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Abstract

ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs)-1, -4 and -
5 are secreted enzymes which are members of the glutamyl endopeptidases (GEPs)
group of ADAMTSs. These enzymes break down chondroitin sulphate proteoglycans
(CSPGs) which are key components of brain extracellular matrix (ECM). In multiple
sclerosis (MS), CSPG breakdown by ADAMTSs may enable axonal regeneration or
conversely it may lead to alterations of the ECM, allowing influx of inflammatory cells
promoting tissue damage.

ADAMTS-1, -4 and -5 mRNA expression was studied by quantitative real-time PCR
(QRT-PCR) using the Tagman method in SHSY-5Y and SK-N-DZ human
neuroblastoma cells, undifferentiated or differentiated to a more neuronal phenotype
using retinoic acid (RetA). Modulation by pro-inflammatory cytokines ((interleukin-1
IL-1) or tumour necrosis factor (TNF)), which are involved in the pathogenesis of MS,
was also studied. As ADAMTS-1 was the most abundant ADAMTS in the neuronal cell
lines, it was investigated at its protein level in both cell lines by Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) with western blotting.
Furthermore, the presence of ADAMTS-1 at its mRNA and protein levels was
confirmed by the small interfering RNA (siRNA) technique in SHSY-5Y cells. Cryostat
sections of normal and MS central nervous system (CNS) tissue white matter, obtained
from the UK Multiple Sclerosis Tissue Bank, were used to determine the localisation of
VO0/V2 neoepitopes of versican, derived by ADAMTS cleavage, using
immunohistochemistry.

SHSY-5Y and SK-N-DZ cells expressed mRNA for ADAMTS-1, -4 and -5. ADAMTS-
1 expression was significantly increased on cellular differentiation with RetA in SHSY-
5Y cells. Its expression was confirmed at the mRNA and protein level. 1L-1p and TNF
had no effect on ADAMTS mRNA expression in SHSY-5Y cells. However, ADAMTS-
1 mRNA expression was upregulated by IL-1p in differentiated SK-N-DZ and there was
also a significant increase in ADAMTS-4 mRNA expression with TNF treatment.
ADAMTS-mediated versican breakdown, as determined immuohistochemically by
versican (V0/V2) neoepitopes expression, was increased in MS brain tissue compared to
normal brain tissue.

In conclusion, ADAMTS-1, -4 and -5 were constitutively expressed in SHSY-5Y and
SK-N-DZ neuronal cells. Modulation by the cytokines tested was seen in the SK-N-DZ
cells. From these in vitro studies, neuronal ADAMTSs in the CNS may have a potential
role in MS pathogenesis. However further investigation is needed on primary neuronal
cells and CNS to elucidate the role of neuronal ADAMTSs and their contribution in MS.

ADAMTSs do appear to be involved in increased proteolysis of versican at the known
cleavage site in human brain tissue as indicated by (V0/V2) versican neoepitopes
expression. Upregulation of versican (V0/V2) neoepitopes was observed in lesional MS
sections on immunohistochemistry. These enzymes require further investigation, by
immunohistochemical methods for co-localisation with versican (V0/V2) neoepitopes in
MS, to determine which of the ADAMTSs generates these neoepitopes.
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Chapter 1

Introduction



1.1 The Central Nervous System (CNS)

The CNS consists of the brain and spinal cord and is a complex well vascularised
system that transmits electrical signals i.e. triggering neural functions of
communication. From histological studies the nervous system can be divided into two
major cell types: nerve cells (neurons) and supporting cells called glia. The function of
neurons is electrical signalling and their function differs from glia. Glia do not
participate directly in synaptic interactions and electrical signalling, they are supportive
for neuronal cells. They also pfovide essential resources for repair of damaged CNS by
promoting re-growth of damaged neurons and enable the CNS environment to be
tightly regulated in order to permit uninterrupted and efficient neural chemistry (Purves

et al., 2008).
1.1.1 The Blood Brain Barrier (BBB)

The BBB separates vascular components from the brain parenchyma, impeding the
entry of detrimental materials. In normal physiological conditions it maintains
homeostasis, maintaining essential proteins and ionic balances and allowing the
entrance of essential nutrients. It also prevents access by immune cells. However,
disruption of the BBB in the CNS may lead to neurological damage. The potential
source of damage comes from the immune system, with the entry of activated
lymphocytes into the CNS. The immune system is equipped with numerous effector
mechanisms and can greatly alter the homeostasis and function of the CNS.
Autoimmunity and pathogenic infectious agents can all result in acute or chronic
inflammation within the CNS which subsequently leads to demyelination and axonal

loss as in multiple sclerosis (Purves et al., 2008).

The BBB is formed by tight adherence of brain endothelial cells lining the cerebral
micro-vessels. It is a selective barrier that limits or prevents blood-borne molecules
larger than 0.6 kDa from moving into the brain and protects the brain from damage,

toxins or other potentially damaging molecules. The brain capillary junctions are ~50—
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100 times tighter than peripheral micro-vessels as a result of complex tight junctions
(TJs) produced by the interaction of several transmembrane proteins. Transmembrane
proteins occludins, are main cbntribtitors to the TJs along with claudins and the
junctional adhesion molecules. Cytoplasmic proteins e.g. zonula occludens protein-1
and -2 link the transmembrane protéins to the actin cytoskeleton allowing paracellular
transport to be modulated in response to different stimuli (Huber ef al., 2001, Ballabh et
al., 2004). Despite an estimated total surface area of between 10—20 m? of capillaries in
the human brain, the TJs make the brain practically inaccessible for polar molecules
unless they are transferred by transport pathways at the BBB that regulate the

microenvironment of the brain (Pardridge et al., 1990).

There are also adherens junctions, which stabilise cell—cell interactions in the junctional
zone. Large molecules such as antibodies, lipoproteins, proteins and peptides can also
be transferred to the central compartment by receptor-mediated transcytosis or non-
specific adsorptive-mediated transcytosis. The receptors for insulin, low-density

lipoprotein and iron transferrin are all involved in transcytosis.

The BBB contains a thick basal lamina and astrocytic end-feet surround the embedded
endothelial cells in the basal lamina and provide biochemical support to these cells. The
perivascular region contains microglia, synaptic terminals, neurons and smooth muscle
cells as shown in Figure 1.1 (Abbott et al., 2006). This region has been shown to
contract and regulate the CNS vascular diameter and capillary blood flow, BBB
endothelial cell differentiation/proliferation and phagocytosis (Rucker ef al., 2000).
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1.1.2 Neurons

A typical neuron has four distinct parts; cell body (soma), which is the main part and
has all the necessary components of the cell, e.g. nucleus containing the DNA,
endoplasmic reticulum (ER), ribosomes and mitochondria. The dendrites are the
afferent thin structures of the neurons, frequently arranged around the neuronal cell
body in the form of dendritic branches. They act to conduct electrochemical signals
received from other neuronal cells to the cell body from which the dendrites project. At
the other end of the soma a long unique extension, the axon 1um in diameter and up to 1
m long in humans, conducts the signal away from the soma. The axons of many neurons
have myelin wrapped around them to form the myelin sheath. This is formed by either
of two types of glial cell Schwann cells which ensheath axons of peripheral neurons and
oligodendrocytes which insulate those of CNS neurons. Along the myelinated axons,
gaps in the sheath known as nodes of Ranvier occur at evenly-spaced intervals. The
myelination enables efficient and rapid electrical impulse propagation. The
demyelination of axons is what causes the multitude of neurological symptoms found in

diseases such as MS (Siegel et al., 2006).

In the human brain generally, there are three types of neurons depending on their
functions. Motor neurons or multipolar neurons control muscle contractions by carrying
messages from the CNS to the muscles or glands. Motor neurons include spinal motor
neurons, pyramidal neurons and Purkinje cells. The second type are sensory neurons or
bipolar neurons which carry signals from the body's sense receptors, as in the eye and
ear to the CNS. The third type are the interneurons these neurons communicate with the
spinal cord and with the skin or muscle which connect sensory and motor neurons e.g.

dorsal root ganglia cells (Squire ef al., 2003).

1.1.3 Glial Cells

Another cell type in the CNS, are the glial cells and their name came from glia meaning
"glue". They are known to provide physical and nutritional support for the neurons.
There are different types of glial cells: Schwann cells, microglia, oligodendrocytes and

astrocytes. These cell types have been studied extensively and been shown to have

different functions in the CNS. Astrocytes, under normal conditions have been involved -
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in glutamate (as a neurotransmitter) uptake, whereby they detoxify it, converting it to
glutamine (Farina et al., 2007). There is also increasing evidence to suggest astrocytes
have potential roles in immunity e.g. acting as antigen presenting cells to CD4"
helper/inducer cells in vitro by expressing major histocompatibility complex class II
(MHC 1I) antigens. Also they can synthesise and secrete cytokines e.g. IL-1, TNF and
interferon gamma (INFy). Microglia are macrophage-like cells resident within the CNS.
Microglia are derived from bone marrow stem cells and early during development they
occupy the CNS and remain quiescent as a resident macrophage population (Federoff,
1995). These cells can act as antigen presenting cells (APCs) and may have
proinflammatory effector functions such as secreting cytokines following activation by
inflammatory stimuli (Kreutzberg, 1996, Shrikant and Benveniste, 1996). Activated
microglia have been shown to be present within demyelinating lesions and to
phagocytose myelin debris and express MHC II, suggesting microglia may play an
important role in the pathogenesis of MS (Loughlin ez al., 1993, Aloisi et al., 2000).

1.1.4 The CNS Extracellular Matrix (ECM) -

ECM is present in the intercellular spaces between neurons and glial cells to surround
and support these cells (Figure 1.2) (Celio and Blumcke, 1994, Celio et al., 1998). It is
known that neurons and glial cells contribute to the secretion of ECM components.
These are principally proteoglycans (PGs) which consist of a protein core to which
glycosaminoglycans (GAGs) are bound. They may exist free or in aggregates bound to
hyaluronic acid. Link proteins aré involved in this binding (Neame and Barry, 1993).
PGs containing the GAG chondroitin sulphate (chondroitin sulphate PGs (CSPGs))
predominate and include aggrecan, versican, neurocan, brevican and phosphocan.
Aggrecan, versican, neurocan and brevican are also known as lecticans or hyalecticans
as they contain an N-terminal hyaluronic acid binding domain and a C-terminal lectin
domain (Iozzo, 1998, Yamaguchi, 2000). Through these domains, lecticans interact with
carbohydrate and protein ligands in the extracellular matrix and act as linkers of these

extracellular matrix molecules (Yamaguchi, 2000).



Structurally, CSPGs are highly anionic macromolecules, as a result of sulphate and
carboxyl groups in their polysaccharide GAG side chains. The GAGs are key
components of the brain ECM. They are involved in binding cations, e.g. potassium,
calcium and water also regulating the movement of molecules through the matrix and
cell adhesion and growth (Bellail et al., 2004). Dermatan sulphate PGs are also present.
In addition, the ECM contains tenascin-C and -R (Toole, 2000, Toole, 2004).

CNS ECM is deficient in collagen, fibronectin and laminin, the brain has a soft
consistency when compared to cartilage. The ECM has an important role in
physiological processes in the brain such as development (migration of neuronal and
glial precursor cells), repair, proliferation and cell signalling (Bellail ef al., 2004). It has
been reported that during maturation of the CNS, distinctive changes in the composition
of the molecules of the ECM (lecticans, tenascins and link proteins in brain) occur
(Milev et al., 1998, Hirakawa et al., 2000). In the developing ECM brain components
are neurocan, the versican V1 splice variant, tenascin-C and. link protein, while
brevican, versican V2, aggrecan, tenascin-R and link proteins are characteristic
components of the adult brain ECM (Figure 1.3) (Pesheva et al., 1989, Yamaguchi,
1996, Schmalfeldt et al., 1998). Also predominantly expressed in the mature nervous
system are aggrecan, tenascin-N and brain link proteins (Hirakawa et al., 2000, Bekku
et al., 2003, Neidhardt ef al., 2003). Brevican and tenascin-R are considered as specific
CNS molecules. Similarly, neurocan and tenascin-C are represéntatives of juvenile brain
ECM, both proteins decreasing significantly in brain after the first postnatal week

(Rauch et al., 1991, Dorries and Schachner, 1994).

The main role of CSPGs depends on their interactions with other ECM and neural
adhesion molecules (Dow and Wang, 1998, Aspberg et al., 1999). However, PG
function in the injured adult CNS could differ from that in development and over-
expression in injured CNS ECM may be inhibitory to neurite outgrowth and axonal
regeneration (Nieto-Sampedro, 1999, Deller ef al., 2000, Schmalfeldt et al., 2000,
Levine et al., 2001). PG expression is affected by a variety of stimuli, including
cytokines (Jander et al., 2000, Asher et al., 2000). Lecticans can interact with other

extracellular matrix components such -as -aggrecan and versican with fibulin family



members, brevican with sulphated glycolipids and neurocan with members of cellular

adhesion molecules (Viapiano and Matthews, 2006).

In mammals, lectican family members, aggrecan, versican and brevican have protein
cores with homologous G1 and G3 domains with GAG side chains attached in the
central region. They are substrates for the ADAMTS with glutamyl endopeptidases
(GEPs) activity which include ADAMTS-1, -4 and -5. These lecticans vary in their size,
number of the chondroitin sulphates and ADAMTS cleavage sites as shown in Figure

1.4 (Zimmermann and Dours-Zimmermann, 2008).



*

%

) 6

)8+

2 '3
.7 )(8,7+
)1+
+3

)7

%



) 6

)7

$$

%

%

.+3



Furthermore, alternative splicing of versican results in transcripts that encode four
variants: VO, V1, V2 and V3 (Zimmermann and Ruoslahti, 1989, Ito et al., 1995, Zako
et al., 1995). All four isoforms have distinct amino and carboxy terminal globular
domains (G1 and G3) (Figure 1.4). The G1 domain contains hyalurbnan and link protein
binding sites. The versican isoforms differ in numbers of the GAG chain binding sites
with VO containing both GAGa and GAGP domains, V1 containing only GAGp, V2
containing only GAGa, and the V3 isoform lacks the entire central domain including
both GAG a and [ domains: the G1 domain is directly followed by the G3 domain
(Zako et al., 1995). Lecticans, aggrecan and versican are expressed by a wide range of
tissues (aggrecan by cartilage and CNS and versican by connective tissue, blood vessels,
brain, kidney and cartilage). CNS-specific proteoglycans are brevican and neurocan

(Viapiano and Matthews, 2006).

Immunohistochemical studies demonstrated alterations in the composition of the ECM
in various types of MS plaques. In active and chronic active MS lesions that are
characterised by a massive influx of inflammatory cells, a decreased immunoreactivity
of chondroitin and dermatan sulphate proteoglycans was observed. In active lesions,
white matter-associated proteoglycans accumulate in macrophages, suggesting that
chondroitin and dermatan sulphate proteoglycans are phagocytosed together with
myelin or myelin breakdown products. Accumulation of CSPGs around lesions
contribute to their formation of a barrier to axonal growth (Sobel and Ahmed, 2001).
Also, Back et al, (2005) observed accumulation of hyaluronan in MS lesions (Back et

al., 2005).

1.1.4.1 Previous Studies on CSPGs Proteolysis

Previous studies demonstrated that the matrix metalloproteinases (MMPs) were known
to be responsible for the proteolytic cleavage of versican for example MMP-1, -2, -3, -7
and -9, have been shown to degrade versican (Perides et al., 1995, Halpert et al., 1996,
Passi et al., 1999). A subgroup of the ADAMTSs has GEPs activity and members of

this subgroup have been shown to cleave CSPGs aggrecan, versican and brevican (see™ ~ "~
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also section 1.5.1). ADAMTS-1, -4 and -5 dependent deg;radation of aggrecan has been
demonstrated (Abbaszade et al., 1999, Kuno ef al., 2000, Tortorella et al., 2000).
ADAMTS-5 is a key enzyme in the breakdown of aggrecan in arthritic cartilage
(Glasson et al., 2005, Stanton et al., 2005). ADAMTS-1, -4 and -9 have been reported
to mediate versican proteolysis in different tissues including aorta and brain (Sandy et
al., 2001, Somerville et al., 2003, Westling et al., 2004). Versican can control several
cellular processes such as adhesion, proliferation, apoptosis, migration and invasion via
the highly negatively-charged chondroitin/dermatan sulfate side chains and by the
interactions of the G1 and G3 domains with other proteins (LeBaron ef al., 1992, Wight,
2002).

ADAMTS-1 and ADAMTS-4 have been shown to cleave versican V1 in the GAG-$
binding domain at Glu**-Ala**?
et al., 2001). Furthermore, Westling et al, 2004 have demonstrated that versican V2 in
human brain tissue can be cleaved by ADAMTS-4 at the Glu*® -GIn** site within the
GAG-a binding domain to produce a 64 kDa fragment (Westling et al., 2004). Also it
has been found that versican (VO/V1) proteolysis via ADAMTS leads to a 70 kDa

resulting in a 70 kDa fragment in human aorta (Sandy

fragment that is essential for the formation and differentiation of endocardial cushion
mesenchyme (Kern et al., 2007). Another study by McCulloch et al, (2009) suggests
that ADAMTS-mediated proteolysis of versican is important in limb development and
the generated fragment could regulate interdigital web regression (McCulloch et al.,

2009).

12
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1.2 Multiple Sclerosis

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating and neurological
disorder which affects mainly the white matter of the CNS (Bebo et al., 1999). MS is a
complex disease and can have a personal, social and economic load on the society,

- which is estimated ~ £1 million per MS patient (Orton ef al., 2006).

1.2.1 Clinical course of MS

The majority of MS patients present with relapse-remitting (RR) syrﬂptoms, which
starts with sporadic attacks and then periods: of remission with partial or complete
recovery. Symptoms may resolve completely, remission periods can last for months or
years. Secondary progressive (SP) MS develops in more than half of RR patients. This
will usually occur 15-20 years after the onset of the disease and involves fewer attacks
and incbmplete recovery. The primary progressive (PP) MS accounts for about 15% of
MS cases in the UK and involves a progressive accumulation of disability without
remission periods. Finally, the progressive relapsing (PR) disease is a very rare (< 1%)
condition where symptoms steadily get worse from the beginning of the disease. Figure

1.5 shows the clinical course of MS types (Lublin and Reingold, 1996).

1.2.2 Epidemiology of MS

Epidemiological studies have linked viral infections with the aetiology of MS,
including Epstein-Barr virus (EBV) antigen and Haemophilus influenza, both of which
can lead to demyelinating disease (Olson et al., 2001). MS is the most common
neurological disorder among young adults, affecting approximately 2.5 million people
worldwide. The onset of the disease usually occurs between the ages of 20-40 years old.
It has a prevalence of 100-150 per 100,000 in the United Kingdom and an annual
incidence of 7 per 100,000. As is the case with many other autoimmune diseases, MS
occurs more in females than men. Overall MS affects twice as many women as men

(MacDonald et al., 2000).
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There is a latitudinal gradient in prevalence, independent of genetic factors, with rates
increasing moving south or north away from the equator. The prevalence of MS varies
considerably, being highest in northern Europe, New Zealand, Australia, North America
and Canada. Latitudinal gradients are even described within the UK, with the highest
‘rates being observed in Scotland and Northern Ireland. Asia, Africa and South America
that lie on the equator have low levels of MS (5-10 per 100,000) (Compston et al.,
1998). Migration studies demonstrate that those who emigrate from an area of low-
prevalence to an area of high-prevalence remain at low risk if they move after 15 years

of age (Alter et al., 1966).

As the geographical distribution of MS prevalence is increased when approaching the
poles, this highlighted the interest in low vitamin D levels as a risk factor for developing
MS (Aéhéson and Bachrach, 1960). Recently, clinical observations and experimental
work in vitro and in experimental autoimmune encephalomyelitis (EAE) animal models
of MS has been reported, which showed that limited exposure to sunlight, which relates
to vitamin D synthesis, has been associated consistently with an increased risk of
developing MS (Ascherio et al., 2010, Burton et al., 2010, Solomon and Whitham,
2010). The prospect of a potential tool such as vitamin D supplements to prevent MS is
tempting, yet challenging to investigate in an intervention study since it would require a
huge population to measure any effect on MS incidence. However, vitamin D
supplementation has not only been proposed to prevent MS, but also to attenuate

disease activity of MS (Goldberg ef al., 1986).

1.2.3 Aetiology and Immunopathogensis of MS

Although MS was first described more than 150 years ago, the exact aetiology and the
pathogenesis are still not fully understood. The incidence of MS in first degree relatives
is 20 times higher than in the general population, suggesting the influence of genetic
factors on the disease. Monozygotic twin studies show a concordance rate of 25%.
Dizygotic twins show a concordance rate of less than 5%. The major causation is

unknown but may depend on the cumulative effects of both genetic and environmental

factors (Hafler et al., 2007, Taylor, 2011). In this content, smoking (Pittas ef al., 2009)
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and the degree of exposure to microorganisms in early life (hygiene hypothesis)
(Ponsonby et al., 2005) as well as personal UVR exposure (van der Mei et al., 2003,
Lucas et al., 2011) are well-established environmental risk factors that significantly

alter the risk of developing MS.

Treatment to reduce the severity of the disease has been improved substantially but

there is not yet a cure. An immune reaction to a viral infection where viral proteins are |
similar to self proteins may cause a cross reaction to myelin self proteins, molecular
mimicry. This may occur early in life, in the periphery, and may initiate an autoimmune
disease process with a genetic susceptibility. Activated antigen-specific T cells and B

cells cross the BBB and infiltrate the perivascular space (Hemmer et al., 2006).

Figure 1.6 B shows a schematic view of the immunopathology of the MS lesion. A
number of immune and CNS cell types are involved in lesion development and repair. T
cells, B cells and macrophages infiltrate the lesion. CD4+ T cells are located in the
perivascular cuff. The antigen—speciﬁé T cells, guided by chemoattractants, infiltrate the
lesion in CNS. These cells become reactivated by antigens in association with MHC II
presented on dendritic cells, B cells, microglial cells and macrophages, and locally
released cytokines and chemokines attracting macrophages to the lesions and their
distribution throughout the lesion is reflected in the expression pattern of MHC
molecules. Macrophages release proinflammatory cytokines (IL-6 and TNF) and toxic
molecules (nitric oxide). MHC class I is expressed by all cells in the inflammatory
surroundings of the CNS (Neumann et al., 1995, Dandekar ef al., 2001). CD8+ T cells
infiltrate the parenchyma and, as well as secreting inflammatory mediators, they directly
attack cells expressing MHC class I such as neurons and oligodendrocytes (Hemmer et

al., 2006).

B cells are also present in the perivascular space, where they produce antibodies. These
antibodies opsonise the antigen expressed on the surface of oligodendrocytes and
neurons. Bound antibodies can initiate the complement cascade, or induce antibody-

mediated phagocytosis by macrophages (Alter et al., 2003). Astrocytes proliferate and

== :induce - gliosis-:at ‘the:'edge--of' the lesion. Followihg the inflammatory damage,

- oligodendrocytes may proliferate and remyelination of axons in lesions. However the
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remyelination is usually incomplete and loss may be irreversible. Overall, the extent of
inflammation, neurodegeneration and remyelination is heterogeneous between patients

(Hemmer et al., 2006).

Studies in EAE mainly concentrated on the roles played by CD4" T cells in MS
pathogenesis. It is now becoming clear that CD8" T cells also may play a significant
role in the disease. It was observed that CD8" T cell numbers were significantly higher
than those of CD4" T cells in MS lesions at all stages of MS (Lucchinetti et al., 2000).
Numbers of myelin-reactive CD8" T cells in the peripheral blood of people with MS
were significantly higher than in individuals without MS (Crawford et al., 2004).
Another study by Skulina et al, (2004) showed the persistence of clonally expanded
CDS8" T cells in MS lesions (Skulina et al., 2004).

The mechanism of the BBB breakdown in MS is uncertain but it is thought that the
exposure of the endothelium to proinflammatory cytokines such as INFy, IL-1p and
TNF disturbs the BBB by disorganising cell-cell junctions and enhances leukocyte
endothelial adhesion and migration and increases expression of MHC II (Minagar and

Alexander, 2003).

Chemokines are composed of a large family of small proteins, which are involved in
chemoattracting leukocytes into injured tissue (Asensio and Campbell, 1999).
Chemokines and their receptors have been implicated in migration of mononuclear cells
under physiological and pathological conditions (Murphy et al., 2000, Zlotnik and
Yoshie, 2000, Trebst and Ransohoff, 2001).
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Figure 1.6: Immunopathogenesis in MS. Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Neuroscience (Hemmer et al.,
2006.

A) MS is believed to be initiated in genetically susceptible individuals when
infected by infectious agents that contain protein sequences cross-reactive
with self-myelin. APCs present the antigen and activate myelin-reactive cells
in the periphery. These cells cross the blood brain barrier and enter the CNS.
Within the CNS, myelin-reactive Thl-cells interact with microglia (localised
APCs) presented antigens and secret inflammatory cytokines causing
demyelination. B) A schematic view of the immunopathology of the MS
lesion. Infiltration of the T cells, B cells and macrophages in the perivascular
lesion. As a result, an inflammation cascade is initiated with the release of
inflammatory mediators and proteases that damage oligodendrocyte-formed

myelin sheaths.
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It has been shown that the release of MMPs may facilitate the infiltration of activated
immune cells into the CNS parenchyma by breaking down proteins, glycoproteins and
PGs present in the basal lamina including type IV collagen and heparan sulphate
proteoglycan of the BBB (Maeda and Sobel, 1996). Following migration into the CNS,
activated T cells initiate an inflammatory process triggered by specific antigen.
Immunological effector mechanisms include activation of microglia and infiltrating
macrophages by T cell cytokines which may lead to ECM damage and demyelination.
Recognition of myelin proteins e.g. myelin-associated glycoprotein (MAG), myelin
basic protein (MBP) and myelin oligodendrocyte glycoprotein (MOG) as-foreign leads
to myelin damage (demyelination) and subsequently axonal damage and loss
(Grigoriadis et al., 2004). This damage causes a large variety of symptoms such as
vision impairment, bladder or bowel dysfunction, motor symptoms (eg. weakness and
spasticity), sensory symptoms (e.g. numbness and dysaethesia), tremor and ataxia and

other symptoms such as fatigue and cognitive impairment.

Other factors which have also recently been associated with people with MS are the
selective loss of immunologic self-tolerance of the myelin-reactive T cells. Although
autoreactive T cells are present in both healthy individuals and patients with
autoimmune diseases, autoreactive T cells found in patients with autoimmune disorders
are more easily activated compared with those from normal subjects. Active
suppression by CD4"CD25" regulatory T cells has a significant role in immunologic
tolerance in vivo. Their deletion causes spontancous autoimmune diseases in mice
(Sakaguchi, 2000). Human CD4" regulatory T cells expressing high levels of CD25 are
suppressive in vitro and mimic the activity of murine CD4" CD25". Furthermore,
immunisation of animals with suppressor T-cells can prevent the development of EAE,
an animal model of MS (Suri-Payer ef al., 1998). People with MS show a significant
reduction in the numbers and function of CD4" CD25" regulatory T cells from the
peripheral blood compared to non-MS individuals (Viglietta et al., 2004).
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1.2.3.1 Toll-like Receptors (TLRs) in MS Immunopathogenesis

Normally, when pathogens invade the CNS, the innate immune system provides a rapid
but relatively nonspecific response to neutralise the infection via Toll-like receptors
(TLRs). Due to this moderately nonspecific response, local tissue injury can occur
(Lehnardt et al., 2003). If infection persists, adaptive immunity, Which involves T and B
cell activation, can provide a delayed but more specific response that is typically less
destructive to the host tissue. An exception to this theory is with autoimmune disease
where adaptive immunity promotes extensive host tissue damage. In general, however,
the immune system provides a response that is progressively more specific to pathogens
and less destructive to host tissue. An innate immune response is also provoked in non-
infectious CNS injury or disease, including neurodegenerative diseases (Zhang et al.,
2005, Boillee ef al., 2006, Yoshiyama et al., 2007, Giunta et al., 2008), stroke (Cao et
- al, 2007, Lehnardt et al., 2007, Tang et al., 2007), spinal cord trauma (Kigerl et al.,
2007), spinal nerve damage (Kim et al., 2007) and tumour infiltration (Hussain et al.,

2006, Curtin ef al., 2009).

Innate immune activation in MS is indistinguishable from that associated with
microbial exposure. The rapidity of resident immune cell activation is similar, for
example occurring within 5 minute of spinal cord injury (Pineau and Lacroix, 2007) and
within 8 minute of lipopolysaccharide (LPS) exposure (Clark et al., 2006). The
underlying stimulus is that injured tissue or cells release, secrete, or synthesise
molecules associated with damage, that communicate the presence of injury to the

innate immune system.

In addition to lymphocytes thaf control adaptive immune responses, dendritic cells and
tissue macrophages that regulate innate immune responses also play a role in controlling
MS disease pathogenesis. These cells express pattern recognition receptors (PRRs)
including TLRs that recognize pathogen-associated molecular patterns (PAMPs) present
on the surface of pathogens. Also, endogenous molecules created upon tissue injury,
called damage-associated molecular patterns (DAMPs) are ligands for TLRs and signal
the risk of either infection or injury to the organism. Following ligand binding to TLRs,

“innate immune cells produce proinflammatory cytokines and can serve as antigen
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presenting cells (APCs) to T cells to recognize antigens (Takeda and Akira, 2005,
Hacker et al., 2006). These receptors represent a key molecular link between tissue
injury, infection, and inflammation. Thus, TLRs play an important role in linking the

innate to the adaptive immune response (Bell et al. 2005).

DAMPs include endogenous molecules released by activated cells and ECM molecules.
These molecules which are generated upon tissue injury activate TLRs. One of the first
endogenous TLR activators recognised was the heat shock protein 60 (HSP60), which
was shown to induce cytokine synthesis and to induce an inflammatory response. TLR
activators that have been associated with MS are HSPs and high-mobility group box
(HMGBI1) protein. HMGBI1 protein, originally described as a DNA-binding protein that
facilitates transcription, can also be released extracellularly during acute inflammatory
responses. Exposure of neutrophils, monocytes, or macrophages to HMGBI1 results in
an enhanced expression of proinﬂammatdry cytokines (Parkr et al., 2004). Other TLR
activators linked to MS are ECM molecules such as tenascin-C, versican and fragments
of hyaluronan which may promote an inflammatory response (Piccinini and Midwood,

2010).

1.3 Cytokines in MS

It seems that immunoregulatory cytokines play a significant role in MS pathogenesis.
Cytokines are derived principally from activated T-cells, activated in the lymphoid
tissue. An excess of the proinflammatory cytokines leads to changes in the blood brain
barrier which activated T-cells are then able to penetrate. The antigen presenting cells
e.g. microglia and endothelial cells present the antigen to activated T- cells. CD4" T-
helper (Th) cells differentiate into Thl cells and Th2 cells depending on the cytokine
milieu. These subsets differ from each other in their cytokine production and in their
function. Thl cells regulate cellular immunity e.g. viral immunity and delayed type
hypersensitivity while Th2 cells control humoral immunity and have a role in fighting
parasitic infections. Proinflammatory cytokines IL-1, TNF, IL-2 and INFy produced and

rreleasedware involved in the pathogenesis of many CNS diseases including MS (Merrill
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et al., 1992). Thl cells activate macrophages and microglia to produce proinflammatory

cytokines (IL-1 and TNF) and toxic molecules such as nitric oxide.

Activated astrocytes, due to their ability to secrete cytokines, play a significant role in
triggering and maintaining immune responses in the brain. IL-1 and TNF modulate
apoptosis of CNS cells and lymphocyte differentiation and infiltration (Kim, 1996). The
Thl cytokines, lymphotoxin (LT), INFy and IL-2 are upregulated in MS. In contrast, T-
cells producing Th2 cytokines (IL-4, IL-5, IL-6 and IL-10) are non encephalitogenic
and possess the capacity to induce resistance to EAE (Ramirez and Mason, 2000). An
exception to this, reported by Lafaille et al (1997), was that MBP-specific Th2 cells
have the capacity to cause EAE in immunodeficient mice (Lafaille et al., 1997). Other
findings, obtained with both EAE models and people with MS indicate the involvement
of IL-17, produced by the Th17 cells another subset of T-helper cells, which in addition,
toTh1 cells are thought to be critical in MS (Hofstetter et al., 2009). In MS increased
numbers of mononuclear cells have been shown to express IL-17 mRNA in the
peripheral blood (Matuseviciﬁs et al., 1999). Also these cells have been shown to
migrate across the BBB (Kebir et al., 2007). People with MS, have also been shown to
have elevated IL-17 levels in their cerebrospinal fluid (Ishizu et al., 2005) and IL-17

protein is restricted to active areas of MS lesions (Tzartos ef al., 2008).

1.3.1 The Interleukin-1 (IL-1) Family

IL-1 is a 17-kDa protein that is mostly produced by monocytes and macrophages but is
also produced by endothelial cells, B cells, and activated T cells (Kennedy et al., 1992,
Bauer ef al., 1993). IL-1 family members are expressed at low concentrations within the
normal CNS but their expression is rapidly up-regulated by various experimental brain
insults e.g. ischaemia, trauma, hypoxia, EAE and neurotoxic or inflammatory stimuli.
Interleukin-1 alpha (IL-1a) and IL-1P are members of the IL-1 family and bind to the
same receptors (80 kDa cell surface receptor IL-1RI). A second, 68 kDa receptor (IL-
IRIT) also binds IL-1, but lacks an intracellular domain and does not initiate signal
transduction. IL-1 is considered to be more important than IL-1a because it is able to

modulate cerebral functions during systemic and localized inflammation (Gosselin and
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Rivest, 2007). Pro-IL-1p must be cleaved by the enzyme caspase 1, to produce the
active form and allow cellular release (Thornberry et al., 1992). The third member of
the IL-1 family is IL-1 receptor antagonist (IL-1ra). It blocks IL-1 action by binding to
IL-1 receptors but does not induce any intracellular signal (Gibson et al., 2004). In
normal physiological conditions in the CNS, IL-1p is expressed at low concentrations,

but it is upregulated in response to pathological CNS injuries (Giulian ef al., 1989).

Hauser et al., (1990) investigated the cytokines IL-1 B, TNF, and IL-6 by specific
radioimmunoassays in the cerebrospinal fluid (CSF) of people with MS and other
neurologic diseases. There was an increase in IL-1p in people with active MS compared
with other neurologic diseases (Hauser et al., 1990). IL-1p also has been reported to be
increased in the CSF of MS patients and EAE animals (Wang and Shuaib, 2002).
‘Chronic expression of IL-1 in rat brain results in extensive demyelinating lesions,

mimicking MS and IL-ra decreases disease progression in EAE.

1.3.2. Tumour Necrosis Factor (TNF)

Tumor necrosis factor (TNF) is a protein produced by monocytes, macrophages and a
wide variety of other cell types in response to other cytokines. In contrast, lymphotoxin
(LT) is a 25-kDa glycoprotein but it is lymphokine cytokine. Both TNF and LT are
- homologous (28%) in their amino acid sequences and formerly these were known as
TNFa and TNF respectively. As they have common cell surface receptors, it is thought
that all cellular responses mediated through TNF are also mediated by LT (Chaturvedi
etal., 1994).

TNF can be synthesised in the CNS by microglia, astrocytes, and some populations of
neurons (Lieberman et al., 1989, Morganti-Kossman et al.; 1997, Chung et al., 2005).
TNF has been suggested as an important mediator of MS pathogenesis (Wajant et al.,
2003, Shen and Pervaiz, 2006, Wallach et al., 1999). It is synthesized as a trimeric type
II transmembrane protein precursor and cleaved by TNF alpha converting enzyme
" (TACE; ADAM-17) to a 51 kDa (3x17 kDa), soluble circulating protein. Both the
~transmembrane and soluble forms of TNF are biologically active (MacEwan, 2002).
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TNF binds to two receptors (TNFRI [p55] and TNFRII [p75]), which initiates
intracellular signalling (Viviani ef al., 2004). The resultant gene expression modulation
can contribute to inflammation and hence TNF is described as a pro-inflammatory
cytokine. A study done by Hauser ef al. (1990) shown that TNF was found more
frequently in active MS than in other neurologic diseases. Gregersen et al, (2000)
demonstrated that TNF was localised to microglial cells in mice post-ischaemia

(Gregersen et al., 2000).

TNF is expressed by macrophages, astrocytes, microglia and endothelial cells in chronic
and active MS. Furthermore, MS studies demonstrate that there is a correlation between

TNF concentration and severity of the disease (Matusevicius ef al., 1996).

1.4 ADAM-17

The ADAMSs (a disintegrin and metalloproteinases) are a family of transmembrane and
secreted proteins with important roles in regulating cell phenotype via their effects on
cell adhesion, migration, proteolysis and signalling. The ADAMs belong to the M12B
adamalysin protease subfamily in the MEROPS classification (Rawlings et al., 2008),
which contains the closely related snake venom reprolysins and the ADAMTSs.
ADAMSs are multi-domain proteins with a pro-domain, metalloprotease, disintegrin,
cysteine-fich, epidermal growth factor (EGF)-like, transmembrane and cytoplasmic tail
domains. The functional ADAM metalloproteinases are involved in "ectodomain
shedding " of growth factors, cytokines, receptors and adhesion molecules. Proteins can
be cleaved and thereby released (shed) from the plasma membrane by these proteases or
sheddases. TACE or ADAM-17 is a well known sheddase which is involved in
féleasing soluble TNF from its membrane-bound precursor (pro-TNF) (Moss et al.,

1997, Black et al., 1997).
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ADAM-17 is responsible for the cleavage of a wide variety of substrates involved in
inflammation including transforming growth factor-alpha (Pro-TGFa), p75 (Peschon et
al., 1998) and p55 TNF receptors (Reddy et al., 2000), the chemokine (fractalkine)
(Garton et al., 2001) and amyloid precursor protein (Garton et al., 2001). The release of
TNF from different cells occurs in response to injury or infection and plays an
important role in the adaptive immune response to these conditions. However, TNF can
also be produced in excess and can cause tissue damage. Generation of soluble TNF by
ADAM-17 cleavage has been found to have a pathogenic role in CNS inflammatory
responses involving MS (Kieseier et al., 2003, Plumb et al., 2006).

1.4.1 ADAM-17 and the CNS

Within the normal CNS, ADAM-17 expression has been observed in astrocytes and
endothelial cells using double indirect immunofluorescence and confocal microscopy
(Goddard et al., 2001). Plumb et al (2006) observed expression of ADAM-17 in
activated macrophage/microglia and parenchymal astrocytes in MS white matter (Plumb
et al., 2005, Plumb et al., 2006). Its expression is upregulated in active MS lesions and
in EAE. Expression levels correlated with disease activity indicating that it may be
involved in disease pathogenesis (Plumb et al., 2005, Plumb ef al., 2006). ADAM-17
expression by astrocytes and activated macrophage/microglia may therefore allow
shedding of TNF producing soluble proinflammatory TNF. ADAM-17 cleavage of TNF
has several proinflammatory effects including increased endothelial cell attachment of
inflammatory cells via upregulatéd adhesion molecules, chemotaxis, migration and
BBB disruption (Dobbie et al., 1999). Alternatively, it may induce a beneficial immune
response by causing apoptosis of auto-reactive T cells as seen in experiments on the MS

animal model EAE (Probert and Akassoglou, 2001, Weishaupt et al., 2004).

1.5 ADAMTSs

ADAMTSs (a disintegrin and metalloproteinase with thrombospondin motifs) are a

group of Zn-dependent, secreted, multidomain enzymes in family M12 of Clan MA
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belonging to the same subfamily (B) of metzincin proteins as ADAMSs, the adamalysins
according to MEROPS database (Rawlings et al., 2010). ADAMTS-1 was first
described by Kuno et al, (1997) identified as a novel murine complementary DNA
(cDNA) expressed in a cachexigenic adenocarcinoma cell line. There are 19 known
ADAMTSs identified in humans, numbered 1-20 (ADAMTS-5 protein is the same as
ADAMTS-11) (Figure 1.7) and their known functions include cleavage of the ECM
proteoglycans (aggrecan, versican and brevican), collagen processing, organogenesis,

anti-angiogenesis and blood coagulation homoeostasis.

1.5.1 ADAMTS Subgroups

ADAMTS proteins can be divided into seven divisions, according to their structural
characteristics and activities (targeted substrates) (Jones and Riley, 2005). The members
of ADAMTS-1, -4, -5, -8, -9 and -15 forms a subgroup that is able to cleave the major
cartilage proteoglycan aggrecan from which they derived the name aggrecanases. They
also have a more general name, which is hyalectanases due to their ability to cleave
substrates of the hyalectan (lectican) family of proteoglycans, including aggrecan,
versican and brevican (Gao et al., 2002). They have GEP activity, cleaving peptide
bonds at the carboxyl end of the glutamate residue. The GON-ADAMTSs are
ADAMTS-9 and -20. ADAMTS-20 shares its modular arrangement with that of the
long isoform of ADAMTS-9, having 14 C-terminal thrombospondin (TSP)-repeats and
a gon domain (Somerville et al., 2003, Llamazares et al., 2003). Moreover, though
ADAMTS-9 is classified as a GON-ADAMTS with ADAMTS-20, it too is able to
cleave aggrecan at the Glul771-Alal772 bond and versican at the Glu441-Ala442
(Somerville et al., 2003).

Another, well-defined, subgroup contains ADAMTS-2, -3 and -14 which are
procollagen N-proteinases. ADAMTS-13 is in a category on its own and is involved in
the blood coagulation hemostasis as the von Willebrand factor (vWF) cleaving protease.

The remaining ADAMTS members form a subgroup called ‘others’, whose members

_are further d1v1ded ipf;q_‘fqur pairs (ADAMTS-18 and -16, ADAMTS-19 and -17,

ADAMTS-12 and -7, and ADAMTS-10 and -6) based on their structural characteristics.
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1.5.2. The Domain Structure of the ADAMTS Proteins

The main difference between ADAMs and ADAMTS is that ADAMs are
transmembrane proteins while the ADAMTSs are secreted proteins, which bind to the
ECM. ADAMTSs consist of prodomain, metalloprotease and disintegrin domains, but
lack the ADAMS' transmembrane domain. The thrombospondin motif(s), present on the
C-terminal side of the disintegrin domain of ADAMTS also distinguishes them from
ADAMs (Figure 1.8) and are thought to function, with the disintegrin domain, in
binding to the ECM.

The molecular structure of the ADAMTS proteins can be subcategorized into domains.
The ADAMTSs are synthesized as inactive zymogens. From the N- to the C-terminus,
they each consist of: a signal peptide, a prodomain, a metalloproteinase catalytic domain,
a disintegrin-like domain, a central thrombospondin (TSP)-repeat, a cysteine-rich
domain, a spacer domain and a variable number of C-terminal thrombospondin (TSP)-
repeats, which range from 14 C-terminal repeats in the case of ADAMTS-20 to none in

the case of ADAMTS-4 (Stocker ef al., 1995, Kaushal and Shah, 2000).

~1.5.2.1 The Signal Peptide and Prodomain

ADAMTS proteins are initially synthesized as pre-proenzymes with a signal peptide
and prodomain, which is generally to maintain enzyme latency, accurate protein folding
and secretion (Milla et al., 1999, Cao ef al., 2000). Firstly, the ADAMTSs undergo an
N-terminal processing to remove the signal peptide on the endoplasmic reticulum
membrane. Removal of the prodomain has also thought to occur in the trans Golgi. This
process in the ADAMTS:s is catalysed by furin, also called proprotein convertase (PC),
at the furin recognition site between the prodomain and the catalytic motifs. Furin is a
calcium-dependent serine protease that is known to cleave precursor proteins. Furin has
been shown to interact with the pro-form of ADAMTS-4 and to co-localize within the
trans-Golgi network (Wang et al., 2004). Removal of the prodomain has also been

reported for ADAMTS-1 (Kuno et al., 1999).
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The prodomain of human and mouse ADAMTS-5 contains three potential furin
recognition sites (Hurskainen et al., 1999) within a multi basic sequence 258 RRRRR?*? at
the activation site. Although the predicted activating cleavage site at R?*2-2°S has been
detected in an in vitro expression system (Zeng et al., 2006), cleavage at this site has not
been confirmed in vivo. Whether proprotein convertases other than furin can activate
ADAMTS-5 and whether removal of the prodomain is required for its secretion has yet

to be resolved (Wang et al., 2004).

1.5.2.2 The Metalloproteinase Domain (Catalytic Domain)

All ADAMTSs have a Zn-binding peptidase consensus HEXXH, catalytic domain
which contains a zinc-binding active site similar to that in the ADAMSs, which
distinguishes the ADAMs and ADAMTSs from other metalloproteinases (reviewed in
Porter et al., 2005).

1.5.2.3 The Disintegrin-like Domain

This domain in ADAMs and ADAMTSs has some primary sequence similarity (25 to
45%) to that of the snake venom disintegrins. The snake venom disintegrins have an
integrin recognition sequence RGD (Arg-Gly-Asp) and bind to integrins. ADAMTSs
lack this RGD sequence and do not appear to interact with integrins (Perutelli, 1995).
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1.5.2.4 The Cysteine-rich Domain (CRD)

- - This domain is a cysteine rich sequence containing ten cysteine residues. Little is

known of the function of this domain. However, the expression of various domain-
deletion constructs of murine ADAMTS-1 showed that the CRD-spacer sequence is a
functional ECM-binding domain (Kuno and Matsushima, 1998).

1.5.2.5 The Spacer Domain

There are no common structural features in this region and it is variable in length.
ADAMTSs may undergo an extracellular C-terminal processing in this domain, which
may have a significant effect on enzyme activity, localization and substrate specificity.
ADAMTS-4 undergoes a C-terminal truncation to generate two isoforms with a distinct
reduction in affinity of binding to their substrate (Flannery et al., 2002). Efficient
aggrecanase activity requires the presence of GAGs attached to the aggrecan core
protein. Flannery et al, (2002) demonstrated that full-length ADAMTS-4 (~ 68 kDa)
undergoes autocatalytic C-terminal truncation to generate two distinct isoforms (~ 53
kDa and 40 kDa), which showed a clear reduction in affinity of binding to sulphated
GAGs. ADAMTS-4 without the spacer region was 53 kDa (Gendron et al., 2007).The
C-terminal spacer domains also affect binding of full-length ADAMTS-4 to sulphated
GAGs (Flannery et al., 2002).

Kashiwagi et al, (2004) found the full-length ADAMTS-4 of 70 kDa was the most
effective aggrecanase, but shows less activity against the Glu373-Ala374 bond, the site
originally characterised as the target for aggrecanase activity. However, it cleaved the
Glu1480-Gly1481 bond in the chondroitin sulphate-rich region of aggrecan. There were
considerable changes in substrate specificity upon deletion of the spacer domain.
ADAMTS-4 with the C-terminal spacer domain deletion cleaved more effectively both
the Glu373-Ala374 and Glul480-Gly1481 bonds. Processed forms (53 kDa and 40
kDa) cleaved non-PG substrates, decorin and fibromodulin, in addition to the

chondroitin sulphate-rich region of aggrecan (Kashiwagi et al., 2004).
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1.5.2.6 The Thrombospondin (TSP) - Repeats

The major difference between ADAMTSs, MMPs and ADAMs is the ability of
ADAMTSs to bind to the ECM (Kuno and Matsushima, 1998, Somerville et al., 2003,
Kashiwagi ef al., 2004). They possess a well conserved thrombospondin (TSP)-repeat,
homologous to the type I repeat of thrombospondins 1 and 2. The anti-angiogenic
activity of ADAMTS-1 and -8 is thought to be mediated through their TSP-repeats
. (Porter et al., 2005). It has been found that ADAMTS-4 cannot cleave GAG-free
aggrecan. Kuno and Matsushima, (1998) demonstrated that ECM binding was mediated
through the central and C-terminal TSP-repeats and the spacer region, and that

sulphated GAGs were probably binding sites (Kuno and Matsushima, 1998).

With the exception of ADAMTS-4, which has no C-terminal TSP-repeats, all
ADAMTSs have between 1 and 14 TSP-repeats, C-terminal to the spacer region (Figﬁre
1.7). C-terminal TSP-repeats are more variable in sequence than the central TSP-repeats.
For murine ADAMTS-1 it was demonstrated that C-terminal TSP-repeats had a
significant role in binding to heparin (Kuno and Matsushima, 1998). The TSP-repeats of
the C-terminus are arranged in groups separated by a short linked sequence between the
groups such as in ADAMTS-9 and ADAMTS-20 or a mucin-like domain as in
ADAMTS-7 and ADAMTS-12 (Somerville et al., 2004). Other types of domains may
be C-terminal to the TSP-repeats groups; ADAMTS-9 and -20 contain gon-1 domains,
containing ten conserved cysteine residues (Somerville et al., 2003). ADAMTS-6, -7, -
10, -12, -16, -17, -18 and -19 contain a protease and lacunin domain with six conserved
cysteine residues (Nardi et al., 1999). Additional C-terminal domains are present in

ADAMTS-13 which contains two cubilin domains, (Zheng et al., 2001) (Figure 1.7).

1.5.3 ADAMTS-1, -4 and -5 and Brain ECM Breakdown

A subgroup of ADAMTSs, ADAMTS-1, -4, -5, -8, -9 and -15 are GEPs, cleaving

peptide bonds at the carboxyl end of the glutamate residues.
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They also have been demonstrated to cleave the major cartilage proteoglycan aggrecan,
and have been termed ‘aggrecanases’ (Porter et al., 2005). ADAMTS-1, -4 and -5 also
cleave other lectican family members and have other functions as shown in Table 1.1.
ADAMTS-1 can cleave both aggrecan and versican. Kuno et al, (2000) showed that
ADAMTS-1 cleaves aggrecan in vitro and that the spacer region is necessary for this.
N-terminal sequence analysis of the cleavage product revealed that the chondroitin

sulphate attachment domain of aggrecan was cleaved (Kuno et al., 2000).

ADAMTS-4 and -5 are the most extensively studied of the aggrecanases. Previous
studies have shown that both enzymes can cleave aggrecan (Ilic et al., 2000) but
ADAMTS-4 can also cleave brevican and versican. The main aggrecanase cleavage site
of ADAMTS-4 and -5 is Glu373-Ala374 but there are also four other sites in the GAG
attachment regions at Glul480-Gly1481, Glul667-Gly1668, Glul771-Alal772 and
Glul871-Leul872 (Sugimoto et al., 1999, Tortorella et al., 2000) (Figure 1.9). In
addition, ADAMTS-5 exhibited an additional site of cleavage in the region spanning
residues Glyl481 and Glul667, representing a unique cleavage of ADAMTS-5
(Tortorella et al., 2002). Nakamura et al, (2000) demonstrated that ADAMTS-4 cleaves
brevican at only one site Glu395-Ser396. Furthermore, Nakada et al (2005) showed that
glioblastoma cells transfected with ADAMTS-4 and -5 produced brevican cleavage
products, whereas ADAMTS-1 and un-transfected cells displayed no cleavage (Nakada
et al., 2005).

Brain proteoglycans aggrecan, brevican, neurocan, phosphocan, appican and versican
components are important in normal homeostasis of the brain (Bandtlow and
Zimmermann, 2000, Novak and Kaye, 2000). Alterations in synthesis or breakdown of
the ECM may contribute to disease processes. In MS, ECM and BBB breakdown
enables inflammatory mediators to migrate to sites of destruction i.e. myelin. Also, it is
thought that ADAMTS-1, -4 and -5 mediated degradation of CSPGs may increase
access of inflammatory cells that release proinflamatory cytokines TNF and IL-1
(Figure 1.10) promoting axonal damage. Alternatively, ADAMTS-1, -4 and -5 may be
beneficial in MS by breaking down CSPGs which accumulate at the edge of MS lesion
and which normally have an inhibitory effect on axonal outgrowth and prevent axonal

regeneration.
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Figure 1.9: Aggrecan cleavage sites. The cleavage sites are loéated within the G1/G2
interglobular (IGD) domain. The Asn341-Phe342 is the main MMP cleavage site,
whereas the Glu373-Ala374 is cleaved by aggrecanases. There are also four cleavage
sites within the chondroitin sulphate-rich region of aggrecan for ADAMTS-4 and
ADAMTS-5, arrows indicate cleavage sites (Reproduced by permission from Biochem J.
from Porter et al., 2005).
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1.5.4 Studies of ADAMTS-1, -4 and -5 in MS

Previous studies have shown that MMPs contribute in CNS inflammatory disorders
(Yong et al., 1998, Yong, 1999). However, more recent studies have shown that other
peptidases such as ADAMTSs are expressed by CNS tissue and modulated in
inflammatory CNS disorders (Cross et al., 2006b, Haddock et al., 2006). MS is an
inflammatory demyelinating disorder of the CNS and is fhought to involve cytokines
and proteases. Only a limited number of studies have demonstrated that ADAMTS-1, -4
and -5 are expressed in the CNS. These ADAMTSs are thought to have a significant
role in the CNS during the disease process due to their ability to cleave CSPGs, which

are essential molecules in the CNS ECM.

Previous studies, performed in our laboratory, demonstrated that in primary human
astrocytes in vitro, TNF can upregulate ADAMTS-4 expression at both the mRNA and
protein level (Cross et al., 2006a). In EAE, differential changes of ADAMTS-1, -4, -5
and TIMP-3 were identified during different stages of CNS inflammation which may
contribute to ECM degradation in disease progression (Cross et al., 2006b). In addition,
ADAMTS-1, -4 and -5 (mRNA and protein) were expressed in post mortem MS brain
tissue. However, immunohistochemical studies demonstrated that ADAMTS-4 protein
was increased in post mortem MS brain tissue and it was associated predominantly with
astrocytes (Haddock et al., 2006). ADAMTS-4 immunoreactivity was co-localised with

brevican in rat brain as shown in Figure 1.11 (Haddock et al., 2007).
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1.6 Tissue Inhibitors of Metalloproteinases (TIMPs)

Metalloproteinase activity is regulated by a group of physiological inhibitors (TIMP-1, -
2, -3 and -4), the tissue inhibitors of metalloproteinases (TIMPs) (Amour ef al., 1998,
Yu et al., 2000, Borland ef al., 1999). TIMPs are proteins of between 21 and 34 kDa,
with twelve conserved cysteine residues. The proteins are folded into two domains, with
all the TIMPs containing a conserved binding site for proteinases, in the domain
responsible for the inhibitory activity, the N-terminal domain (Lambert et al, 2004).
TIMP-3 has been shown to be the only member of the TIMP family able to effectively
inhibit the actions of ADAM-17 (Amour ef al., 1998). It is also known as the main
inhibitor of ADAMTSs, although TIMP-1 and TIMP-2 are inhibitory at higher
concentrations (Hashimoto ef al., 2001). TIMP-3 is the only TIMP known to bind to the
ECM (via GAGs) (Yu et al., 2000), suggesting it has the potential to inhibit ADAMTSs

in cartilage or brain.

Hashimoto et al (2001) suggests that TIMP-3 can inhibit aggrecanase activity of
ADAMTS-4 in vivo (Hashimoto et al., 2001). While Kashiwagi et al (2001)
demonstrated that TIMP-3 blocked ADAMTS-4 and -5 cleavage of aggrecan in vitro. In
contrast, TIMP-1 and TIMP-2 had no effect on aggrecanase activity of both ADAMTSs.
35% inhibition of ADAMTS-4 was shown with TIMP-4 in high concentrations but
there was no inhibition of ADAMTS-5 (Kashiwagi et al., 2001).
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1.7 The Aims and Objectives of this Study

Hypothesis

* Neuronal ADAMTS-1, -4 and -5 expression is modulated in response to
proinflammatory cytokines in MS.
e Increased ADAMTS activity in the brain causes breakdown of ECM

components in MS

Aim

The main aim of this project was to elucidate a role for neuronal ADAMTS-1, -4 and -5

in the pathogenesis of multiple sclerosis. Their presence has been shown previously in

MS and normal CNS tissue but their production by neuronal cell lines has received little

attention and no studies have looked at neoepitopes versican (V0/V2) produced by these

ADAMTSs in the CNS as a result of their specific GEP activity. This study may

indicate the role of these enzymes in MS. To achieve this aim, the objectives were:

In vitro investigations of the ADAMTS-1, -4, and -5 gene expression and their
modulation by cytokines IL-1 and TNF. These cytokines have been implicatéd in
the pathogenesis of MS, as it is highly likely ADAMTSs are induced by cytokines
during the pathogenesis of the disease. This was achieved by using the human
neuroblastoma cell lines SHSY-5Y and SK-N-DZ with and without retinoic acid

differentiation as neuronal models.

Studies of the expression ADAMTS-1 at the protein level. ADAMTS-1 was the
most highly expressed ADAMTS at the mRNA level. ADAMTS-1 has been
previously shown to be increased at the mRNA level in rat hypoglossal motor
neurons following nerve injury (Sasaki ef al., 2001). Knockdown of ADAMTS-1
and peptide blocking experiments were performed to confirm the identity of

ADAMTS-1 on western blotting and verify the specificity of the antibody used.

Studies of CSPG breakdown in normal and MS CNS post mortem tissue by
ADAMTS. This was investigated via a study of neoepitopes of ECM component

versican, as a potential measure of ADAMTS activity in normal and MS CNS tissue
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using immunohistochemistry. The accumulation of CSPGs around lesions forms a
barrier which inhibits neurite outgrowth and prevents axonal regeneration (Sobel
and Ahmed, 2001). Breakdown of CSPGs by ADAMTSs may enable axonal
outgrowth and repair. Conversely, it may increase the access of inflammatory cells
and the secretion of cytokines such as IL-1 and TNF and may promote axonal

damage.
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Chapter 2

Materials and Methods
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2.1 Materials

Materials used in this study and their details i.e. catalogue number, supplier and the

methodology used are shown in Table 2.1.

2.2 Cell Culture

2.2.1. Human neuroblastoma SHSY-5Y and SK-N-DZ cell lines

All cell culture procedures were carried out under sterile conditions in a HERA safe
class II laminar flow cabinet. Two human neuroblastoma cell lines (SHSY-5Y cell line
and SK-N-DZ) were used in this study and their details are shown in Table 2.2. These
cell lines have an adherent mode of growth with neuronal cell morphology. Cells were
maintained at 37°C in 5% CO0,/95% air in a Hera Cell incubator (Heraeus Instruments,
Kandro Laboratories Products, and Germany). Complete media was changed every 3

days until they became 80-90% confluent.

When cells were 80-90% confluent, media were discarded and celhls»rinsed in 5-10 ml
phosphate buffer saline (PBS (GIBCO®) without Ca®* and Mg®"). 1.5 or 3 ml of
trypsin-ethylenediaminetetraacetic acid (EDTA) (0.5% trypsin and 0.53 mM EDTA
(GIBCO® (TE)) was added to a culture flask (25 cm? or 75 cm? respectively) to detach
the cells from the substratum. The flask was gently rocked back and forth to ensure all
the cells were covered with the TE. The cells were incubated at 37°C for 2 minutes or
until the cells began to detach. The flask was removed from the incubator and the cells
were monitored under the microscope to ensure the majority of cells were detached.
They were removed from the flask into a sterile falcon tube and the flask was rinsed

with a volume of media equal to that of the TE used and these were pooled.
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