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Abstract

In multiple sclerosis (MS), lymphocytes and monocytes penetrate the blood brain barrier
(BBB), causing inflammation and leading to myelin damage and subsequent loss in the
white matter of the central nervous system (CNS). Chemotactic cytokines (chemokines),
contribute to the recruitment of immune cells into the CNS, and are expressed by
astrocytes, the most abundant cell type in the CNS, and endothelial cells. CCL2 and
CXCL10 are chemokines expressed in MS lesions, which are thought to be pivotal in
chemoattraction of T cells and monocytes into the CNS. Astrocytes, microglia, and
endothelial cells produce proteases, such as matrix metalloproteinases (MMPs), which
contribute to the destruction of the BBB, facilitating cellular entry. Increased expression of
MMP2 and MMP9, amongst others, has been shown previously in autopsied MS brain,
and increased levels of the cell surface peptidase CD26, expressed by T cells and
endothelial cells, have been linked to disease activity. Interactions between proteases and
chemokines expressed in the same milieu can result in chemokine processing that
dramatically increases or decreases their activity. To assess the potential effects of
chemokine cleavage in MS, recombinant proteins were used in an in vitro study which
examined processing of CCL2 and CXCL10 by MMP2, MMP9 and CD26, using mass
spectrometry to identify enzymatic cleavage products. MMP9 removed four residues, and
CD26 cleaved a dipeptide, from the N-termini of both CCL2 and CXCL10. MMP2 N-
terminally cleaved four residues from CCL2, and five from CXCL10. C-terminal truncation
of CXCL10 was observed with MMPs 2 and 9, which each removed four residues.
Cleavage by CD26 was rapid, and complete with CXCL10 within 30min. MMP truncation of
CCL2 was complete within 3h, but with CXCL10, remained incomplete by 48h. Astrocyte
supernatant was examined by mass spectrometry for the presence of these truncated
chemokines, but low levels prevented detection. Protease expression was investigated, to
identify the likelihood that cleaved CCL2 and CXCL10 arise in vivo in MS. The MMP
mRNA expression profile of cytokine-treated and untreated astrocytes examined by real
time PCR showed that MMP2 mRNA was highly expressed with and without cytokine
treatment, and MMP9 mRNA was increased following treatment with the pro-inflammatory
cytokines tumour necrosis factor and interleukin-1B. MS brain tissue was examined using
dual-labelling immunofluorescence for CD26 expression, which was found in lesions to be
associated with T cells and monocytes in perivascular cuffs, and macrophages within the
parenchyma, but not with astrocytes. The chemotactic activity of the cleaved forms of
CCL2 and CXCL10 identified in this study was investigated using real time in vitro
migration assays. THP-1 cells, a monocytic cell line, exhibited a two-fold reduction in
migration to cleaved CCL2 isoforms, compared to the intact form. Preliminary experiments
with Jurkat cells, a T cell line, indicated that migration remained unaffected, or was slightly
increased, by cleaved CXCL10 compared to the intact form. Collectively, this study
demonstrated that cleavage of CCL2 and CXCL10 by proteases, found at elevated levels
in MS, may be an important regulator of chemokine activity. In particular, CD26 may play a -
key role in regulating chemokine activity, and thus cell migration into the CNS, as it
demonstrated rapid and highly specific proteolytic activity and is highly likely to encounter
chemokines as it was associated with T cells and macrophages that express the
appropriate chemokine receptors.
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Chapter 1

General introduction



1.1 Immune regulation in the central nervous system (CNS)

The brain is a delicate organ with a limited regenerative capacity, which could suffer
catastrophic damage if subjected to significant inflammation. Axons and dendrites, in
particular, are very sensitive to inflammation due to their long, thin processes, high
energy requirement, and low capacity for regeneration (Neumann and Takahashi,
2007). In the past, the brain was thought of as an ‘immunologically privileged’ site, not
subject to infiltration of immune cells as part of routine surveillance. It was known that
leukocytes existed in large numbers in the CNS during diseased states, but they were
thought to be absent in healthy brain tissue (Antel and Owens, 1999). More recent
discoveries have clarified that immune cells enter the CNS without it being subject to
disease, but that this is highly regulated, and varies with age and brain region (Galea et
al., 2007).

The CNS can be thought of as a collection of compartments: the parenchyma; the
ventricles, housing the choroid plexus and cerebrospinal fluid (CSF); and the meninges
(Fig. 1.1). It was shown in 1923 that antigens injected into the brain parenchyma did
not elicit an immune response, but did so if implanted.into the ventricles. Almost 60
years ago, Medawar showed that the efferent immune response, i.e. the ‘effector’
phase designed to eliminate pathogens, is mostly intact in the CNS, but the afferent, or
‘sensing’ phase involving antigen recognition, is significantly lacking. The protective
barrier formed by blood vessels and glial cells of the CNS, namely the blood brain
barrier (BBB), was investigated in a quest to explain these differences observed in the
CNS. The BBB was previously held wholly responsible for the CNS immune privilege,
but it is now known that other features, such as details of the microenvironment, and
specialised afferent communication to nearby lymphatic organs, are more important
(reviewed in Galea et al., 2007). As such, the CNS is best considered an
immunologically specialised site, where immune reactions are present. There are
several cell types involved in the immune response of the CNS, including T cells, B

cells, phagocytes, and glial cells.

1.1.1 T cells

Maintaining an appropriate balance between reacting to pathogens and self-tolerance
is essential for normal function of a healthy immune system. T cells develop in the
thymus and play crucial roles in cell-mediated immunity. T cells recognise peptide
antigens, displayed by major histocompatibility complex (MHC) molecules expressed
on other cellé. AI.I nucleated cells express MHC class | proteins, which bind to T cell
receptors (TCRs) on T cells expressing the coreceptor CD8 (Burrows et al., 2008).
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T cell possession of the CD4 coreceptor, however, restricts TCR binding to cells
expressing MHC class Il, namely antigen presenting cells (APCs). Immune responses
are geared towards detection of pathogens by breaking down the proteins involved into
peptides, which are captured by MHC molecules on APC, and then presented to TCRs.
The capacity of an antigen-MHC complex to activate T cells correlates with the duration
and strength of TCR binding, with lengthy, high affinity binding being characteristic of
TCR agonists (Mantzourani et al., 2007). T cells that recognise self-peptides are largely
eliminated during negative selection processes in the thymus (Yan and Mamula, 2002).

T cells can be broadly divided into effector or memory populations, with an additional
subset that includes natural killer (NK) T cells and yd T cells, which recognise antigen
using molecules other than MHC class | or Il (La Rosa and Orange, 2008). Memory T
cells can be either CD4" or CD8", and facilitate a rapid proliferation of T cells in
response to previously encountered antigens (Sprent and Suhr, 2001). Effector T cells

cover diverse functions, as discussed below.

- Effector T cell populations include helper, regulatory, and cytotoxic T cells. Helper T
cells (Th) are of the CD4" subset, secrete cytokines involved in T cell and B cell
proliferation, and attract and activate other immune cells, such as macrophages. CD4"
T cells can also differentiate into regulatory, or suppressor, T cells, which are vital in
maintaining immunological tolerance as they suppress auto-reactive T cells, and shut
down T cell responses (La Rosa and Orange, 2008). Cytotoxic T cells (CTLs), mainly
of the CD8" subset, are implicated in direct killing of resident target cells via secretion
of perforin and granzymes (Traparni et al., 2000).

CTLs are rarely found in the normal CNS, but during inflammation and microbial
infection, their numbers can increase dramatically, and stimulation of brain cells may
result in antigen presentation to T cells via expression of MHC molecules (Pedemonte
et al., 2006). CTLs surround, and accumulate in, CNS lesions during many neurological
diseases, such as multiple sclerosis (MS) and virus-induced inflammatory brain
diseases, and are known to be important in autoimmune CNS diseases.

In addition to categorising T cells according to the presence of either CD4 or CD8
surface molecules, CD4" T cells can be further subdivided according to the profiles of
the cytokines they secrete. Cytokines are secreted proteins, critical in most immune
responses, acting in either pro-inflammatory or anti-inflammatory ways. CD4" T cells,
termed ThO cells when in an undifferentiated state, are considered to produce the
majority of cytokines, once activated (Berger, 2000). Activated ThO cells can become



either Th1 or Th2 cells, depending on the local environment, with interleukin (IL)-12
stimulating Th1 activity, and IL-4 promoting Th2 differentiation (Berger, 2000). Recently,
a third subset of CD4 T cells, namely Th17 cells, has also been identified (Korn et al.,
2007).

Pro-inflammatory cytokines, such as interferon (IFN)-y, IL-2, and tumour necrosis factor
(TNF), arise from Th1 cells, and are responsible for destruction of intracellular
parasites and perpetuation of autoimmune responses, such as in MS (Frossi et al.,
2008). Th1 cells increase the production of immunoglobulin (Ig) G antibodies and
encourage cell-mediated immunity (Berger, 2000). Th2 cells produce anti-inflammatory
IL-10, and IL-6, and cytokines associated with allergic responses and promotion of IgE,
such as IL-4, IL-5, and IL-13 (Frossi et al., 2008). Th2 cells are involved in defense
against extracellular pathogens. Th1 and Th2 cytokines are antagonistic in action, and
the correct Th1:Th2 balance is critical in maintaining appropriate immune responses,
thereby limiting tissue damage caused by pro-inflammatory Th1 responses, or allergic
responses created by an excessive Th2 response (Berger, 2000). Th17 effector T cells
produce the cytokine IL-17 and are implicated in defense against some pathogens,
tissue inflammation, and organ-specific autoimmunity (Korn et al., 2007).

T cells can engage in immune surveillance of the CNS, albeit to a lesser extent than in
other organs under basal conditions, and contribute to inflammatory and immune
responses (Xiao and Link, 1998). In addition to evidence that activated T cells can
migrate from the blood into the CNS, using a sheep model, it has been shown that T
cells do not need to be activated to enter the CSF (Seabrook et al., 1998). Suggestions
about the pathways taken by T cells when entering the CNS include infusion into the
CSF, and exiting along major cranial nerves or arteries, meaning they would enter
deep cervical lymph nodes and be able to engage in an immune response if the
appropriate antigen was present, or rejoin the circulating lymphocyte pool (Seabrook ef
al., 1998). In healthy individuals, the number of T cells entering the CNS is low (Hickey,
1999), but the efficiency with which they gain access varies according to area. T cells
enter the spinal cord with greater efficiency than when accessing the brain (Phillips and
Lampson, 1999), probably because recruitment mechanisms differ (Engelhardt and
Ransohoff, 2005). Studies have ihdicated that the migratory phenotype of T cells
necessary to cross the BBB is induced by several signals, including interleukin-2 (IL-2)
(Pryce et al., 1997). It is thought that T cells enter the CNS in a random fashion, as no
receptors have yet been identified that serve to target specific leukocytes to the CNS
(Hickey, 1999).



In patients with inflammatory disorders of the CNS, T cells are one of the most
common cell types found in affected areas and in the CSF (Pedemonte et al., 2006). It
has been suggested that the CSF experiences an enrichment of Th1 T cells capable of
differentiation into effector cells upon discovery of antigen, and that these cells are
recruited by chemotactic cytokines called chemokines (Giunti et al., 2003).

1.1.2 B cells

B cells are important in the humoral immune response, particularly in responding to
microbial infections. They are produced in the bone marrow, circulate in the blood and
lymph, and undergo differentiation after encountering an antigen, and signals from T
helper cells. Activated B cells can become long-lived memory cells, specific to
previously encountered antigens, or plasma cells, which produce antibodies
(immunoglobulins: IgA, D, E, G, and M). Antibodies can bind antigens, preparing the
product for phagocytosis by macrophages, for example, and they can also activate the
complement system (Briere et al., 2001).

When inflammation is not present in the CNS, B cells are mainly absent, but
inflammatory CNS diseases are associated with significant numbers of them in the
CNS and CSF (Cepok et al., 2006). During CNS inflammation, immunoglobulins
produced within the subarachnoid space, namely oligoclonal bands (OCB), are often
detected and demonstrate that B cells have a role in the immune response (Thompson
and Keir, 1990). B cells may also have antibody-independent roles in CNS immune
responses, as they can function as antigen-presenting cells (APC) (Antel and Bar-Or,
2006).

The role of B celis in routine CNS surveillance is poorly understood. One study
indicated that B cells can target their antigen in the CNS and produce oligoclonal IgG
against it, suggesting memory B cells can be receptive to antigens as they drain from
the CNS to deep cervical lymph nodes (Knopf ef al., 1998). Given the short life span of
antibody-secreting cells, and the limited ability of antibodies to cross the BBB, it is most
likely that the B cells involved in CNS immune surveillance are of the memory subset.

| Memory B cells have been found to accumulate in the CSF during CNS inflammation,
particularly the subset with an IgD/IgM" phenotype (Cepok et al., 2006). Several
findings indicate that, unexpectedly, B cells might undergo rapid division in the CNS
akin to a germinal centre reaction, as short-lived plasma blasts (immature precursors of
plasma cells) are found in the inflamed CSF (Cepok et al., 2006), together with all B
cell subsets (Corcione et al., 2005).



1.1.3 Mononuclear phagocytes

Monocytes are produced in the bone marrow, circulate in the bloodstream, and can
move into tissues, where they mature into macrophages. In the CNS, th‘ese
macrophages occur as microglia. Monocytes/macrophages and microglia are likely to
play a substantial role in the immune surveillance of the CNS, as aside from their
phagocytic activity, they are involved in antigen presentation and control of T cell
responses (Aloisi et al., 2000), as discussed in Section 1.1.4.1 below. The phagocytic
ability of these cells is mediated by opsonins, such as IgG, or complement, on the
target antigen. Mononuclear phagocytes may also alter the ability of T cells to
penetrate the CNS parenchyma via their upregulation of inducible nitric oxide synthase
(iNOS), leading to increased nitric oxide (NO) expression, as well as increased
production of TNF (Tran et al., 1998). These mediators act on endothelial cells (ECs),
causing an upregulation of adhesion molecules and contribute to the compromised
state of the BBB seen in MS. Activated macrophages secrete IFN-y and IL-3, in
addition to TNF, all of which interfere with myelination by damaging oligodendrocytes
(OLGs) (Merrill et al., 1993).

1.1.4 Glial cells

Glial cells represent the non-neuronal, supportive cells of the CNS, including macroglia
(astrocytes and OLGs), and microglia. Collectively, glial cells support neurons in a
number of ways, including OLGs providing insulation of neurons with myelin, and
astrocytes providing nutrition, maintenance of homeostasis, and participation in signal
transmission. They produce many molecules involved in inflammatory and immune

functions, such as cytokines and proteases (Von Bernhardi and Ramirez, 2001).

1.1.4.1 Microglia

During both development and adulthood, bone marrow derived myeloid cells enter the
CNS and become perivascular macrophages, or more rarely in adults, microglia
(Simard and Rivest, 2004) (Fig. 1.2). Microglia represent approximately 5 - 20% of
resident glial cells, and are the major immunocompetent cells in the brain, capable of
presenting antigen (Farber and Kettenmann, 2005). The exact precursor subtype
responsible for microglia is unknown, but microglial cells are reportedly similar to
uncommitted myeloid precursors, with the capacity to differentiate into dendritic-like
cells (Servet-Delprat et al., 2002). Following antigenic stimulation, for example,
microglia become activated, adopt an amoeboid morphology, migrate to sites of injury,
proliferate, and engage in phagocytosis (Imai et al., 1997). Microglia possess highly
motile and long, interdigitating processes which form a network that covers the entire



CNS, strongly suggesting a role for resting microglia in immune surveillance (Neumann
and Takahashi, 2007).

An innate immune receptor expressed on cell membranes, namely Triggering Receptor
Expressed on Myeloid cells - 2 (TREM2), is expressed on microglia (Kiialainen et al.,
2005). The TREM2 receptor associates with the adaptor protein and signalling
molecule DnaX-Activating Protein of 12 kDa (DAP12), thereby enabling TREM2
stimulation to initiate signalling via DAP12. DAP12 triggers a protein tyrosine kinase
called extracellular signal-regulated kinase (ERK), which is involved in an intracellular
signal transduction pathway (Takahashi et al., 2005). TREM2 signalling has been
found to be essential for phagocytosis of apoptotic cellular membranes (Neumann and
Takahashi, 2007). Without this TREM2-DAP12 receptor-signalling complex, CNS
tissue homeostasis would be disturbed by delayed debris clearance and increased

production of inflammatory cytokines by microglial cells.

In addition to phagocytosis, microglia can respond to threats to the CNS by releasing
cytotoxic and inflammatory modulators (e.g. cytokines such as IL-13, and complement
proteins) and cell killing via release of NO and superoxide ions (Von Bernhardi and
Ramirez, 2001). Aside from this pro-inflammatory role, evidence is accumulating that
microglia might have neuroprotective properties, through stimulation of myelin repair,
eradication of toxins in the CNS, and prevention of neurodegeneration in chronic ‘brain
diseases (Glezer et al., 2007). There is evidence that microglia may function co-
operatively with astrocytes in generating responses to brain injury, exhibiting reciprocal
regulation (Martin ef al., 1994).

1.1.4.2 Astrocytes

Astrocytes are the most abundant glial cell, and are highly diverse, exhibiting varied
reactive responses to pathogenic brain insults. In the healthy CNS, they remove
excess ions (parficularly potassium) from the external environment of neurons, recycle
neurotransmitters, are involved in uptake of glucose and glutamate, and glycogen
storage (Fatemi et al., 2004), and are considered to be a major component of the BBB
(Fig. 1.2) (Kramer-Hammerle et al., 2005).

Astrocytes signal to each other using calcium: the messenger molecule inositol
triphosphate (IP3) diffuses from one astrocyte to another via gap junctions, activating
calcium channels on organelles, and resulting in calcium release into the cytoplasm,
which may prompt production of more IP3 and culminate in a calcium wave
propagating from cell to cell (Bellinger, 2005).
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They respond to the firing of adjacent neurons by exhibiting rapid electrical activity, and
are receptive to neurotransmitters such as norepinephrine and glutamate (Murphy et al.,
1993). Astrocytes can release glutamate, thereby signalling back to neurons
(Carmignoto, 2000). Calcium signalling from astrocytes can contribute to neuronal
plasticity and learning by influencing synaptogenesis and synaptic transmission
'(Ostrow and Sachs, 2005).

Activated astrocytes contribute to CNS diseases by the production of proinflammatory
cytokines, proteases, adhesion molecules, such as intercellular adhesion molecule
(ICAM)1 and ICAM2, chemokines, and NO (Von Bernhardi and Ramirez, 2001). Unlike
microglia, astrocytes cannot generate large amounts of free radicals, but they do have
some phagocytic ability. Astrocytes produce cytokines that are able to act on microglia,
such as colony-stimulating factors, which can stimulate microglial migration after injury.
The interaction between astrocytes and microglia is complex, but it is thought that
microglial-derived products are neurotoxic, while astrocytes tend to play a
neuroprotective role by producing neurotrophic factors and eliminating neurotoxins
(Von Bernhardi and Ramirez, 2001). Astrocytes respond to CNS trauma by becoming
hypertrophic and proliferating. This astrocytosis, however, can restrict repair in MS by
hindering migration of remyelinating cells (Malik et al., 1998).

1.1.4.3 Oligodendrocytes

OLGs are glial cells that produce and maintain the ‘myelin sheath’ that surrounds
axons, providing insulation to facilitate salutatory conduction. The sheath can be of a
simple cytoplasmic type, or composed of multiple myelin lamellae. In addition to this
vital role of myelin production, OLGs can also contribute to the growth and
maintenance of axons within white matter (Edgar et al., 2004).

OLGs that produce myelin have been categorised as types | — IV according to their
morphology and axonal interactions. Type | OLGs are found around blood vessels,
neurons, and fibre tracts, in the forebrain, cerebellum, and spinal cord. Type Il OLGs
are seen in white matter, near to nerve fibres. Type lll OLGs are found in the medulla
6blongata, spinal cord, and cerebral and cerebellar peduncles. Type IV OLGs adhere
to nerve fibres at the entrance of nerve roots (Baumann and Pham-Dinh, 2001). When
OLGs approach axons to begin myelination, the OLG exhibits an undifferentiated
structure, and it is not known if the microenvironment or genetic programming
determines the subtype the OLG will become. The maturation of OLGs is characterised
by stages of expression of myelin-related genes and cell surface markers, such as
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myelin basic protein (MBP), proteolipid protein (PLP), and myelin oligidendrocyte
glycoprotein (MOG) (Webber et al., 2007). ' '

Microglia can directly interact with OLGs, damaging them, and contributing directly to
the demyelination of axons and other tissue injury (Irani, 2005). Different mechanisms
| of myelin destruction have been suggested in MS, with either the OLG, or the myelin
sheath being the target (Kornek and Lassmann, 2003). Antibodies against various
myelin proteins have been found in MS patients, such as anti-MOG antibodies,
although their exact role is unclear (Reindl et al., 1999). Remyelination is potentially a
powerful neuroprotective therapy to ameliorate disability in MS. Cytokines of the IL-6
superfamily can promote OLG survival - a significant finding given that astrocytes and
microglia are the predominant source of IL-6 cytokines in the inflamed CNS (Ransohoff
et al., 2002).

1.1.5 Endothelial cells (ECs)

Brain ECs comprise the main component of the BBB (Fig. 1.2) and contribute to the
immune response of the CNS by responding to, transporting, and secreting cytokines
(Verma et al., 2006). ECs are unique in possessing differing compositions of their cell
membranes according to the environment they face, with lipid, receptor, and
transporter components differing between the face in contact with the blood, and the
membrane facing the brain. This polarisation is thought to help with the functions of the
BBB, namely preventing harmful substances from entering the brain, and controlling
the passage of substances to and from the brain. ECs comprising the BBB differ from
those elsewhere in the body due to their absence of fenestrations, reduced pinocytic
vesicular transport, and more extensive tight junctions between them, which limit the

flux of hydrophilic molecules between cells (Ballabh et al., 2004).

Tight junctions consist of three membrane proteins (claudin, occludin, and junction
adhesion molecules), and also cytoplasmic accessory proteins, including zonula
occludens (ZO) -1, -2, and -3 (Ballabh et al., 2004). Occludins and claudins collectively
form intramembranous strands which contain channels that allow diffusion of ions and
hydrophilic substances (Matter and Balda, 2003). Junctional adhesion molecules are
little explored, but are thought to play roles in adhesion between cells, and monocyte
transmigration through the BBB (Aurrand-Lions ef al., 2001). In MS, leukocyte
migration into the brain can trigger signalling cascades that result in the loss of occludin
and ZO proteins from tight junctions, thereby contributing to BBB breakdown (Bolton et
al., 1998).
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Brain ECs can receive immune challenges from one side (e.g. the blood), and respond
by secretion of cytokine into the other (i.e. brain) (Fig. 1.2). Brain EC secretion of
cytokines IL-1q, IL-10, granulocyte macrophage colony-stimulating factor (GM-CSF),
IL-6, and TNF has been'demonstrated, with a preference for secretion into the blood,
rather than the brain (Verma ef al., 2006). Lipopolysaccharide (LPS) induces release of
specific cytokines from brain ECs, and is known to disrupt the barrier function of the
BBB (Singh and Jiang, 2004). When brain ECs are exposed to TNF, IL-18, IFN-y, or
LPS, the transendothelial electrical resistance is decreased due to increased
permeability of the tight junctions, thus reducing the ability of the BBB to impair the
passage of peripheral blood mononuclear cells (PBMCs) into the CNS (Wong et al.,
2004). Brain ECs are important in the immune response of the CNS, as they constitute
a major component of the BBB that can secrete cytokines in an inducible, varied, and

polarised fashion.

1.1.6 The blood brain barrier

Ehrlich’s seminal observation that injecting dyes into peripheral blood vessels resulted
in poor staining of the brain, compared to other organs, sparked further experiments
that led to an increasing elucidation of the specialised structure of the BBB. The BBB
was linked to the state of immune privilege by Barker and Billingham, who described
how the scarcity of transport vesicles in brain ECs, and the occluding junctions
between their plasma membranes, together with neuroglial end processes (Fig. 1.3),
could significantly restrict immune cell infiltration. The barrier function of the BBB is well
established, but routine transport across the BBB is possible, however (reviewed in
Bechmann et al., 2007). Lipophilic substances (e.g. oxygen and carbon dioxide) diffuse
freely along concentration gradients; smaller molecules, such as glucose and amino
acids, utilise transporters to cross the BBB; and receptor-mediated endocytosis is

employed for larger molecules (e.g. insulin and leptin) (Ballabh et al., 2004).

All brain regions possess a BBB, except for circumventricular organs (Fig. 1.1), such as
the pineal gland. These areas are important sites for communicating with the CSF, and
have blood vessels with fenestrations that allow diffusion of blood-borne molecules,
thus helping to regulate the autonomic nervous system and endocrine glands (Ballabh
et al., 2004). The BBB is not simply composed of ECs, as it includes the capillary
basement membrane (BM), astrocytic end-feet enrobing the vessel walls, and pericytes
within the BM (Fig. 1.2), that wrap around ECs. The astrocytic end-feet enhance the
barrier properties of ECs by inducing and maintaining a tight junction diffusion barrier
(Ballabh et al., 2004). Pericytes are thought to be involved in angiogenesis, vessel
structural integrity, and the formation of tight junctions (Allt and Lawrenson, 2001).

12



Figure 1.3 Location of the three main barrier sites in the CNS

The CNS presénts 3 main barriers to penetration by cells or substances. The first is
mainly created by brain ECs, which form the BBB (1). The basement membrane (BM)
of the blood vessel, pericytes within the BM, and astrocytic end feet also contribute to
the composition of the BBB. Circumventricular organs contain specialised
neurosecretory or chemosensitive neurons and are the only brain region to lack a BBB.
Their leaky endothelium is separated from other brain regions by a glial barrier and
from the CSF by an ependymal barrier (Ballabh et al., 2004). The second barrier is the
arachnoid epithelium (2), which comprises the middle layer of the meninges. The outer
layer of the meninges is composed of the dura mater, and the pia mater constitutes the
inner layer. The epithelium of the choroid plexus (3), which is responsible for CSF
secretion, forms the third physical barrier. All 3 barriers utilise tight junctions to reduce
the permeability of the intercellular pathway (Abbott et al., 2006).
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The barrier created by tight junctions between ECs is tightest in the capillary
endothelium (Ge et al., 2005), so leukocytes tend to traverse the endothelium at
postcapillary venules (Bechmann et al., 2007). The vessel wall in pre- and post-
capillary zones of the BBB is separated from the neuropil by an additional compartment,
or perivascular space, created by protrLIsions from the pia mater of the brain surface.
This compartment, termed the Virchow-Robin space, is partially filled with CSF via its
connections with the subarachnoid space. Cells crossing the vessel in this region do
not directly enter the neuropil, but are instead often retained in this perivascular space.
Accumulation of inflammatory cells in the Virchow-Robin space is one of the hallmarks
of MS, and some othér neuroimmune diseases, creating characteristic ‘perivascular
cuffs’. The Virchow-Robin space may be responsible for initiating and sustaining an
immune response to foreign antigens in the brain, as macrophages found there
express MHC class Il, and are well positioned to interact with lymphocytes from the
blood (Vos et al., 2005). As neuroinflammation proceeds, cells may then pass the glia
limitans, which underlies the pia mater, in a considerably more restricted step than the
process of passing from the blood into the perivascular space. For cells to pass the glia
limitans, APCs must present antigen in the perivascular space (Greter et al., 2005).
The glia limitans serves as both a mechanical and functional barrier. Astrocytic end feet
of the glia limitans constitutively express the death ligand CD95L, which may account
for perivascular apoptosis, designed to prevent activated T cells from stimulating
immune responses (Bechmann ef al., 1999).

1.2 Multiple sclerosis

MS was first identified by Jean-Martin Charcot in 1868, and was considered a rarity by
American physicians for the next 50 years. Many cases were misdiagnosed, but
increased training of neurologists, and ensuing improvements in diagnosis, saw MS
rated as one of the most prevalent neurological diseases (Talley, 2005). MS is
commonly described as a disease of the CNS white matter, involving immune-driven
inflammation and demyelination, culminating in sclerotic plaques and axonal damage
(Bar-Or et al., 1999). It is a complex disease, often resulting in severe disability for the
individual, whilst presenting a significant economic burden to society. The estimated
lifetime costs incurred by health care and social systems in the UK are £1 million per
MS patient (Altmann and Boyton, 2004; Orton et al., 2006). Whilst treatments for the
symptoms of MS have improved substantially, as has diagnosis, utilising magnetic
resonance imaging (MRI), a cure remains elusive.
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1.2.1 Symptoms of MIS

Symptoms of MS are many and varied within and between patients, depending on
which areas of the CNS are damaged, to what extent, and on how the disease
progresses. Physiological symptoms are related to the CNS, and the musculoskeletal
and autonomic nervous sytems. Commonly, fatigue, spasticity, muscle weakness, pain,
depression, cognitive dysfunction, deterioration of speech, visual disturbance, bladder
and bowel disturbances, and sexual dysfunction, are experienced (Crayton and
Rossman, 2001; Huijbregts et al., 2006), The fatigue experienced by MS patients can
result from either the disease, or as a side effect of treatment, is often worsened by
heat, and can exacerbate the morbidity of MS by limiting the patient’s reserves to deal

with accompanying symptoms (Bakshi, 2003).

1.2.2 Diagnosis of MS

MS is often misdiagnosed as other conditions can mimic it, such as the demyelinating
infammatory disease, neuromyelitis optica (Charil et al., 2006). MRI has emerged as
playing a prominent role in the diagnosis of MS, but this is combined with information
from the clinical history and physical examination of the patient by a neurologist, ‘
together with laboratory tests for the presence of OCB in the CSF and increased 1gG,
to establish as firm a diagnosis as is possible. MRI criteria for diagnosing MS has
changed frequently over the last two decades. Currently, disease dissemination must
be shown in ‘space and time’, whereby evidence of multiple lesions detected at least
six months apart, and occurrence of at least two distinct attacks, is required (Charil et
al., 2006).

1.2.3 Clinical subtypes of MS

MS can be divided into different clinical subtypes based on the clinical course of the
disease. Approximately 90% of patients exhibit relapsing-remitting MS (RRMS) initially,
with acute attacks involving worsening of neurological function (relapses), alternating
with periods of full or partial recovery (remissions) (Fig. 1.4) (Schwarz et al., 2006). A
minority (30%) remain with this disease course, but 60% of RRMS patients find as the
disease progresses, recovery from attacks is incomplete, leaving permanent axonal
damage, and eventually the disease course is often described as secondary
progressive MS (SPMS). SPMS is characterised by the frequency of relapses levelling
off, and steady deterioration occurring, without remission (Fig.1.4) (Compston, 2004;
Guttmann et al., 2006). Approximately 10% of patients present with what is described
as primary progressive MS (PPMS) in onset, which typically involves a progressive
decline without distinct relapses or remissions (Fig. 1.4) (Schlaeger et al., 2006; Al-
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Araji and Mohammed, 2005; Lublin and Reingold, 1996). The rarest disease course is
progressive relapsing MS (PRMS), where progressive disability occurs from the onset,
with clear relapses, with or without recovery (Fig. 1.4) (Podojil and Miller, 2006).

1.2.4 Epidemiology

MS accounts for the majority of neurological disability of young adults in the Western
World, affecting approximately 1.1 — 2.5 million people worldwide, with a prevalence of
1/1000 in the UK (Compston, 1998). MS is generally considered to be increasing, as
seen in Canada (Orton et al., 2006), Australia (Barnett et al., 2003), and the USA
(Noonan et al., 2002), for example. Women are approximately twice as likely to suffer
from MS as men (Reipert, 2004). This sex ratio can vaky regionally, however,
exceeding 3.2 females to every male in Canada, for example (Orton et al., 2006). The
onset of this complex disease often occurs between the ages of 20-40 years, with over
90% of patients experiencing onset before 50 years of age (Noseworthy et al., 1983).
Childhood-onset MS is rare, with only 3-10% of patients developing MS before the age
of 18 years (Banwell et al., 2007).

In general, there is an increasing prevalence of MS in climates more distant from the
equator, where it is almost zero (Fig. 1.5) (Sharpe, 1986). Migrant studies suggest
moving from high-risk to low-risk areas generally decreases the chance of MS
developing, particularly if the migrant is under 15 years of age, strengthening the theory
that environmental factors are most important before or around adolescence (Marrie,
2004). Substantial evidence supports a geographical link, including the study of over
5000 World War Il veterans, which also suggested racial and environmental factors are
involved (Kurtzke et al., 1979). This higher prevalence of MS with increasing latitude
has been linked to levels of exposure to ultraviolet-B (UVB) radiation in early life and
associated vitamin D p_rodbuction (Fig. 1.5) (Grant, 2006). A latitudinal gradient has also
been proposed in the British Isles, as the Orkney and Shetland Islands have a véry
high prevalence of MS of 309 and 184 per 100,000, respectively, whereas the
southerly Channel Islands have a much lower prevalence, of 113 and 87 per 100,000,
in the Bailiwicks of Jersey and Guernsey, respectively (Sharpe et al., 1995). A gradient
has also been observed within Ireland, with a prevalence of 185 per 100,000 in County
Donegal in the north, and 121 per 100,000 in County Wexford in the south (McGuigan
et al., 2004). Regional differences can also be attributed to factors other than latitude,
however, as variations in genetic predisposition and diagnostic accuracy may play
significant roles. Interestingly, seasonal variations of the onset of MS have been
identified, with fewer outbreaks being observed in winter months, suggesting wintertime

radiation is associated with greater protection (Abella-Corral et al., 2005).
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Evidence exists that the symptoms of MS, as well as the risk, are reduced by
experiencing higher levels of UVB, and hence, vitamin D (Embry et al., 2000). This
protective effect of vitamin D was confirmed in a large longitudinal study of over 90,000
women in the USA which showed that taking vitamin D supplements reduced the life-
time risk of MS by 40% (Chaudhuri, 2005). The exact role vitamin D plays is unknown,
but it has been suggested that differentiation of oligodendrocytes (OLGs), and their
adhesion to axons, is dependent on sufficient vitamin D during development
(Chaudhuri, 2005). Vitamin D can reduce inflammatory cytokine production by
controlling gene expression, so a deficiency could contribute to the inflammation
observed in MS (Mark and Carson, 2006). Higher levels of vitamin D from dietary
intake, as found in fish and dairy products, are also associated with a reduced risk of
MS (Munger et al., 2004). In addition, lower levels of vitamin D were found in MS
patients during relapses, compared to in remission (Soilu-Hanninen et al., 2005).

Clusters of the disease within countries exist, particularly on islands, such as in
Sardinia (Sotgiu et al., 2004). Worldwide epidemiological clusters of MS have also
been found, for example those which mirror the distribution of the tick-borne bacterial
pathogen Borrelia burgdorferi, responsible for Lyme disease. Lyme disease can also
lead to CNS demyelination (Batinac et al., 2007), and it has been postulated that MS
might be prevented or cured by the use of antibiotics against this microorganism, but
this is yet to be investigated (Fritzsche, 2005).

1.2.5 Aetiology

The aetiology of MS remains obscure, but is believed to involve exposure to unknown
environmental factors in those with a genetic susceptibility (Ristic et al., 2005). The
genetic element is thought to result from variants of alleles in several genes, which
increase susceptibility in some people, but not others, depending on post-
transcriptional regulation and external influences (Baranzini and Okéenberg, 2005).
Genes coding for human leukocyte antigen (HLA) class | antigens were first associated
with MS in 1972, with HLA class II, T-cell receptor B, CTLA4, ICAM1, and SH2D2A
genes being amongst those that are also thought to contribute (Dyment et al., 2004).
The major histocompatibility complex (MHC) region of chromosome 6, and
chromosomes 17p11, 3q21-24, 18p11, and 17q22-24 have been identified as potential
areas linked to MS. An association between MS and type-| diabetes has also been
postulated, based on HLA genetic susceptibility factors (Sotgiu et al., 2004). It is clear,
however, that factors other than genetics are involved in the risk of developing MS, as
studies of monozygotic twins have shown a concordance of approximately only 30%,
and dizygotic twins display approximately 5% concordance (Sadovnick et al., 1993). '
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Environmental factors implicated in MS aetiology are many and varied. One study has
found immigrants from low risk areas coming to the UK do not adopt the high risk seen
here (Dean et al., 1976). Other studies have shown people migrating from high risk
areas to low risk ones achieve an intermediate risk (Visscher et al., 1977). In the UK,
children of immigrants are born with a similar risk to those from non-immigrant parents,
demonstrating that environmental factors can act rapidly (Elian et al., 1990).

Other bacterial infections in addition to Borrelia burgodorferi have been implicated in
MS aetiology. The common respiratory pathogen Chlamydia pneumoniae is known to
infect ECs, which is thought to assist in the migration of monocytes into the CNS
(Stratton and Wheldon, 2006). C.pneumoniae is associated with CNS infections, and
is also commonly detected in white blood cells. Once cells carrying this bacteria have
entered the CNS, they are capable of infecting microglia, astrocytes, and neuronal cells
(Ikejima et al., 2006). The incidence of C.pneumoniae infection in 155 MS patients, 70
patients with other neurological diseases, and 499 healthy controls, was examined in
an attempt to clarify the prevalence of this pathogen in MS patients. Chlamydia
infection was found to be more frequent in MS patients than healthy controls, adding
further weight to the suggestion that the pathology of some MS cases may be an
infectious syndrome triggered or fuelled by such a pathogen (Parratt et al., 2007).

Viral infections have been linked with either the aetiology or progression of MS,
including Epstein-Barr virus (EBV), human herpes virus 6 (HHV-6), and multiple
sclerosis-associated retrovirus (MSRV) (Sotgiu et al., 2004). Epitopes of viral '
pathogens exhibiting similar conformations to myelin antigens may invoke an anti-viral
immune response that can also result in T and B cells mounting an anti-myelin
response in MS; a process known as molecular mimicry (Batinac et al., 2007). No one
specific pathogen has been pinpointed as being the molecular mimic in MS, and it is
possible that infection with several pathogens is responsible. Furthermore, the diversity
of the disease phenotype may be explained by variability in the mechanism of
molecular mimicry, i.e. whether HLA class 1 or 2 restricted T-cells, and antibodies, are
involved. Induction of MS by molecular mimicry alone is questionable, and it has been
suggested that it serves only to prime the immune system via exposure to a molecular
mimic of a CNS self-antigen, which is later followed by a non-specific immunological
challenge (Libbey et al., 2007).

1.2.6 Pathology

In MS, multiple sharply demarcated lesions, or plaques, of variable size are found
randomly distributed within the CNS, predominantly in the white matter, but grey matter
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can also be involved. Although the distribution of lesions is random, they are
particularly common in areas such as the optic nerve, spinal cord, brainstem and
periventricular regions, and they are associated with post-capillary venules and larger
veins (Akenami et al. 2000). Blood vessels from the edge of large lesions can have
lesional projections extending along them, termed ‘Dawson’s fingers’. New plaques
exhibit ongoing inflammation and lipid breakdown as myelin is destroyed, with early
acute plaques containing mainly lymphocytes. Chronic, older plaqueé reveal
established gliosis, and fewer inflammatory cells such as lymphocytes and
macrophages, but greater numbers of plasma cells than acute lesions (Hickey, 1999).

At the microscopic level, plaques reveal activation of ECs, infiltration of macrophages
and lymphocytes, myelin swelling, and a reduction in OLGs. T cells and macrophages *
are common, whilst plasma cells are not. Chronic active plaques reveal foamy
macrophages digesting myelin, and lymphocytes both in perivascular areas and at the
advancing edge of myelin loss. Axonal damage can be seen, but typically, axons are
preserved in chronic active plaques. Astrocytes in the demyelinated area are reactive.
Active demyelination of the frontal white matter is thought to be associated with the
fatigue experienced in MS (Lassmann, 1998). Chronic-inactive plaques are thought of
as glial scars, where reactive astrocytes demonstrate extensive gliosis, OLGs are ‘
severely reduced or absent, myelin loss is clearly marked, and a few macrophages and
lymphocytes are seen. Axon loss may be dramatic in older plaques, and is often the
cause of persistent neurological disability in MS (Claudio et al., 1995). Bo and
colleagues (1994) examined actively demyelinating lesions and reported high levels of
MHC class Il on microglia and macrophages, but none on astrocytes and ECs. Zeinstra
et al. (2003), however, reported that astrocytes in active lesions of MS post-mortem
brain tissue expressed both MHC class Il (induced by IFN-y) and the B7 co-stimulatory
molecules necessary for astrocytes to function as APCs. Cells associated with lesions
show changes in size and shape, suggestive of transformation from microglia into

phagocytic macrophages that may be involved in demyelination.

Lesions contain not only evidence of injury (involving axonal damage, myelin loss, and
apoptotic OLGs), and the presence of immune cells, but molecular components can
also be seen, such as Igs, proinflammatory cytokines, chemokines, and adhesion
molecules (Hickey, 1999). It is important to consider that the pathology of MS is
heterogeneous, with significant variations between patients. This is demonstrated by

‘ the occurrence of contrasting events, such as either destruction or proliferation of
OLGs (Baranzini and Oksenberg 2005).
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1.2.7 Pathogenesis of MS

The pathogenesis of MS is best summarised as damage to axons and destruction of
myelin, caused by inflammatory events. Myelin forms a sheath that coats axons,
protecting them, and facilitating efficient saltatory conduction of nerve impulses. Axonal
loss originates from failure of the myelin-producing OLGs to remyelinate (Compston,
2004). It is well debated as to what initiates the inflammatory reaction that leads to

lesion formation, and a full understanding of the pathogenesis still presents a challenge.

There is substantial evidence for an autoimmune pathogenesis. The structure of myelin
is in part maintained by MBP, and it is residues 84-102 and 143-168 of MBP that are
targets of the T cell response in MS (Ota et al., 1990). High levels of flexibility of T cell
receptors (TCRs) on autoreactive cells may assist T cell sensitisation to myelin
antigens in the peripheral blood due to molecular mimicry (Fig. 1.6, inset). Myelin-
reactive CD4" T cells are considered critical in triggering autoimmune responses in MS
and it has been demonstrated that they have lower activation thresholds, independent
of co-stimulation, which may lead to breakdown of self-tolerance and the resultant
autoimmune response (Bielekova et al., 2000). Myelin-reactive T cells are present in
healthy individuals as well as in MS patients, indicating it is the high frequency of
activated autoreactive T cells that is significant (Markovic-Plese et al. 2004). CD4* T
cells are considered pivotal in initiating inflammation, but neuropathological findings
suggest changes in OLGs may also be important in initiation of MS - a
'neurodegenerative’ hypothesis (Prat and Antel, 2005). Recent evidence derived from
MRI suggests that normal-appearing white matter is also altered in the MS brain, in that
MBP suffers a loss of positive charge, rendering it more susceptible to proteolytic
attack (Mastronardi and Moscarello, 2005).

It is generally accepted that activated peripheral blood lymphocytes are chemoattracted
to the BBB, where upregulation of adhesion molecules on ECs leads to increased
binding to their ligands on PBMCs (Prat and Antel, 2005). Interactions of adhesion
molecules with PBMCs slow their passage along the blood vessel and facilitate the
rolling and adhesion process required for transmigration across ECs. In MS, the BBB
is disrupted by proteases, which allows excessive infiltration into the brain parenchyma
of T cells, B cells, and macrophages (Fig. 1.6). These immune cells thereby form the
perivascular cuffs detected histologically in MS lesions (Markovic-Plese et al. 2004).
Myelin-reactive T cells are reactivated by neural antigens presented by MHC class Il
molecules on ECs and microglia, and autoantibody production, demyelination and
axonal damage result from the myriad of changes that ensue (Fig. 1.6). Astrocytes are
also capable of processing autoantigens and may be involved in antigen presentation
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and activation of CD4" T cells (Soos ef al., 1998). Many cellular functions contribute to
this pathology, with cytokines, adhesion molecules, chemokines, proteases,
complement, NO, and glutamate, all playing a part (Fig. 1.6) (Prat and Antel, 2005).
The persistent and recurrent nature of MS may indicate that an expanded immune
response has been raised following distribution of neural antigens to lymph nodes, or

due to contributions from endogenous cells, such as microglia and astrocytes.

1.2.7.1 Breakdown of the BBB

A key process in the pathogenesis of MS lesions is recruitment of peripheral blood
mononuclear cells (PBMCs) across the BBB. Breakdown of the BBB is an initial step in
the development of inflammatory demyelinating lesions. This can be demonstrated by
the use of gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA), which acts as
an MRI contrast agent, revealing BBB dysfunction (Kraus and Oschmann, 2006). The
mechanism of BBB breakdown in MS is not fully known, but is thought to involve both
direct inflammatory events and indirect non-inflammatory effects. Soluble mediétors,
such as the cytokines IFN-y, TNF, and IL-1B (Minagar et al., 2004), metalloproteinases
(Cossins et al., 1997), NO (Hill et al., 2004), and mast-cell-derived histamine (Kruger,
2001), all act as inflammatory mediators in the breakdown of the BBB. In addition,
alterations in the microenvironment of the brain ECs, such as loss, or functional ,
alterations, of glial cells, may contribute indirectly to BBB breakdown (Lassmann, 1991).

1.2.7.2 Cell migration into the CNS

Leukocyte infiltration occurs in several disorders of the CNS, including intracerebral
haemorrhage (Gong et al., 2000), hyperglycemia following transient ischaemia (Lin ef
al., 2000) and autoimmune diseases such as MS (Wong et al., 2007). The exact
mechanisms involved in cell migration across the BBB have not been fully described,
but it is known that endothelial adhesion molecules play a key role (Wong et al., 2007).
Movement of cells through the vascular endothelium is preceded by leukocyte tethering,
rolling, activation, and firm adhesion. Extravasation follows adhesion, although

adherence can occur without migration (Greenwood ef al., 2002).

An increase in the permeability of the BBB is an early and pivotal event in the
development of CNS inflammatory diseases. Inflammatory cytokines, such as TNF, are
thought to contribute to the decreased integrity of the BBB by changing the distribution
of junctional proteins (Wong et al., 2004). Without cytokine stimulation of ECs, very few
PBMCs are thought to adhere, and the basal expression of cerebral EC adhesion
molecules is low (Wong and Dorovini-Zis, 1996). The physical process of migration of
inflammatory cells may also increase the permeability of tight junctions.
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For a cell to migrate across the BBB, it must first adhere to the endothelium. PBMCs
adhere by extending pseudopodia to the EC surface. Once attached, they arrange
themselves so that they are at a contact point between two ECs, where they become
flattened and extravasate between them (Wong et al., 2007). Adhesion is possible due
to the expression by ECs of the adhesion molecules E-selectin, intercellular adhesion
molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), which interact
with ligands on PBMCs, namely carbohydrate epitopes, leukocyte function antigen-1
(LFA-1), and very late antigen-4 (VLA-4), respectively (Wong et al., 2007). Lymphocyte
adhesion to brain ECs utilises VCAM-1 and ICAM-1, and is regulated by chemokines
(Quandt and Dorovini-Zis, 2004). Following adhesion, the migration of T cells also
involves interactions between ICAM-1 and lymphocyte function-associated antigen-1
(LFA-1) (Laschinger et al., '2002). '

1.2.7.3 Inflammation

Once immune cells are in the CNS, antigen presentation is required for the initiation
and perpetuation the inflammatory response. Under inflammatory conditions, MHC
class Il and co-stimulatory molecules (CD80 and CD86), are upregulated on microglia
and macrophages, rendering them capable of presenting antigen (Markovic-Plese and
McFarland, 2001). Astrocytes are also capable of stimulating memory T cells by
presenting antigen in a manner independent of co-stimulation (Cornet et al., 2000).

The exact pathogenic mechanisms are not completely élear, and whether inflammation
is the foremost event in MS pathology, or not, remains a source of debate. Some
researchers have suggested that levels of tissue degeneration and neuronal injury are
independent of the number of actively demyelinating lesions, resulting instead from
diffuse inflammation throughout the brain, which is accentuated in lesions (Lassmann,
2003).

There is evidence from MRI studies that extensive axonal damage is present in the
early stages of MS, and that relapse severity and the subsequent disability do not

- always correlate with the inflammatory activity of lesions (Filippi ef al., 2003). Lesions
without CD4" T cells or leaked plasma proteins have been found in normal-appearing
tissue obtained from early MS cases, suggesting that they occurred prior to disruption
of the BBB. These ‘pre-demyelinating’ lesions have depleted numbers of OLGs and
may indicate a pathology involving the presence of an antigen derived from CSF, which
is toxic for OLGs and axons, such as a bacterial toxin (Gay, 2006).

The type of inflammation seen in MS may vary depending on the stage of disease. It is
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thought that adaptive immune responses are more important in the relapsing-remitting
stage, and innate immunity is more prominent in the progressive stage (Vaknin-
Dembinsky and Weiner, 2007).

1.2.7.4 Humoral immune response in MS

The humoral immune response was identified as a major contributor to the
pathogenesis of MS when research by Kabat et al., approximately 60 years ago,
revealed raised levels of Igs in the CSF of over 90% of patients (reviewed in Reindl et
al., 2006). OCB can be detected when intrathecal synthesis of IgM is present, and the
correlation of this, with disease relapse activity, in MS has proved useful for monitoring
purposes. Production of OCB may result from either B cell stimuli leading to increased
IgG in the CSF, or from autoantigen immune complexes being triggered by an
infectious agent (Sharief and Thompson, 1991).

B cells are important in MS on two counts, and probably play an active role throughout
the disease process. Firstly, autoreactive B cells produce autoantibodies (with plasma
cells doing this constantly), replicate memory B cells, and secrete cytokines. Secondly,
they activate autoreactive T cells by acting as APCs (Nikbin et al., 2007). Ectopic
lymphoid structures containing proliferating B cells and plasma cells have been found
in the meninges of some patients with SPMS, indicating B cell differentiation can occur
in the CNS (Serafini et al., 2004). Cytokines and chemokines most probably drive this
homing and proliferation of B cells in secondary lymphoid organs (Corcione et al.,
2005). The CSF of MS patients has been found to contain large numbers of B cells with
a memory phenotype, compared to peripheral blood, which may contribute to MS
pathogenesis, once they have matured into antibody-secreting cells (Cepok et al.,
2001).

The complement system comprises nearly 40 soluble proteins and receptors that
function as regulators and effectors, with a role in the innate immune system in
protecting the host against pathogens (Fujita et al., 2004). In adaptive immune
responses, complement is associated with regulation of B and T cells, such as cell
activation, signalling and differentiation (Carroll, 2004). The complement system is
thought to play both pro-inflammatory and neuroprotective roles in MS pathogenesis
(Rus et al., 2006). Complement acts via a cascade that is initiated by either the
classical, alternative, or lectin pathways, depending on what factors activate it. The
classical and alternative pathways are important in MS, as they are mainly activated by
antigen-antibody complexes, and LPS, respectively (Barnum and Szalai, 20086).
Activation of all pathways leads to the generation of C3 and C5 convertases. C3 and
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C5 cleavage generate the anaphylatoxins C3a and C5a, with C5a having chemotactic
properties. C3a and C5a contribute to CNS inflammation by attracting and activating
leukocytes. C5b initiates assembly of the C5b-9 membrane attack complex (MAC),
which forms pores and lyses cells, and is implicated in demyelination (Ramm et al.,
1985). Lysis of OLGs and'neurons by the MAC is thought to be responsible for
complement-mediated demyelination (Barnum and Szalai, 2006). Myelin prepared from
CNS tissue has been shown to activate C1 and is vulnerable to attack from C5b-9
(Vanguri and Shin, 1986).

Complement can be neuroprotective, as C5a can protect against glutamate-induced
neurotoxicity (Osaka et al., 1999), and C3a can protect against neuronal cell death
normally induced by the excitotoxin N-methyl-D-aspartic acid (NMDA) (van Beek et al.,
2001). C3a and C5a have also been shown to induce nerve growth factor (NGF)
mRNA expression in astrocytes, suggesting a role for them in neuronal survival
(Jauneau et al., 2006).

1.3 Chemokines

Chemokines derive their name from chemoattractant cytokines, and are low molecular
weight proteins (8-14 kDa), with chemotactic properties that attract immune cells to
sites of inflammation, such as is seen in MS pathogenesis. They were highly conserved
during evolution, and are present in many vertebrates, assisting in directing immune
responses when the host is threatened by pathogens. An increasing number of
chemokine functions are emerging, such as having roles in immune surveillance,
angiogenesis, apoptosis, cell adhesion, haematopoiesis, and growth regulation (Cartier
et al., 2005). Chemokines act by binding to cell surface G protein-coupled receptors
(GPCRs) expressed on many immune cell types. The N-terminus of chemokines is
paramount in this recéptor binding and in their activation (Forssmann et al., 2004).
Their activity is tightly controlled by many factors, including receptor expression and
chemokine processing. Situations can arise, however, where chemokines aid the
destruction of healthy cells, such as neurons in MS, for example. Chemokines are
implicated in the pathogenesis of various diseases, such as asthma and AIDS, and
along with their receptors, have sparked the interest of pharmaceutical companies as
therapeutic targets (Ribeiro and Horuk, 2005).

1.3.1 Classification and structure of chemokines

In excess of forty chemokines have been identified, which have been characterised into

four groups according to the position of the conserved cysteine residues, i.e. CXC (a),
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CC (B), C (y), and CX3C (d), with X representing an adjacent amino acid (Fig. 1.7(i)).
Chemokines from each subfamily contain four conserved cysteines, except for the C
family, which only have two (equivalent to the second and fourth cysteines of the other
groups). The CXC and CC families are the most common, whilst there are only two C
chemokines, and one CX3C chemokine (fractalkine) (Thorpe, 2003).

Chemokine nomenclature was confusing, as several systems were used and many
were named according to function, with frequent overlap. They are now named
according to the structural subfamily they belong to, followed by “L” for ligand, and then
a number that designates the encoding gene - CCL2, for example, previously known as
monocyte chemoattractant protein-1 (MCP-1) (Fig. 1.8) (Proudfoot 2002).

A subdivision of CXC chemokines also exists, namely the ELR-CXC chemokines,
which possess an amino acid motif of glutamic acid-leucine-arginine (ELR) at the N-
terminus. CXCL1 and CXCL8 are examples of ELR chemokines, which are generally
strong neutrophil attractants. Non-ELR chemokines, such as CXCL10 and CXCL12,
predominantly attract lymphocytes. CC chemokines (e.g. CCL5) predominantly attract
monocytes, basophils, eosinophils, and T-cells. The C chemokine, XCLA1, is a
chemoattractant for T-cells and NK cells (Hedrick et al., 1997). CX3C.L1, also known as
fractalkine, attracts monocytes and T-cells, and is unique amongst chemokines by
being present in both membrane-bound and soluble forms (Bazan et al., 1997).

Observed three-dimensionally, chemokines exhibit the first two cysteines near the N-
terminus, followed by an area known as the N-loop, three anti-parallel B-strands which
are interspersed with turns called 30s, 40s, and 50s loops, and then the C-terminal a-
helix. The third and fourth cysteines (if present) are found in the 30s and 50s loops
(Fernandez and Lolis, 2002). The a-helix lies across the 8 sheet and is involved in the
biological activity of chemokines (Fig. 1.7(ii)) (Clore et al., 1990).

Classification according to function characterises chemokines as either inflammatory or
homeostatic. Inflammatory chemokines are expressed in response to pathogenic
stimulation or proinflammatory cytokines, and serve to recruit monocytes, granulocytes,
and T cells to inflammatory sites. Homeostatic chemokines are generally expressed
constitutively within secondary lymphoid organs and are involved in immune

surveillance by cells of the adaptive immune system (Cartier et al., 2005).
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Figure 1.7 Structure of chemokines

() Chemokines are grouped according to their structure, dependent on the
arrangement of the first two cysteine (shown as ‘C’) residues. Intervening amino acids
are represented with an ‘X’. The four groups (C, CC, CXC, and CX3C) all contain
disulphide bonds important to their tertiary structure, which typically join the first to third,
and the second to fourth cysteine residues. CCL2 is an example of a CC chemokine,
with two adjacent cysteines near the N-terminus.

(i) 3-D schematic of the CXC chemokine CXCL10, demonstrating characteristic
features of the chemokine family. The N-terminus connects to three strands of the (-
sheet (in blue), stabilised by two pairs of conserved cysteines (9:36 and 11:53), the 30s
and 40s loops, and the C-terminal a-helix (in yellow). The corresponding amino acid
sequence is colour-coded to indicate secondary structure elements related to the

schematic (Fernandez and Lolis, 2002).
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http://en.wikipedia.org/w/index.php?title=Chemotaxis&oldid=196092071

1.3.2 Chemokine receptors

Chemokines bind to GPCRs, which belong to the extensive family of seven-
transmembrane domain receptors that transmit intracellular signals via heterotrimeric
guanosine triphosphate (GTP)-binding proteins. Once a chemokine has bound to its
receptor, the G protein heterotrimer dissociates into the a and By subunits, and several
cascades of intracellular events occur. Effects of these signalling pathways include
mobilisation of intracellular calcium, activation of chemotaxis and other functions in
leukocytes, such as degranulation, phagocytosis and an increase in the respiratory
burst (Cartier et al., 2005).

Chemokine receptors have been named according to the chemokine class that
activates them, followed by “R” for receptor, and then a number assigned according to
their chronological identification — CXCR1, for example. The majority of the 19
receptors characterised so far belong to the CC family (Fig. 1.8) (Proudfoot 2002).
Each chemokine receptor family shows approximately 50% sequence homology
amongst their members. Structural similarities exist for all chemokine receptors, such
as the polypeptide chain being approximately 350 amino acids long, with a relatively
short and acidic N-terminal domain containing cysteine residues, and an intracellular C-
terminal domain containing serine and threonine residues that are phosphorylated on
receptor activation. Redundancy exists in the chemokine receptor system, in that
chemokines can activate more than one receptor, and receptors can respond to
several different chemokines (Fig. 1.8). Homeostatic chemokines tend to be more
specific in their interactions, e.g. CXCL12 binds exclusively to CXCR4 (Cartier et al.,
2005).

Chemokine receptor expression is controlled by basal levels of transcription, and can
be increased by calcium levels, cyclic AMP, cytokines such as IL-2, IL-4, IL-7, IL-10,
transforming growth factor-1 (TGF-31) (Jourdan et al., 2000), and growth factors such
as basic fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF) |
(Salcedo et al., 1999), and epidermal growth factor (Phillips et al., 2005). Conversely,
inflammatory cytokines, such as TNF, IFN-y, and IL-13, can reduce chemokine
receptor transcription (Gupta et al., 1998). CCR2 expression by monocytes is rapidly
inhibited by IFN-y, rendering the cells less responsive to chemokines, and perhaps
serving to retain monocytes at inflammatory sites and engage in feedback in regulating
cell recruitment from blood (Penton-Rol et al., 1998). Inflammatory cytokines can first
induce chemokine expression, and later on, suppress chemokine receptor expression,
which would help to end an acute inflammatory response, such as during wound
healing (Devalaraja and Richmond, 1999).
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Figure 1.8 Chemokine receptors and their ligands

Chemokines are categorised according to the spacing of the N-terminal cysteine
residues. Receptors for the CXC subclass are shown in blue; the CC subclass in red;
and minor subclasses C and CX3C in green, all paired to their chemokine ligands. The
common names for chemokines derive from their function, or from the cell type that
produced them, but have been replaced with a simpler, systematic system. Note
receptors can have multiple ligands, and chemokines can bind to several receptors.

Abbreviations: BCA-1, B-cell-attracting chemokine 1, CTACK, cutaneous T-cell-
attracting chemokine; ELC, Epstein-Barr-virus-induced gene 1 ligand chemokine;
ENA78, epithelial-cell-derived neutrophil-activating peptide 78, GCP-2, granulocyte
chemotactic protein 2, Gro, growth-regulated oncogene; IL-8, interleukin 8; IP-10,
interferon-inducible protein 10; I-TAC, interferon-inducible T-cell a-chemoattractant;
MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MEC,
mucosae-associated epithelial chemokine; MIG, monokine induced by interferon-y; MIP,
macrophage inflammatory protein; NAP-2, neutrophil-activating peptide 2, RANTES,
regulated on activation, normal T-cell expressed and secreted;, SDF-1, stromal-cell-
derived factor 1; SLC, secondary lymphoid-tissue chemokine; TARC, thymus and
activation-regulated chemokine; TECK, thymus-expressed chemokine. '
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1.3.3 Chemokine — chemokine receptor interaction

Amino acid residues of chemokines interact with the N-terminal residues of receptors. It
is thought that this results in a conformational change of the receptor that exposes a
binding pocket and allows interactions of this with specific chemokine amino acids.
Proteases released during inflammatory responses can alter chemokine activity by

cleaving residues important in this interaction (Huang et al., 2003).

Many chemokines form dimers. The organisation of dimers varies according to the
structural class of chemokine. Dimers of CC chemokines tend to be elongated and
involve the N-termini but no contact of the C-termini, whereas CXC dimers are compact
and have critical interactions of the C-termini of the monomeric subunits. The ability to
form dimers has been shown to be vital for the activity of some chemokines in vivo, but
not in vitro (Proudfoot et al., 2003).

Chemokines can also interact with glycosaminoglycans (GAGs), such as heparin
sulphate. This may facilitate gradient formation in vivo, by immobilising chemokines,
and it may also induce oligomerisation of chemokines (Hoogewerf et al., 1997). High
concentrations of chemokine also promote oligomerisation, which may then encourage
receptor oligomerisation and enhanced function (Fernandez and Lolis, 2002). Dimers
are likely to be involved in binding cell surface sugars, thereby facilitating chemokine
localisation prior to receptor binding (Proudfoot et al., 2003).

1.3.4 Chemokine signalling

Once a chemokine has bound to its cell surface receptor, cytoskeletal rearrangements
can occur, along with regulation of adhesion (dependent on integrin), and binding or
detachment of cells via extensions and retractions of pseudopodia. This enables co-
ordinated, directional migration (Curnock et al., 2002). The precise mechanics of a
cell's response to a chemotactic gradient is yet to be clarified, but most chemokines
activate G-protein sensitive phospholipase C (PLC) isoforms, which generates IP3 and
results in elevated intracellular calcium. Chemotaxis has been observed without
detection of calcium mobilisation, suggesting other mechanisms can be employed
(Turner et al., 1995). In addition to calcium influx, kinase activation is also associated
with chemokine receptor engagement (Davis et al., 2003). Chemokines can activate
multiple signalling pathways that regulate cell growth and transcriptional activation, in
addition to migration. This is achieved by chemokine inhibition or activation of various
signalling molecules, such as inhibition of adenylate cyclase, activation of
mitogen/extracellular signal-regulated kinase (MEK)-1 and/or extracellular signal-
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regulated kinase (ERK)-1/2, upregulation of nuclear factor-kappa B (NF-kB), and signal
transducer and activator of transcription (STAT)1 and STATS3 transcriptional activity
(Curnock et al., 2002).

GPCRs are known to form homo- and heterodimers (e.g. CXCR4 with CCR2 and CD4)
although the functional consequences of this have not been fully elucidated (Angers et
al., 2002). It has been suggested that homodimerisation might be necessary in G-
protein independent activation of JAK/STAT, for example, and heterodimerisation could
facilitate additional receptor regulation. Receptors may homodimerise when prompted
by their ligands, or in their absence, and enhance the receptor response to the ligand
(Busillo and Benovic, 2007). Specialised microdomains of the plasma membrane called
lipid rafts, enriched in sphingolipids and cholesterol, have also been implicated in
enhancing the response of some receptors to chemokines (Wysoczynski et al., 2005).

Chemokine receptor desensitisation via continued chemokine stimulation is well
documented, and leukocytes exposed to chemokines rapidly become unresponsive to
repeated stimulation (Baggiolini et al., 1994). Desensitisation is linked to
phosphorylation of serine residues in the C-terminal region of the receptor, and is a
process which could regulate migration along a chemotactic gradient (Giannini et al.,
1995). GPCR signalling can also be regulated via internalisation of the receptor
(following phosphorylation induced by ligand activation), recycling of the GPCR back to
the plasma membrane, and degradation via lysosomes (Marchese et al., 2003).

1.3.5 Chemokines and receptor expression in normal CNS and diseased states

Constitutive chemokine expression in the CNS principally involves CX3CL1 by neurons
and CXCL12 by astrocytes, but evidence is mounting that many others are upregulated
in various diseased states. Several chemokine receptors have also been detected in
the CNS by immunohistochemistry, including CCR1 through to CCR6, all members of
the CXCR family,.-and CX3CR1. Most of these receptors were detected in diseased
CNS tissue, but CCR2, CCR3, CCR5, CXCR2, CXCR3, and CXCR4 have been
reported as constitutively expressed in healthy human adult brain (Cartier et al. 2005).
It is thought that chemokines and their receptors are expressed in healthy CNS tissue
to influence the migration of neurons and their progenitors, to contribute to glial cell
proliferation during development, and to modulate synaptic activity. During neurological
diseases, such as MS and Alzheimer’s disease, the presence of these chemokines and

their receptors becomes closely linked with the pathogenesis.
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Chemokine receptors are not only expressed by leukocytes, but also by microglia,
astrocytes, oligodendrocytes, and neurons in the CNS, and there is increasing
evidence that they are involved in neuronal death (Cartier et al., 2005).

1.3.6 Chemokines in MS

In MS, chemokines are key targets for further investigation, as they contribute to
inflammation and destruction by attracting T cells and macrophages to the CNS, and
may be involved in communication between inflammatory cells and neurons (Cartier et
al., 2005). Chemokines also act to increase expression of adhesion molecules and
activate recruited and resident cells of the CNS (Haringman et al., 2004). Studies using
detection by immunohistochemistry have revealed elevated levels of CCL2, CCLS8, and
CCLY7 in acute and chronic MS lesions compared to no immunoreactivity in normal
controls (Mc Manus et al., 1998; Van Der Voorn et al., 1999). These chemokines were
detected on astrocytes and inflammatory cells, linked to areas where inflammation was
evident, indicating a role in the pathogenesis of MS. In post-mortem brain tissue,
CCL2, CCL3, CCL4, and CCL5 have been detected in actively demyelinating
inflammatory plaques (Simpson et al., 1998). Elevated chemokine levels tended to be
linked with specific cells, with CCL2 associated with astrocytes and macrophages.

Chemokines need to engage with their receptors for chemotaxis to occur. Chemokine
receptors CCR1, CCR2, CCR3, and CCR5 have been detected on macrophages and
microglia within chronic active lesions containing the corresponding chemokine ligands
(Fig. 1.8) (Simpson et al., 2000a). Detection of CCR2 is of particular interest to this
study, given it is the receptor for CCL2. Similarly, T cells and astrocytes within lesions
express CXCRS, the receptor for CXCL10 (Cartier et al., 2005).

In addition to these four receptors, CCR8 has been found on activated microglia and
phagocytic macrophages in actively demyelinating lesions (Trebst et al., 2003). A
further discovery involved detection of the receptor CXCR3 on T cells and astrocytes
within active lesions, together with its ligands CXCL10 and CXCLS9, located on
macrophages in the plaque, and astrocytes in the parenchyma (Simpson et al., 2000b).
Expression of chemokines and their receptors on cells in the CSF of MS patients has
also been scrutinised, as there is growing evidence that increased CSF chemokine and
receptor levels are associated with neurological dysfunction and relapses (Bartosik-
Psujek and Stelmasiak, 2005). CXCL9, CXCL10, and CCL5 have been found to be
consistently elevated in the CSF of MS patients, together with an increase in T cells in
the CSF, bearing the corresponding receptors CXCR3 and CCR5 (Teleshova et al.,
2002). The CSF from MS patients suffering an acute relapse was analysed, and
increased levels of CCL3 were found, along with decreased CCL2 levels (Miyagishi et
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al., 1995). Decreased levels of CCL2 in the CSF of relapsing MS patients was also
found in a different study, along with a rise in CXCL8 and CCLS5 (Bartosik-Psujek and
Stelmasiak, 2005). It has been suggested that this decrease in CCL2 observed in CSF
occurs because large numbers of migrating cells are consuming CCL2 during lesion
formation (Mahad et al., 2006). It is also possible that CCL2 is being sequestered by
astrocytes and microglia due to receptor internalisation, resulting in high levels in
lesions, but with limited secretion destined for the CSF. Increased CXCL10 (correlating
with CXCR3 expression on CSF CD4" cells) and decreased CCL2 concentrations in
the CSF have been associated with relapses (Mahad et al., 2002). Studies on post-
mortem brain tissue, however, show a population of astrocytes and microglia in MS
lesions with significantly increased expression of CCL2 (Van Der Voorn et al. 1999;
Simpson et al., 2000a). A study using blood and CSF from MS patients found little
evidence that CCL2 and CCR2 were of much significance in the early active form of the
disease (Sorensen et al., 2004).

1.3.6.1 Chemokines in EAE

Studies on chemokine expression pertinent to MS have also used the animal model,
experimental autoimmune encephalomyelitis (EAE). EAE is a CD4" T cell-mediated,
inflammatory demyelinating condition, induced by immunisation with PLP, MBP, or
MOG, or by transfer of CNS antigen-specific autoreactive T cells (Kuerten and Angelov,
2008). In EAE: CCL3 production has been found to correlate with increasing disease
severity; CCL2 was observed late, in acute disease, correlated with relapses and anti-
CCL2 treatment during relapsing EAE reduced CNS macrophage accumulation; and
CCL5 was observed throughout, with seemingly little importance to the disease course
(Kennedy et al., 1998). CCL2 and CCR2 (-/-) knockout mice are resistant to EAE and
show significantly reduced CNS mononuclear infiltration (Mahad and Ransohoff, 2003).
Levels of CXCL10 have been linked to relapses in mice with EAE (Fife et al., 2001).

1.4 Matrix metalloproteinases (MMPs)

Matrix metalloproteinases (MMPs), or matrixins, comprise a growing family of
endopeptidases that contain zinc and are capable of degrading extracellular matrix
(ECM) components such as collagens, proteoglycans, elastin, laminin, and fibronectin
(Table 1.1). Many other MMP substrates have been identified, such as proteinases and
their inhibitors, growth factors, cell surface receptors, adhesion molecules, clotting
factors, and chemokines (Szabo ef al., 2004). MMPs are synthesised as
preproenzymes and predominantly secreted from cells as proenzymes, which are
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activated in the extracellular compartment, by MMPs, or proteases of the serine family,
such as plasmin. Proteolytic activity involving hydrolysis of the internal bonds of their
protein substrates can then begin, if a neutral pH and calcium ions are available. These
enzymes play important roles in both normal physiological processes and in

pathological events (Gingras et al., 2000).

1.4.1 Classification of MMPs -

In excess of 25 MMPs have been described to date (Table 1.1), which originate from
different genes but show significant homology due to their domain structure (Fig. 1.9).
Certain domains characterise the substrate affinities that categorises MMPs into
subgroups. The four main groups of MMPs based on substrate specificity are
gelatinases, collagenases, stromelysins, and membrane-type (MT) (Table 1.1). Most
MMPs are secreted, apart from MT-MMPs, which are anchored to the membrane via

their unique C-terminal sequence (Liu and Rosenberg, 2005).

1.4.2 Structure of MMPs

Differences or similarities in the structure of MMPs facilitate additional classification, as
members of each group have distinguiéhing conserved domains. The propeptide and
N-terminal catalytic domains are shared by many MMPs, and it is the C-terminus
haemopexin-like domains, fibronectin-like repeats, and transmembrane domains that
correspond to the four main substrate-specific groups (Yong et al., 1998). A pre-
domain effectively labels the MMP for secretion and is absent in the latent enzyme
form. Inactive MMPs possess a pro-domain, or N-terminal domain (Borkakoti, 1998).
The “metallo” in their name derives from the two zinc ions in their core domain, one of
which contributes to the catalytic activity of the enzyme. The zinc-binding site is a
conserved sequence of the catalytic domain (Baramova and Foidart, 1995). At the C-
terminus of all MMPs except matrilysin, a haemopexin domain is found, which is a
haem-binding peptide involved in substrate specificity. Gelatinases have an additional
domain, namely the fibronectin domain, responsible for collagen-binding (Fig.1.9)
(Matrisian, 1992).

1.4.3 Activation of MIMPs

MMPs can be activated in a number of ways, such as by organomercurial compounds,
but endogenous activation must be tightly controlled given their potential for protein
destruction (Leppert ef al., 2001).
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Table 1.1 Matrix metalloproteinase (MMP) nomenclature & substrates

Group Number Trivial name Main physiclogical substrates
Collagenases MMP-1 Interstitial /fibroblast collagenase Interstitial (=fibrillar) collagens,
MMP-8 Neutrophil collagenase/coliagenase-2 (Types 1, I, III, VI, X}
MMP-13 Collagenase-3
MMP-18° Collageaase-4 ?
Gelatinases MMP-2 72 kDa-gelatinase/gelatinaze A Basement membrane (=non-fibrillar)
MMP-9 92 kDa-gelatinase/gelatinaze B Collagens (types IV, V) FN"
Stromelysins MMP-3 Stremelysin-1/transin EN, LN, various collagens
MNMP-10 Stromelysin-2 ftransin-2 Other MMPs (7)
MMP-11 Stromelysin-3 c-1-Protease inhibitor
Membrane- MMP-14 MT1-MMP Pro-MMP-2
type MMPs MMP-15 MT2-MMP Pro-MMP-2
MMP-16 MT3-MMP Pro-MMP-2
MMP-17 MT4-MMP Pro-MMP-2
MMP-24 MT5-MMP Pro-MMP-2
MMP-25 MT6-MMP, leukelyzin ?
Matrilysing MMP-7 Matrilysin/pump EN, LN, vitronectin
MMP-26 Matrilysin-2 Collagen IV, FN, FG, pro-MMP-9
Other MMPs MMP-12 Metalloelastase/macrophage elastase Elastin
MMP-19 (Initially called MMP-18 [8]) Collagen IV, LN, NG, TC, EN
MMP-20 Enamelysin Amelogenin
MMP-23¢ Femalysin ?
MMP-27 - Collagen I, gelatin, casein
MMP-28 Epilysin Casein

Reprinted from (Leppert et al. 2001) © (2001), with permission from Elsevier.

MMPs have descriptive names that often refer to their substrates, as well as an MMP

number. Those named MMP-4, -5, and -6 were eliminated once it was discovered they

were already described. Substrate preference and domain content have been used to

categorise MMPs into groups such as gelatinases, stromelysins, collagenases, and
membrane-type (MT)-MMPs.

NB: MMP18 is found in Xenopus and not humans; MMP23 is identical to the obsolete
MMP21 and MMP22

Abbreviations: FN, fibronectin; LN, laminin; FG, fibrinogen; NG, nidogen; TC, tenascin C
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The catalytic domain of MMPs contains an active site with a zinc ion bound to three
conserved histidines. The N-terminal propeptide sequence has a cysteine residue that
chelates the zinc ion in the catalytic site, thereby keeping the enzyme in its latent
proform (Fig. 1.9). Intermediate activation of MMPs is achieved by conformational
changes that disrupt the cysteine-zinc binding, exposing the catalytic site. Full
activation requires ensuing autocatalytic cleavage of the propeptide from the core
protein, a process known as the cysteine switch, which results in a decrease in mass of
the enzyme. Once activated, MMPs can act synergistically by activating other MMPs
(Fu et al., 2001).

Stimulating a coculture of astrocytes and microglia with LPS has been shown to
produce active MMP-2 and -9 (Liu and Rosenberg, 2005), which are dependent on
interactions with the plasmin/plasminogen system, with plasmin being involved in the
activation of proMMP-9 (Lijnen et al., 1998). The activation mechanism of MMP-2 is
more complicated than for MMP-9, as MT-MMP and the endogenous MMP inhibitor,
tissue inhibitor of metalloproteinase-2 (TIMP2), form a trimolecular complex with
proMMP-2, producing the active form close to the cell surface (Sato et al., 1996). This
MT-MMP/MMP-2/TIMP2 complex is often used by cancer cells during metastasis and
is also important in ischaemic injury (Liu and Rosenberg, 2005).

1.4.4 Function and expression of MMPs

MMPs facilitate cell migration and tissue remodelling by degradation of the ECM during
both normal and pathological processes. Tissue alterations during menstruation,
morphogenesis, growth, and wound repair are some examples of the many processes
that involve MMPs (Page-McCaw et al., 2007). In the CNS, MMPs facilitate beneficial
activities such as angiogenesis, myelinogenesis, axonal growth, and migration of
neuronal precursors (Yong et al., 2001). The function of MMPs is controlled by
regulation of their gene expression and translation, inhibition by TIMPs, and secretion
of them as inactive forms that require activation (Opdenakker et al., 2001).

MMPs can be expressed constitutively at a certain level in most cell types, but the
majority are induced and tissue-specific (Agapova et al., 2001). ECs, leukocytes,
tumour cells, astrocytes, and trophoblasts are all examples of cells that express MMP2
constitutively, and MMP9 is found in large amounts in neutrophils (Rooprai and
McCormick, 1997). All types of brain cells produce MMPs, with each cell type having
an MMP profile associated with it. MMPs can either be secreted into the ECM or
expressed as a plasma membrane bound form. MMPs are not stored for future use,
with their secretion being stimulated when needed by multiple factors (Nagase, 1997).
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Figure 1.9 Structure of MMPs

(i) All MMPs share three domain structures in common: a pre-domain which assists in
extracellular secretion; a pro-domain which preserves the MMP-in an inactive state and
must be removed for activation; and a catalytic domain containing the proteolytically
active zinc ion chelated by three histidine residues. Most MMPs have a haemopexin
domain, involved in substrate and inhibitor binding. Other possible domains include the:
furin domain which provides an alternative cleavage site for activation; fibronectin and
type V collagen (col V) domains involved in substrate recognition; transmembrane

domain, which provides a region for transmembrane localisation.

(i) The crystal structure of recombinant MMP2 (a) is shown alongside a hypothetical 3-
D model of intact MMP9 (b). The 3 fibronectin repeats are shown in blue and the Zn**
ions as white spheres. MMP9 has several glycosylation sites, and a collagen V-like
spacer, lacked by MMP2. MMP9 is the most complex MMP identified to date.
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Proinflammatory cytokines, such as IL-18 and TNF, can modulate the expression and
regulation of MMPs. Conversely, MMPs can function as sheddases or convertases by
transforming membrane-bound cytokines, cytokine receptors, and adhesion molecules
to soluble forms (Leppert et al., 2001). MMP production can be stimulated by
oncogenes, LPS, and growth factors, such as epidermal growth factor. Prostaglandin
E2 has been shown to both inhibit and enhance transcription of MMPs, depending on
the cell type and inflammatory state (Ruwanpura et al., 2004). Free radicals are known
to activate and interact with MMPs. Direct effects of free radicals include oxidation or
nitrosylation of MMPs, thereby activating them. Indirectly, transcription factors integral
to the MMP transcription process, such as NF-kB, can be affected by free radicals (Gu
et al., 2002).

1.4.5 Inhibition of MMPs by TIMPs

Tight regulation of MMPs to prevent excessive proteolytic activity is greatly assisted by
endogenous proteins known as TIMPs. TIMPs comprise four members (TIMPs 1-4)
which form complexes with pro- and activated MMPs, blocking their activity. The four
TIMPs have similar structures, but their tissue distribution and regulation are varied and
they have other complex functions aside from inhibiting MMPs. TIMP1 complexes with
MMP9 and inhibits apoptosis (Guedez et al., 1998). TIMP2 assists in the activation of
MMP2 by MT-MMP, but inhibits MMP2 at higher concentrations (Strongin et al., 1995).
TIMP3 has several cell surface activities, including: inhibition of MMP3, MMP7 and MT-
MMPs; blocking of the VEGF receptor-2, thereby inhibiting angiogenesis (Qi et al.,
2003); and promotion of cell death by blocking the shedding of cell surface death
receptors via inhibition of a disintegrin and metalloprotease 17 (ADAM17) (Ahonen et
al., 2003).

1.4.6 MMPs in MS

MMPs can contribute to disease pathogenesis when they are over-expressed. Much
has been documented about the role of MMPs in inflammatory diseases, including
neurological disorders, such as MS. Astrocytes, microglia, and ECs of the CNS,
together with macrophages and T cells, secrete various MMPs that contribute to MS
pathogenesis. It is likely that MMPs are involved in BBB damage, brain oedema,
lymphocyte infiltration, degradation of myelin, and axonal damage (Fig. 1.10) (Yong et
al., 2001). The increased MMP production seen in patients with CNS disorders is often
viewed as a target for inhibitory drugs. MMP inhibitors have been proposed as a
treatment for MS, but careful use of a highly specific drug would be necessary, to avoid
eliminating the useful role of MMPs in tissue repair, particularly as MS is likely to

require protracted therapy.
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Development of inhibitors for specific MMPs has proved difficult, but it is hoped that the
use of a relatively selective MMP inhibitor that does not penetrate the BBB will be
possible in MS, with minimal side effecté. As leukocyte MMP activity is a target of MMP
inhibition, an agent that is not CNS diffusible could still inhibit cell migration into the
CNS (Yong et al., 2007a). '

In the brain, gelatinases, stromelysins, and MT-MMPs make up the majority of MMPs
present, with MMPs 2, 3, and 9, being the most significant (Muir et al., 2002). MMP3 is
known to activate MMP9, as is NO, by causing removal of the peptides that maintain
the inactivity of the zinc binding site (Gu et al., 2002). MMP2 and 9 act on less ECM
substrates than MMP3, but process important constituents of the basal lamina (Yong et
al., 1998). It has been suggested that over-expression of MMPs and a relative
decrease in their TIMP inhibitors, may produce persistent proteolysis, resulting in the
neuronal loss that represents the steady advancement of symptoms of secondary
chronic progression in MS (Lindberg et al., 2001). The serum, CSF, and brain tissue of
MS patients all demonstrate an increase in MMPs 1, 2, 3,7, 9, and 12 (Kurzepa et al.
2005). MMP9 in particular, is thought to assist with T cell migration into the CNS. High
levels of MMP9 are detected in astrocytes and macrophages in demyelinating lesions,
and in the CSF of MS patients (Szabo et al., 2004). '

Latent MMP9 is found in vesicles within neutrophils, and this can be released during
inflammation (Ramos-DeSimone et al., 1999). A 10 month study of 21 RRMS patients
revealed high serum levels of MMP9 during relapses, which correlated with increasing
numbers of lesions detected by MRI (Lee et al., 1999). The ratio of MMP9 and its
inhibitor, TIMP1, has been suggested as a useful indicator in assessing potential BBB
destruction in MS. Patients with RRMS often have a high CSF MMP9/TIMP1 }atio,
which was found to decrease after 6 months of IFN-B therapy (Boz et al., 2006).
Microglia and astrocytes produce MMP9 when stimulated with LPS in vitro (Gottschall
and Deb, 1996), and MMP2 has been detected in the foot processes surrounding blood
vessels as it is produced constitutively by astrocytes (Liu and Rosenberg, 2005).

1.5 Dipeptidylpeptidase IV (CD26)

The cell surface ectopeptidase dipeptidyl peptidase IV (DPPIV) has the Enzyme
Commission (EC) number 3.4.14.5 and is identical to the CD26 antigen (Kahne et al.,
1999). CD26 was first described in 1966, and has long been known to cleave
dipeptides from peptides or proteins with either a proline or alanine in the penultimate
position. As substrate size increases, CD26 has been found to lose proline specificity
and increase the speed of hydrolysis (Demuth et al., 2005). Proteins with the cyclic
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