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ABSTRACT
Gene therapy is a technique that may in the future allow the treatment of 

diseases either by allowing genetic defects to be corrected or to allow other gene 
products to be produced which will reduce the pathology of the disease.

Herpes simplex virus type 1 has been identified as a potentially ideal vector 
for gene therapy in the nervous system e.g. for neurodegenerative diseases such as 
Parkinson’s disease, due to a natural ability to infect neurones and its ability to 
establish lifelong latent infection in the host.

Problems with HSV vectors have included its cytotoxicity, short-term 
transgene expression and a lack of cell-type specificity.

This thesis will describe work carried out in order to produce an HSV vector, 
which allows long-term expression in a neuron-specific fashion.

Disabled HSV vectors were produced which contained a l.SkB region of the 
neuronal-specific enolase promoter linked to various viral latency associated 
transcript (LAT) regulatory sequences in order to drive expression of the p- 
galactosidase marker gene. These latency associated promoter (LAP) sequences have 
previously been shown to confer long-term expression characteristics on 
heterologous promoters. Initially the promoter constructs were inserted into the 
UL43 locus of the HSV vectors. When these vectors were tested in in in vitro and in 
vivo assays, only very low levels of non-specific expression from the NSE promoter 
were observed.

A second series of recombinant vectors were made where both a full length 
and a minimal (255Bp) NSE promoter driving p-galactosidase were inserted 
downstream of the endogenous LAP promoters. When these vectors were tested in 
dorsal root ganglia in vivo, the minimal NSE promoter gave high levels of activity 
comparable to a control virus, containing the constitutive CMV promoter. This virus 
maintained expression of the exogenous gene for at least 90 days. Moreover, whilst 
high levels of expression occurred at the inoculation site (footpad) with the control 
virus, the minimal NSE-containing virus gave only very low levels of expression at 
this site, indicating cell-type specificity.

In order to further test the cell-type specificity of the viruses, they were used 
to infect organotypic hippocampal slice cultures. Whilst the control virus infected all 
areas of the hippocampus in both neuronal and non-neuronal areas, the minimal NSE 
virus showed a pattern of expression restricted to the main neuronal layers of the 
hippocampus as determined by X-gal staining. Specificity of the minimal NSE 
promoter in these slice cultures was confirmed by immunohistochemistry. Therefore, 
the recombinant HSV vector which contains the 255Bp NSE promoter inserted 
downstream of the LAT region is capable of long-term expression in a neuronal 
specific manner.
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Chapter 1
Introduction



1.1. Introduction.

The potential to deliver and express a therapeutic foreign gene in cells in vitro 

and in vivo is the basis of gene therapy. The concept of gene therapy arose from the 

gene-cloning technology of the 1970’s. This allowed genes to be cloned and 

expressed in various bacterial and yeast systems to allow the production of large 

amounts of human biomolecules, such as insulin, interferon and interleukin 2. The 

next logical step was to find ways of allowing these molecules to be produced in 

vivo.

The use of deoxyribonucleic acid (DNA) as a drug is a simple concept. A 

therapeutic gene is introduced into the nucleus of a cell allowing the gene product to 

be produced. The gene can be introduced directly into the patient by a suitable 

vector, the in vivo method. Alternatively this can be achieved by the ex vivo method, 

where cells from the patient can be removed, genetically altered in the laboratory, 

then implanted back into the patient, (Hermens & Verhaagen, 1998).

1.2. Suitable Target Diseases.

With programs, such as the Human Genome Project, sequencing the entire 

human genome, there has been a rapid increase in information about our genetic 

make up. This has led to the discovery of more genetic defects as the cause of disease 

pathology. The ability to further identify and then correct these defects has the 

potential to allow previously incurable diseases to be treated.



Monogenetic disorders, such as haemophilia, are obvious targets for gene 

therapy. Here, all that is required is a suitable protein factory to produce enough of 

the therapeutic protein for physiological effectiveness (Blankenstein, 1999).

Gene therapy is not limited to just complement genetic disorders though. 

Gene therapy is also applicable to diseases that are not genetic or the genetic defect 

may not be known. In these cases, genes may be delivered to augment cellular 

functions that are deficient in the disease, for example, the delivery of neurotrophic 

factors in the treatment of Parkinson’s disease.

As discussed earlier, genes can be delivered to the target tissue either by ex 

vivo or in vivo means. The ex vivo methods involving introducing the gene to a 

particular cell type in the laboratory and then the engineered cells are then 

transplanted into the patient. Examples of ex vivo gene therapy include retroviral- 

transduced immortalised fibroblasts that express tyrosine hydroxylase for the 

treatment of Parkinson’s disease (see section 1.3.2.2, Wolff et al., 1989). Problems 

can arise with this type of gene therapy due to the invasive growth characteristics of 

the cell lines used, resulting in tumourgenesis. This can be reduced by encapsulating 

the cells to restrict the growth characteristics of the transplanted cells (Aebischer et 

a l, 1994, Aebischer et a l, 1996). Encapsulating cells can also prevent attack of the 

cells by the host’s immune system. Ex vivo studies that have used transduced primary 

fibroblasts, instead of immortalised fibroblasts, have been shown to reduce immune 

rejection and tumourgenesis (Fisher et a l, 1991).



In vivo methods aim to deliver the therapeutic gene directly to the target cells 

in the host. Most methods involve using viruses as vectors to deliver the gene. The 

different type of viruses used will be discussed in section 1.4. There are several non- 

viral vector systems, which include liposomes, the use of a gene gun and DNA 

conjugated to various molecules, and these will be discussed in section 1.4.5.

Currently in 1999, there are 380 trials underway involving 3173 patients and 

volunteers (see Fig. 1.1.). These studies are over a wide range of diseases, including 

cancer, HTV infection, cystic fibrosis, haemophilia, diabetes, immune deficiencies, 

metabolic disorders, ischaemic heart disease and arthritis. These studies are mainly at 

the Phase I/Early Phase II stage.

The first gene therapy phase IH trial was approved in August 1996. It is a 

randomised, open-label, international multicentre study in glioblastoma patients 

involving the delivery of the drug susceptible gene HSV thymidine kinase via a 

retroviral vector (see section 1.3.2.4.).
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Fig. 1.1. Current trials in Gene Therapy.

There are 380 trials involving 3173 patients and healthy volunteers. The 
majority o f  the trials are for gene therapy o f cancer. The majority o f trials are in 
Phase 1 (Reproduced with permission from the Wiley Gene Medicine website 
http://www.wilev.co.uk/genmed/clinical/).

http://www.wilev.co.uk/genmed/clinical/


1.3. Gene Therapy of the Nervous System.

Current treatments for disorders involving nervous system degeneration, either 

as a result of an inherited or acquired deficit, or in response to injury, offer little hope 

of impeding disease progression or of restoring function (Smith & Romero, 1999). 

Thus, while drug therapy can be effective in for example Parkinson’s disease for 

some years, effectiveness gradually reduces such that the only remaining therapies 

involve various surgical interventions of questionable benefit. However, whilst repair 

of the nervous system with its complex structures and various cell types is extremely 

challenging, it is potentially amenable to current gene therapy strategies (Blomer et 

al, 1996).

The identification of molecules involved in neurodegeneration, neuronal 

survival, differentiation and axonal growth has provided the basis for the design of 

novel therapeutic approaches. Gene therapy will allow the possibility of replacing 

missing or defective genes or of enhancing the expression of neurotrophic factors 

within selective regions of the nervous system (see e.g. Smith & Romero, 1999).

1.3.1. Strategies for Gene Therapy of the Nervous system.

There are several strategies for gene therapy of the nervous system, which 

have been comprehensively reviewed (Blomer et a l, 1996, Hermens & Verhaagen, 

1998, Kennedy, 1997, Smith & Romero, 1999). These include:

• Replacement o f defective or missing genes- appropriate for monogenetic 

disorders, e.g. delivery of the hypoxanthine guanine phosphoribosyltransferase 

(HPRT) gene for treatment of Lesch Nyan’s Syndrome (see section 1.3.2.1).



• Enhancement o f enzyme production or provision o f growth factors- this 

strategy is used in “symptomatic gene therapy” where the pathology of a 

disease is known, but its genetic cause is not known. This approach can also be 

used when there are many factors or several genes involved, e.g. delivery of 

genes encoding tyrosine hydroxylase and neurotrophins for the treatment of 

Parkinson’s Disease (see section 1.3.2.2).

• Enzyme pro-drug therapy- genes encoding drug-activating enzymes are 

delivered to tumour cells. The cells are then destroyed when the relevant drug 

is administered (see section 1.3.2.4).

• Direct cell killing- some viruses replicate rapidly, and directly kill, rapidly 

dividing cells, such as tumour cells. In non-dividing neuronal cells certain virus 

mutants do not replicate at all so only the tumour cells are killed (see section 

1.3.2.4).

• Delivery o f antisense oligodeoxynucleotides- expression of specific genes 

involved in the pathology of a disease is blocked (see e.g. Harrison, 1993). An 

example here is blocking of urokinase-type plasminogen activator receptor 

expression in gliomas in order to reduce their invasiveness (Mohan et al, 

1999).

1.3.2. Neurological Disorders Amenable to Gene Therapy.

Gene therapy could potentially treat many types of neurological disorders. By 

delivering genes which provide neuroprotection, enhance neuronal survival, or 

induce and direct axonal growth and connectivity, normal neurological function may 

be restored after disease or injury (reviewed by Hermens & Verhaagen, 1998, 

Kennedy, 1997, Smith & Romero, 1999).



1.3,2,1 Inherited neurological disorders.

Lesch-Nyan’s Syndrome is an inherited neurological disorder due to a single 

inherited genetic defect resulting in deficient levels of the enzyme hypoxanthine 

guanine phosphoribosyltransferase (HPRT). The fimction of the enzyme is to convert 

hypoxanthine to hypoxanthine ribosylphosphate. In Lesch-Nyan’s syndrome, there is 

an accumulation of hypoxanthine which when broken down to a metabolite (uric 

acid), is toxic to the central nervous system (CNS). This results in mental and motor 

retardation, spasticity and self-mutilation (Brett & Lake, 1991).

A first generation recombinant adenovirus (see later) encoding the HPRT 

gene has been shown to increase the levels of HPRT activity when injected into the 

brain of an HPRT deficient mouse (Plumb et al., 1996). A recombinant HSV vector 

that expressed human HPRT has also been shown to increase hHPRT mRNA levels 

when injected in to the brains of mice. However the expression of the transgene was 

only transient (Palella et al., 1989) and as Lesch-Nyan’s is a systemic disease (i.e. 

the enzyme deficiency is found in many tissues including brain, liver and 

erythrocytes), gene therapy of this disease will have to target many tissue types.

13.2.2. Neurodegenerative Diseases.

Neurodegenerative diseases can be caused either by hereditary gene defects, 

injury or environmental factors. Several studies have shown neurotrophic factors 

have the potential of enhancing neuronal survival after CNS injury and in 

neurodegenerative diseases (Johnson et al., 1995). Neurotrophins, such as ciliary 

neurotrophic factor (CNTF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3) and glial-cell-derived neurotrophic factor (GDNF), rescue



motor and other neurons from degenerating in tissue culture, during development, or 

after injury (Vejsada et a l, 1995).

Amyotrophic lateral sclerosis (ALS) is a degenerative disease of motor 

neurons resulting in progressive muscular atrophy, paralysis and death, usually due 

to respiratory failure. Gene therapy of ALS might be attempted in two ways. In 

sporadic ALS, where there is no family history of ALS and the affected gene or 

genes (if any) are not known, neurotrophins might be used to offer neuroprotection 

and slow down the neurodegenerative process. In clinical trials where recombinant 

neurotrophins were delivered systemically to ALS patients, however, the treatment 

was ineffective even though good animal data had been obtained (Gravel et al., 

1997). Systemic administration of recombinant CNTF to ALS patients resulted in 

severe side effects including weight loss and fever (Miller et a l, 1996). The reason 

why the treatment was not effective was probably due to either insufficient amounts 

of neurotrophins reaching the motor neurons, or that the CNTF receptor expression 

may be downregulated following exposure to high systemic concentrations of 

neurotrophins. The side effects were probably caused by the relatively high systemic 

concentrations of CNTF activating peripheral receptor sites i.e. systemic delivery of 

CNTF did not deliver sufficient quantities to motor neurons and caused higher than 

normal physiological concentrations in areas that do not require CNTF (Dittrich et 

al., 1994, Sendtner, 1997). Outside the nervous system, CNTF can cause 

inflammatory side effects in the liver probably as a consequence of binding to 

hepatocytes (Dittrich et al, 1994). Gene therapy may therefore be beneficial in ALS 

as it can potentially be targeted specifically to motor neurons and may provide levels 

of neurotrophins near to physiological concentrations (Smith & Romero, 1999).

Delivery of NT-3 by first generation recombinant adenoviral vectors (Ad-NT- 

3) following intramuscular injection, to the progressive motor neuronopathy {pmn)
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mouse mutant, which is a putative animal model for ALS, has shown improved 

neuromuscular function and doubled the life expectancy of pmn mice (Haase et a/., 

1997). However paradoxically, there was no increase in motor neuron survival 

compared to the controls. The motor improvement was probably due to reduced 

axonal degeneration and increased sprouting from surviving motor neurons even 

though there was no increase in the actual number of surviving motor neurons. Co

injection of two adenoviral vectors encoding either NT-3 or CNTF showed even 

greater motor improvements (Haase et al., 1997).

Injections of first generation recombinant adenoviral vectors expressing 

BDNF, CNTF or GDNF have been shown to protect neonatal motor neurons from 

axotomy-induced cell-death in animals (Giménez y Ribotta et al., 1997, Gravel et al., 

1997). In both of theses studies, vectors were administered to the cut end of the facial 

nerve and transported in a retrograde fashion to the motor neuron cell bodies in the 

facial nucleus in the brain resulting in expression from approximately 10% of the 

facial motor neurons. The neurotrophins expressed from these vectors were secreted 

and therefore protected surrounding motor neurons that were not transduced 

themselves (Baumgartner & Shine, 1997).

In Familial ALS, a rarer form of ALS, a mutation in the SOD-1 gene, which 

encodes the enzyme copper-zinc superoxide dismutase, has been identified (Rosen,

1993). Familial ALS accounts for 5% of all ALS. The mutation is inherited in an 

autosomal dominant manner (de Belleroche et al., 1995). Therefore, as the mutant 

SOD is dominant negative, delivery of enough normal SOD may not be beneficial as 

the mutant SOD present actively contributes to the diseased state. An alternative 

gene therapy approach would be to use a vector to deliver antisense 

oligodinucleotides to prevent the expression of the mutant SOD.
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Another neurodegenerative disease, which is potentially amenable to gene 

therapy, is Parkinson’s disease (PD). Whilst the aetiology of PD is unknown, its 

symptoms (bradykinesia, rigidity, resting tremor) have been shown to be due to a 

progressive loss of dopaminergic neurons in the substantia nigra (Greenfield & 

Bousanguet, 1953). Current pharmacological treatments fail to prevent or slow 

neuronal degradation but aim to ameliorate the symptoms through augmenting 

dopamine levels by administration of L-dopa. L-dopa is converted to dopamine by 

dopa decarboxylase (E C. 4.1.1.28) in dopaminergic neurons. Most cases respond 

well to this treatment (Cotzias et a l, 1967). However, after 5 years of treatment, 

about 50% of patients begin to experience fluctuations in response to medication 

(Mouradian & Chase, 1994), and by 10 years about half of these patients become 

entirely unresponsive to combined medical therapy including the use of direct 

dopamine receptor agonists and anti-cholinergic agents as well as L-dopa treatment.

Potential means of treating PD have been intensively studied in rat models of 

PD, where the dopaminergic neurons are selectively killed by the administration of 

the neurotoxin, 6-hydroxydopamine (6-OHDA) into the substantia nigra. Here, 

rotational behaviour can be induced by the administration of apomorphine if the 

lesion has been introduced in a unilateral fashion. Initially in these animal models, 

and now in human patients, grafting of fetal mesencephalic tissue (from aborted 

foetuses) containing dopaminergic neurons into the striatum has been shown to 

increase levels of dopamine and to reduce rotational behaviour. It has also been 

shown to improve the behaviour in human patients in some cases (Freed et al, 1993, 

Spencer et a l, 1993, Widner et a l, 1993, Wilcox et a l, 1997). However, there are 

several problems with this type of therapy including the lack of availability of fetal 

tissue, issues of graft rejection and problems with the long-term viability of the 

grafts.
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Gene therapy of PD is designed to correct the deficiency of dopamine by 

delivering the enzyme tyrosine hydroxylase (B.C. 1.14.16.2.) to the affected area. 

Tyrosine hydroxylase (TH) catalyses the conversion of tyrosine to levodopa, which 

is the precursor to dopamine. This can be achieved in one of two ways, either by 

transferring the TH gene to cells in vitro and then transferring them to the brain as a 

graft, or by directly transducing cells in vivo. Most of the TH-mediated ex-vivo 

approaches have used immortalised fibroblast cell lines that have been transduced 

with a recombinant retrovirus expressing the TH gene. When these transduced cells 

have been grafted into the striatum of PD animal models, there was a significant 

reduction in the apomorphine-induced rotational behaviour of the animals (Fisher et 

al, 1991, Horellou era/., 1990, Wolff era/., 1989).

The majority of in vivo studies with TH have utilised viral vectors to directly 

transduce neurons in the brain. In one study, where 6-OHDA lesioned rats were 

intracranially injected (into the striatum) with a herpes simplex amplicon vector 

(HSV) containing the TH gene, there was increased striatal TH activity and 

extracellular dopamine concentrations measured by microdialysis (During et a/., 

1994). The animals also showed significant reduction in rotational behaviour for up 

to 12-16 months after injection. However there were a number of rat deaths within 2 

weeks of the treatment due to contaminating wild-type virus in the vector stock. Also 

the efficiency of gene transfer was low as very few TH expressing cells were 

identified (During et a/., 1994). A first generation recombinant adenovirus 

expressing TH (AdTH) has also been shown to reduce apomorphine induced 

rotational behaviour in 6-OHDA lesioned animals. This vector showed only transient 

expression of TH and tissue necrosis was found around the site of injection (Horellou 

et a/., 1994). Improved transduction efficiency, compared to HSV and Ad, was 

observed when an adeno-associated vector (AAV) expressing TH was injected into
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animals. The majority of cells transduced were neurons and resulted in reduced 

rotational behaviour for up to 4 months (Kaplitt et a l, 1994).

Another strategy with PD is the delivery of neurotrophic factors to help 

protect the dopaminergic neurons from further degeneration. The neurotrophin, glial- 

cell-line-derived neurotrophic factor (GDNF) when injected intracerebrally, has been 

shown to rescue dopaminergic neurons from death after 6-OHDA treatment in vivo 

(Sauer et a l, 1995). In studies in rats, delivery of GDNF by a first generation 

recombinant adenovirus enhanced the survival of dopaminergic neurons and 

mediated functional preservation and recovery (Choi-Lundberg et a l, 1997). If the 

two strategies of enzyme and neurotrophin delivery are combined so that there is an 

increase in TH levels and survival of dopaminergic neurons, then there is significant 

potential for gene therapy in the treatment of PD. Unpublished data from our 

laboratory has shown that a recombinant HS V vector expressing both TH and GDNF 

can significantly reduce rotational behaviour and improve neuronal survival for up to 

16 weeks after 6-OHDA lesioning.

1,3.23 Axonal Regeneration,

Spinal cord injury results in necrosis and apoptosis of cells near the lesion site 

causing axon degeneration and permanent loss of function. Encouraging severed 

axons from surviving neurons to regenerate is difficult due to a number of 

environmental obstacles a growing axon is thought to encounter. These include 

neurite growth-inhibitory protein produced by astrocytes (Davies et a l, 1997, 

McKeon et a l, 1991) or oligodendrocytes (Schnell & Schwab, 1990), as well as a 

poor growth-supportive environment (Smith et a l, 1990). Gene therapy to promote 

axonal regeneration is aimed at both preventing neuronal death and promoting axonal 

regeneration.
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A first generation recombinant Ad vector expressing NT-3 (AD-NT3) was 

used to transduce cultured astrocytes. These transduced astrocytes supported the 

growth of embryonic neurons that were co-cultured with the astrocytes (Smith et a i, 

1996). Ad-NT3 has also been shown to stimulate neurite outgrowth from transduced 

embryonic rat dorsal root ganglia (DRG) in culture (Dijkhuizen et al., 1997) and 

reduce axonal degeneration in animal models (see section 1.3.2.2.). An HSV vector 

expressing NGF, which was used to transduce primary sympathetic neurons in 

culture, allows the maintenance of these cells without the usual essential addition of 

exogenous NGF (Gesch^vind et al., 1994). Similarly, a defective HSV vector 

expressing BDNF has been shown to support neurite outgrowth when used to 

transduce auditory ganglia in culture (Geschwind et a l, 1996).

A second approach to gene delivery to promote axonal regeneration is the 

delivery of cell-adhesion molecules (CAMs) such as Ng-CAM, LI and N-cadherin. 

CAMs are involved in mediating neurite outgrowth and migration over primaiy 

astrocytes and Schwann cells (Rutishauser, 1993). Studies have shown that 

transplantation of cell lines overexpressing LI have enhanced axonal regeneration 

with the CNS (Kobayashi et a l, 1995). In vitro studies have shown that when first 

generation recombinant adenovirus vectors expressing LI, NCAM or N-cadherin 

have been used to transduce neurons, these cells show increased cell adhesion and 

neurite outgrowth (Romero & Smith, 1997).

L3.2.4 Brain Tumour Therapy.

The majority of clinical trials approved for gene therapy of the CNS and 

elsewhere involve the treatment of brain tumours. There are two basic types of 

treatment. One approach is the delivery of “suicide genes” directly to the tumour i.e. 

the drug susceptibility gene HSV thymidine kinase (TK). When this gene is delivered
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to cells, they become susceptible to the antiherpes drug acyclovir. HSV TK, unlike 

the cellular TK, has the ability to phosphorylate acyclovir. Phosphorylated acyclovir 

is incorporated into DNA during replication preventing further replication of the 

DNA and results in the death of dividing cells. Thus, when the drug is administered 

systemically to the patient, any cells expressing HSV TK are killed and untransduced 

cells are spared (see Fig. 1.2.). This approach has been tested in animal glioma 

models with some success using a replicative defective adenovirus vector expressing 

HSV TK (Chen et a l, 1994).

Normal Cell Tumour Cell with 
TK gene Inserted

NoTK □  
gene

ACYCLOVIR’

No activity

ACYCLOVIR-

TK
phosphorylated 

♦
*  Active drug 

cell death

Fig 1.2. Pro-drug Gene Therapy of Brain Tumours by Delivery of the “suicide 

gene”, Thymidine Kinase (Kennedy, 1997).

Another approach to the treatment of brain tumours is the use of viruses that 

are able to replicate in dividing cells i.e. in a tumour, but are unable to replicate in 

non-dividing neuronal cells. For example, replication of a particular mutant of HSV 

is dependent on the cell type and cell state (Brown et a l, 1994). This mutant is 

deleted in the neurovirulence factor ICP34.5 that is essential for viral growth in non

dividing neuronal cells (see section 1.5.2.1.1) (MacLean et al, 1991a). As the virus 

therefore cannot replicate in non-dividing neuronal cells but can cause a lytic
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infection in rapidly dividing ceils such as in tumours, it therefore has the ability to 

kill certain tumour cells directly (McKie et al., 1996). Studies have shown that such 

viruses are capable of causing regression of experimental intracranial murine 

melanomas (Kesari et a l, 1995) and are currently being tested in phase 1 trials for 

glioblastoma (Rampling et a l, 1998).

1.3.3. Gene Delivery Methods for the Nervous System.

There are several animal models of neurodegenerative diseases that are being 

used to investigate the feasibility of gene therapy. 6-OHDA lesioning for Parkinson’s 

disease is discussed in section 1.3.2.2 (Kaakkola & Teravainen, 1990). Cytotoxic 

lesions of the striatum and cholinergic basal forebrain neurons in animals mimic 

some of the features and behavioural deficits of Alzheimer’s (Higgins, 1999) and 

Huntington’s disease (Sanberg et a l, 1993). These models have been used in three 

basic gene therapy approaches (see Fig 1.3.) and have been reviewed extensively 

(see e.g. Hermens & Verhaagen, 1998):

• Striatal implantation of genetically engineered cells;

• Co-grafting of fetal dopaminergic neurons and genetically modified 

growth factor-producing cells;

• Direct viral vector-mediated gene transfer.

The first two approaches involve ex-vivo engineering and rely on the 

implanted cells acting as biological pumps to produce neurotrophins and 

neurotransmitters, i.e. dopamine. The third approach is the in vivo gene delivery to 

neurons. The various types of viruses used in gene therapy of the nervous system will 

be discussed in the next section. Non-viral delivery methods that are currently being 

tested which include liposomes, DNA conjugates and gene guns will also be 

discussed.

16



in vivo gene transfer by 
intracranial injection of

viral vectors ,r Vo %
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Fig. 1.3. Gene Transfer Methods to promote Neuronal Survival.
1. Viral vector delivery of neurotrophins; 2. Intrastraital transplantation of 

transduced cells producing neurotrophins; 3. Genetically engineered encapsulated 
neurotrophin-producing cells; 4. Local expression of neurotrophins in the peripheral 
nervous system by viral-vector mediated delivery; 5. Retrograde transport of viral 
vectors from muscle to cell body of neurons. Reproduced from (Hermens & 
Verhaagen, 1998).
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1.4. Gene Delivery to the Nervous System by Viral Vectors.

The current rate-limiting step for successful gene therapy is the ability to 

deliver therapeutic genes efficiently to target cells. One of the most extensively 

studied methods for gene delivery is by the use of various viruses. Viruses have 

evolved to be highly efficient at delivering nucleic acid to a wide variety of cell types 

including neurons. Several classes of viruses have been investigated for their 

potential to allow delivery of genes to the nervous system. The main classes are 

discussed below.

The ideal virus vector should have the following properties (Kennedy, 1997):

• It should have the capacity to package the required therapeutic gene 

into the viral particle;

It can be grown to high titres in vitro;

The vectors can be easily manipulated;

The virus must be able to target the appropriate cell-type;

There should be no viral replication in the target cell;

The transgene must be stably expressed in the target cell;

The vector should not elicit an immune response in the host;

None of the virus systems that have so far been studied satisfy all of the 

above requirements. Each have their strengths and their weaknesses, and require 

modifications in order to make them suitable for gene therapy (Robbins & 

Ghivizzani, 1998), these are discussed below.

Viral vector systems are of two types:

• Recombinant viral vectors

• Defective viral vectors
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Recombinant viral vectors are produced by homologous recombination of the 

transgene into the viral genome, replacing one or more of the viral genes required for 

replication. The viruses are then propagated on complementing cell lines that 

produce the deleted viral gene product in trans. These types of vectors include first 

generation adenoviral-based vectors and some types of herpes-based vectors (HSV) 

(Hermens & Verhaagen, 1998).

Defective viral vectors are produced by inserting the transgene into a plasmid 

that contains cw-acting sequences, which allow replication and packaging of the 

plasmid into a viral protein coat in the presence of a helper virus. This type of vector 

includes adeno-associated viral vectors (AAV) and amplicon based HSV vectors.

1.4.1. Retroviral Vectors.

Retroviruses are small RNA viruses that replicate through a DNA 

intermediate. Infection by retroviruses occurs through a specific interaction with a 

viral envelope protein and a cell surface receptor, which allows the virus to be 

internalised (Battini et al., 1992). Inside the cell, the RNA is reverse transcribed into 

dsDNA by means of the virally encoded pot gene (Tanese et al., 1991). The dsDNA 

is then transported to the nuclear membrane, which during mitosis, breaks down 

allovsang the viral dsDNA to integrate into the host DNA by means of the virally 

encoded integrase enzyme (Roe et al., 1993). The integrated provirus is then 

transcribed producing viral RNAs encoding the gag, pol and em  proteins, which 

allow for packaging of the full-length viral RNA. The virus is then released from the 

cell by budding through the e«v-coated cell membrane (Suomalainen & Garoff,

1994).

Retroviruses are potentially ideal vectors for gene delivery in some 

circumstances as they have a wide host range and because they integrate into the

19



host’s genome, ensuring that all daughter cells of a retrovirus-transduced cell also 

carry the provirus (Bishop & Varmus, 1984).

Most of the retroviral constructs currently being used are based on the murine 

leukaemia virus (MLV) (Miller et al., 1993), They have been engineered with a 

significantly reduced viral genome and do not express any viral proteins that may 

evoke a host immune response and are replication-defective. The gene of interest is 

flanked by the MLV long-terminal repeats (LTRs), which allow packaging and 

retroviral transcription (see Fig. 1.4.). The viral proteins gag, po\ and env are 

supplied in trans in packaging cell lines to generate retroviral vectors. Packaging cell 

lines have been developed which produce moderate titres of the replication-defective 

viruses without the risk of producing replication-competent virus due to 

recombination (Cosset et al., 1995). Retroviruses can be targeted to various cells by 

using envelope genes from different viruses (Miller et al., 1985) (Günzburg et al., 

1996).

Whilst the integration of the viral genome into the host genome is an 

advantage in gene therapy, this can only occur in dividing cells and so prevents the 

use of retroviruses for gene delivery to post-mitotic neurons and other non-dividing 

cells (Humphries et a l, 1981, Varmus et a l, 1977). They can be used in ex-vivo 

gene therapy of the CNS by transducing cells in vitro, which are then transplanted 

into the recipient patient. Many studies have used the MMLV vector to transduce 

immortalised fibroblasts in order to express a particular therapeutic gene prior to 

transplantation. Using this method, engineered cells that express TH have been 

shown to reduce apomorphine induced rotational behaviour in animal models of 

Parkinson’s disease (see section 1.3.2.2.). Also, retrovirally transduced cells that 

express NGF have been shown to rescue axotomised cholinergic neurons in the basal 

forebrain in animal models of Alzheimer’s disease (Stromberg et a l, 1990).
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Retroviral vectors are ideal for brain tumour therapy as they readily integrate into 

rapidly dividing cells in the tumour. However, problems occur as replication- 

defective retroviruses cannot spread to other dividing cells after delivering its gene to 

a single dividing cell (Hunter et a l,  1995).

Whilst the integration o f the retroviral genome into the cellular genome 

allows long-term expression, the integration occurs in a non-specific manner. 

Therefore, it is possible that the retroviral genome may integrate next to a cellular 

oncogene causing expression o f this gene due to the proximity o f the retroviral LTRs 

leading to potential tumourgenesis. Also, integration may occur in a tumour 

suppressor gene e.g. the p53 gene or retinoblastoma gene, causing inactivation of 

these genes and affect the cellular mechanisms preventing tumourgenesis.

LTR g en e(s ) LTR
Vector

RNA
polgag MLV

G ag, Pol 
Env Proteins

MLVenv

Fig.1.4. Production of a MLV vector from a Packaging Cell Line.

Packing Cell line contains three components: 1, a vector construct containing the 

required gene (red) flanked by the two retroviral LTRs; 2. & 3, two other constructs 

which express the gag, pol and env genes. The virus produced then buds through the 

membrane. Specificity o f the virus is determined by the specificity o f the envelope 

protein produced (•). Adapted from (Günzburg et a l,  1996).
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1.4.2 Lentiviral Vectors.

The major problem with using retroviruses for gene therapy of the nervous 

system is their inability to infect non-dividing cells. However there is a class of 

retroviruses that are able to infect neurons. These are the lentiviruses, which include 

the human immunodeficiency virus type-1 (HIV-1).

Most of the lentiviral vectors constructed for gene therapy are based on 

replication-defective HIV-1 vectors. The advantage of using HIV-1 based vectors is 

the ability of the viral genome to integrate into the host chromosome even in non

dividing cells (Blomer et al., 1997, Naldini et a l, 1996). This is due to the HIV-1 

matrix and Vpr proteins that interact with the nuclear import machinery and mediate 

active transport of the HTV preintegration complex through the nuclear pores (Gallay 

et a l, 1995, Heinzinger et a l, 1994). Another advantage of these vectors and of most 

retroviral vectors, is that the host range can be made virtually unlimited by varying 

the envelope protein (Schnitzer et a l, 1977).

Production of lentiviral vectors is based on a transient expression system that 

consists of three genetic elements (Klimatcheva et a l, 1999):

• Transfer construct- contains retroviral cis-acting elements and the gene of 

interest;

• Packaging construct- contains the genes for the capsid and polymerase 

components;

• Envelope construct- contains a heterologous envelope gene e.g. the vesicular 

stomatitis glycoprotein G (VSV-G).
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The three expression constructs are maintained as bacterial plasmids and are 

co-transfected into mammalian cells to produce replication-defective vectors 

(Naldini et al., 1996, White et a l, 1999).

These vectors have been tested in the CNS by injection of high titre stocks 

into the striatum of adult rats. Expression of a reporter gene, p-galactosidase, was 

detected in every injection site and in terminally differentiated neurons (Naldini et 

a l, 1996). Other studies on subsequent generations of lentiviral vectors have shown 

stable expression of a marker gene after six months in terminally differentiated 

striatal neurons in vivo (Blomer et al., 1997).

Problems with HTV-1 based vectors include the possibility of recombination 

to produce replication-competent virus. Contemporary lentiviral constructs, where 

the vector components are segregated into three plasmids allow virtually no 

recombination to take place. However, if there is a small risk that this could occur in 

vivo, then it would be difficult to get approval from the regulatory authorities for the 

use of these vectors in patients. Another risk, as for all retroviral and lentiviral 

vectors, is the fact that integration of the HTV-1 provirus into the host chromosome 

may activate cellular proto-oncogenes, due to the proximity of LTRs. HTV-1 

constructs containing deletions in the LTRs, which produce self-inactivating vectors, 

may prevent this occurring (Miyoshi et al., 1998). Insertion of the provirus might 

inactivate a cellular tumour repressor gene causing the cell to become malignant. 

Another limiting factor for lentiviruses is the size of the transgene (approx. 7-10 kB) 

that can be inserted into the vector. Any increase in transgene size reduces the 

efficiency of packaging in the vector.
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1.4.3. Adenoviral Vectors.

Adenoviruses (Ad) are double-stranded DNA viruses with genomes of 

approximately 30-35 kB in length (Graham & Prevec, 1995). Adenoviral vectors are 

currently in wide use for pre-clinical gene delivery in vivo and are in use in clinical 

trials for cystic fibrosis and cancer (see

http://www.wiley.co.uk/genetherapv/clinical).

Adenovirus-based vector systems have many potential advantages (Zhang, 

1999) including:

• Adenoviruses have been extensively studied and characterised;

• Ad vectors are easy to generate and manipulate;

• They can be grovm to high titres (10'^'*^pfu/ml);

• They have a broad host range in vitro and in vivo, infecting both dividing and 

non-dividing cells;

• Ad genomes do not integrate into the host’s genome so there is no risk of 

insertional activation of cellular proto-oncogenes.

The first generation of adenovirus vectors were made replication defective by 

deletion of the Ad El gene (see Fig. 1.5.). The El gene is essential for viral 

expression and replication and El deleted viruses were therefore grown on 

complementing cell lines that produced El in trans. The transgene was inserted 

under the control of the constitutive CMV promoter. In in vivo studies, these vectors 

infected all cell types in the brain including neurons, glial cells and astrocytes (Akli 

et a l, 1993, Bajocchi et al., 1993, Le Gal La Salle et al., 1993). However, the vectors 

showed only transient expression of the transgene (-21 days), and cytotoxcity (Yang 

et al., 1994). The toxicity was due to low levels of viral protein expression that
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elicited an immune response. The limited transgene expression is probably due to 

infected cells being cleared by the immune system. Many first generation Ad vectors 

have bee used to transfer various therapeutic genes including TH, GDNF, NT-3 etc. 

(see section 1.3.2.) to several animal models o f disease including Parkinson’s

A. R e p l i c a t i o n - D e f e c t i v e  A d e n o v i r u s  V e c t o r

E3 +/-

E 3
I________ I_________________________________________________________________ I E 4 -  I

E 2 A  ( t . s . )  

T h e r a p e u t i c  G e n e

B G u t t e d  A d e n o v i r u s  V ec to r .

Therapeut ic  G e n eE S t a f f e r  D N A c
Fig 1.5. Structure of Adenovirus Vector Constructs.

A, Replication defective Ad vector, E l has been deleted and a transgene containing a 
promoter (yellow) and therapeutic gene (blue). Ad ITRs are shaded boxes at the 
ends; B, Gutted Ad vector, where all Ad genes have been removed and replaced with 
transgene and non-coding stuffer DNA. Adapted from (Robbins & Ghivizzani, 
1998).

Subsequent generations o f Ad vectors have now been developed with the aim 

o f reducing cytotoxcity (see table 1.1.). Fourth generation Ad vectors are termed 

“gutless” as all Ad genes have been deleted in order to reduce cytotoxcity (Fisher et 

a i,  1996, Kochanek et al., 1996). Here a plasmid is constructed where the transgene, 

under the control o f the CMV promoter, is inserted between the 5’ and 3’ inverted 

terminal repeats (ITRs) including the Ad packaging signal. The plasmid is 

transfected into El-complementing 293 cells, which are then infected with an El - Ad 

helper virus, which provides all the viral proteins in trans. The plasmid vector is then
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packaged into Ad virions. These vectors can accommodate up to 28kB o f transgene 

and have shown long-term expression in the livers o f mice (Schiedner et aL, 1998). 

However, the problem with this system is the difficulty in separating the gutless virus 

from the helper virus.

Table 1.1. Development of Replication-Defective Adenovirus Vectors.

Generation Deletions

First

Second

El- and El- 
/E3-1

El -/E2a 
temperature 

-sensitive

Advantages

Replication-
defective

Disadvantages References

Reduced immune 
response, increased 

transgene 
persistence

Immune response, 
short transgene 

persistence, 
leakiness o f viral 

proteins

Short transgene 
persistence, 
incomplete 

inhibition o f E2a at 
37°C

(Graham & 
Prevec, 1991, 
McGrory et 
a/., 1988)

(Engelhardt et 
aL, 1994,
Fang et a i,
1996)

Third

Gutless

E 1 -/E4- and 
El-/E2a-

All Ad 
protein 
coding 
regions

Less toxicity, 
reduced leakiness 
o f viral proteins

Contains no viral 
genes, up to 28 KB 
o f space, long-term 

persistence

Controversial 
improvement in 

persistence, 
requires special cell 

lines, difficult to 
grow 

Requires helper 
virus

(Gao et aL,
1996, Lusky 

1998)

(Kochanek et 
a/., 1996, 
Schiedner et 
a/., 1998)

Reproduced from (Hermens & Verhaagen, 1998).
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1.4.4. Adeno-Associated Viral Vectors.

Adeno-associated virus (AAV) is a single-stranded 4.7kB DNA virus that 

requires a helper virus (Ad or HSV), in order to replicate (Srivastava et aL, 1983). 

AAV is non-pathogenic. Upon infection, the wild type AAV genome integrates into 

the host genome in a site-specific manner in chromosome 19 (Samulski, 1993), this 

site does not encode an important gene. However, recombinant AAV vectors do not 

integrate in this site-speeific manner due to the deletion o f the AAV rep gene that 

regulates this process.

AAV encodes two groups o f genes: the rep genes that encode for proteins 

involved in replication, and the cap genes that encode the structural proteins. Both 

sets of genes are flanked by terminal repeats (TRs) that contain the viral origin of 

replication (see Fig. 1.6.). The ITRs also play an important role in encapsidation and 

integration o f the AAV genome (Rolling & Samulski, 1995).

p5 p 1 9  p40

Rep

Gene 1

Cap

ITR ITR

Gene 2

Fig. 1.6. Map of the AAV genome.

A. Map o f the AAV genome indicating the rep and cap open-reading frames, 

flanked by the inverted terminal repeats (ITRs). B. Map o f an AAV vector showing 

the insertion o f transgenes between the ITRs. Adapted from (Robbins & Ghivizzani, 

1998).
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plasmid vector helper plasmid helper virus (Ad)

Transgene
AAV
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Ad genome
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Fig 1.7. Production of Recombinant AAV vectors.
A plasmid vector, containing a transgene flanked by AAV ITRs, is co

transfected into 293 cells with a helper plasmid expressing rep and cap under the 
control o f an adenoviral ITR. After transfection, the cells superinfected with 
helpervirus (Ad). Ad infects the cell and the viral gene products transactivate the Ad 
ITRs on the helper plasmid enhancing the production o f rep and cap. The rep protein 
recognizes the AAV ITRs and rescues the vector DNA from the plasmid and starts to 
replicate it. The cap proteins form the AAV capsid and package the newly 
synthesised AAV genomes. After 2 days there is a mixed population o f helper virus 
and defective AAV particles. Heating to 56°C for 30 mins inactivates the helper 
virus. The AAV is then purified from cell-debris and Ad by Cs-Cl density 
centrifugation. Adapted from (Hermens & Verhaagen, 1998).
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In order to produce a recombinant AAV vector, the AAV genome was cloned 

into a bacterial plasmid (Samulski et al., 1982). The rep and cap genes were deleted 

to leave only the ITRs (Samulski et a l, 1989). The transgene is then inserted 

between the AAV ITRs. The AAV plasmid is then co-transfected into 293 cells with 

a plasmid expressing the rep and cap under the control of Ad ITRs to prevent 

homologous recombination. The cells are then superinfected with an El-deleted 

adenovirus (see fig. 1.7.). After the virus is harvested, the contaminating AD virus is 

removed by differential centrifugation or by heat inactivation. Using this method, 

high titre stocks can be produced of up to 10̂ "̂  particles/ml (Hallek & Wendtner,

1996). Upon infection the AAV genome exists in an episomal state, where it can 

only express its transgene after second strand synthesis (Ferrari et al., 1996).

Recombinant AAV, containing the reporter gene p-galactosidase, have been 

shown to efficiently infect neurons in the brain (Kaplitt et al., 1994, Xiao et al.,

1997) with very little cytopathic effect. Expression was observed for up to 3 months 

after injection. Research using animal models of Parkinson’s disease (see section 

1.3.2.2) has shown that using AAV vectors expressing tyrosine hydroxylase can 

produce significant behavioural recovery (Kaplitt et al., 1994).

There are several limitations with the use of recombinant AAV. The size of

the transgene is limited to about 5kB due to the packaging constraints i.e. only a

limited size of genome can be efficiently packaged. Another concern is the potential

contamination of stocks with wild-type Ad, due to the process requiring a helper

virus. Different methods to overcome this problem have been attempted. This

includes co-transfecting the AAV plasmid with a plasmid encoding the adenovirus

helper genes, instead of superinfecting with an adenovirus helper virus (Hallek &

Wendtner, 1996). Other attempts have tried to produce packaging cell lines which

express the required helper proteins i.e. rep and cap. This approach however, has
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been limited due to the cytotoxic and cytostatic nature of the rep protein (Yang et al., 

1994). Another potential problem is that AAV vectors require double strand 

synthesis for the transgene to be expressed. Therefore efficient transgene expression 

may be prevented in cells where there is limited DNA replication. Currently, the 

production of AAV is still cumbersome and too inefficient for clinical application at 

the moment.

1.4.5. Non-Viral Delivery Methods.

There are several non-viral gene delivery methods of which liposomes have 

been the most widely investigated. Liposomes are non-pathogenic, can be used for 

multiple treatments and are relatively cheap and easy to produce relative to viral 

vectors. Liposomes can be cationic or anionic and they can be conjugated to viral 

proteins in order to target specific cells or to increase the efficiency of their uptake 

(Gao & Huang, 1995, Liu et a l, 1996). Plasmid DNA containing (3-galactosidase 

driven by the SV40 enhancer-promoter was shown to be incorporated into brain cells 

when injected with lipofectin (Ono et a l, 1990). Expression of the marker gene was 

limited to only a few days and expression was only found around the site of 

injection. When a similar DNA-lipofectin complex expressing (3-galactosidase was 

injected directly in the sciatic nerve, expression of the marker gene was found in the 

cell bodies of the dorsal root ganglia and in motor neurons within the spinal cord 

(Sahenk 1993). The major problem with liposomes is however, the low efficiency of 

transgene delivery and the only transient gene expression. When a commercially 

available liposome reagent, Tfx™-20, was compared to an HSV amplicon and a 

replication defective adenovirus vector, the expression from the Tfx™-20 lipid was 

only a third of the expression seen from the viral vectors (Brooks & Federoff, 1998).
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Another non-viral gene delivery method is the gene gun. DNA is delivered by 

binding the DNA to microscopic gold beads, which are then delivered to cells via a 

helium gun. This method is relatively cheap and can deliver DNA to all cell types in 

culture. Whilst this technique is ideal for delivering genes to the skin, where it can be 

used to deliver viral or tumour-associated antigens in order to vaccinate the host (Hui 

& Chia, 1997, Rakhmilevich et aL, 1997), its use in gene delivery to the CNS is 

limited to the ex vivo approaches discussed earlier (see section 1.1.).
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1.5. Herpes Simplex Viral Vectors.

Herpes viral vectors have been extensively studied for use as vectors for gene 

therapy, especially for neurodegenerative diseases (Breakefield & DeLuca, 1991, 

Fink et aL, 1996, Glorioso et aL, 1994, Goins et aL, 1997, Latchman, 1994). Most 

herpes viral vectors are based on herpes simplex type-1 virus (HSVl). There are 

several advantages to using HSV-1 vectors for gene therapy of the nervous system 

which include:

• HSV-1 has a large genome (150 kB) that has been fully sequenced (McGeoch 

etaL, 1988);

• The genome is easy to manipulate and allows the insertion of up to 30 kB of 

exogenous DNA (Longnecker et aL, 1988);

• HSV-1 can infect many cell types (Roizman & Sears, 1996);

• HSV-1 is neurotrophic i.e. it preferentially spreads to cells of the nervous 

system;

• HSV-1 enters a latent state of infection in neurons where the genome persists 

in an episomal state within the cell nucleus. Parts of the genome remain 

transcriptionally active without compromising neuronal function, (Stevens, 

1989b), suggesting transgene expression during latency is possible.

1.5.1 Biology of Herpes Simplex Virus.

Herpes simplex type-1 (HSV-1) is a double-stranded DNA virus and is a 

member of the a-herpesvirus family. This family is classified on the basis of a 

variable host range, relatively short reproductive cycle, rapid spread in culture, 

efficient destruction of infected cells, and capacity to establish latent infections in
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sensory ganglia. HSV-1 biology has been extensively reviewed (e.g. Roizman & 

Sears, 1996).

1.5,1.1. Structure of HSV-1.

The HSV- virion consists of four components:

• An electron-opaque core containing the viral genome,

• An icosahedral protein capsid surrounding the core,

• An amorphous tegument surrounding the capsid containing approximately 12 

viral proteins,

• An outer lipid envelope with approximately 10 viral glycoproteins and 

cellular membrane components.

The HSV- genome is approximately 152kB with a G+C content of 68% and 

has been completely sequenced (McGeoch et aL, 1988). The genome consists of a 

unique long (Ul) and a unique short (Us) region. These unique regions are flanked by 

terminal repeats (TRs) (See Fig. 1.8). The Ul and Us components can invert relative 

to one another producing four isomers. The genome encodes for about 75 proteins 

that are either non-structural i.e. involved in gene regulation and DNA replication, or 

structural i.e. form the capsid, tegument and envelope glycoproteins. The genes of 

HSV can also be classified as essential i.e. essential for replication, or non-essential 

i.e. can be deleted without affecting the growth of the virus.
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Fig. 1.8. Structure of the HSV-1 genome. The HSV-1 consists o f a unique 

long ( U l ) ,  unique short (US) and terminal repeat (TRs). The positions o f several 

essential and non-essential genes are indicated.

When HSV infects a cell, depending on the cell-type, it can enter either a 

lytic or a latent lifecycle. Lytic replication occurs mainly in epithelial cells o f 

mucosal membranes at the site o f the primary infection. HSV spreads to axons of 

sensory neurons that innervate the site o f local infection. The virion is then 

transported in a retrograde fashion to the cell body (Cook & Stevens, 1973). Here the 

virus will either undergo limited viral replication or enter a latent state (Stevens, 

1989b).

1.5.1.2. Lytic Lifecycle of HSV-1.

HSV-1 enters a cell by fusion o f its envelope membrane with the cellular 

membrane. This is mediated by the viral glycoproteins, gC, gB and gD (Kuhn et aL,

1990), and by heparin-like glycosaminoglycans (WuDunn & Spear, 1989). The 

unenveloped capsids are then transported to the nuclear pores where the viral DNA is 

released into the nucleus.

The regulation o f viral gene expression is co-ordinately regulated in a 

temporal fashion and is organised into three groups o f genes, immediate early (IE or
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a), early (E or P) and late (L or y) genes (see fig 1.9.). Expression of the IE genes 

does not require any prior protein synthesis (Honess & Roizman, 1974, Watson et 

aL, 1979). The IE genes are activated in trans by the tegument protein, VP 16 which 

is transported to the nucleus with the viral genome (Campbell et aL, 1984). VP16 

interacts with the cellular protein Oct-1 and binds to a TAATGARAT motif in the IE 

gene promoters to promote transcription of the IE genes (CHare & Goding, 1988). 

The BE genes encode five infected cell polypeptides (ICP) 0, 4, 22, 27, and 47. All 

these proteins, except ICP47, have regulatory fimctions and are essential for the 

subsequent expression of the E and L genes. ICP4 and ICP27 are nuclear 

phosphoproteins that control expression of the E and L genes by both transcriptional 

and post-transcriptional mechanisms, and both these proteins are essential for viral 

replication (DeLuca & Schaffer, 1985, Preston, 1979a, Preston, 1979b). ICP4 also 

negatively-regulates expression of the IE genes. HSV mutants containing deletions in 

ICP4 and 27 must be propagated in complementing cell lines that provide the 

proteins in trans. ICPO also activates the E and L genes but does not bind to DNA. 

ICPO activates many other non-HSV promoters. Whilst ICPO plays a significant role 

in viral growth, as indicated by the impaired replication abilities of ICPO mutants, it 

is not essential for productive infection in cell culture (Everett, 1984, Sacks & 

Schaffer, 1987).

Immediately after infection, another tegument protein called the virion host 

shutoff protein {vhs) disrupts host cell protein translation (Kwong & Frenkel, 1989).

35



Oct1
Non-neuronal VP16

Oct 2 
Neuronal

E Genes

ICP27 ICPO

E Genes

\  DNA 
\  Replication

ICP4 ICP22

Virus Assembly

Fig. 1.9. Temporal Regulation of Gene Expression in the Lytic Lifecycle of HSV

I. Interaction o f  VP 16 and Oct-1 transactivates IE gene expression. The IE gene 

products then coordinate the subsequent expression o f the E and L genes to produce 

a lytic infection. Transactivation o f genes is indicated with the red arrows, repression 

is indicated with the blue arrows. In neuronal cells, the presence o f Oct-2 prevents 

transactivation o f  the IE genes allowing the virus to enter a latent life-cycle.
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Following synthesis of the EE genes, the E genes are transcribed. These genes 

encode proteins responsible for nucleic acid metabolism and viral DNA replication. 

The E genes encode for enzymes such as thymidine kinase, DNA polymerase and 

origin of replication binding proteins. Viral DNA synthesis occurs via a rolling circle 

mechanism that produces head to tail concatemers of the HSV-1 genome (Jacob et 

a l, 1979).

Expression of the L genes is activated by ICP4 and ICP27 only after viral 

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

capsid, tegument and envelope. The viral DNA is cleaved into genome-length units 

and packaged into the newly synthesised capsids (Jacob et a l, 1979). New virus 

capsids appear in the nucleus within six hours of infection. The capsids then bud out 

of the nucleus and move through the endoplasmic reticulum, acquiring the tegument 

proteins, to the cell surface. The lytic cycle is rapid, resulting in cell death within 10 

hours in vitro (Fink et a l, 1996). Propagation of the virus does not initially kill the 

cell, but the cell dies due to accumulation of virus particles (Breakefield & DeLuca, 

1991).

In neurons, where there is limited replication of HSV-1, the virus is 

transported from neuron to neuron via the nerve terminals (reviewed in Kuypers & 

Ugolini, 1990). This allows the virus to pass long distances within the body from the 

peripheral sites of entry into the CNS. Transmission from neuron to neuron occurs 

more rapidly than to other adjacent cells. The virus “signal” is amplified from neuron 

to neuron due to viral replication.

Different strains of HSV-1 vary in their ability to spread throughout the 

nervous system and may follow different neuronal pathways. Virus inoculated at a 

peripheral site can spread to different foci of the brainstem and cortex depending on 

the site of inoculation (Margolis et a l, 1989, Ugolini et a l, 1989) and the strain of
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virus used. The general tropism of HSV-1 within the brain is for the limbic areas 

such as the hippocampus and the amygdala (Chrisp et a i, 1989).

1,5,13 Latent Lifecycle of HSV-1,

In neurons, HSV-1 has the ability to develop lifelong asymptomatic latent 

infections. During latency, the HSV-1 genome exists in an episomal state within the 

nucleus (Rock & Fraser, 1983). None of the five IE early mRNAs can be detected 

(Croen et a l, 1987, Stevens et a l, 1987) in latently infected cells. As the IB gene 

products are required for lytic infection, the virus is thus prevented from replicating. 

IE early gene expression in neurons is prevented due to the presence of the Oct-2 

transcription factor (Kemp et a l, 199Ô). Oct-2 represses IE gene expression by 

binding to the TAATGARAT sequence in the IE promoter of HSV-1 and prevents 

the VP16-0ctI transactivating complex from binding to the promoter. The majority 

of the HSV-1 genome is therefore silenced during a latent infection. The number of 

virus genomes within a single neuron is thought to depend on the number of viral 

particles that initially entered the neuron (Stevens, 1989b). Periodic reactivation of 

HSV-1 can occur resulting in a lytic infection. Reactivation can occur spontaneously 

or can be induced by tissue damage, thermal shock, hormonal imbalance or stress. 

These events can alter the transcriptional state of the neuron and can trigger viral 

reactivation.

HSV-1 latency has been extensively studied in sensory neurons in the PNS 

(Ecob-Prince et a l, 1995). HSV can infect sensory neurons in the periphery and are 

then transported to the cell bodies in the ganglia (see Fig. 1.10). Other studies have 

shown that motor neurons (Dobson et a l, 1990, Keir et a l, 1995) and neurons in the 

CNS (Deatly et a l, 1988) can harbour latent HSV-1. Neurons harbouring latent virus 

can still function normally and can even survive periodic shedding of the virus.
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Fig. 1.10. The Peripheral Nervous System.

HSV-1 infects the epithelial cells in the skin where the virus replicates. Progeny 

virus then infects the sensory nerve terminals and the virus is transported 

retrogradely to the ganglion (indicated by the red line). The virus can then establish a 

latent infection in the cell body o f the sensory neuron.

One region o f the HSV-1 genome remains transcriptionally active 

during latency. A series of RNA transcripts are transcribed from the terminal repeats 

which flank the U l region o f the HSV-1 genome (Stevens et a l,  1987). These 

transcripts are called the latency-associated transcripts (LATs) and can be detected in 

latently infected neurons by in-situ hybridisation (Rock et al., 1987, Stevens, 1989a). 

The major LAT transcript is a 2.0kB non-polyadenylated RNA that remains 

intranuclear. This LAT transcript appears to be a stable intron spliced from an 8.3 

kB primary transcript (Devi-Rao et al., 1991, Dobson et al., 1989, Farrell et al.,

1991). A 1.5kB LAT can also be detected in latently infected neurons (Spivack & 

Fraser, 1987) and may be the result o f further splicing events o f the 2.0kB LAT (see 

Fig 1.11.).

39



The function of the LATs has not yet been clearly elucidated. Initially it was 

thought that they played an anti-sense role due to the last 750 Bp of the major LAT 

RNA being complementary to the ICPO RNA. Therefore, the LATs may bind to low 

levels of ICPO mRNA and prevent translation of the protein. This may prevent the 

virus from reactivating. However, the LATs are not required for the establishment or 

maintenance of latency as viral mutants which do not express LATs can still become 

latent (Ho & Mocarski, 1989, Steiner et a l, 1989), and often show a reduced, rather 

than enhanced, ability to reactivate when induced with epinephrine (Hill et a l, 1990, 

Sawtell & Thompson, 1992). Moreover, deletion of LATs does not affect the rate of 

spontaneous reactivation. All strains of HSV so far sequenced contain open reading 

frames (ORFs) within the 2.0kB LAT (Dolan et a l, 1998, Wechsler et a l, 1989). 

Therefore, there is the possibility that the regulated translation of these ORFs may 

occur during reactivation of HSV (Thomas et a l, 1999a). Another role of the LATs 

could be to keep a part of the genome transcriptionally active to prevent the whole of 

the genome becoming packaged into nucleosomes along with the rest of the HSV-1 

genome (Deshmane & Fraser, 1989). This would allow reactivation to occur more 

rapidly. Whilst the exact role of the LATs is not clear, the major function appears to 

be involved in the reactivation of HSV-1 from a latent to a lytic life cycle as they are 

not required for establishment or maintenance of HSV-1 latency (Sedarati et a l,

1989).

A promoter element containing a TATA box has been identified 700Bp-

1300Bp upstream of the 5’ end of the major LAT (see Fig. 1.11.). This promoter is

termed latency-associated promoter 1 (LAPl). This promoter region contains a cyclic

AMP response element (Leib et a l, 1991), several Spl sites, CAAT box homology

and a neuronal enhancer element (Batchelor & OHare, 1992). Recombinant HSV-1

viruses, in which a genomic clone of the (3-globin gene was inserted 17Bp
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downstream of the TATA box, produced p-globin specific mRNA in latently 

infected sensory neurons in the PNS when the virus was inoculated via the footpad 

(Dobson et al., 1989). Deletion of the TATA box-containing promoter region 

eliminated LAT expression in latently infected ganglia (Devi-Rao et a l, 1991). A 

second latency promoter has been identified and termed LAP2. LAP2 is downstream 

of LAPl and is immediately 5’ to the major LAT (Goins et a l, 1994). LAP2 does not 

contain a TATA box but contains c/5-acting elements and other features that are 

homologous to eukaryotic housekeeping gene promoters. Transient assays of LAPl 

and LAP2 showed that LAP2 is approximately 5-10 times less active than LAPl in 

Vero cells. Unlike other HSV-1 promoters, LAP2 was down regulated by ICP4 and 

ICPO in CAT assays when co-transfected into Vero cells (Goins et al., 1994).
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Fig. 1.11. The Latency Associated Region of HSV-1.

The LAT region is in the terminal repeats o f the U l region o f HSV-1. The 

major LATs are spliced from a 8.3kB primary transcript. The 2.0 kB major LAT 

overlaps the coding region for ICPO. Two latency associated promoters have been 

identified, LAPl and LAP2. LAPl TATA box is 700Bp upstream o f the start o f the 

major LAT, which is spliced from the larger primary transcript. LAP2 is a TATA- 

less promoter that is downstream o f LA Pl.
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1.5.2. HSV Amplicon Vectors.

HSV-1 vectors are of two basic types as discussed previously, recombinant 

viral vectors, and replication-defective vectors known as amplicons. The 

recombinant viral vectors will be discussed later.

The first amplicons (Spaete & Frenkel, 1982, Stow & MacMongle, 1982) 

consisted of a plasmid containing the gene of interest, an HSV-1 origin of DNA 

replication and an HSV-1 packaging signal (see fig 1.12.). No other viral genes are 

contained in this plasmid. When the plasmid is transfected into cells, along with a 

HSV-1 helper virus, the plasmid DNA is replicated producing tandem repeats of the 

DNA as a concatemer, which are packaged into virus particles. As the HSV-1 virion 

normally contains 150kB of viral genome, the virion can accommodate a number of 

amplicon genomes.

The advantages of the amplicon system are that the only manipulation 

required is that of the amplicon plasmid. Each replication defective vector contains 

multiple copies of the gene of interest. Efficiency of delivery to cells is also very 

high with this type of vector and toxicity is low.

Using replication-defective vectors containing the p-galactosidase gene 

driven by the IE4/5 promoter of HSV-1, expression was found in cultured rat PNS 

(Geller & Breakefield, 1988) and CNS neurons (Geller & Freese, 1990). In in vivo 

studies, expression from the CMV promoter was shown for at least 2 weeks (Kaplitt 

et a i, 1991). Transfer of the tyrosine hydroxylase gene by replication-defective 

HSV-vectors, into the striatum of animals with unilateral lesions of the substantia 

nigra (a Parkinson’s disease model) resulted in significant behavioural improvement 

for up to 1 year (During et al., 1994). However, 10% of the animals injected with this 

vector died due to contaminating wild type helper virus.
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Fig 1.12. The HSV-based Amplicon system.

An amplicon containing the gene o f interest (red), and c/5-acting sequences 

responsible for replication and packaging (ori and a), is transfected into cells. The 

cell is then superinfected with a helper virus to provide essential viral proteins in 

trans. The amplicon DNA is then replicated and packaged into HSV virions, 

producing a mixed population o f defective viral vector and helper virus. Adapted 

from (Mermens & Verhaagen, 1998).
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Disadvantages of the amplicon system include the fact that packaging of 

plasmid DNA may be less efficient than that of viral DNA. Moreover, plasmid 

sequences may not be maintained in a true latent state in neurons (Breakefield & 

DeLuca, 1991). Another disadvantage is the inability to remove helper virus from the 

final stock. Initially a temperature sensitive HSV-1 mutant was used as a helper 

virus. This helper virus cannot replicate at the non-permissive temperature of 36- 

37°C, the temperature in vivo (Davison et al, 1984). However toxicity was seen with 

this method due to mutant helper virus reverting to wild type. Now amplicon systems 

have been developed which can produce stocks that are helper-virus free (Fraefel et 

a l, 1996). This system utilises a series of cosmids that encode the HSV-1 proteins 

but have the cleavage and packaging s isa ls  removed. These cosmids are transfected 

along with the amplicon into the cell, where the cosmids encode the viral proteins 

that allow replication and packaging of the amplicon.

Vectors produced using this system efficiently infected rat neural cells in 

vivo. There was little cytopathic effect and expression was detected for at least one 

month. However, this system produced only very low titres of replication-defective 

vectors due to the difficulty in transfecting several plasmids together (Fraefel et al,

1996).

1.5.3. Recombinant HSV-1 Vectors.

Recombinant HSV vectors are produced by genetic engineering of the 

complete genome where transgenes can be inserted into specific loci within the 

genome. Whilst engineering of recombinant versions of small DNA viruses is 

relatively simple, due to the small size of their genome and therefore limited number 

of restriction sites, engineering of the HSV genome by standard cloning techniques is 

more difficult due to the large size of the genome. In order to insert foreign DNA
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into the HSV genome, a technique using homologous recombination has been 

developed (Roizman & Jenkins, 1985). This technique requires the transgene to be 

inserted into the middle of a fragment of HSV DNA within a plasmid (the shuttle 

vector). The HSV DNA in the plasmid corresponds to the regions of DNA flanking 

the insertion site within the HSV genome. An excess of the linearised plasmid is then 

transfected into cells permissive for viral replication, together with full-length 

purified HSV DNA. Purified viral DNA is infectious (Sheldrick et a l, 1973), lytic 

infection thus occurs and during which homologous recombination occurs between 

the plasmid and the viral genome. This results in the insertion of the transgene into 

the viral genome (see Chapter 3). Homologous recombination occurs with greater 

efficiency with a linear plasmid than with a supercoiled plasmid.

Whilst recombinant HSV-1 based vectors seem ideal for gene delivery to the 

nervous system, there are several limitations that have prevented their widespread 

use. These disadvantages include their cytotoxcity, their transient expression of 

transgenes and their lack of cellular specificity. In the next sections, attempts to 

overcome these problems will be described.

1.5,3.1, Reducing Cytotoxicity of Recombinant HSV-1 Vectors

HSV-1 is prevalent in most of the human population and whilst causing 

minimal pathological disease, wild-type HSV-1 is too toxic for use in gene delivery 

to the nervous system. Even though HSV-1 can establish latent infections in neurons, 

when cells are infected at the high multiplicities required for gene therapy, lytic 

replication can occur leading to neuronal death (Roizman & Sears, 1987). When 

wild-type HSV-1 is directly injected into the brain of animals it replicates causing 

encephalitis and the subsequent death of the animal (Olson et al, 1967).
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Many studies have tried to reduce the toxicity of HSV-1 by various deletions 

of viral genes. Deletions fall into two categories, deletion of non-essential genes or 

deletion of essential genes. These deletions are useful in HSV-1 vectors, as they can 

control the extent of toxicity, replication, neuroinvasiveness and neurovirulence of 

the vector. Also, by deleting the viral genes, the capacity for inserting foreign 

transgenes can be increased (Breakefield & DeLuca, 1991).

1.5,2,1.1 Deletion of non-essential genes.

The first attempts at engineering HSV-1 vectors involved the deletion of non- 

essential genes of HSV-1. These are genes that are not required for growth of the 

virus in vitro but are involved in the pathogenesis of the virus in vivo. For example, 

the tk gene, which encodes thymidine kinase, is not required for growth of the virus 

in dividing cells, but it is essential for viral growth in non-dividing cells, such as 

neurons. Therefore, tk - HSV-1 vectors have limited viral growth in neurons. 

Problems arose with this virus, as it was still lethal when injected at high titres in the 

brain probably due to replication in non-neuronal cells (Palella et al., 1989).

ICP34.5 is a neurovirulence factor, the deletion of which allows the virus to 

still replicate in dividing cells but prevents replication in non-dividing cells (Brown 

et al., 1994). In vivo, HSV-1 mutants lacking ICP34.5 have reduced neurovirulence 

when injected into the peripheral and central nervous system (MacLean et al., 

1991a). These mutants allowed the expression of p-galactosidase in the brain and in 

dorsal root ganglia depending on the site of injection, but there was a low efficiency 

of transduction (Coffin et a l, 1996). However, other studies have shown that there is 

a host immune response to ICP34.5 mutants in the brain (McMenamin et a l, 1998a, 

McMenamin et a l, 1998b) leading to inflammation. Recombinant viruses containing

47



a deletion in ICP34.5 have been successfully used in the treatment of gliomas and are 

currently being tested in Phase 1 trials (Rampling et al., 1998).

The advantage of using HSV-1 vectors that have deletions in non-essential 

genes is that they can be grown to high titres in vitro without the need for 

complementing cell-lines. As the virus can be grown in cells that do not contain 

copies of viral genes, there is no risk of recombination resulting in wild-type virus 

being produced.

1.5,2.1.2 Deletion of Essential Genes,

Whilst deletion of non-essential genes can reduce the virulence of HSV 

vectors, these vectors are still toxic as they can still enter a lytic lifecycle if used at 

high multiplicities. Deletion of one or more of the EE genes, whose products regulate 

the lytic cascade may reduce the toxicity of the virus. A virus that is deleted for ICP4 

cannot replicate in vivo, but can still enter a latent state in neurons (Dobson et al.,

1990). However, viruses which are deleted in ICP4 can still express other EE genes 

i.e. ICPO, ICP22, ICP27 and ICP47, whose products accumulate in cells. The IE 

proteins are cytotoxic themselves (Johnson et al., 1992). HSV vectors where single 

IE genes have been deleted individually (ICPO, ICP22, ICP27, ICP47), or in 

combination with ICP4 (ICP4/ICP22, ICP4/ICP47) are not significantly less toxic 

than vectors deleted in ICP4 alone. Triple deletions of IE genes (ICP4/ICP22/ICP27) 

were less toxic than the single and double mutants. However toxicity still remained 

due to the accumulation of ICPO that interfered with cellular DNA synthesis (Wu et 

al, 1996). In post-mitotic neurons, where there is no cellular DNA synthesis, these 

vectors were able to express transgenes for over 21 days (ICrisky et a l, 1998). 

Deletion of ICPO, ICP4 and ICP27 had reduced toxicity and lower levels of viral
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gene expression when compared to the ICP4/ICP27 double mutant (Samaniego et al.,

1997).

IE gene expression can also be reduced by inactivating the IE transactivator 

protein, VP 16 (Ace et a l, 1989). VP 16 cannot be deleted, as it is an essential 

structural protein required in capsid assembly. It is inactivated by a 12Bp insertion 

into the region encoding the activation domain, thus removing its IE gene activation 

function without affecting its structural function. These VP 16 mutants had reduced 

IE gene expression at low multiplicities. At high multiplicities, there was no effect on 

IE gene expression.

HSV vectors that have deletions in the IE genes encoding ICP4 and ICP27 

have to be grown in complementing cell lines that provide the IE gene product in 

trans (DeLuca et at., 1985, Thomas et at., 1999b). ICPO and ICP22 are not essential 

for viral growth, but mutants deleted in these genes have reduced growth ability 

Sacks & Schaffer, 1987, Sears et al., 1985). VP16 mutants do not require 

complementing cell lines and can grow to high titres in culture when supplemented 

with hexamethylene bisacetimide (HMBA) (McFarlane et al., 1992).

For in vivo gene delivery, the ideal HSV vector would be deleted for ICP4, 

ICP27 and have an inactivated VP 16. These deletions would prevent the expression 

of the other IE genes and would therefore be replication-incompetent and have 

minimal toxicity. Further deletions of ICP34.5 would decrease the neurovirulence of 

the vector. These viruses are minimally toxic in a variety of cultured neuronal types 

(Lilley et al. Unpublished).

An advantage of having several deletions in the viral genes is that for the 

recombinant vector to revert to wild type it would have to undergo several 

recombinations, which is highly unlikely.
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The degree of disablement required for a vector is dependant on the target 

tissue. Studies in our laboratory have shown that an HSV-1 vector that is deleted for 

ICP27 and ICP34.5 can deliver transgenes with high efficiency with relatively low 

toxicity to the CNS via stereotactic inoculation (Howard et al., 1998). This double 

mutant had a higher transfer efficiency than a single mutant HSV vector which was 

deleted in just ICP34.5. However, this vector was unable to deliver transgenes to 

dorsal root ganglia (DRG) in the PNS when inoculated via the footpad. It is thought 

that for efficient delivery to these ganglia, a replication competent vector is required, 

as a vector that is deleted for ICP34.5 and VP16-inactivated (termed 1764) shows 

efficient delivery of a marker gene to DRGs (Coffin et a l, 1996). Replication occurs 

in this vector even though VP 16 is inactivated due to the high multiplicities of 

infection (MOI) injected. A vector that is deleted for ICP27 (17+27-) alone has been 

used to deliver heat shock protein 27 (HSP27) to primary DRG cells in culture. 

These transduced cells were protected from thermal and ischaemic stress and also 

protected from apoptosis by NGF withdrawal. This replication defective virus was 

able to deliver the transgene without damaging the cells indicating that deleting 

ICP27 is a good method of reducing the toxicity of the vector (Wagstaff et al, 1999). 

However, due to the ICP27 deletion this vector could not be tested in the PNS in vivo 

by footpad inoculation since it does not replicate. Other studies in our laboratory 

have shown that a vector that is fully replication deficient (1764/27-/4-) is optimal 

for safe and efficient delivery to the CNS via stereotactic inoculation. Using a 

slightly less disabled vector (1764/27-), genes encoding tyrosine hydroxylase and 

GDNF have been delivered to the striatum and have been shown to reduce 

apomorphine-induced rotational behaviour in 6-OHDA lesioned rats. Biological 

effects were seen for up to 16 weeks and there were very low levels of cytotoxcity 

produced by the vector.
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1.5,2,2. Obtaining Long-Term Expression,

Early studies of HSV vectors involved inserting a transgene under the control 

of a viral promoter. Most studies utilised p-galactosidase (LacZ) as a marker as it can 

be easily detected by histochemical means using an X-gal substrate. It can also be 

distinguished from mammalian p-galactosidase by its higher pH optimum or by the 

use of specific antibodies.

When P-galactosidase was placed downstream of the HSV ICP4 promoter 

(Ho & Mocarski, 1988), ICPO promoter (Cai & Schaffer, 1989) or the ICP6 promoter 

(Goldstein & Weller, 1988), activity was short-lived. Here, expression of P- 

galactosidase could only be detected in the CNS (after stereotactic inoculation), and 

PNS (after footpad inoculation), for up to 4 days. However, as the majority of HSV 

promoters are silenced when HSV-1 enters latency then it might have been expected 

that expression from these promoters would have been silenced once the virus 

entered latency.

When non-HSV viral promoters are used such as the human cytomegalovirus 

IE promoter (HCMV IE) (Ecob-Prince et a l, 1995), or the Moloney murine 

leukaemia virus long terminal repeat (MoMuLV LTR) (Lokensgard et a i, 1994), 

there are high levels of expression in vivo in the PNS acute times after infection. 

However, here again the level of expression reduced dramatically as the virus entered 

latency. Therefore, even non-HSV promoters are subjected to the same silencing 

controls during HSV latency.

As the only transcriptionally active region of HSV during latency is the LAT 

region, it therefore follows, that the promoters driving expression of the LATs could 

also be utilised to drive the long-term expression of a foreign gene in an HSV vector.
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In attempts to take advantage of the LAT promoters during latency, initial 

studies placed transgenes downstream of the LAPl promoter in its natural position in 

the genome. In these vectors the transgene was placed immediately downstream of 

the transcriptional start site of the LATs (Dobson et a l, 1989, Margolis et a l, 1993). 

These vectors initially allowed high levels of expression, i.e. during the acute phase, 

but there was little expression during latency. Therefore the LAPl promoter can only 

drive expression in the short-term. Also, the LAPl promoter can drive short-term 

expression even when placed in an ectopic locus such as the glycoprotein C (gC) 

locus (Lokensgard et a l, 1994).

It therefore might be supposed that further DNA elements are required in order 

to obtain long-term expression. When the MoMuLV LTR was placed downstream of 

the LAPl, long-term expression was achieved in the PNS (Lokensgard et a l, 1994). 

Here it was proposed that the LTR region provides DNA elements which functions to 

prevent silencing of the promoter during latency in the absence of the other LAT 

elements i.e. LAP2. When a transgene, containing the encephalomyocarditis virus 

internal ribosome entry site (ECMV 1RES) linked to p-galactosidase, is inserted 

1.5kB downstream of the LAT transcription site, long-term expression was obtained 

in the CNS and PNS (Lachmann & Efstathiou, 1997). In this vector, there was no 

disruption of the LAT elements i.e. LAPl and LAP2, which therefore allowed long

term expression. In in vivo studies, expression has been obtained for up to 6 months 

in the PNS using this 1RES vector. Neurons that are latently infected with HSV have 

been shown to express LATs for the lifetime of the host and therefore it is assumed 

that transgene expression driven from the LAP regions should also be lifelong 

(Lachmann & Efstathiou, 1999). However longer time points have not been studied 

and it has been shown that whilst long-term expression can be obtained, the level of

expression is reduced at six months compared to the earlier time points.
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From this information, it shows that there must be elements downstream of 

the LAPl promoter that are essential for long-term expression and which can be 

substituted by the MoMuLV LTR. However, as MoMuLV LTR only provides long

term expression in conjunction with LAPl, elements from LAPl and LAP2 may be 

required in order to obtain strong long-term expression.

When P-galactosidase was inserted immediately after the LAP2 promoter, 

long-term expression was achieved. However, the activity of the promoter was very 

weak, as P- galactosidase could not be detected by histochemical means. Activity 

could only be shown using sensitive RT-PCR to detect very low levels of P- 

galactosidase mRNA (Goins et al., 1994). This result was achieved when the 

transgene was inserted after LAP2 and in the gC locus, indicating that whilst LAP2 is 

able to function in an ectopic locus, it is only able to drive very low levels of 

expression. The LAP2 region appears to function best when it is inserted in 3’ of the 

LAPl promoter (Lokensgard et al., 1997).

Work in our laboratory has shown that using a 1.4kB region (LATP2 in 

Figure 1.13.) downstream of LAPl, including LAP2, long-term expression is 

conferred on heterologous promoters which are placed either downstream of this 

region, or immediately upstream of this region. This LATP2 fragment can also 

confer long-term expression on heterologous promoters when the transgene cassette 

is placed in an ectopic locus (see Fig. 1.14 ). This region is almost identical to the 

region downstream of LAPl in the ECMV 1RES vector where the IRES-p- 

galactosidase transgene is inserted 1.5kB downstream of the LAPl promoter 

(Lachmann & Efstathiou, 1997).
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Fig. 1.13. Engineering Recombinant HSV Vectors.

The top o f the diagram indicates the viral genes that need to be deleted in 

order to produce a non-cytotoxic vector for use in the CNS. These genes include the 

IE genes ICP4 and ICP27, and the neurovirulence factor, ICP34.5. The IE gene 

transactivator, VP 16, is inactivated by a I2Bp insertion in its activation domain. For 

an effective vector for use in the PNS, VP16 inactivation and deletion o f ICP34.5 is 

sufficient.

The bottom o f the diagram indicates the location o f the promoters in the LAT 

region that have been used to try and obtain long-term expression. LAPl and LAP2 

are shown by black boxes. The 1.4kB LATP2 region (Pstl/B stX I fragment) used in 

our laboratory is indicated in blue. The red lines indicate LAT transcripts and the 

black line indicates ICPO transcript.
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Fig 1.14. Obtaining Long-Term Expression of Transgenes in HSV Vectors.

The LATP2 region o f HSV-1 (blue) can confer long-term expression on heterologous 

promoters (red). This can occur when the promoter is placed downstream of LATP2 

in the LAT locus, or when the transgene, containing LATP2/Heterologous 

Promoter/Marker gene, is placed in an ectopic locus e.g. the UL43 gene.
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Therefore, it is thought that the LAPl provides elements that allow 

transcription in neurons, whilst the LAP2 region provides elements that allow long

term expression in a LAP 11-dependent fashion.

As discussed earlier, the LATP2 region used in our laboratory has the ability 

to confer long-term expression characteristics on heterologous promoters placed 

either upstream or downstream. However, all the promoters tested express in a 

constitutive manner. One of the aims of this project is to determine if this LATP2 

region is capable of conferring long-term expression characteristics onto cell-type 

specific promoters whilst maintaining the specificity of the cell-type specific 

promoter. As yet unpublished studies in our laboratory using a 1764 virus 

(ICP34.5ATP16 deficient), showed that when an HCMV IE promoter was inserted 

after LATP2 in the LAT locus (termed 1764 pR19LacZ), expression was observed in 

dorsal root ganglia (DRG) after footpad inoculation for up to 6 months (longest time 

tested). As with other studies, the level of expression decreased over time. To see if 

the reduction in expression was due to promoter inactivation rather than clearance of 

the virus by the immune system or cell death caused by toxic effects of the virus, in 

situ hybridisation was performed to detect LAT RNAs from a virus in which the 

transgene was placed in an ectopic site. In this virus, the LAT region had not been 

disrupted and therefore should express the LAT RNAs. In this case, the transgene 

contained the LATP2 promoter linked to the MMLY promoter driving expression of 

{3-galactosidase. Results showed that there were a similar number of LAT positive 

cells compared to LacZ positive cells. Therefore, expression of the transgene appears 

as efficient as LAT expression during latency i.e. expression of the transgene was not 

silenced.

It was therefore concluded that the reduction in expression must be due to

other means than transcriptional inactivation. To test if the immune system had an
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effect, SCBD mice were inoculated with the same virus. SCID mice are genetically 

engineered so that they are immunocompromised (they have no B or T cells). At 3 

days, there were a similar number of LacZ positive cells in DRGs in both the SCID 

mice and control mice. At 1 month, there were significantly more LacZ positive cells 

in the SCID mice than in the control mice, indicating that the reduction in the 

number of positive cells is likely to be due to the immune system clearing transduced 

cells. The immune effects could either be directed at the vector itself or to LacZ.

The studies described using the LAP promoters have indicated the sequences 

that are required in order to drive long-term expression of a transgene in vivo. 

Expression from these transgenes is observed in multiple cell types, as the HCMV IE 

promoter is constitutively active in most cells. However, transgene expression may 

not be required in all cell types. The use of cell-type specific promoters is a potential 

way of restricting transgene expression to a particular cell-type, the alternative being 

to limit the spectrum of cells that the vector can enter.

1.5.3. Cell-Type Specific Promoters.

Whilst HSV based vectors are particularly suited for gene delivery to neurons 

due to their inherent neurotropism, problems might arise due to the fact they infect a 

wide range of cell types. To increase their specificity, particularly for their potential 

use in clinical protocols, the ability to target the vectors to a single cell-type might be 

advantageous. For example, expression of a therapeutic gene in one cell type might 

be toxic or otherwise undesirable in another cell type. By regulating the expression 

of the transgene, it may be possible to prevent inappropriate expression in non-target 

cells. This could be critical, for example, in suicide gene therapy of cancer. Here, the
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suicide gene must only be expressed in malignant cells and not be expressed in 

normal cells, which would result in non-specific toxicity.

As briefly discussed earlier, one way to target gene expression is to use 

vectors that have been modified such that they only transduce a single-cell type. This 

involves altering glycoproteins on the viral coat so that they interact with a single 

cell surface receptor expressed on only a specific cell type. Retroviruses can be 

targeted to a particular cell-type by modification of their envelope protein. The 

amino terminal of the MMLV retrovirus envelope protein, which interacts with the 

cell surface receptor, has been replaced with epitopes from other proteins that are 

known to interact with other defined receptors such as erythropoetin (Kasahara et al., 

1994), heregulin (Han et a l, 1995) or integrin (Valsesia-Wittmann et a l, 1994). 

However, the titres and infectivity obtained with these modified receptors were very 

low, probably due to the difficulty in integrating the modified receptor into newly 

synthesised virus particles, and as the modified vectors only enter cells at low 

efficiencies.

Similar attempts have been made at modifying the adenovirus fibre protein, 

which is responsible for attaching to cells, in order to target the vector to a particular 

cell-type. A neutralising anti-fibre antibody that was conjugated to folate and then 

complexed to an Ad vector was shown to allow targeting of the vector to cells 

expressing the folate receptor to at least some extent (Douglas et a l, 1996).

Due to the relative lack of success so far in this area, the use of cell-type 

specific promoters may be more attractive. Many promoters so far have been 

identified which restrict expression to a particular cell-type e.g. the neuronal-specific 

enolase promoter in post-mitotic neurons, the chromogranin A promoter in 

neuroendocrine cells etc. (Miller & Whelan, 1997, Walther & Stein, 1996). Initially 

these promoters were studied in viral vectors in order to elucidate the function of the
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promoter itself in various cell-types. Now they have also been identified as a 

potential way to allow targeted gene expression using viral vectors.

L 5.3.1 Neuronal-Specific Enolase Promoter.

Certain HSV vectors for use in the CNS and PNS may be required to have 

expression restricted to neurons. The rat neuronal-specific enolase (NSE) promoter 

has been extensively studied in HSV vectors. NSE is an isoform of the glycolytic 

enzyme enolase (E.C. 4.2.1.11) that catalyses the conversion of 2-phosphoglycerate 

to phosphoenolpyruvate. NSE is expressed in most terminally differentiated neurons 

and neuroendocrine cells, but not in other cell types (Marangos & Schmechel, 1987, 

Schmechel et a l, 1978). Neuroblasts and non-neuronal cells express the ubiquitous 

enzyme isoenzyme non-neuronal enolase (NNE). NSE is abundantly produced in 

primary neuronal cells and many cells with neuronal characteristics (Marangos et a l, 

1978).

NSE gene expression is activated at a stage in development when neurons 

stop migrating and form functional synapses i.e. during synaptogenesis (Marangos et 

a l, 1980). Its expression increases at a steady rate into adulthood until NSE mRNA 

is one of the most abundant brain mRNAs. Levels of NSE protein can reach 1% of 

the total cell protein (Marangos & Schmechel, 1987).

In transgenic animal studies, a 1.8kB NSE promoter fragment was required

to drive neuronal-specific expression of p-galactosidase (Forss-Petter et al., 1990). In

these transgenic animals, expression was observed in the brain, but not in the liver,

kidney or heart. In the brain, several neuronal types were P-galactosidase positive

including Purkinje cells, granule cells, and neurons of the deep cerebellar nuclei.

Neuron-specific expression was also found in motor neurons in the spinal cord. In

other histochemical studies, endogenous NSE expression has been identified in the
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PNS, specifically in sensory neurons in dorsal root ganglia of adult rats, whereas no 

expression was observed in non-neuronal cell in the PNS (Vega et a l, 1990).

Analysis of the NSE promoter shows that it lacks CCAAT and TATA 

elements. It does contain several transcription factor-binding sites including SPl, 

API, and AP2. It also contains a cAMP response element (Sakimura et al., 1995). In 

Chloramphenicol acetyl-transferase (CAT) reporter gene assays of the truncated 

promoter, it was found that the 190Bp immediately upstream of the transcription start 

site comprised the basal promoter element. In another promoter-truncation study, a 

255Bp NSE promoter fragment proximal to the transcription start site was able to 

drive CAT expression in a neuronal-specific manner, indicating that there are ex

acting elements within this proximal 255Bp region which confer the neuronal 

specificity of the promoter (Twyman & Jones, 1996).

There have been several studies of HSV-based vectors containing the NSE 

promoter to drive transgene expression. The first utilised a tk- HSV vector where a 

1.8kB NSE-LacZ cassette was inserted in to the tk locus of HSV-1 (Andersen et a l, 

1992). The virus was tested in various neuronal and non-neuronal cell lines. NSE 

was only able to drive expression in a N1E115-TG2 cell line derived from a mouse 

neuroblastoma. A control virus, where LacZ expression was driven from the HSV 

ICP8 promoter, showed expression in all the cell lines tested. This indicated that the 

NSE promoter maintained its specificity when inserted in to the viral genome. In 

primary cultures of DRG neurons, LacZ activity was detected at 3 days and at 14 

days, whereas in the control virus, activity was only detected at 3 days. When the 

NSE-LacZ virus was stereotactically inoculated into the caudate nucleus of a rat, 

LacZ expression was observed in neurons for up to 30 days. The control virus only 

exhibited transient expression up to 3 days. However, there were large areas of 

necrosis found when using these recombinant vectors due to viral toxicity.
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Further studies with this virus showed that the actual efficiency of transgene 

delivery was very low (Andersen et al., 1993). The efficiency was estimated at 1 cell 

expressing LacZ per lO'̂  plaque forming unit (pfu) injected. The low level of 

expression was due to the NSE promoter, as other recombinant vectors studied, 

where the only difference was the promoter driving transgene expression, gave much 

higher levels of short-term expression (Andersen et al., 1992) (Kaplitt et al., 1991). 

This study concluded that the NSE promoter was not an optimal promoter for use in 

gene delivery to the CNS. It was also proposed that long-term expression of the 

transgene in the tk- HSV vector was due to low levels of replication of the vector 

occurring.

In another study, a 1.8kB NSE-luciferase transgene was inserted into the IE3 

gene locus of HSV-1 (Roemer et al., 1995). In this study, expression of the transgene 

was observed in neuronal and non-neuronal cell-types, indicating that the NSE had 

lost its specificity. This study concluded that the NSE promoter fragment was 

incomplete, and that genomic sequences in the transgenic mice may have 

compensated for this deficiency. A neuronal specific element has been identified in 

intron 1 of the NSE gene (Sakimura et al., 1995), which was not contained in this 

HSV vector but the absence of this sequence may be compensated for by the 

genomic sequence at the integration site in the transgenic animal. Another reason 

proposed was that the NSE promoter was complete, but that the expression of 

transgenes from foreign heterologous promoters is template dependant i.e. whether 

they are contained in a plasmid, the cellular genome or an HSV-1 genome. The 

location of the transgene within the HSV-1 genome may also affect the activity of 

the promoter.

A recent study using a helper-virus free HSV-amplicon based vector that

contained a 1.8kB NSE promoter fused to (3-galactosidase, showed very low levels of
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expression in cultured cortical neurons in vitro. No expression of p-galactosidase 

was observed when the vector was injected into the midbrain, striatum or 

hippocampus of rats (Wang et al., 1999).

The NSE promoter has also been studied in non-HSV based vectors. 1.8kB 

NSE promoter has been used to drive Fas-ligand in a replication defective adenovirus 

(RAd-NSE-FasL)(Morelli et a l, 1999). Using this vector, no expression of FasL was 

found in epithelial or in fibroblast cell lines. In Neuro-2a cells, a neuroblastoma cell 

line, the NSE promoter was active. However, the NSE promoter was also found to be 

active in cell lines derived from glial cells. It was thought the NSE expression 

occurred in these cells due to the activated-status of the astrocytes in the primary 

culture, as NSE is expressed by activated astrocytes precursors in active division.

A recombinant adeno-associated viral vector has also been produced which 

contains the 1.9kB NSE promoter driving expression of green fluorescent protein 

(GFP) (Peel et a l, 1997). When this vector was injected into the spinal cords of rats, 

expression of GFP was localised exclusively to neurons, based on double 

immunolabelling. Expression was observed for up to 2 months. Whilst this vector is 

promising, its application is somewhat limited due to the small size of transgene that 

can be inserted.

Thus, several studies have indicated that the 1.8kB NSE promoter fragment is 

capable of driving panneuronal-specific expression of a transgene from viral vectors 

in vitro. However, in vivo results have been poor with either none or only very low 

levels of transgene expression being observed. Therefore, whilst this promoter has 

the potential to be used to drive neuronal-specific expression of viral vectors, 

research still needs to be carried in order to determine the optimal size of the 

promoter fragment, the location of the promoter within the vector and which viral 

gene deletions are required.
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1.5.3.2, Tyrosine Hydroxylase Promoter.

Another cell-type specific promoter that has been studied in viral vectors is 

the tyrosine hydroxylase (TH) promoter. Tyrosine hydroxylase (B.C. 1.14.16.2) 

catalyses the initial rate limiting step in the synthesis of catecholamines. The 

expression of TH is restricted to dopaminergic cells in the CNS. These include 

neurons in the substantia nigra, diencephalon and the olfactory bulb. In the PNS 

expression of TH is restricted to sympathetic ganglia and adrenal medulla. In 

transgenic studies, a 4.8kB TH promoter fragment was shown to exhibit the correct 

cell-type specific expression of a marker gene in all CNS and PNS tissues (Baneijee 

e ta l, 1992).

In studies where a 663Bp TH promoter driving LacZ expression was inserted 

into an HSV amplicon, expression was found in superior cervical ganglia (TH 

expressing cells) and not in dorsal root ganglia (non-TH expressing cells) in vitro 

(Oh et al., 1996). This indicated that the sequences within the 663Bp rat TH 

promoter are sufficient for cell-type expression in peripheral nervous system neurons 

in vitro.

A 9.0KB TH promoter has also been inserted into a HSV amplicon. When 

this vector was injected into the rat striatum, LacZ expression was observed in the 

substantia nigra ipisilateral to the injection site. These LacZ positive cells were 

identified as positive for endogenous TH by double-labelling immunohistochemistry. 

The number of double positive cells increased at 10 weeks compared to the number 

at 2 days. However, very few double positive cells were observed in the substantia 

nigra when the vector was injected directly into this site suggesting that retrograde 

transport of the vector is required for efficient transgene expression (Jin et a l, 1996).

A helper virus free HSV vector has also been developed that contains a 6.8kB 

TH promoter fragment which allows transgene expression in dopaminergic cells for
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up to 2 months in the substantia nigra, when injected into the midbrain of a rat 

(Wang et a l, 1999). Using the same system, when a 766Bp TH promoter fragment 

was used, expression lasted for 2 weeks only in TH+ cells. The difference in the 

stability of the 2 sizes of the TH promoter could be due to a spacing effect because 

the 6.8kB promoter separates the transcription start site of the TH promoter from 

genetic regulatory elements present in the HSV-1 origin of replication. Alternatively, 

the upstream region of the TH promoter may contain elements that can stabilise long

term expression from HSV-1 vectors.

1,5,3.3 L7 Promoter.

The L7 promoter restricts expression of the Purkinje cell protein 2 to 

cerebellar Purkinje cells and retinal bipolar neurons (Oberdick et a l, 1990, Vandaele 

et a l, 1991). Transgenic studies utilised a 4.0kB promoter fragment fused to P- 

galactosidase to drive specific expression. Promoter truncation experiments on the 

L7 promoter indicated that a l.OkB promoter fragment immediately upstream of the 

transcription start site was sufficient to allow restricted expression to cerebellar 

Purkinje cells (Oberdick et a l, 1993).

An 800Bp L7 promoter fused to LacZ has been inserted into a replication 

defective adenovirus vector (Hashimoto et a l, 1996). Expression of the transgene 

from this vector was restricted to Purkinje cells in vitro, all other cell types, including 

cerebellar neurons and astrocytes, were LacZ negative. LacZ expression from this 

vector lasted for 7 days after infection. When this vector was injected into the 

cerebellum of a rat, expression was found near the site of injection. LacZ positive 

cells were identified as Purkinje cells, indicating that the L7 promoter maintained its 

specificity in vivo. However the duration of expression was not examined.
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1.6. Aims of the Project.

This thesis aims to examine the potential to use of cell-type specific 

promoters within Herpes simplex (HSV) vectors. This is aimed at the production of 

vectors that are capable of restricting expression of transgenes to particular cell 

types. Three cell-type specific promoters of increasing cellular specificity were to be 

tested; these are the neuronal specific enolase (NSE) promoter (for expression 

restricted to post-mitotic neurons), the tyrosine hydroxylase (TH) promoter 

(expression specific to dopaminergic neurons) and the L7 promoter (expression 

specific to Purkinje cells within the cerebellum).

This thesis will also examine the feasibility of linking these promoters to 

regulatory sequences derived from the latency associated transcript (LAT) region of 

HSV, in order to determine which sequences might be required for optimal long-term 

gene expression.

Recombinant vectors were to be produced which would allow testing of cell- 

type specific promoter activity in vitro in various neuronal and non-neuronal cell 

lines and which would allow the testing in vivo.
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Chapter 2
Materials and Methods.
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2.0. Materials and Methods.

2.1. Molecular Biology.

2.1.1. LABORATORY REAGENTS.

General laboratory chemicals were of analytical grade and purchased from 

either Merck Ltd, Poole, Dorset, U.K.; Boehringer Mannheim, Lewes, East Sussex, 

U.K.; Difco Laboratories, Detroit Laboratories, Detroit, U.S.A.-, Sigma Chemical 

Company Ltd, Poole, Dorset, U. Life Technologies, Paisley, Renfrewshire, U.K.- or 

Biometra Ltd, U.K. Hexanucleotides [pd(N)6} for random prime labelling, and 

dNTPs were obtained from Pharmacia Biotechnology Ltd, St. Albans UK.

Radiochemicals and Hybond N+ nylon membranes were obtained from 

Amersham International Pic. Little Chalfont, Bucks., UK. Kodak X-OMAT imaging 

photographic film was purchased from Sigma Chemical Co. Ltd. Kodak Professional 

64T colour film was also purchased from Sigma chemical company.

2.1.2. Bacterial strains and Growth Conditions.

2.1.2.1 Bacterial strains.

The XL 1-Blue (Stratagene Ltd., Cambridge, UK) strain of E.coli was used in

this thesis for all plasmid clonings.

XL 1-Blue recAl endAl gyrA96 thi-1 hsdRl? supE44 relAl lac [F'proAB

LacFZAMlS, TN 10 (Tet/]

2.1.2.2. Propagation of Bacteria.

XL 1-Blue (XLl-B) cells were grown in Luria Bertani (LB) media containing 

either no antibiotic or lOOjag/ml ampicillin overnight in a Gallenkamp orbital shaker 

at 200rpm. LB media was autoclaved at 120°C for 20 mins at 101b square inch'\
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Stocks of ampicillin (Sigma Chemical Company, Poole, Dorset, U.K.) were made at 

lOOmg/ml (lOOOx) and stored at -20°C. Colonies of XLl-B were isolated by growing 

on LB plates containing 2% Bacto®-agar.

Luria Bertani (LB Media) 1% (w/v) Bacto®-tryptone

1% (w/v) NaCl

0.5 % (w/v) Bacto®-yeast extract

2.I.2.3. Transformation of XLl-Blue Cells.

Competent XLl-B cells were prepared using a standard calcium chloride 

technique (Sambrook et al., 1989). A 5ml starter culture (containing no antibiotic) of 

XLl-B were grown overnight which was then used to inoculate lOOmls of LB 

(containing no antibiotic) and the culture was grown to an OD580 of 0.4-0.55 units. 

The bacteria were then pelleted by centrifugation at 2000rpm for 10 mins at 4°C and 

any excess LB was removed. The cells were resuspended in lOmls of ice-cold 

lOOmM CaCb and incubated on ice for 1 hour. The cells were then pelleted as before 

and resuspended in 4mls of ice cold CaCb. The cells were then incubated on ice until 

required. Cells were used within 72 hours.

200pl of competent XLl-B cells were transformed by addition of DNA and 

subsequent incubation on ice for 30mins. The cells were then heat shocked for 90 

seconds at 42°C. The cells were then incubated on ice for a further 2 mins. SOOpl of 

LB was then added to the cells and the cells incubated in the orbital shaker for Ihour 

at 37°C/200rpm. The cells were then pelleted and resuspended in lOOpl of LB and 

plated onto LB agar plates containing lOOpg/ml of ampicillin. If detection of P- 

galactosidase was required, plates containing 50pl of 20mg/ml stock of 4-Cl, 5-
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bromo, 3-indolyl-p-galactosidase (X-Gal, Insight Biotechnology Ltd.) dissolved in 

dimethyl formamide, were used.

2.1.3. DNA Extraction Techniques.

2.1.3.1 Small Scale Plasmid DNA extraction from XLl-B cells.

The “mini-prep” extraction method used is based on an alkaline lysis method 

described previously (Bimboim & Doly, 1979).

Single colonies of XLl-B cells were used to inoculate 5mls of LB containing 

lOOpg/ml ampicillin, and were incubated in an orbital shaker overnight, as before. 

The cells from 1.5ml of culture were then pelleted by centrifugation at 2000rpm for 

2mins. The cells were resuspended in lOOpl of resuspension buffer (50mM Tris-HCl 

pH 7.5, lOmM EDTA pH8, lOOpg/ml RNase-A. Cells were lysed by addition of 

200jLil of lysis buffer (200mM NaOH, 1% (v/v) Triton X-100) and then 150pl of 

neutralisation buffer (3M NaOAc pH5.5) was added. The cell lysate was then 

centrifuged for 5mins at 200rpm and the pelleted precipitate was removed with a 

hypodermic needle bent at the tip. 500pl of isopropanol was added to the remaining 

supernatant was then centrifuged for 5 mins at 15000 rpm. The supernatant was 

removed and the DNA pellet was washed with 500|l i1 of 70% ethanol (EtOH). The 

DNA pellet was air dried and then resuspended in lOOpl of double-distilled water 

(ddHiO). Plasmid DNA was stored at -20°C.

2.1.3.2. Large Scale Plasmid DNA Extraction.

A 10ml overnight culture of transformed XLl-B cells were used to inoculate 

400mls of LB containing lOOpg/ml ampicillin and incubated in an orbital shaker 

overnight. lOOmIs of the culture were then spun down at 3000rpm for lOmins.
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Plasmid DNA was then extracted using the Qiagen Midi-Prep Kit (Qiagen, 

Chatsworth, USA) as per manufacturers instructions. Typical yield of DNA using 

this method was 100|u.g, which was resuspended in lOOpl of ddH2 0 .

2.1.3.3. Small Scale Viral DNA Extraction.

Small-scale viral DNA extractions were performed in order to obtain viral 

DNA for Southern blot analysis. A 60mm dish of virally infected cells at complete 

cytopathic effect (CPE) were harvested and pelleted by centrifugation at lOOrpm for 

lOmins. The cells were resuspended in 200pl of TES buffer (50mM Tris pH7.8, 

ImM EDTA, 30% (v/v) sucrose). 200jiil of Proteinase K buffer (2% (w/v) SDS, 

lOOmM P-mercaptoethanol) was added and then incubated on ice for BOmins. lOpl 

of Proteinase K (stock at 20mg/ml) was then added in the cells were incubated at 

55°C overnight. 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 then 

precipitated by addition of 75pl of ammonium acetate (7.5M NEUOac) and 2.5 

volumes of ice-cold 95% ethanol and subsequent centrifugation at 15000rpm for 

lOmins. The viral DNA pellet was then washed with 500jLil of 70% EtOH and the 

DNA pelleted was air-dried for 5mins. Viral DNA was then resuspended in 50jiil of 

ddHzO.

2.1.3.4. Large Scale Viral DNA Extraction.

Large-scale viral DNA extractions were carried out in for use in homologous 

recombination transfection in order to produce recombinant vectors.

Virally infected cells at complete CPE were harvested j from 10 x 850cm^ 

roller bottles. Cells were pelleted by centrifugation at BOOOrpm for 10 mins. The
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supernatant was then centrifuged for a further 2 hours at ISOOOrpm at 4°C in order to 

pellet the virus particles. The pellet was then resuspended in lOmls of Proteinase K 

buffer (O.OIM Tris pH8.0, 5mM EDTA, 0.5% SDS) and Proteinase K was added to a 

final concentration of 50pg/ml. The resuspended pellet was then incubated in an 

orbital shaker (200rpm, 37^C) for 5-6 hours until the lysate becomes clear. lOmls of 

ddHiO were then added to the lysate. Extractions were performed by addition of an 

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) followed by gentle 

mixing by inversion for 10 mins and subsequent centrifugation at 12000rpm for 10 

mins. Extractions were performed until no white interface appeared after 

centrifugation. A final extraction was performed using an equal volume of 

chloroform/isoamyl alcohol (24:1). The viral DNA was then precipitated with 2 

volumes of ethanol at room temperature by running the ethanol gently down the side 

of the tube, layering on the aqueous solution and then gently mixing. The 

precipitated viral DNA was then pelleted by centrifugation at 300rpm for 10 mins. 

The viral DNA was then washed with 5mls of 70% ethanol and the pellet was then 

air-dried overnight. The pellet was then resuspended in l-3mls of ddHiO and the 

integrity of the DNA was determined by running 5 pi on a 1% agarose gel.

2.1.4. Cloning Techniques.

2.1.4.x. Restriction Digests.

Restriction digests were performed on plasmid DNA either for analysis or 

isolation of DNA fragments. Analytical digest were performed in 20pl total volume 

containing either 5 pi of mini-prep DNA or Ipl of midi-prep DNA. 10 units of 

enzyme were added and the appropriate buffer used as specified by the manufacturer.
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Digests were incubated for 1-2 hours at the appropriate temperature. The digests 

were then run on a 1% agarose gel and bands visualised on a UV transilluminator.

Restriction digests required for isolation of DNA fragments were carried out 

in a total volume of 40pl containing 2-3pg of midi-prep DNA and the appropriate 

buffer. Digest were incubated overnight and then run on a 1% agarose gel. DNA 

bands were visualised on a UV transilluminator and the required bands were 

carefully excised using a scalpel. DNA was then extracted from the agarose using the 

GeneClean II Gel Extraction Kit (Bio 101, Vista, CA, USA) as per manufacturer’s 

instructions. The DNA was then eluted in a final volume of 20pl.

2.1.4.2. Blunt-£nd Reactions.

When there were no compatible restrictions sites for cloning, sticky-ends 

were blunted by filling in their 3’ overhangs using T4 DNA polymerase (Promega, 

Southampton, UK.). After restriction digest, Ipl of a 25mM stock of dNTPs (dATP, 

dCTP, dTTP, dGTP) and 15 units of T4 DNA polymerase was added. The reaction 

was incubated for 30 mins at 2>TC. If subsequent restriction digests were to be 

performed in the reaction, the reaction was heat inactivated at 80°C for 30 mins and 

then cooled on ice for 20 mins prior to addition of further restriction enzymes. After 

blunt-ending, the reaction was run on a 1% agarose gel.

2.1.4.3. DNA Ligations.

Ligations were performed in thin walled 0.5ml reaction tubes in a total 

volume of 20pl. Reactions contained l-2pl of gel-purified vector, 7-lOpl of gel- 

purified insert, Ix ligase buffer, 1-3 units of T4 DNA ligase (Promega, Southampton, 

UK) in ddH20. Reactions were placed in a thermocycler (Eppendorf Thermocycler)
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and incubated at 16°C for Imin followed by 37°C for Imin for 30 cycles. A further 

incubation was performed at 22°C for 30mins. The ligation reaction was then 

transformed into 200pl of competent XLl-B cells as described earlier.

2.1.4.4. DNA Sequencing.

Sequencing of plasmid constructs was performed when there was no suitable 

analytical restriction digest. Ipg of phenol/chloroform extracted plasmid DNA was 

sequenced using the T7 Sequenase Kit v2.0 (Amersham Pharmacia Biotech, 

Cleveland, USA) as per manufacturers instructions. The Sequenase Kit utilises the 

dideoxy method as previously described (Tabor & Richardson, 1987).

2.1.5. Gel Electrophoresis.

2.1.5.1 Agarose Gel Electrophoresis.

1% (w/v) agarose gels were made using 1 x TAE (0.4M Tris, 0.2M sodium 

acetate, 20mM EDTA, pH8.3). Ethidium bromide was added to a final concentration 

of 0.5pg/ml. Loading buffer (1 x TAE, 50% v/v glycerol, 0.025% bromophenol blue) 

was added to DNA samples prior to loading. DNA markers used are 1 kilobase 

ladder (Gibco, UK). When low melting point agarose was used and the gels were run 

no higher than 60mA.

2.1.5.2. Polyacrylamide Gel Electrophoresis.

Sequencing reactions were run on an 8% 19:1 acrylamide: bisacrylamide, 

50% urea in 1 x TBE (100 Tris Borate, 2mM EDTA) (National Diagnostics, Atlanta, 

USA). The gel was pre-run at 1600 volts for 20 mins prior to loading the sequencing 

reactions. 2pi of each sequencing reaction was loaded and the gel was run at 1800
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volts. Length of run is dependant on length of sequence required. The gel is then 

fixed in fixing solution (10% v/v methanol, 10% v/v acetic acid) for 30 mins. The gel 

is then placed on 3mm Whatman paper and dried (Biorad Gel Dryer) for 60mins. The 

gel is then autoradiographed overnight.

2.1.6. Southern Blot Analysis of Viral DNA.

Southern blots were performed on viral DNA to determine the correct 

homologous recombination had occurred when producing recombinant HSV vectors.

20pl of a viral DNA prep was digested overnight with the appropriate 

enzymes and buffers in a total volume of 50pl. 0.1 pg of plasmid control DNA was 

digested in a total volume of 20pl. The digest reactions were then run on a 1% TAE 

gel as described above at no more than 80mA.

2.I.6.I. DNA Transfer.

The DNA was visualised on UV transilluminator and photographed. The gel 

was left on the transilluminator for further 2mins. The gel was then placed in 

denaturing solution (1.5M NaCl, 0.5M NaOH) for 45mins. The gel was then 

transferred to neutralising solution (2M NaCl, IM Tris pH5.5) for a further 45mins. 

The gel was then placed upside down 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 20 X SSC (150mM NaCl, 15mM sodium citrate pHS.O). 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. 10 pieces of 3mm Whatman paper, pre-soaked in 20 x SSC, where placed on 

top of the nylon membrane and a suitable stack of dry paper towels was placed on
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top with a weight. The DNA was then transferred by capillary action to the nylon 

membrane overnight.

The membrane was removed and washed in 3x SSC and then cross-linked 

(UV Stratalinker 2400). The membrane was then air dried for 30mins. The 

membrane could then be stored at 4°C prior to hybridisation.

2.16.2. Hybridisation.

The nylon membranes were pre-hybridised for between 2-5 hours at 65°C 

with 30mls of pre-hybridisation solution (6 x SSC, 5 x Denhardt’s reagent, 0.5% w/v 

SDS in ddHzO containing lOOpg/ml of denatured herring sperm DNA [100 x 

Denhardt’s reagent; 2% w/v bovine serum albumin, 2% Ficoll® (type 400), 2% w/v 

polyvinylpyrrolidone in ddHiO]). The volume of the pre-hybridisation solution was 

reduced to 5mls prior to adding the denatured probe. The probe was hybridised to the 

membrane overnight at 65®C. The membrane was then washed in twice for 10 mins 

in 2 X SSC/0.1% w/v SDS. The filters were then wrapped in cling film and exposed 

to X-ray film at -70°C.

2.I.6.3. Radiolabelling of DNA.

Fragments of DNA were radiolabelled with a-[^^P]-dCTP for use in the 

Southern blot analysis. The method is based on the random prime labelling reaction 

previously described (Feinberg & Vogelstein, 1983).

Plasmid DNA was digested and run on a 1% low melting point agarose gel. 

The required DNA fragment was then excised from the gel and 3 volumes of ddHiO 

was added. The gel slice was then heated to 100°C for 5mins and than snap cooled by 

placing on ice for 2 mins. 7pl of the melted gel slice was then placed in a screw cap
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Eppendorf containing lOpl of oligolabelling buffer, 5 units of DNA polymerase large 

fragment (Klenow), SOpCi of a-[^^P]-dCTP in a total volume of 50pl. The reaction 

was then incubated at 2>TC for 30 mins. The reaction was then filtered through a G50 

Sephadex column to remove any unincorporated label. The radiolabelled DNA probe 

was then heated for 5mins at 100°C and snap cooled on ice for 2 mins. The denatured 

probe was then added to the hybridisation solution.

Oligolabelling Buffer (OLE):

Solution O: 1.25M Tris HCl pH 8.0
0.125MMgCl2

Solution A: 1ml Solution O
ISpl P-mercaptoethanol 
5pl O.lMdATP 
5pl O.lMdGTP 
5pl O.lMdTTP

Solution B: 2M HEPES pH6.6

Solution C: 90 units/ml random hexamers [pd(N)6]
Dissolved in TE pHS.O

Oligolabelling buffer was made by mixing A:B:C in a ratio of 100:250:150.
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2.2. Tissue Culture.

All tissue culture preparations were carried out under sterile conditions in a 

laminar flow safety cabinet. All viral preparations were carried out under Health and 

Safety Category 2 Conditions.

All tissue culture plasticware was obtained from Nunc, Roskilde, Denmark. 

All media and supplements were supplied by Life Technologies, Paisley, 

Renfrewshire, UK.

2.2.1. Mammalian Cell Lines.

2.2.1.1. Baby Hamster Kidney Cells.

Baby Hamster Kidney cells (BHKs) Clone 13 (Macpherson & Stoker, 1962) 

were provided by the Imperial Cancer Research Fund (ICRF), London UK.

BHK cells were grown in Dulbecco’s modified Eagle medium (DMBM 

PGM) supplemented with 10% fetal calf serum (PCS) and 100 units/ml penicillin 

and streptomycin. BHK cells were passaged by washing in Hanks Balanced Salt 

Solution at room temperature and then incubated with 2mls per 80cm^ flask of 10% 

(v/v) trypsin in versene at 37°C/5% CO2. An equal volume of DMBM PGM was 

added and the cells were then split into lOmls per 80cm^ flask of fresh DMEM PGM 

in a ratio of 1:8.

2.2.1.2. ND7 Cells.

ND7 cells were created by fusion of mouse neuroblastoma cells (N18Tg2) 

with a rat post-mitotic neonatal dorsal root ganglion neuron (Wood et ah, 1990).

ND7 cells were grown in Leibovitz LI5 media (LI 5 PGM) supplemented 

with 10%PCS, 100 units/ml of penicillin and streptomycin, 0.35% (w/v) glucose.
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2mM L-glutamine and 0.375% (w/v) sodium bicarbonate. Cells were passaged by 

removal of media and addition of lOmls of fresh LI5 FGM and gentle agitation of 

the flask to dislodge the cells. The suspended cells were then split in a ratio of 1:5 

into lOmls per 80cm^ flask of fresh LI 5 FGM.

2.2.1.3. Neuro-2a Cells.

Neuro-2a (N2A) cells are derived from a mouse neuroblastoma cell (Olmsted 

et al., 1970). N2A cells were provided by Professor Pedro Lowenstein, University of 

Manchester, UK.

N2A cells were grown and maintained in the same way as ND7 cells.

2.2.2. Cell Line Storage.

Cells were sub-cultured whilst in log phase, as determined by growth curves. 

Frozen stocks were made by mixing 0.5ml of cell suspension with 0.5ml of ice-cold 

freezing mixture (85% FCS, 15% dimethyl sulphoxide [DMSG]) in 1.5ml cryovials. 

Frozen stocks were maintained at -70°c for 24hours prior to storage in liquid 

nitrogen.

Frozen cell stocks were rapidly thawed at 2>TC and transferred immediately 

to 10ml of fresh FGM and pelleted by centrifugation at OOrpm for lOmins. The cell 

pellet was then resuspended in 0.5ml of fresh FGM and titrated by 1:2 dilutions in 8 

wells of a 24 well dish. Wells were then harvested and the cells transferred to flasks.
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2.2.3. Transient Transfections Assays.

2.2.3.I. DNA Transfections.

DNA transfections were performed with supercoiled plasmid DNA for the 

transient transfection assays. The transfections are based on the calcium phosphate- 

mediated transfection method as previously described (Stow & Wilkie, 1976).

HEBES T ransfection Buffer: 140mM NaCl

SmMKCl 

0.7mM Na2HP0 4  

5.5mM D-glucose 

20mM Hepes 

pH 7.05 with NaOH

Filter sterilised with a 0.2pm filter. Stored at 4°C

Cells are grown in 35mm wells until they were 70% confluent. Two tubes 

were set up:

Tube A: 3 Ipl 2M CaCb Tube B: 400pl HEBES transfection buffer

lOpg plasmid DNA*

20pg herring sperm DNA (phenol/chloroform extracted)

The contents of tube A are carefully mixed by gentle pipetting and then added 

to tube B drop-wise with gently mixing. The mixture is then left for 20-40mins to 

allow the DNA to precipitate. Media is removed from the cells and the precipitated 

DNA mixture is carefully added. The cells are then incubated for 20-40mins at 37°C. 

2mls of FGM is then added to the cells and the cells then incubated for 4-6hours 

prior to DMSG shocking. Media is removed from the cells and the cells washed 

twice with 2mls of FGM. 1ml of 25% v/v DMSG in HEBES transfection buffer is 

added to the cells and left for no longer than 2.5mins. The DMSG solution is
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removed and the cells washed twice with 2mls of FGM. A final 2mls of FGM is 

added to the cells and then incubated at 37°C/5% CO2.

For transient transfection assays, duplicate wells were transfected and the 

cells incubated for 48 hours. One well was then harvested for use in the (3- 

galactosidase activity assay. The duplicate well was assayed for p-galactosidase 

activity by X-gal staining.

2.2.3.2. P-Galactosidase Activity Assay.

The level of activity of p-galactosidase was determined using the Galacto- 

Lighf^  ̂ p-galactosidase Reporter Gene Assay System (Tropix, Bedford, MA, USA). 

This kit is a chemiluminescent reporter assay that allows the rapid, sensitive and non

isotopic detection of P-galactosidase activity. The cells were harvested by scraping 

with a bent pipette tip. A 50pl aliquot was taken from the harvested cell suspension 

prior to use in the P-galactosidase assay and the number of cells determined using a 

haemocytometer counting chamber (Weber Scientific International, UK.). The rest of 

the cell suspension was then pelleted at 200rpm and resuspended in 200pl of lysis 

buffer as per manufacturers instructions. l-20pl of cell lysate was then assayed in 

triplicate using a Turner TH-20e luminometer as per manufacturers instruction. The 

total activity per 1000 cells was then determined.

2.2.3.3. Detection of p-Galactosidase by X-Gal Staining.

Media was removed from the cells and then washed twice with 2mls of 1 x 

PBS (lOx Stock PBS: 104mM sodium chloride, 1.8mM potassium chloride, 5.4mM 

disodium orthophosphate dihydrate, 1.25mM potassium dihydrogen orthophosphate.
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pH7.0). The cells were then fixed with 1ml of 1 x PBS containing 0.05%

glutaraldehyde for 10 mins. The cells were then washed twice again with 2mls of 1 x 

PBS. 3mis of X-gal solution (5mM K3Fe(CN)6, 5mM K4Fe(CN)6.6H20, ImM 

MgCb, 150|Lig/ml 4-Cl,5-bromo,3-indoyl-(3-galactosidase [X-gal - dissolved in 

DMSO] in Ix PBS) was placed on top of the cells. The cells were then incubated for 

between 2 hours and overnight. The X-gal stain was then removed and replaced with 

2mls of 70% v/v glycerol in water for storage at 4°C until the cells were 

photographed.

2.2.4. Production of Recombinant HSV Vectors.

2.2.4.I. Homologous Recombination Transfections.

Transfections were carried out as described in section 2.2.3.1 except 10-30pg 

of purified viral DNA (see section 2.1.2.4.) was added to tube A. For homologous 

recombination transfections using HSV mutant 1764 viral DNA, the media was 

supplemented with 3mM hexamethylene bisacetamide (HMBA) in order to induce 

immediate early gene transcription (Ace et a l, 1989). Homologous recombination 

transfections were left for 3-5 days until complete cytopathic effect (CPE) was 

observed. The well was then harvested and freeze-thawed. The harvested cells were 

then titred out and the efficiency of the recombination determined by assaying for 

recombinants containing the required reporter gene.

2.2.4.2. Viral Titre Assay.

BHK cells were grown in a six well plate until 80% confluent. A 1:10 serial 

dilution of virus suspension (either harvested from homologous recombination 

transfections or from pure stock) from 1x10'  ̂ -  IxlO'^ml was added to 0.5mls of

81



serum free media and placed on the cells. The cells were then incubated for Ihour at 

37°C/5%C02. The media was then removed and replaced with 2mls of 1:2 of 1.6% 

(v/v) carboxymethyl cellulose:FGM supplemented with 3mM HMBA. The cells 

were then incubated for a further 48 hours at 37°C/5%C02 and the wells were then 

assayed for number of plaques in each well in order to determine titre of virus. If the 

virus suspension was a pure stock, the cells were fixed (see section 2.2.2.3) arid 1ml 

of a 0.05% w/v Crystal Violet solution (in 20% Ethanol) was added to the cells for 1 

min in order to visualise the plaques. If the level of homologous recombination was 

to be determined, then the cells were either X-gal stained (for detecting loss or gain 

of the p-galactosidase reporter gene -  see section 2.2.3.3) or visualised under an 

inverted fluorescent microscope at wavelength 520nm (for loss or gain of green 

fluorescent protein marker gene). The titre of virus was measured in plaque forming 

units per ml (pfu/ml).

2.2.4.3. Purification of Viral Recombinants by Plaque Selection.

Harvested wells from homologous recombination transfections were titred 

out as described in section 2.2.4.2. except cells were not fixed. After X-gal staining 

(see section 2.2.3.3.) or UV light visualisation (see section 2.2.4.2.), blue/green/white 

plaques were picked from the BHK monolayer using a P20 Gilson micropipette (set 

at 3pi) underneath an inverted microscope/fluorescent microscope. Plaques 

containing the required recombinant vector were isolated and transferred to a vial 

containing lOOpl of serum free DMBM. The plaque suspension was then freeze- 

thawed. lOpl and 90pl of the plaque suspension were then added to 0.5ml of serum- 

free DMEM that was then placed into a 35mm dish containing BHK cells at 80% 

confluency. The cells were then incubated for Ihour at 37°C/5%C02. The media was
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then removed and replaced with 2mls of 1:2 of 1.6% (v/v) carboxymethyl cellulose: 

FGM supplemented with 3mM HMBA. The cells were then incubated for 48 hours. 

The plaque purification process was repeated until plaques contained the required 

recombinant vector. The whole well was then harvested and lOOpl of this suspension 

was used to infect 2 x 175cm  ̂ flasks containing BHK cells at 80% confluency. The 

cells were incubated at 37°C/5%C02 until complete CPE. The cells were then 

harvested and the viral titre determined. This stock was used as sub-master stock in 

order to produce a high titre stock (see section 2.2.4.4.).

2.2.4.4. Production of High Titre Stock of Recombinant Vector.

10 X 850cm^ roller bottles (Coming Glass Works, Coming, New York, USA) 

containing BHK cells grown to 80% confluency were infected with 2 x lO^pfu per 

roller bottle of a sub-master stock of vims in a total volume of lOOmIs per roller 

bottle of FGM DMEM supplemented with 3mM HMBA. The cells were then 

incubated at 32°C/0.5rpm for 3-5 days until complete CPE was observed. The cells 

and supematant were harvested by vigorous shaking of the roller bottle. The cellular 

debris was then pelleted by centrifugation at 3000rpm for 30 mins at 4°C. The 

supematants were then combined and the vims particles pelleted by centrifugation at 

12000rpm for 2 hours at 4°C. The supematant was then removed and l-3mls of this 

supematant was then used to resuspend the viral pellet by gentle pipetting. The 

resuspended viral pellet was then sonicated for Imin in a water bath sonicator. Then 

lOOpl aliquots of the resuspended vims were stored in liquid nitrogen. The titre of 

the resuspended vims was determined using the standard viral titre assay (see section 

2.2.4.2) except that 1:10 serial dilutions were made between IxlO'^-lxlO'^ mis.
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2.2.5. Determination of In Vitro P-Galactosidase Activity of Recombinant 

Vectors.

The recombinant vectors produced were used to infect various cell lines and 

the level of p-galactosidase activity was determined. Cells were infected with various 

multiplicities of infection (MOIs -  number of infectious virus particles/number of 

cells). BHK cells at 80% confluency contain approximately 1x10  ̂cells andND7 and 

N2A cells contain approximately 1x10  ̂ cells per 35mm dish. Duplicate six well 

plates were set up containing either BHK, ND7 or N2A cells grown to 80% 

confluency. Cells were infected with 0.5mls of serum free media (appropriate for the 

cell line -  see section 2.2.1.1.) containing the appropriate amount of virus and 

incubated at 37°C/5%C02 for 1 hour. The media was then replaced with 2mls of 

FGM (appropriate for the cell line) but the FGM was not supplemented with HMBA. 

The infected cells were then incubated for 48hours at 37°C/5%C02 for 48 hours. One 

well was then harvested and assayed for P-galactosidase activity using the Galacto- 

Light kit (see section 2.2.3.2.) and one well was assayed for p-galactosidase activity 

by X-gal staining (see section 2.2.3.3).

2.2.6. Determination of In Vivo P-Galactosidase Activity of Recombinant 

Vectors.

2.2.6.1. In Vivo Gene Delivery.

In vivo gene delivery studies were carried out for each of the recombinant 

vectors produced, using 3-week-old female BALB/c mice (Harlan Laboratories, 

Oxon, UK.) using the method previously described (Clements & Subak-Sharpe, 

1983, 1988). 25jLil of a IxlO^pfu/ml stock of recombinant vector was inoculated into
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the rear footpad of a mouse. At various times post-inoculation, the mice were 

sacrificed and the six lumbar dorsal root ganglia (DRG) from the side of inoculation 

were removed and p-galactosidase expression determined (see section 2.2.6.2.). An 

alternative gene delivery method involved direct injection of the sciatic nerve. For 

sciatic nerve inoculation, animals were anaesthetised, the sciatic nerve exposed, and 

2-5pi of a 1 X lO^pfu/ml virus stock was injected into sciatic nerve using a glass 

micropipette. The wound was then closed and animals allowed to recover. DRGs 

were then removed at various time points post-inoculation as for the footpad 

injections.

2.2.6.2. Detection of P-Galactosidase Activity in Extracted Dorsal Root Ganglia.

Dorsal root ganglia (DRG) were dissected from the mice and placed in 1 x 

PBS. The DRGs were then fixed with 4% paraformaldehyde in 1 x PBS for 1 hour on 

ice. The DRGs were then washed 3 times with 1 x PBS for 15 mins each wash. The 

DRGs were then placed in lOOpl of DRG X-gal solution (5mM K3pe(CN)6, 5mM 

K4pe(CN)6.6H20, ImM MgCb, 0.02% sodium deoxycholate, 0.02% NP-40, and 

40mg/ml X-Gal [dissolved in DMSO] in 1 x PBS) and incubated at 37°C overnight. 

The X-gal solution was then removed and the DRGs placed in 70% v/v glycerol and 

stored at 4°C prior to photographing. DRGs were photographed by placing in 1 x 

PBS on a glass slide and placing a coverslip on top. Photographs were taken at 25x 

magnification (Zweiss Axhiphot).
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2.2.6.S. Detection of Green Fluorescent Protein in Extracted Dorsal Root 

Ganglia.

DRGs were removed and placed in 1 x PBS. The DRGs were then placed on 

a glass slide using a plastic pipette tip and coverslipped. GFP expression was then 

visualised under UV light on an inverted microscope (Zweiss Axiophot) and 

photographed as before.

2.2.7, Organotypic Slice Cultures.

2.2.7.I. Preparation of Organotypic Hippocampal Slice Cultures.

The culturing methods used are a modification of those previously described

(Murray et al., 1999, Stoppini et a l, 1991). All procedures were performed using

sterile techniques and following Home Office approved guidelines. Brains were

removed following rapid decapitation and placed in ice-cold dissecting media

(DMEM, PenStrep 200 units/ml). After hemisecting the brain, the hippocampus was

isolated by making a dorso-rostral cut through the fornix, a ventro-caudal cut through

the entorhinal cortex and rolling the freed hippocampus out over the neocortex.

Hippocampi were placed dorsal side up on a Mcllwain Tissue Chopper (Mickle

Laboratory Engineering Co, Ltd., Gomshall, Surrey, UK) and 300 mm slices were

made in the coronal plane. The hippocampal slices were then immediately

transferred to pre-warmed growth media (50% MEM, 25mM Hepes; 25% horse

serum; 25% hanks balanced salts; supplemented with l-glutamine, 2mM, and D (+)-

glucose, 6.4 mg/ml) where the slices were carefully separated and transferred onto

pre-warmed 30 mm Millicell-CM culture plate inserts (Millipore Ltd. Watford, UK)

with 1ml of culture media placed below the inserts membrane. Three to 4 slices were

aliquoted to each insert. The inserts were placed in 35 mm culture dishes (Nunc, Life
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Technologies, Paisley, UK). All cultures were maintained in a humidified incubator 

at 37°C with 5 % CO2 and the culture media were changed 2-3 times weekly by 

removing 500 p.1 and replacing it with fresh media.

2.2.T.2. Infection of Organotypic Hippocampal Slices with Recombinant 

Vectors.

After the organotypic hippocampal slices had been cultured for 7 days they 

were infected v^th the recombinant HSV vectors. Slices were infected with between 

2xl0"^-2xl0^pfu of virus in 2mls of mRoth media (50% MEM, 25mM Hepes; 2% 

Tc m m̂ Supplement [ICN Biomedicals; 25% hanks balanced salts; supplemented 

with l-glutamine, 2mM, and D (+)-glucose, 6.4 mg/ml. The culture media was 

removed from below the slices and the virus suspension was slowly added on top of 

the slices. The slices were then incubated at 37°C/5%C02 for 1 hour. The media was 

then removed and 1ml of culture media (50% MEM, 25mM Hepes; 25% horse 

serum; 25% hanks balanced salts; supplemented with l-glutamine, 2mM, and D (+)- 

glucose, 6.4 mg/ml) was placed below the insert membrane. The slices were then 

incubated at 37®C/5%C02 for 48hours. The slices were then either analysed for p- 

galactosidase activity, expression of GFP or processed for immunohistochemistry.

2.2.7.3. X-gal Staining of Organotypic Hippocampal Slices.

p-Galactosidase activity was initially determined by histochemical means using X- 

gal staining of the whole slice. After 48 hours following infection, the culture media 

was removed from the wells. Following two brief washes in 1 x PBS, slices were 

fixed in 0.5% glutaraldehyde for 15 minutes, washed twice again in 1 x PBS and 

transferred to X-Gal staining solution (5mM K3Fe(CN)6, 5mM K4Fe(CN)6.6H20,
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ImM MgC12, 0.02% sodium deoxycholate, 0.02% NP-40, and 750 mg/ml X-Gal in

PBS). Slices were incubated in X-Gal staining solution overnight at room

temperature. The X-gal solution was then removed and replaced with 70% (v/v)

glycerol for storage of the slices at 4°C. The slices were either photographed in the

dishes, or they were removed and placed on glass slides and counter stained with

cresyl violet Nissl stain with the following protocol:

0.5% Cresyl Violet: 1-5 min 

water: brief wash 

water: brief wash 

50% EtOH: 30s 

70% EtOH: 30s

95% EtOH: 1-10 min (until stain is the desired intensity)

100% EtOH: 1 min 

100% EtOH: 5 min 

Histoclear: 1 min 

Histoclear: 5 min

The slices were then coverslipped using histomount.

2.2.7.3. Detection of GFP expression in Organotypic Hippocampal Slices.

The detection of GFP expression in the organotypic hippocampal slice 

cultures required no pre-treatment of the slices. The insert membranes containing the 

slices were removed from the 35mm dishes and place in to 60mm dishes containing a 

small amount of the culture media. The inserts were placed onto this media carefully 

ensuring that there were no air bubbles. The slices were then visualised on a 

fluorescent microscope and photographed.
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2.2.7.4. Immunocytochemistry of Organotypic Hippocampal Slices.

Two types of immunocytochemistry were performed in this thesis. Either 

single-labelling with an antibody directed against NeuN, on slices previously stained 

with X-gal, or double-labelling with two antibodies directed against either NeuN or 

p-galactosidase.

Virally infected organotypic hippocampal slices were fixed by removing 

growth media, washing briefly in PBS, and replacing with 2ml 4% paraformaldehyde 

(PFA)/0.1% glutaraldehyde fixative. After incubation overnight at 4°C, the slices 

were cryoprotected in 20% sucrose/4% PFA for 2 hours at room temperature.

For the single labelling immunocytochemistry, slices were stained with X-gal

first (see section 22.13). Then, 20pm frozen tissue sections were cut on a radial arm

freezing microtome (Leica) and collected into cold O.IM phosphate buffer, pH 7.4

followed by three washes in 0.3% Triton-X in Tris-buffered saline (TEST; IX TBS =

50mM NaCl, 50mM Tris-Cl, pH 7.5) for 5 minutes each. Endogenous hydrogen

peroxide activity was next blocked with a 15 minute incubation in 0.3% H2O2/TBST

at room temperature. Following three brief washes in TBST the sections were

blocked in dilution buffer (5% normal goat serum/TBST) for 30 minutes and then

transferred to fresh dilution buffer containing a primary monoclonal antibody against

the neuronal marker NeuN (MAB377, 1:50, Chemicon International Inc.) and

incubated overnight at 4°C. The following day the sections were rinsed three times in

TBS followed by 1-hour incubation at room temperature in biotinylated secondary

antibody (goat, 1:200, Chemicon) in dilution buffer. After three more washes in TBS

the sections were transferred to Streptavidin-biotinylated HRP complex (RPN1051,

1:200, Amersham Life Sciences Inc., UK) in dilution buffer for 30 minutes at room

temperature followed by three washes in TBS. Antibody labelling was visualized by

diaminobenzidene (DAB) reaction; sections were incubated for 5 minutes in DAB
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solution (0.04% DAB/0.03% C0 CI2/O.O4M TrisCl) followed by the addition of H2O2 

to a final concentration of 0.003%. Sections were mounted onto slides, dehydrated 

through alcohols into Neomount (National Diagnostics, Atlanta, USA) and 

coverslipped. Sections processed for secondary staining without primary antibody 

were negative for DAB reaction product.

For the double-labelling immunocytochemistry, slices were fixed, 

cryoprotected and cut as before. The slices were collected into cold O.IM phosphate 

buffer, pH 7.4 followed by three washes in 0.3% Triton-X in Tris-buffered saline 

(TBST; IX TBS = 50mM NaCl, 50mM Tris-Cl, pH 7.5) for 5 minutes each. 

Following three brief washes in TBST the sections were blocked in dilution buffer 

(10% normal goat serum/TBST) for 30 minutes and then transferred to fresh dilution 

buffer containing a primary monoclonal antibody against the neuronal marker NeuN 

(MAB377, 1:50, Chemicon International Inc.) and a polyclonal antibody against 

E.Coli p-Galactosidase (A720/R6H, Biogenesis Ltd., UK) overnight at 4°C. The 

following day the sections were rinsed three times in TBS followed by a 1 hour 

incubation at room temperature in dilution buffer containing a rhodamine-conjugated 

goat anti-mouse IgG secondary antibody (Cat. #1031-03, 1:100, Southern 

Biotechnology Associates, Inc., Alabama) and a biotinylated goat anti-rabbit 

secondary antibody (API568, 1:200, Chemicon International Ltd.). After three more 

washes in TBS the sections were transferred to dilution buffer containing Cy2 

conjugated biotin-streptavidin complex (1:500, Molecular Probes) for 30 minutes at 

room temperature and then subjected to three more washes in TBS. The sections 

were quickly mounted onto glass slides and immediately using either 50% glycerol 

or a fade-proof aqueous mountant.
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Chapter 3
Viruses Containing Cell-Type Specific Promoters I - Insertion into

UL43.
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3.0. Viruses Containing Cell-Type Specific Promoters I - Insertion 
into UL43.

3.1. Introduction.

The initial aim of the project was to produce a recombinant HSV vector that 

was able to produce long-term expression in a cell-type specific fashion in vivo. This 

was hoped to be achieved by utilising the LATP2 fragment to confer long-term 

expression on cell-type specific promoters without affecting the specificity of the 

promoters. Cell-type specific expression is potentially beneficial as it may prevent 

the inappropriate expression of transgenes in non-target cells and therefore reduce 

potential side effects of gene therapy and increase the safety of the vector for use in 

clinical trials.

A series of plasmid constructs were constructed which contained a cell-type- 

specific promoter with or without the LATP2 fragment (see section 1.5.2.2.). The 

marker gene, P-galactosidase was then inserted downstream of the cell-type specific 

promoter (see Fig 3.2.). For gene expression specific to neurons, previous studies 

have identified a number of potential promoters. These include a 1.8kB NSE (pNSE 

LacZ/pP2 NSE LacZ -  see Fig.S.la.) promoter fragment that is capable of restricting 

expression to mature neurons (Forss-Petter et al., 1990); a l.OkB L7 promoter 

fragment (pL7 LacZ/pP2 L7 LacZ -  see Fig.3. lb) that is capable of restricting 

expression to Purkinje cells (Oberdick et al., 1990); a 663Bp TH promoter fragment 

(p773 TH LacZ/pP2 773 TH LacZ -  see Fig.3. lb) capable of restricting expression to 

only dopaminergic cells in the PNS (Oh et al, 1996) and a 4.8kB TH promoter 

fragment (p4.8 TH LacZ/pP2 4.8TH LacZ -  see Fig. 3.1b.) which restricts gene 

expression to dopaminergic cells in both the CNS and PNS (Banerjee et a l, 1992).

As it is still not clear whether or not the LATP2 region is sufficient to confer 

the most effective long-term gene expression without the presence of the HSV-1
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LAPl promoter, or fragments thereof, a plasmid containing the LATP2-NSE 

promoter, was constructed which contained the LAPl promoter immediately 

upstream of the LATP2 (pPlP2 NSE LacZ -  see Fig 3.1a). The LAPl promoter used 

is a Ddel fragment that contains the 600Bp LAPl promoter fragment without the 

TATA box. This is the same fragment that has previously been shown to confer long

term gene expression on the MMLV promoter in the PNS (Lokensgard et a l, 1994) 

although not on other promoters tested. As discussed earlier, this indicates that 

sequences within LAPl may allow long-term expression only in conjunction with 

sequences found in the MMLV promoter or LAP2 Therefore in this plasmid the 

arrangement would allow the LAPl promoter fragment to provide any cw-acting 

elements that may enhance long-term expression along with the LATP2 sequence, 

whilst transcription of the marker gene is initiated from the NSE promoter. LATP2 

has also been shown to confer long-term expression on heterologous promoters that 

are placed upstream of this region (Lokensgard et a l, 1997). In order to test this, a 

plasmid was constructed which contained the l.SkB NSE promoter fragment 

immediately upstream of the LATP2 region (pNSE P2 1RES LacZ -  see Fig 3.1a.). 

An ECMV internal ribosomal entry site (1RES) was placed between the LATP2 

fragment and the LacZ gene in order to facilitate efficient transcription of the marker 

gene, as the main RNA transcript would be expected to initiate from the NSE 

promoter generating 1.4kB of LATP2-derived untranslated RNA before the LacZ 

marker gene. Another plasmid was constructed which contained the 

NSE/LATP2/IRES LacZ construct but the LAPl promoter fragment was now 

inserted upstream of the NSE promoter. In this construct the NSE promoter 

effectively replaces the TATA box of LAPL The details of the construction of these 

plasmids are described in section 3.2. below.
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1.8 KBp N S E  3 .7 K B p L a c Z
pN SE  LacZ

S a i l  X b a l  BamHI Hindlll Kpnl BamHI Kpnl

LATP2 1.8 KBp N S E  3 .7 K B p L a c Z
pP2 NSE LacZ

S a i l  Hindlll P st i  BamHI

LAPl LATP2 1.8 KBp N S E  3 .7KBp LacZ

BamHI Xbal

pPI P2 N S E  LacZ - r - r  1
S a i l  Pst i k  BattiHI Hinc BamHI Xbal

p N S E P 2 1RES LacZ _

S t y l S t y l  

1.8 KBp NSE LATP2 1RES 3.7KBp LacZ

amHI Hindlll S ty l X b a l BamHI

pPI NSE P 2 1RES LacZ
LAPl 1.8 KBp N S E  LATP2 1RES 3.7KBp LacZ

TM- I- - - *11
S a i l  P st i  Hindlll S ty l  X b a l BamHI

Fig. 3.1a. Diagram of NSE Plasmid Constructs (N.B. Not drawn to Scale).

Diagram shows the various plasmid constructs containing l.SkB NSE (grey)

promoter fused to the E.coli LacZ gene (black). The HSV-1 LAP promoter is 

indicated in red, and the LATP2 region is indicated in blue. The LCMV 1RES is 

indicated in white. The restriction sites indicated were used in for analysis o f clones 

and subsequent cloning o f the transgene into viral flanking regions (see section 3.4.).
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p4.8  TH LacZ

p P2 4 .8  TH LacZ

p 7 7 3 T H  LacZ

P P 2 7 7 3 T H  LacZ

pL7 LacZ

pP2 L7TH  LacZ

Hindlll
LATP2

4 .8K B pT H

I r
Xho1BamH1

4 .8K B pT H

3.7KBp LacZ

3.7KBp LacZ

S a i l

BamHI Xho1BamH1 S a i l
7 7 3 B p T H  3 .7K B p L acZ

Hindlll BamHI S a i l
LATP2 7 7 3 B p T H  3.7KBp LacZ

Hindlll BamHI BamHI S a i l

2.5 KBp L7 3.7KBp LacZ

EcoR1 Hindlll S a i l  Xhc1

LATP2 2.5  KBp L7 3 .7K B p L acZ

Hindlll Pst1 Xba1

Fig. 3.1b. Diagram of TH and L7 Plasmid Constructs (N.B. Not drawn to Scale).

Diagram shows the various plasmid constructs containing the TH promoter (yellow)

or L7 promoter (green) fused to the E.coli LacZ gene (black). The HSV-1 LAP 

promoter is indicated in red, and the LATP2 region is indicated in blue. The 

restriction sites indicated were used in for analysis o f clones and subsequent cloning 

o f the transgene into viral flanking regions (see section 3.4.).
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3.2. Plasmid Construction.

pP2 BSK -  The 1.4KB Pstl/BstXl(blunted) fragment from pNOT3.5 (Supplied by 

Dr. R. Coffin, UCL, London UK.) containing the LATP2 region of HSV-1 was 

inserted into pBluescript (pBSK, Stratagene, USA, GenBank# 52325), which was 

digested with Smal/Pstl.

pPl BSK -  The 600Bp Hindlll/EcoRl (blunted) fragment from pDDE LTR 

(supplied by Dr. R.Coffin) containing the LAPl promoter without the TATA box 

was inserted in to pBluescript digested with EcoRV/HindllL 

pP2 1RES -  The 600Bp EcoRl/BstXl (double-blunted) fragment from pCITE 

(Supplied by Prof. J. Almond, Reading University, UK.) containing the ECMV 1RES 

was inserted into the BamHI (blunted) site downstream of the LATP2 fragment in 

pP2 BSK.

pNSE LacZ -  The 5.5KBp BamHI fragment from pBL NSE LacZ (Supplied by Dr. 

R.Coffin) containing the l.SkB NSE fragment fused to the 3.7kB E.coli LacZ gene 

with E.coli LacZ polyadenylation signal(originally from pCHllO, Pharmacia 

Biotech, Uppsala, Sweden, GenBank #U13845) was inserted into the BamHI site of 

pSP72 vector (Promega, UK, GenBank X65332).

pP2 NSE LacZ -  The 5.5kB BamHI fragment from pBL NSE was inserted into the 

BamHI site at the 3’ end of the LATP2 fragment in pBSK P2. Orientation of the 

insert was checked by a Hindlll digest (see Fig 3.1)

pPlP2 NSE LacZ -  The 600Bp EcoRl/Xbal (double blunt-ended) fragment from 

pDde LTR LacZ (Supplied by Dr. R. Coffin) containing the LAPl promoter of HSV- 

1, without its TATA box, was inserted in the Sail (blunted) site upstream of the 

LATP2 fragment in pP2 NSE LacZ. Orientation was checked with a Sal 1/Sty 1 

digest (see Fig. 3.1.)
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pNSE P2 1RES LacZ -  The 2.0kB Sail/Xbal fragment from pP2 1RES, containing 

LATP2 1RES, was inserted into the Hindlll site between the NSE promoter and the 

LacZ gene, of pBL NSE LacZ. Orientation was determined by a BamHI/Hindlll 

digest (see Fig. 3.1.). The 7.4kB BamHI fragment from pBL NSE P2 1RES LacZ 

was then inserted into the BamHI site of pSP72.

pPl NSE P2 1RES LacZ -  The 7.4KBp BamHI (blunted) fragment from pNSE P2 

1RES LacZ was inserted into the Smal site of pPl BSK. Orientation was determined 

by a Sall/Xhol digest (see Fig.3.1.)

p4.8 TH LacZ -  The 3.7Kbp HindUI/BamHl (double blunted) fragment from 

pCHllO (Pharmacia Biotech, Uppsala, Sweden, GenBank #U13845) containing the 

E.coli LacZ gene with polyadenylation signal was inserted into the Nrul site 

downstream of the 4.8KBp TH promoter in the p4.8 THO plasmid (supplied by Dr. 

R. Coffin).

pP2 4.8 TH LacZ - The 1.4KBp Sail/Xbal (double-blunted) fragment from pP2 

BSK containing the LATP2 region was inserted in the Hindlll (blunted) site 

upstream of the 4.8KBp TH promoter in p4.8 TH LacZ. Orientation was determined 

by a Hindm/Xho 1 digest (see Fig 3.1.)

p773 TH LacZ - Plasmid p4.8 TH LacZ was digested with Hindm/ Xhol (double 

blunted) and relegated. This produced a plasmid containing the 773Bp of the 3’ 

region of the TH promoter fused to LacZ.

pP2 773 TH LacZ -  The 1.4KBp HindfU/Xba 1 (blunted) fragment from pP2 BSK is 

inserted into the p4.8 TH LacZ plasmid cut with HindlH/Xho 1 (blunted). 

pL7 LacZ -  The 6.2KBp Hindll/Sall fragment from the L7 plasmid (Oberdick et 

al., 1993), containing the l.OKBp of the 3’ region of the L7 promoter fused to 

1.5KBp of the 5’ end of the L7 gene with LacZ inserted downstream of this point, 

was inserted into pSP72 cut with HindlU/Sall.
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pP2 L7 LacZ -  The 6.2KBp HindlH/Sall (double blunt-ended) fragment from the 

L7 plasmid was inserted into the BamHI (blunted) site in pP2 BSK. Orientation was 

determined by a HindlH/Pstl digest (see Fig.3.1.)

3.3. Transient Transfections of Plasmid Constructs.

Following construction, the plasmids were tested in transient transfection 

assays in order to determine the levels of expression of the marker gene. These 

transfections were carried out in a baby hamster kidney cell line (BHK C l3), which 

is a fibroblast-derived cell line (Macpherson & Stoker, 1962), and a sensory neuron

like cell line (ND7), which was originally produced by the fusion of DRG neurons 

with a N2A neuroblastoma cell line (Wood et al., 1990).

lOpg of plasmid DNA of each of the plasmid constructs was transfected into 

BHK and ND7 cells using a standard calcium phosphate transfection method (see 

Materials and Methods). A control plasmid containing LacZ driven by the HCMV EE 

promoter was also transfected into these cells. The transfections were performed in 

duplicate. In one set of transfections, the cells were harvested after 2 days and the 

level of P-galactosidase expression was determined using the Galacto-Light p- 

galactosidase assay kit (Tropix, Bedford, MA, USA). The level of expression for 

each construct was then expressed as a percentage of the total activity of the CMV 

LacZ control. The results are shown in Fig 3.2.. In the other set of transfections, the 

cells were stained with a chromogenic substrate for p-galactosidase, X-Gal (see 

Materials and Methods), in order to visualise the P-galactosidase expression (see 

Fig.3.3.). N.B. the pPl NSE P2 1RES LacZ plasmid was not tested in these parallel 

assays, as its construction had not been completed at the time.
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Fig 3,2. Comparison of Levels of LacZ Activity of the Plasmid Constructs in 

BHK and ND7 Cell lines.

The graph shows the levels of activity of the various promoter constructs in BHK 

and ND7 cells after transient transfections of plasmid DNA. The cells were harvested 

after 48 hours and the LacZ activity was determined using a commercially available 

luminometry assay (Galacto-Light, Tropix, Bedford, MA, USA). The activity 

(luminescence intensity) is shown as a percentage relative to the CMV LacZ control 

plasmid. The levels of LacZ activity in mock-transfected cells have been taken into 

account. The values presented are the means from three separate transfections. Error 

bars indicate the standard error of the mean.
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The results show that the level of activity of all the constructs was very low 

when compared to the CMV LacZ plasmid. The highest level of activity was 

observed for the pPl P2 NSE LacZ plasmid in ND7 cells at 14.2% of CMV LacZ 

activity. This plasmid also gave gene expression in BHKs (10.4% of the control) 

indicating that whilst there is relatively greater level of expression in a neuronal cell 

line, expression is by no means restricted to neuronal cells.

The relative levels of expression from the plasmid containing only the 

l.SKBp NSE-LacZ transgene were very low in both BHKs and ND7 cells. This is a 

somewhat surprising result, since in a similar study, where a CAT assay method was 

used to determine the relative levels of expression from the l.SKBp NSE promoter 

fragment in neuronal and non-neuronal cells, the NSE promoter construct gave levels 

of 10% of the control in non-neuronal cells (HeLa cells) and 120% of the control in 

neuronal cells (N2A cells) (Twyman & Jones, 1996). However, these results are not 

directly comparable as the control plasmid used in the other study contained the 

SV40 promoter, which may have different relative levels of expression in the cells 

used.

In a more similar study where the l.SKBp NSE promoter was compared 

directly to the HCMV IE promoter in a transient transfection assay, relative levels of 

expression for the NSE promoter compared to the CMTV promoter were 20.4% in 

BHKs and 93.4% in PC 12 cells (neuronal cells), again indicating a greater level of 

expression with the NSE plasmid construct in neurons (Roemer et al., 1995). The 

only difference between this study and that reported here was the type of neuronal 

cell line used. The ND7 cell line used was produced by fusing a sensory neuron from 

a DRG with a mouse neuroblastoma cell line (Wood et a l, 1990). Studies have 

shown that DRG sensory neurons do express endogenous NSE in vivo (Vega et a l, 

1990). However, endogenous NSE expression in ND7s has not been determined.
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Therefore, the transient transfection assays should be repeated using PC 12 cells 

which have been shown to express endogenous NSE mRNA by northern blot 

analysis (Roemer et a l, 1995). However, due to time constraints this was not 

achieved.

In the plasmid constructs that contained the LATP2 fragment upstream of the 

NSE promoter, there was an overall increase in the relative levels of expression of 

the marker gene. The increase, however, was seen in both BHKs and ND7s, 

indicating that whilst the LATP2 region enhanced expression, it did not improve the 

specificity of the NSE promoter. If the levels of LacZ expression are visualised using 

X-gal staining, then there appeared to be no specificity as a similar intensity of blue 

cells were seen in both the BHK and ND7 cells (see Fig. 3.3.)

The pNSE P2 1RES LacZ plasmid gave similar levels of expression in BHKs 

as the pPl P2 NSE LacZ plasmid, but there was a minimal level of expression in 

ND7 cells, which was unexpected. Efficient transcription of a marker gene 

immediately downstream of the ECMV 1RES has been observed in ND7 cells 

(Wagstaff et a l, 1998). It is possible that as transcription is initiated from the NSE 

promoter through the LATP2 region and ECMV 1RES, that this may affect the 

stability of the transcript leading to low levels of translation, or some interaction 

between LATP2 and ECMV 1RES may prevent efficient translation of the 

downstream marker gene in neurons. Alternatively, neuron-specific factors may bind 

to LATP2 reducing efficiency of transcription. However, when a LATP2 ECMV 

1RES LacZ transgene is inserted into an HSV vector after LATP2, high levels of 

LacZ expression are observed in vivo, indicating that this transgene can function 

when in the context of the viral genome (Lachmann & Efstathiou, 1997).
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Fig. 3.3a. Histochemical Detection of p-Galactosidase Expression in Transient 

Transfection Assays.

lOjLig of plasmid DNA was transfected into BHK cells (A) and ND7 cells (B) 

and cells incubated for 48 hours. The cells were then fixed and stained with X-gal.

1. pCMV LacZ (Control Plasmid)

2. pNSE LacZ

3. pF2 NSE LacZ

4. pPl P2 NSE LacZ
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Fig. 3.3b. Histochemical Detection of p-Galactosidase Expression in Transient 

Transfection Assays.

lOjLig of plasmid DNA was transfected into BHK cells (A) and ND7 cells (B) 

and cells incubated for 48 hours. The cells were then fixed and stained with X-gal.

5. pNSE P2 m ES LacZ

6. p4.8 TH LacZ

7. pP2 4.8 TH LacZ

8. p773 TH LacZ
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Fig. 3.3c. Histochemical Detection of |3-Galactosidase Expression in Transient 

Transfection Assays.

lOpg of plasmid DNA was transfected into BHK cells (A) and ND7 cells (B) 

and cells incubated for 48 hours. The cells were then fixed and stained with X-gal.

9. pP2 773 TH LacZ

10. pL7 LacZ

11. pP2 L7 LacZ
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The relative levels of expression from the plasmids containing the TH and L7 

promoters was minimal compared to the NSE plasmid constructs, which again was 

probably due to the then available cell line used being inappropriate. To test the TH 

promoter construct, a more suitable cell line to use would be PC 12s that originate 

from sympathetic neurons, which are known to express endogenous TH. Testing the 

L7 construct in vitro would be harder as it is highly specific to Purkinje cells. Also, 

whilst the promoter fragments used have been shown to give specific patterns of 

expression in transgenic animals (Baneijee et al., 1992, Oberdick et al., 1993), this 

may not occur when the promoter is in a plasmid.

Whilst overall the levels of expression obtained in the transient expressions 

were low, the use of cell lines may not be an ideal technique to study the efficiency 

of promoters in some cases. Cell lines may not represent the cellular environment in 

vivo, may not contain the normal representation of transcription factors and may not 

be physiologically relevant. Also, for efficient transcription of marker genes from 

heterologous promoters linked to the LATP2 region, the LATP2 region may require 

to be in the context of the viral genome. Therefore, as the plasmid constructs 

containing the NSE promoter gave higher level of expression, compared to the TH 

and L7 constructs, recombinant HSV vectors containing these transgenes were 

produced. Once parameters allowing cell-type specific long-term gene expression 

had been identified, similar vectors containing the TH and L7 promoters would then 

be constructed.
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3.4. Construction of Recombinant HSV vectors containing the NSE Promoter 

Transgenes in the UL43 Locus of 1764 HSV.

A suitable vector to test the promoter constructs in vivo is the 1764 HSV 

mutant. This mutant is deleted for neurovirulent factor ICP34.5 and has inactivated 

VP16 (see section 1.5.2.1.) and therefore has reduced toxicity compared to wild-type 

HSV. This vector has previously been shown to infect the PNS efficiently in animal 

models (Coffin et a l, 1996). However, this vector is unsuitable for testing in the 

CNS, as due to the high multiplicities required for injection, the vector is too toxic.

The UL43 gene is a suitable insertion site (see Fig. 3.4.) for the transgene into 

the 1764 mutant. UL43 as it is not required for replication or affects the latency 

characteristics of the virus (MacLean et a l, 1991b). The recombinant vector does not 

therefore need to be grown on a complementing cell line as ICP34.5 and VP 16 are 

also non-essential for replication (see above) The NSE promoter constructs were 

subcloned into a shuttle vector (p35) that contained a 5.3KBp BamHl/EcoRl 

fragment of HSV DNA, that contained the UL43 gene and regions of HSV DNA 

flanking UL43, inserted into pGEMl (see Table 3.1.). Analytical restriction digests 

are shown in Fig 3.5. The transgene were inserted at a unique Nsil site in the UL43 

gene causing insertional inactivation of the UL43 gene. The NSE promoter 

constructs were all cloned in the same orientation.

The linearised shuttle vectors were transfected with 1764/43- CMV GFP viral 

DNA. 1764/43- CMV GFP contains the green fluorescent protein gene downstream 

of the HCMV IE promoter, which is inserted in the UL43 gene. Therefore, 

recombinant vectors containing the NSE promoter constructs were identified by loss 

of the GFP marker gene. The recombinant vectors were plaque purified (see 

Materials and Methods) and then insertion of the NSE promoter cassettes was 

confirmed by Southern blot analysis (see Fig. 3.6 ).
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Table 3.1. Subcloning of NSE promoter Constructs into UL43 Shuttle 

vector.

Transgene Excision 
from Plasmid

Shuttle Vector Determination
of
Orientation

Enzyme
to
Linearise

NSE LacZ BamHI p35 Sall/Xhol Xmnl

P2 NSE LacZ Sail/Xbal p35 MOD* Sall/Xhol Xmnl

PI P2 NSE LacZ Sall/Xbal p35 MOD' Sall/Xhol Xmnl

NSE P2 1RES 

LacZ

BamHI p35 Sall/Xhol BamHI

PI NSE P2 1RES 

LacZ

Sall/BamHl p35 Sall/Xhol BamHI

*- p35 MOD has a modified polylinker in the pGEMl plasmid. The polylinker 

between BamHI and Hindlll has been excised.
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ICP34.5
VP16

Inactivated ICP34.5 1764 Genome

Regions

UL43
Flanking
Regions

UL43 Gene

Homologous
Recombination

Transgene

Regions

UL43
Flanking
Regions

Short
TR

Long
TR

UL43
Flanking

UL43
Flanking

Viral DNA

Plasmid DNA

Fig. 3.4. Homologous Recombination to Produce Recombinant HSV Vectors.

1764 HSV viral DNA, which has both copies o f ICP34.5 deleted and VP 16 

inactivated, was transfected into BHK C l3 cells along with linearised plasmid DNA 

containing a transgene inserted between regions o f HSV DNA which correspond to 

the regions flanking the UL43 gene. During lytic replication, homologous 

recombination occurs, producing recombinant vectors containing the transgene 

inserted into the UL43 gene. Recombinant vectors containing the transgene were 

then isolated from non-recombinant vectors.

1764 vectors (ICP34.5-A^P16 inactivated) were produced as this vector has 

been shown previously to work well in the PNS (Coffin et a l ,  1996).
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Fig. 3.5. Analytical Restriction digest of UL43 Shuttle Vector Constructs.

Plasmid DNA was cut with Sall/Xhol. Asterisks indicate bands from 

backbone vector as indicated. Markers are the 1 Kilobase Ladder (Gibco).

1. pUL43 NSE LacZ.

2. pUL43 P2 NSE LacZ.

3. pUL43 PI P2 NSE LacZ.

4. pUL43 NSE P2 1RES LacZ.

5. pUL43 PI NSE P2 1RES LacZ.

1, 4 and 5 were constructed with the p35 plasmid. 3 and 4 were constructed 

with p35 MOD that has no Sail site in the vector polylinker.
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UL43

Long
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9 4 8 5 3 9 4 9 5 0
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Viral genome
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  I
< 3.0KB >1

X h ol
Sa i l  1 .8  KBp N S E  LATP2 1RES 3 . 7 K B p L a c Z

I-
< 1.6 KBp H 

Xhol

NSE LacZ

P2 NSE LacZ

NSE P2 1RES LacZ

Probe - 1.8KBp NSE Fragment

Fig. 3.6a. Southern Blot Analysis of 1764/43- Recombinant Vectors.

Lanel: 1764/43- NSE LacZ viral DNA; Lane 2: p35 NSE LacZ plasmid; Lane 3: 
1764/43- P2 NSE LacZ viral DNA; Lane 4: p35 P2 NSE LacZ plasmid; Lane 5: 
1764/43- NSE P2 1RES LacZ viral DNA; Lane 6: p35 NSE P2 1RES LacZ plasmid; 
Lane 7: -VE control 1764/43- CMV GPP viral DNA. DNA was digested with 
S all/X hol. Southern Blot was probed with a l.SkB NSE fragment. Lanes 1,2,5&6 
show expected size band at 1.6kB; Lanes 3&4 show expected size band at 3.0kB. 
The Higher molecular weight bands that appear in lanes 1,3&5 are due to incomplete 
digestion o f viral DNA.
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LAP1 LATP2 NSE

BamH1

LacZ

Hin'dlll
P I P2 NSE LacZ

3.7KBp
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>

Probe - 3.7KBp 
LacZ Fragment

Fig.3.6b. Southern Blot Analysis of 1764/43- Recombinant Vectors.
Lanes 1-6: Viral DNA of six clones o f 1764/43- PI P2 NSE LacZ digested with 

H indlll/B am H l; +VE control is pC H llO  cut with H indlll/Bam H l; -VE control is 

1764/43- CMV GPP viral DNA. Probe was a 3.7kB H indlll/Bam H l fragment from 

pCHl 10 that encodes for LacZ. Lanes 1,5 & 6 are positive due to presence o f 3.7kB 

band. Clone# 1 was used in subsequent experiments. The higher molecular weight 

band that appears in Lane 2 could be due to either incomplete digestion o f the viral 

DNA or due to non-homologous recombination o f the shuttle vector and the viral 

DNA.
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Probe- 3.3KBp 
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Fig.3.6c. Southern Blot Analysis of 1764/43- Recombinant Vectors.

Lanes 1-6: Viral DNA of six clones o f 1764/43- PI NSE P2 1RES LacZ digested 

with H indlll/EcoRl; +VE control is pCHl 10 cut with H indlll/EcoRl ; -VE control is 

1764/43- CMV GFP viral DNA. Probe was a 3.3 kB Hindlll/EcoRl fragment from 

pCHl 10 that encodes for LacZ. Lanes 1, 3, 4, 5 & 6 are positive due to presence of 

3.7KBp band. Clone# 1 was used in subsequent experiments.
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3.5. Production of High Titre Stocks of 1764/43- Recombinant Vectors.

In order to test the activity of the NSE recombinant vectors, high titre stocks 

were prepared (See Materials and Methods). The titres of the stocks (see Table 3.2.) 

were determined using a standard serial dilution plaque assay (see Materials and 

Methods).

A stock of control vector standardly used in the laboratory was also prepared. 

This control vector, 1764 pR19 LacZ (supplied by Dr. R. Coffin), contains the 

constitutive HCMV EE promoter driving p-galactosidase expression. The transgene is 

inserted l.SKBp downstream of the LAPl TATA box in the LAT region (see Fig 

3.7.). This transgene has previously been shown to drive high levels of LacZ 

expression in both BHKs and ND7s (Wagstaff et al.  ̂ 1998).

Table 3.2. Titres of Recombinant Vector Stocks.

Vector Titre (pfu/ml)

1764 pR19 LacZ 5x10*

1764/43-NSE LacZ 4x10’

1764/43-P2 NSE LacZ 2x10’

1764/43-PI P2 NSE LacZ 8x10’

1764/43- NSE P 21RES LacZ 6x10’

1764/43- PI NSE P 21RES LacZ 9x10’

Table 3.2. shows the titres obtained for each of the recombinant vectors. 1764 pR19 

LacZ vector grows to higher titres than the 1764/43- vectors as here, the LAT 

transcripts are disrupted and thus, there is no RNA antisense to the ICPO transcript 

produced. This leads to higher level of the ICPO protein during lytic replication, 

which increases the level of replication of this vector compared to the 1764/43- 

vectors, where the LAT region remains intact.
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VP16
Inactivated

ICP34.5- ICP34.5- 1764 Viral Genome

Long 
TR ,

Short
TR

ICPO Transcript

LAT Region TATA Pst 1 BstXI

LAPl LAP2

700Bp 
CMV Promoter 3.7KBp LacZ

Fig. 3.7. Diagram of 1764 pR19 LacZ Control Vector.

A transgene containing the 700Bp HCMV IE promoter driving LacZ expression is 

inserted into the BstXl site 1.5KBp downstream o f the LAPl TATA box in the LAT 

region. There are two copies o f the transgene in each viral genome, one in each of 

the two LAT regions.

3.6. Determination of Promoter Activity of 1764/43- Recombinant Vectors In 

Vitro.

In order to test the activity o f the promoter constructs in vitro, cells were 

infected with the recombinant vectors at a multiplicity o f infection (MOI) o f 0.1. At 

this MOI there was very little cell lysis over the 48 hours that the cells were infected. 

Higher MOIs were also tested i.e. 1 and 10, but this resulted in substantial cell lysis 

resulting in very low levels o f measurable p-galactosidase expression (data not
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shown). The cells were harvested after 48 hours and P-galactosidase activity was 

determined using the Galacto-Light assay kit (Galacto-Light, Tropix, Bedford, MA, 

USA). The vectors were tested on both non-neuronal (BHKs) and neuronal cells 

(ND7s and N2A cells [provided by Prof. P. Lowenstein, University of Manchester, 

UK]). Neuro-2a cells (N2A) have been shown to express endogenous NSE (Twyman 

& Jones, 1996). Both the total activity and the relative activity compared to the 1764 

pR19LacZ control vector were determined (see Fig.3.8.). Histochemical staining to 

show LacZ expression is shown in Fig. 3.9.

The total activities of all the recombinant vectors containing the NSE 

promoter were very low (see Fig. 3.8a. ) in both neuronal and non-neuronal cells. 

Moreover, the total activity also appeared to be similar between BHKs and the 

neuronal cell lines, although they were generally more active in the neuronal cell 

lines. The 1764 pR19 NSE P2 1RES LacZ virus had higher levels of expression in 

BHKs than in the neuronal cell lines tested. When the data was plotted as a 

percentage of the relative activity compared to the 1764 pR19 LacZ control vector 

(see Fig. 3.8b.), it appears that there is an increase in the relative activity of the NSE 

promoter to the CMV promoter in ND7 cells. However, on closer inspection of the 

data, this relative increase is mainly due to the decrease in activity of the CMV 

promoter in ND7 cells, i.e. activity from the NSE promoter is more constant. 

However, while the activity of the CMV promoter in ND7 cells appears to be only 

approximately 1% of the activity in BHK cells, this may be because as the virus 

replicates more in BHK cells than in ND7 cells, more LacZ activity is detected.
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Fig. 3.8. p-Galactosidase Activity of 1764/43- Recombinant Vectors In Vitro.

Cells were infected at an MOI o f 0.1 and harvested after 48 hours. The activity o f p- 

galactosidase was measured using the Galacto-Light assay kit (Tropix, Bedford, MA, 

USA). The data for each vector was plotted as the average total activity per 1000 

cells (Graph A) and as a percentage o f the total activity o f the 1764 pR19 LacZ 

control vector. The error bars in Graph A. represent the maximum and minimum 

values obtained for 3 assays. The Y-axis in both graphs is a logarithmic scale.
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Fig. 3.9a. Histochemical Detection of p-Galactosidase In In Vitro Assays of 

1764/43- Vectors.

BHK cells (A), ND7 cells (B) and Neuro-2a cells (C) were infected at an 

MOI of 0.1 with the 1764/UL43 series of recombinant vectors. The virally infected 

cells were incubated for 48 hours and then fixed and stained with X-gal overnight.

1.1764 pR19 LacZ (control vector)

2.1764/43- NSE LacZ

A -ve Mock Infected BHK cells
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1Â  2A

•••;s’**•.. ■■■■■.■■ ' ' - #y-:-

5^ ;vV /*  #■'■ ♦’V r-; [

» * ». t
' » ___

> -P
4.'

#
# # ? -



Fig. 3.9b. Histochemical Detection of P-Galactosidase In In Vitro Assays of 

1764/43- Vectors.

BHK cells (A), ND7 cells (B) and Neuro-2a cells (C) were infected at an 

MOI of 0.1 with the 1764/UL43 series of recombinant vectors. The virally infected 

cells were incubated for 48 hours and then fixed and stained with X-gal overnight.

3.1764/43- P2 NSE LacZ 

4.1764/43- PI P2 NSE LacZ

B -ve Mock Infected ND7 Cells.
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Fig. 3.9c. Histochemical Detection of p-Galactosidase In In Vitro Assays of 

1764/43- Vectors.

BHK cells (A), ND7 cells (B) and Neuro-2a cells (C) were infected at an 

MOI of 0.1 with the 1764/UL43 series of recombinant vectors. The virally infected 

cells were incubated for 48 hours and then fixed and stained with X-gal overnight.

5.1764/43- NSE P 2 1RES LacZ 

6.1764/43- PI NSE P2 1RES LacZ

C -ve Mock Infected Neuro-2a Ceils.
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In a similar study, where the activity of the NSE promoter when placed in a 

HSV vector was determined in different cell lines, it was shown that it was only 

active in neuroblastoma N1E115-TG2 cells and not in other neuronal cell lines such 

as PCI2 cells which were tested. No activity was observed in the non-neuronal Vero 

cell line, indicating that the promoter maintained its specificity when placed into tk 

locus in the HSV genome (Andersen et al, 1992). However, in a different study 

where the NSE promoter driving a reporter gene was inserted into the IE3 locus, 

activity was observed in both BHK and PCI2 cells indicating that when the promoter 

is placed in this locus, it loses is cell type specificity (Roemer et a l, 1995). The 

authors in this study proposed that the differences between the two studies were due 

to the first study using a replication competent HSV vector and the second study 

using a replication-defective vector. They also proposed that the difference in the 

integration site of the transgene might affect the activity of non-viral promoters 

(Roemer et a l ,1991).

The lack of activity of the NSE promoter in the recombinant vectors when it 

is linked to the LATP2 region could be due to the fact that the virus has not entered a 

latent state. The 1764/43- viral backbone used is replication competent in BHK cells 

and to a lesser extent in ND7 cells. Levels of activity from the NSE vectors may also 

be much lower than the control vector, (other than the fact that HCMV IE promoter 

is a very strong constitutive promoter), as there are two copies of the transgene in 

each control virus genome whereas with NSE, the vectors have only a single 

insertion.
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3.7. Determination of Promoter Activity of the 1764/43- Vectors In Vivo,

Whilst the activity of the NSE promoter in the 1764/43- recombinant vectors 

is very low in the cell lines tested, it may be that the presences of LAT regulatory 

elements upstream of the promoter confer a latency-specific activity onto the NSE 

promoter. Many studies have looked at expression of marker genes from the LAT 

promoters in the dorsal root ganglia of infected mice by footpad inoculation (Coffin 

et al., 1996, Lachmann & Efstathiou, 1997, Lokensgard et al, 1997). In this model, a 

stock of the recombinant vector is injected into the footpad of a three-week-old 

BALB/c mouse. The dorsal root ganglia (DRGs) from the lumbar region ipisilateral 

to the injection site are removed at various time points and P-galactosidase 

expression is determined by histochemical means.

Three mice per recombinant vector per time point were injected with 25 pi of 

the purified stock of virus. DRGs were removed at 2 days, 1 week and 1 month and 

stained with X-gal (see Fig 3.10.).

As before, the highest levels of expression were found with the control 

vector, 1764 pR19 LacZ, as is expected. The levels of P-galactosidase expression 

from this vector increased from 2 days post infection (d p i.) until 7 d p i when 

maximum expression was observed. The levels are lower at 2 d.p.i as here the virus 

is probably still being transported to the cell bodies in the spine from the peripheral 

inoculation site. Reasonable levels of p-galactosidase expression are still observed at 

30 d.p.i., although the level is reduced from the level seen at 7 d.p.i.. This data shows 

that the LAT region can confer long-term specificity on to a heterologous promoter 

that is inserted into the genome downstream of the LAT region as p-galactosidase 

expression is still observed at 30 d p.i..
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Fig. 3.10a. Histochemical Detection of In Vivo P-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at 2 d p i. (A), 7 d.p.i. (B) and 30 d.p.i. (C).

1.1764 pR19 LacZ (control vector)

2.1764/43- NSE LacZ

N.B. The faint blue staining seen in 2A is due to endogenous P-galactosidase 

activity. No p galactosidase activity was observed for any time points with the 

1764/43- NSE LacZ vector.
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Fig. 3.10b. Histochemical Detection of In Vivo P-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at 2 d p i. (A), 7 d.p.i. (B) and 30 d p i. (C).

3.1764/43- P2 NSE LacZ 

4.1764/43- F I P2 NSE LacZ

N.B. The faint blue staining observed in 3A and 3B is due to endogenous (3- 

galactosidase activity.

A few (3-galactosidase positive cells are observed with the 1764/43- PI P2 NSE LacZ 

vector (4A and B) but expression is only transient.

No P-galactosidase expression was observed with the 1764/43- P2 NSE LacZ vector.
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Fig. 3.10c. Histochemical Detection of In Vivo P-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at 2 d p i. (A), 7 d.p.i. (B) and 30 d.p.i. (C).

5.1764/43- NSE P2 ffiES LacZ 

6.1764/43- PI NSE P2 ERES LacZ

A few p-galactosidase positive cells are observed with the 1764/43- PI NSE P2 

1RES LacZ vector but expression is only transient.

No p-galactosidase expression is observed with 1764/43- NSE P2 1RES LacZ vector.
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Studies have shown that if the HCMV IE promoter drives transgene 

expression in the absence of any upstream LAT sequences, it is then silenced, and no 

expression can be found in DRGs once the virus has entered latency (Lachmann & 

Efstathiou, 1999).

For the vector 1764/43- NSE LacZ no p-galactosidase expression was 

observed at any time point indicating that the 1.8kB NSE promoter was not 

functioning in this vector. A recombinant HSV vector, containing the 1.8kB NSE 

promoter inserted into the tk locus, has been shown to express p-galactosidase from 

this promoter in primary cultures of DRG neurons and in the CNS in vivo. However 

the observed levels of expression were low and expression in the PNS was not 

determined (Andersen et a l, 1993, Andersen et al., 1992). This result therefore now 

shows that the 1.8KB NSE promoter is unable to drive transgene expression in the 

PNS in vivo when it is inserted into the UL43 locus of HSV-1.

Low levels of P-galactosidase expression from the NSE promoter were 

observed in DRGs when the promoter was linked to LAT regions. In 1764/43- P1P2 

NSE LacZ, a few blue cells were observed at 2 d.p.i and at 7 d.p.i. but none at later 

time points. In 1764/43- PI NSE P2 1RES LacZ, a similar pattern was observed. In 

the recombinant vectors that only contained the LATP2 region in the expression 

cassette and no LAPl region i.e. 1764/43- P2 NSE LacZ and NSE P2 1RES LacZ, 

even lower levels of p-galactosidase expression were observed. Whilst no definite 

conclusions can be made from this data, apart from the fact that the 1.8KB NSE 

promoter is very inefficient at driving transgene expression from the HSV genome in 

these vectors, there is some indication that elements from both LAPl and LATP2 are 

required to confer optimal long-term specificity on heterologous promoters. This is
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because in both 1764 pR19 LacZ and in the most active vectors containing the NSE 

promoter, both LAPl and LATP2 are present.

A possible reason why such low levels of P-galactosidase expression were 

observed from the recombinant vectors containing the 1.8kB NSE promoter is that 

the titres injected were not high enough. An alternative more effective method used 

for infecting DRGs in the laboratory is by direct injection into the sciatic nerve. Here 

each of the recombinant vectors were tested again by injecting 3pi of a 1 x lO^pfu/ml 

of purified stock directly into the sciatic nerve. DRGs were removed at 2, 7 and 30 

d.p.i. and p-galactosidase levels were determined by histochemical means (see Fig. 

3.11.). However, again there was no p-galactosidase expression from any of the 

recombinant vectors containing the 1.8kB NSE promoter indicating that the NSE 

promoter is not expressing in this recombinant vector.
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Fig. 3.11a. Histochemical Detection of In Vivo p-Galactosidase Expression in 

Dorsal Root Ganglia via Direct Sciatic Nerve Injection.

Recombinant vectors were injected with 2-5fj,l of a 1 xlO^pfii/ml into the 

exposed sciatic nerve of 3-week-old female BALB/c mice. The dorsal root ganglia 

from the lumbar region (L1-L6) ipisilateral to the injection site were removed at 2 

dp.i. (A), 7 d p i. (B) and 30 d p i. (C).

1.1764 pR19 LacZ (control vector)

2.1764/43- NSE LacZ
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Fig. 3.11b. Histochemical Detection of In Vivo p-Galactosidase Expression in 

Dorsal Root Ganglia via Direct Sciatic Nerve Injection.

Recombinant vectors were injected with 2-5p,! of a 1 xlO^pfu/ml into the 

exposed sciatic nerve of 3-week-old female BALB/c mice. The dorsal root ganglia 

from the lumbar region (L1-L6) ipisilateral to the injection site were removed at 2 

d p i. (A), 7 d.p.i. (B) and 30 d p i. (C).

3.1764/43- P2 NSE LacZ

4.1764/43- PI P2 NSE LacZ
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Fig. 3.11c. Histochemical Detection of In Vivo ^-Galactosidase Expression in 

Dorsal Root Ganglia via Direct Sciatic Nerve Injection.

Recombinant vectors were injected with 2-5pi of a 1 xlO^pfii/ml into the 

exposed sciatic nerve of 3-week-old female BALB/c mice. The dorsal root ganglia 

from the lumbar region (L1-L6) ipisilateral to the injection site were removed at 2 

d.p.i. (A), 7 d p i. (B) and 30 d.p.i. (C).

5.1764/43- NSE P2 1RES LacZ

6.1764/43- PI NSE P2 1RES LacZ
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3.8. Discussion.

The results from this chapter show that overall levels of expression of a 

marker gene from the 1.8kB NSE promoter were very low both in the context of a 

plasmid and also when inserted into a recombinant HSV vector. These low levels of 

expression made it difficult to ascertain whether or not the promoter was functioning 

in a cell-type specific manner in vitro. When the recombinant vectors were tested in 

vivo, essentially no expression was observed, even when the promoter was linked to 

LAT regulatory sequences. Therefore, the only conclusion that can be drawn from 

this data is that the 1.8KB NSE promoter is very inefficient at expressing transgenes 

when it is inserted into the UL43 locus of HSV, which is in agreement with other 

studies where 1.8kB NSE promoter has been inserted into different sites (Andersen et 

al., 1993, Roemer et al., 1995).

The reason why low levels of expression were observed from this promoter 

could be due to its insertion site within the HSV genome. Also, virally expressed 

proteins could interact with the 1.8kB NSE promoter preventing normal expression 

from the promoter. However, even in the absence of any viral proteins i.e. in plasmid 

transient transfection, only low levels of expression were observed. The cell lines 

used to test the plasmid constructs may not be ideal for NSE expression, although 

N2A cells have been shown to express endogenous NSE mRNA (Twyman & Jones,

1996). Other studies have used PC 12 cells to show cell-type specific expression of 

NSE promoter in an HSV vector (Roemer et a l, 1995) whilst others have shown no 

expression from the NSE promoter in an HSV vector in PCI2 cells (Andersen et al., 

1992). Whilst several neuronal cell lines could be examined to see if they facilitate 

the correct regulated expression from the NSE promoter, and it may be possible to 

show cell-type specific expression, when the NSE recombinant vectors are tested in
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vivo, which for gene therapy applications is the main test, essentially no expression 

was observed from the NSE promoter in this context at all.

Another possible reason why low levels of expression were observed even 

when the NSE promoter was linked to LAT regulatory sequences is the distance 

between the LAT sequences and the transcriptional start site of the marker gene. In 

the control virus, the 3’ end of the LATP2 region is only 700Bp upstream of the 

transcriptional start site of (3-galactosidase compared to 1.8kB for the vectors 

containing the NSE promoter. Even when LATP2 is placed downstream of the NSE 

promoter, low levels of expression are observed in neuronal cell lines, in fact higher 

levels are found in BHKs, indicating that in this vector, the NSE promoter is not 

expressing in a cell-type specific fashion. It is possible that the LacZ gene in this 

vector is actually being expressed in manner dependant on LAP2 (Lokensgard et al.,

1997).

Another aim of this chapter was to determine which sequences from the LAT 

region are required in order to confer long-term expression on heterologous 

promoters. Due to the lack of expression from the 1.8kB NSE promoter, we were 

unable to determine this. In order to answer this question, the constructs need to be 

remade with the HCMV IE promoter replacing the 1.8kB promoter, as HCMV IE 

promoter has been shown to express high levels of transgene in both in vitro and in 

vivo systems tested. However due to time constraints, this was not possible.
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Chapter 4

Viruses Containing Cell-Type Specific Promoters II -  Insertion into
the LAT region.
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4.0.Viruses Containing Cell-Type Specific Promoters II -  Insertion 
into the LAT region.

4.1. Introduction.

In the previous chapter, it was shown that placing the 1.8kB NSE promoter, 

in combination with various arrangements of LAT elements, in the UL43 locus of 

HSV did not allow expression of the p-galactosidase marker gene. This may be due 

to the location of the transgene within the viral genome as more successful results 

have been found elsewhere. It has been shown that long-term expression from a 

heterologous promoter can be achieved when the promoter is placed immediately 

downstream of the LAT promoters in the LAT locus i.e. as in the 1764 pR19 LacZ 

virus.

Therefore a second series of plasmid constructs were made using the pR19 

LacZ plasmid as a backbone. In the first construct the 1.8kB NSE promoter was 

inserted into the pR19 LacZ plasmid in place of the HCMV IE promoter (pR19 NSE 

LacZ -  see Fig. 4 L). Studies have also shown that a 255Bp NSE promoter fragment 

immediately upstream of the transcription start site is sufficient to drive cell-type 

specific expression of a transgene (Twyman & Jones, 1996). Therefore, a plasmid 

was constructed which contained this promoter fragment, also replacing the HCMV 

IE promoter in pR19 LacZ (pR19 Min NSE LacZ -  see Fig. 4.1.). This plasmid also 

has the advantage that the LAT regulatory sequences are closer to the transcriptional 

start site of the p-galactosidase gene, which may allow the LAT region to have a 

greater influence on expression of the marker gene. Also, any sequences that may 

interact with viral proteins preventing expression from the NSE promoter may have 

been removed.

Another plasmid construct was produced which contained the 150Bp basal 

promoter element from the HCMV IE promoter (Gossen & Bujard, 1992) driving
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transgene expression (pR19 Min CMV LacZ -  see fig. 4.1.). This was to determine 

the feasibility of linking the minimal promoter elements required for expression to 

LAT elements and to see if enhanced, long-term expression from these elements 

could be obtained.

Another construct was made which contained the 1.8kB NSE promoter 

fragment inserted immediately downstream of the LAP2 promoter element PR19 BL 

NSE LacZ -  See Fig 4.1.). In this construct, there is only 700Bp of the 5’ region of 

the LATP2 fragment used in the other constructs. This fragment of LATP2 has been 

shown to be sufficient to confer very low-level long-term expression of transgenes in 

vitro and in vivo (Goins et al., 1994) when driving LacZ and placed in the gC locus. 

These plasmid constructs were initially tested in transient transfections in order to 

determine levels of expression in neuronal and non-neuronal cells, and then these 

plasmids were used in the homologous recombination transfections in order to 

produce recombinant viruses.

Analytical restriction digests of these constructs are shown in Fig. 4.2.
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Fig. 4.1. Diagram of the pR19 Plasmid Constructs (NB. Not drawn to scale).

Diagram showing the pR19 series o f plasmid constructs containing either full length 

or minimal promoters o f HCMV IE (white box) and NSE (grey box) fused to E.coli 

LacZ gene. The heterologous promoters are inserted immediately after the LATP2 

region. The pR19 BL NSE LacZ plasmid contains a shorter LATP2 region that 

encodes only the LAP2 promoter and no downstream LAT region. The flanking 

region indicated corresponds to B StX l/N otl fragment from the downstream LAT 

region between nucleotides 120 413 and 122 027.
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Fig. 4.2. Analytical Restriction Digest of pR19 Series of Plasmids.

1. pR19 LacZ -  Pstl/Hind HI.

2. pR19 LacZ -  Spe 1/ Hind ffl

3. pR19 Min CMV LacZ -  Pstl/ Hind m.
4. pR19 Min CMV LacZ -  Spel/ Hind HI 

(NB. The 150Bp Min CMV band is not visible)

5. pR19 Min NSE LacZ -  Pstl.

6. pR19 Min NSE LacZ -  Spel/Hind III.

7. pR19 NSE LacZ -  Xhol/Nsil.

8. pR19 NSE LacZ -  EcoRV.

9. pR19 BL NSE LacZ -  Xhol/Nsil.

10. pR19 BL NSE LacZ -  EcoRV.

NB. The Min CMV, Min NSE and NSE plasmids were constructed with 

pR19 LacZ (Spel-). The BL NSE Plasmid was constructed with pR19 LacZ 

(EcoRV-).

Asterisks show uncut DNA.

Markers are the I Kilobase Ladder (Gibco).
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4.2. Plasmid Construction.

pMIN CMV -  The 150Bp Smal fragment from pUHC 13-3(Gossen & Bujard, 1992) 

containing the core HCMV IE promoter with TATA box was inserted into the 

EcoRV site of pBluescript (Promega, Madison, USA). The orientation of the 

fragment was determined by sequencing using the T3 and T7 primers. Orientation 

was found to have the HindHI site of pBluescript downstream of the promoter. 

pMEV CMV LacZ -  The 3.7kB Hindlll/BamHl (blunted) fragment from pCHllO 

(Pharmacia Biotech, Uppsala, Sweden, GenBank #U13845) containing the E.coli 

LacZ gene, was inserted into the HindU/Sall (blunted) site of pMIN CMV. 

pR19 MEN CMV LacZ -  The 3.9 kB Spel/Xhol fragment from pMIN CMV LacZ 

was inserted into the Spel/Xhol site of pR19 LacZ (Spel-).

pR19 NSE LacZ -  The 5.5kB BamHl (blunted) fragment from pNSE LacZ, 

containing the 1.8kB NSE promoter fused to LacZ, was inserted into the Spel/Xhol 

(double blunted) site of pR19 LacZ (Spel-). Orientation was determined by 

Xhol/Nsil digest.

pR19 MIN NSE LacZ -  The 4.0kB Xhol/BamHl (double blunted) fragment from 

pNSE LacZ, containing the proximal 255Bp NSE promoter fragment fused to LacZ, 

was inserted into the Spel/Xhol (double blunted) site of pR19 LacZ (Spel-). 

Orientation was determined by Pstl digest.

pR19 BL NSE -  The 4.6kB EcoRV fragment from pBL NSE (supplied by Dr. R. 

Coffin) containing the 600Bp LAPl promoter, 700Bp LAP2 promoter, 1.8kB NSE 

promoter and 1.4kB of the 5’ end of E.coli LacZ was inserted into pR19 LacZ (- 

EcoRV) cut with EcoRV. PR 19 LacZ (- EcoRV) has the polylinker downstream of 

the LacZ gene removed between BamHl and Xhol. Orientation was determined by 

Xhol digest.
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4.3.Transient Transfections Assays Using pR19 Plasmid Constructs.

10|Lig of plasmid DNA was again transfected into both BHK and ND7 cells. 

The cells were harvested after 48 hours and the level of p-galactosidase expression 

was determined using the Galacto-Light Assay Kit as before (see section 3.3.). The 

level of expression for each plasmid was plotted as a total activity and as % activity 

relative to the pR19 LacZ plasmid (see Fig 4.3.). The transfections were also 

repeated and the level of p-galactosidase expression was determined by X-gal 

staining (see Fig 4.4.).

The highest level of LacZ expression was again found with the pR19 LacZ 

plasmid containing the full length HCMV IE promoter as would be expected. This 

plasmid also gave a higher level of activity in BHKs as compared to ND7s. 

Expression from the minimal CMV promoter was less compared to the levels from 

the full length HCMV IE promoter in both ND7 and BHK cells.

The plasmid pR19 Min NSE LacZ gave equal levels of expression in both 

BHKs and ND7 cells indicating that there is no cell-type specific expression from 

this promoter in the cell lines tested. However, when the activity is compared to the 

pR19 LacZ control plasmid, pR19 Min NSE LacZ appears to have a relatively 

greater level of expression compared to the control plasmid in ND7s. However there 

is also an increase in relative levels of activity for pR19 Min CMV LacZ in ND7s 

compared to the control indicating that the increase is not specific for the NSE 

promoter but is due to the reduction in levels of expression of the control plasmid 

between the ND7 and BHK cells. The levels of expression in the pR19 NSE LacZ 

and pR19 BL NSE LacZ, which contain the l.SkB NSE promoter fragment, were 

actually higher in BHK cells than in ND7 cells indicating that the specificity of this 

promoter has been lost.
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Fig 4.3. Comparison of Levels of LacZ Activity of the pR19 Plasmid Constructs 
in BHK and ND7 Cell lines by Transient Transfection
The graph shows the levels o f activity o f the various promoter constructs in BHK 

and ND7 cells after transient transfections o f plasmid DNA. The cells were harvested 
after 48 hours and the LacZ activity was determined using a commercially available 
luminometry assay (Galacto-Light, Tropix, Bedford, MA, USA). The activity 
(luminescence intensity) is shown as total p-galactosidase activity (A) and as a 
percentage relative to the pR19 LacZ control plasmid (B). The level o f LacZ activity 
in mock-transfected cells has been taken into account. The values presented are the 
means from three separate transfections. Error bars indicate the maximum and 
minimum values obtained for 3 assays. Y-axis in graph A is a logarithmic scale.
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The lack of specificity is clearly shown when p-galactosidase expression is 

determined by histochemical means. In Fig. 4.4., high levels of p-galactosidase 

expression can be seen for all the plasmid constructs in both BHK and ND7 cells. 

This data is contrasting to previous studies where both the full-length NSE promoter 

(Roemer et al., 1995) and the 255Bp minimal NSE promoter (Twyman & Jones, 

1996) have been shown to express marker genes in a cell-type specific fashion. The 

difference in these studies and ours is probably again due to the different cell lines 

used and the fact that the pR19 plasmids contain the HSV LAT region that may 

interfere with the regulated expression from the NSE promoter when in the context 

of a plasmid. However, it must be noted that very low levels of expression were 

observed from the NSE plasmid in BHK and ND7 cells even when there were no 

LAT sequences upstream of it (pNSE LacZ -  see section 3.3) indicating that the low 

level of expression is probably mainly due to the cell lines used in this assay. 

Activity of the NSE promoter may be higher in differentiated ND7 cells as 

endogenous NSE expression is highest in post mitotic neurons in vivo.

It is possible that whilst low levels of expression has been observed from the 

NSE promoter when it is linked to the LAT region in a plasmid, higher levels may be 

obtained when the promoter constructs are inserted in to the virus or tested in other 

cell lines. From within the virus, the LAT region would be in its natural context and 

may facilitate the correct regulation of expression from the NSE promoter. This 

would also allow the testing of the NSE promoter constructs in vivo.
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Fig. 4.4a. Histochemical Detection of P-Galactosidase Expression in Transient 

Transfection Assays of the pR19 Series of Plasmids.

10|Lig of plasmid DNA was transfected into BHK cells (A) and ND7 cells (B) 

and cells incubated for 48 hours. The cells were then fixed and stained with X-gal.

1. pR19 LacZ (700Bp CMV promoter -  Control Plasmid)

2. pR19 Min CMV LacZ (ISOBp CMV promoter)

3. pR19 Min NSE LacZ (255Bp NSE promoter)
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Fig. 4.4b. Histochemical Detection of p-Galactosidase Expression in Transient 

Transfection Assays of the pR19 Series of Plasmids.

lOjLig of plasmid DNA was transfected into BHK cells (A) and ND7 cells (B) 

and cells incubated for 48 hours. The cells were then fixed and stained with X-gal.

4. pR19 NSE LacZ (l.SkB NSE promoter)

5. pR19 BL NSE LacZ (l.SkB NSE promoter -  700Bp LAP2 region

A -ve Mock Transfected BHK Cells 

B -ve Mock Transfected ND7 Cells

145



-&

i

5A  5B
j:* 3c

X, # 4
#  *

A -VE B -VE



4.4. Construction of Recombinant Viruses containing the pR19 Plasmids.

As the pR19 series of plasmids already contain homologous regions of HSV, 

these plasmids can be directly used in transfections with viral DNA to allow 

homologous recombination into the LAT region. All of the pR19 series of plasmids 

can be linearised by digestion with Xmnl. The pR19 Min CMV LacZ plasmid was 

transfected into BHK cells with 1764 viral DNA and the recombinant virus isolated 

by plaque purification by picking blue plaques. The pR19 plasmids that contained the 

minimal and full-length NSE promoters were transfected with 1764 pR19 LacZ viral 

DNA and the recombinant viruses then isolated by picking white plaques. All 

recombinant vectors that contained the NSE promoter were checked by Southern blot 

analysis to determine that the NSE promoter had been inserted (see Fig 4.5). Positive 

clones were identified and high titre stocks were produced (see Table 4.1.).

Table 4.1. Titres of 1764 pR19 Recombinant Viruses

Virus Titre (pfu/ml)

PR19 LacZ 5x10*

PR19 Min CMV LacZ 2x10*

PR19MinNSE LacZ 1x10*

PR19NSE LacZ 1x10*

PR19BLNSE LacZ 3x10*
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Fig. 4.5a. Southern Blot Analysis of 1764 pR19 Min NSE LacZ Virus.

Lanes 1-6: Six clones o f 1764 pR19 Min NSE LacZ digested with Spel/H indlll;. -ve  

control is 1765 pR19 LacZ viral DNA digested with Spel/H indlll. +ve control is 

pBL NSE LacZ plasmid DNA digested with Spel/H indllL  Southern blot was probed 

with a 255Bp X hol/H indlll fragment from pBL NSE LacZ plasmid corresponding to 

the minimal NSE promoter. All six clones were positives as indicated by the 255Bp 

band. #1 was used in subsequent experiments.
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Fig.4.5b. Southern Blot Analysis of 1764 pR19 NSE LacZ.

Lanes 1-4: Four clones o f 1764 pR19 NSE LacZ digested with EcoRV. -v e  control 

is 1765 pR19 LacZ viral DNA digested with EcoRV. +ve control is pR19 NSE LacZ 

plasmid DNA digested with EcoRV. Southern blot was probed with a L8kB 

Bam H l/H indlll fragment from pBL NSE LacZ plasmid corresponding to the full 

length NSE promoter. All four clones were positives as indicated by the 5.2kB band. 

#1 was used in subsequent experiments.
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Fig.4.5c. Southern Blot Analysis of 1764 pR19 BL NSE LacZ.

Lanes 1-4: Six clones o f 1764 pR19 BL NSE LacZ digested with EcoRV. -v e  

control is 1765 pR19 LacZ viral DNA digested with EcoRV. +ve control is pR19 BL 

NSE LacZ plasmid DNA digested with EcoRV. pR19 NSE LacZ was an additional 

control. Southern blot was probed with a l.SkB Bam H l/H indlll fragment from pBL 

NSE LacZ plasmid corresponding to the full length NSE promoter. Positive clones 

were indicated by the 4.6kB band. The difference in size o f the bands between pR19 

BL NSE LacZ and pR19 NSE LacZ is due to the shorter LAP2 region in pR19 BL 

NSE LacZ. #1 was used in subsequent experiments.
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4.5. Determination of Promoter Activity of 1765 pR19 Recombinant Viruses In 

Vitro.

The levels of activity of the minimal and full length promoters in the 1764 

pR19 recombinant viruses were determined in vitro by infecting BHK, ND7 and 

N2A cells at an MOI of 0.1 as performed previously with the 1764/43- recombinant 

viruses. The cells were harvested after 48 hours and the total P-galactosidase activity 

for each of the recombinant viruses was determined as before. The total levels of 

activity and the relative levels of activity compared to the 1764 pR19 LacZ control 

virus are shown in Fig. 4.6.

The minimal CMV promoter gave a higher level of expression than the full 

length HCMV IE promoter in BHKs. This is in contrast to the levels of expression 

obtained from the minimal CMV promoter when in a plasmid context (see Fig.4.3.), 

which gave lower levels of expression than the control plasmid containing the full 

length HCMV IE promoter. There was no increase in the level of expression from the 

minimal CMV promoter compared to the full-length promoter, in the neuronal (ND7 

and N2A) cell lines used. The increase in levels of expression in the minimal CMV 

promoter in non-neuronal cells may be due to the absence of upstream cw-acting 

repressive elements such as the YYl binding sites which binds the YYl transcription 

factor involved in the regulation of expression from HCMV IE in non-permissive 

cells (Liu et a l, 1994). As discussed before, other studies have shown that a 

truncated HCMV IE promoter gives higher levels of expression in non-neuronal cells 

compared to the full-length promoter (Kothari et al., 1991, Sinclair et al., 1992).
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Fig.4.6. p-Galactosidase Activity of 1764 pR19 Recombinant Viruses In Vitro,
Cells were infected at an MOI o f 0.1 and harvested after 48 hours. The activity o f (3- 
galactosidase was measured using the Galacto-Light assay kit (Tropix, Bedford, MA, 
USA). The data for each virus was plotted as the average total activity per 1000 cells 
(Graph A) and as a percentage o f the total activity o f the 1764 pR19 LacZ control 
virus. The error bars represent the maximum and minimum values obtained for 3 
assays. The Y-axis in Graph A is a logarithmic scale.
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A comparative study has also shown that a replication deficient HSV vector 

containing a truncated CMV promoter can drive expression of transgenes in primary 

cultures of neurons but was unable to drive transgene expression when it was 

inserted into a recombinant adenovirus (Shering et a l, 1997). Transgene expression 

in neurons was observed when neurons infected with the adenovirus were 

subsequently superinfected with wild-type HSV-1. Therefore, an HSV-encoded 

protein is involved in the activation of expression from the truncated CMV promoter 

in neurons. However in our study, the minimal CMV promoter allowed transgene 

expression from a plasmid in ND7 cells in the absence of any HSV proteins. This 

difference is probably due the different size of the CMV promoter used and due to 

differences between ND7 cells and primary cultures of neurons.

Expression from the minimal NSE promoter was higher when compared to 

the full length NSE promoter (see Fig 4.7.). There was an approximately three fold 

increase in the level of activity from the minimal NSE promoter in ND7s compared 

to the full length promoter The increase in expression was observed in all the cell 

lines tested indicating that whilst higher levels of expression were obtained, it was 

not in a cell-type specific fashion. Also, the full length NSE promoter in 1764 pR19 

NSE LacZ gave higher levels of expression in BHK cells than in the neuronal cell 

lines tested.
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Fig. 4.7. Direct Comparison of p-galactosidase Expression from the Minimal 

and Full-Length NSE Promoters.

This graph is adapted from Fig. 4.5. by plotting total activity on a linear scale on the 

y-axis. See Fig. 4.5. Legend for experimental details.

In 1764 pR19 BL NSE LacZ, which contains the 700Bp LAP2 fragment, the 

level o f expression in BHKs was lower compared to 1764 pR19 NSE LacZ, which 

contained the 1.5kB LATP2 fragment. Both these constructs gave similar level of 

activities in ND7 cells. There is no apparent increase in the level o f expression from 

the full-length promoter when it is inserted in the LAT region (0.62 luminescence 

units per 1000 cells for 1764 pR19 NSE LacZ) compared to when it is inserted into 

the UL43 locus (0.63 luminescence units per 1000 cells for 1764/43- P2 NSE LacZ). 

However, these are not directly comparable as the data was obtained in separate 

experiments. Whilst it appears that the location o f the NSE promoter within the viral 

genome does not affect the level o f  expression from this promoter, no definite 

conclusions can be drawn from this data, as the overall levels o f expression are very 

low.
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The increased level of expression from the minimal NSE promoter could be 

due to several factors. One possibility is that negative regulatory sequences have 

been removed from the promoter allowing the increase in level of expression seen. 

However, other studies have shown, using CAT assays, that greater levels of 

expression are observed with the full length 1.8kB NSE promoter compared to the 

255Bp NSE promoter in Neuro-2A (N2A) and PCI2 cells indicating that removal of 

sequences upstream should actually decrease the levels of expression (Sakimura et 

a l, 1995, Twyman & Jones, 1996). It is also possible that HSV viral proteins can 

bind to sequences in the 1.8kB NSE promoter. Binding of viral proteins such as the 

immediately early proteins such as ICPO and ICP4 to these sequences could inhibit 

expression from this promoter. Therefore, the absence of these sequences in the 

255Bp NSE promoter may allow greater levels of expression. This theory could be 

tested by transient co-transfection assays by transfecting plasmids that contain either 

the full-length or minimal NSE promoters fused to a marker gene, with plasmids 

encoding the viral proteins and determining if the viral proteins affect the level of 

expression of the marker gene.

Another factor, which may affect the level of expression from the NSE 

promoter, is the proximity of the LAT regulatory sequences to the transcriptional 

start of the marker gene. In 1764 pR19 Min NSE LacZ, the LATP2 region is only 

255Bp upstream of the transcriptional start site, compared to 1.8kB for 1764 pR19 

NSE LacZ. The shorter distance may allow increased enhancement of transcription 

of the marker gene. This factor is important particularly in the latent virus in which 

the viral genome is packaged into nucleosomes. The LATP2 region allows the 

genome to remain transcriptionally active after the viral genome has been packaged. 

Therefore, the closer the transcriptional start site to the LATP2 region, the less 

chance of the marker gene being silenced by binding of nucleosomes.
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Whilst higher levels of expression have been obtained with 1764 pR19 Min 

NSE LacZ in vitro, it does not appear to express in a cell-type specific manner. This 

is confirmed by histochemical detection of p-galactosidase expression (see Fig. 4.8.) 

in which similar levels of blue staining is observed in both neuronal and non

neuronal cell lines. In conclusion, there is no strong evidence that the minimal or full 

length NSE promoter is capable of driving cell-type specific expression from an 

HSV vector in vitro.
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Fig. 4.8a. Histochemical Detection of p-Galactosidase In In Vitro Assays of 1764 

pR19 Vectors.

BHK cells (A), ND7 cells (B) and Neuro-2a cells (C) were infected at an 

MOI of 0.1 with the 1764 pR19 series of recombinant vectors. The virally infected 

cells were incubated for 48 hours and then fixed and stained with X-gal overnight.

1.1764 pR19 Min CMV LacZ
2.1764 pR19 Min NSE LacZ

NB. For 1764 pR19 LacZ see Fig 3.8.
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Fig. 4.8b. Histochemical Detection of P-Galactosidase In In Vitro Assays of 1764 

pR19 Vectors.

BHK cells (A), ND7 cells (B) and Neuro-2a cells (C) were infected at an 

MOI of 0.1 with the 1764 pR19 series of recombinant vectors. The virally infected 

cells were incubated for 48 hours and then fixed and stained with X-gal overnight.

3.1764 pR19 NSE LacZ

4.1764 pR19 BL NSE LacZ
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4.6. Determination of Promoter Activity of the 1764 pR19 Vectors In Vivo,

To test the activity of the various promoters in vivo the recombinant vectors 

were injected into the footpad of mice and the DRGs removed at various time points. 

As high titres were obtained for all the 1764 pR19 recombinant vectors it was 

possible to inject all the vectors at 1 x lO^pfu/ml (see Fig. 4.9.). Mice were 

inoculated to allow testing of gene expression at 2, 7, 30,60,90 dp i..

Expression from the full-length CMV promoter is discussed in Chapter 3. 

Expression from the minimal CMV promoter (1764 pR19 Min CMV LacZ) was 

observed at 2 d p i increasing to a maximum at 7 d p i., which is comparable to the 

levels of expression found with the full length CMV promoter (1764 pR19 LacZ). 

However, whilst the full-length CMV promoter gave high levels at between 30-90 

d p i. (data not shown), the level of expression from the minimal CMV promoter had 

decreased substantially over these time points, with only a very few p-galactosidase 

positive cells present at these time points.

No expression was observed for the recombinant vectors that contained the 

1.8kB NSE promoter i.e. 1764 pR19 NSE LacZ and 1764 pR19 BL NSE LacZ at any 

of the time points tested.
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Fig. 4.9a. Histochemical Detection of In Vivo p-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at various time points.

1. 1764 pR19 Min CMV LacZ at 2 (A), 7(B), 30(C) 60 (D) and 90(E) d.p.i

P-Galactosidase expression is highest at 7 d p i. and then decreases until there 

are only a few P-galactosidase positive cells at 90 d p i.

IF. 1764 pR19 Min CMV LacZ -  site of inoculation (footpad) removed at 2 

d p i showing widespread expression of P-galactosidase.

IG. 1764 pR19 LacZ - site of inoculation (footpad) removed at 2 d.p.i 

showing widespread expression of p-galactosidase.

NB. For 1764 pR19 LacZ- infected DRGs - see Fig’s. 3.9 and 3.10.
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Fig. 4.9b. Histochemical Detection of In Vivo p-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at various time points.

2. 1764 pR19 Min NSE LacZ at 2 (A), 7(B), 30(C) 60 (D) and 90(E) d p i

p-Galactosidase expression is highest at 7 d.p.i. and number of P- 

galactosidase positive cells remains constant even at 90 d p i.

2F. 1764 pR19 Min NSE LacZ -  site of inoculation (footpad) removed at 2 

d.p.i showing minimal expression of p-galactosidase.
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Fig. 4.9c. Histochemical Detection of In Vivo p*Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at various time points.

3.1764 pR19 NSE LacZ at 2 (A), 7(B), 30(C) 60 (D) and 90(E) d.p.i

No p-Galactosidase expression is seen at any of the time points tested.

3F. 1764 pR19 NSE LacZ -  site of inoculation (footpad) removed at 2 d.p.i 
showing no p-galactosidase expression.
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Fig. 4.9d. Histochemical Detection of In Vivo P-Galactosidase Expression in 

Dorsal Root Ganglia via Footpad Inoculation.

Recombinant vectors were injected into the footpad of 3-week-old female 

BALB/c mice. The dorsal root ganglia from the lumbar region (L1-L6) ipisilateral to 

the injection site were removed at various time points.

4.1764 pR19 BL NSE LacZ at 2 (A), 7(B), 30(C) 60 (D) and 90(E) d.p.i

No p-Galactosidase expression is seen at any of the time points tested.

4F. 1764 pR19 BL NSE LacZ -  site of inoculation (footpad) removed at 2 
d p i showing no p-galactosidase expression.

162



4A - 4 B

4C



The vectors that contained the minimal NSE promoter element (1764 pR19 

Min NSE LacZ) gave expression at 2 d p i., the level of P-galactosidase expression 

increasing to a maximum at 7 d p i.. High levels of p-galactosidase expression were 

observed with this vector at 30, 60 and 90 d p i.. The levels of long-term expression 

observed with minimal NSE promoter are similar to the levels with the full length 

CMV promoter (Dr. R. Coffin -  Personal Communication).

This data indicates that minimal NSE promoter is capable of driving 

expression of a marker gene in vivo when inserted into the LAT region, even though 

the full length NSE promoter is not. The number of cells expressing p-galactosidase 

expression with 1764 pR19 Min CMV LacZ decreases more sharply over time whilst 

with 1764 pR19 Min NSE LacZ vector, levels remain constant up to 90d.p.i. (longest 

time tested). The level of expression from the 1764 pR 19 Min NSE LacZ vector is at 

least comparable to the levels obtained with the control virus 1764 pR19 LacZ over 

the same time period.

It was not determined whether the initial relatively modest decrease in P- 

galactosidase expression from 1764 pR19 Min NSE LacZ was due to promoter 

silencing or due to clearance of the virus by the immune system. However this data 

shows that long-term expression can be obtained from the 255Bp NSE promoter 

when it is inserted in the LAT region of HSV, in a similar manner to the 700bp CMV 

promoter which has previously been shown to express in the long term when inserted 

downstream of the endogenous LAT region.

It cannot be determined whether the 255Bp NSE promoter is acting in a cell- 

type specific manner in these experiments due to the fact that the axonal terminals in 

the footpad here take up the vector and transported along the axons to the neuronal 

cell bodies. Therefore only neuronal cells in the DRG will contain the vector.
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However, some indication of specificity may be estimated by determining the level 

of p-galactosidase expression at the site of injection (see Fig. 4.9). In the footpad, 

widespread levels of p-galactosidase expression were found with the 1764 pR19 

LacZ and 1764 pR19 Min CMV LacZ in apparently all the tissues, although exact 

nature of the expressing cell-types was not determined, they probably include muscle 

and other non-neuronal tissue. However, with the 1764 pR19 Min NSE LacZ vector, 

only very low levels of P-galactosidase expression were found in the footpad when 

compared to expression in DRGs, where an apparently equal intensity of X-gal 

staining was seen with the 1764 pR19 LacZ and 1764 pR19 Min NSE LacZ viruses. 

This indicates that the 255Bp NSE promoter is giving gene expression in a neuronal- 

selective fashion in vivo.

4.7. Discussion.

The results in this chapter show that when the 1.8kB NSE promoter driving 

expression of P-galactosidase is inserted into the LAT region of the HSV genome, 

only low levels of expression are observed in vitro in both neuronal and non

neuronal cell lines. There was also no apparent cell-type specific expression from 

this promoter. When vectors containing the full-length NSE promoter were tested in 

vivo, no detectable P-galactosidase expression was found. Therefore, the 1.8kB NSE 

promoter has now been tested in the LAT region and the UL43 locus in this study 

and neither location has allowed the cell-type specific expression of a marker gene 

from the NSE promoter. In other studies the 1.8kB NSE promoter has been inserted 

into the tk locus (Andersen et al., 1993) and the IE3 locus (Roemer et al., 1995) and 

here again both gave only very low levels of marker gene expression. From this
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combined data it can be concluded that the 1.8kB NSE promoter is not a suitable 

promoter to use for neuronal-specific gene expression from an HSV vector.

However, when a proximal 255Bp NSE promoter fragment is used to drive 

expression of a marker gene from within the LAT region, higher levels of marker 

gene expression are found compared to the full length NSE promoter. Whilst it 

appears that this promoter is not expressing in a cell-type specific manner in vitro, as 

similar levels of expression are found in both neuronal and non-neuronal cell lines, 

the 255Bp promoter does allow expression of a marker gene in vivo in an apparently 

neuronal specific manner as only faint X-gal staining is detected in foot-pad tissues, 

in contrast to robust staining in DRGs. When the 255Bp NSE promoter is inserted 

downstream of the LAT regulatory sequences, long-term expression is also obtained 

in vivo from this promoter as expression is found in DRGs for at least 90days. Thus, 

cell-type specific long-term gene expression has been obtained with this virus.

The data in this chapter also shows that potentially when minimal promoter 

elements from a heterologous promoter are inserted downstream of the LAT 

regulatory sequences, expression is obtained. In 1764 pR19 Min NSE LacZ, where 

1.5kB of upstream promoter sequence has been removed, there is a greater level of 

marker gene expression compared to the full length NSE promoter. This could be 

due to the removal of sequences, which cause repression of expression when inserted 

into an HSV genome, or it could be due to the fact the LAT regulatory sequences are 

closer to the transcriptional start site of the marker gene providing greater 

enhancement of marker gene expression. However this is not the case for all minimal 

sequences, as expression from the minimal CMV promoter was less when compared 

to the full length CMV promoter.

In order to further determine if the location of the transgene within the HSV 

genome can affect the expression from a heterologous promoter, a vector should be
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constructed containing the 255Bp NSE promoter outside the LAT region and the 

levels of marker gene expression determined. This promoter fragment should be 

linked to various LAT regulatory sequences, in as for the full length NSE promoter 

in Chapter 3. and the levels of expression determined. This may help to elucidate 

which LAT sequences are required for long-term expression of transgenes inserted in 

loci other than the endogenous LAT region. However, due to time constraints, such 

experiments were not performed.
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Chapter 5
Determination of the Cell-Type Specificity of Expression of the 1764

pR19 Min NSE LacZ Vector.
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5.0. Determination of the Cell-Type Specificity of Expression of the 
1764 pR19 Min NSE LacZ Vector.

5.1. Introduction.

The recombinant vector 1764 pR19 Min NSE LacZ has been shown to 

express p-galactosidase for at least 90 d p i in dorsal root ganglia via footpad 

inoculation, whilst no expression, detectable by X-gal staining, is seen at the site of 

inoculation. The control virus, 1764 pR19 LacZ expresses p-galactosidase in both the 

DRG and at the site of inoculation. This indicates that the 255Bp NSE promoter 

fragment can give expression in a cell-type specific manner in the context of the 

HSV genome and also such that expression is maintained during latency. This 

chapter describes the further characterisation of this vector and the level of cell-type 

specific expression it provides.

The 1.8kB NSE promoter has previously been shown to restrict expression to 

neurons in transgenic studies (Forss-Petter et a i, 1990). To show that the 255Bp 

NSE promoter is functioning in a similar cell-type specific manner, expression must 

be demonstrated in neurons but not in the non-neuronal cells in nervous tissue. This 

cannot be done by footpad inoculation as only neurons within the ganglia actually 

project to the footpad; therefore it is only the neurons within the ganglia that are 

infected and not the non-neuronal cell types.

Cell-type specificity might be shown by infecting primary cultures that 

contain a mixture of neurons and non-neuronal cells e.g. primary DRG cultures, 

followed by the use of immunohistochemistiy to identify the various cell types. 

However, as the recombinant vector is replication competent, when non-neuronal 

cells are infected in the primary cultures, lytic replication may occur resulting in cell 

death. This might spare only the neurons and therefore if expression occurred in non

neuronal cells it might be missed.
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Alternatively, organotypic slice cultures might be used. Organotypic cultures 

of nervous tissue are a useful system as all neurons maintain their neighbouring 

contacts and the process is less traumatic to the cells compared to the process used to 

prepare primary cultures. Organotypic cultures consist of 100-400pm tissue slices 

that are grown on a supportive permeable substrate. Brain organotypic slice cultures 

are usually taken from early postnatal rodents (Molnar & Blakemore, 1991). Early 

postnatal periods (P0-P7) are ideally suited to culture because the essentials of the 

cytoarchitecture are already established in most brain areas, the brain is relatively 

large and easy to dissect, and the nerve cells survive explantation more readily than 

at embryonic times (Gahwiler et al., 1997). One of the brain areas studied 

extensively by organotypic cultures is the hippocampus (Gahwiler et al., 1989, 

Thompson & Gahwiler, 1989). In hippocampal slice cultures, a substantial 

proportion of nerve and glial cell types survive even though the afferent projections 

have been cut in the culture process (Finsen et al., 1992). The phenotypic 

morphology of the neuronal types and the overall tissue organisation has been found 

to be similar to those in vivo. Oligodendrocytes display an organotypic distribution 

(Berger & Frotscher, 1994), and axons become myelinated during the first two weeks 

in vitro, as they are in vivo. Microglial cells are activated following explantation, but 

gradually return to a resting state after about a week in vitro (Hailer et al., 1996). 

Such slices have also been shown to maintain the local biochemical, physiological 

and structural integrity of their parent CNS regions when in culture (Ostergaard et 

al., 1995, Stoppini et al., 1991).

The hippocampal region is an ideal area to determine the cell-type specificity

of a vector such as 1764 prl9 Min NSE LacZ due to its defined cellular organisation

(see Fig 5.1.). The hippocampus consists of the hippocampus proper and the dentate

gyrus. The hippocampus, as seen in transverse section, has three major areas, CAl,
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CA2 and CA3 (CA = commissural associated regions). There are three layers within 

the CA regions. The molecular layer, which consists o f interacting axons and 

dendrites, is in the centre of the hippocampal formation, surrounding the 

hippocampal sulcus.

Alveus

Schaffer
Collateral

Mossy
Fibre ^

Perforant 
Fibre

Extrinsic
Afferents

Fig. 5.1. Cellular Organisation of the Hippocampus.

The principal hippocampal region is shown in grey. Pyramidal neurons o f the CA 

region are shown in red with dendrites extending into the molecular and polymorphic 

layers. The molecular layer is the white region between the dentate gyrus (DG) and 

the CA regions. Small black arrows indicate loop connections formed by mossy 

fibres and Schaffer collaterals. CAl, CA2, and CA3 are the hippocampal regions; CN 

IS the tail o f the caudate nucleus; ENT is the entorhinal cortex; Fx is the fimbria; h is 

the hilus o f dentate gyrus; ST/is the subiculum.

The dotted rectangle indicates the areas o f the hippocampus present in the 

organotypic slice cultures.
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The pyramidal cell layer is composed of large neurons, many of them 

pyramidal in shape, which are the principal cells of the hippocampus. The dendrites 

of these cells extend into the molecular layer. The polymorphic layer is beneath the 

alveus and contains axons, dendrites and intemeurons. Therefore, the areas that 

contain the neuronal cell bodies are separate and distinct from the regions that 

contain dendrites, axons and non-neuronal cells.

Another advantage of using organotypic hippocampal cultures is that they 

should give some indication as to the activity of the 255Bp NSE promoter linked to 

the LAT sequences in the CNS. While the promoter has been shown to express in the 

PNS in vivo in previous chapters where it provides effective gene delivery following 

peripheral inoculation, this recombinant vector is too toxic to test effectively in the 

CNS in vivo where direct injection into the brain would be required

Within the hippocampus, the neuronal cell bodies exist in the pyramidal cell 

layer and therefore the expression from the 255Bp NSE promoter should be 

restricted to this hippocampal region if it is functioning in a neuron-specific fashion. 

Expression from the control virus, 1764 pR19 LacZ, which contains the constitutive 

HCMV IE promoter, would be expected be found in all cell types and therefore 

should be seen in all areas of the hippocampus. Therefore, if (3-galactosidase 

expression is determined by histochemical means, blue staining should be restricted 

to the CA regions with the 1764 R19 Min NSE LacZ virus, whereas with the 1764 

pR19 LacZ, blue staining should be seen in all regions of the hippocampal section.
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5.2. Gene Transfer to Organotypic Hippocampal Cultures.

300|Lim sections of rat hippocampus were prepared and cultured using 

millicell semiporous membranes as previously described (Murray et a l, 1999, 

Stoppini et al., 1991). The cultures were incubated for seven days to allow the 

stabilisation of the slices. The cultures were initially infected with 2 x 10̂  pfu of 

purified recombinant vector in 2mls of medium. The cultures were then incubated for 

a further 48 hours, fixed in 0.05% glutaraldehyde, and P-galactosidase expression 

detected by histochemical means.

In these experiments, the vector 1764 pR19 LacZ (which contained the 

700Bp HCMV EE constitutive promoter) gave high levels of p-galactosidase 

expression in all areas of the hippocampal slices (see Fig. 5.2.). There were 

particularly high levels of P-galactosidase expression (as indicated by intense X-gal 

staining) around the edges of the hippocampal slice. Large numbers of glial cells 

migrate to the edges during culturing (Dr. K. Murray, UCL, UK. - Personal 

Communication). Blue cells are seen in the CA regions, including the molecular and 

the pyramidal cell layer as well as outside the CA regions. This indicates that 

expression from the HCMV IE promoter occurs in many different cell types within 

the hippocampal slice.

In contrast, p-galactosidase expression from 1764 pR19 Min NSE LacZ was 

found only in the CA regions and appears to be localised to the cell bodies within the 

pyramidal cell layer. No p-galactosidase expression was observed outside of this 

region indicating that expression from the 255Bp NSE promoter fragment was 

restricted to the cell bodies within the pyramidal cell layer. The overall level of 

expression from the 255Bp promoter was much lower than the HCMV EE promoter. 

Therefore, in order to obtain the same level of expression between the control virus
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Fig. 5.2. Histochemical Detection P-Galactosidase Expression in Organotypic 

Hippocampal Slice Cultures Infected with 1764 pR19 LacZ and 1764 pR19 Min 

NSE LacZ Vectors.

Organotypic hippocampal slice cultures were infected with various titres of 

vector. Slices were then incubated for 48 hours and then X-gal stained to determine 

levels of P- galactosidase expression.

A. 1764 pR19 LacZ - 2 xlO^pfu.

B. 1764 pR19 LacZ - 2 xlO"pAi.

p-Galactosidase expression from the 700Bp CMV promoter is found in in 

both neuronal and non-neuronal areas of the hippocampus including at the edges of 

the slice (***), which are predominantly glial cells

C. 1764 pR19 Min NSE LacZ - 2x10^ pftx.

P-Galactosidase expression from the 255Bp NSE promoter is restricted to the 

main neuronal areas (CAl and CA3). No P-galactosidase expression is observed at 

the edges of the slice (***).

D. Mock Infected

No background p-galactosidase expression is found in uninfected 

hippocampal slices.

NB. DG = dentate gyrus.

CA = commissural associated regions.
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and the 1764 pR19 Min NSE LacZ vector, to see if the restricted pattern of 

expression was maintained, hippocampal slices were infected with 1 x lO^pfu of 

vector. This, however, resulted in substantial cell death within the hippocampal slice 

causing the slice to become detached from the membrane and preventing detection of 

p-galactosidase expression (data not shown). Therefore, an alternative was to reduce 

the levels of expression from the control virus by infecting with 1 x 10"̂  pfu/ml of 

this vector. When this titre was used, lower levels of P-galactosidase expression were 

observed as would be expected. However, the pattern of p-galactosidase expression 

was not restricted to a single area of the hippocampus. Thus, while blue cells were 

found in the CA region, staining was also found in regions outside this area. 

Hippocampal cultures were also infected with 1 x lO'^pfu of 1764 pR19 Min NSE 

LacZ, but barely detectable levels of P-galactosidase were observed. This indicates 

that although the 255Bp NSE promoter fragment expresses more weakly than the 

HCMV IE promoter, it does so in a cell-type specific manner as P-galactosidase 

expression is only found in the pyramidal neuron cell bodies within the CA region. 

Hippocampal cultures were also mock infected and no blue cells were observed 

indicating a minimal if any background level of p-galactosidase activity. When 

hippocampal slices were infected for seven days with the recombinant vectors to see 

if longer expression was obtained, substantial toxicity occurred preventing any 

conclusions being drawn.
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5.3. Comparison of the Minimal CMV Promoter and the Min NSE Promoter in 

Organotypic Hippocampal Cultures.

In 1764 prl9 Min NSE LacZ, the LAT regulatory sequences are only 255Bp 

away from the transcriptional start site of the P-galactosidase gene, compared to 

700Bp in 1764 pR19 LacZ. Therefore, it is possible that the specificity of expression 

is due to the proximity of LAT sequences upstream of the 255Bp NSE promoter 

region rather than the NSE promoter itself. To determine if the LAT sequences affect 

the specificity of heterologous promoters, hippocampal cultures were infected with 

1764 pR19 Min CMV LacZ vector described in Chapter 4. This vector contains the 

150Bp basal promoter element of HCMV IE promoter. The LAT regions in this 

vector are only 150Bp upstream of the transcriptional start site of p-galactosidase 

and therefore the distance is comparable to that in 1764 pR19 Min NSE LacZ vector.

Hippocampal cultures were infected with 2 x lO^pfu of 1764 pR19 Min CMV 

LacZ and P-galactosidase expression determined (see Fig. 5.3.). Here a similar 

pattern of expression to the 1764 pR19 LacZ control vector within the hippocampal 

slice was found. p-Galactosidase expression being in all areas of the hippocampal 

slice including neuronal and non-neuronal areas. This shows that the proximity of the 

LAT region to the transcriptional start has no effect on the specificity of the promoter 

driving transgene expression and that the neuronal specificity found with the 1764 

pR19 Min NSE LacZ is very likely to be due to the neuronal specificity of the 255Bp 

NSE promoter fragment.
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Fig. 5,3. Histochemical Detection p-Galactosidase Expression in Organotypic 

Hippocampal Slice Cultures Infected with the 1764 pR19 Min CMV LacZ 

Vector.

Organotypic hippocampal slice cultures were infected with various titres of 

1764 pR19 Min CMV vector. Slices were then incubated for 48 hours and then X-gal 

stained to determine levels of P- galactosidase expression. The slices were then 

counterstained with cresyl violet Nissl stain.

A. 2 X lO^pfu.

B. 2 X lO p̂fu

p-Galactosidase expression from the minimal (150Bp) CMV promoter was 

found in both neuronal and non-neuronal areas of the hippocampus with a similar 

distribution to that of the 700Bp CMV promoter.

Slices were counterstained with cresyl violet Nissl stain to show the main 

neuronal areas including the commissural associated regions (CAl and CA3) and the 

dentate gyrus (DG).
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5.4. Determination of Activity of Full Length l.SKBp NSE Promoter in 

Organotypic Hippocampal Cultures.

Organotypic hippocampal cultures were also infected with 1764 prl9 NSE 

LacZ and 1764 pR19 BL NSE LacZ, which both contain the l.SKBp NSE promoter. 

Cultures were infected with 2 x lO^pfu of vector and (3-galactosidase expression was 

assessed (see Fig. 5.4.).

(3-Galactosidase expression from these vectors was much lower than 1764 

prl9 Min NSE LacZ indicating that the full-length NSE promoter is less efficient at 

driving transgene expression in the hippocampal slices compared to the 255Bp NSE 

promoter. However, it does appear that the (3-galactosidase expression is restricted to 

the pyramidal neurons within the CA region, although, due to the low numbers of P- 

galactosidase positive cells, this is not conclusive. When these vectors were tested in 

the PNS in vivo in Chapter 4, no p-galactosidase expression was found, whilst in the 

hippocampal slices, there are p-galactosidase positive cells. This difference could 

reflect a different activity of the l.SKBp NSE promoter in the CNS rather than the 

PNS or that it may be easier to get expression in slice cultures in vitro than in vivo by 

direct injection. Thus, whilst this promoter appears not to function in the PNS in 

vivo, it is possible that expression from this promoter could be found in the CNS in 

vivo. However, due to the toxicity of the vectors used in this study, as discussed 

earlier, it was not possible to test this.
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Fig. 5.4. Histochemical Detection ^-Galactosidase Expression in Organotypic 

Hippocampal Slice Cultures Infected with 1764 pR19 NSE LacZ and 1764 pR19 

BL NSE LacZ Vector.

Organotypic hippocampal slice cultures were infected with various titres of 

vector. Slices were then incubated for"48 hours and then X-gal stained to determine 

levels of P“ galactosidase expression. The slices were then counterstained with cresyl 

violet Nissl stain.

A. 1764 pR19 NSE LacZ -  2 x lO^pfo.

B.1764 pR19 BL NSE LacZ -  2 x 10*pfu.

Fewer P-galactosidase positive cells were observed with the 1.8kB NSE 

promoter compared to the 255Bp NSE promoter. p-Galactosidase positive pyramidal 

neurons can be seen in the CAl region.
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5.5. Characterisation of the Cell-Type Specificity of the Minimal NSE Promoter.

In order to determine whether the difference in the restricted pattern of 

expression observed from 1764 pR19 Min NSE LacZ in the hippocampal cultures is due 

to the cell type specific activity of the 255Bp NSE promoter and not due to the 1764 

pR19 Min NSE LacZ recombinant vector only infecting the neuronal cells for some 

unknown reason, it needs to be demonstrated that other cells have been infected. There 

should be no difference in the cells that are infected with either virus, as the viral 

backbone is identical, the only difference being the promoters that drive p-galactosidase 

expression. However, it still should be shown that 1764 prl9 min NSE LacZ is infecting 

all cell types but that P-galactosidase expression is restricted to neurons.

This could be achieved in two ways. First, immunohistochemistiy using 

antibodies directed against viral antigens could be used to show the presence of virus in 

all cell-types. Second, a further marker gene could be inserted into 1764 pR19 Min NSE 

LacZ driven by a constitutive promoter. A suitable marker gene is green fluorescent 

protein (GFP, see Fig. 5.5.). GFP is ideal as a marker gene, as no treatment of the slice is 

required in order to visualise the marker gene, which fluoresces under UV light.
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Fig. 5.5. Diagram of 1764/43- pR19 Min NSE LacZ/CMV GFP Recombinant 

Vector.

This diagram shows the location o f the two marker genes and their respective 

promoters within the 1764 HSV genome. Expression o f the green fluorescent protein 

(GFP) is driven by the 700Bp HCMV IE promoter inserted into the UL43 locus. (3- 

Galactosidase expression is driven by the 255Bp NSE promoter fragment inserted 

downstream o f the LAT region.

5.6. Construction of 1764/43- pR19 Min NSE LacZ/CMV GFP.

Viral DNA o f 1764 pR19 Min NSE LacZ was purified and then transfected 

into BHK cells with the linearised plasmid pUL43 CMV GFP. This plasmid 

contained the GFP gene downstream o f the HCMV IE promoter inserted into the Nsi 

1 site o f the UL43 shuttle plasmid (see Section 3.4.). Recombinant vectors containing 

the GFP marker gene were isolated by plaque purification o f fluorescent green 

plaques
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In order to determine if both marker genes were expressed from the 

recombinant vector, BHK and ND7 cells were infected at an MOl of 10 or 0.01 and 

the levels of expression of each of the marker genes was visualised. GFP was 

visualised by fluorescence microscopy. p-Galactosidase expressing cells were 

determined by histochemical means as usual (see Fig. 5.6.).

At an MOl of 10, high levels of GFP could be detected in both ND7s and 

BHK cells. p-Galactosidase expression was also observed in both ND7s and BHK 

cells although a smaller number of cells expressed p-galactosidase compared to 

GFP. At an MOl of 0.01, high levels of GFP was also found in both BHKs and 

ND7s. p-Galactosidase expression was minimal in BHKs but fairly high levels were 

observed in ND7 cells. This data shows both marker genes are expressed from 

1764/43- pR19 MIN NSE LacZ/CMV GFP in vitro. At high MOls, the 255Bp NSE 

promoter fragment does not express in a cell-type specific manner as high levels of 

p-galactosidase positive cells are observed in both BHK and ND7 cells. At low 

MOls however, it appears that this promoter fragment expresses in a cell-type 

specific manner. This is probably due to the fact that at high MOls, the normal 

regulation of the 255Bp NSE promoter is compromised due to the large number of 

viral genomes containing the promoter fragment present in each cell, effectively 

overcoming any transcriptional repression of the promoter, and also due to the high 

levels of virus regulatory proteins expressed in the cell. The level of p-galactosidase 

expression in ND7 cells appears to be greater from this double expressing vector 

(1764/43- pR19 Min NSE LacZ/CMV GFP) compared to the vector that only 

contains the Min NSE promoter (1764 Prl9 Min NSE LacZ -  see Chapter 4).
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Fig. 5.6. Detection of In Vitro p-Galactosidase and Green Fluorescent Protein 

Expression from 1764/43- pR19 Min NSE LacZ/ CMV GFP Vector.

BHK and ND7 cells were infected with 1764/43- pR19 Min NSE LacZ/CMV 

GFP at MOls of 10 and 0.1. The cells were then incubated for 48 hours and green 

fluorescent protein expression (GFP- B) was visualised prior to fixing and staining 

with X-gal to determine levels of P-galactosidase expression (A).

1. BHK c e i ls -M o n o

2. BHK cells-M C I 0.1

3. ND7 cells-M C I 10

4. ND7 cells-M O l 0.1

The 1764/43- pR19 Min NSE LacZ/CMV GFP vector was also tested in vivo 

by footpad inoculation. DRGs were removed at 2 d p i. and expression levels of the 

two reporter genes determined.

5A. p-Galactosidase expression in DRG.

5B. GFP expression in DRG.
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The difference could be due to the CMV promoter binding transcription 

factors which normally repress expression from the 255Bp NSE promoter allowing 

greater levels of expression from this promoter in ND7 cells.

Why P-galactosidase expression is observed in some ND7 cells but not others 

at high MOls, even though GFP is seen in all the cells indicating that all the cells are 

infected with the vector has not been further explored.

1764/43- pR19 Min NSE LacZ/CMV GFP was also tested in the PNS in vivo 

via footpad inoculation. Mice were inoculated with 25pi of a 1 x 10̂  stock of 

purified virus and the lumbar DRGs ipisilateral to the injection site were removed 

after 48 hours. The level of GFP expression was determined and then the DRGs were 

fixed in 4%PFA and the level of P-galactosidase expression was determined (see Fig.

5.6.).

Both P-galactosidase and GFP expression were observed after 48 hours in the 

DRG. It was not possible to determine if the expression of the two transgenes were 

occurring in the same cell within the DRG, but similar numbers of P-galactosidase 

and GFP positive cells were found within the DRG. Expression was not looked at in 

the footpad.

5.7. Infection of Organotypic Hippocampal Cultures with 1764/43- pR19 Min 

NSE LacZ/CMV GFP.

Organotypic hippocampal cultures were infected with 2 x lO^pfu of 1764/43- 

pR19 MEST NSE LacZ/CMV GFP vector. After 48 hours, the level of GFP expression 

was determined prior to fixing with glutaraldehyde, as glutaraldehyde autofluoresces 

in UV light at 520nm. After fixing the level of p-galactosidase expression was 

determined by X-gal staining (see Fig. 5.7.).
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Fig. 5.7. Detection of |3-Galactosidase and Green Fluorescent Protein Expression 

from 1764/43- pR19 Min NSE LacZ/ CMV GFP Vector in Organotypic 

Hippocampal Cultures.

Organotypic hippocampal slice cultures were infected with 2 x ^°pfu of 

1764/43- pR19 Min NSE LacZ/ CMV GFP vector. Slices were then incubated for 48 

hours and GFP expression visualised. The slices were then X-gal stained to 

determine levels of p- galactosidase expression. The slices were then counterstained 

with cresyl violet Nissl stain.

A. GFP Expression in DG and CAl -  scale bar = 350pm

B. p-Galactosidase expression in CAl

C. P-Galactosidase expression in CA3 -  Scale bar = 285 pm

GFP expression is observed throughout the hippocampus, in both neuronal 
(CAl) and non-neuronal areas (***).

p-Galactosidase expression is restricted to the neuronal areas (CAl) and 

CA3) and no expression id found in non-neuronal areas (***).
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Expression of GFP was found in all areas of the hippocampal slice whereas 

p-galactosidase expression was restricted to the CA regions as before. This shows 

that while the vector is infecting all areas and all cell types within the hippocampal 

slice, p-galactosidase expression is restricted to the neurons within the CA region 

due to the cell-type specificity of the 255Bp NSE promoter fragment.

5.8. Immunohistochemical Characterisation of Organotypic Hippocampal 

Cultures.

Whilst the cellular organisation of the hippocampal slices is useful for 

identifying the major neuronal areas and it has been shown that expression from the 

255Bp NSE promoter fragment is restricted to these neuronal areas, 

immunohistochemistry could be performed in order to show co-localisation of P- 

galactosidase expression specifically within neurons for 1764 prl9 Min NSE LacZ.

Ideally, an anti-NSE antibody would have been used to identify cells 

expressing endogenous NSE to show a co-localisation with galactosidase expression. 

However, the only anti-NSE antibody available did not function under fixation 

conditions suitable for X-gal staining or the use of an anti P-galactosidase antibody. 

An alternative antibody to the neuronal marker NeuN, a neuronal specific nuclear 

protein that is found in terminally differentiated neurons (Mullen et al., 1992) was 

therefore used.

Organotypic hippocampal cultures were infected with 1764 prl9 LacZ or 

1764 pR19 Min NSE LacZ. 20|um sections were cut from each slice and double- 

immunolabelling was performed to identify post-mitotic neurons and p-galactosidase 

positive cells.
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The pattern of immunolabelling for each of the recombinant vectors was 

consistent with the pattern found with histochemical staining of the infected 

hippocampal slices. For 1764 prl9 LacZ, p-galactosidase positive cells were found in 

NeuN positive cells and NeuN negative cells indicating that expression of P- 

galactosidase from the HCMV IE promoter is not restricted to a single cell-type, as 

expected (see Fig 5.8.). The pattern of double immunolabelling for hippocampal 

slices infected with 1764 prl9 Min NSE LacZ showed that P-galactosidase positive 

cells were also NeuN positive (see Fig. 5.9.). No p-galactosidase positive cells were 

found outside the pyramidal cell layer of the CA region, which contains the NeuN 

positive cells. This data confirms that the expression of p-galactosidase expression 

from the 255Bp NSE promoter fragment is restricted to post-mitotic neurons within 

the CNS in this in vitro model. The single immunolabelling of slices previously 

stained with X-gal also show that not all NeuN positive cells are p-galactosidase 

positive. This may be due to the efficiency of gene delivery of the vector i.e. does not 

infect all cells, or may be due to differences in the endogenous expression pattern of 

NeuN and NSE.
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Fig 5.8. Immunohistochemistry o f Virally Infected Organotypic Hippocampal

Slice Cultures.

Organotypic hippocampal slice cultures were infected with various titres of 

vector. Slices were then incubated for 48 hours and then X-gal stained to determine 

levels of (3- galactosidase expression. The slices were then sectioned and 

immunohistochemistiy performed with an antibody directed against NeuN, a neuronal 

marker. NeuN immunoreactivity is visualised with a diaminobenzidene (DAB) 

reaction, which produces a black deposit.

A. 1764 p rl9  LacZ -  2 x lÔ p̂fu (x25 mag)

P-Galactosidase expression is found in NeuN positive and NeuN negative cells.

B and C. 1764 pR19 Min NSE LacZ -  2 xlO'^pfu (xlOO mag) 

p-Galactosidase expression is found only in NeuN-positive cells.

DG = Dentate Gyrus

CAl = Commissural Associated Region 1
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Fig. 5.9. Double-Labelling Immunohistochemistry of Organotypic Hippocampal 

Slice Cultures Infected with 1764 pR19 Min NSE LacZ Vector.

Organotypic hippocampal slice culture were infected with 2 xlO^pfu of vector 

and incubated for 48 hours. The slices were then fixed, cryoprotected and 20pm 

slices produced. Double-labelling immunohistochemistry was performed with 

antibodies directed against NeuN and E.coli P-galactosidase.

A and C -  NeuN Immunoreactivity.

B and D - P-Galactosidase Immunoreactivity.

NB. A and B are at 50x mag; C and D are at 100 x mag.

White arrows indicate some of the double-labelled cells.
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5.7. Discussion.

The data in this chapter shows that expression from the 255Bp NSE promoter 

is restricted to post-mitotic neurons within the CA region within the hippocampus as 

shown with histochemical staining and double immunolabelling. It has also been 

shown that the restricted expression is dependant on the activity of the 255Bp NSE 

promoter fragment and not due solely to any proximal LAX regions upstream of this 

promoter. However, these LAX sequences do allow expression from the minimal 

NSE promoter to be maintained in the long term in vivo (Chapter 4).

Thus, the data from this and previous chapters shows that 1764 pR19 Min 

NSE LacZ is capable of driving long-term neuronal-specific expression of a 

transgene. The vector is particularly suited for gene delivery to the PNS in vivo, and 

whilst cell-type specific expression has been shown in the CNS in vitro, the toxicity 

of the backbone prevents the testing of this recombinant vector in the CNS in vivo. 

Therefore a vector more appropriate for use in the CNS (containing deletions in 

essential genes ICP4 and ICP27) should be constructed to test activity of the minimal 

NSE promoter in the CNS.
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6.0. Discussion.

6.1. Introduction.

Herpes simplex virus has been identified as potentially being suitable for 

development as a vector for juse in gene therapy. The advantages of HSV over other 

viral vectors include its large genome size that allows the insertion of up to 30kB of 

exogenous DNA, it is neurotropic making it potentially suitable for gene therapy in 

the nervous system, and is able to maintain a latent state for the life-time of the host. 

However, problems encountered with HSV vectors include their cytotoxcity, often 

only transient expression of transgenes and lack of cellular specificity. Long-term 

gene expression has been facilitated at least in part by the identification of the LAT 

region, which remains transcriptionally active during latency, and the use of 

promoters that drive transcription from this region. Attempts have also been made to 

target HSV vectors so that expression of the transgene is restricted to a single cell- 

type, as inappropriate expression of a transgene in non-target cells might lead to 

damaging effects. Targeting strategies have utilised the use of both cell-surface 

receptors and cell-type specific cw-acting sequences in order to restrict expression to 

a single cell-type, and whilst a certain degree of success has been achieved with other 

non-HSV viral vectors, attempts at cell-type specific expression with HSV based 

vectors have so far been unsuccessful.

The aim of this study was to produce a recombinant HSV vector that was 

capable of the long-term expression of a transgene in a cell-type specific manner. 

This was hoped to be achieved by the use of cell-type specific promoters (NSE, TH 

and L7) linked to LAT regulatory sequences to drive gene expression. The following 

chapter will summarise and discuss the relevance of the results obtained in the study.
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6.2. Comparison of Various Cell-Type Specific Promoters.

Three cell-type specific promoters, NSE, TH and L7 were initially tested in 

transient transfection assays in neuronal and non-neuronal cell lines to determine the 

level of activity of each of the promoters. Of the three promoters, NSE gave the 

highest level of expression. The low level of expression found with the TH and L7 

promoters is probably due the neuronal cell line (ND7) available at the time being 

inappropriate. However, the expression from the NSE promoter was not cell-type 

specific as expression was observed in both neuronal and non-neuronal cells. When 

these promoters were linked to LAT regulatory sequences, the level of expression 

increased; however, yet again expression was not cell-type specific. This data was 

contrasting to other studies (Roemer et a l, 1995, Twyman & Jones, 1996), as 

discussed in Chapter 3, which have shown the 1.8kB NSE promoter to allow cell- 

type specific from a plasmid in transient transfection assays. The difference is 

probably due to the different cell lines used. The other studies used Neuro-2a cells, 

which have been shown to express endogenous NSE (Twyman & Jones, 1996), and 

PCI2 cells, which have also been shown to express endogenous NSE (Roemer et a l, 

1995). The ND7 cell line used in this study may not express endogenous NSE. This 

should be determined by western blotting of protein extracts from ND7 cells with an 

anti-NSE antibody.

6.3. Activity of the l.SkB NSE Promoter from within an HSV Vector.

Whilst the data from the transient transfection assays indicated that the NSE 

promoter did not express in a cell-type specific fashion when in a plasmid context, 

recombinant HSV vectors containing the NSE promoter were made to assess whether 

or not the promoter gave cell-type specific expression when in the context of a viral
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genome. This would also allow the level of expression from the NSE promoter to be 

determined in vivo.

The NSE promoter was also linked to various LAT regulatory sequences to 

see if they had the ability to confer long-term expression characteristics onto the 

promoter. Studies have shown that the LAPl promoter is capable of driving high 

levels of gene expression in vivo but for only a transient period (Dobson et al., 1989, 

Margolis et a l, 1993) and that the LAP2 promoter is capable of low levels of long

term gene expression (Goins et al., 1994). Work in our laboratory has shown a 1.4kB 

region (termed LATP2) downstream of LAPl, including the LAP2 promoter, is able 

to confer long-term expression on heterologous promoters which are inserted either 

upstream or downstream of this region. Therefore, recombinant vectors were 

produced which contained the NSE promoter linked to various combinations of 

LAPl and LATP2 (see Chapter 3) in order to determine which sequences were 

required for optimal long-term expression.

Recombinant vectors were produced using an HSV mutant 1764. 1764 is 

deleted for the neurovirulence factor ICP34.5 and has an inactivated VP16. 

Therefore, whilst this vector is replication competent, it has reduced cytotoxcity 

compared to wild type and has been shown to efficiently deliver genes to the PNS in 

vivo (Coffin et al., 1996). The NSE promoter constructs were inserted into the UL43 

locus of this HSV mutant.

When the recombinant vectors were tested in neuronal (ND7 and N2A) and 

non-neuronal (BHK) cells in vitro, activity of the NSE promoter was very low with 

no apparent cell-type specificity. Even when the NSE promoter was linked to the 

LAT regulatory sequences, there was no difference in the activity of the NSE 

promoter. In comparable in vitro studies, when the same l.SkB NSE promoter 

fragment was inserted in to the tk locus, cell-type specific expression was observed
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(Andersen et al., 1992), but no cell-type specific expression was found when the 

promoter was inserted into the IE3 locus (Roemer et a l, 1995). This indicates that 

the site of insertion within the HSV genome may affect the activity of the NSE 

promoter. Other studies have shown that the insertion site can affect the activity of 

heterologous promoters (Roemer et a l, 1991). However, when the full length NSE 

promoter was inserted into the LAT region (1764 pR19 NSE LacZ -  see Chapter 4), 

there was no difference in the activity of the NSE promoter compared to when it was 

inserted into UL43.

When the 1764/43- vectors were tested in the PNS in vivo by footpad 

inoculation, no activity of the NSE promoter alone was observed. Low levels of 

activity were however found when the NSE promoter was linked to the LAPl and 

LATP2 regions (i.e. 1764/43- PI P2 NSE LacZ and 1764 PI NSE P2 1RES LacZ), 

but expression was transient.

When the 1.8kB NSE promoter was tested in CNS cells in vitro by 

inoculation of organotypic hippocampal slice cultures, low levels of expression were 

observed which appeared to be restricted to the neuronal layers within the 

hippocampus. However, due to only a low number of p-galactosidase positive cells, 

this data was inconclusive. In a similar study, when an HSV vector containing the 

NSE promoter in the tk locus was tested in the CNS via direct intracerebral 

inoculation, gene expression was also only found in a few neurons indicating a very 

low efficiency of transgene delivery (Andersen et a l, 1993, Andersen et a l, 1992).

Therefore, with the data from this study and from the comparative studies, it

can be concluded that the l.SkB NSE promoter is not an optimal promoter to drive

cell-type specific gene expression from within an HSV vector. The NSE promoter

has therefore now been tested in several locations within the HSV genome {tk, IE3,

UL43 and LAT) and in no case has efficient cell-type specific expression in vivo
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been achieved. However, whilst the l.SkB NSE promoter is not capable of driving 

cell-type specific expression from an HSV vector, cell-type specific expression from 

this promoter does occur when it is inserted into a replication defective adenovirus 

(Morelli et a l, 1999) or an adeno-associated virus vector (Peel et al., 1997). The lack 

of activity of the promoter from within the HSV genome may therefore be due to 

interaction with HSV encoded proteins preventing expression from the NSE 

promoter or due to particular attributes of the HSV DNA sequence.

6.4. Activity of the 255bp NSE Promoter from within an HSV Vector.

Most studies that have looked at activity of the NSE promoter have used a 

l.SkB promoter fragment. However, studies have also shown that a 255Bp NSE 

promoter fragment is capable of driving cell-type specific gene expression (Sakimura 

et a l, 1995, Twyman & Jones, 1996). Therefore, in this study, a 1764 vector was 

produced which contained this promoter fragment driving P-galactosidase 

downstream of the LAT region (1764 pR19 Min NSE LacZ - see Chapter 4). This 

insertion site was chosen as unpublished studies in our laboratory have shown that 

long-term gene expression characteristics are conferred on heterologous promoters 

downstream of this LAT region. Also, the vector containing the 255Bp NSE 

promoter could be directly compared to the control vector (1764 pR19 LacZ), as the 

only difference between these two vectors was the promoter driving gene expression 

(control promoter was 700Bp constitutive HCMV IE promoter).

When the level of in vitro gene expression from plasmids containing the

255Bp NSE promoter (pR19 Min NSE LacZ) was determined, higher levels of

expression were achieved when compared to the l.SkB NSE promoter in a

comparable plasmid (pR19 NSE LacZ). This is contrasting to previous studies that

have shown a similar level of expression for the 255Bp NSE promoter and the l.SkB
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promoter in PC 12 ceils (Sakimura et a l, 1995, Twyman & Jones, 1996). The 

difference in these studies could be due to the different neuronal cell lines used and 

due to the fact that there are LAT regulatory sequences upstream of the NSE 

promoter fragments which may influence the levels of expression. However, 

expression from neither the 255Bp or l.SkB NSE promoter was cell-type specific as 

similar levels of expression were found in neuronal and non-neuronal cells. When the 

activity of the 255Bp promoter inserted into a 1764 vector was determined in vitro, 

higher levels of expression than the l.SkB NSE promoter were also observed in 

neuronal and non-neuronal cells. Yet again however, the 255Bp NSE promoter did 

not direct gene expression in a cell-type specific fashion.

When 1764 pR19 Min NSE LacZ was tested in the PNS in vivo by footpad 

inoculation, expression was observed at all the time points tested (up to 90 d p i ). 

The levels of expression were at least comparable to the 1764 pR19 LacZ control 

vector. This showed that placing the 255Bp NSE promoter downstream of the LAT 

region allowed long-term expression from this promoter. Also, when the levels of P- 

galactosidase expression were determined at the site of inoculation, 1764 pR19 Min 

NSE LacZ had apparent cell-type specificity as little expression was observed in 

non-neuronal tissues whilst high levels of expression were observed in the cell 

bodies in the DRG. 1764 pR19 LacZ gave high levels of expression in both the DRG 

and in non-neuronal tissues at the site of inoculation.

When the cell-type specificity of this promoter was further tested in

organotypic hippocampal slices, expression from the 255Bp NSE promoter, as

determined by X-gal staining, was restricted to the neuronal layers within the

hippocampus. Expression from 1764 pR19 LacZ control was however found in all

areas of the hippocampus including the non-neuronal areas. The neuronal specificity

of the 255Bp NSE promoter in this model was confirmed by immunohistochemistry
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showing co-localisation of antibodies directed against p-galactosidase and the 

neuronal marker, NeuN. The neuronal specificity of the 1764 pR19 Min NSE LacZ 

vector was demonstrated to be due to the 255Bp NSE promoter itself, and not due to 

the proximity of the LAT re^on as expression from 1764 pR19 Min CMV LacZ, 

which contained a 150Bp HCMV IE promoter fragment, was constitutive.

Thus, on the basis of this study, 1764 pR19 Min NSE LacZ is an HSV vector 

that is capable of long-term neuronal-specific gene expression in the PNS in vivo and 

in in vitro CNS cultures. This contrasts with the various cell lines tested where cell- 

type specificity was not observed. The reasons for this were not identified.

6.5. Cell-Type Specific Promoters and HSV Vectors.

Transgenic studies have highlighted several cellular promoters that are

capable cell-type specific gene expression. The potential to use these c/5-acting

sequences in viral vectors in order to obtain cell-type specific transgene expression

might greatly improve the safety of these vectors for clinical use. However, whilst

transgenic studies may identify particular sequences, these may not be the optimal

sequences for use in viral vectors. For example, the 1.8kB NSE promoter is capable

of driving neuronal specific expression in transgenic animals (Forss-Petter et al,

1990). However, when this promoter fragment is inserted into an HSV vector, either

specificity is lost or expression is very low. Such results have been shown in the

current study and in others (Andersen et al., 1993, Andersen et a l, 1992, Roemer et

al., 1995). This could be because the promoter might not be complete and the

deficiency is compensated for by genomic sequences in the transgenic studies, or due

to interaction of virally encoded proteins of DNA preventing the normally regulated

expression from the promoter. As discussed earlier, cell-type specific expression

from the NSE promoter has been obtained when the promoter is inserted into an
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adenovirus (Morelli et al.  ̂ 1999) or an AAV vector (Peel et a l, 1997). Both these 

vectors express substantially fewer virally encoded proteins than the HSV vectors 

used and it may be this difference that allows the cell-type specific expression from 

the NSE promoter in these non-HSV vectors.

Other studies have shown that expression of heterologous promoters is 

influenced by the vector in which it is inserted (Shering et a l, 1997). In this study, 

activity of a truncated HCMV IB promoter was determined when it was inserted into 

either a recombinant adenovirus (RAd35) or an HSV vector. When primary 

neocortical cultures were infected with the RAd, expression from the truncated 

HCMV IE promoter was observed in glial cells but not in neurons. When the same 

cultures were infected with the HSV vector, expression from the HCMV IE promoter 

was observed in neurons indicating that the specificity of expression from this 

promoter was dependant on the viral vector into which it was inserted. This study 

also showed that when RAd35-infected neurons were superinfected with an HSV-1 

vector, expression from the truncated HCMV IE promoter within the RAd was 

observed in these neurons. This indicates that an HSV-encoded protein activates the 

truncated HCMV-IE promoter in neurons (Shering et al., 1997). Whilst it was not 

determined which, if any, of the HSV-encoded proteins interact vWth the l .SkB NSE 

promoter, it may be beneficial to identify any interactions so that in subsequent 

generations of vectors, these proteins may be deleted or their expression prevented.

Whilst the l.SkB NSE promoter fragment failed to give cell-type specific 

expression in both plasmid and viral context, expression from the 255Bp NSE 

promoter was shown to be cell-type specific in the organotypic hippocampal slices. 

This data therefore indicates that sequences within this 255Bp NSE promoter, which 

are proximal to the transcriptional start site, are capable of driving cell-type specific 

expression without the 1.5kB of upstream promoter sequence that was used in the
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transgenic studies. Putative binding sites within this minimal promoter region include 

sites for AP2, Spl and several cytidine-rich elements, which are homologous to the 

PER2 elements that are required for high-level expression of the neuron-specific 

peripherin gene (Desmarais et al., 1992).

There have been several neuronal-specific promoters identified whose cell- 

type specific regulatory sequences are proximal to the transcriptional start site; these 

include the rat peripherin gene (Desmarais et a l, 1992), the GAP43 gene (Nedivi et 

al., 1992), the synapsin I gene (Sauerwald et al., 1990) and the calmodulin II gene 

(Matsuo et al., 1993). These promoters may be potentially suitable for use in HSV 

vectors as it is possible that only the minimal promoter sequences are required for 

cell-type specific gene expression in each case. It would appear from the studies with 

the NSE promoter reported here, that the smaller the size of promoter, the greater the 

chance that the correct regulated gene expression will be obtained.

Initial experiments in this study also examined the potential use of the TH 

and L7 promoters in HSV vectors. A 4.8kB TH promoter fragment has been 

identified by transgenic studies as the minimal sequence required for cell-type 

specific expression in the CNS (Banerjee et a l, 1992). However, this may not be 

optimal in an HSV vector as discussed above and promoter truncations might 

therefore be tested to determine the optimal sequences required. Similar studies 

would also have had to be carried out for the L7 promoter. A 776Bp TH promoter 

has previously been shown to give neuronal specific expression from an HSV 

amplicon vector in the midbrain and striatum after direct intracerebral inoculation, 

however the duration of expression was much shorter (~1 week) than with a vector 

containing a 6.8kB TH promoter (duration ~2 months) in the same study (Wang et 

a l, 1999). Also, expression was found in all neurons and was not restricted to only 

dopaminergic neurons. With this data, therefore, a suitable minimal promoter size to
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begin a study would be 776Bp in length. This is a similar size as the TH promoter in 

the plasmid p773TH LacZ (See Chapter 3). Promoter fragments of increasing size 

between 773Bp and 4.8kB should also be produced. These TH promoter fragments 

fused to LacZ could be inserted downstream of the LAT region to see if long-term 

expression characteristics are conferred in the same way as with the 255Bp NSE 

promoter. Initial tests for activity would be carried out in PCI2 cells in vitro and in 

superior cervical ganglia (SCO) in vivo. In order to test the promoter in the CNS in 

vivo, a replication-defective vector would be required. If cell-type specific expression 

could be obtained from the TH promoter, then this would be beneficial in the 

development of vectors for use in the treatment of Parkinson’s disease, as expression 

of therapeutic proteins such as the tyrosine hydroxylase could then be restricted to 

dopaminergic neurons, which are the target cells in the treatment of PD, rather than 

being expressed in all neurons.

6.6. LAT Sequences Required for Optimal Long-Term Expression.

One of the aims of this study was to determine which of the LAT sequences 

are required for optimal long-term expression. Whilst the study confirmed 

unpublished data within our laboratory (manuscript submitted) that inserting 

heterologous promoters downstream of the LAT region potentially allows long-term 

gene expression, this appears not to be the case for all promoters. Long-term 

expression was achieved with the 255Bp NSE promoter (1764 pRI9 Min NSE LacZ) 

but not with the l.SkB NSE promoter (1764 pR19 NSE LacZ). This may be due to 

the fact expression from the l.SkB NSE promoter is too weak to detect in the short 

term or long term using the methods used in this thesis. More sensitive methods such 

as RT-PCR could be used to see if expression is obtained from the l.SkB NSE 

promoter.
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Data from our laboratory has shown that when the 430Bp MMLV promoter 

and 700Bp HCMV IE promoter are inserted downstream of the LAT region, long

term expression occurs. This may indicate that the size of the promoter is important, 

as all the promoters that have successfully allowed long-term gene expression are 

less than l.OkB in length. However, due to the lack of activity of the l.SkB NSE 

promoter even in transient transfections in this study, no definite conclusions can be 

drawn as to optimal promoter length. Short promoters do not necessarily remain 

active in the long-term though, as the minimal CMV promoter was only able to drive 

expression in a few cells during latency (see Chapter 4), whereas higher levels of 

expression were found in the long-term with the full-length CMV promoter.

In order to determine which of the LAT sequences are required for long-term 

expression, the series of constructs in Chapter 3 that contained the NSE promoter and 

various LAT regions should be reconstructed but with the 700Bp HCMV IE or 

255Bp NSE promoter replacing the l.SkB NSE promoter. These vectors should then 

be tested in the PNS in vivo to determine the duration of gene expression of each of 

the constructs. This will allow the determination of the optimal LAT sequences 

required for long-term expression. These promoter constructs should also be inserted 

into replication defective vectors so that they can be tested in the CNS in vivo to see 

if the same sequences that confer long-term expression in the PNS can also confer 

the same properties in the CNS.

6.7. Future Work.

In continuation of the study, it would be particularly useful for the pR19 Min 

NSE LacZ construct to be inserted into a replication defective vector in order to test 

the activity of the promoter within the CNS in vivo. Such a virus might be the 

1764/27-/4- vector which does not express any IE genes (Thomas et a l, 1999b).
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When this project began, the construction and growth of such viruses was 

problematical. However, the production of these replication defective vectors is now 

relatively straightforward such that this could now be easily achieved. It would also 

be useful to produce a replication defective vector that contained the pR19 NSE 

LacZ construct. Although no expression was seen from this promoter construct in the 

PNS in vivo, low levels of expression were observed in the organotypic hippocampal 

cultures. By testing the full-length promoter in vivo it would finally be possible to 

conclude whether or not the l.SkB NSE is a suitable promoter for restricting 

expression to neurons in vivo.

As discussed earlier, studies still need to be carried out on determining the 

optimal LAT sequences required for long-term expression, particularly when 

transgenes are inserted in loci outside of the LAT region.

Whilst in many gene therapy applications, restriction of transgene expression 

to post-mitotic neurons will be advantageous, in many applications, restriction to a 

particular subset of neurons may be required e.g. gene delivery to dopaminergic 

neurons within the substantia nigra in Parkinson’s disease. As the pathology of 

neurodegenerative diseases are elucidated and target cells identified, then suitable 

c/5-acting sequences that restrict expression to these target cells need to be further 

identified. Due to the difficulties that arose in producing vectors containing the NSE 

promoter, it was not possible to test the other cell-type specific promoters in HSV 

vectors. However, now that the technology is available to rapidly produce vectors 

containing cell-type specific promoters, the minimal TH, L7 and other promoters 

could be tested for their ability to restrict expression when they linked to LAT 

sequences and inserted into HSV vectors.

It has been shown with this study and other studies that the normal regulation 

of expression of cell-type specific promoters is affected when they are placed into an
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HSV vector. This could be due to the interaction of HSV-encoded proteins or it could 

be due to the transcriptional state of the cell being affected by viral infection.

It would be beneficial for future work on the NSE promoter if the HSV 

proteins that interact with the promoters were identified. This could be achieved with 

gel shift assays using purified recombinant HSV proteins and radiolabelled 

subffagments of the NSE promoter. Candidate HSV proteins could be identified 

which bind to this sequence. Any proteins that do bind can then be deleted from the 

viral vector to see if this allows the correct regulation of the NSE promoter. Some of 

the candidate HSV proteins would be the IE proteins, ICPO, ICP4 and ICP27. These 

interactions could be confirmed by simple transient co-transfection assays of plasmid 

containing the l.SkB NSE driving expression of a reporter gene with plasmids that 

encode the HSV proteins. Any interactions would be shovm by differences in levels 

of expression of the reporter gene. These transfections should be carried out in a 

neuronal cell line that has been shown to express endogenous NSE, such as PCI2 

cells or Neuro-2a cells.

Whether or not the transcriptional state of a virally infected cell affects the 

regulation of the l.SkB NSE promoter could be shown by using a suitable neuronal 

cell line, which is either transiently or stably transfected with a reporter plasmid 

containing the l.SkB NSE promoter, and then superinfecting these cells with an HSV 

vector, to see if there is any change in the level of reporter gene expression. This 

assay should be done with both wild type HSV and a replication defective HSV to 

see if replication of HSV within a cell also affects the regulated expression of the 

NSE promoter.

This study showed that reducing the size of the NSE promoter fragment from 

I.8kB to 255Bp allowed cell-type specific expression from this promoter when it was 

inserted downstream of the LAT region. This could be due to the removal of
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upstream NSE promoter sequences that bind HSV encoded proteins. The 

identification of specific sequences within this region, which do bind to these 

particular proteins, may enable the determination of whether or not other promoters, 

which contain these sequences, are suitable for use in HSV vectors. It is possible that 

deletion of these or similar sequences may allow cell-type specific expression to be 

achieved from other cell-type specific promoters that have previously been unable to 

express in the required manner.

Therefore to conclude, it is possible to achieve cell-type specific expression 

from HSV vectors using cell-type specific promoters. However, this can only be 

achieved once the sequences required for cell-type specific expression from an HSV 

vector have been identified for each promoter. Sequence analysis must be performed 

on each promoter used in order to obtain optimum cell-type specific expression.

Further Experiments.

Western blot analysis was performed no ND7 and Neuro-2a cells with an 

anti-NSE antibody. Endogenous expression of NSE was observed in both cell types 

indicating that the endogenous NSE promoter is active in both these cell types. 

Therefore, it is possible to conclude that the insertion of the 1.8Kb NSE promoter 

into an HSV vector prevents the correct regulated expression from this promoter.

Experiments were also performed to compare the levels of p-galactosidase 

activity observed by X-gal staining when cells were fixed with either 0.05% 

glutaraldehyde or 4% paraformaldehyde. No difference in the levels of X-gal 

staining was observed with either fixation agent.
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