric techniques have a lower 

limit of detection in the femtomole (fmol) range, and the lower limit for western 

blotting is typically less than that mass spectrometry; a fast and efficient method was 

sought, to ensure that collected samples contained sufficient protein for further 

analysis. Therefore, an experiment was set up to test the lower limit of detection by 

silver stain (Oakley et al. 1980). A dilution series (10-x) of bovine serum albumin 

(BSA) at a known concentration was fractionated by SDS-PAGE, separating the 

proteins by molecular weight (kiloDaltons, kDa). The proteins within the gel were then 

fixed, stained and visualised using the Vorum silver stain procedure (Figure 4.3). This 

stain was allowed to develop until background stain started to become visible (as can 

be seen in the messy darker region at the top of the gel), allowing a faint band (black 

arrow) to be detected in the 10 fmol lane. An equivalent of higher intensity in the 100 

fmol lane, indicated that this silver stain protocol was suitable for testing samples 

before they were submitted for mass spectrometry or used for western blotting. 
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Western blotting 

Having developed methods for producing a sample of sub-cellular material and 

for detecting the level of total protein within a sample, a palette of western blotting 

antibodies was developed to identify the cellular structures within a sample; thereby, 

confirming that viral structures were being adequately separated from other cellular 

pathways. 

All primary antibodies used were raised against proteins with sequences 

determined from Homo sapiens, whilst the cells of interest (MARC-145 cells) were 

derived from the kidney of the Chlorocebus sabeus monkey (Kim et al. 1993; 

Whitaker & Hayward 1985). Fortunately, the proteins of interest were well conserved 

amongst mammals and therefore antibodies raised against homologous proteins were 

believed to be sufficient. To test the palette of antibodies, lysate from infected and 

mock-infected cells was resolved by SDS-PAGE then transferred to a membrane; 

strips of this membrane were probed according to the western blotting protocol.  

In order to detect viral and cellular markers in combination, the selected primary 

antibodies were raised in mouse or rabbit, respectively. These primary antibodies were 

then detected using horseradish peroxidase (HRP)-bound secondary antibodies. When 

used in the absence of primary antibodies, these secondary antibodies showed non-

specific binding at 26, 32 and 60 kDa (grey arrows, Figure 4.4j). Although this non-

specific binding was minimal, any notable unexpected bands that were detected within 

these regions were regarded as non-specific binding. The HRP-bound anti-actin 

antibody that was used as a loading control in later experiments did not require a 

secondary antibody and showed minimal non-specific binding (Figure 4.4i). 
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Several monoclonal antibodies were selected to detect viral markers, these were 

generated in mice raised against the viral proteins nsp2 and nsp8 which were a kind 

gift from Dr Ying Fang (Kansas State University) (Li et al. 2012). In addition, an anti-

EGFP antibody was purchased (Takara Bio USA Inc.) for detection of the nsp2-EGFP 

fusion protein which should mark the same structure. The nsp2 antibody (Figure 4.4a) 

gave specific signals for infected lysate at approximately 150, 130, 80, 50 kDa, as well 

as non-specific signal at 30 kDa which can be seen in mock-infected lysate. The 

combined mass of nsp2 (112 kDa) and EGFP (30 kDa), gives the nsp2-EGFP fusion 

protein a mass of approximately 140 kDa. Therefore, it seems likely that the strong 

signal detected at approximately 145 kDa was the fusion protein, and the smaller bands 

were degradation products. Han et al. identified specific nsp2 degradation products at 

120, 100, 80, 51, 43, 41 kDa which were named nsp2a-nsp2f, in decreasing order (Han 

et al. 2010). With addition of EGFP to these products, it seems likely that nsp2a (145 

kDa), nsp2b (130 kDa), nsp2d (80 kDa) and another unknown nsp2 degradation 

product (50 kDa) were detected. The expected size of nsp8 is only 4.7 kDa and no 

signal was detected below 26 kDa for this protein (Figure 4.4b). However, there were 

multiple bands specific to the infected lysate at approximately 40, 48, 75, 95, 140, 180 

kDa as well as two non-specific bands (30, 68 kDa). Whilst it is likely that these 

specific bands were partially processed viral polyproteins, this was not confirmed and 

so this nsp8 antibody was used with caution. The EGFP antibody gave a strong signal 

in the infected lysate (Figure 4.4c) with no noticeable cross-reactivity in mock-infected 

lysate. Several bands are highlighted with black arrows (30, 40, 48, 70, 80, 150 kDa); 

however, distinguishing some of these is not simple as many of the stronger bands 

were over-exposed. A fusion protein of EGFP and nsp2 is present at approximately 
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145 kDa, and the strong band at approximately 30 kDa is likely to be EGFP cleaved 

from the fusion protein. The strength of the signal from this antibody made it ideal for 

use in detecting low levels of nsp2-EGFP in later experiments. 

Whilst the EDEMosome is poorly characterised, it has been shown to be 

associated with SEL1L, EDEM1 and LC3-I. Therefore, antibodies against these 

proteins were tested. For SEL1L, the expected bands were detected at approximately 

100 and 75 kDa (Figure 4.4d); in addition, bands of lower strength can be seen at 28, 

30, 32, 50, 68, 140 and 160 kDa. The expected signal for EDEM1 was seen at 

approximately 110 kDa (Figure 4.4e); however, additional bands are also visible at 34, 

45, 80 and 140 kDa. Whilst this antibody would be useful in later experiments, the 

staining it produced was inconsistent (not shown) and therefore it was not used further. 

Although LC3 is found on the surface of the EDEMosome, it is also found on 

the autophagosome bound to phosphatidylethanolamine (PE). For this reason, the 

presence of LC3-I is not considered a specific marker for either pathway; however, the 

presence of LC3-II is considered a specific marker for the autophagosome (Mizushima 

& Yoshimori 2007). Multiple antibodies were tested to detect LC3, and the two which 

were eventually settled on were a monoclonal antibody (mAb) from Thermo Scientific 

and a polyclonal antibody (pAb) from Novus Biologicals. The former antibody was 

only able to detect LC3-I as a 15 kDa species (as well as non-specifically binding at 

approximately 30 kDa; Figure 4.4g), but gave a clear signal in immunofluorescent 

microscopy; it was therefore employed in the previous chapter as a potential marker 

for the EDEMosome. The latter antibody detected LC3-I and LC3-II at 15 and 12 kDa, 

respectively (Figure 4.4f); making it ideal for detection of the autophagosome in 



 

175 
 

western blotting despite also giving non-specific binding at 28, 30, 55, 60, 70 and 110 

kDa. 

In addition to markers of the DMV, EDEMosome and autophagosome, 

antibodies to adipose differentiation related protein (ADFP) were tested. ADFP is a 

lipid droplet marker, which was selected since the previous staining of the DMV 

showed some similarity to lipid droplet staining and these organelles have been 

implicated in the replicative cycle of Hepatitis C virus (Barba et al. 1997). The 

antibody used gave a signal for ADFP at approximately 28 and 38 kDa, which is 

consistent with previous reports of heterogeneous sizes (Listenberger et al. 2007); as 

well as a band at 70 kDa. This antibody was tested in immunofluorescent imaging; 

however, both fluorescent secondary antibodies were found to cross-react with it and 

then restraints prevented further exploration of this avenue. 
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Fluorescence-Activated Organelle Sorting 

With the ability to differentiate between cellular and viral pathways, 

fluorescence-activated organelle sorting (FAOS) was tested as a method of enriching 

the DMV in a sample of mixed cellular debris. Two 10 cm dishes were seeded with 

MARC-145 cells (1 x 106 per dish); and the following day, they were inoculated with 

infectious clone SD01-08 (MOI = 0.5) or left in medium (mock-infected). After a 

further 48 hours, trypsin was used to detach intact cells from the dishes. These cell 

suspensions were divided in two, then one half was kept intact and the other half was 

used to harvest sub-nuclear organelles by lysis and passage through a needle (as in 

Figure 4.2). These suspensions of infected and mock-infected cells (Figure 4.5a) or 

organelles (Figure 4.5b) were analysed by flow cytometry, in which the normal FACS 

procedure of discarding data below a forward scatter value (FSC-A) of approximately 

103 was ignored, so that sub-cellular data was considered. A subset of objects was 

identified which were smaller than this FSC-A cut-off, and which showed a level of 

EGFP fluorescence which was observed in less than 1% of mock-infected objects (see 

boxes in Figure 4.5). This subset was hypothesised to consist of viral DMVs. 

Comparing the percentages of the objects in this subset between the intact or lysed 

samples showed that the lysis protocol increased the relative abundance of EGFP-

positive, subcellular material from 18% to 30%. This showed that the protocol was not 

only valuable in disrupting cells to process organelles individually, but also in 

enriching potential organelles of interest relative to other material. 
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The previous experiment showed that a population of sub-cellular, EGFP-

positive objects were able to be distinguished from cell lysate and sorted by flow 

cytometry. Therefore, FAOS was applied to collect these objects for analysis. A 

second time point at 48 hours p.i. was selected to increase the amount of viral protein 

present in cells. Two 10 cm dishes were seeded with MARC-145 cells (1 x 106 per 

dish); after 24 hours, one plate was infected with infectious clone SD01-08; after a 

further 24 hours, the second plate was infected. Cells were harvested from these plates 

at 48 and 24 hours p.i., mechanically lysed and centrifuged, then 100 µL of the 1 mL 

lysate was collected as “Input”. The remaining lysate was diluted with 2 mL PBS (this 

reduced the concentration of sucrose in the buffer, so that droplets could form properly 

for FAOS). The diluted lysate was sorted (Figure 4.6a) with gating determined by the 

EGFP signal observed in the prior flow cytometry experiment (Figure 4.5). In this 

experiment, EGFP-positive objects represented approximately 5% and 7% of the 

overall objects at 24 and 48 hours, respectively. Approximately 200,000 EGFP-

positive objects were collected from each time point, with the same number of objects 

collected from the EGFP-negative fraction for comparison. The material collected in 

FAOS was highly diluted, with each object being sorted in a droplet of approximately 

6 µL. For this reason, the samples were concentrated by trichloroacetic acid 

precipitation and acetone washes, then the precipitated protein was dissolved in 10 µL 

mass spectroscopy buffer.  
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In order to determine protein diversity and relative abundance, 1 µL from each 

time point (which should represent 20,000 EGFP-positive objects) was resolved by 

SDS-PAGE for silver staining, alongside the input sample (diluted in PBS at a 1/1000) 

(Figure 4.6b). The stain was allowed to develop until the background was at the same 

level as Figure 4.3. Several bands were observed (marked with arrows); although direct 

comparison of silver stained gels is not a precise technique, these bands appeared to 

be in the range of fmol based on comparison with Figure 4.3. This suggested that the 

proteins present in this sample were likely to be below the limit for detection by 

western blotting, but were at a high enough level for mass spectrometry. Therefore, 

the input, EGFP-positive and EGFP-negative samples collected at 24 and 48 hours p.i. 

were submitted to Dr Dominic Kurian at the Roslin Institute for mass spectrometry to 

generate protein hits (significance threshold p < 0.05) in the Mascot database. The 

input samples generated up to 100 positive results (Appendix 7.6), and both EGFP-

positive samples generated less than 10 positive results (Table 4.1). The EGFP-

negative sample at 24 hours gave no positive results and the EGFP-negative sample at 

48 hours gave 75 positive results. 

Unfortunately, the proteins detected in the EGFP-positive sample at either time 

point (Table 4.1) were also found in the 48-hour EGFP-negative sample; therefore, it 

is unlikely that these proteins were specifically related to the viral organelle. The one 

exception to this is keratin, which was only found in the EGFP-positive sample. 

Keratin has been suggested to play a role in PRRSV entry, along with several other 

cytoskeletal filaments (Kim et al. 2006); however, it has also been identified a 

common contaminant of mass spectrometry data, so this result should be taken with 

caution (Mellacheruvu et al. 2013).  Along with the listed proteins, the 24-hour 
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timepoint also yielded several unmatched peptides which showed no homology with 

unmatched peptides identified in an nsp3 pulldown experiment (Table 4.2) 

(MacKinnon 2015); protein-BLAST alignments of these peptides based upon the C. 

sabaeus genome yielded hits which were primarily associated with the cytoskeleton 

(calmodulin-regulated spectrin-associated protein 1; kallikrein-7; calmodulin-

regulated spectrin-associated protein 2; centromere protein 1; centrosomal protein of 

128 kDa; several types of keratin), and therefore assumed to be contaminants. 

This strategy of collecting viral organelles by FAOS showed some promise, as 

appropriate sub-cellular objects were identified and collected; however, the resulting 

mass spectrometric analysis did not appear to identify proteins specific to the DMV. It 

seems likely that each droplet which contained a DMV (and was consequently sorted) 

also contained significant number of soluble proteins which are normally found at high 

abundance in the cytoplasm. These high-abundance proteins appeared to constitute the 

majority of material collected, causing the estimate of DMVs required for mass 

spectrometry to be under-estimated. To increase the level of DMV-associated proteins 

relative to non-DMV associated proteins, high-molecular weight dialysis of the input 

lysate could be performed. With a molecular weight cut-off of greater than 200 kDa, 

DMVs and other large would be unable to pass through the dialysis membrane whilst 

smaller objects, such as cytoplasmic proteins, would be lost. Beyond this dialysis step, 

a larger number of EGFP-positive objects would need to be collected to be detected 

by mass spectrometry; however, this was impractical with the FACS machine 

available. 
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Density gradient separation  

As FAOS did not allow the collection of sufficient EGFP-positive material for 

mass spectrometric analysis, the application of an iodixanol density gradient to 

separate the DMV from cellular organelles was investigated. First, different methods 

of producing the gradient were tested. A gradient maker can be used to produce a 

continuous, linear gradient or a series of lower concentration solutions can be layered 

stepwise to form a gradient during centrifugation. To compare these two approaches, 

two 10 cm dishes were seeded with MARC-145 cells (1 x 106 per dish). The following 

day, the cells were scraped and mechanically lysed according to the protocol used 

throughout this chapter. A 13 mL gradient was made using each method, designed to 

produce a range from 6 to 30% iodixanol then 900 µL of the lysate was loaded on top. 

These gradients were centrifuged for 17 hours at 4°C at 288,000 x g, and allowed to 

slow down without braking (to prevent disruption of the gradients through the sudden 

change in velocity). To harvest fractions, a long needle attached to a tube was lowered 

to the base of each gradient, then a peristaltic pump was used to draw the solution 

through the tube at a constant rate. Nine 1.5 mL fractions were collected and then 

resolved by SDS-PAGE for the silver staining protocol. The two approaches showed 

similar separation of proteins (Figure 4.7); although the stepwise gradient showed 

more distinct separation than the linear gradient, as indicated by the relative strength 

of the highlighted bands (black arrows). As generation of a stepwise gradient was also 

a simpler process, this method was used going forward. 

Based upon total protein staining (Figure 4.7), the majority of cellular proteins 

were found in fractions between 6 and 18% iodixanol. Therefore, a gradient which 

ranged from 0-16% iodixanol with a 30% cushion was selected to separate the 
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organelles of interest, as well as a gradient from 6-26% iodixanol as advised by the 

suppliers (Alere Technologies) for ER-associated material. Whilst this 30% cushion 

was expected to mix with the adjacent 16% solution to form a continuous gradient, the 

majority of the gradient should be in the lower percentage range. For each of these 

gradients, two 10 cm dish were seeded with MARC-145 cells (1 x 106); the following 

day, cells were inoculated with infectious clone SD01-08 (MOI = 0.5), or mock-

infected with culture medium. At 24 hours p.i., post-nuclear supernatant was harvested 

as described previously and then loaded onto the stepwise gradient. These tubes were 

centrifuged for 17 hours at 4°C at 288,000 x g. Fractions of 1.2 mL were harvested 

with a peristaltic pump and then each fraction was precipitated using the TCA protein 

precipitation method outlined above to ensure low abundance proteins were able to be 

detected. The precipitate was dissolved in mass spectrometry buffer and resolved by 

SDS-PAGE for western blotting. 
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On the 0-16% gradient (Figure 4.8), the separation of cellular proteins was 

similar between the infected and mock-infected gradients, although a stronger signal 

was detected in the latter. Both LC3-I and -II were detected in the input fraction and 

the 30% cushion; LC3-I was detected alone through most of the gradient, particularly 

the fractions between 4 and 12%. SEL1L was also detected in the input fraction and 

the 30% cushion; and whilst there may have been a low level of SEL1L between the 6 

to 10% fractions, which generated some smearing, this can’t be stated with certainty. 

Based upon this fractionation, it appeared as though the autophagosome (LC3-I + LC3-

II) and the EDEMosome (SEL1L + LC3-I) were both collected in the 30% cushion, 

whilst an unknown LC3-I-positive object was found in the middle of the gradient.  

EGFP was only detected in the infected gradient, confirming that the antibody 

was not detecting non-specific proteins. The strongest signals for EGFP were in the 

30% cushion lane with over-exposed bands ranging from 36 to 130 kDa in a pattern 

broadly similar to the control staining observed in Figure 4.4c. A weaker EGFP signal 

was detected between lanes 2 to 10%, primarily in the 6 and 8% lanes – this weaker 

signal allowed individual bands to be more readily distinguished at approximately 80, 

60, 45, 40 and 36 kDa. Whilst the strong nsp2-EGFP signal detected in the 30% 

cushion is consistent with the literature suggesting the viral DMV is derived from the 

autophagosome or EDEMosome, the additional signals in the middle fractions of the 

gradient did not contain the appropriate markers to belong to either of these pathways.  

This western blotting shows that PRRSV-infected MARC-145 cells contain a 

population of LC3-I-positive, SEL1L-negative structures which are marked by the 

viral protein nsp2-EGFP. This may represent a novel viral organelle or it may have 
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been a known cellular organelle (such as virally-manipulated autophagosome or 

EDEMosome), which lost typical markers due to sustained viral infection disrupting 

the usual pathways for replenishing these markers. In order to identify additional 

proteins associated with this structure, the 6%, 30% and input fractions from infected 

and mock-infected cells for mass spectrometry. Each input sample generated positive 

results for approximately 300 proteins, whilst the fractions gave between 75 and 139 

positive results. The full lists can be seen in Appendix 7.6; however, a condensed 

version (Table 4.3) was generated, in which duplicates were removed and proteins on 

the mock-infected list were removed from the infected list. 
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For the 6-26% gradient (Figure 4.9), the signals from cellular markers were 

similar between infected and mock-infected samples, though a slightly stronger signal 

was generated by the mock-infected fractions. Unlike the previous 0-16% gradient, in 

which most organelles appeared to migrate to the 30% cushion; the 6-26% gradient 

more distinct separation, with LC3-I and LC3-II detected together in the 12%, 14% 

and input fractions, and LC3-I along detected in the fractions of less than 10%. In the 

input fraction. SEL1L signal was detected in a different manner between the input 

fraction (which primarily showed bands at 100 and 72 kDa, with weaker bands 34 and 

38 kDa) and gradient fractions 10% to 18% (which had a stronger signal for the smaller 

bands). In addition to these two markers, ADFP was detected in the input, between the 

10% and 16% fractions, and in the densest fractions of 24% and 26%. The presence of 

each of these cellular markers suggested that the majority of autophagosomes were in 

fractions 14% and 16%, and the majority of lipid droplets were in the 12% and 14% 

fractions. However, it is less clear where the EDEMosome migrated to – the expected 

SEL1L bands were largely found in the 26% fraction, but the lower molecular weight 

bands (below 40 kDa) were found between the 10% and 16% fractions where LC3-I 

was also present.  

The signals for EGFP and nsp2 were consistent for both antibodies and only gave 

a signal from the infected samples, confirming the specificity of these antibodies in 

detecting nsp2-EGFP. Whilst this DMV marker was detected in the densest fraction, 

the strongest signal for nsp2-EGFP was in the 14% and 16% fractions. The overlap of 

markers for all of our pathways of interest in these two fractions makes it impossible 

to determine the cellular origin of the DMV with certainty. However, the differences 

in abundance for each marker can be taken as evidence for one pathway over the 
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others. The clearest signal for SEL1L put the EDEMosome in the densest part of the 

gradient (26%, 24%), the DMV marked by nsp2-EGFP and the autophagosome 

marked by LC3-I/-II both began to appear together (20%, 18%) and both gave strong 

signals in the middle of the gradient (16%, 14%), whilst the signal for ADFP showed 

the lipid droplets appearing later (14%, 12%, 10%). Based upon this differential 

segregation of marker proteins, the hypothesis that the autophagosome is the cellular 

structure used to generate the DMV appears more likely; however, this evidence is 

partial at best. To form a stronger conclusion, further work would need to be performed 

– either extending the range of the gradient to give greater separation of organelles, or 

pursuing a different strategy for separating the DMVs from other cellular material such 

as immunoprecipitation of the entire viral structure. 

To identify additional markers of the DMV, as well as identify any other cellular 

pathways within the fractions of interest, the 14% and 16% fractions (Figure 4.9) were 

submitted for mass spectrometry. This resulted in the identification of between 20 and 

47 proteins in each sample. Once again, the full lists can be seen in Appendix 7.6, and 

a condensed version (Table 4.4) can be seen below, in which duplicates, and proteins 

that occurred on both lists, were removed. 
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Analysis of Mass Spectrometry 

To explore the commonalities between the proteins listed in Tables 4.3 and 4.4, 

ENSEMBL-STRING was used (Search Tool for the Retrieval of Interacting 

Genes/Proteins; version 10.0). This browser-based application uses information from 

several databases of protein-protein associations to produce a network based upon 

direct experimental evidence, along with various predictions. These include functional 

connections (i.e. proteins which are part of the same pathway), phylogenetic similarity 

and co-occurrence in the literature (von Mering et al. 2005).  Each node in the network 

represents all the proteins expressed by a protein-coding gene locus and the edges 

which link different nodes represent an association between genes – with thicker edges 

indicating a stronger evidence base for this association (e.g. direct experimental 

evidence as opposed to co-occurrence in the literature). 

A series of connected nodes – such as the proteasomal subunits, PSMD1, 

PSMB7, PSMB2, PSMD11 and PSMD6 (Figure 4.10b) – suggest that the pathway 

was isolated in the fraction of interest. Whilst individual nodes – such as ataxin-2-like 

protein, ATXN2L (Figure 4.10b) – suggest that the detection of this pathway may be 

less meaningful. However, interpretation of the network in this way must be done with 

caution, as promiscuous nodes – such as glyceraldehyde-3-phosphate dehydrogenase, 

GAPDH (Figure 4.10c) – have limited power in differentiating cellular pathways due 

to their abundance throughout the cell. It is also possible for expected associations to 

be missed – as in the case of the cluster of proteasomal subunits mentioned above 

which were not connected to proteasome assembly chaperone 2, PSMG2 (Figure 

4.10b). 
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4.3 Discussion 

In this chapter, viral DMVs were enriched relative to other cellular vesicles for 

analysis by western blotting and mass spectrometry. The DMV could be identified in 

flow cytometry; however, this process was not able to separate high-abundance 

cellular proteins from the organelles of interest which resulted in significant cellular 

contamination in mass spectrometry. According to the CRAPome (contaminant 

repository for affinity purification–mass spectrometry), common contaminants of 

mass spectrometry include actins, tubulins, heat shock proteins and elongation factors 

(Mellacheruvu et al. 2013). Whilst actin and tubulin have been reported to be present 

in the PRRSV particle and to have a role in transmission of the virus, the strength of 

these claims must be weighed against the likelihood of contamination in these sensitive 

techniques (Zhang et al. 2010; Cafruny et al. 2006). The detection of serum albumin 

can be attributed to high levels of serum in cell culture growth medium. The only 

protein identified from FAOS (Table 4.1), which wasn’t easily explained by 

contamination was α-enolase which is discussed further at a later point. Whilst it is not 

possible to discount a functional role for α-enolase in the DMV, it seems likely that all 

of the proteins detected were the result of the concentration of abundant cytoplasmic 

proteins which were more abundant than the DMVs in each 6 µL drop collected in 

FAOS or the result of contamination. 

Significantly more material was able to be collected through gradient density 

separation of organelles. This allowed western blotting for specific organelles to be 

performed. Whilst organelles were found in multiple fractions, those with the highest 

levels of nsp2-EGFP were co-segregated with markers of the autophagosome. This 

contrasts with the imaging results presented in the previous chapter; in which, neither 
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LC3 nor mCherry-LC3 showed a clear association with nsp2. The gradient density 

separation presented here was broadly in agreement with the findings of Sun et al., 

who reported detection nsp2, LC3-I and LC3-II in the same fraction (Sun et al. 2012, 

Figure 8). Although this paper found these markers together, they did not perform 

staining for other LC3-associated vesicles – such as the EDEMosome or exosome – to 

confirm that these were present in different fractions. Furthermore, they were able to 

detect the ER marker, protein disulphide isomerase (PDI) in their nsp2 fraction. 

Consequently, it is not possible to determine the identity of the organelle that is utilised 

by PRRSV to form the DMV. 

The data presented here also suggests that the exosome may play a role in the 

viral replicative cycle.  Before examining specific proteins, it is notable that the 

STRING analysis showed that a significant number of proteins were associated with 

the exosome. PRRSV infection is known to induce exosomal secretion, and PRRSV 

proteins have been isolated alongside LC3 in exosomes collected in vivo (Fader et al. 

2005; Zhao et al. 2016; Montaner-Tarbes et al. 2016). Furthermore, the exosome is 

capable of short-range transmission of hepatitis C virus RNA which suggests this may 

act as a route for cell-to-cell spread of PRRSV (Dreux et al. 2012; Gao et al. 2016).  

The exosomal secretion pathway is inhibited by disruption of the cytoskeleton 

which gives greater interest to the wide range of cytoskeletal proteins (ACTB, ACTC1, 

ACTG1, ACTA2, TUBA1B, KRT9, KRT1, KRT10, KRT18, KRT5, KRT8) which 

were identified here, and were previously recognised as being upregulated in virally-

infected tissue and forming part of the viral particle (Zhang et al. 2010; Xiao et al. 

2010). As previously stated, the detection of these proteins should be interpreted 

carefully as they are so highly abundant within the cell; however, the role of 
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cytoskeletal proteins in viral processes such as the formation of nanotubes must also 

be acknowledged (Gao et al. 2016). Possible roles for other proteins emerge when 

considered with respect to the exosome, heat shock proteins (HSP90AA1, HSPD1, 

HSPB2, HSPA4, HSPH1) have broad functions and are therefore associated with a 

range of cellular proteins in eukaryotic cells. In particular, HSP90 has been noted to 

influence the replication of influenza, hepatitis C, Ebola, Vaccinia and 

cytomegaloviruses (Momose et al. 2002; Okamoto et al. 2006; Smith et al. 2010; Hung 

et al. 2002; Basha et al. 2005). In PRRSV infection, the expression of HSP90 leads to 

an increase in viral replication, and inhibition of the cellular protein a reduction (Gao 

et al. 2014; Zhao et al. 2016). Whilst the role of HSP90 in PRRSV infection has not 

been clearly defined, it does play a key role in inflammasome formation, which causes 

signalling molecules to be secreted to nearby cells – a route that could be exploited by 

the virus (Nour et al. 2009). The glycolytic enzyme, α-enolase (ENO1) forms part of 

the inflammasome complex, which is also induced to form in response to the PRRSV 

envelope protein (Sousa et al. 2005; Zhang et al. 2013) 

Since the use of the exosomal pathway would explain the available evidence as 

well as use of the autophagosome or EDEMosome, it would be worthwhile to perform 

a series of experiments examining PRRSV infection in the presence of inducers (e.g. 

monesin) or inhibitors (e.g. Cytochalasin D) of exosomal release (Savina et al. 2003; 

Feng et al. 2010). As would repetitions of the experiments performed here, using 

specific markers of the PRRSV exosome such as CD5, CD9, CD81 and CD63 

(Montaner-Tarbes et al. 2016) 

The data presented here contained multiple proteins associated with the 

disruption or modification of protein expression, which are likely to play a role in viral 
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replication. The proteasome (PSMD1, PSMB7, PSMB2, PSMD11, PSMD6 and 

PSMG2) has potential antiviral activity, which is circumvented in PRRSV infection as 

the virus drives expression of porcine ubiquitin protease (UBP) to deubiquitinate new-

synthesised viral proteins and thereby prevent their degradation (Wilkinson 1997; 

Zhang et al. 1999). Simultaneously, viral nsp1α acts to target SLA-1 molecules to the 

proteasome for degradation, thereby disrupting the antigen presenting ability of 

infected macrophages (Du et al. 2015). A wide range of proteins associated with the 

cellular translational machinery were identified in each sample (EIF3B, RPL27AS, 

RPS23, EEF1A1, EIF4B, EIF4A2, EEF1D), these proteins are normally found 

throughout the cytoplasm but they have a fundamental role in recognising and 

processing the viral genome and sgRNAs which should not be discounted. 

Histones (H2AFJ, HIST1H3, H2AFZ, HIST1H2BO) are another set of proteins 

with a wide range of interacting partners due to their role in gene expression and DNA 

replication, however they are typically restricted to the nucleus. Their presence could 

suggest that the cell lysis procedure causes significant nuclear disruption, however the 

overexpression of histone deacetylase 6 has been reported to generate resistance 

against PRRSV in vitro and in vivo indicating a role for the aggresome formation (Lu 

et al. 2017). Another set of proteins with a role in aggresome formation are those in 

the 14-3-3 family (YWHAZ, YWHAB, YWHAG) which have been previously 

identified as interacting partners of nsp2, which bind to the hypervariable region of 

this viral protein where they act as adaptor molecules for aggresome formation (Xiao 

et al. 2016). 

Annexin (ANXA2) may also play a role in the formation of the viral replication 

and transcription complex and assembly of the viral particle, having been detected by 
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mass spectrometry of the viral particle or nsp9 co-immunoprecipitate (Li et al. 2014; 

Xiao et al. 2010; Zhang et al. 2010). Peroxidoxins (PRDX1, PRDX2) are antioxidant 

molecules which have been previously shown to be upregulated in PRRSV infected 

cells, likely in their role as anti-apoptotic factors and in modulating gene expression 

(Ding et al. 2012; Zhao et al. 2016). Finally, the presence of L-lactate dehydrogenase 

(LDHB) does not have any obvious functional relevance; however, it is notable as the 

key biomarker of the closest known relative of PRRSV, Lactate Dehydrogenase-

elevating Virus (LDV), and having been identified in the PRRSV particle (Zhang et 

al. 2010).  
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Chapter 5: PRRSV RNA, the DMV and Decoy design 

  

Great fleas have little fleas upon their backs to 

bite 'em, 

And little fleas have lesser fleas, and so ad 

infinitum. 

A Budget of Paradoxes, Augustus De Morgan 
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5.1 Overview and Background 

The previous two chapters were largely observational, seeking to understand the 

PRRSV DMV through the proteins associated with it. In this chapter, attempts were 

made to examine the DMV by understanding the different forms of RNA which result 

from PRRSV infection. Furthermore, RNA decoys were developed with the aim of 

disrupting the release of viable PRRSV particles. 

The foremost example of an RNA decoy was generated against avian influenza 

virus (AIV). The IAV genome consists of 8 segments, each of which encodes a 

different viral gene (McGeoch et al. 1976). There are twelve conserved nucleotides at 

the termini of each segment, which base-pair to form a pan-handle structure (Fodor et 

al. 1994). This pan-handle interacts with the viral polymerase to form a 

ribonucleoprotein which is essential to the replication of the genome and expression 

of the viral proteins (Tiley et al. 1994; Hagen et al. 1994). This aspect of the AIV 

genome was targeted by a decoy strategy, expressing a small RNA hairpin which 

contains the conserved nucleotides of the pan-handle structure.  The expectation was 

that this hairpin would interact with the viral polymerase, competing with the complete 

AIV genome and reducing the number of viable viral particles released in the course 

of infection. The decoy inhibited the activity of the viral polymerase in a cell culture 

system; however, when this decoy was transferred to a transgenic chicken model, there 

was no detectable decrease in viral titres or pathogenicity; instead, transmission of the 

virus between chickens was reduced (Luo et al. 1997; Lyall et al. 2009). Whilst the 

mechanism by which transmission was disrupted is unclear, it is remarkable that such 

a significant effect could be brought about by the expression of a small RNA hairpin. 

As mentioned in the introduction, one benefit of the influenza decoy system is that for 
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the virus to escape, a highly improbable number of mutations would have to occur 

simultaneously. Namely, the terminal nucleotides in each of the 8 segments of the 

genome would all need to change to the same alternate sequence, and the sequence 

which codes for the viral polymerase would also need to change in order for the 

enzyme to bind to these new terminal nucleotide sequences. Such a strategy is 

necessary to prevent viral circumvention of any intervention. 

In considering how a similar rational interference strategy might be devised for 

PRRSV, a review of PRRSV RNA biology is pertinent. The whole viral genome 

(Figure 5.1a) consists of a positive-sense RNA segment of approximately 15,000 

nucleotides, containing the 5’ leader sequence (i) and 3’ untranslated region (UTR) 

(v). These terminal regions are recognised by the cellular translational machinery to 

generate polyproteins based upon the non-structural protein-coding region (iii) 

(Verheije et al. 2001; Fang & Snijder 2010). These terminal regions also allow the 

whole viral genome to be recognised by the viral replication and transcription complex 

(RTC), to generate negative-sense intermediaries of the whole genome and the sub-

genomic RNAs (Conzelmann et al. 1993; Sun et al. 2010; Yin et al. 2013). Finally, 

the whole viral genome contains a packaging signal (ii), which causes it to be 

incorporated into the new-synthesised viral particle (Baig & Zakhartchouk 2011). The 

negative-sense intermediaries contain complimentary equivalents of the 5’ leader 

sequence and the 3’ UTR (though these are notably at the opposite termini), allowing 

the viral RTCs to generate positive-sense RNAs based upon these templates. The sub-

genomic RNAs (Figure 5.1b) transcribed in this process contain the 5’ leader sequence 

(i) and 3’ UTR (v), which allow different open reading frames within structural 

protein-coding region (iv) to be translated by the cellular machinery (van Marle et al. 
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1999; Pasternak et al. 2004). It is worth noting that these RNAs are not packaged into 

viral particles, since they lack the putative packaging signal (ii). 

Another form of RNA generated in the course of PRRSV infection is heteroclite 

RNA (hcRNA) (Figure 5.1c) (Yuan et al. 2000; Yuan et al. 2004). These segments of 

nucleic acid contain the necessary elements for replication and packaging (5’ leader 

sequence, 3’ UTR and packaging signal); but are unable to independently initiate 

infection, as they lack the necessary protein-coding regions (iii) (Yuan et al. 2001). As 

they are relatively small, these hcRNAs can be replicated more rapidly than the whole 

viral genome; therefore, they can make up a greater proportion of viral particles 

released by the cell. As a consequence, passaging of virus at a high multiplicity of 

infection (in which more than one viral particle will enter each cell on average), allows 

these hcRNAs to accumulate. The hcRNAs consume resources which would otherwise 

be used in producing viable viral particles. This tendency to act as a parasite upon the 

virus has led the hcRNAs of other viruses to be referred to as defective-interfering 

RNAs (DI RNAs) (Lazzarini et al. 1981; O’Hara et al. 1984). The appropriateness of 

this nomenclature could be debated, since these RNAs have been detected in natural 

infections and may be correlated with changes to the severity of infection, suggesting 

they are not necessarily defective or interfering (Li et al. 2011; Cave et al. 1985). As 

PRRSV exists in infections as a distribution of different quasispecies, it is not 

unreasonable to think that hcRNAs may be determined to have functional roles which 

are beneficial to the virus (Goldberg et al. 2003). Regardless, it is significant that these 

hcRNAs are able to be released in viral particles whilst sgRNAs are not. This suggests 

that the packaging signal (ii) for PRRSV RNA is found in the 800 nucleotides 

downstream of the 5’ leader sequence, as the only this is the only region found in all 
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hcRNAs which is not found in sgRNAs. Indeed, a purine-rich bulge of 35 nucleotides 

has been identified in this region as a packaging signal (Figure 5.2, ii) (Baig & 

Zakhartchouk 2011). 

Upstream of the packaging signal is the junction where the 5’ UTR meets the 

protein-coding region. At this point, there is a stem-loop containing a sequence of 6 

nucleotides known as the leader transcription-regulating sequence (TRS) (Oleksiewicz 

et al. 1999). This leader TRS in the genome is required to form a duplex with the 

complementary anti-sense TRSs of nascent sgRNAs, in order to complete their 

synthesis (van Marle et al. 1999; Pasternak et al. 2003). There are a number of these 

TRS sites spread through the PRRSV genome; and the similarity of these “body” TRSs 

to the leader TRS does impact the amount of sgRNA produced from a specific body 

TRS. However, this is not the only factor in controlling sgRNA transcription, as 

secondary structural elements at the body TRS sites also play a significant role 

(Pasternak et al. 2001). As the specific nucleotides of TRS sites in the genome can be 

flexible, it is not surprising that there is significant variation in arterivirus TRSs. The 

stem-loop surrounding the leader TRS-containing hairpin (also known as the LTH, or 

SL5), and 4 stem-loops in the rest of the 5’ UTR are conserved within the Arteriviruses 

(SL1 to SL4; and elements of this structure can be seen across the nidoviruses (Figure 

5.2, i) (van den Born et al. 2004; van den Born et al. 2005; Lu et al. 2011). 

At the other terminus of the genome is a single, long bulged stem-loop (LSL) 

which is conserved between genotypes, implying positive selection (Figure 5.2, iii) 

(Sun et al. 2010). Indeed, mutagenic analysis has shown that the 3’ UTR can be 

transferred between genotypes whilst maintaining function and that there is partial 

conservation (the last two nucleotides must be conserved as well as one of the three 
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prior nucleotides) of the five proximal nucleotides (5’-AACCA-3’) (Sun et al. 2010; 

Yin et al. 2013). 

Any of the structural elements discussed above may present a feature which 

could be exploited by an RNA decoy that would compete with the “true” viral 

sequence. A decoy containing the packaging signal may be able to interact with the 

viral N protein or other structural proteins which form viral particles; thereby reducing 

the number of particles which are released containing a viable genome. The 5’ and 3’ 

UTR structures may be able to interact with viral proteins and RNAs; thereby reducing 

the availability of these components for replication and transcription of the viral 

genome. It may also be possible to disrupt these elements through the expression of 

antisense sequences, which would be capable of hybridising with their sense 

counterparts to disrupt their structures as well as producing a target to stimulate the 

host response to double-stranded RNA. 

An alternative strategy may be to inhibit the virus by disrupting the replication 

of the viral genome through the over-expression of nsp1α. This short peptide is 

responsible for changing the function of the RTC from replicating the whole genome 

to transcribing the sub-genomic RNAs (Nedialkova et al. 2010). Therefore, the over-

expression of nsp1α could lead to a reduction in the relative abundance of the whole 

viral genome – and thus reduced expression of viable viral particles. Furthermore, 

increasing the relative abundance of sgRNAs could potentially lead to greater 

production of the antigenic structural proteins. 

Since the overexpression of these elements might be expected to disrupt the 

PRRSV RNA in several different ways, techniques were developed to detect specific 

RNAs; an RT-qPCR assay to quantify the PRRSV genomic RNA, a sense-specific RT-
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qPCR assay to quantify positive- and negative-sense genomic RNA, and an RT-qPCR 

assay to compare the relative abundances of sub-genomic RNAs in comparison to the 

whole viral genome. These tools presented the opportunity to examine whether 

different viral RNAs are localised differently in accordance with their function. 

Nidovirus genome replication has been shown to be asymmetric, causing the ratio of 

positive- to negative-sense viral RNA to strongly favour the former (Sawicki et al. 

2001). However, it is hypothesised that the key functions of the DMV are to 

concentrate components for transcription and replication of the viral genome, and to 

keep the resulting double-stranded RNA protected from cellular detection. If this is the 

case, then there may be a selection pressure to retain negative-sense RNA at the DMV, 

where it is originally synthesised and harder for the cell to detect; whilst exporting 

positive-sense RNA to be packaged (in the case of the whole genome) or translated (in 

the case of the sgRNAs). By this reasoning, it can be hypothesised that negative-sense 

RNA will be over-represented in the DMV relative to the cell as a whole. It can be 

similarly hypothesised that positive-sense sgRNAs will be under-represented in the 

DMV compared to the cytoplasm more widely, since their functional role involves 

recognition by the host translational machinery.  
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5.2 Results 

Molecular Beacons 

To explore the hypothesis that negative-sense viral RNA is primarily associated 

with the DMV, molecular beacons were designed. A molecular beacon is a short 

(approximately 30 nucleotides), single-strand of DNA with a fluorophore at one 

terminus and an appropriate quencher at the other (Figure 5.3a). Complimentary 

flanking regions cause the DNA to form a stem-loop structure, which causes the light 

released by the fluorophore to be absorbed by the quencher. The loop sequence is 

designed to hybridise with a target nucleic acid sequence, disrupting the stem and 

thereby decreasing the proximity between the fluorophore and the quencher, allowing 

light emitted by the former to be detected. 

9,178 nucleotides of infectious clone SD01-08 was analysed for the design of 

molecular beacons (Figure 5.3b, ii). The remainder of the viral genome was avoided 

to reduce the probability of generating a signal from sgRNAs or the decoy RNAs, 

which will be discussed later. The 5’ proximal 800 nucleotides found in all hcRNAs 

(i), as well as the 3’ proximal 5,000 nucleotides of the structural protein-coding region 

(iii) were excluded from the analysed sequence (ii). In addition, the negative-sense 

viral genome was used as the basis of the analysed sequences; in order to specifically 

detect the viral genome, which is believed to be retained at the DMV. 

The target sequence was input into Primer-BLAST – this online tool generates 

optimal primers by combining the Primer3 program with BLAST alignment 

algorithms (Altschul et al. 1997; Rozen & Skaletsky 2000; Ye et al. 2012). Twenty-

five pairs of primers were generated with lengths of 20 nucleotides and a melting 
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temperature of 62°C; the forward primer was then selected from each pair. Those 

primers with a guanine base at their termini were discarded, as close proximity to this 

nucleobase can quench the signal of a fluorophore, leaving 17 candidate sequences 

(Behlke et al. 2005). 

The higher-order structures of PRRSV RNA (i.e. secondary, tertiary, and 

quaternary) are essential to recognition and processing by cellular and viral proteins 

(Lu et al. 2011; Sun et al. 2010). Predicting these higher-order structures from 

nucleotide sequence with confidence requires experimental approaches such as 

SHAPE, which use enzymes or chemicals that preferentially alter nucleotides 

depending upon their paired on unpaired status (Wilkinson et al. 2006). Unlike the 

computational prediction of protein structure, which to date remains a complex 

problem, there are several highly effective approaches to predicting the conformation 

of RNA molecules. 

These rely, to a greater or lesser extent, on determining conformation with the 

lowest energy state – that is, the conformation which is most stable, since this is the 

conformation that most RNA will tend to take over time. To illustrate this idea, 

consider a strand of RNA which can take three different conformations – 1, 2 and 3 

(Figure 5.4). Conformation 3 has the lowest free energy and is therefore the most 

stable. The free energy of the conformation is determined by the number of base-paired 

nucleotides, the length of the stems which are formed and the specific nucleotides in a 

pair (e.g. cytosine-guanine bonding has a lower free energy than adenine-uracil 

bonding). 
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For short RNA molecules (less than 200 nucleotide), it is effective to simply 

calculate the free energy of each possible conformation and then select the one with 

the lowest free energy, which can be done effectively with several different algorithms 

(McCaskill 1990; Higgs 1993). However, as the length of the RNA molecule increases, 

so does the complexity of the folding process; this more complex process may result 

in the RNA molecule folding into a conformation which is locally stable, despite not 

being the lowest possible energy state – as in the case of conformation 1, which would 

be required to form the less stable conformation 2 in order to transition to conformation 

3 (Figure 5.4). Another problem which emerges with longer RNA molecules is an 

increasing likelihood of pseudoknots, which are not able to be generated via the 

algorithms mentioned above and can play a significant role in the function of viral 

RNA (Beerens & Snijder 2007). As an RNA molecule folds, whether specific 

complimentary nucleotides base-pair can be considered random; however, the 

formation of a stem after nucleotides in that stem have base-paired is a rapid process. 

To account for this aspect of folding, stems are added in a stepwise manner, based 

upon the free energy of the system that results from that addition; with each step, a 

new stem is added until a stable conformation is reached (Nissinov & Pieczenik, 1984; 

Abrahams 1990). However, this process does not account for the possibility of stems 

becoming disrupted, which will occur if it is energetically favourable in light of 

changes to the greater RNA structure. In order to capture this dynamic aspect of the 

folding process, genetic algorithms have been applied. This approach generates a 

population of possible conformations through mutation (addition or removal of a stem) 

and recombination (swapping regions between conformations), which compete for a 

proportion of the population in the next step based upon their free energy properties. 
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Repetition of this genetic algorithm allows the simulated population of conformations 

to evolve towards a low energy solution whilst accounting for the folding process 

which occurs in a biological context (van Barenberg et al. 1995). Whilst these methods 

are largely effective at predicting the conformation that an RNA molecule will take, 

the folding process does not occur in isolation, and so it can be altered in unpredictable 

ways by other molecules in the vicinity. 

For each of the 17 candidate molecular beacons which were taken forward, the 

complementary sequence spanning the primer and the 200 nucleotides on either side 

was selected. This allowed an estimate as to the relevant short-range RNA-RNA 

interactions at each target site. The STAR5 program was used to run these sequences 

through the STAR folding algorithm to predict the secondary structure of the target 

RNA, and to determine the number of bases predicted to be unpaired (Table 5.1). For 

the 3 best candidates (those with the highest number of free bases), PseudoViewer3 

was used to show the predicted secondary structures of each target region (Figure 5.3c) 

(Byun & Han 2009). Each candidate beacon was given flanking sequences of 6 

nucleotides based upon a previously published beacon (Wang et al. 2005). The HEX 

fluorophore (excitation: 538 nm, emission: 555 nm) was selected, as the available 

confocal system was able to effectively distinguish this from EGFP and mCherry, then 

a compatible quencher, Iowa Black FQ, was selected. 

The 3 candidate molecular beacons (MB-4, MB-6, MB-15) were ordered from 

Integrated DNA Technologies, then tested in a series of experiments. One 24-well 

plate containing glass cover slips was seeded with MARC-145 cells (4 x 105 per well). 

The following day, cells were inoculated with infectious clone SD01-08 (MOI = 0.05). 

At 24 hours post-inoculation (p.i.), the cells were fixed in formalin and washed with 
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PBS. Cover slips were then allowed to hybridise with each molecular beacon (250 nM) 

in a 37°C incubator. It was determined that molecular beacon hybridisation did not 

produce a signal after 1 hour (not shown), so an overnight hybridisation procedure was 

tested. Due to the sustained heat and small volume of molecular beacon solution, the 

initial procedure resulted in desiccation of the sample, which disrupted cell structures 

and prevented binding. This disruption was minimised when hybridisation was 

performed in a sealed box containing damp tissue paper, inside a 37°C incubator. After 

hybridisation, cover slips were washed with PBS and stained with DAPI and phalloidin 

to highlight nuclei and cortical actin cytoskeleton, respectively. The samples were 

visualised by confocal microscopy (Figure 5.5a). Unfortunately, the molecular 

beacons did not specifically stain infected cells when compared with mock-infected 

cells, or non-EGFP expressing cells in the infected cell samples. Instead, a diffuse, 

low-level signal was observed in all cells which were stained with the molecular 

beacons. 
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Whilst formalin solution is a commonly-used fixative for immunofluorescent 

staining, it does not fix cells immediately, which raised concerns that the RNA of 

interest was degraded before native RNases could be inactivated. The process of 

formalin fixation works through the reaction of aldehyde with the amine and thiol 

groups found in peptides. This allows these reactive functional groups to cross-link 

with less reactive residues in the same or nearby proteins. The result is the formation 

of a scaffold of cross-linked proteins, which can then be stained with 

immunofluorescent antibodies, and thereby used to visualise the cell. In formalin 

solution, methylene glycol must be converted into formaldehyde before it can react, 

and this limits the speed of fixation. To circumvent this problem, the more rapid 

process of acetone fixation was selected. This type of fixation works by decreasing the 

solubility of proteins, causing them to denature, precipitate and form coagulants. This 

procedure was applied to infected cells, then the overnight hybridisation performed 

and the resulting samples were visualised by confocal microscopy (Figure 5.5b). 

Unfortunately, it was still not possible to detect specific binding by the molecular 

beacons in comparing infected and mock-infected cells. 

Based upon this alternate method of fixation, and the successful staining of 

dsRNA in Chapter 3 (Figure 3.5); it is unlikely that PRRSV negative-sense genomic 

RNA was degraded in these cells. Instead, some other factors may have prevented 

detection with the candidate molecular beacons. The predicted secondary structure of 

MB-4 contained a longer stem than the intended 5 base-pairs, due to complementarity 

at either end of the loop sequence; however, the target binding strength should still 

have been sufficient to break the base-pairing of the stem. Furthermore, this issue did 

not exist for beacons MB-6 and MB-15. Since beacon design is unlikely to underlie 
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the failure of all 3, it seems likely that the beacons may have been unable to access the 

target RNA sequences. The predictions regarding the secondary structure of each 

target region was limited to 200 nucleotides on either side of the binding site. As a 

result, long-range RNA-RNA or general RNA-protein interactions were not accounted 

for. Several techniques have been developed to avoid the limitations of RNA structural 

predictions, such as ViewRNA (Affymetrix), which uses a series of probes to target 

multiple points on the RNA of interest; these probes then act synergistically to generate 

a stronger signal for each bound probe. 

Another possibility is that the beacons were unable to get to access as those 

compartments of the cell in which the target RNAs were sequestered. It is worth noting 

however, that antibodies are a similar size to a DNA stem-loop (less than 100 

angstroms), and these were still able to effectively detect dsRNA in the DMV. 

Nevertheless, a system was developed to express the target RNAs via a plasmid, to use 

as a control showing cytoplasmic localisation of the molecular beacons. Unfortunately, 

time constraints prevented this strategy from being implemented. Were this work to 

continue, the beacons could be transfected into live cells, as this more dynamic 

environment might allow the target RNAs to be more readily accessed. In addition, 

live-cell imaging would also allow exploration of the changes in target RNA 

localisation over time. If none of these approaches prove successful, it might be 

effective to use the molecular beacons to detect RNA present in isolated organelles; 

after hybridisation, lysate could be analysed by flow cytometry to detect the target 

RNA, as well as immunofluorescently-stained proteins of interest. 
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RT-qPCR 

As fluorescent in situ hybridisation was determined to be an ineffective method 

to detect negative-sense viral genomic RNA, a technique for sense-specific reverse 

transcription and subsequent qPCR was developed. Many methods for the RT-qPCR 

detection of PRRSV have been developed and published (Suarez et al. 1994; Legeay 

et al. 1997; Oleksiewicz et al. 1998; Elgi et al. 2001; Martínez et al. 2008). However, 

as these assays were typically designed to confirm the presence of the virus, not to 

distinguish viral RNAs or viral particles; the majority of these methods sought to detect 

ORF7, which is present in all sgRNAs and is therefore at the greatest abundance within 

cells (Pasternak et al. 2000). As ORF7 is present in each sgRNA as well as the whole 

viral genome, this sequence is an inappropriate marker of the DMV. As with the 

previous molecular beacon design, an ideal marker for the PRRSV replicative structure 

is the negative-sense region of the genome which is not found in sgRNAs or hcRNAs. 

Therefore, an RT-qPCR method was developed to quantify RNA from this 9,178 

nucleotide region of infectious clone SD01-08.  

Once again, Primer-BLAST was used to generate 25 primer pairs in the 9,178 

nucleotide sequence used for design of the molecular beacons, with each pair 

amplifying a region of 100 nucleotides. The top scoring pairs from different parts of 

the target sequence were named RT1, RT2 and RT3. Lysate was collected from 

MARC-145 cells at 24 hours p.i., then used to extract viral RNA. Reverse transcription 

and a gradient PCR (50-60°C) experiment were performed using this viral RNA, then 

these reaction mixtures were resolved by polyacrylamide gel electrophoresis (Figure 

5.6b). This demonstrated that all three primer pairs amplified a 100 base-pair DNA 
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sequence even at the highest annealing temperatures, indicating successful 

amplification of the target region and the ability to use a high level of stringency. 

To calculate copy numbers of viral RNA, in vitro transcription was used to 

produce control RNAs for each primer pair. To do this, Primer-BLAST was used to 

generate primer pairs to amplify 500 nucleotide regions, which contained the sites for 

RT1, RT2 or RT3. In each case the forward primer has a T7 sequence at the 5’ 

terminus; so that when this PCR product was used to perform in vitro transcription 

(mMessage mMachine T7 kit for 4 hours), control RNA was generated (Figure 5.6c. 

This RNA was extracted and kept on ice, then evaluated using the Agilent Tapestation 

2200, which showed the expected bands of approximately 500 nucleotides, indicating 

successful transcription (Figure 5.6d). This evaluation also gave concentrations for 

each sample, which allowed 1 nanogram aliquots to be made for storage at -80°C to 

be used in future experiments. Serial dilutions (10-1) of each control RNA were tested 

by RT-qPCR using the appropriate primer pair, and the signal generated indicated a 

consistent relationship as the quantity of RNA increased from 1 to 10,000 picograms 

of RNA (Figure 5.6e). 
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The previous chapter outlined a procedure for the collection of viral DMVs 

through flow cytometry. Mass spectrometric analysis of these samples was limited by 

the amount of material that could be collected; however, the amplification of target 

DNA in qPCR may allow this problem to be avoided. The FAOS procedure from the 

previous chapter was followed; though RNase inhibitor was added to the cells upon 

mechanical disruption to prevent degradation of the target RNA. After sorting, RNA 

was extracted from the EGFP-positive and -negative samples, and analysed by RT-

qPCR using pair RT3. The EGFP-positive sample showed a signal 4 times higher than 

the EGFP-negative sample; however, these values fell significantly below the range of 

the standards used (1 picogram). For this reason, the results could not be quantified. 

The values generated were close to the threshold Ct value – which represents the 

number of cycles required for a reaction to reach 5 standard deviations above 

background fluorescence - so it is likely that this result represented artefactual signal. 

Based upon the density gradient fractionation experiments in the previous 

chapter, RNA was extracted from each fraction of a 6% to 26% iodixanol gradient. 

These samples were analysed by RT-qPCR using RT3 primers (Figure 5.7). Although, 

most fractions gave a signal which fell outside the range of the standards (1 picogram); 

considerably more RNA was detected from infected lysate than mock-infected lysate 

or water, suggesting that the assay was specifically detecting viral RNA. In the 

previous chapter, it was argued that fractions 12% to 16% contained the DMV on the 

basis of higher levels of nsp2-EGFP; however, this experiment found that the densest 

fractions (22%, 24%, 26%) contained the highest levels of viral genomic RNA. 

Nevertheless, there was a noticeable increase in viral RNA between fraction 10% and 

12%, suggesting that at this density, viral DMVs begin to appear.  



 

233 
 

  



 

234 
 

Sense-specific RT-qPCR 

In order to distinguish positive- and negative-sense RNA by RT-qPCR, the 

reverse transcription reaction was modified (Schoenike et al. 1999). Instead of using 

random primers to generate cDNA copies of all the RNA present in a sample; a specific 

tagged primer was used to generate a single, tagged cDNA for the sequence of interest. 

After the RNA in the sample was digested, primers specific to the tagged cDNA were 

used in qPCR to detect the RNA of interest (Figure 5.8a). As the supernatant of 

infected cells contains PRRSV particles, it was expected that these samples would 

primarily contain positive-sense viral RNA; in contrast, the lysate of infected cells was 

expected to contain a mixture both positive- and negative-sense viral RNA. For this 

reason, RNA extracted from each of these sources, as well as the lysate of mock-

infected cells, was used to test sense-specific RT-qPCR. 

Different combinations of primers were used to detect positive- or negative-

sense viral RNA, with a tagged version of the reverse RT1 primer used to produce 

cDNA from positive-sense viral RNA (DNA+). A tagged version of the forward RT1 

primer was used to produce cDNA from negative-sense viral RNA (DNA-). Following 

RNA degradation, qPCR was performed on these samples using a primer 

complementary to the tag and either the forward RT1 primer (RT1+) to detect DNA+, 

or the reverse RT1 primer (RT1-) to detect DNA- (Figure 5.8b). The RT1+ primers 

were expected to generate signal only for cDNA generated from positive-sense viral 

RNA (cDNA+); however, these primers generated a signal for cDNA produced from 

negative-sense viral RNA (cDNA-) and from mock-infected samples. This indicated 

that these primers were either binding non-specifically, or the DNA- sample had 

become contaminated with DNA+ template. By contrast, the RT1- primers only 



 

235 
 

generated a signal for cDNA generated from negative-sense viral RNA (DNA-), 

confirming the specificity of the reaction. 

To confirm that the predicted bands were being amplified, the post-qPCR 

reaction mixtures were analysed by gel electrophoresis (Figure 5.8c). The target 

sequence was predicted to appear at approximately 100 bp (i), whilst primer-dimer 

was predicted at approximately 50 bp (ii). As the both sets of RT1+ reaction mixtures 

have strong bands at approximately 50 bp, this is a clear indication of primer-dimer, 

which was amplified throughout qPCR to give the signal; it is notable that DNA+ was 

able to generate the appropriate 100 bp band, whilst DNA- was not. Sequencing would 

confirm this result; however, it seems clear that primer-dimer was a significant issue 

for the RT1+ primer pair. 
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RT-qPCR to differentiate whole genome RNA and sgRNAs 

In order to distinguish the viral genome from sub-genomic RNAs, primer pairs 

were designed to amplify across the leader-body junction of the RNA. A single 

forward primer located in the 5’ leader sequence was paired with different reverse 

primers located approximately 100 nucleotides downstream in each different target 

RNA (Figure 5.9a). Although the reverse primers which bind to each sgRNA (ii, iii, 

iv) were also able to bind each larger viral RNA, the limited elongation time provided 

by qPCR means that only the target sequence would be available for geometric 

amplification (Meng et al. 1996). Once again, it was predicted that cell culture 

supernatant from infected cells would primarily contain whole genomic RNA in 

PRRSV particles; whilst lysate harvested from infected cells was predicted to contain 

a mixture of whole genomic RNA and sub-genomic RNA. 

RNA was extracted from supernatant and lysate harvested from MARC-145 

cells at 24 hours p.i with infectious clone SD01-08, or mock-infected cells. 

Randomised primers were used to generate cDNA from these samples and then each 

pair of primers was used to perform qPCR (Figure 5.9b). The results generated from 

the sub-genomic RNA primers showed minimal difference between infected samples 

and their mock-infected counterparts. Time constraints prevented further analysis or 

modifications to the procedure; however, analysis of these reaction mixtures by gel 

electrophoresis would indicate whether a sequence of the correct size was amplified, 

as well as detecting primer-dimer. 
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Decoys 

To test the decoy candidates discussed in the background section, the sequences 

of the 5’ UTR, 5’ UTR + the packaging signal, and the 3’ UTR were cloned into 

lentiviral vectors (Figure 5.10a). These candidate sequences were amplified from the 

infectious clone SD01-08 plasmid using two different sets of primers. The first set 

placed PacI at the 5’ terminus and EcoRI at the 3’ terminus; the second set placed 

EcoRI at the 5’ terminus and PacI at the 3’ terminus (Figure 5.10b).  

This allowed the candidate sequences to be cloned into the expression cassette 

in either orientation, so that the viral sequences would be expressed as either postitive- 

or negative-sense RNA. The coding sequence for nsp1α was only inserted to express 

positive-sense RNA, as this sequence was intended for translation. An additional 

sequence consisting of an SV40 promoter followed by an mCherry sequence was 

ordered to be cloned into the expression cassette upsteam of the candidate decoy 

sequences, so that expression of the RNA would generate an easily-identified visual 

marker (i.e. red fluorescent signal). 

Each of these candidate sequences was cloned into a lentiviral transfer plasmid 

(pAB002 to pAB007) (Figure 5.10c). For each plasmid, a 10 cm dish was seeded with 

HEK293T cells (1 x 106); the following day, each transfer plasmid was 

polyethyleneimine (PEI) transfected into these cells along with packaging plasmid 

(psPAX2) and envelope plasmid (pVSVG). It should be noted that this transfection 

was performed by Christine Burkard. Cells were checked by fluorescence microscopy 

each day, and mCherry signal was seen after 96 hours, at which point the media was 

replaced (Figure 5.10d). After a further 24 hours, this medium was collected and 

centrifuged (1,000 x g for 5 minutes) to remove cell debris; then 1 mL aliquots of this 
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medium were made and frozen at -20°C for transduction. For each lentiviral vector 

(lvAB002 to lvAB007), a 6-well dish was seeded with MARC-145 cells (1.6 x 105 per 

well); the following day, the media in each well as replaced with serial dilutions (10-

x) of the frozen lentiviral vector solution. Fluorescence microscopy was used to 

monitor these cells for mCherry signal each day; however, no signal was detected. 

Despite repetition of the cloning, transfection and transduction steps, no mCherry 

signals were detected in the “transduced” cells; suggesting a problem with the process. 

It is possible that the decoy sequences (which were selected for their structural and 

functional significance, after all) were able to disrupt the packaging process of the 

vectors – the lentiviral packaging signal found in the expression cassette consists of 

several purine-rich stem-loops which, may have formed differently as a result of the 

PRRSV sequence regions (McBride & Panganiban 1996). 

mCherry expression within transfected MARC-145 cells, and successful 

transduction with the lentiviral vector detailed in Chapter 3, demonstrated that the 

available reagents can be effective in this context. Restriction digests and sequencing 

of the transfer plasmids confirmed the intended sequences. To further assess the issues 

encountered here, a p24 antigen assay could be used to detect lentiviral surface proteins 

in the harvested HEK293T medium, as this would confirm that vector particles were 

released (Kutner et al. 2009). Furthermore, viral RNA extraction and RT-PCR to 

detect the relevant sequences in the expression cassette could be performed to confirm 

that these sequences were correctly packaged into the vector particles. 

If the lentiviral particles were released containing the appropriate cassette, it may 

be that they were unable to transduce the MARC-145 cells or that the transduction 

process caused MARC-145 cells to die. Since similar lentiviral vectors were produced 
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and used to transduce MARC-145 cells with mCherry-LC3 in Chapter 3, laboratory 

errors in the harvesting or storage of the viral aliquots, or in the transduction of the 

MARC-145 cells seems unlikely; particularly, since the experiment was repeated on 

multiple occasions. It is worth stating, once again, that the decoy regions were selected 

for their structural and functional significance, which gives credence to the idea that 

they interfered with the packaging of the lentiviral vectors 

Unfortunately, time constraints prevented further development of these decoy 

candidates. However, there are several considerations should this work be taken 

forward. 
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5.3 Discussion  

This chapter explored several methods for the detection of specific RNAs; 

however, beyond a simple RT-qPCR, these were unable to quantify the small amount 

of viral RNA present in the samples used. It is likely that primer-dimerisation led to 

the generation of false positive signals in both of these experiments. An approach to 

solve this problem, whilst making use of the available materials, would be to use the 

molecular beacons generated at the beginning of this chapter as RT-qPCR probes. If 

paired with the appropriate primers, this would link the fluorescent signal to specific 

viral sequences. Furthermore, these primers could be used to generate the control 

RNAs required to test the fluorescent activity of the molecular beacons in vitro. If the 

beacons are unable to hybridise with their target sequences, strategies for improving 

their stringency could be consider, such as the use of longer target regions which 

extend into the stems (Tsourkas et al. 2003). 

In designing a decoy-expression cassette, an SV40 promoter was used, since it 

is expressed in a wide variety of cells types and has been utilised effectively in the 

MARC-145 cell line throughout this project. However, were these RNA decoys to be 

taken forward for use in pigs, the use of a macrophage-specific promoter would be 

sensible, in order to minimise unpredictable changes to cell types which are not 

relevant to PRRSV infection. Such an approach has been applied to the expression of 

transgenes in mononuclear phagocytes (Ovchinnikov et al. 2008). 

In order to be effective, an antiviral method should not target features which are 

likely to generate resistance; such as those which show a high degree of plasticity.  

Examples abound of pathogens evolving rapidly in response to interventions which 
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target non-redundant features; indeed, within months of the first clinical application of 

penicillin, strains of resistant bacteria were reported (Rammelkamp & Maxon 1942). 

A more contemporary example is the dramatic improvement in patient outcomes that 

resulted from combination therapy against HIV (Palella et al. 1998). Due to a rapid 

turnover rate and an error-prone replication process, HIV infections are characterised 

by a population of closely-related quasispecies (much like PRRSV) (Mansky & Temin 

1995; Coffin 1995). This genetic variation allowed resistant strains to emerge in 

response to early therapeutic regimens which utilised single antiretroviral agents 

(Larder & Kemp 1989; Karder et al. 1989). It took the application of multiple 

antiretrovirals to “trap” the virus in a situation where an improbable number of 

simultaneous mutations would be required for escape (Collier et al. 1996). 

These examples highlight the simple ingenuity of the influenza decoy tested by 

Lyall et al. – this decoy targeted a feature which is absolutely conserved and repeated 

numerous times in the AIV genome (Lyall et al. 2009). Based upon the diversity of 

PRRS virus, finding such a nucleotide sequence was unlikely (Goldberg et al. 2003); 

however, there are several structural features which have been found across all 

quasispecies and genotypes (Lu et al. 2011; Baig & Zakhartchouk 2011; Sun et al. 

2010). Uncertainties remain, related to the variation that is possible in PRRSV, and 

the evolutionary routes that the virus is likely to take in response to different 

interventions. Studies which utilise techniques such as deep sequencing of viral 

quasispecies may be invaluable in the regard (Lu et al. 2014). 
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Chapter 6: Conclusions, Discussion and Future 

Considerations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It's not the notes you play, it's the notes you 

don't play. 

Miles Davis 
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Porcine Reproductive and Respiratory Syndrome remains the most significant 

pathogen of the swine industry. More than half a billion dollars of damage is caused 

each year, with a similar annual cost going to partially-effective control measures 

(Holtkamp et al. 2013; Zuckermann et al. 2007). Beyond this economic toll, a 

substantial welfare burden is imposed on pigs from spontaneous abortion and 

respiratory distress (Rowland 2010). Consequently, steps towards effective viral 

countermeasures would be a significant boon to global agriculture. 

The replicative cycle of nidoviruses, such as PRRSV, is defined by the 

expression of a series of sub-genomic RNAs (Conzelmann et al. 1993); which are 

transcribed in the context of a double-membrane vesicle (DMV) (Snijder et al. 2001). 

The current literature concerning the DMV suggests two possible cellular origins; 

either the autophagy pathway, or the ERAD tuning pathway (Sun et al. 2012; Reggiori 

et al. 2010). 

The initial aim of this thesis was to develop RNA molecules which share 

structural features with the genome of PRRSV, and to test whether the expression of 

these molecules would disrupt the replicative cycle of the virus. In order to maximise 

the impact of these molecules, attempts were made to localise them to the DMV. For 

this reason, a deeper understanding of this organelle was sought. A further aim was 

added – to explore the proteomic composition and cellular origins of the double-

membrane vesicle (DMV). 

In Chapter 3, fluorescent markers of the DMV and either the autophagosome or 

the EDEMosome were visualised by confocal microscopy, then image analysis was 

used to quantify the co-occurrence of signal. Despite the examination of several 

markers as well as imaging early and late in the formation of the DMV (15 and 24 
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hours post-infection, respectively), there were no strong associations detected – 

suggesting that any role that the autophagosome or EDEMosome plays in DMV 

formation is minimal. 

This conclusion differs from that of previously published work which suggests 

that LC3 colocalises with nsp2 in the PRRSV DMV (Sun et al. 2012; Liu et al. 2012); 

or with the DMV of the other Nidovirales (Reggiori et al. 2010; Monastyrska et al. 

2013). To resolve this conflict, it would be sensible to take this work further using 

tools which are able to directly examine co-localisation of molecules instead of relying 

on co-occurrence of signals. Namely, tools such as super-resolution microscopy, 

which would remove the impact of diffraction and thereby allow markers to be 

detected more precisely, as shown effectively in the imaging of clustering of Human 

immunodeficiency virus-1 (HIV-1) envelope glycoproteins (Shtengel et al. 2009; 

Muranyi et al. 2013); Förster resonance energy transfer, which would only generate a 

signal when markers are in close proximity, illustrated by the interaction of the I 

domain of HIV-1 with tumour susceptibility gene 101 (tsg101) (Derdowski et al. 

2004); or two-colour electron microscopy which could be used to mark each structure 

specifically, giving a higher resolution than any photon-based technique (Adams et al. 

2016). 

Chapter 4 made an effort to cut this Gordian knot by enriching the DMV relative 

to other organelles through fluorescence-activated organelle sorting (FAOS) or 

through density gradient fractionation. Whilst an appropriate population of sub-

cellular objects were identified and collected in FAOS, this approach did not collect 

enough material for significant proteomic analysis. Separation of objects by density 

generated more material, allowing the protein composition of the fractions to be 
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determined through mass spectrometry and western blotting. Mass spectrometry 

showed an association between the DMV and proteins in the exosome, the 

inflammasome and the proteasome – though notably not the autophagosome or the 

EDEMosome. On the other hand, western blotting showed co-fractionation of nsp2 

with markers of the autophagosome, EDEMosome and exosome. The contrast of these 

analyses highlights the importance (and difficulty) of testing for confounding markers 

when performing work of this type. LC3 alone is not a suitable marker for any 

pathway, it must be used in concert with others – despite consideration of this fact, the 

data presented here struggled to differentiate the pathways of interest. Nevertheless, 

the associations detected between the DMV, and the exosome and inflammasome were 

interesting; sparking a line of inquiry related to the transmission of the virus through 

secretory pathways (Dreux et al. 2012; Gao et al. 2016). 

In future work, it would be sensible to add markers such as ATG5 to identify 

phagophore formation, or tandem fluorescent-tagged LC3 to identify the mature 

autophagosome based upon acidity (Hanada et al. 2007; Kimura et al. 2007); markers 

such as OS-9 or EDEM1 would be useful for the identification of the EDEMosome 

(Calì et al. 2008; Sun et al. 2014). Although the exosome is a far broader class of 

organelle than the autophagosome or EDEMosome, exosomes associated with PRRSV 

proteins have been marked with CD5, CD9, CD81 and CD63; further work should 

seek to further characterise objects containing these proteins in the context of PRRSV 

infection, within the cell and after release (Simpson et al. 2012; Montaner-Tarbes et 

al. 2016). Another organelle which should now be explored in relation to PRRSV 

DMV formation is the lipid droplet, using the marker applied here – adipose 

differentiation related protein (ADFP) – as well as other markers such as acyl-
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CoA:diacylglycerol acyltransferase 2 (DGAT2) (Stone et al. 2008). It is particularly 

interesting that Hepatitis C virus has been shown to make use of this pathway as well 

as the exosome (Shi et al. 2002). 

Proteomic analysis of the DMV would be furthered by other experiments which 

seek to isolate the DMV from other cell debris, however the work presented here and 

by Sun et al. suggest that density gradient fractionation is of limited use in this regard, 

since key organelles appear to migrate to similar densities (Sun et al. 2012); to 

circumvent this problem, magnetic nanoparticle fractionation has been used to study 

Semliki Forest Virus organelles for proteomic analysis (Varjak et al. 2013); and 

immune-affinity purification has been used in the isolation of a wide array of cellular 

organelles including mitochondria, lysosomes and peroxisomes (Hornig-Do et al. 

2009; Nylandsted et al. 2011; Wang et al. 2012).  

Further analysis of the wider proteome of PRRSV would also be illuminating, 

stable isotope labelling with amino acids in cell culture (SILAC) has been applied to 

the analysis of the PRRSV secreteome and wider cell proteome, as well as the 

interactomes of the nucleocapsid protein, non-structural protein 2 and glycoprotein 5 

of the virus (Zhao et al. 2016; Luo et al. 2014; Jourdan et al. 2012; Song et al. 2016; 

Du et al. 2016); it would be fascinating to see this technique applied to isolated 

autophagosomes, EDEMosomes, exosomes and lipid droplets in the context of 

infection and mock-infection. 

Chapter 5 switched the focus from protein to RNA. The expression of viral 

RNAs is fundamental to a viable PRRSV infection (Lu et al. 2011; Sun et al. 2010); 

and since their method of transcription is not shared by the host, this represents an 

interesting avenue for inhibition. Whether this is the expression of known functional 
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elements or the expression of sequences designed to disrupt viral RNA (e.g. 

complimentary sequences, which will alter the secondary structure, or present double-

stranded RNA to host molecules such as RIG-I or Mda-5).  

Understanding which elements cause the viral genome to be localised to the 

DMV or the viral particle is important to designing decoys which interfere with the 

replicative cycle at these points. In order to examine these elements, molecular beacons 

were designed and tested to differentiate viral RNAs; however, specific binding was 

not detected. Knowing that these localisation elements must be present in heteroclite 

RNAs, these were used as minimal sequences in designing decoys that were 

transduced via lentiviral vectors into MARC-145 cells for testing.  

Beyond the work discussed above, the past few years have shown some progress 

in the control of PRRSV virus. As Chinese, highly pathogenic strains and European 

subtype 3 strains have continued to emerge, several reports described attempts to 

vaccinate against them using modified live virus vaccines generated from “traditional” 

PRRSV strains. These have provided partial protection, with low levels of neutralising 

antibodies and less severe disease (Lager et al. 2014; Trus et al. 2014). A similar story 

has been seen in other attempts to vaccinate against heterologous strains of the virus 

(Li et al. 2014; Park et al. 2014). Despite some progress, PRRSV continues to 

represent a significant challenge to the swine industry. 

One factor that must be considered in controlling PRRSV (and other infectious 

diseases), is the networks through which the pathogen is transferred; as well as the 

heterogeneity of animal movements between different points in these networks 

(Bigras-Poulin et al. 2007). Like many agricultural sectors, the swine industry involves 

the coordination of multiple specialised facilities, from gestation to slaughter 
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(Kliebenstein & Lawrence 1995). Network analyses can be useful in evaluating how 

vulnerable different types of facilities are to infection and where the most effective 

control can be targeted. Dealers which provide animals or semen to multiple farms can 

represent a greater risk for outbound transfer of PRRSV, and therefore represent a 

better target to control disease. In contrast, finishing units which purchase pigs from 

multiple sources, in order to be raised to slaughter, face a greater risk of inbound 

transfer of the virus but are unlikely to export disease (Rautureau et al. 2012). 

Whilst this hierarchical structure – in which a small number of farms export to 

the majority – represents a vulnerability in transmitting infectious disease, it also 

simplifies the implementation of some strategies to combat PRRSV. The past few 

years have seen several significant steps towards the use of transgenic pigs, which do 

not express the PRRSV entry receptor, and are therefore immune to the virus. After 

pigs which were deficient in CD169 failed to resist virus challenge, it was apparent 

that this protein acts as an attachment factor rather than an essential entry receptor for 

the virus (Prather et al. 2013). Further work which has used genome editors to remove 

CD163 – or the specific domains of CD163 which have been shown to interact with 

the viral GP5-M heterodimer – has been able to prevent viral infection outright without 

significant changes to the genome-edited animals (Whitworth et al. 2016; Burkard et 

al. 2017). The use of genome-edited animals such as these PRRSV-resistant pigs is 

now primarily dependent on legislative barriers and public opinion. With the recent 

approval of the transgenic AquAdvantage salmon by the US Food and Drug 

Administration, the legislative hurdles may be largely passed (Ledford 2015). And so, 

it might not be long before the public get to decide whether they want to eat transgenic 

meat.  
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Chapter 7: Appendices 
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7.1 Buffers Appendix 

The composition of buffers, as well as how these were generated is laid out 

below in the order they were mentioned in the Methods chapter. 

Bacterial growth 

LB media (0.1% [w/v] Tryptone, 0.05% [w/v] Yeast Extract, 0.05% [w/v] NaCl) 

Provided by the Central Services Unit. Ampicillin and kanamycin were kept 

frozen at 1000x concentration (100 µg/µL ampicillin, 50 µg/µL kanamycin) and 

added to media to give a 1x concentration. 

CaCl2 solution (0.1 M) 

14.7 g CaCl2 was dissolved in Elix water and then topped up to 1 L then sterile 

filtered (0.22 µM) 

CaCl2/glycerol solution (0.1 M, 10%) 

11.1 g CaCl2 was dissolved in Elix water and added to 57.5 mL 87% glycerol 

then topped up to 1 L and sterile filtered (0.22 µM) 

LB agar (0.1% [w/v] Tryptone, 0.05% [w/v] Yeast Extract, 0.1% [w/v] NaCl, 0.15% 

[w/v] agar) 

Provided by the Central Services Unit. Microwaved (300 W) in 5 minute bursts 

until melted; ampicillin or kanamycin added to give a 1x concentration; poured 

into petri dishes. Once set, agar plates were stored at 4°C until required. 

50% glycerol [v/v] in water 

50mL glycerol added to 50mL Elix water 
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Gel electrophoresis 

50xTAE (2 M Tris, 1 M acetic acid, 50 mM EDTA, pH 8.0) 

Provided by the Central Services Unit 

1xTAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0)  

200 mL 50xTAE in 9.8 L Elix water 

 

Cell culture, passaging, freezing, thawing, transfection 

Media 

Aliquots of 50 mL foetal calf serum and 5 mL pen/strep were kept frozen. One 

of each these was thawed and added to a 500 mL bottle of DMEM in the safety 

cabinet. Media was stored at 4°C. 

Sterile PBS 

100 mL water was removed from 1 L sterile water and 100 mL 10xPBS was 

added and mixed, stored at room temperature. 

Freezing Mix (20% [v/v] DMSO, 13% [v/v] FBS in media) 

2 mL DMSO and 1.3 mL FBS was diluted in 6.7 mL media (containing FBS and 

pen/strep). 
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Linear PEI (1 µg/µL) 

25 g PEI was dissolved in 20 mL water and heated to 80°C for 1 hour with a 

stirrer bar. When the solution had cooled to room temperature, it was adjusted to 

pH 7.0. If the PEI was not fully dissolved upon pH adjustment, the heating and 

pH adjustment was repeated. Waster was then added up to a total volume of 25 

mL before filtering with a 0.22 µm filter to sterilise for aliquoting and freezing 

at -20°C for short term and -80°C for long term storage.  

 

Cell disruption, organelle harvesting 

0.5 M sucrose 

17.1 g of sucrose dissolved in 50 mL Elix water and then topped up to 100 mL. 

Stored at room temperature. 

1 M triethanolamine (TEA) 

13.3 mL TEA diluted in 86.7 mL Elix water. Stored at room temperature. 

1 M acetic acid 

5.7 mL glacial acetic acid was diluted in 94.3 mL Elix water. Stored at room 

temperature. 

HB-EDTA (Hoechst Buffer) (10 mM triethanolamine, 10 mM acetic acid, 250 mM 

sucrose, 1 mM EDTA, pH 7.4) 

50 mL 0.5 M sucrose, 1 mL 1 M TEA, 1 mL 1 M acetic acid and 0.2 mL 1 M 

EDTA solution were diluted in 30 mL Elix water, the pH was adjusted to 7.4 and 

topped up to 100 mL. Made on the day of use. 
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Protease inhibitor solution 

1 tablet was dissolved in 2 ml Elix water to give a 25x stock solution which was 

frozen until it was ready for use. 

 

Density gradient 

HEPES solution (500 mM) 

Dissolve 11.9 g HEPES in 10 mL water. Store at room temperature. 

Solution A 

0.425 g NaCl was dissolved in 25 mL water and 15 mL HEPES solution, the pH 

was adjusted to 7.4 and then it was topped up to 50 mL. 

Solution B 

0.425 g NaCl was dissolved in 35 mL water and 5 mL HEPES solution, the pH 

was adjusted to 7.4 and then it was topped up to 50 mL. 

Solution S 

2 volumes Optiprep reagent were combined with 1 volume solution A (resulting 

in a 40% iodixanol solution). 

 

Protein precipitation 

Mass Spectrometry Solution (8 M Urea, 0.1% SDS, 50 mM Ammonium Bicarbonate) 

Made on the day of use, provided by Dr Dominic Kurian, Mass Spectrometry 

lab, The Roslin Institute.   
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SDS-PAGE 

10xTGS (25 mM Tris, 1.92 M glycine, 1% [w/v] SDS, pH 8.3) 

144 g glycine, 30.3 g Tris base and 100 mL 10% Sodium Dodecyl Sulphate were 

added to 700mL with Elix water then the pH was adjusted to 8.3 before topping 

up to 1L when dissolved. Stored at room temperature. 

1xTGS Running buffer (2.5 mM Tris, 192 mM glycine, 0.1% [w/v] SDS, pH 8.3) 

Dilute 100 mL 10xTGS buffer with 900 mL Elix water to get a 1x solution 

5xSDS Loading buffer (0.5 M [w/v] DTT, 50% [v/v] Glycerol, 10% [w/v] SDS, 0.05% 

[w/v] Bromophenol blue, 0.25 M Tris pH 6.8) 

Provided by Dr Christine Burkard, The Roslin Institute.  

 

Western Blotting 

10xTG buffer (25 mM Tris, 1.92 M glycine, pH 8.3) 

144 g glycine and 30.3 g Tris base were dissolved in 800mL Elix water then the 

pH was adjusted to 8.3 before topping up to 1L when dissolved. Stored at room 

temperature. 

1xTG Transfer buffer (2.5 mM Tris, 192 mM glycine, 25% [v/v] methanol, pH 8.3) 

Mix 100 mL 10xTG buffer, 250 mL methanol and 650mL Elix water to get a 1x 

solution, this was kept at 4°C and discarded after 5 uses. 
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10xTBS solution (200 mM Tris, 1.5 mM NaCl, pH 7.5) 

24 g Tris base and 88 g NaCl were dissolved in 800 mL Elix water, the pH was 

adjusted to 7.5 with concentrated HCl and then topping up with Elix water to 1L. 

Kept at room temperature. 

1xTBS-T (20 mM Tris, 150 mM NaCl, 0.1% [v/v] Tween-80, pH 7.5)  

100 mL 10xTBS and 1 mL Tween-80 were diluted in 900mL Elix water. Kept 

at room temperature. 

5% Milk in TBS-T 

2 g Skim Milk Powder was dissolved in 40 mL 1xTBS-T by shaking well, it was 

then filtered through a 100 µM cell strainer to remove lumps. This solution was 

kept at 4°C for up to a week. 

 

Membrane stripping 

Mild Stripping Buffer 

7.5 g glycine, 5 mL Tween-80 and 5 mL 10% SDS solution were mixed into 

300 mL Elix water and the pH was adjusted to 2.2 with concentrated HCl then 

topping up to 500 mL. This buffer kept at room temperature and discarded 

when it began to appear cloudy. 

1xPBS (137 mM NaCl, 2.6 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) 

Provided by the Central Services Unit 
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Vorum Silver Stain 

Fixing Solution (50% methanol, 12% acetic acid, 0.05% formalin) 

50 mL methanol, 12 mL glacial acetic acid, 90 µL formalin and 38 mL Elix 

water were mixed together. Store at room temperature. 

Ethanol wash solution (35% ethanol) 

70 mL ethanol was added to 130 mL Elix water. Store at room temperature. 

Sensitising solution (0.02% Na2S2O3) 

0.1 g Na2S2O3 was dissolved in 500 mL Elix water. Made on the day of use. 

Staining solution (0.2% AgNO3, 0.076% formalin) 

0.1 g AgNO3 and 120 µL formalin solution were added to 50 mL Elix water. 

Made on the day of use. 

Developing solution (6% Na2CO3, 0.05% formalin, 0.0004% Na2S2O3) 

3 g Na2CO3, 1 mL sensitising solution and 90 µL formalin solution were added 

to 49 mL Elix water. Made on the day of use. 

Stop solution (50% methanol, 12% acetic acid) 

50 mL methanol, 12mL acetic acid and 38 mL Elix water were mixed together. 

Store at room temperature. 
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Gel Drying 

Gel drying solution (4% glycerol, 70% ethanol) 

40 mL glycerol and 700 mL ethanol were diluted in 260 mL Elix water. Kept at 

room temperature. 

 

Cell fixation 

8% formaldehyde 

10 mL formalin solution was mixed with 40 mL PBS. Store at 4°C. 

 

Cell staining 

Permeabilisation solution (0.1% Triton) 

50 µL Triton was added to 50 mL PBS. Store at room temperature. 

Wash solution (0.1% Tween) 

0.5 mL Tween was added to 500 mL PBS. Store at room temperature. 

Blocking/staining solution (0.1% Tween, 1% FBS) 

0.5 mL foetal calf serum was added to 49.5 mL wash solution. Made up on the 

day of use.  
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7.2 Plasmid Appendix 
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7.3 Antibody Appendix 
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7.4 Biological Appendix 

Material Species Tissue 

type 

Received from 

XL-1 blue competent 

cells 

Escherichia coli - Agilent Technologies 

MARC-145 cell line Chlorocebus 

sabeus 

Kidney Dr Tahar Ait-Ali, The Roslin 

Institute  

BHK cell line Cricetinae Kidney Dr Tahar Ait-Ali, The Roslin 

Institute  

HEK293T cell line Homo sapiens Kidney Dr Tahar Ait-Ali, The Roslin 

Institute  
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7.5 Equipment Appendix 

Equipment Cat # Company 

Benchtop pH meter HI110 HANNA instruments 

Horizonal electrophoresis tank Horizon 11-14 Thermo Fisher Scientific 

G:box    Syngene 

Safe Imager™ 2.0 Blue Light Transilluminator G6600 Thermo Fisher Scientific 

PCR machine (Tetrad Thermal Cycler) PTC-225 MJ research 

Haemocytometer (Brightline)   Sigma-Aldrich 

Gel dam   Bio-Rad 

Mini-PROTEAN Tetra Cell   Bio-Rad 

HERAcell® 150 incubators   Thermo Electron Corporation 

BioMAT® 2 Safety Cabinet   Contained Air Solutions 

Water Bath SUB14 Grant 

Peristaltic Pump (Econo Model EP-1) 7318142 Bio-Rad 

Ultracentrifuge XL-90 Beckman 

SW41 Ti rotor and buckets     

Film Developer, XO-graph,  SRX-101A Konica-Minolta 

FACS machine (4 laser/11 detector) FACS Aria IIIu BD Biosciences 

Inverted Confocal microscope LSM 710 Zeiss 

Live Cell Observer Z1 with AxioCam MR3   Zeiss 

Fluorescent microscope Axio Vert.A1 Zeiss 

Benchtop centrifuge 5810 R Eppendorf 

Microfuge  5415 D Eppendorf 

Chilled microfuge Fresco Sorvall 

Nanodrop spectrophotometer ND1000 NanoDrop Products 

LightCycler 480 II   Roche 

StrataCooler Cryo Preservation Module 400005 Agilent Technologies 

Reciprocal shaker   Cleaver Scientific 
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Roller 6B IKA 

Sharp tweezers (7, titanium)     

Blunt tweezers (2A, titanium)     

Scissors   Wescott 

Shaking incubator (bacterial) Innova 4330 New Brunswick Scientific 

37C incubator (bacterial)   Sanyo 

Gel casting tray     

Gel combs     

Vortex PV-1 Grant-Bio 

Mini centrifuge (PCR tubes) 60061 Cole Palmer 

Block Heater SBH200D Stuart 

Tapestation 2200   Agilent Technologies 

ABI 3730 capillary sequencing instrument   Thermo Fisher Scientific 
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7.5 Reagent Appendix 

Reagent Cat # Company Location Notes 

Methanol  1028

4580 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Ethanol  1043

7341 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Isopropanol 1031

5720 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Formalin solution (40%) F163

5 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Glacial acetic acid CHE

1012 

Scientific 

Laboratory 

Supplies Ltd 

    

NaCl 1032

6390 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Hybri-Max™ Dimethyl 

sulfoxide 

D265

0-100 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

DMSO 

UltraPure™ 0.5 M EDTA 1557

5-020 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

pH 8.0 

Silver Nitrate CHE

3224 

Scientific 

Laboratory 

Supplies Ltd 

  AgNO3 

Sucrose 1063

4932 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Sodium Thiosulphate 4506

2 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

Na2S2O3 
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Sodium Carbonate S212

7 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

Na2CO3 

SYBR® Safe DNA Gel 

Stain 

S331

02 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

UltraPure™ Agarose 1650

0-500 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

X Ray Film  MOL

7016 

Scientific 

Laboratory 

Supplies Ltd 

  18x24cm Double 

Sided 

ECL Western Blotting 

Substrate (Pierce™) 

3210

6 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Skim Milk Powder LP00

31B 

Oxoid 

Microbiology 

Products 

    

Dulbecco’s Modified 

Eagle’s Medium 

D579

6 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

DMEM 

Foetal Bovine Serum LB26

40 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

FBS, Serum 

Pen/Strep LB25

08 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

0.25% Trypsin-EDTA with 

phenol red  

2520

0 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

1M HEPES solution         

Trypan blue stain (0.4%) 1525

0061 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

EZ-Run™ Prestained Rec 

Protein Ladder 

BP36

03-1 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

4–20% Mini-PROTEAN® 

TGX™ Precast Protein Gel 

4561

096 

Bio-Rad   15x15uL wells 
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4–20% Mini-PROTEAN® 

TGX™ Precast Protein Gel 

4561

094 

Bio-Rad   10x50uL wells 

Distel High Level 

Laboratory Disinfectant 

- Tristel 

Solutions 

Limited 

Newmarket, 

UK 

  

cOmplete protease 

inhibitor (Roche) 

1187

3580

001 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Triton™ X-100 T878

7 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Qiagen miniprep kit 2710

6 

Qiagen Hilden, Germ

any 

  

Qiagen endo-free maxiprep 

kit 

1236

2 

Qiagen Hilden, Germ

any 

  

Qiagen RNeasy mini kit. 7410

4 

Qiagen Hilden, Germ

any 

  

Qiagen viral RNA 

extraction kit 

5290

4 

Qiagen Hilden, Germ

any 

  

HiPure Plasmid Midiprep 

kit (PureLink) 

K210

004 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Brilliant III Ultra-Fast 

SYBR® Green qPCR 

Master Mix 

6008

82 

Agilent 

Technologies 

Santa Clara, 

California, 

USA 

  

Brilliant III Ultra-Fast 

SYBR® Green RT-qPCR 

Master Mix 

6008

86 

Agilent 

Technologies 

Santa Clara, 

California, 

USA 

  

FastStart Taq (Roche) 1203

2929

001 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Gel and PCR clean-up kit 7406

09.5 

Macherey-

Nagel 

Düren, 

Germany 

  

RNase ZAP AM9

782 

Ambion     

Mountant prolong gold 

with antifade 

P369

34 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 
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mMessage mMachine T7 

Transcription kit (Ambion) 

AM1

344 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Phenol:chloroform P380

3 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Chloroform 2566

6 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Kanamycin 1516

0-047 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Tris base  BP15

2 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

10% Sodium Dodecyl 

Sulfate 

BP24

36-1 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

supported 0.45um 

nitrocellulose 

1060

0018 

Amersham 

Protran 

    

TWEEN® 80 P175

4-500 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Falcon 100um cell strainer 08-

771-

19 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Glycerol (>99.5%) BP22

9-1 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Calcium chloride 

dehydrate (99%) 

C330

6 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

CutSmart B720

4S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

NEB 3.1 buffer B720

3S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 
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T4 DNA ligase M020

2S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

T4 DNA ligase buffer B020

2S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

Mung Bean Nuclease M025

0S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

MBN buffer B025

0S 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

Arctic Phosphase M028

95 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

Arctic Phosphase buffer B028

95 

New England 

Biolabs Inc. 

Ipswich, 

Massachusetts

, USA 

  

10x Phosphate Buffered 

Saline 

7001

3 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

pH 7.2 

Optiprep D155

6 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Promega M-MLV RT M170

1 

Promega Madison, 

Wisconsin, 

USA 

  

Trichloroacetic acid 1161

1-4 

Sigma-Aldrich St. Louis, 

Missouri, 

USA 

  

Sterile Water UKF

7114 

Baxter Newbury, UK   

Phalloidin 594 A123

81 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

  

Phalloidin 647 A222

87 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 
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DAPI D357

1 

Thermo Fisher 

Scientific Inc 

Waltham, 

Massachusetts

, USA 

4',6-diamidino-2-

phenylindole 

PEI 4389.

01 

Alfa Aesar Ward 

Hill, Massach

usetts, USA 

Polyethyleneimin

e, Linear, m.w. 

25,000 

Chloroquine J6445

9 

Alfa Aesar Ward 

Hill, Massach

usetts, USA 

  

TEA       Triethanolamine 

RNA ScreenTape Sample 

Buffer 

5067-

5577 

Agilent 

Technologies 

    

RNA ScreenTape Ladder 5067-

5578 

Agilent 

Technologies 
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7.6 Mass Spectrometry Appendix 

FAOS: Input sample 

24 hours p.i. 48 hours p.i. 

glyceraldehyde-3-phosphate dehydrogenase actin, cytoplasmic 1 

actin, cytoplasmic 1 actin, aortic smooth muscle 

alpha-enolase serum albumin 

triosephosphate isomerase glyceraldehyde-3-phosphate dehydrogenase 

tubulin beta chain triosephosphate isomerase 

actin, aortic smooth muscle tubulin beta chain 

heat shock protein HSP 90-beta heat shock cognate 71 kDa protein isoform X1 

pyruvate kinase PKM heat shock protein HSP 90-beta 

heat shock cognate 71 kDa protein isoform X1 L-lactate dehydrogenase B chain 

L-lactate dehydrogenase B chain L-lactate dehydrogenase A chain 

L-lactate dehydrogenase A chain pyruvate kinase PKM 

tubulin beta-4B chain elongation factor 1-alpha 1 

tubulin alpha-4A chain isoform X1 keratin, type II cytoskeletal 1 

elongation factor 2 14-3-3 protein zeta/delta 

tubulin alpha-1A chain isoform X1 tubulin beta-4B chain 

pyruvate kinase PKM annexin A2 

tubulin beta-2B chain-like fructose-bisphosphate aldolase A isoform X2 

plasminogen activator inhibitor 1 RNA-binding 

protein isoform X1 

nucleoside diphosphate kinase B isoform X1 

heat shock protein beta-1 14-3-3 protein theta 

myosin-9 alpha-enolase 

14-3-3 protein theta elongation factor 2 

phosphoglycerate kinase 1 cofilin-1 

keratin-associated protein 5-8-like tubulin alpha-1B chain 



 

281 
 

cofilin-1 profilin-1 

serum albumin heat shock protein HSP 90-alpha 

14-3-3 protein zeta/delta protein S100-A6 

profilin-1 heat shock protein beta-1 

elongation factor 1-alpha 1 peroxiredoxin-1 

glutathione S-transferase P isoform X1 myosin-9 

heat shock protein HSP 90-alpha peptidyl-prolyl cis-trans isomerase A 

peptidyl-prolyl cis-trans isomerase FKBP1A 

isoform X1 

galectin-1 

carbonyl reductase [NADPH] 1 peptidyl-prolyl cis-trans isomerase FKBP1A 

isoform X1 

transgelin-2 transgelin-2 

ezrin chloride intracellular channel protein 1 

alpha-2-HS-glycoprotein myosin light polypeptide 6 

proliferating cell nuclear antigen 14-3-3 protein beta/alpha 

annexin A2 elongation factor 1-gamma 

peroxiredoxin-1 aldose reductase 

moesin isoform X1 prostaglandin E synthase 3 isoform X1 

peptidyl-prolyl cis-trans isomerase A 40S ribosomal protein SA isoform X1 

eukaryotic translation initiation factor 3 subunit H 14-3-3 protein gamma 

nuclease-sensitive element-binding protein 1 

isoform X1 

malate dehydrogenase, cytoplasmic 

fructose-bisphosphate aldolase A isoform X1 tubulin alpha-3E chain 

translationally-controlled tumor protein keratin, type I cytoskeletal 10 isoform X1 

elongation factor 1-gamma keratin, type II cytoskeletal 1b 

40S ribosomal protein S9 stress-induced-phosphoprotein 1 

LIM and SH3 domain protein 1 isoform X1 40S ribosomal protein S3 

phosphoglycerate mutase 1-like small ubiquitin-related modifier 3 

poly(rC)-binding protein 3 isoform X1 poly(rC)-binding protein 3 isoform X1 
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myosin light polypeptide 6 flavin reductase (NADPH) isoform X1 

rho GDP-dissociation inhibitor 1 isoform X1 protein S100-A11 

signal transducer and activator of transcription 1-

alpha/beta 

elongation factor 1-delta isoform X1 

40S ribosomal protein S28 60S acidic ribosomal protein P0 

annexin A1 moesin isoform X1 

vinculin isoform X1 peroxiredoxin-6 

14-3-3 protein gamma phosphoglycerate kinase 1 

eukaryotic translation initiation factor 4B isoform 

X1 

tropomyosin alpha-4 chain isoform X2 

profilin-2 eukaryotic initiation factor 4A-II isoform X1 

14-3-3 protein beta/alpha superoxide dismutase [Cu-Zn] 

protein S100-A6 Niemann-Pick C1-like protein 1 

microtubule-associated protein 4 isoform X1 vinculin isoform X1 

nucleosome assembly protein 1-like 1 isoform X1 importin subunit alpha-6 isoform X1 

40S ribosomal protein SA isoform X1 glucose-6-phosphate isomerase 

nucleoside diphosphate kinase B isoform X1 sodium-dependent neutral amino acid transporter 

B(0)AT1 isoform X1 

peptidyl-prolyl cis-trans isomerase FKBP4 nascent polypeptide-associated complex subunit 

alpha 

transitional endoplasmic reticulum ATPase 

isoform X1 

40S ribosomal protein S18 

eukaryotic initiation factor 4A-II isoform X1 polyadenylate-binding protein-interacting 

protein 1 isoform X1 

aldose reductase 

 

transcription factor BTF3 isoform X1 

 

40S ribosomal protein S25 

 

gelsolin isoform X1 

 

40S ribosomal protein S2 isoform X1 

 

adenylyl cyclase-associated protein 1 isoform X1 

 

60S ribosomal protein L29-like, partial 
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fascin 

 

flavin reductase (NADPH) isoform X1 

 

transketolase 

 

annexin A8-like protein 1 isoform X1 

 

40S ribosomal protein S3 

 

14-3-3 protein epsilon isoform X1 

 

MARCKS-related protein 

 

heat shock 70 kDa protein 4 isoform X1 

 

60S acidic ribosomal protein P0 

 

galectin-1 

 

60S ribosomal protein L24 

 

60S ribosomal protein L11-like 

 

small ubiquitin-related modifier 3 

 

inositol-3-phosphate synthase 1 

 

60S ribosomal protein L31 

 

clathrin heavy chain 1 isoform X1 

 

peroxiredoxin-6 

 

hsc70-interacting protein 

 

chloride intracellular channel protein 1 

 

destrin 

 

60S ribosomal protein L9 

 

uncharacterized protein C1orf21 homolog 

 

ATP-dependent RNA helicase DDX3Y 

 

structural maintenance of chromosomes protein 2 

isoform X1 

 

14 kDa phosphohistidine phosphatase isoform X1 

 

eukaryotic translation initiation factor 5A-2 
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FAOS: EGFP-negative sample 

48 hours p.i. 

actin, cytoplasmic 2 

actin, cytoplasmic 2-like 

actin, alpha cardiac muscle 1 

tubulin beta chain 

tubulin alpha-1A chain isoform X1 

beta-actin-like protein 2 

tubulin alpha-1B chain 

14-3-3 protein zeta/delta 

alpha-enolase 

tubulin alpha-1C chain 

glutathione S-transferase P isoform X2 

tubulin beta-4B chain 

triosephosphate isomerase 

thioredoxin 

profilin-1 

heat shock cognate 71 kDa protein isoform X1 

elongation factor 1-alpha 1 

14-3-3 protein beta/alpha 

beta-enolase isoform X1 

heat shock protein beta-1 

aldose reductase 

heat shock protein HSP 90-beta 

annexin A2 

14-3-3 protein epsilon isoform X1 

cofilin-1 
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prostaglandin E synthase 3 isoform X1 

pyruvate kinase PKM 

galectin-1 

phosphoglycerate kinase 1 

macrophage migration inhibitory factor 

14-3-3 protein theta 

heat shock 70 kDa protein 1A/1B 

elongation factor 2 

pyruvate kinase PKM 

peroxiredoxin-1 

14-3-3 protein gamma 

proliferating cell nuclear antigen 

serum albumin 

transcription factor BTF3 isoform X1 

tropomyosin alpha-4 chain isoform X1 

peroxiredoxin-2 

phosphoglycerate mutase 1-like 

peptidyl-prolyl cis-trans isomerase A 

protein S100-A6 

superoxide dismutase [Cu-Zn] 

ubiquitin carboxyl-terminal hydrolase isozyme L1 

aldo-keto reductase family 1 member B10-like 

alcohol dehydrogenase [NADP(+)] isoform X1 

annexin A5 

ubiquitin thioesterase OTUB1 

heat shock protein HSP 90-alpha-like 

eukaryotic initiation factor 4A-II isoform X1 
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WD repeat-containing protein 1 

stress-induced-phosphoprotein 1 

carbonyl reductase [NADPH] 1 

transgelin-2 

elongation factor 1-gamma 

protein S100-A10 isoform X1 

biliverdin reductase A isoform X1 

serpin B6 isoform X1 

ubiquitin-conjugating enzyme E2 N 

dCTP pyrophosphatase 1 

fascin 

guanine nucleotide-binding protein subunit beta-2-like 1 

annexin A1 

ribonuclease inhibitor 

leucine-rich repeat-containing protein 37A2 

14-3-3 protein eta isoform X1 

L-lactate dehydrogenase A chain isoform X1 

40S ribosomal protein S21 

nucleolar protein 56 isoform X1 

hsp90 co-chaperone Cdc37 

dihydropteridine reductase 

protein piccolo isoform X1 

NADPH oxidase 5 
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0-16%: Input fraction 

Infected Mock-infected 

actin, cytoplasmic 2-like actin, cytoplasmic 2 

tubulin beta chain actin, cytoplasmic 2-like 

alpha-enolase tubulin beta chain 

tubulin beta-4B chain tubulin beta-4B chain 

heat shock protein HSP 90-beta beta-actin-like protein 2 

elongation factor 1-alpha 1 actin, alpha cardiac muscle 1 

actin, aortic smooth muscle tubulin alpha-1B chain 

tubulin alpha-1B chain tubulin alpha-1A chain isoform X1 

pyruvate kinase PKM alpha-enolase 

pyruvate kinase PKM tubulin beta-3 chain isoform X1 

heat shock protein beta-1 14-3-3 protein zeta/delta 

tubulin alpha-1A chain isoform X1 pyruvate kinase PKM 

heat shock cognate 71 kDa protein isoform X1 heat shock protein HSP 90-beta 

tubulin beta-2B chain-like pyruvate kinase PKM 

glutathione S-transferase P isoform X2 heat shock cognate 71 kDa protein isoform X1 

triosephosphate isomerase elongation factor 1-alpha 1 

heat shock protein HSP 90-alpha glutathione S-transferase P isoform X2 

clathrin heavy chain 1 isoform X1 heat shock protein beta-1 

profilin-1 phosphoglycerate mutase 1 

beta-enolase isoform X1 beta-enolase isoform X1 

annexin A2 annexin A2 

tubulin beta-6 chain 14-3-3 protein beta/alpha 

vinculin isoform X1 profilin-1 

L-lactate dehydrogenase B chain peptidyl-prolyl cis-trans isomerase A 

peptidyl-prolyl cis-trans isomerase A tubulin beta-6 chain 
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fatty acid synthase heat shock protein HSP 90-alpha 

phosphoglycerate mutase 1 triosephosphate isomerase 

14-3-3 protein zeta/delta proliferating cell nuclear antigen 

glyceraldehyde-3-phosphate dehydrogenase L-lactate dehydrogenase B chain 

14-3-3 protein beta/alpha vimentin 

heat shock 70 kDa protein 1A/1B 14-3-3 protein theta 

phosphoglycerate kinase 1 annexin A4 

peroxiredoxin-1 cofilin-1 

myosin-9 signal transducer and activator of transcription 1-

alpha/beta 

L-lactate dehydrogenase A chain isoform X1 elongation factor 2 

eukaryotic initiation factor 4A-I eukaryotic translation initiation factor 3 subunit B 

proliferating cell nuclear antigen heat shock 70 kDa protein 1A/1B 

tropomyosin alpha-4 chain isoform X2 ezrin 

UDP-glucose 6-dehydrogenase clathrin heavy chain 1 isoform X1 

ubiquitin-like modifier-activating enzyme 1 

isoform X1 

brain acid soluble protein 1 isoform X1 

tropomyosin alpha-1 chain isoform X1 fatty acid synthase 

elongation factor 2 vinculin isoform X1 

elongation factor 1-delta isoform X1 eukaryotic initiation factor 4A-I 

glucose-6-phosphate isomerase nucleophosmin isoform X1 

brain acid soluble protein 1 isoform X1 myosin-9 

cofilin-1 elongation factor 1-delta isoform X1 

importin subunit beta-1 eukaryotic initiation factor 4A-II isoform X1 

78 kDa glucose-regulated protein peroxiredoxin-1 

annexin A4 UDP-glucose 6-dehydrogenase 

kinesin-like protein KIF3C L-lactate dehydrogenase A chain isoform X1 

signal transducer and activator of transcription 1-

alpha/beta 

phosphoglycerate kinase 1 
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L-lactate dehydrogenase A chain annexin A5 

nucleosome assembly protein 1-like 1 isoform X1 activated RNA polymerase II transcriptional 

coactivator p15 

alpha-2-HS-glycoprotein ubiquitin-like modifier-activating enzyme 1 isoform 

X1 

T-complex protein 1 subunit theta moesin isoform X1 

14-3-3 protein theta 14-3-3 protein epsilon isoform X1 

carbonyl reductase [NADPH] 1 fascin 

RNA-binding protein FUS isoform X1 nucleosome assembly protein 1-like 1 isoform X1 

fructose-bisphosphate aldolase A isoform X1 small glutamine-rich tetratricopeptide repeat-

containing protein alpha 

nuclease-sensitive element-binding protein 1 

isoform X1 

melanoma-associated antigen D2 

poly(rC)-binding protein 2 isoform X1 L-lactate dehydrogenase A chain 

ATP-citrate synthase kinesin-1 heavy chain 

6-phosphofructokinase type C tropomyosin alpha-1 chain isoform X6 

40S ribosomal protein S11 tropomyosin alpha-4 chain isoform X1 

casein kinase I isoform alpha isoform X1 transketolase 

eukaryotic translation initiation factor 4H isoform 

X1 

14-3-3 protein gamma 

40S ribosomal protein SA isoform X1 ubiquitin carboxyl-terminal hydrolase isozyme L1 

LIM and SH3 domain protein 1 isoform X1 nuclease-sensitive element-binding protein 1 

isoform X1 

annexin A1 alpha-2-HS-glycoprotein 

retrotransposon-derived protein PEG10 alcohol dehydrogenase [NADP(+)] isoform X1 

60S acidic ribosomal protein P2 aldose reductase 

filamin-A isoform X1 ATP-citrate synthase 

60S ribosomal protein L4 casein kinase I isoform alpha isoform X1 

myristoylated alanine-rich C-kinase substrate 

isoform X1 

eukaryotic translation initiation factor 4H isoform 

X1 

poly(rC)-binding protein 1 40S ribosomal protein S18 
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ubiquitin carboxyl-terminal hydrolase isozyme L1 filamin-A isoform X1 

microtubule-associated protein 4 isoform X1 peroxiredoxin-2 

moesin isoform X1 GTP-binding nuclear protein Ran isoform X1 

alcohol dehydrogenase [NADP(+)] isoform X1 calmodulin 

kinesin-1 heavy chain fructose-bisphosphate aldolase A isoform X2 

melanoma-associated antigen D2 glyceraldehyde-3-phosphate dehydrogenase 

vimentin protein transport protein Sec23A isoform X1 

ras GTPase-activating protein-binding protein 2 

isoform X1 

60S ribosomal protein L7 

chloride intracellular channel protein 1 protein S100-A11 

40S ribosomal protein S25 nucleosome assembly protein 1-like 4 isoform X1 

stress-induced-phosphoprotein 1 aldo-keto reductase family 1 member B10 isoform 

X1 

activated RNA polymerase II transcriptional 

coactivator p15 

60S ribosomal protein L10-like 

epidermal growth factor receptor kinase substrate 

8-like protein 2 isoform X2 

transitional endoplasmic reticulum ATPase isoform 

X1 

ezrin LIM and SH3 domain protein 1 isoform X1 

elongation factor 1-gamma elongation factor 1-gamma 

aldo-keto reductase family 1 member B10 isoform 

X1 

myristoylated alanine-rich C-kinase substrate 

isoform X1 

40S ribosomal protein S8 isoform X1 60S acidic ribosomal protein P2 

transforming protein RhoA T-complex protein 1 subunit theta 

guanine nucleotide-binding protein subunit beta-2-

like 1 

40S ribosomal protein S3a 

serine/threonine-protein phosphatase 2A 65 kDa 

regulatory subunit A alpha isoform 

poly(rC)-binding protein 2 isoform X1 

40S ribosomal protein S3 40S ribosomal protein SA isoform X1 

peroxiredoxin-2 40S ribosomal protein S25 

40S ribosomal protein S14 isoform X1 leucine-rich repeat-containing protein 47 

constitutive coactivator of PPAR-gamma-like 

protein 1 isoform X1 

tensin-3 isoform X1 
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fascin microtubule-associated protein 4 isoform X1 

valine--tRNA ligase isoform X1 proteasomal ubiquitin receptor ADRM1 isoform X1 

OTU domain-containing protein 7B isoform X1 importin subunit beta-1 

60S ribosomal protein L24 coatomer subunit delta isoform X1 

serum albumin 40S ribosomal protein S3 

coatomer subunit delta isoform X1 serine/threonine-protein phosphatase 2A 65 kDa 

regulatory subunit A alpha isoform 

transitional endoplasmic reticulum ATPase 

isoform X1 

annexin A1 

60S ribosomal protein L18 40S ribosomal protein S8 isoform X1 

proteasome subunit alpha type-1 isoform X1 kinesin-like protein KIF3C 

coronin-1B 40S ribosomal protein S5 

ribosome-binding protein 1 isoform X1 40S ribosomal protein S14 isoform X1 

60S ribosomal protein L7 60S ribosomal protein L23 

myosin light polypeptide 6 rho guanine nucleotide exchange factor 12 isoform 

X1 

flavin reductase (NADPH) isoform X1 ADP-ribosylation factor 3 isoform X1 

transaldolase copine-1 isoform X2 

coronin-1C isoform X1 histone deacetylase 6 isoform X2 

transketolase 78 kDa glucose-regulated protein 

thrombospondin-1 T-complex protein 1 subunit epsilon isoform X1 

protein kinase C iota type glucose-6-phosphate isomerase 

T-complex protein 1 subunit gamma cell division control protein 42 homolog isoform X1 

ataxin-2-like protein isoform X1 40S ribosomal protein S20 

tensin-3 isoform X1 cellular nucleic acid-binding protein isoform X1 

ubiquitin-conjugating enzyme E2 N-like 40S ribosomal protein S16 

versican core protein isoform X1 transaldolase 

eukaryotic translation initiation factor 4 gamma 1 

isoform X1 

importin-5 

hsp90 co-chaperone Cdc37 40S ribosomal protein S11 
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40S ribosomal protein S3a 60S acidic ribosomal protein P0 

mannose-1-phosphate guanyltransferase alpha 

isoform X1 

60S ribosomal protein L4 

60S ribosomal protein L13 60S ribosomal protein L18 

40S ribosomal protein S18 60S ribosomal protein L13 

40S ribosomal protein S16 small ubiquitin-related modifier 3 

uncharacterized protein LOC103228971 isoform 

X1 

serine/arginine-rich splicing factor 8-like 

T-complex protein 1 subunit delta X-ray repair cross-complementing protein 6 

cornulin isoform X1 keratin, type I cytoskeletal 18 

40S ribosomal protein S12 clathrin interactor 1 isoform X1 

nucleophosmin isoform X1 proteasome subunit alpha type-1 isoform X1 

UMP-CMP kinase parathymosin 

small glutamine-rich tetratricopeptide repeat-

containing protein alpha 

eukaryotic translation initiation factor 6 

obg-like ATPase 1 isoform X2 adenosylhomocysteinase isoform X1 

60S ribosomal protein L23 serine/threonine-protein kinase OSR1 isoform X1 

60S ribosomal protein L27a inositol-3-phosphate synthase 1 

T-complex protein 1 subunit epsilon isoform X1 thymosin beta-4 

nucleosome assembly protein 1-like 4 isoform X1 polyadenylate-binding protein 1 

paxillin isoform X2 serpin H1 isoform X1 

26S protease regulatory subunit 6A isoform X1 D-3-phosphoglycerate dehydrogenase 

GTP-binding nuclear protein Ran isoform X1 poly(rC)-binding protein 1 

zyxin isoform X1 hsc70-interacting protein 

40S ribosomal protein S4, X isoform-like cAMP-dependent protein kinase inhibitor alpha 

isoform X1 

T-complex protein 1 subunit alpha neuroblast differentiation-associated protein 

AHNAK 

adenylyl cyclase-associated protein 1 isoform X1 guanine nucleotide-binding protein subunit beta-2-

like 1 

14-3-3 protein eta isoform X2 testin isoform X1 
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proteasomal ubiquitin receptor ADRM1 isoform 

X1 

cytoplasmic dynein 1 light intermediate chain 2 

programmed cell death protein 5 isoform X1 macrophage migration inhibitory factor 

inositol-3-phosphate synthase 1 paxillin isoform X2 

40S ribosomal protein S28 14-3-3 protein eta isoform X2 

60S acidic ribosomal protein P0 protein S100-A10 isoform X2 

40S ribosomal protein S5 26S protease regulatory subunit 6A isoform X1 

ubiquitin thioesterase OTUB1 40S ribosomal protein S26-like 

14-3-3 protein epsilon isoform X1 cyclin-dependent kinase inhibitor 1 

nucleoside diphosphate kinase B isoform X1 40S ribosomal protein S28 

translation initiation factor eIF-2B subunit delta 

isoform X1 

adenylyl cyclase-associated protein 1 isoform X1 

peroxiredoxin-6 zinc finger CCCH domain-containing protein 4 

isoform X1 

eukaryotic translation initiation factor 4B isoform 

X1 

chloride intracellular channel protein 4 

polyadenylate-binding protein 1 trifunctional purine biosynthetic protein adenosine-3 

YY1-associated factor 2 isoform X1 hematological and neurological expressed 1 protein 

isoform X1 

tropomodulin-3 isoform X1 60S ribosomal protein L22 isoform X1 

protein disulfide-isomerase A6 isoform X1 uncharacterized protein LOC103228971 isoform X1 

copine-1 isoform X2 midkine isoform X1 

developmentally-regulated GTP-binding protein 1 protein S100-A6 

D-3-phosphoglycerate dehydrogenase actin-related protein 2/3 complex subunit 3 

mitogen-activated protein kinase kinase kinase 

kinase 4 isoform X1 

programmed cell death protein 5 isoform X1 

trifunctional purine biosynthetic protein 

adenosine-3 

carbonyl reductase [NADPH] 1 

aldo-keto reductase family 1 member C1 homolog 

isoform X1 

ubiquitin thioesterase OTUB1 

copine-3 chloride intracellular channel protein 1 

40S ribosomal protein S21 60S ribosomal protein L9 
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dihydropyrimidinase-related protein 3 isoform X1 keratin, type II cytoskeletal 5 

60S acidic ribosomal protein P1 40S ribosomal protein S6 

prefoldin subunit 2 ubiquitin-conjugating enzyme E2 N-like 

tubulin-specific chaperone A myosin light polypeptide 6 

T-complex protein 1 subunit zeta 60S ribosomal protein L36 

spermatogenesis-associated serine-rich protein 2 

isoform X1 

40S ribosomal protein S12 

hsc70-interacting protein 60S ribosomal protein L27a 

parathymosin apoptosis regulator BAX isoform X1 

calmodulin flavin reductase (NADPH) isoform X1 

eukaryotic translation initiation factor 2 subunit 1 40S ribosomal protein S4, X isoform-like 

importin-5 translation initiation factor eIF-2B subunit delta 

isoform X1 

cellular nucleic acid-binding protein isoform X1 annexin A8 isoform X2 

protein S100-A4 60S ribosomal protein L4-like 

40S ribosomal protein S20 protein disulfide-isomerase A6 isoform X1 

phenazine biosynthesis-like domain-containing 

protein isoform X1 

eukaryotic translation initiation factor 4 gamma 1 

isoform X1 

ubiquitin-like protein fubi and ribosomal protein 

S30 

60S ribosomal protein L13a isoform X1 

60S ribosomal protein L22 isoform X1 40S ribosomal protein S9 

talin-1 isoform X1 cullin-associated NEDD8-dissociated protein 1 

ribose-phosphate pyrophosphokinase 3 coronin-1C isoform X1 

40S ribosomal protein S9 cytoskeleton-associated protein 5 isoform X1 

aminoacylase-1 isoform X1 60S ribosomal protein L24 

nascent polypeptide-associated complex subunit 

alpha 

heterogeneous nuclear ribonucleoprotein U isoform 

X1 

microfibrillar-associated protein 1 versican core protein isoform X1 

rab GDP dissociation inhibitor beta condensin complex subunit 1 isoform X1 

calpain small subunit 1 epidermal growth factor receptor kinase substrate 8-

like protein 2 isoform X2 
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60S ribosomal protein L10-like X-ray repair cross-complementing protein 5 

tumor protein D52 isoform X1 CAD protein 

destrin plasminogen activator inhibitor 1 RNA-binding 

protein isoform X1 

40S ribosomal protein S2 isoform X1 keratin, type II cytoskeletal 8-like 

26S proteasome non-ATPase regulatory subunit 2 BTB/POZ domain-containing protein KCTD12 

polypyrimidine tract-binding protein 1 isoform X3 destrin 

insulin-like growth factor 2 mRNA-binding 

protein 2 isoform X1 

eukaryotic translation initiation factor 2 subunit 1 

cullin-associated NEDD8-dissociated protein 1 NUAK family SNF1-like kinase 2 

40S ribosomal protein S26-like EH domain-binding protein 1-like protein 1 isoform 

X1 

40S ribosomal protein S19 40S ribosomal protein S13 

serine--tRNA ligase, cytoplasmic agrin isoform X1 

histone H2B type 1-O 6-phosphofructokinase type C 

rho-related GTP-binding protein RhoC inorganic pyrophosphatase 

60S ribosomal protein L7a-like 6-phosphofructokinase, muscle type isoform X1 

filamin-B isoform X1 polypyrimidine tract-binding protein 1 isoform X3 

COP9 signalosome complex subunit 2 isoform X1 anamorsin 

26S proteasome non-ATPase regulatory subunit 11 40S ribosomal protein S19 

serotransferrin isoform X1 UMP-CMP kinase 

glucose-6-phosphate 1-dehydrogenase isoform X1 T-complex protein 1 subunit gamma 

E3 ubiquitin-protein ligase HECTD1 isoform X1 60S ribosomal protein L15 

calcyphosin-like dynamin-1-like protein isoform X1 

pyridoxal-dependent decarboxylase domain-

containing protein 1 isoform X1 

caldesmon isoform X1 

exportin-2 60S ribosomal protein L26-like 

hemoglobin subunit alpha ubiquitin-like protein fubi and ribosomal protein S30 

60S ribosomal protein L19 aldo-keto reductase family 1 member C1 homolog 

isoform X1 
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ras-related protein Rab-1B isoform X1 leukotriene A-4 hydrolase isoform X4 

OTU domain-containing protein 6B isoform X1 60S ribosomal protein L27 

ATP-dependent RNA helicase DDX3X isoform 

X1 

keratin, type II cytoskeletal 7 

elongation factor 1-beta importin subunit alpha-5 

platelet-activating factor acetylhydrolase IB 

subunit gamma 

SUMO-conjugating enzyme UBC9 

CTP synthase 1 isoform X1 E3 ubiquitin-protein ligase HUWE1 isoform X1 

60S ribosomal protein L11-like 60S ribosomal protein L14 isoform X1 

aminoacyl tRNA synthase complex-interacting 

multifunctional protein 1 isoform X1 

COP9 signalosome complex subunit 2 isoform X1 

histone H2A.J trans-Golgi network integral membrane protein 2 

isoform X1 

threonine--tRNA ligase, cytoplasmic isoform X1 annexin A6 

inorganic pyrophosphatase 60S ribosomal protein L19 

60S ribosomal protein L36 rab GDP dissociation inhibitor beta 

phosphoglucomutase-1 isoform X1 puromycin-sensitive aminopeptidase isoform X1 

sorcin isoform X1 ATP-dependent RNA helicase DDX3X isoform X1 

F-actin-capping protein subunit beta isoform X1 6-phosphogluconolactonase isoform X1 

keratin, type II cytoskeletal 5 26S protease regulatory subunit 4 

serpin H1 isoform X1 60S acidic ribosomal protein P1 

multifunctional protein ADE2-like 60S ribosomal protein L31 

keratin, type II cytoskeletal 7 ras-related protein Rab-1B isoform X1 

catenin alpha-1 isoform X1 ribosome-binding protein 1 isoform X1 

eukaryotic translation initiation factor 3 subunit C hsp90 co-chaperone Cdc37 

puromycin-sensitive aminopeptidase isoform X1 obg-like ATPase 1 isoform X2 

F-actin-capping protein subunit alpha-1 galectin-1 

ras GTPase-activating protein-binding protein 1 

isoform X1 

26S protease regulatory subunit 6B 

low molecular weight phosphotyrosine protein 

phosphatase isoform X1 

peroxiredoxin-6 
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transportin-1 isoform X1 cyclin-dependent kinase 12 isoform X1 

galectin-1 peroxiredoxin-5, mitochondrial isoform X1 

transgelin-2 dihydropyrimidinase-related protein 3 isoform X1 

small ubiquitin-related modifier 3 histidine triad nucleotide-binding protein 1 

glutathione reductase, mitochondrial probable ubiquitin carboxyl-terminal hydrolase 

FAF-Y isoform X1 

malate dehydrogenase, cytoplasmic insulin-like growth factor 2 mRNA-binding protein 

3 isoform X1 

probable ubiquitin carboxyl-terminal hydrolase 

FAF-X isoform X1 

F-actin-capping protein subunit beta isoform X1 

60S ribosomal protein L15 protein C10 

40S ribosomal protein S27 nucleolin 

40S ribosomal protein S23 putative pre-mRNA-splicing factor ATP-dependent 

RNA helicase DHX15 

drebrin isoform X1 EF-hand domain-containing protein D1 

bifunctional purine biosynthesis protein PURH 

isoform X1 

stathmin-2 

aldo-keto reductase family 1 member C1 homolog galectin-3 

RNA polymerase II-associated protein 1 lactoylglutathione lyase 

Krueppel-related zinc finger protein 1 coatomer subunit gamma-1 

arginine--tRNA ligase, cytoplasmic serine/threonine-protein kinase Nek9 isoform X1 

40S ribosomal protein S6 acyl-CoA-binding protein isoform X1 

60S ribosomal protein L31 GMP synthase [glutamine-hydrolyzing] isoform X1 

40S ribosomal protein S17 40S ribosomal protein S17 

S-formylglutathione hydrolase multifunctional protein ADE2-like 

60S ribosomal protein L8 26S proteasome non-ATPase regulatory subunit 11 

60S ribosomal protein L21 isoform X1 serum albumin 

phosphoribosylformylglycinamidine synthase collagen alpha-2(V) chain 

nuclear migration protein nudC isoform X1 60S ribosomal protein L6 

WD repeat-containing protein 1 small nuclear ribonucleoprotein E 
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40S ribosomal protein S15 isoform X1 60S ribosomal protein L11-like 

SH2 domain-containing protein 3C isoform X1 cornulin isoform X1 

annexin A5 lupus La protein 

ubiquitin carboxyl-terminal hydrolase 5 isoform 

X1 

thymosin beta-10 

glutamine--tRNA ligase isoform X1 60S ribosomal protein L35 

importin subunit alpha-1 BAI1-associated protein 3 isoform X4 

eukaryotic translation initiation factor 3 subunit D threonine--tRNA ligase, cytoplasmic isoform X1 

keratin, type I cytoskeletal 18 60S ribosomal protein L8 

peroxiredoxin-5, mitochondrial isoform X1 protein S100-A4 

BAI1-associated protein 3 isoform X4 non-histone chromosomal protein HMG-14-like 

keratin, type II cytoskeletal 8-like phosphoglucomutase-1 isoform X1 

60S ribosomal protein L36a-like protein CutA isoform X1 
 

protein FAM47B 
 

putative protein FAM47C 
 

calpastatin isoform X1 
 

serine/arginine-rich splicing factor 3 
 

serine/arginine-rich splicing factor 4 
 

60S ribosomal protein L6 
 

60S ribosomal protein L29-like, partial 
 

eukaryotic translation initiation factor 3 subunit A 

isoform X1 
 

bifunctional purine biosynthesis protein PURH 

isoform X1 
 

bcl-2-like protein 12, partial 
 

thioredoxin 
 

protein LSM14 homolog A, partial 
 

40S ribosomal protein S2 isoform X1 
 

peptidyl-prolyl cis-trans isomerase FKBP4 
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transportin-1 isoform X1 
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0-16%: Fraction 6 

Infected Mock 

actin, cytoplasmic 2 actin, cytoplasmic 2 

actin, alpha cardiac muscle 1 actin, alpha cardiac muscle 1 

tubulin beta chain beta-actin-like protein 2 

tubulin alpha-1A chain isoform X1 tubulin beta chain 

tubulin alpha-1B chain alpha-enolase 

tubulin alpha-1C chain 14-3-3 protein zeta/delta 

glutathione S-transferase P isoform X2 tubulin beta-4B chain 

alpha-enolase tubulin alpha-1B chain 

triosephosphate isomerase tubulin alpha-4A chain isoform X1 

14-3-3 protein zeta/delta tubulin alpha-1A chain isoform X1 

elongation factor 1-alpha 1 tubulin alpha-1C chain 

heat shock cognate 71 kDa protein isoform X1 glutathione S-transferase P isoform X2 

thioredoxin triosephosphate isomerase 

profilin-1 heat shock cognate 71 kDa protein isoform X1 

beta-enolase isoform X1 elongation factor 1-alpha 1 

heat shock protein HSP 90-beta 14-3-3 protein beta/alpha 

heat shock protein beta-1 annexin A2 

aldose reductase beta-enolase isoform X1 

annexin A2 heat shock protein beta-1 

14-3-3 protein beta/alpha heat shock 70 kDa protein 1A/1B 

cofilin-1 14-3-3 protein theta 

14-3-3 protein epsilon isoform X1 heat shock protein HSP 90-beta 

phosphoglycerate kinase 1 aldose reductase 

pyruvate kinase PKM cofilin-1 

heat shock 70 kDa protein 1A/1B 14-3-3 protein epsilon isoform X1 
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galectin-1 thioredoxin 

prostaglandin E synthase 3 isoform X1 profilin-1 

14-3-3 protein theta tubulin beta-6 chain 

macrophage migration inhibitory factor phosphoglycerate mutase 1 

pyruvate kinase PKM galectin-1 

peroxiredoxin-1 phosphoglycerate kinase 1 

phosphoglycerate mutase 1-like 14-3-3 protein gamma 

14-3-3 protein gamma pyruvate kinase PKM 

elongation factor 2 peptidyl-prolyl cis-trans isomerase A 

peroxiredoxin-2 nuclear autoantigenic sperm protein isoform X1 

proliferating cell nuclear antigen carbonyl reductase [NADPH] 1 

transcription factor BTF3 isoform X1 pyruvate kinase PKM 

tropomyosin alpha-4 chain isoform X1 aldo-keto reductase family 1 member B10-like 

serum albumin macrophage migration inhibitory factor 

peptidyl-prolyl cis-trans isomerase A L-lactate dehydrogenase A chain 

protein S100-A6 transcription factor BTF3 isoform X1 

ubiquitin thioesterase OTUB1 proliferating cell nuclear antigen 

heat shock protein HSP 90-alpha-like alcohol dehydrogenase [NADP(+)] isoform X1 

alcohol dehydrogenase [NADP(+)] isoform X1 elongation factor 2 

superoxide dismutase [Cu-Zn] L-lactate dehydrogenase B chain 

stress-induced-phosphoprotein 1 annexin A5 

aldo-keto reductase family 1 member B10-like eukaryotic initiation factor 4A-II isoform X1 

WD repeat-containing protein 1 annexin A4 

ubiquitin carboxyl-terminal hydrolase isozyme L1 peptidyl-prolyl cis-trans isomerase FKBP1A 

isoform X1 

elongation factor 1-gamma transgelin-2 

carbonyl reductase [NADPH] 1 coactosin-like protein isoform X1 

protein S100-A10 isoform X1 protein S100-A6 



 

302 
 

annexin A5 prostaglandin E synthase 3 isoform X1 

serpin B6 isoform X1 peroxiredoxin-1 

transgelin-2 40S ribosomal protein SA isoform X1 

eukaryotic initiation factor 4A-II isoform X1 tropomyosin alpha-4 chain isoform X2 

biliverdin reductase A isoform X1 poly(rC)-binding protein 2 isoform X1 

ubiquitin-conjugating enzyme E2 N protein S100-A10 isoform X1 

guanine nucleotide-binding protein subunit beta-2-like 

1 

profilin-2 

dihydropteridine reductase annexin A11 

ribonuclease inhibitor radixin isoform X1 

hsp90 co-chaperone Cdc37 fascin 

L-lactate dehydrogenase A chain isoform X1 annexin A1 

dCTP pyrophosphatase 1 peroxiredoxin-5, mitochondrial isoform X1 

fascin ribonuclease inhibitor 

rho GTPase-activating protein 20 isoform X1 alpha-crystallin B chain 

annexin A1 peroxiredoxin-6 

NADPH oxidase 5 serpin B6 isoform X1 

40S ribosomal protein S21 glyceraldehyde-3-phosphate dehydrogenase 

nucleolar protein 56 isoform X1 superoxide dismutase [Cu-Zn] 

BAI1-associated protein 3 isoform X4 protein S100-A11 

flavin reductase (NADPH) isoform X1 heterogeneous nuclear ribonucleoprotein K 

nucleosome assembly protein 1-like 1 isoform X1 NAD(P)H dehydrogenase [quinone] 1 

leucine-rich repeat-containing protein 37A2 elongation factor 1-gamma 

poly(rC)-binding protein 2 isoform X11 proliferation-associated protein 2G4 
 

UDP-glucose 6-dehydrogenase 
 

GTP-binding nuclear protein Ran-like 
 

ubiquitin carboxyl-terminal hydrolase isozyme 

L1 
 

flavin reductase (NADPH) isoform X1 
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LIM and SH3 domain protein 1 isoform X1 
 

40S ribosomal protein S28 
 

keratin, type I cytoskeletal 18 
 

cytosolic acyl coenzyme A thioester hydrolase 

isoform X1 
 

nuclear migration protein nudC isoform X1 
 

copper-transporting ATPase 2 isoform X1 
 

40S ribosomal protein S21 
 

chloride intracellular channel protein 1 
 

rab GDP dissociation inhibitor beta 
 

ubiquitin-conjugating enzyme E2 N 
 

40S ribosomal protein S12 
 

stress-induced-phosphoprotein 1 
 

SUMO-activating enzyme subunit 2 isoform X1 
 

rho GDP-dissociation inhibitor 1 isoform X1 
 

ribose-phosphate pyrophosphokinase 2 isoform 

X1 
 

calmodulin 
 

protein CASP isoform X1 
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0-16%: Fraction 30 

Infected Mock 

fatty acid synthase glyceraldehyde-3-phosphate dehydrogenase 

actin, cytoplasmic 1 fatty acid synthase 

40S ribosomal protein S15 isoform X1 actin, cytoplasmic 2-like 

histone H2A.J clathrin heavy chain 1 isoform X1 

histone H2A type 2-C transitional endoplasmic reticulum ATPase 

isoform X1 

nuclease-sensitive element-binding protein 1 isoform 

X1 

40S ribosomal protein S15 isoform X1 

actin, alpha cardiac muscle 1 nucleophosmin isoform X1 

clathrin heavy chain 1 isoform X1 nucleolin 

myosin-9 retinal dehydrogenase 1 isoform X1 

histone H3.1-like 60S ribosomal protein L30 

transitional endoplasmic reticulum ATPase isoform 

X1 

multifunctional protein ADE2-like 

histone H3.3 60S ribosomal protein L18 

histone H3 proteasome subunit alpha type-6 

60S ribosomal protein L22 isoform X1 X-ray repair cross-complementing protein 5 

glutamine--fructose-6-phosphate aminotransferase 

[isomerizing] 1 isoform X1 

nuclease-sensitive element-binding protein 1 

isoform X1 

60S ribosomal protein L7 inositol-3-phosphate synthase 1 

X-ray repair cross-complementing protein 5 spectrin alpha chain, non-erythrocytic 1 isoform 

X1 

cytoplasmic dynein 1 heavy chain 1 myosin-9 

histone H2A.Z 60S ribosomal protein L10a 

proteasome subunit alpha type-5 isoform X1 60S acidic ribosomal protein P0 

14-3-3 protein zeta/delta 40S ribosomal protein S3a 

40S ribosomal protein S8 isoform X1 spectrin beta chain, non-erythrocytic 1 isoform 

X1 
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glyceraldehyde-3-phosphate dehydrogenase endoplasmin 

proteasome subunit beta type-7 isoform X1 histone H2AX 

60S acidic ribosomal protein P0 protein disulfide-isomerase isoform X1 

COP9 signalosome complex subunit 2 isoform X1 heat shock protein beta-1 

proteasome subunit beta type-5 isoform X1 polyadenylate-binding protein 1 

polyadenylate-binding protein 1 glutamine--fructose-6-phosphate 

aminotransferase [isomerizing] 1 isoform X1 

26S proteasome non-ATPase regulatory subunit 13 40S ribosomal protein S5 

Y-box-binding protein 3 isoform X1 60S acidic ribosomal protein P2 

endoplasmin 60S ribosomal protein L7 

proteasome subunit alpha type-6 40S ribosomal protein S3 

retinal dehydrogenase 1 isoform X1 proteasome subunit beta type-4 

60S ribosomal protein L37a 60S ribosomal protein L9 

spectrin alpha chain, non-erythrocytic 1 isoform X1 40S ribosomal protein S8 isoform X1 

40S ribosomal protein S3 COP9 signalosome complex subunit 2 isoform 

X1 

collagen alpha-1(XVIII) chain AP-1 complex subunit beta-1 isoform X1 

40S ribosomal protein S6 proteasome subunit alpha type-5 isoform X1 

ATP-citrate synthase inosine-5'-monophosphate dehydrogenase 2 

isoform X2 

cofilin-1 26S protease regulatory subunit 6B 

E3 ubiquitin-protein ligase HUWE1 isoform X1 ATP-citrate synthase 

CAD protein E3 ubiquitin-protein ligase HUWE1 isoform X1 

inositol-3-phosphate synthase 1 X-ray repair cross-complementing protein 6 

keratin, type II cytoskeletal 1 coatomer subunit epsilon 

heat shock protein beta-1 histone H2A type 2-C 

proteasome subunit beta type-6 isoform X1 eukaryotic translation initiation factor 2 subunit 

3 

60S ribosomal protein L7a-like cation-dependent mannose-6-phosphate receptor 

isoform X1 



 

306 
 

40S ribosomal protein S11 signal recognition particle 14 kDa protein 

nucleolin cytoplasmic dynein 1 heavy chain 1 

basement membrane-specific heparan sulfate 

proteoglycan core protein isoform X1 

filamin-A isoform X1 

eukaryotic translation initiation factor 3 subunit A 

isoform X1 

40S ribosomal protein S17 

methylosome protein 50 histone H3.3 

proteasome subunit alpha type-2 40S ribosomal protein S9 

26S proteasome non-ATPase regulatory subunit 6 

isoform X1 

60S acidic ribosomal protein P1 

adenylyl cyclase-associated protein 1 isoform X1 methylosome protein 50 

proteasome subunit beta type-4 adenylyl cyclase-associated protein 1 isoform X1 

40S ribosomal protein S3a serine/arginine-rich splicing factor 3 

major vault protein 60S ribosomal protein L24 

eukaryotic translation initiation factor 3 subunit B heat shock factor-binding protein 1 

60S ribosomal protein L18 tubulin beta chain 

eukaryotic translation initiation factor 3 subunit G eukaryotic translation initiation factor 3 subunit I 

serine hydroxymethyltransferase, cytosolic isoform 

X1 

60S ribosomal protein L10-like 

60S ribosomal protein L9 60S ribosomal protein L4 

40S ribosomal protein S17 78 kDa glucose-regulated protein 

60S ribosomal protein L10-like probable ATP-dependent RNA helicase DDX6 

versican core protein isoform X1 isoleucine--tRNA ligase, cytoplasmic 

histone H2B type 1-O 26S proteasome non-ATPase regulatory subunit 

14 

60S ribosomal protein L27a collagen alpha-1(XVIII) chain 

60S ribosomal protein L30 versican core protein isoform X1 

ataxin-2-like protein isoform X1 valine--tRNA ligase isoform X1 

coatomer subunit epsilon 40S ribosomal protein S4, X isoform-like 

translin isoform X1 40S ribosomal protein S24 isoform X1 
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26S proteasome non-ATPase regulatory subunit 14 26S proteasome non-ATPase regulatory subunit 

8 

histone H4 plasminogen activator inhibitor 1 RNA-binding 

protein isoform X1 

keratin, type I cytoskeletal 18 histone H4 

60S ribosomal protein L6 60S ribosomal protein L14 isoform X1 

complement component 1 Q subcomponent-binding 

protein, mitochondrial 

ubiquitin-40S ribosomal protein S27a 

26S proteasome non-ATPase regulatory subunit 11 60S ribosomal protein L11-like 

AP-2 complex subunit beta isoform X1 eukaryotic translation initiation factor 3 subunit 

G 

signal recognition particle subunit SRP68 isoform X1 40S ribosomal protein S18-like 

proteasome assembly chaperone 2 isoform X1 translin isoform X1 

proteasome subunit beta type-2 isoform X1 barrier-to-autointegration factor 

alpha-enolase 40S ribosomal protein S19 

V-type proton ATPase catalytic subunit A aspartate--tRNA ligase, cytoplasmic 

alpha-actinin-1 isoform X1 26S proteasome non-ATPase regulatory subunit 

13 

60S acidic ribosomal protein P1 40S ribosomal protein S11 

E3 ubiquitin/ISG15 ligase TRIM25 40S ribosomal protein S7 

60S ribosomal protein L10a 40S ribosomal protein S6 

casein kinase II subunit beta isoform X1 60S ribosomal protein L27 

40S ribosomal protein S23 E3 ubiquitin/ISG15 ligase TRIM25 

myosin regulatory light chain 12B calreticulin 

tubulin alpha-1B chain protein disulfide-isomerase A3 

26S proteasome non-ATPase regulatory subunit 1 lupus La protein 

tubulin beta chain proteasome subunit alpha type-2 

COP9 signalosome complex subunit 1 isoform X1 bifunctional glutamate/proline--tRNA ligase 

isoform X1 

eukaryotic translation initiation factor 3 subunit D 60S ribosomal protein L18a isoform X1 
 

transketolase 
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integrin beta-1 
 

60S ribosomal protein L8 
 

proteasome subunit alpha type-1 isoform X1 
 

40S ribosomal protein S13 
 

60S ribosomal protein L37a 
 

40S ribosomal protein S2 isoform X1 
 

60S ribosomal protein L22 isoform X1 
 

proteasome subunit alpha type-4 isoform X1 
 

proteasome subunit beta type-5 isoform X1 
 

COP9 signalosome complex subunit 1 isoform 

X1 
 

uncharacterized protein LOC103228971 isoform 

X1 
 

tubulin alpha-4A chain isoform X1 
 

peroxiredoxin-2 
 

60S ribosomal protein L6 
 

neuroblast differentiation-associated protein 

AHNAK 
 

ras GTPase-activating-like protein IQGAP1 
 

proteasome subunit beta type-6 isoform X1 
 

tRNA-splicing ligase RtcB homolog 
 

26S proteasome non-ATPase regulatory subunit 

7 
 

glucose-6-phosphate isomerase 
 

heterogeneous nuclear ribonucleoprotein U 

isoform X1 
 

microtubule-actin cross-linking factor 1 
 

myosin regulatory light chain 12B 
 

eukaryotic translation initiation factor 3 subunit 

F 
 

ras-related protein Rab-1B isoform X1 
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titin isoform X1 
 

eukaryotic translation initiation factor 3 subunit 

A isoform X1 
 

la-related protein 1 isoform X1 
 

keratin, type I cytoskeletal 18 
 

myosin light polypeptide 6 
 

cofilin-1 
 

proteasome subunit beta type-1 
 

fructose-bisphosphate aldolase A isoform X1 
 

serine/arginine-rich splicing factor 7 isoform X1 
 

golgin subfamily A member 6-like protein 2 
 

proteasome subunit alpha type-7 
 

60S ribosomal protein L7a-like 
 

eukaryotic translation initiation factor 3 subunit 

D 
 

26S protease regulatory subunit 7 
 

WASH complex subunit 7 isoform X1 
 

heat shock cognate 71 kDa protein isoform X1 
 

major vault protein 
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6-26%: Fraction 14 

Infected Mock 

actin, cytoplasmic 2-like actin, cytoplasmic 1 

heat shock protein HSP 90-beta tubulin beta chain 

heat shock cognate 71 kDa protein isoform X1 profilin-1 

actin, aortic smooth muscle elongation factor 2 

heat shock-related 70 kDa protein 2 14-3-3 protein zeta/delta 

alpha-2-HS-glycoprotein myristoylated alanine-rich C-kinase substrate 

isoform X1 

14-3-3 protein zeta/delta tubulin alpha-4A chain isoform X1 

vimentin alpha-enolase 

pyruvate kinase PKM heat shock cognate 71 kDa protein isoform 

X1 

heat shock protein HSP 90-alpha alpha-2-HS-glycoprotein 

heat shock 70 kDa protein 1A/1B moesin isoform X1 

alpha-enolase 14-3-3 protein theta 

serum albumin tubulin alpha-3E chain 

tubulin alpha-1B chain galectin-1 

tubulin beta chain vimentin 

triosephosphate isomerase protein S100-A6 

keratin, type I cytoskeletal 9 pyruvate kinase PKM 

nucleoside diphosphate kinase B isoform X1 elongation factor 1-alpha 2 

elongation factor 1-alpha 1 triosephosphate isomerase 

14-3-3 protein theta heat shock protein HSP 90-beta 

SUMO-activating enzyme subunit 1 proliferation-associated protein 2G4 

L-lactate dehydrogenase B chain nuclear migration protein nudC isoform X1 

elongation factor 2 14-3-3 protein epsilon isoform X1 

annexin A2 heat shock protein beta-1 
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macrophage migration inhibitory factor ezrin 

glyceraldehyde-3-phosphate dehydrogenase tropomyosin alpha-1 chain isoform X2 

nucleosome assembly protein 1-like 1 isoform X1 

 

UDP-glucose 6-dehydrogenase 

 

keratin, type II cytoskeletal 1b 

 

14-3-3 protein beta/alpha 

 

signal transducer and activator of transcription 1-

alpha/beta 

 

eukaryotic translation initiation factor 4B isoform X1 

 

14-3-3 protein epsilon isoform X1 

 

transaldolase 

 

glutathione S-transferase P isoform X2 

 

fascin 

 

heat shock protein 105 kDa isoform X1 

 

glucose-6-phosphate isomerase 

 

L-lactate dehydrogenase A chain 

 

filamin-C isoform X1 

 

14-3-3 protein gamma 

 

platelet-activating factor acetylhydrolase IB subunit 

gamma 

 

peroxiredoxin-1 

 

eukaryotic initiation factor 4A-II isoform X1 

 

heat shock protein beta-1 

 

moesin isoform X1 

 

heat shock 70 kDa protein 4 isoform X1 
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6-26%: Fraction 16 

Infected Mock 

keratin, type II cytoskeletal 1 actin, cytoplasmic 1 

heat shock protein HSP 90-beta tubulin beta-4B chain 

actin, cytoplasmic 2-like tubulin alpha-4A chain isoform X1 

serum albumin vimentin 

T-complex protein 1 subunit epsilon isoform X1 annexin A2 

keratin, type I cytoskeletal 10 isoform X1 heat shock protein HSP 90-beta 

keratin, type I cytoskeletal 18 pyruvate kinase PKM 

elongation factor 1-delta isoform X1 glyceraldehyde-3-phosphate dehydrogenase 

filamin-B isoform X1 elongation factor 2 

filamin-C isoform X1 gamma-enolase 

tubulin alpha-1B chain heat shock 70 kDa protein 4 isoform X1 

cytosol aminopeptidase obg-like ATPase 1 isoform X1 

keratin, type II cytoskeletal 5 heat shock cognate 71 kDa protein isoform 

X1 

heat shock cognate 71 kDa protein isoform X1 tubulin alpha-3E chain 

proliferation-associated protein 2G4 proliferation-associated protein 2G4 

glyceraldehyde-3-phosphate dehydrogenase, testis-

specific 

triosephosphate isomerase 

keratin, type II cytoskeletal 8-like alpha-2-HS-glycoprotein 

14-3-3 protein beta/alpha filamin-C isoform X1 

glutathione S-transferase P isoform X1 stress-induced-phosphoprotein 1 

60 kDa heat shock protein, mitochondrial microtubule-associated protein 4 isoform X1 
 

melanoma-associated antigen D2 
 

plasminogen activator inhibitor 1 RNA-

binding protein isoform X1 
 

alpha-taxilin isoform X1 
 

SUMO-activating enzyme subunit 1 
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