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The endogenous ligand S1P does not internalise S1P1 receptors.

MNP301 transduces primary rat astrocytes in a concentration

dependent manner.
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Figure 3.9

Figure 3.10

Figure 3.11
receptors.

Figure 3.12

MNP301 successfully transduces astrocytes in organotypic slice cultures.

MNP301 attenuates FTY720-P induced internalisation of S1P1 receptors
in astrocytes.

MNP201 does not attenuate FTY720-P induced internalisation of S1P1

Trafficking of the S1P1 receptor is a multifaceted pathway, with several
proposed points of disruption by MNP301.

Chapter Four: The Effect of MNP301 on S1P1 Receptor Downstream Signalling Cascades.
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8
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Figure 4.10

Figure 4.11

receptors.

Figure 4.12

The regulation of intracellular Ca®* levels in astrocytes.

S1P receptor agonists induce a concentration dependent increase in
iCa®" levels in primary rat astrocytes.

S1P pre-treatment inhibits S1P receptor mediated increases in Ca**
levels in astrocytes.

Pre-treatment with FTY720-P inhibits S1P receptor mediated increases
in Ca’" levels in astrocytes.

Pre-treatment with the S1P1 receptor specific agonist AUY954 inhibits
S1P receptor mediated increases in Ca’* levels in astrocytes.

MNP301 specifically antagonises S1P1 receptor mediated increases in
Ca* levelsin astrocytes.

Unrelated peptide MNP201 pre-treatment does not affect S1P receptor
mediated increases in ;Ca’" levels in astrocytes.

S1P receptor agonists cause a concentration dependent increase in ;Ca**
levels in human astrocytes.

S1P receptor mediated increases in Ca’* are from a predominantly
extracellular source.

MNP301 treatment does not alter FTY720-P’s dose dependent inhibition
of fsk-induced cAMP formation in primary rat astrocytes.

MNP301 does not alter FTY720-P induced persistent signalling of S1P

MNP301: A pathway specific inhibitor of S1P1 receptor signalling.

Chapter Five: S1P Receptor Mediated Inhibition of the Release of Pro-Inflammatory

Cytokines and Chemokines from Astrocytes.

xiii |Page



Figure 5.1
Figure 5.2

Figure 5.3

astrocytes.

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

T-cell lineages.
The TLR4 signalling pathway with proposed sites of S1P involvement.

LPS induces the release of a range of cytokines and chemokines from rat

FTY720-P treatment modulates LPS induced release of chemokines from
rat astrocytes.

S1P increases IL-6 levels in human astrocytes, in presence of IL-17
and/or TNF-a.

Synergistic effect of IL-17 and TNF-a signalling enhances the release of
IL-6 from human astrocytes.

Pre-treatment of human astrocytes with FTY720-P causes a dose
dependent inhibition of IL-6 release.

Activation of the S1P1 receptor by AUY954 causes a dose dependent
inhibition of IL-6 release from human astrocytes.

The IL-17 and TNF-a induced increase of IL-6 levels is not mediated via
SphK activation.

FTY720-P but not S1P causes S1P1 receptor internalisation in human
astrocytes.

Th1-Th17 mediated neuroinflammation via astrocytic activation.

FTY720-P mediated inhibition of pro-inflammatory cytokine release:
Hypotheses.

Chapter Six: Discussion.

Figure 6.1

Regulation of S1P1 Receptor Signalling and Trafficking in Astrocytes.
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Abstract

Multiple Sclerosis (MS) is a chronic, inflammatory and autoimmune disease of the
central nervous system (CNS). Fingolimod (FTY720-P) is an immunomodulatory drug
recently granted FDA approval for the treatment of remitting relapsing MS. This
compound is a pro-drug and an analogue of sphingosine-1-phosphate (S1P), an
important lipid mediator that is implicated in a wide range of biological processes. The
clinical benefits of FTY720-P have been attributed to its modulation of a group of G-
protein coupled receptors (GPCRs) which naturally bind S1P. Internalisation of these S1P
receptors by binding of FTY720-P limits entry of autoreactive T-cells into brain tissue.
This reduces the occurrence of localised swelling and subsequent damage to the brain
parenchyma. Activation of S1P receptors plays a role in cellular migration, survival and
differentiation in a wide range of cells. S1P1 receptors are ubiquitously expressed
throughout the brain in neurons and glia. Furthermore FTY720-P crosses the blood brain
barrier and localises to the CNS white matter, particularly the myelin sheath. We
hypothesise that efficacy of FTY720-P in the treatment of MS is not solely due to its
effect on the peripheral immune system but also due to a direct effect on the cells of the
CNS. We are particularly interested in FTY720-P’s action on astrocytes. These cells play a
significant role in the proper functioning of the brain. We have shown that FTY720-P
promotes astrocyte migration through modulation of S1P1 receptors. The aim of this
project is to study the effects of FTY720-P on the internalisation and trafficking of the
S1P1 receptor in astrocytes, with the hope of better understanding its mechanism of
action in the context of MS. We hope to investigate this by using primary cell cultures in

conjunction with immunocytochemistry and biochemical studies.

Author Keywords: G-protein coupled receptors, multiple sclerosis, sphingosine-1-
phosphate, FTY720-P, astrocytes, and receptor internalisation.
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1.1 Multiple Sclerosis

1.1.1 The Disseminating Sclerosis.

The complexity and diversity in function of the nervous system is dependent on interconnections
between neurons. The basic functionality of the brain depends on the ability of neurons to receive,
process and propagate an electrical impulse. This feature of a neuron is, in part, facilitated by the
myelin sheath which is a fatty material that surrounds and insulates the axons of neurons. This
sheath allows for the proper conduction of action potentials down an axon. Myelin is the outgrowth
of glial cells, oligodendrocytes in the central nervous system (CNS) (Compston and Coles, 2002).
Multiple Sclerosis (MS) was first scientifically described, named and documented by the “founder of
modern neurology” Dr. Jean-Martin Charcot in 1868. MS is a neurodegenerative inflammatory
disease of the CNS with a distinct autoimmune aspect. In young adults MS is the most common non-
traumatic cause of neurological disability. Although much is known about the disease process the
etiology of MS is unknown and, while it is not considered a hereditary disease, it is thought the
disease may be caused by a combination of genetic factors and environmental or infectious triggers
(Pilz et al., 2008). The disease manifests itself as acute focal inflammation, axonal loss caused by
demyelination, with limited remyelination. MS refers to the scars (scleroses) or disseminated white
matter lesions that are the pathological hallmark of this debilitating disease. Although these lesions
or plagues can occur throughout the white matter the most commonly affected areas are the
periventricular regions, brainstem, optic nerve and the spinal cord (Noseworthy et al., 2000). It is
also known that the blood brain barrier (BBB) is disrupted in MS; however, debate remains as to
which occurs first, demyelination or inflammation (Blakemore, 2008). Patients present to their
general practitioner with a clinically isolated syndrome which is defined as an individual’s first
neurological episode caused by inflammation or demyelination of the nervous tissue. A clinically
isolated syndrome usually presents as optic neuritis caused by an inflammatory lesion along the
optic nerve’s axonal tract, a remission period usually follows (Thrower, 2007). There are four main
forms of MS, namely relapsing remitting, primary progressive, secondary progressive and
progressive relapsing MS (Fig. 1.1) (Frohman et al.,, 2005). The major form of MS is relapsing
remitting, from which approximately 90% of patients suffer. MS patients can experience almost any
neurological symptom. However the more common symptoms are vision loss, ataxia, tremors,
muscle spasticity, paralysis and cognitive impairment {(ranging from short term memory loss to
depression). One of the most disabling symptoms is loss of gait control caused when a lesion occurs

in the motor cortex, leading to patients becoming wheelchair bound (Confavreux et al., 2000).
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Figure 1.1 The progression of Multiple Sclerosis.

There are four internationally recognised forms of MS characterised by their frequency, intensity
and progression. PRMS (primary relapsing multiple sclerosis) is characterised by a progression in the
level of disability followed by latent periods where some recovery may take place. In contrast, PPMS
(primary progressive multiple sclerosis) involves a steady increase in disability with no apparent
“attacks” and no remissions. RRMS (relapsing remitting multiple sclerosis) is the most common of
the subtypes, characterised by relapses followed by periods of remission, where there is full or
partial symptomatic recovery (Pilz et al., 2008). SPMS (secondary progressive multiple sclerosis)
occurs when a patient is initially diagnosed with RRMS, but experiences a gradual worsening of the
disease with fewer remission periods, until the disease becomes entirely progressive.1.1.2 Diagnosis

and prevalence of MS.
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The diagnosis and progression of MS is unpredictable, making it difficult to treat and manage. There
is no single test for MS. A combination of magnetic resonance imaging and a battery of neurological
tests including nerve conduction studies usually leads to diagnosis of MS (Waubant, 2012). This is in
accordance with the diagnostic criteria termed ‘McDonald criteria’. A iumbar puncture can be used
to eliminate other diseases and can indicate chronic inflammation, while the presence of oligoclonal
bands in a patient’s cerebrospinal fluid is an important disease indicator. The Expanded Disability
Status Scale (EDSS) introduced by J.F Kurtzke in 1983 is a method of quantifying the degree of
disability in MS according to clinical symptoms (Pilz et al., 2008). MS is usually diagnosed in patients
between the ages of 20 and 50. The prevalence of MS, while difficult to establish is estimated to
range between 2 and 150 per 100,000 depending on the specific country and population type. In
Europe the prevalence is estimated to be around 83 per 100 000 with a female to male ratio of 2.
There are an estimated 400,000 MS patients in Europe alone; a recent report showed a prevalence

estimate of 168 per 100 000 in Northern Ireland (Pugliatti et al., 2006; Rotstein et al., 2006).
1.1.3 The progression and mechanism of Multiple Sclerosis.

Humans come in contact with bacterial peptides or viral particles on a regular basis. These can have
sequences that closely resemble that of myelin antigens. In a phenomenon known as molecular
mimicry, foreign antigens can cause cross-activation of autoreactive B- or T-cells (Chastain and
Miller, 2012). Evidence exists indicating that myelin basic protein (MBP), proteolipid protein (PLP)
and myelin oligodendrocytes glycoprotein (MOG) are targets for an autoreactive immune response
(Hellings et al., 2001). It is possible that a defective or leaky BBB plays a role in the onset of clinically
recognisable MS by exposing the brain tissue, and in particular myelinated axons to innate
circulating autoreactive T-cells (Palmer, 2010). This can then lead to a cascade of inflammatory
events propagated by a largely CD4" and CD8" Th1l or Th17 immune response, contributing to
multifocal tissue damage (Bruck, 2005). Local release of pro-inflammatory cytokines may also further
promote demyelination. In addition, macrophages can become activated and contribute to the pool
of damaging cytokines, while phagocytosing the myelin debris (Hendriks et al., 2005). Axonal
degeneration ensues, the eventual outcome of which is the wide range of symptoms described for
MS (Sospedra and Martin, 2005). This largely immunocentric view of MS however does not explain
the observed continual axonal degeneration in the more progressive forms of the disease.
Progressive forms of MS are not associated with inflammation or any notable involvement of the

immune system and are primarily thought to be neurodegenerative in origin or due to a failure in
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remyelinating processes (Hagemeier et al., 2012). These various forms of MS thus require different

therapeutic treatments and clinical managements.
1.1.4 The genetics of Multiple Sclerosis.

As described previously the causes of MS are largely unknown. Currently it is thought exposure of
genetically susceptible individuals to various environmental factors such as place of birth, distance
from the equator, Epstein—Barr virus (EBV) infection late in life, childhood vitamin D deficiency or
cigarette smoking may lead to disease development. While MS is not a classical hereditary disease
there is a 2% risk of a child developing MS if their parent has the disease, likewise there is a 5%
chance of a sibling developing the condition. In addition, a number of twin studies from several
populations indicate that a monozygotic twin of an MS patient has a 30% risk of developing MS. In
contrast dizygotic twins have only a 5% risk, this indicates the presence of a significant, but complex,
genetic aspect in the conference of disease susceptibility (Willer et al., 2003). There are a number of
candidate genes that can cause a predisposition to the development of MS. Most of these genes are
involved in immune function, such as the gene for the IL-2a receptor found on chromosome 10p15
(Hafler et al., 2007). Interestingly single nucleotide polymorphisms (SNPs) in the IL-2a receptor gene
confer susceptibility to not only MS, but also other autoimmune diseases such as type | diabetes,
Graves disease and rheumatoid arthritis (Maier and Hafler, 2008). Another MS associated risk gene
is the gene for the IL-7 receptor. The SNP (T2441) is found on exon 6 of the gene and leads to
increased production of the soluble form of the IL-7 receptor. The physiological consequences of this
remain unknown (Gregory et al., 2007). However, the strongest, consistent genetic risk for MS to
date, with approximately a three-fold increased relative risk, can be seen in the human leukocyte
antigen (HLA) chromosomai region. Association with this particular locus can be seen across nearly
all populations studied and in patients with both RRMS and PPMS (McDonnell et al.,, 1999;
Oksenberg et al., 2004). The HLA region encodes for major histocompatibility complex (MHC)
proteins. These polymorphic cell membrane expressed glycoproteins, are among other things,
heavily involved in coordinating the immune system’s recognition of non-self from self antigens
(Watts, 2004). Genome wide association (GWA) studies have greatly increased the understanding of
the genetic aspect of MS providing numerous susceptibility genes. It will become increasing
important however to provide functional evidence that connects genetic variability, with disease

physiology, in the hope of developing new drug targets.
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1.1.5 Current treatments for Multiple Sclerosis.

MS is a heterogeneous disease with symptoms being patient specific. Consequently the therapies
and treatments devised to manage the disease are varied. MS treatment primarily aims at returning
function after an immune attack, preventing new immune attacks, and preventing or reducing
disability. During acute relapses the primary aim is to treat symptoms where most patients are
hospitalised at this time. Glucocorticosteroids remain the gold standard for treatment of acute
relapses (Hutchinson, 2009; Rhen and Cidlowski, 2005). Glucocorticosteroids inhibit transcription of
pro-inflammatory cytokines, such as interleukin 1/2 (IL-1/2) and tumour necrosis factor-a (TNF- a),
thus exerting an overall immunosuppressive effect. This particular therapy is commonly
administered as intravenous methylprednisolone. It is well documented that glucocorticosteroids
are highly effective in limiting the impact of a relapse in MS; however, they have no effect on the
course or progress of the disease. While glucocorticosteroids remain important in the short term
treatment of relapses, their side effects limit their use as a long-term treatment or management of
the disease (Perumal et al., 2008). With the introduction of the Interferon (IFN) family of drugs and
glatirarmer acetate (GA) in the early 1990’s, the focus of MS treatment switched from
‘immunosuppressive’ to what is termed ‘immunomodulatory’. IFN-B-1B (Betaferon®, Betaseron®),
IFN-B-1a (Avonex®, Rebif®) and glatiramer acetate (GA) (Copaxone®) make up what is now
considered ‘basic therapy’ for the treatment of MS (McCormack and Scott, 2004; Rovaris et al.,
2007). The IFN-B’s mode of action is complex and not completely understood. Their therapeutic
effect is thought to be mediated by their effect on the immune system. IFN-B’s have been shown to
reduce expression of both major histocompatibility complex Il (MHCII) and co-stimulatory molecules
(e.g., CD80 and CD28) on antigen presenting cells (APCs) and lymphocytes. Collectively this reduces
the likelihood of T-cell activation (Airas et al., 2007). IFN-B treatment also shifts the profile of the
immune response away from Th1l, towards a more Th2 mediated profile. Thereby reducing the
production of pro-inflammatory cytokines (e.g., IL-6, IL-12, and IFN-y) and increasing the production
of anti-inflammatory cytokines (e.g., IL-4 and IL-10) (Noronha et al., 1993). Finally IFN-B treatment
leads to a decrease in surface expression of VLA-4 (Very Late Antigen-4) on T-cells plus a shedding of
sVCAM-1 (soluble vascular cell adhesion protein-1) molecules, resulting in a decoy mechanism and,
thereby, a reduction in the cell surface VLA-4/VCAM-1 interaction. Collectively this can reduce the
likelihood of T-cells crossing the BBB and causing damage to the brain parenchyma (Jensen et al.,
2005). A common problem encountered with IFN-B treatment is the development of neutralizing

antibodies, resulting in a loss of efficacy (Tourbah and Lyon-Caen, 2007).
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Glatirarmer acetate (Copaxone’) is a preparation of synthetic polypeptides composed of four amino
acids closely related to MBP (myelin basic protein) a suspected auto-antigen in MS. In reality GA’s
mechanism of action is not fully understood. It is not clear what cells or molecules are the main
pharmacological target of GA. Again, GA appears to alter the profile of the immune response away
from a Th1 to a more Th2 mediated profile. This can be beneficial as Th2 cells can stimulate antibody
producing, repair enhancing B-cells, initiating a humoral immune response. This contrasts with the
classic Th1 response, which is inflammatory by nature and eventually leads to an immune-mediated
injury to the myelin sheath. GA also exerts an immunomodulatory effect on various APCs including
monocytes (Neuhaus et al., 2001; Weber et al., 2007). GA is not affected by neutralizing antibodies;
however injection site reactions are a problem encountered in GA users. Basic therapy has been
shown to improve the clinical course of MS by reducing the relapse rate by ~30%, by alleviating
relapse severity and by delaying the progression of disability in RRMS patients (Rovaris et al., 2007;
Schwid and Panitch, 2007). It is important however to realise that these therapies do not affect the
risk of relapses, and are treatments that do not alter the disease endpoints (Ruggieri et al., 2007).
The relatively newer MS therapy natalizumab (Tysabri™) is licensed as a monotherapy for highly
active RRMS. Natalizumab is a monoclonal antibody (mAb) directed against the adhesion molecule
a-4 integrin. The a4f1l integrin VLA-4 is expressed on the cell surface of leukocytes and its
interaction with the adhesion molecule VCAM-1 found on endothelial cells is essential for the entry
of leukocytes to the brain parenchyma. The antibody sterically inhibits the VLA-4/VCAM-1
interaction thereby blocking and attenuating lymphocyte interaction, tethering and trafficking of the
cell across the BBB. Monthly infusions of the drug resulted in a significant decrease in the risk of
progression of disability for patients, coupled with improved MRI measurements (Rommer et al.,
2008). Side-effects associated with natalizumab include infusion reactions and some hypersensitivity
reactions. Patients have also presented with fatigue upon treatment with natalizumab, but in the
main the drug is well tolerated. Natalizumab is however associated with an increased risk of
developing a rare CNS disease: progressive multifocal leukoencephalopathy (PML) (Bloomgren et al.,
2012). PML is an opportunistic infection caused by the JC virus, generally associated with patients
that are immunocomprised. A pathogenic form of the JC virus causes widespread destruction of
oligodendrocytes and subsequent development of numerous demyelinating plaques (Weissert,
2011). Following the development of 3 cases of PML during clinical trials (incidence of approx. 1 in
1000) natalizumab was temporarily withdrawn from the market, only to be re-released in 2006
(Yousry et al., 2006). The beneficial effects and the improved quality of life experienced by patients

on natalizumab make this an important therapy (Brown, 2009; Linker et al., 2008). Other MS
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therapies include mitoxantrone (Novantrone’), which is an approved treatment for worsening RRMS
or SPMS. Mitoxantrone is a type |l topoisomerase inhibitor, thereby inhibiting DNA repair and
synthesis. Despite it being potentially more toxic than the IFN-B’s, it is an approved second-line
treatment for aggressive RRMS and SPMS (Fox, 2006; Rieckmann et al., 2004). Cyclophosphamide
(Cytoxan™) is an alkylating agent which binds to DNA and disrupts mitosis, resulting in an overall
immunosuppressive effect. Cyclophosphamide usage is limited due the wide range of side effects
associated with it (Weiner and Cohen, 2002). Intravenous immunoglobulins (IVIGs) and the purine
synthesis inhibitor azathioprine also come under the heading of ‘basic therapy’, although efficacy
issues and possible teratogenic/carcinogenic effect respectively limit their usage. Patients exhibiting
reduced response to basic therapy or high relapse frequency are usually switched to ‘escalating
therapy’ (Rieckmann et al., 2004). Collectively these drugs encompass basic and escalating therapies
for the treatment of MS. Whilst a lot of progress has been made in recent years, MS remains without
a cure; the above drugs are only capable of managing the disease and its symptoms. To date all MS
therapies are administered by daily, weekly or monthly injections which can cause discomfort,
complications with injection site reactions and a general reduction in quality of life. Consequently

developing new oral therapies occupy most pharmaceutical companie’s MS related activities.
1.1.6 Future treatments of Multiple Sclerosis.

There is urgent need in MS therapies for compounds with superior efficacy matched with better
long-term safety profiles, increased ease of administration and improved tolerability. In addition
there is no approved therapy for both progressive forms of the disease. There are currently a large
number of emerging therapies for MS which will attempt to address these unmet needs.
Encouraging phase Ill trial results have led to a number of companies applying for FDA (Food and
Drug Administration) and EMA (European Medicines Agency) approval for new MS therapies, with
further applications forecast for 2012/2013 (Fig. 1.2). These compounds include humanized
monoclonal antibodies (mAbs) which target lymphocyte antigens leading to immunosuppression. For
example alemtuzumab (Lemtrada®) is being developed by Genzyme and is an anti-CD52 mAb,
currently approved for the treatment of chronic lymphoid leukaemia. Alemtuzumab is a once yearly
infusion which results in a rapid reduction in numbers of CD52 positive B- and T-lymphocytes,
monocytes, macrophages, NK cells and some granulocytes (Coles et al., 2012). Daclizumab
(Zenapax’) (marketed in Europe by Hoffmann-La Roche for the prevention of rejection in organ
transplantation) is undergoing phase Ill trials as a possible MS therapy. Daclizumab is a mAb that

targets CD25, the alpha subunit of the IL-2 receptor, treatment leads to a reduction in CD8" cells
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with an observed expansion of regulatory CD56" NK cells (Bielekova et al., 2009). Hoffmann-La Roche
also has the mAb ocrelizumab in phase Il clinical trials for the treatment of MS. Ocrelizumab is an
anti-CD20 mAb, treatment with which leads to the antibody and complement dependent lysis of
CD20" B-cells (Chaudhuri, 2012). Laquinimod, teriflunomide and dimethyl fumarate are new oral
compounds that show positive results in the reduction of Gd-enchancing lesions and brain lesion
activity (Pilz et al., 2008; Yang et al., 2004). While laquinimod, teriflunomide and dimethyl fumarate
appear to be well tolerated, they have obscure mechanisms of action. Laquinimod is a derivative of
Teva Pharmaceutical’s failed experimental immunomodulator linomide. The FDA has granted this
compound a fast track status due to its promising effects on lesion activity, disability progression as
well as an observed reduction in relapses. Laquinimod appears to work by causing a shift the Thl
immune response to a more Th2 mediated response (see Chapter 5) (Rammohan, 2010). Dimethyl
fumarate (BG-12) is a fumaric acid ester that appears to up regulate the nuclear factor-E2-related
factor 2 transcriptional pathway. Nuclear factor-E2-related factor 2 is a master regulator of the
antioxidant response which is important in protection against oxidative stress (Itoh et al., 1997).
Another possible mechanism of action of BG-12 is the inhibition of the pro-inflammatory NF-B
pathway. BG-12 showed promising efficacy coupled with a favourable safety profile in phase Il trials,
currently BG-12 is undergoing phase Il trials (Kappos et al., 2008). Teriflunomide (Aubagio®) and
cladribine (Mylinax®) are also in phase lil trials for the treatment of MS. Teriflunomide inhibits the de
novo synthesis of pyramidines resulting in a reduction in B- and T-cell proliferation (Korn et al.,
2004). Cladribine is a purine analog which is immunosuppressive in its action, leading a reduced
lymphocyte count (Brousil et al., 2006). We are particularly interested in the newly FDA approved
compound FTY720-P (Fingolimod™) (Gilenya®). FTY720-P is an orally available novel
immunomodulator which is a metabolite of myriocin, derived from the fungus isaria sinclairii
(Hughes, 2009). FTY720-P exerts its pharmacological effects through a set of G-protein coupled
receptors (GPCRs) termed sphingosine-1-phosphate receptors (S1P receptors) (Chiba, 2005). These
receptors exhibit a diverse tissue and cellular expression profile and activate specific signalling
pathways through their coupling to various G-proteins. A subset of these receptors, the sphingosine-
1-phosphate 1 receptors (S1P1 receptors), are found on the glial cells astrocytes in the CNS. The

focus of this study is to determine the role of S1P1 receptors in astrocytes in the brain.
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Drug Company Description Structure
Fingolimod Novartis An S1P1 receptor agonist that alters
Gilenya® lymphocyte trafficking thereby “ ne
(granted exerting an anti-inflammatory effect. wﬂf@—\—\_\ﬂ
approval) "
Dimethyl Biogen Idec Active metabolite methyl -
fumarate hydrogenfumarate  activates  the y N Ha
BG-12® transcription  factor  Nrf2  and e
(Phase III) endogenous antioxidant factors.
Cladribine Merck Serono | A purine analog that inhibits DNS - =N
Movectro hesis, is i ive in i o _N_ L NH
® syn.t esis, is immunosuppressive in its \Q,N\h 2
(granted action, leading a reduced lymphocyte MG NN
approval) count. \g
Laquinimod Teva/Active Is a quinoline derived immune- ! O
N/A Biotech modulator with an obscure mode of 7
. N (] CH.
(Phase III) action. &, i
Teriflunomide Sanofi-Aventis | The active metabolite of leflunomide, Fe
Aubagio® an inhibitor of the synthesis of OH O /@X;
(in review) pyramidines resulting in a reduction in /‘j)Lu
B- and T-cell proliferation. I
Ocrelizumab Genentech/ A recombinant, mab which targets Antibody
N/A Biogen CD20" B-cells, leading to antibody and
(Phase III) complement dependent cell lysis.
Daclizumab Hoffmann-La | An anti-CD25 mab that reduces Antibody
Zenapax® Roche aberrant T-cell activation and increases
(Phase I1I) regulatory NK cell numbers.
Alemtuzumab Sanofi-Aventis/ | An anti-CD52 mab. Treatment leads to Antibody
Lemtrada® Genzyme depletion of CD52" T-cells, B-cells, NK
(Phase I1I) cells, macrophages and monocytes.

Figure 1.2 A review of new disease modifying therapies for the treatment of MS, recently released or

undergoing late stage phase Il clinical trials.
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1.2 Sphingosine-1-phosphate receptors.

1.2.1 Sphingosine-1-phosphate: A bioactive sphingolipid.

Sphingosine-1-phosphate (S1P) is a bioactive, blood borne sphingolipid metabolite implicated in a
diverse range of biological processes. S1P is produced intracellularly as part of natural sphingolipid
metabolism, which begins with the formation of 3-keto-dihydrosphingosine from palmitoyl-CoA and
serine by the ER anchored enzyme serine palmitoyltransferase, and ends with the phosphorylation
of sphingosine to sphingosine-1-phosphate in the cytosol (Fig. 1.3). Receptors for S1P were first
discovered in 1998 (Lee et al., 1998). The receptors for S1P, (of which there are five subtypes, S1P1-
5) are expressed ubiquitously throughout the body (Chun et al., 2002). These GPCRs are coupled to
various G-proteins and regulate numerous downstream signals, which explains the wide variety of
biological responses attributed to S1P signalling (Brinkmann, 2007). Cellular S1P levels are tightly
regulated by the balance between its synthesis by sphingosine kinase phosphorylation of
sphingosine and its irreversible degradation by S1P lyase, or its reversible dephosphorylation back to
sphingosine, by S1P-phosphatases (Fig. 1.4). The concept of a sphingolipid ‘rheostat’ was developed
to explain the apparent opposing affects of the S1P precursors ceramide and sphingosine with S1P
on cell fate (Hait et al., 2006). S1P is anti-apoptotic, promotes growth and cellular survival in contrast
to ceramide and sphingosine which are increased in response to stress stimuli and are pro-apoptotic
and anti-mitogenic (Cuvillier et al., 1996). The levels of the two isoforms of sphingosine kinase,
SphK1 and SphK2 are tightly regulated in the cell and can be stimulated by a wide range of
extracellular signals (Siow et al.,, 2011). Most noticeable of these are the growth factors and
cytokines, including vascular endothelial growth factor (VEGF), platelet derived growth factor
(PDGF), epidermal growth factor (EGF), tumour necrosis factor-a (TNF-a) and interleukin-6 (IL-6)
(Spiegel and Milstien, 2003). SphK1 is the more widely studied and has been shown to be the major
determinant of S1P levels. Activation of SphK1 requires phosphorylation by ERK2 which leads to
translocation and association of SphK1 with the plasma membrane. This allows the enzyme to come
in close contact with its substrate, sphingosine. Activation of SphK1 leads to localised S1P production
and secretion, allowing S1P to act as a ligand in an autocrine fashion, or on nearby cells in a
paracrine fashion through its five receptors. This has been observed during PDGF induced cellular
migration and has major implication for vascular maturation (Hobson et al., 2001). Platelets actively
secrete S1P at areas of inflammation and tissue damage to aid angiogenesis and to establish an S1P
gradient (English et al., 2000). Many cells are capable of producing and secreting S1P, however the

main producers of S1P are erythrocytes and endothelial cells (Pappu et al., 2007).
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Figure 1.3 An overview of sphingolipid metabolism.

The de novo production of all sphingolipids starts in the ER with the condensation of the amino acid
L-serine and palmitoyl CoA. Following a complex set of reactions the newly formed dihydroceramide
and/or ceramide are translocated to the Golgi apparatus and converted to sphingomyelin or
dihydrosphingomyelin. The newly converted complex glycosphingolipids are inserted into the
plasma membrane. Sphingosine is produced via the degradation of plasma membrane GSLs, the
signalling sphingolipid S1P is produced in the cytosol as a result of the phosphorylation of

sphingosine by sphingosine kinases.
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Figure 1.4 An overview of sphingosine-1-phosphate production and degradation.

S1P is produced intracellularly by the phosphorylation of sphingosine by sphingosine kinases. S1P is
secreted and acts in an autocrine fashion through one of five GPCRs or in a paracrine fashion on
nearby cells. S1P is also a putative second messenger, with definitive intracellular targets yet to be
discovered. S1P is converted back to sphingosine through the enzyme S1P phosphatase or

irreversibly broken down into hexadecanal and phosphoethanolamine by S1P lyase.
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1.2.2 S1P as a biomarker for disease.

Observed changes in S1P levels in both plasma and CSF which appear to correlate to disease activity
have marked S1P out as a possible biomarker for a number of neurological and non-neurological
diseases. Levels of S1P and a number of sphingolipid metabolites have been measured in the brains
of Alzheimer’s disease (AD) patients (He et al., 2008). Briefly, significant elevations in both ceramide
and sphingosine were observed in AD patients compared to age matched controls, this correlated
with a significant reduction in S1P levels. The elevated levels of acid sphingomyelinase (ASM; the
enzyme responsible for conversion of sphingomyelin to ceramide) and reduced S1P levels in AD
were also seen to correlate with levels of amyloid beta (AB) and hyperphosphorylated tau protein,
both pathological markers of AD (He et al., 2008). Thus it is possible that S1P and its sphingolipid
precursors may not only be contributing to the pathologic processes of AD, but also may be utilised
as marker for Alzheimer’s disease activity. Plasma levels of S1P have been shown to be increased in
animal models of type | diabetes. In addition to this it has been shown that treatment with an S1P2
receptor antagonist (JTE-013) can prevent the onset of streptozotocin-induced diabetes via a
mechanism involving the protection of islet B-cells (Imasawa et al., 2010). Furthermore S1P2
receptor knockout animals showed reduced B-cell apoptosis in combination with lower blood
glucose levels (Imasawa et al., 2010). Studies have shown that SphK1 mediated production of S1P
confers tumour resistance to apoptosis, promotes tumour growth, angiogenesis and metastasis
(Pyne and Pyne, 2010). A recent study of patients with late stage prostate cancer revealed that levels
of circulating S1P were significantly reduced in these patients compared to age matched healthy
controls and patients suffering with benign prostate hyperplasia (Nunes et al., 2012). The data
suggests that a decrease in circulating S1P, or down regulation of erythrocyte SphK1 activity during
progression of prostate cancer are potential new biomarkers for this disease. Interestingly, a study
has recently described a new positive feedback loop involving the transcription factor, signal
transducer and activator of transcription 3 (STAT3), IL-6 and the S1P1 receptor (Lee et al., 2010).
Data shows that S1P1 receptor activation promotes persistent activation of STAT3 in tumour cells.
Increased S1P1 receptor expression activates STAT3 and up-regulates expression of the pro-
inflammatory cytokine IL-6 which is important for STAT3 activation and tumour development (Lee et
al., 2010). In light of S1P and SphK1 involvement in cancer, a number of SphK inhibitors are currently
being developed. One such inhibitor is SK1-I (BML-258), which has been shown to inhibit the growth
of both leukaemia and glioblastoma tumour cells in xenografts (Kapitonov et al., 2009; Paugh et al.,

2008).
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1.2.3 S1P mediated signalling.

As stated above, S1P signalling is implicated in a wide range of biological responses as a result of its
actions on five distinct GPCRs; it also thought that S1IP may act as an intracellular messenger.
Excretion pathways of S1P to the extracellular environment are poorly understood but appear to
involve the ATP-binding cassette transporter (ABCC1) to translocate S1P across the membrane, as is
the case in mast cells (Mitra et al., 2006). Serum levels of S1P are in the mid-nanomolar range, while
levels in the interstitial fluid are ~1000 fold less. Most blood borne S1P is bound to chaperones such
as albumin, low- and in particular high-density lipoproteins (HDL) (Murata et al., 2000b). Research
has shown that HDL-bound S1P is active and can associate and dissociate from HDL to interact with
its receptors (Matsuo et al., 2007). S1P was first presumed to be an intracellular signalling molecule;
however, definitive intracellular targets for S1P have yet to be identified. Work done cn yeast which
do not express GPCRs showed that long chain sphingoid bases regulate response to heat stress. In
addition, plants which do not express S1P receptors showed that S1P regulated stomatal aperture
(Coursol et al., 2005; Jenkins and Hannun, 2001). However the most convincing evidence for S1P as
an intracellular second messenger comes from work done examining mobilisation of Ca®".
Intracellular application of S1P has also been shown to cause store operated Ca’* entry (SOCE) in
vascular smooth muscle cells, in a receptor independent manner (Hopson et al., 2011). However the
molecular mechanisms of this novel signaling pathway remain unknown. In addition to mobilisation
of Ca*, inhibitors of sphingosine kinases, the enzymes responsible for the generation of S1P from
sphingosine inhibit growth factor induced cellular proliferation and survival (Olivera and Spiegel,
2001). PDGF has been shown to cause movement of sphingosine kinases to the nuclear envelope,
implying S1P may play a role in the nucleus, although there is as yet no direct evidence to support
this theory (Olivera et al., 1999). Molecular targets for intracellular S1P have yet to be identified,
thus it remains to be seen if S1P can act as a classical second messenger or in a more metabolic role.
S1P was initially found to be the natural ligand for the orphan GPCR, endothelial differentiation gene
1 (EDG1) now known as the S1P1 receptor (Lee et al., 1998). The large EDG family of receptors can
be split into two separate groups, the S1P receptors and the lysophosphatidic acid (LPA) receptors
which have the phospholipid derivative, lysophosphatidic acid (LPA) as their natural ligand (Chun et
al., 2002). The EDG/S1P receptor subgroup comprises five members (S1P1-5). Signalling of the S1P
receptor subfamily plays a role in cellular migration, survival, differentiation and proliferation (Fig.

1.5) (Hla and Brinkmann, 2012).
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Figure 1.5 A schematic depicting the complexity of S1P signalling.

Extracellular S1P exerts its effect on cells via five known GPCRs (S1P1-5) found to varying levels is all
tissues of the body. These S1P receptors are coupled to various heterotrimetric G-proteins, all five
receptors are coupled to G; and all except S1P2 can couple to G;,. These G-proteins in turn signal to
many downstream effector proteins. These include phospholipase C and D (PLC and PLD),
extracellular-signal-regulated kinases (ERKs), adenylate cyclase (AC), and c-Jun N-terminal kinases

(JNK).
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1.3 Fingolimod (FTY720-P) (Gilenya®)

1.3.1 Development of new immunomodulatory compound FTY720.

Gilenya® (Fingolimod; FTY720) [2-amino-2(2-(4-octylphenyl) ethyl)-propan-1, 3-diol] is an orally
available, novel immunosuppressant drug produced by Novartis AG (Basel, Switzerland). It has
recently completed two phase Il clinical trials and has been granted FDA approval as a first-line
therapy for RRMS (Kappos et al., 2010). FTY720 was first synthesized in 1992 as a metabolite of
myriocin, an antibiotic derived from a type of thermophilic fungi known as isaria sinclairii (Adachi
and Chiba, 2008). FTY720 is a pro-drug that is phosphorylated to FTY720-P in vivo. FTY720 is
phosphorylated by two conserved enzymes, sphingosine kinase 1 and 2 (SphK1 and SphK2) both of
which play a major role in sphingolipid metabolism (Fig. 1.4). Sphk2 has been found to be the
enzyme predominately responsible for the phosphorylation of FTY720 in vivo (Billich et al., 2003).
FTY720-P is a structural analogue of S1P (Fig. 1.6) and exerts its pharmacological actions through the
same receptors as S1P. The drug is a potent nanomolar agonist of S1P1, S1P4 and S1P5, a partial
agonist of S1P3 and has no effect on S1P2 receptors (Albert et al., 2005; Brinkmann et al., 2002).
Gilenya® successfully came through two of the largest phase Il clinical trials in MS (Kappos et al.,
2010). The first ‘FREEDOMS’ trial was a double-blind, placebo controlled clinical trial, designed to
evaluate the effects of varying daily doses of oral FTY720-P for the treatment of MS (Kappos et al.,
2010). The second ‘TRANSFORMS’ trial was a 12 month, double-dummy trial used to compare oral
doses of FTY720-P with interferon-B-1a in the treatment of RRMS (Cohen et al., 2010). Results from
the clinical trials showed that both doses (0.5mg and 1.25mg) reduced the risk of disability
progression and the relapse rate (54% and 60% respectively), compared to placebo. FTY720-P
administered once daily also resulted in an improvement in MRI measures of MS (Horga et al., 2010).
No significant difference in efficacy was observed between the doses, with the lower dose being
tolerated better. Side effects encountered during the study included cardiovascular effects such as
asymptomatic heart rate reduction and slight blood pressure increase. Other side effects included
fatigue, macular oedema, and reversible elevation of liver enzymes. An increase in lower respiratory
tract infections was documented in FTY720-P treated patients. Interestingly an increase in the risk of
reactivation of latent herpes virus (with two fatal herpes infections) occurred with patients receiving
the higher 1.25-mg dose of Gilenya®. While follow up studies are needed to fully establish the safety
profile of the drug, regulatory approval for the 0.5mg dose of FTY720-P was applied for by Novartis
through the US FDA and the EMA, and was granted in September 2010 (Kappos et al., 2010).
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Figure 1.6 Chemical structures of S1P receptor agonists.

Chemical structures of (A) sphingosine-1-phosphate (S1P) a bioactive lysophospholipid, (B)
SEW2871, an S1P1 receptor specific agonist, (C) FTY720-P, an immune modulator and analogue of
S1P and (D) AUY954, an S1P1 receptor specific agonist.
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1.3.2 Mechanism of action of FTY720-P.

The proposed mechanism of action for FTY720-P in the treatment of MS involves its effect on
lymphocytes in secondary lymphoid organs (Chun and Hartung, 2010). FTY720-P binds to and causes
rapid and sustained internalisation of membrane expressed S1P1 receptors (Mullershausen et al.,
2009) (Fig. 1.7). FTY720-P induced inhibition of lymphocyte egress can be explained by selective
action on S1P1 receptors. Deletion experiments in lymphocytes resulted in a reduced peripheral
lymphocyte count similar to that observed upon FTY720-P treatment (Matloubian et al., 2004).
When this internalisation occurs on lymphocytes it renders the cells incapable of sensing and
responding to the vascular S1P gradient, a signal necessary for cellular emigration from the
secondary lymphoid tissue (Allende et al., 2004). The attenuation of T-cell trafficking and resultant
lymphopenia reduces the recirculation of autoreactive T-cells. This sequestration of lymphocytes in
the lymphoid tissue reduces the likelihood of autoreactive T-cells entering the brain parenchyma
and therefore reducing the likelihood of harmful inflammatory events (Brinkmann, 2009). Binding of
both FTY720-P and S1P to the S1P1 receptor causes internalisation via the endosomal pathway.
However, unlike S1P which causes recycling of the receptor, FTY720-P causes a persistent state of
internalisation of the S1P1 receptor, followed by ubiquitination of the receptor and down-regulation
at an mRNA level (Oo et al., 2007). This mechanism of action has now been termed ‘functional
antagonism’ and this event impedes the pro-migratory/pro-inflammatory response of the S1P-S1P1
receptor axis. FTY720-P is advantageous as a drug for MS because it prevents lymphocytes from
reaching sites of inflammation without creating a generalised state of immunosuppression. Other
non-immune system related effects of FTY720-P have been observed and it is theorized that these
might also contribute to efficacy of FTY720-P in the treatment of MS. FTY720-P agonism of S1P1
receptors inhibits both angiogenesis and vascular permeability (Sanchez et al., 2003; Schmid et al.,
2007). This differs to the pro-migratory, pro-angiogenic effect of S1P. It was thought initially that
tightening of the endothelial barrier in the lymphoid tissue essentially blocked the egress of
lymphocytes from the lymph nodes. However, while this might contribute to the reduced entry of T-

cells into the CNS, it is not the main cause of the lymphopenia (Mandala et al., 2002).
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Figure 1.7 Internalisation of G-protein coupled receptors.

Ligand bound GPCRs generally follow two main pathways of internalisation. (1) Internalised vesicles
fuse to form early endosomes. These endosomes mature to become late endosomes and fuse with
lysosomes where the contents of the endosome are degraded. (2) The internalisation pathway of the
S1P1 receptor when bound to FTY720-P. Receptors are almost exclusively found in the trans-Golgi-
network (TGN) where they continue to signal (Mullershausen et al., 2009) (3) After early endosome
production the vesicles fuse to recycling endosomes, where they are stripped of their ligand and

recycled back to the plasma membrane (Marchese et al., 2003).
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1.3.2 FTY720-P’s widespread effect on the cells of the brain.

As previously discussed, the proposed mechanism of action for FTY720-P is an immunomodulatory
mechanism based around the sequestering of pathologic lymphocytes in secondary lymphoid tissue.
However, S1P receptors have a differential distribution throughout the CNS, with at least one of the
five receptors being expressed in every cell of the CNS (Dev et al., 2008). FTY720 is highly lipophilic,
due to its charged phosphate group. FTY720-P can cross the BBB easily and becomes localised to the
CNS white matter (Foster et al., 2007). The CNS, and in particular the neural cells contain
endogenous SphK2 activity capable of producing the active metabolite from the pro-drug, therefore
it is probable that the phosphorylated version can be produced in situ (Billich et al., 2003). It has
been shown that clinically relevant doses of orally administered FTY720-P are distributed to the CNS
where levels of FTY720 and FTY720-P reach an equilibrate state (Billich et al., 2003). Preliminary
studies show that i.c.v injection of FTY720-P in an EAE model leads to reduced disease severity

without having an effect on peripheral lymphocyte counts (unpublished observations).
1.3.4 S1P receptors in Astrocytes.

Astrocytes express mainly S1P1 and S1P3 receptors, with some detectable levels of SIP2 mRNA
(Bassi et al., 2006; Chae et al., 2004; Rao et al., 2004). FTY720-P has been shown to have numerous
effects on astrocytes mainly through its interaction with the S1P1 receptor. Functional antagonism
of S1P1 in astrocytes in vivo may alter their functional properties without affecting astrocyte number
(Dev et al., 2008). It has been shown that there is a marked increase in local S1P levels following
spinal cord injury. In addition, injection of S1P in mice CNS produces astrocytic proliferation
synonymous with astrogliosis (Kimura et al., 2007; Sorensen et al., 2003). Astrocytes can produce
S1P in response to a multitude of signals, most notable from growth factors such as bFGF and pro-
inflammatory cytokines such as IL-6. S1P can act in an autocrine fashion through the S1P receptors,
or as described earlier evidence also exists suggesting that S1P may play a role as an intracellular
second messenger (Payne et al., 2002). Functional changes in astrocytes induced by FTY720-P may
counteract the negative effect of S1P on astrocytic gap junctional communication. This may
strengthen gap junctional communication of astrocytes with neuronal cells and with the endothelial
cells of the BBB, which is disturbed during inflammatory events observed in MS (Giaume et al., 2010;
Rouach et al., 2006). It is clear that both FTY720-P and S1P can modulate S1P receptors on
astrocytes, the exact physiological effect of this has yet to be determined and is a primary research

aim of this thesis.
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1.3.5 S1P receptors in Microglia.

Microglia are the resident macrophages of the CNS and therefore contribute and participate in the
inflammatory processes associated with MS (Raivich, 2005). Activated microglia are capable of
secreting numerous neurotoxic substances, including reactive oxygen species, NO, pro-inflammatory
cytokines and complement proteins (Rozemuller and van Muiswinkel, 2000). In the absence of T-
cells, activation of resident microglia has been shown to be sufficient to instigate inflammatory
demyelination. Microglial driven axonal damage has also been shown to represent an early stage of
axonal injury prior to the formation of demyelinating plaques (Furtado et al., 2006; Marik et al.,
2007). Loss of oligodendrocytes in the tissue surrounding expanding MS lesions seems to occur in
the presence of activated microglia. It is this loss of oligodendrocytes that leads to the myelin loss
(Henderson et al., 2009). Activated microglia play an important role in the pathogenesis of MS and
are major constituents of demyelinating plaques (Sawada, 2009). Microglia express mostly S1P3 and
S1P1 receptor mRNA (Dev et al., 2008). Similar to astrocytes S1P receptor expression is dependent
on the activation state of the cell (Tham et al., 2003). The activation state of microglia is governed by
their local environment and signals acting on the cells, for instance elevated S1P levels following
inflammation or CNS trauma (Tham et al., 2003). It has been shown that during spinal cord injury
activated microglia accumulate at the injury site, produce and release S1P, thereby contributing to
an elevated local concentration of S1P (Kimura et al., 2007). The interaction between FTY720-P and
microglia has yet to be fully characterized although it has been shown that FTY720-P is capable of

inhibiting macrophage migration into inflammatory lesions (Miron et al., 2008b).
1.3.5 S1P receptors in Neurons.

Neurons mainly express S1P1, S1P2 and S1P3 receptors (Dev et al., 2008). It is believed that S1P
signalling through S1P1 receptors and S1P2 receptors on neurons have opposing effects on neurite
outgrowth (Toman et al., 2004). Activation of S1P receptors by S1P on dorsal root ganglion neurons
differentially affects process extension induced by nerve growth factor (NGF) (Toman et al., 2004).
S1P receptor signalling has also been implicated in pain (Xie et al., 2012). In vivo knockdown of S1P1
receptors on dorsal root ganglion neurons leads to reduced pain behaviour after an induced
inflammatory episode (Xie et al., 2012). S1P has been shown to promote migration of neural stem
cells to the site of injury in spinal cord injury, this occurs in an S1P1 receptor specific manner (Kimura
et al., 2007). Neural cells exhibit endogenous SphK activity that is necessary for the local production
of active FTY720-P (Billich et al., 2003). Studies have shown that FTY720-P reduces neuronal injury
after cerebral ischemia, this is dependent on activation of Akt and ERK second messengers
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(Hasegawa et al., 2009). In vitro studies have shown that FTY720-P enhances the levels of
endogenous brain derived neurotrophic factor (BDNF) in neuronal cultures, in a time and
concentration dependent manner (Chun and Hartung, 2010). Due to the lack of affinity of FTY720-P
for S1P2 receptors it is possible that the drug could have a positive effect on neuronal function
through its action on S1P1 receptors alone. However, although FTY720-P is distributed throughout
the brain it does not appear to colocalise with neurons, instead localising to white matter tracts

(Foster et al., 2007; Oyama et al., 1998).
1.3.6 S1P receptors in Oligodendrocytes.

The early apoptotic and necrotic loss of oligodendrocytes is a seminal and unexplained feature of MS
lesions. The S1P5 receptor, and to a lesser extent the S1P1 receptor appear to be the main S1P
receptors expressed in oligodendrocytes, and are expressed throughout development of these cells
from oligodendrocytes progenitor cells (OPCs) to mature myelinating oligodendrocytes (Yu et al.,
2004). OPCs are important in the context of MS due to their role in remyelination. Remyelination has
been observed during the early, mainly inflammatory phases of MS, but seems to fail during the
later disease stages (Bruck et al., 2003). It has also been shown that FTY720-P has a direct
cytoprotective/anti-apoptotic on OPCs (Coelho et al., 2007). In vivo studies on both human derived
and rodent derived OPCs show that FTY720-P treatment can rescue these cells from apoptosis
induced by growth factor withdrawal and pro-inflammatory cytokine treatment (Coelho et al., 2007;
Miron et al., 2008a). Remyelination requires the proliferation and migration of OPCs to areas of
demyelination followed by differentiation into mature oligodendrocytes (Franklin and Ffrench-
Constant, 2008). Both FTY720-P and S1P appear to have no effect on OPC proliferation, while both
impede cellular migration via the S1P5, Gi,/:3, Rho signalling pathway (Novgorodov et al., 2007).
Prolonged treatment with higher doses of FTY720-P induces process extension via S1P1 receptor
signalling (Antel and Miron, 2008). A recent study has shown that FTY720-P can inhibit LPC-induced
demyelination in organotypic cerebellar slices, in an S1P1 receptor specific manner (Sheridan and
Dev, 2012). This inhibition of demyelination correlated with inhibition of release of a number of
cytokines (Sheridan and Dev, 2012). The S1P5 receptor is expressed in the white matter tracts and
high levels of mRNA have been observed in oligodendrocytes (Im et al., 2000). The S1P5 receptor has
been shown to be coupled to both G, and G;; and therefore may be important in the seemingly
opposing functional effects of FTY720-P (Malek et al., 2001). S1P5 receptor knockout animals show
no reduction in myelination; however this may be due to redundancy in the S1P signalling pathways.

S1P5 receptor deficient immature oligodendrocytes do show reduced response to S1P (Jaillard et al.,
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2005). Some studies show that following demyelination, FTY720-P can significantly enhance markers
for remyelination, in particular myelin basic protein (MBP) (Jackson et al., 2011). It is suggested that
this effect is due to activation of S1P5 receptors on activated microglia, leading to the reduced
production of pro-inflammatory cytokines (Jackson et al., 2011). It is clear that FTY720-P regulates
oligodendrocytes in varying capacities; the significance of these findings in relation to Gilenya®

remains unclear.

1.3.7 S1P receptors and Endothelial Cells of the Blood Brain Barrier.

The BBB is a natural, physical and metabolic barrier created by tight junctions between the
endothelial cells of the CNS vasculature and their close relationship with astrocytic cellular
protrusions known as “end-feet” (Paolinelli et al., 2011). The function of the BBB is to separate the
circulating blood from the cerebrospinal fluid (CSF) and prevent the transfer of large or hydrophilic
molecules into the CNS, while allowing the diffusion of small hydrophobic molecules (Correale and
Villa, 2007). The BBB actively transports vital metabolically relevant molecules such as oxygen,
glucose and carbon dioxide. The BBB has been shown to be compromised in MS, characterized in
particular by abnormalities in the tight junctions between endothelial cells. Tight junction
dysfunction is a hallmark of not just MS but of other neuroinflammatory CNS diseases including
Alzheimer’s disease (McQuaid et al., 2009). A compromised BBB leads to transendothelial migration
of lymphocytes and macrophages which is a major step in triggering neuroinflammation (Minagar
and Alexander, 2003). Demyelinating inflammatory plaques have been shown to accumulate around
small blood vessels (Correale and Villa, 2009; Raine, 1994). Moreover endothelial cells express high
levels of S1P1 and S1P3 receptors and can produce and release S1P (Wang and Dudek, 2009)
(Brinkmann et al., 2004). Studies have shown that treatment of human pulmonary endothelial cells
with S1P reduces permeability in an S1P1 receptor specific manner (Singleton et al., 2006). However,
S1P3 receptor activation is associated with Rho signalling and subsequent increased barrier
permeability (Singleton et al., 2006). As FTY720-P is a full agonist of S1P1 receptors and only partial
agonist of S1P3 receptors, it is possible that S1P1 receptor mediated, enhanced blood brain barrier
integrity may contribute to the drugs clinical efficacy by excluding auto-reactive T-cell entry to the

CNS.
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1.4 Astrocytes

1.4.1 Astrocytes: An Introduction.

Glial cells make up ~90% of the cells found in the human brain, the most abundant of these cells are
astrocytes. Traditionally astrocytes were regarded as merely inert scaffolds, offering structural
rigidity, but little else in terms of regular brain function. Astrocytes are stellate cells with varying
numbers of processes giving them their characteristic star shape (He and Sun, 2007). They are
structurally, physically and biochemically diverse which is reflected in their broad spectrum of
functions. Astrocytes can be distinguished by their expression of the intermediate filament protein
glial fibrillary acidic protein (GFAP), now an established cell-specific marker. Astrocytic functional
abnormalities have been heavily implicated in various brain pathologies including glioblastoma,
amyotrophic lateral sclerosis, Alexanders disease and MS (Gorospe and Maletkovic, 2006; Miljkovic

et al., 2011).
1.4.2 Astrocytic function in the CNS.

It is well established that the initial classification of astrocytes as ‘housekeeping’ or ‘maintenance’
cells is a poor reflection on their role and importance in the CNS. Astrocytes have been implicated in
a large number of vital processes in the brain; their processes extend into synapses, nodes of Ranvier
and are major components of the BBB (Bacci et al., 1999; Paolinelli et al., 2011; Perea and Araque,
2010). Astrocytes are capable of ‘sensing’ neuronal activity through the wide range of ion channels
and neurotransmitter receptors that decorate the plasma membrane of these cells. Astrocytes
occupy exclusive territories, within these domains stable associations with the microvasculature,
numerous neurons and up to thousands of synapses are possible. Astrocytes also contain vesicles
and other molecular machinery necessary for exocytosis, with Ca’* dependent glutamate release
observed in cultured astrocytes (Kreft et al., 2004). Glutamate has been found to cause an increase
in cytosolic Ca**in both cultured astrocytes and brain slices (Porter and McCarthy, 1996). This led to
the concepts of “gliotransmission” and “non-electric excitation”, making astrocytes active elements
of the brain circuitry (Parpura and Zorec, 2010). Astrocytes can ‘sense’, integrate and respond to
neuronal signals (Zorec et al., 2012). The best studied of which is the response of astrocytes to
glutamate with oscillations in their internal Ca®*, these oscillations can then propagate as waves to
neighbouring astrocytes (Charles et al., 1991). Astrocytes receive direct stimulation from a range of
neuronal subtypes and it also has been shown that astrocytes display spontaneous internal Ca**

oscillations and cause NMDA receptor mediated neuronal excitation (Parri et al., 2001). This can be
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confined to distal regions of astrocytes or can propagate to other cells (Parri et al., 2001). This
challenges the established view that astrocytes are purely reactive elements by demonstrating that
these cells can indirectly generate neuronal activity in the mammalian CNS. Evoked or spontaneous
changes in internal Ca™, is a form of non-electric excitability and can cause various cellular effects
such as activation of protein kinases, vesicular release and activation of ion channels (Takata and
Hirase, 2008). In response to elevations in internal Ca** astrocytes release a wide range of signalling
molecules and neuroactive molecules named gliotransmitters. This gliotransmission is mediated by
various chemical transmitters including ATP, glutamate, D-serine, taurine, atrial natriuretic factor
and TNF-a (Halassa and Haydon, 2010). Astrocytes play a key role in formation of synapses or
synaptogenisis. Synaptogenisis occurs throughout adult life, but is highly active during early brain
development. Synaptogenisis coincides with the appearance of astrocytes in the CNS (Wang and
Bordey, 2008). Once thought to provide structural support to synapses, recent studies have shown
astrocytes to be active participants in synaptic transmission (Oliet et al., 2001). Co-culturing of pure
neurons with astrocytes causes a huge increase in the number of structurally mature and functioning
synapses (He and Sun, 2007). These data indicate that astrocytes induce the formation of synapses
by releasing various synaptogenic signals that are importfant in the development, maturation and
maintenance of synapses. Some identified signals include thrombospondins (a small family of
secreted glycoproteins), and cholesterol in a complex with the lipid transporter apolipoptotein A
(Allen and Barres, 2005; Barres and Smith, 2001). Neuronal differentiation, maturation, survival and
neurite outgrowth are processes that are all influenced by the release of various growth factors from
astrocytes (Ransom and Ransom, 2012). It is well established that astrocytes release many growth
factors in vitro including nerve growth factor (NGF), neurotrophin-3, fibroblast growth factor (FGF)
and brain derived neurotrophic factor (BDNF) (Ransom and Ransom, 2012). Consequently there are
a myriad of implications consequent to dysfunction of these processes with respect to disease

pathogenesis.
1.4.3 Astrocytes in Multiple Sclerosis.

Astrocytes become activated in a process known as ‘reactive gliosis’ in response to a pathological
insult (Nair et al., 2008). The formation of the glial scar is an important process undertaken by
astrocytes following CNS tissue injury (Correale and Villa, 2007). Reactive astrocytes have an altered
phenotype compared to the normal functioning quiescent astrocytes. It is now believed that altering
astrocytic behaviour can be therapeutically beneficial in treating numerous CNS disorders. Extensive

astrocytic proliferation is accompanied by wholesale changes in adhesion molecule, growth factor,
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cytokine and antigen presentation molecule expression. Reactive astrocytes are the main constitutes
of the demyelinating plaques found in MS (Wekerle, 2008). Similar to scarring found elsewhere in
the body the purpose of the glial scar is to protect from further damage and to initiate the healing
process (Zeinstra et al., 2003). However, the existence of such a scar has its disadvantages by
presenting a physical and chemical barrier to axonal regrowth. It also hides the inflammatory and
demyelinating plaques from circulating pharmacological agents (Correale and Villa, 2009). In the
context of MS plaques, astrocytes have been observed to express high levels of nitric oxide synthase
(Hill et al., 2004). Nitric oxide and superoxide radicals’ production may directly or indirectly damage
oligodendrocytes, myelin and/or axons. These reactive oxygen species activate NF¢B dependent
signalling processes. This in turn induces expression of pro-inflammatory molecules matrix
metalloproteinase and inducible nitric oxide thereby having a detrimental effect on barrier integrity
(Smith and Lassmann, 2002). Another major role for astrocytes is as part of the natural barrier
between the circulating blood and the ‘internal milieu’ of the CNS. Astrocytes are essential for
maintaining a robust BBB phenotype; with loss of contact between astrocytes and the cerebral
endothelial cells abolishing the barrier. Astrocytes appear to provide structural and trophic support
to the large quantities of cerebral endothelial cells which are connected by tight junctions (Ballabh
et al., 2004; Correale and Villa, 2009). Activation of the epidermal growth factor receptor (EGFR) on
astrocytes following neuronal injury causes quiescent astrocytes to become reactive. This activation
leads to up-regulation of genes related to migration, matrix metalloproteinase-3/16/24, laminin,
collagens XI, XV, and XVIII, fibronectin and chondroitin sulfate proteoglycans. Activation of the EGFR
pathway also leads to the release of leukocyte chemoattractants and the synthesis of inducible nitric
oxide (iNOS) (Liu et al., 2006; Liu and Neufeld, 2007). Astrocytes cannot form myelin; however these
cells can promote myelination (Nash et al., 2011). It has been shown that activity dependent release
of ATP from neurons can signal to astrocytes via the purinergic P2 receptors (Franke et al., 2012).
This purinergic signalling causes astrocytic release of the cytokine leukaemia inhibitory factor (LIF)
which is shown to promote myelination by mature oligodendrocytes (Ishibashi et al., 2006).
Therefore it is possible that LIF released by the reactive astrocytic element of MS inflammatory
lesions could promote remyelination. However it has also been shown that under certain
pathological conditions high levels of LIF can inhibit both myelination and remyelination. The link
between astrocytes and myelination is not new. Alexander disease is a disease of the white matter
of the CNS caused by mutations in the GFAP gene (Gorospe and Maletkovic, 2006). It is plausible
that excess release of anti-myelination factors caused by an atypical astrocytic phenotype could

disrupt this vital process (Li et al., 2002).
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The fact that all S1P receptors except S1P4 receptors are ubiquitously expressed in the cells of the
CNS (Malchinkhuu et al., 2003) coupled with the distribution of FTY720-P to the brain due to its
lipophilic properties point towards a possible role for FTY720-P in the CNS. While functional
antagonism of S1P1 receptors on pro-inflammatory, autoreactive T-cells in the periphery appears to
be the primary mode action of FTY720-P; evidence also links FTY720-P with a more CNS
neuroprotective role. Functional antagonism of S1P1 receptors on astrocytes may dampen the
negative effects of astrogliosis in the MS brain and also improve gap junctional communication
between the cellular components of BBB. Investigating the CNS effects of FTY720-P on astrocytes via

modulation of the S1P1 receptor is the primary research aim of this thesis.
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1.5 Aims and Hypothesis.

Indications are that astrocyte expressed S1P1 receptors may be involved in propagating the
neuroinflammatory aspect of EAE and thus MS (Choi et al., 2011; Kang et al., 2010). The aim of this
thesis is to further examine the role of S1P1 receptors in astrocytes and to investigate the effect of
receptor localisation on receptor function. Specifically we aim to investigate the effect of disruption
of putative c-terminal interactions on S1P1 receptor localisation. In addition to this we aim to
analyse various downstream signalling pathways and again examine how blockage of c-terminal
protein-protein interactions may affect this signalling. Finally we hope to provide evidence that
astrocytes can contribute to a neuroinflammatory environment through the release of pro-
inflammatory cytokines, and show that S1P receptor modulation may have inhibitory effect on this.
In this way we aim to investigate if S1P receptors expressed on astrocytes are a legitimate molecular

target for the MS therapy, Gilenya®.

We hypothesise that S1P1 receptor localisation may be altered through the inhibition of putative
protein-protein interactions at the receptors c-terminus. In addition we hypothesise that S1P
receptor signalling may be involved in the release of pro-inflammatory signals from astrocytes and
that pharmacological modulation of these receptors may have an anti-inflammatory effect through

inhibition of these signals.
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Chapter 2. General Material and Methods
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2.1 Culture of primary cells.

2.1.1 Aseptic technique.

For all in vitro cell culture experiments and procedures aseptic technique was strictly adhered to. All
pipette tips, non-sterile plastic consumables and dissection kits were autoclaved and sprayed with
70% alcohol before being placed in the laminar flow hood (Mason Technologies, Ireland). The
interior of the hood including all equipment was exposed to a germicidal UV lamp which emits
ultraviolet radiation at 253.7nm. This final step ensures complete sterility. A cell culture laboratory
coat was worn at all times as were disposable protein free gloves which were sprayed with 70%

alcohol upon entry back into the laminar flow hood
2.1.2 Tissue culture flask and coverslip preparation.

Poly-L-lysine was utilised as an attachment factor utilised to improve cell adherence. A poly-L-lysine
solution (40pg/ml in sterile H,0: Sigma Aldrich, UK) was prepared. This solution was added to each
culture flask and left for 1hr at 37°C. The solution was aspirated and the flasks washed twice with
cell culture grade H,0 (Sigma Aldrich, UK) and left to dry thoroughly in the laminar flow hood. For
growing cells on coverslips, borosilicate glass coverslips with a diameter of 13mm (VWR Ireland)
were sterilized prior to use by immersion in 70% methanol followed by exposure to UV light
overnight. Coverslips were then coated with poly-L-lysine (40ug/ml) for 1hr at 37°C. The coverslips
were subsequently laid out in the laminar flow hood to air dry before being placed in 24 well-plates

(Sarstedt, Germany). The plates were stored for up to 2 weeks at +4°C.
2.1.3 Preparation of mixed cortical glio.

Primary cortical mixed glial cultures were prepared using postnatal one-day old female Wistar rats
(supplied by the Bioresources Unit, Trinity College Dublin). Under sterile condition in a laminar flow
hood (FASTER, Ultrasafe Class Il Microbiological Safety Cabinet) the pups were decapitated in
accordance The Animals Act 1986 (Scientific Procedures) Schedule | guidelines. The skull was
exposed by cutting the skin from the neck down to the tip of the nose. The skull was removed by
making a sagittal cut along the level of the medial longitudinal fissure and two horizontal cuts along
each side of the skull at the level of the ears. The skull was peeled back revealing the cortex which
was rapidly dissected out. The cortices were placed in warmed Dulbecco’s Modified Eagle Medium
F12 (Biosera, UK) which was supplemented with 10% heat inactivated foetal bovine serum (Biosera,

UK) and 1% penicillin/streptomycin (Gibco BRL, Ireland). The meninges were removed from the
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cortices using a fine straight forceps and the cortices were then cross chopped using a sterile
disposable scalpel. The tissue was incubated in warmed supplemented DMEM/F12 for 20mins at
37°C. Following incubation the tissue was triturated and passed through a sterile nylon mesh cell
strainer (40um; BD Biosciences, USA). This filtrate was centrifuged at 2,000g for 3mins at room
temperature. The resulting cell pellet was resuspened in pre-warmed supplemented DMEM/F12 and
a cell count was carried out using a tryphan blue exclusion method. The resuspened cells were
plated at a density of 1 x 10° cells/ml on poly-L-lysine coated coverslips in 24-well plates. The cells
were allowed to adhere for 3hr after which the wells were flooded with 500ul pre-warmed
supplemented DMEM/F12. Primary cells were maintained in a humidified incubator supplied with
5% CO, and 95% air, set at a temperature of 37°C. The media was changed the day following the
initial preparation and every 3 days thereafter. Mixed cortical glial cultures and pure astrocyte
cultures were maintained in supplemented DMEM/F12. Cells were grown for 10 days or until

confluent before treatment.
2.1.4 Preparation of pure astrocyte cultures.

Glial cultures were prepared using postnatal one-day old female Wistar rats (supplied by the
Bioresources Unit, Trinity College Dublin). The cortices were dissected out as above and placed in
supplemented DMEM/F12. The tissue was incubated in this media for 20mins at 37°C. Following
incubation the tissue was triturated and passed through a sterile nylon mesh cell strainer (40um; BD
Biosciences, USA). This filtrate was centrifuged at 2,000g for 3min at room temperature. The pellet
was resuspended in an appropriate amount of pre-warmed DMEM/F12. The resuspened cells were
plated on poly-L-lysine coated T75 culture flasks (Sarstedt, Germany), usually two cortices per T75
flask. When confluent (~13 days) the flasks were removed from the incubator, the neck and caps
were tightened and the flasks made air-tight with parafilm. The flasks were then shaken for 3hr at
37°C and at 200 RPM in an orbital shaker (New Brunswick Scientific, Excella E24). Each flask was then
tapped ~30 times and the media poured to remove the microglia. The remaining flasks were
incubated with 2mls trypsin-EDTA (Sigma Aldrich, UK) for 10mins at 37°C. Supplemented media was
added to the flasks to inhibit the trypsin and the flasks were again tapped, the resulting cell
suspension was collected and centrifuged at 2,000g for 3mins at room temperature. This pellet was
resuspended in 8mls DMEM/F12, a cell count was carried out and the cells were plated at a density
of 1 x 10° cells/ml on poly-L-lysine coated glass coverslips in 24-well plates. The cells were allowed to
adhere for 3hr after which the wells were flooded with 500ul pre-warmed supplemented

DMEM/F12. Cells were maintained as in previous section.
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2.1.5 Preparation of human astrocytes.

Primary human astrocytes, derived from post-mortem cerebral cortex embryonic tissue were
purchased from the provider (Sceincell, USA, HA1800). Cryopreserved cells were thawed in a 37°C
waterbath and transferred to a poly-L-lysine coated culture flask. Cells were maintained in the
manufacturers astrocyte specific media (HA1801) supplemented with 10ml fetal bovine serum
(0010), 5ml astrocyte growth supplement (1852) and 5ml penicillin/streptomycin (0503). Human
astrocytes were grown until they reached 90% confluency where the cells subcultured or seeded to

24-well plates as previously described (see section 2.1.4).
2.1.6 Organotypic slice culture preparation.

Experiments were conducted using tissue isolated from postnatal day 10 (P10) Wistar rats of either
sex. The cerebellar slice culture preparation was based on published protocols (Birgbauer et al.,
2004). Briefly, the brains were removed and placed in ice cold serum supplemented media, referred
to as organo-serum media (50% Opti-Mem, 25% Hank’s Buffered Salt Solution, 25% Heat inactivated
horse serum, 1.1% D-glucose {27.5mM}, 1.1% Glutamax {2mM}, 1% Penicillin {10,000U/ml} and
Streptomycin {100U/ml} (Pen/Strep) and 1% HEPES {10mM}). After 1-2 minutes the cerebellum
quickly dissected out. 400um parasagittal slices of cerebellum were cut using a Mcllwain tissue
chopper. Three slices were grown on each cell culture insert (Millicell PICMORG50). Slices were
cultured using an interface method with 1 mL of medium per 35 mm well. For the first 3 days in
vitro, slices were grown in organo-serum media. After 3 days, slices were transferred to serum-free
medium (98% Neurobasal-A and 2% B-27 {Invitrogen}, supplemented with 2mM Glutamax, 28mM D-

glucose, 100U/mL penicillin/streptomycin and 25mM HEPES). Slices were cultured for up to 14 days.
2.1.7 Trans-Activator of Transcription, “TAT” Protein.

Delivery of therapeutics for the treatment of neurodegenerative diseases remains an important
hurdle for pharmaceutical companies in the search for new cerebral acting compounds. Therapies
that have intracellular targets need to be sufficiently polar to allow ease of administration, they
need to able to transverse the BBB, and be sufficiently lipophilic to allow access to the cell across its
lipid bilayer. Some compounds need to be modified quite drastically to alter their physical properties
which in turn can affect their therapeutic value. One way of delivering small peptides, drugs and
proteins across the BBB is to fuse the protein/compound of interest with a cell penetrating protein
such as the antennapedia peptide or the HIV-TAT protein (Console et al., 2003). HIV-1 encodes a
small regulatory protein known as trans-activator of transcription (TAT) (Cai et al., 2011). This ~10
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kDa protein is a transcriptional activator which can bind both HIV DNA and RNA and host cell DNA.
After binding to the HIV transactivating region, TAT induces a several fold increase in HIV
transcription. HIV-TAT can be released from the host cell, cross the cell membranes of near-by cells
and has been shown to promote the expression of inflammatory genes such as iL-6 and TNF-B and
repress MHC-I presentation, CD25 and IL-2 expression (Johri et al., 2011). Various theories exist as to
mechanism by which TAT protein crosses cell membranes; these include caveolar endocytosis,
clathrin dependent endocytosis and macropinocytosis (Campbell and Loret, 2009). However the
exact cellular mechanisms involved in TAT uptake and internalisation are still unknown. While in
theory the use of cell penetrating peptides such as TAT protein to mediate the delivery of
compounds to the CNS has many advantages it also has several caveats. The main disadvantage of
using TAT protein in vivo is the systems lack of selectivity whereby every cell that the protein comes
in contact with will be transduced by the TAT fusion protein (Dietz and Bahr, 2004). However the use
of the TAT protein provides a highly reliable and useful tool for transducing cultured cells with a
protein of interest in an in vitro setting. We take advantage of the infectious properties of the TAT
protein to allow us to study the effects of small peptides on the intracellular trafficking and signalling

of specific GPCRs, in this case the S1P1 receptor.

2.2 Biochemistry

2.2.1 SDS Poly-Acrylamide-Gel-Electrophoresis.

SDS-PAGE was utilised to separate proteins according to their molecular weight. The 10% SDS
(sodium dodecyl sulphate) (Sigma Aldrich, UK) disrupts the non-covalent bonds in the proteins
thereby denaturing the secondary and tertiary structures. It also imparts a negative charge on the
protein that is proportional to its mass. Tetramethylethylenediamine and ammonium persulfate
(TEMED and APS; Sigma Aldrich, UK) were used to catalyze the polymerization of acrylamide in the
formation of the gel. Tris buffer (0.4mM Tris-HCL; pH 8.8) was utilised to buffer the preparation. The
‘pore’ size of the gel is determined by the ratio of acrylamide to bis-acrylamide, 30% acrylamide/bis-
acrylamide were utilised. The casting stand, glass plates and combs were all washed with dH,0 and
methanol, followed by assembly of the apparatus (Bio-Rad laboratories, UK). A 10% separating gel
was prepared as foliows (0.375M Tris, 0.1%SDS, 10% acrylamide, 0.1%APS and TEMED).
Approximately 6.5ml of the separating gel was added to the plates followed by 1ml water saturated

butan-1-ol which prevents the gel from drying as it sets. This was left for 60mins at room
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temperature to set. A 4% stacking gel was prepared as follows (0.125M Tris, 4% Acr/Bis, 0.1% SDS,
0.1% APS and TEMED). The butan-1-ol was removed and the gel washed with 3 x 1ml dH,0. The
stacking gel was added to the set separating gel, the comb was introduced and it was left set for a
further 60mins. To denature the samples (see section 2.2.3) 2 x sample buffer (Bio-Rad laboratories,
UK) was added. The sample buffer contains bromophenol blue a colour marker, and is supplemented
with 0.5% B-mercaptoethanol which reduces disulphide bridges in proteins so that they can adopt a
linear configuration necessary for separation by size. The samples are heated in a water bath for
Smins at 95°C; they were then cooled to room temperature. The samples were centrifuged at 12,000
g for 5mins which removes insoluble material to prevent streaking. The gasket was flooded with 1x
running buffer (25mM Tris-base, 0.192M glycine, 0.1% SDS). A pre-stained molecular weight marker
(3ul; Bio-Rad laboratories, UK) was introduced to the first well, followed by 20ul of sample in the
remaining wells. The gel was run at a constant voltage of 100v for 15mins until the samples had
diffused out of the separating gel, it was then run at 200v for 60mins. Migration of the bromophenol
blue was monitored and the power supply switched off before the samples ran from the gel. A gel

stain and/or Western blot was then performed as required.
2.2.2 Western Blot.

The PVDF (Polyvinylindene fluoride; Immobolin P, Micropore) membrane was activated by
immersion in 100% methanol for 10secs followed by immersion in solution C (25mM Tris, 0.02% SDS,
20% methanol and 40mM g-amino-capronic acid) for 60mins. Two filters (Whatman filters, Grade 3)
were immersed in solution A (0.3M Tris, 0.02% SDS, 20% methanol), solution B (25mM Tris, 0.02%
SDS and 20% methanol) and solution C respectively just before use. The blot was run at 100v for
90mins allowing the transfer from the gel to membrane. The membrane was blocked overnight in
5% bovine serum albumin (BSA; Sigma Aldrich, UK) and dry skimmed milk (Marvel) in PBS-T (100mM
Sodium chloride, 80mM Sodium phosphate, 20mM Sodium dihydrophosphate and 10% Tween 20) to
prevent non-specific binding. Primary anti-S1P1 receptor or anti-GFAP antibody (see table 2.1) (2.5ul
antibody in 10ml PBS-T and milk) were incubated with the membrane for 1hr. The membrane was
then washed 3 x 5mins with PBS-T. The membrane was then incubated with HRP conjugated anti-
rabbit or anti-mouse secondary antibodies (see table 2.1) (5ul antibody in 10ml PBS-T and milk) for
1lhr. The membrane was subsequently washed 3 x 5mins in PBS-T to eliminate any unbound
antibody. Visualisation of the bands was carried out using Immobolin chemiluminescent HRP

substrate (Millipore, WBKLS0500). Blots were imaged on a Fujifilm LAS-3000 Intelligent Dark-box.
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2.2.3 Cell preparation for Western blotting.

Treated cultures in 24-well plates were scraped in sterile PBS and collected in a sterile 1ml
eppendorf tube. Cells were centrifuged at 12,000 g for 5mins to pellet the cells. Cell pellets were
resuspended in varying amounts of PTxE buffer (PBS, 1% triton-x-100 and 0.1mM EDTA), depending
on pellet size. This suspension was then stored at -20°C or -80°C for long term storage. Samples were
thawed on ice and diluted 1:1 in sample buffer. Samples were heated to 100°C in a heating block for
5mins and then allowed to come to room temperature. The samples were then centrifuged at
12,000g for 5mins to remove insoluble material which would cause streaking, and subjected to SDS-

PAGE and Western blotting.
2.2.4 Adenylate cyclase assay

Astrocytes were trypsinized, diluted and seeded into 24-well cell culture plates (MidSci, USA) at a cell
density of 5 x 10° cells/ml. Cells were left for 2-3 days before assaying for cAMP levels, as previously
described (Salomon, 1979). Briefly, cells were incubated in 500 pl of serum free DMEM/F12 for 3hr
at 37°C/5% CO, before use. Cells were then loaded with [H?] adenine in serum free media for 4hr at
37°C/5% CO, and then washed with PBS supplemented with CaCl, (0.9mM) and MgCl, (0.5mM).
Stimulations were carried out in Hank’s balanced salt solution (HBSS; Invitrogen, USA) with 20uM
forskolin (Sigma Aldrich, Germany). Stimulation were carried out in the presence of the
phosphodiesterase inhibitors 1mM IBMX (3-isobutyl-1-methylxanthine; Enzo Life Sciences, USA),
10uM rolipram (Enzo Life Sciences, USA) and 1uM BAY 60-7550 (Enzo Life Sciences, USA) to inhibit
degradation of cAMP. Cells were treated either with 1uM FTY720-P for 20mins to determine
immediate effects on CAMP levels, or treated with 1uM FTY720-P for 1hr followed by a 5hr washout
period to determine effects on persistent signalling. Cells were also pre-incubated with or without

100pug/ml MNP301 for 1hr, prior to addition of FTY720-P.
2.2.5 Measurement of cytokine/chemokine release from astrocytes by ELISA

Cells were brought to ~80% confluencey and starved in serum-free media for 4hr before stimulation.
Astrocytes were stimulated with a range of both recombinant human IL-17 (5ng/ml-500ng/ml) alone
and in combination with recombinant human TNF-a (1ng/ml-100ng/ml) (gift from Dr. Anis Mir,
Novartis Pharma, Switzerland) or with 100ng/ml lipopolysaccharide (LPS) (Enzo Life Sciences: 581-
007-L002). Stimulation with cytokines was carried overnight for 18hr. Supernatant was then
removed from the cells and frozen at -20°C for analysis by ELISA (R and D Systems, USA). 96-well
ELISA plates (NUNC, Thermo Scientific, Denmark) were coated overnight at room temperature with
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anti-IL6 capture antibody diluted in PBS (Fig. 2.1). The plates were washed three times with wash
buffer (0.05% Tween 20, PBS, pH 7.4) and then blocked for 2hr at room temperature with reagent
diluent (1% BSA, PBS, pH 7.4). The plates were then washed three times with wash buffer and any
remaining buffer was removed from the wells by aspiration. A standard curve was prepared using
serial dilutions of the recombinant protein diluted in reagent diluent (1% BSA, PBS, pH 7.4). All points
of the standard curve were duplicated. 100ul of samples were loaded into appropriate wells in
triplicate. The samples and standard were incubated in the antibody coated ELISA plate for 2hr at
room temperature. The plate was then washed three times with wash buffer and 100ul of detection
antibody (Fig. 2.1) diluted in reagent diluent was added to all wells. Following three further washes,
100ul of streptavidin-HRP diluted in reagent diluent was added to each well and incubated for
20mins at room temperature, protected from light. Three further washes were carried out and the
wells were incubated with 100ul substrate solution (TMB; R and D Systems, UK) for 20mins at room
temperature, protected from light. The colour reaction was stopped by the addition of 50ul 1M
H,SO, and absorbance was read immediately using a plate reader at 450nm (Labsystem Multiskan
RC, UK). The standard curve was calculated by plotting the standards against the absorbance values

(GraphPad Prism version 4; GraphPad software, USA), LIX and IL-6 levels were measured in pg/ml.
2.2.6 Calcium signalling.

Cells were grown until ~80% confluencey on poly-d-lysine coated, glass bottomed, 35mm
FluoroDishes (World Precision Instruments, USA). Cells were pre-treated with either 1uM S1P,
AUY954 or FTY720-P in serum free DMEM/F12 for 1hr. Cells were then washed 2x serum free media
and left in fresh serum free media for 3hr. Cells were washed once with 1ml 37°C HBSS (Invitrogen,
USA) supplemented with 20mM HEPES buffer (Invitrogen, USA) and 20mM glucose (Sigma Aldrich,
Germany). Cells were loaded with 2uM Fura-4 AM (Invitrogen, USA) in supplemented 37°C HBSS for
20mins at 37°C and 5% CO,. Fura-4 AM dye was removed and cells were washed once with 37°C
supplemented HBSS. Next, cells were left to rest in 1ml supplemented HBSS at room temperature in
the dark for 20mins. Calcium responses were recorded using a Zeiss LSM 510 META confocal laser
scanning microscope (Zeiss Ltd, UK), scanning speed was 1 frame/sec. Stimulation of cells was
performed by adding a 3x concentrated solution of test reagent (3uM S1P/AUY954/FTY710-P) in
supplemented HBSS with a manual pipette. Baseline recordings were taken for 30secs, test reagents
were then added and changes in ;Ca** levels were recorded for a further 150secs. After 180secs, 1uM
glutamate (Sigma Aldrich, Germany) was added and recording was continued for a further 60secs.

Recording was terminated at 240secs.
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2.2.7 Dot blot arrays.

Conditioned rat astrocyte supernatants were analysed for relative increases or decreases in a range
of 29 cytokines and chemokine using a rat cytokine array dot blot system (R and D systems, ARY008).
Cell supernatants were incubated on nitrocellulose membranes which have an array of capture
antibodies spotted on them in duplicate. Supernatants (1ml) were incubated with 15ul detection
antibody cocktail (reconstituted with 100ul deionized H,0). Membranes were incubated with
antibody and supernatant mix overnight at +4°C. Membranes were washed on a rocking platform
shaker with ‘Wash Buffer’ three times to remove unbound material. Streptavidin-HRP (2ml) was
added to each washed membrane for 30mins at room temperature. Wash steps were subsequently
repeated and blots were incubated with Immobilon Western chemiluminescent-HRP substrate
(Millipore, WBKL20050) for 20mins in the dark. Cytokine antibody arrays were imaged using the
FujiFilm LAS-3000 imaging system. Images were captured as 8 bit grayscale tifs and the relative pixel

density of each spot on the array was quantified using Image J software.

2.3 Immunocytochemistry

2.3.1 Compound treatment of primary cells.

Supplemented media was removed from the wells, 500ul of serum free DMEM/F12 was added to
each well. Cells were incubated in the serum-free media for 3hr prior to treatment. Negative
controls were treated with DMSO for 1hr at 37°C. In the main, compound treatment was at 37°C for
1hr using a 1uM concentration of compound. Specific treatment details are indicated in the figure

legends. After compound treatment cells were subjected to immunocytochemistry
2.3.2 Whole cell immunostaining for primary cultures.

Post-treatment, cells were washed in warm PBS (Sigma Aldrich, UK) followed by fixation in ice-cold
100% methanol for 10mins. Cells were washed 3 x 5mins in sterile PBS. The cells were permeabilised
by incubation with 0.2% Triton-X-100 (Sigma Aldrich, UK) in PBS for 5mins at room temperature.
Non-reactive sites were blocked overnight at +4°C with blocking buffer which consisted of 10%
normal goat serum (Gibco BRL, Ireland) and 2% bovine serum albumin (Sigma Aldrich, UK) in PBS.
The following day the blocking buffer was removed and the cells incubated in primary antibody (see
Fig. 2.1) overnight at 4°C. The primary antibody was then removed and the cells washed 3 x 5mins

PBS. Secondary fluorescent antibody (see Fig. 2.1) was applied to the cells for 2hr at room
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temperature and kept in the dark to prevent photo bleaching. The coverslips were then washed 5 x
S5mins in PBS and removed from their wells, dried and mounted on a microscope slide in
Vectashield® Mounting Medium (Vector Laboratories, USA). The edges of the coverslip were sealed
with nail varnish and stored at +4°C until required. Working dilutions of antibodies used was
determined prior to use. For antibodies and dilutions utilised (Fig. 2.1). The cells were then imaged
using a Zeiss LSM 510 META confocal laser scanning microscope utilising an Axiovert 200M inverted
microscope (Zeiss Ltd, UK). Images were acquired and optimized using LSM 510 computer program
and were acquired at a 63x magnification unless otherwise stated. Initially optimal settings for image

quality were obtained and thereafter the settings remained unchanged.
2.3.3 Image analysis and quantification of receptor internalisation

Image  analysis was carried out using the bioconductor package, EBImage

(http://www.bioconductor.org/help/bioc-views/release/bioc/html/EBImage.html), for the R statistical

programming environment. Briefly, red, green and blue channels were separated for each image and
every pixel within the images (1024 x 1024) was assigned an intensity value between 0 and 1. The
blue channel represents Hoechst-stained nuclei and the red channel GFAP-labeled astrocytic
processes. Both channels were used to label the nuclear, perinuclear and cytoplasmic compartments
of the astrocyte cells (Fig. 2.2). An analysis script was written in R to measure the fluorescence
intensity of S1P1 receptor staining (i.e. green channel) in each of these 3 distinct cellular
compartments in all cells within the confocal images. Using the blue (Hoechst) channel, minimum
size and fluorescence intensity thresholds were set in order to select only those pixels that belong to
Hoechst-labeled nuclei. The nuclei were then ‘dilated’ using specified morphological kernel
expansion. This step allowed the designation of a perinuclear region surrounding each nucleus. The
nuclear and perinuclear compartments of each cell were then subtracted from the red channel and
the remaining GFAP-labeled processes were used to calculate the average fluorescence intensity of
S1P1 receptors in the cytoplasmic compartment of astrocytes within each image. A distance map
was then generated for the image which calculates the distance each pixel is from an edge pixel. The
watershed segmentation algorithm accurately separates nuclei that are very close together or
touching. The perinuclear-to-cytoplasmic fluorescence intensities of each cell were calculated
according to the equation [Fp/Fc], where Fp = average perinuclear fluorescence and Fc = average
cytoplasmic fluorescence. Increases in the Fp:Fc ratio measures increased S1P1 receptor
internalisation and trafficking of the receptor from astroctytic processes to the perinuclear

compartment of the cell.
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2.3.4 Calcium signalling analysis.

Imaging was carried out using a Zeiss LSM 510 Confocal Microscope with a x40/1.30 oil immersion
lens. Images were obtained at a rate of 1 frame/sec for a total of 240secs, at a 512 x 512 pixel
resolution and exported as .tiff files. Images were then analysed using the EBImage package as
described above. Briefly a threshold pixel intensity value was determined, to reduce the risk of
analysis of background staining. Each pixel was assigned an intensity value ranging from 0 to 1 and a
fluorescence value was obtained per frame for each cell in the image. Mean baseline fluorescence
(0-30secs) was obtained for each cell. Cell fluorescence was normalised to baseline fluorescence
(DF/F0). Each image was then subjected to the following exclusion criteria to eliminate non-
responsive or over-responsive cells. Cells were eliminated if they failed all three of the following

criteria.

1) Sum fluorescence: <300 or >50,000
2) Max fluorescence (test reagent, 30-60secs) : <2 or >1,000

3) Max fluorescence (glutamate, 180-240secs) : <2 or >1,000

Following sorting, the square root of each value was obtained (Vv DF/F0). The mean fluorescence,
standard deviation (SD) and standard error of the mean (SEM) was then calculated for each frame.
The mean, SEM and cell number (n) were subsequently used in GraphPad Prism 4 software to

generate calcium response traces presented as V DF/FO over time.
2.3.5 Statistical analysis.

All statistical analysis was performed using the GraphPad Prism version 4 statisical package for
Windows. Data was expressed as mean +/- SEM. For comparisons between treatment groups both
one-way and two-way analysis of variance (ANOVA) were utilised to confirm statistical significance
within experiments, appropriate post-hoc tests were performed to analyse differences between

individual groups. Student t-tests were also performed as indicated.
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Primary Antibody Host Use Manufacturer Working Dilution

S1P1 Rabbit ICH/WB SantaCruz: sc-25489 1:500

GFAP Mouse ICH/WB Millipore: MAB-360 1:500

LIX Mouse ELISA R and D Systems: 840795 1:180

IL-6 Mouse ELISA R and D Systems: 840113 1:180
Neurofilament H Mouse ICH Millipore: MAB5262 1:800
CD11b Rabbit ICH Millipore: MABT149 1:500

CNPase Mouse ICH Millipore: MAB326 1:500

P230 Mouse ICH BD Biosciences: BD611280 1:500

LAMP1 Mouse ICH BD Biosciences: BD555798 1:500

EEA-1 Mouse ICH BD Biosciences: BD610457 1:500

GM130 Mouse ICH BD Biosciences: BD610823 1:500

Secondary Antibody | Host Use Manufacturer Working Dilution

Biotinylated anti-Rabbit Goat ICH Vector: BA-1000 1:500
Biotinylated anti-Rat Goat ELISA R and D Systems: 840796 1:240
Biotinylated anti-Human Goat ELISA R and D Systems: 840114 1:240
Avidin-Alexa 488 n/a ICH Invitrogen: $-11223 1:1000
Avidin-Alexa 633 n/a ICH Invitrogen: $-21375 1:1000
Anti-Mouse Alexa 633 Goat ICH Invitrogen: A-21052 1:500
Anti-Rabbit Alexa 633 Goat ICH Invitrogen: A-21071 1:500
Anti-Goat Alexa 633 Donkey ICH Invitrogen: A-21082 1:500
Anti-Mouse Alexa 488 Goat ICH Invitrogen: A10667 1:500
Streptavidin-HRP n/a WB R and D Systems: 890803 1:200

Figure 2.1 Primary and secondary antibodies utilised.
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Figure 2.2 Calculation of receptor internalisation.

Mean fluorescent measurements were taken from two separate cellular locations. The “nuclear
zone” was defined as any positive GFAP staining that was < 10um from the nucleus. The “process
zone” was defined as any positive GFAP staining that was > 35um from the nucleus. Scale bars,

20um.
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Chapter 3. The Study and Modulation of
FTY720-P Induced S1P1 Receptor

Internalisation.
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Aims

1: To establish a protocol for the production of a pure population of primary rat astrocytes.

2: To confirm the expression of the S1P1 receptor in primary rat astrocytes.

3: To investigate the temporal effect of FTY720-P treatment on S1P1 receptor internalisation of

astrocytic expressed S1P1 receptors.

4: To analyse the effect of varying concentrations of FTY720-P on S1P1 receptor internalisation.

5: To investigate if FTY720-P induces a prolonged internalisation state in astrocytic S1P1 receptors.

6: To identify the compartment where S1P1 receptors traffic to in response to FTY720-P activation.

7: To analyse the entry of the S1P1 receptor blocking peptide MNP301 into primary rat astrocytes.

8: To investigate the effect of MNP301 on FTY720-P induced S1P1 receptor internalisation in primary

rat astrocytes.
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Abstract

The sphingosine 1-phosphate receptor subtype 1 (S1P1 receptor) is modulated by the drug GiIenya’,
which has been approved as an oral therapy for Multiple Sclerosis (MS). The active ingredient of
Gilenya’, namely fingolimod (FTY720), is phosphorylated (FTY720-P) in vivo and acts as an S1P
receptor agonist. This drug acts on S1P1 receptors on lymphocytes, causing receptor internalisation
and down regulation, thereby preventing S1P-mediated egress from secondary lymph nodes and
limiting autoimmune response. Importantly, FTY720-P also enters the central nervous system (CNS)
where it likely activates S1P receptors in neurons and glia. We have shown previously that S1P
receptors promote astrocyte migration and increase mature oligodendrocyte. Here, we report that
FTY720-P and the S1P1 receptor selective agonist, SEW2871, but not the natural ligand S1P,
internalise S1P1 receptors in rat astrocytes in a concentration- and time-dependent manner. We find
the internalised S1P1 receptors localised to the trans-Golgi-network (TGN), where they remain
internalised for long periods of time (persistent internalisation). We hypothesised that the extreme
carboxy terminus of the S1P1 receptor interacts with trafficking proteins that regulate receptor
cycling and designed a novel biologic comprising the last 10 amino acids of the c-terminus of the
S1P1 receptor (MNP301) to competitively block these putative interactions. Here, we report that
MNP301 prevents FTY720-P mediated persistent internalisation of S1P1 receptors to the TGN. The
results show that FTY720-P alters S1P1 receptor surface expression in astrocytes in a manner similar
to that reported in lymphocytes and endothelial cells. Collectively, these findings provide further
evidence that Gilenya" may provide protection in MS patients through an additional CNS

mechanism-of-action, namely astrocytic expressed S1P receptors.
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3.1 Introduction

3.1.1 The structure of the S1P1 receptor.

The S1P1 receptor is a traditional 7 transmembrane G-protein coupled receptor. S1P1 contains 3
extracellular loops (Excl), these are ExcL1 between helices 2 and 3, ExcL2 between helices 4 and 5
and ExcL3 between helices 6 and 7. ExcL1 and 2 along with the N-terminal helix create a barrier
which limits ligand access to the receptor binding pocket. It is postulated that the most likely point
of access for ligands to the binding pocket is within the plasma membrane through a gap created by
the 7 transmembrane helices (Hanson et al., 2012). Agonists of the S1P1 receptor can be split into
two categories with respect to their interaction with the GPCR. Class | ligands such as FTY720-P are
mimics of the natural ligand S1P, they are generally lipid-like in structure, containing structures
similar to S1P’s sphingolipid head group. Some Class | ligands such as SEW2871 can be non-lipid-like
but still contain polar head groups capable of interacting with the S1P head-group region of the
receptor. Class Il interactors such as the S1P1 specific compound CYM-5442 are allosteric regulators
whose interaction with the S1P1 receptor occurs in a binding pocket independent of the ‘key’ Arg-
120 and Glu-121 residues necessary for S1P polar head-group interactions (Gonzalez-Cabrera et al.,
2008; Schurer et al., 2008). It has been theorized that persistent signalling may be a result of
changes in accessibility to the binding pocket following activation caused by small rearrangement of
transmembrane helices. This may alter or prevent ligand egress from the binding pocket as seen

with the opsin receptor (Hildebrand et al., 2009; Schurer et al., 2008).
3.1.2 The role of S1P1 receptors in T-cells.

Gilenya® (Fingolimod; FTY720) has recently received FDA approval as a first line therapy for RRMS. In
a brief summary of phase Ill clinical trials, both 0.5 and 1.25 mg doses of FTY720-P reduced annual
relapse rates, disability progression as well as MRI end points compared to placebo and compared
with a 30ug, once-weekly, intramuscular injection of interferon-B-1a (Cohen et al., 2010). The lower
dose of 0.5 mg was as effective as the higher dose while providing the best risk-benefit ratio (Cohen
et al, 2010; Horga et al., 2010). Both doses of the drug led a 70% reduction in circulating
lymphocytes (Kappos et al., 2010). This can be explained by the reversible, peripheral lymphopenia
caused by FTY720-P induced functional antagonism of S1P1 receptors on the surface of T-cells
(Goetzl and Graler, 2004). FTY720-P binds to and causes a persistent internalisation of S1P1
receptors on T-cells. The internalised receptor becomes degraded and down-regulated at the mRNA

level (Matloubian et al., 2004; Pinschewer et al., 2000). This reduction or elimination of the S1P1
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receptor from the cell surface leads to the inability of the immune cell to respond to the S1P
gradient established between lymphoid tissues and the circulating blood. S1P levels are higher in
body tissues and fluids than in lymphoid tissues, this gradient is carefully established and maintained
by the various enzymes, lyases and phosphatases involved in sphingolipid metabolism (Fig. 1.4)(Hla
et al., 2008). The S1P gradient acts as an egress signal for T-cell by its signalling through S1P1
receptors. This negative effect on lymphocyte egress from secondary lymphoid organs is presumed

to be the main mechanism of action for FTY720-P.
3.1.3 The role of S1P1 receptors in astrocytes.

Studies have established that FTY720-P crosses the BBB with great ease due to the compound’s
lipophilic properties. It has been shown that FTY720-P enters the CNS and localises to the white
matter with preferential distribution along the myelin sheath (Foster et al., 2007). All S1P receptors
(with the exception of S1P4 receptors) are expressed in all CNS cells to varying degrees (Brinkmann,
2007; Brinkmann et al., 2002). Bearing in mind in that FTY720-P can accumulate in the CNS and that
all CNS resident cells express a plethora of S1P receptors, it has become pertinent to question
whether the mechanism of action of FTY720-P is solely due to its effect on T-cells or due to a central
effect on resident cells of the CNS. Astrocytes have been shown to express mainly S1P1 and S1P3
receptors with little or no expression of S1P2 receptors (Van Doorn et al., 2010; Wu et al., 2008).
Some studies have shown that S1P5 receptor expression can be elicited by exposure of astrocytes to
various growth factors (Rao et al., 2004). Immunohistochemical studies of S1P1 receptor localisation
in post-mortem human brain tissue found the receptor to be mainly localised to astrocytes in the
grey matter (Nishimura et al., 2010). Decreased S1P1 expression in hypertropic reactive astrocytes
but increased expression in astrocytes associated with fibrillary gliosis of old infarctions was also
shown (Nishimura et al., 2010). S1P3 receptors have also been shown to be upregulated in reactive

astrocytes in both chronic-inactive and actively demyelinating MS lesions (Fischer et al., 2011).
3.1.4 S1P receptor signalling in astrocytes.

Activation of S1P receptors on astrocytes results in the activation of various downstream signalling
cascades. S1P exerts a mitogenic effect on astrocytes promoting proliferation in an ERK-dependent
manner (Pebay et al., 2001; Sorensen et al., 2003). The ERK pathway is also involved in astrocyte
migration, PTX-sensitive S1P1 receptor specific agonism has been shown to promote astrocyte
migration through the ERK signalling pathway (Mullershausen et al., 2007). S1P has been shown to

induce the release of trophic factors such as fibroblast growth factor-2 (FGF-2) and glial cell-derived
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neurotrophic factor (GDNF) from astrocytes in a PTX-sensitive manner (Bassi et al., 2006; Yamagata
et al., 2003). S1P treatment of astrocytes causes a 10-fold increase in inositol phosphate (IP) levels
which is only partially sensitive to pertussis toxin (PTX). This indicates that S1P receptor evoked
increases in ;Ca’* levels in astrocytes are mediated by both G, (S1P3 receptor) and G; (S1P1 receptor)
coupled receptors. Although the activation of PLC and generation of IP; is generally associated with
the actions of the a-subunit of G, coupled receptors, studies have shown that high concentrations of
the By subunits of G; coupled receptors can also activate PLC (Birnbaumer, 1992). Astrocytes are
extensively coupled via gap junctions; connexin43 is the major astrocytic component of gap junction
channels (Dermietzel et al., 1991). Loss of gap junctional communication between astrocytes and
increased cellular proliferation are markers of reactive astrogliosis (Eugenin et al., 2012). Through its
actions on both S1P1 and S1P3 receptors S1P is a potent inhibitor of gap junctional communication
between astrocytes (Rouach et al., 2006). Activation of G; signalling pathways including a reduction
in cAMP and activation of ERK phosphorylation in addition to Gj,43 mediated activation of the
Rho/ROCK signalling cascade results in an increase in non-phosphorylated connexin43 which inhibits

the formation of functional gap junction channels (Rouach et al., 2006).
3.1.5 S1P receptors control of myelination states.

The role of S1P receptors in preventing demyelination and promoting remyelination has been
investigated as an additional mode of action for Gilenya®. Modulation of S1P1 receptors has been
shown to inhibit lysolecithin (LPC) induced demyelination in cerebellar slice cultures (Sheridan and
Dev, 2012). This effect correlated with an inhibition in the release of several pro-inflammatory
chemokines from the slice cultures (Sheridan and Dev, 2012). A separate study has shown that
agonism of S1P5 receptors by FTY720-P increases levels of myelin basic protein (MBP) in myelinated
neurospheres treated with LPC (Jackson et al., 2011). However other studies have failed to show any
FTY720-P induced effect on remyelination in both in vivo cuprizone and LPC models of demyelination
(Hu et al., 2011; Kim et al., 2011). FTY720-P agonism of S1P receptors has been shown to enhance
process extension and cell survival in human oligodendrocyte progenitor cells (OPC) (Miron et al.,
2008a). Moreover FTY720-P has a direct protective effect on OPCs, preventing apoptotic cell death
induced by conditioned media from activated microglia and growth factor deprivation (Coelho et al.,
2007). This cell survival was associated with activation of both ERK1/2 and PI3K/Akt signalling
pathways and this protective effect was blocked by inhibition of these pathways (Coelho et al.,
2007). It is possible that S1P receptor mediated, direct anti-apoptotic protection of oligodendrocyte

progenitor cell pools may eventually lead to the replacement of lost mature oligodendrocytes, thus
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indirectly enhancing remyelination. It is thought that while FTY720-P may not have any inhibitory
effect on the demyelination process but it can enhance remyelination by dampening the activation
of microglia and inhibiting the release of pro-inflammatory cytokines and nitric oxide from

astrocytes (Jackson et al., 2011).
3.1.6 Role of astrocytic S1P1 receptors in vivo.

Astrocyte accumulation in the injured spinal cord can lead to formation of a glial scar which impedes
repair and recovery processes. In an in vivo model of spinal cord injury FTY720-P treatment was
shown to reduce vascular permeability and astrocyte accumulation (Norimatsu et al., 2012). /n vivo
studies of analgesic tolerance and hyperalgesia have shown that S1P generated from spinal
astrocytes and microglia enhances the production of pro-inflammatory cytokines and nitric oxide
from the surrounding glia (Muscoli et al., 2010). Inhibition of SphK1 and 2 enzymes ameliorated this
increase in glial derived spinal cytokine formation (Muscoli et al., 2010). Genetic deletion of S1P1
receptors from various CNS cell types revealed astrocytic S1P1 to play a significant role in an EAE
setting (Choi et al., 2011). Loss of S1P1 signalling by S1P1 deletion was shown to ameliorate EAE.
This clinical improvement correlated with reduced pro-inflammatory cytokine expression,
astrogliosis, demyelination, and axonal damage (Choi et al., 2011). This study gives a clear indication
that modulation of astrocytic S1P1 receptors contributes to the clinical efficacy of FTY720-P,
however it is worth noting that in an MS setting S1P1 receptors are not “deleted” but merely re-
located. A number of caveats exist for this “functional antagonism” theory. For instance it does not
take into account the persistent signalling of internalised or in fact, membrane associated S1P1
receptors (Mullershausen et al., 2009). There exists a pronounced disconnection between levels of
lymphopenia and clinical scores in animal models whereby clinical improvement has been observed
before the establishment of significant lymphopenia (Webb et al., 2004). This data would indicate
the existence of a secondary clinically relevant, non-immunological target for FTY720-P. We believe
that CNS expressed S1P receptors represent a viable pharmacological target for FTY720-P. The aim
of this study is to examine the effect of FTY720-P on the internalisation and trafficking of

endogenously expressed S1P1 receptors on primary rat astrocytes.
3.1.7 S1P receptor internalisation.

The intrinsic receptor properties including its innate ability to interact with either kinases or other
regulatory proteins will govern how that receptor behaves following endocytosis. Small changes in

receptors be it genetic, post-translatory or conformational can alter receptor affinity for B-arrestin,
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signalling properties and post-endocytotic fate (Shiina et al., 2001). There exists at least three
separate means of GPCR internalisation following agonist activation, all leading to the rapid removal
of the GPCR from the cell membrane. Two main intracellular internalisation machineries are
generally involved; these are (a) clathrin-coated pits and (b) the caveolae system. It has been
suggested that differential sites of phosphorylation can lead to selection of different internalisation
pathways (Rapacciuolo et al., 2003). The exact internalisation process of the S1P1 receptor has not
yet been agreed on. While some studies suggest a role for the caveolae system, internalisation
through clathrin coated pits would appear to be the more likely path of internalisation (Means et al.,
2008; Watterson et al., 2002). Ubiquitination represents an important molecular event mediating
arrestin and dynamin-dependent receptor endocytosis. Ubiquitination of both the arrestin protein
and the GPCR is crucial to the internalisation and degradation of the receptor (Marchese and
Benovic, 2001; Shenoy et al., 2001). Studies have shown differential levels of S1P1 receptor
ubiquitination when bound by S1P and FTY720-P, with agonism of the receptor by FTY720-P leading
to poly-ubiquitinated state versus mono-ubiquitination following activation by S1P (Oo et al., 2007).
Previous truncation and mutation experiments have implicated the 351-SRSKSDNSS-359 serine-rich
region (SRR) (Fig. 3.1) as the principal sequence governing agonist-induced internalisation, recycling
and degradation of the S1P1 receptor (Oo et al., 2007; Watterson et al., 2002) Studies indicate a role
for G-protein receptor kinase 2 (GRK2) and PKC mediated phosphorylation of the SRR leading to B-
arrestin binding, uncoupling of the G-proteins and eventual internalisation (Oo et al., 2007;
Watterson et al., 2002). Indeed a recent study has highlighted the importance of certain c-terminal
serine and lysine residues in the post-translational modification of the S1P1 receptor (Oo et al.,
2011). By mutating serine residues to non-phosphorylatable alanine residues 6 serine residues, 5 of
which are in the previously described SRR (Fig. 3.1) were identified as necessary for FTY720-P
induced degradation (Oo et al.,, 2011). In addition to this the group mutated several key lysine
residues within the c-terminus to non-ubiquitinatable arginine residues (Oo et al., 2011). The data
shows that when all four lysine residues are mutated the S1P1 receptor is resistant to FTY720-P
induced degradation. Phosphorylation of these serine residues is necessary for subsequent FTY720-P

induced polyubiquitination of the S1P1 receptor (Oo et al., 2011).
3.1.8 Role of the c-terminus in S1P1 receptor internalisation.

The extreme c-terminus of receptors has long been implicated in interacting with the molecular
machinery necessary for receptor internalisation, these interactions are important for targeting

receptors to either a recycling or degradative pathway. The protease-activated receptor 1 (PAR1) is a
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GPCR that is targeted to lysosomes upon internalisation. Studies on the PAR1 receptor have
identified the extreme c-terminal tail as the region that controls receptor sorting (Trejo and
Coughlin, 1999). The c-terminal tail of the PAR1 receptor interacts with sorting nexin 1 which is
involved in lysosomal targeting. Disruption of this interaction prevents agonist induced receptor
degradation (Wang et al., 2002). Another important mechanism that governs receptor trafficking is
that based on PDZ-dependent interactions. PDZ (PSD-95, DIg, ZO-1 homology)-binding domain
containing proteins can interact with c-terminally located PDZ motifs of various known receptors to
alter receptor localisation, surface expression and receptor phosphorylation (Dev, 2007). For
example, through its interaction with the c-terminus of glutamate receptors including the GluR-2
subunit of the AMPA receptor (Dev et al., 1999), GIuR-5 and 6 subunits of the kainate receptor (Cho
et al., 2003) and the metabotropic glutamate receptor mGIuR-7 (Dev et al., 2000) the PDZ domain
containing protein PICK1 can alter the surface expression and phosphorylation state of these
receptors. In another example, phosphorylation of a serine residue in the c-terminally located PDZ
motif of the B,-adrenergic receptor by GRKS5 disrupts the receptor’s interaction with the PDZ-binding
domain protein ezrin-radixin-moesin (EBP50) which results in the receptor being targeted to a
degradative pathway (Cao et al., 1999). We hypothesise that interference in the interaction between
unknown interacting proteins and the extreme c-terminus of the S1P1 receptor could alter FTY720-P
induced internalisation and receptor fate. The aim of this study is to exam the role of the extreme c-
terminus 372-MSSGNVNSSS-382 of the S1P1 receptor in FTY720-P induced internalisation in primary

rat astrocytes.
3.1.9 Chapter Aim.

In the concluding remarks of a previous publication by Dev et al the question was posed “Does
FTY720-P cause S1P receptor internalisation on brain cells similar to T-cells?” Answering this
particular question became one of the main aims of this study. It has been shown that stably
expressed S1P1 receptor in Chinese hamster ovary cells and endogenously expressed S1P1 receptor
in human umbilical vein endothelial cells become internalised to a peri-nuclear region when treated
with FTY720-P (Mullershausen et al., 2009). The first aim of this study was to investigate the effect of
FTY720-P and other S1P receptor modulators on S1P1 receptor localisation and trafficking in primary
rat astrocytes. A small TAT-based blocking peptide (MNP301) was also designed to competitively
block possible protein-protein interactions at the extreme c-terminus of the S1P1 receptor. This
blocking peptide was then utilised as a tool to investigate the importance of the c-terminus of the

S1P1 receptor in receptor internalisation and trafficking in astrocytes.
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Figure 3.1 Full amino acid sequence of Homo sapiens (human) S1P1 receptor.

@ D(E)RY in helix 3 and NPXXY in helix VII are highly conserved domains that are essential for the
transformation of the receptor from an inactive to a G-protein coupled conformation. - S-
palmitoylation sites on cysteine residues. & Serine rich region (SRR), motif that has been shown to
be essential for FTY720-P mediated receptor internalisation and degradation. L Extreme c-
terminus, also rich in phosphorylation sites. @ Ubiquitinylated lysine residues. @ Residues that

"n

make van der Waals contacts with each other and the alkyl chain of S1P. Hydrophobicity at V-
209 and L-262 is necessary for the conformational change to the fully activated state. ®

S1P1 receptor’s L-276 is found in the hydrophobic binding pocket. ~ Arg-120, Lys-200, and Arg-
292 are found in the S1P1 and S1P4 receptors and form salt bridges with the S1Ps phosphate group,

Glu-121 is required for S1P1 binding of S1P. & Residues involved in the binding of sphingosine-like

head groups. @ F-273, W-269 and F-125 residues are particularly important for receptor

signalling, with W-269 being associated with ligand induced ERK phosphorylation.
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3.2 Results

3.2.2 FTY720-P does not alter GFAP or S1P1 receptor expression in astrocytes.

Before investigating the effects of FTY720-P on S1P1 receptor internalisation, the purity of primary
rat astrocyte cultures was assessed using antibodies against markers of astrocytes (GFAP), neurons
(neurofilament H), microglia (CD11b) and oligodendrocytes (CNPase) and the Hoechst nuclear stain
to determine the total cell count (Fig. 3.2A). GFAP is a cellular marker for astrocytes and
immunocytochemical presence of GFAP staining is indicative of the presence of astrocytes. Total cell
counts were obtained using nuclear counts by way of Hoescht staining (blue). GFAP positive cells
(green) were expressed as a percentage of total cell counts (Fig. 3.2B). Average percentage of
positively stained cells for each group was as follows: GFAP 98.58% +/- 0.57, CD11b 1.35% +/- 0.77
and CNPase 1.83% +/- 0.48. No neurofilament H positive cells were observed. Cultures were found
to be >98% pure confirming the high astrocytic purity of the culture (Fig. 3.2B). The expression of
S1P1 receptors was also confirmed in astrocytes as determined by co-localisation of S1P1 receptor
and GFAP immunoreactivity (Fig. 3.2C). The effect of FTY720-P on astrocyte viability and overall S1P1
receptor number was assessed by Western blotting. Cells treated with vehicle or with 1uM FTY720-P
for 1hr were subjected to SDS-PAGE and Western blotting using S1P1 receptor and GFAP antibodies.
Furthermore the data showed that FTY720-P did not alter GFAP (Top panel, Fig. 3.2D) or S1P1

receptor (Lower panel, Fig. 3.2D) expression levels in astrocytes.

3.2.3 FTY720-P treatment causes S1P1 receptor internalisation in pure astrocytic cultures in a

concentration dependent manner.

Initial experiments were conducted on pure astrocyte cultures to determine the effect of the
FTY720-P on S1P1 receptors expressed on these glial cells. Astrocytes were treated with increasing
concentrations of FTY720-P (10nm, 100nm, and 1uM) for 1hr at 37°C to assess the effect of FTY720-
P on the internalisation state of S1P1 receptors. Following compound treatment, these cells were
subjected to a standard immunocytochemical protocol, probing for the S1P1 receptor (green) and
GFAP (red). FTY720-P treatment caused internalisation of the S1P1 receptor to a peri-nuclear
compartment as confirmed by confocal microscopy (Fig. 3.3). It was found that increasing
concentrations of the drug caused increasing levels of internalisation, treatment with 1uM
concentration resulted in maximal internalisation. This concentration was utilised hence forth as the

working concentration.

70| Page



3.2.4 FTY720-P treatment of pure astrocyte cultures causes S1P1 receptor internalisation in a time

dependent manner.

Following experiments testing the effect of varying concentrations of FTY720-P on S1P1 receptor
internalisation, the kinetics of FTY720-P induced S1P1 receptor internalisation were assessed. The
effects of 1uM FTY720-P were measured at different time points. Pure astrocyte cultures were
treated with 1uM FTY720-P at 37°C for (5mins, 10mins, 30mins, 1hr and 4hr). Increasing drug
treatment times caused increasing levels of S1P1 receptor internalisation (Fig. 3.4). Effective
internalisation was clearly evident after 1hr drug treatment (Fig. 3.4E) and remained after 4hr
treatment. Overall fluorescence appeared to be reduced with a 4hr treatment indicating possible

receptor degradation (Fig. 3.4F).

3.2.5 FTY720-P treatment of pure astrocyte cultures causes persistent internalisation of the S1P1

receptor.

Following previous observations that FTY720-P causes rapid and persistent internalisation of the
S1P1 receptor subtype in Chinese hamster ovary (CHO) cells stably expressing S1P1 receptors and in
primary human umbilical vein endothelial cells (HUVECs) expressing endogenous S1P1 receptor, this
event was investigated in primary rat astrocyte cells. Astrocytes treated with FTY720-P (1uM) for 1hr
at 37°C caused S1P1 receptor internalisation to a peri-nuclear region as described above (Fig. 3.5A).
Moreover, under conditions of FTY720-P treatment (1uM) for 1hr at 37°C, followed by a 5hr
washout period, the S1P1 receptor remained localised in intracellular sites (Fig. 3.5A), and in some
cases more prominently than after 1hr FTY720-P treatment. In agreement, automated image
analysis showed a significant increase in the ratio of internalisation between the vehicle control and
both the 1hr FTY720-P treatment group (* p<0.05, one-way ANOVA, Dunnetts post-hoc test; Fig.
3.5C) and the 5hr washout group (*** p<0.001, one-way ANOVA, Dunnetts post-hoc test; Fig. 3.5C).
Taken together, the data showed that FTY720-P induced a persistent state of internalisation of S1P1

receptor to a perinuclear region in astrocytes, similar to CHO and HUVECs.

3.2.6 Internalised S1P1 receptor colocalises with the Golgi matrix and trans-Golgi-network.

The data showed that the S1P1 receptors are internalised to a peri-nuclear region following
exposure to FTY720-P. To examine the intracellular localisation of internalised S1P1 receptors,
astrocytes treated with FTY720-P (1uM) for 1hr at 37°C were stained with various organelle markers.
Staining with the early endosome marker (EEA-1) showed no colocalisation with the internalised
S1P1 receptor (Fig. 3.6). In addition, counter staining with the lysosome marker (LAMP1) also
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showed minimal colocalisation with the intracellular pool of S1P1 receptors (Fig. 3.6). In contrast,
the data showed considerable overlap of S1P1 receptor staining with both markers for the trans-
Golgi-network (TGN) (P230) and the Golgi complex (GM130) (Fig. 3.6). The results indicated that
FTY720-P induced internalised S1P1 receptor is trafficked to the TGN or Golgi matrix and are in
agreement with previous studies showing the localisation of FTY720-P induced internalised S1P1

receptors in HUVECs (Mullershausen et al., 2009).
3.2.7 S1P1 receptor agonists FTY720-P and SEW2781 cause S1P1 receptor internalisation.

To further investigate internalisation of the S1P1 receptor, primary astrocyte cultures were treated
with three S1P1 receptor agonists; S1P, the endogenous ligand, FTY720-P, an S1P mimetic and non-
selective S1P1 agonist and SEW2871, a synthetic S1P1-selective agonist. Cells were starved in serum-
free media for 3hr prior to treatment to prevent any serum derived S1P from interfering with the
experiment. Cells were treated for lhr with 1uM compound concentration at 37°C, dimethyl
sulfoxide (DMSO) was used as a vehicle control. Distribution of the S1P1 receptor was assessed using
immunocytochemistry and confocal microscopy. High through-put image analysis showed that both
FTY720-P and SEW2871 caused significant internalisation of the S1P1 receptor compared to control
(*** p<0.001, one-way ANOVA, Dunnetts post-hoc test; Fig. 3.7B). S1P did not cause internalisation
after a 1hr treatment. S1P stimulated S1P1 receptor may have been internalised into endosomal
compartments, stripped of its ligand and recycled back to the plasma membrane prior to fixation.
Collectively the data suggested that FTY720-P differentially modulates S1P1 receptors compared to

the endogenous ligand S1P in astrocytes.
3.2.8 MNP301 transduces astrocytes in a concentration-dependent manner.

In order to uncouple the agonist effects of FTY720-P from its effects on S1P1 receptor
internalisation, we set out to develop a compound that prevents FTY720-P mediated S1P1 receptor
internalisation. We hypothesised that the c-terminus of the S1P1 receptor interacts with trafficking
proteins that regulate receptor cycling. Here, we report the development of a bioiogicaily active
peptide (MNP301). Specifically, MNP301 is modelled on the last 10 residues of c-terminus of the
S1P1 receptor, fused to a protein transduction domain (PTD) based on the HIV trans-activating
transcriptional activator (TAT) sequence for cell delivery and labelled with FITC for visualisation
inside the cell (FITC-YGRKKRRQRRR-MSSGNVNSSS) (Fig. 3.8A). Primary astrocytes cultures were
treated with increasing concentrations of MNP301 (0.1pg/ml, 1ug/ml, 10pug/ml and 100ug/ml) for

1hr at 37°C. Cells were washed prior to fixation to remove any extracellular attached peptide.
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Visualisation of the peptide was facilitated by the FITC fluorescent tag. Confocal microscopy and
automated image analysis showed that MNP301 transduces astrocytes in a concentration
dependent manner (Fig. 3.8B). Effective transduction was observed following incubation with
100ug/ml of MNP301. This 100ug/ml group showed significant ceiiular transduction compared to
control (*** p<0.001 versus 0.1pg/ml and 1ug/ml, one-way ANOVA, Dunnetts post-hoc test; Fig.
3.8C). This result confirms the intracellular availability of MNP301 and allows for the observation of

any peptide associated effects on S1P1 receptor internalisation and trafficking.
3.2.9 MNP301 transduces astrocytes in rat organotypic cerebellar slice cultures.

To further investigate the ability of MNP301 to transduce cells, rat organotypic cerebellar slice
cultures were incubated with MNP301 (250ug/ml) for 2hr. Peptide was then removed and slices left
in fresh media for a 2 days. Following this slices were fixed and stained for GFAP (grey) and the S1P1
receptor (purple). Data further confirms the cellular transduction ability of MNP301. Peptide was
found to remain within cells following a two day wash out period, as seen by FITC fluorescence

(green) (Fig. 3.9).
3.2.10 MNP301 alters FTY720-P induced internalisation of the S1P1 receptor.

Following validation of MNP301’s transduction of astrocytes, MNP301’s effect on FTY720-P induced
S1P1 receptor internalisation was investigated. Primary rat astrocytes were subjected to a 4hr
starvation period in serum free medium, cells were then pre-incubated with 100ug/m| MNP301 for
2hr. The media was then removed and cells washed x3 with serum free media to eliminate excess
peptide. A final concentration of 1uM FTY720-P was added to the astrocytes for 1hr at 37°C/5% CO2,
following this cells were washed, fixed, permeabilised, blocked and stained for GFAP and S1P1
receptor. It was found by way of immunocytochemistry and confocal microscopy that pre-incubation
of astrocytes with MNP301 attenuated internalisation of the S1P1 receptor normally induced by
FTY720-P (Fig. 3.10A). Immunocytochemistry coupled with high through-put image analysis
confirmed qualitative assessment showing pre-incubation with the peptide significantly attenuated
FTY720-P induced receptor internalisation to the peri-nuclear region (*** p<0.001 vs. FTY720-P
treatment alone, one-way ANOVA, Bonferroni post-hoc test) (Fig. 3.10B). This data suggests that
possible protein interactions at the extreme c-terminus of the S1P1 receptor are necessary for
internalisation of the receptor. The data also shows that a peptide modelled on the last 10 amino
acids of the S1P1 receptor can prevent FTY720-P induced S1P1 internalisation to the TGN. Also it was

noted that overall fluorescence was decreased in astrocytes that were treated with both MNP301
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and FTY720-P, indicating possible receptor degradation. It is possible that MNP301 alters the cellular
fate of FTY720-P bound S1P1 receptors causing the receptors to be degraded instead of

accumulating in intracellular compartments.

3.2.11 An unrelated peptide MNP201 has no effect on FTY720-P induced internalisation of the S1P1

receptor.

To test the specificity of MNP301’s ability to alter the internalisation of FTY720-P bound S1P1
receptors, primary rat astrocytes were treated with a TAT-based FITC tagged unrelated peptide,
MNP201 (FITC-YGRKKRRQRRRVCMGDHWFDV). As before a 100ug/ml concentration of MNP301
prevented the trafficking of internalised S1P1 receptors to the TGN (Fig. 3.11A). In contrast a pre-
treatment of rat astrocytes with a 100ug/ml concentration of MNP201 had no effect on FTY720-P
bound S1P1 receptors as shown by confocal microscopy (Fig. 3.11B). The data indicates that the
effect of MNP301 on S1P1 receptor internalisation is specific. A peptide of the same size (21
residues) as MNP301 that is both TAT linked and FITC-tagged had no effect on FTY720-P induced

S1P1 internalisation thereby excluding possible influence of the TAT epitope or FITC tag.
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Figure 3.2 FTY720-P does not alter GFAP or S1P1 receptor protein levels.

(A) Pure astrocyte preparation stained for GFAP (astrocytes), neurofilament H (neurons), CD11b
(microglia) and CNPase (oligodendrocytes). Cell nuclei appear as blue (Hoescht). A total of 24 images
were analysed (6 images per group). (B) Average percentage of positively stained cells for each
group was as follows: GFAP 98.58% +/- 0.57, CD11b 1.35% +/- 0.77 and CNPase 1.83% +/- 0.48. No
neurofilament H positive cells were observed. (C) Pure astrocyte preparation stained for GFAP and
S1P1 receptor, showing expression of S1P1 receptors in astrocytes. Scale bars 50 um. (D) Western
blots depict similar GFAP (51 kDa) and S1P1 receptor (38 kDa) expression levels, pre- and post-
FTY720-P (1uM) treatment. Scale bars 50um.
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Figure 3.3 FTY720-P treatment causes S1P1 receptor internalisation in pure astrocytic cultures in a

concentration dependent manner.

Astrocytic cultures were treated with increasing concentrations of FTY720-P. (A) DMSO, (B) 10nM
FTY720-P, (C) 100nM FTY720-P, (D) 1uM FTY720-P. Arrows indicate areas of internalisation. Cells are

immunostained with GFAP Ab (red) and S1P1 receptor Ab (green). Scale bars 20um.
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Figure 3.4 FTY720-P treatment causes S1P1 receptor internalisation in pure astrocytic cultures in a

time dependent manner.

Pure astrocyte cultures were treated with 1uM FTY720-P. The drug was washed off after (A) Omin,
(B) 5min, (C) 10min, (D) 30min, (E) 1hr and (F) 4hr. Arrows indicate areas of internalisation. Cells
were immunostained with GFAP antibody (red) and S1P1 receptor antibody (green). Cell nuclei

appear as blue (Hoescht). Scale bars 20pum.
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Figure 3.5 FTY720-P treatment causes persistent internalisation of the S1P1 receptor.

(A) Vehicle control (0.1% DMSO), 1uM FTY720-P treatment for 1lhr (positive control) and 1uM
FTY720-P treatment for 1hr followed by a 5hr washout period. Cells are immunostained with GFAP
Ab (red) and S1P1 receptor Ab (green). Cell nuclei appear as blue (Hoescht). (B) and (C) Bar graph
shows changes in the levels of nuclear and cytoplasmic S1P1 receptor staining in astrocytes treated
with FTY720-P. Statistical analysis showed the level of internalisation, data expressed as mean +/-
SEM (*** p<0.001, vehicle control vs. treatment, two-way ANOVA and Bonferroni post-hoc test). The
ratio of nuclear:cytoplasmic S1P1 receptor expression was also calculated. (* p<0.05, ** p<0.01
vehicle control vs. treatment, one-way ANOVA and Dunnetts post-hoc test). The figure is

representative of two independent experiments. Scale bars 20um.
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Figure 3.6 FTY720-P treatment internalises S1P1 receptors to the trans-Golgi-network in rat

astrocytes.

Vehicle control and FTY720-P treated astrocytes were stained with S1P1 receptor antibody (green)
and various organelle marker antibodies (red) including early endosome (EEA-1), trans-Golgi-
network (P230), lysosome (LAMP1) and Golgi matrix (GM130). Cell nuclei appear as blue (Hoescht).

Arrows indicate overlap of internalised S1P1 receptor with P230 and GM130 markers.

79 |



1.54

Ak

Ratio of Internalisation

T

,\'\
R
&

Figure 3.7 The endogenous ligand S1P does not internalise S1P1 receptors.

The distribution of the S1P1 receptor (green) was investigated following treatment with (A) DMSO
(vehicle control), FTY720-P (1uM, 1hr), the selective S1P1 agonist SEW2871 (1uM, 1lhr), and the
endogenous ligand S1P (1uM, 1hr). Arrows indicate areas of internalisation. Cells are immunostained
with GFAP antibody (red) and S1P1 receptor antibody (green). Cell nuclei appear as blue (Hoescht).
(B) Statistical analysis showing level of internalisation (*** p<0.001, vehicle control vs. treatment,
one-way ANOVA, Dunnetts post-hoc test). The figures are representative of two independent
experiments. Scale bars 50um.
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Figure 3.8 MNP301 transduces primary rat astrocytes in a concentration dependent manner.

Mean Fluorescence
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The structure of MNP301 is shown (A) and is composed of a FITC tag, a cell transduction TAT
sequence and the last 10 residues of c-terminus of the S1P1 receptor (FITC-Ahx-YGRKKRRQRRR-
MSSGNVNSSS). (B) Pure astrocytes cultures were treated with MNP301 (0.1pg/ml, 1ug/ml, 10ug/ml
and 100upg/ml) for 1hr at 37°C. Cells were washed, fixed and direct FITC fluorescence (green) was
observed at a wavelength of 488 nm by confocal microscopy. Cell nuclei appear as blue (Hoescht).
(C) Mean fluorescence was calculated from 6 images per condition. Significant cellular transduction
was observed following incubation of astrocytes with 100pug/ml MNP301 compared to control (***
p<0.001 versus 0.1pg/ml, 1lug/ml and 10pg/ml, one-way ANOVA, Dunnetts post-hoc test).

Experiment is representative of 2 separate experiments.
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Figure 3.9 MNP301 successfully transduces astrocytes in organotypic slice cultures.

Rat organotypic cerebellar culture were treated acutely for 2hr with MNP301 (250ug/ml) and then
placed into fresh medium for a further 2 days. The slices were then stained for S1P1 receptor
(purple), GFAP (grey), MNP301 peptide was visible due to its FITC-tag (green). Qualitative data
indicates transduction and cellular availability of MNP301 following incubation with organotypic

cerebellar slice cultures. Note this is an observation from a single experiment.
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Figure 3.10 MNP301 attenuates FTY720-P induced internalisation of S1P1 receptors in astrocytes.

(A) Astrocytes were treated with FTY720-P (1uM) for 1hr in the presence and absence of 100ug/m!
MNP301. Arrows indicate S1P1 receptor internalisation. Cells are immunostained for S1P1 receptor
(green). (B) The analysed data shows that MNP301 treatment alone had no effect on S1P1 receptor
internalisation, FTY720-P caused a significant increase in S1P1 receptor internalisation vs. control,
and treatment of cells with FTY720-P following incubation with MNP301 attenuated the FTY720-P
induced receptor internalisation. The number of cells analyzed per treatment group were; vehicle
control = 154; MNP301 = 144; FTY720-P = 225; MNP301+FTY720-P = 264. (C) Statistical analysis of
internalisation indicates that MNP301 significantly blocks FTY720-P induced internalisation to the
TGN. Data expressed as mean +/- SEM, (*** p<0.001 vs. FTY720-P alone, one-way ANOVA,
Bonferroni post-hoc test). Data is representative of 3 separate experiments. Scale bars 50um.
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Figure 3.11 MNP201 does not attenuate FTY720-P induced internalisation of S1P1 receptors.

Astrocytes were treated with (A) FTY720-P (1uM) for 1hr at 37°C in the presence and absence of
100ug/ml MNP301. In addition, astrocytes were treated with (B) FTY720-P (1uM) for 1hr at 37°C in
the presence and absence of 100ug/ml MNP201 (FITC-Ahx-YGRKKRRQRRR-VCMGDHWEFDV). Cells are
immunostained for S1P1 receptor (green) to examine receptor internalisation. MNP201 failed to
alter the internalisation FTY720-P treated S1P1 receptors compared to the S1P1 specific peptide

MNP301. Data is representative of 2 separate experiments. Scale bars 50um.
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3.3 Discussion

We have reported previously that modulation of S1P1 receptors by FTY720-P regulates intracellular
signalling in rat astrocytes, including the inhibition of adenylyl cyclase, activation of phospholipase C,
increase of ERK phosphorylation and rise of Ca** levels (Mullershausen et al., 2007; Osinde et al.,
2007). We have also demonstrated that S1P1 receptor activation promotes astrocyte migration
(Mullershausen et al.,, 2007) in line with S1P-induced migration of neural stem cells and
oligodendrocyte precursors cells (Kimura et al., 2007; Novgorodov et al., 2007). Evidence suggests a
specific role for the S1P1 receptor subtype in astrocytes, as the effects of FTY720-P and S1P are
mimicked by selective S1P1 receptor agonists and blocked by S1P1 receptor antagonists
(Mullershausen et al., 2007; Osinde et al., 2007). The current study has contributed to our current
knowledge of the interaction between S1P receptor agonists and the S1P1 receptor. We have shown
that FTY720-P causes a time and concentration dependent persistent internalisation of S1P1
receptors in primary rat astrocytes. In addition we have demonstrated that these persistently
internalised receptors localise to the TGN, this persistent internalisation can also be induced by the
S1P1 specific agonist SEW2871, but not by the natural agonist S1P. Furthermore we have shown that
agonist induced internalisation of the S1P1 receptor is susceptible to inhibition. We show that
administration of a blocking peptide (MNP301) designed to match the last 10 amino acids of the
extreme c-terminus of the S1P1 receptor can inhibit FTY720-P induced persistent internalisation of
the S1P1 receptor. Finally this inhibition of receptor internalisation to the TGN was specific to
MNP301 as a non related peptide of similar molecular properties did not have any effect on FTY720-

P induced internalisation of the S1P1 receptor.
3.3.1 Does FTY720-P cause S1P receptor internalisation in brain cells similar to T-cells?

We show for the first time that FTY720-P can cause S1P1 receptor internalisation in a time and
concentration dependent manner in primary rat astrocytes. By introducing a 5hr drug washout step
we showed that a 1uM concentration of FTY720-P caused persistent internalisation of the S1P1
receptor which corroborates previous work done by groups using CHO cells (Mullershausen et al.,
2009). This state of internalisation is not common with normal agonist stimulated GPCR’s (Fig. 1.7),
however it does mirror the ‘functional antagonistic’ effect achieved by FTY720-P on S1P1 receptors
in T-cells. Whether any physiological effect of FTY720-P on astrocytes is due to direct agonism, as the
receptor has been shown to continue to signal from intracellular compartments (Mullershausen et
al., 2009), or due to functional antagonism remains unclear, and warrants investigation. Similar

levels of internalisation were achieved when treating the cells with the S1P1 receptor agonist
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SEW2871. Treatment of astrocytes with the S1P1 receptor’s natural ligand S1P did not cause any
noticeable internalisation. It is likely that S1P causes ‘fast’ recycling of the S1P1 receptor. Once
internalised in the endosomal compartments, the receptor-agonist complex receives various sorting
signals. FTY720-P induces poly- or exaggerated ubiquitinylation of the receptor which acts as signal
to target the receptor to the proteasomal degradative pathway (Oo et al., 2007). This might be
caused by a stronger binding affinity between FTY720-P and the S1P1 receptor compared to the S1P-
S1P1 receptor complex. It is also possible that FTY720-P bound S1P1 receptor has a different
conformational structure compared to the S1P-S1P1 receptor complex. Either of these events may
influence the level of agonist bound receptor ubiquitinylation or phosphorylation leading to separate

intracellular fates for the receptor.
3.3.2 Can this internalisation event be modulated by small peptide sequences?

We have also shown that FTY720-P induced persistent internalisation of the S1P1 receptor is prone
to modulation. A small blocking peptide was utilised to further understand the relationship between
FTY720-P and the S1P1 receptor. The blocking peptide (MNP301) is 22 amino acids in length with an
11 amino acid TAT sequence which permits uptake of the peptide by the cell. Fused to this TAT
sequence is a 10 amino acid stretch that corresponds to the extreme c-terminus of the S1P1
receptor (Fig. 3.1). The data showed that administration of this peptide attenuates FTY720-P
induced S1P1 receptor internalisation to the TGN. This ‘blocking peptide effect’ is specific to
MNP301 as an unrelated TAT linked; FITC-tagged peptide had no discernible effect on FTY720-P
induced S1P1 receptor internalisation. Results indicate that the extreme c-terminus of the S1P1
receptor is important for the recruitment of unidentified interacting proteins involved in trafficking
of the receptor. This may be crucial in coordinating surface expression, receptor recycling and
receptor degradation. Interestingly, incubation with the MNP301 (when administered with FTY720-
P) served to down regulate receptor expression as seen by reduced receptor fluorescence (Fig. 3.11).
This observation may be indicative of disruption of sorting signals which would serve to shift sorting
preference away from the recycling pathway, and toward the degradation pathway (Fig. 1.7).
Competitive inhibition by MNP301 of putative phosphatases that target serine residues in the
extreme c-terminus of the S1P1 receptor would serve to undermine ‘fast’ receptor recycling, further
disrupting the recycling-to-degradation balance (Fig. 3.12). MNP301 presents us with a novel way to
modulate interactions occurring at the c-terminus of the S1P1 receptor, providing us with a powerful
tool for further research and elucidation of proteins involved in trafficking of the receptor to

intracellular compartments.
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3.3.3 Possible consequences for astrocytes in MS.

In response to injury, be it inflammatory or physical, astrocytes undergo a change in phenotype
referred to as astrogliosis. Astrogliosis is characterised by both antigenic and morphological changes
facilitated by increases in cytoskeletal markers such as GFAP, vimentin and nestin. Astrocytes can be
categorised phenotypically as follows: (i) Quiescent, as found in normal resting CNS tissue. (ii)
Activated, also termed mild gliosis, these astrocytes are thought to help promote myelination in
damaged CNS tissue. (iii) Reactive, the most severe phenotypic, and are the astrocytes associated
with the glial scar. These cells have been shown to secrete pro-inflammatory cytokines, inhibit
remyelination and axonal regeneration. It is important to note that these categories are not
mutually exclusive, astrocytic heterogeneity is probably much greater than our current
understanding. These cells appear to have the ability to move between these various activation
states influenced by their age, various cytokine signals and proximity to sites of injury. In the context
of MS, it is plausible that under conditions where local levels of S1P are elevated (i.e. an auto-
immune response or lesion) the S1P1 receptor undergoes ‘fast’ recycling and intense signalling,
leading to hyper-activation of astrocytes. This in turn could lead to the development of astrogliosis
or a breakdown in astrocytic-endothelial interaction which in-turn could contribute to the ‘leaky
BBB’ phenotype seen in MS. FTY720-P binds to the S1P1 receptor in astrocytes and causes a state of
persistent internalisation and eventual degradation as shown in this study. This may ‘protect’ the cell
from progressing to a pathologically reactive state due to continuous activation by excessive local

levels of S1P.
3.3.4 Conclusion.

We show that FTY720-P binds to and causes the persistent internalisation of S1P1 receptors in
astrocytes. We also show that FTY720-P induced internalisation of the S1P1 receptor can be
susceptible to modulation by small molecules (MNP301). The exact mechanism by which this occurs
is unknown but we hypothesise that MNP301 competitively inhibits the interaction between the
molecular machinery needed for internalisation and the extreme c-terminus of the S1P1 receptor. It
would be important to elucidate the interacting proteins involved in this process to further
understand the internalisation of the S1P1 receptor in response to FTY720-P or other S1P1 specific
compounds. Through the use of MNP301 we have indicated the importance of the extreme c-
terminus of the S1P1 receptor for the trafficking of the GPCR to the TGN. However it would be
necessary for future work to define the exact key residues that are important for these protein
interactions to take place. Taken together these findings provide evidence for the existence of a CNS
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target for the novel “immunomodulatory” drug Gilenya®. The significance of this ‘central’ FTY720-
P/S1P1 receptor interaction to the therapeutic action of Gilenya® remains to be seen, however it
would be imprudent to dismiss this when discussing Gilenya’s therapeutic effect in the treatment of
RRMS. Especially when taking into consideration the ease at which this compound gains access to
the CNS compartment coupled with the growing body of evidence linking loss of function or gain of

aberrant astrocytic function with MS pathology.
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Figure 3.12 Trafficking of the S1P1 receptor is a multifaceted pathway, with several proposed points
of disruption by MNP301.

(A) Agonist-induced internalisation of the S1P1 receptor. (B) Constitutive internalisation of the S1P1
receptor. (C) Agonist-induced internalisation occurs as a result of GRK-mediated phosphorylation at
the SRR and/or the extreme c-terminus followed by recruitment of adaptor proteins. (D) Upon
assembly of the clathrin coated pit, the S1P1 receptor is internalised within an early endosome. Early
endosomes are subjected to various sorting signals to determine fate of the endosome and its cargo.
(E) ‘Slow’ recycling via retrograde transport through the TGN. (F) Receptor ubiquitination and
degradation in late endosomal/lysosome compartments. (G) Dephosphorylation and ‘fast’ recycling
to the surface membrane. Little is known of the potential interactors and endosomal sorting signals
for internalised S1P1 receptor at stages (E), (F) and (G), though the c-terminus has been implicated

as a key site of interaction following observations on the action of MNP301 (purple) reported here.
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Chapter 4. The Effect of
MNP301 on S1P1 Receptor
Downstream Signalling

Cascades.
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Aims

1: To study the effects of S1P receptor activation on intracellular Ca’* levels in primary rat astrocytes.
2: To investigate the effect of S1P pre-treatment on intracellular Ca** levels in primary rat astrocytes.

3: To investigate the effect of FTY720-P pre-treatment on intracellular Ca** levels in primary rat

astrocytes.

4: To investigate the effect of AUY954 pre-treatment on intracellular Ca** levels in primary rat

astrocytes.

5: To analyse the effect of MNP301 on S1P1 receptor induced increases in intracellular Ca** levels in

primary rat astrocytes.

6: To study the effect of a unrelated peptide on S1P receptor mediated increases in intracellular Ca**

levels in primary rat astrocytes.
7: To investigate the source of S1P receptor induced intracellular Ca®*in human astrocytes.

8: To investigate the effect of MNP301 on FTY720-P mediated, concentration dependent inhibition

of fsk-induced cAMP levels in primary rat astrocytes.

9: To study the effect of MNP301 on FTY720-P induced persistent signalling of S1P receptors in

primary rat astrocytes.
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Abstract

Gilenya® (Fingolimod; FTY720) is a new oral immunomodulatory therapy for the treatment of RRMS.
Its current accepted mode of action is thought to be due to its “functional antagonism” of S1P
receptors on autoreactive T-cells in the periphery. However recent work has shown that FTY720-P
induced persistently internalised S1P1 receptors continue to signal in a G; dependent manner, from
the TGN and Golgi matrix. S1P1 receptor persistent signalling from intracellular compartments may
contribute to Gilenya’s therapeutic effect in the treatment of RRMS. Therefore, we aimed to
investigate the signalling properties of cell surface expressed and internalised S1P1 receptors in both
primary rat astrocytes and human derived astrocytes. Specifically, we focus on Ca**-dependent and
cAMP-dependent downstream signalling pathways. Previously, we have demonstrated that
application of MNP301 inhibits FTY720-P induced internalisation of S1P1 receptors to the TGN in
primary rat astrocytes. Hence, we investigated the effect of MNP301 on the propagation of
downstream signalling. We hypothesised that MNP301 would inhibit FTY720-P induced persistent
signalling of S1P1 receptors by preventing receptor trafficking to the TGN. This study also
investigated the effect of various S1P receptor agonists on S1P receptor evoked Ca’’ signalling
events. In addition, the effect of MNP301 on cell surface expressed S1P1 receptor evoked Ca*
signalling was examined. Through the use of various agonists results data showed an abrogation of
S1P1 receptor evoked Ca’* signalling upon S1P1 receptor internalisation. In contrast, internalised S1P
receptors continued to signal through G, mediated inhibition of cAMP formation (persistent
signalling). Interestingly the data showed that MNP301 completely inhibited S1P1 receptor mediated
increases in ;Ca’* levels in primary rat astrocytes. The study also showed that SiP1 receptor
mediated increases in Ca’* levels in astrocytes was predominantly due to influx of extracellular Ca*".
Taken together, this data may suggest that putative protein interactions at the c-terminus of the
S1P1 receptor are necessary for both receptor internalisation and Ca** signalling, but not cAMP-

dependent signalling in astrocytes.
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4.1 Introduction

4.1.1 GPCR persistent signalling.

As described previously, GPCR signalling is thought to involve specific steps, including activation of
associated G-proteins and subsequent activation of downstream effector proteins. Following this,
most GPCRs are desensitised in a process involving GRK-mediated phosphorylation, binding of B-
arrestins and eventual internalisation via either clathrin-coated pits or by other less-defined
pathways (Luttrell and Lefkowitz, 2002). Internalisation is thought to serve as a mechanism for both
signal termination and a way by which the cell controls GPCR density at the plasma membrane.
However recent data suggests that internalisation does not always lead to signal termination. Initial
experiments with the B,-adrenergic receptor and dynamin dominant negative mutants provided
evidence that these receptors could associate with components of the ERK pathway in the
endosomal compartment (McDonald et al., 2000). Calebiro et al showed that thyroid-stimulating
hormone (TSH) bound TSH-receptors are internalised to a “pre-Golgi” compartment where they
continue to stimulate production of the second messenger cAMP, in a manner that is distinct from
cell membrane bound receptor (Calebiro et al., 2009). Indeed it was also demonstrated that TSH-
receptor internalisation and persistent CAMP production was essential for actin rearrangements in
thyroid follicle cells (Calebiro et al., 2009). Interestingly, it has been shown that the TSH-receptor can
couple to both G, and G,/;; G-proteins (Laugwitz et al., 1996). In fact G,;; mediated signalling
pathways are essential for the successful production and release of thyroid hormone (Kero et al.,
2007). A recent study has demonstrated that TSH can promote persistent G,/1; mediated activation
of the phosphoinositide pathway; however this persistent signalling is independent of receptor

internalisation (Boutin et al., 2011).
4.1.2 S1P receptor persistent signalling.

Signalling from intracellular compartments has also been demonstrated for lipid sensing GPCRs, as is
the case for the lysophosphatidic acid (LPA) receptors. Activation of cell membrane LPA receptors
leads to association of Gg, subunits with the monomeric G-protein Rablla and subsequent
endosomal activation of the Akt signalling pathway which is essential for LPA receptor induced
proliferative and anti-apoptotic signals (Garcia-Regalado et al., 2008). Persistent signalling has also
been shown to occur in the closely related S1P receptors as demonstrated by the inhibition of cAMP
by internalised FTY720-P bound S1P1 receptors (Mullershausen et al., 2009). Data showed that Shr

after removal of FTY720-P, S1P1 receptors continue to exhibit G, mediated inhibition of forskolin

93 |Page



(fsk) induced cAMP formation; however Ca** signalling was completely abrogated following receptor
internalisation (Mullershausen et al., 2009). This data would suggest that S1P receptor activation of
Ca** mobilising second messengers occurs exclusively at the cell membrane. In contrast it would
appear that superagonism of S1P receptors by FTY720-P causes the receptors to be internalised to
the TGN/Golgi matrix tightly coupled to components of the adenylyl cyclase pathway, inducing a
state of persistent signalling from the intercellular compartment. These studies provide evidence
that both internalised and non-internalised GPCRs are capable of persistent signalling to at least

three well characterised downstream signalling pathways.
4.1.3 Calcium signalling in astrocytes.

Astrocytes are often considered quiescent compared to neurons, however astrocytes have been
shown to express excitability as a result of changes in intracellular calcium levels (ica*") (Fiacco and
McCarthy, 2006). In a resting state Ca’" levels are actively maintained between 10-100nM through
the actions of a number of voltage- and ligand-gated ion channels, ATPase pumps and ion
exchangers found both on organelle outer membranes and the plasma membrane (Fiacco and
McCarthy, 2006). These include, Na‘/Ca®" exchangers, plasma membrane Ca’* ATPases (PMCA),
transient receptor potential channels (TRPCs) which can be activated by membrane bound DAG,
voltage-gated calcium channels (VGCCs) and calcium-permeable AMPA receptors (those lacking the
GIuR2 subunit) (Ben Achour et al., 2010; Golovina, 2005) (Fig. 4.1). Elevations in Ca’* levels are
mainly triggered by agonist binding to G, coupled GPCRs and subsequent activation of the
phospholipase (PLC) pathway, leading to the induction of second messengers inositol trisphosphate
(IP3) and diacylglycerol (DAG). IP3 proceeds to act on its cognate receptor (IP3R) to trigger the
release of Ca’* from internal stores (Hatton, 2002). The major intracellular store for Ca* is the
endoplasmic reticulum which acts as natural sink for Ca®"ions. It also been shown that mitochondria
can act as an internal Ca®' store in astrocytes due to the expression of various Ca** channels and
transporters such as the mitochondrial Ca®* uniporter (MCU), mitochondrial ryanodine receptor
(mRyR) and the mitochondrial Ca®*/H* exchanger (LETM1). These proteins allow the mitochondria to
either sequester or release Ca’* into the cytosol (Pan et al., 2011; Verkhratsky et al., 2012). One of
the principal outcomes of increased cytosolic Ca>* levels in astrocytes is the Ca’*-dependent vesicular
release of signalling molecules in a process dubbed ‘gliotransmission’. Astrocytes have been shown
to release many gliotransmitters, including amino acids such as glutamate and D-serine, nucleotides
such as ATP and peptides such as BDNF and atrial natriuretic peptide (Zorec et al., 2012). These

chemicals can act upon neighbouring neurons, glia and endothelial cells (Perea and Araque, 2010).
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Gliotransmission has been observed to occur via both exocytotic and non-exocytotic release (Kreft et
al., 2004). Once released into the extracellular space, these molecules can modulate synaptic
transmission and plasticity by acting on neighbouring neurons; they can also affect behaviour
through modulation of sleep homeostasis (Parpura and Zorec, 2010; Perea and Araque, 2010). Thus
Ca’* signalling in astrocytes is fundamental to synaptic function, with the exact role of S1P receptors

yet to be elucidated.
4.1.4 Store operated Ca** entry.

The major process by which Ca®* gains entry to non-excitable cells is termed, store operated Ca**
entry (SOCE). Emptying of internal Ca®* stores activates Ca* release activated Ca** channels (CRAC
channels) allowing the influx of Ca** across the plasma membrane (Parekh and Penner, 1997). CRAC
channels of which there are many varying types are the molecular constituents of Ca’-release
activated current (lcgac). lcrac is @ measurable, non-voltage activated, inwardly rectifying Ca** current
associated with SOCE that was first described in mast cells (Hoth and Penner, 1992). This Ca*" influx
appears to be responsible for the major forms of Ca** dependent signal transduction resulting in
both short term cellular responses such as exocytosis and protein-protein interactions and long term
responses such as gene transcription (Parekh and Putney, 2005). SOCE is regulated by a dip in ER
Ca’ levels irrespective of cytoplasmic Ca’" levels. The sensors that detect organelle Ca** levels along
with the molecular process that governs the relaying of this message to plasma membrane bound
CRAC channels is still unknown. SOCE has been identified in both cultured astrocytes and astrocytes
in acute rat brain slices, with both Bergmann glia and astrocytes of the granule cell layer shown to

exhibit SOCE in cerebellar rat brain slices (Lo et al., 2002; Singaravelu et al., 2006).
4.1.5 S1P receptor mediated Ca** signalling.

It has been shown that S1P itself can cause the release of Ca** from intracellular stores, however
S1P’s ability to increases Ca’* levels is mainly due to its capacity to act as a ligand for plasma
membrane bound S1P receptors (Ghosh et al., 1994; Giussani et al., 2007). S1P agonism of S1P
receptors leads to activation of many downstream signalling pathways (Fig. 1.5) and is often
associated with mobilisation of Ca** and sphingosine kinase activity (Spiegel and Milstien, 2003; Tas
and Koschel, 1998; Young et al., 2000). As described above, GPCR mediated Ca** mobilisation
generally involves G, induced activation of the PLC/ IP3 pathway. However studies investigating S1P
receptor induced increases in ;Ca’" levels in astrocytes have indicated a role for G; coupled S1P1

receptors. It has been shown previously that inhibition with the S1P3 antagonist suramin resulted in
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a 60% decrease in S1P mediated ;Ca’" rise (Giussani et al., 2007). Conversely inhibition of the S1P1
receptor component by PTX pre-treatment led to an 80% decrease in S1P mediated ;Ca’’ rise
(Giussani et al., 2007). This data indicates that the By dimer of the G, protein is the major component
necessary for S1P evoked calcium increases in astrocytes. In agreement with this, studies have also
shown that astrocytic IP formation in response to FTY720-P is mainly due to G; coupled S1P1
receptors with minor involvement of the G, coupled S1P3 receptor (Mullershausen et al., 2007).
Taken together the data suggests that S1P signalling to Ca®* acts via multiple heterotrimeric G-
proteins. The source of intracellular calcium in response to S1P stimulation has also been
investigated in cerebellar astrocytes. It was observed that S1P administration resulted in a biphasic
increase in ;Ca’* (Giussani et al., 2007). This is characterised by an initial sharp increase in ;Ca**
followed by a sustained increase and slow return to Ca** basal levels (Giussani et al., 2007). The
data suggests that the initial sharp transient increase in Ca’” was due to release of Ca®* from
intracellular stores, whilst the sustained ;Ca’* elevation was due to influx extracellular Ca** (Giussani

et al., 2007).
4.1.5 Chapter Aim.

In the previous chapter we investigated the internalisation properties of agonist bound S1P
receptors. In this study we focused on the signalling properties of S1P1 receptors. We aimed to
investigate the effect of S1P1 receptor internalisation states on the receptors ability to signal to the
AC/cAMP and PLC/IP3 pathways. In addition we studied the effect of the S1P1 receptor blocking
peptide MNP301 on S1P1 receptor induced inhibition of cAMP formation and receptor evoked
increases in Ca’* levels. The source of Ca*" involved in S1P1 receptor specific activation remains

unidentified and thus was also examined in this study.
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Figure 4.1 The regulation of intracellular Ca®* levels in astrocytes.

Schematic depicting how ;Ca** levels are maintained in astrocytes. Plasma membrane Ca’** ATPases
(PMCA) pump Ca** out of the cell while sarcoendoplasmic reticular Ca** ATPases (SERCA) pump Ca**
into the ER. ATPases function by exchanging protons for one (PMCA) or two (SERCA) Ca** ions per
ATP hydrolysed. In addition membrane bound antiporter proteins exchange one Ca’" ion for three
Na®ions (Na‘/ Ca’" exchanger) or co-transport one Ca’* ion and one K" ion for four Na* ions. This
combination of pumps and exchangers help establish a Ca** concentration gradient, keeping resting
state Ca’* between 10-100nM, roughly 10,000-20,000 times lower than that of extracellular Ca’* . G,
mediated activation of the PLC/IP3 pathway is the most accepted mechanism for increases in ;Ca**
levels. IP3 binds to and activates its cognate receptor on the surface of the ER resulting in the
release of Ca*” into the cytosol. However Ca** can also gain access to astrocytes through a number of
plasma membrane bound receptors. These include AMPA receptors lacking the GIuR2 subunit, the
non-selective Ca’* permeable transient receptor potential channels (TRPCs) and voltage gated Ca®*
channels.
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4.2 Results

4.2.2 S1P receptor agonists cause a concentration dependent increase in ,Ca’* levels in primary rat

astrocytes.

It has been shown previously that S1P receptors in astrocytes respond to agonist activation in a Ca*'-
dependent manner (Mullershausen et al., 2007). To further investigate S1P receptor signalling
events in astrocytes, the ability of both S1P (Fig. 4.2A) and the S1P1 receptor selective compound
AUY954 (Fig. 4.2B) to elicit Ca®* signals was examined. Astrocytes were starved for 3hr in serum-free
media prior to stimulation with 1uM, 100nM and 10nM concentrations of both S1P and AUY954.
Changes in ;Ca’* levels were recorded over a time course of 240secs; following addition of test
compound for 150secs, giutamate was added for a further 60secs. Treatment with both the pan-S1P
receptor agonist S1P and the S1P1 receptor selective compound AUY954 caused concentration
dependent increases in ;Ca’* levels in primary rat astrocytes (Fig. 4.2A and B; Upper panels). S1P
activates all five S1P receptors and therefore it is thought that its ability to induce increases in Ca**
levels is predominantly due to its activation of the Gg-coupled S1P3 receptors. However the data
confirmed that AUY954 elicits Ca’* signalling in astrocytes through its specific actions on S1P1
receptors. This finding is intriguing as S1P1 receptors are coupled exclusively to G. It is possible that
under certain circumstances or in certain cell types S1P1 receptors can couple to G,, however it is
more likely that S1P1 receptor mediated Ca’* signals are due to the known ability of Gg, subunits to

activate PLC (Birnbaumer, 1992).
4.2.3 S1P pre-treatment inhibits S1P receptor mediated increases in ,Ca”* levels in rat astrocytes.

To examine the effect of receptor internalisation states on S1P receptors ability to signal in a Ca*'-
dependent manner, primary rat astrocytes were pre-treated with various S1P receptor agonists.
Serum starved cells were pre-treated with 1uM S1P for 1hr followed by a 3hr washout period to
ensure ;Ca’* levels returned to baseline prior to stimulation. The data shows that S1P (1uM) pre-
treatment significantly reduced the cell’s ability to respond to further stimulation by S1P (Fig. 4.3A)
and AUY954 (Fig. 4.3B) (*** p<0.001 pre-treatment vs. control, as determined by unpaired t-test).
This effect is most likely due to saturation of common S1P receptors by the high concentration of
S1P rather than depletion of Ca** stores per se. This is in agreement with the cells responding to
subsequent application of glutamate (1uM) (Fig. 4.3A and B; Upper panels). The reduced effect is
likely caused by recycled S1P receptors that have been stripped of agonist and recycled back to the

cell surface through the endosomal recycling compartment.
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4.2.4 Pre-treatment with FTY720-P inhibits S1P receptor mediated increases in Ca’* levels in rat

astrocytes

Previously we have shown that FTY720-P treatment causes sustained internalisation of S1P1
receptors in primary rat astrocytes even after a 5hr washout of the drug (Fig. 3.5). Thus we
examined the effect of FTY720-P induced internalisation of S1P receptors on these receptors ability
to elicit Ca’* signals. Cells were pre-treated with 1uM FTY720-P for 1hr followed by a 3hr washout
period. Pre-treatment of astrocytes with FTY720-P prevented astrocytes from responding to
subsequent stimulation with the S1P1 receptor selective compound AUY954 (Fig. 4.4B). This is likely
due to complete internalisation of the S1P1 receptor by FTY720-P, leading to a complete loss from
the cell surface, therefore leaving no receptor available to respond to AUY954. Astrocytes pre-
treated with FTY720-P had a significantly reduced response to stimulation with 1uM S1P (***
p<0.001 pre-treatment vs. control, as determined by unpaired t-test) (Fig. 4.4A). The data suggests
that this reduced response may be due to FTY720-P induced partial agonism of S1P3 receptors. In
other words, surface expressed G,-coupled S1P3 receptors that have not been internalised by

FTY720-P are capable of responding to S1P.

4.2.5 Pre-treatment with the S1P1 receptor specific agonist AUY954 inhibits S1P receptor mediated

increases in ,-Caz’ levels in rat astrocytes.

Next, we investigated the relative of contribution of S1P1 receptors to S1P receptor mediated
elevations in ;Ca’" levels. To specifically evaluate S1P1 receptors, primary rat astrocytes were pre-
treated with 1uM AUY954 for 1hr, followed by a 3hr washout period. Cells were subsequently
stimulated with S1P (1uM) (Fig. 4.5A) and AUY954 (1uM) (Fig. 4.5B). The data showed that AUY954
pre-treatment significantly attenuated astrocytes response to S1P (*** p<0.001 pre-treatment vs.
control, as determined by unpaired t-test) (Fig. 4.5A; Lower panel). As expected, pre-treatment with
AUY954 completely abrogated astrocytes Ca* response to stimulation with 1uM AUY954 (Fig. 4.5B).
Again this is most likely due to the complete internalisation of cell surface S1P1 receptors, rendering
the cell incapable of responding to extracellular activation. The results can be explained by S1P
promoting increases in Ca** levels via S1P1 and S1P3 receptors. This result would suggest that S1P1
receptors contribute to approximately 50% of the observed Ca’* response to S1P stimulation. As
seen when S1P1 receptors are internalised by AUY954 pre-treatment, the remaining Ca’* response
observed when cells are stimulated with S1P would constitute the S1P3 evoked portion of the

response.
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4.2.6 MNP301 specifically antagonises S1P1 receptor mediated increases in ,Ca** levels in rat

astrocytes.

Having previously shown that MNP301 prevented FTY720-P induced S1P1 receptor internalisation to
the TGN (Fig. 3.10), its effect on S1P1 receptor mediated Ca’* signalling was examined. Primary rat
astrocytes were incubated with 100ug/ml concentration of MNP301 for 1hr followed by a 3hr
washout period. Cells were then stimulated with 1uM S1P (Fig. 4.6A) and 1uM AUY954 (Fig. 4.6B).
MNP301 significantly reduced S1P induced increase in ;Ca®" levels in astrocytes (*** p<0.001 pre-
treatment vs. control, as determined by unpaired t-test) (Fig. 4.6A; Lower panel). Stimulation of
MNP301 pre-treated astrocytes with the S1P1 selective compound AUY954 showed that MNP301
completely attenuated the S1P1 receptor specific increase in ;Ca* levels (Fig. 4.6B). This antagonistic
effect of the MNP301 peptide may be due to interference of interactions between adaptor proteins
or second messenger proteins necessary for the propagation of Ca’* signals at the extreme c-

terminus of the S1P1 receptor.

4.2.7 Pre-treatment with unrelated peptide MNP201 does not affect S1P receptor mediated increases

in €a”* levels in rat astrocytes.

Similar to S1P1 receptor internalisation experiments (Fig. 3.10) the selective effect of MNP301 on
S1P1 receptor induced Ca®* signalling was investigated. Primary rat astrocytes were treated for 1hr
with 100pg/ml MNP201 (FITC-Ahx-YGRKKRRQRRRVCMGDHWEFDV), a TAT-based, FITC tagged
unrelated peptide. Following a 3hr washout period, cells were stimulated with 1uM S1P. The data
showed that MNP201 had no effect on S1P induced Ca’* signalling in rat astrocytes (Fig. 4.7). Taken
together this result indicated that MNP301 inhibited S1P1 receptor induced Ca’* signalling in a
selective manner which was not dependent on the fused TAT sequence, as a unrelated peptide,

MNP201 had no observed effect on S1P receptor induced Ca®*signalling events.

4.2.8 S1P receptor agonists induce a concentration dependent increase in ;Ca’* levels in human

astrocytes.

To evaluate the source of ;Ca®" in astrocytes stimulated with S1P receptor agonists the effect of both
antagonists of IP3/ryanodine receptors (dantrolene) and chelators of extracellular Ca** (EGTA) on
S1P receptor induced elevations of ,Ca** were examined. These studies were performed using human
astrocytes expressing endogenous S1P receptors (Fig. 4.8A; Upper panels). The effect of both S1P
(Fig. 4.8B; Lower panels) and the S1P1 specific compound SEW2871 (Fig. 4.8C; Lower panels) on Ca**
levels in human astrocytes was first examined. Data showed that both S1P (*** p<0.001, 100nM and
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1uM vs. control, one-way ANOVA and Bonferroni post-hoc test) and SEW2871 (*** p<0.001, 1uM
and 10puM vs. control, as determined by unpaired t-test) induced a concentration dependent
increase in ;Ca** levels. S1P induced higher levels of Ca**, likely due to activation of all five receptors

versus SEW2871’s selective activation of S1P1 receptors (Fig. 4.8B and C).
4.2.9 S1P receptor mediated increase in ;Ca** is from a predominantly extracellular source.

It has been previously shown that S1P receptor evoked Ca’* signalling in astrocytes was due to
activation of both intracellular stores and entry of extracellular Ca** to the cell (Giussani et al., 2007).
However the source of ,Ca’ in response to S1P1 receptor specific activation remains unclear. The
involvement of Ca’* released from intracellular stores was evaluated by inhibiting IP3/ryanodine
receptors that are involved in the release of Ca®* from the ER. Cells were pre-treated with 30uM
dantrolene for 10mins. Cells were subsequently stimulated with 1uM S1P dissolved in both Ca**
containing HBSS and HBSS minus Ca®". Cells pre-treated with 30uM dantrolene (+Ca”) showed a
slow increase in ;Ca’" levels, peaking at 90secs post SEW2871 stimulation (Fig. 4.9A). Cells pre-
treated with 30uM dantrolene (-Ca*) a relatively slower Ca** signalling event was observed, with
cells only beginning to respond ~80secs post SEW2871 stimulation (Fig. 4.9A). Both dantrolene
treatments, while not completely inhibiting elevations in ;Ca®* levels, significantly reduced S1P1
receptor mediated Ca’" responses (*** p<0.001, dantrolene (+Ca’") and dantrolene (-Ca’") vs.
control, one-way ANOVA and Dunnetts post-hoc test). To examine the contribution of extracellular
sourced Ca’* in S1P1 receptor evoked Ca’* signalling, cells were pre-treated with 1mM EGTA for
10mins followed by stimulation with SEW2871 dissolved in HBSS minus Ca®*. Data showed that cells
failed to respond to SEW2871 stimulation in the presence of the extracellular chelating agent EGTA
(Fig. 4.8A). EGTA pre-treatment significantly inhibited S1P1 receptor mediated increase in ;Ca**
levels. We therefore conclude that S1P1 receptor evoked Ca** signalling utilises predominantly Ca**
from an extracellular source. However a ~50% increase in baseline Ca*" levels was observed (Fig.

4.9A; Upper panel), indicating some involvement of intracellularly stored Ca**.

4.2.10 MNP301 treatment does not alter FTY720-P’s dose dependent inhibition of fsk-induced cAMP

formation in primary rat astrocytes.

In addition to Ca®" signalling, it is known that S1P receptors signal in a CAMP-dependent manner
(Mullershausen et al., 2007). Previous studies, using HUVECs showed that treatment with FTY720-P
followed by a 5hr washout period induced a persistent internalisation of S1P1 receptors and a state

of persistent signalling as indicated by inhibition of cAMP production (Mullershausen et al., 2009). In
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addition we examined the effect of MNP0O31 on the dose-response relationship of FTY720-P on
cAMP formation. Cells were starved in serum-free medium prior to all experiments and then treated
with increasing concentrations of FTY720-P for 20min in the absence and presence of a 1hr pre-
incubation with MNP301. Addition of MNP301 did not cause a shift in the dose-response and the
maximal response remained unchanged. In addition pre-incubation with MNP301 did not alter the
inhibitory concentration for half maximum response (ICso) (Fig. 4.10). Increasing concentrations of
FTY720-P (20min treatment) generated ICs, values for fsk-induced cAMP formation of 0.07 +/-
0.24nM and 0.05 +/- 0.14nM with and without pre-treatment of MNP301 (100ug/ml for 1hr),
respectively (Fig. 4.10). Therefore we conclude that while MNP301 might alter the internalisation of
the S1P1 receptor and S1P1 receptor evoked Ca** signalling but does not affect FTY720-P mediated
signalling to cAMP.

4.2.11 MNP301 does not alter FTY720-P induced persistent signalling of S1P receptors.

Next we determined whether the FTY720-P internalised pool of S1P1 receptors in astrocytes had the
ability to persistently inhibit fsk-induced cAMP formation after washout of the drug. The aim of this
experiment was to determine whether FTY720-P internalised S1P1 receptors signalled persistently
from inside the astrocytes as was observed in HUVECs (Mullershausen et al., 2009), in addition to
investigating the effect of MNP301 on persistent S1P1 receptor signalling. We hypothesized that by
preventing the S1P1 receptor from reaching the peri-nuclear region we might prevent persistent
signalling. The data showed that FTY720-P (1uM for 20mins) attenuated fsk-induced cAMP
formation (42.1% +/- 4.8 inhibition) (Fig. 4.11, lane 2) compared to forskolin alone (Fig. 4.11, lane 1).
Fsk-induced cAMP formation remained markedly attenuated in astrocytes treated with FTY720-P
(1uM for 1hr) even 5hr after washout of the drug (69.7% +/- 5.2 inhibition) (Fig. 4.11, lane 3), thus
providing evidence for continued signalling of the internalised receptor. To differentiate between
the effects of FTY720-P on surface- and internalised-S1P1 receptors, its effects on fsk-induced cAMP
formation were determined in the presence of MNP301. The data showed that despite attenuation
of S1P1 receptor internalisation by FTY720-P (Fig. 4.11), the persistent signalling (persistent cAMP
inhibition) caused by FTY720-P treatment (1uM for 1hr followed by 5hr washout) was not altered by
pre-treatment of MNP301 (100ug/ml for 1hr) (65.7% +/-3.3 inhibition) (Fig. 4.11, lane 4).
Collectively, we conclude that while MNP301 prevents FTY720-P induced internalisation of S1P1
receptors and Ca’* signalling, the peptide does not affect persistent signalling of these receptors to

the cAMP pathway.
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Figure 4.2 S1P receptor agonists induce a concentration dependent increase in ,Ca’* levels in primary
rat astrocytes.

Increasing concentrations of (A) the natural ligand S1P and (B) the S1P1 specific agonist AUY954
induce a concentration dependent increase in ;Ca’* levels. Upper panels show traces depicting
changes in .Ca’* levels over time. Lower panels, corresponding bar graphs (30-90 secs) show that S1P
and AUY954 cause a concentration dependent increase in ;Ca’* levels. Middle panels, representative
images were taken from time-lapse series, before addition of SIP/AUY954 (Osecs), after addition of
1uM S1P/AUY954 (30secs) and after stimulation with 1ImM glutamate (180secs). Data represented
as mean + SEM. n=2, all conditions were carried out in quadruplicate. (Cells counted, S1P 1uM=200,

S1P 100nM=185, S1P 10nM=132; AUY 1uM=235, AUY 100nM=171, AUY 10nM=85).
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Figure 4.3 S1P pre-treatment inhibits S1P receptor mediated increases in .Ca’* levels in astrocytes.

S1P pre-treatment reduced astrocyte Ca’* responses to stimulation with both (A) S1P and (B)
AUY954. Upper panels show traces depicting changes in Ca’* levels over time. Lower panels,
corresponding bar graphs (30-90secs) show that S1P significantly inhibited changes in ;Ca®" levels in
response to both S1P and AUY954 (*** p<0.001 pre-treatment vs. control, as determined by
unpaired t-test). Middle panels, representative images were taken from time-lapse series, before
addition of S1P/AUY954 (Osecs), after addition of 1uM S1P/AUY954 (30secs) and after stimulation
with ImM glutamate (180secs). Data represented as mean + SEM. n=2, all conditions were carried
out in quadruplicate. (Cells counted, Ctrl-S1P=648, S1P-S1P=746; Ctrl-AUY=479, S1P-AUY=446).
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Figure 4.4 Pre-treatment with FTY720-P inhibits S1P receptor mediated increases in ca” levels in

astrocytes.

FTY720-P pre-treatment reduced astrocyte Ca’* responses to stimulation with (A) S1P and
completely inhibited (B) AUY954 induced changes in Ca’* levels. Upper panels show traces depicting
changes in Ca** levels over time. Lower panels, corresponding bar graphs (30-90secs) show that S1P
significantly inhibited changes in Ca’* levels in response to both S1P and AUY954 (*** p<0.001 pre-
treatment vs. control, as determined by unpaired t-test). Middle panels, representative images were
taken from time-lapse series, before addition of S1P/AUY954 (Osecs), after addition of 1uM
S1P/AUY954 (30secs) and after stimulation with 1mM glutamate (180secs). Data represented as

mean * SEM. n=2, all conditions were carried out in quadruplicate. (Cells counted, Ctrl-S1P=648, FTY-

S1P=172; Ctrl-AUY=479, FTY-AUY=502).
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Figure 4.5 Pre-treatment with the S1P1 receptor specific

s v 5 2 ,
mediated increases in Ca”* levels in astrocytes.

AUY954 pre-treatment reduced astrocytes response to (A)

increases in Ca”* levels. Upper panels show traces depicting

agonist AUY954 inhibits S1P receptor

S1P and inhibited (B) AUY954 induced

changes in .Ca’* levels over time. Lower

panels, corresponding bar graphs (30-90secs) show that S1P significantly inhibited changes in Ca**

levels in response to both S1P and AUY954 (*** p<0.001 pre-treatment vs. control, as determined by

unpaired t-test). Middle panels, representative images were taken from time-lapse series, before

addition of S1P/AUY954 (Osecs), after addition of 1uM S1P/AUY954 (30secs) and after stimulation

with 1mM glutamate (180secs). Data represented as mean

+ SEM. n=2, all conditions were carried

out in quadruplicate. (Cells counted, Ctrl-S1P=648, AUY-S1P=481; Ctrl-AUY=479, AUY-AUY=401).
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Figure 4.6 MNP301 specifically antagonises S1P1 receptor mediated increases in Ca’* levels in
astrocytes.

MNP301 pre-treatment reduced the response of astrocytes to (A) S1P and completely inhibited (B)
AUY954 induced increase in Ca’* levels. Upper panels show traces depicting changes in Ca’* levels
over time. Lower panels, corresponding bar graphs (30—-90secs) show that S1P significantly inhibited
changes in Ca** levels in response to both S1P and AUY954 (*** p<0.001 pre-treatment vs. control,
as determined by unpaired t-test). Middle panels, representative images were taken from time-lapse
series, before addition of SIP/AUY954 (Osecs), after addition of 1uM S1P/AUY954 (30secs) and after
stimulation with 1ImM glutamate (180secs). Data represented as mean + SEM. n=2, all conditions

were carried out in quadruplicate. (Cells counted, Ctrl-S1P=648, MNP301-S1P=612; Ctrl-AUY=479,

MNP301-AUY=399).

107 |



15 = Ctr|-S1P
14 MNP201-S1P
131
12
o M ,
i 10
w 97
o g
Z 7] Glutamate Added
& 6
©
S s v
44
: A
3 N
21 e RSN
14=c=x o s R N
0 v - v v - - v )
0 30 60 90 120 150 180 210 240
Time (secs)

Control

MNP201

18@secs

’g‘ 6 [ cti-s1P
El MNP201-S1P

7]
= |
2 s
o
=)
2 4
w
a 3
-
© 2
L=

1p-checcccacaaa

0

Ctrl-S1P MNP201-S1P

Figure 4.7 Unrelated peptide MNP201 pre-treatment does not affect S1P receptor mediated

increases in ;Ca”* levels in astrocytes.

MNP201 pre-treatment had no effect on (A) S1P evoked increases in Ca’" levels in primary rat

astrocytes. Lower panel, corresponding bar graphs (30-90secs) show that MNP201 had no

significant effect on S1P induced changes in ;

Ca’* levels. Middle panels, representative images were

taken from time-lapse series, before addition of S1P (Osecs), after addition of 1uM S1P (30secs) and

after stimulation with 1mM glutamate (180secs). Data represented as mean + SEM. n=2, all

conditions were carried out in quadruplicate.

(Cells counted, Ctrl-S1P=648, MNP201-S1P=799).
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Figure 4.8 Agonism of S1P receptors evokes increases in ,Ca’* levels in human astrocytes.

Both (B) S1P and (C) the S1P1 specific compound SEW2871 induced a concentration dependent
increase in Ca’* levels in human astrocytes. Middle panels, bar graphs (30-90secs) show that S1P
(*** p<0.001, 100nM and 1pM vs. control, one-way ANOVA and Bonferroni post-hoc test) and
SEW2871 (*** p<0.001, 1uM and 10uM vs. control, one-way ANOVA and Bonferroni post-hoc test)
significantly increased levels of ,Ca”*. Lower panels, representative images were taken from time-
lapse series, after addition of increasing concentrations of S1P and SEW2871 (30secs). Top panel,
immunocytochemistry shows endogenous expression of S1P1 receptors (green) in human astrocytes

stained for GFAP (red). n=3, scale bars 50um.
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Figure 4.9 S1P1 receptor mediated increase in ;Ca’’is from a predominantly extracellular source.

Pre-treatment of human astrocytes with (A) 30uM dantrolene, both in the presence and absence o

Ca”* significantly reduced cells response to 1uM SEW2871 (*** p<0.001 dantrolene vs. SEW2871

one-way ANOVA, Dunnetts post-hoc test). Pre-treatment with (B) ImM EGTA significantly inhibited

S1P1 induced increases in Ca®' levels, with a 50% increase in basal Ca** observed (*** p<0.001 EGTA

vs. SEW2871, unpaired t-test). Middle panels, representative images were taken before (Osecs) and

after addition of SEW2871 (90secs). n=3, scale bars 50um.
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Figure 4.10 MNP301 treatment does not alter FTY720-P’s dose dependent inhibition of fsk-induced

cAMP formation in primary rat astrocytes.

Treatment of primary rat astrocytes with increasing concentrations (0.001nM — 100nM) of FTY720-P
caused concentration dependent inhibition of fsk-induced cAMP. Pre-treatment with 100ug/ml
MNP301 for 1hr followed by stimulation with increasing concentrations of FTY720-P had no
significant effect on FTY720-P induced inhibition of fsk-induced cAMP levels. Data presented as

percentage cAMP inhibition, £ SEM, n=3.
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4.11 MNP301 does not alter FTY720-P induced persistent signalling of S1P receptors.

Percentage inhibition of fsk-induced cAMP formation in a primary rat astrocyte culture showed that

100nM FTY720-P significantly inhibited fsk-induced cAMP formation (*** p<0.001, 1uM FTY720-P vs.

fsk alone, one-way ANOVA and Bonferroni post-hoc test). S1P receptors continued to inhibit fsk-

induced cAMP after pre-treatment with 1uM FTY720-P, followed by a 5hr washout period

(persistent signalling) (*** p<0.001, 1uM FTY720-P pre-treatment vs. fsk alone, one-way ANOVA and

Bonferroni post-hoc test). Cells pre-incubated with 100ug/ml MNP301 followed by a 1uM FTY720-P

treatment and 5hr washout period showed that MNP301 had no significant effect on S1P receptor

mediated persistent inhibition of fsk-induced cAMP formation. Data presented as percentage cAMP

inhibition, + SEM, n=3.
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4.3 Discussion

In this study two S1P1 receptor downstream signalling pathways, namely the AC/cAMP pathway and
the PLC/IP3 Ca** dependent pathway were examined. Both S1P and AUY954 induced a concentration
dependent increase in ;Ca’" levels, with S1P being a more potent activator most likely due to the
agonism of the G, coupled S1P3 in addition to the exclusively G;coupled S1P1 receptor (Fig. 4.1). The
effect of a number of S1P agonists on S1P and AUY954 evoked increases in ;Ca’* levels were also
examined. In agreement with a previous study the data showed that S1P pre-treatment decreases
astrocytic Ca’* responses to further stimulation with both S1P and AUY954. This is likely due to
saturation of S1P receptors with some receptors undergoing ‘fast’ recycling back to the plasma
membrane, contributing to the observed reduced response. In contrast pre-treatment with FTY720-
P completely abolished further AUY954 evoked Ca** responses in astrocytes, due to complete
internalisation of the S1P1 receptor to the TGN as seen previously (Fig. 3.5). Astrocytes pre-treated
with FTY720-P exhibited a small Ca** signal in response to stimulation to S1P. This is most likely due
to FTY720-P mediated partial agonism of S1P3 receptors, resulting in a portion of S1P3 receptors
remaining at the cell surface to respond to S1P. Pre-treatment with the S1P1 specific compound
AUY954 partially inhibited S1P evoked Ca’* signals due to functional antagonism of S1P1 receptors.
As expected AUY954 pre-treatment completely abrogated subsequent AUY954 mediated increases
in Ca** levels due to the lack of S1P1 receptors at the cell surface. The data also showed that
MNP301 pre-treatment specifically inhibits the S1P1 portion of S1P induced Ca** response in
astrocytes. This was confirmed by showing that the peptide completely attenuated AUY954 evoked
Ca’* signalling. The specificity of this effect was demonstrated by data showing that MNP201, a non-
related, TAT tagged, FITC labelled peptide had no measurable effect on S1P induced Ca** signalling.
Next, the source of Ca** in human astrocytes was investigated. Data showed that astrocytic Ca**
came from both intra- and extracellular sources. Through the use of the Ca®* chelator EGTA it was
demonstrated that the major source of ,Ca’* was extracellular with some contribution from ER
stores. In addition to Ca** we also investigated inhibition of fsk-induced cAMP formation as a
readout for S1P1 receptor signalling. The data confirmed persistent signalling of internalised S1P
receptors from the TGN in astrocytes. The result also showed that MNP301 pre-treatment while
preventing internalisation of S1P1 receptors to the TGN in addition to inhibition of Ca** signalling
had no affect on S1P1 receptor persistent signalling to cAMP. Taken together the data suggests that
MNP301 in addition to its inhibitory effect on FTY720-P induced internalisation is a selective

antagonist for S1P1 receptor evoked ;Ca’* signalling without affecting the cAMP signalling pathway.
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4.3.1 AUY954 induced activation of S1P1 receptors evokes oscillatory .Ca’* waves.

It has been shown that Ca®* signals may appear as a single transient elevation in Ca’’, or as repeated
Ca’* transients, known as Ca®* oscillations (Uhlen and Fritz, 2010). It was observed that AUY954
induced a noticeably different Ca’* response to that of S1P. Specifically AUY954 treatment evoked an
oscillatory calcium signalling event in contrast to S1P treatment which induced a transient increase
in ;Ca®* followed by a relatively fast return to basal Ca’* levels (Fig. 4.2). This differential Ca*' response
may be due to AUY954’s selectivity for S1P1 receptors resulting in oscillatory responses which can be
counteracted by involvement of S1P3 and S1P5 receptor evoked Ca’* signals induced by S1P. The
simplest model of Ca®* oscillations is based upon the positive and negative modulatory effects of
Ca’* on IP3 receptor channels. When Ca®* levels fall below a certain threshold (~300nM), Ca**
potentiates an IP3 receptor triggered release of Ca’* (Bezprozvanny et al., 1991). This results in Ca**
induced Ca’release (positive feedback) (Goldbeter et al, 1990). A rise above these levels results in
negative feedback with Ca’* being pumped into intracellular stores (Bezprozvanny et al., 1991). The
ER Ca’" levels are then restored back to resting levels by the ER bound SERCA pumps and SOCE
(Uhlen and Fritz, 2010). Ca** oscillations only occur when positive feedback is faster than negative
(Sneyd et al., 1995; Politi et al., 2006). Oscillatory Ca”* signalling are well documented for G, coupled
GPCRs (De Bock et al., 2012). This is interesting as S1P1 receptors are exclusively G; coupled, which
implies that AUY954 stimulates Ca’* release via the PLC/IP3 pathway through the By subunits of the
G, protein (Yoon et al., 2008).

4.3.2 S1P receptor internalisation states alter S1P receptors ability to induce Ca’* signalling.

We confirm that S1P receptors can persistently inhibit fsk-induced cAMP formation from
intracellular compartments in primary rat astrocytes (Fig. 4.10). This is thought to occur due to
conformational changes in FTY720-P bound S1P receptors that ‘lock’ the receptor in an activated
state, and/or prevent modifications that would lead to the receptor being degraded or recycled. It is
hypothesised that FTY720-P bound S1P receptors are trafficked to intracellular compartments
coupled to elements of the AC/cAMP signalling pathway. Here we showed that FTY720-P bound S1P
receptors do not persistently signal in a Ca’* dependent manner from intracellular compartments
(Fig. 4.4). The data indicate that S1P receptors must be associated with the plasma membrane to
evoke Ca’* but not cAMP signalling events. Through the use of the S1P1 receptor specific compound
AUY954, we demonstrate that S1P1 receptors contribute to ~50% of S1P induced Ca** signalling in
primary rat astrocytes (Fig. 4.5). This result can be explained by the fact that S1P evokes Ca®*
signalling via both S1P1 and S1P3 receptors. Following astrocyte pre-treatment with AUY954, the
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resulting stimulation with S1P led to a 50% reduction in Ca** responses (Fig. 4.5). In addition
stimulation with AUY954 following pre-treatment with the same compound lead to a complete

inhibition of Ca’* signalling events (Fig. 4.5).
4.3.3 S1P1 receptor activates both intracellular Ca®* release and extracellular Ca** influx.

Ca’* signalling in human astrocytes was induced through activation of S1P1 receptors, by the S1P1
specific compound SEW2871. This signalling was slow to develop; lacking the transient peak
observed in AUY954 induced Ca®* responses in rat astrocytes. The different Ca®* responses
associated in SEW2871 and AUY954 are likely due to the different efficacies of these compounds in
activating S1P1 receptors. Dantrolene inhibits Ca’* release from intracellular stores through its
actions on both IP3 receptors and ryanodine receptors. Cells were pre-treated with this compound
(+Ca’" in the buffer solution) and then activated by the S1P1 receptor specific agonist SEW2871. A
reduced initial Ca’* peak was observed compared to control both in the presence and absence of
extracellular Ca** (Fig. 4.9). This was exacerbated when Ca’* was absent in the extracellular
environment. However both in the presence and absence of extracellular Ca** a secondary increase
in ;Ca** levels was observed. These results suggest that activation of IP3 receptors on intracellular
stores contribute to initial increase in Ca*" in the cytosol. Ca’* signalling after this point however,
may be due to other stores of calcium, or most likely extracellular sources. Interestingly, Ca’* levels
in cells pre-treated with dantrolene (-Ca’* in buffer solution), began to increase approximately
60secs after stimulation by SEW2871. Theoretically, there should not have been any Ca** available
for signalling with ER stores blocked by dantrolene and extracellular Ca** removed (-Ca*" in buffer
solution), nevertheless, an increase in ;Ca** was observed. This response may have been due to an
incomplete blockage of IP3 receptors by dantrolene or activation of other intracellular calcium
source such as mitochondria. Cells were pre-treated with the irreversible calcium chelator EGTA (-
Ca’") to determine the contribution of extracellular Ca®* in S1P1 receptor evoked increases in Ca**
levels. Cells that underwent this pre-treatment did not respond to activation by SEW2871 (Fig. 4.9),
either initially or with a delayed increase in Ca’*. On the other hand, cells pre-treated with
dantrolene in the presence of extracellular Ca®* maintained their delayed elevation in Ca**. These
data suggest that the delayed, sustained elevation in cytosolic Ca** is due to influx of extracellular
Ca**. This model of astrocytic Ca** signalling is consistent with SOCE whereby S$1P1 receptor induced
activation of the PLC/IP3 pathway results in a transient spike in ;Ca®* levels, which in turn stimulates
the slow sustained movement of Ca’* across the plasma membrane. Interestingly, in cells pre-

treated with EGTA (-Ca’* in buffer solution), basal ;Ca’* levels steadily increased throughout the
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imaging period. This is possibly due to slow leak of Ca’* from intracellular stores such as the ER or
mitochondria that would not have been affected by EGTA treatment. This experiment does not fully
delineate the source of ;Ca’* in astrocytes stimulated with S1P receptor agonists; however it does
suggest involvement of both intra- and extracellular Ca** in S1P1 receptor induced increases in ;Ca**

levels, with extracellular Ca** playing a more prominent role.
4.3.4 MNP301: A pathway specific inhibitor of S1P1 receptor signalling.

Data indicate that MNP301 preferentially antagonises S1P receptor evoked Ca’* signalling but not
signalling to the AC/cAMP pathway. We hypothesise as to the molecular basis of this intriguing
property of MNP301 (Fig. 4.12). MNP301 is designed to match the final 10 amino acids of the c-
terminus of the S1P1 receptor. We hypothesise that the physiological effect of MNP301 is due to
interference with protein-protein interactions at the c-terminus of the receptor, most likely via
competitive inhibition of interacting proteins with S1P1 receptor binding pockets. It is thought that
agonist binding alters the conformation of the 1st, 2nd and 3rd intracellular loops, thus uncovering
previously hidden G-protein interacting sites (Hanson et al., 2012). In agreement with this MNP301
does not alter the G; driven inhibition of fsk-induced cAMP formation. Similarly, the c-terminus has
been shown to be crucial for agonist induced internalisation of the S1P1 receptor, which is in the
agreement with the notion that MNP301 inhibits FTY270-P induced internalisation of the receptor to
the TGN via a specific effect on interactions at the c-terminus. Finally, it is not understood how G;
coupled S1P1 receptors mediate Ca’" signalling. While some studies suggest a role for the By
subunits of the G; protein, our findings indicate an additional involvement of the c-terminus
(Birnbaumer, 1992). We hypothesise that a secondary complex is involved in coupling S1P1
receptors to the PLC pathway. This may or may not be the same complex associated with FTY720-P
induced receptor internalisation. Identification of the proteins involved in this complex represents a

key aim for future work in this field.
4.3.5 Uncoupling persistent signalling from persistent internalisation.

The data show that despite attenuation of S1P1 receptor internalisation by MNP301 (Fig. 3.10), the
persistent signalling (persistent CAMP inhibition) caused by FTY720-P treatment was not altered by
pre-treatment with MNP301 (Fig. 4.10, lane 4). Collectively, we conclude that while MNP301
prevents FTY720-induced internalisaticn of S1P1 receptors to the TGN, this peptide does not affect

G, protein mediated signalling of these receptors.
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Figure 4.12 MNP301: A pathway specific inhibitor of S1P1 receptor signalling.

We have shown that the S1P1 specific blocking peptide MNP301 inhibits FTY720-P induced
internalisation of the S1P1 receptor to the TGN. In addition MNP301 selectively inhibits S1P1
mediated increases in ;,Ca** levels in primary rat astrocytes (Fig. 4.6) while having no effect on G;
mediated inhibition of fsk-induced cAMP production (Fig. 4.10). This pathway specific effect on one
downstream signalling pathway versus another is intriguing both pharmacologically and
physiologically. We hypothesise that MNP301 alters both internalisation and Ca’* signalling via
competitive inhibition of an interaction between the extreme c-terminus of the S1P1 receptor and
an unknown associated complex. This complex may couple the G; coupled GPCR to the PLC/IP3
pathway, and may be the same or similar to the molecular machinery needed for internalisation of
FTY720-P bound S1P1 receptor to the TGN.
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Chapter 5. S1P Receptor Mediated Inhibition of
the Release of Pro-Inflammatory Cytokines and

Chemokines from Astrocytes.
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Aims

1: To identify the range of chemokines/cytokines released from primary rat astrocytes in response to

an LPS challenge.

2: To investigate the effect pre-treatment with the S1P1, 3 and 5 receptor agonist FTY720-P has on

LPS stimulated primary rat astrocytes.

3: To determine a role for S1P1 receptors in the inhibition of LIX release from primary rat astrocytes,

using the S1P1 receptor specific compound SEW2871.
4: To examine the effect of S1P1 receptor activation on receptor internalisation in human astrocytes.
5: To study the effect of S1P on pro-inflammatory cytokine release from human astrocytes.

6: To study the effect of IL-17 and TNF-a on pro-inflammatory cytokine release from human

astrocytes.

7: To investigate the effect of synergistic signalling between IL-17 and TNF-a on IL-6 release from

human astrocytes.

8: To investigate the specific role of S1P1 receptors in the inhibition of pro-inflammatory cytokine

induced IL-6 release from human astrocytes

9: To investigate the role of SphK1 in IL-17/TNF-a induced IL-6 release from human astrocytes.
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Abstract

S1P receptors are a family of classical G-protein coupled receptors and are composed of five
subtypes S1P1-S1P5. These receptors are the molecular targets of Gilenya® (Fingolimod; FTY720),
the first approved oral therapy for MS. To further examine the function of S1P1 receptors in the CNS,
their role in cytokine release from both rat and human astrocytes was demonstrated. Here, focus
was given to an IL-17 induced increase in levels of IL-6, both of which have been implicated as pro-
inflammatory cytokines in MS. The data showed that human astrocytes expressed IL-17 receptors
and in vitro treatment of human astrocytes with IL-17 increased the levels of IL-6, which was greatly
enhanced in the presence TNF-a, above and beyond an additive effect of the two cytokines.
Importantly, the treatment of human astrocytes with S1P also increased the levels of IL-6. In
contrast, FTY720-P inhibited the IL-17/TNF-a induced increase in levels of IL-6, as did the S1P1
receptor selective compound AUY954. Notably, both FTY720-P and AUY954, but not S1P,
internalised S1P1 receptors which likely explains the opposing effects of these S1P receptor ligands
on regulating the levels of IL-6. Of interest the effects of IL-17 were not associated with any
involvement of the sphingosine kinase pathway. In addition to regulating IL-17 induced IL-6 release,
both FTY720-P and AUY954 inhibited the release of a number of chemokines from LPS stimulated rat
astrocytes. Taken together, the data suggested that FTY720-P attenuates the release of pro-
inflammatory cytokines and chemokines from both rat and human astrocytes stimulated with either
a combination of IL-17 and TNF-a or the bacterial endotoxin LPS. This inhibition of
cytokine/chemokine release appears to be mediated via the S1P1 receptor. The FTY720-P mediated
shut down of IL-17/1L-6 signals in astrocytes likely contributes to the ability of this drug to reduce the

pro-neuroinflammatory signals that sustain MS.
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5.1 Introduction

Following our findings that FTY720-P can modulate S1P receptors in astrocytes, we investigated
further their role in this cell type. The CNS has relatively low regenerative capabilities, due in part to
the post-mitotic status of its neurons, thus under normal conditions the access of immune cells to
the CNS is tightly regulated. However, disruption of the BBB and focal infiltration of autoreactive
leukocytes into the CNS compartment are hallmarks of MS (Palmer, 2010). We believe that
astrocytic cross-talk with cells of the innate immune cells, in particular Th1l and Th17 cells results in
astrocytes driving neuroinflammation through the release of chemokines and subsequent
recruitment of leukocytes into the CNS (Chastain and Miller, 2012). Antigen experienced T-cells are
crucial components of the body’s immune system and are vital in the rapid production of a robust
immune response to foreign pathogens (Kumar et al., 2011). However many autoimmune disorders
occur as a direct result of reactivation of autoreactive memory T-cells which recognize “self-
antigens” and in the case of MS, antigens specific to the CNS. In this section we introduce the key
roles several immune cells and their secreted cytokines play in the pathogenesis of MS. In this
chapter the focus shifts from the trafficking and signalling of the S1P1 receptor to examining the role
astrocytes play as active mediators of neuroinflammation via the production and release of various
pro-inflammatory cytokines and chemokines. In addition to the effect of S1P receptor modulation on

the release of these inflammatory mediators was examined.
5.1.1 T-cells: Classification and circulation.

Antigen specific memory T-cells are a pool of antigen experienced lymphocytes that are acquired
over the lifetime of an individual. This pool of cells can be divided into two sub-populations, namely
‘central memory T-cells’ (Tew) and ‘effector memory T-cells’ (Tew) (Sallusto et al., 2004) (Fig. 5.1).
These populations can be distinguished by the differential expression of the chemokine receptor
CCR7 and the cell adhesion molecule L-selectin (CD62L). Both subsets can be CD4" or CD8" or a
combination of both and typically express the cell surface protein CD45RO0. Tey's are defined by the
cell surface expression profile CCR7, CD3*, CD45, L-selectin"®" (Obar and Lefrancois, 2010). These
cells gain entry to non-lymphoid tissues where upon re-stimulation through positive interactions
with professional APC’s they play a major role in eliciting an inflammatory response (Almolda et al.,
2011). Teym do not participate in the process of lymphoid recirculation as observed in the Tcy, subtype
(Mehling et al., 2008). This is due to their low expression of CD62L and CCR7 (Chiba et al., 2005). T-
cells enter lymph nodes following a process of ‘rolling’, CD62L mediated interaction with the

adhesion molecule, glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1) and CD34
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molecules found on the surface of high endothelial venules which causes weak binding of the T-cell
to the endothelial cells (Chiba, 2005). CCL21 and possibly CCL19 is released by the high endothelial
venules, these chemokines signal to the T-cell via the chemokine receptor CCR7 (Henning et al.
2001). This signalling causes a conformational change in the cells LFA-1 molecule initiating a tighter
binding with the intercellular adhesion molecule, (ICAM-1) found on the surface of the endothelial
cells (Warnock et al., 1998). This whole process stabilizes the movement of the T-cell and allows the
cell to cross through the high endothelial venules into the lymph nodes in a process termed

“diapedesis” (Warnock et al., 1998).

Unlike the Tgy, subtype which have irreversibly lost their expression of CCR7, Tcy's are CCR7°, which
brings this sub-population under the influence of the CCL21/CCL19 retention signals derived from
the endothelial cells of the lymph nodes (Parish and Kaech, 2009). Naive T-cells (T;) and Tcu's
recirculate between the peripheral blood and secondary lymphoid organs and home to lymph nodes
(Warnock et al., 1998). Here these cells respond to CCR7 mediated retention signals. To override this
signal and egress from the lymph nodes these cells require activation of S1P1 receptors found on
their cell surface (Matloubian et al., 2004). This occurs through the autocrine actions of lymphatic
endothelial cell derived S1P or possibly from an S1P gradient stemming from the CNS. Whatever the
source, S1P allows the cells to overcome the CCR7 mediated retention signal and results in the
egress of Ty and Ty from the lymph nodes (Henning et al., 2001). The conflicting S1P-S1P1 receptor
egress and CCL19/21-CCR7 retention signals has been shown to influence both the circulation of
mature T-cells from bone marrow and the regulation of systemic T-cell circulation (Maeda et al.,
2010; Pham et al., 2008). The cells respond to the more dominant signal, with many factors
influencing the establishment of a signal. While the molecular basis of this phenomenon is not fully
understood, it is thought to involve the dominant signalling receptor competing for the cytoskeletal

machinery required to drive polarity and cellular mobility (Lo et al., 2005).

FTY720-P binds to and internalises S1P1 receptors found on T-cells, impairing their ability to respond
to the aforementioned S1P signal (Pham et al. 2008). This down-modulation of T, and T¢y S1P1
receptors by FTY720-P results in the CCR7 dependent retention of these cells in the lymph nodes.
This is turn results in a large reduction in the number of T, and T¢y cells found in the blood of
FTY720-P treated MS patients, with the number of Tgy's remaining unaffected (Mehling et al. 2008;
Metzler et al. 2008; Brinkmann et al. 2009). As such this set of molecular events culminating in the
inhibition of S1P-mediated egress of T-cells from the lymphoid tissues represents the main mode of

action of Gilenya® (Mehling et al., 2010). While the data suggests that Ty are the primary target of
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FTY720-P it remains highly unlikely given the widespread expression of the S1P receptors coupled
with the lipophilicity of the drug that this is not the only interaction contributing to Gilenya’s
therapeutic effect. This study investigates the FTY720-P-S1P1 receptor interaction on astrocytes in
the hope of discovering a disease relevant physiological effect of the internalisation and signalling
events observed in the preceding chapter. Recent studies have provided compelling data suggesting
that astrocytes are key drivers of neuroinflammation by providing chemotactic signals for infiltrating
leukocytes which are essential for the progression of EAE (Kang et al., 2010). Thus, this chapter
focuses on the ability of FTY720-P to prevent the release of pro-inflammatory chemokines and

cytokines from activated astrocytes.
5.1.2 T-cells: Th1 versus Th2.

Classically in the field of autoimmunity and autoimmune diseases it was believed that a diseased
state was caused by an imbalance in the Th1-Th2 paradigm. A Thl response mediates a cellular
immune response, associated with tissue damaging inflammation. In contrast, a Th2 response is
characterised by shifting the overall immune response away from a cell-mediated to a humoral
based response exerting a modulatory or anti-inflammatory effect (Li et al., 2011). However this
concept that MS is a purely Thl mediated disease was first challenged by the several findings and

observations in the animal model EAE (Ferber et al., 1996).

It was observed that IFN-y” or STAT1” mice which do not generate Thl cells were not only
susceptible to EAE but found to develop a more severe form of EAE (Bettelli et al., 2004; Ferber et
al., 1996). Importantly it has been shown that the pro-inflammatory cytokine IL-12 promotes the
development of IFN-y producing, Thl cells (Watford et al., 2003). IL-12 shares the p40 subunit with
another cytokine, namely, IL-23. It was observed that IL-12p40'/' mice were resistant to EAE,
subsequently it was shown that IL-237 were also resistant to the development of both EAE and
collagen induced arthritis, a well established animal model for the autoimmune disease, rheumatoid
arthritis (Cua et al., 2003; Murphy et al., 2003). IL-23 is a member of the IL-12 cytokine family; the
main cellular sources of IL-23 are professional APCs, activated macrophages and dendritic cells (Cua
et al., 2003). The main function of IL-23 in conjunction with IL-6 and TGF-B1 is to enhance the
expansion of IL-17, IL-17F, and IL-22 producing T-cells and to maintain this population of pro-
inflammatory cells (Langrish et al., 2005). It is thought that while IL-23 is not necessary for the initial
differentiation of Th17 cells from naive T-cells, it is required for the terminal differentiation and
thereby ultimately the cells activity. Recent studies have described an important role for CD4" Th17
cells in the effector stage of EAE mediated through the production of pro-inflammatory IL-17. It is
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now known that Th17 and Thl cells can independently induce phenotypically distinct EAE via
separate immunological pathways, with respect to both histology and chemokine expression profiles

(Kroenke et al., 2008).
5.1.3 Pro-inflammatory cytokine: IL-17.

IL-17 is the founding member of the IL-17 family of cytokines (IL-17 A-F). It is a pro-inflammatory
molecule and the signature cytokine of the Th17 cell subclass. It was first discovered and cloned by
Rouvier et al and named CTLAS, it has since been re-named IL-17 (IL-17A) (Rouvier et al., 1993). IL-17
is @ 155 amino acid long homodimer which exerts its effect through binding to and activation of a
type-I cell surface receptor. IL-17RA and IL-RC are the best described of the 5-known IL-17R’s and
respond to both IL-17A and IL-17F (Yao et al., 1995; Zheng et al., 2008). While Th17 cells are the
main source of IL-17 they are not the only cells capable of producing this cytokine. Natural killer
cells, y6 T-cells and CD8" T-cells have all been shown to be capable of producing IL-17 under various
conditions (Lockhart et al., 2006; Rachitskaya et al., 2008; Sutton et al., 2006). The role of IL-17
signalling has been investigated in a number of inflammatory disease states including psoriasis,
inflammatory bowel disease, and rheumatoid arthritis; however we are most interested in its role in
EAE/MS (Jadidi-Niaragh and Mirshafiey, 2011). Studies show anti-IL-17 neutralising antibodies can
both delay the onset and reverse the progression of established EAE, in addition, IL-17” mice show a
reduced susceptibility to EAE (Hofstetter et al., 2005). While this genetic or biological interference
with the IL-17 signalling pathway appears to be beneficial in EAE, it only leads to amelioration of
clinical symptoms not prevention or complete reduction of the symptoms (Hofstetter et al., 2005;

Park et al., 2005).

Various studies have examined the role of Th17 cells and IL-17 in autoimmune disease. It has been
shown that there is a significant increase in IL-17 at an mRNA and a protein level in both active and
chronic MS lesions as compared to control or normal appearing white matter (Traugott et al., 1983;
Tzartos et al., 2008). It has also been shown that there is increased numbers of mononuclear cells
expressing IL-17 mRNA in both the blood and CSF of patients with active MS (Matusevicius et al.,
1999). Increases in these cell numbers also correlated to periods of clinical exacerbation such as in a
disease relapse (Durelli et al., 2009; Matusevicius et al., 1999). The main pathogenic function of IL-17
involves the recruitment of both neutrophils and macrophages during inflammation (Witowski et al.,
2004). Subsequently neutrophils mediate the activation of various gelatinases and proteinases,
including matrix metalloproteinase-3 (MMP-3), which actively disrupt the BBB (Yong et al., 2001).
This BBB breakdown is facilitated by IL-17 signalling through the IL-17R and enhances the production
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of reactive oxygen species (ROS) in CNS endothelial cells (Huppert et al., 2010). Consequently this
leads to disorganisation or loss of tight junction proteins in these endothelial cells and
permeabilization of the BBB (Huppert et al., 2010). Altogether these studies suggest that IL-17 or IL-
17R’s represent targets for future immunotherapeutics. However the situation is complicated
somewhat by the fact that Th17 cells not only produce IL-17 but also a range of bioactive molecules
including IL-6, TNF-a, IL-21 and IL-22. Thus, further studies on the role of Th17 cells and IL-17 in the
inflammatory process are needed before IL-17/IL-17R’s become a legitimate druggable target for the
treatment of autoimmune diseases. However, from cytokine knockout studies done in mice, it has
been demonstrated that no one cytokine has been identified as the key inflammatory mediator in

the course EAE (Ferber et al., 1996; Liu et al., 1998).
5.1.4 Pro-inflammatory cytokine: IL-6.

One of the main biological targets of IL-17 signalling is the pleiotropic cytokine IL-6, first described in
1986 (Haegeman et al., 1986). IL-6 plays various roles in the human body; of particular interest is its
critical role in the inflammatory process (Neurath and Finotto, 2011). IL-6 is a potent mediator of
fever and along with IL-8, IL-1 and TNF-a is a stimulator of the acute-phase reaction (Neurath and
Finotto, 2011). IL-6 can be secreted by many cells including monocytes, endothelial cells, T-cells, and
B-cells with astrocytes thought to be the primary source of IL-6 within the CNS (Van Wagoner et al.,
1999). In the healthy CNS only very low levels of IL-6 can be detected, however this is markedly
increased after injury (Yan et al.,, 1992). IL-6 release in the CNS has been shown to exert both
beneficial and detrimental effects. IL-6 plays an important role as a trophic factor within the CNS,
protecting and promoting the survival of both undifferentiated and mature neurons (Gruol and
Nelson, 1997). IL-6 also has been shown to promote the release of NGF from cultured astrocytes
(Frei et al., 1989). Given the pleiotropic nature of IL-6, its transient production can have a positive
effect on host defenses. Chronically dysregulated IL-6 levels are implicated in many inflammatory
and autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus and MS
(Murakami and Nishimoto, 2011; Ogata and Tanaka, 2012). IL-6R blockade has already been targeted
in the treatment of RA with the monoclonal antibody Tocilizumab® (Hoffmann-La Roche) (Ogata and
Tanaka, 2012) IL-6 crosses the BBB easily and at pathological levels is thought to promote a pro-
inflammatory milieu (Banks et al., 1995). Numerous studies have shown elevated levels of IL-6 in the
serum and CSF of patients suffering from conditions such as, both viral and bacterial meningitis, MS,
Alzheimer’s disease and systemic lupus erthematosus (Gruol and Nelson, 1997). In the context of

EAE and MS, studies have shown that IL-6 mediates many of its pro-inflammatory effect via its ability

125 | Page



to promote Th17 cell differentiation, while inhibiting the expansion of the anti-inflammatory Treg
population (Kimura and Kishimoto, 2010). Dysregulation of IL-6 and IL-6 signalling pathways has long
been implicated in various autoimmune diseases and in particular rheumatoid arthritis (Murakami
and Nishimoto, 2011). It is this evidence of IL-6 mediated imbalance in Th17/Treg populations that

has lead IL-6 to become a target in the search for new anti-autoimmune therapies.
5.1.5 Pro-inflammatory cytokine: TNF-a.

Similar to IL-6, TNF-a (first described in 1975) is a cytokine with diverse cellular functions (Carswell et
al., 1975). It is best known for its involvement in systemic inflammation and as a stimulator of the
acute phase reaction (Locksley et al., 2001). TNF-a signals through two membrane bound receptors
(TNF-R1 and TNF-R2), it is a strong activator of the NF-¢B and MAP kinase signalling pathways, in
particular the JNK (c-Jun N-terminal kinase) pathway (Davis, 1999). Macrophages are the main
cellular source of TNF-a, however various other cell types are capable of producing TNF-a including
microglia, astrocytes, mast cells and endothelial cells. Elevated serum and CSF levels of TNF-a have
been observed in patients suffering from MS (Martins et al., 2011; Sharief and Hentges, 1991; Shi et
al., 2009). The pro-inflammatory effects of TNF-a in the acute phase of EAE has also been well
documented, however attempts to target TNF-a/TNF-R signalling as a treatment strategy for MS

have been unsuccessful (Group, 1999).
5.1.6 Chemotactic cytokines.

Chemokines are a superfamily of small cytokines; these chemotactic cytokines are secreted by
various cells of the body and are involved in the recruiting, trafficking and redistribution of
leukocytes (Kehrl, 2006). Chemokines are segregated according to differences in their structure, and
in particular the position of the first two cysteine residue in these molecules. The two largest
subfamilies of chemokines are the CC family (which has its first two cysteine residues next to each
other) and the CXC family (which contain a single amino acid between its first two cysteine residues)
(Charo and Ransohoff, 2006). The primary role of chemokines is to direct the movement of
circulating leukocytes to sites of inflammation or injury (Kehrl, 2006). Chemokines signal through
seven transmembrane GPCRs, to a number of downstream signalling pathways, including the PLC
pathway (chemokine activation of leukocytes induces increased levels of Ca’*) and the AC/cAMP
pathway (chemokine induced decreases in cAMP levels enhances chemotaxis in leukocytes (Li et al.,
2000). There are 19 known chemokine receptors; these receptors can be activated by a number of

different chemokines, thus there exists a degree of redundancy in chemokine signalling. It is this
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redundancy that makes chemokines and their receptors difficult drug targets (Xu et al., 2007).
Maraviroc (CCR5 receptor antagonist), a compound used as a HIV therapy, is the only licensed
therapy which targets chemokine receptors (Westby and van der Ryst, 2010).Multiple chemokine
receptor antagonism has been suggested as a being the most effective approach in targeting the
chemokine network (Zhao, 2010). What is clear is the role chemokine play in disease, in particular
autoimmune diseases and disorders with a prominent inflammatory component, such as psoriasis,
asthma and MS (Flier et al., 2001; Pease, 2011; Trebst et al., 2001). The release from astrocytes of
two chemokines, one from the CC family (CCL5; RANTES) and one from the CXC family (CXCLS; LIX)

was examined in this study.
5.1.7 Pro-inflammatory chemokine: RANTES.

RANTES (Regulated upon Activation, Normal T-cell Expressed, and Secreted) or CCL5 is a 8kDa
chemotactic and pro-inflammatory cytokine of the CC subfamily. RANTES plays an active role in
recruiting leukocytes to sites of inflammation, it has been shown to interact with and activate CCR3,
CCR5 and CCR1 (Proudfoot et al., 2001; Slimani et al., 2003; Struyf et al.,, 2001). RANTES is
chemotactic for T cells and eosinophils and induces proliferation and activation of a subset of NK
cells, known as CC-chemokine-activated killer (CHAK) cells (Maghazachi et al., 1996). RANTES
displays potent basophil chemotactic activity, HIV-suppressive activity (as produced by CD8" cells)
and anti-microbial action in the innate immune response (Miller and Krangel, 1992). RANTES
expression has been observed in astrocytes, in the MS brain, and in control cultures (Meeuwsen et
al., 2003; Szczucinski and Losy, 2011). Expression of RANTES receptors CCR1 and CCR5 on astrocytes
has also been demonstrated (Dorf et al., 2000). Release of RANTES from murine astrocytes has been
successfully evoked in vitro(van Neerven et al., 2010). Even in the nanomolar range, RANTES, eotaxin
and MIP-1a/p induced expression of monocyte chemoattractant protein-1 (MCP-1), TNF-a, MIP-1q,
MIP-2 and RANTES, in a pertussis toxin-sensitive manner, and via multiple receptors, including CCR1
and CCR5 (Luo et al.,, 2002). The ability of astrocytes to respond to, and produce RANTES is
noteworthy, as autocrine and paracrine methods of RANTES signalling within astrocyte populations
may serve to activate astrocytes and amplify/prolong inflammatory responses within the CNS.
Downstream effects of RANTES signalling invokes phosphorylation of several key targets, including
MEK, ERK1/2, p90 ribosomal S6 kinases (RSKs) and cyclic AMP-response element-binding protein
(CREB) in astrocytes (Zhang et al., 2002). Inhibition of this pathway via U0126, a pharmacological
inhibitor of MEK, attenuates further downstream phosphorylation events, as well and RANTES-

induced chemokine synthesis (Zhang et al., 2002). RANTES signalling has also been demonstrated to
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modulate astrocyte receptor expression; in particular, ICAM-1 is upregulated, and CX3CR1
expression down regulated following treatment of astrocytes with RANTES (Luo et al., 2002). It has
been reported that RANTES plays an important role during human foetal astrocyte development,
whereby RANTES differentially induced proliferation without differentiation, or differentiation
without proliferation, depending on the foetal age (5 weeks versus 10 weeks, respectively) (Bakhiet

etal., 2001).
5.1.8 Pro-inflammatory chemokine: LIX.

It is postulated that astrocytes are the significant CNS source of granulocyte-specific chemokines (Lu
et al., 2005). LIX (lipopolysaccharide induced CXC chemokine) or CXCL5 is a small cytokine belonging
to the CXC chemokine family first cloned in 1994 (Chang et al., 1994). It was characterised as an
inducible factor following stimulation of cells with the inflammatory cytokines IL-1 and TNF-a (Chang
et al., 1994). Its principal role seems to be the promotion of chemotaxis of neutrophils specifically
possessing angiogenic properties. LIX elicits its effects through interaction with the CXCR2
chemokine receptor (Persson et al., 2003). The chemokine CXCL3 which is implicated in the control
of migration and adhesion of monocytes in the periphery also signals through the CXCR2 receptor
(Lu et al., 2005). The combined action of these two chemokines on this receptor suggests that the
receptor itself may play an important role in MS pathology, and that efficacy of FTY720-P may be
contributed to by a down-regulation of pro-inflammatory factors such as LIX. CXCR2 has been
previously implicated in disorders of inflammation, myelin and oligodendroglial biology (Charo and
Ransohoff, 2006). A recent study on the cuprizone induced demyelination model of MS revealed that
CXCR2” mice are relatively resistant to cuprizone induced demyelination, and that CXCR2"

neutrophils are essential for cuprizone-induced demyelination (Liu et al., 2010).
5.1.9 Chapter Aim.

A recent study showed that a combination treatment of both IL-17 and TNF-a in vitro caused an
increase in oligodendrocyte cell loss compared to treatment with the cytokines individually (Paintlia
et al., 2011). This synergistic effect was above and beyond any possible additive effect of using two
cytokines. This exacerbation of IL-17 induced oligodendrocyte apoptosis by TNF-a was characterised
by mitochondrial dysfunction, generation of ROS and the induction of cell cycle arrest (Paintlia et al.,
2011). Synergistic activity is intriguing in terms of inflammation in EAE/MS, and indicates possible
interplay between IL-17 producing Th17 cells and TNF-a producing Th1 cells. The overall aim of this

chapter was to further understand the role astrocytes play in an inflammatory environment. In an

128 |Page



EAE or MS setting, chemotactic molecules attract tissue damaging leukocytes to sites of
inflammation in the CNS. LPS is the most frequently utilised in vitro model stimulus for inflammation
(Lund et al., 2006). This was an adequate approach to first study the effects of inflammatory signals
in astrocytes, and also to determine the effects of FTY720-P on this activation. To further understand
the role astrocytes might play in an autoimmune setting such as MS, follow-up studies in this
chapter utilised more “disease-relevant” molecules to treat astrocytes. Specifically, human
recombinant IL-17 and TNF-a were used to stimulate astrocytes, both in parallel and in conjunction
with one another. IL-6 release was subsequently measured as an inflammatory read-out from these

cells. The effect of FTY720-P on IL-17 and TNF-a induced release of IL-6 was then demonstrated.
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Figure 5.1 T-Cell lineages.

T-cells go through various stages of development before becoming distinct effector cells. From left
to right, non-renewing hematopoietic stem cell progenitors migrate from the bone marrow to the
thymus where they undergo further development, slowly losing their ability to develop down
different cellular lineages. Through the processes of positive and negative selection the thymus
eventually produces and releases single-positive (CD4" CD8 or CD4” CD8’) immunocompetent naive
thymocytes. After activation of the naive T-cell through its TCR and co-stimulatory molecules by
APCs, the T-cells re-circulate to the lymphoid organs to develop into a population of antigen
experienced memory T-cells which await reactivation. These cells given the right cytokine
environment (as indicated) can become any one of the distinct effector T-cells which are capable of
affecting the immune response through the production of a range of biologically active cytokines

and chemokines.
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5.2 Results

5.2.3 LPS induces the release of a range of cytokines and chemokines from rat astrocytes.

We are interested in the role S1P receptor activation plays during inflammation; studies have
demonstrated cooperation between TLR4 receptors and S1P1 and S1P3 receptors in the production
of cytokines and chemokines (Eskan et al., 2008). Recently it has also been shown that inhibition of
SphK1 can prevent sepsis in mice treated with LPS (Puneet et al., 2010). LPS is a well established
cellular challenge which is known to elicit a strong inflammatory phenotype in many cell types
including astrocytes (Bal-Price and Brown, 2001). LPS is a lipoglycan found on the outer membrane
of Gram-negative bacteria which acts as an endotoxin and signals through the single membrane
spanning CD14/TLR4/MD2 receptor complex (Fig. 5.2). This induces the production and secretion of
various pro-inflammatory cytokines from many cell types (Rossol et al., 2011). TLR4 along with TLR3
has shown to be expressed on cells of the CNS, including astrocytes (Farina et al., 2007). In the
present chapter to study the effect of S1P receptor modulation in an in vitro model of inflammation
an “LPS challenge” was utilised. Primary rat astrocytes were exposed to 100ng/ml LPS for 3hr and
24hr to assess the effect of both a short and long LPS challenge on cytokine and chemokine release
from astrocytes. Following stimulation supernatants were collected and analysed for the release of
cytokines and chemokines using dots blot array kits. As shown in (Fig. 5.3) LPS induces astrocytes to
release a wide range of pro-inflammatory cytokine and chemokines; CINC-2, CINC-3, IL1q, IL-6, IL-13,
MIG, RANTES and TNF-alpha (*** p<0.001, one-way ANOVA, as determined by unpaired t-test Fig
5.3A), CINC-1, CNTF, GM-CSF, IP-10, L-Selectin, MIP-1B (** p<0.001, one-way ANOVA, as determined
by unpaired t-test Fig 5.3A ), IL-10 (* p<0.001, one-way ANOVA, as determined by unpaired t-test Fig
5.3A ). Astrocyte stimulation with LPS for 24hr resulted in a similar cytokine/chemokine release
pattern with a notable increase in IL-6 release. Data is represented as a fold increase in release of
cytokines and chemokines following LPS treatment compared to control levels. This data confirms
the release of a wide range of cytokines and chemokines from primary rat astrocytes in response to
LPS activation of the TLR4 receptor. Following this initial experiment the chemokines RANTES (CCL5)
and LIX (CXCL5) were selected for further investigation. These particular molecules provide a

chemotactic signal for granulocytes.
5.2.4 FTY720-P pre-treatment attenuates LPS induced RANTES and LIX release from rat astrocytes.

To further assess possible S1P receptor mediated astrocytic involvement in the recruitment of

immune cells to the CNS, the effect of FTY720-P treatment on the release of RANTES and LIX from

131 | Page



primary rat astrocytes in response to LPS stimulation was examined. Cells were starved in serum-
free medium 4hr prior to a 2hr FTY720-P pre-incubation. Following pre-incubation, 100ng/ml LPS
was added to the astrocytes for a 12hr treatment at 37°C/5% CO,. The supernatants were collected
and used on cytokine dot blots to determine release of cytokines and chemokines. A 100ng/ml
concentration of LPS was sufficient to stimulate primary rat astrocytes to release significant amounts
of both LIX (*** p<0.001 LPS vs. control; one-way ANOVA, Bonferroni post-hoc test) and RANTES
(*** p<0.001 LPS vs. control; one-way ANOVA, Bonferroni post-hoc test). Pre-treatment with 1uM
FTY720-P attenuated this LPS-induced release of LIX (### p<0.001 LPS + FTY720-P vs. LPS) and
RANTES (### p<0.001 LPS + FTY720-P vs. LPS) in vitro (Fig. 5.4). Chemokine levels were observed to
be returned close to control levels following FTY720-P pre-treatment. This result confirms that

FTY720-P induced modulation of S1P receptors exerts anti-inflammatory effects on astrocytes.
5.2.5 S1P increases IL-6 levels in human astrocytes, in the presence of IL-17 and/or TNF-a.

S1P has been shown to promote the release of growth factors (NGF, FGF-2, and GDNF) from
astrocytes that allow for cell-crosstalk and promote neuronal survival (Bassi et al., 2006; Yamagata et
al., 2003). It has also been shown that FTY720-P reduces IL-6 levels in microglia/macrophages,
astrocytes, and neurons following traumatic brain injury (Zhang et al., 2008). Additionally, IL-6 and
IL-17 are increased during EAE and specific S1P1 receptor knockout from astrocytes or FTY720-P
treatment reduces their release (Choi et al., 2011; Samoilova et al., 1998). Since previous studies
show that foetal calf serum (FCS) contains between 126-156nM S1P, the effect of increasing
concentrations of FCS on protein levels of IL-6 was first examined (Murata et al., 2000a). FCS induced
an increase in the protein levels of IL-6 in conditioned media obtained from cultured human
astrocytes in a concentration dependent manner (*** p<0.001 vs. corresponding control; one way
ANOVA, Dunnetts post-hoc test) (Fig. 5.5A). Thus, all experiments conducted in this study were
carried out in serum free conditions, where control levels of IL-6 were approximately 100pg/ml.
Importantly, the treatment of astrocytes with S1P induced a concentration dependent increase in
the protein levels of IL-6 in the astrocyte conditioned media (*** p<0.001 vs. corresponding control;
one way ANOVA, Dunnetts post-hoc test) (Fig. 5.5B). In contrast to the ability of TNF-a to augment
IL-17 mediated increase in protein levels of IL-6, the treatment of human astrocytes with IL-17 (Fig.
5.5C), TNF-a (Fig. 5.5D) or combined IL-17/TNF-a (Fig. 5.5E) did not enhance the S1P mediated
increase in protein levels of I1L-6, beyond the additive effects of these individual treatments (***

p<0.001 vs. corresponding control; one way ANOVA, Dunnetts post-hoc test). Thus, the data showed
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that S1P increases the protein levels of IL-6 in human astrocytes and that the co-stimulation of TNF-

a or IL-17 receptors did not alter this S1P response.

5.2.6 Synergistic effect of IL-17 and TNF-a signalling enhances the release of IL-6 from human

astrocytes.

To investigate a possible role for astrocytes in propagating inflammatory responses, human
astrocytes were treated with IL-17, the signature pro-inflammatory cytokine of Th17 cells. IL-17 is
known to play a central role in neuroinflammation (Zepp et al., 2011). In parallel, astrocytes were
treated with the established inflammatory molecule TNF-a, whose cognate receptor is known to be
expressed on astrocytes and levels of which have been shown to be present at elevated levels in MS
patients (Kinouchi et al., 1991; Martins et al., 2011). In addition, to determine the possible effect of
synergistic signalling between IL-17 and TNF-a on IL-6 release from astrocytes, IL-6 protein levels
were measured from astrocytes treated with a combination of both cytokines. Cells were starved in
serum-free media for 4hr prior to stimulation with cytokines. Astrocytes were treated with
increasing concentration of each cytokine for 18hr whereupon the media was removed and frozen at
-20°C. IL-6 ELISA data indicates that treatment with IL-17 caused a significant increase in IL-6 from
human astrocytes, with a maximal release of 1.3ng/ml of IL-6 following stimulation with 50ng/ml IL-
17 (** p<0.01, one-way ANOVA, Dunnetts post-hoc test; Fig. 5.6A). Similarly TNF-a treatment caused
a significant increase in IL-6 release with a maximal release of approximately 2 ng/ml of IL-6
following stimulation with 10ng/ml TNF-a (** p<0.01, one-way ANOVA, Dunnetts post-hoc test; Fig.
5.6B). Various combination of cytokines were used to treat human astrocytes, keeping the
concentration of IL-17 constant while varying the TNF-a concentration and conversely maintaining
the concentration of TNF-a constant while varying that of IL-17. Treatment of astrocytes with a
combination of the cytokines (IL-17 50ng/ml and TNF-a 10ng/ml) resulted in the release of
significantly higher concentrations of IL-6, with a maximal release of approximately 20 ng/ml IL-6 (**
p<0.01, one-way ANOVA, Dunnetts post-hoc test; Fig. 5.6C). This effect was greater than the sum of
the treatments with the individual cytokines alone (Fig. 5.6C). Here the data shows that astrocytes
respond to pro-inflammatory signals and can contribute to the propagation of the inflammatory
episode by releasing IL-6. The data also indicates synergistic signalling between IL-17 and TNF-a
(Paintlia et al., 2011). This is relevant as it is more likely that in an inflammatory microenvironment
astrocytes respond to a mixed cytokine environment and not one that is dominated by a single
cytokine. This cooperative or synergistic signalling between inflammatory mediators is not a new

concept (Chabaud et al.,, 2000). However, this profound increase in IL-6 release from human
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astrocytes is of considerable interest, especially in the context of astrocytic involvement in driving

neuroinflammation.

5.2.7 Pre-treatment of human astrocytes with FTY720-P causes a dose dependent inhibition of IL-6

release.

Previous data has shown that FTY720-P exerts an “anti-inflammatory” effect on LPS challenged
astrocytes (Fig. 5.4). Data showed that pre-treatment of human astrocytes with FTY720-P
attenuated the release of pro-inflammatory chemokines. Here our data suggests that Th17 cells may
communicate with astrocytes to further drive inflammation through the promotion of IL-6 release
(Fig. 5.6). Thus the possible further anti-inflammatory effect of FTY720-P on IL-17/TNF-a induced IL-6
release from human astrocytes was investigated. Human astrocytes were starved for 3hr in serum
free media before they were treated with various concentrations of FTY720-P for 1hr. A combination
treatment of 50ng/ml IL-17 and 10ng/ml TNF-a induced a significant increase in the release of IL-6
from human astrocytes (Fig. 5.7) (** p<0.01, versus control; one-way ANOVA, Bonferroni post-hoc
test). This IL-6 release was significantly inhibited upon pre-treatment with FTY720-P (1uM) (**
p<0.01, versus control; one-way ANOVA, Bonferroni post-hoc test) (Fig. 5.7). This result is interesting
as it is evidence that S1P receptor activation may exert an anti-inflammatory effect on astrocytes
with respect to IL-6 release. However the molecular mechanism by which S1P receptor activation

exerts this effect remains unclear.

5.2.8 Activation of the S1P1 receptor by AUY954 causes a dose dependent inhibition of IL-6 release

from human astrocytes.

Previous data has indicated that the inhibitory effect of FTY720-P on the release of pro-inflammatory
signals from astrocytes is due to its interaction with the S1P1 receptor (Choi et al., 2011). To
examine the role of the S1P1 receptors in FTY720-P mediated attenuation of IL-17/TNF-a induced IL-
6 release, human astrocytes were pre-treated with increasing concentrations of the S1P1 receptor
specific compound AUY954 prior to stimulation with a combination treatment of 50ng/ml IL-17 and
10ng/ml TNF-a. Serum starved, confluent human astrocytes were pre-incubated with 0.01-10nM
AUY954. Following pre-incubation, a combination treatment of 50ng/ml IL-17 and 10ng/ml TNF-a
was added to the astrocytes for an 18hr treatment at 37°C/5% CO2. Cell supernatant was then
collected and IL-6 levels were measured by ELISA. Data showed that pre-treatment of human
astrocytes with the S1P1 specific receptor agonist AUY954 prevented IL-17/TNF-a induced release of
IL-6 (*** p<0.01 0.1, 1 and 10nM AUY954 vs. IL-17/TNF-a) (Fig. 5.8). This provides evidence that the
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previously observed effect of FTY720-P on cytokine induced IL-6 release is mediated primarily

through the S1P1 receptor.
5.2.9 The IL-17 and TNF-a induced increase of IL-6 levels are not mediated via SphK activation.

FTY720 is phosphorylated by two conserved enzymes, sphingosine kinase 1 and 2 (SphK1 and SphKk2)
both of which play a major role in sphingolipid metabolism. Sphk2 has been found to be the enzyme
predominately responsible for the phosphorylation of FTY720 in vivo (Billich et al., 2003). A number
of studies have shown that SphK activity, in particular SphK1, is enhanced by the activation of many
factors including TNF-a, PDGF (platelet derived growth factor), GDNF (glial derived neurotrophic
factor), EGF (epidermal growth factor), FGF (fibroblast growth factor), VEGF (vascular endothelial
growth factor), muscarinic acetylcholine agonists, and PKC (protein kinase C) (Dev et al., 2008;
Maceyka et al., 2012). In addition the activation of Trk receptors (NGF activated Trk A, BDNF and NT
4/5 activated Trk B and NT3 activated Trk C), protease activated receptors (PARs) and Toll receptors
(LPS activated TLR4) all induce SphK1 activity (Dev et al., 2008; Spiegel and Milstien, 2011). This
activation of SphK1 increases levels of S1P, which is thought to activate the NF-kB signalling pathway
intracellularly or transactivate S1P receptors extracellulary (Dev et al., 2008; Spiegel and Milstien,
2011). To investigate if IL-17 increased the release of a SphK pathway, the effects of a selective
SphK1 inhibitor (SphK1i) was examined. A SphK1i, with an ICs, value of approximately 50nM and no
activity on SphK2 at 10uM was synthesised as described previously (Xiang et al., 2010) (Fig. 9A). The
data showed that the SphK1i had no effect on the control levels of IL-6 (Fig. 5.9B). Moreover, the
SphKi did not alter IL-17 (Fig. 5.9B), or TNF-a induced (Fig. 5.9C) increase in IL-6 levels. These results
suggest that increased intracellular S1P levels induced by the activation of SphK1, is not required for

TNF-a or IL-17 mediated increase of IL-6 levels.
5.2.10 FTY720-P but not S1P causes S1P1 receptor internalisaticn in human astrocytes.

Studies show that FTY720-P binds to and causes rapid and sustained internalisation of membrane
expressed S1P1 receptors (Mullershausen et al., 2009). Unlike S1P which causes recycling of the
receptor, FTY720-P causes a persistent state of internalisation, followed by ubiquitination of the
receptor and down-regulation at an mRNA level (Oo et al., 2007). This phenomenon has now been
termed ‘functional antagonism’. To examine the differential effects of S1P versus FTY720-P and
AUY954 on IL-6 levels, the effects of these three compounds on S1P1 receptor internalisation in
human astrocytes was determined. The data showed that, in contrast to S1P, treatment of

astrocytes with FTY720-P and AUY954 induced robust and sustained internalisation of S1P1
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receptors (Fig. 5.10). This data is in line with the hypothesis that both FTY720-P and AUY954 impede
pro-migratory/pro-inflammatory response of the S1P-S1P1 receptor axis by internalisation and

functional antagonism of S1P1 receptors.
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Figure 5.2 The TLR4 signalling pathway with proposed sites of S1P involvement.

This schematic outlines possible role of S1P in TLR4 mediated signalling. Dashed black line details

possible S1P interactions. It has been shown that SphK1 mediated S1P generation leads to activation

of PKC, which in turn promotes IKK and NF-kB activation (Puneet et al., 2010). It has also been

suggested that S1P enhances the autoubiquitylation of TRAF6, which in turn activates TAK1 (Spiegel

and Milstien, 2011). TAK1 phosphorylates the IKK complex, leading to the activation of NF-kB and

MAPKs (Vallabhapurapu and Karin, 2009). S1P can be released to cross-activate S1P receptors in an

autocrine fashion. In addition, it has been shown that TLR4 activation can lead to enchanced S1P1/3

receptor expression which may enchance pro-inflammatory cytokine expression, contributing to a

positive feedback mechanism driving pro-inflammatory cytokine expression (Eskan et al., 2008).
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Figure 5.3 LPS induces the release of a range of cytokines and chemokines from rat astrocytes.

Primary rat astrocytes were treated with 100ng/ml LPS for 3hr. (A) Representative cytokine array
blots. (B) Quantified data showed LPS induced a statistical significant increase in the release of
chemokines and cytokines from astrocytes compared to control (* p<0.05, ** p<0.01, *** p<0.001;
as determined by unpaired t-test). Data represented as fold increase relative to centrol levels of
cytokine/chemokine. (TC, Thymus Chemokine, CXCL10 (IP-10)). Values presented as means + SD

(n=2).
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Figure 5.4 FTY720-P treatment modulates LPS induced release of chemokines from rat astrocytes.

Treatment with LPS (100ng/ml for 12hr) induced a statistically significant increase in release of both

(A) LIX (CXCL5) and (B) RANTES (CCL5) from rat astrocytes (*** p<0.001 vs. control, one-way ANOVA,

Bonferroni post-hoc test). Pre-treatment (1hr before LPS) with FTY720-P (1uM) significantly

attenuated LPS induced LIX and RANTES release (### p<0.001 vs. LPS, one-way ANOVA, Bonferroni

post-hoc test). Upper panels show representative cytokine array blots. Lower panels show quantified

data. Y-axis values arbitrary. Values are represented as means + SEM (n=3).
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Figure 5.5 S1P increases IL-6 levels in human astrocytes, in presence of IL-17 and/or TNF-a.

Human astrocytes were plated (70,000 cells per well), grown for 3 days, serum starved for 4hr, after
which they were treated for 20hr with increasing concentrations of (A) FCS and (B) S1P. In addition
S1P treatments were done in combination with (C) 10ng/ml TNF-a, (D) 50ng/ml IL-17, and (E) IL-17 +
TNF-a. All concentrations used are indicated in the figure. The protein levels of IL-6 in astrocyte
conditioned media were examined by ELISA. Each condition was tested in triplicates. The data shown
is a representative of 3 separate experiments. (*** p<0.001 vs. corresponding control; one way

ANOVA, Dunnetts post-hoc test). Data generated by Elain Gaelle (NIBR, Basel, Switzerland).
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Figure 5.6 Synergistic effect of IL-17 and TNF-a signalling enhances the release of IL-6 from human

astrocytes.

Serum starved human astrocytes were treated with (A) human recombinant IL-17 (5-500ng/ml) for

18hr. Astrocytes were also treated with (B) human recombinant TNF-a (1-100ng/ml). Both

treatments resulted in the release of significant levels of IL-6 as measured by ELISA (** p<0.01, one-

way ANOVA, Dunnett’s post-hoc test). (C) Serum starved astrocytes were treated with various

combinations of cytokines to determine the optimal combination for induction of IL-6 release. An IL-

17/TNF-a combination of 50/10ng/ml induced the most significant release of IL-6 from human

astrocytes as measured by ELISA. Statistical analysis was conducted using one-way ANOVA and

Bonferroni post-hoc test. Values are represented as means + SEM (n=2).
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Figure 5.7 Pre-treatment of human astrocytes with FTY720-P causes a dose dependent inhibition of

IL-6 release.

Serum starved human astrocytes were pre-treated with FTY720-P for 1hr prior to stimulation of the
cells with a combination of IL-17 and TNF-a (50/10ng/ml) for 18hr. Supernatant was examined by
way of ELISA for the release of IL-6. Cytokine treatment induced a significant release of IL-6 (***
p<0.001, IL-17/TNF-a vs. control; one-way ANOVA, Bonferroni post-hoc test). FTY720-P pre-
treatment of human astrocytes ameliorated the cytokine induced release of IL-6 (### p<0.001,
FTY720-P treatment vs. IL-17/TNF-a; one-way ANOVA, Bonferroni post-hoc test). Values are

represented as means + SEM (n=3).
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Figure 5.8 Activation of the S1P1 receptor by AUY954 causes a dose dependent inhibition of IL-6
release from human astrocytes.

Serum starved human astrocytes were pre-treated with AUY954 for 1hr prior to stimulation of the
cells with a combination of IL-17 and TNF-a (50/10ng/ml) for 18hr. IL-17/TNF-a treatment induced a
significant release of IL-6 from astrocytes (*** p<0.001, IL-17/TNF-a vs. control; one-way ANOVA,
Bonferroni post-hoc test). Supernatant was examined by way of ELISA for the release of IL-6. AUY954
pre-treatment of human astrocytes ameliorated the cytokine induced release of IL-6 (### p<0.001,
AUY954 treatment vs. IL-17/TNF-a one-way ANOVA, Bonferroni post-hoc test). Values are

represented as means + SEM (n=3).

143 |Page



O  OH

Jj"ﬂ,,'
N
H

>
N
&
OvN

NVP-QCM494-NX1

B 0.15 - 1700 C 1.0 —

. Control D TNF-a 1ng/ml
08 J [[J 11750 ng/mi 0.8 | [[] ™F-a 10ng/mi _Lq
— _ 1
£ 0.10- L £ N
~ 0.6 - 0.6 —
£ 2
&9 04 - “? 0.4
= 0.05 4
02 ' 0.2 -
0 0 _. 0 .__l | 1
By K 0 0o 1 3 Ctrl 0 12 3 0 1
SphKinhib (uM) SphKinhib (uM)

Figure 5.9 The IL-17 and TNF-a induced increase of IL-6 levels is not mediated via SphK activatio:.

The structure of the SphK inhibitor (SphKi) synthesised is shown (A) and is reported to inhibit $ohK1
with an 1Cs, of 58nM, while being inactive on SphK2 at 10uM. Primary human astrocytes were piated
at 70,000 cells in 24 well plates, grown for 3 days, serum starved for 4 h, after which they were pre-
treated for 2hr with increasing concentrations of SphKi followed by treatment with (B) IL-17
(50ng/ml), or (C) TNF-a (1 or 10ng/ml) for 18hr. All concentrations used are indicated in the figure.
The protein levels of IL-6 in astrocyte conditioned media were examined by ELISA. Each concition
was tested in triplicates. The data shown is a representative of 3 separate experiments. Data

generated by Elain Gaelle (NIBR, Basel, Switzerland).
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Figure 5.10 FTY720-P but not S1P causes S1P1 receptor internalisation in human astrocytes.

Treatment of cultured human astrocytes with (A) DMSO (0.1%) or (B) S1P treatment (1uM for 1hr)
had no effect on S1P1 receptor internalisation states. In contrast, treatment with (C) FTY720-P (1uM
for 1hr) (D) AUY954 (1uM for 1hr) caused internalisation of S1P1 receptors to a perinuclear region.
In S1P1 receptor (green), GFAP (red), Hoechst (blue), images on the right are example single cells

taken 63x magnification. Data shown is representative of 2 independent experiments.
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5.4 Discussion

To further examine the function of S1P1 receptors in the CNS, their role in cytokine release from
human astrocytes was examined. Here, focus was given to the release of two chemokines LIX and
RANTES, released from rat astrocytes, and the release of IL-6 from human astrocytes. Both LIX and
RANTES release and expression of their respective receptors are involved in the trafficking and
distribution of circulating leukocytes which is clinically relevant for diseases such as MS (Ransohoff,
1999). IL-6 release is implicated in a number of autoimmune diseases such as rheumatoid arthritis,
systemic lupus erythematosus and MS (Neurath and Finotto, 2011). In the CNS, IL-6 contributes to a
pro-inflammatory milieu, mainly through the support of pro-inflammatory Th17 cells and
suppression of anti-inflammatory T-regulatory cells (Kimura and Kishimoto, 2010). The data showed
that in vitro treatment of rat astrocytes with the bacterial endotoxin LPS increased the ievels of a
wide range of cytokines and chemokines. Release of LIX and RANTES was attenuated by pre-
treatment with FTY720-P. Following on from this, the data showed that both IL-17 and TNF-a can
independently induce the release of pro-inflammatory cytokine IL-6 from human astrocytes. A
combination of both IL-17 and TNF-a induced the release of a significant level of IL-6, greater than an
additive effect of the two cytokines. This synergistic signalling of IL-17 and TNF-a was inhibited by
pre-treatment with FTY720-P. S1P1 receptor involvement in this attenuation of IL-6 release was
demonstrated by data showing the S1P1 receptor specific agonist AUY954 inhibiting cytokine
induced IL-6 release. Importantly, the in vitro stimulation of human astrocytes with S1P significantly
increased the levels of IL-6. This was in contrast to the effect of FTY720-P and AUY954. These effects
were not associated with involvement of the sphingosine kinase pathway. Both FTY720-P and
AUY954, but not S1P, internalised S1P1 receptors suggesting that the effects on FTY720-P and
AUY954 on reducing IL-17/TNF-a mediated increase of IL-6 were likely due to S1P1 receptor
functional antagonism. Taken together, the data suggested that FTY720-P attenuates the reiease of
pro-inflammatory cytokines and chemokines from both rat and human astrocytes via a mechanism

that involves internalisation and functional antagonism of S1P1 receptors.
5.4.1 The role of IL-17/ TNF-a signalling in astrocytes.

Astrocytes have diverse roles that S1P1 receptors may regulate, including (i) direct communication
of astrocytic end-feet with endothelial cells that allows astrocytes to control the blood-brain-barrier;
(ii) uptake of neurotransmitters, such as glutamate, at the synaptic cleft that allow astrocytes to
regulate synaptic transmission and excitoxicity; and (iii) release of growth factors and cytokines, that

allow astrocytes to regulate cellular communication, migration and survival, for example of neurons
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and lymphocytes. It is significant that astrocytes form scar pathology after CNS injury, thus having
apparent opposing roles in physiology and pathophysiology. In disease, astrocytes are suggested to
play roles in a range of psychiatric, neurological and neurodegenerative disorders (Sidoryk-
Wegrzynowicz et al., 2011). Novel drugs that alter astrocyte function are thus of great potential
value, where regulation of astrocyte function by S1P1 receptors may prove therapeutically useful for
a range of CNS diseases. We have shown previously that astrocytes express S1P receptors and their
activation regulates many intracellular signalling cascades, including increased ERK phosphorylation
(PERK), elevated Ca** levels, inhibition of adenylyl cyclase and activation of PLA, and PLC
(Mullershausen et al., 2007; Osinde et al., 2007). We also find that S1P1 receptor activation
promotes astrocytes migration, in contrast to FTY720-P limiting T-cell migration, but in line with S1P
induced migration of neural stem cells and oligodendrocyte precursors (Kimura et al., 2007; Miron et
al., 2008a; Mullershausen et al., 2007). Importantly, S1IP promotes the release of growth factors
(NGF, FGF-2, and GDNF) from astrocytes that can allow for cell-crosstalk and promote neuronal
survival (Furukawa et al., 2007; Sato et al., 1999; Yamagata et al., 2003). Astrocytes secrete a vast
arrays of signalling molecules including neurotransmitters, neuropeptides, growth factors and
members of all the three families of cytokines, namely lymphokines, interleukins and chemokines
(both CCL and CXCL), many of which are located in active areas of MS lesions (Dong and Benveniste,
2001; Qin and Benveniste, 2012; Tzartos et al., 2008). Previous studies have shown that astrocytes
express both IL-17RA and IL-17RC and they respond to IL-17, via IL-17/Act1 signalling, to produce a
number of pro-inflammatory cytokines including IL-6, TNF-a and IL1B, that induce granulocyte and
leukocyte recruitment (Das Sarma et al., 2009; Graber et al., 2008; Kang et al., 2010; Ke et al., 2009;
Nichols et al., 2009). Of note, synergistic effects of IL-17 and TNF-a or IL1B have shown to be
mediated via the NF-kB pathway as determined by use of inhibitors of NF-kB (BAY-11) (Ma et al.,
2012; Meares et al., 2012; Trajkovic et al., 2001). Additionally, IL1B, IL-6 and IL-17 are increased
during EAE and specific S1P1 receptor knockout from astrocytes or FTY720-P treatment reduces
their release (Choi et al., 2011). In agreement with these previous studies, the data here showed
that IL-17 induced an increase in level of IL-6 in human astrocytes and that the levels of IL-6 were
greatly increased in astrocytes co-treated with IL-17 and TNF-a. The release of cytokines from
astrocytes likely results in a wave of leukocyte infiltration into the CNS, which in turn propagates and
exacerbates the inflammatory event (Fig. 5.11). Thus it is highly significant that FTY720-P and the
selective S1P1 receptor ligand, AUY954, prevented IL-17 induced increase in levels of IL-6 in human

astrocytes. These studies support the hypothesis that shutdown of communication between
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astrocytes and immune cells is part of the mechanism by which FTY720-P shows efficacy in reduction

of relapse rates in MS.
5.4.2 Functional Antagonism versus Receptor Agonism.

The experiments described in this chapter support the notion that agonism of CNS derived S1P1
receptors as opposed to functional antagonism (as seen in T-cells) is responsible for the
neuroprotective effects of FTY720-P. The “functional antagonism theory” suggests that cross
activation of plasma membrane bound S1P1 receptor by receptors for pro-inflammatory molecules
leads to the expression of pro-inflammatory cytokines and chemokines. Therefore pre-treatment
with FTY720-P results in functional antagonism of the S1P1 receptors, resulting in a lack of plasma
membrane bound receptor and thus preventing TLR4/IL-17/TNF-a receptor mediated cross-
activation (Fig. 5.12, Hypothesis 1). This theory however would involve SphK1 induced production of
S1P, subsequent release of S1P and S1P activation of plasma membrane expressed S1P receptors.
Studies have shown increased expression of SphK1 in astrocytes of MS lesions (Fischer et al., 2011)
and indicate that the SphK1/S1P1 axis, in particular, can inhibit LPS induced pro-inflammatory
cytokine/chemokine production (Schroder et al., 2011). The current study however indicates that IL-
17/TNF-a induced release of IL-6 does not involve the activation of SphK1 (Fig. 5.9). It is also possible
that activation of IL-17 receptors may promote the surface expression of TNF-a receptors, thus
enhancing TNF-a induced IL-6 release; this in turn may be inhibited by S1P receptor downstream
signalling events (Fig. 5.12, Hypothesis Il). However it is more likely that both IL-17 and TNF-a signal
to a common downstream second messenger which could be inhibited by direct S1P receptor
agonism. The common second messenger system is likely to be the NF-kB pathway. Specifically,
direct agonism of the S1P1 receptor by FTY720-P likely causes a downstream inhibition of TLR4 or IL-
17/TNF-a mediated NF-kB signalling (Fig. 5.12, Hypothesis Ill). Indeed studies have shown that
selective knockdown of the NF-kB signalling pathway in astrocytes leads to reduced white matter
damage and increased functional recovery following contusive spinal cord injury (Brambilla et al.,
2005). These effects correlated with reduced expression of pro-inflammatory cytokines and
chemokines, and in the particular CCL2 and CXCL10 (IP-10) (Brambilla et al., 2005). In addition it has
been shown that CNS-restricted ablation of the NFkB pathway is protective in an EAE setting (van
Loo et al.,, 2006). We hypothesise that S1P/S1P receptor attenuation of cytokine induced pro-

inflammatory cytokine and chemokine release involves signalling to the NF-kB pathway (Fig. 5.2).
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5.4.3 Conclusion and Future Work.

Due to inappropriate immune responses during inflammatory/autoimmune diseases such as MS,
recruitment of leukocytes into the brain parenchyma and inflammatory lesions by chemokines (such
as those derived from astrocytes) may serve to potentiate chronic inflammation. This in turn can
play a crucial role in the onset and maintenance of the observed pathophysiology (Ransohoff, 1999).
Beyond infiltration, chemokines, such as those described here, serve to directly alter function of
astrocytes and other cells within the CNS (Nair et al., 2008). Future work aimed at characterising and
modulating the cytokine and chemokine networks may provide valuable therapeutic options.
Indeed, such approaches have already been shown to be efficacious in the treatment of MS, where
IVIGs were shown to differentially alter expression of a number of chemokines in patients with
active MS (Pigard et al., 2009). Astrocytes are triggered to release cytokines and chemotactic factors,
following stimulation with bacterial and pathogen-related products, components of the clotting
cascade, lymphocyte-derived factors, and interactions with a wide range of immune cell infiltrates
(Sofroniew and Vinters, 2010). Subsequent to the observations of FTY720-P mediated attenuation of
LPS and IL-17/TNF-a induced reactivity in primary astrocyte cultures, the observed efficacy of
FTY720-P in the treatment of MS may be considered to incorporate alternative neuroprotective
mechanisms. Apart from its immunological properties FTY720-P may act through the induction of
anti-inflammatory signalling or the desensitization of astrocytes to inflammatory stimuli thereby
having an inhibitory effect on astrogliosis. The exact profile of chemotactic molecules released is
dependent on various parameters including expression of the TLR4, IL-17 or TNF receptors,
activation state of the astrocytes etc. These findings further support the notion that the efficacy of
FTY720-P is dependent on effects in both the immune system and CNS, through its inhibition of
chemotactic signals and subsequent ‘dampening’ of an autoimmune response. The data also
supports the testing of FTY720-P in animal models of other neuroinflammatory, neurodegenerative

and demyelinating conditions, beyond MS.
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Figure 5.11 Th1-Th17 mediated neuroinflammation via astrocytic activation.

Drainage of soluble self-antigens from the CNS parenchyma into cervical lymph nodes has been
demonstrated (de Vos et al., 2002). This may cause low intensity cross-activation of Tey cells, these
cells then re-circulate and enter the CNS, possibly at the choroid plexus where they cross the blood-
CSF barrier (Reboldi et al., 2009). Once in the CNS parenchyma they are re-stimulated by local
dendritic/microglial cells causing them to proliferate and differentiate into Tgy cells and
subsequently release pro-inflammatory cytokines (Sospedra and Martin, 2005). Cytokines act on
neighbouring astrocytes through their cognate receptors to stimulate the release of chemotactic
molecules which attract a second wave of leukocytes which actively drives a highly damaging

inflammatory cascade (Kang et al., 2010).
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Figure 5.12 FTY720-P mediated inhibition of pro-inflammatory cytokine release: Hypotheses.

We show that pre-treatment with FTY720-P significantly reduces the release of the pro-
inflammatory cytokine IL-6 from human astrocytes stimulated with IL-17 and TNF-a (Fig. 5.7). Here
we hypothesise as to the mechanism by which FTY720-P exerts this effect. ‘Hypothesis I’ involves the
release of S1P in response to cytokine activation which then acts on membrane bound S1P receptors
which drives IL-6 release, this is blocked by the functional antagonistic effect of FTY720-P on these
receptors. ‘Hypothesis I’ suggests that activation of IL-17 receptors may promote the surface
expression of TNF-a receptors thus enhancing TNF-a induced IL-6 release. This in turn may be
inhibited by S1P receptor downstream signalling events. ‘Hypothesis Il indicates a role for a
common downstream second messenger between the IL-17 and TNF-a signalling pathways which
could be inhibited by direct S1P receptor agonism. This figure represents hypothetically the
mechanism by which FTY720-P exerts its anti-inflammatory effect on cytokine stimulated human
astrocytes.
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Chapter 6. Discussion
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6.1 Discussion

6.1.1 Opening Remarks.

S1P1 receptors expressed on T-cells are widely recognized as the primary molecular targets
responsible for Gilenya’s efficacy in the treatment of RRMS. It is thought that FTY720-P mediated
functional antagonism of these GPCRs on T¢y,'s and the resultant peripheral lymphopenia is the key
molecular event responsible for the drug’s therapeutic effect (Mehling et al., 2008). While this
probably remains the case it would be remiss to rule out a direct CNS effect. It remains highly
unlikely given the lipophilic nature of the compound, coupled with the widespread expression of its
cognate receptors, that FTY720-P’s interaction with CNS located S1P receptors does not contribute
to its clinical efficacy in the treatment of RRMS. Numerous recent publications have shed a light on
astrocytic involvement in the complex process of neuroinflammation (Choi et al., 2011; Kang et al.,
2010). Reactive gliosis was long considered to be astrocyte’s only real involvement in
neuroinflammation. However recent studies have provided evidence that astrocytes play a central
role in the progression of EAE (Kang et al., 2010). These studies show that through interactions with
Th17 lymphocytes, astrocytes provide chemotactic signals for leukocytes, promoting their entry to
the CNS compartment (Kang et al., 2010). Data from astrocyte specific S1P1 receptor knockout
animals shows that FTY720-P mediates a non-immunological, CNS mechanism of action (Choi et al.,
2011). This study also shows that both genetic knockout of the S1P1 receptor from astrocytes, and
pharmacological loss of CNS S1P1 receptors results in a reduction in EAE clinical scores (Choi et al.,
2011). This suggests that it is FTY720-P induced persistent internalisation of S1P1 receptors on
astrocytes in agreement with what we observe (Fig. 3.5) and not a persistent agonism (Fig. 4.11) that
mediates the compounds protective effect in an EAE setting. It is feasible that functional antagonism
of the S1P1 receptor on astrocytes could be beneficial in reducing the overall activation of astrocytes
and reducing the possibility of gliosis. Thereby reducing production of inflammatory mediators by
preventing either S1P mediated activation (as local S1P production is markedly increased in EAE and
MS) of membrane bound S1P1 receptor or preventing its cross activation by other receptors.
However our data shows FTY720-P mediated inhibition of LPS, IL-17 and TNF-a induced release of
chemokines and cytokines, suggesting a more direct agonistic effect of FTY720-P. It is possible that a
combination of FTY720-P induced agonism resulting in downstream signalling events coupled with
an overall loss of receptor from the cell surface leads to an inhibition in pro-inflammatory cytokine

production while preventing induction of an activated astrocytic phenotype.

6.1.2 Internalisation of Astrocytic S1P1 Receptors- Results Chapter 1.
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In the literature a conclusion has yet to be drawn on the exact molecular events governing S1P1
receptor internalisation. Some groups provide evidence for a clathrin-independent system with
caveolae involvement (Igarashi and Michel, 2000). However the majority of studies suggest the more
classical route of GPCR internalisation via clathrin-coated pits (Watterson et al., 2002). The cyclic
process that accompanies ligand-GPCR interaction is designed to prevent cells from undergoing
excessive receptor signalling and generally follows the route of ligand binding, receptor signalling,
desensitisation, internalisation, resensitisation and recycling back to the plasma membrane
(Hanyaloglu and von Zastrow, 2008). Such is the case when S1P binds to the S1P1 receptor (Fig. 3.7).
The receptor signals, is internalised to the endosomal compartment where a change in vesicular pH
causes S1P to be stripped from the GPCR (Rosen et al., 2009). Under normal conditions most of the
receptor molecules are trafficked to sorting endosomes and then recycled back to the plasma
membrane with a half-life of approximately 30mins (Rosen et al., 2009). Binding of FTY720-P to the
S1P1 receptor results in its persistent internalisation to the Golgi complex and eventual down-

regulation (Fig. 1.7) (Mullershausen et al., 2009).

Following activation, GPCRs are subject to various modifications including phosphorylation,
palmitoylation and ubiquitination (Brady and Limbird, 2002; Marchese et al., 2003). Although both
S1P and FTY720-P are full agonists of the S1P1 receptor, their binding to the GPCR results in separate
cell fates, which are likely due to different receptor ubiquitination states. There is a strong
correlation between levels of ubiquitinylation and targeting of receptors for proteasomal
degradation (Shenoy et al., 2001). Monoubiquitylation mediates GPCR interactions with the protein
machinery that is involved in endosomal trafficking, in contrast to polyubiquitylation, which serves
to target proteins to the proteasome for degradation (Shenoy et al., 2001). FTY720-P stimulated
S1P1 receptor results in receptor polyubiquitylation, whereas S1P bound S1P1 receptor results in
monoubiquitylation (Oo et al., 2007). It is not clear thus far what causes this difference in
ubiquitination states. It has been shown that FTY720-P bound S1P1 receptors differ in structure to
S1P bound S1P1 receptors (Hanson et al., 2012; Parrill et al., 2012). It is possible that the structural
difference in the ligand bound S1P1 receptor alters its level of post-translational modification.
Certain E3 ubiquitin ligases may recognise the receptor conformation induced by FTY720-P bound
S1P1 receptor as opposed to that induced by S1P; this may lead to aberrant receptor
ubiquitinylation states. However it is also worth noting that these ubiquitinylation differences may
also be due to a difference in ligand-receptor stability. S1P is rapidly degraded within the cell and
easily stripped from the S1P1 receptor thus leaving the receptor free to be trafficked back to the cell
surface for further activation (Hla and Brinkmann, 2012). FTY720-P however binds tightly to the S1P1
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receptor and the resulting polyubiquitylation may target the receptor to the Golgi complex, from
there the receptor may be degraded and down regulated. Several studies have shown that deletion
of the extreme c-terminus of the S1P1 receptor caused inhibition of induced internalisation (Oo et
al., 2011; Watterson et al., 2002). These studies led us to design a peptide (MNP301) to block
putative protein-protein interactions at the c-terminus of the receptor with the objective of
interfering with its internalisation. We show through the use of MNP301 that putative interactions
at the c-terminus of the S1P1 receptor may be crucial for the FTY720-P induced persistent
internalisation of the receptor to the TGN/Golgi matrix (Fig. 3.10). The identification of some of

these interacting proteins will be an important feature of future work on this project.
6.1.3 Pathway Specific Antagonism by MNP301-Results Chapter 2.

We show that modulation of the c-terminus of the S1P1 receptor alters the receptor’s persistent
signalling properities in a pathway specific manner; the consequences of these findings warrants
further investigation. Analysis of S1P1 Gi-mediated receptor signalling following internalisation
confirms that the GPCR continues to signal to the AC/cAMP pathway once internalised
(Mullershausen et al., 2009). We find that the blocking peptide MNP301 does not interfere with the
S1P1 receptors ability to inhibit fsk-induced production of cAMP (Fig. 4.11). Post-endocytotic GPCR
signalling is not a new concept with strong evidence existing for the activation of the MAPK cascade
by the B,-adrenergic receptor from the endosomal compartment (McDonald et al., 2000). This
phenonenon is relevant in terms of explaining the functional antagonism versus persistent signalling
of s1P1 receptors in relation tp the efficacy of Gilenya®. It is tempting to speculate that MNP301
alters the cellular fate of internalised FTY720-P bound S1P1 receptors. In parallel to cAMP levels we
also examined S1P receptors ability to induce Ca** signals. We show that MNP301 specifically inhibits
S1P1 receptor induced Ca”* signalling but not cAMP levels (Fig. 4.6). These experiments provide
evidence of a pathway specific effect of MNP301 on S1P1 receptor signalling. Similar to its effect on
S1P1 receptor internalisation we suggest that MNP301 prevents the S1P1 receptor from interacting
with a secondary complex that is involved in coupling S1P1 receptors to the PLC/IP3 pathway,
thereby inhibiting Ca>* signalling. This may or may not be the same complex associated with FTY720-
P induced receptor internalisation. In contrast the c-terminal may not be crucial in coupling the S1P1
receptor to the AC/cCAMP pathway. Identification of the proteins involved in this putative complex

represents a key aim for future work in this field.
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6.1.4 The Release of Pro-inflammatory Cytokines and Chemokines-Results Chapter 3.

Chemokines are small (7-10 kDa) chemotaxis inducing molecules (Kehrl, 2006). They are inducible,
secreted and for the most part pro-inflammatory in nature, although certain chemokines are
considered to be “homeostatic” concerned with the migration of cells during tissue development,
maintenance or repair (Kehrl, 2006). Chemokines can be divided into three sub-populations based
upon the position of four key cysteine residues; these are the 'CXC’ family, ‘CC’ family, and the ‘C’
family (Kehrl, 2006). Chemokine biology is further complicated by the fact that these molecules
share ~20%-90% homology in their amino acid residues (Laing and Secombes, 2004). Chemokine
receptors are classical GPCRs and again have ~50% homology among each subfamily and ~30%
homology between subfamilies (Kehrl, 2006). This all leads to a redundancy in chemokine signalling
with certain receptors able to respond to several different chemokines. This in turn makes studying
individual chemokines not only difficult but also physiologically inaccurate. Therefore when
attempting to decipher the outcome of chemokine release from a cell following a specific
stimulation it is beneficial to take into account the entire range chemokines released. While
chemokines are exclusively chemotactic molecules, cytokines play other roles such as regulation of
fever, inflammation, and inhibition of viral replication (Gruol and Nelson, 1997; Witowski et al.,
2004). IL-6 however is a potent mediator of inflammation which acts mainly by promoting Th17 cell
differentiation while inhibiting the expansion of the anti-inflammatory Treg population (Kimura and
Kishimoto, 2010). It is also worth noting that nearly all anti-inflammatory cytokines have at least
some pro-inflammatory properties. The overall effect of any given cytokine is dependent on a
number of variables; the cellular components on which it acts, the expression level of its cognate
receptor, the presence of competing or synergistic molecules, and the presence of inhibitory
intracellular signals. We show here that the release of both cytokines (IL-6) and chemokine (LIX and

RANTES) can be attenuated by S1P receptor modulation.

Much of our work has centred around astrocytes and S1P receptors expressed on these cell types.
We show that astrocytes are capable of producing and releasing a wide range of cytokines and
chemokines in response to both bacterial endotoxins such as LPS (Fig. 5.3) and cytokine stimulation
such as IL-17 and TNF-a (Fig. 5.6). We also show that astrocyte expressed S1P receptors can be
targeted to have an inhibitory effect on this release of pro-inflammatory cytokines. Future use of
new specific S1P receptor antagonists should aid in understanding the exact role of these receptors
in the inhibition of cytokine production. We believe that astrocytes play a key role in

neuroinflammation by responding to various pro-inflammatory signals, in particular, the signature
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cytokine of the pro-inflammatory Th17 cells. We propose that astrocytes respond to this activation
by producing and releasing a large number of chemotactic molecules which results in a second wave
of leukocyte infiltration into the CNS, which in turn propagates and exacerbates the inflammatory
event (Fig. 5.11). Astrocytes are in a unique position to do this considering the role they play in
maintaining the integrity of the BBB, and also their involvement with, and close proximity to both
oligodendrocytes and neurons. Astrocytes are neither pro-inflammatory nor anti-inflammatory by
nature; they are merely reactive to their surroundings. Depending on the inflammatory environment
astrocytes can promote a Thl, Th2 or Thl7 mediated response. Astrocytes maintain close gap
junction mediated connectivity, this combined with astrocyte’s morphological attributes means
these cells can be both targets of, and responders to inflammation and infectious agents with wide
reaching consequences (Eugenin et al., 2012; Kielian, 2008). Astrocytes are also in direct contact
with the cerebral vasculature and the glial limitans, this allows them to couple expression of pro-
inflammatory cytokines and chemokines with leukocyte infiltration of the CNS compartment
(Paolinelli et al., 2011). The number of astrocytes, their ability to respond to and release pro-
inflammatory mediators, their access to circulating blood and their key role in the BBB make them
perfect candidates as drivers of neuroinflammation(Dong and Benveniste, 2001). This hypothesis is
mirrored by observations that astrocytes are crucial in converting localised T-cell-APC interactions
into a full blown inflammatory event characterised by leukocyte invasion of the CNS (Kang et al.,
2010). The role of astrocytes in the milieu of interacting resident cells and infiltrates during the
inflammatory process of active MS is not very well understood. While key players in this complex
process have emerged over the years, how each of these cytokines, chemokines and signalling
molecules contribute to the overall initiation and progression of neuroinflammation remains

unclear.
6.1.5 Closing Remarks.

Gilenya® (FTY720-P) has recently received U.S. regulatory approval by the FDA and becomes the first
drug in its class as an oral immunomodulatory drug for the treatment of RRMS. This oral therapy will
no doubt supersede all current injection and 1.V infusion therapies for the treatment of RRMS. The
emergence of Gilenya® has exciting implications for patients diagnosed with MS and will provide
these patients with improved disease management as well as an improved standard of living. While
Gilenya® has proven itself to be more efficient at treating MS compared to current therapies, the
long term safety of this oral therapy remains to established (Cohen et al., 2010; Yeh and Weinstock-

Guttman, 2011). The ubiquitous expression of the S1P receptors on varied cell-types throughout the
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body, coupled with the lipophilic nature of FTY720-P means the drug has a wide distribution profile,
while reflects some concern. In trials the most common side-effects were; elevated liver enzymes,
macular oedema, high blood pressure, shortness of breath, bronchitis, diarrhoea and bradycardia
(Kappos et al., 2010). Two cases of fatal herpes infection resulting in progressive multifocal
leukoencephalopathy occurred in trials using a dosage 1.25mg of Gilenya®, which is however 2.5
times the dose approved by the FDA. Since being approved for the treatment of RRMS reports have
indicated a number of fatalities in patients treated with Gilenya®. Both the FDA and EMA (European
Medicines Agency) have begun reviews of the medication following reports of 11 deaths from a
patient size of approximately 33,000 (6 patients died of unknown causes and 5 from varying cardiac
events) however these deaths have yet to be directly linked with Gilenya®. However screening of
patienst for pre-existing cardiac abnormalities, coupled with an adequate observation period
immediately after drug administration should reduce adverse effects. The emergence of Gilenya® as
the first orally available first-line therapy for the treatment of MS is in itself a great achievement and

is one that will benefit MS patients for years to come.

The peripheral immunological effects of FTY720-P have been well characterised, however protective
modalities within the CNS have recently come to light (Choi et al., 2011; Gonzalez-Cabrera et al.,
2012). Modulation of CNS expressed S1P receptor signalling pathways could potentially provide
neuroprotection while bypassing the need for global immunosuppression. If functional CNS target(s)
for FTY720-P can be elucidated and a specific CNS targeted therapy designed it would reduce the
observed peripheral side-effects of Gilenya®. Considering the expression profile of S1P receptors it
will become increasingly necessary to establish the effect FTY720-P has on different cell types. Here
we study the drugs effect on astrocytes. In this thesis we provide compelling evidence that FTY720-P
binds, activates, internalises and functionally antagonises S1P1 receptors in astrocytes in a pathway
specific manner, and actively inhibits the release of pre-inflammatory cytokines from these cells.
When taken together with other current research it places astrocytic S1P1 receptors central to
explaining the CNS based effects of Gilenya®. Future studies aimed at characterising and modulating
the cytokine/chemokine networks and defining the involvement of S1P receptors in the
neuroinflammatory brain may open novel therapeutic windows both for the treatment of MS but
also other diseases such as rheumatoid arthritis, systemic lupus erythematosus, asthma and

psoriasis, in which inflammation plays a central role.
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Figure 6.1 Regulation of S1P1 Receptor Signalling and Trafficking in Astrocytes.

In summary, we show that FTY720-P induced internalisation of the S1P1 receptor in astrocytes can
be modulated by competivley inhibiting putative protein-protein interactions at the extreme c-
terminus of the S1P1 receptor. In addition, we show that MNP301 does not exert an inhibitory effect
on G-protein mediated inhibition of CAMP levels, however this peptide does specifically inhibit S1P1
receptor mediated Ca’* signalling. Moreover, we show that FTY720-P pre-treatment can inhibit the
release of a number of pro-inflammatory and chemotactic cytokines from both primary rat and
human astrocytes. In this way we propose that FTY720-P can act on S1P receptors in the CNS to the

release of molecules that can contribute to MS pathogenesis.
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