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ABSTRACT

During latency, HSV-1 gene expression Is limited to the latency-associated 

transcripts (LATs), which encode at least three potential open reading frames (ORFs) 

that are conserved between HSV-1 strains. This suggests that proteins that function at 

some point In the HSV lifecycle might be encoded, even though such an activity has 

not been detected previously, although work suggesting a function of the largest LAT 

ORF has previously been published (Thomas et aL 1999). This thesis concentrates on 

studying the regulation of the expression of this potentially functional ORF. In order to 

study the regulation of expression of the largest LAT ORF, viruses with green 

fluorescent protein (GFP) or lacL replacing the ORF were constructed, with and without 

a polyA sequence. PolyA(-) viruses should express G??/lacZ under conditions where 

the LAT ORF Is usually expressed. Expression was not detected in vitro or at early time 

points In dorsal root ganglia after footpad Inoculation of mice, but was detected at 

significant levels during latency. Similar expression was detected from polyA(-i-) and 

polyA(-) viruses Indicating that differential polyadenylatlon Is probably not Important In 

regulating LAT ORF expression, at least In mice. Adding the woodchuck 

posttranscrlptlonal regulatory element, after GFP, to potentially enhance the export of 

RNA from the nucleus gave similar results. Hence, differential polyadenylatlon or RNA 

export do not appear to play a key role In the regulation of LAT ORF expression. 

Marker gene expression decreased during reactivation.

Studies aiming at determining If marker gene expression from these 

recombinant viruses during latency correlates with spontaneous reactivation were 

performed. Dual recombinant viruses containing both GFP within the LAT ORF and the 

lE l promoter driving iacL expression from within the UL43 gene were constructed and 

tested in vivo, either alone or together with a virus containing an Intact LAT ORF. In 

both experiments, GFP expression did not correlate with iacL expressing cells {i.e. cells 

In which spontaneous reactivation was probably occurring). Therefore, unless 

reactivation was aborted before ICPO expression, LAT ORF expression does not appear 

to correlate with reactivation. Thus, It seems likely that the LAT ORF Is expressed in 

wi/D during latency, which was not expected from previous work (Thomas et ai. 1999).

Finally, work aimed at Investigating an in vivo activity of the LAT ORF showed 

that CMV driven LAT ORF expression from an otherwise wild type virus could activate 

the ICPO promoter in vivo from an already latent virus. This Is the first preliminary 

evidence of a direct LAT protein mediated effect in vivo.
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Chapter 1_____________________________________________________________________________Introduction

CHAPTER 1: INTRODUCTION

1.1. The Biology of Herpes Simplex Virus

Herpes simplex viruses (HSVs) were the first identified human herpesviruses 

and have been intensively studied. Even though they were discovered more than 40 

years ago their biology is not compietely understood.

Herpesviruses share two common features, the ability to establish lytic and 

latent infections, which are reguiated in different ways within the different 

herpesviruses groups.

Aiphaherpesviruses, which include HSV-1, enter latency in sensory neurons. 

The regulation of latency, i.e. how the virus switches between both modes of infection, 

still poses a very important biologicai question, which for aiphaherpesviruses is largely 

not understood.

Work presented in this thesis attempts to study one aspect of this important 

biological phenomenon.

1.1.1. Human Herpes Simplex Viruses

HSV type 1 and 2 are large DNA viruses that belong to the Herpesviriciae 

family. The members of this family are divided into three subfamilies, 

aiphaherpesvirinae, betaherpesvirinae and gammaherpesvirinae, based on tissue 

tropism, cytopathology, duration of the replicative cycle and the characteristics of 

iatent infection (Roizman and Pellett 2001).

Aiphaherpesviruses, even though they are human viruses, are capable of 

infecting many non-human cuitured cells, have a short replication cycle and are 

neurotropic. The human viruses HSV-1, HSV-2 and varicella-zoster virus (VZV) belong 

to this subfamily.
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Chapter 1_____________________________________________________________________________Introduction

Beta and gammaherpesviruses have a much slower replicative cycle and also a 

narrower host range and they are limited to cells of glandular or lymphatic origin, 

respectively. Consequently, they are more difficult to propagate in cell culture. 

Cytomegalovirus (CMV) is the prototype betaherpesvirus. Human herpesviruses 6 and 

7 (HHV6 and HHV7) also belong to this subfamily.

Epstein-Barr virus (EBV) and HHV8 are typical members of the 

gammaherpesvirus subfamily (Cohrs and Gilden 2001).

All herpesviruses are able to establish and maintain latent infections for the 

lifetime of the host. These can then reactivate and cause disease long after the 

primary infection resulting in a high prevalence in most human populations.

HSV-1 and HSV-2 cause the symptoms of cold sores and genital herpes 

respectively (Whitley 1996), and very rarely (approximately 1-2 cases per million per 

year) they can spread to the central nervous system (CNS) causing encephalitis 

(Kennedy 1984). HSV infections are highly prevalent worldwide, both in developed and 

underdeveloped countries. About 80% of adults are seropositive to HSV-1 and/or HSV- 

2 (Rouse and Gierynska 2001).

1.1.2. The Structure of the Virion

The HSV virion is an enveloped particle containing an icosahedral capsid. The 

viral genome is associated with core proteins within this structure. An amorphous 

matrix of proteins, the tegument, lies between the envelope and the capsid (fig. 1.1.) 

(Roizman and Knipe 2001).

The envelope is comprised of a lipid bilayer into which and at least twelve HSV 

proteins and glycoproteins (named gB to gM) are inserted. Some of these proteins play 

a role in virus attachment and entry into cells (section 1.2.1). Some tegument proteins, 

especially virion protein 16 (VP16 also known as a-TIF, vmw65, ICP25 and UL48) and 

the virion host shut-off protein (vhs or UL41), besides their structural role, are also
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Chapter 1_____________________________________________________________________________Introduction

important at the early stages of Infection (Roizman and Knipe 2001). This will be 

discussed later.

1.1.3. The Viral Genome

The HSV-1 genome is a linear double-stranded DNA molecule of approximately 

152 kb in size, which encodes over 80 gene products. The HSV genome is composed of 

long and short unique segments (UL and US, respectively) that are flanked by repeated 

regions, a, b and c. Therefore, the ORFs mapping in the inverted repeats are present 

in two copies per viral genome. The unique segments can Invert relative to each other, 

thus yielding four possible isomers (Roizman 1996). Fig. 1.2. shows the structure of 

one of these isomers.
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Figure 1.1. Structure of HSV virions.
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Figure 1.2. Schematic diagram of the HSV genome.
Sequence arrangement of the HSV genome showing the positions of the a, b and c repeats within the 
terminal repeats (TRl and TRs) and internal repeats (IRl and IRs).
The genome contains three origins of replication, ohl in the unique long (UL) region and two copies of 
oris in the unique short (US) repeat region. The a sequence contains signals required for cleavage and 
packaging of the DNA.
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1.2. The Lytic Cycle

1.2.1. Virus Binding and Entry

In  vivo, HSV infection initiates at epithelial or mucosal skin surfaces through the 

binding of the virus to specific receptors on the cell surface. The exact mechanism of 

HSV attachment and entry to cells is not completely understood but most 

herpesviruses gain entry to cells by binding to glycosaminoglycans, usually heparan 

sulphate, on the cell surface (Shukla and Spear 2001).

As mentioned previously, herpesviruses encode at least a dozen envelope 

glycoproteins, but only 4 or 5 have been shown to have a role in viral entry. Deletion 

of the glycoproteins, by creating viral mutants lacking functional versions of one or 

more glycoproteins, has shown that gB, gD, gH and gL are essential for virus entry. 

Absence of any of these glycoproteins allows binding but the mutant virions fail to 

enter the cell. gC has been shown to enhance virus binding, its absence does not 

inhibit virus entry but the binding efficiency is reduced. gC and gB double mutants bind 

considerably less to cells . Overall, gB and/or gC mediate the virus binding to heparan 

sulphate present on the cell surface whereas gB, gD, gH and gL are thought to induce 

the fusion of the viral envelope with the cell membrane mediated via the interaction of 

gD to any of the following cell entry receptors: herpesvirus entry mediator (HVEM), a 

member of the tumor necrosis factor (TNF) receptor family, which is also referred as 

HveA (Montgomery et af. 1996); nectin-1 and nectin-2, members of the 

immunoglobullin superfamily and also known as HveC and HveB, respectively 

(Geraghty et ai. 1998); or a modified form of heparan sulphate generated by the 

action of 3-0-sulfotransferases (Shukla et ai. 1999; Spear and Longnecker 2003). A 

schematic representation of these receptors is shown in fig. 1.3. and 1.6A.

Following fusion with the cell membrane the capsid and tegument are released 

into the cytoplasm of the host cell. Some tegument proteins remain in the cytoplasm
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(USll and vhs), whilst the viral DNA and other tegument proteins (VP16, VPl-2) are 

transported to the nuclear membrane via microtubules (Sodeik etal. 1997).

At the nuclear membrane the viral DNA and associated tegument proteins are 

released through a nuclear pore into the nucleus (Roizman and Knipe 2001) where 

transcription, replication of viral DNA and assembly of progeny virions ensues (section

1.2.2. and 1.2.3.).

1.2.2. Transcriptional Control and DNA Replication

Upon viral entry, considerable regulatory and organisational alterations occur 

within the host cell as a result of viral mechanisms that redirect the host-cell machinery 

to express viral genes and repress host gene expression.

The control of gene expression during the lytic cycle relies on both viral and 

cellular factors. The vhs tegument protein remains in the cytoplasm and is responsible 

for the destabilisation of pre-existing host mRNAs but also affects viral mRNAs, 

disruption of polysomes and suppression of host-cell protein synthesis (Fenwick and 

McMenamin 1984; Kwong et a!. 1988; Schek and Bachenheimer 1985; Strom and 

Frenkel 1987; Sydiskis and Roizman 1966). VP16 is translocated to the nucleus of the 

host cell together with the viral DNA, aided by a cellular factor, known as host cell 

factor (HCF), also referred as Cl, VCAF or CFF (La Boissiere et al. 1999). VP16 

recognises c/9-acting response elements (TAATGARAT, where R is a purine) present in 

more than one copy in all HSV immediate-early (IE) promoters (Gelman and Silverstein

1987), but cannot bind directly to these sequences (Preston et ai. 1988). This 

tegument protein requires the presence of at least two host proteins, the octamer 

binding protein one (oct-1) and HCF, for efficient binding to the response elements 

(Wilson et ai. 1993). Oct-1 is a transcription factor of the POU family (Sturm et ai.

1988) that recognises the TAAT region of the TAATGARAT response element and binds 

to it. The VP16 forms a complex with HCF (Katan et ai. 1990; Kristie and Sharp 1990;
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Stern and Herr 1991; Xiao and Capone 1990) and then binds to the oct-l/TAATGARAT 

pre-formed complex through the POU domain and the GARAT sequence (Gerster and 

Roeder 1988; O'Hare et a!. 1988; Preston et at. 1988) exposing the acidic C-terminal 

domain of VP16, which is responsible for transactivation (Triezenberg et at. 1988), 

most probably through the interaction with host transcription factors (Gupta et a!. 

1996; Stringer et aL 1990). This multi-protein complex assists the recruitment of the 

host RNA polymerase II transcription machinery into the close proximity of the viral IE 

promoters initiating the transcription of IE genes (AIwine et aL 1974; Costanzo et aL 

1977).

Overall, VP16 is of crucial importance in at least two ways. First, it 

transactivates IE viral transcription (Campbell et aL 1984). Second, some evidence 

suggested that VP16 also interacts with the newly synthesised protein to downregulate 

vhs expression, thus rescuing viral mRNAs from destruction (Lam etaL 1996; Mossman 

et aL 2000b).

The transactivation of the IE genes triggers the lytic cascade, in which the viral 

genes can be grouped in three classes according to the time and conditions of their 

expression: the IE (or a), early (E or (3), and late (L or y) genes (Clements etaL 1977). 

A schematic representation of this cascade is shown in fig. 1.4.

IE gene products, the first viral proteins synthesised upon infection, are 

transcribed in the absence of viral protein synthesis and encode the functions 

necessary for the regulation of E and L gene expression. There are five such 

transcripts: four are regulatory factors (infected-cell polypeptide 0 - ICPO, aO or 

vmwllO; ICP4, a4 or vmwl75; ICP22, a22 or vmw68 and ICP27, a27 or vmw63) and 

an immunological modulator (ICP47, a47 or vmwl2) (Roizman and Knipe 2001).
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Figure 1.3. Glycoproteins and cellular receptors involved in HSV attachment and entry. 
Adapted from Spear and Longnecker (2003).
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ICPO is located In the short repeat regions of HSV-1 genome and hence It Is 

present In two copies per genome (Pereira et a!. 1977; Zhu et a!. 1991) and Is not 

essential for a productive Infection. However, Its deletion greatly reduces viral 

replication especially at low MOI (Chen and Silverstein 1992; Sacks and Schaffer 1987; 

Stow and Stow 1986).

ICPO has been described as a promiscuous transactivator capable of Inducing 

the expression of all classes of genes In the HSV lytic cascade (IE, E and L) as well as 

non-HSV genes In transient transfection assays. This transactlvatlon Is enhanced when 

ICP4 Is present (Everett 1984; Gelman and Silverstein 1985; Nabel eta l. 1988; O'Hare 

and Hayward 1985; Quinlan and Knipe 1985). ICPO Is unable to bind DNA directly 

(Everett et al. 1991) and thus. It Is thought that It may exert Its effects Indirectly, but 

the exact mechanisms of ICPO transactlvatlon functions are not completely understood.

Nevertheless, ICPO Is capable of Interaction with a multitude of cellular factors, 

such as NDIO to cause Its disorganisation (Everett and Maul 1994; Maul et a!. 1993; 

Maul and Everett 1994), components of the transcription machinery (Lees-Mlller et aL 

1996), protein degradation (Everett et aL 1997; Everett et aL 1998; Everett 2000a), 

cell cycle control (Everett et aL 1999; Flemlngton 2001; Hobbs and DeLuca 1999; 

Kawaguchi et aL 1997b; Lomonte and Everett 1999), translational machinery 

(Kawaguchi etal. 1997a) and It Is also suggested to Inhibit histone deacetylases (Poon 

et aL 2003).

Altogether, this data suggests that ICPO acts by altering the stability of certain 

cellular proteins resulting In an environment that Is favourable for HSV replication.

ICPO has also been Implicated In being Important for the establishment and 

reactivation from latency (Wilcox et aL 1997). Finally, there has been Interest In ICPO 

due to Its position within the genome, antisense to the latency-associated transcripts 

(LATs). These Interactions and Its Implications for the latent cycle will be discussed 

later.
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ICP4 is an essential regulatory protein, which is located in the short repeat 

regions of HSV-1 genome. This protein is involved in the regulation of E and L genes 

and also in the down regulation of ICPO and its own expression (DeLuca et al. 1985; 

Dixon and Schaffer 1980; Roberts etal. 1988).

ICP4 is a DNA binding protein (DiDonato et ai. 1991; Faber and Wilcox 1986), 

present as a homodimer (Metzler and Wilcox 1985), localised primarily in the nucleus 

(Courtney and Benyesh-Melnick 1974; Pereira et ai. 1977) and is thought to activate 

transcription via interaction with cellular transcription factors such as the TATA binding 

protein and TFIID (Carrozza and DeLuca 1996; Grondin and DeLuca 2000; Smith etaf. 

1993).

ICP27 is an essential multifunctional protein (Sacks et ai. 1985) localised 

predominantly in the nucleus. Through interaction with ICP4 and ICPO it represses IE 

and E and activates L gene expression (Hardwicke et ai. 1989; McMahan and Schaffer 

1990; Sekulovich et ai. 1988) and is also required for optimum DNA synthesis 

(McCarthy etaf. 1989).

Additionally, ICP27 performs a series of post-transcriptional functions that 

include RNA transport control by regulating the nucleocytoplasmic transport of viral 

transcripts through binding to RNA (Phelan et ai. 1996), stimulating 3' RNA processing 

at some viral polyadenylation (polyA or pA) sites (McGregor etaf. 1996), and inhibiting 

splicing of both viral and cellular mRNAs. This provides an advantage for the virus, as 

the viral RNAs are predominantly unspliced (Hardy and Sandri-Goidin 1994).

ICP22 is dispensable for virus growth in various cell types but assists L gene 

synthesis in a cell type dependant manner (Sears etaf. 1985).

ICP22 has also been implicated in the production of an aberrantly 

phasphorylated form of RNA polymerase II to specifically repress host cell transcription 

(Long et at. 1999; Rice et ai. 1995; Spencer et ai. 1997), as well as to increase the 

stability and splicing of ICPO mRNA (Carter and Roizman 1996).
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ICP47 is not essential for replication in most cell types (Mavromara-Nazos etal.

1986). ICP47 is known to inhibit antigen presentation to CD8+ T lymphocytes 

therefore allowing the virus to escape immune surveillance (Goldsmith et ai. 1998). 

This is achieved by ICP47 binding to the transporter of antigen processing (TAP) 

complex (heterodimer made of TAPI and TAP2), which is responsible for peptide 

transport across the endoplasmic reticulum (ER) (Hill etaf. 1995). ICP47 binding blocks 

TAP as a result inhibiting peptide loading of major histocompatibility complex (MHC) 

class 1 molecules. The empty MHC class I molecules are retained in the ER and fail to 

present peptides on the surface of the infected cells (Bauer and Tampe 2002) as 

represented in fig. 1.5.

IE gene expression is followed by E gene expression. E gene products are 

primarily responsible for viral DNA synthesis and nucleic acid metabolism.

E gene products include thymidine kinase (TK) and ribonucleotide reductase 

(RR), DNA binding proteins (ICP8 is the major DNA binding protein), DNA polymerase, 

Ori binding protein, and the helicase/primase complex, when present In sufficient 

amounts DNA synthesis ensues (Wagner and Bloom 1997).

DNA replication occurs in structures called replication compartments formed in 

the nucleus of infected cells and assembled in the periphery of NDIO cellular structures 

(Ishov and Maul 1996; Quinlan etaf. 1984).

The classical model of HSV-1 replication assumes circularisation of the HSV 

genome is a prerequisite for viral DNA replication. Lehman and Boehmer (1999) 

proposed the viral DNA is initially replicated via a theta mechanism and subsequently 

replicated via a rolling circle mechanism to produce concatemeric DNA that is then 

cleaved and packaged into single units making-up the progeny genomes (Jacob et ai. 

1979).
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Figure 1.5 The transporter of antigen processing (TAP) complex. The TAPI and 
TAP2 transporter molecules form a heterodimer in the endoplasmic reticulum 
membrane and are composed of two complex transmembrane domains and two ATP 
binding domains.
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More recently, Jackson and DeLuca (2003) provided compelling data suggesting 

that genome circularisation does not occur during lytic Infection but might occur during 

latency. The authors only detected circular genomes when cells were Infected with 

ICPO mutant viruses or viruses mutant for all IE genes, in which DNA replication is 

impaired or Inhibited due to the lack of IE genes that are essential for the progression 

of the lytic cascade, suggesting that circular genomes cannot be DNA templates for 

replication In lytic Infections. Furthermore, the authors did not detect circular genomes 

during lytic Infection or when replication was Inhibited but ICPO was provided (only 

linear genomes were detected), suggesting that ICPO might be a key molecule 

regulating circle formation. These findings suggest that linear genomes are better 

templates for DNA replication, challenging the previous views.

1.2.3. Virus Assembly, DNA Encapsidation and Egress

L gene expression Is activated by IE genes (ICP4 and ICP27) only after viral 

DNA synthesis has occurred. The L genes encode structural proteins of the capsid, 

tegument and envelope. Following expression of L genes the virion assembly occurs In 

the nucleus. The viral DNA concatemers are cleaved Into genome length units and 

packaged into capslds through the recognition of the 'a' sequence found In the repeats 

region of HSV-1 genome (fig. 1.2.). The capslds then associate with tegument 

proteins, vhs and VP16 are thought to aid the envelopment process (Mossman et al. 

2000b; Smibert et ai. 1994), and bud through areas of the Inner nuclear membrane 

that has been modified with viral glycoproteins, thus forming the viral envelope.

There Is still controversy about the route the virion takes upon budding from 

the nuclear membrane. Two alternative pathways have been proposed. The re

envelopment pathway (Granzow et ai. 2001) suggests the enveloped virions fuse with 

the outer nuclear membrane releasing envelope-free capslds into the cytoplasm. The 

capslds are then transported to the Golgl compartment where they are re-enveloped
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and subsequently released from the cell through secretory vesicles. The second, known 

as the lumenal pathway (Enquist etal. 1998), proposes the enveloped virions released 

from the nucleus travel in the cytoplasm either in vesicles or in the lumen of the ER to 

the Golgi, where the last stages of glycoprotein maturation occur, and are released 

from the cell via a secretory route (Roizman and Knipe 2001). Fig. 1.6 shows a 

schematic representation of the virus egress pathways as well as the various stages of 

the HSV lytic cycle.
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1.3. Mechanisms of Latency

1.3.1. Overview of the Latency-Reactivation Cycle

Upon infection of a human or experimental animal with HSV, virus replication 

occurs at the primary site of infection as described in section 1.2 and simultaneously 

the host effects a powerful immune response, which is counteracted by the virus by 

producing molecules to evade this response (Wagner and Bloom 1997). Sections 1.2.2. 

and 1.3.9. provide more details.

The amplified virus then enters sensory nerve endings and the capsid and 

possibly part of the tegument are intra-axonally transported along microtubules - 

retrograde transport - (Bearer et al. 2000; Cook and Stevens 1973; Topp et ai. 1994) 

to the nuclei of sensory neurons of the peripheral nervous system (PNS) - trigeminal 

(TG) or dorsal root ganglia (DRG) - where infected neurons initially support virus 

replication (Knotts et ai. 1974; Kramer et a i 1998). Within a few days (usually less 

than a week), no free virus can be detected within the neurons and latency has been 

established (Cabrera et ai. 1980; Fraser et ai. 1981; Stevens and Cook 1971; Walz et 

ai. 1974).

During latency the viral DNA exists as circular episomal elements packaged into 

nucleosomes (Deshmane and Fraser 1989) in the neuronal nucleus and can persist for 

the lifetime of the host under this state (Efstathiou et ai. 1986; Mellerick and Fraser 

1987; Nesburn etaf. 1972; Rock and Fraser 1983; Rock and Fraser 1985).

It is well known that latent HSV is the source of virus responsible for recurrent 

infections (Baringer and Swoveland 1973; Knotts et ai. 1974). These can either occur 

spontaneously or can be under the influence of certain stimuli as stress or fever 

(Latchman 1990). Reactivation of HSV occurs in a fraction of latently infected neurons 

resulting in the production of new infectious virus particles. These particles are then 

transported in an anterograde direction (Holland etaf. 1999; Penfold etaf. 1994) along
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the axon to initiate a secondary infection within the cells near the site of initial infection 

resulting in virus shedding, with or without symptoms of disease (Roizman and Knipe

2001). On rare occasions, the virus can spread to the central nervous system (CNS) via 

retrograde transport causing either a latent infection or viral replication resulting in a 

potentially life threatening encephalitis. Fig. 1.7. shows a schematic representation of 

these events.

1.3.2. LATs Genetic Organisation and Gene Expression

During latency, the viral lytic genes are switched off, no infectious virus is 

detected and a single region of the genome remains transcriptionally active. This 

produces a family of latency-associated transcripts (LATs) as determined by in situ 

hybridisation (ISH) and northern blot methods, both in animal models (mouse and 

rabbit) and in human TG (Croen etaf. 1987; Deatly etaf. 1987; Puga etaf. 1978; Rock 

etaf. 1987b; Stevens etaf. 1987; Stevens etaf. 1988).

Very low numbers of lytic transcripts have also been detected in TG during 

latency (Chen et ai. 2002a; Kramer et af. 1998; Kramer and Coen 1995), but these 

may just reflect cells in which spontaneous reactivation is occurring (Feldman et ai.

2002). Moreover, Taus and Mitchell (2001) demonstrated in transgenic mice that 

neurons are not the cells in which the ICP4 promoter is active.

LAT transcripts map in the inverted repeats of the HSV-1 genome flanking the 

UL segment, thus being present in two copies per genome and are transcribed 

antisense and partially complementary to the IE gene encoding ICPO. This led to the 

suggestion that LAT inhibits ICPO expression by an antisense mechanism (Farrell etaf. 

1991; Stevens et ai. 1987) a point that will be discussed later (section 1.3.7.).
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The LAT transcripts are also co-linear (both in the same orientation and 

antisense) with a number of other transcripts expressed during the lytic cycle - L/STs, 

oX or |3X - (Bohenzky et a i 1995; Lagunoff and Roizman 1994; Randall et al. 1997; 

Roizman and Knipe 2001; Yeh and Schaffer 1993) which mainly have unknown 

functions in the HSV lifecycle (fig. 1.8.).

The LATs consist of at least three transcripts of 8.3, 2 and 1.5 kb (Dobson etaf. 

1989; Mitchell et ai. 1990; Rock etaf. 1987b; Spivack and Fraser 1987; Stevens etaf. 

1987; Wagner et ai. 1988a; Wechsler et ai. 1988; Zwaagstra et ai. 1990). Some of 

these authors also detected an additional transcript of 1.45 kb that was later shown to 

be the same RNA sequence as the 1.5 kb species but present in a different 

configuration (Wu etaf. 1996).

The 8.3 kb primary transcript is highly unstable, and is therefore difficult to 

detect, and appears to be polyadenylated. Dobson et a! (1989) and Devi-Rao et a! 

(1991) detected this transcript in cells productively infected with HSV-1 by northern 

blots and in latently infected tissue by RNase protection assays. Other studies 

confirmed the presence of this transcript by northern blot analysis of RNA obtained 

from latently infected neuronal cell lines (Zwaagstra et af. 1990) and by ISH of mouse 

TG latently infected with HSV-1 (Mitchell et ai. 1990). This was later confirmed by PCR 

(Bloom et ai. 1994; Devi-Rao et ai. 1994). The primary LAT begins just 3' of the LAT 

promoter and extends 8.3 kb to the nearest polyA site in the short repeat region in the 

strand opposite to ICP4 polyA (Dobson et ai. 1989; Mitchell et ai. 1990; Zwaagstra et 

at. 1990).

The most abundant LAT species are 2 and 1.5 kb polyA(-) (Devi-Rao et ai. 

1991; Wagner et ai. 1988a), uncapped (Devi-Rao et ai. 1991) RNAs that remain 

predominantly in the neuronal nucleus of latently infected ganglia (Stevens et ai.

1987), although a small proportion might be present in the cytoplasm associated with 

polyribosomes, therefore suggesting that it may be translated or regulate translation
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(Ahmed and Fraser 2001; Goldenberg etal. 1997; Nicosia etaf. 1994). Additionally, the 

2 kb transcript was also detected during lytic infection or transfection of tissue culture 

cells and ganglionic neurons with L gene kinetics, but to a much lesser extent than 

during latency (Chen et ai. 1995; Devi-Rao et ai. 1991; Spivack and Fraser 1987; 

Spivack and Fraser 1988a).

The initial observations made by Spivack ef j/(1991) and Wagner ef a/(1988b) 

of the presence of canonical splicing signals suggested that LAT species represent 

stable introns spliced out of the primary LAT. Farrell et a! (1991) demonstrated by 

northern blot analysis of total RNA of cultured cells transfected with a p-galactosidase 

transcript containing the part of the primary transcript encompassing the 2 kb region 

(a 2.4 kb fragment) that a 2 kb polyA(-) LAT transcript was produced using the 

predicted splicing signals. In addition, others have demonstrated the 1.5 kb species is 

derived from splicing of the 2 kb transcript (Alvira et ai. 1999; Spivack et ai. 1991; 

Wechsler etaf. 1988) and this event is limited to latently infected neurons (Devi-Rao et 

ai. 1991; Spivack and Fraser 1988b; Wagner et ai. 1988b; Wechsler et ai. 1988). 

Further studies have characterised the 5' and 3' ends of the 2 kb LAT in more detail 

(Wagner et ai. 1988a). Later studies have confirmed these findings and have also 

shown that LAT introns can be isolated as lariats that have an unusual splice junction, 

as in group II self spliced introns, and this configuration is probably responsible for 

their high stability (Alvira et af. 1999; Arthur et al. 1998; Krummenacher et al. 1997; 

Rodahl and Haarr 1997; Thomas et al. 2002a; Wu et al. 1996; Wu et al. 1998; 

Zabolotny eta l. 1997), even though Krummenacher ef a/(1997) and Wu ef a/(1998) 

predicted different branchpoints.

Another curious characteristic of LATs is the lack of detection of the 6.3 kb 

spliced exon formed upon splicing of the primary LAT to produce the 2 kb LAT (fig. 

1.8), which is thought to be very unstable and thus difficult to detect (Devi-Rao etal. 

1991). To my knowledge, the only report in the literature that detects such an exon
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derives from an in vitro model in which a eukaryotic expression cassette containing a 

truncated LAT primary transcript (3.4 kb LAT fragment) was used to transfect cultured 

cells and the splicing reaction resulted in the detection of the 2 kb LAT intron in similar 

amounts in the nucleus and the cytoplasm and a 1.4 kb transcript (LAT exon) was 

detected mostly in the cytoplasm (Zabolotny et ai. 1997). However this exon remains 

theoretical in latently infected cells.

As previously mentioned, neurons are the exclusive site of latency in humans 

and animal models (mouse and rabbit). Detailed characterisation of LAT expression 

and the number of positive genomes in neurons has been extensively performed since 

LATs are an excellent marker for assessing latency.

A range of techniques, such as solution hybridisation. Southern blot, slot blot 

and quantitative PCR (QPCR), have been used to quantify viral genomes in ganglia and 

all concluded that neurons contained multiple copies of viral genomes even though not 

all neurons were latently infected (Preston 2000).

Studies employing in situ  PCR (Maggioncalda et ai. 1996; Mehta et ai. 1995; 

Ramakrishnan et ai. 1994) or contextual analysis (CXA), in which latently infected TG 

were dissociated and neurons separated from non-neuronal cells by differential 

centrifugation followed by QPCR on individual neurons (Sawtell 1997; Sawtell 1998) on 

latently infected ganglia, demonstrated that 1% to 30% of neurons contained HSV-1 

DNA. The discrepancy might reflect different experimental conditions, or virus/animal 

strains used. Furthermore, LATs were not detected in all neurons containing viral 

genomes. There are neurons containing viral genomes that are LAT positive whilst 

others do not express detectable LAT. The reason for this observation remains 

uncertain and to complicate matters even further Ramakrishnan et a i (1996) have 

presented conflicting evidence, using in situ PCR, suggesting that all latently infected 

neurons are in fact positive for LAT.

43



Chapter I, Introduction

ICPO ICP27

U l

ICP22 ICP4

Us

ICPO ICP4

S D

ICP47

TATA

L4P1 LAP2
polyA signol

LATP2

primary LAT 

AL ORF —

spliced transcript
not detected - —  —
6 .3Kb exon

major LATs - 
stable introns

2Kb LAT

1,5Kb LAT

ICPO

■ s.
s o  SA

-̂ {CT Z
■ ^ I C T s -

ICP34 5 

ORF P

ORF O

\ I
LAT region 
complementary 
to ICPO

«X —

p x  ^

H SV-1 2kb LAT encoded ORFs 
strain 17+ and strain F

BstXI

m

HSV-1 2kb LAT encoded ORFs 
strain KOS

HSV-2 2kb LAT encoded ORF 
strain H652

AT6 ATS

Figure 1.8. Map of the LAT transcriptional unit within the HSV-1 genome and other transcripts.

44



Chapter 1_____________________________________________________________________________Introduction

A more recent study employing a combination of methods, laser capture 

microdissection (LCM), PCR and QPCR to quantify viral genome at the single cell level 

and ISH for LATs, supports previous observations that many latently infected neurons 

do not express LATs and additionally demonstrated that the total number of genomes 

in LAT(+) and LAT(-) neurons was relatively similar at the single cell level (Chen etal. 

2002b). The authors offer some possible explanations concerning whether a neuron 

containing latent genomes might express LATs, as detectable by ISH. One possibility is 

that LAT expression may result from genome copy number per neuron that allows LAT 

detection. However, the authors discount this possibility since they found that LAT(-) 

and LAT(+) neurons contained similar number of genomes. Therefore, they propose 

that unidentified neuron specific factors might regulate LAT expression during latency 

as evidenced by Margolis at a! (1992) and Yang at a! (2000). This work suggested 

latency was preferentially established in neurons expressing the SSEA-3 surface marker 

(section 1.3.7.) and Smith ef a/(1994) suggested that differences in cellular physiology 

might impact LAT expression in neurons.

Additionally, it is important to note that the number of viral genomes as well as 

the number of neurons expressing LATs remains constant throughout latency (Kramer 

and Coen 1995; Rock and Fraser 1983; Wagner at ai. 1988a). Furthermore, Sedarati at 

a /(1989) quantified viral DNA from latently infected DRG of mice at 1 and 11 months 

upon inoculation in comparison to ganglia from early time points and observed a slight 

decline that corresponded to initial replication and from then on the number of 

genomes remained unchanged. The same was the case for LAT-null viruses (Sedarati 

at ai. 1993).

All strains of HSV-1 and HSV-2 sequenced to date contain potential open 

reading frames (ORFs) of considerable size at similar positions in the 2 kb LAT (Coffin 

at ai. 1998; Wechsler atai. 1989).
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HSV-1 2kb LAT contains two or three potential ORFs, the largest (approximately 

273 amino acids - aa) being conserved in aa sequence between HSV-1 strains - 17+; 

KOS; F - (Coffin eta l. 1998). See fig. 1.8. There has been divergence regarding HSV-2 

2 kb LAT encoded ORFs. Coffin et a! (1998) identified a potential HSV-2 LAT ORF of 

approximately 419 aa in strain HG52 that had not been previously identified (Dolan et 

ai. 1998; McGeoch et al. 1991), and differs from predicted ORFs of the HSV-2 strain 

333 (Krause etal. 1991).

The HSV-2 2 kb LAT encoded ORFs are not similar in sequence to the ORFs in 

HSV-1. In fact, HSV-1 and HSV-2 are highly conserved in sequence except in the LAT 

regions (McGeoch et al. 1991). This difference may be responsible for the different 

anatomical sites at which the viruses enter latency and reactivate (Dolan etal. 1998).

The presence of potential ORFs in the genome repeats of all strains of HSV-1 

and HSV-2 examined so far suggests that they might encode proteins which function at 

some point in the HSV lifecycle (Spivack etal. 1991; Wagner etal. 1988b; Wechsler et 

al. 1989) even though the elucidation of such a function has been difficult. This will be 

further explored in section 1.3.3.

1.3.3. Modulation of the Latency-Reactivation Cycle by Long Repeat Encoded 

ORFs and Proteins

As previously discussed, the 2 kb LAT has been detected in polyribosomal 

fractions of lytic and latent cells and also associated with splicing factors (Ahmed and 

Fraser 2001; Goldenberg et al. 1997; Nicosia et al. 1994) suggesting either the 2 kb 

encoded ORFs are translated or the transcript itself may have some regulatory 

function.

There is a report in the literature that detected an 80 kDa protein in dissociated 

neuronal cultures infected with HSV-1 recognised by an antiserum raised against the 

largest 2 kb LAT ORF (Doerig etal. 1991) but this finding has never been reproduced.
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Additionally, 2 kb LAT ORF deletions do not appear to alter the virus phenotype and do 

not appear to have an effect on virus recovery from latently infected mouse ganglia 

(Fareed and Spivack 1994) and no effect on spontaneous reactivation in rabbits (Farrell 

etaf. 1993). This, and the fact that LAT transcripts are retained in the nucleus during 

latency, has led to a general lack of support for the hypothesis of the production of a 

protein during the latency-reactivation cycle.

More recently, another study from our laboratory demonstrated that stable 

over-expression of the largest 2 kb LAT ORF encoded a protein of approximately 30 

kDa that conferred increased growth of ICPO mutant viruses especially in neuronal 

cells. This suggested a role for the LAT ORF in reactivation from latency (Thomas etal. 

1999). Stable over-expression also allowed sustained expression of a reporter gene 

driven by a CMV promoter in a virus deleted for ICPO, ICP4 and ICP27 suggesting that 

a LAT protein, if produced, performs functions similar to ICPO (Thomas etal. 2002b) as 

reported by Samaniego et a l (1998) and Hobbs et a l (2001). Thomas et a l (1999) 

believed the expression of the LAT ORF is probably tightly regulated, hence the 

difficulty in detecting a protein product. They proposed that LAT enhances 

establishment and maintenance of latency probably by an antisense effect to ICPO and 

that a protein is transiently produced in the early stages of reactivation, thereby 

compensating for the lack of ICPO and other IE gene products. This could facilitate the 

re-initiation of the lytic cycle (Thomas etal. 1999). Similar studies were performed with 

frame-shift mutations in the centre of the largest 2 kb LAT encoded ORF, and these did 

not exhibit the growth advantages observed (Thomas et al. 1999). Crucially, the 

presence of such a LAT ORF-encoded protein remains to be demonstrated In vivo, 

contrary to the case with a related a-herpesvirus, bovine herpes virus type 1 (BHV-1), 

which is known to encode a latency related (LR) protein that is thought to inhibit 

apoptosis (Ciacci-Zanella etal. 1999; Hossain etal. 1995).
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Furthermore, previous work demonstrated the first 1.5 kb of the primary LAT, 

which exclude the 2 kb LAT and does not overlap with ICPO, was shown to be 

important for the spontaneous reactivation phenotype in a rabbit ocular model, 

precluding the importance of 2 kb LAT encoded ORFs here (Perng et al. 1996c), and 

also excluding the region co-linear with ICP34.5 (Perng et al. 1996b; Perng et al. 

1996a). ICP34.5 is important for neurovirulence (Chou etal. 1990; Leib eta l. 2000) by 

interference with the host double-stranded RNA dependent protein kinase (PKR) (see 

also section 1.3.9.). Furthermore, mutations in the largest 2 kb LAT ORF had no effect 

on spontaneous reactivation in rabbits (Farrell etal. 1993).

Drolet et a l (1998) set out to characterise whether potential ORF encoded 

proteins within the 1.5 kb LAT fragment were responsible for the spontaneous 

reactivation phenotype and upon sequence analysis found no sequence similarity at the 

aa level within HSV-1 strains for this region, contrary to 2 kb encoded ORFs as 

previously discussed. The authors thus suggested the LAT function involved in 

spontaneous reactivation phenotype might be RNA mediated. Interestingly, the same 

1.5 kb region has also been associated with an antiapoptotic function (Ahmed et al. 

2002; Inman et al. 2001; Perng et al. 2000a). This aspect will be explored in section 

1.3.8.

This information suggests that either LAT is multifunctional and/or some of its 

functions cannot be detected in animal models.

Perng ef a/(2002) detected a novel ORF, anti-LAT (AL) ORF that is antisense to 

the 5' end of the primary LAT and partially overlaps with LAPl and the 5' end LAT 

transcriptional start site that might affect viral virulence (fig. 1.8.). The AL ORF product 

has only been detected during lytic infection in cultured cells but not in latently 

infected ganglia thus suggesting if produced it might function during acute infection.

Additionally, ORFs 0 and P (fig. 1.8.) have been shown to be produced at low 

levels in cultured cells only in the absence of ICP4 (Lagunoff and Roizman 1994;
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Lagunoff and Roizman 1995), but have not been detected during latency and do not 

seem to be essential for the establishment of latency (Randall etal. 2000) as explained 

in section 1.3.7.

Nevertheless, if the LAT transcription unit does not encode a protein other ways 

of regulating latency must be considered. Non-coding RNA genes produce functional 

RNA molecules instead of producing proteins and appear to be involved in directing 

post-transcriptional regulation or guiding RNA modifications (Eddy 2002). A few 

examples of non-coding transcripts include the XIST RNA, which is involved in female 

X-chromosome inactivation (Hong et ai. 2000) and the H19 RNA, mutant versions of 

which were shown to promote tumour development (Hurst and Smith 1999). Both of 

these RNAs are imprinted, differentially spliced and polyadenylated but do not produce 

a protein (Hong etaf. 2000; Hurst and Smith 1999). The His-1 RNA is associated with 

the anti-viral response and carcinogenesis in mice and humans and is a spliced and 

polyadenylated RNA (Erdmann et ai. 1999). Kitagawa et a! (2000) described that EBV 

latently infected B cells produce a small polyA(-) RNA that induces interleukin-10 

expression and consequently increases cell growth. Many other examples can be found 

in the literature.

Therefore, a similar situation could be envisaged for LAT as previously 

suggested (Ahmed and Fraser 2001), and as discussed in section 1.3.2. Stevens et a! 

(1987) believe the LAT mRNA is involved in the establishment and maintenance of 

latency by regulating ICPO expression by an antisense mechanism. In line with this a 

later observation was that in transient transfections studies LAT inhibited ICPO from 

transactivating the HSV-1 TK promoter (Farrell et ai. 1991).

As previously discussed, ICPO is transcribed antisense and partially 

complementary to LAT. Its role as a transcriptional activator, amongst other important 

functions, in the lytic cycle have been described in section 1.2.2, but it has also been
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suggested to be necessary for efficient reactivation from latency (Cai et a!. 1993; 

Halford and Schaffer 2001; Leib et a!. 1989a). This will be discussed in section 1.3.7.

The functions of the L/STs, aX and pX ORFs are largely unknown, and their 

importance is therefore not clearly understood.

Only mutagenesis of each individual ORF within the LAT transcripts would 

exclude the possibility of a protein product being produced that could play some role 

during latency or reactivation.

1.3.4. HSV Gene Regulation During Latency

Even though low levels of lytic transcripts are detected during latency (Chen et 

al. 2002a; Kramer et ai. 1998; Kramer and Coen 1995) this expression is thought to 

correspond to low levels of spontaneous reactivation (Feldman et ai. 2002; Sawtell

2003), and is largely suppressed in comparison to LAT expression. Furthermore, a 

series of promoter/reporter gene constructs (neomycin phosphotransferase or p- 

galactosidase), when inserted in the US5 or gC locus of HSV-1, respectively, were 

shown to be silent during latency in mouse DRG (Lachmann et ai. 1996; Lokensgard et 

ai. 1994). Hence, there must be a mechanism responsible for suppressing most HSV 

expression except the LATs.

Epigenetic modification of DNA by méthylation as means of marking DNA for 

transcriptional repression is a mechanism used by beta and gamma-herpesviruses 

(Honess et al. 1989), as well as cellular genes. This mechanism is not likely to be used 

by HSV-1 since it is not extensively methylated during latency in vivo (Dressier et ai. 

1987; Kubat et aJ. 2004).

The observation that HSV-1 DNA was shown to be associated with 

nucleosomes, in a structure similar to cellular chromatin during latency in mice, 

suggests that this structure is likely to be involved in gene silencing (Deshmane and 

Fraser 1989).
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Nucleosome units consist of 146 bp of DNA that wrap around a protein core 

made of two copies of four different histone proteins: H2A, H2B, H3 and H4 (Luger et 

al. 1997), and the association of nucleosome units make up chromatin. The chromatin 

is not identical, different degrees of packaging are associated with transcribed or 

untranscribed regions of the genome. Transcribed regions are packaged in a more 

accessible 'euchromatin', whilst untranscribed regions are present in a very condensed 

'heterochromatin' (Richards and Elgin 2002). The chromatin structure is known to play 

an important role in transcription regulation by altering DNA packaging and 

consequently altering DNA accessibility, a process known as chromatin remodelling. 

This modification is also dependent on transcription factors, activators, repressors and 

mediator complexes for proper functioning (Narlikar et ai. 2002). Furthermore, 

regulation does not obey a specific order, chromatin remodelling can recruit certain 

factors and activate transcription or alternatively the binding of certain transcription 

factors and regulatory complexes induces chromatin remodelling thereby allowing gene 

transcription. The order in which this happens seems to be specific for each gene 

(Narlikar et ai. 2002).

There are two major transcriptional co-regulator classes that control the 

accessibility of the DNA template to binding factors: the ATP-dependent chromatin 

remodelling complexes and post-translational modification of histones by histone 

modifiers. The first group alter chromatin structure by sliding nucleosomes and thereby 

facilitating access of DNA binding proteins to the DNA template; the other group 

modifies nucleosomes through addition or removal of chemical units either by 

acétylation, méthylation or phosphorylation of histone tails. These actions are mediated 

by the following histone modifiers: histones acetyltransferases (HATs), the histone 

deacetylases (HDACs), the histone methyltransferases (HMTs) and the histone kinases 

(Narlikar et ai. 2002).
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A recent report suggested that HSV gene expression might be regulated by 

histone tail modification. Upon analysis of mouse latently infected DNA, the LAT 

promoter region was shown to be associated with H3 lysine 3,14-diacetyl histones, a 

marker for euchromatin, i.e. active regions, whereas the DNA polymerase gene was 

associated with H3 K9 methyl histones, a marker for heterochromatin, i.e. repressed 

regions (Mitchell et ai. 2003), suggesting HSV genes are ordered into transcription 

domains just like cellular genes. Further evidence, demonstrated reduced deacetylation 

of de-repressed lytic cycle promoters in neuronal cultures (Arthur et ai. 2001). Sawtell 

and Thompson (2003), used markers for active chromatin (acetyl-histone H4 and 

phospho-(s-10)-acetyl-(K14)-histone H3) and found that at early times following 

induction of reactivation (45 min) there was a 10 fold decrease of active chromatin 

associated with the LAT region and a 3.5 fold increase of euchromatin markers in the 

VP16 region.

Since epigenetic modifications are reversible, it is likely that these may play an 

important role in HSV gene regulation. Regulation of gene expression is a very complex 

process that is not only dependent on chromatin remodelling, but relies on other 

transcriptional controls, such as the nuclear localisation of genes, their position and 

availability of regulatory proteins, the order in which the multiple proteins and other 

sequences required for transcriptional activation associate with promoter sequences, 

tissue specific factors, switching between transcriptional pathways (Emerson 2002), as 

well as posttranscriptional controls including alternative RNA splicing, RNA transport 

from the nucleus, RNA processing, RNA editing, regulation of translation, RNA stability 

and degradation, and cytoplasmic polyadenylation (Tollervey and Caceres 2000). 

Therefore, there are many levels at which HSV gene expression may be regulated and 

thus need to be studied.
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1.3.5. Latency Promoters

The LAT promoter control region in HSV-1 contains several exacting sites to 

which cellular factors can bind. It is separated into two regions, latency-associated 

promoters 1 and 2, LAPl and LAP2, respectively (Dobson et aL 1989; Goins et al. 

1994; Jones 2003).

LAPl relies on a consensus TATA box for the initiation of transcription. This has 

been mapped approximately 700 bp upstream the 5' end of the 2 kb LAT (Dobson et 

ai. 1989). These authors inserted the rabbit p-globin gene into the HSV-1 genome such 

that the p-globin cap site was positioned 26 bp downstream the TATA box. This 

recombinant virus was used to latently infect mice and p-globin expression was 

subsequently detected by ISH and northern blot demonstrating the presence of a 

transcript that was correctly processed, with no LATs being detected as expected, a 

result that was later confirmed by other researchers (Chen et ai. 1995; Nicosia et ai. 

1993). This indicated that this promoter is responsible for LAT expression during 

latency.

LAPl was mapped to a region 660 bp/662 bp upstream of the 2 kb LAT, both in 

neuronal and non-neuronal cell lines, by using transient chloramphenicol 

acetyltransferase (CAT) assays (Zwaagstra et ai. 1989; Zwaagstra et al. 1990). 

Furthermore, Zwaagstra and co-workers (1990) also demonstrated that transcription 

initiates 28 bp downstream of the TATA box, which is about 8.3 kb apart from the 

nearest available polyA signal. This is consistent with the 8.5 kb LAT transcript 

identified by In situ hybridisation of RNA from mouse spinal ganglia latently infected 

with HSV-1 (Dobson etal. 1989).

LAPl is active in most cell types but its activity is decreased in non-neuronal 

cell lines due to c/5 inhibition of the sequences upstream the TATA box. Such inhibition 

was not observed in neuronal cell lines suggesting LAPl is neuron specific (Batchelor 

and O'Hare 1990; Zwaagstra etal. 1990), albeit using viruses containing LAT promoter
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deletions fused to the (3-galactosidase reporter gene, suggested the transcription 

factors used in DRG neurons might be different than those in cultured cells (Dobson et 

a i 1995).

The LAPl potential control elements (a? elements) include a TATA box, a cyclic 

AMP response element (CRE), CAAT box, Spl, USE, YYl, AP-2 sites, an early growth 

response element (Egr) and a sequence element similar to an ICP4 binding site lying 

upstream of the primary LAT cap site. These could interact with positive or negative 

regulatory factors to control transcription during lytic or latent infections in different 

cell types, neuronal and non-neuronal (Batchelor and O'Hare 1990; Bloom eta l. 1997; 

Farrell et ai. 1994; Frazier et ai. 1996a; Frazier et ai. 1996b; French etaf. 1996; Hill et 

ai. 1996; Jones 2003; Kenny etaf. 1994; Kenny etaf. 1997; Leib et ai. 1991; Mill house 

and Wigdahl 2000; Soares et ai. 1996; Tatarowicz et ai. 1997; Wagner et ai. 1988a; 

Wang eta l. 1995; Wechsier eta l. 1988; Wechsier eta l. 1989; Zwaagstra eta l. 1991). 

Figure 1.9. summarises these findings.

Nicosia et a l (1993) suggested the existence of a second latency promoter 

derived from studies with a series of HSV-1 mutants in which part of the LAPl 

promoter region containing the TATA box was deleted but still produced detectable 2 

kb LAT (by northern blot analysis) in productive infections in tissue culture cells, during 

acute infection and during reactivation from mouse TG, but which was not produced 

during latency.

The second latency promoter was named LAP2 and was mapped downstream 

of LAPl, 58 bp upstream of the 5' end of 2 kb LAT (Goins et al. 1994). Even though 

LAP2 is a TATA less promoter, the initiation of transcription was determined to be close 

to the 5' end of the 2 kb LAT and drive its expression in lytic infections (Chen et al. 

1995).
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Figure 1.9. Schematic representation of HSV-1 latency promoters and potential signalling pathways.
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LAP2 also contains neuronaliy active elements, including Spl and putative AP2 

and E2F sites (Goins et aL 1994), which have been suggested to increase LAP2 activity 

and are highly homologous to other TATA-less promoters of several housekeeping 

genes (CT rich and polyT elements) (Reynolds etal. 1984; Salbaum etaf. 1988; Valerio 

etaf. 1985).

A number of studies, where LAPl and LAP2 deletion mutants were employed, 

helped to define the contributions made by each promoter. It was shown that both 

LAPl and LAP2 drive LAT expression during latency, LAP2 being weaker than LAPl 

(Chen et al. 1995; Goins et al. 1994). Although LAP2 is named a latency-associated 

promoter, its activity is predominant during productive infection (Chen etal. 1995), but 

it has not been demonstrated to be active in the presence of LAPl.

Another characteristic of LAP2 and downstream sequences is to function as a 

long-term enhancer in the context of the virus (Berthomme etal. 2000; Lachmann and 

Efstathiou 1997; Lilley et al. 2001; Lokensgard et al. 1994; Lokensgard et al. 1997; 

Palmer etal. 2000).

Lokensgard et a l (1994) determined that LAPl was incapable of driving long

term expression in latently infected neurons of the DRG without the presence of LAP2 

sequences and therefore suggested the existence of a long-term expression (LIE) 

element somewhere else in the HSV-1 genome.

Lachmann and Efstathiou (1997) inserted an \RES-lacZ construct within the LAT 

region, approximately 1.5 kb downstream from the LAT transcription start site and 

although they detected low levels of reporter gene expression during lytic infection {in  

vitro and in vivo), lacL was detected during latency up to five months in the PNS. This 

again suggested the existence of elements necessary for long-term expression in the 

LAT region.

Lokensgard et a l (1997) described an LTE that was mapped y  the LAT 

transcription start site (primary LAT) and consisted of a 3' extension of LAP2 as
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previously described {i.e. it overlaps LAP2 and part of the 2 kb LAT intron). This was 

shown to function in a bi-directional manner to confer long-term activity on LAPl from 

the gC locus (Berthomme etaf. 2000).

Palmer et a! (2000) and Lilley et a! (2001) showed that sequences from the 

LAP2 and surrounding region could confer long-term activity on non-LAT promoters, 

such as the CMV promoter, which is usually only active in the short-term.

1.3.6. Models of HSV-1 Latency

Ideally, an animal model should re-create all aspects of human disease. 

However, in reality animal models provide an approximation of the human, thus, 

providing the best means available to study HSV infection outside humans.

The most useful animals to study HSV-1 latency are the mouse and the rabbit. 

Upon inoculation of each of these animals with HSV-1, viral replication occurs at the 

periphery and then the virus travels within the axons by retrograde transport to the 

nuclei of sensory ganglia were a fraction of neurons initially support virus replication 

(Roizman and Knipe 2001). Eventually latency is established as described above 

(section 1.3.1.).

It is still unknown whether replication in sensory ganglia occurs in humans or 

whether this only occurs in animals and whether this depends on the route of 

inoculation, host factors or the virus dose used (Roizman and Knipe 2001).

Reactivation can either occur spontaneously or be induced by stress. In this 

respect the rabbit model resembles more closely the human situation, virus can be 

detected in lacrimal secretions of rabbits, but this model is greatly more expensive 

than the use of mice.

In the mouse model, spontaneous reactivation such that virus is detected at 

peripheral sites is rare (Blyth et ai. 1976; Hill et ai. 1978; Hill et ai. 1982). However, 

there have been recent reports of very low levels of reactivation occurring in ganglia
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(Feldman etal. 2002; Sawtell 2003), contrary to the general view that no spontaneous 

reactivation occurs in mice.

Another important observation is that different virus strains behave differently 

(Hill at at. 1987), and additionally it has also been reported that different strains of 

mice or rabbits also give different results (Perng at at. 2001b; Perng at at. 2001a). This 

makes the interpretation of results even more difficult.

The most commonly used mouse models are the footpad/DRG model in mice 

and the eye/TG model in rabbits or mice. Following infection of mice in the footpad or 

cornea, no infectious virus or lytic transcripts are detected in DRG or TG 21 days post 

inoculation. However, the virus is latent as demonstrated by explant-cultivation, which 

consists of the cultivation of homogenised ganglia with indicator cells and detection of 

cytopathic effects (Spivack and Fraser 1988b).

Sawtell and Thompson (1992a) developed a hyperthermia reactivation model 

based on the eye/TG model described above. Upon establishment of latency, the mice 

were transiently exposed to 43°C for 10 min and the TG removed and assayed by 

immunohistochemical methods or reporter gene expression.

There are two commonly used rabbit ocular infection models, the spontaneous 

model first described by Nesburn at a! (1967) and the adrenergic induction model 

described by Hill ef a/(1986). The first of these models consists of the collection of eye 

swabs at days 14 and 28 post-infection and examination for the presence of infectious 

virus. The second reactivation model consists of applying an adrenergic agent to the 

eye (such as epinephrine), which induces the virus to reactivate.

Determination of the percentage of neurons containing HSV genomes is usually 

used to determine the establishment of latency (Chen at at. 2002b; Maggioncalda at at. 

1996; Mehta at at. 1995; Ramakrishnan at at. 1994; Sawtell 1997; Sawtell 1998).

Viral reactivation is commonly assessed by explant reactivation in which ganglia 

from latently infected animals are excised and cultured in order to assay for the
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appearance of Infectious virus (Schang et a i 2002; Stevens and Cook 1971). 

Alternatively, virus shedding can be assessed in tears of animals ocularly infected.

Another marker of latency consists of the detection of LAT transcripts (2 kb and 

1.5 kb) in latently infected ganglia, TG or DRG depending on the model, usually by 

ISH. The significance of measuring LATs is debatable since it is still unknown if the 

neurons in which reactivation occurs are the ones that contain detectable LATs.

Attempts to study latency at the molecular level led to the development of in 

vitro models. However, the relevance of these to the human situation is even more 

questionable.

There are two major such models, either using differentiated rat 

pheochromocytoma cells-12 (PC-12) or rat or mouse dissociated DRG cultures.

PC-12 cells are grown in the presence of nerve growth factor (NGF), which 

induces their differentiation, and are infectable at high MOIs with HSV (Danaher et ai. 

1999; Su et ai. 1999). In differentiated PC-12 cells infected with HSV-1 a quiescent 

state is established in which the viral genomes are circular, no IE gene expression is 

detected, and LATs are expressed. Virus can be recovered upon co-cultivation with 

other cell lines.

Rat or mouse dissociated DRG cultures are also infected at high MOIs and 

maintained in culture with acyclovir (ACV) and NGF (Wilcox and Johnson, Jr. 1988). 

After a few days, only NGF is used to maintain the Infected cultures. Virus is quiescent 

and LATs can be detected in most cells whereas no IE gene expression is detected. 

Virus can be recovered upon NGF withdrawal, treatment with forskolin (cAMP inducer) 

or trichostatin A, a histone deacetylase inhibitor (Arthur et ai. 2001; Colgin et ai. 2001; 

Wilcox and Johnson, Jr. 1988).

Both in vitro models share many of the properties of the in vivo systems such 

as limited transcription of HSV: only LATs are detected, and reactivation can be 

induced but, as discussed, their relevance to the human situation is questionable.
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1.3.7. Establishment Maintenance and Reactivation from Latency in Sensory 

Neurons

As described in section 1.3.1., sensory neurons of TG or DRG support virus 

replication during the first few days after inoculation but eventually latency is 

established in a proportion of neurons.

Roizman and Sears (1987) proposed that the inefficient up-regulation of viral 

gene expression in neurons was due to inefficient transport of tegument proteins to 

the nucleus by axonal transport, which therefore resulted in the establishment of a 

latent infection.

Recent studies performed with a living axon of a squid demonstrated that HSV 

viral particles including at least VP16 are transported retrogradelly along the axon 

(Bearer etal. 2000).

Studies performed with replication impaired and incompetent viruses, lacking 

functional ICP4, ICPO, VP16 or other genes, demonstrated that these viruses were able 

to become latent (Coen at ai. 1989; Katz etaf. 1990; Leib etaf. 1989b; Marshall etaf. 

2000; Sedarati etaf. 1993; Steiner at ai. 1990; Valyi-Nagy at ai. 1992) suggesting that 

the virus does not need to replicate in order to establish latency.

More specifically, results using the M814 virus, in which VP16 is mutated (Ace 

at ai. 1989), clearly demonstrate that VP16 transactivation of IE genes is not a 

requirement for the establishment of latency.

More convincingly, studies in which mice were inoculated onto the skin with a 

virulent strain of HSV-1 demonstrated that during acute infection virus replication was 

detected in neurons of ganglia directly innervating the inoculation site whilst during 

latency LATs were widely distributed, amongst ganglia directly innervating the 

inoculation site as well as neighbouring ganglia (Speck and Simmons 1991; Speck and 

Simmons 1992). This thus suggested that latency and productive infection represent
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separate pathways. Lachmann et a! (1999) obtained similar results in a mouse-ear 

model.

Additionally, Margolis et a! (1992) placed the (3-galactosidase gene under the 

control of LAPl and analysed viral gene expression in ganglia of mice following footpad 

inoculation. The authors concluded that during acute infection there were two 

populations of neurons, one in which LAPl was active, but in which no viral antigens 

were detected and the other where LAPl was inactive but which stained positive for 

viral antigen. Furthermore, they determined that latency was established preferentially 

in a subset of neurons bearing the SSEA-3 surface marker suggesting neuron sub-type 

plays a role in the outcome of infection (Margolis etal. 1992; Yang etaf. 2000).

Altogether, this data suggests the establishment of latency can occur without 

viral replication. Therefore, the block to virus replication must be an early event.

The fact that IE gene products are toxic to cells (Johnson etaf. 1994), and thus 

lack of expression is necessary in order to preserve neurons such that the 

establishment of latency is possible, together with the observation that HSV-1 

replicates poorly in neuronal cell cultures (Wheatley et ai. 1990) suggested that the 

block to viral replication is a result of a failure of IE gene transcription.

The obvious candidates involved in the inhibition of transcription are VP16, HCF 

and oct-1, since these form a multi-protein complex at IE promoters and induce their 

transactivation (section 1.2.2.).

Oct-1 proteins are present in many cell types during lytic infection (Turner etaf.

1996) and interact with VP16 at a TAATGARAT motif to transactivate IE gene 

expression (section 1.2.2.) but they are not abundant in neurons (Hagmann et ai. 

1995), contrary to other POU-domain proteins such as oct-2 (He etaf. 1989).

In  vitro studies with neuronal cultures suggested that some oct-2 forms bind to 

TAATGARAT motifs preferentially as compared to oct-1 and because oct-2 cannot
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interact with VP16, oct-2 binding results in repression of IE genes (Kemp et a i 1990; 

Liilycrop etal. 1993).

A series of contradictory literature relating to oct-2 detection in PNS neurons 

was published (Hagmann etaf. 1995; Turner etaf. 1996; Wood etaf. 1992), making it 

unclear as to whether oct-2 has a role in neurons. However, other POD domain 

proteins were detected in sensory neurons, such as Brn-3 and N-oct-3 (Latchman 

1999; Turner et ai. 1997) suggesting that these other factors might regulate IE gene 

expression.

Other possibilities for the block to IE gene transcription include the observation 

that HCF has different sub-cellular distributions in neuronal and non-neuronal cells. In 

most cell types HCF is nuclear (Kristie etaf. 1995; La Boissiere etal. 1999). However, 

in sensory neurons HCF is localised to the cytoplasm other than upon induction of 

reactivation when it is again detected in the nucleus (Kristie etal. 1999). This therefore 

suggested that during establishment of latency HCF might be unable to transport VP16 

to the nucleus consequently preventing transactivation of IE genes (Preston 2000).

Lu and Misra (2000a) identified a cellular transcription factor - luman - that co

localised with HCF in the cytoplasm of sensory neurons suggesting that these 

interactions might be involved in blocking viral replication and ultimately lead to 

latency. The same authors identified another cellular transcription factor - zhangfel - 

and demonstrated it binds to HCF and prevents activation of the ICPO promoter (Lu 

and Misra 2000b). Thus if luman and zhangfei are present at high levels in sensory 

neurons they would bind to HCF, consequently preventing it interacting with VP16 and 

ultimately repressing IE gene expression.

The role of VP16 in the establishment of latency is not completely understood. 

It has been suggested that there is not enough VP16 in neurons to stimulate IE gene 

expression (Kristie and Roizman 1988). This hypothesis was tested by inducible

expression of VP16 in transgenic mice but it did not result in enhanced viral replication
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suggesting that VP16 levels do not affect the establishment of latency (Sears et al. 

1991). However, the authors did not show whether induced VP16 co-localises with cells 

containing viral genomes therefore conclusions were hard to make.

As described in section 1.3.2., ORFs 0 and P overlap with the primary LAT, and 

overlap almost entirely the gene encoding ICP34.5 (fig. 1.8.), and these have also 

been proposed to repress IE gene transcription. The reasoning behind this is due to 

the observation that these ORFs were only detected in the absence of functional ICP4 

(Lagunoff and Roizman 1994; Lagunoff and Roizman 1995), and these conditions are 

met during latency. Furthermore, Bruni and Roizman (1996) demonstrated that ORF P 

protein binds to splicing factors hence it might inhibit the production of the IE genes 

ICPO and ICP22 which are encoded on spliced mRNAs. However, ORF 0 and P deletion 

does not seem to affect the establishment of latency (Randall et a/. 2000) and more 

recently it has been demonstrated that mutating ORF P does not alter the levels of 

ICPO in infected ganglia (Chen et ai. 2002a). More importantly it remains to be 

demonstrated that these ORFs are expressed during latency.

Early research with ICPO deletion mutants demonstrated that these mutant 

viruses attained a quiescent state (non-replicating) when infected at low MOI (Stow 

and Stow 1989; Stow and Stow 1986) that could be maintained for a few days and 

could be recovered by superinfection with another virus (HCMV or VZV) (Stow and 

Stow 1989) or by providing ICPO (Hobbs et ai. 2001; Samaniego et ai. 1998), 

suggesting ICPO plays an important role in relieving repression of silent genomes in 

cultured cells.

Unlike in a lytic infection, in most non-neuronal cell types, ICPO does not 

accumulate in the nucleus of cultured sensory neurons (Chen et ai. 2000b). 

Furthermore, Hsu and Everett (2001) observed that in neuron-like cells, NDIO 

structures are different to NDlOs in non-neuronal cells. NDIO structures are the sites 

where IE transcription occurs and from which replication compartments are later
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formed (Ishov and Maul 1996; Maul et al. 1996) and NDIO degradation by ICPO is 

associated with its ability to promote virus infection (Everett 2000a). Additionally, the 

same authors showed that HSV-1 replication is less efficient in neuron-like cells, which 

might explain why ICPO is impaired in neuronal cells and consequently contribute to 

halting lytic infection (Hsu and Everett 2001).

Jackson and Deluca (2003) made some interesting observations that might 

explain another property of ICPO in latency. They demonstrated that ICPO regulates 

circularisation of HSV-1 DNA templates for viral replication (section 1.2.2.), and 

suggest that linear genomes are the preferred template during lytic infection, but 

circular DNA is accumulated during latency. Thus they hypothesize that in neuronal 

cells inhibition or decreased activity of ICPO favours the formation of circular DNA and 

consequently favours the establishment of latency.

Quite unexpectedly, ICPO expression has also been implicated in the 

establishment of latency at least in an in vitro neuronal model of latency in which ICPO 

mutant viruses established latency less efficiently than wild type, but when ICPO was 

provided in trans mutant viruses established latency at wild type levels (Wilcox et a!. 

1997).

These results together suggest that various key steps in the lytic cycle are 

impaired in sensory neurons thus promoting the establishment of latency. Preston 

(2000) proposed four possible pathways upon infection of a neuron, and a 

diagrammatic representation of these is shown in fig. 1.10. and where most of the 

findings discussed above fit.

The potential role of LATs will be discussed next.
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Figure 1.10. Schematic representation of possible pathways upon neuronal infection by HSV-1. 
Diagram adapted from Preston (2000).

1. when IE proteins are produced in sufficient amounts lytic infection ensues.
2. genomes that do not produced ICPO fast enough are repressed.
3. genomes that escape early repression are later inhibited by LATs and/or ORFs O and P.
4. genomes escape points 2 and 3 produce low levels of IE genes but are suppressed possibly 
before or after DNA synthesis.
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Since the LATs are the most abundant transcripts detected during latency it 

would seem reasonable to assume they have some role in the establishment of 

latency, and/or in maintenance and/or reactivation.

There are numerous and conflicting reports in the literature using LAT-null 

mutant viruses in different animal models assessing the establishment of latency 

(Wagner and Bloom 1997). True LAT-null viruses are difficult to produce because ICPO 

is partially complementary to the 3' end of LAT therefore LAT deletions can only be 

made in the 5' end of LAT or in the LAT promoter region. The 3' end can only be 

altered by the insertion of terminating signals that do not disrupt the ICPO reading 

frame, such as Bloom ef a/ (1996) in which LAT was interrupted by insertion of polyA 

sequences.

A number of reports with LAT-null mutants suggest that LAT deletion does not 

abolish the establishment of latency, or reactivation (Ho and Mocarski 1989; Izumi et 

al. 1989; Javier et ai. 1988; Leib et ai. 1989a; Sedarati et ai. 1989). However, some 

reports suggest LAT-null mutants are less efficient at establishment of latency due to 

the observation that these viruses establish latency in a smaller proportion of neurons 

in the TG of mice (Sawtell and Thompson 1992a; Thompson and Sawtell 1997). 

Moreover, LAT enhances the establishment of latency in a rabbit ocular model. Here, 

LAT(-k) viruses established latent infections in TG 2-3 fold more efficiently than LAT(-) 

viruses (Perng etal. 2000b). Others suggest LAT mutant viruses are not affected at the 

establishment of latency but display reduced reactivation kinetics in comparison to 

controls in mouse (Block eta l. 1993; Steiner eta l. 1989) and rabbit models (Bloom et 

al. 1994; Hill eta l. 1990; Perng eta l. 1994; Trousdale eta l. 1991). Nevertheless, the 

observed impaired reactivation might simply be a downstream effect of reduced 

efficiency in the establishment of latency. Discrepancies between models might reflect 

differences in the techniques used, or genetic differences between animals and viral 

strains.
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The fact that LATs are transcribed antisense and partially complementary to 

ICPO, which is a potent transactivator of IE genes, has led to the suggestion that the 

LAT mRNAs themselves might have direct antisense effects on ICPO mRNA levels and 

in this way enhance establishment and maintain latency. This view has been long 

suggested by Stevens et a! (1987) and several studies provided evidence supporting 

this view.

Triple transient transfections demonstrated the 2 kb LAT could inhibit the 

transactivation of the HSV-1 TK promoter by ICPO (Farrell etaL 1991). Furthermore, a 

series of experiments showed that mice inoculated with LAT-null mutants contained 

more neurons productively infected than those infected with control viruses (Garber at 

al. 1997) and that LAT-null mutant viruses led to increased accumulation of ICPO RNA 

in vitro (Arthur at ai. 1998), reinforcing the argument that LATs suppress lytic gene 

expression. Conflicting this, a more recent report argues against this theory because it 

demonstrates ICPO levels did not increase significantly in ganglia of mice infected with 

LAT-null mutants viruses in comparison to controls (Chen at ai. 2002a). In addition, 

Feldman at a i (2002), upon analysis of numerous latently infected TG, found a small 

population of cells expressing lytic genes and suggested that these may represent low 

levels of spontaneous reactivation, or unsuccessful reactivation events (Green at ai. 

1981; Shimeld at ai. 1990).

Nevertheless, if the LAT down-regulation of productive infection hypothesis is 

correct, LAT-null viruses display increased viral replication and consequently more 

neurons are eliminated leaving a smaller pool of latently infected genomes due to a 

greater immune response by the host (Chen at ai. 2000a). Bearing this information in 

mind, a series of studies were performed and conflicting results were obtained.

Chen at a i (1997) and Devi-Rao at a i (1994) using QPCR claimed that the 

amount of viral DNA retained during latency by wild type and LAT-null viruses is 

similar, whilst Thompson and Sawtell, 1997 using a different method (CXA -  described
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in section 1.3.2) observed an approximately 3 fold reduction in the number of viral 

genomes retained in ganglia of mice infected with LAT-null viruses. These differences 

might reflect the techniques used in different studies. The Chen et a! (2002b) 

microdissection study confirmed the results of Sawtell (1997, 1998) with wild type 

virus. Additionally, over-expression of LATs in a neuronal cell line was able to suppress 

IE gene expression, it had an effect on ICPO, ICP4 and ICP27 (Mador at al. 1998). 

More recently, however, it was demonstrated that a direct antisense mechanism 

between the 2 kb LAT and ICPO does not appear to occur in non-neuronal cell lines 

(Burton etaf. 2003). These authors suggest that LAT effects are cell type specific and 

that it is unlikely that an antisense mechanism is mediated by the 2 kb LAT in vivo 

(Burton etaf. 2003).

LAT was shown to be important for in vivo reactivation in two rabbit ocular 

models since LAT-null mutants were shown to be severely impaired in reactivation 

(Bloom et ai. 1994; Hill et ai. 1990; Perng et ai. 1994; Trousdale et ai. 1991).

One model used the McKrae strain, which is known to spontaneously reactivate 

very frequently and is detected in rabbit lacrimal secretions (Perng et ai. 1994). The 

second model was based on the adrenergic induction model, using epinephrine, with 

strain 174- or a 174- derived strain (Bloom et ai. 1994; Hill et ai. 1990; Trousdale et ai. 

1991).

In an attempt to identify the region responsible for reduced reactivation

phenotypes from LAT-null mutant viruses, a series of studies demonstrated that in a

rabbit ocular model of latency the first 1.5 kb of the primary LAT was sufficient for wild

type levels of reactivation and that most of this function was contained within the first

811bp, thus excluding the 2 kb LAT (Drolet et ai. 1999; Perng et ai. 1996c). The region

important for the spontaneous reactivation phenotype does not overlap with ICPO,

leading this group to dismiss the antisense regulation of this transcript, at least in a

rabbit ocular model. Moreover, similar LAT deletions in 174- and McKrae strains yielded
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different efficiencies in reactivation (Loutsch et al. 1999) further complicating analysis 

of results.

LAT deletions, in strain 17+, in the region determined to be important for 

reactivation in rabbits (the first 1.5 kb of primary LAT) had no effect in virus recovery 

from explanted latently infected ganglia (TG or DRG) in mice (Maggioncalda et a!. 

1994).

Although there is conflicting data, especially between mouse and rabbit models, 

at least the mouse model results suggest that LAT expression appears to increase the 

efficiency of establishment of latency by restricting IE gene expression even though it 

is not clear how IE inhibition occurs, possibly by antisense RNA interactions (Farrell et 

ai. 1991; Garber etaf. 1997; Stevens etaf. 1987). Alternatively, a mechanism similar to 

X chromosome inactivation as suggested by Bloom et a! (1996) or an unidentified 

mechanism is possible. In the rabbit model LAT seems not to be necessary for the 

establishment of latency but it greatly enhances reactivation. These Inconsistencies 

might just reflect that the significance of LATs in the latency-reactivation cycle might 

be underestimated simply because it is not possible to study its role in the natural host. 

Furthermore, the region mapped to be important for spontaneous reactivation in 

rabbits seems to be important for neuronal survival. The implication of this in the 

establishment of latency will be discussed in section 1.3.8.

The fact that ICPO mutant viruses reactivate less efficiently from latency in 

animal models led to the suggestion that ICPO Is important for reactivation (Cai et ai. 

1993; Flalford and Schaffer 2001; Leib et ai. 1989b). These studies are inconclusive 

because it is not possible to determine whether the impaired reactivation phenotype of 

ICPO-null viruses is due to the absence of ICPO or due to inefficient establishment of 

latency. Therefore, it is not clear whether ICPO initiates reactivation from latency or is 

needed for subsequent lytic infection (viral DNA synthesis and late proteins) once 

reactivation has started.
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It is highly likely that viral replication during reactivation in neurons is initiated 

differently than in cultured cells. Due to the absence of critical viral factors, such as 

ICPO and VP16 that are crucial for the initiation of lytic infection in cultured cells, it is 

thought that neuronal transcription factors might substitute for these and function 

early in reactivation. Consistent with this, Tal-Singer et a! {1997) (1998) detected Oct- 

1, c-jun, c-fos and c-myc cellular transcription factors and murine interferon mRNA in 

explanted ganglia, early in reactivation and early viral transcripts (ICP6 and TK mRNAs 

and late VP5) were detected earlier than IE (ICPO, ICP4 and ICP27), even though 

analysis of IE transcripts upon reactivation in a rabbit model occurred in the usual 

order, i.e. IE followed by E gene expression (Rezuchova etaf. 2003). In addition Bcl-3 

was also detected at early times post-explantation of latently infected ganglia 

(Tsavachidou et ai. 2001) and the authors suggest this factor might play a role in 

reactivation by upregulating ICPO.

Other researchers have also shown that neuronal transcription factors can 

activate ICPO and ICP27 promoters in transgenic mice (Loiacono et ai. 2002), and 

these promoters were also up regulated upon induction of reactivation either by UV or 

hyperthermia in the absence of viral proteins (Loiacono etaf. 2003).

Alternatively, a LAT protein or a LAT regulatory RNA could mediate reactivation, 

as discussed above and in section 1.3.3. As previously discussed, Thomas et a! {1999) 

(2002b) demonstrated that LAT ORF over-expression compensated for a lack of ICPO 

and that the LAT ORF was also able to activate silent genomes similarly to ICPO.

A recent report has demonstrated that even though ICPO promoters were active 

early on during reactivation, ICPO protein was not produced and suggested that ICPO 

protein was suppressed post-transcriptionally and this might be mediated by LAT since 

with lE l promoter/constructs in which LAT was mutated this was not observed 

(Thompson et ai. 2003). The authors also suggested that such a mechanism might be
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important In limiting the number of neurons in which reactivation occurs thereby 

preserving the latent genome.

Another mechanism has been proposed. Kristie et a! {1999) suggested that HCF 

might be involved in reactivation since this factor is translocated to the nucleus upon 

reactivation.

Another function for LAT could simply be to physically maintain the genome in 

a transcriptionally active state, which allows the virus to reactivate upon appropriate 

stimuli. This theory, would predict that the fact that LAT transcripts contain ORFs and 

are transcribed antisense and partially complementary to ICPO are coincidental rather 

than functionally relevant.

1.3.8. LATs and Neuronal Survival

Apoptosis, or programmed cell death, can be triggered during development, 

after cell damage, as a defense mechanism from pathogen-invaded cells as well as 

auto-reactive immune cells, and in the aging of any multicellular organism (Vaux and 

Strasser 1996).

Apoptosis is characterised by a series of morphological changes including cell 

shrinkage, membrane blebbing, protein fragmentation, chromatin condensation, DNA 

degradation and the formation of apoptotic bodies (Hay and Kannourakis 2002), 

followed by recognition and clearance by phagocytes in vivo (Savill and Fadok 2000).

Clouston and Kerr (1985) first proposed that virus-infected cells were cleared 

by apoptosis, a suggestion that proved correct. It followed that as a result many 

viruses, including alphaherpesviruses, have evolved mechanisms to modulate 

apoptosis, either inhibiting or inducing it depending on the cell type and the conditions 

of infection (Hay and Kannourakis 2002; Kieff and Thomas 1998).

Several antiapoptotic HSV-1 genes have been described, including US3 (Jerome 

et ai. 1999), US5 (Jerome et ai. 1999; Jerome et ai. 2001), gD (Zhou e t ai. 2000),
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ICP27 (Aubert and Blaho 1999) and ICP34.5 (Chou and Roizman 1992), which appear 

to block apoptosis in lytically-infected cells. More recently, a LAT antiapoptotic function 

has also been described (Ahmed et a!. 2002; Inman et a!. 2001; Perng et at. 2000a) 

that might be important during the latency-reactivation cycle in order to prevent 

premature death in infected cells, i.e. in order to increase HSV survival in neurons.

The observation that deletion of 0.2 kb of the LAT promoter and 1.6 kb of the 

5' end of the LAT primary transcript, the latter had been previously correlated with the 

spontaneous reactivation phenotype in rabbits (sections 1.3.3 and 1.3.7), displayed 

increased virulence, as measured by animal death following ocular infection. This led 

the authors to suggest that this region could be involved in neuronal survival, thus 

allowing more neurons to be latently infected (Perng et ai. 1999). This same deletion 

does not affect virulence in mice to the same extent, and this mutant virus is actually 

less virulent than wild type virus (Perng et ai. 2001a).

Nevertheless, LAT involvement in neuronal survival was further explored and a 

series of studies seem to suggest that LAT interferes with apoptosis (Ahmed et ai. 

2002; Inman et af. 2001; Perng et ai. 2000a). The authors believe that besides LAT 

being important for increasing neuronal survival during establishment and maintenance 

of latency it may also be Important during reactivation either to prevent neuronal death 

as a consequence of a reactivation insult or to prolong the time neurons are alive in 

order to maximise virus production. The LR gene of another alphaherpesvirus, BHV-1 

encodes a protein that inhibits apoptosis (Ciacci-Zanella et af. 1999). Fig. 1.11. 

highlights some of the viruses and plasmids used by these researchers in the above 

mentioned studies.

Perng ef a/(2000a) infected rabbits with a virus deleted for LAT exonl and the 

5' end of the 2 kb LAT (dl_AT2903) and detected apoptotic neurons 1 week upon 

inoculation in comparison to the control viruses (wild type virus was negative for 

apoptosis and rescued virus gave only a few apoptotic cells) using two different
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techniques: terminal deoxynucleotidyi transferase -  mediated deoxyuridine

triphosphate nick-end labelling (TUNEL) and poly(ADP-ribose) polymerase (PARP) 

cleavage. Further in vitro characterisation, in transfection studies, demonstrated that a 

plasmid containing the 3' end of the LAT exon and the 2 kb LAT (APALAT -  Apal 

plasmid) was able to protect CVl and neuro-2A cells from chemically induced apoptosis 

(Perng et ai. 2000a).

Ahmed at a i (2002) using a different technique to detect apoptotic neurons 

(DeadEnd colorimetric assay (Promega)) compared mouse TG productively infected (3 

and 6 days) with a virus deleted for LAT exonl (17+ASty), another in which LAPl, LAT 

exon 1 and the 5' end of the 2 kb LAT were deleted {ll+N oti-H pal), or wild type 17+. 

Even though LAT exonl deletion {PstL-MiiA plasmid) displayed reduced neuronal

protection in vitro (Hela cells were used) in caspase 8 induced apoptosis (fig. 1.12),

suggesting this region might be important for neuronal protection, mice infected with 

17+ or the virus containing the LAT exonl deletion (17+ASty) had very few apoptotic 

positive cells. Mice infected with the virus containing the larger deletion {Y7+NotL- 

Hpal) displayed an increased number of apoptotic cells in comparison to 17+ and 

17+ASty, suggesting that sequences within the 2 kb region might be responsible for 

the antiapoptotic function, at least during lytic infection in vivo.

Similarly, Inman ef a/(2001), performed transfection studies in CVl and neuro- 

2A cells to determine which LAT regions enhanced survival of cells in which apoptosis 

was Induced chemically by Bax, a proapoptotic protein that induces cytochrome c 

release (fig. 1.12.). They observed that the plasmid containing the LAT exonl and the 

5' end of the 2 kb LAT (pLAT3.3) displayed enhanced cell survival and pLAT2.6 that is 

deleted for 5' end of the 2 kb LAT but contains the LAT exonl also displayed enhanced 

survival but at lower levels than pLAT3.3, suggesting that LAT exonl has some activity. 

The other deletions (pLAT2.5, pLAT2.4 and pLATl.B) did not enhance cell survival. The 

region that enhanced cell survival in transfection studies correlated to the region
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involved in spontaneous reactivation as assessed in a rabbit ocular model inoculated 

with LAT deletion mutants, based on dlAT2903 and each of the following, pLAT3.3, 

pLAT2.6, pLAT2.5, pLATl.8, inserted between UL37 and UL38 plus appropriate 

controls, which correspond to viruses that contain pLAT3.3 or pLAT2.6.

Thompson and Sawtell (2000) (2001) discredit this hypothesis due to the 

following observations. Mice ocularly infected with a virus deleted for LAPl, and the 

LAT exonl (17-AH) (fig. 1.11.) induced extensive neuronal loss in comparison to 

control viruses as determined by CXA (previously described in section 1.3.2.) and when 

TUNEL stained, apoptosis was detected in a very small proportion of neurons and at 

similar levels in all the viruses tested. Additionally, the cells in which apoptosis was 

detected appeared to be infiltrating immune cells (Thompson and Sawtell 2001).

These differences might be due to the animal model used and also there is 

controversy over the experimental procedures and their validity (Perng et al. 2000a; 

Thompson and Sawtell 2000). It would be interesting if Thompson and Sawtell had 

used the same experimental approach to test a virus containing 2 kb LAT deletions and 

another with LAT exonl and 2 kb deletions since it has been suggested the 5' end of 

the 2 kb LAT is important for neuronal survival in mice (Ahmed at ai. 2002), which is 

also supported by transfection studies (Inman etaf. 2001). In this way comparison of 

results would be easier.

Overall this data suggests two models of neuronal survival. One advocates that 

LAT increases neuronal survival by down-regulation of IE gene expression during 

establishment of latency, as explained in section 1.3.7., and the other proposes LAT 

sequences increase neuronal survival due to their antiapoptotic activity. Nonetheless, 

in both, the absence of LATs results in increased neuronal death.

The two major antiapoptotic pathways are described in fig. 1.12: the death 

receptor mediated pathway (Fas or TNF receptor) and the mitochondrial pathway 

(Flengartner 2000).
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Briefly, the death receptor pathway is triggered by members of the death 

receptor superfamily, such as tumour necrosis factor (TNF) or Fas, which upon binding 

activate the caspase 8 cascade via an adaptor molecule, the Fas-associated death 

domain (FADD) protein. This pathway can be inhibited by c-CLIP, which is a caspase 

homologue.

The mitochondrial pathway is activated in response to extracellular and internal 

insults that result in DNA damage leading to the activation of pro and anti apoptotic 

molecules including Bcl-2, Bid, Bax. Bcl-2 is usually attached to mitochondrial 

membranes but others such as Bax and Bid shuttle between the cytoplasm and 

organelles in an inactivated form. Upon apoptotic signalling, these molecules converge 

to the mitochondria where they are activated through de-phosphorylation, proteolysis 

or other mechanisms, and stimulate cytochrome c release and other molecules such as 

Smac/Diablo. Cytochrome c associates with apoptotic protease activating factor 1 

(Apaf-1) and then follows pro-caspase 9, forming the apoptosome leading to 

subsequent activation of downstream caspases.

Even though these apoptotic pathways can operate independently of each 

other they can sometimes interact. The apoptotic pathways converge at caspase 3 

where the inhibitors of apoptosis proteins (lAP) act to block apoptosis and Smac/Diablo 

released by the mitochondria can block lAPs. Additionally, inactive Bid can be activated 

by caspase 8, and the activated form of Bid can induce more cytochrome c release by 

the mitochondria thus enhancing the apoptotic response (Hengartner 2000).

Although more research needs to be done to explore where LAT acts to block 

the apoptotic pathway, the limited research available suggests it interferes with 

caspases from both pathways (Ahmed et al. 2002; Henderson et aL 2002).
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1.3.9. Role of the Immune System in the Latency-Reactivation Cycle

The host immune system plays an important part in determining the outcome 

of an HSV infection. A series of complex interactions effected by innate and adaptive 

defences upon viral infection are determinant in controlling HSV infection. However, 

even so, the virus manages to establish a latent infection in neurons, which provides a 

relatively safe environment for the virus, largely hidden from the immune system. 

However, even though the host has acquired immune defences, the virus still manages 

to reactivate and cause an epithelial infection. HSV success in establishing a latent 

infection that persists for the lifetime of the host relies on certain viral genes that have 

evolved to evade or counteract host defence mechanisms.

Soon after entry into the epithelia, the virus starts replicating and during 

approximately the first 2 hours (Becker 2002) protects itself from recognition by the 

immune system by producing ICP47, which blocks viral antigen presentation by MHC 

class I molecules (section 1.2.2). This inhibition is known to be less efficient in mice 

than humans (Tomazin et al. 1998).

Immature dendritic cells (DCs) reside in the skin (Hart 1997), and upon virus 

infection are recruited to process viral antigens and then travel to the lymph nodes to 

present them to cytotoxic T cells (CTLs) and therefore recruit T cells to the infection 

site. Contact with virus promotes DCs maturation into antigen presenting cells (APCs) 

(Banchereau and Steinman 1998) therefore providing an alternative means of 

detecting virus. There are reports that HSV-1 infection interferes with DC function in a 

mouse model and that vhs blocks the activity of human DCs (Samady at al. 2003; 

Sprecher and Becker 1987; Sprecher and Becker 1989). There is also a report in the 

literature that suggests that HSV-1 infection down-regulates expression of cell surface 

antigens on DCs thus delaying activation of T cells in the lymph nodes, therefore 

allowing the virus more time to replicate (Mikloska etal. 2001).
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As a consequence of viral infection, an immediate response from the infected 

cell consists of production and secretion of interferon (IFN). This consists of a family of 

soluble proteins that besides their antiviral activity are also involved in regulation of cell 

growth, differentiation, apoptosis and modulation of immune responses (Leib 2002; 

Samuel 2001).

There are two classes of interferons, type I and type II. Type I includes IFN-a 

and IFN-p, which are produced in viral infected cells and provide the earliest antiviral 

response (Samuel 2001). Type II IFN-y, also known as immune IFN, is produced upon 

antigenic stimuli by certain cells of the immune system, including natural killer (NK) 

cells and activated T cells (CD4Thl and CDS cytotoxic suppressor cells) (Bach et al.

1997). Even though IFN-a and IFN-p bind to a different receptor from IFN-y, they 

activate similar signalling pathways (JAK/STAT kinase pathway) that act on some 

common genes through ultimate up-regulation of IFN inducible genes, thus leading to 

a generalised antiviral state in infected and neighbouring cells and consequent 

inhibition of viral replication.

One such IFN inducible gene is the gene encoding the double-stranded RNA 

dependent protein kinase (PKR) that belongs to the eukaryotic initiation factor-2 a- 

subunit (eIF-2a) protein kinase family. This is ubiquitously present, in an inactive form, 

in most mammalian tissues (Dever 1999; Gale, Jr. and Katze 1998). IFN induces PKR 

transcription, which is also activated by double stranded RNA binding. These signals 

induce PKR autophosphorylation and conformational alteration in order to produce an 

active form of PKR. Activated PKR dimerises and subsequently promotes 

phosphorylation of eIF-2a thus leading to translational arrest, therefore blocking viral 

and host protein synthesis (Gale, Jr. and Katze 1998), and most probably actively 

inducing apoptosis of the infected cell (Kaufman 1999; Tan and Katze 1999). Fig. 1.13. 

describes this antiviral mechanism. For details about apoptosis see section 1.3.8. To 

evade this antiviral mechanism, the HSV-1 ICP34.5 protein associates with the host
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protein phosphatase la  (PPl) and re-directs the latter to de-phosphorylate eIF-2a 

thereby allowing protein synthesis to continue during an in vitro infection (He et ai. 

1997; He et ai. 1998), see fig. 1.13.

Furthermore, Leib et a i (2000) demonstrated that an ICP34.5 mutant virus 

replicates at wild type levels in a mouse deleted for the PKR gene. This effect was 

shown to be ICP34.5 specific because replication levels of a virus deleted for TK were 

not restored. However, direct demonstration of ICP34.5 driven de-phosphorylation of 

eIF-2a by PPl remains to be demonstrated in vivo.

More recently, a study with primary TG cultures transduced with an adenoviral 

vector containing IFN-p lead to PKR up-regulation upon HSV-1 infection (Al khatib et 

ai. 2003). In the absence of ICP34.5 the HSV-1 USll protein, an RNA binding protein, 

was shown to bind directly to PKR and decrease its activation when present early in in 

vitro Infection, thereby compensating for the lack of ICP34.5 (Cassady et ai. 1998; Leib 

et ai. 2000) and in vivoî Narû et ai. 2003).

Additionally, studies performed with ICPO mutants showed they were 

remarkably hypersensitive to IFN-a in cultured cells whilst other viruses mutated in 

different unrelated genes (VP16, vhs ICP22, UL13) were not hypersensitive. 

Furthermore, when the ICPO mutants were grown on complementing cell lines they 

displayed normal sensitivity to IFN-a, thus suggesting ICPO might be important in 

interfering with IFN responses, even though by an unknown mechanism at present 

(Mossman et ai. 2000a). This does however appear to be distinct from the ICP34.5 

mechanism of inhibition of the antiviral response (Mossman and Smiley 2002). These 

mechanisms are also thought to be in place during viral reactivation.
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Besides their antiviral functions, IFNs also have immunomodulatory functions 

that are quite diverse and include activation of CTLs, activation of NK cells and 

macrophages, induction of MHC class I (IFN-a and IFN-p) and MHC class 2 (IFN-y) 

antigens, stimulation of cytokine secretion, induction of expression of cell surface 

molecules and induction of local inflammation (Bach et at. 1997; Boehm at af. 1997), 

all of which could be involved in the control of HSV infection.

Type I IFNs and interleukin-12 (IL-12) released by virally infected cells trigger 

other innate mechanisms. NK cells arrive early upon infection and kill virally infected 

cells (Cunningham and Mikloska 2001). Evidence for NK function in HSV clearance 

comes from studies with patients that carry NK defects who were shown to be more 

susceptible to HSV infections (Biron at al. 1999). Pereira at a! (2001) identified a 

genetic locus that interferes with NK functioning in sensory ganglia of mice.

Macrophages and neutrophils are also recruited. Upon activation, macrophages 

release IFN-y and other interleukins and play an important part in antibody dependent 

clearance and antigen presentation (Whitley and Miller 2001). Neutrophils have been 

implicated in virus clearance in the mouse ocular model due to their prevalence during 

initial infection of the eye. Additionally, mice depleted of neutrophils are more 

susceptible to HSV infection (Thomas at ai. 1997), which appear to exert their effects 

by producing nitric oxide, IFN-y orTNF-a (Daheshia at ai. 1998; Maclean at ai. 1998).

It is thought that natural antibodies might offer some protection from HSV 

challenge, most probably antibodies produced against other pathogens that cross-react 

with HSV (Deshpande at ai. 2000; Ochsenbein at ai. 1999).

These mechanisms constitute the first line of defense against HSV infection. As 

infection progresses, an adaptive immune response ensues with the production of 

neutralising antibody and T lymphocytes, which secrete antiviral cytokines or are 

signalled to kill infected cells (Whitley and Miller 2001).
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CD8+ T cell mediated immunity is prevalent in mice (Rouse and Gierynska 

2001; Simmons and Tscharke 1992) coupled to immunoglobulin G (IgG) (Kapoor etal. 

1982; Simmons and Nash 1987), differing from the human situation in which CD4 T 

cells are first detected, together with macrophages and later CD8 T cells (Cunningham 

at ai. 1985). The explanation for this lies on the fact that HSV-1 ICP47 protein affinity 

for mouse TAP is lower than to human TAP, thus in humans ICP47 blocks TAP 

effectively therefore preventing a CD8 response (Tomazin at ai. 1998) that is ultimately 

dependant on MHC class I antigen presentation (section 1.2.2.). In mice this blockade 

is not effective, therefore a stronger CD8 response is detected earlier.

In agreement with this, during acute infection in mouse TG, HSV antigens are 

detected increasingly until day 3 and are undetectable by day 7 (Liu at ai. 1996) and 

as the levels of HSV antigen decrease, the levels of Mac-H- cells, NK cells and 

macrophages increase and also some CD8+ T cells that become more prevalent at day 

5 (Shimeld at af. 1997). INF-a and IFN-p are produced in the first days and the

number of IFN-y producing cells increases between days 3 to 7 (Liu at al. 1996).

Neurons that score positive for virai antigen 3 days upon inoculation are surrounded by 

non-neuronal cells, possibly microglia or Schwann cells, that produce TNF-a, 

interleukin-6 (IL6) or IFN-y (Shimeld at af. 1997).

The immune response described above is effected during primary and recurrent 

infection and these interactions are described in fig. 1.14.

Upon establishment of latency, there is evidence of a persistence immune

response in ganglia (Cantin at af. 1995; Halford at af. 1996; Shimeld at af. 1995; 

Shimeld at af. 1996; Shimeld at af. 1997). These studies report the presence of CD8+ 

T cells, macrophages and TNF-a produced by these and satellite cells, Schwann cells 3 

months post-inoculation, IFN-y (+) cells by 6 months, and other cytokines such as IL-2 

and IL-10 and levels of serum antibodies remained high at 4 months post inoculation.
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It has been suggested that the presence of these cells is associated with maintenance 

of latency (Liu etal. 1996; Shimeld at ai. 1995).

Kanna ef j /  (2003) showed that CD8+ cells can prevent HSV-1 reactivation in 

TG cultures or persistence might be a response to limited HSV expression during 

latency as suggested by Cantin at ai. 1995. Supporting this is the detection of low 

levels of IE transcripts during latency - see section 1.3.7 - (Kramer ataf. 1998; Kramer 

and Coen 1995). Further examination of TG latently infected with HSV detected rare 

neurons productively infected (ICP4, TK, gC and LAT) that were surrounded by 

immune infiltrates -  macrophages - (Feldman at ai. 2002) suggesting that IE 

expression represents incomplete reactivation events, or neurons producing virus are 

subject to an effective immune response. Similar findings were also observed by 

Sawtell (2003).
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1.3.10. Models of LAT function

Conservation of the LAT locus within HSV-1 strains and the fact that LATs are 

the most abundant transcripts detected during latency clearly indicates they are likely 

to be functional and important for the latency-reactivation cycle.

Even though at present there is no consensus for an overall model of LAT 

function, and many questions remain unresolved, the most likely scenario is that LAT is 

a multifunctional region and some of its functions might be subtle and difficult to 

detect outside its natural host.

A possible scenario is shown in fig. 1.15., in which most of LAT properties 

described to date are summarised. LAT might enhance the establishment of latency by 

increasing neuronal survival by preventing neurons from undergoing apoptosis (Ahmed 

et aL 2002; Inman at al. 2001; Perng at ai. 2000a) and/or down regulating IE gene 

expression therefore increasing the pool of latent genomes (Garber ataf. 1997; Sawtell 

1997), possibly by an RNA antisense mechanism (Farrell at af. 1991; Stevens at af. 

1987) and consistent with the high abundance of LAT species in the nucleus. Upon 

currently unknown signals, some sort of post-transcriptional control, such as RNA 

transport, RNA processing or stability, differential splicing, translation, promoter usage 

or transcriptional sites, or post-translational modifications, may lead to the export of 

LAT mRNA to the cytoplasm and production of a protein that stimulates viral replication 

until IE gene expression is activated. This hypothesis was proposed by (Thomas at af.

1999). During reactivation, the LAT exon and/or other LAT sequences might also 

provide antiapoptotic properties to either protect the neuron from death upon 

replication, or prolong its life to ensure maximum replication (Inman at af. 2001). 

Clearly, a lot more research is needed in order to better understand the biology of the 

latent cycle of this complex virus.
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1.4. Aims of the thesis

The latency-associated transcripts are abundantly detected during latency. The 

LATs consists of 2 stable non-polyadenylated introns, of 2 kb and 1.5 kb that are 

spliced from a polyadenylated 8.3 kb primary transcript. The 2 kb LAT contains several 

ORFs that are conserved within HSV-1 strains suggesting a protein might be produced. 

Previous research indicates that this protein might be important for HSV-1 reactivation 

from latency. Particularly, it was suggested that the LAT ORF could provide a function 

similar to ICPO, which might be important only in the reactivation from latency 

(Thomas etal. 1999; Thomas et ai. 2002b).

This thesis aims to study the potential of the largest 2 kb LAT encoded ORF to 

be expressed and if it is expressed to study the mechanisms that regulate its 

expression. For this purpose, recombinant viruses containing reporter genes, GFP or 

iacL, fused to the largest LAT ORF were made and characterised in vitro and in vivo. In 

addition, it was intended to further study the potential function of the LAT ORF, 

particularly to determine if it could affect IE promoter activity in vivo.
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CHAPTER 2: MATERIAL AND METHODS

2.1 Molecular Biology

2.1.1. Laboratory Reagents and Suppliers

General laboratory chemicals were of analytical grade and obtained from the 

following companies: Merck Ltd. (Poole, Dorset, UK); Boehringer Mannheim (Lewes, 

East Sussex, UK) or Sigma Chemical Company Ltd. (Poole, Dorset, UK).

General disposable plasticware was purchased from Sterilin (Stone, 

Staffordshire, UK) or Greiner (Stonehouse, Gloucester, UK).

All oligonucleotide primers were constructed by Genosys (Pampisford, Cambs,

UK).

Additional laboratory materials and reagents were supplied from one of the 

following: Insight Biotechnology Ltd. (London, UK); Nunc (Roskilde, Denmark); 

Amersham International pic. (Little Chalfont, Bucks); Qiagen (Chatsworth, USA); Difco 

Laboratories (Detroit, USA); Gibco-BRL Life Technologies Ltd. (Paisley, Renfrewshire, 

UK); Promega Corporation (Madison, Wisconsin, USA); Whatman International Ltd. 

(Maidstone, Kent, UK); Pharmacia Biotechnology Ltd. (St Albans, UK); Millipore Ltd. 

(Watford, UK); Stratagene Ltd. (Cambridge, UK); Qiagen (Chatsworth, USA); Marligen 

Bioscience Inc. (USA); New England Biolabs Inc. (Hitchin, Hertfordshire, UK).

2.1.2. Bacterial Strains

The XLl-Blue (XLl-B) (Stratagene Ltd.) strain of Escherichia coii was used in 

this thesis for all plasmid clonings except when a Dam-, Dcm- strain proved necessary. 

The latter strain used was E a?//GM2163 (New England Biolabs).
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2.1.3. Propagation of Bacteria

XLl-Blue cells were grown in sterile Luria Bertani (LB) (1% w/v Bacto®- 

tryptone, 1% w/v NaCI, 0.5% w/v Bacto®-yeast extract) media (autoclaved at 120°C 

for 20 mins at 10 lb square inch^) containing either no antibiotic or 50 pg/ml of 

tetracycline overnight (0/N) in a Gallenkamp orbital shaker at 200 rpm. Stocks of 

tetracycline were made at 5 mg/ml in ethanol and stored at -20°C. Colonies of XLl-B 

were isolated by growing on LB plates containing 2% Bacto®-agar and 12.5 pg/ml of 

tetracycline.

GM2163 were treated similarly except that this strain is resistant to 

chloramphenicol. Stocks of chloramphenicol were made at 34 mg/ml in ethanol and 

stored at -20°C. This antibiotic was used at 25 pg/ml for cell suspensions or at 12.5 

pg/ml on agar plates.

2.1.4. Transformation of Bacteria

Competent E coH cells were prepared using a standard calcium chloride 

technique (Sambrook etal. 1989). A single bacterial colony was grown 0/N in 10 ml of 

LB containing no antibiotic. 100 pi of this starter culture was used to inoculate 100 ml 

of LB containing no antibiotic up to an ODsso of approximately 0.5 units. The bacteria 

were then pelleted by centrifugation at 3500 rpm during 10 mins at 4°C and any 

excess LB was discarded. The cells were resuspended in 10 ml of ice-cold 100 mM 

CaCb and incubated on ice for an hour. The cells were then pelleted as before and 

resuspended in 4 ml of ice-cold CaCb. The cells were then left on ice until required and 

used within 72 hours.

200 pi of competent cells were transformed upon addition of DNA and 

subsequent incubation on ice during 30 min. The cells were then heat shocked for 90 

seconds at 42°C and returned to ice for a further 2 min. 800 pi of LB was added to the 

cells and the suspension was incubated in the orbital shaker for 1 hour at 37°C/200
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rpm. The cells were pelleted (10 min/3500 rpm), resuspended in 100 pi of LB and 

subsequently plated onto LB agar plates containing the appropriate antibiotic selection, 

either 50 pg/ml of ampicillin or 30 pg/ml of kanamycin, depending on the plasmid.

2.1.5. Small Scale Plasmid DNA Extraction

The 'mini-prep' DNA extraction method used throughout this thesis is based on 

an alkaline lysis method described previously (Birnboim and Doly 1979). Single colonies 

of transformed cells (either XLl-B or GM2163) were used to inoculate 3 ml of LB 

containing the appropriate antibiotic selection, and were incubated 0/N in an orbital 

shaker (37°C/200 rpm). The cells from 1.5 ml of 0/N culture were pelleted by 

centrifugation in a bench top microcentrifuge at 13000 rpm for 2 min and resuspended 

in 100 pi of resuspension buffer (50 mM Tris-HCL pH 7.5, 10 mM EDTA pH8). Bacteria 

were then lysed by addition of 200 pi of lysis buffer (200 mM NaOH, 1% (v/v) Triton X- 

100) and neutralised by the addition of 150 pi of neutralisation buffer (3 M sodium 

acetate pH5.5). The cell lysate was then centrifuged for 3 min at 13000 rpm and the 

pelleted precipitate was removed and discarded. 500 pi of isopropanol was then added 

to the supernatant, which was then vortexed and centrifuged for 5 min at 13000 rpm 

to pellet the DNA. The supernatant was discarded and the DNA was washed with 70% 

ethanol, dried under vacuum and resuspended in 100 pi of double-distilled water 

(ddHzO) containing 20 pg/ml RNase A. Plasmid DNA was then stored at -20°C.

2.1.6. Large Scale Plasmid DNA Extraction

A single colony from a bacterial plate or approximately 100 pi of a suspension 

bacterial culture was used to inoculate 400 ml of LB containing the appropriate 

antibiotic selection. This was then incubated 0/N in an orbital shaker at 37°C/200 rpm. 

100 ml of the 0/N culture were spun down at 3000 rpm for 10 min. Plasmid DNA was 

then extracted using the Qiagen Midi-Prep Kit (later on replaced by Marligen
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Bioscience Inc. Midi-Prep Kit) following the manufacturer's instructions. A typical yield 

of DNA using this method was 100 pg, which was resuspended in 100 pi of ddH20.

2.1.7. Small Scale Viral DNA Extraction

Small-scale viral DNA extractions were performed in order to obtain viral DNA 

for Southern blot analysis. The method was based on that described by Feldman 

(1996). One well of a 6-well plate of virally infected cells at complete cytopathic effect 

(CPE) was harvested and pelleted by centrifugation at 1000 rpm for 10 min. The cells 

were resuspended in 200 pi of TES buffer (50 mM Tris pH7.8; 1 mM EDTA, 30% (v/v) 

sucrose). The 200 pi of Proteinase K buffer (2% (v/v) SDS, 100 mM p- 

mercaptoethanol) was added and the reaction incubated on ice for 30 min. 10 pi of 

Proteinase K (stock at 20 mg/ml in 10 mM CaCb) and the reaction was incubated at 

55°C 0/N. Extractions were performed twice using phenol/chloroform (1:1 v/v) and 

then once with chloroform/isoamyl alcohol (24:1 v/v). Viral DNA was precipitated by 

the addition of 75 pi of 7.5 M ammonium acetate and 2.5 volumes of ice-cold 95% 

ethanol and subsequent centrifugation at 13000 rpm for 10 min. Viral DNA was then 

resuspended in 50 pi of ddHzO.

2.1.8. Large Scale Viral DNA extraction

Large-scale viral DNA extractions were carried out for use in homologous 

recombination transfections. Virally infected cells at complete CPE were harvested from 

4 to 8 X 175 cm  ̂tissue culture flasks, according to the disablement of the virus. The 

virally infected cells were pelleted by centrifugation for 2 hours at 4°C/12000 rpm. The 

pellet (cells and virus) was then transferred into 15 ml of Proteinase K buffer (0.01 M 

Tris pH8.0, 5 mM EDTA, 0.5% SDS) and Proteinase K was added to a final 

concentration of 50 pg/ml. The mixture was incubated in an orbital shaker 0/N at 

37°C/200 rpm, enough time to clear the lysate. 15 ml of ddHzO were then added to the
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lysate. Extractions were performed by addition of an equal volume of 

phenol/chloroform/ isoamyl alcohol (24:24:1 v/v) followed by gentle mixing (inversion 

during 10 min) and subsequent centrifugation at 15000 rpm for 10 min. The aqueous 

layer was extracted 3 times or until no white interface appeared after centrifugation. A 

final extraction was performed using an equal volume of chloroform/lsoamyl alcohol 

(24:1 v/v). Two volumes of ethanol were gently layered onto the aqueous solution and 

the layer slowly mixed by inversion. The precipitated viral DNA was then pelleted by 

centrifugation at 3000 rpm for 10 min. The viral DNA was then washed with 5 ml of 

70% of ethanol and the pellet was then air-dried 0/N. The pellet was then 

resuspended in 1.5-3 ml of ddHzO depending on the virus. The integrity and 

approximate concentration of the DNA was determined by running 5 pi on a 1% 

agarose gel (section 2.1.14.).

2.1.9. Viral DNA Extraction Using DNAZOL Method

The DNAzol (Helena Biosciences, Sunderland, UK) method can be used for 

small or large-scale viral DNA extractions according to the amount of virally infected 

cells. One well of a 6-well plate (small-scale) or one 80 cm  ̂ flask (large-scale) 

containing virally infected cells at complete CPE is sufficient to obtain good yields. 

Another advantage is that this method is less time consuming. The DNAzol procedure 

is based on a guanidine-detergent lysing solution that hydrolyses RNA therefore 

allowing the selective precipitation of DNA. The DNAzol method was used according to 

manufacturer's instructions. Briefly, it consists of the addition of the lysing solution 

directly onto the viral infected cells, followed by the addition of 95% ethanol directly to 

the lysate in order to precipitate the DNA. This is followed by a 70% ethanol washing 

step and finally DNA solubilisation.
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2.1.10. Restriction Digests

Restriction digests were performed on plasmid DNA either for analysis or 

isolation of DNA fragments. Analytical digests were usually performed in 20 jxl total 

volume containing either 2 pi of mini-prep or 1 pi of midi-prep DNA (approximately 1 

pg of DNA). No more than 0.1 volumes of restriction enzyme(s) were added and the 

appropriate buffer was used at Ix concentration. The digests were incubated for at 

ieast 1 hour at the appropriate temperature. The digests were then run on a 1% 

agarose gel or 1% low melting point (IMP) agarose, as appropriate, and bands 

visualised on a UV transilluminator.

Restriction digests required for isolation of DNA fragments were carried out in a 

total volume of 100 pi containing approximately 5 pg of midi-prep DNA and no more 

than 0.1 volumes of restriction enzyme(s) and the appropriate buffer was used at Ix 

concentration. Digests were incubated for 1-16 hours at the appropriate temperature 

and then run on a 1% agarose, usually IMP agarose, if the fragments were required 

for ligations or for Southern probes. DNA bands were visualised on a UV 

transilluminator and the required bands were carefully excised using a scalpel. When 

necessary DNA was extracted from the agarose using the GFX̂  ̂ PCR and Gel Band 

Purification Kit (Amersham) according to manufacturer's instructions. The DNA was 

then eluted in a final volume of 20 pi. IMP excised gel fragments were kept at -20°C.

2.1.11. Blunt-End Reactions

When there were no compatible restriction sites for cloning, restriction enzyme 

cleaved overhangs were filled in (5' overhangs) or "chewed back" (3' overhangs) using 

T4 DNA polymerase. After restriction digest, 1 pi of a 25 mM stock of dNTPs (dATP, 

dCTP, dTTP, dGTP) and 15 units of T4 DNA polymerase were added directly to the 

reaction. The reaction was incubated for 30 min at 37°C. If subsequent restriction
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digests were to be performed with this same DNA, the reaction was heat inactivated at 

80°C for 20 min and then cooled on ice prior to the addition of further enzymes.

2.1.12. Phenol Extraction and Precipitation of DNA

To purify DNA after a restriction digest or blunt ending, the reaction mix was 

made up to 400 jil with ddHzO and an equal volume of tris-equilibrated phenol was 

added. The mixture was vortexed, centrifuged at 13000 rpm for 2 min and the 

aqueous phase removed and re-extracted with one volume of chloroform/isoamyl 

alcohol. Once again the aqueous phase was removed and the DNA precipitated by 

addition of 0.1 volumes of 3 M sodium acetate (pH5.5) and 2 volumes of ice cold 

100% ethanol. Alternatively, the GFX™ PCR and Gel Band Purification Kit (Amersham) 

was used to purify DNA, according to manufacturer's instructions.

2.1.13. DNA Ligations

Ligations were performed in a total volume of 30 îl. Gel fragments were melted 

at 80°C for 5 min and then added directly to the ligation, without further purification. 

Reactions usually contained 5 pi of each gel fragment, Ix ligase buffer and 1-3 units of 

T4 DNA ligase in ddHzO. Reactions were allowed to proceed for approximately 1.5 

hours at room temperature. Following ligation, the reaction was heated to 80°C for 20 

min in order to inactivate the T4 DNA ligase. Some ligations were further digested with 

an enzyme that cuts re-ligated vector, in order to decrease the background. The 

reaction was then transformed into a volume of competent bacteria (section 2.1.4.) 

appropriate to the type of cloning.
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2.1.14. Agarose Gel Electrophoresis

1% (w/v) agarose gels were made using Ix TAE (0.4 M Tris base, 0.2 M 

sodium acetate, 20 mM EDTA pH8.3). Ethidium bromide was added to a final 

concentration of 0.5 pg/ml. Approximately 0.1 volume of lOx loading buffer (Ix  TAE, 

50% v/v glycerol, 0.025% bromophenol blue) was added to DNA samples prior to 

loading. 1 kilobase (kb) ladder DNA marker was used throughout this thesis. DNA was 

electrophoresed at approximately 120 mA until the fragments were well separated. 

When low melting point agarose was used the gels were run no higher than 60 mA. 

Bands were visualised on a UV transilluminator and photographed with Polaroid film.

2.1.15. DNA Sequencing

One pg of phenol/chloroform extracted plasmid DNA was sequenced using the 

Sequenase™ kit v2.0 according to manufacturer's instructions. The Sequenase kit 

utilises the dideoxy chain termination method of sequencing (Sanger etal. 1977).

2.1.16. Polyacrylamide Gel Electrophoresis

Sequencing reactions were run on an 8% 19:1 acrylamideibisacrylamide, 50% 

urea gel in Ix TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA pH8.0). The gel 

was pre-run at 1600 volts for at least 20 min prior to loading the sequencing reactions. 

5 pi of each reaction were loaded and the gel was run at 1800 volts and the length of 

the run was dependent on the length of sequence required. The gel was then 

immersed in fixing solution (10% v/v methanol, 10% v/v acetic acid) for 20 min and 

placed between 3MM Whatman paper and sa ran wrap to dry under vacuum at 80°C in 

a Biorad gel drier for approximately 1 hour. The gel was then exposed to X-ray film 

0/N.

97



Chapter 2_______________________________________________________________ - . Material and Methods

2.1.17. Southern Blot Analysis of Viral DNA

Southern blots (Southern 1975) were performed on viral DNA to confirm 

genome structures of recombinant HSV-1 vectors. 10 pi of a viral DNA preparation 

(section 2.1.7 or 2.1.9.) was digested 0/N with the appropriate enzymes and buffers in 

a total volume of 50 pi. 0.1 pg of plasmid control DNA was digested in a total volume 

of 20 pi. Sometimes positive or negative controls were viral DNA samples, hence 

digested as previously described. The digest reactions were directly loaded and 

electrophoresed on a 1% agarose gel as described in section 2.1.14.

2.1.18. Transfer of DNA to Nitrocellulose

The DNA was visualised on a UV transilluminator and photographed against a 

fluorescent ruler. The gel was left on the transillluminator for a further 2 min to nick 

the DNA. The gel was then placed in denaturing solution (1.5 M NaCI, 0.5 M NaOH) for 

a further 45 min. The gel was then transferred to neutralising solution (2 M NaCI, 1 M 

Tris pH5.5) for further 45 min. The gel was then placed on a plastic support which was 

covered in a triple layer of 3MM Whatman paper which was used as a wick placed in a 

reservoir of 20x SSC (150 mM NaCI, 15 mM sodium citrate). A piece of Hybond N+ 

nylon membrane cut to the same size as the gel was pre-soaked in the neutralising 

solution and then carefully placed on the gel ensuring there were no air bubbles 

present. Approximately 10 pieces of 3MM Whatman paper, pre-soaked in 20x SSC, 

were placed on the nylon membrane and a stack of dry paper towels and a suitable 

weight were placed on top. Parafilm was used to isolate the wick from the paper 

towels. The DNA was then transferred by capillary action to the nylon membrane 0/N.

The membrane was removed, washed in 6x SSC and then air-dried for 30 min. 

The DNA was then cross-linked to the membrane using a UV Stratalinker 2400. The 

membrane could then be stored at 4°C prior to hybridisation.
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2.1.19. Hybridisation

The nylon membranes were pre-hybridised for at least 2 hours at 65°C with 30 

ml of pre-hybridisation solution (6x SSC, 5x Denhardt's solution, 0.5% w/v SDS in 

ddHzO containing 100 pg/ml of denatured herring sperm DNA (HSDNA); lOOx 

Denhardt's solution: 2% w/v bovine serum albumine (BSA), 2% Ficoll® (type 400), 

2% w/v polyvinylpyrrolidone in ddHzO). The same solution was used to hybridise the 

membranes with the denatured probe 0/N at 65°C. The membranes were washed 

three times with the following solutions: 2x SSC/0.1% w/v SDS; O.Sx SSC/0.1% w/v 

SDS; O.lx SSC/0.1% w/v SDS, increasing the stringency along the washes. The filters 

were then wrapped in cling film and exposed to X-ray film at -70°C.

2.1.20. Radiolabelling of DNA

Fragments of DNA were radiolabelled with a-[̂ ^P]-dCTP for use as probes in 

Southern blot analysis. Plasmid DNA was digested and run on a 1% IMP agarose gel 

(section 2.1.11. and 2.1.15.). The required DNA fragment was then excised from the 

gel and three volumes of ddH20 were added. The probe was then labelled using the 

Ready To Go DNA Labelling Kit (-dCTP) according to manufacturer's instructions. The 

radiolabelled DNA probe was denatured (5 min at 95°C and snap cooled on ice for 2 

min) and added to the hybridisation solution.

2.2. Tissue Culture

All tissue culture preparations were carried out under sterile conditions in a 

laminar flow safety cabinet. All viral preparations were performed under Health and 

Safety Category 2 Conditions.

All cell lines and viruses were stored long term in liquid nitrogen and during 

culture were maintained at 37°C in a 5% CO2 incubator in a humidified atmosphere.
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Nunc supplied tissue culture plasticware and Gibco BRL Life Technologies 

supplied all media and supplements.

2.2.1. Virus Strains

All HSV-1 recombinant vectors were derived from the 17syn+ HSV-1 strain 

isolated in Glasgow (Brown et a!. 1973) and the 1764 strain (Coffin at at. 1996). The 

latter strain refers to 17syn+ deleted for both copies of ICP34.5 (MacLean eta l. 1991) 

and an inactivating mutation (12bp linker insertion) in the C-terminal transactivation 

domain of VP16 -  M814 mutation (Ace et aL 1989). The VP16 deficiency was 

complemented for by the addition of hexamethylene bis-acetamide (HMBA) to the 

growth media, to a final concentration of 3mM.

2.2.2. Baby Hamster Kidney Ceils

Baby Hamster Kidney Cells (BHKs) Clone 13 (MACPHERSON and STOKER 1962) 

were provided by Imperial Cancer Research Fund (ICRF), London, UK.

BHK cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (also referred as 

Serum Free Media -  SFM) supplemented with 10% Fetal Calf Serum (FCS) and 100 

units/ml penicillin/streptomycin and is referred as full growth media (FGM). BHK cells 

were passaged by washing in Hank's Balanced Salt Solution (HBSS) at room 

temperature (RT) and then incubated with a minimal volume (enough to cover the 

area of flask) of 10% (v/v) of trypsin in versene. An appropriate volume of FGM was 

added to neutralise the trypsin/versene and the cells were then divided accordingly.

2.2.3. ND7 Celis

ND7 cells were created by fusion of mouse neuroblastoma cells (N18Tg2) with 

rat post-mitotic neonatal dorsal root ganglion neurons (Wood etal. 1990).
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ND7 cells were grown In Leibovitz L15 media supplemented with 10% FCS, 100 

unlts/ml of penlclllln/streptomycin, 0.35% glucose, 2 mM L-glutamlne and 0.375% 

(w/v) sodium bicarbonate (L15 FGM). Cells were passaged by removal of media and 

addition of an appropriate volume of fresh L15 FGM and gentle agitation of the flask to 

dislodge the cells. The suspended cells were then divided accordingly.

2.2.4. Cell Line Storage

Cell stocks for long term storage were prepared by suspending the cells from 

one 175 cm  ̂flask In freezing media A (DMEM supplemented with 20% FCS) followed 

by addition of an equal volume of freezing media B (DMEM supplemented with 40% 

FCS and 16% dimethylsulphoxlde (DMSO)) and allquoted Into 1.5 ml cryovlals. These 

were slowly cooled to -70°C, and then Immersed In liquid nitrogen. The cells were 

recovered by rapidly thawing the contents of one cryovial and then transferred to a 25 

cm  ̂flask of pre-warmed medium. The medium was changed or the cells passaged the 

following day.

2.2.5. Transient Transfection Assays

2.2.5.I. DNA Transfections

BHK cells (80% confluent), grown on 6-well plates, were transiently transfected 

with supercolled plasmid DNA. The protocol was based on the standard calcium 

phosphate transfection method (Stow and Wilkie 1976). Two tubes were set up 

labelled A and B. Tube A contained 31 pi 2 M CaClz, 10 pg plasmid DNA and 20 pg 

HSDNA (phenol/chloroform extracted). Tube B contained 400 pi HEBES transfection 

buffer. HEBES buffer contained 140 mM NaCI, 5 mM KCI, 0.7 mM NazHPÔ , 5.5 mM D- 

glucose, 20 mM Hepes, pH 7.05 with NaOH and was filter sterilised with a 0.2 pm filter 

and stored at 4°C. The contents of tube A were carefully mixed by gentle pipetting and
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then added to tube B drop-wise manner with gently mixing. The mixture was then left 

for 20-40 min to allow the DNA to precipitate. Media was removed from the cell 

monolayer and the precipitated DNA mixture was then added (one transfection per 

well) and incubated for 4 hours prior to DMSO shocking. To DMSO shock, media was 

removed from the cells, and the cells were washed twice with 2 ml of FGM. 1 ml of ice- 

-cold 20% (v/v) DMSO in HEBES transfection buffer was added to the cells and left for 

90 seconds. The DMSO solution was removed and the cells were washed twice with 2 

ml of FGM. A final volume of 2 ml of FGM was added to the cells and then these were 

incubated at 37°C/5%C02 for 24 or 48 hours.

2.2 5.2. Detection of GFP Expression

Cells expressing green fluorescent protein (GFP) required no pre-treatment and 

were visualised directly under an inverted fluorescent microscope at a wavelength of 

520 nm.

2.2 5.3. Detection of p-Gaiactosidade by X-Gai Staining

Media was removed and the cells were washed twice with 2 ml of Ix PBS (137 

mM NaCI, 2.7 mM KCI, 4.3 mM Na2HP0 4 .7 H2 0 , 1.4 mM KH2PO4). The cells were then 

fixed in 1 ml of Ix  PBS containing 0.05% glutaraldehyde for 10 min at room 

temperature. The cells were then washed twice with 2 ml of Ix PBS and incubated at 

37®C for 1 to 16 hours in 2 ml/well of X-gal solution (5 mM K3Fe(CN)e, 5 mM 

K4Fe(CN)6.6H20, 1 mM MgCb, 150 pg/ml X-gal in DMSO in Ix PBS). The X-gal stain 

was then removed and replaced with 70% (v/v) glycerol for storage.
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2.2.6. Virus Construction and Propagation

2.2.6.I. Homologous Recombination into the HSV-1 Genome

Transfections were carried out as described in section 2.2.5.I. except 10-30 pg 

of viral DNA (section 2.1.9. or 2.1.10.) were added to tube A and the transfection was 

left for 7 hours before DMSO shock. For transfection using 1764 viral DNA backbone 

(VP16 mutation), the media was supplemented with 3 mM HMBA in order to induce 

immediate early gene transcription (McFarlane etal. 1992). The transfections were left 

for 2-4 days until complete cytopathic effect (CPE) was observed. Each well was then 

harvested and freeze-thawed. The harvested cells were then titred out (section

2.2.Ô.2.) and the efficiency of the recombination determined by assaying for loss or 

gain of a reporter gene.

2.2.6 2. Viral Plaque Assay

Serial ten fold dilutions of a virus suspension (either harvested from 

homologous recombination or from a pure stock) were prepared in DMEM without FCS 

and plated onto 80% confluent wells of BHKs. A minimum volume of 100 pl/well was 

used in 24-wells plates and 500 pi/well in 6-well plates. The virus was allowed to 

adsorb for 30-60 min at 37°C/5%C02 and then the monolayers were overlaid with 2 ml 

of a 1:2 (v/v) mixture of 1.6% carboxymethylcellulose (CMC):FGM supplemented with 

3 mM HMBA if necessary. The cells were then incubated for a further 48 hours at 

37°C/5% CO2 and the number of plaques were counted in order to determine the titre 

of the virus in plaque forming units (pfu)/ml. The plaques were X-gal stained (as 

described in 2.2.S.3.) and visualised in a dissecting microscope (either if it was pure 

stock of /^dZ-expressing virus or when detecting loss or gain of the iacZ reporter gene 

in a homologous recombination transfection), or visualised under an inverted 

fluorescent microscope (section 2.2.5.2.) when a pure stock of GFP-expressing virus
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had to be quantified or when detecting loss or gain of the GFP gene in a transfection. 

If the virus in question expressed no marker genes, the plaques were visualised under 

a dissecting microscope.

2.2.G.3. Purification of Viral Recombinants by Plaque Selection

Harvested wells from homologous recombination transfections were freeze- 

thawed to disrupt the cells and then the viral titre determined as described in section

2.2.6.2. If the transfection was designed to result in the loss or gain of tacZ., then the 

plaques were stained as described in section 2.2.5.3. except that the cells were not 

fixed. If the transfection was designed to result in the loss or gain of GFP, the plaques 

were directly visualised under an inverted fluorescent microscope. Recombinants were 

identified as blue/green/white plaques as appropriate and were picked from the 

monolayer in a minimum volume (less than 2 pi) using a P20 Gilson micropipette. 

Plaques were then transferred to an eppendorf containing 100 pi of SFM and freeze- 

thawed to disrupt the cells. 2-10 pi of each plaque suspension was then used to infect 

2 wells of a 6-well plate of BHKs at 80% confluency. The virus was allowed to adsorb 

for 30-60 min at 37°C/5%C02 and then the monolayers were overlaid with 2 ml of a 

1:2 (v/v) mixture of 1.6% CMC:FGM supplemented with 3 mM HMBA if necessary. The 

cells were then incubated for a further 48 hours at 37°C/5%C02. The plaque 

purification process was repeated until a pure population was obtained. When this was 

achieved a single plaque was used to infect one well of a 6-well plate and incubated 

until CPE was detected. The whole well was then harvested and its titre determined. 

This was then used as a master stock (MS) for large-scale propagation of the 

recombinant virus.
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2.2.6 4. Production of High Titre Stock of Recombinant Vector

The MS suspension was used to infect 2x 175cm2 flasks of BHK cells 90% 

confluent, at a multiplicity of infection (MOI) of 0.01-0.05. Cells were infected in 25 ml 

of FGM, supplemented with 3 mM of HMBA if necessary, and incubated at 37°C/5%C02 

until complete CPE was observed. The cells were then harvested and the viral titre 

determined. This stock was termed the sub-master stock (SMS). lOx 245x245 mm 

plates containing BHKs grown to 90% confluency were infected with virus from the 

SMS at an MOI of 0.01-0.05, in a total volume of 50 ml of FGM per plate supplemented 

with 3 mM of HMBA if necessary. The cells were then incubated at 37°C/5%C02 and 

usually within 48 hours complete CPE was obtained. The whole plate was then 

transferred directly to -80°C. After defrosting, the cellular debris was removed by 

centrifugation at 3500 rpm for 45 min at 4°C. To pellet the virus particles, the 

supernatant was then spun at 12000 rpm for 2 hours at 4°C. The supernatant was then 

discarded and the viral pellet was gently resuspended in 1-3 ml SFM. The resuspended 

viral pellet was then sonicated for 5x 10 seconds in a water bath sonicator with chilling 

on ice between sonications. Aliquots of the virus were stored in liquid nitrogen and the 

titre of a freeze-thawed aliquot was determined using the standard viral plaque assay 

(section 2.2.6.2.).

2.2.6.5i Growth Curves

80% confluent 24-well plates of BHK cells were infected at an MOI of 0.1 or 

0.01 in a final volume of 100 pi of SFM. Virus was allowed to adsorb for 30-60 min at 

37°C/5%CÜ2 and then the monolayers were overlaid with 500 pi of FGM 

(supplemented with 3 mM of HMBA if necessary). Cells were harvested at 0, 4, 8, 16, 

24, 36 hours post-infection. Harvested samples were freeze-thawed to disrupt the cells 

and the yield of the virus was measured by plaque assay (section 2.2.6.2.).
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2.2.6 6. In Characterisation of Recombinant Viruses

80% confluent 24-well plates of BHK or ND7 cells were Infected at an MOI of 1 

or 5, each with and without the addition of acyclovir at 100 pg/ml, in a final volume of 

100 |xl of SFM. Virus was allowed to adsorb for 30-60 min at 37°C/5%C02 and then the 

monolayers were overlaid with 500 pi of FGM (supplemented with 3 mM of HMBA if 

necessary). Reporter gene expression was assessed 24 and 48 hours upon infection. At 

each time-point the cells were fixed in 4% paraformaldehyde (PFA) (glutaraldehyde 

induces background fluorescence thus being a problem for GFP infected cells), and 

either assessed for GFP expression under an inverted fluorescence microscope or X-gal 

stained to assess tacL expression (see 2.2.S.3.). Cells were photographed on an 

inverted microscope (Nikon Eclipse TE200) at lOx magnification.

2.3. In k/M? Gene Delivery

2.3.1. Animals

Balb/C mice were obtained from Harlan Laboratories (Oxon, UK). SCID mice 

were obtained from breeding colonies within the Department of Biological Services, 

UCL. SCID mice are homozygous for the severe combined immune deficiency 

spontaneous mutation {Prkdd'̂ '̂ , commonly referred as scid) and are characterised by 

an absence of functional T and B cells.

2.3.2. Balb/C Footpad inoculation

Groups of 5 mice were anaesthetised by fluothane inhalation and inoculated in 

the left rear footpad (Cook and Stevens 1973; Stevens and Cook 1971) with 25 pi of a 

high titre stock (section 2.2.6.4.) of recombinant vector, at the desired dose. At various
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times post-inoculation the mice were sacrificed and the ipsilateral lumbar DRG (L4 and 

L5) were removed and reporter gene expression determined (sections 2.3.4 and 2.3.5.)

2.3.3. SCID Footpad Inoculation

Groups of 5 mice were scruffed in order to keep them still, and inoculated in 

the left rear footpad with 25 pi of a high titre stock (section 2.2.6.4.) of recombinant 

vector at the desired dose. The reason SCID mice were inoculated in this way being 

their sensitivity to halothane, dying soon after inhalation of the anaesthetic. At various 

times post-inoculation the mice were sacrificed and the ipsilateral lumbar DRG (L4 and 

L5) were removed and reporter gene expression determined (sections 2.3.4. and 

2.3.5.)

2.3.4. Detection of p-Galactosidase Activity in Extracted DRG

DRG dissected from mice were placed in Ix PBS. The DRG were then fixed with 

4% PFA in Ix PBS for 1 hour on ice. The DRG were then washed 3 times with Ix PBS 

for 15 min each wash. The DRG were then placed in 100 pi of DRG X-gal solution (5 

mM K3Fe(CN)e, 5 mM K4Fe(CN)6.6H20, 1 mM MgCb, 0.02% (w/v) sodium deoxycholate, 

0.02% (v/v) NP-40 and 40 mg/ml X-gal in DMSO, in Ix PBS) and incubated at 37°C 

0/N. The X-gal solution was then removed and the DRG placed in 70% v/v glycerol 

and stored at 4°C prior to photography. DRG to be photographed were mounted in Ix 

PBS on a glass slide and coverslipped. Photographs were taken at lOx magnification on 

a Zeiss Axiophot microscope.

2.3.5. Detection of Green Fluorescent Protein in Extracted Dorsal Root 

Ganglia

DRG dissected from mice were placed in Ix PBS. The DRG were then fixed with 

4% PFA in Ix PBS for 1 hour, on ice. The DRG were then washed 3 times with Ix PBS
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for 15 min each wash. DRG to be photographed were mounted in Ix PBS on a glass 

slide and coverslipped. GFP expression was then visualised under UV light (520 nm) 

under lOx magnification and photographed (Zeiss Axiophot microscope). When dual 

expression of GFP and lacL was to be assessed, GFP fluorescence was examined prior 

to X-gal staining as otherwise lacl masked the GFP fluorescence.
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CHAPTER 3: DETERMINATION OF THE EXPRESSION PROFILE OF THE 

LAT ORF IN  THE HSV LIFECYCLE AND ITS REGULATION

3.1. Introduction

The possibility of a LAT-encoded protein that could somehow affect the 

reactivation phenotype of HSV has been suggested in the past (Doerig et a!. 1991; 

Spivack at aL 1991; Wagner a t at. 1988a; Wechsler at aL 1988). However, such a 

hypothesis has generally been rejected due to the lack of a phenotypic effect when 

LAT ORFs are mutated (Fareed and Spivack 1994), and also due to the lack of 

reproducibility in detecting LAT encoded proteins (Lagunoff and Roizman 1994).

Even though several studies suggest there is no evidence for the production of 

a protein from the LAT, previous research conducted in our laboratory has 

demonstrated that deregulated expression of the largest HSV-1 2 kb LAT contained 

ORF enhances virus growth and can compensate for deficiencies in IE gene expression 

(Tbomas at aL 1999) and also prevent promoter silencing in the absence of IE gene 

expression (Thomas at aL 2002b). This strongly suggested that such a LAT protein, if 

produced during latency would be likely to have a role early in the reactivation from 

latency. Furthermore, the association of the 2 kb LAT with polyribosomes suggests that 

the LATs do physically interact with the translation machinery and could therefore be 

translated under some circumstances (Ahmed and Fraser 2001; Golden berg at aL 

1997; Nicosia ataL 1994).

The fact the LAT ORFs (from within the 2 kb LAT) are generated from a 

complicated transcriptional unit that is normally non-linear, non-polyadenylated and 

retained in the nucleus (Wagner and Bloom 1997), from which translation would not 

normally be expected, suggests that the expression of LAT ORFs, if they are expressed 

at all, must be tightly regulated in such a way that they are only expressed at defined
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points in the HSV lifecycle. Such tight regulation, making detection difficult, may 

explain why LAT ORF expression has not been detected previously.

The related a-herpesvirus, BHV-1 LR gene, like LAT, is transcribed antisense to 

an ICPO homologue (bICPO) (Fraefel et a!. 1994), is highly abundant during latency in 

neurons (Kutish et at. 1990; Rock et a!. 1992; Rock etal. 1987a) and was also shown 

to inhibit apoptosis in transiently transfection assays (Ciacci-Zanella et ai. 1999). 

Contrary to HSV-1 LAT, a LR protein has been detected and shown to interfere with 

cell cycle (Jiang et ai. 1998; Schang et ai. 1996).

As a result, to explore the possibility that LAT ORFs are functional there is a 

need to identify if, when and how this protein might be produced during the HSV 

lifecycle. Thus, this chapter aims at determining if the LAT ORF has the potential to be 

expressed and to study the mechanism by which its expression might be regulated.

In order to address the question as to whether the LAT ORF has the potential 

to be expressed, at least three possible approaches could be taken. An antibody 

against the putative protein could be produced to follow its behaviour in vivo, or a 

fusion protein using a reporter gene fused to the protein of interest or an epitope tag 

(8 -  12 aa) against which an anti-epitope antibody could be used to follow the 

behaviour of the protein (figure 3.1.), could be generated.

Protein X Reporter protein |

Protein X Ë"

Epitope tag

Figure 3.1. Strategies for the analysis of protein function.
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Previously in our laboratory the production of such an antibody against the 

largest LAT ORF following bacterial expression of the protein was attempted but 

proved unsuccessful. The only LAT protein antibody mentioned in the literature detects 

an 80 kDa protein (Doerig et aL 1991), which is bigger than the predicted size 

(approximately 30 kDa -  Thomas etal. 1999). S.K. Thomas also added an epitope tag 

to the N-terminal of the putative LAT protein (it is not possible to add on the C- 

terminal because it overlaps with ICPO, which runs antisense to LAT, and the ICPO 

gene would then be disrupted) but the protein was shown to be non-functional 

(personal communication).

The approach chosen in this chapter consisted of fusing a reporter gene into 

the LAT ORF of wild type HSV-1 (strain 17+) and a partially disabled virus (strain 

1764), in which both copies of ICP34.5 are deleted and the VP16 mutation renders the 

virus incapable of activating IE genes. The reason for using the latter backbone was its 

reduced pathogenicity in vivo. This backbone is of reduced replication competence but 

is capable of establishing latency and expressing LATs (Robertson et ai. 1992; Spivack 

et ai. 1995). Therefore, it could potentially allow the assessment of subtle differences 

that a fully replication competent backbone, such as 17+, might not allow, due to its 

inherent toxicity. In both, 17+ and 1764, the reporter gene was inserted to replace 

most of the LAT ORF such that the ATG of the reporter gene was in frame with the 

ATG of the LAT ORF. The reporter gene would therefore be expected to use all 

relevant LAT ORF promoter and regulatory DNA sequences. In these recombinant 

viruses the 3' end of the LAT ORF remained intact therefore conserving the ICPO 

sequence that runs anti-parallel to LAT.

Following construction and expression profiling of these viruses, the second 

part of this chapter aimed at studying the possible significance of the post- 

transcriptional regulation of LAT ORF expression. Regulation can occur at several 

checkpoints as shown in figure 3.2. However, in this chapter only two aspects of post-
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transcriptional control prior to protein production are addressed: RNA polyadenylation 

(1) and RNA export from the nucleus (2). This was achieved in two ways:

1 - comparison of polyA(+) and polyA(-) recombinant viruses was intended to help to 

identify whether LAT ORF expression was regulated by differential polyadenylation of 

LAT ORF encoding transcripts.

2 - the woodchuck post-transcriptional regulatory element (WPRE) from woodchuck 

hepatitis virus (WHV) is known to increase RNA stability and facilitates nuclear export 

(Donello etal. 1998; Popa et ai. 2002). Adding the WPRE after the reporter gene in the 

recombinant viruses was used to explore the possibility that LAT expression might be 

regulated at the level of RNA export from the nucleus.

3.2. Choice of Reporter Gene

The reporter genes chosen for this study were GFP and iacZ. The /<?cZ gene 

encodes the bacterial E coii enzyme p-galactosidase (p-gal), which forms a blue 

intracellular precipitate upon incubation with "X-gal" substrate. This reporter gene is 

commonly used to detect gene expression in neural tissue (Sanchez-Ramos et ai.

2000), and elsewhere. GFP use is also widespread. GFP is very stable, relatively non

toxic and allows direct detection of gene expression. Each of these properties makes 

GFP a very useful marker gene (Tsien 1998). Zhang and co-workers developed an 

enhanced GFP protein (EGFP) (Zhang et ai. 1996). This version gives enhanced 

fluorescence compared to wild type GFP and is widely used to detect gene transfer in 

mammalian systems. The EGPF version from pEGFPNI (Clontech) was used throughout 

this thesis.
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3.3. GFP and LaôL Plasmid Construction

The plasmid pNoQ.5 (Coffin et at. 1998) consists of a 3.5 kb NoQ. restriction 

fragment containing part of the LAT region of wild type HSV-1 strain 17+ (nt 118441- 

122027) inserted into pGemS (Promega). This plasmid served as a parental construct 

from which all other clones were derived. The 3.5 kb fragment encompasses the 

latency promoter LAPl, a TATA box containing promoter first identified by Zwaagstra 

et a! (1989); LATP2, which roughly consists of LAP2 (Goins et aL 1994) plus the so 

called long term enhancer region - LTE - (Lokensgard et aL 1997) and 119 bp 

downstream of the LTE; as well as the 2.0 kb LAT as depicted in figure 3.3A-C. In 

order to arrange the reporter genes GFP and lacZ, with and without the insertion of an 

artificial polyA, in frame and downstream from the ATG of the largest LAT ORF the 

following plasmids were constructed:

pCDNA3/a£ZpA - A SméLlb\uwteélSa  ̂ /̂ cZ-SV40pA fragment from pCMVP (Clontech) 

was inserted into pCDNA3 (Invitrogen) between EcdtOJ and XhdL sites. 

jpNoG.SIatZpk - The /<3cZ-SV40pA coding sequence (A///7dII/Tl>c><5l/double-biunted) 

was cut out from pCDNA3/acZpA and sub-cioned into the Srfi site of t̂ NoB.S plasmid. 

pNoG .SIaiZ  - A ////7dII//Vl9fl/double-blunted lacZ fragment was excised from 

pCDNA3/̂ (2pA and sub-cloned into the SrA site of pNoQ.5 plasmid. 

pyV(9<3.5GFPpA -  The GFP-SV40pA /#c(II/% ^/double-blunted fragment from 

pEGFPNl (Clontech) was inserted into the SrA site of p/VbÔ.5. 

p/Vk)(3.5GFP and p/Vk?(3.5GFPrev - The GFP coding sequence (//Ÿ76(II//Vba/double- 

blunted) from pEGFPNl (Clontech) was inserted into the Stû site of p/VtoQ.5 in both 

orientations. These two plasmids were already available in the laboratory.

Schematic representations and predicted ORFs and aminoacid sequences of the 

above-mentioned plasmids are depicted in figures 3.4., 3.5A-C., 3.6A-C. ORF 

sequences were obtained using the ORF Find from National Center for Biotechnology 

Information (NCBI). The reporter gene cloning methods were carefully designed in
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order to ensure there were no other ATGs that would be likely to make translatable 

ORFs prior to translation of the ORFs encoding G??llacL. LacZ and GFP plasmids were 

sequenced with lacZ (TGG TGT CCA GAC CAA T) and GFP (CCT CAC CCT TGC TCA 

CCA) specific primers in order to confirm the ATGs of the reporter gene and the LAT 

ORF were in frame.

3.4. Transient Transfections of Plasmid Constructs

Following construction, the GFP and lacL plasmids were transiently transfected 

into a BHK ceil line (Macpherson and Stoker, 1962) in order to assess reporter gene 

expression. p/Vc>0.5GFPpA(+) and pA(-) plasmids were compared to a control plasmid, 

pR19GFP (Wagstaff et aL 1998), in which the GFP is driven by a CMV promoter. The 

plasmids p/Wc?0.5/<̂ cZpA(+) and pA(-) were compared to pR19/?cZ (Wagstaff et aL 

1998) control plasmid.

Following transient transfection none of the test plasmids expressed GFP or 

LacZ (data not shown) whereas ail the control plasmids strongly expressed the 

respective reporter gene. This might be expected bearing in mind the position of the 

GFP and LacZ genes in the test plasmids and is important as it determined the strategy 

required for recombinant virus construction (section 3.5.).
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Figure 3.3. Schematic representation of p/VoS.5 plasmid.
(N.B. Not drawn to scale).

A. pAfc>Q.5 diagram depicting the LAT promoters, 2 Kb LAT, the largest LAT ORF, 
the ICPO and some important restriction sites.
B. 2 Kb LAT and the potential ORFs within HSV-1 strain 17+. The solid box 
represents the ORF used throughout this thesis. The largest LAT encoded ORF 
(coloured box) was the focus of this thesis.

117



Chapter 3 LAT ORF Expresipn Profile and Regulation

atgctttcggggatcggtggtcaggcagcccgggccgcggctctg 
LAT ORF A T6 — ►  M L S G I G G Q A A R A A A L

tggttaacaccagagcctgcccaacatggcacccccactcccacg
W L T P E P A Q H G T P T P T
cacccccactcccacgcacccccactcccacgcacccccactccc
H P H S H A P P L P R T P T P
acgcacccccactcccacgcacccccactcccacgcacccccact
T H P H S H A P P L P R T P T
cccacgcacccccactcccacgcacccccactcccacgcatcccc
P T H P H S H A P P L P R I P
gcgatacatccaacacagacagggaaaagatacaaaagtaaacct
A I H P T Q T G K R Y K S K P
ttatttcccaacagacagcaaaaatcccctgagtttttttttatt
L F P N R Q Q K S P E F F F I
agggccaacacaaaagacccgctggtgtgtggtgcccgtgtcttt
R A N T K D P L V C G A R V F
cacttttcccctccccgacacggattggctggtgtagtgggcgcg
H F S P P R H G L A G V V G A
gccagagaccacccagcgcccgacccccccctccccacaaacacg
A R D H P A P D P P L P T N T
gggggcgtcccttattgttttccctcgtcccgggtcgacgccccc
G G V P Y C F P S S R V D A P
tgctccccggaccacgggtgccgagaccgcaggctgcggaagtcc
C S P D H G C R D R R L R K S
agggcgcccactagggtgccctggtcgaacagcatgttccccacg
R A P T R V P W S N S M F P T
ggggtcatccagaggctgttccactccgacgcgggggccgtcggg
G V I Q R L F H S D A G A V G
tactcggggggcatcacgtggttacccgcggtctcggggagcagg
Y S G G I T W L P A V S G S R
gtgcggcggctccagccggggaccgcggcccgcagccgggtcgcc
V R R L Q P G T A A R S R V A
atgtttcccgtctggtccaccaggaccacgtacgccccgatgttc
M F P V W S T R T T Y A P M F
cccgtctccatgtccaggatgggcaggcagtcccccgtgatagtc
P V S M S R M G R Q S P V I V
ttgttcacgtaa
L F T *

Figure 3.3C. p/VoQ.5 largest LAT encoded ORF nucleotide and aminoacid (273 aa) sequences.

pCDNA3LacZpA

pCDNA3

%  %M
d ia l

EcoRV

Apol
N o tlX  2

UJ

Figure 3.4. pCDNAB/^cZpA diagram showing relevant restriction sites. (N.B. Not drawn to scale.).
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Chapter 3___________________________________________________LAT ORF Expression Profile and Regulation

LAT ORF ATG — ►  ctttcggggatcggtggtcaggcagcccagcttggtaccgag
L S G I G G Q A A Q L G T E  

ctcggatccactagtaacggccgccagtgtgctggaattctgcag 
L G S T S N G R Q C A G I L Q
atggggatcgaaagagcctgctacagcaaaaaagaagtcaccatg —  LacZ ATG
M G I E R A C Y S K K E V T M
tcgtttactttgaccaacaagaacgtgattttcgttgccggtctg
S F T L T N K N V I  F V A G L
ggaggcattggtctggacaccagcaaggagctgctcaagcgcgat
G G I G L D T S K E L L K R D
cccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacc
P V V L Q R R D W E N P G V T
caacttaatcgccttgcagcacatccccctttcgccagctggcgt
Q L N R L A A H P P F A S W R
aatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgc
N S E E A R T D R P S Q Q L R
agcctgaatggcgaatggcgctttgcctggtttccggcaccagaa
S L N G E W R F A W F P A P E
gcggtgccggaaagctggctggagtgcgatcttcctgaggccgat
A V P E S W L E C D L P E A D
actgtcgtcgtcccctcaaactggcagatgcacggttacgatgcg
T V V V P S N W Q M H G Y D A
cccatctacaccaacgtaacctatcccattacggtcaatccgccg
P I Y T N V T Y P I T V N P P
tttgttcccacggagaatccgacgggttgttactcgctcacattt
F V P T E N P T G C Y S L T F
aatgttgatgaaagctggctacaggaaggccagacgcgaattatt
N V D E S W L Q E G Q T R I  I
tttgatggcgttaactcggcgtttcatctgtggtgcaacgggcgc
F D G V N S A F H L W C N G R
tgggtcggttacggccaggacagtcgtttgccgtctgaatttgac
W V G Y G Q D S R L P S E F D
ctgagcgcatttttacgcgccggagaaaaccgcctcgcggtgatg
L S A F L R A G E N R L A V M
gtgctgcgttggagtgacggcagttatctggaagatcaggatatg
V L R W S D G S Y L E D Q D M
tggcggatgagcggcattttccgtgacgtctcgttgctgcataaa
W R M S G I F R D V S L L H K
ccgactacacaaatcagcgatttccatgttgccactcgctttaat
P T T Q I S D F H V A T R F N
gatgatttcagccgcgctgtactggaggctgaagttcagatgtgc
D D F S R A V L E A E V Q M C
ggcgagttgcgtgactacctacgggtaacagtttctttatggcag
G E L R D Y L R V T V S L W Q
ggtgaaacgcaggtcgccagcggcaccgcgcctttcggcggtgaa
G E T Q V A S G T A P F G G E
attatcgatgagcgtggtggttatgccgatcgcgtcacactacgt
I I D E R G G Y A D R V T L R
ctgaacgtcgaaaacccgaaactgtggagcgccgaaatcccgaat
L N V E N P K L W S A E I P N
ctctatcgtgcggtggttgaactgcacaccgccgacggcacgctg
L Y R A V V E L H T A D G T L
attgaagcagaagcctgcgatgtcggtttccgcgaggtgcggatt
l E A E A C D V G F R E V R I
gaaaatggtctgctgctgctgaacggcaagccgttgctgattcga
E N G L L L L N G K P L L I R
ggcgttaaccgtcacgagcatcatcctctgcatggtcaggtcatg
G V N R H E H H P L H G Q V M
gatgagcagacgatggtgcaggatatcctgctgatgaagcagaac
D E Q T M V Q D I L L M K Q N
aactttaacgccgtgcgctgttcgcattatccgaaccatccgctg
N F N A V R C S H Y P N H P L
tggtacacgctgtgcgaccgctacggcctgtatgtggtggatgaa
W Y T L C D R Y G L Y V V D E
gccaatattgaaacccacggcatggtgccaatgaatcgtctgacc
A N I E T H G M V P M N R L T
gatgatccgcgctggctaccggcgatgagcgaacgcgtaacgcga
D D P R W L P A M S E R V T R
atggtgcagcgcgatcgtaatcacccgagtgtgatcatctggtcg
M V Q R D R N H P S V I  I M S
ctggggaatgaatcaggccacggcgctaatcacgacgcgctgtat
L G N E S G H G A N H D A L Y
cgctggatcaaatctgtcgatccttcccgcccggtgcagtatgaa
R W I K S V D P S R P V Q Y E
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C. oont.
ggcggcggagccgacaccacggccaccgatattatttgcccgatg
G G G A D T T A T D I I C P M
tacgcgcgcgtggatgaagaccagcccttcccggctgtgccgaaa
Y A R V D E D Q P F P A V P K
tggtccatcaaaaaatggctttcgctacctggagagacgcgcccg
W S I K K W L S L P G E T R P
ctgatcctttgcgaatacgcccacgcgatgggtaacagtcttggc
L I L C E Y A H A M G N S L G
ggtttcgctaaatactggcaggcgtttcgtcagtatccccgttta
G F A K Y W Q A F R Q Y P R L
cagggcggcttcgtctgggactgggtggatcagtcgctgattaaa
Q G G F V W D W V D Q S L I K
tatgatgaaaacggcaacccgtggtcggcttacggcggtgatttt
Y D E N G N P W S A Y G G D F
ggcgatacgccgaacgatcgccagttctgtatgaacggtctggtc
G D T P N D R Q F C M N G L V
tttgccgaccgcacgccgcatccagcgctgacggaagcaaaacac
F A D R T P H P A L T E A K H
cagcagcagtttttccagttccgtttatccgggcaaaccatcgaa
Q Q Q F F Q F R L S G Q T I E
gtgaccagcgaatacctgttccgtcatagcgataacgagctcctg
V T S E Y L F R H S D N E L L
cactggatggtggcgctggatggtaagccgctggcaagcggtgaa
H W M V A L D G K P L A S G E
gtgcctctggatgtcgctccacaaggtaaacagttgattgaactg
V P L D V A P Q G K Q L I E L
cctgaactaccgcagccggagagcgccgggcaactctggctcaca
P E L P Q P E S A G Q L W L T
gtacgcgtagtgcaaccgaacgcgaccgcatggtcagaagccggg
V R V V Q P N A T A W S E A G
cacatcagcgcctggcagcagtggcgtctggcggaaaacctcagt
H I S A W Q Q W R L A E N L S
gtgacgctccccgccgcgtcccacgccatcccgcatctgaccacc
V T L P A A S H A I P H L T T
agcgaaatggatttttgcatcgagctgggtaataagcgttggcaa
S E M D F C I E L G N K R W Q
tttaaccgccagtcaggctttctttcacagatgtggattggcgat
F N R Q S G F L S Q M W I G D
aaaaaacaactgctgacgccgctgcgcgatcagttcacccgtgca
K K Q L L T P L R D Q F T R A
ccgctggataacgacattggcgtaagtgaagcgacccgcattgac
P L D N D I G V S E A T R I D
cctaacgcctgggtcgaacgctggaaggcggcgggccattaccag
P N A W V E R W K A A G H Y Q
gccgaagcagcgttgttgcagtgcacggcagatacacttgctgat
A E A A L L Q C T A D T L A D
gcggtgctgattacgaccgctcacgcgtggcagcatcaggggaaa
A V L I T T A H A W Q H Q G K
accttatttatcagccggaaaacctaccggattgatggtagtggt
T L F I S R K T Y R I D G S G
caaatggcgattaccgttgatgttgaagtggcgagcgatacaccg
Q M A I T V D V E V A S D T P
catccggcgcggattggcctgaactgccagctggcgcaggtagca
H P A R I G L N C Q L A Q V A
gagcgggtaaactggctcggattagggccgcaagaaaactatccc
E R V N W L G L G P Q E N Y P
gaccgccttactgccgcctgttttgaccgctgggatctgccattg
D R L T A A C F D R W D L P L
tcagacatgtataccccgtacgtcttcccgagcgaaaacggtctg
S D M Y T P Y V F P S E N G L
cgctgcgggacgcgcgaattgaattatggcccacaccagtggcgc
R C G T R E L N Y G P H Q W R
ggcgacttccagttcaacatcagccgctacagtcaacagcaactg
G D F Q F N I S R Y S Q Q Q L
atggaaaccagccatcgccatctgctgcacgcggaagaaggcaca
M E T S H R H L L H A E E G T
tggctgaatatcgacggtttccatatggggattggtggcgacgac
W L N I D G F H M G I G G D D
tcctggagcccgtcagtatcggcggaattacagctgagcgccggt
S W S P S V S A E L Q L S A G
cgctaccattaccagttggtctggtgtcaaaaataa 3296
R Y H Y Q L V W C Q K *

Figure 3.5C. LacZ nucleotide and aminoacid (1091 aa) sequences within the 
largest LAT encoded ORF from pNot3.5/acZ and pNot3.5/^cZpA.
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A. pNot3.5ôFPpA

pGem5

Hpal ATG
t
X

>

LAPl LATP2

EcoRV
EcoRV

I GFP pGcm5

<-
Sail

Xbal ICPO
Sail

Sail

LAT ORF 
ATG

B. pNot3.56FP/6FPpev

pGcmS

Sail

Hpal

■>
LAPl I LATP2 T

EcoRV
EcoRV

ATG
E.
X

GFP pGcm5

<■

GFPrev
ICPO

Sail
Sail

LAT ORF 
ATG

ATG

Figure 3.6. GFP insertion within the LAT ORF. (N.B. Not drawn to scale).
A. pNot3.5GFPpA diagram and relevant restriction sites.
B. pNot3.5GFP and GFPrev diagram and relevant restriction sites.
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LAT ORF ATG ctttcggggatcggtggtcaggcagcccagcttcgaattctg
L S G I G G Q A A Q L R I L

cagtcgacggtaccgcgggcccgggatccaccggtcgccaccatg
Q S T V P R A R D P P V A T M
gtgagcaagggcgaggagctgttcaccggggtggtgcccatcctg
V S K G E E L F T G V V P I L
gtcgagctggacggcgacgtaaacggccacaagttcagcgtgtcc
V E L D G D V N G H K F S V S
ggcgagggcgagggcgatgccacctacggcaagctgaccctgaag
G E G E G D A T Y G K L T L K
ttcatctgcaccaccggcaagctgcccgtgccctggcccaccctc
F I C T T G K L P V P W P T L
gtgaccaccctgacctacggcgtgcagtgcttcagccgctacccc
V T T L T Y G V Q C F S R Y P
gaccacatgaagcagcacgacttcttcaagtccgccatgcccgaa
D H M K Q H D F F K S A M P E
ggctacgtccaggagcgcaccatcttcttcaaggacgacggcaac
G Y V Q E R T I F F K D D G N
tacaagacccgcgccgaggtgaagttcgagggcgacaccctggtg
Y K T R A E V K F E G D T L V
aaccgcatcgagctgaagggcatcgacttcaaggaggacggcaac
N R I E L K G I D F K E D G N
atcctggggcacaagctggagtacaactacaacagccacaacgtc
I L G H K L E Y N Y N S H N V
tatatcatggccgacaagcagaagaacggcatcaaggtgaacttc
Y I M A D K Q K N G I K V N F
aagatccgccacaacatcgaggacggcagcgtgcagctcgccgac
K I R H N I E D G S V Q L A D
cactaccagcagaacacccccatcggcgacggccccgtgctgctg
H Y Q Q N T P I G D G P V L L
cccgacaaccactacctgagcacccagtccgccctgagcaaagac
P D N H Y L S T Q S A L S K D
cccaacgagaagcgcgatcacatggtcctgctggagttcgtgacc
P N E K R D H M V L L E F V T
gccgccgggatcactctcggcatggacgagctgtacaagtaa
A A G I T L G M D E L Y K *

GFP ATG

Figure 3.6C. GFP nucleotide and aminoacid (268 aa) sequences within the LAT 
ORF from p/VoQ.5GFP and p/VoQ.SGFPpA.
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3.5. Insertion of GFP and La<Z Shuttle Plasmids into the HSV-1 

Genome

The shuttle plasmids described in section 3.3. were used to construct 

recombinant viruses as described in section 2.2.6. (chapter 2). Given the fact that 

these plasmids do not express GFP or lacl following transient transfection, and the 

17+ and 1764 viral backbones did not express a reporter gene, it was not possible to 

co-transfect any of the viral backbones with individual plasmids and select the 

recombinants from the non-recombinants by virtue of the insertion of an expressed 

marker gene. In order to overcome this problem, 17+ and 1764 derivatives 

constitutively expressing either GFP or lacl under the control of a CMV promoter within 

the HSV-1 LAT region (downstream LAPl and LATP2), were produced. Linearised 

pR19GFP and pR19/<5cZ cassettes (figure 3.7A-D.) were co-transfected with either 17+ 

or 1764 viral backbones, separately, yielding four different viral derivatives: 

17+pR19GFP, 1764pR19/<̂ cZ, 17+pR19^(Z and 1764pR19GFP which were selected on 

the basis that they expressed either lacZ or GFP. The genomic structure of the 

recombinant viruses was confirmed by Southern blot (figure 3.7E. and 3.7F.). The last 

two viruses were already available in the laboratory. Following construction of these 

viruses, homologous recombination in the LAT region between the ready made viruses 

and the constructed plasmids allowed the insertion of the region of interest and the 

knock out of the CMV/reporter gene. Recombinant viruses 17+NoQ.SIacZ and 

17+NoQ.5lacZpk (figure 3.8B, C and D) were identified as white plaques due to the 

loss of GFP during homologous recombination and their genomic structure within the 

LAT region was confirmed by Southern blot (figure 3.8E.). Similarly, 1764pR19GFP was 

co-transfected with pNoQ.SIacZ yielding 17ÇANoQ.5lacl (figure 3.8. A, D and F). 

17+pR19/JcZ was recombined with pAfc?0.5GFP, pAfc>S.5GFPrev and pAfc>0.5GFPpA to 

produce 17+/VbÔ.5GFP, 17+/Vb8.5GFPrev (both available in the laboratory) and 

17+/W9fi.5GFPpA recombinants (figure 3.9 B, C and D). Recombinant viruses were
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Identified due to loss of lacZ.. Correct insertions were confirmed by Southern blot 

(figure 3.9E.). 1764 GFP pA(+) and pA(-) recombinant viruses were made in a similar 

way. Details are shown in figures 3.9 A, C, D and F.

3.6. In Characterisation of 17+ and 1764 Recombinant Viruses

3.6.1. Growth Curves

The GFP and /̂ cZ recombinants would be expected to behave in vitro similarly 

to their parental counterparts since they contain just an insertion of a reporter gene in 

the region under study - the LAT ORF, while the rest of the viral genome remains 

unchanged. To test this, recombinant viruses growth kinetics was compared to the 

parental backbones (17+ and 1764) in growth curve experiments (figure 3.10 A and 

B), which showed them to be very similar. In terms of plaque morphology it was 

notable that the recombinant viruses produced plaques that are slightly smaller than 

parental plaques (data not shown), which was unexpected given that their growth is 

similar to parental backbones. Thus, it can be speculated that the LAT region, in vitro, 

gives growth advantage to the virus, even though no further experiments were 

performed to pursue this hypothesis. Also, it is important not to forget that interfering 

with the virus genome per se is likely to have an impact in its normal functioning. 

Thus, this minor growth disadvantage in vitro may well reflect merely that fact.
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IC P34.5 VP16 ICP34.5

I I i I
I

LATP2

€

pR196FP

Insertion
site

0,8Kb

BamHI Xhol

Probe - 0.75Kb GFP fragment

I Z
pR19UcZ

3.7Kb 
BamHI H indlll

pGemS LAPl I LATP2 I CMV LacZ id [

Probe - 3.7Kb LacZpA fragment

pGcm5 ------------- LAPl 1 LATP2 1 CMV 1 GFP p a | I pGemS

X z

pGem5

Figure 3.7. Homologous recombination between the flanking regions in the shuttle plasmid and the equivalent 
region in the HSV-1 genome. (N.B. Not drawn to scale).

A. 1764 viral backbone.
B. 17+ viral backbone.
C. Schematic diagram of the desired homologous recombination event between pR19GFP shuttle plasmid 
and 17+ viral backbone, yielding 17+pR19GFP.
D. Schematic diagram of the desired homologous recombination event between pR19/5cZ shuttle plasmid 
and 1764 viral backbone, yielding 1764pR19/^cZ.
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4 0.8 Kb

Figure 3.7E. Southern blot analysis of 17+pR19GFP virus.
Lanel: +ve control pR19GFP plasmid; LaneZ: -ve control 17+pRl9/adZ viral DNA; LaneS: 
17+pR19GFP. DNA was cut with HincAllIXhol. Southern blot was probed with a 0.75 kb Sâ |Noü. 
GFP fragment from pEGFPNI. Lane 3 shows the expected size band at 0.8 Kb as seen in Lane 1 
with the +ve control. See fig. 3.7C. for schematic details.

l(-ve) 2(+vc) 3 4 5 6 7 8 9 10

# 3.7 Kb

Figure 3.7F. Southern blot analysis of 1764pR19/acZ virus.
Lanel: -ve control 17-i-pR19GFP; LaneZ: +ve control 17+pR19/jrZ;
Lanes 3,4,5,6,7,8,9,10: 1764pR19/acZ test clones. DNA was cut with BanMljHindlll. Southern 
blot was probed with a 3.7 kb /acZpA BamHI/Hindlll fragment from pCHllO. 8/8 clones tested 
show the expected size band of 3.7 kb. See fig. 3.7D. for schematic details.
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ICP34.5 VP16 ICP34.5

LA Pl LATP2 I CM V I 6FP |p A |

c

pNot3.5UcZpA

pGem5 —

% z

In sertio n  s ite

EcoRV

LAPl I LATP2 T
3.1Kb

B am H I

Bam H I

3.5Kb

p6em 5

Probe -  1.3Kb LacZ probe

pNot3.5LocZ

pGemS -

1  LA T  ORF  
A T S  —1 EcoRV 1 ?  i

B am H I ^

1
r  LA Pl 1 LATP2 1 Î ,> 1 1 1 p6em 5

3 1Kb

Probe -  1.3Kb LacZ fra g m en t

Figure 3.8. Homologous recombination between the flanking regions in the shuttle plasmid and the 
equivalent region in the HSV-1 genome. (N.B. Not drawn to scale).

A. 1764pR19GFP viral backbone.
B. 17+pR19GFP viral backbone.
C. Schematic diagram of the desired homologous recombination event between pNot3.5/acZpA 
shuttle plasmid and 17+pR19GFP viral backbone, yielding 17+/VoQ.5/adpA.
D. Schematic diagram of the desired homologous recombination event between pNoB.SIacZ shuttle 
plasmid and 17+pR19GFP and 1764pR19GFP viral backbones, separately, yielding 17+NoB.SIad 
and 1764/VoS.5/jcZ, respectively.
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2 3(-ve) 4 5(+ve)

r

3.1 Kb

Figure 3.8E. Southern blot analysis of 17+/VoQ.5LacZpA(+) and pA(-) viruses.
Lanel: +ve control p/Vc>S.5/acZpA plasmid; Lane2: V7+NoB.5laclpk viral DNA; LaneB: -ve control 
17-hpR19GFP; Lane4: 17+NoB.5lacZ) LaneS: 'pNoB.Stacl plasmid. DNA was cut with EccPN. 
Southern blot was probed with a 1.3 kb No&IEccPN lad fragment from pCMVp. Lanes 2 and 4 
show the expected size band at 3.1 kb as seen with the +ve controls (Lanes 1 and 5). See fig. 3.8. 
B, C and D for schematic details. The higher molecular weight bands that appear in lanes 1 and 5 
are due to incomplete digestion of plasmid DNA.

l(+vc) 2(-ve) 3 4 5 6 7 8 9 10 11 12

3.1 Kb

Figure 3.8F. Southern blot analysis of 1764Not3.5/5cZ virus.
Lanel: +ve control 'çtNoB.Siad plasmid; Lane2: -ve control 17+pR19GFP; Lanes
3,4,5,6,7,8,9,10,11,12: V7^^NoB3iad test clones. DNA was cut with FcoRV. Southern blot was 
probed with a 1.3 kb No&IEccPN fad fragment from pCMVp. Lanes 3,7,8,9,10,11,12 show the 
expected size band at 3.1 kb as seen with the +ve control (Lanes 1). Lanes 4,5,6 do not contain 
recombinant virus. See fig, 3.8. A and D for schematic details. The higher molecular weight band that 
appears in lane 1 is due to incomplete digestion of plasmid DNA.
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IC P 34 .5 VP16 IC P 34 .5

CMV LacZ lA

i/) oI z

In sertio n  s ite

pNot3.56FPpA

pGem5 —

?

>>/) o X Z
N o t l

S a il ICPOi

LAPl ÔFP p0em 5

1.5Kb;

2.7Kb

Probe -  0 .75K b  SFP fra g m en t o

D

pNot3.50FP

p6em 5

> t!
iO oX z
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A T S

LAPl LATP2 I I

X z
A T S

ICPOi

6FP p6em 5

4.3Kb
1.2Kb

Probe -  0 .75K b  6FP  fragm ent

Figure 3.9. Homologous recombination between the flanking regions in the shuttle plasmid and the equivalent 
region in the HSV-1 genome. (N.B. Not drawn to scale).

A. 1764pR19/a£Z viral backbone.
B. 17+pR19/jcZ viral backbone.
C. Schematic diagram of the desired homologous recombination event between p/VcS.SGFPpA shuttle 
plasmid and 17+pR19/^cZ and 1764pR19/,3cZ viral backbones, separately, yielding 17+/VoS.5GFPpA and 
1764A/'ofi.5GFPpA, respectively.
D. Schematic diagram of the desired homologous recombination event between p/VoG.5GFP shuttle 
plasmids and 1764pR19/acZ viral backbone yielding 176ANoQ.5lacL.

130



Chapter 3 LAT ORF Expression Profile and Regulation

l(+vc) 2 3(-ve) 4 5(+ve)

1.5Kb

1.2 Kb

Figure 3.9E. Southern blot analysis of 17+A/oQ.5GFPpA(+) and pA(-) viruses.
Lanel: +ve control p/Vo8.5GFPpA plasmid; Lane2: 17+AtoQ.5GFPpA viral DNA; Lane3: -ve control 
17-t-pR19/ar2; Lane4: 17-»-Not3.5GFP; LaneS: pNot3.5GFP plasmid. DNA was cut with SaL Southern 
blot was probed with a 0.75 kb Sâ |NoB. GFP fragment from pEGFPNI. Lanes 2 and 4 show the 
expected size band at 1.5 and 1.2 kb, respectively. See fig. 3.9. B, C and D for schematic details.

l(+ve) 2 3(-ve) 4 5(+yc)

1.2 Kb
1.5 Kb

Figure 3.9F. Southern blot analysis of 1764/VoQ.5GFPpA(+) and pA(-) viruses.
Lanel: -t-ve control p/VoS.5GFP plasmid; Lane2: 1764A0G.5GFP viral DNA; Lane3: -ve control 
17+pR19/acZ; Lane4: 17+/Vo8.5GFPpA; LaneS: pA/oS.SGFPpA plasmid. DNA was cut with SaL 
Southern blot was probed with a 0.75 kb SaKINoü. GFP fragment from pEGFPNI. Lanes 2 and 4 show 
the expected size band at 1.2 and 1.5 kb, respectively. See fig. 3.9. A, C and D for schematic details.
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Figure 3.10A. 17+ recombinant viruses growth curves.
Growth curves were carried out on BHKs, in duplicate, at an m.o.i. of 
0.01 and 0.001. Plaques were counted and yields are given as total 
values in pfu/well (500 pi).
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Figure 3.10B. 1764 recombinant viruses growth curves.
Growth curves were carried out on BHKs, in duplicate, at an m.o.i. of 
0.01 and 0.001. Plaques were counted and yields are given as total 
values in pfu/well (500 pi).
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3.6.2. Assessment of GFP and LaéZ. Expression In Vitro

Reporter gene expression was first assessed in vitro in a number of cell types 

relevant to the latent and lytic cycles of HSV. As it was not possible to test the 

recombinant viruses in primary cultures from human DRGs, which would be the most 

relevant cell type in which to test expression, other cells lines had to be used. A 

standard fibroblast cell line, BHKs (Macpherson and Stoker 1962) and ND7s, a neuronal 

cell line which consists of immortalised ganglionic neurons (Wood e t ai. 1990), and has 

low permissiveness to HSV, like DRG neurons (Wheatley et ai. 1990) were used. As 

well as being characterised in conditions where replication is possible the viruses were 

also tested in the presence of acyclovir to block virus replication. There are several 

reports in the literature of acyclovir-suppression being used to study latency and 

reactivation both in vitro {WWm et ai. 1988; Rodriguez et ai. 1991) and in k7Vü(Sawtell 

et ai. 2001).

Figures 3.11. to 3.14. show the patterns of expression of the recombinant 

viruses tested. Ttie images presented were obtained with a lOx magnification lens 

(Nikon Eclipse, TE200). BHK and ND7 cells were infected at an MOI of 1 and 5, with 

and without acyclovir. 24 and 48 h post-infection, cells infected with 17+ and 1764 

iacZ. pA(+) and pA(-), were stained with X-gal (chapter 2) and the cells infected with 

17+ and 1764 GFP pA(+) and pA(-), were observed under the fluorescence 

microscope. Control viruses were treated in the same way. Other than the controls, 

GFP or iacl expression was not detected at any time, under any of the conditions 

tested, except that the 17+ and 1764 iacZ viruses gave very low-level expression in 

ND7 cells at the 48h time point. These results suggested that the LAT ORF is probably 

not expressed during lytic virus replication or in vitro when replication is inhibited with 

acyclovir in BHKs. TTie result in ND7 cells suggested that expression of the LAT ORF 

might be possible in neurons even though expression levels were very low. As 

discussed earlier, ND7 cells provide a more suitable model for the study of HSV latency
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than BHK cells, as in ND7 virally infected cells the IE gene expression is inhibited and 

LATs are abundantly expressed (Wheatley et aL 1990), closely resembling the in vivo 

situation in spinal ganglia. The fact that GFP expression was not detected in ND7 cells 

probably reflects that ia(Z detection through X-gal staining (section 2.2.S.3., chapter 2) 

is more sensitive than GFP detection by fluorescence.

Lock efa/(2001) performed cell transfection studies with a 2 kb LAT/GFP fusion 

and obtained a nucleolar GFP signal. The divergence between the results presented 

here and their results may be explained by the difference in position of the inserted 

GFP, i.e. out of frame with the largest 2 kb LAT ORF, and the presence of an extra ATG 

initiation codon upstream of the 2 kb LAT led to the artificial expression of GFP. 

Removal of the extra ATG yielded no GFP expression.

3.7. In Vivo Characterisation of the 17+ and 1764 Derived 

Recombinant Viruses

In order to further evaluate the expression of GFP and ia(Z from the viruses 

constructed it was necessary to test them in vivo in an animal model. Although animal 

models are only an approximation to human disease, they represent the best means 

available to study HSV infection outside humans. The model used throughout this 

thesis was the footpad/DRG model (Cook and Stevens 1973; Stevens and Cook 1971). 

Briefly, this consists of footpad inoculation of the virus under study followed by the 

establishment of latency in the ganglia of the lumbar region (mainly DRGs L4 and L5) 

(Dobson et ai. 1990). These authors demonstrated that from a few days after virus 

inoculation no free virus could be detected within ganglia indicating that latency had 

been established. Detailed viral gene expression analysis has shown that during latency 

lytic genes are switched off and the LATs are the only transcripts expressed (Millhouse 

and Wigdahl 2000; Stevens et ai. 1987; Wagner and Bloom 1997).
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Figure 3.11. In kvYw characterisation in BHK cells 24 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/a£Z, positive control.
Bar - 100pm.
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Figure 3.11 cont. In vitro characterisation in BHK cells 24 h post
infection.

D - 17+/Vofi.5GFP, test.
E - 17+A/c»fi.5GFPpA, test.
F - 17+p/VoS.5GFPrev, test. 137
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Figure 3.11 cont. In vitro characterisation In BHK cells 24 h post- 
Infectlon.

G - 1764/VOÔ.5GFP, test.
H - 1764/VoS.5GFPpA, test.
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Figure 3.11 cont. In vitro characterisation in BHK cells 24 h post
infection.

I  - 17+NoB.5lacL, test.
J - 17->rNoB.5 test.
K - 1764/V<?Q.5/acZ, test.
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Figure 3.12. In wf/io characterisation in BHK cells 24 h post-infection. 
A - 17+, negative control.
B - 17+R19GFP, positive control 
C - 17+pR19/^cZ, positive control.
Bar - lOO^m.
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Figure 3.12 cont. In vitro characterisation in ND7 cells 24 h post
infection.

D - 17-t-/VoQ.5GFP, test.
E - 17+/VoQ.5GFPpA, test.
F - 17-i-p/VoS.5GFPrev, test.
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Figure 3.12 cont. In vitro characterisation in ND7 cells 24 h post
infection.

G - 1764M?S.5GFP, test.
H - 1764/VoS.5GFPpA, test.
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Figure 3.12 cont. In vitro characterisation in ND7 cells 24 h post- 
infection.

I  - 17+NoB.5iacl, test.
J - 17+NoB.SiacL, test.
K - 17MNoB.5!acL, test.
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Figure 3.13. In i/Zf/t? characterisation in BHK cells 48 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/5cZ, positive control.
Bar - 100p.m.
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Figure 3.13 cont. In vitro characterisation in BHK cells 48 h post
infection.

D - 17+/VOQ.5GFP, test.
E - 17+/VoQ.5GFPpA, test.
F - 17+p/Vr?fi.5GFPrev, test.
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Figure 3.13 cont. In vitro characterisation in BHK cells 48 h post
infection.

G - 1764/VOS.5GFP, test.
H - 1764/VoS.5GFPpA, test.
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Figure 3.13 cont. In vitro characterisation in BHK cells 48 h post
infection.

I  - 17+NoQ.SIacL, test.
J - 17+Atofl.5/acZpA, test.
K - 1764/VoS.5/5cZpA, test.
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Figure 3.14. In i//ïro characterisation in ND7 cells 48 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/<^cZ, positive control.
Bar - lOO^m.
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Figure 3.14 cont. In vitro characterisation in ND7 cells 48 h post
infection.

D - 17+/Vo8.5GFP, test.
E - 17+/VoQ.5GFPpA, test.
F - 17+pAto5.5GFPrev, test.
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Figure 3.14 cont. In vitro characterisation in BHK cells 48 h post
infection.

G - 1764/VOQ.5GFP, test.
H - 1764/Vofi.5GFPpA, test.
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Figure 3.14 cont. In vitro characterisation in ND7 cells 48 h post
infection.

I  - 17+NoB 3 fad, test.
J - 17+NoB 3 iacLpk, test.
K - 1764/VoS.5/acZpA, test.
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3.7.1. Pathogenicity of the Recombinant Viruses In Vivo

A pathogenicity experiment was performed in order to characterise the 17+ 

recombinant viruses and compare their phenotype with wild type HSV-1 in vivo. Three 

different doses of each virus -  10^ and 10̂  pfu, were inoculated into animals 

(Balb/C mice) via the footpad (section 2.3.2.) and survival monitored for 15 days 

(figure 3.15.). There were no further animal deaths in any group after this time. The 

recombinant viruses (both GFP and iacZ) were shown to be less virulent than wild type 

at all doses. GFP recombinant viruses had 100% survival rates for all doses tested. 

These results imply that reporter gene insertion into the LAT region slightly decreases 

virus virulence in vivo. Although iacL provides a more sensitive means of detecting 

reporter gene expression, the fact that iacZ recombinant viruses were shown to be 

more virulent than the GFP viruses, and also that the iacZ. gene is larger (~3.7 kb) 

such that it could possibly be more likely to induce conformational changes in the DNA 

of the LAT region suggested that GFP recombinant viruses were a better option for use 

in testing the natural LAT ORF profile in vivo.

152



Chapter 3 LAT ORF Expression Profile and Regulation

10" p f u

100
90

80
70

60

50

40

30
20
10
0

100
90

80
70

60

50

40

30
20
10
0

100
9 0

80
70

6 0

50

4 0

30
20
10
0

I
1 3 5 6 7  8 9 10 11 13 15

ti me (d)

lO'* p f u

1 3 5 6 7 8 9 10 11 13 15

time (d)

10" pfu

3 5 6 7  8 9 10 11 13 15

time (d)

Figure 3.15. Pathogenicity in vivo.
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3.7.2. In Vivo Marker Gene Expression Characteristics

Balb/C mice were inoculated via the rear footpad with 

17+/1764Ak>S.5GFPpA(+)/pA(-) and 17+Afc70.5/«^cZpA(+)/pA(-) and llÇANoQ.SIaoL 

and 17+/W90.5GFPrev. DRGs were removed at 2 days, 1 week and 1 month post

inoculation and assessed for GFP or IacZ expression respectively (figures 3.16A, 3.16B. 

and 3.17.). No reporter gene expression was detected 2 days post-lnoculation with any 

of the viruses. This data is consistent with the results obtained fn vitro. During the 

interval that corresponds to the establishment of latency (1 week -  1 month) reporter 

gene expression was detected from all 17+ and 1764 derived recombinant viruses, 

with and without a polyA at similar levels, except for 17+/Vb8.5GFPrev. The results 

obtained were surprising in the sense that the 2 kb LAT transcript is non-linear, non-pA 

and nuclear, so the ORFS (here GFP and iacZ) would not be expected to be expressed. 

These results are in contrast to the results found by Lock et a! (2001) where no GFP 

expression was found at any time, in vivo. However, as discussed previously, GFP in 

this virus was not inserted in frame with the largest 2 kb LAT ORF.

However, the data presented here suggests that forms of the LAT, which can 

be transported to the cytoplasm allowing translation, are produced during latency. 

There is evidence in the literature of LATs association with translation machinery 

(Ahmed and Fraser 2001; Goldenberg at ai. 1997; Nicosia at ai. 1994). However, there 

is no apparent difference between pA(+) and pA(-) 17+ and 1764 recombinant viruses 

(figure 3.18). Although pA(+) viruses possibly gave a slightly higher number of 

neurons expressing the reporter genes, this was not significant.

The results shown in figure 3.18. were analysed similarly to the work of Dobson 

ef j/(1990) in which DRGs were analysed as whole-mounts and the average number 

of iacZ labelled neurons per mouse counted. The work presented by Dobson at a i 

(1990) and in this thesis does not intend a more detailed quantitative analysis of the 

number of neurons expressing reporter gene. As for that purpose serial sectioning and
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counting of different popuiations of neurons would be needed and that was beyond the 

scope of this thesis. Comparison of the pA(+) and pA(-) recombinant viruses suggests 

that differential polyadenyiation is not involved in controlling LAT ORF expression, at 

least during HSV latency in this particular mouse model.

3.7.3. Long-Term In Vivo Gene Delivery

The results obtained for gene expression during latency were surprising bearing 

in mind that the previous hypothesis had been that if the LAT ORF was expressed in 

latency this would provide an ICPO-like function which could likely trigger reactivation. 

However, as expression was detected in latency it was decided to see if this was robust 

in the long term for possible gene delivery purposes.

In order to characterise the recombinant viruses for long-term expression 

Balb/C mice were inoculated with GFP and !a(Z recombinant viruses at 10"* pfu for 174- 

backbones and 10® pfu for 1764 backbones (section 2.3.2.). The following viruses were 

analysed 3.5 months upon inoculation and assessed for reporter gene expression: 

17-i-GFP; 17+GFPpA; 17+lacZ:, Xl-vlacL^k) 1764GFP and 1764GFPpA. Results are 

summarised in figure 3.19. Expression from wild type derived recombinant viruses 

decreased over time, more noticeably with lacL viruses. Lacl expressing neurons were 

cleared after 3.5m whilst the number of GFP expressing neurons declined. 1764 

derived recombinant viruses GFP expressing neurons seemed to remain unchanged. 

These results suggest that possibly 174- derived recombinant viruses might try to 

reactivate more frequently being therefore cleared by the cells of immune system that 

persist in latently infected ganglia, as explained in chapter 1 (section 1.3.9.). As 

previously explained, 1764 derived recombinant viruses have a mutation in VP16 in the 

transactivation domain and are deleted for the ICP34.5 gene, which is involved in the 

neurovirulence phenotype. Thus ICP34.5 deletion increases the virus long-term 

presence in neurons hence explaining the results obtained here.
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pfu

17«6FPpA 
10* ofu

17*fiFPrev 
10* pfu

17*LmcZpA

Fig. 3.16A. In vivoQQue delivery.
Balb/C mice were inoculated with 10“’ pfu of each virus and were 
sacrificed 2 days, 1 week and 1 month post-inoculation, the DRGs 
removed and reporter gene expression detected.
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B

r
Fig. 3.16B. In vivoqewe delivery.
Balb/C were inoculated with 10  ̂ pfu of each virus and were sacrificed 2 days, 
1 week and 1 month post-inoculation, the DRGs removed and reporter gene 
expression detected.
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Fig. 3.17. In vivoqeue delivery.
Balb/C mice were inoculated with 10  ̂ pfu of each virus and were 
sacrificed 2 days, 1 week and 1 month post-inoculation, the DRGs 
removed and reporter gene expression detected.
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Figure 3.18. DRG counts.
Recombinant viruses were inoculated into the footpad of 3-week old female Balb/C. The DRG L4- 
L5 ipisilateral to the injection site were removed at 2d, Iw  and Im . Sets of L4+L5 from 5 
animals/virus tested were counted.
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B

C

Figure 3.19 A, B and C. Long term in vivo gene delivery.
Balb/C mice were inoculated with 10"* pfu of 17+ recombinant viruses or 10® pfu of 1764 
recombinant viruses and were sacrificed 3.5 months post-inoculation, the DRGs removed and 
reporter gene expression detected. 1-month time point results are shown for comparison 
purposes and were originally shown in fig. 3.16A and 3.17.
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3.7.4. Reporter Gene Expression During Expiant-Induced Reactivation in 

Mice Inoculated with the GFP and LatZ Recombinant Viruses

A standard HSV reactivation assay consists of explantation of ganglia from 

latently infected mice into tissue culture media. This causes the virus to reactivate and 

replicate (Lachmann et at. 1999; Schang etaL 2002; Stevens and Cook 1971).

This work examined marker gene expression during reactivation from Balb/C 

latent infections with the following viruses: 17+GFP, 17+GFPpA, V^lacL, 174-/?cZpA, 

1764GFP and 1764GFPpA. One month after inoculation, a time at which latency is 

established, mice were killed and DRGs removed. Individual DRG' (L4 and L5) were 

cultured with FGM and HMBA at 37°C for 5 days. All DRG were monitored daily for the 

expression of the respective reporter gene, either GFP or lacL and an aliquot of media 

collected from each culture for detection of virus by infection of BHK cells. The BHKs 

were observed for the appearance of CPE in order to determihe the time when 

reactivated virus first appeared.

In explants of ganglia latently infected with the GFP recombinant viruses, no 

GFP was detected at any time points tested (figure 3.20.) even though at 1 month post 

inoculation prior to cultivation, GFP was shown to be expressed (section 3.7.2.). These 

DRGs appeared similar to those from untreated animals (figure 4.16., chapter 4), 

cultured in the same conditions, where a high degree of auto fluorescence was seen, 

therefore if GFP was present at low levels it could have been masked by this auto 

fluorescence.

On day one post-explant of DRG from animals inoculated with lacL recombinant 

viruses fewer neurons expressing lacL were observed than at 1-month time point prior 

to explantation. Reporter gene expression then further decreased with time after 

explant (figure 3.21.) and by day 3 only very few neurons expressed lacL. Therefore, it 

appears that with an indicator of LAT ORF expression (/gcZ), expression reduces during 

reactivation as compared to during latency, which was not expected bearing in mind
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the original hypothesis with regard to LAT ORF function, i.e. that it possibly aided 

reactivation.

Determining the time of virus reactivation was not the main focus of this 

experiment, but is worth noting that the 17+ derived recombinant viruses reactivated 

on day 4 as evidenced by detectability of virus on BHKs (wt 17+ reactivates on day 3 

post-explantation) but the 1764 derived recombinant viruses did not reactivate during 

the course of the experiment.
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Figure 3.20. Explant-induced reactivation of GFP recombinant viruses with HMBA.
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Figure 3.21. Explant-induced reactivation 
of lacl recombinant viruses with HMBA.
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3.8. Construction of Plasmids Containing the WPRE

As discussed earlier another aim of this chapter was to study the possibility that 

post-transcriptional regulation might be involved in the regulation of LAT ORF 

expression in various circumstances. The results above suggest that differential 

polyadenyiation is probably not important in regulating LAT ORF expression.

A series of plasmids was constructed in order to study an alternative hypothesis 

that LAT ORF expression may be regulated at the level of RNA export from the 

nucleus. RNA transport to the cytoplasm is a tightly controlled process in order to 

ensure that only properly matured RNAs are exported. To facilitate the RNA export 

from the nucleus a WHV post-transcriptional regulatory element was used. The WPRE 

consists of an RNA element that is responsible for the cytoplasmic accumulation of 

RNAs (Donello et a!. 1998) and which also possesses a post-transcriptional activity on 

heterologous RNAs (Loeb etal. 1999; Zufferey etaL 1999). This was therefore inserted 

after the GFP in the recombinant viruses.

The plasmids constructed were: 

pEGFPNlWPRE -  The WPRE C/al/blunted fragment from pBSIIWPRE (Donello e t a i 

1998) was inserted into pEGFPNI/Atofl/blunted

pyV(0£3.5GFPWPRE -  pEGFPNIWPRE plasmid was digested with ////7dII/55yd/double- 

blunted yielding GFPWPRE fragment which was subsequently inserted into the SrH site 

of p/Vfc>/3.5 plasmid.

p/Vk?/3.5GFPWPREpA - The WPRE coding sequence (C/al/double-blunted) from 

pBSIIWPRE was inserted into the AZ?aI/blunted site of p/Vb8.5GFPpA shuttle plasmid. 

Schematic representations of these plasmids are depicted in figure 3.22A-C.
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Figure 3.22. WPRE shuttle plasmids. (N.B. Not drawn to scale).
A. pEGFPNIWPRE diagram and relevant restriction sites.
B. p/VoQ.5GFPWPRE diagram and relevant restriction sites.
C. p/Vc>S.5GFPWPREpA diagram and relevant restriction sites.
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3.9. Insertion of WPRE Shuttle Plasmids into the HSV-1 Genome

The plasmids described in section 3.8 were used to construct recombinant 

viruses. The WPRE plasmids, when transfected into BHK cells do not express GFP, as is 

the case for the equivalent plasmids without the WPRE (data not Shown). Hence, for 

the same reasons as explained in section 3.4., linearised p/WaÔ.5GFPWPRE and 

p/Vo0.5GFPWPREpA were co-transfected with the 1764pR19/?cZ viral backbone, 

separately, and plaques that did not express IacZ selected. This yielded viruses 

1764Afc>0.5GFPWPRE and 1764/Wc?ÆFPWPREpA (figure 3.23A-C). The genomic 

structure of these viruses was confirmed by Southern blot (figure 3.23 D and E).

3.10. In Characterisation of the WPRE Recombinant Viruses

Detailed in vitro characterisation was carried out similarly to section 3.6.2. 

where the non-WPRE containing viruses were tested. The WPRE viruses were found to 

behave similarly to the other GFP containing viruses - non-WPRE - (figures 3.24 -  

3.27), i.e. GFP was never expressed under any of the conditions examined excluding 

the positive control. The only difference between the WPRE containing and the non- 

WPRE containing viruses was their growth in culture. The insertion of the WPRE 

element appeared to allow the viruses to grow more efficiently (data not shown). This 

was unexpected and is so far an unexplained finding. It could be postulated that WPRE 

leads to the accumulation of RNAs that confer growth advantage to the virus, even 

though studies to further substantiate this hypothesis were not pursued. Nevertheless 

this remains an interesting observation.
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Figure 3.23. Homologous recombination between the flanking regions in the shuttle plasmid and the 
equivalent region in the HSV-1 genome. (N.B. Not drawn to scale).

A. 1764pR19/^cZ viral backbone.
B. Schematic diagram of the desired homologous recombination event between pyVoQ.SGFPWPRE shuttle 
plasmid and 1764pR19/acZ viral backbone, yielding 1764/VOÔ.5GFPWPRE.
C. Schematic diagram of the desired homologous recombination event between p/VoQ.5GFPWPREpA 
shuttle plasmid and 1764pR19LacZ viral backbone, yielding 1764A/aS.5GFPWPRE.
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l(-vc) 2 6(>vc)

1.8 Kb

Figure 3.23D. Southern blot analysis of 1764/VoQ.5GFPWPRE virus.
Lanel: -ve control 1764; Lanes 2,3,4,5: 1764/Vc>fi.5GFPWPRE test clones; LaneS: +ve control 
pNotS.SGFPWPRE plasmid. DNA was cut with SaL Southern blot was probed with a 0.6 kb Qal 
WPRE fragment from pBSIIWPRE. 4/4 clones tested show the expected size band of 1.8 kb. See 
fig. 3.228. for schematic details.

l(+ve) 2 3 4 5 6 7 B(-ve)

2 Kb

Figure 3.23E. Southern blot analysis of 1764AtoS.5GFPWPREpA virus.
Lanel: +ve control pNot3.5GFPWPREpA plasmid; Lanes 2,3,4,5,6,7: 1764/VoS.5GFPWPREpA test 
clones; LaneS: -ve control 1764. DNA was cut with SaL Southern blot was probed with a 0.6 kb 
Qal WPRE fragment from pBSIIWPRE. 6/6 clones tested show the expected size band of 2 kb. 
See fig. 3.22C. for schematic details.
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17+ (-ve  control) -  24h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

T v

B 17+pR196FP (+ve control) -  24h BHKs

acyclovir acyclovir -

m.o.i. 5 m.o.i. 1 m.o.i. 5m.o.i. 1S

Figure 3.24. In //ï/ü  characterisation in BHK cells 24 h post-infection. 
A -1 7 + , negative control.
B - 17+pR19GFP, positive control.
Bar - 100pm.
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1764N ot3.56FPW PRE- 24h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

mâ ipIII
b 1764Not3.50FPWPREpA -  24h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

f i

Figure 3.24 cont. In vitro characterisation in BHK cells 24 h post
infection.

C - 1764/VOS.5GFPWPRE, test.
D - 1764/Vc»S.5GFPWPREpA, test.
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17+ (-ve  control) -  24h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

*!■ "V* ». a^ -v j *

B 17+PR196FP (+ve control) -  24h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

Figure 3.25. In kvlfw characterisation in ND7 cells 24 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
Bar - lOOnm.
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1764Not3.56FPWPRE -  24h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

1764Not3.5ÔFPWPREpA - 24h ND7s
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f i l i l l

Figure 3.25 cont. In vitro characterisation in ND7 cells 24 h post
infection.

C - 1764/VOS.5GFPWPRE, test.
D - 1764/VcS.5GFPWPREpA, test.
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17+ (-ve  control) -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5
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i

Figure 3.26. In i/y/w characterisation in BHK cells 48 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
Bar - 100|im.
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1764Not3.56FPW PRE -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

1764N of3 .56FPWPREPA -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

.
.

Figure 3.26 cont. In vitro characterisation in BHK cells 48 h post
infection.

C - 1764/VOQ.5GFPWPRE, test.
D - 1764/VoS.5GFPWPREpA, test.
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17+ (-ve.control) -  48h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5
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I#

Figure 3.27. In iz/ïro characterisation in ND7 ceils 48 h post-infection. 
A - 17+, negative control.
B - 17+pR19GFP, positive control.
Bar - 100}im.
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Figure 3.27 cont. In vitro characterisation in ND7 cells 48 h post
infection.

C - 1764/VOS.5GFPWPRE, test.
D - 1764yVoS.5GFPWPREpA, test.
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3.11. In Vivo Characterisation of the WPRE Containing Recombinant 

Viruses

3.11.1. Characterisation of the WPRE containing Recombinant Viruses in 

SCID mice

These studies were carried out in comparison to the viruses (+)/(-) an inserted 

pA site. SCID mice were chosen for the experiments because these animals provide a 

good model for studying HSV in the absence of possible immune effects directed to the 

virus or delivered transgene. For this reason SCID mice were inoculated with 

1764/Vc?Q.5GFP pA(+) and pA(-), 1764/VOÔ.5GFPWPRE and 1764M?8.5GFPWPREpA. 

DRGs were removed 2 days and 2 weeks upon inoculation and assessed for GFP 

expression (fig. 3.28. and 3.29.). The pattern of expression from WPRE recombinant 

viruses is similar 1764/Vb8.5GFP pA(+) and pA(-) viruses, which further suggests that 

not only differential polyadenylation does not seem to be involved in regulation of LAT 

ORF expression during latency but also differential nuclear export does not appear to 

affect expression either.

3.11.2. Long term In l^VoGene Delivery

In order to characterise WPRE containing recombinant viruses for long-term 

expression Balb/C mice were inoculated with 1764/W9Ô.5GFPWPRE and 

1764/VtoQ.5GFPWPREpA at 10®pfu and 3.5m following inoculation their DRGs removed 

and assessed for marker gene expression. The results are shown in figure 3.30. Even 

though a direct comparison cannot be made between the results with SCID mice at 2w 

and the Balb/C mice at 3.5m, due to different animal strains being used, it can be 

observed that GFP long term expression from within WPRE containing recombinant 

viruses is as evident as at the establishment of latency. Even though this is difficult to 

appreciate from photographs, and was not quantified, the in vfvo results with WPRE
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containing recombinant viruses do visually produce brighter GFP fluorescence than the 

non-WPRE viruses. Thus, suggesting that even though WPRE does not seem to 

increase the number of GFP expressing neurons it might increase efficiency of 

translation.

3.11.3. Reporter Gene Expression During Expiant-Induced Reactivation in 

Mice Inoculated with the WPRE Containing Recombinant Viruses

Here, marker gene expression during reactivation from Balb/C latent infections 

was examined with the following WPRE-containing viruses: 1764/W9Ô.5GFPWPRE and 

1764/\/(Ofl.5GFPWPREpA. The explant induced reactivation procedure was described in 

section 3.7.4.

In expiants of ganglia latently infected with both WPRE containing recombinant 

viruses some GFP expressing neurons were detected at the earliest time points, but 

expression decreased at the latest time points (fig. 3.31.), as observed with /acZ 

viruses described above (fig. 3.21.). Here, less GFP expressing neurons were detected 

than at the 2w time point above (fig. 3.28.). This coupled with the fact that auto 

fluorescence might mask GFP positive neurons, again suggested that the WPRE 

element might be responsible for brighter GFP expression than from the non-WPRE 

counterparts, hence allowing detection. As was the case with lacZ viruses (fig. 3.21.), 

marker gene expression from the WPRE containing viruses declined with time after 

explant (fig. 3.31.).
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17646FP
10®pfu

17646FPpA
10®pfu

17646FPWPRE
10®pfu

17646FPWPREpA
10*pfu

Figure. 3.28. In vivoqene delivery.
SCID mice were inoculated with 10® pfu of each virus and were sacrificed 2 
days and 2 weeks post-inoculation, the DRGs removed and reporter gene 
expression detected.
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Figure 3.29. DRG counts.

Figure 3.30. WPRE long term in vivoqeue delivery.
Balb/C mice were inoculated with 10® pfu of 1764 recombinant viruses and were sacrificed 
3.5 months post-inoculation, the DRGs removed and reporter gene expression detected. 2 
weeks time point results are shown for comparison purposes even though these were 
assessed in SCID mice. SCID mice results were originally shown in figure 3.28.
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Figure 3.31. Explant-induced reactivation of WPRE containing recombinant viruses, 
with HMBA in Balb/c mice.
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3.12. Discussion

The first aim of the chapter was to study the expression profile of the LAT ORF 

in vitro and in vivo by replacing/fusing the largest LAT ORF in frame with the GFP or 

iacZ marker genes. Previous work inserting a marker gene in the 2 kb region, in the 

vicinity of the LAT ORFs, resulted in viruses with out of frame ATGs before the marker 

gene in the 2 kb RNA (Lock et ai. 2001), and so expression would not be expected, as 

was found to be the case. Unexpectedly, here it was shown that while the LAT ORF 

was not expressed during lytic replication in vitro, at early times in vivo, and declined 

during expiant reactivation, the LAT ORF did appear to have the potential to be 

expressed during latency by an as yet unidentified mechanism. GFP and iacZ were 

expressed from the viruses suggesting that some LAT forms can be transported to the 

cytoplasm during latency and translated, as previously suggested (Ahmed and Fraser 

2001; Golden berg at ai. 1997; Nicosia at ai. 1994).

Assuming that LAT ORF expression (as indicated by expression of GFP or facZ  ̂

is regulated like most genes it also implies that the GFP/^cZ transcripts were 

poiyadenylated in order to terminate their transcription and promote nuclear export 

and stability. If this is the case, it is not known which polyA site could be used, but in 

the case of the viruses without an inserted polyA this could be the downstream polyA 

site at the end of the LAT 8.3 kb primary transcript, or possibly a cryptic polyA closer 

to the end of the 2 kb LAT. To further explore this, putative poiyA sites could be 

mutated to find out if their removal affects reporter gene expression. Other possibilities 

cannot however be excluded.

It is possible that the relevant transcripts might have been terminated without 

polyadenylation. However, histone-encoding genes are the only known example of this 

for a cellular gene, although numerous RNA virus genes are expressed without 

polyadenylation (Proudfoot at ai. 2002).
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Read and Norbury (2002) suggest that cytoplasmic polyadenylation might be 

involved in the regulation of diverse cellular processes and this may explain the results 

obtained. As these authors pointed out, this mode of regulation could be advantageous 

in stress response pathways, DNA repair mechanisms and other cell cycle events 

because it allows rapid changes in gene expression without requiring transcription or 

mRNA export. This form of control would only be possible for the HSV LATs if RNA 

pools were kept from degradation in the cytoplasm, which does not appear to be the 

case as the most abundant latency transcripts are generally retained in the nucleus. 

Alternatively, if mRNA was exported to the cytoplasm in low abundance the 

cytoplasmic polyadenylation machinery could then be used to terminate the transcripts.

More unconventional would be the hypothesis that translation could occur in 

the nucleus. Iborra et a! (2001) studies suggested that 10 -  15% of protein synthesis 

occurs in the nucleus of mammalian cells, although this is not widely accepted. They 

suggested that nuclear translation might serve as a pre-scanning mechanism to test 

the integrity of proteins. Moreover, in support of this controversial theory, Brogna and 

Sato (2002) have shown in Drosophila that ribosome components are associated with 

nascent transcripts in the nucleus. Bearing this in mind, it is possible that reporter gene 

expression represents LAT ORF encoded protein that is destined to be degraded.

All these possibilities are highly speculative. However, the next chapter will 

attempt to determine an alternative possibility that reporter gene expression 

represents spontaneous reactivation events occurring in ganglia, i.e. that the LAT ORF 

is not expressed during continued latency, but early in reactivation in agreement with 

the original hypothesis of Thomas etaf. 1999.

The previous report in the literature (Lock a t ai. 2001), studying expression of 

GFP from within the latency region using a similar approach to that described in this 

chapter, also aimed at determining if LAT ORFs were expressed. This study detected 

abundant nucleolar GFP expression in vitro, from transient transfection studies with
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plasmids but in vivo, no reporter gene expression was detected at any time from a 

recombinant virus. This is contrary to the work presented here. However, in the work 

of Lock ef a/(2001) GFP expression in vitro is thought to be dependent on the addition 

of an extra in-frame ATG codon preceding the GFP sequence, upstream of the 2 kb 

LAT in the plasmid. In the in vivo studies, this extra ATG codon was removed but the 

GFP was out of frame with the largest LAT ORF, hence the divergent results.

The second part of this chapter aimed at studying two potential aspects of 

post-transcriptional control. These were aimed at determining if differential 

polyadenylation or differential RNA export from the nucleus were involved in the 

regulation of LAT ORF expression. The results appear to indicate that neither 

differential polyadenylation nor differential RNA export are likely to be involved in the 

regulation of LAT ORF expression as with or without a polyA or with or without a WPRE 

the expression profiles were similar. However, it seems that insertion of the WPRE 

appears to increase the efficiency of translation. It is still possible that either 

differential polyA usage or RNA export could be relevant during natural (spontaneous) 

reactivation in other animal models or man. It has not been possible to test these 

latter possibilities here. It is possible that other types of control might also be involved 

in the regulation of LAT ORF expression, including a combination of regulatory 

controls. These could include differential promoter usage, or differential RNA splicing, 

which are both potentially good candidates for study.

As discussed above, the next chapter will perform studies aimed at determining 

if the reporter gene expression observed represents expression from viral genomes 

where spontaneous reactivation or abortive reactivation is occurring.
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CHAPTER 4: DETERMINATION OF WHETHER MARKER GENE

EXPRESSION REPRESENTS LAT ORF EXPRESSION IN  CELLS IN  WHICH 

SPONTANEOUS/ABORTIVE REACTIVATION IS  OCCURRING

4.1. Introduction

In the previous chapter it was shown that replacing the LAT ORF with either 

GFP or lacZ. gives reporter gene expression during latency, in vivo, but not at other 

times. Since the reporter genes were inserted in a way that they would use the LAT 

transcriptional control regions it was expected that reporter gene expression would 

follow the pattern of LAT ORF expression. Surprisingly, GFP and iacZ were expressed 

during latency, which was not expected since previous results suggest that a putative 

function of the LAT ORF might be in aiding the reactivation process (Thomas et ai. 

1999; Thomas et ai. 2002). This hypothesis would suggest that if LAT ORF expression 

occurred in latency, the reactivation would result. A hypothesis to explain the observed 

reporter gene expression in latency could therefore be that this represented cells in 

which spontaneous or abortive reactivation was occurring. This chapter explores such a 

hypothesis.

Similarly to humans, spontaneous reactivation as measured by sporadic virus 

shedding is known to occur in rabbits and guinea pigs (Krause et ai. 1995; Nesburn et 

ai. 1967) but not generally in mice (Spivack and Fraser 1987; Stevens and Cook 1971). 

However, recent reports in the literature do show some evidence of spontaneous 

reactivation events in the ganglia of mice (Feldman etaf. 2002; Sawtell 2003).

Feldman et a! (2002) suggested that rare neurons in latently infected ganglia 

express high levels of lytic cycle mRNAs as demonstrated by labelling for ICP4, TK and 

gC and also by showing the presence of inflammatory cells surrounding the neurons in 

which they detected lytic gene expression. Due to the absence of infectious virus the

187



Chapter 4_________________________________________________________________ Spontaneous Reactivation

authors proposed the term spontaneous molecular reactivation to describe their 

findings. However, to detect these events, thousands of tissue sections were screened 

resulting in finding one neuron in which reactivation was occurring per 10 TG tested. 

Such reactivation is, therefore, a very rare event.

More recently, Sawtell (2003) developed an assay (whole-mount 

immunolabelling system) to quantify in vfvo reactivation of HSV. The number of 

neurons expressing lytic viral proteins was determined by directing a polyclonal 

antiserum against lytic viral proteins in latently infected mouse ganglia. As for Feldman 

ef j/(2002) very low levels of viral protein were found, in 1 out 17 ganglia tested one 

viral-protein-expressing neuron was found. This and the parallel analysis of infectious 

virus (1 out 30 latent ganglia) are consistent with the hypothesis that rare protein- 

expressing neurons are undergoing reactivation. In addition, whole-ganglia analysis 

also showed that neurons positive for viral protein seemed to be undergoing 

destruction. Sawtell (2003) estimates that 0.001% of latently infected neurons are 

undergoing reactivation.

Overall, therefore both authors showed only very low levels of spontaneous 

reactivation in mice, in considerably fewer cells than GFP or iacZ were detected in the 

previous chapter. However, here, it was thought that Q??llacZ expression could then 

represent abortive reactivation blocked earlier than in the situation above, such that 

lytic genes would not get expressed.

The approach chosen to test the spontaneous reactivation hypothesis consisted 

of co-localisation of GFP expression with ICPO promoter activity. ICPO is thought to be 

the first gene transcribed during reactivation from latency and is thought to be 

important for efficient reactivation (Halford and Schaffer 2001). To construct a virus for 

this purpose, the ICPO promoter was fused to the E.coii p-galactosidase gene and 

inserted into the UL43 locus of a recombinant virus already containing GFP within the 

largest LAT ORF (as described in chapter 3). UL43 is a non-essential gene and the
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disruption of which does not affect virus growth or latency (MacLean et al. 1991). 

Hence, if the virus were in fact reactivating, the ICPO promoter would be expected to 

be active, giving iacL expression, unless of course the abortive reactivation were 

blocked even before the expression of ICPO. Therefore, if a correlation between green 

and blue neurons were to be made, it could be concluded that the G?PllacL expression 

detected in DRG in the previous chapter is likely to be due to spontaneous or abortive 

reactivation occurring.

The viruses described in this chapter are similar to previous 'double-tagged' 

virus described by Lachmann and Efstathiou (1997). As the name indicates, this virus 

contained two reporter genes, a CMV/IE1 promoter/GFP cassette inserted in US5 to 

allow monitoring of lytic infection and an IRES-linked iacL gene inserted downstream 

of LATP2 to monitor latent phase infection. In addition this virus could also be used to 

study reporter gene activity upon reactivation stimuli. Other IE promoter/reporter gene 

fusions have also been used in the past to detect expression of IE genes in the PNS 

and CNS systems (Chiocca et a!. 1990; Loiacono et ai. 2002). However, unlike the 

viruses presented in this chapter, these viruses do not allow monitoring of when, if 

ever, LAT ORFs may be expressed.

4.2 Shuttle Plasmids

The plasmids pIEl^cZ and p35IEl/acZ were used to produce the dual 

recombinant viruses. Fig. 4.1. and 4.2. show their schematic representations, 

respectively. Both were already available in the laboratory. pIEl/^dZ is the shuttle 

plasmid into which lE l promoter was sub-cloned. This promoter extends from 

nucleotide -585 to +150 relative to the ICPO transcriptional start site (Gelman and 

Silverstein, 1987) and to which !a(Z was linked. As will be discussed later in this 

chapter, this was also used to excise probe sequences for Southern blot. p35IEl/?(Z
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contains UL43 flanking regions (pGem2 + UL43 = p35) into which the lE l 

promoter/^cZ fusion has been inserted (IEl/<^cZ). This gene was chosen since UL43 

deletions do not seem to affect virus growth in vitro or in ivVo (MacLean etaf. 1991).

4.3 Insertion of lElAacZ Promoter Cassettes into the LAT ORF 

Indicator Viruses

Dual recombinant viruses in which GFP is inserted within LAT (as described in 

chapter 3) and the lE l promoter drives iacL were produced as follows. 

17+yVfc>0.5GFPpA(+) and pA(-) and 1764/Vb/3.5GFPpA(+) and pA(-) backbones (fig. 

3.9A-D.), which are white, were co-transfected with linearised p35IEl/5cZ, yielding 

four different derivatives: 17+/Vo0.5GFPpA(+)/pA(-)IEl/^cZUL43 and

1764/W90.5GFPpA(+)/pA(-)IEl/^(ZL)L43 (fig. 4.3A-C. and 4.5A-C.). Homologous 

recombination between the UL43 flanking regions allowed the insertion of lEliacL. The 

recombinant viruses were identified due to expression of iacL detected by X-gal 

staining (chapter 2, section 2.2.S.3.). The correct insertions were confirmed by 

Southern blot (fig. 4.4A-D. and fig. 4.6A-C.). In parallel, wild type 17+ and 1764 were 

also co-transfected with the above-mentioned plasmid, separately, to produce 

17+IE/acZUL43 (already available in the laboratory) and 1764IEl/5cZUL43 (fig. 4.7A- 

C.). Their genomic structure was also confirmed by Southern blot as depicted in fig. 

4.8.
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pIElLocZ

SapI

pCHllO

I BamHI

lE l LacZ |SV40pA pCHllO

Figure 4.1 Schematic representation of pIEl/acZ shuttle plasmid (N.B. Not drawn to scale).

N o t l
N o tl

p35IElLocZ

pGem2

&>
%

UL43 lEl LacZ

N o t l  

|sV40pA| UL43 p&em2

II

Figure 4.2 Schematic representation of p35IEl/acZ shuttle plasmid (N.B. Not drawn to scale). 
p35 is the shutlle plasmid that contains the UL43 flanking regions to which lEl/acZ from 
pIEl/arZ (see fig. 4.1) was inserted into the /Vs/I restriction site.
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4.4 Assessment of GFP and LadL Expression In Vitro

The dual recombinant viruses were characterised in vitro under the same 

conditions as described in the previous chapter. Reporter gene expression was 

assessed both in BHK and ND7 cells with and without acyclovir. Fig. 4.9. to 4.12. 

illustrate the results obtained. None of the dual recombinant viruses expressed GFP 

under the conditions tested, as demonstrated in the previous chapter for the parental 

viruses. As expected, iacZ was produced from all the viruses, as predicted using ICPO 

promoter control.
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S a il

L /T O R F
A T 6 ICPO 2.9Kb 0.8Kb

LAPl LATP2

HSV-1 
nt 125855  

N col

HSV-1 
nt 124818 

S tu I
Probe -  0.75Kb 6FP fragment

ICP34.5 UL43 VP16 ICP34.5

UL43

Insertion  
Site  
N s il 

nt 94911

N o tl
N o tl

N o tl

|SV40pA| U L ^UL43 lE l LacZ

Probe r- 2.9Kb lE l/L o c Z  fragment 
1.3Kb 4.3Kb

Figure 4.3. Homologous recombination between the flanking regions in the shuttle plasmid and the 
equivalent region in the HSV-1 genome (N.B. Not drawn to scale).

A. 1764/V£?S.5GFP viral backbone.
B. 17+A''oS.5GFP viral backbone
C. Schematic diagram of the desired homologous recombination event between linearised (cut wit 
Xmnl) p35IEl/^cZUL43 and 1764/Vb/3.5GFP (A) and 17+/Vtofi.5GFP (8) viral backbones, separately.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 4.4A. Southern blot analysis of 17+/Voe.5GFPIEl/a<2UL43.
Lanel: +ve control pIEl/^cZ plasmid -  Sad. digest; Lane2: +ve control pIEl/^cZ plasmid -  £coRI/£coRV 
digest; Lane3: 17+ +ve and -ve control at the same time, as described in fig. 4.8; Lanes 
4,5,6,7,8,9,10,11,12,13,14: 17+/VoG.5GFPIE/acZUL43 test clones. DNA was cut with NotL!HincAll. 
Southern blot was probed with a 2.9 kb Sad. fragment from pIEl/acZ (see fig. 4.1). All clones show the 
expected size bands 4.3 and 1.3 kb from the UL43 insertion plus the endogenous lE l 2.9 kb and 0.8 kb 
fragments. Clones 8,9,10,12 were confirmed positive in a longer exposure (data not shown). See fig. 4.3 
for schematic details.

1.2 Kb

Figure 4.4B. Southern blot analysis of 17+/VbG.5GFPIEl/^cZUL43 virus.
Lanel: +ve control pA'ofi.SGFP plasmid; Lane2: -ve control 17+; Lanes 3,4,5,6,7,8,9,10,11,12,13: 
17+A/o/3.5GFPIEl/acZUL43 test clones. DNA was cut with SaL Southern blot was probed with a 0.75 
kb Sâ |No(L GFP fragment from pEGFPNI. All clones show the 1.2 kb expected fragment 
demonstrating the GFP insertion is intact. See fig. 4.3 for schematic details.
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1 2 3 4 5 6 7 8

4.3 Kb 

2.9 Kb

1.3 Kb 

0.8 Kb

Figure 4.4C. Southern blot analysis of 1764/VoQ.5GFPIEl/atZUL43.
Lanel: +ve control pIEl/<3cZ plasmid - SaA digest; LaneZ: 17+ both +ve and -ve control as described 
in fig. 4.8; Lane3: 1764/VoS.5GFP both +ve and -ve control; Lanes 4,5,6,7,8:
1764AtoS.5GFPIEl/^cZUL43 test clones. DNA was cut with NoG.1 HincAll. Southern blot was probed 
with a 2.9 kb Sad fragment from pIEl/^cZ (see fig. 4.1). All clones show the expected size bands 4.3 
and 1.3 kb from the UL43 insertion. In Lane 4 both endogenous lE l fragments (2.9 kb and 0.8 kb) 
can be detected. The other test clones show the 2.9 kb endogenous fragment but the 0.8 kb 
endogenous fragment cannot be detected in this blot. See fig. 4.3 for schematic details.

1.2Kb

1.5Kb

Figure 4.4D. Southern blot analysis of 1764/VoQ.5GFPIEl/<5cZUL43 and 
1764/VoS.5GFPpAIEl/JcZUL43.
Lanel: +ve control 1764/Vofi.5GFP; Lanes 2,3,4,5,6: 17+/Vo8.5GFPIEl/^cZUL43 test clones. Lane7: 
-ve control 17+pR19/^cZ; Lane8: +ve control 1764Atofi.5GFPpA; Lanes 9,10,11/12,13,14: 
1764/VoS.5GFPpAIEl/acZUL43 test clones. DNA was cut with SaL Southern blot was probed with a 
0.75 kb SaMNotL GFP fragment from pEGFPNI. All 1764/VoS.5GFPIEl/acZUL43 clones show the 1.2 
kb expected fragment (see fig. 4.3) and all 1764/VoS.5GFPpAIEl/jcZUL43 clones but clone 13 (GFP 
band is a bit smaller than expected) show the 1.5 kb fragment (see fig. 4.5) demonstrating the GFP 
and GFPpA insertions are intact.
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I
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Figure 4.5. Homologous recombination between the flanking regions in the shuttle plasmid and the 
equivalent region in the HSV-1 genome (N.B. Not drawn to scale).

A. 1764/VoS.5GFPpA viral backbone.
B. 17+/VoS.5GFPpA viral backbone
C. Schematic diagram of the desired homologous recombination event between linearised (cut wit 
Xmnl) p35IEl/5cZUL43 and 1764AtoS.5GFPpA (A) and 17+/Vb8.5GFPpA (B) viral backbones, 
separately.
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Figure 4.6A. Southern blot analysis of 17+/VoS.5GFPpAIEl/<?cZUL43.
Lanel: 17+ both +ve and -ve control as described in fig. 4.8; LaneZ: +ve control plEl/acZ 
plasmid - Sad digest; Lanes 3,4,5,6,7,8,9,10: 17+/VoS.5GFPpAIEl/^cZUL43 test clones. DNA was 
cut with No&lHindlU. Southern blot was probed with a 2.9 kb Sad fragment from pIEl/^cZ (see 
fig. 4.1). All clones show the expected size bands 4.3 and 1.3 kb from the UL43 insertion. In Lane 
10 both endogenous lE l fragments (2.9 kb and 0.8 kb) can be detected. The other test clones 
show the 2.9 kb endogenous fragment but the 0.8 kb endogenous fragment cannot be detected 
in this blot. See fig. 4.5 for schematic details.

1.5Kb

Figure 4.6B. Southern blot analysis of 17+/VoG.5GFPpAIEl/^cZUL43.
Lanel: -ve control 17+; Lane2: +ve control 17+AtoS.5GFPpA; Lanes 3,4,5,6,7,8,9,10: 
17+/VoS.5GFPpAIEl/<5cZUL43 test clones.
DNA was cut with Sa/L. Southern blot was probed with a 0.75 kb Sa/LINoO. GFP fragment from 
pEGFPNI. All 1764/Vofi.5GFPIEl/^cZUL43 clones show the 1.5 kb expected fragment (see fig. 4.5) 
demonstrating the GFP and GFPpA insertions are intact.
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Figure 4.6C. Southern blot analysis of 1764AtoQ.5GFPpAIEl/a£ZUL43.
Lanes 1,2,3,4,5,7: 1764/VoQ.5GFPpAIEl/acZUL43 test clones; LaneS: 17+ both +ve and -ve 
control as described in fig. 4.8; Lane6: 1764Atofi.5GFPpA both +ve and -ve control; Lane9: +ve 
control pIEl/«^cZ plasmid -  Sad digest; DNA was cut with NoG.1 HincAll. Southern blot was probed 
with a 2.9 kb Sadi fragment from pIEllacZ (fig. 4.1). Clone 7 shows all the expected size bands. 
Clones 2 and 4 show an extra band bellow 2.9 kb fragment thus were rejected. The other test 
clones show all bands except the 0.8 kb fragment. See fig. 4.5 for schematic details.
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Figure 4.7. Homologous recombination between the flanking regions in the shuttle plasmid and the 
equivalent region in the HSV-1 genome (N.B. Not drawn to scale).

A. 1764 viral backbone.
B. 17+ viral backbone
C. Schematic diagram of the desired homologous recombination event between linearised (cut wit 
Xmnl) p35IEl/^cZ and 1764 and 17+ viral backbones, separately. The latter was already available 
in the laboratory.
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1.3 Kb 
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Figure 4.8. Southern blot analysis of 1764IEl/a£ZUL43.
Lanel: 17+ is both positive (endogenous lE l promoter see fig. 4.7A top) and negative (does not 
contain the UL43 insertion) control; Lanes 2,3: 1764IEl/acZUL43 test clones. DNA was cut with 
No&IHindill. Southern blot was probed with a 2.9 kb Sad. fragment from pIEl/acZ (see fig. 4.1). 
Both clones show the expected size bands 4.3 and 1.3 kb from the UL43 insertion plus the 
endogenous lE l 2.9 kb band. The 0.8 kb endogenous fragment cannot be detected in this blot. 
See fig. 4.7 for schematic details.
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Figure 4.9. In vitro characterisation in BHK cells 24 h post-infection. 
A -1 7 + , negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/«3c2, positive control.
Bar - 100pm.
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Figure 4.9 cont. In i//ïro characterisation in BHK cells 24 h post-infection. 
D - ll+lEHacL, test.
E - 1764IEl/^cZ, test.
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Figure 4.9 cont. In //f/o characterisation in BHK cells 24 h post-infection.
F - 17+/Vd?S.5GFPIEl/acZUL43, test.
G - 17+/V£7S.5GFPpAIEl/a£ZUL43, test.
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Figure 4.9 cont. In i//f/ü characterisation in BHK cells 24 h post-infection.
H - 1764/Vo8.5GFPIEl/atZUL43, test.
I - 1764/V£7fi.5GFPpAIEl/5cZUL43, test.
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Figure 4.10. In wfro characterisation in ND7 cells 24 h post-infection. 
A -1 7 + , negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/5cZ, positive control.
Bar - 100pm.
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Figure 4.10 cont. In k/'f/ü characterisation in ND7 cells 24 h post-infection. 
D - 17+IEl/^cZ, test.
E - 1764IE1/JCZ, test.
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Figure 4.10 cont. In //ïro characterisation in ND7 cells 24 h post-infection.
F - 17+/VoQ.5GFPIE1/^£ZUL43, test.
G - 17+/VoQ.5GFPpAIEl/acZUL43, test.
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Figure 4.10 cont. In kvYm characterisation in ND7 cells 24 h post-infection.
H - 1764/VoS.5GFPIEl/5dZUL43, test.
I  - 1764/V£?S.5GFPpAIEl/acZUL43, test.
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Figure 4.11. In i/y/m characterisation in BHK cells 48 h post-infection. 
A - 17-1-, negative control.
B - 17-tpR19GFP, positive control.
C - 17-t-pR19/5cZ, positive control.
Bar - lOOpn̂ i.
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m.o.i. 1 m.o.i. 5 m.o.i. 5m.o.i. 1

acyclovir

1764lE lLacZU L43 -  48h BHKs

I  acyclovir

m.o.i. 1 m.o.i. 5 m.o.i. 1

m

Figure 4.11 cont. In //ï/ü  characterisation in BHK cells 48 h post-infection. 
D - 17+lEl/acZ., test.
E - 1764IE1/5(2, test.
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17+N of3 .56FPIE1 LacZUL43 -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

I::#

• r  ■
'  ^

\'iC  4» . m

• % ■.. .

& 17+N ot3.56FPpA lElLacZU L43 - 48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5
' i  ■

Figure 4.11. cont. In characterisation in BHK cells 48 h post-infectlon.
F - 17+/Vt?fi.5GFPIEl/5£2UL43, test.
G - 17+/VoS.5GFPpAIEl/5tZUL43, test.
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H 1764N o f3 .56FPIE1 LocZUL43 -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

##

1764N o t3 .56F P p A IE lU cZ U L 43  -  48h BHKs

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 5m.o.i. 1

/ ( - f ■.

Figure 4.11 cont. In kvAnc characterisation in BHK cells 48 h post-infectlon.
H - 1764/VoS.5GFPIE1/^£ZUL43, test.
I  - 1764/Vofi.5GFPpAIEl/acZUL43, test.
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17+ (-ve.control) -  48h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

IÜ
' ’ I ' r i

, * - ‘-r

B 17+pR196FP (+V C  control) -  48h ND7s

acyclovir + | acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

V  "tT . 3. V, . ♦ w

€ 17+pR19LacZ (+ve control) -  48h ND7s

acyclovir + acyclovir -

m.o.i. 1 1 m.o.i. 5 m.o.i. 1 m.o.i. 5
r J* mJIIS, . »

' •  .

Figure 4.12. In characterisation in ND7 cells 48 h post-infectlon. 
A -1 7 + , negative control.
B - 17+pR19GFP, positive control.
C - 17+pR19/^dZ, positive control.
Bar - 100|im.
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b 17+IElLacZUL43 - 48h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

■ft
- i  W  •

tv.
1764IElLacZUL43 -  48h ND7s

acyclovir + acyclovir -

m.o.i. 5m.o.i. 1 m.o.i. 5 m.o.i. 1

Figure 4.12. cont. In characterisation In ND7 cells 48 h post-infectlon. 
D - 17+lEllacl, test.
E - 1764IEl/acZ, test.
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P: 1 7 -N o t3 .5eF P lE lL acZ U L 43  -  48h ND7s

acyclovir + acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

■V, m

*

1 7 fN o t3 .5 6 F P p A lE lU c Z U L 4 3  -  48h ND7s

acyclovir +
1

acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 1 m.o.i. 5

B fM

Figure 4.12 cont. In k/ïm characterisation in ND7 ceils 48 h post-infection.
F - 17+/VoS.5GFPIEl/acZUL43, test.
G - 17+/VoS.5GFPpAIEl/^cZUL43, test.
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H 17 6 4 N o t3 .56FPIE1 LocZUL43 -  48h ND7s

acyclovir acyclovir -

m.o.i. 1 m.o.i. 5 m.o.i. 5m.o.i. 1
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i, L  Si'
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1764N ot3.56FPpA lE lLac2U L43 -  48h ND7s

acyclovir + acyclovir -

m.o.i. 5 m.o.i. 5m.o.i. 1
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Figure 4.12. cont. In iVfro characterisation in ND7 cells 48 h post-infection.
H - 1764/V£?S.5GFPIEl/acZUL43, test.
I  - 1764/VoS.5GFPpAIEl/acZUL43, test.
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4.5 In Vivo Characterisation of 17+ and 1764 Dual Recombinant 

Viruses

17+ dual recombinant viruses (17+/VtoÔ.5GFPpA(+)/pA(-)IEl/^(2UL43) were 

analysed in vivo, in BalB/C. As before, the viruses were inoculated into the rear footpad 

and GFP and iacZ expression was examined first at 2 days post-inoculation, during the 

replicative cycle (fig. 4.13.). No GFP was expressed, as observed before, and no facZ 

was expressed either. Some IacZ expression was expected at this early time-point but 

it appears that the lE l promoter was more fully repressed in DRGs than was expected. 

At 1 week after inoculation, a time point in which there may still be some replicating 

virus present (although as IacZ. is not detected this is probably not the case), GFP 

expression from within LAT is similar to later time points (Im ), as described in chapter 

3 with the LAT ORF indicator viruses. In this chapter GFP from the dual recombinant 

viruses was expressed at later time points (Im ) but at much lower levels than from the 

17+/Vbô.5GFP virus, without iacZ, and no ia(Z expression was again detected (fig. 

4.13.). The decrease in GFP expression could be explained by the fact that dual 

recombinant viruses contain facZ, which could add to the immunogenecity of the virus. 

However, for such immunogenecity to occur !a(Z would require to be expressed. 

Alternatively, UL43 disruption may reduce the efficiency of establishment of latency, 

although this has not previously been reported to be the case (MacLean et ai. 1991). 

Bearing in mind these results, therefore, where facZ has not been seen to be 

expressed, and lower numbers of GFP+ve cells which were expected in latency, were 

observed, it was still not possible to determine whether the GFP expression previously 

seen during latency was in fact due to spontaneous or abortive reactivation or not.

The double expressing viruses were further characterised by EIR, previously 

described in chapter 3, section 3.7.4. Reporter gene expression from the viruses was 

monitored for 7 days post-explantation, with and without HMBA, which helps to induce 

reactivation (McFarlane at ai. 1992). The results are shown in fig. 4.14AB., 4.15AB. and
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compared to the non-inoculated tissue control (untreated) in fig. 4.16. GFP expression 

cannot be conclusively determined due to background auto fluorescence (section 3.6.4. 

in chapter 3) but IacZ expression can be detected in ganglia in both sets of viruses, 

which increases as the viruses reactivate. LacZ is expressed earlier and more strongly 

when HMBA is added, as expected from previous work (McFarlane et aL 1992). These 

results conclusively demonstrate that the lE l promoter construct inserted into UL43 is 

functional in the context of the virus, i.e. that the lE l promoter can be activated and 

that latent virus is present.

The 1764 dual recombinant viruses, which are more disabled {i.e. have reduced 

pathogenicity but retain the ability to establish latency and express LATs) than the 17+ 

counterparts, were also characterised. A similar analysis to that above was performed. 

The patterns of expression during establishment and maintenance of latency are 

shown in fig. 4.17. At 2 days post-inoculation, there is no GFP and no iacZ expressed, 

later (Iw  and Im) GFP is detected at higher levels than from the 17+ dual 

recombinant viruses but still less than 1764/Wc?0.5GFP viruses and again no iacZ is 

seen. Similar theories as to the reason for this, as described for 17+ viruses, can be 

suggested.

To test if the immune response was relevant to reducing the gene expression 

levels observed as compared to the previous viruses (described in chapter 3), the 

viruses were tested in a SCID mouse model, which are deficient for T and B cells. The 

results obtained are presented in fig. 4.18. The inoculated mice were analysed at 2d 

and 2w time points. Stevens et a i (1987) defines 14 days as the threshold for the 

establishment of latency and this time point seems to be reasonable with respect to 

GFP expression as presented in chapter 3. The results with SCID mice demonstrated 

increased numbers of neurons expressing GFP during latency, but no latent expression 

of iaZ . Thus, use of immune deficient mice appears to increase the numbers of cells 

harbouring latent virus (or at least the number of cells expressing GFP), which could
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result from less immune clearance at early times when viral antigen might be expected 

to be expressed, than is the case with immune competent animals. However, it is 

evident from the results presented that GFP expression does not co-localise with cells 

in which the ICPO promoter is also active and there is therefore no evidence from 

these experiments that GFP is being expressed in cells where spontaneous reactivation, 

or abortive reactivation is occurring. Thus if GFP expression does represent cells in 

which spontaneous or abortive reactivation is occurring, this must be being blocked in 

the mouse before the time at which ICPO would be expected to be expressed.

For completeness, the 1764yWoÔ.5GFPIEl/5ÆUL43 virus was also studied by 

EIR and the results shown in fig. 4.19AB. Similar to 17+ dual recombinant viruses, 

there was no GFP expression and lE l promoter was shown to be active during 

reactivation, earlier in the DRG to which HMBA has been added.

4.6 Co-injection Experiments

The characterisation of the dual recombinant viruses indicates that GFP and 

IacZ do not co-localise. These results could be explained by the fact that if 

spontaneous or abortive reactivation was actually to occur, and for this to be 

evidenced by ICPO promoter activity a functional LAT ORF may be required, i.e. that 

under these circumstances GFP indicates where the LAT ORF would be expressed 

following which the expressed LAT ORF might then stimulate ICPO expression, or 

substitute for ICPO, as suggested by the work of Thomas a /(1999). As the viruses 

used have a disrupted LAT ORF, iacZ expression might not therefore for this reason 

have been stimulated. To overcome this potential problem the intact LAT ORF, 

regulated as in the wild type virus, would need to be delivered in some way. Hence, if 

the dual recombinant virus (GFP instead of LAT and lE l promoter driving iaZ ) is co

injected with a virus that provides an intact LAT ORF in trans {e.g. 17+ or 1764),
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assuming they infect the same neuron, the ORF if expressed from 17+ or 1764 would 

activate IE promoters and IacZ and GFP would co-localise. Therefore, it was first 

determined if when two viruses are co-injected they infect the same cells (see below).

4.6.1. Co-injection Control Experiment

The aim here was to determine the fate of 2 co-injected viruses. 17+pR19lacZ 

and 17+pR19GFP (described in chapter 3) were co-injected in Balb/C together at the 

same dose (10  ̂ pfu in 25-30 pi) in the rear footpad and their DRG analysed for GFP 

and IacZ expression 2d post-inoculation. Fig. 4.20. clearly shows the co-injected 

viruses do infect the same neurons as GFP and !a<Z are clearly seen to be present in a 

high proportion of the same cells.
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' 1' H[..\ . :

Fig. 4.13. In wVogene delivery In Balb/C.
Animals were Inoculated with 10'’ pfu of each virus and were sacrificed 2 days, 1 
week and 1 month post-lnoculatlon, the DRGs removed and reporter gene 
expression detected.
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Figure 4.14A. Explant-induced reactivation of 17-i-/Vofi.5GFPIEl/jcZUL43, no HMBA.
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Figure 4.14B. Explant-induced reactivation of 17-i-A'oS.5GFPIEl/5cZUL43, with HMBA.
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Figure 4 .ISA. Explant-induced reactivation of 17+A/£7S.5GFPpAIEl/^cZUL43, no HMBA.
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Figure 4.15B. Explant-induced reactivation of 17+AtoS.5GFPpAIEl/^<2UL43, with HMBA.
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Untreated - HMBA

Figure 4.16. Untreated DRGs in culture, with and without 
HMBA served as negative controls.
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Figure. 4.17. In wVogene delivery in Balb/C.
Animals were inoculated with 10® pfu of each virus and were sacrificed 2 days, 1 
week and 1 month post-inoculation, the DRGs removed and reporter gene 
expression detected.
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■ I
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Fig. 4.18. In vivoqer\e delivery in SCIDs.
Animals were inoculated with 10® pfu of each virus and were 

sacrificed 2 days and Zweeks post-inoculation, the DRGs removed and 
reporter gene expression detected.
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Figure 4.19A. Explant-induced reactivation of 1764/VoS.5GFPIEl/5cZUL43, no HMBA.
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6 # %

Figure 4.19B. Explant-induced reactivation of 1764A/'£7fi.5GFPIEl/a£ZUL43, with HMBA.
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4.6.2. Co-injection of the Dual Recombinant Virus and the Parental 

Backbone

Two sets of experiments were performed In SCID mice, one with the 17+ 

backbone viruses (17+/W9S.5GFPIEl/^cZUL43 + 17+) and another with the 1764 

backbone viruses (1764/Vb8.5GFPIEl/?cZUL43 + 1764). The 17+ backbone 

experiment was terminated after 1 week due to some of the mice becoming unwell, 

and consequently lacZ expression at the 1 week time probably represents virus 

replication (fig. 4.21A.). Results obtained with the 1764 co-injection (fig. 4.21B.) 

experiment were analogous to the results obtained with 1764 dual recombinant virus 

alone: no GFP at early time points and very little lacZ. At later time points GFP 

expression can be detected but no lacl. To reinforce these results another set of 

experiments were performed by injection of 17+IEl/?cZUL43 or the 1764IEl/<^cZUL43 

viruses. These viruses have an intact LAT ORF and the lE l promoter is driving lacZ 

expression within UL43. Therefore, if LAT ORF expression could activate the lE l 

promoter, more lacZ expression would be expected as compared to the viruses tested 

above. However, as before, there is very little JacZ expression at any time (fig. 4.22.). 

TTie only exception corresponds to DRGs from an animal inoculated with 

17+IE1/5ÆUL43, in which the virus was probably replicating (the animal was unwell).

It seems therefore that GFP expression from the viruses during latency does 

not correlate with spontaneous reactivation, or at least not to the extent that it co- 

localises with the expression of ICPO. It also appears that if the LAT ORF is expressed 

in a similar fashion to GFP, in these viruses, then this LAT ORF expression does not 

stimulate reactivation, at least to the extent that the ICPO promoter is activated.
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Fig. 4.20. Co-localisation control experiment.
Balb/C were inoculated simultaneously with 10  ̂ pfu of each virus and were sacrificed 2 

days post-inoloculation, the DRGs removed and reporter gene expression detected.
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Figure. 4.21A. Co-localisation experiment with 17+ backbones.
SCID mice were inoculated with 10  ̂ pfu of either 17+/Vofi.5GFPIEl/5tZUL43 alone or with a 
mixture of 17+AtoS.5GFPIEl/<3cZUL43 with 17+. Mice were sacrificed at 1 day, 2 days and 1 
week post-inoculation, the DRGs removed and reporter gene expression assessed.
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Figure. 4.21B. Co-localisation experiment with 1764 backbones.
SCID mice were inoculated with 10® pfu of either 1764/VoQ.5GFPIEl/a<:ZUL43 alone or with a 
mixture of 1764/VoS.5GFPIEl/5cZUL43 with 1764. Mice were sacrificed at 1 day, 2 days and 1 
week post-inoculation, the DRGs removed and reporter gene expression assessed.
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B

Figure. 4.22. 17+IEl/5cZUL43 and 1764IEl/aZUL43 in //Vogene delivery.

A. Characterisation in Balb/C - animals were inoculated with 10'’ pfu of 17+IEl/acZUL43 and were 
sacrificed 2 days and Im  post-inoculation, the DRGs removed and reporter gene expression 
detected.

B. Characterisation in SCID - animals were inoculated with 10'’ pfu of 17-t-IEl/5cZUL43 and 10® pfu 
of 1764IE1/OCZUL43, sacrificed 2 days and 2weeks post-inoculation, their DRG removed and 
reporter gene expression detected.
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4.7 Discussion

The aim of this chapter was to determine if GFP expression from within the LAT 

region (described in chapter 3) corresponded to spontaneous or abortive reactivation 

events occurring in the ganglia of mice.

The experimental approach chosen was to determine if GFP expression co

localised with cells in which the ICPO promoter was active. A dual: recombinant virus 

was constructed with GFP replacing the LAT ORF and la d  inserted into UL43 driven by 

the ICPO promoter. These viruses were injected alone, and also together with viruses 

containing the intact LAT ORF in order to provide the LAT ORF, if expressed, in trans. 

Both of these approaches suggested that GFP expression does not represent cells in 

which spontaneous reactivation is occurring, unless this is becoming aborted very 

early, i.e. before ICPO is expressed, as GFP expression did not co-iocalise with 

expression of fad .

The theory that the LAT ORF may itself contribute to spontaneous reactivation 

was also tested, by assessing whether more cells showing ICPO promoter activity, as 

evidenced by fa d  expression, were present when a virus with an intact LAT ORF was 

co-injected as compared to viruses where the LAT ORF is disrupted. This again did not 

demonstrate increased LAT ORF-associated la d  expression. Thus, again it appears 

that GFP expression is not associated with spontaneous reactivation unless this 

reactivation is aborted at a very early stage. In agreement with this, Khanna et a l 

(2003) suggested that during latency, CDS T cells are critical in preventing the virus 

reactivating. This could explain the results from this chapter in the sense that GFP 

could represent virus that is trying to reactivate which would be prevented by this 

immune response. It would therefore be interesting to examine ganglia to determine if 

immune infiltrates surround GFP positive neurons. However, this theory does not 

explain the results obtained with SCID mice (which have no B and no T cells) in which
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viruses are still able to establish latency and remain latent (Cesser et al. 1994), unless 

other Immune cells such as macrophages are relevant (Feldman et al. 2002).

Thus, It appears GFP expression does not affect cells In which reactivation Is 

occurring and, consequently. It appears that the LAT ORF Is truly expressed In latency, 

assuming GFP expression reflects the true LAT ORF expression pattern. These results 

would not be expected according to the previous results and hypothesis of Thomas et 

a! (1999) as LAT ORF expression would have been expected to substitute for ICPO 

expression and stimulate reactivation. Nevertheless, the next chapter Is aimed at 

determining whether the LAT ORF can affect reactivation in vivo at least to the extent 

of Inducing ICPO expression.
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CHAPTER 5: DOES THE LAT ORF ACTIVATE THE lE l  PROMOTER IN 

VIVCR

5.1. Introduction

The results of Thomas et a! (1999, 2002) suggest that the LAT ORF Is 

important for reactivation, in that it can functionally substitute for ICPO. Their in vitro 

studies indicated that the LAT ORF, when over-expressed, compensated for the lack of 

ICPO. However, results from chapter 4 suggest that GFP expression is not coincident 

with reactivation as might be expected if an ICPO-like activity were present, but could 

represent LAT ORF expression during latency. To clarify this apparently contradictory 

data it seemed crucial to determine whether expression of the LAT ORF could effect 

reactivation in vivo. In order to assess this possibility, and bearing in mind that LAT 

protein expression is likely to be tightly regulated such that predicting expression at 

biologically relevant levels would not be easy, it was decided to determine if artificially 

supplying the LAT ORF in vivo activated the lE l promoter of an already latent virus.

5.2. Viruses used in the study

In this study, the 17+/Vb8.5GFPIEl/^cZUL43 virus was first used to establish 

latent infections. This virus is described in more detail in chapter 4, and schematically 

shown in figure 5.1. The virus used to deliver the LAT protein was 17+CMVLATUS5, 

constructed by S. K. Thomas, in which a CMV promoter drives LAT ORF overexpression 

from US5. Interruption of this gene does not affect virus replication in vivo (Balan at ai. 

1994). A control virus contained a similar insertion but expressed GFP instead of the 

LAT ORF, 17+CMVGFPUS5. A schematic representation of these viruses is shown in 

figure 5.1.
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Figure 5.1. Schematic representation of the viruses used In chapter 5. (N.B. Not drawn to 
scale).

A. 17+^bô.5GFPIEl/5ÆUL43
B. 17+CMVLATUS5
C. 17+CMVGFPUS5
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5.3. Delivery of the LAT ORF During Latency

The experimental approach used to address the question of whether the LAT 

ORF protein is involved in reactivation in vivo, at least to the extent of activating the 

lE l promoter, is summarised in figure 5.2. The animal model used for this experiment 

was the footpad/DRG SCID mouse model, described in chapter 3. Here, a pool of SCID 

mice was inoculated with 17+/Vb8.5GFPIEl/9cZUL43 and upon establishment of 

latency this was divided into 3 groups. Group one allowed the detection of iacZ basal 

levels during latency, which as shown in chapter 4 is very low, group 2 were inoculated 

with 17+CMVLATUS5 to determine if delivery of the LAT ORF in Ar<̂/75 activates the lE l 

promoter such that iacL is expressed, and group 3 were inoculated with 

17+CMVGFPUS5 as a control.

The results of this experiment are shown in figure 5.3. As previously 

demonstrated, iacl levels in DRGs removed from group one mice were very low. LAT 

ORF delivery to group 2 mice harbouring latent virus did activate the lE l promoter, 

although some non-specific activation also occurred by inoculation with 

17+CMVGFPUS5 virus (group 3). These results thus constitute the first evidence of a 

LAT protein mediated effect on the lE l promoter in vivo. Due to the non-specific 

activation seen, it is intended to repeat this experiment such that the conclusions can 

be strengthened further.
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Figure 5.2. Schematic representation of LAT delivery.
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Group 3

i

.  *

V
Vi' 7

Figure 5.3 A,B,C. In vivo LAT delivery.
A pool of SCID mice was inoculated with 10"* pfu of 17+/VoS.5GFPIEl/acZUL43 in the left rear 
footpad. This was separated into three groups. 2 weeks upon inoculation group 1 (A) was sacrificed, 
DRG removed and assessed for iacL expression, group 2 (B) was superinfected with 17+CMVLATUS5 
and group 3 (C) with 17+CMVGFPUS5 (see fig. 5.2). 2 days post 2"*̂  inoculation (10“’ pfu) groups 2 
and 3 were sacrificed, their DRG removed and iacl expression assessed.
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5.4. Discussion

The results presented in this chapter suggest an in vivo function for the LAT 

ORF in activating the lE l promoter, or an activity that the downstream consequence of 

which is the activation of the lE l promoter. Even though this data is preliminary, and 

requires repeating to be confirmed, the results are consistent with previous work by 

Thomas ef a/(1999).

The chapter 4 results, however, remain intriguing since they suggest the LAT 

ORF is expressed during latency but ICPO is not activated. LAT ORF expression may 

therefore possibly be at levels below those that are necessary to activate the lE l 

promoter. Further experiments are required to further study the apparently conflicting 

results presented in chapter 4 and chapter 5. Nevertheless, the lack of facZ detection 

during latency from the lE l promoter, described in chapter 4, is consistent with 

previous reports (Shimeld et ai. 2001; Thompson et ai. 2003) that using similar viral 

constructs detected very few ia(Z +ve cells during latency. These results are reinforced 

with other studies that suggest that reactivation events in latently infected ganglia are 

very rare (Feldman et ai. 2002; Sawtell 2003).

Altogether, chapter 4 results suggest that GFP expression during latency 

probably does not represent spontaneous reactivation events occurring in DRG, unless 

this is abortive at a very early stage, as previously discussed. On the other hand, the 

results described in this chapter reinforce the original hypothesis of Thomas et a! 

(1999), that one of LATs putative functions could be aiding reactivation once all the 

conditions that favour this event have been met. The results in this chapter also 

represent the first demonstration of a LAT ORF-mediated in vivo effect.

Overall it is evident that considerable further work is required to study the 

relevance of the apparently conflicting findings of chapters 4 and 5 to the 

latency/reactivation situation in man as it would seem unlikely, from the work 

presented, that the LAT ORF is not expressed and functional at some point in the HSV
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lifecycle. However, it remains a fact that the available models make these aspects 

difficult to study in a manner from which solid or easy conclusions can be drawn. 

Undoubtedly, therefore, it would seem likely that the function of the LAT, i.e. the LAT 

ORFs will continue to provide considerable controversy in the field in the years to 

come.
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CHAPTER 6: DISCUSSION

6.1. Results Overview

Research presented in this thesis attempted to first determine if the largest 2 

kb LAT encoded ORF of HSV-l has the potential to be expressed. This would obviate 

the need to detect a protein which has not been achieved successfully in the past. This 

was reported in chapter 3, by inserting reporter genes (GFP or /acZ) in frame within 

the HSV-l LAT ORF and studying reporter gene expression in the context of the virus 

in vitro and in vivo. The constructed viruses did not express reporter genes in vitro at 

all or at early times in vivo, but expression was readily detected during latency in DRG 

of mice. This was contrary to previous work in which a marker gene had been inserted, 

but out of frame with the largest LAT ORF (Lock et ai. 2001).

Marker gene expression from within the LAT ORF was an unexpected finding 

since previous work suggested that the LAT ORF might be important for reactivation as 

it could functionally substitute for ICPO (Thomas et ai. 1999). Expression during latency 

would not therefore, be expected. Nevertheless, GFP or iacZ. expression using LAT 

transcriptional control occurred, suggesting that some LAT forms can be translated, as 

previously suggested (Goldenberg et ai. 1997). For this reason, it was assumed that 

Qx??liacL expression did in fact mirror LAT expression and thus the first question had 

been addressed, i.e. the LAT ORF does appear to have the potential to be expressed in 

vivo. An alternative would be that the two different insertions of GFP and iac l had both 

disrupted sequences that repress expression of the LAT ORF. However, this seemed 

unlikely.

Additionally, two post-transcriptional regulation mechanisms were tested and 

the results presented suggest that differential polyadenylation or differential nuclear
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export are not involved in the regulation of LAT ORF expression, at least in the mouse 

model.

LAT ORF expression during latency was not expected, as previous work 

suggested the LAT ORF might be important for reactivation (Thomas et al. 1999). As a 

direct consequence of this, it might be expected that LAT ORF expression is associated 

with virus reactivation. Thus, chapter 4 tested the hypothesis that the GFP and lacL 

expression, observed in chapter 3, might represent expression from viral genomes 

undergoing spontaneous or abortive reactivation. For this purpose, dual recombinant 

viruses expressing GFP from within the LAT ORF and iacL fused to the lE l promoter 

within UL43 gene were inoculated alone or with viruses providing an intact LAT ORF. 

The reasoning behind the dual recombinant viruses derives from the fact that ICPO is 

thought to be the first gene transcribed during reactivation from latency and is also 

known to be important for efficient reactivation (Halford and Schaffer 2001). Thus, if 

the virus were reactivating, the ICPO promoter would be expected to be active, giving 

lacL expression.

The results presented in chapter 4 did not, however, show co-localisation 

between GFP with iacL, thus suggesting that marker gene expression does not 

represent cells in which spontaneous reactivation is occurring, therefore suggesting 

that the LAT ORF is truly expressed during latency, which was not expected. This lack 

of detection of reactivation events by measuring lE l promoter activity is in agreement 

with previous studies that detected very low levels of spontaneous reactivation in 

ganglia of mice (Feldman et ai. 2002; Sawtell 2003). Another possibility that might 

explain these results could be that GFP represents abortive reactivation events that 

occur early on, before ICPO expression -  before the activation of the lE l promoter, or 

that LAT ORF expression levels were not sufficient to result in activation of the lE l 

promoter.
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The second aim of this thesis consisted in studying a potential function of the 

LAT ORF, mainly if it could affect the lE l promoter in vivo. Therefore, Chapter 5 

explored the possibility of artificially supplying the LAT ORF and testing whether this 

activated the lE l promoter of an already latent virus. Here, LAT ORF delivery did 

activate the lE l promoter in vivo thus constituting the first evidence of a LAT protein 

effect in vivo.

Figure 6.1 summarises the possibilities raised by the work presented.
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6.2. Discussion

The discovery of viruses at the end of the 19^ century, has since provided 

invaluable tools for research, allowing advances in the understanding of gene 

regulation, recombinant DNA technology, viral association with cancer, the 

development of vaccines, epidemiological studies and viral pathogenesis (Levine 2001). 

Understanding how the virus interacts with its host to cause disease still poses many 

important biological questions. Why some viruses have evolved to attain a state of 

latency can be easily understood, in the sense that the virus does not eliminate but 

uses its host as a reservoir to propagate itself to new hosts, hence perpetuating virus 

survival.

More specifically. Herpesviruses are predicted to have arisen 180 -  200 million 

years ago (McGeoch et aL 1995) and it is believed that they have co-evolved with their 

hosts, primarily mammals, fish and birds (Karlin at aL 1994). The determination of 

sequence homology between organisms is the most common methodology used to 

identify conserved functions (Karlin at aL 1994; Pellegrini at aL 1999).

Herpesviruses are able to establish latent infections in their host following 

which they can reactivate and cause disease. HSV-1, the focus of this thesis, has 

evolved to establish latent infections in the sensory neurons of humans. Even though 

many aspects of HSV-1 pathogenesis have been revealed, the precise molecular 

mechanisms that regulate the latency-reactivation cycle are not well understood. There 

is little doubt that the LAT region is important for the control of the latency-reactivation 

cycle. However, what is not known is the precise function(s) the latency transcripts 

provide, and if a latency related protein is produced, as in BHV-1 (Hossain at ai. 1995).

Sequence analysis of HSV-1 and HSV-2 strains show potential ORFs at similar 

positions within the 2kb LAT (Coffin at aL 1998; Wechsler at aL 1989). This 

conservation may not merely be an evolutionary coincidence. If these sequences do
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not have a purpose they would probably have been lost through virus evolution. 

Importantly, it remains to be demonstrated that such a protein is produced in vivo.

The existence of functional RNAs that do not encode proteins cannot be 

ignored. These are known as non-coding RNAs and their identification is a fast growing 

field (Eddy 2002). The functions of non-coding RNAs are diverse and a large number of 

non-coding RNAs have been identified, such as RNAs with catalytic or structural 

functions as transfer RNA and ribosomal RNA (Eddy 2002); small nucleolar RNAs which 

direct the modification of ribosomal RNAs and are known to be encoded from introns 

(Kiss 2002); and small interfering RNAs which mediate RNA interference, a process by 

which target mRNAs are degraded: This is a mechanism that is thought to be an 

ancient antiviral system and also to interfere with transposon activity or other aberrant 

forms of gene expression (Sharp 2001); and small temporally regulated RNAs which 

downregulate the expression of target mRNAs upon translation (Grosshans and Slack 

2002).

Another example of an important non-coding RNA is Xist, which is involved in 

X-inactivation in vertebrates (Brown et ai. 1991). Xist acts on X-inactivation centres 

present in the X-chromosome, it accumulates on the inactive X chromosome and it is 

believed to be involved in the initiation of silencing. Xist expression is thought to be 

downregulated by Tsix, which is an RNA antisense to Xist (Boumil and Lee 2001).

The RNA world is far more versatile than it was previously thought. Bearing in 

mind that the 1.5 kb and 2kb transcripts are highly abundant during latency, non- 

polyadenylated and are retained predominantly in the nucleus in a lariat form (Rodahi 

and Haarr 1997; Stevens et ai. 1987; Wagner et ai. 1988a; Wagner et ai. 1988b), an 

RNA role for HSV-1 LAT is therefore possible. Furthermore, deletion of 2 kb LAT ORFs 

do not appear to alter virus phenotype and affect virus recovery from latently infected 

ganglia (Fareed and Spivack 1994).
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Nevertheless, a protein function cannot be excluded. The fact that i) the HSV 2 

kb LAT encoded ORFs are conserved; ii) the identified non-coding RNAs do not contain 

significant ORFs; iii) LATs were detected in polyribosomal fractions hence suggesting 

they might be translated under some circumstances (Goldenberg et aL 1997); iv) 

previous data suggested the HSV-1 largest LAT ORF might be important for 

reactivation (Thomas et aL 1999; Thomas et aL 2002b); v) the marker gene work 

presented in chapters 3 and 4 suggested the LAT ORF can be expressed and it is not 

likely to be spontaneous reactivation; and vi) results presented in chapter 5, showing 

for the first time an in vivo biological activity for the largest HSV-1 2kb LAT ORF, in a 

mouse model of latency; renders it unlikely that the latency-reactivation cycle is 

controlled solely at the nuclear level.

The implications of determining the significance of the LAT ORF as well as other 

LAT putative functions would be fruitful in designing appropriate gene therapy 

protocols. This would be particularly useful for allowing long-term gene expression in 

the nervous system, in the treatment of neurological disorders, thus taking advantage 

of the fact that HSV has evolved to become latent in sensory neurons and that during 

latency gene expression is limited to LATs. Various strategies, aiming at achieving 

long-term gene expression, have been used in the past. These include the use of the 

latency promoters ectopically in the HSV genome (Goins et ai. 1994), or hybrid 

promoters made of LAP sequences fused to strong IE promoters (Palmer et ai. 2000) 

and also inserting the transgene within the LAT sequences, thereby ensuring the 

transgene utilised all LAT regulatory sequences (Lachmann and Efstathiou 1997; 

Marshall et aL 2000). In chapter 3, the long-term gene delivery experiments with 1764 

backbones, in which GFP was replacing the largest LAT ORF showed that the number 

of GFP expressing neurons seemed to remain unchanged throughout latency, again 

highlighting the potential of this type of vector.
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The understanding of how the LATs work Is crucial in the designing of 

appropriate gene targeting vectors in order to ensure that viral essential functions are 

not lost when LAT is replaced by a transgene. Other issues have to be taken into 

account when designing gene therapy vectors, such as efficiency, safety and duration 

of the treatment. HSV vectors and other vectors are currently on clinical trials for 

diverse clinical applications, such as immunotherapy, but the key is to determine which 

viral vector or non-viral vector is more likely to be effective in a certain condition.

6.3. Final Conclusions

Overall, this thesis showed that the LAT has the potential to be expressed by a 

as yet unidentified mechanism and the apparently contradictory data presented in 

chapter 4 (LAT ORF expression during latency) and chapter 5 (LAT important for 

reactivation), may be explained in the following way. During latency, low levels of LAT 

ORF may be expressed but below a threshold level reactivation would abort, or not 

initiate. Above this level, as in chapter 5 when the LAT ORF is over-expressed using a 

CMV promoter, the lE l promoter is activated and reactivation ensues. Therefore a very 

fine balance may exist between latency and reactivation in latently infected neurons 

hence the difficulty in studying this region and in detecting a protein product. The work 

presented in this thesis further suggests that the LAT ORF is functionally relevant for 

the latency reactivation cycle, hence further studies are required to explore this 

interesting possibility. Thus, the previous absence of detecting a LAT protein product 

does not necessarily mean the protein is not produced as has generally been 

concluded by those working in the field, but the LAT ORF may in fact be important for 

the wild type reactivation kinetics of the virus.
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