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ABSTRACT

Studies have shown that experimental allergic éncephalomyelitis, a model for Multiple
Sclerosis, can be inhibited by repeated administration of anti-inflammatory cytokines or
cytokine neutralising agents. Given the short half-life of many biological agents,
administration must be frequent to maintain a therapeutic effect. Gene therapy allows
long-term in vivo delivery of these biological therapeutic agents. This study has
investigated the use of viral and non-viral vectors administered systemically and locally
to the central nervous system, to deliver the anti-inflammatory cytokines IL-4, IL-10
TGF-B and IFN-f with the aim of ameliorating EAE. In addition, neutralisation of TNF
using soluble TNF receptors and blockade of T-cell costimulation using CTLA4-Ig
fusion proteins and anti-B7 antibodies were also studied. This study demonstrates that
EAE can be successfully inhibited using gene delivered biological agents by a variety of
vectors, either during the priming stage of disease or after disease onset. Local
administration of the vector to the CNS increases the efficacy of therapeutic agents even
at lower doses than used systemically, and may reduce the systemic side effects seen
with standard high-dose protein therapy. The study of currently available vectors under
the same conditions and in the same model allows a useful comparison and highlights
both advantages and disadvantages of each method. This study provides data on a
variety of successful approaches of gene delivery to treat an ongoing CNS autoimmune

disease, which hopefully will provide a basis for using this method in humans.
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Chapter 1 Introduction
1.1. MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is the most common human primary demyelinating disease of
the central nervous system (CNS). It affects mainly young adults at diagnosis, between
the ages of 20-40 years, with a prevalence of between 5-300 per 100,000 in developed
societies. MS occurs more frequently in women than in men (Ransohoff 1992). MS is
now widely considered to be an immune-mediated disease of the CNS featuring blood
brain barrier (BBB) breakdown, oedema and inflammation. This is probably due to an
autoimmune pathogenesis directed at the CNS resulting in the destuction of the myelin
sheath surrounding neurons, which causes loss of neuronal function in patients. The
xtiology of MS is still unknown, but both genetic and environmental stimuli are
considered to play a role in the development of this disorder. The fact that MS is
heterogeneous in its onset, symptoms, pathology and disease course highlights the

potential problem of those seeking to treat or investigate MS.

Although there are recorded accounts of MS as early as the eighteenth century by Sir
Augustus Frederic D’Este, the first observations of the clinical symptoms of MS were
made by Robert Carswell (1838) and Jean Cruveillhier (1835-1842). However, the first
description of MS as a clinical disease in a living patient was made by Jean Martin
Charcot (1877). As well as noting the tremor in patients he also recorded spontaneous
remissions in disease progression. Further characterisation of MS symptoms and

pathogenesis has been in progress since Charcot’s reports.

1.1.1. Diagnosis of Multiple Sclerosis

At present there is no specific diagnostic test for MS. Thus MS is not usually diagnosed
until the patient has experienced at least two disease episodes involving two areas of the
CNS on two separate occasions, at least a month apart (Schumacher et al., 1965). MS
also shares symptoms with other diseases so it is necessary to perform numerous tests
including neurological examination to exclude other disease possibilities. Lumbar
puncture for assessment of oligoclonal immunoglobulin bands in cerebrospinal fluid
(CSF) and more recently magnetic resonance imaging (MRI) have been used to aid the
diagnosis of MS. MRI detects nuclear magnetic resonance (NMR) of protons present in
the lipid and water of tissue and allows the visualisation and determination of CNS

structure and the study of MS lesion formation in vivo. MRI scans in conjunction with
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CSF analysis and clinical examination of the patient were utilised by Poser to define
criteria to aid the diagnosis of MS (Poser et al., 1983). A patient with a history of
attacks characteristic of MS who also has CNS lesions present identified by MRI, can
be diagnosed, by the Poser criteria, with clinically definite MS, or with clinically
probable MS, in patients with disease episodes where no MRI has been performed
(Poser et al., 1983). MRI may also be of use as a prognostic indicator where individuals
who had many white matter lesions at presentation of disease episodes went on to
develop MS within three years, whereas those who had normal or near normal white

matter had a much lower risk of MS (Ford et al., 1992).

The main pathologic feature of MS is primary demyelination. This term describes the
destruction of oligodendrocytes and the myelin sheath surrounding the axons in the
CNS with relative sparing of the associated axon. Any region of the CNS containing
myelin is susceptible to damage and therefore symptoms of MS are variable between
patients and can differ in their severity and duration. Often, initial symptoms include
sensory loss, such as blurred vision, hearing problems, numbness or tingling sensations
in the limbs (Whitaker and Mitchell, 1997). Over the time course of MS many more
physical and psychological symptoms become apparent, including weakness and
fatigue, reduced tactile sensations, thermal abnormalities, insensitivity to, or chronic
pain, spasms, bladder and sexual dysfunction, and cerebellar and spinal cord

dysfunction which can cause limb ataxia and paralysis (Whitaker and Mitchell, 1997).

Various risk factors have been described which are thought to be involved in inducing
relapse in MS patients, such as stress, trauma, elevated temperatures, infections and
immunisation (reviewed by Whitaker and Mitchell, 1997). However, there is little
direct evidence to suggest these factors play a role in the exacerbation or induction of
MS. MS exhibits a temporal profile of neurological deficits termed ‘“‘exacerbations”
(relapses) which result in multiple episodes of symptoms. Consequently, symptoms
may be resolved and either partial or complete restoration of function may occur, in a
period termed remission. Often, remission fails to restore fully the deficit and disease

worsens with each new relapse.

1.1.2. Clinical types of MS

A group of five distinct demyelinating diseases have been described under the main title
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of multiple sclerosis but which all share the same hallmark, namely primary
demyelination. The most prevalent of the five is the Classic (Charcot) type which
afflicts adults mainly between 20-40 years of age, with a relapsing-remitting disease
course spanning several decades before developing into a chronic progressive stage and
finally death. Usually the disease course is highly unpredictable and the neurological
deficit sometimes worsens with each subsequent relapse. Acute MS (Marburg) is
common in younger patients and characterised by a relatively short duration of disease
course coupled with an early death within 2 years (Marburg 1906). Schilder type MS
(Schilder 1912) usually presents in children and adolescents. It differs from the classic
form in that it features Wallerian degeneration (axonal loss) and variable axonal
destruction in the cerebellum and brain stem, as well as the customary demyelinated
plaques. However, the disease course follows a similar pattern to the classic type.
Another variant of MS is the Devic type (neuromyelitis optica), which is an acute form
of MS, which can result in death by 3 months. It is characterised by severe
demyelination in both the optic nerve and spinal cord within days or weeks of each
other, causing visual impairment and spinal cord abnormalities (Gault 1895). The fifth
type is Bald’s MS (concentric sclerosis) and is comparatively rare. It is an acute form
of the disease and is rapidly progressive, with characteristic irregular concentric
patterns of demyelination separated by narrow bands of preserved myelin (Bald 1928).
These types of MS all present the essential histological feature of the demyelinated

plaque and are grouped together for this reason but it is possible that these diseases have

different aetiologies, and disease mechanisms.

There are 5 sub-types of MS based on the temporal profile of neurological deficits and
remissions, which are used as standard classification (Lublin et al., 1996). Primary-
progressive (PP) MS shows progressive disease from the onset of clinical symptoms,
and prevails in ~15% of patients. Symptoms steadily worsen and although disability
may plateau, the usual course is progressive. Relapsing-remitting (RR) MS affects 25%
of MS patients and presents as clearly defined exacerbations and remissions with little
residual deficit. Remissions may last for long periods of time although clinically
“silent” lesions may still be seen by MRI. After many attacks the patient may develop
progressive-relapsing MS where patients develop clearly defined exacerbations, but
where neurological deficit is not restored during remission and the patients symptoms
worsen with each subsequent relapse. Secondary-progressive (SP) MS exhibits a RR

form of disease initially but then exhibits a progressive worsening of disease with little
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or no relapses. About 40% of MS patients develop SP MS, usually after 15-20 years of

onset. Finally, patients who experience a small number of mild disease symptoms with
complete recovery and who exhibit no permanent disability after 10-15 years post-onset

are diagnosed as having benign MS, which occurs in about 20-30% of MS patients.
1.1.3. Neuropathology of MS

White matter consists of millions of insulated nerve fibres, coated by myelin sheaths.
These restrict the ion flux across the axon membrane allowing the saltatory conduction
of action potentials along the axon via the Nodes of Ranvier. In the CNS the
production, ensheathing and maintenance of myelin on the axon is undertaken by
oligodendrocytes, one of the two macroglial cells in the CNS, and in the periphery by
the Schwann cell. Oligodendrocytes can extend up to S0 processes, which encompass
many axons compared to the peripheral nerves whereas Schwann cells typically
ensheathe only one axon. Lipids constitute 70% of myelin with proteins making up the

other 30%, thus making it ideal for insulation of electrical impulses.

Typically in MS, demyelinated lesions with varying levels of mononuclear cell
infiltrates are located irregularly in the white matter tracts although lesions can also be
present within the grey matter. However, distribution of lesions and lesion load varies
between patients. Often, lesions in the brain are roughly symmetrical and have a
predilection for periventricular regions (90% of all MS patients) (Lumsden, 1970)
particularly around the lateral and fourth ventricles. The spinal cord and optic nerve
often show demyelination of nerve fibres, loss of oligodendrocytes and fibrous scarring
(sclerosis) due to astrogliosis. In addition in the later stages of MS, atrophy of nerve
fibres can lead to axonal loss (Raine, C. S. 1997). In contrast, the peripheral nervous
system appears to be relatively unaffected. The brain stem is a commonly affected area
and lesions in this area have been correlated to clinical symptoms such as respiratory
failure and coma. In contrast to the brain, spinal cord lesions tend to be distributed
randomly, often crossing anatomical or functional boundaries, but are twice as likely to

be found in the cervical region (Raine, C. S. 1997).

Histological analysis of MS is usually post-mortem, which may be years or decades
after onset. The histological appearance of MS lesions depends upon the activity and

age of the lesion. Generally, lesions fall into one of four categories: the chronic MS
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plaque, the chronic active MS plaque, the acute MS plaque and shadow plaques. The

striking feature of an acute MS plaque typically associated with acute or severe chronic
progressive MS, is its indistinct margin, due to active demyelination, and also its
intense inflammatory response associated around small blood vessels. Finger-like
lesions of accumulated leucocytes, projecting along the length of blood vessels have
been termed "Dawson's Fingers" after J. W. Dawson (1916). There are many
macrophages containing myelin debris throughout the lesion, but in contrast there is
little fibrous astrogliosis within the centre of the lesion. These lesions also have a
marked decrease in axon numbers associated with acute MS, as well as being highly
oedematous due to BBB breakdown. Zones of cells, which are possible precursors to
astrocytes and oligodendrocytes, which display glial cell phenotypic markers, are also

present and may represent an early phase of remyelination and repair.

Chronic active lesions have a prominent perivascular and parenchymal inflammatory
infiltrate consisting of CD4" and CD8" T cells and monocytes/macrophages. The plaque
margin contains hypertrophic astrocytes and many macrophages involved in
demyelination, containing myelin debris stained positive by oil-red-O (Raine, C. S.
1994).  Unusually there are both oligodendrocyte hyperplasia and ongoing
demyelination within these lesions, suggesting attempted remyelination of demyelinated
axons (Raine, C. S. 1981). These lesions are often associated with chronic progressive

MS with a short duration.

Chronic MS plaques are the most readily detectable lesions and appear as demyelinated
plaques with a sharp edge. However, axons that pass through the lesion are often
preserved. Around the edge of the lesion there is often residual activity including
oligodendrocyte proliferation, and reactive astrocytes are present. Also within chronic
lesions there is a low level of inflammatory cell infiltrate, consisting of lymphocytes,
plasma cells and mononuclear cells. Macrophages can be detected in the lesion margin,
and "foamy" macrophages, those that contain lipids, can be distributed throughout the
lesion and in the surrounding white matter. Macrophages containing myelin debris, are

however not present in this type of lesion.

The shadow plaque has a controversial history, being thought to either represent early
signs of an active lesion or an area of CNS remyelination. It presents as a diffuse area

and myelin staining shows thinly myelinated fibres. There is little inflammatory or

25



Chapter 1 Introduction

demyelinative activity within the lesion and is currently considered to represent an area

of CNS remyelination.

The different types of lesion described may be due to the stage of the lesion
development at the time of biopsy. However, recently it has been proposed that the

pathologic heterogeneity seen in MS lesions may be dependent upon the individual

- patient and not necessarily on the stage of lesion development (Lucchinetti et al., 1996).

A study on oligodendrocyte pathology in samples, including biopsies, from early
disease, acute and chronic active MS showed that lesions in an individual maintained a
characteristic pattern of oligodendrocyte pathology regardless of their stage of
development or location (Lucchinetti et al., 1996). The study also proposed putative
mechanisms whereby each of these 4 characteristic patterns could develop their
distinctive pathology. However, currently these pathologic descriptions have not been

definitively linked to certain types of MS.

1.1.4. The Cellular Pathogenesis of MS

Major histocompatibility complex (MHC) molecules can determine which protein
sequences an individuals immune system responds to and also the type and severity of
immune response to those sequences. The upregulation of MHC class II antigen (Ag)
expression in the CNS suggests immune involvement in MS. Histological studies in
MS tissue have demonstrated large numbers of macrophages present in active lesions as
well as microglial cells in the parenchyma, and that these cells have the propensity to
express MHC class II Ag (Traugott et al., 1983; Woodroofe, et al., 1986; Hauser, et al.,
1986). It has also been suggested that other cells may also express MHC class II Ag,

such as endothelial cells and astrocytes.

Other features of MS also suggest immunological involvement in the disease process.
Studies have observed perivascular infiltrate consisting of lymphocytes and
mononuclear cells present at sites of demyelination during the course of MS
(McFarland and Dhib-Jalbut 1989). Many studies have concentrated on the analysis of
the cellular infiltrate phenotype in MS lesions, particularly chronic active lesions and
acute lesions. Generally it was reported that cytotoxic CD8" T cells were present in
greater numbers in the plaque parenchyma whereas helper CD4" T cells were present in

acute lesions and in the perivascular spaces surrounding the lesion margin, with little T
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cell presence in silent lesions (McCallum, et al., 1987; Booss, et al., 1983; Traugott, et

al., 1983; Nyland, et al., 1982). The yd T cell receptor (TCR) expressing subset has

been demonstrated to be present in chronic MS lesion parenchyma and is thought to

have a cytolytic capacity and may be a possible pathway of oligodendrocyte death
(Selmaj, et al., 1991a). B cells are often retained around the perivascular space and are
very rarely found in plaques. However, myelin-specific antibodies have been detected
in MS lesions (Genain et al., 1999).

One constant feature of MS is the entry of haematogenous inflammatory cells into the
CNS resulting in perivascular cuffing. Immune cell extravasation is governed by the
interaction of cellular adhesion molecules on inflammatory and endothelial cells. As a
consequence inflammatory cells can bind to endothelial cells and enter tissues by

diapedesis, following a chemokine gradient (Section 1.4.5).

Developing lesions show gadolinium (small molecular weight tracer)-enhancement in
MRI scans and this is normally indicative of BBB breakdown and oedema, with
perivascular infiltration of lymphocytes and macrophages (Katz et al., 1993). However,
these new lesions, associated with relapsing-remitting and secondary-progressive MS,
develop more often than detectable clinical deficit and often enhance for about 2 weeks
to 1 month. Often gadolinium-enhanced lesions are asymptomatic and suggest that
BBB breakdown may be an initial step in lesion formation. Demyelination and axonal
loss may account for the more severe deficit that cannot be reversed. Whereas
gadolinium-enhanced MRI lesions cannot distinguish the amount of demyelination
present in lesions, proton magnetic resonance spectroscopy (MRS) may allow the
assessment of individual lesions and how the amount of demyelination present relates to

clinical features of MS (Davie et al., 1994).

1.1.5. Epidemiology of MS

To date there have been over 300 prevalence studies for MS. The distribution of MS
worldwide can be divided into 3 zones according to frequency or risk: the high risk
zone accounts for a prevalence rate (up to 1996) of 30 or more MS cases per 100,000
population and includes northern and central Europe, Canada and northern USA, New

Zealand, southeastern Australia and the former Soviet Union (Kurtzke, J. F. 1997).
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Medium frequency areas, with a prevalence of between 5-29 MS cases per 100,000
population include southern USA, southwest Norway, northern Australia, northern
Scandinavia and the southwest and far east of Russia (Kurtzke, J. F. 1997) and low risk
zones include Asia, Africa, Alaska and Greenland, northern South America and the area
around the Caribbean, with a prevalence of below 5 MS cases per 100,000 population.
In the United Kingdom the number of MS patients is 100 per 100,000 population.

Caucasians from high or medium risk areas are most prone to MS and the incidence of
MS increases in temperate zones with moderate or cold climates, and has been linked to
both genetic and environmental factors. Migration studies suggest that migrants from
high risk areas moving to low risk areas still retain their original risk factor if they move
after the age of 15 years. However there is little data on low to high risk migration

although it appears that there is an increase in risk (Kurtzke, J. F. 1997).

The age of acquisition of MS “causal factors” may also play a role in determining the
migration effect. Young children are not susceptible to MS or at least are not typically
diagnosed with MS, and this would suggest a “latency” or “incubation” period of MS
where clinical symptoms are not apparent. Therefore MS may be an acquired disease
dependent upon environmental factors such as climate (Laborde, et al., 1988), different
infectious agents (Kurtzke et al., 1979) and nutrition, especially regarding the
consumption of saturated or unsaturated fats (Swank, R. L. 1951; Millar, J. H. D. 1975).
Geographical gradients also provide evidence for environmental factors. Studies have
shown that a geographical gradient exists in the southern hemisphere and vice versa in
the northern hemisphere, including Australia (Hammond, et al., 1988), New Zealand
(Skegg, et al, 1987) and the USA (Kurtzke, et al., 1979). However, genetic
susceptibility studies were not carried out in these studies and therefore the results can
only be an indication that there maybe some environmental influence dependent on
latitude for the onset of MS. Further support for environmental factors can be found in
studies from the Faroe Islands, Iceland and the Shetland-Orkney Islands although some
studies contradict these findings (reviewed by Kurtzke, J. F. 1997). It has been
suggested that these islands have experienced epidemics of MS. The first recorded case
of MS on the Faroe Islands was in 1943. A possible source of the epidemic could be the
arrival of British Troops in 1941 during the Second World War exposing natives to new
“environmental factors”. Iceland has had two increases in the total number of MS

cases, and significantly both related to the time of the First and Second World Wars
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when Iceland was occupied by the British, Canadians and Americans. These studies
suggest that there may be a viral component in the induction of MS although at present

no single virus has been found consistently in all MS patients.

Although environmental factors appear to play a major role in the risk of MS, genetic
factors are likely to confer different susceptibility to MS for each individual. This has
been supported by studies showing the differential susceptibility of different ethnic
backgrounds living in the same environment. For example, the Japanese have a very
low MS incidence, which is retained in Japanese people migrating to the USA, although
the MS incidence is higher in these Japanese than in those who still live in Japan
(Waksman, et al., 1984). This is also seen in Hungarian Gypsies who have a lower MS
incidence than the general Hungarian population (Palffy et al., 1982).

1.2. AETIOLOGY OF MS
1.2.1. Genetics of MS

Familial studies have provided evidence for a genetic role in MS susceptibility. First-
degree family members have an increased risk of MS compared to distant relations.
Twin studies have shown that the concordance rate amongst siblings is about 4%, and
3% between parents and children of MS patients (Sadovnick, et al., 1988). Dizygotic
twins have ~5% concordance rate which increases up to ~30% in monozygotic twins
(Sadovnick, et al., 1993). Studies of adoptees have shown that the risk of MS is
genetically determined but that its development depends on environmental factors
particular to the geographical location studied (Ebers et al., 1995). MRI has been used
to correlate changes in disability with an increase in lesion number and lesion
enlargement (Filippi et al., 1995). Interestingly MRI scans on clinically unaffected
twins of MS patients revealed that about 40% of monozygotic and dizygotic twins had
MRI abnormalities when compared to healthy controls (19%), although only 13% and
9% respectively of twins had lesions typical of MS (Thorpe et al., 1994; Mumford et al.,
1994). It was suggested that at least 10% of unaffected twins have “subclinical multiple

sclerosis” which can be detected as “silent lesions” in MRI scans (Thorpe et al., 1994).

Susceptibility to many autoimmune diseases such as rheumatoid arthritis and insulin-

dependent diabetes mellitus have been linked to MHC antigens, notably the MHC class
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