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Abstract

Multicellular organisms employ many tactics to defend themselves against invading

pathogens. In an attempt to limit virus replication and spread, both innate and

adaptive immune responses are activated. Apoptosis in response to many virus
infections may be viewed as an innate immune response; it limits the time a virus has
to replicate and produce new virus particles. Many viruses have adapted to cell death

by inhibiting or delaying the apoptotic response. In order for a cell to undergo

apoptosis in response to virus infection, the cell must first detect the virus. Different

stages of the virus life cycle, such as virus entry or genome replication may act as

signals. The signal detected and the apoptotic pathway activated may differ between

viruses, between cell types and even between cellular differentiation states.

Alphaviruses are medically and experimentally important RNA viruses. This thesis
uses the alphavirus Semliki Forest virus (SFV) to investigate mechanism(s) of virus
induced apoptosis.

Cell death in response to SFV infection is apoptotic, although perhaps not

completely caspase dependent. During infection membranes of the mitochondria are

disrupted, mitochondrial membrane potential is lost and caspases- 3, -8, and -9 are

activated. Fas, RNase-L, ISG-12 and PKR are not required for cell death. PKR is
however a strong inhibitor of early virus production; relative to wt mouse embryo
fibroblasts (MEFs), MEFs with a disruption of the PKR gene produce SFV more

rapidly and die more rapidly. Cellular detection of dsRNA can trigger signal
transduction cascades resulting in activation of interferons, pro-inflammatory

cytokines and pro-apoptotic pathways. Inhibition of these dsRNA induced cascades

delays death of SFV infected cells demonstrating that detection of virus RNA

replication is one trigger of apoptotic cell death. Synthesis of virus glycoproteins is
not required for, but contributes to, cell death. SFV structural proteins build up in
the endoplasmic reticulum triggering the unfolded protein response and activating
the pro-apoptotic proteins caspase-12 and CHOP.

In summary, SFV infection of continuously cultured mammalian cells in vitro
leads to caspase activation and apoptotic cell death. The apoptosis is triggered by the
detection of dsRNA as well as the virus structural proteins building up in the ER;
other factors may also play a role.
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Chapter 1 Introduction

Introduction

In a multicellular organism, most virally infected cells have a predilection towards

undergoing apoptosis. In response to virus infection, this reaction may be viewed as

an arm of the innate immune system. For example, olfactory receptor neurons

prevent dissemination of neurovirulent influenza A virus into the brain by

undergoing virus-induced apoptosis (Mori et al., 2002). This can be seen as a

utilitarian act if the cell succeeds in committing suicide before large numbers of viral

particles can be released. The effectiveness of apoptosis in response to virus
infections is underlined by the existence of many anti-apoptotic strategies that are

employed by different viruses to combat this defence mechanism. For example,

cowpox virus expresses cytokine response modifier (Crm) A, which can inhibit

specific caspases (Komiyama et al., 1994; Nathaniel et al., 2004), and baculovirus

expresses a strong caspase inhibitor, P35 (Bertin et al., 1996). The mechanism by
which virus infection triggers the cell apoptotic response may vary between viruses,
between cell types and even between cellular differentiation states. The aim of this

project is to use a well-characterised model virus, Semliki Forest virus (SFV), to

investigate the mechanism(s) by which a cell detects virus infection and undergoes
cell death.

Alphaviruses

Alphaviruses are grouped in the family Togaviridae along with rubiviruses. There
are about 40 members in the AIphavirus genus but only one in the Rubivirus genus,

rubella virus. The Togaviridae are a family of positive single-stranded ribonucleic
acid (RNA) viruses with a worldwide distribution. The RNA has a methylated
nucleotide cap at the 5' end and is polyadenylated at the 3' end, thus resembling
cellular mRNA. The genome is surrounded by a layer of capsid protein that is

enveloped by a lipid membrane (when the virus buds) that is punctuated with virus

glycoprotein spikes (Strauss & Strauss, 1994).

Alphaviruses are arboviruses, transmitted mainly by mosquitoes, although
other vectors such as lice and mites are known to carry particular alphaviruses. The
vertebrate hosts for each virus are dictated by the arthropod vector but are generally
small mammals or birds. Larger mammals and humans are susceptible to infection
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Chapter 1 Introduction

but are generally 'dead end' hosts because the viraemia established in these hosts is

generally not high enough to allow efficient transmission of the virus (Gibbs, 1976).

Symptoms in humans following alphavirus infection vary from asymptomatic to

fever, arthralgia and encephalitis. Recently documented alphavirus outbreaks in
human populations include, Ross River virus outbreaks in Southern Australia and

Chikungunya virus infection on Reunion Island off the east coast of Africa, in India
and in Italy and O'nyong nyong virus infections in Western Africa (Borgherini et al.,

2007; Horwood & Bi, 2005; Mavalankar et al., 2007; Posey et al., 2005; Rezza et al.,

2007). No specific treatments against alphavirus infections exist, but a number of
vaccines have been developed against some members of the alphavirus family.
Vaccines for horses against Western (W), Eastern (E) and Venezuelan (V) equine

encephalitis viruses (EEV) are commercially available, but vaccines for humans are

limited (Edelman et al., 1979; Edelman et al., 2003). Due to the high profile
outbreaks of Chikungunya virus in recent times, a vaccine for this virus is expected
to be developed in the near future.

Alphaviruses are worldwide but individual viruses are geographically
restricted in their distribution; they have been found on all continents except

Antarctica (Powers et al., 2001). Viruses such as VEEV and WEEV are located in

the Americas, O'nyong nyong and Semliki Forest virus (SFV) are both restricted to

Africa, Chikungunya is spread throughout Southeast Asia, Southern India, parts of

Europe and Africa, while Ross River virus is in Australia (Garmashova et al.,

2007b).

Alphaviruses are recognised as useful research tools, because of their

comparatively simple genome and structure. Primarily, SFV and Sindbis virus (SV)
have been utilised to study various aspects of cellular and virus biology, including
viral encephalitis, the innate and adaptive responses of the immune system to virus
infection and virus induced cell death. They have also been useful as tools to

investigate other central nervous system (CNS) related diseases such as multiple
sclerosis (Atkins et al., 1999; Fazakerley, 2002; Fazakerley & Walker, 2003;
Sammin et al., 1999).
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Chapter 1 Introduction

Alphavirus life cycle and genome

Alphaviruses enter cells by receptor mediated endocytosis (Helenius et al., 1980;
Marsh et al., 1983). The receptor that alphaviruses bind to has not yet been

identified, but once bound, an active clathrin-dependent endocytic pathway is

required for successful infection (DeTulleo & Kirchhausen, 1998). The endocytosed
vesicle fuses with an endosome and then a lysosome so that the contents can be
broken down (Strous & Govers, 1999). The interior of lysosomes are more acidic
than the cytosol. This low pH induces a conformational change in the glycoprotein

spike complexes allowing the virus to fuse with the lysosome membrane and release
the virus genome into the cytosol (Fuller et al., 1995; Helenius et al., 1982).

The alphavirus genome is relatively short (11.7 kb for SV and 11.5 kb for

SFV) but can encode 9 different genes. The genome is split into 2 distinct open

reading frames; the 5' two-thirds of the genome contains the genes that encode for
the non-structural proteins (nsPl-4). The nsPs are primarily responsible for the

replication of the virus genome. The 3' one-third of the genome codes for the
structural proteins (capsid protein C, 6K, and the structural glycoproteins E1-E3)

required to make new virus particles (Kaariainen et al., 1987).
When the virus genome is released into the cytosol, it is treated as cellular

mRNA by cellular translational machinery. The translation begins at the 5' end and
the nsPs are made as a polyprotein. In many alphaviruses including SV, an opal
termination codon exists between nsp3 and nsp4. This means that a nsP123

polyprotein is made in preference to the nsP1234 polyprotein. Readthrough can

occur but only at a low frequency (10-20 %). In SFV this opal codon is generally

replaced by a codon for arginine except in SFV A7(74). It is suggested that the opal
codon may be responsible for the attenuation of SFV A7(74), because replacement of
the opal codon with arginine increases the virulence of SFV A7(74) (Tuittila et al.,

2000). Having arginine in place of an opal codon means that a higher proportion of
the nsP1234 polyprotein is made (Strauss et al., 1988; Takkinen, 1986). The

polyprotein gets processed into its individual proteins by nsp2, which has protease

activity (Merits et al., 2001). This processing always occurs in the same order and
there is a lag period between each cleavage event. NsP4 is cleaved off almost

immediately followed by nsPl and then nsP2 and nsP3 separate (Kim et al., 2004a).
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Chapter 1 Introduction

Once processed the proteins stay together in a complex, capable of replicating the
virus genome. The timing of the processing of the polyprotein dictates the type of
RNA transcription that takes place. A complex of the nsP123 polyprotein and nsP4

efficiently makes minus strand RNA using the positive strand as a template. Once
nsPl is cleaved off the polyprotein and especially as nsP2 and nsP3 are separated, the

complex looses its affinity for making minus strand and concentrates on making

positive strand RNA. The transcription of positive strand RNA can start at the 3' end
so that the whole strand is transcribed or it can start at a subgenomic promoter

located 3' of the structural protein genes. The subgenomic RNA can be translated

separately to make the structural proteins (Kaariainen et al., 1987; Kim et al.,

2004a).
Each of the nsPs has multiple functions and they are all crucial to virus

genome replication. NsPl has methyl and guanyl-transferase activity, modifying the

newly made virus RNA (Mi et al., 1989; Scheidel & Stollar, 1991). NsPl is also

responsible for localising the virus genome (to which it is attached) to endosome-

lysosome-like structures called cytoplasmic vacuoles that form during alphavirus
infection (Kujala et al., 2001; Spuul et al., 2007). At the cytoplasmic vacuoles, the
membranes invaginate inwards to form spherules, in which the replication of virus
RNA takes place (Froshauer et al., 1988; Kujala et al., 2001).

NsP2, as explained previously is responsible for the processing of the virus

polyprotein; it does have other functions however. NsP2 is known to have NTPase
and helicase activity (Gomez de et al., 1999; Rikkonen et al., 1994). NsP2, in
association with nsPl, is also responsible for the capping of newly made RNA,

through its RNA triphosphatase activity (Vasiljeva et al., 2000). Recently nsP2 has
been shown to have an inhibitory affect on cellular interferon (IFN) production. This
effect is dependent on the localisation of nsP2. NsP2 localises to the cytoplasm and
to the nucleus, however if the nuclear localisation of nsP2 is disrupted then the
amount of IFN-a/p released by infected cells increases and neurovirulence of SFV is
reduced (Breakwell et al., 2007; Fazakerley et al., 2002). NsP2 has been shown to be

cytotoxic when expressed individually from an expression vector. The cytotoxic
effect of SV nsP2 is partly attributed to its ability to cause a shutdown of

transcription through an unknown mechanism (Garmashova et al., 2006). Mutations
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Chapter 1 Introduction

in SFV nsP2 can reduce virus cytotoxicity, although this can quite often be attributed
to a reduction in RNA synthesis rather than a direct cytotoxic effect of nsP2 (Tamm
et al., 2008)

NsP3 is a phosphoprotein but the function of nsP3 is as yet unclear, although
some research suggests it plays a role in minus strand synthesis (De et al., 2003;
Peranen et al., 1988; Wang et al., 1994). NsP4 on the other hand acts as the RNA

dependent RNA polymerase that is vital for virus genome replication. NsP4 has also
been shown to have protease activity as it contributes to the cleavage of nsP4 from
nsP3 (Kamer & Argos, 1984; Takkinen et al., 1990).

Once the subgenomic RNA is made, translation of the structural proteins

begins. A polyprotein is again made. The capsid protein has autoprotease activity and
cleaves itself from the polyprotein very quickly (Aliperti & Schlesinger, 1978). The
P62 protein is preceded by a signal sequence, which directs the synthesis of the

following polyprotein to the ER (Bonatti et al., 1984). El also has a signal sequence
and both P62 and El have transmembrane domains which anchor them in the

endoplasmic reticulum (ER) after synthesis (Melancon & Garoff, 1986). The ER and

golgi then process the proteins and these are transported to the cell membrane. The

processed glycoproteins then embed into the cell membrane while the capsid proteins
assemble. The capsid proteins interact with a packaging signal present on the virus
RNA and this interaction initiates assembly of the nucleocapsid core (Geigenmuller-
Gnirke et al., 1991; Weiss et al., 1989). The nucleocapsid then interacts with the

cytoplasmic tail of the E2 protein and this interaction stimulates budding of the virus

particle (Lopez et al., 1994). The 6K protein is important for correct assembly of the

budding particles; if it is absent virus particles are made but with incorrect

glycoprotein spike structures and reduced infectivity (Mclnerney et al., 2004).
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Figure 1.1: An illustration of alphavirus replication and protein production.
Alphavirus non-structural proteins are translated first, allowing replication of the
genome. The structural proteins are translated from the sub-genomic RNA.
(reproduced from the thesis of Dr. Rennos Fragkoudis, University of Edinburgh)

Semliki Forest virus

SFV was first isolated from mosquitos in the Semliki Forest in Uganda in 1942

(Smithburn and Haddow. 1944). The isolated strain was passaged through mice on

multiple occasions, causing the virus to adapt to mice and become more virulent.
SFV is a neuropathogenic virus capable of causing encephalitis in a wide variety of
mammals. The virus is neuroinvasive but can infect a broad range of cells, showing
little tropism for a particular cell type in vivo or in vitro (Fazakerley et a/., 2006;

Fragkoudis et al., 2007). Only one lethal SFV infection has been documented in

humans; a laboratory worker who was probably immunocompromised was infected
with a strain of SFV that has now been taken out of laboratory circulation (Willems
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Chapter 1 Introduction

et al., 1979). Natural infection with SFV causes a mild febrile illness with joint and
muscle pain as was recorded by a study in Central Africa (Mathiot et al., 1990).

In small mammals, the outcome of SFV infection depends on the age of the
host and the strain of SFV used. Adult mice infected peripherally with an avirulent
strain of SFV (e.g. A7(74)) do not show any symptoms of infection. The virus is
detectable in the blood and muscle, and forms small foci of infection surrounding
blood vessels in the brain. High titres of infectious virus are detectable in the brain

during the first week (Amor et al., 1996; Donnelly et al., 1997; Fazakerley et al.,

1993). The type I IFN response to SFV infection is crucial to limit the spread of
avirulent strains outside the CNS but is not responsible for the limited spread in the
brain (Fragkoudis et al., 2007). In nu/nu mice (mice that make immunoglobulin (Ig)
M antibodies but cannot class switch to produce IgG antibodies and have no T-cells)
SFV A7(74) persists in the brain at low levels for extended periods of time but is
cleared from the periphery within 10 days of infection indicating that antibodies and /
or T-cells are crucial for the clearance of SFV from the CNS. These nu/nu mice also

lack demyelinating lesions that are normally present in SFV infected brains. The
lesions are restored by reconstitution of the nu/nu mice with immune cells from

immunocompetent mice suggesting the lesions are immune cell mediated and not

directly caused by the virus (Fazakerley et al., 1983). In neonatal mice the infection

pattern is different; peripheral infection with SFV A7(74) leads to widespread
infection in the periphery and the CNS, and death 2-4 days after infection. In

contrast, virulent strains of SFV such as L10 spread rapidly in both adult and
neonatal mice, causing death in 2-4 days (Fazakerley, 2002; Fazakerley et al., 2006).

Multiple sequence differences between the virulent and avirulent strains of mice have
been found. Differences in the replicase genes nsP2 and nsP3 as well as differences
in the E2 glycoprotein have all been implicated in affecting the neurovirulence of
different SFV strains (Fazakerley et al., 2002; Santagati et al., 1995; Santagati et al.,

1998; Tuittila et al., 2000).

The reason for the age-dependent death of mice infected with avirulent strains
of SFV is unclear. It has been suggested that it is related to the susceptibility of
neurons to undergo apoptosis in response to SFV infection (Allsopp & Fazakerley,

2000). Immature neurons in the neonatal mouse brain undergo programmed cell
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death following SFV infection. Developing neurons in areas such as the olfactory
bulb and cerebellum rapidly die following infection and exhibit morphological
hallmarks of apoptosis. Other areas of the brain where neurons have fully developed
show resistance to apoptosis, adopting a morphology reminiscent of necrosis but the
cells tend not to die, instead remaining infected for extended periods of time

(Allsopp & Fazakerley, 2000; Fazakerley et al., 2006).

Semliki Forest virus: a useful tool

The SFV genome is relatively simple; containing only 9 genes, with a total size of
11.5 Kb. Using SFV complementary deoxyribonucleic acid (cDNA), the genome can

be readily manipulated through mutations or the addition of new genetic material.
Infectious DNA clones containing the SFV genome have been developed; these can

be used to produce infectious virus if transcribed correctly in cells. Foreign genes can

be inserted into these clones and then expressed efficiently upon infection of cells.
For example SFV has been engineered with an eGFP gene inserted into the whole
virus genome. This virus genome encodes both non-structural and structural proteins
as well as eGFP. Because the whole virus genome is present, new, infectious virus

particles can be made (Tamberg et al., 2007). Given SFV's neurotropism, it can be
used to study virus encephalitis and virus neuron interactions, as well as neuronal
cell death responses, which are relevant to understanding the pathogenesis of virus

encephalitis and to understanding fundamental virus cell interactions. SFV has also
been used to study the mechanism of virus induced demyelination diseases such as

multiple sclerosis. In the periphery and in vitro SFV triggers apoptosis in cells so it is
an excellent tool to explore cellular apoptotic responses to virus infection. SFV
vectors have been developed as vaccine delivery systems and for therapeutic gene

therapy (Atkins et al., 1996; Atkins et al., 1999; Lundstrom et al., 2001).

Biosafety of recombinant SFV systems can be increased by using replication
deficient vectors. SFV virus-like particles (VLPs) are structurally identical to normal
SFV but the encapsidated genome lacks sequences for the structural genes. A foreign

gene sequence can be substituted in its place for example, a sequence coding for a

short half-life, enhanced green fluorescent protein (dleGFP). The inserted foreign

gene (dleGFP) is under the control of the virus subgenomic promoter and is
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expressed when the structural proteins would normally be expressed (Smerdou &

Liljestrom, 1999).

Apoptosis

Apoptosis is a form of cell death that was first described by Wyllie, Kerr and Currie
in 1972 (Kerr et al., 1972). The term was used initially to describe cells that

displayed a unique morphology when they died. Kerr et al put forward the idea that

apoptosis was crucial for cell number control in development and cancer. A good

example to illustrate this is the development of the human hand. Initially a paddle
like structure forms at the end of the arm but the cells in between the bones of the

forming fingers die by apoptosis and are absorbed by the developing foetus, exposing
the fingers (Milligan & Schwartz, 1997). Apoptosis has subsequently been found to

be a highly conserved process.

Viewing an apoptotic cell from the outside
A shrinking cell is the first morphological sign that a cell is undergoing apoptosis

(Kerr et al., 1972). The cell membrane starts to pull inwards as the cell condenses in
on itself. Inside the cell, cytoskeleton proteins such as actin and fodrin are cleaved by
activated pro-apoptotic proteins (Cryns et al., 1996; Mashima et al., 1995).

Intracellularly, the nucleus also condenses due to lamin cleavage (Kluck et al.,

1997). In vivo the condensed apoptotic cell will be phagocytosed at this stage (Fadok
et al., 1992a; Savill et al., 1989). However, in vitro if all the cells are undergoing

apoptosis phagocytosis cannot occur so dying cells continue to condense and

eventually break up into pieces that are known as apoptotic bodies (Kerr et al.,

1972). Apoptotic bodies are membrane bound vesicles containing parts of the cells
contents.

When cells undergo apoptosis, specific proteins are expressed on the cell

surface, tagging them as apoptotic cells. Phosphotidylserine (PS) is a phospholipid
localised to the inner surface of the plasma membrane (Seigneuret & Devaux, 1984).

It can be detected on the outer surface of cells undergoing apoptosis (Fadok et al.,

1992b). The mechanism of transferring PS from the inner surface to the outer surface
of the plasma membrane is still unclear. However, it is known that PS acts as a
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phagocytosis marker to other cells when it is on the outer surface. A lack of PS on

the surface of apoptotic cells affects phagocytosis (Shiratsuchi et al., 2000). Annexin
1 is another protein that is translocated to the surface of apoptotic cells. This
translocation is caspase dependent as it can be blocked by treating cells with a pan-

caspase inhibitor. Annexin 1 colocalises with PS on the cell surface and is involved
in apoptotic cell phagocytosis as inhibiting annexin exposure on the surface affects

engulfment (Arur et al., 2003). Calreticulin is expressed on the surface of apoptotic
cells when an immune response is required. Calreticulin, normally located on the
surface of the ER, can interact with receptors on the surface of engulfing cells

(particularly dendritic cells) to initiate phagocytosis. Apoptotic cells lacking
calreticulin or that have calreticulin blocked by an antibody are not phagocytosed

efficiently. Calreticulin expression on the surface of apoptotic cells may be linked to

immune system upregulation (increases engulfment by dendritic cells) so may only
be expressed in certain situations such as apoptosis triggered by virus infection, or

particular chemicals (Gardai et al., 2005; Obeid et al., 2007).

Inside an apoptotic cell

Apoptosis is a highly regulated process that can involve numerous protein activation
cascades and the upregulation or downregulation of multiple different genes and

proteins. The types of expression and activation profiles are dictated by the insult to
the cell, but all result in death of the cell. Central to apoptosis are proteins known as

caspases. Caspases are zymogens, becoming active only when specifically cleaved.
Once active, caspases act as cysteine-dependent aspartate-directed proteases

(Lazebnik et al., 1994). Much of the early work on caspases was done in the worm

Caenorhabditis elegans (C. elegans). The hermaphrodite form of the worm C.

elegans has 959 cells when fully developed but starts off with 1090, losing 131 cells

by programmed cell death during development (Sulston et al., 1983; Sulston &

Elorvitz, 1977). A total of 14 genes are involved in apoptosis in C. elegans

Hengartner & Horvitz, 1994). Ced (cell death abnormal) -3 and Ced-4 are two genes

responsible for executing the cell death. If either of these genes is disrupted, the

majority of the cells that normally die, survive (Ellis & Horvitz, 1986). Ced-9 also

stops the cells from dying but only if it is over-expressed. If it is not expressed many
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cells that would normally survive, as well as cells expected to die, undergo apoptosis

(Hengartner et al., 1992; Hengartner & Horvitz, 1994). Ced-9 has subsequently been
shown to have homology with the mammalian gene Bel (B-cell lymphoma) -2 and
other Bcl-2 family members while Ced-3 is homologous with mammalian caspases

and apoptotic protease activating factor (Apaf) -1 is the mammalian homologue of
Ced-4 (Hengartner & Horvitz, 1994; Yuan et al., 1993; Zou et al., 1997). Ced- 9
interacts with Ced-4 preventing Ced-4 from interacting with Ced-3. Ced-4, Ced-3
interaction leads to apoptosis (Chinnaiyan et al., 1997). Other C. elegans genes are

involved in processes such as the timing of cell death (Ced-8) and engulfment after
death (Ced-5, Ced-6, Ced-7, Ced-8 and Ced-10) (Ellis et al, 1991; Stanfield &

Horvitz, 2000). The work on programmed cell death in C. elegans has led to great

advances in the understanding of mammalian apoptosis mechanisms.

The initial pathways of apoptosis
In mammals two reasonably distinct pathways that both lead to apoptosis are the
'intrinsic' and the 'extrinsic' or 'receptor mediated' pathways. The intrinsic pathway
centres on the mitochondria. In response to signals that increase the permeability of
the mitochondrial outer membrane and the subsequent release of cytochrome c, a

complex of apoptotic protease activating factor (Apaf) -1 molecules, pro-caspase-9,

cytochrome c and ATP, known as the apoptosome forms (Zou et al., 1999). This
mirrors the interaction of ced-4 and ced-3 in C. elegans (Wu et al., 1997; Yan et al.,

2005). Upon forming this structure, caspase-9 is activated by autoproteolysis

(Srinivasula et al., 1998); active caspase-9 cleaves and activates the executioner

caspases-3 and -7.

Cytochrome c release from mitochondria is crucial for correct apoptosome
formation. Apaf-1 binding to adenosine triphosphate (ATP) causes a conformational

change in Apaf-1. This conformation is stabilised by cytochrome c binding to Apaf-1
and allows multiple Apaf-1 proteins to bind together and interact with caspase-9,

forming the apoptosome (Zou et al., 1997; Zou et al., 1999). Cytochrome c is

synthesised in the cytoplasm as apocytochrome, which is transported to the
mitochondria where a Heme group is attached to make it functional (Gonzales &

Neupert, 1990). Cytochrome c then attaches to the inner mitochondrial surface and is
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primarily involved in the production ofATP through the transport of electrons as part

of the electron transport chain (reviewed in Zeviani & Di, 2004). The release of

cytochrome c from the mitochondria during apoptosis requires the permeabilisation
of the mitochondrial membrane. Bax and Bak, both proteins with homology to Bcl-2
at their Bcl-2 homology (BH) domains, are believed to oligimerise and bind to the
surface of mitochondria forming a pore that allows the release of cytochrome c as

well as other proteins. Bax and other Bcl-2 related proteins show homology to the T
domain of diphtheria toxin. This toxin forms pores in lipid membranes as do Bcl-2
like proteins such as Bid and Bax (Kuwana et al., 2002; Suzuki et al., 2000). Studies

using Bax and Bak doubly deficient cells or knockout (KO) mice show that

cytochrome c release is impaired when apoptosis is stimulated using various different
treatments (Wei et al., 2001).

The activation and activity of Bax and Bak are not completely understood.
Other pro-apoptotic factors include tBid, Bim and p53 upregulated modulator of

apoptosis (PUMA). Activated T-cells normally die rapidly in culture; however
activated T-cells lacking functional Bim and PUMA do not die. Two possible
activation models exist to explain this. Firstly Bcl-xl has been shown to bind to Bak,

preventing its oligomerisation. Bak is released when other BH3 only proteins

(proteins with Bcl-2 homology at domain 3 only; proteins such as PUMA and Bim)
bind to the Bcl-xl in preference to Bak (Willis et al., 2005). The second model

suggests a direct interaction between Bax, Bak and BH3 only proteins. The BH3 only

protein tBid, when activated can bind to Bak and Bax, inducing their oligomerisation

(Eskes et al., 2000; Wei et al., 2000). Bcl-2 and Bcl-xl have been shown to prevent

oligomersation of Bax and Bak by sequestering BH3 only proteins (Cheng et al.,

2001). It is possible that a model incorporating both scenarios exists, whereby the

affinity of different BH3 only proteins for anti-apoptotic Bcl-2-like proteins varies.
For example, if Bax interaction with Bim is crucial for Bax oligomerisation, Bcl-2
bound to Bax and Bim will prevent their interaction. Plowever if another protein with
a greater affinity for Bcl-2 is expressed so that it displaces Bax and Bim then Bax
and Bim can interact and Bax can oligomerise. Support for this model comes from
studies by Cartron et al. These studies show that a physical interaction between Bax

and particular BH3 only proteins is essential for Bax activation. The binding site
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where this occurs is very similar to the binding site of Bcl-2 proteins, suggesting a

competition between Bcl-2 proteins and Bax for BH3 proteins (Cartron et al., 2004).

Interestingly, the concentration of Bcl-2 may be crucial to its activity. If Bcl-2 is

over-expressed, too much localises to the mitochondria and ER causing the
membranes of these organelles to fragment, releasing calcium and cytochrome C. At
lower concentrations it plays an anti-apoptotic role (Hanson et al., 2008). Whether
Bcl-2 ever reaches the high concentrations required for pro-apoptotic functions in

physiological conditions is still unclear; the results may be an artefact of unnatural
levels of Bcl-2. However, this is an area of intensive research.

Calcium uptake by mitochondria in a healthy cell is required to maintain the
efficient operation of the Krebs cycle. However overload of calcium in mitochondria
can lead to permanent opening of the permeability transition pore (PTP), swelling of
the inner matrix and eventual bursting of the mitochondria. This enhances the release
of cytochrome c as well as other apoptotic proteins that are in mitochondria such as

apoptosis inducing factor (AIF) (Andreyev & Fiskum, 1999). Cytochrome c has been
shown to induce the release of calcium from the ER by binding to inositol (1,4,5)

trisphosphate receptors. This calcium release will then amplify cytochrome c release
and increase the chances of apoptosome formation (Boehning et al., 2003).

An alternative to the intrinsic caspase-9 mediated pathway of cell death is the
extrinsic pathway initiated by caspase-8. This pathway is cell surface receptor

mediated. The predominant family of receptors involved is the tumour necrosis
factor (TNF) family, including members such as Fas, TNF-a and TNF-related

apoptosis inducing ligand (TRAIL) receptor. These receptors all have an intracellular
death domain (DD) (reviewed in Ashkenazi & Dixit, 1998; Itoh & Nagata, 1993).

Ligand binding to their respective receptors allows oligomerisation of the receptors.

This may induce a conformational change that allows the binding of adaptor proteins
such as FADD (Fas-associated DD protein) to the DD of the receptor forming a

protein complex known as a DISC (death-inducing signalling complex) (Kischkel et

al., 1995; Muzio et al., 1996). This interaction activates FADD and it in turn

interacts with caspase-8 through their common death effector domains (DED).

Multiple caspase-8 molecules bind to the DISC and their close association allows

proteolysis and activation of neighbouring proteins. Both Caspase-8 and FADD play
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essential non-redundant roles in most death receptor pathways (Varfolomeev et al.,

1998; Yeh et al., 1998). Caspase-8, once activated can directly activate caspase-3

(Enari et al., 1996) and it can also activate the pro-apoptotic molecule Bid (Li et al.,

1998a). Bid can then translocate to the mitochondria and trigger cytochrome c

release thus amplifying the death signal by triggering the intrinsic death pathway

(Luo et al., 1998).

The executioner pathways of cell death
Once caspases-8 and -9 are activated, caspase-3 and -7 are rapidly cleaved and
activated. Caspase-3 can cleave a number of different proteins leading to the
destruction of the cell. Caspase-3 can stimulate the release of more cytochrome c

from the mitochondria through the cleavage of inactive caspase-8, enhancing caspase

activation and also ablating the mitochondria's ability to function properly.

Caspase-3 can also target a number of proteins that target DNA. It is known
to activate the protein caspase-activated deoxyribonuclease (CAD) by cleaving the
inhibitor of CAD (ICAD). CAD can then enter the nucleus and degrade
chromosomal DNA (Enari et al., 1998). Another target of caspase-3 is PARP (Poly

(ADP-ribose) polymerase). PARP repairs cut DNA, so by inhibiting PARP caspase-3
ensures that the degraded DNA isn't repaired. Caspase-3 also degrades cytoskeleton

proteins as well as inhibitors of caspase-3, such as XIAP (X-chromosome-linked
inhibitor of apoptosis protein) (Slee et al., 2001). Caspase-3 has also been shown to

cleave and activate the protein ROCK-1 (Rho-associated kinase-1). This protein is

suggested to be responsible for the contraction of the cell and blebbing as the cell

undergoes apoptosis by degrading numerous proteins responsible for the structural

integrity of the cell (Coleman et al., 2001).

Caspase independent cell death
Emerging evidence suggests that many pro-apoptotic proteins are involved in cell
death independent of caspase activity. AIF and endonuclease G (endoG) are two

proteins that are strongly implicated in this type of cell death. Both AIF and endoG
are ordinarily located in the mitochondria where they have essential roles in cellular

proliferation (endoG) and oxidative phosphorylation (AIF) (Huang et al., 2006;
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Vahsen et al., 2004). When released from the mitochondria, it is suggested that both
translocate to the nucleus and may be involved in DNA degradation. AIF has been
shown to cause PS exposure on the cell surface, chromatin condensation and DNA

fragmentation. If AIF is anchored to the mitochondria it can not carry out these
functions (Cheung et al., 2006; Daugas et al., 2000). AIF carries out its roles by

interacting with other proteins and activating them. It has been shown to interact with
an endoG homologue in C. elegans and cyclophylin A in mice (Cande et al., 2004;

Wang et al., 2002). EndoG has also been implicated in DNA degradation (van et al.,

2001).

Inhibition of apoptosis

Inhibitory proteins exist that counteract the activity of pro-apoptotic proteins. The
Bcl-2 family has multiple pro- and anti-apoptotic members, all with BH domain

homology. Bcl-2, Bcl-xl, Bcl-w, and Mcl-1 are all anti-apoptotic Bcl-2 family
members. As mentioned previously, Bcl-2 for example binds to Bax, to prevent its
insertion into mitochondrial membranes (Haraguchi et al., 2000). This action can be

abrogated by other BH3 only proteins.
Inhibitor of apoptosis proteins (IAPs) have the ability to bind to activated

caspases and neutralise their activities. In mammals, the most extensively studied
IAP is XIAP. XIAP can bind and inhibit processed caspases-9, -3 and -7 (Chai et al.,

2001; Deveraux et al., 1998). DIAP1 plays a similar role in Drosophila (Meier et al.,

2000). If the gene for DIAP1 is deleted, widespread apoptosis ensues, resulting in

early embryonic lethality (Wang et al., 1999b). Interestingly however, if XIAP is
deleted from a mouse, expression of other IAPs (cIAPl and cIAP2) increase and the
mouse develops normally, suggesting redundancy in the mammalian system. In

Drosophila, the anti-apoptotic actions of DIAP are counteracted by the proteins

Reaper, HID, Grim and Sickle (Chen et al., 1996; Grether et al., 1995; Srinivasula et

al., 2002; White et al., 1994). All IAPs possess a 'baculovirus inhibitor of apoptosis

protein repeat' (BIR) domain. Reaper, HID, Grim and Sickle can bind to this BIR
domain and displace or prevent IAPs from binding to caspases. In mammals a

number of proteins have been found to play similar roles to Reaper, HID, Grim and
Sickle. Two of those proteins are Smac/Diablo and HtrA2/Omi. (Verhagen et al.,
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2000; Verhagen et al., 2002). Smac/Diablo and HtrA2/Omi are both ordinarily
located in the mitochondria but are released along with other pro-apoptotic proteins.
Smac/Diablo has been shown to interact with XIAP preventing it from binding and

inhibiting caspase-9 (Ekert et al., 2001). HtrA2/Omi can also bind and inhibit XIAP

through a Reaper-like domain (Martins et al., 2002). HtrA2/Omi is also suggested to

have protease activity that is important in caspase independent cell death, although
its exact role in this process is not completely clear (Blink et al., 2004).

In Drosophila, a protein, Scythe, has been found to interact with Reaper.

Depletion of Scythe from Xenopus egg extracts removes Reapers ability to induce

apoptosis (Thress et al., 1998). Evidence suggests that Scythe has anti-apoptotic
characteristics that are suppressed by Reaper, and Reapers pro-apoptotic IAP

inhibition properties may be reliant on its interaction with Scythe. Furthermore,
isolated Scythe has no effect on mitochondria, DNA or caspases. Protein binding

experiments have shown that Scythe can interact with a number of proteins including
the chaperone heat shock protein (hsp) 70; when Reaper binds to Scythe it releases

hsp70, which may then induce cytochrome c release from mitochondria by altering
the tertiary confirmation and consequently activating pro-apoptotic proteins (Thress
et al., 1999; Thress et al., 2001). Scythe has also been shown to be involved in the
stabilisation of AIF (Desmots et al., 2008). Further work is necessary to resolve the
correct functions of Sythe.
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Figure 1.2: Apoptotic pathways involving caspases.
The extrinsic pathway of apoptosis acts primarily through the activation of caspase-8
which can activate caspase-3 directly or can activate the intrinsic pathway by causing
cytochrome c release from the mitochondria. Cytochrome c associates with APAF-1,
ATP and caspase-9. causing the activation of caspase-9. IAPs and anti-apoptotic Bcl-
2 proteins can disrupt the apoptosis at various stages.

Virus infection can cause cells to undergo apoptosis
Apoptosis is an inherent cellular property that can be triggered by a variety of
external stimuli including virus infection. Apoptosis as a result of virus infection
could be triggered by the virus to aid its spread or it could be an altruistic gesture by
an infected cell, stopping the virus from replicating and being released to infect

surrounding cells. Numerous viruses have evolved pro- or anti-apoptotic genes to aid
their replication and spread.

Many viruses, particularly DNA viruses, have evolved anti-apoptotic genes

that express proteins capable of inhibiting apoptosis. The herpesvirus group have a

18



Chapter 1 Introduction

lytic and a latent phase to their life cycle. Expression of particular anti-apoptotic

proteins are important for maintenance of herpesviruses in a latent phase. Murine

gammaherpesvirus-68 (MHV-68) for example expresses a protein that is a

homologue of mammalian Bcl-2. This protein helps the virus establish a latent
infection in vivo by blocking mitochondria dependent apoptosis (de Lima et al.,

2005; Feng et al., 2007). In fact all known gammaherpesviruses express at least one

homologue of Bcl-2 (Hardwick & Bellows, 2003). Herpes Simplex virus (HSV) -1
encodes latency-associated transcript (LAT), a gene that is expressed during latent
infection of neurons. The LAT protein has been attributed with anti-apoptotic

activity; cells expressing the LAT protein have reduced caspase-3 activation and
reduced DNA laddering in response to cold shock induced apoptosis (Carpenter et

al., 2007). Cytomegalovirus expresses a number of anti-apoptotic proteins, including

M36, a protein that can suppress caspase-8 activation. M36 has been shown to bind

directly to the caspase-8 pro-domain preventing it from being cleaved properly

(Skaletskaya et al., 2001).
Viruses in the poxvirus family are also well recognised for expressing anti-

apoptotic proteins. The poxvirus life cycle does not involve a latent stage like

herpesviruses. In contrast poxviruses inhibit apoptosis to allow time to replicate and

produce large numbers of virus particles. Fowlpox virus expresses a Bcl-2

homologue that can bind to Bak and inhibit its activity (Banadyga et al., 2007). A

cowpox protein, cytokine response modifier A (Crm A), can inhibit caspase-8 and

caspase-1 activation (Zhou et al., 1997b). Vaccinia virus expresses a dsRNA binding

protein called E3L. Vaccinia virus mutants lacking E3L are impaired; however, this

impairment is lost in cells lacking functional protein kinase R (PKR). This implies
that E3L is functionally inhibiting the actions of PKR (including it's pro-apoptotic

function) in a vaccinia virus infection (Zhang et al., 2008).
Some RNA viruses also express proteins that are homologues of mammalian

apoptosis related proteins. Hepatitis C virus for example, expresses the protein NS5a,
which has homology to Bcl-2. NS5a interacts with the pro-apoptotic protein Bax to

suppress its activity and it also interacts with the anti-apoptotic FK506-binding

protein (FKBP38) to promote survival (Chung et al., 2003; Shirane & Nakayama,
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2003; Wang et al., 2006). Coxsackievirus B3 may inhibit apoptosis through the

downregulation of p53 by an unknown mechanism (Kim et al., 2004b).

Interestingly, some viruses have been shown to express pro-apoptotic

homologues. The bunyavirus protein NSs shows. sequence similarity to the

Drosophila protein Reaper. Reaper as explained previously is a pro-apoptotic protein
that binds to and inhibits IAPs. The bunyavirus NSs protein if expressed as an

individual protein can induce cytochrome c release and caspase activation and can

also contribute to shutdown of host protein translation (Colon-Ramos et al., 2003).
This however may not be the natural role of the NSs protein and could be as a result
of over-expression of the protein. NSs has also been shown to downregulate pro-

apoptotic signals downstream of IRF-3 (Kohl et al., 2003). NSs causes

downregulation of transcription through interaction with MED8, a protein that is

important for RNA polymerase II mediated transcription (Leonard et al., 2006). If
NSs is removed from the bunyavirus genome virus propagation is severely affected

(Bridgen et al., 2001). This bunyavirus protein, NSs, may in fact encourage

apoptosis, but only at a stage in its replication cycle when apoptosis of the host cell
would facilitate the spread of the virus particles. This is similar to influenza A,

whereby the activation of apoptosis through the upregulation of Fas and Fas ligand

actually benefits the virus. This up-regulation is stimulated by nuclear factor kB

(NFkB) activation and if NFkB activation is inhibited virus propagation is also
affected (Wurzer et al., 2004)

What stages of the virus life cycle elicit a response from the infected
cell?

There are many interactions between viruses and host cells and these depend on the

particular virus, the host cell type and probably its differentiation/activation state and
also a variety of extracellular influences. The following section looks at virus host
cells responses concentrating on SFV and on the mechanism(s) that may lead to cell

responses including apoptosis and IFN production.
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Virus attachment and entry
The first point at which virus might trigger cellular responses is attachment and

entry. The coronavirus, mouse hepatitis virus, triggers cell death at the stage of
attachment and entry. Oligodendrocytes infected with ultraviolet (UV) inactivated
mouse hepatitis virus die despite lack of virus replication or protein expression (Liu
et al., 2006). Virus attachment and entry activates the Fas signalling pathway which

triggers caspase-8 activation. Cell death can be inhibited by the prevention of Fas

receptor Fas ligand binding (Liu & Zhang, 2007).
Vaccinia virus has also been shown to trigger apoptosis through attachment

and entry. UV-inactivated replication deficient vaccinia virus infection of Chinese
hamster ovary cells triggered apoptosis. Treatment with a neutralising antibody to the
virus L1R protein inhibits attachment and inhibits apoptosis (Ramsey-Ewing &

Moss, 1998).

It has been suggested that entry of SV triggers apoptosis by activating acid

sphingomyelinase, which leads to the release of ceramide, although this evidence
was inconclusive (Jan et al., 2000). In other systems ceramide is known to elicit an

apoptotic response, which can be blocked by Bcl-2 over-expression (Geley et al.,

1997; Zhang et al., 1996). Ceramide has recently been shown to form pores in
mitochondria walls, that are large enough to allow the release of cytochrome c

(Siskind et al., 2006). Bcl-2 family proteins can inhibit the formation of these pores

(Siskind et al., 2008). Acid sphingomyelinase can hydrolyse the phophodiester bond
of sphingomyelin, yielding ceramide as part of the process (Flaimovitz-Friedman et

al., 1997). The use of mice with a deletion in the acid sphingomyelinase gene has
shown that cells lacking this enzyme are resistant to apoptosis, at least as provoked

by ionising radiation (Lozano et al., 2001). It is unclear whether SFV entry triggers

apoptosis. An important point to note is that if the viral entry step to infection is

bypassed and SFV RNA is directly transfected into cells, apoptosis still occurs

(Glasgow et al., 1998). This suggests that virus attachment and entry are not required
to trigger cell death. Flowever, it does not preclude this as one mechanism amongst

others. UV-inactivated SFV, which can attach and enter cells but not replicate, does
not trigger apoptosis implying that SFV attachment and entry do not induce cell
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death (Personal communication, Dr. Asa Hidmark, Karolinska Institute, Stockholm,

Sweden).

The detection of double-stranded (ds) RNA
Positive-strand RNA viruses replicate through a dsRNA intermediate, using their

genome as a template. This process is then reciprocated, by using the newly made
strands to make multiple copies of the virus genome. DsRNA is only seen in
uninfected cells in the form of short interfering RNA and micro RNA. Above a size
threshold of approximately 25 nucleotides, dsRNA is foreign to mammalian cells and
illicites an immune response; therefore any reference to dsRNA triggering an

immune response or apoptosis in mammalian in this thesis is a reference to dsRNA
above this size threshold. Multiple dsRNA detection systems exist in mammalian
cells with the ability to trigger anti-viral protein activation and expression in

response to dsRNA. DsRNA, in the form of Poly (cytidylic-inosinic) acid (Poly I:C),

triggers apoptosis in cells in vitro (Zhang & Samuel, 2007). Poly I:C also triggers the

expression of IFN and other anti-viral proteins (Colby & Morgan, 1971).

Protein Kinase R

Protein kinase R (PKR) binds to and is activated by dsRNA. It was first discovered

by treating cells with Poly I:C bound to sepharose and then isolating proteins that
bound to the Poly I:C (Hovanessian & Kerr, 1979). Binding to dsRNA allows
activation of PKR through homodimerisation (Wu & Kaufman, 1997). When dsRNA
is present, PKR autophosphorylates and acts as a serine/threonine kinase to mediate
an antiproliferative and proapoptotic response (Feng et al., 1992; Koromilas et al.,

1992; Meurs et al., 1993). In an unphosphorylated, dormant state, PKR is

omnipresent at low levels and its expression can be upregulated by IFN-a/p.
Activated PKR can modulate host cell translation by phosphorylation of the

eukaryotic translation initiation factor 2a (eIF2a) (de Haro et al., 1996; Lu et al.,

1999; Siekierka et al., 1984; Srivastava et al., 1998). PKR also activates the

transcription factor nuclear factor kB (NFkB) which is important in many cell

responses including production of IFN and pro-inflammatory cytokines (Kumar et

al., 1994). Activation of PKR can also induce apoptosis (Gil & Esteban, 2000).
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Phosphorylation of eIF2a leads to a dramatic decrease in the levels of eIF2-

guanosine triphosphate (GTP) -transfer (t) RNAMet, the complex that is required for

loading the initiator methionine onto the 48S preinitiation complex to begin
translation. If eIF2a cannot be de-phosphorylated, Guanosine diphosphate (GDP)
cannot be exchanged for GTP and consequently eIF2 cannot bind tRNAMet and
translation cannot be initiated (Wek et al., 2006). T-cell internal antigen-1 (TIA-1)
and TIA-1-related protein (TIAR) that are normally located in the nucleus enter the

cytoplasm upon eIF2a phosphorylation and bind to the 48S preinitiation complex

(Kedersha et al., 1999). This binding ensures that translation is strongly repressed.
TIA-1 and TIAR both contain prion related domains (PRDs), which mediate

aggregation into cytoplasmic granules known as stress granules (SGs) (Kedersha &

Anderson, 2002). SGs contain mRNA and a number of eukaryotic initiation factors
such as eIF2, eIF4E and eIF4G (Kedersha et al., 2002; Kimball et al., 2003). Up to

50% of the messenger RNA (mRNA) present in a cell can be located in SGs during
times of stress (Kedersha et al., 1999). This sequestering of RNA is selective, with
the majority of mRNA transcripts from genes such as housekeeping genes brought
into the SGs. Conversely, some transcripts are not sequestered; these include for

example the transcripts from the hsp 70 gene (Harding et al., 2000). This implies that
a bias exists when cells are under stress allowing the continued production of

proteins that may help the cell survive the stress.

SFV infection triggers eIF2a phosphorylation, causing shutdown of host cell
translation but virus structural protein translation is unaffected. The phosphorylation
of eIF2a is not essential for expression of virus structural proteins but when eIF2a is

phosphorylated, the virus nsPs cannot be translated properly (Mclnerney et al.,

2005). In contrast the virus structural proteins are expressed normally (or possibly at

a higher rate) when eIF2a is phosphorylated. When eIF2a is phosphorylated, the
translational machinery probably focuses predominantly on the few mRNA

sequences that can be translated correctly, which may lead to an increased rate of
translation for the transcripts that are eligible. This avoidance of translational
shutdown is due to a loop structure in the virus RNA, located at the 5' end of the

capsid gene. This structure causes delay of the ribosome allowing it time to recruit
tRNAMet correctly (Ventoso et al., 2006).
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PKR regulates NFkB through phosphorylation of its inhibitor, IkB (Kumar et

al., 1994). Phosphorylation of IkB targets it for polyubiquitination and subsequent

degradation by the proteasome, thereby releasing NFkB. Release of NFkB allows it
to act as a transcription factor for pro-inflammatory genes such as IFN (Tergaonkar,

2006). IFNs -a and -(3 play a pivotal role in the outcome of virus infections; they are

crucial for the activation of numerous genes that play a role in innate resistance to

virus infection. Mice deficient in receptors for IFN-a/(3 show a reduced ability to

resist many viral infections (Muller et al., 1994). If mice lacking an intact IFN

system are infected intraperitoneally (i.p.) with SFV A7(74) and sampled 1 day post¬

infection, virus can be found throughout the periphery infecting almost all tissues. In
contrast an intact IFN system prevents extensive spread of the virus with very few
areas of infection detectable. Also mice lacking an intact IFN system die three days

post-infection with SFV A7(74) whereas wild-type (wt) mice survive and remain

asymptomatic (Fragkoudis et al., 2007). IFN-a/p are generally expressed in response

to virus infections and act through the janus kinase - signal transducers and activators
of transcription (JAK-STAT) signal transduction pathway to activate and/or

upregulate the expression ofmany anti-viral genes. IFNs can act both in an autocrine
and a paracrine fashion, promoting anti-viral states in cells, by for example

upregulating viral detection systems such as PKR and TLR3 (Weber & Haller,

2007).
PKR is vital for innate immunity against some virus infections. Infection of

PKR deficient mouse embryo fibroblasts (MEFs) with vesicular stomatitis virus

(VSV) results in apoptosis 18 hours post-infection; in contrast wt MEFs remain
viable for at least 36 hours. However, PKR deficient MEFs remain viable when pre-

treated with IFN and then infected with VSV. Furthermore, intranasal inoculation of

VSV is lethal in PKR deficient mice whereas, wt mice exhibit no overt clinical signs,
even when the level of infection is increased ten-fold compared to that in mutant

mice (Balachandran et al., 2000). HSV infection causes activation of NFkB and

upregulation of multiple anti-viral genes. Activation ofNFkB does not occur in HSV
infected PKR KO MEFs implying that PKR is essential for a correct innate immune

response to HSV infection (Taddeo et al., 2003). PKR has also been shown to

activate caspase-8 and caspase-9. PKR activates caspase-8 independently of Fas or
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TNF-a, suggesting an interaction with FADD and caspase-8 (Gil & Esteban, 2000).

Caspase-9 activation is downstream of caspase-8 activation suggesting that caspase-9
is activated through the cleavage of Bid by caspase-8 (Gil et al., 2002).

Autophagy is a process that involves the controlled break down of cellular

proteins by cellular enzymes. Proteins become sequestered by autophagosomes,
which then probably fuse with lysosomes leading to protein degradation. Autophagy

helps in the maintenance of homeostasis in a cell but can also be involved in cell
death (Lerena et al., 2008). PKR is required to activate autophagy when MEFs are

infected with HSV. PKR KO MEFs do not activate an autophagic response when
infected with HSV (Talloczy et al., 2002). Beclin 1, in association with PI(3)KC3

(PI(3) kinase class III) and UVRAG (UV irradiation resistance-associated gene),

promote autophagosome formation. It has been found that the HSV protein ICP34.5
binds to beclin 1 preventing it from interacting with E1VRAG or PI(3)KC3. HSV

lacking ICP34.5 is neuroattenuated in vivo but is neurovirulent in PKR KO mice

(Orvedahl et al., 2007).

Toll-Like receptors
Toll-like receptors (TLRs) are a family of proteins that can detect many different

pathogen associated molecular patterns (PAMPs) (Salaun et al., 2007). Activation of
TLRs through the detection of specific PAMPS leads to activation of NFkB, and

phosphorylation of interferon regulatory factor (IRF) -3 and -7 (Fitzgerald et al.,

2003; Salaun et al., 2007). Detection of virus infection by TLRs is a multi-pronged

system; TLR 9 can detect cytosine-phosphate-guanine (CpG) rich viral DNA, TLRs
7 and 8 detect single-stranded RNA, rich in guanine and uridine, while TLR3

responds to dsRNA (Alexopoulou et al., 2001; Bauer et al., 2001; Diebold et al.,

2004; Diebold et al., 2006). Cellular localisation of TLRs is dependent on cell type.
TLRs can be present on the cell surface; TLR 3 function in a human lung fibroblast
cell line was inhibited by a monoclonal antibody that bound to it on the cell surface

(Matsumoto et al., 2002). In some cell types, TLR 3 localises to intracellular vesicles
such as phagosomes and endosomes; here TLR 3 may detect dsRNA early in
infection (Matsumoto et al., 2003). TLR 7, 8 and 9 all require endosomal association
to mature and TLR 7 and 9 have been shown to predominantly localise to endosomes
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rather than the cell surface (Heil et al., 2003; Nishiya et al., 2005; Nishiya &

Defranco, 2004). Activated TLR 3 interacts with and activates Toll/IL-IR domain-

containing adapter inducing IFN-beta (TRIF) (Kaiser & Offermann, 2005;
Ruckdeschel et al., 2004; Salaun et al., 2006). The other virus detection TLRs, TLR

7, 8 and 9, all associate with the adaptor protein Myelin differentiation marker 88

(MyD88) in preference to TRIF (Takeuchi & Akira, 2007).
Mice deficient in TLR 3 have reduced responses to Poly I:C with reduced

production of inflammatory cytokines (Alexopoulou et al., 2001). However the

importance of TLR 3 in virus infection is less clear cut. TLR 3 deficient mice have
the same level of susceptibility to infection and course of virus pathogenesis as wt

mice, when infected with VSV or lymphocytic choriomeningitis virus (Edelmann et

al., 2004). In contrast to these results, TLR 3 has been shown to play a role in West

Nile virus (WNV) infection of mice. TLR 3 KO mice have enhanced viral load and

impaired cytokine production in response to peripheral WNV infection (Wang et al.,

2004). The importance of TLR 3 in virus infections is emphasised by the existence of
a number of viral evasion mechanisms. It has been shown that vaccinia virus

expresses two proteins, A46R and A52R, that can target and inhibit the TLR 3

signalling pathway at different stages. A46R can bind to the TLR 3 adaptor protein,
TRIF and disrupt its signalling whereas A52R binds to interleukin-1 receptor-

associated kinase-2 (IRAK-2) and tumour necrosis factor receptor-associated factor-
6 (TRAF-6) to prevent NFkB activation (Harte et al., 2003; Stack et al., 2005). The

hepatitis C virus protein NS3/4A also targets and cleaves TRIF, preventing TLR 3

signalling (Li et al., 2005a) .

In certain cell types both TLR 7 and 8 are essential for efficient responses to
virus infection. TLR 7 and 8 are not required in fibroblast cell lines infected with
Sendai virus (SeV), but are utilised in myeloid cells to detect the same infection

(Melchjorsen et al., 2005). Similarly, both influenza and VSV infections are detected
in plasmacytoid dendritic cells and B cells by TLR 7 and 8. leading to the

upregulation of numerous anti-viral cytokines (Lund et al., 2004). TLR activation
can lead to cytokine expression including IFN and also to apoptosis. TRIF can

activate caspase-8 (Kaiser & Offermann, 2005). MyD88 activation can activate

caspase-8 via an interaction with FADD (Aliprantis et al., 2000).
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Ribonuclease L

Ribonuclease (RNase) L is similar to PKR because it responds to dsRNA but in
contrast it is not directly activated by dsRNA. 2',5'-oligoadenylate synthetase (OAS)
acts as the link between dsRNA and RNase L; 2'-5' OAS is activated by binding to

dsRNA (Sarkar & Sen, 1998). Once activated 2'-5' OAS binds to RNase L allowing
RNase L homodimerisation and activation (Dong & Silverman, 1995). Activated
RNase L can cleave both cellular and virus single-stranded (ss) RNA leading to

downregulation of protein production; some evidence suggests that RNase L targets

viral RNA in preference to cellular RNA through an unknown mechanism (Floyd-
Smith et al., 1981; Li et al., 1998b).

Treatment of L929 cells with a combination of Poly I:C and IFN-a/p results
in a 90 % decrease in cell viability. However, when RNase L is inhibited, L929 cells
remain viable significantly longer (Castelli et al., 1997). HeLa cells exhibit a similar

pattern in their reaction to poliovirus infection; inhibition of RNase L in these cells

suppresses virally induced apoptosis (Castelli et al., 1997). Similarily, MEFs
deficient in RNase L do not die when infected with SV. SV establishes a persistant
infection in these cultures (Sawicki et al., 2003). This however, is not the case with

SFV; SFV infections produce 10 fold higher concentrations of RNA than SV and
SFV causes apoptosis in MEFs deficient in RNase L (Sawicki et al., 2003). In vivo,
mice triply deficient in PKR, RNase L, and Mx-1 (another gene involved with viral

immunity) infected with SV, showed no change in the course of infection (Ryman et

al., 2002).

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

5 (MDA5) are both RNA helicases that bind to dsRNA (Yoneyama et al., 2004).
Both proteins also contain two caspase recruitment domains (CARD) at their N-
terminal ends (Yoneyama et al., 2005). Binding to dsRNA, stimulates structural

changes in RIG-I and MDA5, exposing their CARD domains and allowing
interaction with the mitochondrial bound protein virus induced signal adaptor

(VISA), which activates NFkB, and IRF-3 (Seth et al., 2005). VISA is also known as
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mitochondrial antiviral signalling (MAVS) (Xu et al., 2005), IFN-beta promoter

stimulator-1 (IPS-1) (Kawai et al., 2005) and CARD adaptor inducing IFN-P

(Cardif) (Meylan et al., 2005). The functions ofRIG-I and MDA5 do not compensate

for each other. Recent evidence suggests that one of the main ligands for RIG-I is

single-stranded RNA with a 5'-triphosphate end; MDA5 is not activated by this

(Hornung et al., 2006; Pichlmair et al., 2006). It is also suggested that while both
RIG-I and MDA5 can detect certain virus infections, particular infections require one

or the other. For example, RIG-I is essential for detection of influenza A virus,
influenza B virus, and human respiratory syncytial virus infection. SeV infection

generally stimulates high levels of NFkB and IFN-P expression as well as IRF-3

phosphorylation through RIG-I activation but does not in RIG-I KO cells (Loo et al.,

2008). IfMAVS is depleted from HEK 293 cells, following SeV infection the levels
ofNFkB and IFN-P expression and IRF-3 phosphorylation do not increase indicating
that IRF-3 interaction with RIG-I is mediated by MAVS (Seth et al., 2005).

Interestingly MDA5 is not required for immune signalling in response to SeV but is

required for SeV defective interfering particles (Yount et al., 2008). Detection of
reovirus or SeV infections of mammalian cells leads to apoptosis and this apoptotic

response is suppressed in the absence of MAVS indicating that MAVS, probably

through IRF-3 activation can contribute to an apoptotic response to virus infection

(Holm et al., 2007; Peters et al., 2008).

RIG-I and MDA5 activity can be regulated by cellular inhibitors and by viral
inhibitors. LGP2 is a cellular protein that acts as a negative regulator of both RIG-I
and MDA5. LGP2 is closely related to MDA5 and RIG-I, has a helicase domain but
has no CARD domains. The helicase domain allows LGP2 to bind to RNA,

preventing RIG-I or MDA5 from binding to it (Saito et al., 2007). LGP2 is

upregulated by IFN and can interact directly with MAVS, preventing RIG-I and
MDA5 interaction with MAVS (Komuro & Horvath, 2006). NLRX1, is a recently
discovered cellular protein that inhibits MAVS activation. SeV infection of HEK293
cells triggers NFkB activation and IFN expression. If NLRX1 levels are knocked
down by RNA interference (RNAi), then NFkB and IFN levels increase dramatically.
Also by immunoprecipitation, NLRX1 has been shown to interfere with the binding
of RIG-I to MAVS. NLRX1 is located on the outer membrane ofmitochondria and it
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is suggested that NLRX1 binds to the CARD domain of MAVS, competing with
RIG-I (Moore et al., 2008; Tattoli et ah, 2008).

Some viruses have developed ways of evading MDA5 or RIG-I mediated
detection. The paramyxovirus V protein for example, binds to the helicase domain of

MDA5, preventing it from binding to dsRNA (Andrejeva et al., 2004; Childs et al.,

2007). The influenza A protein NS1, targets RIG-I and MAVS, binding to both and

preventing downstream signalling (Mibayashi et al., 2007). The hepatitis C virus

protein NS3/4a cleaves MAVS, releasing it from the mitochondria and preventing it
from functioning correctly (Chen et al., 2007; Kaukinen et al., 2006).

Many viruses have evolved to protect their dsRNA rather than / as well as

targeting the proteins that detect the dsRNA. Reoviruses express the outer capsid

protein Sigma 3, which binds to dsRNA (Imani & Jacobs, 1988). Interestingly
different reoviruses induce different levels of IFN from infected cells and these have

been attributed to the affinity of the virus Sigma 3 protein for dsRNA (Bergeron et

al., 1998). The vaccinia virus protein E3L also binds dsRNA, preventing its detection
and reducing IFN production (Chang & Jacobs, 1993; Garcia et al., 2002). The Ebola
virus protein, VP35 binds dsRNA and also suppresses RNA silencing (Cardenas et

al., 2006; Haasnoot et al., 2007). The influenza A virus protein NS1, as mentioned

above, can target RIG-I and MAVS. As well as that however it can bind to dsRNA,

enhancing further the inhibition of IFN induction (Lu et al., 1995).
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Figure 1.3: Illustration of dsRNA detection mechanisms and the major
downstream signalling pathways established as a result of dsRNA detection.
PKR. 2"-5" OAS. MDA5. TLR3 and RIG-I all detect dsRNA and activate numerous

downstream pathways (see text).

Virus structural proteins may build up in the endoplasmic
reticulum:

The unfolded protein response

The SFV genome codes nine distinct proteins. The 26S RNA species encodes for the

capsid protein C. 6K and the structural glycoproteins El, E2 and E3. These viral

proteins may act as a trigger for apoptosis. The transmembrane domains of the SV

envelope glycoproteins expressed from an inducible plasmid in AT3 cells are

sufficient to induce apoptosis (Joe et al., 1998). Transfected SFV RNA, with a

deletion of all the structural genes, still induces apoptosis implying that the structural

proteins may play a role but are not required for apoptosis (Glasgow el al., 1998).
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Virus glycoproteins could trigger apoptosis or other cell responses by
activation of the unfolded protein response (UPR). The ER is an organelle consisting
of interwoven cisternae, responsible for many of the final modifications of newly

synthesised proteins, to ensure they fold correctly and are functional. In the ER and
then the Golgi protein disulphide bonds are created, proteins are glycosylated and

transported to different areas of the cell according the signal sequences on the

protein. The ER also acts as a regulator of protein concentrations in the cell; the ER
can up-regulate or down-regulate protein synthesis and folding. Accumulation of

proteins in the ER can provoke a stress response, which can lead to up-regulation of

protein folding, down-regulation of protein translation and induction of cell death if
the protein build up cannot be resolved. This response is known as the unfolded

protein response (reviewed in Schroder & Kaufman, 2006). The Ig heavy chain

binding protein BiP (GRP78) is an ER chaperone and was the first hsp70 protein
discovered (Haas & Wabl, 1983). BiP has a dual function and its localisation reflects

this, being found in the ER lumen and also embedded in the ER membrane (Bole et

al., 1989). BiP's primary role is as a chaperone, targeting unfolded proteins

containing a large proportion of hydrophobic amino acids (Blond-Elguindi et al.,

1993). In doing this BiP translocates from the ER membrane into the ER lumen and
binds the hydrophobic regions of unfolded proteins. At the ER membrane, BiP is

ordinarily bound to a number of different proteins. BiP serves as a negative regulator
of the ER stress proteins PKR-like ER kinase (PERK), ER-resident transmembrane
kinase/endoribonuclease inositol requiring 1 (IRE1) (Bertolotti et al., 2000) and

activating transcription factor (ATF) 6 (Shen et al., 2005). BiP binds to these

proteins only releasing from them when it binds unfolded proteins in the ER lumen;

over-expression of BiP prevents activation of the UPR (Dorner et al., 1992).

Unbound PERK or IRE1 can homodimerise and become activated. Unbound ATF6

does not need to dimerise and instead once released from BiP, a Golgi localisation
site is revealed, allowing it to translocate to the Golgi where it is processed further

(Chen et al., 2002c; Shen et al., 2002). The transcription factor domain of ATF6,
bZIP is cleaved off and translocates to the nucleus where it upregulates a number of
stress response elements such as protein chaperones by binding to different

promoters (Kokame et al., 2000; Wang et al., 2000). PERK, must oligomerise to
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become activated and once activated it has two main targets. PERK, like PKR

phosphorylates eIF2a causing protein translation shut-down (Harding et al., 1999).
This dramatically reduces the amount of protein that is being made in the cell, giving
the ER time to resolve the unfolded protein build-up problem. PERK also

phosphorylates the bZIP transcription factor nuclear factor erythroid 2 related factor
2 (NRF2) (Cullinan et al., 2003). When phosphorylated, NRF2 moves from the

cytoplasm to the nucleus, associates with other transcription factors and binds to the
antioxidant response element (ARE) (Cullinan & Diehl, 2004). This upregulates the

expression of proteins involved in reducing reactive oxygen species which can cause

oxidative stress in the cell.

Interestingly, certain cell stress proteins can still be made in the presence of
eIF2a phosphorylation. ATF4 for example actually requires eIF2a phosphorylation,
before it can be translated. For translation to initiate the ribosomal 40S and 60S

subunits must bind at a starter sequence and then move along the RNA until a stop

codon is reached. At this point, the 60S subunit disassociates but the 40S remains
attached to the RNA. For initiation of translation to occur, tRNAMet-eIF2-GTP must

bind to the ribosome 40S subunit before reaching a start codon. At the start codon
this gets converted to GDP, the 60S subunit binds and translation begins. If eIF2a is

phosphorylated, tRNAMet-eIF2-GDP cannot be converted back to GTP thus limiting
the initiation of translation. When a stop codon is reached, the 60S subunit is
released but the 40S codon remains attached to the RNA. Translation can only
reinitiate if another tRNAMet-eIF2-GTP binds. If the concentration of tRNAMet-eIF2-

GTP is low then the 40S can pass through start codons without reinitiating
translation. The open reading frame of ATF4 is downstream of other start codons. If

a high concentration of tRNAMet-eIF2-GTP is present, translation starts at the first

open reading frame and then reinitiates quickly. However if the concentration of,
tRNAMet-eIF2-GTP is low (when eIF2a is phosphorylated) the 40S subunit reads

through until it finally binds with, tRNAMet-eIF2-GTP and translation is initiated at

the next start codon. This time delay allows the ribosome to reach the ATF4 open

reading frame and ATF4 to be translated. To examine this ER stress mediated
translation and monitor ATF4 expression level changes in vitro, the 5' end of ATF4
was linked with luciferase expression and when ER stress was stimulated, luciferase
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expression increased 500-fold (Harding et ah, 2000). This type of expression system

is highly similar to the way GCN4 is controlled in yeast during nutrient deprivation

(Hinnebusch, 2005).
ATF4 is a transcription factor that upregulates a number of different genes

including CHOP (C/EBP homologous protein) (Talukder et al., 2002). CHOP has

pro-apoptotic activity; it suppresses the expression of the Bcl-2 gene, dramatically

downregulating the amount of Bcl-2 RNA and protein made in the cell. This releases

pro-apoptotic proteins to trigger apoptosis. The unfolded protein response does not

always lead to the death of the cell. Early protein chaperone expression is an attempt

to reduce the unfolded protein burden, but if this problem cannot be removed, the
cell is likely to trigger cell death (McCullough et al., 2001),

IRE1 is activated in a similar fashion to PERK; release from BiP and

dimerisation on the ER membrane. Dimerisation causes autophosphorylation and a

conformational change to expose an RNase domain similar to RNase L (Bork &

Sander, 1993; Shamu & Walter, 1996). IRE1 detaches from the ER and cleaves

specific RNA sequences in the cytoplasm. Two mRNAs it cleaves are that of X-box

binding protein (XBP1) and complement defence (CD) 59 (Calfon et al., 2002;

Oikawa et al., 2007; Yoshida et al., 2001). The cleavage of CD59 by Irel prevents it
from being translated, thus downregulating the levels of CD59 protein. CD59 is
involved in the complement system, but it is unclear what role it plays in the UPR.
The splicing of XBP1 mRNA establishes a sequence that can be translated into a

transcription factor that upregulates the expression of ER stress proteins including

protein chaperones (Yoshida, 2007). The unspliced mRNA can be translated into a

protein that lacks a transcriptional activation domain, but it has been found to bind

spliced XBP1 protein, increasing its degradation (Yoshida et al., 2006).
As mentioned previously, caspases are generally integrally involved with

programmed cell death, and ER stress induced cell death is no exception. In rodents,

pro-caspase-12 is located on the surface of the ER. It is only activated in response to

ER stress and no other known cellular insults (Nakagawa et al., 2000). No functional
form of caspase-12 exists in humans but human caspase-4 is believed to carry out

similar functions to caspase-12 in response to ER stress (Kim et al., 2006a). ER
stress can cause calcium release from the ER, which can lead to calcium build up in
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the mitochondria, triggering permeabilisation of the mitochondria and release of pro-

apoptotic proteins (Deniaud et al., 2008). ER stress induced calcium release into the

cytoplasm from the ER can also cause the activation of caspase-12 (Nakagawa et al.,

2000). Calcium accumulation, triggers calpain activation in the cytoplasm and

calpains are suggested to be responsible for caspase-12 activation; caspase-12 is not
activated in calpain-null MEFs (Nakagawa & Yuan, 2000; Tan et al., 2006). Upon

activation, fragments of caspase-12 can translocate to the nucleus possibly acting as a

transcription factor (Fujita et al., 2002; Rao et al., 2001; Sanges & Marigo, 2006).

Caspase-12 can also cleave caspase-9 independent of APAF-1 thus triggering the
intrinsic pathway of cell death (Rao et al., 2002). Caspase-12 has also recently been
shown to reduce cellular inflammatory responses. Caspase-12 binds to the

proinflammatory protein caspase-1, inhibiting its function. Mice lacking caspase-12
are more susceptible to sepsis, but respond more effectively to bacterial infections

(Saleh et al., 2006). Infection of Madin-Darby bovine kidney (MBDK) cells with
bovine viral diarrhoea virus (BVDV) correlates with activation of PERK,

hyperphosphorylation of eIF2a, activation of caspase-12, downregulation of Bcl-2
and apoptosis (Jordan et al., 2002).

Pro-apoptotic cell surface receptors may be activated
The TNF superfamily of receptors are well known regulators and effectors of the
innate and adaptive immune systems (Benedict & Ware, 2001; Locksley et al.,

2001). As explained previously Fas is a known initiator of an apoptotic pathway
when stimulated. Association of Fas molecules by the binding of Fas-F causes

phosphorylation of the intracellular domains and leads to the formation of a death-

inducing signalling complex, triggering the activation of caspase-8. Activated

caspase-8 can cleave and activate caspase-3 and can also activate the intrinsic

pathway of cell death by processing the protein Bid. Bid then translocates to

mitochondria and interacts with proteins such as Bax and Bad, leading to the

permeabilisation of mitochondrial outer membranes and the release of pro-apoptotic

proteins (Fi et al., 1998a; Fogue & Martin, 2008; Fuo et al., 1998).
Treatment of cultures of PC-12 cells (a neuronal cell line) with Z-IETD-

FMK, a caspase-8 inhibitor, before infection with SV, greatly reduces the number of
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cells that undergo apoptosis 48 hours post infection. Similarly, pre-treatment of
cultures of PC-12 cells with soluble TNF-a receptor or anti-TNF-a antibody reduces
the amount of cell death after infection with SV (Sarid et al., 2001). Adenovirus has

developed a mechanism to prevent Fas mediated cell death. The adenovirus E3

protein cleaves TRAIL and Fas receptors from the cell surface and targets them for

degradation (Lichtenstein et al., 2004). Influenza virus also triggers TNF receptor

mediated cell death. In this case, activation appears to be beneficial to the virus. If
Fas or TRAIL activity is inhibited, then propagation of virus is restricted (Wurzer et

al., 2004). It is suggested that influenza infection leads to activation ofNFkB, which

upregulates TRAIL and Fas-L. This is interesting as influenza also activates p58, a

protein that can inhibit PKR and thus reduce NFkB activation (Bilgin et al., 2003;
Korth et al., 1996). It is possible that initially apoptosis is inhibited to allow the virus
time to replicate and produce new virus particles and subsequently apoptosis is
induced.
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Figure 1.4: An illustration of intrinsic and extrinsic pathways of apoptosis as well as
the unfolded protein response, activated as a result of protein build-up in the ER.

Summary
SFV infection can be broken down into four main stages: attachment and entry;

genome replication; production of new7 structural proteins and finally virion assembly
and budding.

Selective pressures suggest that it would be an advantage for a cell to evolve
mechanisms that detect virus infection as soon as possible. This would imply that
attachment and entry should be the first point at which a virus infection is detected
and a cellular response triggered. While it has been previously suggested that virus

entry causes apoptosis. UV inactivated SFV that can bind to and enter the cell but
which cannot replicate its genome, does not trigger apoptosis in mouse embryo
fibroblasts (Personal communication. Dr. Asa Hidmark. Karolinska Institute.
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Stockholm, Sweden). This suggests that, in the case of SFV, virus attachment and

entry into a cell is insufficient to trigger cell death.
The next detection point could be the virus genome. For many viruses the

presence of dsRNA is an essential part of their life cycle and should be a clear sign of
infection to the cell. Numerous proteins exist, which could recognise SFV dsRNA
and trigger an anti-viral response. Virus proteins may also have a role to play; the

build-up and folding of structural proteins in the ER may evoke the ER stress

response and ultimately apoptosis.

Assembly of virus particles and budding may disrupt the cell membrane to

such an extent that it causes cell death. In the case of SFV, VLPs lacking structural

proteins still trigger cell death, implying that a build up of structural proteins in the

ER, virus particle assembly and budding are not essential but may contribute to the
death of an infected mammalian cell. It is likely that the majority ofmammalian cell

types detect the presence of SFV at a number of these different stages, inducing an

anti-viral state and triggering apoptosis. The exception of course is neurons in the
mature brain. The reasons for mature neurons resisting apoptosis have yet to be

elucidated, although as neurons mature and establish connections with other neurons

they are bombarded with pro-survival, anti-apoptotic signals which may help these
cells to resist the induction of apoptosis (Frebel & Wiese, 2006).

Aims of the project
1. Determination of the mechanism(s) involved in detection of SFV infection of

mammalian cells.

2. Determination of the apoptotic pathways involved in mammalian cell death

following SFV infection.
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Cell culture

• All cell lines were maintained in sterile plasticware (Nunc) at 37°C in a

humidified 5 % CO2 atmosphere.
• Baby hamster kidney (BHK) -21 cells were cultured in Glasgow's minimum

essential medium (Gibco), supplemented with 10% (volume / volume (v / v))
new bom calf serum (NBCS) (Invitrogen, UK), 10 % (v / v) tryptose

phosphate broth (Invitrogen, UK), 4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (HEPES), 25 mM and L-glutamine (200 mM,

Merck).
• MEFs were produced from mice of varying backgrounds. The MEFs were

grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco),

supplemented with 10 % (v / v) foetal calf serum (FCS) (Invitrogen, UK),

penicillin (100 U / ml, Merck), streptomycin (100 pg / ml, Merck) and L-

glutamine (200 mM, Merck). Hep-2 cells were grown in the same media as

MEFs.

• NIH 3T3 cells were cultured in DMEM (Gibco) with 10 % (v / v) NBCS and

L-glutamine (200 mM, Merck).
• MCF-7 (Human breast adenocarcinoma cell line) cells and RD (human

rhabdomyosarcoma) cells were cultured in the same media as the MEFs.
• Human embryonic kidney (HEK) 293 cells were cultured in Iscove's

modified Dulbecco's medium (IMDM) and Glutamax™ (Gibco) supplemented
with 10 % (v / v) FCS, blasticydin (5 pg / ml), zeocin (30 pg / ml).

• Neurons were cultured in minimum essential medium without calcium and

magnesium. This medium was supplemented with 10 % (v / v) FCS, glucose

(3 g / 500 ml), glutamine (0.15 g / 500 ml), potassium chloride (0.7 g / 500

ml), penicillin (100 U / ml, Merck) and streptomycin (100 pg / ml, Merck).

Harvesting and counting of cells
Adherent cells at 80-90 % confluency were removed from flasks by trypsinisation.
Media was removed, the cells were briefly washed with PBS and the monolayer was
then incubated at 37°C with Trypsin-ethylene diamine tetraacetic acid (EDTA) (0.05
% Trypsin, 0.53 mM EDTA, Invitrogen) until the cells had detached. The trypsin
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mixture was diluted in an equal volume of media to inactivate the trypsin. The cells
were then concentrated at the bottom of a universal tube by centrifugation at 478 x

gravity (g) for 5 min. The pellet was resuspended in 10 ml of medium, 10 pi of this
was diluted 1 in 10 with trypan blue and a haemocytometer was used to count the
cells. The required number of cells was then seeded into fresh culture flasks.

Deriving MEFs from mouse embryos
Mouse embryos were extracted at 13.5 days of gestation to make MEFs. Embryos
were decapitated and their livers were removed. The remaining tissue was ground
down using a scalpel and then incubated at 37°C for 10 minutes with 1 ml trypsin-
EDTA. Trituration with a 1 ml Gilson pipette was then used to break down the tissue

further, a fresh 1 ml of trypsin-EDTA was added to speed up the process and the
tissue was incubated for a further 10 minutes. A single cell suspension was

eventually prepared by repeated trituration and incubation. This mix was then

centrifuged at 478 x g for 5 min. The pellet was plated in a T80 culture flask and
cultured or frozen at passage (P) 2. The MEFs were never kept past P8.

Freezing and thawing cells
Cells were frozen when they were healthy and in the middle of a growth phase, but
no more than 80 % confluent. The cells were trypsinised and pelleted, resuspended in
10 ml of media and then counted using a haemocytometer. The optimal concentration
of cells for freezing was 5 x 106 cells per ml. Once counted the cells were pelleted by

centrifugation at 478 x g for 5 minutes and then resuspended in freezing media which
consisted of 10 % dimethyl sulfoxide (DMSO) and 90 % FCS. 1 ml of this

suspension was then put into 1.5 ml Nunc cryovials, the tubes were placed in a

freezing box that contained isopropanol, and the box was put into the -80°C freezer.
It was important to freeze the cells slowly to allow water to escape from the cells so

that they were not damaged. The isopropanol allowed the cells to cool at

approximately 1°C per minute. These cells were left at -80°C overnight. The next

day, the cells were transferred to a liquid nitrogen storage container. The liquid

nitrogen chamber cools the cells to below -130°C, the temperature above which

damaging ice crystals can form.
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When bringing cells up from liquid nitrogen, it was crucial to warm them as rapidly
as possible. Before getting the cells 10 ml of warmed growth media was put into a 25
cm2 flask, while another 10 ml of media was put into a universal. The cells were then

transported from liquid nitrogen on dry ice to ensure they didn't defrost. Before

warming the tubes, the caps on the cryovials were loosened slightly to release any

gases that may have built up. The tubes were then placed into a water bath heated to

37°C, to ensure the cells were defrosted as rapidly as possible. Once defrosted the

freezing media containing the cells was transferred into the universal containing

growth media and the universal was centrifuged at 478 x g for 5 minutes. The

supernatant was then poured off, the cell pellet was resuspended in growth media and
the whole suspension was transferred to the tissue culture flask that had been pre-

filled with media. The flask was then placed in the incubator and the cells were

allowed to grow normally. A normal 25 cm" flask would normally contain no more

than a maximum of 2-3 million cells, however because of the high level of death

during the freezing and thawing process, a large excess of cells (1 cryovial contained
5 x 106 cells) was necessary to ensure survival of the culture.

Linearisation of DNA plasmids
DNA concentration was measured at 260 nm using a Nanodrop spectrophotometer.
Once the DNA concentration was known it was possible to calculate the amount of
restriction enzyme required for each reaction. 1 unit of enzyme is defined as the

ability to cleave 1 pg of DNA at the appropriate temperature in 1 hour. The
linearisation mix included restriction enzyme buffer (lOx), acetylated bovine serum

albumin (BSA) (lOx), plasmid DNA, restriction enzyme and nuclease free water.

This was put at the appropriate temperature (according to the manufacturer) for 2
hours to allow the reaction to proceed. The results were checked by agarose gel

electrophoresis. On an agarose gel DNA plasmids run as three forms. The three
forms are supercoiled (which runs quickly), linear (in the middle) and nicked plasmid

(highest band).
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Making VLPs
DNA plasmids were kindly provided by Andres Merits, Estonian Biocentre, Estonia.
The VLPs were produced according to the protocol already described (Smerdou &

Liljestrom, 1999). Briefly, two plasmids (1.66 pg of each plasmid), the first

containing the genes for the SFV4 non-structural proteins and a foreign gene (e.g. dl

eGFP), and the second plasmid containing the genes for the structural proteins of
SFV4 were linearised using Spe I and in vitro transcribed to make RNA (see below
for in vitro transcription reaction mix). The RNA was electroporated into BHK-21
cells and the supernatant was harvested at 24 and 48 hours post-infection, into 30 ml
corex tubes, and clarified by centrifugation at 27,200 x g. The VLP sample was then

purified and concentrated by centrifugation through a 20 % sucrose cushion at

82,700 x g, resuspended in 100 pi of TNE buffer pH 7.4 (50 mM Tris HC1 pH 7.4,
100 mM NaCl and 0.1 mM EDTA pH 8.0, filter sterilized) and then left on ice for
two hours. The TNE buffer containing VLPs was collected after two hours and the
bottom of the tube was washed with a further 50pl of TNE buffer. All the TNE

containing VLPs was pooled, aliquoted, snap frozen in liquid nitrogen and stored at -

80°C.

Virus was made and purified in the same fashion using a single plasmid that
contained the whole genome of the virus. New stocks of virus were always made
from the plasmid rather than propagating from an older generation of virus. This was

done to avoid using virus that may have developed mutations over time.

In vitro transcription reaction:

Spe I cut plasmid (1.66pg)
10X SP6 buffer (GE Healthcare)
lOmM M7 G (5')ppp (5') G (cap) (GE Healthcare)
50 mM DL Dithiothretiol (Sigma)
rNTP mix (10 mM ATP, CTP and UTP, 5 mM GTP) (GE Healthcare)

H2O (Ambion, nuclease free)
Recombinant RNasin Ribonuclease Inhibitor (60 U/1.5pl) (Promega)
SP6 RNA Polymerase (50 U/pl) (GE Healthcare)
Total Volume

xx.x pi
5.0 pi
5.0 pi
5.0 pi
5.0 pi
x.x pi
1.5 pi
1.5 pi

50.0 ul
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This mix was incubated at 37°C for 3 hours and the results were check on an agarose

gel.

Strain Backbone Modification

SFV4 Prototype strain

SFV A7 (74)
Isolated originally as a naturally occurring strain of
SFV.

SFV1-
dleGFP VLP SFV4

VLP that contains dleGFP under the control of the

subgenomic promoter.

SFV4(3F)-
eGFP

SFV4
Virus that has eGFP fused to its nsP3 gene so that the
two proteins are expressed as a polyprotein
highlighting the location of nsP3

Table 2.1: List of viruses and VLPs used during this project

Infection of cells in vitro with virus or VLPs

For infection of cells in culture, the virus or VLP was suspended in phosphate
buffered saline (PBS) and BSA (PBSA, 0.75 g BSA per 100 ml PBS (0.75 %)). The
albumin prevented virus or VLPs binding to the eppendorf, pipette tip, or other

plastics. To infect cells in a 6-well plate the media was removed from the wells, the

required amount of virus or VLPs was diluted in 450 pi of PBSA. 400 pi of this was

then added to each well, being careful not to dislodge the monolayer. The cells were

then placed on a rocker at room temperature and rocked gently for 1 hour to allow
even spread and attachment of the virus or VLPs. After 1 hour the PBSA containing
virus or VLPs was removed and 2 ml of fresh media was added to the well. In the

case of a 96-well plate, the volume of PBSA and virus or VLPs added was 30 pi.
Time zero in all experiments was taken as the time at which virus was added to the
cells.

Titrating virus: plaque assay

Infectivity of purified virus stocks was determined by a standard plaque assay in
BHK cells. Agar was prepared by mixing 4 g Bacto-agar per 100 ml PBS. This was

then autoclaved to ensure it was free from contamination. BHK-21 cells were seeded
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in 6-well plates at a density of 3 x 105 cells per well and incubated overnight. These

monolayers were then infected; serial 1:10 dilutions were made of the test material in

PBSA, media was then removed from the wells and 400 pi of each dilution was

placed into 2 wells of a 6 - well plate (each dilution was done in duplicate). The

plates were then allowed to rock gently for 1 hour. During the hour of rocking the

agar was melted in a water bath heated to 100°C and then cooled to 55°C. At this
stage BHK-21 media with 2 % NBCS (v / v) was prepared and warmed to 37°C.
After 1 hour of rocking the 55°C agar was mixed with the 2 % BHK-21 media in a

1:3 ratio (agar:media) and the agar solution was gently added to the cell monolayers.
The agar hardened almost immediately. Once all the wells had been covered, the

plates were incubated at 37°C and 5 % CCF for 3 days.
After 3 days the cells were fixed with 10 % neutral buffered formaldehyde

(NBF) (Surgipath) by pouring the NBF directly on top of the agar and leaving the

plates at room temperature for at least 1 hour. The fixative was then poured off and
the agar was removed using a metal spatula. Approximately, 1 ml of 0.1 % toludine
blue was then poured into each well to stain the cells. The plates were put on a gentle
rocker for 1 hour to allow complete distribution of the dye over the monolayer. The

dye was then poured off and the wells were washed gently with tap water. Areas of
dead cells due to virus infection were left clear by the dye and these were described
as plaques. The titre of the virus was calculated using the average number of plaques
between two wells of the same dilution.

Count wells with 2-70 plaques

Plaque forming units (pfu) per ml =

Average no. of plaques
Amount of inoculum (ml) x dilution factor

Titrating VLFs
In contrast to virus, VLPs could not be titred by plaque assay because VLPs do not

produce new virus particles following infection. To get around this, immunostaining
was used to identify how many cells in a culture were infected and the titre was

calculated from that. In some cases, if the VLP expressed its own marker gene (e.g.
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GFP) immunostaining was not required to identify infected cells. The procedure was

as follows. A 6-well plate, with 20 x 20 mm coverslips in all the wells, was seeded
with 3 x 10 s cells per well and left overnight in an incubator. The next day 6
dilutions of the VLP to be titred were made. 10 pi of the stock was mixed with 545

pi of PBSA. 55 pi of this was then added to 500 pi of PBSA in a fresh tube; 55 pi of
this new solution was added to 500 pi of fresh PBSA and so on, until all 6 dilutions
were made. The media was removed from each of the wells in the 6-well plate and
450 pi from each tube was put into an individually marked well. The plate was then
rocked gently for 1 hour before the PBSA virus solution was replaced with media
and the plates were placed in the incubator. 20 hours later, the cells were fixed with
10 % NBF and immunostained for infection (or viewed immediately if the cells were
GFP positive). The coverslips were mounted onto glass slides using an aqueous

mounting medium and then viewed using the Zeiss Axioskop 2 microscope. Under
the 40 x objective, 15 separate fields were examined and the number of infected cells
was counted. The average number of infected cells was calculated and this number
was then used to calculate the titre of the VLP stock. The calculation was:

Mean number ofVLPs x Microscope constant

Volume of VLPs added to the well

For example: Mean number ofVLPs = 1.37

Microscope Constant = 4365.3
Volume = .009 pi
Answer = 6.7 x 108 VLPs/ml

Throughout this work a multiplicity of infection (MOI) of 1 refers to the infectivity
of SFV4 in BHK cells. It was found that infecting MEFs using a MOI of 1 only
infected a small number of cells (as determined by immunostaining). In order to
establish approximately 100 % infection a MOI (BHK cells) of 50 had to be used (as
determined by immunostaining). For a low MOI infection, a MOI (BHK-21 cells) of
1 was appropriate.
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Mice

The RNase L KO mice were on a C57 BL/6 background. The PKR KO mice were on

a C57 BL/6 x 129 background (both strains were kindly obtained from Dr. Jovan

Pavlovic, University of Zurich, Switzerland). Mice were bred and maintained in the
Centre for Infectious Diseases Animal Unit, College of Medicine & Veterinary

Medicine, University of Edinburgh, UK, in specific-pathogen-free and

environmentally enriched conditions with food and water supplied ad libitum. All

breeding and experimental studies were agreed by the University of Edinburgh
Ethical Review Committee and were carried out under the authority of a UK Home
Office licence.

Infection of mice

Eight day old mice were inoculated intranasally (i.n.) with 1 x l(f PFU of virus in
PBSA while under a light halothane: oxygen anaesthetic. The virus, contained in

PBSA, was dropped onto the nose of each mouse and was taken in with the breath of
the mouse. Mice were killed with a lethal dose of CO2, at 1 or 2 days post-infection
and their tissues were sampled. Brains were cut sagitally down the midline, with half

being fixed in 4 % neutral buffered paraformaldehyde and the other half being snap

frozen on dry ice. The frozen tissue was stored at -80°C. The fixed tissue was sent to

the histology department, Easter Bush, Edinburgh where 5 pm paraffin sections were

cut.

Immunocytochemistry
Paraffin sections

The sections were first placed in clearene for seven minutes. This was repeated a

second time to remove as much paraffin as possible. The slides were then put into
100 % ethanol for five minutes before being immersed in 0.3 % hydrogen peroxide

(in 100 % methanol) for ten minutes. The sections were then gradually rehydrated by

dipping them into troughs containing different dilutions of ethanol. (95, 70, 50 and
30 %, 1 minute each). The slides were equilibrated in 0.85 % sodium chloride for 5

minutes. For the antigen retrieval step the sections were submerged in a beaker
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containing citrate buffer (12 ml 0.1 M citric acid monohydrate, 48 ml 0.1 M
trisodium citrate and 540 ml distilled water (dEEO)), boiled in a microwave for 12
minutes and then allowed to cool for 20 minutes. Once cool, the sections were

covered with proteinase K (10 pi of 20 mg / ml stock solution, 9.9 ml tris pH 7.8,
100 pi 0.2 M calcium chloride), and placed at 37°C for 15 minutes. The proteinase K
was then inactivated by an EDTA / glycine / PBS (2 g glycine, 10 ml 2.5 M EDTA,
990 ml PBS) solution for five minutes which was subsequently washed offwith PBS

(2x5 minutes).

The slides were blocked for thirty minutes with 10 % normal goat serum

(NGS) and then covered with the primary antibody (made up in 2 % NGS) for 3
hours - overnight. The sections were washed with PBS (3x5 minutes) to remove

residual primary antibody and the biotinylated secondary antibody, again made in 2

% NGS, was added and left for 1 hour. The Vector ABC signal amplification system

followed the secondary antibody. This system allows avidin - biotin enzyme

complexes (ABC) to bind to each biotin molecule on the secondary antibody used.

During the secondary incubation diaminobenzidine (DAB, Sigma) was made up

according to the manufacturer's instructions (30 minutes before use). The sections
were washed with PBS (3x5 minutes) and then incubated with DAB until the
sections turned light brown. The nuclei of cells in each section were stained with

hematoxylin QS (Vector laboratories). Once the sections were sufficiently stained,

they were dehydrated by incubating them in troughs containing different
concentrations of ethanol (30, 50, 70, 95, 100 %, 1 minute each). Once dehydration
was complete, a few drops of permanent mounting media were placed on the slide
and a glass coverslip was laid on top of the media, ensuring no air bubbles were

trapped in the process. The media dried within 1 hour and the slide was then viewed

using a Zeiss Axioskop 2 microscope or a Nikon Diaphot 200 inverted microscope.

Cells fixed on a glass slide
Cells were fixed with 10 % NBF for at least 1 hour. The slides were then washed

with PBS (3x5 minutes) to remove the NBF and then incubated with 0.3 % TritonX
/ PBS for 20 minutes to break down the cell membranes slightly and allow antibodies
to enter the cells. The slides were then washed with PBS (3x5 minutes) and blocked
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with Cas-block (Zymed) for 30 minutes. The primary antibody was then made up in
Cas-block and added to the cells for 2 hours. After washing (3 x 12 minutes) the

biotinylated secondary antibody was made up and added to the sections for 1 hour.
The slides were then washed again with PBS (3x12 minutes) and incubated with the

tertiary antibody for 45 minutes. The slides were finally washed with PBS (2 x 10

minutes) and covered with a coverslip. The mounting media used in this case was a

hard set media from Vector Laboratories designed for fluorescent microscopy. The

mounting media used occasionally contained 4', 6-diamidino-2-phenylindole (Dapl),
which is a nuclear stain as it binds to DNA. The slide were left in the dark to dry for
30 minutes and were then sealed with clear nail polish before being viewed using a

Zeiss Axioskop 2 microscope with filters suitable for visualisation of eGFP, Alexa
Fluor 594 (red) and Dapl or a confocal microscope.

Tarqet Source Host Isotvpe Techniaue Dilution Time

SFV Internal Rabbit Polyclonal Immunostaining 1 in 400 3 hours

Caspase-3 Calbiochem Rabbit Polyclonal Immunostaining 1 in 50 Overnight

dsRNA Scicons Mouse
Monoclonal

igGi immunostaining 1 in 400 2 hours

SFV NSP3 Tero Ahola Rabbit Polyclonal Immunostaining 1 in 1000 2 hours

Activated

Caspase-12
Cell

signalling Rabbit Polyclonal Western Blot 1 in 1000 Overnight

P-actin
Dr.
Ghassem
Attarzadeh

Rabbit Polyclonal Western Blot 1 in 1000 Overnight

Chop Santa Cruz Mouse
Monoclonal

lgG1 Western Blot 1 in 1000 Overnight

Rabbit IgG
Biotinylated Vector Labs Goat Monoclonal

IgG
Immunostaining

1 in 750
cultured cells

1 in 500 in

paraffin
sections

1 hour

Mouse IgG
Biotinylated Sheep

Monoclonal

IgG Immunostaining
1 in 750
cultured cells 1 hour

SA-Alexa Fluor
594 Invitrogen Goat

Monoclonal

IgG Immunostaining 1 in 1400
45
minutes

Peroxidase
labelled mouse

IgG
GE
Healthcare Sheep Monoclonal Western Blot 1 in 3000 1 hour

Peroxidase
labelled rabbit

IgG
GE
Healthcare Donkey Monoclonal Western Blot 1 in 3000 1 hour

Table 2.2: List of antibodies used during this project
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Isolation of protein for sodium dodecyl sulphate-polyacrylamide gel

electrophoresis
The cell lysis buffer consisted of 50 pi of p-mercaptoethanol (Sigma) mixed with 950

pi of Laemmli buffer (Bio-rad). Cells in a well of a 6-well plate were lysed by

removing the media from the well and adding 200 pi of lysis buffer. The mix was

then collected after 1 minute of incubation at room temperature and boiled for 5
minutes at 100 0 C. The samples were then frozen until required.

Measuring protein concentration
The concentration of protein in the Laemmli buffer solution was measured using an

RC DC protein assay kit (Bio-rad). The manufacturer's protocol was followed. This

assay is based on the Lowry protocol (Lowry et al., 1951) which takes advantage of
the ability of copper ions to bind to peptide bonds and then react with Folin reagent.

The product of this reaction was measured spectrophotometrically at 750 nm.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
A 12 % gel consisted of two parts, a resolving gel and a stacking gel. The resolving

gel was made with 30 ml 40 % acrylamide (Sigma), 43 ml dFLO, 25 ml 1.5 M tris-
base pH 8.8 (Sigma), 1 ml 10 % sodium dodecyl sulphate (SDS) (Sigma). To use this
5 pi of tetramethylethylenediamine (TEMED, Sigma) and 50 pi of 10 % ammonium

persulfate (APS, Sigma) were added to 5 ml of the solution and it was poured
between the glass plates used to make the gel. A space of approximately 2 cm was

left at the top for the stacking gel. This space was filled with isobutanol (Sigma)
while the gel set, to prevent air bubbles forming. To make the 4 % stacking gel, 10
ml 40 % acrylamide (Sigma) was mixed with 64 ml dFLO, 25 ml 0.5 M tris-base pH
6.8 (Sigma) and 1 ml 10 % SDS (Sigma). 5 pi of TEMED (Sigma) and 50 pi ofAPS

(Sigma) were again added to a 5 ml aliquot to polymerise and set the gel. The
isobutanol was removed once the resolving gel had set and the stacking gel was

poured on top. A comb was then inserted to make the wells. Once the gel had set it
was placed in an electrophoresis tank which was subsequently filled with running
buffer (see recipe below). An equal amount of protein was loaded into each well as
well as a rainbow molecular weight marker (GE Healthcare). The gel was then run at
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50 V for 30 minutes to allow the protein to enter and pass through the stacking gel

slowly and then run at 120 V until the blue dye band reached the bottom of the gel
and the protein had separated though the gel.

Staining SDS-polyacrylamide gels with coomassie blue
Coomassie Brilliant Blue R250 (0.25 g) was dissolved in a 45 ml water, 45 ml
methanol and 10 ml of acetic acid mix. The gel was immersed in the solution and

placed on a slow rocker for at least 4 hours. To remove excess stain the gel was

placed in a de-stain solution which consisted of 30 ml methanol, 60 ml H2O and 10
ml acetic acid. The de-stain solution was changed on a number of occasions until the

protein bands were clearly visible.

Transfer of proteins from SDS-polyacrylamide gels to nitrocellulose

paper

The gel was removed from the glass plates that were holding it during the

electrophoresis and the stacking gel was cut from the resolving gel and discarded.
The gel and nitrocellulose paper (GE Healthcare), cut to the same size as the gel
were soaked in transfer buffer for 10 minutes prior to the transfer. 3 mm

chromotography paper (Whatmann) and sponges were also soaked briefly. The
transfer apparatus was assembled starting with a piece of filter paper on top of a

sponge. The gel was then placed on top of the filter paper with the nitrocellulose

paper going on top of the gel. The 'sandwich' was finished with another piece of 3
mm chromatography paper and a second sponge on top. This was placed in a tank
filled with transfer buffer. The proteins in the gel are negatively charged after mixing
with the Laemmli buffer so an electrical charge was used to transfer the proteins onto
the nitrocellulose paper. The electricity was turned on for 15 minutes at 15 volts and
then 50 minutes at 50 volts. The transfer apparatus was then taken apart and the
nitrocellulose paper was placed in blocking buffer for 1 hour at room temperature.



Chapter 2 Materials and Methods

Detecting target proteins of interest using antibodies (Western blot)
After blocking, the nitrocellulose paper was incubated with the primary antibody

(mixed in blocking buffer) overnight on a rocker at 4°C. It was then washed with
PBS + 0.1 % Tween - 20 (PBS-T) (4x4 minutes), immersed in PBS-T containing
the secondary antibody for 1 hour at room temperature, rewashed (4x4 minutes) and
then incubated with SuperSignal West Pico Chemiluminescent Substrate according
to the manufacturer's protocol for 4 minutes, before exposing to enhanced
chemiluminescent (ECL) Hyperfilm (GE Healthcare).

Western blot buffers

Transfer buffer Running buffer

39 mM glycine 25 mM Tris
48 mM Tris Base 250 mM glycine
0.037 %SDS 0.1 % SDS

20 % Methanol

All materials required for the transfer and running buffer were from Sigma. Both

protocols were taken from Molecular Cloning, A laboratory Manual by Sambrook,
Fritsch and Maniatis.

Blocking buffer

5 % nonfat dried milk (Marvel)
PBS (oxoid) + 0.1 % Tween-20 (Sigma)

Measuring mitochondrial membrane potential
Mitochondrial membrane potential can be measured using a chemical called JC-1

(Sigma). JC-1 is cell permeable so can be used on live cells to see whether cells have
an intact A\j/ or not. JC-1 powder was dissolved in DMSO at a concentration of 1 mg
/ ml, aliquoted and frozen at - 20°C. A 6-well plate, with 20 x 20 mm coverslips in
all the wells, was seeded with 3 x 105 cells per well and left overnight in an

incubator. When the cells were ready, the JC-1 stock was left at room temperature

for at least 30 minutes to allow complete re-dissolving of any JC-1 that had come out

of solution. 1 pi of stock was then diluted in 100 pi of medium and 50 pi of this was
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then mixed with 1 ml of medium and added to a well of the 6-well plate. The plate
was then placed back in the incubator for 10 mins-2 hours (until the positive control
showed distinct orange staining (monitored with an inverted microscope, time
differed depending on the cell line examined).

When mounting, a clear aqueous mounting medium (Surgipath) was used. To

investigate whether virus infection was affecting mitochondrial membrane potential,
cells were infected first and then incubated with JC-1 at different times post¬

infection. The positive control for the loss ofmitochondrial membrane potential was
to treat the cells with 10 % NBF 1 hour to ablate mitochondrial activity.

Quantitative caspase assay

The caspase-3 and -8 assay kits were purchased from Sigma, while the caspase-9 kit
was purchased from Chemicon. Cells were seeded in 6-well plates at a concentration
of 3 x 105 cells per well. These were allowed to grow overnight before being infected
with virus or VLPs and left for a set amount of time. The infection was stopped by

lysing the cells and isolating the protein from the cells. To do this, cells were

trypsinised, pelletted and incubated with the supplied lysis buffer at 4°C. The protein
concentration was measured and equal amounts of protein from infected and
uninfected cells were used in the assay. Each assay was carried out in triplicate at

least. The assay was set up in a 96-well plate as shown in the table below. Each well
was filled according to this table with the amount of sample used varying according
to their concentration. The mixtures were incubated in the dark for 12-24 hours at

37°C and the colourimetric outputs were measured at 405nm.

1x Assay
Buffer

Caspase
positive
control 10 ug
/ ml

Sample Inhibitor Caspase
substrate

Blank 90 pi 10 pi
Positive control 80 pi 10 pi 10 Ml
Positive control + inhibitor 78 Ml 10 Ml 2 Ml 10 Ml
Sample 90 Ml -x Ml X pi 10 Ml
Sample and inhibitor 88 Ml - x Ml X Ml 2 Ml 10 Ml

Table 2,3: Caspase assay protocol
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Cell viability assay

The cell viability assay used a product called Wst-1 (Roche), a tetrazolium salt that is
cleaved to a formazan dye by mitochondrial dehydrogenases that are active in live
cells. The colourimetric output from dye production was read by a

spectrophotometer. As cells die less formazan dye is made. Cells were seeded at a

concentration of 3 x 104 cells / well in 96-well plates and incubated overnight. At the

required time, 10 pi Wst-1 was added to each well (containing 100 pi media).

Spectrophotometric readings were taken after 1 hour using a microplate reader at 420
- 480 nm. The reference wavelength was > 600 nm. For a timecourse of cell viability

following infection or treatment with a chemical, replicates of 3-4 wells of cells were
used for each timepoint. Background readings were always present using this

technique so the graphs never quite reached zero at the timepoints observed.

Radiolabelling cellular protein
To look at translational shut-down in cells infected with SFV newly synthesised

proteins were labelled with [ S] labelled methionine and cysteine (GE Healthcare).
This work was carried out according to University of Edinburgh radiation safety

regulations. MEFs were grown in 6-well plates with three wells per timepoint. The
cells were seeded at a density of 3 x 105 cells per well and allowed to grow

overnight. The cells were infected at time zero (MOI 50) and then placed back in the
incubator. 30 minutes before each specified timepoint the media was removed from
the wells and 1 ml of starvation media (DMEM (IX), liquid - without sodium

pyruvate, methionine or cystine, Invitrogen) was added. At each timepoint, the
starvation media was removed and replaced with starvation media containing 25 pCi
/ ml j ^SJ methionine and cysteine. This incubation lasted 30 minutes, after which the
media was removed and disposed of safely. The cells were lysed using a |3-

mercaptoethanol / Laemmli buffer lysis buffer, as described previously.

Visualising radiolabeled proteins
In a fumehood, equal amounts of radiolabeled samples were run on a 12 % SDS-

polyacrylamide gel as described previously. After electrophoresis the gel was placed
on top of a gel sized piece of 3 mm chromatography paper (Whatmann) and dried in
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a gel dryer (Model 543, Bio-rad) for 2 hours 30 minutes or until completely dry.
Once dry, the gel was placed into a photographic film exposure cassette, a sheet of
ECL Hyperfilm (GE Healthcare) was placed on top, and the cassette was put at -

80°C for varying exposure times (24 - 48 hours) before development.

RNA extraction

RNA extraction was carried out from mammalian cells in culture using a Qiagen

RNeasy mini kit according to the manufacturer's instructions. 1 x 106 cells were

trypsinised, resuspended in media and pelleted in a universal by centrifugation at 478
x g. Cells were lysed with 350 pi of RLT buffer containing 1 % (3-mercaptoethanol.
The lysate was then triturated through a 21- guage needle at least 10 times to ensure

cells were completely broken down. To this, 350 pi of 70 % ethanol was added and
mixed by pipetting. The whole mixture was then transferred to an RNeasy mini
column. The column was inserted into an eppendorf and centrifuged for 20 seconds
at 8000 x g to force the liquid through the filter in the RNeasy mini column and into
the eppendorf. This flow through was disposed of after the centrifugation. The
column was washed twice by putting 350 pi and then 500 pi of RW1 buffer on the
filter and centrifuging at 8000 x g for 15 seconds. Each time the flow-through was

removed. 500 pi of RPE buffer was then added to the column and the column

centrifuged at 8000 x g for 5 minutes. The column was then put into a fresh 1.5 ml

eppendorf and spun for 2 minutes at 8000 x g to dry the column and remove excess

ethanol which would affect the purity of the RNA. To elute the RNA, 30 pi of RNase
free water was poured directly onto the filter and left at room temperature for 1
minute before the column was placed in a fresh eppendorf and spun at 8000 x g for
30 seconds. This was then repeated using the same flow-through. The purified

samples were frozen at -80°C.

Transforming bacteria
To amplify plasmids they were transformed into a chemically competent Escherichia
coli strain, DH5a cells (Invitrogen). 20 ng DNA was mixed with 100 pi of bacteria
and placed on ice for 30 minutes. The tube containing the bacteria and DNA was

then dipped in water heated to 37°C for 45 seconds. This heat-shock results in uptake
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of the DNA. The tube was then placed back on ice for 2 minutes. After this time 900

pi of Luria Bertani (LB) broth was added, the tube was placed in a shaker and left for
1 hour at 37°C.

Petri dishes, previously prepared, each containing 25 ml of an enriched agar

(7.5 g agar, 500 ml LB) supplemented with ampicillin (100 pg / ml) were placed in
an incubator at 37°C to warm. After 1 hour, 100 pi of the bacteria was poured onto

one plate and 10 pi onto another. A glass spreader was used to evenly distribute the
bacteria across the plate. To monitor transformation efficiency, a transformation with

pUC 19 plasmid was carried out at the same time. All plates were allowed to dry
beside a Bunsen burner for a few minutes before being put upside down into a 37°C
incubator and left overnight. The next day, the plates were examined for colony

growth. The plasmids that were transformed contained an ampicillin resistance gene,

so only bacteria that had taken up the plasmid should grow on the plates. A pipette

tip was used to transfer bacteria from a colony into 5 ml of LB broth and ampicillin

(lOOpg /ml), contained in a universal. The universal was shaken for 8 hours at 37°C
and the whole mixture was then transferred into a large beaker containing 250 ml LB
broth and ampicillin (100 pg / ml). This was placed in a shaker at 37°C for

approximately 16 hours. At the end of this time the LB was visibly cloudy, due to the

high concentration of bacteria present. The LB mixture was centrifuged for 20
minutes at 6000 x g, to pellet the bacteria and the pellet was then frozen at -80°C
until required.

Purifying DNA plasmids from bacteria

Mini-prep
DNA plasmids were purified on a small scale using a Qiagen mini prep kit. The

procedure was carried out according to manufacturer's instructions. Briefly,

amplification of the plasmid was carried out as described above up to the stage of

growth in a universal. Instead of freezing the bacterial pellet was resuspended in 250

pi buffer PL The cells were then lysed using 250 pi buffer P2 which is a detergent
based buffer probably containing an alkali such as sodium hydroxide, helping to

solubilise the phospholipid membrane of the bacteria and denature the DNA and

protein. 350 pi of a neutralisation buffer, N3, was then added to neutralise the buffer.
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This precipitates all protein, lipid and DNA, except for the plasmid DNA. This
solution was mixed by inversion 4-6 times and then centrifuged at approximately

17,900 x g for 10 minutes. A white pellet formed at the bottom of the tube with the

plasmid DNA left in the supernatant. The supernatant was then poured onto a qiaprep
mini column and centrifuged at 17,900 x g for 1 minute. The flow-through was

discarded and the filter was washed by pouring 750 pi PE buffer onto the filter and

centrifuging at 17,900 x g for 1 minute. The flow through was again discarded and
the filter was centrifuged dry at 17,900 x g for a further 2 minutes. The plasmid DNA
was then eluted by adding 30 pi of RNase, DNase-free water to the centre of the

column, leaving it at room temperature for 1 minute and then centrifuging at 17,900
x g for 1 minute. The DNA was frozen at - 20°C after purification.

Maxi-prep
All maxi preps were carried out using a Qiagen endotoxin free maxiprep kit. After

growing plasmid containing bacteria in 250 ml of LB broth and ampicillin (100 pg /

ml) overnight at 37°C the media was centrifuged at 6000 x g for 20 minutes to pellet
the bacteria as described above. The pellet was thoroughly resuspended in 10 ml of
buffer PI, and then mixed with 10 ml of buffer P2 and allowed to sit at room

temperature for 5 minutes to break down cell walls and release the DNA. To
neutralise this, the mixture was mixed with 10 ml of buffer P3 and then poured into a

qiafilter cartridge. The precipitate formed in the previous stage was allowed to settle
at the top of the cartridge over a 10 minute period and the lysate was pushed through
the filter into a 50 ml falcon tube. 2.5 ml of ER buffer was then added to the flow

through, it was mixed thoroughly by inverting 10 times and the mix was then placed
on ice for 30 minutes. While this was incubating the qiagen-tip 500 was equilibrated

by allowing 10 ml of buffer QBT to flow through it. After the 30 minute incubation
the sample was poured into the qiagen tip-500 and allowed to flow through. The

plasmid DNA stuck to the filter at this stage. The filter was washed twice with 15 ml
of buffer QC and then the DNA was eluted by passing 15 ml of buffer QN through
the filter. To precipitate the DNA, 10.5 ml of isopropanol was added and the mixture
was then centrifuged at 15,000 x g for 30 minutes. The DNA precipitate that pelleted
at the bottom of the tube was washed with 70 % ethanol and then centrifuged again
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at 15,000 x g for 10 minutes to remove all traces of isopropanol. At the end of this

centrifugation, the supernatant was poured off and the pellet was allowed to air dry at

37°C. The pellet was then redissolved in 500 pi of endotoxin free buffer TE.

Polymerase chain reaction
Different Polymerase chain reaction (PCR) programs were used during this project.
The cycle conditions are listed below along with the primers. PCR was used to

amplify specific sections ofDNA for diagnostic or investigative purposes. The PCR
reaction mix contained 5 pi magnesium free buffer (lOx) (Promega), 3 pi MgCF (25

mM) (Promega), 1 pi primer 1 and 2 (50 pM/ pi) (MWG), 1 pi dNTPs (lOmM)

(Promega), dFFO, DNA and 0.4 pi Taq polymerase (Promega). The results were

checked by agarose gel electrophoresis.

PKR

94°C 4 minutes, (94 °C 30 seconds, 55 °C 30 seconds, 72 °C 2 minutes) x 30, 72 °C 15
minutes. The primers used were:

For: 5'-caaagcaggaggcaagaaac-3'; Rev: 5'-gctgactgggaaacaccatt-3'
XBP1

94°C 4 minutes, (94°C 30 seconds, 56 °C 45 seconds, 72 °C 1 minute) x 30, 72 °C 15
minutes. The primers used were:
For: 5'- aaacagagtagcagcgcagactgc -3'; Rev: 5'- ggatctctaaaactagaggcttggtg -3'

B-actin was always used as a sample and PCR control. The primers used were:

Forward: 5'- cgttgacatccgtaaagacc -3'; Reverse: 5' ctggaaggtggacagtgag -3'

Reverse transcription PCR
Reverse transcription (RT) -PCR was used to make multiple cDNA copies of a RNA

template using an oligo dT primer. 1 pi of deoxyribonucleotide triphosphate solution

(dNTPs, 10 mM) (Promega), 1 pi oligo dT (500 pg / ml) (Promega), jdfFO and 5 pg

RNA made up to a total volume of 10.5 pi were mixed and put at 65°C for 5 minutes
followed by 5 minutes on ice. Meanwhile, a mix of 4 pi 5x first strand buffer

(Promega) , 2 pi dithiothreitol (DTT, 0.1 M) (Promega) and 0.5 pi RNasin (60 U /
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1.5pl) (Promega) was made up and put on ice. The two solutions were then mixed
and incubated at 42°C for 2 minutes. 1 pi of superscript II (Invitrogen) was then
added and the mix incubated again at 42°C for a further 1 hour. It was heat
inactivated by heating the mixture to 70°C for 10 minutes. The results were checked

by agarose gel electrophoresis.

Agarose gel electrophoresis
A 1 % gel was made by mixing 0.6 g agarose (Sigma) with 60 ml of tris-borate

(TBE) buffer and microwaving for 1 minute at full power to dissolve the agarose.

The gel mix was then allowed to cool before adding ethidium bromide to a final
concentration of 0.5 pg / ml. Once mixed, the gel was poured into a plastic frame and
a comb placed into it ensuring no bubbles were trapped in the gel; the gel hardened
within half an hour. The comb was removed and DNA samples were loaded mixed
with loading buffer (Promega). Generally, gels were run at 120 volts for

approximately 1 hour. As size markers, a 100 bp and 1 kb DNA ladder (Promega)
were run alongside the samples. The DNA bands were visualised using a UV
transilluminator.

DNA precipitation
DNA in water was mixed with 2.5 volumes of 100 % ethanol and 0.5 volumes 7.5 M

ammonium acetate. The mixture was placed at -80°C for 30 minutes and then

centrifuged at approximately 16, 000 x g for 30 minutes at 4°C. A pellet formed at the
bottom of the tube. The pellet was washed twice with cold 80 % ethanol

(centrifuging at 16, 000 x g after each wash). The pellet was then resuspended in a

desired volume ofDNase free water.

Cell transfection using Lipofectamine 2000
Cells were seeded at a concentration of 3x10"' cells per well in a 6-well plate and

grown overnight. For transfection the media in the wells was replaced with 1 ml of
antibiotic-free media. In two polystyrene tubes, 50 pi of Optimem (Invitrogen) per
well was aliquoted. 1 pi Lipofectamine 2000 per well was put in one tube with

Optimem, while the plasmid to be transfected was put in the other with Optimem.
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These were left at room temperature for 5 minutes and then mixed together and
incubated at room temperature for 30 minutes. 100 pi of the solution was then added
to each well and the plates were placed back in the incubator until required.

Luciferase assay

A Dual-Glo Luciferase Assay System (Promega) was used to measure both firefly
and Renilla luciferase. Cells were lysed by removing media from the wells of a 6-

well plate and adding 200 pi lysis buffer (stock diluted 1 in 5 with water). The cells
were agitated for 5 minutes to disrupt the cells fully. 1 pi of the lysate was mixed
with 70 ul luciferase assay reagent and measured in a luminometer. 70 pi of stop-glo

reagent was added to quench firefly luciferase and react with Renilla luciferase. This
was then measured again in the luminometer. For the luciferase assay two plasmids
were used. A Renilla luciferase expressing plasmid, pGL4.75 (Promega), under the
control of a CMV promoter, was used as a transfection control in all experiments.
The firefly luciferase expressing plasmid, p55A2Luc (a kind gift from Takashi

Fujita, Department of Tumor Cell Biology, The Tokyo Metropolitan Institute of
Medical Science, Tokyo, Japan (Yoneyama et al., 1998)) was used to measure NFkB

activity.

Caspase inhibition
A pan-caspase inhibitor, carbobenzoxy-valyl-alanyl-aspartyl-[0-methyl]-

fluoromethylketone (zVAD-fmk, Promega) was used to inhibit activated caspases by

binding to the catalytic site of caspases. The optimum concentration of zVAD-fmk

(zVAD) was determined to be 200 pM as more concentrated solutions led to toxicity
induced cell death. The zVAD was mixed with cell culture media and added to cells

2 hours before any apoptotic stimulus. The apoptotic stimulus was then added (eg.

SFV) and the cells were again incubated with cell culture media containing zVAD

(200 pM).
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Introduction

Many viruses have adapted to mammalian cell innate defence mechanisms by

blocking signalling pathways such as those that trigger IFN-a/p expression or by

inhibiting or delaying apoptosis. The V protein of many paramyxoviruses interferes
with IFN-P signalling through an interaction with MDA5 (Andrejeva et al., 2004).
MHV-68 expresses a protein, Ml 1, that can inhibit Fas and TNF-a induced apoptosis

(Wang et al., 1999a). Apoptosis in response to virus infection can be seen as a tissue
defence mechanism, reducing the time available for virus replication in an attempt to

minimise virus spread. SFV has a small genome (approximately 11 kb) that does not
contain any known anti-apoptotic genes. Most SFV infected mammalian cells

produce large titres of virus and then die approximately 20-30 hours after infection.

Apoptosis is a carefully regulated form of cell death controlled by specific

proteins which degrade DNA, cleave cellular proteins and eventually cause cell
condensation and disintegration. Caspases are inactive proteases that are central to
most apoptotic events when activated. Caspase-8 and caspase-9 are both known as

initiator caspases that can activate other executioner caspases such as caspase-3 and -

7. Caspase-8 can directly activate caspase-3 by cleaving it at a specific aspartic acid
residue, or it can indirectly activate caspase-9 by activating proteins that trigger the
release of cytochrome c from mitochondria. Caspase-9 is activated when
mitochondria lose their membrane integrity and release cytochrome c. Cytochrome c

complexes with ATP, APAF-1 and inactive caspase-9, triggering autoproteolysis and
activation of caspase-9; caspase-9 cleaves and activates caspase-3 and -7 (reviewed
in Creagh et al., 2003).

A number of proteins involved in cellular defence against virus infection have
been implicated in caspase activation. PKR activation upregulates pro-apoptotic

proteins such as Fas, Fas L (Gil & Esteban, 2000) and p53 (Wu & Lozano, 1994)

leading to caspase-8 and -9 activation. PKR can also activate caspase-8 through the
activation of FADD (Gil & Esteban, 2000). RNase L is also thought to be

proapoptotic; RNase L KO cells are defective in their response to numerous

apoptosis inducing agents (Zhou et al., 1997a). The activation of RNase L in
mammalian cells by expression of activated 2', 5' OAS causes cells to die by

apoptosis. This cell death involves the release of cytochrome c from mitochondria
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and is caspase dependent as the death can be blocked by a caspase inhibitor (Rusch et

al., 2000).
Virus infections could also trigger a cell to undergo apoptosis through the

activation of the ER stress response. Extended activation of this response causes

expression of CHOP, which can down regulate Bcl-2 and prime cells for apoptosis

(McCullough et al., 2001). ER stress can also lead to the release of calcium from the

ER; calcium can translocate to the mitochondria and trigger the release of

cytochrome c (Deniaud et al., 2007).

P53, an important anti-tumourigenic protein (Donehower et al., 1992) is also
involved in cell defence against many viruses. It is upregulated by IRF-3, an anti¬
viral protein involved in IFN induction (Kim et al., 2006b). Activated p53 can

upregulate PUMA and Bax, which are both proapoptotic proteins capable of

permeabilising mitochondria and causing the release of cytochrome c (Jeffers et al.,

2003; Miyashita et al., 1994).
Cellular proteins also exist that can kill cells without caspase activation; AIF,

HtrA2/omi and endoG are three proteins that can be released when the mitochondrial
membrane ruptures. AIF, cleaved from the inner mitochondrial membrane by a

cysteine protease translocates to the nucleus and can cause chromatin condensation
and fragmentation of DNA (Susin et al., 1999; Yuste et al., 2005). It does not have
endonuclease activity but it may interact with endonucleases already present in the

nucleus; for example AIF can interact with endoG in C. elegans (Mate et al., 2002).
HtrA2/omi cleaves a number of substrates including inhibitors of apoptosis and the

cytoskeletal proteins such as tubulin and P-actin leading to cell death (Vande et al.,

2007). Any / all of these proteins may also be active in a caspase independent
manner during a SFV infection.

It is clear that a myriad of systems exist in cells that can potentially cause

apoptosis in response to virus infection. This chapter presents data on the caspases

activated in SFV infected mammalian cells, and the involvement of caspase

independent mechanisms in the death of these infected cells.
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Objectives:
1. Determine whether SFV infection triggers caspase activation in mammalian

cells.

2. If activated, determine in what order individual caspases become activated.
3. Determine if and when mitochondrial membrane potential is lost as a result of

SFV infection.

4. Determine whether SFV induced cell death is caspase dependent.
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Results

TUNEL staining has previously shown that nicked DNA is present as cells die

following SFV infection (Allsopp et al., 1998). Nicked DNA however can be present

in necrotic cells as well as apoptotic cells (Charriaut-Marlangue & Ben Ari, 1995).

Morphologically, necrotic cells tend to swell up and rupture whereas cells dying by

apoptosis tend to condense, develop pyknotic nuclei and eventually break up into
small pieces called apoptotic bodies (Kerr et al., 1972). SFV or SFVl-dleGFP VLP

infected cells display the morphological hallmarks of apoptosis (figure 3.1). The cells
condense, bleb on their cell surface and eventually break up into small pieces.
A B
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Figure 3.1: SFV or SFV VLP infected cells display the characteristic
morphology of apoptotic cells.
(A) lOOx magnification, light microscopy. Apoptotic body formation is observed in
most SFV infected mammalian cells (BHK-21 cells, 20 hours post-infection, infected
with SFV4) (B) 40x magnification, light microscopy. Cells infected with SFV1-
dleGFP VLPs appear green under UV light. (1) Uninfected MEFs, (2 & 3) infected
cells start to condense, (4) infected cells start to break up into membrane bound
fragments called apoptotic bodies, (5) apoptotic bodies are phagocytosed by healthy
cells. (C) 40x magnification, light microscopy. Cells treated with 1 pM staurosporine
for 30 hours undergo apoptosis, and display apoptotic body formation. Images were
acquired using a Nikon Diaphot 200 inverted light microscope.

The rate of cell death of a population of mammalian cells infected with SFV was

analysed by Wst-1 assay. As cells die mitochondria stop functioning and
mitochondrial dehydrogenases gradually lose their activity. Wst-1 measures

mitochondrial dehydrogenase activity so the assay is a measurement of cell

population viability. Cultures of wt MEFs were infected with SFV4 (MOI 50) and
then separate quadruplicate cultures of cells were assayed with Wst-1 at different
timepoints to determine viability over time. The viability of the infected cultures
remained unchanged for approximately 10 hours post-infection and then started to
decrease rapidly. Virtually no activity was detectable 30 hours post-infection. The
viability values of an uninfected population increased gradually over time.

Figure 3.2: Wt MEFs lose viability over approximately 30 hours as a result of
SFV infection.
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Populations of wt MEFs were infected with SFV4 (MOI 50) (A) and a Wst-1 assay
was used to measure cell viability over time post-infection. An uninfected population
(■) was used to show that without virus infection the viability of the population
increased over time. The viability of the infected population decreased over
approximately 30 hours. Each value represents the average of 4 separate populations
and error bars are standard deviations of the mean.

Are caspases activated in mammalian cells in response to SFV
infection?

The extrinsic and / or the intrinsic pathways of apoptosis may be activated during an

SFV infection. The extrinsic pathway generally starts with the activation of caspase-
8 whereas the intrinsic pathway starts with the activation of caspase-9. To see which

caspases are activated following SFV infection, wt MEFs were infected with SFV4

(MOI 50) and then lysed at set timepoints. The protein concentrations of the lysates
were measured and equal amounts of protein were analysed for caspase activity.
Three assays were carried out for active caspase-3, -8 and -9. No activity could be
seen at nine hours post-infection but all caspases were detectable by 10 hours post¬

infection (Figure 3.3). This implies that all caspases were being activated between 9
and 10 hours post-infection and indicates that both the intrinsic and extrinsic

pathways are activated with no discernable difference in timing following SFV
infection. As a control experiment to look at the specificity of these assays, the

caspase-8 positive control protein was mixed with the caspase-9 substrate, while the

caspase-9 positive control protein was mixed with the caspase-8 substrate. Both
reactions were incubated for 24 hours, and neither reaction gave a reading above the

negative control. This suggests that each assay is specific to the specified caspase.
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Figure 3.3: Caspases are activated as a result of SFV infection.
Wt MEFs were infected with SFV4 (MOI 50). Activated caspases-3, -8, and -9 were
identified in the infected cells as early as 10 hours post-infection. Bars represent the
means of triplicate populations of cells at different timepoints. The error bars are
standard deviations of the mean. The y-axis units are spectrophotometric values,
measurements of the colour produced by the cleaved caspase substrate.

Do mitochondria in infected cells lose their membrane integrity?
Functional mitochondria establish an electrochemical gradient across their
intermembrane space as ATP is made along the inner membrane. The loss of
mitochondrial membrane potential is a sign that pores have formed in the membrane
and have allowed the potential to dissipate. To investigate whether this loss occurs in
SFV infected cells, the cationic dye JC-1 was used to monitor the electrochemical
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gradient across the membranes of mitochondria. JC-1 aggregates in mitochondria
with an intact membrane potential and fluoresces red/orange; when the potential is
lost the aggregates dissipate and the JC-1 monomers fluoresce green. When cultures
ofNTH 3T3 cells were infected with SFV4 (MOl 10), treated with JC-1 and viewed

microscopically, both green and red/orange cells were observed under UV light

(Figure 3.4). Control uninfected cells were predominantly red/orange. In order to

quantify this over time, parallel cultures ofNIH 3T3 cells were infected with SFV4

(MOI 50) and then treated with JC-1 at different stages post-infection. Percentages of

green cells versus orange/red cells were calculated at the different timepoints (figure
3 .4). The percentage of cells with intact mitochondrial membrane potentials was high

early in infection but cells with collapsed mitochondrial membrane potential
increased over time, suggesting that mitochondrial membranes were being disrupted

during infection and that mitochondria play a role in the cell death triggered by SFV.
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Figure 3.4: The mitochondria of infected cells lose their membrane potential
(A) NIH 3T3 cells infected with SFV4 (MOI 10); the majority of condensed cells
have lost their membrane potential (green) and uncondensed cells generally have not
lost their mitochondrial membrane potential (red/orange). (B) NIH 3T3 cells infected
with SFV4 (MOI 50) lost their mitochondrial membrane potential over time The
percentage of green cells increases (green lines) and the percentage of red/orange
cells decreases (red lines). (C) Uninfected NIH 3T3 cells acted as a control for intact
membrane potential and (D) formaldehyde treated cells (covered with formaldehyde
for 1 hour) acted as a control for lost membrane potential. Images were acquired
using a Zeiss Axioskop 2 plus microscope at a 1 Ox (C&D) or 40x (A) magnification.

SFV induced cell death is not caspase dependent.

Caspase independent cell death was measured by using the pan-caspase inhibitor,
zVAD. To ensure the zVAD was working correctly separate cultures of NIH 3T3
cells were treated with staurosporine (1 pM) in the presence or absence of zVAD (50

pM) for 24 hours. Staurosporine kills mammalian cells by caspase activation. zVAD
treated cells were unaffected by staurosporine whereas staurosporine treatment in the
absence of zVAD resulted in decreased viability (figure 3.5).

To test zVAD's effect on SFV infection, NIH 3T3 cells were treated with

zVAD (200 pM) for 2 hours and then infected with SFV4 (MOI 50). Cells were then
re-incubated with zVAD (200 pM) and their culture viability was measured at 30
hours post-infection (figure 3.6). Parallel cultures of zVAD untreated cells were also
infected with SFV4 (MOI 50). The viability of the infected culture decreased, even
when treated with zVAD. However, at 30 hours post-infection there was a significant
difference between the viability of the zVAD treated and untreated cultures; the
treated cultures had higher viability (in all infected populations viability eventually
reached zero, data not shown). Higher concentrations of zVAD were used to see if
the cells could be rescued further but these concentrations were toxic to the cells

(data not shown). These results indicate that zVAD had an effect but that this was not
sufficient to protect the cells from death.
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Figure 3.5: A control experiment for zVAD efficacy
NIH 3T3 cells were treated with staurosporine (STS, 50 pM) for 24 hours in the
presence or absence of zVAD. The viability of the zVAD treated culture was
significantly (* = p < 0 .05, Mann Whitney) higher than the culture that did not
receive zVAD.

Figure 3.6: The pan-caspase inhibitor, zVAD, reduces viability loss in cultures
of SFV infected cells but does not rescue the cells from death.
NIH 3T3 cells were infected with SFV4 (MOI 50) for 30 hours in the presence or
absence of zVAD (200 pM), a pan-caspase inhibitor. The infected culture treated
with zVAD showed significantly higher viability (* = p < 0.05, Mann Whitney) than
the zVAD untreated culture.

\
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Discussion

It has been demonstrated in this chapter that infected cells activate caspases-3, -8 and
-9 between 9 and 10 hours post-infection. However, an infected population of cells
takes over 24 hours to completely lose its viability as measured by the activity of
mitochondrial dehydrogenases. During an infection, SFV causes a loss of
mitochondrial membrane potential indicating that mitochondria are disrupted as a

result of the infection. SFV infected cells dying in the presence of a pan-caspase

inhibitor suggests that cells are dying by both caspase dependent and independent
mechanisms.

Apoptosis pathways directed through the mitochondria are accompanied by
the establishment of pores in the outer membrane of the mitochondria, allowing
release of proapoptotic proteins such as cytochrome c and Smac/Diablo into the

cytoplasm (Adrain et al., 2001; Heiskanen et al., 1999). The release of cytochrome c

from mitochondria can occur before the loss ofmembrane potential (Bossy-Wetzel et

al., 1998) and loss ofmembrane potential can occur without the loss of cytochrome c

(McGill et al., 2005). Therefore, a measurement of membrane potential loss is not a

measurement of cytochrome c release from mitochondria. However, membrane

potential loss, as shown in this chapter, does signify that the membranes of
mitochondria are being disrupted during an SFV infection suggesting that
mitochondria are involved in the death of the cell.

According to the JC-1 staining presented in this chapter, all cells do not lose
the membrane potential synchronously. This coincides with the Wst-1 assay result

showing that a decrease in cell population viability occurs over a period of time after
infection and not all at once. The high MOI used in these experiments ensures that

virtually all cells are infected at time zero, so the different rates of membrane

potential loss may be as a result of the virus replicating at different rates in different
cells or more virus particles infecting some cells compared to others. Alternatively,
the cells may be responding at different rates to the same level of infection; their

response may be linked to the cell cycle. MEFs can be maintained in a contact

inhibition induced Go / Gi phase when grown at high densities (Daniel et al., 2005).
When MEFs were seeded at lower densities, allowed to grow for 16-20 hours and
then infected at a high MOI they lost viability at the same rate as synchronised
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populations according to a Wst-1 assay (data not shown). While this does not

preclude cell cycle as a factor it suggests that other factors may be more important.

Disruption of the mitochondrial membrane may be caused by a number of
factors. SFV may somehow be interacting with mitochondria as part of the virus life

cycle causing them to burst. It is known that other viruses, such as flock house virus,

replicate on the outer membranes of mitochondria (Miller et al., 2001). Rubella

virus, of the Togaviridae, associates with mitochondria during its replication cycle;
electron microscopy has been used to co-localise the Rubella virus core particles
with mitochondria (Lee et al., 1999). No link between this localisation and apoptosis
has been established. SFV is known to replicate in close association with
endosomal-like vacuoles but no record of SFV proteins interacting with
mitochondria has been documented despite immunocytochemical and electron

microscopy studies into the location of SFV proteins, replication complexes and

particles intracellularly (Kujala et al., 2001). It therefore seems unlikely that SFV

directly damages mitochondrial membranes in infected cells.
An alternative is that cellular proteins are causing the breakdown of the

mitochondrial membranes as a result of infection. Bax, cleaved into an active form

by caspases or other activated Bcl-2 family proteins, can localise to the
mitochondrial surface and form pores in association with Bak and Bid (Korsmeyer et

al., 2000). This pore stimulates the release of cytochrome c and Smac/Diablo among

other proteins. VDAC, a pore ordinarily involved in ion exchange across

mitochondria membranes, is suggested to also interact with Bax and or Bak causing
the release of pro-apoptotic proteins (Shimizu et al., 1999). Cellular proteins that
detect SFV may stimulate Bcl-2 family proteins to disrupt mitochondrial membranes.

Alternatively, trafficking of SFV structural proteins through the ER may cause

calcium release from the ER as a result of ER stress (Scorrano et al., 2003). This can

be taken up by mitochondria and can lead to the formation of pores in mitochondrial
membranes (Szalai eta/.., 1999).

P53 may also be activated in response to SFV infection and this could trigger
mitochondrial permeabilisation. It is known that the capsid protein ofWest Nile virus
can activate and stabilise p53. Activated p53 can activate the pro-apoptotic protein
Bax (Yang et al., 2007). Hepatitis B virus has also been shown to trigger apoptosis in
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mammalian cells as a result of p53 activation. The expression of the hepatitis B

protein pX triggers apoptosis in MEFs and p53 is essential to this as p53 KO MEFs
do not die when pX is expressed (Chirillo et al., 1997). P53 is not essential to SFV
cell death as p53 KO cells still die when infected with SFV (Glasgow et al., 1998).
This does not mean however that p53 is not involved in mitochondrial membrane

permeabilisation. Glasgow et al did not analyse the cell death closely enough to see if
a lack of p53 was having an effect on the rate or mechanism of cell death.

Caspase activation may or may not be a direct result of protein release from
the mitochondria. Caspase-3, -8 and -9 were all activated within one hour of each
other but measurements were unable to identify the order of activation. The timing of
activation would have helped to identify which pathway was the initiator of cell
death in SFV infected cells.

It is possible that caspase-8 was activated first and caused cytochrome c

release from the mitochondria through the cleavage of the Bcl-2 family protein, Bid.

Alternatively, caspase-9 could have been activated first, causing subsequent caspase-
3 and caspase-8 activation. It is also possible that both caspase-8 and -9 were

activated independently of each other at approximately the same time. The virus may
be activating more than one pathway during its replication cycle.

Influenza virus triggers caspase activation and DNA fragmentation in

mammalian cells following infection (Lin et al., 2002). It is known that influenza
virus upregulates Fas and Fas ligand, leading to caspase-8 activation and cell death

(Fujimoto et al., 1998). Flock house virus, a nodavirus, causes apoptosis by

downregulating an inhibitor of apoptosis (DIAP), which leads to caspase activation
and cell death. PKR activation, triggered by many viruses, can lead to caspase-8 and

caspase -9 activation in HeLa cells (Gil et al., 2002). Another common protein
activated by many viral infections, RNase L, can trigger cytochrome c release from
mitochondria and caspase-9 activation (Domingo-Gil & Esteban, 2006).

It is unclear exactly how SFV activates caspases but the loss ofmitochondrial
membrane potential in some cells before caspase activation can be detected suggests

that mitochondria were disrupted before caspase activation. This implies that the
intrinsic pathway of cell death was activated first. Low levels of initially activated

caspases, may then amplify the levels of pro-apoptotic proteins released from the
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mitochondria, possibly by increasing Bax concentration on the surface of
mitochondria (Lakhani et al., 2006).

AIF, HtrA2/omi and endoG can be released from mitochondria when specific

pores form in mitochondrial membranes. These proteins can cleave cellular

cytoskeleton proteins, proteins that inhibit caspase dependent apoptosis and they can

also cause DNA fragmentation. VSV and rabies virus both kill cells by caspase

dependent and independent methods; both have been shown to trigger the release of
AIF from the mitochondria of mammalian cells. Furthermore, VSV triggered

apoptosis can be slowed down but not blocked through the use of a pan-caspase

inhibitor such as zVAD (Gadaleta et al., 2005; Sarmento et al., 2006). Similarly,
SFV infections could not be inhibited by a pan-caspase inhibitor; the loss of viability
in a population of cells was delayed however, indicating that the inhibitor was having
an effect. This suggests that AIF and other mitochondria derived proteins play a role
in SFV induced caspase independent cell death; other possibilities however cannot be
excluded. It is not known whether zVAD is completely effective at blocking caspase

activity. The inhibitor works on a competition basis, whereby it acts as a substrate for
activated caspases and out-competes other substrates. 100 % inhibition cannot be

guaranteed and small undetectable amounts of activated caspases that bind to other
substrates may be sufficient to kill the infected cell. The other possibility is that
zVAD may be hindering virus replication. zVAD is not toxic to the cells at the
concentration used but it may be toxic to the virus, reducing the burden on infected
cells and delaying an apoptotic response to the virus. Further work is required to

distinguish between these possibilities. In conclusion, these studies demonstrate that
in SFV infection caspase-3, -8 and -9 are all activated and the mitochondria lose their
membrane potential suggesting that the intrinsic and possibly also the extrinsic

pathway of apoptosis is active; caspase independent cell death may also be occurring.
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Introduction

Cells have evolved multiple ways of detecting pathogens and triggering an

appropriate response. The cell surface receptor, Fas, can activate the extrinsic

pathway of cell death in response to some virus infections. DISC formation,

incorporating FADD through its DED and caspase-8 at the intracellular domain of

Fas, leads to autoproteolysis and activation of caspase-8 (Kischkel et al., 1995;
Medema et al., 1997). The role of Fas in alphavirus induced cell death has not been

investigated up to now; Fas activation may be important in SFV induced cell death.
The role of the IFN-a inducible nuclear membrane protein, interferon stimulated

gene (ISG) -12 has been previously implicated in alphavirus induced apoptosis

(Labrada et al., 2002; Martensen et al., 2001). When mice less than 14 days old are

infected i.n. with SFV A7(74) they die within a few days, however mice over 14

days old survive (Oliver et al., 1997). Labrada et al., showed that ISG-12 may play a

role in age related responses to alphavirus infection. ISG-12 is not expressed in
neonatal mice but is expressed in adults and enforced expression of ISG-12 in
neonatal mice provided significant protection against SV infection (Labrada et al.,

2002). This suggests that ISG-12 may play an important role in defence against a

virus infection. The roles of Fas and ISG-12 in SFV induced apoptosis are examined
in this chapter.

TLRs detect multiple PAMPs and elicit a response according to what is
detected. TLR 4, for example, is located on the cell surface and detects bacterial

lipopolysaccharide (LPS). LPS is an essential component of the outer membrane of

Gram-negative bacteria. TLR 4 detects LPS and triggers interferon expression

(Akashi et al., 2003; Okamoto et al., 2003). TLR 9 detects non-methylated CpG
dinucleotides. Mammalian cells tend to methylate CpG dinucleotides, whereas
bacteria generally do not so this acts as a pathogen marker detected by TLR 9. Once

detected, cells generally deal with virus infection by signalling to neighbouring cells,

trying to restrict virus replication and / or undergoing apoptosis.

Many viruses go through a dsRNA intermediate stage as they replicate their

genome. The main TLR to detect dsRNA is TLR 3. Alexopoulou et al. found that
when kidney cells only expressing one TLR at a time were stimulated with poly I:C,
NFkB activation only occurred when TLR 3 was expressed. TLR 3 KO mice do not
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die when given a dose of poly I:C that would normally kill a wt mouse and they also
show reduced amounts of IFN-a/p expression (Alexopoulou et al., 2001). When TLR
3 is activated by dsRNA, signal transductions include nuclear localisation of NFkB
and IRF-3; these upregulate IFN expression (Doyle et al., 2002).

PKR appears to play multiple roles in the cell. It has been implicated in cell

growth, tumour suppression and apoptosis (Lee & Esteban, 1994; Meurs et al., 1993;

Zamanian-Daryoush et al., 1999). Many cells have basal levels of PKR, that are

upregulated by IFN-a/p expression but PKR only becomes activated when it interacts
with dsRNA (ordinarily from a replicating virus) or the PKR activator (PACT)

protein (Galabru & Hovanessian, 1987; Garcia et al., 2007; Meurs et al., 1990). Once
activated PKR can, among other things, (i) phosphorylate eIF-2a (Meurs et al., 1992)

leading to a down-regulation of cellular mRNA translation, (ii) activate NFkB by

phosphorylating IkB (Kumar et al., 1994), (iii) activate IRF-1 (Yang et al., 1995).
RNase L is another protein involved in defence against viral infection. IFN

induces the expression of 2'-5' OAS. This enzyme is activated by dsRNA and in turn
activates RNase L. RNase L has the ability to cleave ssRNA into small pieces thus

halting host and viral translation (Silverman, 2003). RNase L activation and

degradation of cellular RNA can trigger apoptosis (Zhou et al., 1997a).The roles
PKR and RNase L play in SFV infected cells will be investigated in this chapter.

Objectives:
1. Determine whether neuronal cell maturity affects apoptotic cell death.
2. Determine whether Fas or ISG-12 are essential for cell death in response to

SFV infection in vitro.

3. Determine whether PKR or RNase L is essential for cell death in response to

SFV infection in vitro and in vivo.

4. Compare the time course of cell death between SFV infected wt MEFs and
MEFs lacking PKR, RNase L, ISG-12 or Fas.

5. Determine whether PKR affects caspase activation following SFV infection.
6. Determine whether PKR affects replication of SFV.
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Results

Does the developmental state of neurons in vitro alter their response
to SFV infection?

The outcome of SFV and other alphavirus infections in mice is age dependent. In
vitro, rat embryonic dorsal-root-ganglia explants cultured for a minimal amount of
time and then infected with SV die within one to four days, whereas explants allowed
to mature in culture for two weeks before infection survive for more than 14 days

(Levine et al., 1993).

To see if the same phenotype exists for SFV infected cells in vitro, rat

hippocampal neurons were isolated from new born rats and seeded onto glass slides
in 6 well plates in collaboration with Dr. Colin Rickman (Centre for Integrative

Physiology, University of Edinburgh, United Kingdom). These neurons were then
incubated for 2 days allowing them to settle and establish growth on the glass slides.
After 2 days half the cultures were infected with SFV A7(74) (MOI 10). These were

recently seeded neurons and were designated 'immature neurons'. The remaining
cultures were kept for a further 2 weeks and then infected with SFV A7(74) at the
same MOI (10). These cells were designated 'mature neurons'. The infected neurons

were observed microscopically every 24 hours to assess morphological changes. By
24 hours minimal cytopathic effect was observed in the immature neuron cultures;
the majority of cells appeared healthy (figure 4.1, A). However, by 48 hours, the

majority of the cells had rounded up and detached from the glass slides (figure 4.1,

B). The morphology of the cells suggested they had died by apoptosis as a result of
the virus infection. In contrast, the mature neurons reacted quite differently to the
virus infection. At 2 days post-infection the cells appeared morphologically normal

(figure 4.1, B). By 4 days post-infection the culture began to look a little less

populated, but not many cells were floating in the media (figure 4.1, C). Many cells
remained attached to the glass slides although breaks began to appear in some

dendrites. By day 5 the neurons seemed to still be attached to the slides however
their morphology suggested they were extremely unhealthy, probably dead. Bubbles
had formed in many parts of the cells, multiple breaks were scattered along dendrites
and the cell bodies were difficult to distinguish from the rest of the cell (figure 4.1,

D). This morphology was in stark contrast to the infected immature neuron cultures.
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While the immature neurons quickly condensed and detached from the glass slides,

the mature neurons did not condense at all and instead seemed to burst and break

down, in a necrotic fashion; this occurred at day 4 post-infection at the earliest.
These results correlate closely with the observations made previously in vivo; that
immature neurons rapidly die by apoptosis whereas mature neurons remain alive and
infected for longer periods of time.

Day 0 Day 2 Day 4 Day 5

Days post-infection
Figure 4.1: Mature neuronal cultures survive longer than immature cultures
following SFV infection
Immature and mature hippocampal neuron cultures were infected with SFV A7(74)
(MOI 10). Morphology was monitored by light microscopy. This figure is
representative of several different cultures. Panels A-D show immature neurons (2
days old); panels E-H show mature neurons (2 weeks old). Images were acquired
using an inverted Nikon Diaphot 200 light microscope at a 20x magnification.

Is Fas or ISG-12 required for apoptosis in response to SFV
infection?

The cell viability of populations of Fas KO MEFs and ISG-12 KO MEFs were

measured 24-hours after infection with SFV4 (MOI 50) and compared to the cell

viability of uninfected populations that were grown parallel to the infected
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populations. Lacking Fas or ISG-12 did not stop the cells losing viability as a result
of virus infection (figure 4.2)
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Figure 4.2: Neither Fas nor ISG-12 is required for cell death following SFV
infection
A Wst-1 assay was used to measure the loss of cell viability in a population of Fas
KO (A) or ISG-12 KO (B) MEFs uninfected (a) or infected (b) with SFV4 (MOI 50).
Each bar is the mean of quadruplicates, error bars are standard deviations of the
mean. * = significant difference (P < 0.05, Mann Whitney test).

Is ISG-12 required to protect adult mice against SFV infection?
A pilot experiment was carried out to investigate the effect lacking ISG-12 would
have on the ability of adult mice to deal with a SFV infection. 4 week old wild type

(n = 5) and ISG-12 KO mice (n = 4) were infected i.n. with 1 x 105 plaque forming
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units (PFU) of SFV A7(74). Half the mice were sacrificed on day 3 post-infection
and the other halfwere sacrificed on day 7 post-infection. The brains were frozen at -

80°C and virus titres in the brains were determined by plaque assay. Whereas the
brain virus titre decreased from day 3 to 7 in wt mice it increased in the ISG-12 KO

mice. However, due to the low sample number, no significance can be drawn from
this study; further studies are required.
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Figure 4.3: Virus titres in the brains of ISG-12 KO and wt mice.
Four week old wt (grey) (n = 5) and ISG-12 KO (black) mice (n = 4) were infected
i.n. with SFV A7(74) and brains were sampled at 3 and 7 days post-infection. Virus
titres in the brains were determined by plaque assay. Error bars are standard
deviations of the mean. Sample numbers were too low to determine significance.

Is PKR or RNase L required for apoptosis in SFV infected cells in
culture?

Virus induced apoptosis was also investigated in PKR KO and RNase-L KO MEFs

in vitro. Parallel cultures of wt or mutant MEFs (PKR KO, RNase L KO) were

infected with SFV4 (MOI 50). Cell viability was measured at different timepoints
and compared to an uninfected population. Lacking functional PKR or RNase L did
not prevent MEFs losing viability following SFV infection indicating that PKR or

RNase L was not required for apoptosis in response to SFV infection (figure 4.5).
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Morphological analysis of these cells, strongly suggested that they were dying by

apoptosis (figure 4.4). The cells rounded up, condensed, blebbed and eventually
detached from the plate surface and floated away or were engulfed by neighbouring
cells.

Figure 4.4: MEFs infected with SFV4 display morphological characteristics of
apoptosis.
Panels A-D show a time course of death for one cell (a) infected with SFV4. Panel A
is taken at 17 hours post-infection (hpi), B 18 hpi, C 20 hpi, D 23 hpi. The cell
condensed, blebbed and eventually detached from the plate. The image was acquired
using a Nikon Diaphot 200 inverted light microscope at a 20x magnification.
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Figure 4.5: Neither PKR nor RNase L is required for cell death following SFV
infection
A Wst-1 assay was used to measure the loss of cell viability in a population of PKR
KO (A) or RNase L KO (B) MEFs uninfected (a) or infected (b) with SFV4 (MOI
50). Each bar is the mean of quadruplicates, error bars are standard deviations of the
mean. * = significant difference (P < 0.05, Mann Whitney test).

Is PKR or RNase L required for SFV induced cell death in vivo?
Eight day old (P8) mice (11 RNase L KO mice, 13 PKR KO mice, 25 wt mice) were
inoculated intranasally with 1 x 105 PFU of SFV A7(74) and brain tissue was

sampled and fixed at 24 and 48 hours post-infection. Paraffin embedded saggital
sections (5 pm) of the brains were immunostained for SFV structural proteins (3
slides per brain, 3 sections per slide). After intranasal infection of neonatal mice,
SFV A7(74) moved along neuronal connections into the olfactory bulb. The virus
then trafficked through all areas of the brain in a seemingly unrestricted fashion.
Infection was widespread by 24 hours post-infection but even more extensive by 48
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hours post-infection. Staining for SFV structural proteins was seen in both the grey

matter and white matter regions of the brain; it was seen in the cytoplasm but not in
the nuclei of infected cells. The staining showed that no difference existed in the

spread of virus between RNase L, PKR and wt mice. Figure 4.6 shows typical
infections observed in the brains of the P8 mice.
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Figure 4.6: Virus spread throughout the brain is unaffected by a lack of
functional PKR or RNase L.
Paraffin embedded saggital sections of P8 mouse brains from wt (A, D), PKR KO
(B, E) and RNase L KO (C, F) mice were immunostained for SFV (brown). The
images are representative of all the samples examined. Bars represent 100 pm.
To assess cell death, paraffin sections were immunostained for caspase-3 activation.
Images were acquired using a Zeiss Axioskop 2 plus microscope.

Based on previous work (personal communication Prof J.K. Fazakerley), it was

known that caspase-3 is activated in specific neuronal populations of the wt P8
mouse brain following SFV infection in vivo. Areas of relatively immature neurons

such as the dentate gyrus, the olfactory bulb and the cerebellum are the areas that
exhibit most apoptosis when infected with SFV. In the experiments described here,
neurons in most areas of the brain had a swollen appearance, not apoptotic; this was
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in contrast to the condensed pyknotic appearance of cells undergoing apoptosis in
areas of neurogenesis (for example: the olfactory bulb, dentate gyrus and

cerebellum). Many infected cells in these areas were condensed and detached from

neighbouring cells. Darkly stained, pyknotic nuclei and activated caspase-3 staining
in the cytoplasm were characteristic of cells undergoing apoptosis. These cells were

most frequently observed in areas that were known to be highly infected with SFV.
This directly linked the SFV infection with the apoptotic response because apoptosis
was not observed in uninfected brains. Similar patterns of caspase-3 activation were

observed in the wt, PKR KO and RNase L KO mice (figure 4.7).
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Figure 4,7: Caspase-3 is activated in some neuronal cells following SFV
infection.
Paraffin sections of mouse brains from wt (dentate gyrus, A), PKR KO (cerebellum,
B) and RNase L KO (cerebellum, C) mice were stained for activated caspase-3
(brown) and the cell nucleus (blue). Highly pyknotic nuclei, highlighted by the dark
blue stain, are probably cells in the late stages of apoptosis. Bars represent 100 pm.
Images were acquired using a Zeiss Axioskop 2 plus microscope.

Do cells lacking PKR, RNase L, ISG-12 or Fas die at a different rate
to wt cells?

There are numerous examples of biological systems that can compensate for each
other. Myoglobin is a protein known to be important in oxygen transport; myoglobin
KO mice however appear normal (Garry et al., 1998). This indicates that another

system can compensate for the loss of the myoglobin gene. A screen of gene
deletions at more than 500 loci in yeast highlighted this when less than half showed

growth defects (Winzeler et al., 1999). This suggests that even in a relatively simple

organism the loss of a protein can often be compensated by another protein.
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Biological redundancy is also seen at the level of RNA translation where different
codons code for the same amino acid.

Compensation however may not be absolute and small but significant
differences may exist when a protein is lacking. If Fas, ISG-12, PKR or RNase L

normally plays a role in the cells' apoptotic response to SFV then lack of that protein

may affect the rate at which a population of cells dies (for example). Cells may

trigger apoptosis quicker so the population dies more rapidly, or the cells may react

more slowly as they cannot efficiently or rapidly detect the virus so the population
dies at a slower rate. An examination of the kinetics of cell death may reveal roles for

proteins that are ordinarily hidden.
In separate experiments the rate of SFV induced death in wt MEFs and MEFs

derived from mice lacking functional Fas, ISG-12, PKR or RNase L were

determined. Fas KO, ISG-12 KO, PKR KO, RNase L KO and wt MEFs were seeded

into wells of a 96-well plate at a concentration of 3 x 10 cells per well. Each

timepoint was represented by 4 wells. Cells were incubated overnight and then
infected with SFV4 (MOI 50). The high MOI ensured that all cells were infected at

time zero. At the allocated timepoints a Wst-1 assay was performed on the pre-

assigned wells and measurements were taken. At each subsequent timepoint a fresh
set of wells was assayed for both wt and KO cell lines. The data was normalised to

uninfected controls (figure 4.8). Experiments were repeated independently on at least
one other occasion, generally twice more. In all cultures, viability remained

unchanged for approximately 10-12 hours and then began to decrease. The viability
decreased rapidly initially, and then slowed. PKR KO MEFs were the only cells that
showed a difference to wt. The PKR KO MEF population lost viability more rapidly
than the wt population. In contrast, the three other cell lines followed a similar path
to the wt populations, suggesting that the loss of PKR somehow affected the cells'

ability to respond to infection. The PKR KO cell line was therefore investigated
further.
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Hours post-infection

Figure 4.8: Analysing the rate of cell death of a population of cells as a result of
SFV infection.
MEFs lacking functional Fas, RNase L, PKR or ISG-12 (broken line, A) were
infected with SFV4 (MOI 50) alongside populations ofwt MEFs (unbroken line, ■).
Loss of viability was measured by a WST-1 assay. These assays were carried out in
quadruplicate. The error bars are standard deviations of the mean.

Do cells lacking PKR activate caspases as part of their apoptotic

response to infection?
Caspases-3, -8 and -9 are activated as a result of SFV infection (Chapter 3).

Caspases-8 and -9 are initiator caspases; they are most likely to be the first caspases
switched on when the cell is undergoing apoptosis in response to infection. They can

activate downstream caspases such as caspase-3 and -7. To compare the time course

of caspase activation in wt and PKR KO cells, parallel cultures of wt and PKR KO
cells were seeded in triplicate, grown overnight, infected with SFV4 (MOI 50) and

lysed at specified times post-infection. The lysates were analysed using caspase

assay kits to determine if and when caspase-3, -8 and / or -9 were present in activated
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forms (figure 4.9). Caspases-3, -8 and -9 were all activated between 9 and 10 hours

post-infection. Activation of these caspases occurred at approximately the same time
in PKR KO and wt cells (as seen in chapter 3). There was no significant switch on of

caspases-8 or -9 at an earlier timepoint in the PKR KO cells as compared to the wt

cells. The levels of caspase-3 activation were equivalent early in infection in PKR
KO and wt MEFs. Caspase activation in wt and PKR KO MEFs were not compared
at timepoints later than 13 hours.

PKR KO Vs. wt MEFs
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Hours post-infection
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Figure 4.9: The levels of caspase-3 activation in PKR KO and wt MEFs are
similar early in infection. Caspase-8 and -9 are activated in PKR KO cells at the
same time as in wt cells.
PKR KO and wt MEFs were infected with SFV4 (MOI 50). Caspase-3 was measured
in the wt (unbroken line, ■) and PKR KO MEFs (broken line, A). Caspase-8 and -9
activation was also measured in PKO KO MEFs. The experiments were carried out
in triplicate. The values shown are the mean results. Error bars are standard
deviations of the mean.

Does SFV replicate more efficiently in cells lacking functional PKR?
In the absence of PKR, detection of virus may be delayed so the anti-viral response
of the cell to limit virus replication may be hindered. Two approaches were taken to

investigate this possibility. The first was to measure virus protein production within
the cell. The second was to measure infectious virus production.

To investigate protein production SFVl-dleGFP VLPs were used to infect
cells. VLPs cannot produce new virions and provide a single round of infection.
SFVl-dleGFP VLPs have the structural open reading frame (ORF) replaced with a

short half-life (T1/2 = 1 hour) form of eGFP. EGFP thus accurately reports the timing
of translation of the structural ORF. SFV contains a translational enhancer element

located in the 5' region of the capsid gene, which allows the structural genes to be
translated efficiently when translational shutdown occurs in an infected cell (Ventoso
et al., 2006). The SFVl-dleGFP VLPs do not have a structural enhancer and are

therefore not only a good measure of the timing of structural protein translation but
also of host translational shut-down.

PKR KO and wt MEFs were seeded in 6-well plates at a concentration of 3 x
105 cells per well, incubated overnight and then infected with SFVl-dleGFP VLPs

(MOI 50). Triplicate cultures were observed every 15 minutes post-infection to

determine the timing of eGFP expression. A culture was considered GFP-positive if
> 10 green cells were observed. This point was reached in the PKR KO populations
as early as 3 hours 30 minutes but was not seen in the wt cultures until on average 7
hours post-infection. These times did not vary more than 15 minutes from the

average and the experiment was repeated with similar results. This indicates that in
the absence of PKR, the rate of virus structural protein synthesis was greatly
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enhanced. PKR may be required to inhibit virus genome replication and / or virus

protein production.
To look at the timing and rate of translation more closely, protein expression

in virus infected cells was examined using radiolabeled ( S) cysteine and
methionine. PKR KO and wt MEFs were seeded in 6-well plates at a concentration
of 3 x 105 cells per well, incubated overnight and then infected with SFV4 (MOI 50).
At specified times post-infection the media in selected wells was replaced with
'starvation media' lacking methionine and cysteine. Half an hour later, this media
was replaced with 'starvation media' supplemented with radiolabelled cysteine and
methionine. The cells were incubated with this media for 30 minutes allowing

incorporation of radiolabelled amino acids into newly synthesised proteins. The cells
were then lysed and the protein concentration of each sample was measured. Equal
amounts of protein were run on an SDS polyacrylamide gel which was then exposed
to X-ray film (figure 4.10). Virus proteins started to be made at a detectable level in
wt cells about 4 hours post-infection, reaching a high concentration by 5 hours.

However, virus proteins were detectable by approximately 3 hours in cells lacking
functional PKR, reaching a high concentration by 4 hours. Virus proteins were

therefore made more quickly and in greater amounts in cells without functional PKR.
In the absence of functional PKR, there was also a delay in the cellular translational
shut-down caused by the virus infection. Shut-down began at approximately 3.5-4
hours in the wt MEFs but not until approximately 5 hours post-infection in the PKR
KO MEFs.
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Figure 4.10: Virus proteins are detectable at an earlier stage post-infection in
PKR KO cells as compared to wt cells
PKR KO (A) and wt MEFs (B) were infected with SFV4 (MOI 50). Newly
synthesised proteins were radiolabelled and equal amounts were run on an SDS-
polyacrylamide gel. Virus proteins were visible earlier and at higher levels in the
PKR KO cells than in the wt cells.
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Do PKR KO MEFs produce more virus particles than wt MEFs?
To determine whether earlier virus protein production in PKR KO cells led to greater

virus production, one-step and multi-step growth curves were constructed. Triplicate

parallel cultures of PKR KO and wt cells were infected with SFV4 at a MOI of 1

(low MOI) or 50 (high MOI). The high MOI infection allowed measurement of virus

production from synchronously infected cells. The low MOI infection meant that

only a small percentage of the culture was infected at time zero and virus production
would be limited by the ability of virus to spread throughout the culture. PKR KO
and wt MEFs were seeded at a concentration of 3 x 10? cells per well in a 6-well

plate, incubated overnight and then infected at the different MOIs. At specific times

post-infection, samples of culture media were collected and frozen at -80°C.
Supernatants were titred for virus by plaque assay (figure 4.11). At high and low

MOI, virus production occurred earlier in PKR KO cells than in wt cells; titres were

approximately 100-fold greater in PKR KO cells than in wt cells at 6 h post-infection
at both MOIs. The peak virus titres were approximately one log higher in the PKR
KO cells at both MOIs. Taken together with the metabolic labelling studies, these
results clearly demonstrate that SFV replicated faster in PKR KO cells.

Hours post-infection Hours post-infection

Figure 4.11: SFV4 grows faster in PKR KO cells than in wt cells
PKR KO (broken line, A) and wt (unbroken line, ■) MEFs were infected with SFV4
at a MOI 1 (A) or 50 (B). The amount of virus produced was measured over time.
Each data point represents the average of three independent cultures. The error bars
are standard deviations of the mean.
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Is NFkB activity affected following SFV infection if PKR is not

functional?

One of the main targets of activated PKR is IkB; phosphorylation of IkB by PKR
forces it to release NFkB, allowing NFkB to enter the nucleus and act as a potent

transcription factor. To determine whether this signalling is hindered in the absence
of functional PKR, wt and PKR KO MEFs were seeded in 6-well plates and then
transfected with a plasmid expressing firefly luciferase under the control of a

promoter targeted by NFkB (repeated positive regulatory domain II elements of the

IFN-P promoter) (Yoneyama et al, 1998). When NFkB is activated, it binds to this

promoter and firefly luciferase is expressed. The cells were infected with SFV4

(MOI 50) 24 hours after transfection. Luciferase production was measured from all

samples to determine NFkB activity as a result of SFV infection. Levels of luciferase
started to increase as early as 2 hours post-infection in the PKR KO MEFs whereas
there was no increase measured in the wt populations up to 4 hours post-infection

(Timepoints after this were not accurate due to translation shut-down preventing
luciferase from being produced) (figure 4.12). This indicates that NFkB was

activated very early post-infection in PKR KO MEFs whereas it took longer in wt

MEFs.
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Figure 4.12: NFkB is active earlier in PKR KO MEFs
PKR KO (broken line, ▲) and wt (unbroken line, ■) were transfected with a plasmid
that expressed firefly luciferase in response to NFkB activity. Cells were then
infected with SFV4 (MOI 50) and NFkB activity (through a luciferase signal) was
measured in response to the infection. All measurements are the average of triplicate
experiments. The error bars are standard deviations of the mean.
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Discussion

Many human virus infections cause more severe problems in the very young

compared to adults. Cytomegalovirus infection of children can lead to neurological

problems whereas adult infections are generally asymptomatic except in

immunocompromised patients (Morgello et al., 1987). This situation is similarly
observed in animals. Neonatal mice are extremely susceptible to coxsackievirus B3
infection but that vulnerability disappears once the mouse reaches 7 days of age

(Feuer et al., 2003). Previous work has shown that mature post-mitotic neurons in

vivo can survive for long periods of time when infected with SFV A7(74) whereas
immature developing neurons in areas such as the olfactory bulb tend to rapidly

undergo apoptosis post-infection (Fazakerley et al., 2006; Oliver & Fazakerley,

1998). The results presented here show that this can be reproduced in vitro-, neurons

matured in culture were more resistant to cell death than immature neurons. While

the immature neurons were dead by 48 hours, the mature neurons survived at least
double that time. The mature neurons still died but the nature of cell death was

distinct from that of the infected immature neurons. The immature neurons

condensed and detached, whereas the mature neurons slowly fragmented; leaking
their contents into the media, leaving only the outer shell behind. This latter death
had none of the morphological features of apoptosis. Mature neurons may not trigger

apoptosis in response to SFV infection or alternatively, mature neurons may actively
inhibit apoptosis.

Inhibition of apoptosis can lead to necrosis. For example, if cytochrome c is
released from mitochondria but cannot form the apoptosome, apoptosis will not take

place but the mitochondria will still lose their ability to function properly and the cell
will slowly die by necrosis. In vivo, post-mitotic neurons become infected but do not

die for at least 30 days (Fazakerley et al., 2006). This is much longer than the
neurons in culture that lasted for a maximum of 5 days. Clearly the environment that
the cells are living in in vivo is more suited to their survival and paracrine signals
from heterogenous populations of neighbouring cells may be playing a role in cell
survival. However, the in vitro data illustrates how maturation can also play a role
and further maturation in vitro may lead to even longer survival after infection. An

important question however is how does maturation lead to longer survival after
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infection? In vivo, as connections are made between neurons, survival factors are

released preventing apoptotic death. Immature neurons are primed to die unless they
make connections. This may explain why they die so quickly upon virus infection.
Most tissues can afford to lose a small percentage of cells through apoptosis

following virus infection and with many viruses this may provide a protection which
allows the organism to survive the infection. In contrast, losing cells in areas of the
brain that are crucial to survival could be severely detrimental to the organism, which

may explain why this maturation related suppression of apoptosis may have evolved.
As neurons mature they may express different proteins that control responses

to infection; one such protein may be ISG-12. ISG-12, while being less well
characterised than other proteins discussed in this section, has previously been shown
to be involved in protection against SV induced death in vivo (Labrada et al., 2002).
ISG-12 is also upregulated during influenza virus infection although its role is
unclear (Zhang et al., 2007). Work published at a recent meeting suggests that ISG-
12 is responsible for the transport of proteins from the nucleus to the cytoplasm

(Papac-Milicevic et al., 2007). It may play a role in the transport of anti-viral

proteins from the nucleus to the cytoplasm.
In this study, MEFs lacking functional ISG-12 died when infected with SFV

and lost viability at the same rate as wt MEFs infected with SFV4. This indicates

that, at least in the case of MEFs, ISG-12 is not required for cell death following
SFV infection. A pilot experiment was established to test this in vivo. Four-week old
mice without functional ISG-12 were infected with SFV A7(74); they survived and

remained healthy throughout the infection illustrating that ISG-12 is not required for

protection in adult mice. This however was a pilot experiment and larger populations
are required to associate any significance with this result. Time constraints did not

allow further investigations into this area. ISG-12 is located on the surface of the
nucleus and may be responsible for transporting proteins into or out of the nucleus;
these proteins may be important during virus infection. In SFV infected adult mice
either ISG-12 is not important or its role is compensated for by other proteins. It
would be interesting to express ISG-12 in neonatal mice to see if expression protects

against SFV infection as suggested for SV infection (Labrada et al., 2002).
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A number of virus infections have been shown to cause cell death through
activation of Fas. Hepatitis C virus infection of hepatocytes leads to an upregulation
of Fas expression and this upregulation correlates with hepatocyte apoptosis

suggesting Fas plays a role in hepatitis C virus cell death (Pianko et al., 2000).

Similarly, Fas is upregulated during an influenza virus infection. Anti-Fas antibodies,
that inhibit the activity of Fas on the surface of infected cells suppress influenza
induced cell death (Takizawa et al., 1995). Influenza virus propagation is also
hindered when Fas activation is inhibited (Wurzer et al., 2004). When cells lacking
Fas were infected with SFV4 they underwent apoptosis and no difference was

observed in the rates of cell death between Fas KO MEFs and wt MEFs following
SFV infection. This indicates that Fas does not play a significant role in SFV induced
cell death. Fas is part of the TNF family of cell surface receptors. Other members
include TRAIL and TNFa and the family in total consists of 19 members. Many of
these TNF family members can be upregulated during an immune response, and this
is likely to be the case during SFV infection. The death domain that Fas possesses is
common to a number of the family members and it is possible that other TNF family
members are stimulated and trigger caspase-8 activation and subsequent apoptosis. If
these receptors are also involved then they may well be compensating for the loss of
Fas. Alternatively, or in addition, the intrinsic pathway of apoptosis may be

activated, which would again result in death independent of Fas.
Mammalian cells have developed different dsRNA detection proteins

including TLR3 (Alexopoulou et al., 2001), MDA5 (Kang et al., 2002), RIG-I

(Yoneyama et al., 2004) 2,5-OAS (Hovanessian & Kerr, 1979) and PKR (Meurs et

al., 1990). Each of these proteins is activated by dsRNA and activation leads to anti¬
viral responses. Using MEFs deficient in functional PKR Yang et al showed that
cells were apparently unresponsive to artificial dsRNA (poly I:C) at concentrations
which induced apoptosis in wt MEFs (Yang et al., 1995). Recently, it has been
shown that neuronal death in response to treatment with HIV glycoprotein (gp-120)

requires PKR activation. Neurons with a PKR KO genotype were significantly

protected from gp-120 neurotoxicity (Alirezaei et al., 2007). HeLa cells infected with
influenza virus die by apoptosis but if the cells have an inactive form of PKR then
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apoptosis does not occur (Takizawa et al., 1996). These studies all indicate that PKR
can play a role in the apoptotic response to a virus.

RNase L also has proapoptotic properties. Zhou et al showed that cells
isolated from RNase L KO mice showed reduced susceptibility to apoptosis inducing
chemicals such as staurosporine and TNFa (Zhou et al., 1997a). Hepatitis C virus

proteins expressed from a vaccinia virus vector killed wt MEFs. However,

expression in RNase L KO MEFs resulted in cell survival suggesting that RNase L

was involved in triggering the death (Gomez et al., 2005).
In the current study, both in vivo and in vitro, PKR KO and RNase L KO

MEFs underwent apoptosis after SFV infection. This implies that neither PKR nor

RNase L is required for apoptosis in response to SFV infection. The rate of cell

viability loss was no different between RNase L KO and wt MEFs, but there was a

difference between PKR KO MEFs and wt MEFs. The PKR KO MEFs lost viability
faster than wt cultures. This is not consistent with the hypothesis that PKR is

required to detect virus and trigger apoptosis. Possible explanations include that PKR

directly delays induction of apoptosis or that PKR delays virus replication resulting
in delayed induction of apoptosis. The mechanism by which the cell senses infection
and triggers apoptosis remains unknown but prime candidates include RIG-I and
MDA5.

Caspases are activated in cells dying as a result of SFV infection (chapter 3).

Early caspase activation occurs approximately 10 hours post-infection. Because cells
without PKR died more quickly than wt cells, it was expected that the apoptosis
initiators caspases-8 and -9 would be activated earlier in PKR KO cells. Caspases
were activated in PKR KO MEFs, but no time difference was observed relative to wt

MEFs; caspases were activated between 9 and 10 hours post-infection in both cell

types. Furthermore, at least between 9 and 13 hours post-infection no differences in
the levels of caspase-3 were observed between PKR KO and wt MEFs. A difference

may emerge later in infection. Caspases while important may not be the only factors
involved in SFV induced cell death. Results from chapter 3 suggest that caspase

independent factors (e.g. AIF and EndoG) may also play a role in SFV induced cell
death and while caspases may be dominant, they may not completely dictate the rate

at which cells die after infection.
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To understand the role of PKR further, virus replication in the presence and
absence of functional PKR was examined. Newly synthesised proteins in infected

ir
•

cells were radiolabeled with S methionine and cysteine and then visualised on an

SDS polyacrylamide gel. The virus structural proteins were visible earlier and at

higher concentrations in the PKR KO MEFs compared to the wt MEFs. There also

appeared to be a delay in the shutdown of cellular protein translation in PKR KO
MEFs. These results indicate that PKR, directly or indirectly inhibits the production
of virus structural proteins in wt cells. The delay may seem small (approximately 1

hour) but when one considers that the whole virus life cycle from entry to budding
takes only 4-5 hours, this 1 hour delay can be considered quite substantial. SFV, as
far as is known, does not harbour any anti-apoptotic genes in its small genome,
unlike a lot of DNA viruses which dedicate substantial amounts of their genome to

preventing cell death. Instead the virus relies on speed to escape the apoptotic cell

trap. SFV replicates fast and produces large amounts of infectious virus particles
before the cell undergoes apoptosis. The rate of cell death is likely to have been an

important selective pressure in virus evolution with viruses having to replicate

sufficiently fast so as not to be affected by this process or having to delay or suppress
this response. Once the cell dies no more virus particles are produced. The virus life

cycle is delayed by approximately 15-20 % and this affects the amount of virus

particles that are produced. Almost 10-fold more virus was produced from PKR KO
MEFs compared to wt MEFs according to the one-step growth curve. A multi-step

growth curve showed a similar difference.
Functional PKR may detect dsRNA early in SFV infection and could rapidly

switch on anti-viral signalling pathways. Activated PKR would also phosphorylate
eIF2-a and initiate translational shut-down in the infected cell. Presumably, this shut¬
down dramatically reduces translation of virus non-structural proteins and limits
virus genome replication. If shut-down is delayed, perhaps more non-structural

proteins and therefore more genomic and subgenomic RNA and ultimately more

virus particles are made.
The absence of PKR also affects anti-viral signalling; NFkB is activated

earlier in the absence of PKR. This suggests that the increased rate of SFV

replication is causing earlier detection of the virus. This implies that either PKR
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restricts replication of SFV from very early in infection through a mechanism

independent of translational shut-down or PKR restricts the activation of other virus
detection proteins or the down stream signalling. For example, the interaction of
PKR with SFV dsRNA may disrupt or slow down the replication of the virus.

Higher virus replication rates also suggest why MEFs die more rapidly in the
absence of PKR. The triggering of the cascade of proteins involved in apoptosis, and
the strength of the apoptotic signal may be influenced by virus RNA and protein load
within the cell as well as the amount of virus produced from the cell. More dsRNA

may be more easily detected by dsRNA detection proteins that can trigger cell death,
more proteins may put the cell under more stress, and more budding of virus particles

may disrupt the cell by an unknown mechanism that enhances cell death. These
factors are greater in PKR KO cells and each or all could contribute to the increased
rate of cell death.

One of the main ideas behind this research has been that the cell tries to kill

itself as quickly as possible in order to trap the virus, stop it from replicating and stop

new virus particles from spreading to neighbouring cells. It was found that cells lose
their viability more rapidly in the absence of the presumed anti-viral protein, PKR.
This paradoxical result invokes the question, why PKR is necessary at all? Would it
not be better for the cell if PKR were not activated, as the cell would die more

rapidly without it? The final results in this chapter describing the virus protein

production and titres in the absence of PKR help to resolve this apparent

contradiction. It is clear the cell must strike a balance between committing suicide
and limiting virus spread by other means. While committing suicide is important,

early detection of the virus and the establishment of an anti-viral state are also crucial
as this allows the limitation of virus production and allows the infected cell to warn

neighbouring cells; if the cell dies too quickly it may not have enough time to

produce interferon for example.
The in vitro data presented here show that the absence of PKR leads to more

virus production at earlier timepoints and cells die more rapidly. In the brains of wt
and PKR KO mice however, at 1 or 2 days post-infection, virus spread and levels of

apoptotic cells were similar. Other studies have shown that virus infections can be
lethal in the absence of PKR. VSV for example causes death if inoculated i.n. into
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mice lacking functional PKR, whereas it is harmless in wt mice (Balachandran et al.,

2000). Similarly Bunyamwera virus kills mice more quickly if the mice lack
functional PKR (Streitenfeld et al., 2003). It is possible that the differences seen in

vitro in this chapter are not significant enough to provoke a major difference in vivo.

Importantly, the in vivo work described earlier was carried out with avirulent SFV

A7(74) while the in vitro work was done with the virulent strain SFV4. The

differences between these two strains of virus may explain why the results
documented in vitro did not manifest as a difference in vivo compared to wt mice.
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Introduction

The mechanism(s) by which cell death is triggered during SFV infection has been

explored but is not really understood. Generally mammalian cells rapidly die by

apoptosis following SFV infection (Chapter 3; Glasgow et al., 1997), but it remains
unclear when or how the cell receives the signal to die.

The SFV life cycle can be divided into a number of stages. The first is virus

entry, which can itself be divided into binding to the cell membrane, entry by

endocytosis, low pH dependent fusion of the viral membrane proteins with the
endosome and release of its genome into the cytoplasm (reviewed by Kielian, 1995).
The cell may have an ability to detect virus entry at any of these points and initiate a

pro-apoptotic and pro-inflammatory response. It has been suggested that SV entry

triggers cell death through sphingomyelinase activation and ceramide upregulation in
the cytoplasm (Jan et al., 2000). These studies used replication competent SV to

infect mouse neuroblastoma cells. Replication competent virus may trigger

sphingomyelinase activation through entry and fusion, but SV may also activate

sphingomyelinase and subsequent apoptosis by replicating its genome or

synthesising new viral proteins; these potential contributing factors were not

addressed in this paper.

In contrast to this, work has been carried out with replication incompetent,
UV inactivated. SFV; this virus binds to the cell surface and fuses with the endosome

as normal but does not replicate its genome or make new virus proteins. Dendritic
cells activated IRF-3 and produced IFN-a and -(3 in response to this virus whereas wt
MEFs were unresponsive (Hidmark et al., 2005). Interestingly, UV inactivated SFV
did not kill MEFs (unpublished data, personal communication with Dr. Asa

Hidmark, Karolinska Institute, Sweden). It would be logical for a cell to detect virus
infection at the point of entry so that it could respond as quickly as possible.
However, this is unlikely to be the only stage at which cells detect SFV infection.

The second stage of the virus life cycle is release of the genome into the

cytoplasm, translation and RNA replication. The virus replicates via a dsRNA
intermediate. Cellular proteins such as TLR3, RIG-I, PKR and MDA5 all recognise
dsRNA and activate anti-viral pathways. Many viruses have evolved different ways
of preventing the cell from detecting or reacting to the dsRNA. The outer a3 capsid
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of reovirus binds dsRNA and variations in the sensitivity of reovirus strains to IFN
can be related to the affinity of o3 for dsRNA (Bergeron et al., 1998). BVDV-
infected cells release a viral encoded glycoprotein, Erns, which has RNase activity
and degrades dsRNA released from infected cells (Iqbal et al., 2004). This is

probably an attempt to stop TLR3 on the surface of neighbouring cells from

detecting the RNA. The NS3/4a protein of hepatitis-C virus cleaves MAVS from the
surface of mitochondria, disabling the downstream signalling of RIG-I and MDA5

(Li et al., 2005c).
Positive-stranded RNA virus replication occurs on the surface of intracellular

membranes; different viruses use different membranes including the ER (Restrepo-

Hartwig & Ahlquist, 1996), endosomes (Grimley et al., 1968) or mitochondria

(Miller et al., 2001). The virus manipulates these structures causing invaginations'
called spherules to form on the membrane; the virus RNA is then replicated in these

spherules. SFV adapts endosomal-lysosomal compartments that form in the

cytoplasm of the infected cells. These cytoplasmic vacuoles have small spherules

projecting from the membrane surface into the lumen of the vacuole. It has been
shown by electron microscopy that each spherule contains a complex of the non¬

structural proteins along with RNA that is being replicated (Kujala et al., 2001).
These invaginations of vacuole surfaces probably provide both an area for replication

complexes to form, and a mechanism to exclude dsRNA detection proteins. The

question of whether dsRNA detection takes place and contributes to cell death
remains unclear. It is possible that RNA replication begins before the spherules form

properly. This would leave small amounts of dsRNA exposed to cellular detection

proteins. It is also possible that detection proteins can enter spherules and detect

dsRNA; the spherules have a narrow entrance and it is unclear whether cellular
detection proteins can enter this space while it is filled with viral proteins.

Following translation of the non-structural proteins and replication of virus
RNA, SFV must synthesis new structural proteins and produce new virus particles.
The structural virus glycoproteins are glycosylated while they pass through the ER
and the Golgi. The overloading of this system could lead to the activation of the UPR
and activation of apoptosis.
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The UPR is a cellular response to accumulation of unfolded proteins in the
lumen of the ER. The response is not specific to virus proteins and indeed occurs in

healthy cells as well as infected cells; it does not necessarily lead to cell death. The
build up of unfolded proteins is monitored by a protein called BiP. BiP is located in
the lumen of the ER and in unstressed cells BiP binds to the luminal domains of three

ER membrane bound proteins: PERK, IRE1 and ATF6. BiP is a protein chaperone
and part of the heat shock protein 70 family. BiP binds to unfolded proteins that
come into the ER lumen and with the help of other protein chaperones, folds them
into a functional conformation (Haas, 1994). There is a large excess of BiP compared
to IRE1, PERK or ATF6 (Ghaemmaghami et al., 2003) so a high concentration of
unfolded protein is required before PERK, ATF6 and IRE1 are unbound from BiP.
Release of BiP from these proteins leads to their oligomerisation and activation.
PERK can phosphorylate EIF-2a, which allows the translation of ATF4; ATF4

upregulates the transcription of CHOP (Harding et al., 2000). Activated IRE1 splices
XBP1 mRNA into a translatable form (Lee et al., 2002) and finally ATF6 travels to

the Golgi, gets cleaved and then acts as a transcription factor, upregulating a number
of genes including protein chaperones to improve the folding capacity of the ER

(Wang et al., 2000). The splicing of XBP1 mRNA occurs early in the UPR and is a

clear sign of cell stress. Ordinarily, a cell can control stress by down-regulating

protein production and increasing chaperones to fold what is already there. CHOP

upregulation on the other hand indicates that the cell has maintained a stressed state

for a substantial amount of time. CHOP sensitises the cell to death by altering the

expression levels of various pro- and anti-apoptotic genes. The second part of this

chapter examines cell translation and activation of the UPR in SFV infected cells.

Objectives
1. Determine whether SFV dsRNA is involved in SFV induced cell death.

2. Determine whether RIG-I, MDA5 or MAVS is involved in SFV induced cell

death.

3. Determine whether the ER UPR contributes to the death of SFV infected

cells.
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Results

To start to investigate early events in infection, virus replication complexes were

visualised by infecting NIH 3T3 cells with SFV4(3F)-eGFP. In this virus the nsP3

gene of SFV is translated as a fusion protein with eGFP. Cells were then stained with
an antibody against dsRNA. As expected, dsRNA displayed punctate cytoplasmic
co-localisation with nsP3 (figure 5.1). To determine whether the dsRNA binding

protein MDA5 also co-localised to these complexes, an antibody against MDA5 was

used to stain cells that had been infected with SFV4(3F)-eGFP. Unfortunately, the

immunostaining was unsuccessful.
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Figure 5.1: DsRNA and SFV nsP3 co-localise
NIH 3T3 cells were infected with SFV (3F) 4-eGFP and immunostained for dsRNA
8 hours post-infection. (A) dsRNA (red), (B) nsP3 (green), (C) merged image, (D)
magnified picture of one cell from panel C. Images were acquired using a Zeiss
confocal microscope.
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Does virus dsRNA contribute to cell death following infection?
It can be hypothesised that detection of virus dsRNA by cellular helicases (PKR,

RIG-I, MDA5) triggers not only the interferon response but also cell death. In

collaboration with Professor Richard Randall (University of St. Andrews) this

hypothesis was tested using a number of Hep-2 cell lines expressing proteins that
bind dsRNA or inhibit signalling from these helicases; the proteins expressed are

listed below. The proteins were expressed constantly as each gene was under the
control of a spleen focus-forming virus promoter (construction explained in Hale et

al., 2006).
> Influenza A protein, NS1: This protein has various functions including

helicase activity. It is reported to bind to dsRNA and protect the RNA from
cellular detection proteins (Qian et al., 1995).

> A mutant form of NS1, Y89F: This can still bind dsRNA but cannot activate

the PI3 kinase signalling pathway (Hale et al., 2006).
> Vaccinia virus protein, E3L: This protein also has helicase properties and

can bind dsRNA as well as inhibiting IRF-3 (Chang & Jacobs. 1993; Xiang et

al., 2002).
> Hepatitis C protein, NS3/4a: It can cleave MAVS from the surface of

mitochondria (Li et al., 2005c).
> parainfluenza virus (PIV) 5 V protein: inhibits MDA5 and IRF-3.

(Andrejeva et al., 2004; Kiyotani et al., 2007).
> SeV, C protein: inhibits RIG-I and STAT1 (Garcin et al., 2002).
> SeV, V protein: inhibits IRF-3 and MDA5 (Komatsu et al., 2004).
> BVDV, NPro protein: inhibits IRF-3 (Hilton et al., 2006).

Each of these cell lines and a cell line that contained no plasmid (naive) were seeded
in 96-well plates, allowed to grow overnight and then infected with SFV4 (MOI 50).
Cell viability over time was then measured by a Wst-1 assay and compared to the
naive population (figure 5.2). Each graph represents an individual cell line compared
to the naive cell line.
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Figure 5.2: Expression of different virus proteins in Hep-2 cells infected with
SFV.
Cells expressing different virus proteins were infected with SFV4 (MOI 50). Loss of
viability was measured over time (broken line, A) and compared to a nai've cell line
(no plasmid), infected in parallel (unbroken line, ■). The experiment was carried out
in triplicate. The values given are the means. The error bars are standard deviations
of the mean. Significant differences according to an unpaired t-test (P<0.05) between
the test cell line and the naive cell line are signified by a star.

All the cell lines expressing proteins that bind to dsRNA and potentially block its
detection within cells (NS1, Y89F and E3L), showed significant reductions in their
rate of cell death compared to naive cells. Reduced cell death was also observed in
cells expressing NS3/4a and PIV5-V. The former suggests that activation ofMAVS

by helicases may contribute to cell death. The latter suggests that MDA5, a known

target of PIV5-V protein, is involved in cell death. Interestingly, a reduced rate of
cell death is also seen in cells expressing SeV-V protein. This protein has similar
functions to the PIV5-V and although the difference is measurable later in infection it

may suggest a similar pathway is involved in both cases. NPro from BVDV and SeV
C protein both antagonise the interferon pathway but neither seems to have an effect
on cell death rates. Both proteins target IRF-3, which may not play any significant
role in cell death induced by SFV. The high MOI nature of these studies may

preclude assessment of protective autocrine mechanisms. Furthermore RIG-I is
inhibited by SeV-C; no effect on cell death rates suggests that RIG-I may not be
involved in death pathways in cells infected with SFV.

Do events later in the virus life cycle affect cellular apoptosis?
If virus RNA coding for only the non-structural proteins is transfected into cells then
the cells undergo apoptosis. This might imply that the structural proteins are not

contributing to death, because when they are absent cells still die. However, it is

likely that there are several triggers of cell death and these combine to determine the
rate of cell death. To determine whether structural protein expression had any effect
on cell death, the rate of cell death was compared in cells infected with virus which
did (SFV4) or did not (SFVl-dleGFP VLPs) produce virus structural proteins.

MEFs were seeded in two 96-well plates and allowed to grow overnight.
These cells were then infected with SFV4 or SFVl-dleGFP VLPs (MOI 50). MOI
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50 ensured that all cells were infected at time zero to ensure that any observed
difference was because of infection and not because of SFV4 ability to infect more
cells in a second round of infection. Cell viability was measured using a Wst-1 assay

at specific times post-infection. The viability of the cultures infected with SFV4 was

compared to cultures infected with VLPs (figure 5.3). VLPs killed the cells as

expected, however, the viability at each timepoint was significantly higher compared
to the cultures infected with SFV4 (p < 0.05, Mann-Whitney test) indicating that the
VLP infected cells took longer to die.

Hours post-infection

Figure 5.3: Cells infected with SFVl-dleGFP VLPs died at a slower rate than
cells infected with SFV4.
MEFs were infected with SFV4 (broken line, ▲) or SFVl-dleGFP VLPs (unbroken
line, ■). (MOI 50). Wst-1 assay measured the viability of cell populations each hour.
The experiments was carried out in quadruplicate and repeated independently three
times. The graph shows the results of one experiment. Error bars are standard
deviations of the mean.

How do SFV structural proteins contribute to the death of

mammalian cells?

It seems likely from the previous result that production of SFV structural proteins
accelerates cell death. This suggests that the structural proteins induce a secondary

apoptotic signal, which enhances the rate of cell death.
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SFV envelope glycoproteins are directed through the ER and these may clog

up the ER and trigger the UPR. To investigate this hypothesis, a number of markers
of the UPR were analysed to see if activation of the UPR was taking place.

Is XBP1 RNA spliced after cells are infected with SFV?
Early in the UPR, IRE1 becomes activated and moves from the surface of the ER to

the cytoplasm. IRE1 splices XBP1 mRNA so that it can be translated into a

functional transcription factor, upregulating, among other genes, multiple chaperones

(Back et al., 2005). The splicing of XBP1 RNA is an early indicator of UPR
activation. To assess XBP1 splicing in SFV infected cells, RNA was isolated from
infected NIE1 3T3 cells at different times post-infection and reverse transcribed into
cDNA. Primers specific for XBP1 were then used to amplify the XBP1 splice
variants. The variants differ by only a few base pairs and are therefore difficult to see

on an agarose gel so a further step was employed to make the difference more

obvious. The amplified cDNA was treated with the restriction enzyme Pst I. The

cleavage site for Pst I is only present in the unspliced form. If any spliced RNA is

present it will not be cleaved and will appear as a higher band on the agarose gel (see

figure 5.4 for explanation). Pst I digested samples from each timepoint were then run

on a gel with a negative control sample from uninfected cells and a positive control

sample from tunicamycin treated cells; tunicamycin inhibits N-linked glycosylation
of proteins and initiates the UPR. Spliced XBP1 was clearly detectable

approximately 9 hours post-infection (figure 5.5).

110



Chapter 5 The mechanisms of cell death caused by SFV infection

Pst I site Pst I site still intact

Stress 1 *BP1 mRNA
Reverse

Transcription

cDNA

Approximately Digest with
450bp size ^st'

ER
Stress

Pst I site Pst I site removed

XBP1 I » | I mRNA
IRE 1 IRE 1

Approximately Digest with
550bp size Pst 1 ineffective

I Reverse

Transcription

CDNA

Figure 5.4: A scheme explaining the principle behind XBP1 splicing. In stressed
cells XBP1 mRNA is cleaved by IRE1, removing a Pst I site in the process. When
cDNA is made and Pst I digestion carried, it is ineffective and therefore a large band
of approximately 600 bp is left. When pst I digestion is carried out on XBP1 cDNA
from non-stressed cells, the Pst I site is present se it is cleaved leaving a smaller band
of approximately 300 bp.

Virus infected cells VLP infected cells

Spliced XBP1

Unspliced XBP1

-ve 7 9 11 13 7 9 11 13 +ve

Hours post-infection

Figure 5.5: SFV infection ofNIH 3T3 cells induced splicing of XBP1 mRNA.
NIH 3T3 cells were infected with SFV4 or SFV1 dleGFP VLPs (MOI 50). RNA was
isolated from these cells, cDNA was made, XBP1 was amplified and then cleaved
with Pst I (only cleaves the unspliced form). The negative (-ve) control was
uninfected cells, the positive (+ve) control was tunicamycin (5 pg / ml) treated cells.
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Does the UPR activate pro-apoptotic proteins?
The UPR is initially switched on to control a backlog of unfolded proteins in the ER.

This can happen from time to time in a healthy cell and does not necessarily lead to

cell death. The cell decreases the amount of new proteins coming into the ER by

reducing translation, and it upregulates protein chaperones to speed up the folding of

proteins. However, if the problem cannot be resolved the UPR upregulates and
activates pro-apoptotic proteins that kill the cell. CHOP is one of the main pro-

apoptotic proteins upregulated by the UPR. CHOP can inhibit Bcl-2 which in turn

promotes apoptosis. In a healthy cell CHOP is expressed at a very low, almost
undetectable level and so detection in infected cells implies that the UPR is

triggering its upregulation (McCullough et al., 2001). Proteins were isolated from
NIH 3T3 cells that had been infected with SFV4 or SFVl-dleGFP VLPs for 7, 9, 11,

and 13 hours. A negative control of proteins from uninfected cells and a positive
control of proteins from tunicamycin treated cells were also used. The protein
concentrations were measured and equal amounts of protein from each sample were

loaded onto an SDS-polyacrylamide gel and CHOP was assayed by western blot

(figure 5.6). CHOP expression can be seen as early as 9 hours post infection in both
the virus and VLP infected MEFs. The negative control and the 7 hour timepoint
showed equivalently low amounts of protein.

Virus

VLP

7 9 11 13 +ve -ve

Hours post-infection
Figure 5.6: The UPR induced protein CHOP was upregulated when NIH 3T3
cells are infected with SFV.
NIH 3T3 cells were infected with SFV4 or SFVl-dleGFP VLPs (MOI 50). Protein
was isolated from these cells at different timepoints post-infection and a western blot
for CHOP was carried out. The negative control (-ve) was protein from uninfected
cells. The positive control (+ve) was protein from tunicamycin treated cells.
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Another protein that is strongly linked to ER stress is caspase-12. Caspase-12 is
located on the surface of the ER and when activated can interact with other caspases

involved in apoptosis. To determine whether caspase-12 was activated in response to

SFV4 or SFVl-dleGFP VLP infection, protein was isolated from NIH 3T3 cells
infected with SFV4 or SFVl-dleGFP VLPs (MOI 50) for 7, 9, 11 or 13 hours. The

protein concentration was equalised with protein from uninfected cells (negative

control) and tunicamycin treated cells (positive control) and used for a western blot

using an antibody against activated caspase-12. Caspase-12 was activated (figure

5.7) in response to SFV infection by 9 hours post-infection but not activated by 13
hours post-infection in response to SFVl-dleGFP VLP infection.

Virus

vlp »«•»

7 9 11 13 +ve -ve

Hours post-infection

Figure 5.7: Caspase-12 was activated by SFV infection in NIH 3T3 cells.
NIH 3T3 cells were infected with SFV4 at a MOI 50 and lysed at 14 hours post¬
infection. Protein was isolated and used for a western blot. Equal amounts of protein
from an uninfected negative control and a tunicamycin (5 pg /ml) treated positive
control were also probed for caspase-12.

To prove that equal amounts of total protein were being loaded in each well for each
of the western blots shown above, a western blot was carried out using an antibody

against (3-actin. Each of the lanes was loaded with the same amount of protein that
was loaded for the CHOP and caspase-12 western blots. This blot proved that the
BIO-RAD protein assay measuring protein concentrations was accurate as all the
bands appeared to have equal intensity (figure 5.8).
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P-actin w 09 9
7 9 11 13 +ve -ve

Hours post-infection

Figure 5.8: To prove that an equal amount of protein was loaded into each well for
all of the western blots carried out, a western blot using an antibody against P-actin
was carried out.

Discussion

In this chapter, aspects of the virus life cycle that alert the cell to infection and induce
the cell to undergo apoptosis were investigated. Replication of virus RNA begins
soon after the virus has entered the cell and dsRNA was detectable at 3-4 hours post¬

infection at the earlies (data not shown). The majority of the dsRNA co-localised
with virus replication complexes in a punctate pattern as marked by nsP3-eGFP
fusion protein and dsRNA immunostaining, suggesting that it was located within

cytoplasmic spherules. One of the purposes of these spherules may be to protect

virus dsRNA from cellular detection. It is likely that dsRNA is present earlier than 3

hours post-infection but the immunostaining technique used may not be sensitive

enough to detect it. The location of dsRNA earlier than 3 hours post-infection is
therefore unclear. Where, when and if virus dsRNA is detected by cellular helicases
remains unclear. Detection could occur before or after spherule formation; attempts
to determine whether MDA5 co-localised to replication complexes were not

successful. It is unclear why this immunostaining was unsuccessful. A number of
different concentrations of antibody were tried but other variations in the protocol
could be varied in the future to achieve a result.

Many negative-stranded RNA viruses have adopted a different strategy to

prevent dsRNA detection. DsRNA intermediates are almost undetectable in cells
infected with negative strand RNA viruses (Weber et al., 2006). Many

nucleoproteins bind to negative strand RNA and allow only very small sections of
dsRNA to form, probably maintaining the length below the size threshold that

triggers an immune response. Other viruses express proteins that bind the dsRNA.
The influenza A protein NS1, for example, has multiple functions, one ofwhich is to
bind dsRNA and prevent or reduce binding of cellular proteins (Qian et al., 1995).
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Conflicting evidence suggests that NS1 can be pro- or anti-apoptotic. It is suggested
to be pro-apoptotic because individual expression of NS1 in Madin-Darby canine

kidney cells or HeLa cells caused the cells to die (Schultz-Cherry et al., 2001). On
the other hand a number of papers have suggested that NS1 has anti-apoptotic

properties by activating the PI3K pathway (Ehrhardt et al., 2007; Zhirnov & Klenk,

2007). The PI3K pathway is regarded as anti-apoptotic as it can inhibit TRAIL
activation and signalling (Larribere et al., 2004). In BVDV infected MEFs detection
of dsRNA is a crucial part of the cell detecting virus infection and triggering cell

death; BVDV infection of PKR, 2', 5'-OAS double KO cells show very little

apoptosis whereas wt MEFs rapidly undergo apoptosis (Yamane et al., 2006). It
seemed logical, therefore, to study this by hindering the cells ability to detect SFV
dsRNA and then analyse the impact of this on cell death.

Cell lines expressing NS1 from influenza, Y89F (a mutant form of NS1 that
still binds dsRNA as normal but does not activate the PI3K pathway) and E3L from
vaccinia virus that also binds dsRNA were infected with SFV and loss of viability
curves were constructed and compared to cells that were infected but did not express

any foreign protein (nai've cells). Cells expressing NS1, Y89F or E3L survived

longer than naive cells. This suggests that inhibiting detection of dsRNA slows down
activation of cell death. This in turn implies that dsRNA does trigger an anti-viral

response which includes apoptosis. It is interesting however that the cells did die.

Likely explanations for this include, (i) that the foreign proteins do not completely
inhibit dsRNA detection and dsRNA is still detected, perhaps at a lower level so it
takes longer to reach the threshold to initiate cell death; (ii) that dsRNA is no longer
detected but there are other signals, such as the synthesis of viral proteins, that
activate cell death.

Proteins that interfere with the cellular interferon signalling pathway such as

the C proteins from SeV that inhibits IRF-3 and interacts with STAT1 (Didcock et

al., 1999; Takeuchi et al., 2001) or the BVDV protease NPro, which degrades IRF-3

(Hilton et al., 2006) were expressed in Hep-2 cells and infected with SFV4. No

difference was measured between the rate of cell death of these cells and naive cells

infected with SFV. The high MOI used in these experiments probably excluded any

effect the inhibition of interferon signalling may have had. The paramyxovirus V
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proteins have been directly implicated in apoptosis suppression. Cells infected with

PIV5, for example, do not undergo apoptosis but when the conserved C-terminal
domain of the V protein is deleted infection is cytopathic. This can be prevented by
trans expression of the V protein (Hilton et al., 2006). Both the SeV and PIV5 V

proteins can degrade STAT 1 and also inhibit MDA5 (Andrejeva et al., 2004).

Expression of either of these proteins showed an effect; PIV5 V protein expression
lead to significantly more cellular viability early in infection compared to naive cells,
whereas SeV-V lead to significant differences late in infection. This suggests that
MDA5 signalling may contribute to cell death. It is interesting to note that the protein

directly downstream of MDA5, MAVS, is located on the surface of the
mitochondria. Mitochondria are central to the intrinsic pathway of cell death and the

potential link between MAVs and apoptosis is appealing. MAVS has been suggested
to be important in reovirus induced apoptosis. If MAVS is reduced by siRNA there is
a significant decrease in caspase-3 activation after reovirus infection (Holm et al.,

2007). With this in mind it was important to investigate MAVS activation during
SFV infection. The hepatitis C virus protein NS3/4a is known to cleave MAVS from
the surface ofmitochondria and inhibit its activity (Li et al., 2005c). Similar to the V

protein from PIV5, when NS3/4a was expressed in cells and the cells were then
infected with SFV the early rate of cell death was significantly different to naive
cells infected with SFV although the difference disappeared later in infection. The

early difference may exist because RIG-I and MDA5 detection of dsRNA is an early

point in infection and therefore activation ofMAVS would occur quite early as well.
If this host-cell virus interaction was inhibited, then one signal for cell death would
be lost. However, this would not stop cells from dying as other signalling pathways
are switched on in parallel and subsequently.

The second part of this chapter examined the effect SFV structural proteins
have on the infected cells. Flaviviruses are known to utilise the ER as the main site

for replication and protein synthesis. Hepatitis C virus proteins activate ER stress

when proteins are expressed from a plasmid in osteosarcoma cells. CHOP was

upregulated and as a result the anti-apoptotic protein BCL-2 was down-regulated

(Ciccaglione et al., 2005). More recently, another flavivirus, West Nile Virus (WNV)
has been shown to activate the UPR. WNV infection of human neuroblastoma cells
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and primary rat hippocampal neurons led to XBP1 splicing, phosphorylation of elF-
2a and upregulation of CHOP. Interestingly, WNV titres were higher in CHOP KO
cells suggesting that CHOP is somehow regulating the replication ofWNV, possibly

by initiating apoptosis, as is suggested for SFV (Medigeshi et al., 2007).
SFV infection results in splicing of XBP1, upregulation of CHOP and

activation of caspase-12. Importantly, SFV-dleGFP VLPs do not trigger ER stress.

The absence of virus structural proteins that would normally traffic through the ER

dramatically reduced the stress on the cells ER. This lack of stress may be a reason

why VLP infected cells die more slowly than SFV4 infected cells.
When cells were infected with SFVl-dleGFP VLPs or SFV4 CHOP was

expressed between 7 and 9 hours post infection. VLPs do not express structural

proteins but still cause CHOP expression. PKR, which is activated by dsRNA, can

phosphorylate eIF-2a independent of the UPR. eIF-2a phosphorylation leads to

translational downregulation, ATF4 translation and CHOP upregulation (Harding et

al., 2000).

Aside from CHOP, caspase-12 was also activated in response to SFV4
infection but not in response to SFV-dleGFP VLP infection (at least up to 13 hours

post infection). This indicates that caspase-12 plays a role in SFV induced cell death.

Caspase-12 is located on the cytoplasmic surface of the ER and it is suggested to be
activated as a result of calcium ions released from the ER. This calcium release

activates calpains which may cleave caspase-12 (Nakagawa & Yuan, 2000) or

caspase-7, which is also suggested to interact and cleave caspase-12 (Rao et al.,

2001). The Tula virus, a Hantavirus of the Bunyaviridae, has been shown to trigger

apoptosis through the activation of the ER stress pathway; CHOP upregulation and

caspase-12 activation were reported (Li et al., 2005b). Similarly, the rhabdovirus,

VSV, activates caspase-12 during its infection of mammalian cells. Both of these
viruses use the ER as part of their life cycle as does SFV (Gaddy & Lyles, 2005).

While it is clear that other factors play a role alongside the UPR, the

upregulation of CHOP and the activation of caspase-12 probably contribute towards
cell death. CHOP is known to cause a downregulation of Bcl-2 (McCullough et al.,

2001) and an upregulation of BIM, a proapoptotic protein (McCullough et al., 2001).

Caspase-12 interacts directly with the intrinsic pathway of cell death by binding to
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caspase-9 and activating it (Rao et al., 2002). Infection with SFVl-dleGFP VLPs
resulted in delayed cell death compared to SFV infection. Importantly the ER does
not come under stress and caspase-12 is not activated as a result of VLP infection.
This suggests that ER stress and caspase-12 activation are playing a role in the death
of the cell. To conclusively prove that caspase-12 is playing a role in cell death, it
would be necessary to infect caspase-12 KO cells with SFV to see if there was a

delay in cell death. This would show that the delay was as a result of caspase-12
inactivation. Both caspase-12 and CHOP may act as secondary death signals that
enhance the initial danger signal given to the cell by dsRNA. Apart from caspase-12
and CHOP, cell stress may also be contributing other pro-death signals to the cell,

enhancing the rate of cell death. However if the ER is not stressed as is the case

when cells are infected with SFV VLPs, these signals may be taken away or reduced,

leading to slow down in cell death rate. The cell will still die but it will not die as

rapidly because secondary apoptotic mechanisms which probably boost the rate of
cell death will not be expressed.

118



Final Discussion

Final discussion

Alphaviruses are extensively studied at a basic biological level and are also being

developed for potential vaccine use and even as a tumour therapeutic. They may be
used to target and kill tumour cells for example; SV appears to target tumour cells in

preference to non-tumour cells allowing infection of tumour cells without causing
harm to the host (Tseng et al., 2004). If it is the case that alphavirus vectors

preferentially infect tumour cells, tumours could be reduced or cleared by virus
infection due to the strong apoptotic response alphaviruses evoke in infected cells.

Alternatively, as a vaccine SFV vectors are being designed to express foreign virus
or bacteria proteins; this would help to establish immunity against the particular
viruses or bacteria. SFV VLPs are ideal for vaccine use as they infect cells, express

proteins to a high level, but never spread because they lack genes for virus structural

proteins. They elicit a good immune response and so are useful as adjuvants, but
because they do not make structural proteins or produce new virus particles, it is

unlikely that the immune system will establish immunity against SFV, thus allowing

repeated administrations (Berglund et al., 1999; Chen et al., 2002b; Forsell et al.,

2007).

SFV infection of humans is generally asymptomatic, but other alphaviruses
can cause disease. Alphavirus infections can cause fever, arthralgia and even

encephalitis. Chikungunya virus for example, leads to temporarily debilitating

arthralgia and brief febrile illness. Chikungunya is an important emerging virus as it
has recently caused widespread illness in areas surrounding the Indian ocean and
most recently in Europe (Ligon, 2006). Using SFV as a model, the biology of

alphaviruses as a whole can be understood in more detail. This will allow the

development of therapies against alphavirus infection or the harnessing of

alphaviruses for other beneficial treatments such as vaccines.
SFV infection of mammalian cells generally results in apoptotic cell death.

The aims of this project were to uncover the apoptotic pathways triggered as a result
of SFV infection and also to identify what stages of the virus life cycle are

contributing to the death of the infected cell. A complex picture has emerged, with

multiple stages of the virus life cycle playing a role, triggering different apoptotic

pathways. Both the extrinsic and intrinsic pathways of apoptosis are activated during
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the infection. Mitochondrial membrane potential loss suggests that the intrinsic

pathway may be activated first, followed by rapid activation of the extrinsic pathway

although this could not be conclusively proven. Caspase-3 if activated by caspase-9
can activate caspase-8 which in turn will amplify the amount of activated caspase-3
and -9, increasing the death signals rapidly. In response to a virus infection it is

usually beneficial to the organism if infected cells undergo rapid cell death (except in
areas such as the brain where the death of cells could not easily be replaced),

reducing the time virus has to replicate and therefore reducing the amount of new
virus particles produced from the infected cells. Therefore it is beneficial to the cell

to activate every possible apoptotic pathway once SFV has been detected. Both

caspase dependent and independent mechanisms are probably involved, to ensure

rapid death of the cell. Many viruses, particularly DNA viruses, have evolved ways

of blocking the apoptotic responses of infected cells, but SFV seems to have evolved
a different strategy. SFV appears to rely on its rapid replication to help it escape. The

alphavirus genome is approximately 11 kb in length and the replication cycle of the
virus takes approximately 5-6 hours from time of infection to production of virus. On
the other hand, evidence of cell death does not noticeably begin until approximately
14 hours post-infection. It is interesting to compare the strategies adopted by other

positive strand RNA viruses of similar size to SFV. Picornaviruses and flaviviruses
are both examples of viruses that rapidly replicate to avoid being trapped by the

apoptotic cell. On top of this however, picornaviruses and flaviviruses, in contrast to

SFV, also have anti-apoptotic properties to help extend cell life. Both Dengue virus
and JEV activate PI3K which is anti-apoptotic and can inhibit caspase activation

(Lee et al., 2005). Hepatitis C can inhibit apoptosis and IFN production by repressing
PKR. The hepatitis C protein NS5A binds directly to PKR, inhibiting its activity,
while the E2 protein can inhibit TRAIL (Gale, Jr. et al., 1999). This allows
flaviviruses extra time to replicate and produce new virus particles; the cells do die

by apoptosis eventually. Similarly, coxsackievirus slows down cell death by

inhibiting caspase-3 (Salako et al., 2006). Picornaviruses generally trigger apoptosis
but manage to replicate fast enough to overcome this (Buenz & Howe, 2006). One

exception to this is hepatitis A which can establish a persistent infection in vitro.

Hepatitis A replicates slowly and inhibits IFN-P-induced anti-viral pro-apoptotic
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mechanisms thus inhibiting apoptosis in infected cells in vitro (Brack et al., 2002;
Goswami et al., 2004). Alphaviruses do not have any known anti-apoptotic

properties.
In order for the cell to undergo apoptosis when infected, it must first detect

the infection. Entry, genome replication, virus protein expression, assembly and
release are all essential stages in the virus life cycle and allow virus detection by the
cell. In this study the affects both virus genome replication and virus protein

expression have on cell induction of apoptosis were examined. Many negative strand
RNA viruses have a nucleoprotein that binds to the virus genome. During replication
these proteins only expose small amounts of the virus genome to polymerases,

minimising dsRNA exposure (See Fields Virology). Some negative strand viruses
also produce proteins that bind to dsRNA (for example the NS1 protein of influenza

A); binding to dsRNA may inhibit cellular proteins detecting the dsRNA and

triggering an anti-viral response. Positive strand RNA viruses have not adopted this

strategy and instead replicate in association with cellular membranes. SFV induces
the formation of invaginations in membranous structures of endosomic and lysomic

origin and carries out replication in these invaginations (Kujala et al., 2001). It has
been suggested that replicating in these invaginations may protect virus dsRNA from
detection. When dsRNA binding proteins such as NS1 were expressed in SFV
infected cells, the cells survived longer than in the nai've cells; the dsRNA binding

proteins provided further protection to the dsRNA, suggesting that replication in
these invaginations did not completely guard the dsRNA from detection. Because the
cells survived longer it was also clear that dsRNA contributes to the death of the cell.
PKR has been associated with apoptosis induction, but RIG-I and MDA5 have not.

Inhibition of MDA5 or MAVS lengthened survival also suggesting that these

proteins may also have a link to apoptosis induction. The location of MAVS, on the
surface of mitochondria would suggest that it is ideally placed to act as a link
between virus detection and cell death. Interestingly the C-terminus that anchors
MAVS to mitochondria is highly homologous the Bcl-2 family of proteins. It is

suggested that MAVS may affect mitochondrial membrane integrity, leading to

cytochrome c release but any link to apoptosis has not yet been proven.
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Overexpression of MAVS leads to increased IFN-P and NFkB activation but does
not increase apoptosis (Meylan et ah, 2005).

Interestingly, MEFs with PKR helicase activity inhibited died faster than wt

MEFs when infected with SFV. The virus replicated faster and the cells seemed to

respond quicker to the infection (NFkB activity was earlier). These results indicate
that PKR, as well as detecting virus infection, reduces virus replication. The exact

mechanism(s) underlying this inhibition of replication remains unclear however. The

physical interaction of PKR with dsRNA may reduce replication rates by inhibiting
dsRNA separation. It would be interesting to express the dsRNA binding region of
the PKR protein in the PKR KO MEFs to see if a wt phenotype could be recovered.
If the dsRNA binding activity was important then reintroducing this interaction

might reduce virus replication to levels close to those seen in wt cells. Alternatively,
the kinase activity of PKR may be affecting early virus replication. PKR

phosphorylation of hepatitis D virus nuclear phosphoproteins inhibits the virus
because removing this kinase activity increases virus replication (Chen et ah, 2002a).
The SFV nsP3 is a known phosphoprotein (Peranen et al., 1988) and it's possible
that PKR phosphorylates nsP3 causing nsP3 to function inefficiently. If PKR was not

present then nsP3 activity might improve; although the exact role of nsP3 is
unknown it is clearly involved in RNA replication, so alterations of phosphorylation

patterns might increase replication rates. PKR may also phosphorylate other cellular

proteins which in turn could downregulate virus replication. While it is clear PKR
inhibits virus replication, further investigations are required to fully elucidate how
PKR carries out this function.

Another major stage in the SFV life cycle is structural protein production.
The virus glycoproteins El, E2 and E3 are processed in the ER, and this study has
shown that the presence of structural proteins induces ER stress, upregulates CFIOP

expression and activates caspase-12 all by 9 hours post-infection. In the absence of
structural proteins cell stress is not invoked and caspase-12 is not activated (by 13
hours post-infection) but CHOP is still upregulated. CHOP expression is probably as

a result of PKR activation triggering eIF2-a phosphorylation, which can cause an

upregulation of ATF4 and CHOP. Lack of caspase-12 activation and ER stress

inactivation, may be reasons for the delay in cell death following SFVl-dleGFP
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VLP infection, indicating that ER stress activation and particularly caspase-12 is
somehow contributing to cell death. The timing of CHOP upregulation is between 7
and 9 hours in the presence or absence of SFV structural proteins and the
concentration of CHOP appears roughly similar in both cases (bands looked similar
on gel). This suggests that while CHOP may play a role in the death of SFV infected
cells it is not directly responsible for the delay seen in SFV VLP induced cell death.
WNV activates ER stress during infection and upregulates CHOP; infection of
CHOP KO cells led to higher titres of virus but it is unclear whether this was due to

decreased apoptosis or upregulated rates of virus replication (Medigeshi et al., 2007).
JEV also triggers ER stress and upregulates CHOP expression. CHOP can

downregulate Bcl-2 (McCullough et al., 2001) but is not the only pro-apoptotic
mechanism associated with ER stress. Calcium release from the ER can cause

cytochrome c release from mitochondria and subsequent caspase activation (Deniaud
et al., 2008). Hepatitis C virus infection causes ER stress, calcium depletion from the

ER, cytochrome c release from mitochondria and apoptosis. It has been reported

previously that in SFV infected chicken embryo cells the mitochondria take up

increased amounts of calcium (Peterhans et al., 1979). It is not clear however

whether the ER was releasing this calcium or whether this calcium was triggering
mitochondrial membrane depolarisation. ER stress can also lead to activation of the
JNK (c-Jun amino-terminal kinases) pathway through the interaction of IRE 1, ASK1
and JNK; the JNK pathway is suggested to be pro-apoptotic (Nishitoh et al., 2002).

Expression of SFV structural proteins to a high level independent of the virus nsPs or
RNA replication would highlight further the apoptotic affect these proteins have. A
DNA plasmid containing the structural protein genes under the control of ubiquitous

expression promoter could be transfected into cells, leading to high level structural

protein expression. This build up of structural proteins would be predicted to trigger
ER stress and eventually apoptosis. Unfortunately, time constraints did not allow
such an experiment to be carried out.

It appears that SFV has evolved a straight forward approach to its life cycle.
It replicates rapidly, utilises cellular machinery and releases new virus particles with
an apparent disregard for cellular apoptotic responses. Evidence has emerged

suggesting that SFV nsP2 downregulates IFN production by an unknown mechanism
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(Breakwell et ah, 2007). NsP2 is also involved in transcription down-regulation in
infected cells; the mechanism for this has not yet been established (Garmashova et

al., 2007b). The VEEV capsid protein associates with nuclear pore complexes,

interfering with transport to and from the nucleus. This allows inhibition of

transcription and is suggested to be a feature of new world alphaviruses only and not

SFV and SV for example (Garmashova et al., 2007a; Garmashova et ah, 2007b). To

date, no evidence for alphavirus anti-apoptotic mechanisms exist. SFV triggers

multiple apoptotic pathways at different stages of its life cycle, and this apoptosis is

probably both caspase dependent and independent. Mutations in SFV have reduced
its ability to induce apoptosis but these mutations have also dramatically the

replicative ability of the virus, often rendering it unusable. The reduction in

cytopathogenicity of these mutated viruses is probably as a result of reduced RNA
and virus protein build up in the infected cells. There may be a threshold of RNA or

protein concentration below which cellular apoptotic mechanisms are not activated.
Overall the work undertaken in this study has shown that SFV infection is a

potent and multi-pronged activator of cell death in mammalian cells. The cell detects
infection and induces signalling pathways that lead to cell death as well as other

responses such as IFN production. The virus in turn has evolved to avoid the affect
of cell death by replicating and producing large amounts of virus particles well
before the cell dies.
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