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Scientific Abstract

Globoid cell leukodystrophy (Krabbe disease, KD) is a rare autosomal recessive
neurodegenerative disorder that presents within the first six months of life and is
usually fatal by the age of two years. KD is caused by a deficiency in the lysosomal
enzyme galactocerebrosidase (GALC), which results in the accumulation of the toxic
metabolite psychosine in the brain. Here we investigated the ability of psychosine to
directly induce hallmarks of KD, in vitro, focusing on increased levels of glial cell death,
mitochondrial  dysfunction, pro-inflammatory cytokines and demyelination.
Importantly we also demonstrate reversal of these effects by the sphingosine 1-
phosphate receptor (S1PR) agonist pFTY720 (Fingolimod) (Results 1). We additionally
investigated effects of an S1IPR1/S1PR5 agonist called BAF312 on psychosine-induced
toxicity in isolated astrocyte and microglia cultures as well as in slice culture models of
demyelination. Treatment of human and mouse astrocytes with this SIPR1/S1PR5 dual
agonist modulated pERK, pAKT and Ca”" signaling pathways as well as inducing S1PR1
internalization. In organotypic slice cultures, BAF312 reduced LPC-induced levels of IL6,
and more importantly attenuated LPC-mediated demyelination. In addition, BAF312
attenuated psychosine-induced demyelination (Results 2). Finally we aimed to identify
novel S1PR1 interacting proteins, with the purpose to further understand S1PR1
trafficking and internalization, and perhaps identify novel methods to regulate S1PR1.
Here, we report a previously unknown interaction between the peroxisomal matrix
protein Pex14 and the intracellular loop (ICL) 3 and C-terminus (CT) of S1PR1. While
the function of this Pex14/S1PR1 interaction remains elusive, we find that Pex14 did
not block S1PR1 internalisation in HEK293 or astrocyte cells nor does it affect SIPR1
modulation of cytokine release or pERK and pAKT signaling (Results 3). Overall, this
current study suggests that pFTY720 and BAF312 can modulate glial cell function and
attenuate demyelination, highlighting S1PRs as potential drug targets for the
devastating childhood illness KD.



Lay Abstract

There are four main cell types in the brain: (i) nerve cells, which process information via
electrical signals, (ii) oligodendrocytes, which form the insulating layer (myelin) around nerve
cells, (iii) microglia, which provide immune defence in the brain and (iv) astrocytes that
communicate with other cells, provide support and ensure proper nerve cell functioning.
Krabbe Disease (KD) is a disorder of the brain that affects children within the first three to six
months of life and is usually fatal by the age of two years. Currently there is no cure for this
disease. KD is caused by a deficiency in an enzyme, which leads to the build-up of a toxic
compound called psychosine. Psychosine is damaging to the brain and causes the
oligodendrocyte cells to die. A drug used to treat Multiple sclerosis (MS) called Gilenya
(pFTY720) can act on brain cells to protect them from damage in MS. In this study we used
drugs like Gilenya and showed they were beneficial in the treatment of KD. We used cultures
of astrocytes and brain slices from mice to investigate the damaging effects of psychosine and
the protective effects of pFTY720 and BAF312. From this we demonstrate that psychosine can
cause astrocyte cell death and demyelination (damage to the insulating myelin layer that
surrounds the axon of a neuron). Importantly, pFTY720 and BAF312 protected against this
damage.

Brain cells, and all living cells, have a large number of proteins on their surface called
receptors. Receptors are activated by specific molecules which result in a message being sent
to other cells that can have a wide range of effects. Many drugs have been developed that
bind to and activate particular receptors. Gilenya binds to receptors called sphingosine-1
phosphate receptors (S1PRs) and can have a therapeutic effect in MS patients. In this study we
further investigated the function of the S1IPR1 and discovered that this receptor binds to a
protein called Pex14.



Hypothesis and Aims

We hypothesise that inflammation and astrocyte damage contributes to the
demyelinating phenotype of Krabbe disease, and SIPR agonists will therefore, by
reducing inflammation and protecting astrocytes, be therapeutic.

The aims of the study to investigate this hypothesis are as follows:

ks

To generate cell culture and cerebellar slice cultures of Krabbe disease based on
psychosine exposure and to use these to;

investigate the effect of psychosine on astrocyte survival and to demonstrate
the protective effect of pFTY720.

study the effect of psychosine on pro-inflammatory cytokine levels in mouse
astrocytes.

investigate the effect of psychosine on myelination state in cerebellar slices
and explore the protective effects of pFTY720.

To demonstrate that SIPR agonists activate pro-survival signaling pathways and are
protective of astrocytes and myelin by;

investigating the effect of the S1PR1/5 agonist, BAF312, on ERK and AKT
phosphorylation in human and mouse astrocytes.

determine whether the S1PR1/5 selective agonist, BAF312, induces Ca’*
signalling and internalisation of the S1IPR1 in human astrocytes.

determine if BAF312 is protective against LPC and psychosine induced
demyelination.

To investigate if the putative interacting protein, PEX14, plays a role in SIPR signaliing
and/or trafficking by;

Investigating the site of interaction of Pex14 on the S1PR1

Determine if Pex14 alters S1PR1 trafficking +/- pFTY720

Determine if Pex14 overexpression influences pFTY720 modulation of LPS-
induced cytokine release.



Value of Research

The pleiotropic mediator, S1P, plays a role in many physiological and pathophysiological
processes within the immune, cardiovascular and central nervous systems. Understanding of
the structure of the S1PR1 subtype has benefited in designing new specific agonists and
antagonists. The uses of such selective compounds will likely help to further elucidate the role
of S1PRs in normal and disease states. In particular, the S1IPR modulator, pFTY720 (Gilenya®),
has received a great deal of attention as it is currently used as a therapy for relapsing remitting
MS. However, it is thought that this drug may be beneficial in a number of diseases that exhibit
a range of neuroinflammatory and neurodegenerative features. Therefore, investigating this
S1P/S1PR signalling pathway in a demyelinating disorder such as KD could prove
therapeutically worthwhile. In addition, elucidation and understanding of the interaction of
S1PR1 with its putative interacting proteins may provide additional strategies for the
development of novel therapeutic agents.
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Chapter 1. Introduction



1. Introduction to Sphingosine 1-phosphate receptors

1.1 G-protein coupled receptors

Cellular activity is regulated by a plethora of plasma membrane receptors which recognise,
decode and transduce extracellular signals into intracellular messages. G protein coupled
receptors (GPCRs) represent the largest family of signal transduction molecules with over 800
unique members (Pham et al., 2008). These receptors can interact with a diverse range of
bioactive molecules, including amino acids, lipids, peptides, proteins and nucleotides. Thus,
this family of proteins regulates a myriad of essential biological processes such as cell growth,
differentiation, metabolism, defence, secretion and neurotransmission. Of the 13,779 proteins
whose functions have been predicted, 616 (>4%) are members of the rhodopsin, secretin or
metabotropic glutamate receptor class of GPCR (Venter et al., 2001). With such crucial roles
in almost every aspect of cell physiology, it is no surprise that over 50% of drugs and a huge
number of drug candidates still under development, target GPCRs (Zhu and Li, 2012). The
overwhelming potential of GPCR ligands as therapeutics highlights the important need to
accurately characterise GPCR structure, functions and pharmacology. Bovine rhodopsin
(deposited in the Protein Data Bank under the identifier 1F88), was the first highly resolved
GPCR to be experimentally characterized and has since been used as the primary template in
GPCR model development (Zhu and Li, 2012).

Thanks to homology models, mutagenesis data and low resolution structural studies, various
characteristic features common to GPCRs have been identified (Zhang et al., 2006). A common
feature for GPCRs is the seven hydrophobic transmembrane a-helices (TM1-TM7), which span
the lipid bilayer creating a polar internal tunnel (Hanson et al., 2012). In addition, the N-
terminus and three interconnecting loops, (ECL1 between helices Il and Ill, ECL2 between
helices IV and V, and ECL3 between helices VI and VII), are exposed to the exterior. Moreover,
the C-terminus and three interconnecting loops, (ICL1 between helices | and Il, ICL2 between
helices Il and IV, and ICL3 between helices V and VI), are exposed to the interior (Hanson et
al., 2012). Different classes/families of GPCRs (from A to F) have been identified through
sequence analysis. These include the rhodopsin-like family (class A), the secretin-like family
(class B), the metabotropic glutamate and pheromone family (class C), the fungal pheromone
receptors (class D), the cAMP receptors (class E) and the frizzled/smoothened family (class F)
(Fanelli and De Benedetti, 2011).

Here, we will focus on the structure and function of the family of sphingosine 1-phosphate
receptors (S1PRs), in particular S1IPR1. The role of S1PRs in autoimmune illnesses has received
a great deal of attention since the clinical approval of the drug Fingolimod (Gilenya®). This
compound targets S1PRs and has been approved as the first oral therapy for multiple sclerosis
(MS) (Kappos et al., 2006). The functional roles of modulating S1PRs by its natural ligand,
sphingosine 1-phosphate (S1P), as well as newly designed pharmacological compounds, are
also the subject of intense research activity in academic, clinical and pharmaceutical sectors.

1.2 Sphingosine 1-phosphate

Sphingosine 1-phosphate (S1P) is a zwitterionic lysophospholipid that has been implicated as a
crucial regulator in many physiological and pathophysiological processes. S1P is derived from
the related sphingolipid ceramide, which is itself synthesised either via the actions of
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sphingomyelinases in the membrane or via de novo pathways initiated in the endoplasmic
recticulum (Figure 1.1). Deacylation of ceramide by ceramidase results in release of
sphingosine ((2S,3R,4E)-2-amino-4-octadecen-1,3-diol), which is subsequently phosphorylated
in an ATP-dependent manner by sphingosine kinases (SphK1l or SphK2) to form S1P
(Podbielska et al.,, 2011). Thus, sphingolipid turnover yields different potent signalling
molecules including ceramide and sphingosine, both of which promote cell-cycle arrest and
apoptosis. The phosphorylated form, ceramide 1-phosphate, antagonises the pro-apoptotic
effects of ceramide, is mitogenic, and promotes inflammation (Nixon, 2009). On the other
hand, S1P enhances cell proliferation and has pro-survival, pro-inflammatory, and pro-motility
characteristics. Together, these sphingolipids perform a vital balancing act which regulates
survival, trafficking and function of many cells (Nixon, 2009). Not surprisingly, therefore, tight
control is kept over S1P production. SphKs catalyse formation of its substrate; sphingosine
while S1P-phosphatases, three lipid phosphate phosphatases and S1P lyase catalyse its
degradation (Figure 1.1) (Maceyka et al., 2012).

1.3 Discovery of Fingolimod

The actions of S1P are primarily mediated via S1P receptors (S1PRs). These receptors are
known drug targets for multiple sclerosis, where the oral therapy Gilenya® (Fingolimod,
FTY720) has been approved for clinical use (Kappos et al., 2010). This formulation contains
fingolimod hydrochloride which is converted in vivo to the active metabolite fingolimod-
phosphate (pFTY720). After enantiospecific mono-phosphorylation by SphK2, pFTY720 binds
with high affinity to S1PRs and results in sequestration of lymphocytes into secondary
lymphoid tissues. This sequestration subsequently modulates the recirculation of lymphocytes
between blood and lymphoid tissues (Adachi and Chiba, 2008). pFTY720 was first synthesised
through structural simplification of ISP-I (a natural immunosuppressive product), leading to
discovery of a nonchiral symmetric 2-substitued-2-aminopropane-1,3-diol framework and
subsequently, discovery of pFTY720 (Kiuchi et al., 2000) (Table 1.1). pFTY720 contains a
prochiral quarternary carbon atom bearing two hydroxylmethyl groups (CH,-OH). Substitution
of one CH,-OH group with an alkyl group (such as methyl) generated a racemate mixture of the
pFTY720 analog (Kiuchi et al., 2000). Pharmacological evaluation of each enantiomer revealed
a biologically critical role for the pro-(S)-CH,-OH group, in which only the (S)-enantiomer of
pFTY720 binds all S1PRs (except S1PR2) (Kiuchi et al., 1998, Albert et al., 2005). In contrast,
the pro-(R)-CH,-OH group generating the (R)-enantiomer appears inactive on S1PRs, however
may have chemical and physicochemical important roles in improving the solubility of the
molecule (Adachi and Chiba, 2008, Chiba and Adachi, 2012).

Since the development of pFTY720 a number of S1PR agonists and antagonists have been
synthesised. The structure and use of these compounds are shown in Table 1.1. Early
suggestions, though over simplistic, have proposed the clinical benefits of pFTY720 are
attributed to regulation of S1PR1, while side effects of this drug are linked to S1PR3 activation
(Pan et al., 2013, Forrest et al., 2004). Thus, as a group, these pharmacological agents have
become more selective, with the development of S1IPR1 drugs being favoured over S1PR3. The
lack of commercially available selective SIPR3 compounds has limited an understanding of
how S1PR3 plays a role in the efficacy and side effects of pFTY720. Noteworthy compounds
among these structures are those preferably used as tool compounds and those currently in
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clinical trials Table 1.2. These include the pharmacological tool compounds AUY954, a selective
S1PR1 agonist, and the newly developed S1PR1 antagonist NIBR-0213. Of more importance are
the S1PR modulators currently in clinical trials. These include BAF312 (a S1PR1/S1PR5 dual
agonist), presently in clinical trials for secondary progressive MS (Kappos et al., 2014) and the
compound KRP203 (a S1PR1 agonist), in phase Il clinical trials for active subacute cutaneous
lupus erythematosus. The structure and use of these compounds are shown in Table 1.1.

1.4 The S1PR family and signalling pathways

The first S1PR identified, namely, SIPR1 was discovered in 1990 by the isolation of clones
induced by phorbol 12-myristate 13-acetate (PMA) (Hla and Maciag, 1990) and later
deorphanised in 1998 (Postma, 1996, Zondag, 1998). Since then a total of five S1PRs (S1PR1-5)
formally known as endothelial differentiation genes, Edg-1 (S1PR1), -5 (S1PR2), -3 (S1PR3), -6
(S1PR4) and 8 (S1PR5) respectively have been identified (Yamazaki, 2000, Im et al., 2000,
Songzhu et al., 1997, Okamoto et al., 1999). The Edg family of receptors also includes the
lysophosphatidic acid (LPA) receptor family, which comprises Edg 2 (LPA1), Edg 4 (LPA2), and
Edg 7 (LPA3). In addition, the orphan receptors OGR1, GPR3, GPR4, GPR6 GPR12 and G2A are
also know to share some homology with S1PRs (Meyer zu Heringdorf and Jakobs, 2007)
(Figure 1.2). The genes encoding S1PR2, 4 and 5 are located on chromosome 19, with S1PR2
and S1PR5 located closely together on 19p13.2. S1PR3 and S1PR1 however, are located at
disparate locations from the other three receptors and can be found on chromosomes 9q22.2
and 1p21 respectively (Rosen et al., 2009).

The S1PR1 subtype couples exclusively with the Gi/o alpha subunit of heterotrimeric G
proteins and hence inhibits adenylyl cyclase resulting in a reduction in cAMP production
(Figure 1.3). The S1PR1 subtype also causes an increase in intracellular calcium concentration,
can stimulate the Ras/ERK pathway to enhance proliferation and can activate the PI3K/Akt
pathway to inhibit apoptosis. Moreover, this receptor subtype activates the PI3K/Rac pathway
to promote cytoskeletal rearrangement and cellular migration (Hannun and Obeid, 2008).
Similar to S1PR1s, the S1PR2-R5s couple with Gi/o and can also couple to G12/13 to enhance
Rho activation and hence inhibit Rac. The SIPR2 and S1PR3 couple additionally with Gq to
activate PLC (Obinata and Hla, 2012). Given that S1PRs couple to a wide range of intracellular
signalling pathways, this receptor family can elicit many cellular responses in a temporal and
spatial manner that is dependent on the receptor expression pattern, cell type and signalling
pathways present (Figure 1.3). The roles of S1PRs in the immune, cardiovascular and central
nervous systems have been extensively reviewed in a number of recent articles (Dev et al.,
2008, Hla and Brinkmann, 2011, Mann, 2012, Nixon, 2009, Iwasaki, 2011). Briefly, in T cells,
S1PRs play a role in the transmigration of T cells and egress from lymphoid tissues. In addition,
the activation of S1PRs on endothelial cells tightens the endothelial barrier, further restricting
T cellmovement. S1PR activation also regulates cytokine release and antibody production from
immune cells, which likely too contributes to their role as drug targets in multiple sclerosis (Hla
and Brinkmann, 2011). We and others have also shown that S1PRs play roles in (i) astrocyte
migration, (ii) oligodendrocytes myelination state and (iii) neurite outgrowth and neurogenesis
(Dev et al., 2008).



1.5 S1PR1 internalisation and persistent signalling

The binding of pFTY720 to S1PR1s causes receptor internalisation and is thought to result in
either functional antagonism (Choi et al., 2011) and/or persistent signalling (Figure 1.4 and
1.5) (Mullershausen et al., 2009). Agonist binding of S1PR1s results in phosphorylation of its
serine rich C-terminus and subsequent internalisation via B-arrestin-mediated clathrin coated
vesicles. While S1P stimulation mostly results in internalisation and consequent recycling of
the S1PR1s back to the membrane (Figure 1.4), binding of pFTY720 to S1PR1s internalises the
receptor with subsequent WWP2 (ubiquitin E3 ligase)-dependent polyubiquitinylation and
degradation (Figure 5) (Obinata and Hla, 2012, Oo et al., 2007, Oo et al., 2011). Interestingly,
pFTY720-induced internalised S1PR1s have also been suggested to continue to signal in a
process known as persistent S1IPR1 signalling (Mullershausen et al., 2009). This persistent
signalling induced by treatment of pFTY720 was found to be dependent on the alkyl chain
length of the compound. Specifically, the sustained S1PR1 signalling observed in response to
pFTY720, as well as the FTY720 analog AFD-R (containing the same alkyl chain length), was
reduced when the alkyl chain was shortened by one carbon and eliminated when further
shortened by two carbons (Mullershausen et al., 2009). These findings support a hypothesis in
which the length of the aliphatic chain is essential in inducing S1IPR1 to adopt a distinct
conformation when bound to pFTY720, enabling persistent receptor signalling (Mullershausen
et al., 2009). To date, it remains unclear how internalisation, degradation and sustained
signalling collectively regulate S1PR1 function. In addition, further studies to fully elucidate the
molecular mechanism governing S1PR1 internalisation and degradation are still required.
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Figure 1.1 S1P synthesis and the S1P-related enzymes. (A). De novo synthesis of sphingolipids
produces ceramide. N-deacetylatation of ceramide yields sphingosine which is converted to
S1P via sphingosine kinases. S1P can be recycled to sphingosine and then ceramide by S1P
phosphatase and ceramide synthase, respectively. (B) SphK1 and SphK2 possess five conserved
domains (C1-C5) with a unique catalytic domain contained within C1-C3. The ATP-binding site
(SGDGX(17-21)K(R)) is located within C2. There are two mammalian S1P phosphatases; SPP1
and SPP2, all containing three conserved motifs. Both possess similar enzymatic activity but
have different expression patterns (SPP1 highest in kidney and placenta, SPP2 highest in brain,
lung, heart and small intestine). S1P lyase contains one TM near the N-terminal and a
conserved pyridoxal-dependent decarboxylase. (Spiegel and Milstien, 2003). TM
transmembrane domain, M1; motif 1, M2; motif 2, M3; motif 3, C; catalytic domain, SphK;
sphingosine kinase.
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and the resultant activation or inhibition of downstream second messengers are illustrated.
AC; adenyl cyclase, PI3K; phosphoinositol 3-kinase, PLC; phospholipase C, Gi/o, Gq, Gi13; G
alpha subunit subtype, Ras, Rho; family of small GTPases.
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Figure 1.4 Schematic of S1P signalling at S1PR1. Binding of the endogenous ligand S1P to
S1PR1 results in signalling via the G; G-protein, receptor internalisation and consequent
recycling of the S1IPR1 and insertion back into the membrane. AC; adenyl cyclase, PI3K;
phosphoinositol 3-kinase, Ras; family of small GTPases, TGN; trans golgi network.
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Figure 1.5 Schematic of pFTY720 signalling at S1PR1. Binding of pFTY720 to S1PR1 results in
signalling via the G; G-protein, receptor, internalisation accompanied by persistent internalised
signalling, before subsequent WWP2 (ubiquitin E3 ligase)-dependent polyubiquitinylation and
degradation. AC; adenyl cyclase, PI3K; phosphoinositol 3-kinase, Ras; family of small GTPases.
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Name Structure Primarily used as Refs
S1P /\/\/\/\/\/\/\/j\(\o/ll’l\w S1PR1-5 Agonist (1]
L oH
HaN
pFTY720 /\/\/\/O/\);/c\fm S1PR1,3,4,5 Agonist [2]
Phosphonate 0 S1PR1,3,4,5 Agonist (3]
/\/\/\/\/\/\/\N/\/\Ipl’\ (4]
H o yo OH
HaN
AFD(R) O/\){q,»\,(g S1PR1 Agonist [10]
e o 8 [11]
[7]
N Hz
Benzimidazole W\/\/Q:um{—ob,or. S1PR1,4,5 Agonist [8]
" oH
1 + :
CYM5442 %\r E E0 S1PR1 Agonist (13]
[5]
Azetidine /\/\/\/\/@AN - S1PR1, 5 Agonist 6]
SEW2871 g/[}%/k: S1PR1 Agonist [12]
BAF312 No\g/C’ ': : *IU‘ “o/\CEc(F’) S1PR1, 5 Agonist [9]
S
KRP203 S1PR1 Agonist [14]
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Name Structure Primarily used as Refs
E FF OH
AUY954 N~o S1PR1 Agonist [15]
(LT H
S
NIBR0213 °'\©\&n U@ikuj”f S1PR1 Antagonist [16]
’ T
W146/ML056 o S1PR1 Antagonist [17]
/\/\/\O/ \g/fa\/\i i
[18]
VPC44116 /\/VV\O/"W;;:‘;: S1PR1 Antagonist (191, [20]
o o
g TR
VPC23019 /W\/\O/ T’*\”\f:“‘ S1PR1, 3 Antagonist [21]
s 4
e S1PR2 Antagonist [23]

JTEO13 °'\N(Pr“T“\u

Table 1.1: S1PR agonists and antagonists.
Please see Appendix 1 for references.
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Drug Target Clinical Use ClinicalTrials.gov | Phase/out
receptor come
Relapsing-remitting MS (RRMS) Approved
Primary progressive MS NCT00731692 111
RRMS with depression & NCT01436643 IV
antidepressants (Terminated)
Kidney transplant NCT00099801 11
inflammatory demyelinating NCT01625182 111
polyradiculoneuropathy
ALS NCT01786174 II
Children with Rett Syndrome NCT02061137 I/11
Acute stroke NCT02002390 11
pLES PRESL'R I ients demyeimading optc Aediits [ NCTO175768 I
fingolimod cute demyelinating optic neuritis 17 oL ’
(Terminated)
Acute, non-infectious NCT01791192 1
intermediate, posterior and pan- (Withdrawn)
uveitis
Schizophrenia NCT01779700 II
pFTY720 with radiation and
Temozolomide in high grade NCT02490930 0
glioma
Secondary progressive MS NCT01665144 111
Primary progressive MS NCT000731692 111
BAF312 S1PR1 & RRMS NCT01185821 I1
Siponimod S1PRS Active dermatomyositis NCT02029274 11
Polymyositis NCT01801917 11
Hepatic impairments NCT01565902 I
Ulcerative colitis NCT01375179 11
KRP203 S1PR1 (Terminated)
Sub-acute cutaneous lupus NCT01294774 II
erythematosus (Terminated)
RRMS NCT02294058 111
RECI63 SRR Ulcerative colitis NCT02435992 111
RRMS NCT01006265 11
ACT-128800 S1PR1 Plague psoriasis NCT00852670 II
Ponesimod
Psoriasis NCT01208090 II
GSK2018682 S1PR1 RRMS NCT01466322 I

Table 1.2:S1PR modulators in clinical trials.
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2 Structure of the S1PR1 Subtype

2.1 Elucidation of the structure of S1PR1

S1PRs are each roughly 400 amino acids in length. The common features for GPCRs include (i)
the seven hydrophobic transmembrane a-helices (TM1-TM7), which span the lipid bilayer
creating a polar internal tunnel, (ii) the N-terminus and three extracellular loops (ECL1-ECL3)
exposed to the exterior and (iii) the C-terminus and three intracellular loops (ICL1-ICL3)
exposed to the interior. Early studies have reported homology models of the S1IPR1 on the
basis of comparisons with the structure of bovine rhodopsin. These models have been refined
by manual optimisation of the interhelical network of hydrogen bonds at conserved positions
followed by energy minimization (Parrill et al., 2000). From this, the S1PR1 has been observed
to possess a similar interhelical hydrogen bonding network to that found in the crystal
structure of bovine rhodopsin. Upon energy minimisation, hydrogen bonds connecting the
amino acids Asn® to Asp®® (TM1 and 2), Asn®® to Ser (TM2 and 3), Asn® to Trp®® (TM2 and
4), Asp®* to Ser*® (TM2 and 7), Ser™! to Ser** (TM3 and 7), and Trp'® to His*** (TM4 and 5),
were found to be retained (Parrill et al., 2000). Notably, in this model, the TM6 did not
participate in the interhelical network of hydrogen bonds created in the S1PR1 (Parrill et al.,
2000). Continuing efforts to identify the structural determinants of S1P binding to the S1PR1
has led to the formulation of a dual site binding model. In this model, interactions between the
polar head group of S1P with charged amino acid side chains of the receptor is accredited as
one binding site, while interactions between the acyl-chain of S1P with domains in the
hydrophobic binding pocket constitutes the other (Figure 1.6 and Figure 1.7) (Rosen and
Goetzl, 2005).

More recently, x-ray diffraction data processing methods along with a microdiffraction data
assembly method has been used to obtain the crystal structure of SIPR1 complexed with the
selective antagonist MLO56 (Table 1.1) to a resolution of 2.8A (Hanson et al., 2012). The
S1PR1 was found to share many of the common features characteristic of class A GPCRs
including TM1-TM7 helices and the highly conserverd D(E)RY (TM3) and NPXXY (TM7) domains.
These domains are known to be important in transformation of the receptor from an inactive
to a G protein coupled conformation (Hanson et al.,, 2012, Palczewski, 2006). Particular
features in the receptor structure were noted that where likely due to a highly amphipathic
ligand-binding pocket and the hydrophobic-zwitterionic nature of the agonist. Folding of the N-
terminus over the receptor was suggested to allow it to contribute to binding interactions,
while also limiting access to the binding pocket by forming a helical cap (Hanson et al., 2012).
Tight packing of the ECL1 and ECL3 against the N-terminus was also found to occlude access of
the ligand to the receptor. This may, in part, explain why ligands of the S1PR1 exhibit slow
receptor binding saturation despite excess ligand being present (Hanson et al., 2012). Another
key feature noted was the intraloop disulfide bonds within ECL2 and ECL3, which constrain
these helices and contribute interactions to the binding pocket. Development of this structural
S1PR1 model also uncovered a putative mechanism through which S1P gains entry to the
receptor binding pocket. The structural evidence available indicated that ligand binding occurs
by initial delivery of S1P to the exterior portion of the cell membrane, subsequent lateral
diffusion into the binding pocket and entry between TM1 and TM7 (Figure 1.6 and Figure 1.7)
(Parrill et al., 2012).
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2.2. The Ligand Binding Site

Analysis of the interaction between S1PRs and the stereoisomers and derivatives of S1P,
revealed that D-erytho and dihydro- forms of S1P possess higher affinities than other
synthesised stereoisomer forms (Lim et al., 2004). This indicated that the 3D orientations of
the C2-amino and C3-hydroxyl groups of S1P are essential for specific binding. Various
mutagenesis studies have identified particular amino acids that perform critical roles in ligand
recognition, binding and receptor activation. In particular, the three amino acids Arg'?° (TM3),
Glu™*! (TM3) and Arg®? (TM7) of S1PR1 are all required for recognition of S1P (Figure 1.6 and
Figure 1.7) (Hanson et al., 2012, Rosen and Goetzl, 2005). It is predicted that the cationic
Arg'*° (TM3) and Arg®*? (TM7) both bind with the anionic phosphate moiety of S1P, and that
the anionic Glu'' (TM3) interacts with the S1P protonated amino group, via a salt bridge or
hydrogen bond (Hanson et al., 2012, Rosen and Goetzl, 2005). Interestingly, the Glu*** (TM3)
residue is conserved in the S1PR family and found to be replaced with a glutamine (GIn) in LPA
receptors. This Glu-GIn shift has been suggested to account for specificity of SIPRs towards
S1P as opposed to LPA (Wang et al., 2001), where it has been shown that mutation of Glu to
GIn in the S1PR1 alters specificity from S1P to LPA (Holdsworth et al., 2004). While some
discrepancies exist, the Arg’®? (TM7) residue of the S1IPR1 has been suggested to only make
direct interactions during agonist binding (Hanson et al., 2012, Parrill et al., 2012). This Arg*”
(TM7) residue may also serve as a ‘cationic lure’, coaxing phospholipids towards the receptor
(Parrill et al., 2012). Adding to the complexity of S1PR1-ligand interactions, the agonists
themselves can be classified into two separate groups depending on their differential receptor
interactions. Class | ligands can either be lipid-like compounds such as pFTY720 or non-lipid like
molecules that possess polar head groups such as SEW2871, which mimic the
sphingophospholipid head group interactions. In contrast, class Il ligands such as CYM5442, do
not require polar-head group interactions, and it appears that compounds like CYM5442 do
not utilise the Arg*?® (TM3) or Glu** (TM3) residues for binding to the S1PR1 (Hanson et al.,
2012). A conserved Trp residue located in TM6 of numerous GPCR’s is crucial for ligand
induced GPCR activation as well as controlling ligand induced conformational states. In S1PR1,
this residue Trp®® (TM6), has been shown to contribute to the stabilisation and binding of
different S1PR1 ligands (Figure 1.6 and Figure 1.7) (Parrill et al., 2012).

2.3 Hydrophobic Binding Pocket

Theoretical modeling predicts that a number of residues residing in TM3, TM5 and TM6 of the
S1PR interact with the hydrophobic tail of S1P (Fujiwara et al., 2007). When compared to the
S1PR1, this hydrophobic binding pocket appears most well conserved with SIPR3, moderately
with S1PR2 and S1PR4, and least well with the S1PR5 (Fujiwara et al., 2007). The position of
the S1P hydrophobic tail has been described as pointing downwards into the intracellular face
of the S1PR1 binding pocket formed by the TM helices (Fujiwara et al., 2007). The
conformation adopted by the hydrophobic tails of the ligands is suggested to be dependent on
the geometric shape of the binding pocket. S1IPR1 has a higher affinity for unsaturated ligands
which dock into SIPR1 and S1PR5 in an extended conformation (Fujiwara et al., 2007). In
contrast, due to a 4A shorter binding pocket, S1PR4 prefers saturated ligands which bind in a
folded conformation (Pham et al., 2008).
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The number of strong interactions between the ligand and the complementary sites in S1IPR1
determines the binding affinities of the ligand. Ligand potency for S1IPR1 have been reported in
the order of pFTY720 > S1P > phosphonate > azetidine > SEW2871 (Table 1.1) (Pham et al.,
2008). Complementary polar interactions are seen between the nitrogen atoms in Arg'?®
(TM3), Glu*** (TM3) and Arg”? (TM7) residues of the S1PR1 and fluorine atoms in SEW2871, as
well as oxygen atoms in phosphate/carboxylate groups of most other agonists (Figure 1.6 and
Figure 1.7). In addition, complementary interactions are measured between the ammonium
nitrogen and oxygen atoms of Glu'*' (TM3), the centroid of the five membered ring of Trp'®
(TM4) and the centroid of the phenyl ring of Phe'”® (TM3) (Pham et al., 2008). Ligands such as
pFTY720 and S1P have phosphate head groups and hence a -2 charge. Docking studies show
these ligands possess strong ion-pair interactions with the positively charged residues in TM3,
5 and 7. In comparison, ligands with a -1 charge (as seen in carboxylate head group containing
ligands such as azetidine) display relatively weaker interactions (Pham et al., 2008). Studies
also suggest that the binding pocket lengths of SIPR1 and S1PR3 are key determinants of
ligand binding selectivity (Pham et al., 2008). Moreover, the Leu’’® (TM6) in S1IPR1 and the
Phe®® in S1PR3 are reported to play important roles in altering the ligand binding properties of
these receptor pockets (Figure 1.6 and Figure 1.7) (Schurer et al., 2008). pFTY720 is known to
have a higher affinity than S1P at the S1PR1 subtype. This stronger receptor-ligand interaction
is likely due to additional hydrogen bonding between the hydroxyl group of pFTY720 and the
oxygen atom at Glu'*' (TM3) (Pham et al., 2008). Benzimidazole, a heterocyclic aromatic
organic compound, activates S1PR1, S1IPR4 and S1PR5 but not S1IPR2 or S1PR3 (Table 1.1). The
receptor selectivity of this ligand is likely due to an interaction between the aromatic rings of

125 (TM3) of the S1PRs as well as interactions between the ammonium

benzimidazole and Phe
nitrogen benzimidazole and aromatic rings of Phe'”* (TM3) and Trp?®’ (TM6). These interactions

are substantially weaker in benzimidazole binding of S1PR2 and S1PR3 (Pham et al., 2008) .

The tetraaromatic compound SEW2871 has proven to be a useful tool in investigating S1PR1.
Significant overlap between the interactions of SIPR1 with this compound and S1PR1 with its
endogenous ligand, such as volume and length of hydrophobic interactions, has been noted (Jo
et al., 2005). Selectivity of SEW2871 for SIPR1 but not S1IPR2-R5 is thought to be, in part, due
to the Arg”” (TM7) in S1PR1, as this residue is not present in the four remaining receptors. As
SEW2871 is chemically unequipped to form salt bridges with the receptor, interactions
involving the SEW2871 trifluoromethyl group (CFs) on ring A are also suggested to be
important (Jo et al., 2005). The S1PR1 hydrophobic residues Phe'” (TM3), Trp** (TM6) and
Phe®*® (TM7), in addition, make close contact with the aromatic rings of SEW2871, which likely
contribute to the potency of SEW2871 at S1PR1 (Pham et al., 2008). Mutational studies in
which residues of Arg'® (TM3), Glu'® (TM3) and Arg*” (TM7) were replaced with an alanine
revealed a reduction in S1P and SEW2871 triggered phosphorylation of Akt and ERK2. A
substitution of CF; on ring D of SEW2871 with a methyl group also reduced Akt and ERK2
responses in the alanine mutants, highlighting this as an important functional group for
SEW2871 signalling (Pham et al., 2008).

Also important in ligand binding are the residues Tyr® (TM1), Lys** (TM1) and Asn'® (TM2),
which are involved in binding sphingosine-like head groups (Figure 1.6 and Figure 1.7) (Hanson
et al., 2012). The residues Leu™ (TM3), Leu®® (TM3), Leu®™ (TM5), Val*®* (TM6) and Phe®®*
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(TM6) are also reported to make van der Waals contact with each other, as well as, with the
alkyl chain of S1P (Fujiwara et al., 2007). In addition, mutational analysis has shown that the
Phe?'® (TM5) residue is important for receptor activation. Residues with particularly important
roles in signalling have also been suggested such as Phe'?® (TM3), Phe?”? (TM6), and especially
Trp*® (TM6). The Trp*®® (TM6) residue is favorably positioned to make edge-to-face
interactions with Phe®®® (TM6). Activation of S1PR1 involves formation of contact between
these two residues (Fujiwara et al., 2007).

2.4 S1PR1 interacting proteins

The increased understanding of the structure of S1PR1 has benefited in designing new, more
specific agonists and antagonists. Knowledge of the structure and physiochemical properties of
this receptor will also be essential in the elucidation of the mechanisms involved in S1PR1
internalisation and trafficking, which are presently unclear. Although not yet determined, it is
reasonable to assume that SIPR1 must interact with a range of other proteins, proteins that
help the insertion and removal of S1IPR1 in the membrane and also scaffolding proteins that
stabilise the receptor are just a couple of putative roles these S1PR1 interacting proteins may
possess.

The classically accepted form of GPCR signalling in which GPCRs transduce information into
intracellular second messengers via the exchange of GDP for GTP on a Ga subunit leading to
the dissociation of Ga from Gy and subsequent regulation of downstream effectors (Neer,
1995) is now no longer the only mechanism of GPCR signal transduction. This classic model is
rather oversimplified as GPCRs have now been demonstrated to be able to signal via G-protein
independent mechanisms, such as the B-arrestin mediated signalling through Src, mitogen
activated kinase (MAPKs), NFkB and PI3K pathways (Luttrell, 2008, Rajagopal et al., 2010) and
via GPCR interacting proteins (Bockaert et al., 2004, Kamal et al., 2011). The former is
believed to mediate cell signalling through the recruitment of GPCR interacting proteins
(cytosolic or transmembrane) to the GPCR which now acts as a scaffold. The association of the
GPCR interacting proteins with the GPCRs modulates the GPCR function and signal
transduction (Bockaert et al., 2004). These interacting proteins can have a variety of effects on
the function of GPCRs including important roles in regulating (i) receptor endocytosis (B-
arrestins, phospholipase D2, Arf6), (ii) receptor ligand specificity (receptor activity modulating
proteins) (iii) receptor recycling (synapse-associated protein 97, (SAP97) and (iv) expression at
the cell surface (post-synaptic density protein 95, PSD95) (Ferguson, 2007, Bockaert et al.,
2004, Bhattacharya et al., 2004, Magalhaes et al., 2012). GPCR interacting proteins thus have
the ability to modulate GPCR localisation and form multiprotein scaffold complexes, referred
to as ‘signalsomes’ in specific intracellular membrane compartments (Magalhaes et al., 2012).
Therefore, interaction of S1IPR1 with accessory proteins may also have roles in modulating its
G-protein coupling, endocytosis, desensitisation and subcellular localisation. Importantly,
interaction with these proteins may also have the capacity to form new signal transduction
complexes that can alter cellular function (Magalhaes et al., 2012). Full elucidation and
understanding of the interaction of S1IPR1 with its putative interacting proteins may provide
new insights into the pharmacology, signalling and subcellular localisation of the S1PR1.
Development of mechanisms to either promote or block this may then also allow for the
development of novel therapeutic agents.
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The expression of SIPR1s at the plasma membrane is likely controlled by a range of interacting
proteins that regulate receptor recycling. In support of this idea, the Rac guanine nucleotide
exchange factor, P-Rex1 contains a PDZ (PSD95-disc large-Zonula occludens) domain and has
been suggested to interact with S1PR1s (Li et al., 2005). Given that the last 3 residues of the C-
terminus of S1PR1 are composed of a triple serine sequence (Figure 1.7) and thus do not
represent a typical PDZ motif, the interaction between S1PR1 and P-Rex1 likely employs the
use of an internal PDZ motif located intracellularly in S1IPR1. Of interest, studies have also
shown that the type Il transmembrane protein, CD69, directly interacts with TM4 of S1PR1
resulting in internalisation of the receptor and hence inhibition of S1PR1 function (Bankovich
et al., 2010, Cyster and Schwab, 2012). Protein-protein interactions among S1PRs forming
homodimers and with GPR4, LPA and OGR1 receptors forming heterodimers have also been
reported previously (Zaslavsky et al., 2006). It has been suggested that Cys'®** and Cys™" in
ECL2 and Cys*®" and Cys®*® in ECL3 may play a role in SIPR1 dimersation (Van Brocklyn et al.,
2002) (Figure 1.7).

2.5 S1PR1 post-transiational modifications

A number of post-translational modifications have also been reported for the S1PR1 (Figure
1.7). These have been suggested to regulate ligand binding, internalisation and degradation of
S1PR1. For example, the conserved serine rich region located in the C-terminus of S1PR1 is
phosphorylated by GRK2 and protein kinase C (Thangada et al., 2010, Oo et al., 2007). Studies
have also showed that the E3 ubiquitin ligase WWP2 can polyubiqutinylate multiple lysine
residues in the C-terminal tail of S1PR1, including Lys**° Lys ** Lys **' Lys *** (Oo et al., 2011). In
addition, S1PR1s are palmitoylated at three Cys residues, Cys*”’, Cys**® and Cys*° in the
cytoplasmic tail (Ohno et al., 2009). Moreover, N-glycosylation of Asp® in the extracellular
amino terminal of S1PR1 (Kohno et al., 2002) as well as tyrosine O-sulfation of Tyr*® and Tyr*
in S1IPR1 have also been identified (Fieger et al., 2005) (Figure 1.7).

2.6. S1PR dimerisation

In recent years, it has become widely accepted that many GPCR’s exist as homodimers and/or
heterodimers, although the functional importance and ratio of monomeric, homodimeric and
heterodimeric receptor forms on the cell surface remain somewhat ambiguous (Somvanshi
and Kumar, 2012). Multiple S1PR subtypes are co-expressed on the same cell allowing the
possibility of receptor dimerisation, both in homomeric and heteromeric forms (Van Brocklyn
et al., 2002, Zaslavsky et al., 2006). The mechanism of S1P homo-dimerization has been noted
to most resemble M3 muscarinic receptor dimerisation. It has been suggested that Cys'®* and
Cys™ in ECL2 and Cys*® and Cys®® in ECL3 of S1IPR1 may play a role S1PR1 dimersation (Van
Brocklyn et al., 2002). Mutation of either the ECL2 or ECL3 pair however did not abolish the
ability to dimerise indicating these residues are either not essential in the process or a possible
degree of redundancy between these residues exists. The formation of homodimers among
S1P receptors and heterodimers between S1P receptors and GPR4, LPA and OGR1 receptors
has been previously reported (Zaslavsky et al., 2006). These results imply a crosstalk between
S1P and LPA signalling pathways and suggest that one ligand may affect the signalling of
several receptor subtypes (Zaslavsky et al., 2006). Although the implications surrounding S1PR
homo- and hetero-dimer formation still require much study, dimerisation of GPCR’s in general
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have proven to be important in ligand affinity, efficacy, specificity of signal transduction and
trafficking (Zaslavsky et al., 2006).
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Figure 1.6. Interactions between Transmembrane Domains. Above illustrates the
transmembrane domains (TM) 1-7 of the S1PR1 and the important amino acids contained in
each. Amino acids in black denote hydrogen bonded amino acids while those in grey denote
important amino acids for various interactions, ligand binding and post translational
modifications (see text).
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Figure 1.7. The amino acid structure of S1PR1. The 382 amino acid structure of the GPCR,
S1PR1 is shown above. Highlighted are the amino acids within this receptor which play more
prominent roles in ligand binding, receptor activation and cell signalling, as well as post-

translationally modified residues.
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3. S1PR expression and function in the CNS

Glia, derived from the Greek word gliok, (commonly translated as glue), is the collective name
given to brain cells other than neurons. Many prominent histologists greatly advanced the field
of glial biology, in particular, Camillo Golgi (1843), Gustav Retzius (1842-1919), Santiago Ramon
Cajal (1852-1934) and Pio Del Rio Hortega (1882-1945). These cells which include astrocytes,
oligodendrocytes, microglia and the less commonly known NG-2 cell all function to maintain
homeostasis in the nervous system. The simplistic view of them as idle support cells however
has changed in the past 20 years and the functional significance of these cells are finally
beginning to be appreciated. The homeostatic function of glial cells includes body and organ
homeostasis, cellular homeostasis, morphological homeostasis, molecular homeostasis,
metabolic homeostasis, long-range signalling homeostasis and defensive homeostasis
(Verkhratsky and Butt, 2013).

Expression of S1PR1, S1IPR2 and S1PR3 is widespread throughout many systems in the body
and can be found on cells of the immune, cardiovascular and central nervous systems,
amongst others. S1IPR4 and S1PR5 however have been reported to have more selective
expression patterns as S1IPR4 has been found mainly to reside in lymphatic tissues while SIPR5
is believed to be primarily located on Natural Killer cells and on oligodendrocytes of the CNS
(Walzer et al., 2007, Dev et al., 2008, Hla and Brinkmann, 2011, Nixon, 2009, Mann, 2012,
lwasaki, 2011, Groves et al., 2013). The relative S1PR expression within the CNS also varies
from cell type to cell type. Astrocytes have an S1PR expression pattern of SIPR3 > S1PR1 >
S1PR2 > S1PR5 (Rao et al., 2003). Neurons have an expression pattern of , SIPR3 > S1PR1 =
S1PR2 > S1PR5 = S1PR4 (Kays et al., 2012). Microglia’s relative expression of the S1PRs is
S1PR1 > S1PR3 > S1PR2 > S1PR5 (Tham et al., 2003) and oligodendrocytes have the following
relative expression of S1PRs, SIPR5 > S1PR1 = S1PR2 > S1PR3 (Yu et al., 2004) (Figure 1.8).

3.2 S1PR function in Astrocytes

Astrocytes express a variety of S1PRs of which their activation can have a range of disparate
intracellular effects (Figure 1.8 and Table 1.3). These include calcium influx, phosphoinositide
hydrolysis, ERK1/2 phosphorylation and [3H]-arachidonic acid (AA) release (Rao et al., 2003).
Inhibition of sphingosine kinase or pre-treatment with PTX was found to inhibit these
downstream signalling events to varying degrees hence implicating both Gi and Gg-coupled
GPCRs in S1P signalling in astrocytes (Rao et al., 2003). S1P treatment of astrocytes has been
shown to induce neuronal differentiation of neuronal progenitor cells (NPC) via the increase of
laminin (a major protein of the basement membrane) (Spohr et al., 2012). Cerebellar
astrocytes have also been found to release S1P in response to basic fibroblast growth factor
(bFGF). This can then induce the proliferation of astrocytes via Gi coupled GPCRs (Bassi et al.,
2006). As both bFGF and S1P are involved in the maintenance of endothelial tight junction and
astrocyte growth, this S1P/bFGF induced proliferation of astrocytes is likely to be beneficial in
decreasing blood brain barrier (BBB) permeability (Abbott et al., 2006). S1P has also been
demonstrated to strongly inhibit gap junction communication by a mechanism that involves
both G; and Rho/ROCK signalling (the former probably mediated by G,,/3) (Rouach et al.,
2006). There are several reports in the literature that suggest suppression of gap junction
communication correlates with enhanced mitogenesis and that the S1P induced Rho/ROCK
pathway is involved in reorganization of the actin cytoskeleton (Rouach et al., 2006). S1P
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activation of astrocytic SIPRs however does not always result in beneficial effects. Injection of
S1P into the striatum of mice was seen to induce astrogliosis (Sorensen et al., 2003). In
addition, S1IPR3 and SphK1 have been demonstrated to be up-regulated in MS lesions and that
activation of astrocytes by LPS up-regulated the SphK1/S1PR3 signalling axis (Fischer et al.,
2011).

While S1P is a full agonist and activates S1IPR1 and S1PR3 on astrocytes, (Fischer et al., 2011,
Osinde et al., 2007), pFTY720 mainly activates S1PR1 and only partially activates S1PR3
(Mullershausen et al., 2007). As mentioned previously, activation of S1IPR1 by pFTY720 does
not result in the same physiologic responses seen when the receptor is activated by S1P
(Figure 1.4 and Figure 1.5). The binding of pFTY720 to S1PR1 causes receptor internalisation
and is thought to result in either functional antagonism (Choi et al., 2011) and/or persistent
signalling (Mullershausen et al., 2009). Agonist binding of SIPR1s results in internalisation via
B-arrestin-mediated clathrin coated vesicles. While S1P stimulation mostly results in
internalisation and consequent recycling of the S1PR1s back to the membrane, binding of
pFTY720 to S1PR1s internalises the receptor and can result in persistent S1PR1 signalling and
subsequent polyubiquitinylation and degradation (Obinata and Hla, 2012, Oo et al., 2007, Oo
et al.,, 2011). Treatment of cultured astrocytes with pFTY720 was seen to stimulate ERK
phosphorylation and induce cell migration (Mullershausen et al., 2007, Osinde et al., 2007)
and to inhibit the production of proinflammatory cytokines and chemokines (Van Doorn et al.,
2010). In an in vivo study performed on EAE mice, proinflammatory cytokine levels and
disease-associated increases in S1P levels were reduced in the animals lacking astrocytic SIPR1
(Choi et al., 2011). This report highlighted the important role of astrocytes in the efficacy of
pFTY720. The mutants which lacked S1PR1 on GFAP positive glial cells exhibited reduced
severity of EAE in comparison to littermate controls (Choi et al., 2011). This study also
supported functional antagonism of S1PR1 as the main receptor mechanism by which pFTY720
exerted its efficacy in the CNS (Choi et al., 2011).

3.4 S1PR signalling in Microglia

Microglia express all S1IPR subtypes found in the CNS, that is all except SIPR4 (Noda et al.,
2013) (Figure 1.8). The relative levels of expression of each S1PR subtype by microglia
depends, to a significant degree, on the activation state of the cells (Tham et al., 2003). For
example, in activated microglia, SIPR1 and S1PR3 are notably down-regulated while S1IPR2 is
upregulated (Tham et al., 2003). As a principal cell type for neuroinflammation, S1PR
expression on microglia may be an important target that requires further assessment.
Signalling via S1IPR1 and 5 have been suggested to contribute to microgliosis, while S1PR3
signalling may attenuate this response (Miron et al., 2010). Furthermore, activated microglia
present during EAE are histologically diminished by the genetic deletion of S1IPR1 in the CNS or
by pFTY720 treatment (Choi and Chun, 2013). pFTY720 activation of S1IPR1 has also been
reported to inhibit the production of pro-inflammatory cytokines such as IL6, TNFa and IL1B
from LPS-activated microglia and enhance the expression of the neurotrophic factors BDNF
(brain-derived nerve factor) and GDNF (glial-derived nerve factor) (Noda et al., 2013). In LPC-
induced demyelination in a rat CNS spheroid cell culture model (contains microglia but is
devoid of blood-bourne immune cells), partial inhibition of microglial activation correlated
with increased remyelination (Jackson et al., 2011a). Therefore, if pFTY720 can promote the
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neuroprotective effects of microglia, then this may represent a potential therapeutic
opportunity as microglial activation is now believed to contribute to the progression of many
neurological disorders including MS, Alzheimer’s disease, stroke and spinal cord injury (Giunti
et al., 2014).

3.6 S1PR signalling in Oligodendrocytes

Human oligodendrocytes have been reported to express S1PR transcripts in the relative
abundance of SIPR5>S1PR1=S1PR2>S1PR3, with undetectable levels of SIPR4 (Yu et al., 2004)
(Figure 1.8). It is not surprising then that in oligodendrocytes, S1IPRs have been reported to
regulate a wide range of signalling molecules related to Gi, Gq and G12/13 pathways. These
include adenylate cyclase (AC), phospholipaseC (PLC), extracellular signal-regulated kinase 2
(ERK2), protein kinase C (PKC), phosphoinositide 3-kinase (Pi3K), cAMP-response
elementbinding protein (CREB), pAKT and Ras homolog A (Rho A) (Hida et al., 1999, Saini et
al., 2005, Yu et al., 2004). S1P activation of S1PR5 is reported to play a role in inhibiting
oligodendrocyte precursor cell (OPC) migration. This inhibition was found to enlist the G12/13
coupled Rho/ROCK signalling pathway (Novgorodov et al., 2007). In addition, S1PR5 activation
on 04" pre-oligodendrocytes induces process retraction via the Rho kinase/collapsing
response-mediated protein signalling pathway (Jaillard et al., 2005). Interestingly, this process
retraction is not observed at later developmental stages and therefore, this SIPR5-mediated
process modulation appears to be exclusive to immature cells (Jaillard et al., 2005). Moreover,
S1PR1 activation has been linked to process extension (Miron et al. 2008) and pFTY720 has
been shown to inversely modulate the mRNA expression of S1IPR1 and S1PR5 thereby
regulating the pattern of process retraction and elaboration in a concentration and time
dependent manner (Miron et al. 2008). S1P also induces preferential activation of ERK2 on
oligodendrocytes (Hida et al. 1999) and the reported improved survival of neonatal rat
oligodendrocytes treated with pFTY720 during serum withdrawal is associated with the
phosphorylation of ERK1/2 and Akt (Jung et al., 2007).

S1P and pFTY720 have been shown to promote the differentiation of neural precursor cells
(NPCs) towards an oligodendroglial lineage indicated by the expression of OPC markers, Olig2
and O4. In addition, activation of S1PR1 protects NPCs from ceramide induced apoptosis
(Bieberich, 2011). pFTY720 has been demonstrated to regulate OPC differentiation into
mature oligodendrocytes in a concentration-dependent manner (Jung et al. 2007) and in
particular, a selective SIPR5 compound (Compound 1L, BAF312), has been shown to induce a
significant increase in the number of MBP-positive mature oligodendrocytes (Mattes et al.,
2010). As well as regulating oligodendrocyte differentiation, S1PRs also play a role in the
survival of mature oligodendrocytes. For example, pFTY720 has been demonstrated to rescue
mature oligodendrocytes from serum and glucose deprivation-induced apoptosis (Miron et al.,
2008a). These pro-survival effects have been attributed in part to pERK1/2 and pAKT signalling
(Coelho et al., 2007, Miron et al., 2008b).

Loss of the myelin sheath due to the presence of auto-reactive T-cells is the main pathological
feature of MS. Therefore, understanding of the roles of S1PR modulation on myelination of the
CNS is of relevance. Organotypic slice cultures are an established in vitro assay for the study of
myelin development and maintenance and represent an excellent compromise between single
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cell cultures and in vivo animal studies. Unlike single cell cultures, organotypic slice cultures
preserve the architecture of the brain regions that they originate from and can more
accurately represent the complex processes and interactions that occur between cells and
their microenvironment. Such slice cultures have been an invaluable tool in the study of CNS
S1PRs and their roles in myelination. Treatment of organotypic slices with the demyelinating
agent lysophosphatidylcholine (LPC) has been used as an in vitro model to study the effects of
S1PRs on demyelination (Miron et al., 2010, Sheridan and Dev, 2012). pFTY720 treatment of
LPC-induced demyelination in organotypic cerebellar slice cultures was seen to enhance
remyelination and process extension by OPCs and mature oligodendrocytes (Miron et al.,
2010). Interestingly, pFTY720 and the S1PR1/5 selective agonist BAF312, but not AUY954
(S1PR1 specific agonist) significantly augment MBP expression in the remyelination phase
following LPC-induced demyelination in the rat telencephalon (Jackson et al., 2011a).
Organotypic cerebellar slices treated with pFTY720 and SEW2871 (S1PR1 specific agonist) have
also been shown to attenuate LPC-induced demyelination (Sheridan and Dev 2012). These
studies implicate SIPR3/5 in the promotion of remyelination and S1PR1 in the attenuation of
demyelination; however it is likely these roles are not mutually exclusive. A reduction in the
production of pro-inflammatory factors such as TNFa, IL-1, LIX, MIP-1a and MIP-3a and in
signalling molecules such as nitric oxide metabolites and the apoptotic effectors caspase 3 and
7 have all been suggested to preserve myelination state after treatment with SIPR modulators
(Jackson et al. 2011, Sheridan and Dev 2012). In addition to highlighting the influence of S1PRs
in regulating the myelination state, these results also implicate inflammation as an important
factor when considering demyelination.

3.7 Inflammation and demyelination

Inflammation is a common feature in demyelinating disorders and indeed, in most neurological
disorders. A number of possibilities exist for the relationship between inflammation and
demyelination: (i) that inflammation induces demyelination; (ii) that demyelination causes
inflammation; (iii) other factors contribute to the development of inflammation and/or
demyelination; (iv) inflammation and demyelination participate in a cycle in which they
augment one another; and (v) that inflammation can protect against demyelination.

To investigate the direct effect of inflammation on demyelination, focal inflammatory lesions
can be induced by LPS or cytokine injection into the CNS of mice and rats. One such study
injected LPS into the rat spinal white matter and reported a large demyelinating lesion
developed after 5-7 days (Felts et al., 2005). However, direct injection of killed bacillus
Calmette—Guérin (BCG) into the hippocampus produced an acute inflammatory response but
did not result in myelin loss (Matyszak and Perry, 1995), and furthermore, an injection of
TNFa into white matterin vivo also does not result in demyelination (Hall et al., 2000).
Therefore, it is not yet clear if an acute focal injection of an inflammogen is sufficient to induce
demyelination and perhaps chronic inflammation is required to initiate demyelination in vivo.
In MS and EAE, inflammatory mechanisms such as autoantibodies, T cells and macrophages
lead to demyelination in the majority of patients, lending further support to the assumption
that inflammation and demyelination are closely related. In some scenarios however it has
been suggested that oligodendrocyte and myelin damage are in fact the primary events. This is
then followed by microglia activation and proliferation and later by the invasion of peripheral
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inflammatory cells (Stadelmann et al., 2011). Axonal injury and subsequent demyelination can
also occur in the absence of inflammation as demonstrated by a number of non-inflammatory
demyelination animal models. In shiverer mice and mice with deficient PLP, cyclic nucleotide
phosphodiesterase (CNP-1) and/or MAG, the metabolic function and integrity of the myelin
sheath is disrupted often resulting in demyelination in the absence of inflammation (Briick,
2005).

During primary demyelination, microglial cells, the resident immunocompetent cells in the
CNS, are reported to increase in number through proliferation as well as by recruitment of
progenitors from blood (Remington et al., 2007). One of the initial functional outcomes of
microglial activation is induction of the pro-inflammatory phase of an innate immune response
and is termed ‘classical activation’. This activation state leads to the production and secretion
of pro-inflammatory cytokines (such as interleukin 1B (IL-1B), interleukin-6 (IL-6), tumor
necrosis factor-a (TNFa), reactive oxygen-nitrogen species (for example, N203, NO2) and
proteases (e.g., matrix metalloproteinase-9) (Colton and Wilcock, 2010). These agents are
released during classical activation to defend tissue and promote the destruction of
pathogens; however, if not kept under tight control they can induce inflammotoxicity of the
tissue. In LPC-induced demyelination in a rat CNS spheroid cell culture model (contains
microglia but is devoid of blood-bourne immune cells), partial inhibition of microglial
activation correlated with increased remyelination (Jackson et al., 2011a). Astrocytes also
have a role in the regulation of inflammation and many now believe that astrocytes and
microglia play a prominent role in myelin dysfunction (Chew et al., 2013, Yeo et al., 2012).
Other factors such as zinc metallothioneins have been suggested to have a role in preventing
demyelination and decreasing inflammation during MS and EAE (Peterson and Fujinami,
2007). influx of extracellular Ca’" has also been shown to be involved in demyelination,
however, calcium channel inhibitors appear to only be effective if given before the onset of
inflammation (Brand-Schieber and Werner, 2004). In addition, sodium channels have been
reported to be involved in the activation of macrophages and microglia and as well as play a
role in phagocytosis of myelin debris. Inhibition of sodium channels therefore was seen to
reduce inflammation and axonal damage in the EAE animal model {Craner et al., 2005).

It is typically thought that demyelination and inflammation act in a ‘vicious cycle’ where
demyelination can induce inflammation which then leads to further demyelination. In a model
where the axon is injured, microglia can become activated and the damage can spread to
oligodendrocytes either through induction of apoptosis or disruption of cross-talk, potentially
resulting in demyelination. Damaged myelin, oligodendrocytes and axons are then
phagocytosed and can result in further microglial activation and a perturbation of the
inflammatory response which in turn leads to additional demyelination. Demyelination can
then lead to axonal damage and thus the cycle continues. It is important to note that the
inflammatory response is a mechanism used to protect the body. It is only when the
inflammation goes unchecked that it itself induces damage. Therefore, aiternative activation of
microglia may help protect against demyelination as well as enhance remyelination (Figure
1.9) (Olah et al., 2012). Anti-inflammatory cytokines such as IL-4, IL-13, IL-10 and
transforming growth factor-p (TGFB) are released from microglia, accessory immune
cells such as astrocytes or from T,2 regulatory T cells in an autocrine manner and
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trigger the down regulation of the pro-inflammatory phase and induce tissue repair
(Colton and Wilcock, 2010).

Astrocyte

S1PR1, S1PR2, S1PR3 & S1PRS
Proliferation, migration, growth
factor production, gap junction
communication,

Neuron
S1PR1, S1PR2, S1PR3 & S1PRS
Neurogenesis, neural progenitor
migration, survival

Oiligodendrocyte
S1PR1, S1PR3 & S1PRS

Oligodendrocyte precursor cell
S1PR1, S1PR3 & S1PR5
Survival, migration, differentiation,
process extension, retraction

Microglia
S1PR1, S1PR2, S1PR3 and S1PRS
Proinflammatory cytokine production

Figure 1.8. S1PR’s and the cells of the CNS. Distribution and summary of functions of SIPR
subtypes in cells resident in the CNS.
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Figure 1.9. Microglia activation states. Four main microglial activation states have been
described based on the expression of certain characteristic markers. CD40; cluster of
differentiation 40, CD11b; cluster of differentiation 11b, iNOS; inducible nitric oxide synthase,
TNFa; tumor necrosis factor a, Mannose R; mannose receptor, NGF; nerve growth factor,
MMP9; matrix metalloproteinase 9, TIMP; tissue inhibitor of metalloproteinase, LPS;
lipopolysaccharide, IFNy; interferon y, IL-; interleukin.
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3.8 The role of astrocytes in myelination

Astrocytes are now accepted to significantly contribute to the development and maintenance
of CNS myelin as well as to the pathology of demyelinating disorders (Barnett and Linington,
2013). Initial experiments to investigate the influence of astrocytes on myelination in vivo,
demonstrated that transplanted type 1 cortical astrocytes enhanced remyelination of ethidium
bromide-induced demyelinating lesions in the spinal cords of animals (Blakemore and Crang,
1989). It has since been demonstrated that astrocytes can influence oligodendrocyte
differentiation through the production of extracellular matrix (ECM) molecules that impact on
oligodendrocyte maturation (Wiese et al., 2012). In particular fibroblast growth factor 2 (FGF2)
and platelet derived growth factor a (PDGF a) are released from astrocytes and work in
combination to promote self-renewal of the OPC population (Barnett and Linington, 2013). In
addition, astrocytes are also reported to promote myelination in response to electrical
impulses. This involves a cross-talk between neurons, astrocytes and oligodendrocytes
whereby ATP liberated from axons during an action potential stimulates astrocytes to release
leukemia inhibitory factor (LIF) which then in turn promotes myelination (Ishibashi et al.,
2006). In chronic myelin lesions in MS, astrocytes have been identified as a source of tenascin-
¢ which is an inhibitory ECM substrate for oligodendrocyte progenitor cells (OPCs) (Gutowski
et al.,, 1999). Expression of another ECM, fibronectin by astrocytes has been shown to be
induced in models of immune-mediated myelin injury and to be upregulated in astrocytes in
response to inflammatory mediators such as LPS (Stoffels et al., 2013). This production of
fibronectin by astrocytes has also been reported to attenuate the differentiation of OPCs in
vitro and to impair remyelination of LPC induced white matter lesions (Stoffels et al., 2013).
Accumulation of another astrocytic protein called hyaluronan in inflammatory lesions has also
been demonstrated to impair remyelination and the hyaluronan receptor, CD44, is expressed
on reactive astrocytes (Sosunov et al., 2013).

Therefore, astrocyte phenotype is likely to have a significant role in the outcome of CNS repair
and myelination. Depending on the nature of the factors secreted (inhibitory or promoting)
astrocytes can have either a negative or positive effect on myelination. Furthermore, these
factors can directly affect OPC proliferation, differentiation and myelin ensheathment, or,
indirectly via effects on microglia or neurons. A focus on astrocytes as a modulator of
myelination in the future may reveal targets for research and aid in the development of
astrocyte-specific strategies aimed to enhance lesion repair demyelinating diseases.

4. S1PRs as potential drug targets for Krabbe Disease

The effect of SIPR1 down regulation in the immune system has been well documented.
Internalisation of S1IPR1 renders B and T cells unresponsive to the S1P gradient and prevents
these cells from exiting the lymph nodes and entering the lymphatic circulation (Kappos et al.,
2006). This ‘functional antagonism’ of the S1PRs is the basis attributed for pFTY720’s efficacy
in the treatment of the autoimmune disease MS. MS is the most commonly diagnosed
neurological disorder in people aged 18-50 (Compston and Coles, 2008). Pathologically this
disease is characterised by inflammation and demyelination of neuronal axons due to the
presence of auto-reactive T-cells. Demyelination is usually centred in various foci and these
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lesions, or scleroses, can occur in any region of the brain and spinal cord containing white
matter (Compston and Coles, 2008). In addition to the immunomodulatory effects of pFTY720
on lymphocytes in the periphery, increasing evidence now suggests an important role for
pFTY720 acting on S1PRs in the CNS. Indeed, many research groups are now beginning to
investigate the modulation of S1PRs as potential therapies for a diverse range of disorders
both in the periphery and CNS (see Table 1.4). Of the CNS based disorders, the putative
protective effect of pFTY720 is being investigated in (Di Pardo et al., 2014, Hemmati et al.,
2013, Deogracias et al., 2012, Estrada-Bernal et al., 2012, Gao et al., 2012). Here we have
focused on the role of S1PRs in the childhood demyelinating disorder: Krabbe disease (KD).

4.1 Krabbe Disease

KD is a rare autosomal recessive neurodegenerative disorder affecting 1:100,000 live births in
the United States (Wenger et al., 1997). Typically this is an early onset, rapidly progressing and
invariably fatal disease in infants. It can be characterised into four clinical subtypes depending
on the age of onset. These include infantile (from 3- 6 months), late infantile (from 6 months -
3 years), juvenile (from 3 - 8 years) and adult (8+ years) (Suzuki, 2003). The vast majority (85-
90%) of cases are of the infantile form, with the juvenile and adult onset forms being
considered extremely rare (Wenger et al., 1997). Hallmark symptoms of the classic infantile
form include irritability, hypersensitivity, psychomotor arrest and hypertonia. This is followed
by rapid mental and motor deterioration, seizures, optic atrophy and elevated protein levels in
the cerebrospinal fluid (CSF). Death usually occurs within the first two years of life and there is
currently no cure (Davenport et al.,, 2011). KD is caused by a deficiency in the lysosomal
enzyme galactosylceramidase (GALC) (Suzuki, 2003). This results in the accumulation of a toxic
lipid metabolite; psychosine (also known as galactosylsphingosine). Another substance, B-
galactosylceramide also accumulates within cells of the myeloid lineage to form the
characteristic globoid cells seen in the KD brain, however the accumulation of psychosine
relative to galactosylceramide is greater as galactosylceramides are also hydrolyzed by
GM1ganglioside B-galactosidase (Giri et al., 2002). Progressive accumulation of psychosine is
now believed to be the critical pathogenetic mechanism of cell death in the KD brain as
concentrations of this molecule are estimated to be increased more than 100-fold in KD
patients (Svennerholm et al., 1980) with reports of psychosine’s cytotoxicity seen both in vitro
and in intracranial-injection experiments (Giri et al., 2006).

Pathological features of this disease include profound demyelination and almost complete loss
of oligodendrocytes in the white matter, reactive astrocytosis and infiltration of numerous
multinucleated macrophages termed ‘globoid cells’. These globoid cells are a unique feature of
KD and are seen to accumulate around blood vessels and in the regions of demyelination
(Suzuki, 2003).

4.2 Galactosylceramidase is mutated in KD

GALC, located on chromosome 14g23.3-32.1, is composed of 16 introns (ranging from 247 bp
to 12 kb in size) and 17 exons (39 to 181 bp in size) encoding a 669 amino acid glycoprotein
(Luzi et al., 1995). The first 26-amino acids encode for a signal peptide which targets it to the
endoplasmic recticulum where it is produced, glycosylated and then trafficked, via the
mannose-6-phosphate (M6P) pathway, to the lysosome (Nagano et al., 1998). The remaining
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643 amino acids contain six potential glycosylation sites (Wenger et al., 1997). Similar to genes
of other lysosomal proteins, the 5" untranslated region of GALC is GC-rich and does not contain
any definitive TATA or CAAT sequences (Uniprot). The GALC enzyme displays specificity for
glycolipids that possess a terminal galactose moiety in the  anomeric configuration (Suzuki,
2003). GALC hydrolyses the galactose ester bonds of its major natural substrate,
Galactosylceramide (mainly localized in the myelin sheath) with it also acting on
monogalactosyldiglyceride, psychosine and the seminolipid precursor 1-alkyl,2-acyl-3-
galactosyl glycerol (Suzuki, 2003). Structurally, GALC possess 3 main domains; a
triosephosphate isomerase barrel at the centre containing the active site, a B-sandwich
domain and a ~30-kDa C-terminal domain with a lectin fold (Lieberman, 2011).

Common mutations of the GALC gene have been reported for this disease including the
502T/del mutation (present in about 40% of KD patients of European ancestry) and the T513M
mutation (a C>T change at 1538 in Northern European ancestry) (Wenger et al., 1997). Many
more mutations have also been found including missense mutations (G>A at 284, A >T at 301),
nonsense mutations (G>T transversion at 1105), six single base deletions (382delA, 805delG,
906delT, 964delG, 1424delA, 1852delT) and a single base insertion (1675insT) (Wenger et al.,
1997). In addition to GALC, a small, heat-stable nonenzymatic glycoprotein; saposin A,
(sphingolipid activator protein) is also crucial for the in vivo degradation of galactosylceramide
(Kolter and Sandhoff 2005). Saposin A belongs to a family of four homologous glycoproteins,
(saposin A, B, C and D), which are essential for normal lysosomal degradation and range from
8-11 kDa in size (Kishomoto et al., 1992). A genetic sapsoin A deficiency may also be
associated with chronic late onset KD in human patients (Matsuda et al., 2001).

4.3 The Krabbe disease twitcher mouse

The twitcher (twi/twi) mouse is a naturally occurring, enzymatically authentic model of human
KD resulting from a spontaneous mutation in the Galc gene (Kobayashi et al., 1980). Like the
Galc mutation seen in KD, the twi/twi mutation is also inherited in an autosomal recessive
fashion. Furthermore, the clinical and pathological course of the disease in twi/twi mice closely
resembles the disease course observed in humans (De Gasperi, 2004). Clinically, twi/twi mice
are normal until around 20 days of age. After this they begin to grow slower, develop tremors
and progressive muscular weakness, especially in the hind limbs which soon after become
paralysed (Davenport et al., 2011, De Gasperi, 2004). As in humans, disease progression is
rapid and twi/twi mice rarely life above 40 days of age (De Gasperi, 2004). Demyelination can
be detected in the peripheral nervous system (PNS) of the twi/twi mice by day 10, spinal cord
by day 20 and thereafter in the cerebellum and cerebrum (Suzuki and Taniike, 1995). The
pathological hallmark of the disease, globoid cells, also form in twi/twi mice by day 25
(Takahashi and Suzuki, 1984). The twi/twi mouse has proven to be an invaluable research tool
in both the effort to elucidate of the pathogenesis of KD and also in aiding the effort to
develop therapeutic strategies to tackle this disease. Like all animal models however there are
some discrepancies between the disease in humans and in the twi/twi mice. For example, in
the twi/twi mice the CNS pathology is milder and the PNS more severely affected in
comparison to KD pathology (Duchen et al., 1980). In addition, twi/twi mice don not exhibit
seizures and deceberate rigidity as seen in the KD patients (Suzuki and Taniike, 1995).
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4.4 Physiochemical properties of psychosine

Galactosylsphingosine was first obtained in 1884 by the alkaline hydrolysis of galactolipid in
the brain and was given the name psychosine (Thudichum, 1884). Psychosine is synthesized by
the transfer of the galactose residue from UDP-galactose to sphingosine bases via the action of
UDP-galactose ceramide galactosyl transferase (CGT) then itself reacts with fatty acid-
Coenzyme A to form the cerebroside (Cleland and Kennedy, 1960, Won et al., 2013) (Figure
1.10). The microsomal enzyme CGT is approximately 50-70kDa in weight and is primarily
expressed by oligodendrocyte cells in the brain (Schulte and Stoffel, 1993). Studies of the
mouse genome revealed the CGT gene is located to the E3-F1 region on chromosome 3 and is
composed of 6 exons, the first of which is non-coding with the remaining five exons containing
the coding sequence and the 3’ UTR region (Coetzee et al., 1996). To date, the physiochemical
properties of psychosine have received little to no attention and there is very limited
information available regarding properties such as pKa value. One group however, have
attempted to characterise psychosine’s physiochemical properties using 1H nuclear magnetic
resonance (NMR) and electron microscopy (EM) and are the only group to have reported the
pKa of the protonated amine group of psychosine to be 7.18 + 0.05 (Orfi et al., 1997). Using
this technique they also give insight into the disparate molecular interactions of psychosine at
different pH values and report that it is the free amine group that is necessary for psychosine
to mediate it’s toxic effects (Orfi et al., 1997). Psychosine is normally enzymatically broken
down in the acidic environment of the lysosome (~4.5 pH). In KD however, unmetabolised
psychosine escapes from lysosomes and dying cells into the cytoplasm/extracellular milieu
which has a pH of ~7.4. From these NMR and EM studies, psychosine was seen to form larger,
more unstable aggregates at a neutral pH than at an acidic pH (Orfi et al., 1997). The
explanation given for this concerns the amine group. In the protonated state, the amine group
is raised above the hydrophobic layer of carbon chains, allowing the acyl chains to form an
orderly, stable array. The deprotonated state of psychosine has also been suggested to
destabilise/disrupt the organisation of cellular membranes (Orfi et al., 1997).

4.5 Activation of caspases by psychosine

The cytotoxic actions of psychosine have been attributed to several different mechanisms.
Increasing evidence now suggests that the wide spread demyelination and loss of
oligodendrocytes seen in KD is due to apoptotic processes. A TUNEL assay to detect apoptosis
was performed on cultured oligodendrocyte cells incubated with psychosine (Zaka and
Wenger, 2004) and DNA fragmentation, a marker of apoptosis was detected in glial derived
MOCH-1 cells in response to psychosine treatment (Tohyama et al., 2001). Psychosine induced
apoptosis has also been found to involve activation of the initiator caspases 9 and 8 and the
effector caspase 3, all of which are known to play central roles in apoptosis (Giri et al., 2006,
Giri et al., 2008, Zaka and Wenger, 2004, Haq et al., 2003). In order to activate caspase 9 from
its inactive zymogen state it must first bind to the protein co-factor Apaf-1 in the presence of
cytochrome c (Li et al., 1997) and psychosine treatment in vitro has been found to result in
mitochondrial cytochrome c release (Haq et al., 2003). Activated caspase 9 can then activate
caspase 3 by proteolytic cleavage which in turn executes apoptosis by cleaving proteins
following specific aspartate residues (Taylor et al., 2008). Activation of caspase 8 involves the
binding of extracellular death receptors such as type 1 tumor necrosis factor receptor (TNF-R1)
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and the FAS receptor. Activated caspase 8 can then also proteolytically cleave and activate
caspase 3 (Taylor et al., 2008) (Figure 1.11).

4.6 Psychosine inhibits protein kinase C (PKC)

Another mechanism by which psychosine induces toxicity involves the molecules preferential
accumulation in lipid rafts (White et al., 2009). This accumulation is also associated with
regional cholesterol increases and alterations in the distribution of the lipid raft markers:
flotilin-2 and caveolin-1 (White et al.,, 2009). This disruption of the architecture and
composition of lipid rafts has also been suggested as a putative mechanism by which
psychosine inhibits protein kinase C (PKC) activity (Davenport et al., 2011, Yamada et al.,
1996, Hannun and Bell, 1987). PKC is an important signaling molecule that has many biological
functions including regulation of cell differentiation and proliferation as well as roles in
regulating membrane structure modification (Davenport et al., 2011). PKC isozymes are lipid
raft dependent and hence the psychosine induced lipid raft disruption may lead to reduced
PKC function resulting in altered cell signaling and downstream effects such as demyelination
and oligodendrocyte cell death (White et al., 2009) (Figure 1.11).

4.7 Psychosine up-regulates JNK signalling

The mitogen activated protein kinases (MAPKs) are a superfamily of kinases that regulate an
extensive array of cellular process by relaying extracellular signals to rapid intracellular
responses. In mammals, three main branches of the MAPK pathway have been identified.
These are the extracellular signal-regulated kinases (ERKs), the c-Jun N-terminal kinases (JNK)
and the p38 protein kinases (Haq et al., 2003). There is much evidence implicating the JNK
signalling pathway in apoptosis (Liu and Lin, 2005). Psychosine treatment of oligodendrocyte
cells has been shown to increase the DNA binding activity of a downstream signalling molecule
of the JNK pathway: activator protein-1 (AP-1) (Haq et al., 2003). This suggests psychosine up-
regulates JNK signalling resulting in activation of c-Jun (which in combination with c-Fos),
forms the AP-1 early response transcription factor, leading to apoptosis (Haq et al., 2003). The
same study also report a decrease in the nuclear translocation and DNA binding of nuclear
factor kappa-B (NFkB) in response to psychosine treatment (Haq et al., 2003). NFkB is known
to be a suppressor of TNFa induced apoptosis (Van Antwerp et al., 1996) and in the absence
of NFkB activation, JNKs have been found to promote TNFa induced apoptosis (Karin and Lin,
2002).

4.8 Psychosine and its effects on inflammation

Inflammatory molecules, such as AMP-activated protein kinase (AMPK), prostaglandin D,
inducible nitric oxide synthase (iNOS), pro-inflammatory cytokines and phospholipase A2
(PLA2) have all been implicated in KD. AMPK is a metabolic sensor enzyme that becomes
activated under stressful conditions that deplete cellular ATP supplies such as low glucose,
hypoxia and ischemia (Giri et al., 2008). It is also believed to possess anti-inflammatory
properties (Salt and Palmer, 2012). Psychosine treatment of oligodendrocytes and astrocytes
was shown to down-regulate AMPK activity leading to lipid alterations in both of these cell
types (Giri et al., 2008). The use of the AMPK activator AICAR proved insufficient to rescue
oligodendrocytes from cell death, however, it did down-regulate psychosine-potentiated LPS-
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induced expression of pro-inflammatory cytokines and reduced nitric oxide (NO) production in
astrocytes (Giri et al., 2008).

ukThe expression of pro-inflammatory cytokines and chemokines such as IL-6, TNFa, MCP-1,
MIP-1a, IP-10 and RANTES in the twi/twi mouse has further strengthened the belief that
inflammation plays a role in the pathogenesis of KD (LeVine and Brown, 1997). Psychosine has
also been seen in vitro to markedly potentiate the LPS-induced production of the cytokines IL-
6, TNFa and IL-1R in primary rat astrocyte cultures (Giri et al., 2002). Interestingly, in these
studies, psychosine treatment has not been sufficient to induce the increase of pro-
inflammatory cytokines or NO production and instead appears to only potentiate the LPS-
induced levels of these pro-inflammatory mediators (Giri et al., 2002, Giri et al., 2008).
Enhanced modulation of the nuclear translocation of AP-1 (plays a role in regulating cytokine-
mediated iNOS induction) by psychosine, compared to the modulation of AP-1 by cytokine
alone, may be one mechanism by which it potentiates cytokine-mediated iNOS induction
(Marks-Konczalik et al., 1998, Giri et al., 2002). In addition, psychosine was also shown to
potentiate the cytokine-induced nuclear translocation of C/EBP-8, another transcription factor
which is induced by IL-1R and promotes iNOS expression (Kolyada and Madias, 2001, Giri et
al., 2002). This excessive production of NO under such inflammatory conditions may lead to
oligodendrocyte cell death and hence be a major factor in the pathogenesis of KD (Giri et al.,
2002).

increases in the levels of inflammatory cytokines in turn can induce the sPLA2 enzyme system.
The products of sPLA2 include lysophosphatidylcholine (LPC), known to induce demyelination
and arachidonic acid which can lead to increases in reactive oxygen species (ROS) (Giri et al.,
2006). Psychosine treatment of oligodendrocytes has been shown to induce the generation of
LPC and arachidonic acid and furthermore, a sPLA2 inhibitor attenuated the psychosine-
induced increase in both LPC and arachidonic acid as well as inhibited psychosine-induced cell
death (Giri et al., 2006). This implicates activation of the sPLA2 pathway and subsequent
increases in LPC and arachidonic acid as mediators of psychosine-induced cell death.

4.9 Peroxisomal dysfunction in KD

Peroxisomes are dynamic, multifunctional organelles found in all eukaryotes (excluding
Archaezoa) and participate in the metaolism of ROS and B-oxidation of fatty acids, particularly
very-long-chain fatty acids (VLCFA) in animals (Brown and Baker, 2008, Bharti et al., 2011).
VLCFAs play structural roles in cellular membranes and are also suggested to have metabolic
and signalling roles, such as being components or precursors of ceramide, sphingolipid and
glycosylphosphatidyl-inositol anchor (Chen et al., 2010). Two peroxisomal enzymes, acyl-CoA
oxidase and alkyl-DHAP synthase, have both been reported to decrease in twitcher brains over
time compared with age-matched controls (Haq et al., 2006). In addition, psychosine
treatment of primary oligodendrocyte cultures reduced alkyl-DHAP synthase levels while B-
oxidation was also seen to be reduced in twitcher brains (Khan et al., 2005). Peroxisome
proliferator-activated protein a (PPAR-a), involved in the regulation of peroxisomal enzyme
transcription, was also found to be decreased in twitcher brains (Haq et al., 2006).
Furthermore, peroxisomal dysfunction in the twitcher mice has been suggested to be due to
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psychosine-mediated activation of sPLA2 as inhibition of sPLA2 reduced the degree of down-
regulation of PPAR-a in psychosine treated oligodendrocytes (Haq et al., 2006). Given the
important role of many peroxisomal enzymes in ROS synthesis and degradation, dysfunction of
these organelles could lead to alterations in the expression of these enzymes and result in a
net increase ROS as supported by depleted levels of glutathione in both psychosine treated
oligodendrocytes and in the twitcher brain (Haq et al., 2003, Khan et al., 2005).

4.10 Astrocytes in KD

Very little is known about the role of astrocytes in KD as the majority of studies have mainly
been focused on the myelin producing oligodendrocyte cells. Remarkably, when
oligodendrocytes from twi/twi mice were transplanted into a different mouse model of
demyelination, (referred to as the shiverer mice), the transplanted oligodendrocytes from
twi/twi mice were capable of myelinating the shiverer axons (Kondo et al., 2005). This
indicates that demyelination in KD cannot be solely attributed to oligodendrocyte dysfunction
and that given a different environment, the oligodendrocytes may function normally. The
exact contribution of astrocytes in the pathogenesis of KD however still needs to be defined.
We suspect that astrocytes may have an influential role in the initiation, progression and
perhaps the resolution of KD, and have focussed a large part of our studies herein to address
this idea.

4.11 Existing therapies for KD

The only therapy currently available for the treatment of KD is hematopoietic stem-cell
transplantation (HSCT), which at best, provides only modest improvements if initiated before
symptom onset (Escolar et al., 2006). This in itself is a problem as most countries do not
routinely screen newborns for this disease. Therefore, as these therapies are not curative,
further elucidation into the mechanisms driving the pathogenesis and the development of
more efficacious therapeutic regimens are of the utmost importance. In this regard the twi/twi
mouse has become an indispensable tool to aid in the development of treatments. This twi/twi
mouse appears to be a biochemically faithful model of human KD that occurs naturally from
the spontaneous mutation of the GALC gene at position 1017. This creates a premature stop
codon that results in nonsense-mediated decay of the mRNA (Lee et al., 2006). This mouse
model is being used to test single and combination experimental therapies.

4.11.1 Bone marrow transplantation, mesenchymal stem celis and neuronal stem cell
treatments

One such single therapy involves bone marrow transplantation (BMT) from normal donor mice
in an attempt to provide the enzyme-deficient cells from the host with functioning enzyme
from the transplanted cells in a process known as cross-correction (Hoogerbrugge et al.,
1988). This method was not overly successful however as only a 15% increase in CNS GALC
levels were recorded after complete engraftment with no significant improvement in limb
strength (Hoogerbrugge et al., 1988, Lin et al., 2007). Mesenchymal stem cell (MSC)
transplantation decreased neuroinflammation in the twi/twi mice however did not increase
GALC activity in the brain and had only minimal improvements in disease progression (Ripoll et
al., 2011). One particularly interesting experiment used neuronal stem cells (NSCs) transduced
with a recombinant GALC-encoding viral vector with the aim that overexpression of GALC
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would allow for cross-correction of the GALC deficient host cells while the NSCs can replace
damaged neurons. Notably, twi/twi mice treated with nontransduced NSCs experienced a
similar increase in life span as the GALC transduced NSCs (Neri et al., 2011). These results
indicate that GALC overexpression is not the only therapeutic route warranting investigation
and highlights the need to further study other untargeted aspects of the disease that may be
limiting the efficacy of GALC overexpression.

4.11.2 Viral-mediated gene therapy and substrate reduction therapy

Directly addressing the GALC deficiency in KD through enzyme replacement therapy is
currently unavailable due to the inability of GALC to penetrate the BBB and the impracticality
of repeated intracranial delivery of the enzyme. Viral-mediated gene therapy to deliver GALC
cDNA however has the potential to mediate long term expression of this enzyme. Intravenous
injection with the recombinant adeno-associated virus (AAV): AAVrh10-GALC increased the life
span of twi/twi mice to 120 days and is to date the best single therapy for treatment of twi/twi
mice (Rafi et al., 2012). Substrate reduction therapy has also been attempted. For this, L-
cycloserine, an irreversible inhibitor of an enzyme required for psychosine synthesis, 3-
ketohidrosphingosine synthase, was administered to twi/twi mice and moderately increased
the mean life span. L-cycloserine however also inhibits the synthesis of other cerebrosides and
so will unlikely ever be used in a clinical setting (LeVine et al., 2000).

4.11.3 Combination therapy for KD

The use of these therapies singularly in twi/twi mice has proven to have limited therapeutic
effect, however, combinations of treatments that target different aspects of the disease may
demonstrate increased efficacy. Combination of BMT with intravenous VEGF, known to render
the neonatal BBB temporarily more permeable, lead to a significant increase in twi/twi life
span (Young et al., 2004), as did a combination of BMT with L-cycloserine (Biswas and Le Vine,
2002). Furthermore, BMT in combination with intracranial and intrathecal administration of
recombinant AAV resulted in a synergistic effect with the median life span of treated twi/twi
mice reaching ~123 days. Remarkably, some mice even lived to 282 days (Reddy et al., 2011).
In the current study we investigated the protective effect of the SIPR modulators, pFTY720
and BAF312, against psychosine-induced astrocyte toxicity and demyelination of cerebellar
slice cultures.
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Figure 1.10. Psychosine synthesis. The biosynthesis pathway of psychosine is not well
understood. It is believed that psychosine is synthesized by the transfer a galactose residue
from UDP-galactose to sphingosine bases via the action of UDP-galactose ceramide galactosyl
transferase 8 (CGT). Psychosine is then broken down by the action of galactosylceramidase,
which is the deficient enzyme in Krabbe disease (denoted as deficient in diagram by an X).
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Figure 1.11. Mechanisms of psychosine cytotoxicity in oligiodendrocytes. The above
schematic depicts some of the proposed mechanisms by which psychosine exerts its toxic
effects on oligodendrocytes. AA: Arachidonic acid, LPC: lysophosphatidylcholine, PSY:
psychosine, sPLA2: secreted phospholipase A2, cPLA2: cytosolic phospholipase A2, ROS:
reactive oxygen species.
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5. Conclusion

The pleiotropic mediator, S1P, plays a role in many physiological and pathophysiological
processes within the immune, cardiovascular and central nervous systems. Crystallisation of
the first member of the S1PR family (Hanson et al., 2012) has now highlighted many of the key
interactions between S1PR1 and its ligands. Understanding the structure of the S1IPR1 subtype
has benefited in designing new, more specific agonists and antagonists and perhaps, in the
future, development of allosteric modulators. The uses of such selective compounds will likely
also help to further elucidate the role of S1IPRs in normal and disease states. Given that (i)
aberrant S1P levels and S1PR signalling has been reported in a range of diseases, (ii) Gilenya®
has proven useful in the clinic, and (iii) novel selective SIPR1 agonists and antagonists are in
development, investigating this S1P/S1PR signalling pathway in other autoimmune and
demyelinating disorders like KD could now prove therapeutically worthwhile. In addition,
elucidation and understanding of the interaction of S1IPR1 with its putative interacting proteins
may provide additional strategies for the development of novel therapeutic agents that
regulate the function of these receptors.
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Chapter 2. Materials and Methods
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1. Materials

1.1 Chemicals

The following chemicals and reagents were used: Agar (Fisher Scientific, Ireland), Agarose
(Fisher Scientific, Ireland) , Ampicillin (Sigma-Aldrich, Ireland), BamH1 (Roche Applied Science,
UK) Calcium chloride (CaCl,, 2H,0) (Sigma-Aldrich, Ireland), D-(+)-glucose (Sigma-Aldrich,
Ireland), DH5a chemically competent cells (Invitrogen, Ireland), EcoR1 (Roche Applied Science,
UK), Ethanol (Sigma-Aldrich, Ireland), exACTgene 1 kb DNA ladder (Fisher Scientific, Ireland),
GelRed (Biotium, Ireland), Glycerol (Sigma-Aldrich, Ireland), Luria Bertani (LB) Broth Miller
(Fisher Scientific, Ireland), Magnesium chloride (MgCl,, 6H,0) (Sigma-Aldrich, Ireland),
Magnesium sulfate (MgS0,) (Sigma-Aldrich, Ireland), 2-mercaptoethanol (Gibco, Ireland), One
shot BL21 competent cells (Invitrogen, Ireland), Plasmid Maxi kit (Qiagen, UK), 2-propanol
(Sigma-Aldrich, Ireland), Sodium chloride (NaCl) (Sigma-Aldrich, Ireland), SuRE/Cut buffer A
(Roche Applied Science, UK), Acetic acid (Sigma-Aldrich, Ireland), Acrylamide 30% / bis
solution 37.5 (Bio-Rad, Ireland) 6-aminohexanoic acid (Sigma-Aldrich, Ireland), Ammonium
persulfate (Sigma-Aldrich, Ireland), B27 supplement (Invitrogen, Ireland), Bovine serum
albumin (BSA) (Sigma-Aldrich, Ireland), Brilliant blue R-250 (Coomassie blue) (Fisher Scientific,
Ireland), Dimethylsulfoxide (DMSO) (Sigma-Aldrich, Ireland), Dulbecco’s modified Eagle
medium (DMEM/F12) (Fisher Scientific, Ireland) DMEM high glucose (Biosera, UK), Dulbecco’s
Phosphate buffered saline (1x) (Invitrogen, Ireland), Ethylenediaminetetraacetic acid (EDTA)
(Sigma-Aldrich, Ireland), Fetal bovine serum (FBS) heat inactivated (Biosera, UK),
Formaldehyde 37% solution (Sigma-Aldrich, Ireland), Glutamax (Invitrogen, Ireland), Glycine
(Fisher Scientific, Ireland), HEK293T cells (ATCC, UK), HEPES (Invitrogen, Ireland), Hydrochloric
acid (HCI) (Sigma-Aldrich, Ireland), Isopropyl B-D-1-thiogalactopyranoside (IPTG) (Sigma-
Aldrich, Ireland), L-glutamine (Sigma-Aldrich, Ireland), Laemmli buffer (Bio-Rad, Ireland),
Lipofectamine transfection reagent (Invitrogen, ireland), Lysozyme (Roche Applied Science,
UK), Methanol (Fisher Scientific, Ireland), Neurobasal A medium (Invitrogen, Ireland),
N,N,N’,N’-tetramethylethylenediamine(TEMED) (Sigma-Aldrich, Ireland) Normal goat serum
(Vector Laboratories, UK) Optimem | reduced serum medium (Invitrogen, Ireland),
Penicillin/streptomycin (Sigma-Aldrich, Ireland), Phosphate buffered saline (PBS) (Invitrogen,
Ireland), PlusReagent (Invitrogen, Ireland), Poly-L-lysine hydrobromide (Sigma-Aldrich, Ireland),
Potassium chloride (KCI) (Sigma-Aldrich, Ireland), Potassium phosphate (K,HPO,4, 3H,0) (Sigma-
Aldrich, Ireland), Precision Plus Protein Dual color standard (Bio-Rad, Ireland), Sodium chloride
(NaCl) (Sigma-Aldrich, Ireland), Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, Ireland), Sodium
hydroxide (NaOH) (Sigma-Aldrich, Ireland), Sodium phosphate (Na,HPO,, 7H,0) (Sigma-Aldrich,
Ireland), Sodium phosphate (NaH,PO,, H,0) (Sigma-Aldrich, Ireland), Sodium pyruvate (Sigma-
Aldrich, Ireland), Tris base (Fisher Scientific, Ireland), Triton X-100 (Sigma-Aldrich, Ireland),
Trypan blue solution (0.4%) (Sigma-Aldrich, Ireland), Trypsin-EDTA solution (0.25%) (Sigma-
Aldrich, Ireland), Tween-20 (Sigma-Aldrich, Ireland), Vectashield mounting medium (Vector
Laboratories, UK), Water, Hyclone cell culture grade (Thermo Scientific, Ireland), Western
Chemiluminescent HRP substrate (Millipore, Ireland).

1.2 Compounds

All experiments used the pure active (S)-enanotiomer of pFTY720 (2-amino-2-[2-(4-
octylphenyl)ethyl] propane-1,3-diol)prepared as a 10mM stock solution in 90% DMSO and
20mM HCL. S1PR3 agonist and antagonist, CYM5541 (Tocris bioscience, 4897) and TY52156
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(Tocris bioscience, 5328) were prepared as a 10mM stock solution in DMSO. Psychosine was
prepared as a 10mM stock solution in DMSO. Lysolecithin from egg yolk (L-a-
Lysophosphatidylcholine, LPC, Sigma, L4129) was prepared as a 25mg/ml stock in serum free
media. LPS was prepared as a 1mg/ml stock solution in sterile water (Sigma, L2630). The
cytokines used were interleukin 17A (IL17A) (R&D Systems, 17-ILB) and tumor-necrosis factor
a (TNFa) (R&D Systems, 210-TA). All the above compounds were stored in aliquots at -20°C.

1.3 Antibodies

All primary antibodies used in study are listed in Table 2.1. Primary rabbit polyclonal
antibodies were: anti-glial fibrillary acidic protein (GFAP, Abcam, ab7260), anti-myelin basic
protein (MBP, Abcam, ab40390), anti-S1PR1 (Santa-Cruz, sc-25489), anti-Pex14 (Millipore,
ABC142), anti-phospho-Akt (Cell Signalling, S473), anti-Myc tag (Santa-Cruz, sc-789) anti-lbal
(Wako, 019-19741). Primary mouse monoclonal antibodies used were: anti-vimentin (Santa
Cruz, sc-373717), anti-V5 tag (Abcam, ab27671), anti-myelin oligodendrocyte glycoprotein
(MOG, Millipore, MAB5680), anti-Myc tag (Millipore, 05-419), anti-S1PR1 (Millipore, MABC94),
anti-actin (Abcam, ab3280), anti-ERK (Millipore, 05-1152) and anti-NG2 (Millipore, 05-710).
The other antibodies used were: chicken polyclonal anti-neurofilament heavy chain (NFH,
Millipore, AB5539) and anti-Blll tubulin (Millipore, AB9354) and rabbit polyclonal antibody
anti-phospho-ERK1/2 (Millipore, (05-797R).

All secondary antibodies used in study are listed in Table 2.2. Secondary antibodies used for
immunocytochemistry were: anti-mouse 488 (Invitrogen Alexa, A28175), anti-mouse 633
(Invitrogen A-21126), anti-mouse Dylight 549 (Jackson ImmunoResearch, 715-505-020), anti-
rabbit 488 (Invitrogen Alexa, A27034), anti-rabbit 633 (Invitrogen Alexa, A21070), anti-chicken
633 (Invitrogen Alexa, A21103), biotinylated anti-rabbit (Vector, BA-1000) and avidin-alexa 488
coupled secondary antibody (Invitrogen, S-11223). Secondary antibodies used for Western
blotting and conjugated to horse-radish peroxide (HRP) were: donkey anti-rabbit 1gG (GE
Healthcare, NA934) and goat anti-mouse (Sigma, A8924).

1.4 Stains

Dyes and chemicals used for cellular staining were: nuclear staining Hoechst 34580 (Invitrogen,
H21486), Fluo-4 (Invitrogen, F-14127), 3-(4,5-Dimethylthiazol-2-yl)-2,5—Diphenyltetrazolium
bromide (MTT, Invitrogen, M6494) and 5,5%,6,6"-tetrachloro-1,1%,3,3"-
tetraethylbenzimidazolcarbocyanine iodide (JC-1, Fisher, T-3168).
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2. Methods

2.1. Cell Culture

2.1.1 Aseptic technique

All in vitro cell culture procedures were carried out under strict aseptic technique. All
instruments used were thoroughly sterilised before and after use using an autoclave and
sprayed with 70% ethanol before being placed in the laminar flow hood (Mason Technologies,
Ireland). The interior of the laminar flow hood including all equipment were exposed to a
germicidal UV lamp which emits ultraviolet radiation at 253.7nm to ensure sterility. The tissue
culture preparation took place under the laminar flow hood and all cells were kept in an
incubator and the temperature and CO” concentration was maintained at a constant rate of
37°C and 5% respectively. A cell culture laboratory coat was worn at all times and gloved hands
were sprayed with 70% ethanol before entering the hood or the incubator to ensure sterility.

2.1.2 Preparation of coverslips

For the application of immunocytohistochemistry cells were grown on borosilicate glass
coverslips with a diameter of 13mm (VWR, Ireland). These coverslips first had to be sterilized
prior to use by immersion in 70% ethanol followed by exposure to UV light overnight. Sterile
poly-L-lysine solution (40pg/ml in sterile H,0: Sigma-Aldrich, UK) was then coated onto glass
coverslips and incubated overnight at 37°C and 5% CO,. The solution was aspirated using
pasteur pipettes and each glass slide washed with sterile dH,0 (Invitrogen, USA). The H,0 was
then removed and the coverslips subsequently laid out in the laminar flow hood to dry.

2.1.3 Preparation of mixed cortical glia

Primary cortical mixed glial cultures were prepared using postnatal one day old female Wistar
(Harlan, UK) rats or postnatal one day old (PO) C57BL/6 mice (supplied by the Bioresources
Unit, Trinity College Dublin). Aseptic technique was strictly adhered to throughout the
procedure. Using a sterile dissection kit the pups were sacrificed by decapitation in accordance
with The Animals Act 1986 (Scientific Procedures) Schedule | guidelines. The skull was exposed
by cutting the skin from the base of the skull 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. Using a curved forceps, the
skull was peeled back revealing the cortex which was pinched off from both hemispheres. The
hemispheres were then placed in a petri dish with pre-warmed Dulbeco’s Modified Eagle
Medium F12 (DMEM/F12; Fisher, SH30023.01) which was supplemented with 10% heat
inactivated foetal bovine serum (FBS) (Labtech, FB-1090) and 1% penicillin/streptomycin
(Sigma, P4333). The meninges were peeled off from the cortices using a fine straight forceps
and disposed of. The cortices were then transferred into fresh supplemented DMEM/F12 pre-
warmed to 37°C. With a sterile disposable scalpel, the cortices were cross chopped. The
chopped tissue was triturated and passed through a sterile nylon mesh cell strainer (40uM; BD
Biosciences, USA). Additional astrocyte media was added to the tissue (~*10ml) and the mixture
was transferred to a sterile 50ml falcon tube. The cells were suspended in the solution by
gently pipetting up and down. The mixture was then centrifuged at 3,000rpm for 5 min. The
resulting cell pellet was re-suspended in 40mls pre-warmed astrocyte media. This 40ml
suspension was then split between four poly-L-lysine coated T75 flasks (Cat #83.1813.002,
Sarstedt AG, NUmbrecht, Germany). Cells were left to attach in the incubator for 4 h at 37°C
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and 5% CO, followed by the addition of 10mls of media. The media was subsequently changed
every 3 days for ~ 12 days.

2.1.4 Preparation of astrocyte and microglia cultures

Mixed glial cultures were first prepared exactly as described above. Due to the differential
adhesion properties of glial cells, astrocytes and microglia can be separated by a ‘shake-off’
method. Once the cells reached confluency the neck and caps of the T75 flasks were made air
tight with parafilm and shaken for 3 h at 37°C and 200 RPM in an orbital shaker (Excella E24,
New Brunswick Scientific, Boulevard Enfield, CT, USA). Each flask then receives a few hard taps
and the media containing the microglia was collected and centrifuged at 3000rpm for 3 min at
room temperature. The microglia were then re-suspended in supplemented DMEM/F12,
counted and plated into 24 well plates. Astrocytes strongly adhere to the bottom of the
culture flasks and hence require trypsin-EDTA to detach the cells. For this the astrocytes were
washed in sterile water and incubated for 10 min with 2ml of 0.1% trypsin-EDTA (Sigma-
Aldrich, UK) until the astrocyte layer lifted. FBS (contains alpha-1-antitrypsin) supplemented
DMEM/F12 was then added to the T75 flasks to inhibit the action of the trypsin. The media
and free astrocytes were removed and centrifuged at 3000rpm for 5 min at room
temperature. The resulting pellet was re-suspended in supplemented DMEM/F12, cells were
counted and then plated into the required 96 well, 24 well or 6 well plates.

2.1.5. Preparation of Human Astrocyte Cultures

Human astrocytes from a male fetal brain (cerebal cortex) at 21 weeks gestation were
purchased from ScienCell Research laboratories US (1800, Lot No. 9063) as previously
described (Healy et al., 2013). Each vial contained 1 mL of cryopreserved cells (>5 x 10*°) at
passage one and were delivered frozen. To culture these cells, 1ml aliquots of human astrocyte
cells were removed from -80°C storage and thawed quickly (1-2 min) in a water bath at 37°C.
The cells was added to a T25 cm? flask containing 9 mL of DMEM/F12, supplemented with 10%
heat-inactivated FBS, 1% penicillin/streptomycin and 1% astrocyte growth supplement
(ScienCell, 1852), named supplemented media hereafter. Cells were mixed by gently swirling
the flask and then incubated overnight at 37°C and at 5% CO,. The next day, the media was
replaced with 10 mL of pre-warmed supplemented media and were maintained in
supplemented media until they reached a confluency of approximately 90%, at which stage the
cells were split. Briefly, the old media was removed and cells washed once with pre warmed
sterile PBS. Following this, 1 mL of trypsin-EDTA was added for 2 min to allow cells to detach.
To stop trypsinisation, 9 mL of supplemented media was added and cells were re-suspended
by gentle pipetting. Depending on the concentration of cells needed, an appropriate volume of
this solution was transferred into a T75 cm2 flask containing pre-warmed supplemented
media. Cells were then incubated at 37°C, 5% CO, until used or further split.

2.1.6. HEK293T and BV2 cell culture

The human embryonic kidney (HEK293T) cell line stably and constitutively expresses the
temperature sensitive gene for simian virus 40 (SV40) large T antigen. This cell line is ideal for
transfection studies as it displays high efficiency of transfection and protein production. To
culture these cells, 1ml aliquots of HEK293T (ATCC) were removed from -80°C storage and
thawed quickly (1-2 min) in a water bath at 37°C. The 1ml of HEK293T cells was added to a T25
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cm’ flask containing 9 mL of pre-warmed high glucose Dulbecco’s modified Eagle’s medium
(DMEM) , supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin,
named supplemented media hereafter. Cells were mixed by gently swirling the flask and then
incubated overnight at 37°C and at 5% CO,. The next day, the media was replaced with 10 mL
of pre-warmed supplemented media and were maintained in supplemented media until they
reached a confluency of approximately 80%, at which stage the cells were split. BV2 microglia
were obtained from Prof. Veronica Campbell (School of Medicine, Trinity College Dublin) and
cultured in DMEM supplemented with 2% FBS (Labtech) and 1% penicillin/streptomycin
(Sigma) at 37°C and 5% CO,. When 80% confluent cells were split into 24 well plates to be
treated.

2.1.7. Cryogenic Preservation of HEK293T

For long term storage, HEK293T cultures at an early passage number (typically PN=3 or PN=4)
were frozen in liquid nitrogen. For cryogenic preservation cells were grown in a T75 flask until
90% confluent. These were then split and thoroughly re-suspended with 9 mL of pre-warmed
supplemented media (without antibiotics) and 20% dimethylsulfoxide (DMSQ). Cells were
counted with a haemocytometer and aliquots of 1 mL were prepared in cryogenic vials. Tubes
were transferred immediately at -20°C for 1.5 h before being moved to liquid nitrogen for
long-term storage.

2.1.8. Cerebellar Slices

Organotypic slice cultures are an established in vitro assay for the study of myelin
development and maintenance and represent an excellent compromise between single cell
cultures and in vivo animal studies. Unlike single cell cultures, organotypic slice cultures
preserve the architecture of the brain regions that they originate from and can more
accurately represent the complex processes and interactions that occur between cells and
their microenvironment.

Organotypic cerebellar slices were prepared using tissue isolated from postnatal day 10 (P10)
C57BL/6 mice of either sex (Bioresources Unit, Trinity College Dublin). The cerebellar slice
culture method was based on protocols previously published (Birgbauer et al., 2004). Briefly,
the pups were sacrificed by decapitation in accordance with The Animals Act 1986 (Scientific
Procedures) Schedule | guidelines. The skull was exposed and carefully removed. The
cerebellum was then separated from the cerebrum and cut into parasagittal slices (400um)
using a Mcllwain tissue chopper. Four slices were grown on each cell culture insert (Millicell
PICMORG50). Slices were cultured using an interface method with 1mL of medium per 35mm
well. For the first three days in vitro (DIV) the slices were grown in serum-based media (50%
Opti-Mem, 25% Hanks’ buffered salt solution (HBSS), 25% heat-inactivated horse serum and
supplemented with 2mM Glutamax, 28mM D-glucose, 100U/mL penicillin/streptomycin and
25mM HEPES) at 35.5°C and 5% CO,. After three DIV the slices were transferred to serum-free
media (98% Neurobasal-A and 2% B-27 (Invitrogen), supplemented with 2mM Glutamax,
28mM D-glucose, 100U/mL penicillin/streptomycin and 25mM HEPES).
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2.1.9 Treatments

Cells were plated out into appropriate sized plates (96, 24 or 6 well plates) or onto poly-L-
lysine coated coverslips, depending on the assay involved. Before all treatments the cells were
serum starved for 3-4 h. For this the supplemented media was completely removed from the
wells and the cells washed once in sterile PBS. The cells were then incubated in serum-free
DMEM/F12 at 37°C and 5% CO,. Specific treatment details are indicated in the figure legends.

2.2 Cellular and Biochemical Analysis

2.2.1 Cell Membrane Preparation

To examine the expression of endogenous or transfected proteins, a cell membrane
preparation containing both soluble and insoluble cell fractions was prepared. Astrocytes and
HEK293T cells to be harvested were removed from the wells by scraping with a cell scraper
directly in their own media on ice. The now free floating cells were transferred into 2 mL
microtubes and centrifuged at 13,000 x g for 5 min at 4°C. The supernatant was discarded and
the cell pellet was lysed in 50-500 pL ice-cold PTxE (PBS containing 1% Triton X-100 and 0.1
mM EDTA) depending size of pellet. The cell membrane preparation obtained was either used
immediately for immunoblotting studies or stored at -20°C until further use. Cerebellar slices
were scraped from the culture membrane and suspended in ice-cold PTxE buffer using
sonication and mechanical homogenization.

2.2.2 SDS-PAGE and Western Blot

Samples were mixed with an equivolume of sample buffer (1:20 B-mercaptoethanol in laemmli
buffer (Bio-Rad, 161-0737) and boiled for 5 min at 95°C to denature the proteins. Following
this, proteins were separated by sodium dodecy! suifate polyacrylamide gel electrophoresis
(SDS-PAGE) which separates proteins according to their molecular weight (Laemmli, 1970). A
10% poly-acrylamide gel (0.38M Tris, 10% acrylamide, 0.1% SDS, 0.005% APS, 0.01% TEMED)
and a 4% stacking gel (0.38 M Tris, 4% acrylamide, 0.1% SDS, 0.005% APS, 0.01% TEMED) were
prepared. The samples (15 pL) were loaded into separate lanes and one well was loaded with
4-5 uL of protein marker. The gels were run in running buffer (25 mM Tris, 0.19 M glycine,
0.1% SDS, pH 8.3) at 100 V until they reached the top of the resolving gel and then the voltage
was increased to 150 V and allowed to run until the proteins had reached the bottom of the
gel. The proteins resolved by SDS-PAGE were then transferred using a semi-dry blotting
system, onto an Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore,
IPVH0O0010). The PVDF membrane was first activated in methanol and then immersed in
solution C (25 mM Tris base, 40 mM 6- aminohexanoic acid, 0.02% SDS, 20% methanol, pH 9.4)
for 30-60 min. To transfer, the apparatus was set up as follows; anode, two Whatman filter
papers soaked with solution A (0.3 M Tris base, 0.02% SDS, 20% methanol, pH 10.4), two
Whatman filter papers soaked in solution B (25 mM Tris base, 0.02% SDS, 20% methanol, pH
10.4), PVDF membrane, SDS-gel, two Whatman filter papers soaked in solution C and cathode.
The transfer was run for 90 min at 50 mA. The membrane was then blocked for 1 h at room
temperature with blocking buffer (5% milk in PBS-T: PBS, 0.05% Tween-20) to prevent non-
specific background binding. Primary antibodies were diluted in blocking buffer and incubated
with the membrane overnight at 4°C. The blots then received 3 x 15 min washes in PBS-T
before HRP-conjugated secondary antibodies were diluted in blocking buffer and incubated
with the membrane for up to 2 h at room temperature. The blots were then washed
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thoroughly with at least 3 x 15 min washes in PBS-T. To develop the blot, equivolumes of
Luminol reagent and HRP substrate peroxide solution were mixed and incubated with the blot
for 5 min before they were imaged at different exposure times in a digital dark room.

2.2.3 Immunocytochemistry and Image Analysis

Post transient transfection or post-treatment cells were carefully washed once with 1mL PBS
(Sigma Aldrich, UK) and then fixed by incubation for 5 min with ice cold PFA buffer (3.7%
formaldehyde in PBS (pH7.4). This was followed by 2 x 5 min washes in PBS. Cells were then
permeabilised with PTx buffer (0.1% Triton X-100 in PBS (pH7.4) for 5 min followed by 2 x 5
min washes in PBS. Non-reactive sites were blocked by incubating cells in blocking buffer (2%
bovine serum albumin (BSA; Sigma Aldrich, UK) in PBS for 1 h at room temperature. The
blocking buffer was then removed and the cells were incubated in primary antibody(s) diluted
to their optimum concentration in blocking buffer and left to incubate for 1 h at room
temperature or overnight at 4°C. Once the primary antibody was removed the cells received a
1 x 5 min wash in PBS, a further 1 min was in PTx buffer, followed by another 1 x 5 min was in
PBS. The cells were then incubated with the appropriate secondary antibody(s), also diluted to
their optimum working concentration in blocking buffer, for 1 h. Cell were then washed
another 3 x 5 min in PBS. For nuclear staining the cells were incubated with Hoescht (1:1000 in
PBS) for 15 min at room temperature, washed 3 x 5 min‘in 1ml PBS and then left in PBS for
mounting. The coverslips were inverted and carefully lowered onto a drop of vectorshield on a
glass slide and sealed with nail polish. Cells were visualized using a confocal microscope (Carl
Zeiss Axioplan 2 with LSM 510 software or an Olympus FV1000 scanning confocal).

Immunocytochemistry for organotypic slice cultures was performed by first washing the slices
in PBS x 2. The slices were then fixed with 4% PFA for 10 min and washed again in PBS. Slices
were incubated overnight in TxBN buffer (PBS, supplemented with 0.5% Triton-X100, 10% BSA)
to reduce non-specific binding. The slices were then incubated overnight with primary
antibodies diluted in PBS supplemented with 0.1% Triton-X100 and 2% BSA, washed twice and
incubated in secondary antibodies overnight. The slices received a final 3 washes and were
mounted on glass slides with vectorshield and sealed with nail polish. They were then
visualised with a Zeiss LSM 700 confocal microscope or an Olympus FV1000 scanning confocal.
A total number of 5-6 slices were used per condition and the fluorescence of each cerebellar
slice was captured using 5-10 independent regions of interest (ROI). The ROl were selected
randomly to cover the whole slice and the mean fluorescence was then calculated using two
separate methods. Method 1; for the initial cerebellar slice experiments (Figure 3.5) a total of
25-36 independent ROI observations were made of each 10x slice image and the mean
fluorescence was then calculated for each independent experiment. Method 2; for the later
experiments (all other slice figures), 9-10 independent regions of the full slice were captured at
20x. The whole fluorescence of the resulting images were then taken and averaged to give the
mean fluorescence of that slice. The second method became the standard for analysis of all
slice images as it removed the need to select ROIs and hence reduced bias.

2.2.4. Enzyme-linked immunosorbent assay (ELISA)
Supernatants from cell culture were kept and their cytokine content analysed according to
manufacturer’s instructions using the following ELISA kits from R&D systems: human IL6
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(DY206), mouse IL6 (DY406), mouse TNFa (DY410) and mouse IL-1B (DY401). Briefly, 96 well
plates were coated with the appropriate capture antibody diluted in PBS and incubated
overnight at room temperature. The plates were washed 4 times in wash buffer (PBS, 0.05%
Tween-20) and incubated for 1 h at room temperature in blocking buffer (1% BSA, PBS).
Standards and samples were added to the plate and incubated at room temperature for 2 h.
Plates were washed 4 times with wash buffer and incubated with detection antibody for 2 h at
room temperature. Plates were again washed 4 times and incubated with horseradish
peroxidase-conjugated streptavidin (Strep-HRP) in the dark at room temperature for 20 min.
Plates were washed 4 times in wash buffer and incubated with substrate solution until colour
developed. The reaction was stopped using ELISA stop solution (1M H,SO,) and the absorbance
was read using Labsystem Genesis v3.03 at 450nm. A standard curve was made. Cytokine
concentration was assessed by reference to the standard curve and analysed using Graph Pad
Prism v5.0.

2.2.5 MTT Assay

Rat astrocytes were plated in 96-well plates and cultured for 24 h until 80% confluent. The
cells were first serum starved for 3 h and pre-treated for 1 h with pFTY720 (1 uM). The cells
were then treated with increasing concentrations of psychosine (5 uM, 10 uM, 15 uM and 20
uM) for 2 h. After the treatments, media with compounds was removed and replaced with 100
pl of fresh media supplemented with 10 pl of 12 mM MTT (Invitrogen, M6494). The cells were
incubated with MTT for 4 h at 37°C. Next, 85 pl of media was removed and 50 pl of DMSO per
well was added for 10 min and incubated at 37°C. The samples were then mixed and
absorbance read at 540nm. Bar graphs show mean and SEM of the values obtained from the
reader.

2.2.6 JC-1 Assay

JC-1 dye (5,5",6,6"-tetrachloro-1,1",3,3"-tetraethylbenzimidazolcarbocyanine iodide can be
used as an indicator of mitochondrial membrane potential as it exhibits potential-dependent
accumulation in mitochondria. At depolarized (-100 mV) membrane potentials JC-1 exists as
green monomers with emission peak at 527 nm. As the membrane is hyperpolarized (-140 mV)
JC-1 dye forms aggregates (fluorescence in red, 590 nm). Thus, the quotient between green
and red JC-1 fluorescence provides an estimate of membrane potential. Mouse astrocytes
were plated in 96-well plates and cultured for 24 h until 80% confluent. The cells were serum
starved for 3 h and pre-treated for 1 h with pFTY720 (1 uM). The cells were then treated with
increasing concentrations of psychosine (5 uM, 10 pM, 15 pM and 20 uM) for 2 h. The cells
were then incubated with a final concentration of 2 uM JC-1 for 15 minutes at 37°C. The plate
was centrifuged for 5 min at 400 x g and the media replaced with HBSS (HEPES buffered salt
solution). The plate was centrifuged again and the supernatant replaced with 100 pl of fresh
HBSS. The fluorescence was then measured in a Spectramax Gemini XS plate reader at an
excitation spectrum of 490 nm and emission spectra of 535 and 560nm.

2.2.7 Calcium signalling

Human astrocytes were plated on glass bottom, 35 mm FluoroDishes (World Precision
Instruments) and grown until 80% confluent. Cells were washed twice in serum free media and
left in fresh serum free media for 3 h. Cells were then washed once with 1 mL 37°C HBSS
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(Invitrogen) supplemented with 20 mM HEPES buffer (Invitrogen) and 5.5 mM glucose (Sigma
Aldrich). Cells were loaded with 2 pM Fluo-8 AM (Invitrogen) in supplemented 37°C HBSS for
30-40 min at 37°C and 5% CO2. Fluo-8 AM dye was removed and cells were washed with 37°C
supplemented HBSS for 20 min in the dark. After the 20 min wash, the buffer was removed
and replaced with 1 ml fresh supplemented HBSS. Stimulation of cells was performed by
adding BAF312 or glutamate in supplemented HBSS with a manual pipette. Changes in calcium
concentration were recorded with an Olympus FV1000 confocal microscope.Baseline
recordings were taken for 30 s, test reagents were then added and changes in Ca** levels were
recorded for a further 120 s. After 150 s, 30 uM glutamate (Sigma Aldrich) was added and
recording was continued for a further 90 s. Recordings were terminated at 240 s. Images were
obtained at a rate of 1 frame/2 sec for a total of 320 sec at a 512 x 512 pixel resolution and
exported as .tiff files. Images were then analysed using the Olympus Fluoview viewer software.
Fluorescence was normalised to mean baseline fluorescence (0-30 sec) (AF/F0). GraphPad
Prism 4 software was used to generate calcium response traces presented as AF/FO over time.
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Primary Antibodies

Antibody Host Manufacturer Dilution Purpose
anti-S1PR1 Rabbit Santa Cruz 1/200 IHC/CO-IP
anti-S1PR1 Mouse Millipore 1/200 IHC
anti-myc tag Rabbit Santa Cruz 1/200 IHC
anti-myc tag Mouse Millipore 1/200 IHC
anti-v5 tag Mouse Abcam 1/500 1/5000 IHC/WB/CO-IP
anti-Pex14 Rabbit Abcam 1/1000 IHC/CO-IP
anti-pERK Rabbit Millipore 1/3000 WB
anti-ERK Mouse Millipore 1/3000 WB
anti-pAkt Rabbit Millipore 1/3000 WB
anti-MOG Mouse Millipore 1/3000 IHC/WB
anti-GFAP Mouse Millipore 1/10,000 WB
anti-Tubulin Mouse Abcam 1/8000 WB
anti-Actin Mouse Abcam 1/10,000 WB
anti-MBP Rabbit Abcam 1/1000 IHC
anti-NFH Chicken Millipore 1/1000 IHC
anti-lbal Rabbit Wako 1/500 IHC
anti-NG2 Mouse Millipore 1/1000 IHC
anti-Blll Tubulin Chicken Millipore 1/1000 IHC
Anti-PLP Mouse Millipore 1/1000 IHC

Table 2.1. List of primary antibodies
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Secondary Antibodies

Antibody Host species -| Manufacturer Dilution | Purpose
anti-Rabbit HRP Donkey GE Healthcare 1/10,000 | WB
anti-Mouse HRP Goat Sigma 1/10,000 | WB
anti-rabbit Alexa 488 Goat Invitrogen 1/1000 IHC
anti-Mouse Alexa 488 Goat Invitrogen 1/1000 IHC
anti-Mouse Dylight 549 | Goat Jackson ImmunoResearch 1/1000 IHC
anti-Rabbit Alexa 633 Goat Invitrogen 1/1000 IHC
anti-Mouse Alexa 633 Goat Invitrogen 1/1000 IHC
anti-chicken Alexa 633 Goat Invitrogen 1/1000 IHC
Biotinylated anti-rabbit Goat Vector 1/500 IHC

Table 2.2 List of secondary antibodies
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2.3 Molecular Biology Methods

2.3.1 Plasmids used

All cloning was performed by standard molecular techniques and confirmed by sequence
analysis by Novartis. Full length mouse S1PR1 (n-terminal myc tagged) (Figure 2.1) was cloned
into pLL4.0 (Osinde et al., 2008) and human Pex14 (c-terminal v5-tagged) (Figure 2.2) was
cloned into pcDNA3.1 (Invitrogen V790-20). The individual intracellular loops (ICL) of S1PR1,
ICL1, ICL2, ICL3, C-terminus (CT) and the last 10 amino acids of the C-terminus (CT-10) (Figure
2.3) were cloned into pGEX4T1 (GE Healthcare Life Sciences, 28-9545-49).

2.3.1 Preparation of Competent Cells

A 50 pL aliquot of DH5a Escherichia coli (E.coli) or BL21 E.coli was removed from -80°C storage
and streaked directly onto a fresh Luria-Bertani (LB) agar plate (1% tryptone, 0.5% yeast
extract, 1% NaCl, 1.5% agar, pH 7.5, autoclaved). The plate was inverted and incubated for 12-
14h at 37°C. A single E.coli colony was then picked and inoculated in 5 mL of LB (1% tryptone,
0.5% yeast extract, 1% NaCl, pH 7.5, autoclaved) and incubated at 37°C in an orbital shaker set
to 200 rpm for 12-14h. Following this, 2mL of the bacterial culture was aseptically transferred
into a flask containing 100 mL LB and incubated with shaking at 200 rpm for 2-3h at 37°C.
Optical density (OD) was measured at 595 nm. If the OD was comprised between 0.6-1.0, the
incubation was stopped. If inferior to 0.6, the bacterial culture was incubated for a further 30
min and OD measured again. The culture was then aseptically transferred into two sterile pre-
chilled 50 mL tubes and centrifuged at 1,000 x g for 15 min at 4°C. The medium was decanted
and the pellet resuspended in 20 mL of ice-cold 100 mM MgSO, and centrifuged at 1,000 x g
for 15 min at 4°C. The pellet was finally resuspended in 2 mL of a 100mM ice-cold CaCl,
solution containing 15% glycerol. The resuspension was aliquoted (50 pL) in 1.5 mL microtubes
pre-chilled in the -80°C. Tubes were stored at -80°C until needed for bacterial transformation
and molecular cloning.

2.3.2 Heat Shock Bacterial Transformation

DNA transformation is a process by which foreign DNA is taken up by a host cell and the genes
encoded on it are expressed. For bacterial transformation, the foreign DNA must penetrate the
protective membrane so that the intracellular machinery can decode the DNA sequence and
express the desired biomolecules. The current methods to increase the permeability of the cell
membrane to facilitate such a process include electroporation using an externally applied
electrical field and heat shock by a rapid increase in temperature. Electroporation may be
undesirable for bacterial transformation because of the high cell mortality rate at these
voltages. Heat shock, on the other hand, is a milder procedure and is a viable alternative.
Competent E.coli (strain DH5a; 50ul) were stored at -80°C in 50ul aliquots. One aliquot of
competent E.coli was thawed and 1pg of plasmid DNA added. The E.coli and DNA were
incubated on ice for 30 min-and then placed in a water bath at 42°C for 1 min. After 1 min in
the water bath the mixture was quickly transferred back to ice for a further 2 min to reduce
damage to the E. coli cells. LB broth (450pl) was then added to the competent cells and shaken
at 200rpm for 1 h at 37°C. The resultant culture (100ul) was spread on LB agar plates
containing 100pg/mL ampicillin (if plasmids contain an Ampicillin resistant gene, AMP®) and
also on a LB plate containing Kanamycin to act as a negative control. This was left to grow for
12-16 h. A single, isolated colony of transformed E.coli was selected from the LB agar plate and
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inoculated into 5mL of LB broth containing ampicillin. This was then shaken overnight at
200rpm at 37°C. After 12-14 h of the bacteria multiplying, the starter culture appears cloudy.
1ml of this is then aseptically transferred to a large autoclaved flask containing 500mL of LB
broth and ampicillin. This too was left to shake (200rpm), for 12-16 h at 37°C. As the bacteria
multiply exponentially this larger culture also turns a thick cloudy appearance after 12-16 h.
The bacterial cells were then harvested by centrifugation at 6000 x g for 15 min at 4°C and
stored at -20°C.

2.3.3 Plasmid DNA Extraction; QIAGEN Plasmid Purification

The principle underlying the QIAGEN plasmid purification protocol is based on a modified
alkaline lysis step followed by binding of the plasmid DNA to the positively charged
Diethylaminoethyl (DEAE) groups on the surface of the QIAGEN Anion-Exchange Resin.
Whether the DNA remains bound or is eluted from the column is determined by the salt and
pH conditions. Impurities such as RNA, proteins, dyes, and carbohydrates are removed by a
medium-salt buffer while plasmid DNA is eluted in a high-salt buffer.

RNase A and LyseBlue reagent were added to Buffer P1 and the bottle shaken before use to
ensure LyseBlue particles were completely resuspended. The bacterial pellet was then
resuspended in 10ml of Buffer P1 by pipetting up and down until no cell clumps remained. 10
ml of Buffer P2 was added (turning the cell suspension blue) and mixed thoroughly by
vigorously inverting the sealed tube until a homogeneously coloured suspension was achieved.
This was incubated at room temperature (15-25°C) for 5 min and 10 ml of pre-chilled Buffer P3
was added. This was mixed immediately by vigorously inverting until all trace of blue was gone
and a fluffy white precipitate containing genomic DNA, proteins, cell debris and KDS was left
and incubated on ice for 20 min. In order to remove the precipitate, the suspension was
centrifuged at 20,000 x g for 30 min at 4°C and the supernatant containing the plasmid DNA
was promptly collected and centrifuged again at 20,000 x g for 15 min at 4°C. Next the
QIAGEN-tip 500 was equilibrated by adding 10ml of Buffer QBT to the column and allowing it
to flow through by gravity. Once the column was equilibrated the supernatant from the second
centrifuge step was applied to the column and allowed to flow through. The QIAGEN-tip was
then washed through with 2 x 30 ml of supplied Buffer QC (in order to remove contaminants
from the plasmid DNA preparation) and the DNA eluted with 15ml of pre-warmed (65°C)
Buffer QF. Addition of room temperature isoproponal (10.5ml) followed by immediate
centrifugation at 215,000 x g for 30 min at 4°C precipitated out the DNA. The supernatant was
carefully decanted and the pellet washed with 5 ml of room-temperature 70% ethanol, and
centrifuged at 215,000 x g for 10 min. Again the supernatant was carefully decanted and the
pellet air dried. Once dry, the DNA was re-dissolved in EB buffer, pH 8.0 and stored at -20°C.
To determine the yield, DNA concentration was determined spectrophotometrically at 260nm
and quantitatively analysed on an agarose gel. For list of buffers used see Table 2.3.

2.3.4 Restriction Digest

Digestion of DNA is carried out with restriction enzymes, also referred to as restriction
endonucleases. These enzymes recognize short, specific (often palindromic) DNA sequences,
usually in the range of 4-base (tetramer), 5-base (pentamer) or 6-base (hexamer) long sites
located on the incoming DNA, and make double-stranded cuts. Physiologically, their main role
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appears to be in protecting cells from invading foreign DNA’s, especially bacteriophage DNA.
These sites however can be found randomly in the DNA of the organism that produces the
restriction endonuclease and hence all organisms possess a methyl transferase that recognizes
and methylates the same site that the endonuclease cuts, in order to protect its own sites
from restriction. To digest the purified plasmid DNA, the correct restriction enzymes needed to
cleave the DNA at the required sites (1 pl), 10xBuffer (2 pl) suitable for the restriction enzymes
used, DNA (1 pg) and H,0 were pipetted together in order to achieve a final volume of 25 pl.
The digestion reaction was then left to proceed for 2 h at 37°C before 5 pl of the digested
sample was added to loading buffer (30% glycerol and 0.25% bromophenol blue) and ran on an
agarose gel. See Table 2.4 for list of restriction enzymes used.

2.3.5. Gel Electrophoresis

After restriction digest, DNA can then be analysed using gel electrophoresis. Agarose gel
electrophoresis was carried out essentially as described by Shambrook and Russel (Sambrook
and Russel, 2001). A 1% agarose gel was prepared by mixing agarose powder with
Tris/borate/EDTA (TBE) buffer and then heated in a microwave oven until completely melted.
Gel-red, (nucleic acid gel stain), was supplemented in the agarose gel for visualising DNA using
a UV transilluminator in a long wave length (302nm). The solution was then poured into a
casting tray containing a sample comb and allowed to solidify at room temperature. After the
gel solidified the comb was removed and the gel, still in its plastic tray, was inserted into the
electrophoresis chamber and covered with TBE buffer. Samples of cut and uncut DNA were
mixed with 2x loading buffer (30% glycerol and 0.25% bromophenol blue) and then pipetted
into the sample wells. A constant current of 100 V was applied until the DNA had migrated
three quarters of the way down the agarose gel towards the positive electrode, (bromophenol
blue dye migrates through agarose gels at roughly the same rate as double-stranded DNA
fragments allowing for the distance the DNA had migrated to be monitored.

2.3.6 Lipofectamine Trasnfection of Cells

Cells for transfection were plated out into 6 well plates or onto poly-L-lysine coated on glass
slides at approximately 30-50% confluency and allowed to recover in a 37°C incubator with 5%
CO, overnight. The culture media was then aspirated off and replaced with pre-warmed Opti-
MEM and returned to the incubator. Two microfuge tubes (A and B) were set up for each well
to be transfected and 500l of Opti-MEM placed in each. The DNA (1pg) to be transfected into
the cells was added to microfuge tube A. LipofectAMINE 2000 reagent (4pl) (Invitrogen, USA)
was then added to each microfuge tube B, mixed gently and left to sit for 5 min. The contents
of tubes A were slowly pipetted into the corresponding tubes B, mixed gently by slow pipetting
and incubated at room temperature for 15 min. The Opti-MEM was then removed from the
cells to be transfected and replaced with 1 ml of the reaction mix. This was left in the 37°C
incubator with 5% CO, for 4-6 h. After this incubation time, supplemented media was added to
the Opti-MEM/DNA and returned to the incubator overnight. The next morning the media was
replaced by pre-warmed supplemented media and the cells were let to incubate for a further
30-40 h.
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2.3.7. Preparation of large scale bacterial sonicates

BL21 E. coli were transformed using the heat shock method previously described in 2.4.2 A
single colony of transformed BL21 E. coli was inoculated into 10 mL LB broth, supplemented
with 100pg/mL of ampicillin, and left to shake at 200 rpm for 12-16 h at 37°C. Following this, 1
mL of the overnight culture was inoculated into 100 mL of LB broth and left to shake at 200
rpm for 90 min at 37°C. A 1 mL sample of the culture was taken and stored at -20°C before
induction with lactose analoge isopropyl B-D thiogalactoside (IPTG). IPTG was aseptically
added to the rest of the culture (1 mM final concentration) and shaken 200 rpm at 37°C. After
1h,2hand4h, 1 mLsamples were taken from the culture and kept at -20°C for further
analysis. The IPTG induced culture was centrifuged for 20 min at 1,000 x g at 4°C in 2 x 50 mL
tubes. The pellets were then re-suspended in a final volume of 5 mL PBS and rotated with 1
mg/mL lysozyme (Sigma-Aldrich, UK) for 1 h at 5rpm and 4°C, to lyse the bacterial cell wall.
Following this, the bacterial cells were sonicated 6 x 10 seconds at 20% amplitude. Triton X-
100 (1%) and 0.1mM EDTA were added to the samples and the samples rotated again for 1 h at
S5rpm and 4°C to ensure solubilisation. This solubilised cell suspension was then stored in 1 mL
aliquots at -20°C until required.

2.3.8. GST pull-down assay
GST fusion proteins (GST-ICL1, GST-ICL2, GST-ICL3 GST-CT and GST-CT10 proteins) (Figure 2.4)
were purified from E. coli strain BL21. Lysates of bacterial cultures (ODggo of 0.4—0.5) were
prepared by sonication and solubilisation in ice cold PTxE buffer (PBS, 1% Triton X-100, 0.1 mM
EDTA, pH 7.4) and lysates were stored in 1 ml (~1 mg total protein) aliquots at -20°C. Pex14-V5
was obtained from transiently transfected HEK293T cells. Cell pellets were thawed on ice and
resuspended in 650ul ice cold PTxE. Both GST and GST-fusion protein bacterial lysates (1ml)
and Pex14-V5 cell lysates (650ul) were sonicated for 6x10s. Sonicates were solubilised by
rotation for 1 h at 4°C in ice-cold PTxE buffer and then centrifuged at 10,000 x g for 20 min in a
microfuge. Supernatants of GST and GST-fusion proteins were rotated with 20 pl glutathione
Sepharose 4B (GE Healthcare Life Sciences,17-0756-01) in the presence of 1 mg/ml bovine
serum albumin (BSA, Sigma) for 30 min at 4°C, after which the coupled Sepharose was washed
with 2x1 ml aliquots of PTx buffer (PBS, 0.1% Triton X-100, pH 7.4). Pellets were resuspended
in 200 pl PTx buffer and incubated with 300 pl Pex14-V5 (~0.1 mg protein, in PTxE buffer) in
the presence of 2 mg BSA. After rotation for 5 h at 4°C, the suspensions were washed with 4 x
1 ml aliquots of PTx buffer. Pellets were finally resuspended in 30 pl PTx buffer and SDS-PAGE
was performed. For immunoprecipitation studies, cell sonicates from astrocytes transiently
transfected with Pex14-V5 or HEK293T cells transiently co-transfected with Pex14-V5 and myc-
S1PR1 were prepared as described above. Aliquots of 500ul cell lysate (~1 mg/ml protein), 20ul
of protein G Sepharose beads (Invitrogen) and either 5ug of anti-V5 mAb, anti-Pex14 rAb or
anti-S1PR1 rAb were rotated for 2 h at 4°C. The beads were then washed 3 x 1 ml aliquots of |
PTx buffer and processed for Western blotting. |
|
|
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Buffer

Buffer 1

Buffer 2

Buffer 3

Buffer QC

Buffer QF

Use

Resuspension buffer

Lysis buffer

Neutralisation buffer

Wash buffer

Elution buffer

Ingredients
50mM Tris-Cl ph 8.0
10mM EDTA
100ug/ml RNase A
200mM NaOH
1% SDS (w/v)57yu

3.0 M potassium acetate pH 5.5
1.0M NacCi

50mM MOPS, pH 7.0

15% isopropanol (v/v)

1.25 M NaCl

50 mM Tris-Cl, pH 8.5

15% isopropanol (v/v)

Table 2.3 List of buffers used in QIAGEN plasmid purification
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Enzyme Organism Recognition Cut site
sequence
EcoR1 Escherichia coli S'GAATTC 5’---G{} AATTC---3’
3'CTTAAG 3 CTT ATA;} G---5’
Bam H1 Bacillus 5’ GGATCC 5'---6[} RiverLly
amyloiiquefaciens 3’ CCTAGG 3. CCTAG | G---5’
f
Pstl Providencia stuartii 5'CTGCAG &' CTGC AJ‘IJ'G---S’
3'GACGTC

3'---G 'ACGTC---5
'y

Table2.4. List of restriction enzymes.
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AmpR CMV promoterienhancer
/ 5LTR

mEDG1 Nmyc pL-PGK
7349 3p

pUC origin

S
Psi/ (RRE)
3'LTR-SIN

Myc-S1PR1 nucleotide sequence
atggagcagaagctgatctccgaggaggacctgggatccgtgtccactagcatcccggaggttaaagetetecgeage
tcagtctctgactatgggaactatgatatcatagtccggcattacaactacacaggcaagttgaacatcggggcggag
aaggaccatggcattaaactgacttcagtggtgttcattctcatctgctgcttcatcatcctagagaatatatttgte
ttgctaactatttggaaaaccaagaagttccaccggcccatgtactatttcataggcaacctageccctctcggaccta
ttagcaggcgtggcttacacagctaacctgctgttgtctggggccaccacttacaagctcacacctgeccagtggttt
ctgcgggaagggagtatgtttgtggctectctetgcatcagtcttcagectecttgeccategecattgagegetacate
accatgctgaagatgaaactacacaacgggagcaacagctcgcgctecctttcectgectgatcagegectgectgggteate
tcecctcatcectggggggectgeccatcatgggectggaactgecatcagetecgetgtectagetgetecaccgtgeteecg
ctctaccacaagcactatattctcttctgcaccaccgtcttcactectgectecctgetttccatecgtecatectectactge
aggatctactccttggtcaggactcgaagccgeccgectgaccttceccgcaagaacatctccaaggeccagtegeagttet
gagaagtctctggccttgctgaagacggtgatcattgtcttgagtgtcttcattgectgetgggecectectettecate
ctactactgttagatgtgggctgcaaggcgaagacctgtgacatcctgtacaaagcagagtacttcctggttcectgget
gtgctgaactcaggtaccaaccccatcatctacactctgaccaacaaggagatgcgccgggecttcatceccggategta
tcttgttgcaaatgccccaacggagactctgectggcaaattcaagaggcccatcatcccaggcatggaatttageecge
agcaaatcagacaactcctctcacccccagaaggacgatggggacaacccagagaccattatgtcgtctggaaacgte
aattcttcttcctaa

Myc-S1PR1 amino-acid sequence

MEQKLISEEDLGSVSTSIPEVKALRSSVSDYGNYDITIVR
HYNYTGKLNIGAEKDHGIKLTSVVFILICCFIILENTIEFV
LLTIWKTE KKFHRPMYYFIGNLALSDLLAGVAYTANLLTLS
GATTYKLTPAQWFLREGSMEFVALSASVFSLLAIAIERYTI
o MPL K MK L H N.G S N 8 8 RIS F Lk ILISUA'G W Vi IS Ll 6 G L P ILMGWN
¢IssSnLsSseEsSTVYLPLYHKHYILECTTLVETLLLLSTVIILYC
R I ¥S L' V R TURUS RORNLET IR RAKINET (SUKDANS SRS I ENK L AR LT KT Vi T TV
LSVEIACWAPLEILLLLDVGCKAKTCDILYRKAEYTFLVLA
VLNSEGTNPIIYTLTNEKEMRRAFIRIVSCCEKCE®PNGDSAGEK
FKRPIIPGMEFSRSKSDNSSHPQKDDGDNPETIMSSGNYV
N S S S Stop

Figure 2.1 myc-S1PR1 vector map, nucleotide sequence and amino acid sequence.
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ANTISENSE PRM

Azsl ;uu"
Aval16383)
ScmRl (ln:,.l \
PEX14, '|‘
Smal(s623) \ Patiam)

\ /
Azcllstz) | | Axellal)
\ /i

Xmal (583 }‘I“‘Vs epitope

EzoRIs638 V5 reverse primer
Aue1(s386)
Nealtssus)

BemKI(s407)_ )
T7 promoter gt Ny
Hmdlll (sam3)

T7 primer b =

\ \ XmsIGg)

A\ \

"\\\l Asval ()
\

CMV forward primer .~
Neaol (5:87)

CMV promoter \ ‘\:'\Sms: Gz
bla promoter Petatn
p \eotr)
Aparilesny” < Vot a3
' SV40 pA

pUC origin

Pex14-v5 nucleotide sequence
atggcgtcctcggagcaggcagagcagccgagccagccaagctctactccaggaagtgaaaatgtgectgectcgagag
ccgctgattgccacggcagtgaagtttctacagaattcccgggtccgeccagageccacttgcaaccaggagagcecatte
ctaaagaagaaagggctgacagatgaagagattgatatggccttccagcagtcgggcactgctgccgatgagecttcg
tccttgggcccagccacacaggtggttcecctgtccageccectcacctcatatectcagecatacagtcececcgecaggetece
cgatggcgagattacggcgccctggccatcatcatggcaggcattgcatttggetttcaccagetctacaagaaatac
ctgctcceccctcatecctgggecggeccgagaggacagaaagcagctggagaggatggaggecggtcetctetgagetgagt
ggcagcgtggcccagacagtgactcagttacagacgaccctcgectecegtccaggagetgetgattcagcagcageag
aagatccaggagcttgcccacgagctggccgctgccaaggccaccacatccaccaactggatecctggagtcccagaat
atcaacgaactcaagtccgaaattaactccttgaaagggcttcttttaaatcggaggcagttcecteccatcceccatca
gccccgaagatcccctectggcagatcccagtcaagtcaccgtcaccectceccagecctgeggecgtgaaccaccacage
agcagcgacatctcacctgtcagcaacgagtccacgtcgtcctcgectgggaaggagggeccacagececcecgagggctece
acggtcacctaccacttgctgggcccccaggaggaaggcgagggggtggtggacgtcaagggccaggtgeggatggag
gtgcaaggcgaggaggagaagagggaggacaaggaggacgaggaggatgaggaggatgatgatgtgagccatgtggac
gaggaggactgcctgggggtgcagagggaggaccgcecggggcggggatgggcagatcaacgagcaggtggagaagetg
cggcggcccgagggcgccagcaacgagagtgagegggac

Pex14-v5 amnio-acid sequence

MASSEQAEQPSQPSSTPGSENVLPREPLIATAVKTEFLONS
RVRQSPLATRRAFLEKEKKGLTDEEIDMAFQOQSGTAADETPS
SLGPATQVVPVQPPHLISQPYSPAGSRWRDYGALAIIMA
GIAFGFHQLYKKYLLPLILGGREDREKOLE-RMEAGIELSEILS
GSVAQITVITOLOQTTLASVOQELLTIOQOOQOKIOQELAHEILA-AA- ALK
AeT TS NSWSTHLEESSHOSNS THONERESTLSKESEE T ANSSSLAK NG 1) T SLANSRERAQAREPSR ISP S
APKIPSWQIPVKSPSPSSPAAVNHHSSSDISPVSNESTS
SSPGKEGHSPEGSTVTYHLLGPQEEGEGVVDVEKGOQVRME
VOQGEEEKREDEKEDEEDEEDDDVSHVDEEDCLGVQREDRR R
GGDGQINEQVEKLRRPEGASNESERD

Figure 2.2 Pex14-v5 vector map, nucleotide sequence and amino acid sequence.
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S1PR1ICL
L1
L2

L3S

G

CT-10

otz

™
\ I Primey e o sequenciug
7 B o3
d 8191 toop?
e

POEX-AT1-S1PL L2
yeotve

taclq

Rep Origin 1

P

Nucleotide Sequence
tggaaaaccaagaagttccaccggcccatgtaa
gatcccgctacatcaccatgctgaagatgaaactacaca
acggcagcaacagctcgcgctcctaag
gatcctactccttggtcaggactcgaagccgccgectga
ccttccgcaagaacatctccaaggccagccgcagtteccg
agaagtctctggccttgctgaagtaag
gatccaacaaggagatgcgccgggccttcatcaggatca
tatcttgttgcaaatgccccaacggagactccgctggeca
aattcaagaggcccatcatcccgggcatggaatttagec
gcagcaaatcagacaactcctcccacccccagaaggatg
atggggacaatccagagaccattatgtcttctggaaacg
tecaattecttettecectaag

~ gatcctegtctggaaacgteaattettettectaataag

e
ettutes ré/m..-—u
'

\
PGEX4T1-ratS1P1 L3 O\

ok

vd for sequencing
Bem i

T _at $1P1 Loogd
2o b

Amino acid sequence
WKTKKEFHRPM
RYITMLKMKLHNGSNSSRS

YSLVRTRSRRLTFRKNISK
ASRSSEKSLALLK

NKEMRRAFIRIISCCKCPN
GDSAGKFKRPIIPGMEFSR
SKSDNSSHPQKDDGDNPET
IMSSGNVNSSSstop.

SSGNVNSSSstop.

Figure 2.3 S1PR1 intracellular loop (ICL) constructs. S1PR1 intracellular loop vector maps and
nucleotide sequences for L1-CT10. L1=ICL 1, L2 = ICL2, L3 = ICL3, CT = C-terminus and CT10 =
the last 10 amino acids of the C-terminus.
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S1PR1

L1 L2 L3 CcT CT-10

Thrombin
Leu Val Pro Azg Gly Ser Pro Glu Phe Pro Gly Arg Leu Glu Azg Pro Mis Rzg Asp
cmﬂﬂmmmmmmeﬂrca_{}c m_{;umc}:mmm
B N Eorl L N Ciciad O sTpeotint
L smat mi J

”;/_«"-N

Figure 2.4. S1IPR1 GST fusion proteins. GST fusion proteins were constricted by cloning the
individual S1PR1 ICL’s (A) into the multiple cloning site of the pGEX4T-1 vector (B). Diagram of
S1PR1 GST fusion proteins (C).
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Chapter 3.  Galactosylsphingosine  (psychosine) induced
demyelination is attenuated by sphingosine 1-phosphate signalling.
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Chapter Aims:

* To investigate the effect of psychosine on astrocyte survival and demonstrate the
protective effects of pFTY720 against psychosine-induced cell toxicity.

* To determine the effect of psychosine on astrocyte mitochondrial membrane
potential.

* To study the effect of psychosine on pro-inflammatory cytokine release from mouse
astrocytes.

* To investigate the effect of psychosine on myelination state in cerebellar slices and
explore the protective effects of pFTY720.



Abstract

Globoid cell leukodystrophy (Krabbe disease, KD) is a rare infantile neurodegenerative
disorder. KD is caused by deficiency in the lysosomal enzyme galactocerebrosidase (GALC)
resulting in brain accumulation, in the micromolar range, of the toxic metabolite
galactosylsphingosine (psychosine). Here we find psychosine induces human astrocyte cell
death likely via an apoptotic process in a concentration- and time-dependent manner (EC50
~15uM at 4h). We show these effects of psychosine are attenuated by pre-treatment with the
sphingosine 1-phosphate receptor (S1PR) agonist pFTY720 (Fingolimod) (IC50 ~100nM).
Psychosine (1uM, 10uM) also potentiates LPS-induced (EC50 ~100ng/ml) production of pro-
inflammatory cytokines in mouse astrocytes, which is also attenuated by pFTY720 (1uM). Most
notably, for the first time, we show that psychosine, at a concentration found in the brains of
patients with KD (EC50 ~100nM) directly induces demyelination in mouse organotypic
cerebellar slices in a manner that is independent of proinflammatory cytokine response and
that pFTY720 (0.1nM) significantly inhibits. These results support the idea that psychosine is a
pathogenic agent in KD and suggest that sphingosine 1-phosphate signalling could be a
potential drug target for this iliness.
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1. Introduction

Globoid cell leukodystrophy (Krabbe disease, KD) is a rare autosomal recessive
neurodegenerative disorder affecting 1:100,000 live births in the United States (Wenger et al.,
1997). This lysosomal disorder typically has an early onset, is rapidly progressing and invariably
fatal in infants. The vast majority (85-90%) of cases are of the infantile form, with the juvenile
and adult onset forms being considered extremely rare (Wenger et al., 1997). The hallmark
symptoms of the infantile form include irritability, hypersensitivity, psychomotor arrest and
hypertonia. This is followed by rapid mental and motor deterioration, seizures and optic
atrophy. Death usually ensues within the first two years of life and there is currently no cure
(Davenport et al., 2011). KD is caused by a mutation in the lysosomal enzyme
galactosylceramidase (GALC) (Suzuki, 2003). This GALC deficiency results in the accumulation
of a toxic lipid metabolite psychosine (galactosylsphingosine) and to a lesser extent, B-
galactosylceramide (Giri et al., 2002). Pathological features of KD include profound
demyelination and almost complete loss of oligodendrocytes in the white matter, reactive
astrocytosis and infiltration of numerous multinucleated macrophages termed ‘globoid cells’.
These globoid cells accumulate around blood vessels and in the regions of demyelination and
are a unique feature of KD (Suzuki, 2003). Progressive accumulation of psychosine, in the
brains of KD patients is thought as the critical pathogenic mechanism of this illness (Davenport
et al., 2011). In some cases the levels of psychosine rise more than 100-fold, from sub-
nanomolar concentrations to those in the micromolar range (Svennerholm et al., 1980). In KD,
the high levels of psychosine escape from lysosomes and dying cells forming aggregates (Orfi
et al., 1997). Several reports have demonstrated that psychosine causes direct cellular
cytotoxicity by mechanisms that include mitochondrial dysfunction (Haq et al., 2003), caspase
activation , alteration of lipid rafts, and modulation of PKC, JNK and NFkB signaling pathways
(Davenport et al., 2011, Yamada et al., 1996, Haq et al., 2003). Inflammation is also now
accepted to play an important role in the pathogenesis of KD (LeVine and Brown, 1997).
Inflammatory molecules, such as AMP-activated protein kinase (AMPK), prostaglandin D,
inducible nitric oxide synthase (iNOS) and pro-inflammatory cytokines have all been implicated
in KD as well as in the twi/twi mouse animal model of this disease (Giri et al., 2008). Taken
together, this increasing evidence now suggests that the loss of oligodendrocytes and wide
spread demyelination seen in KD is due to apoptotic processes as well as aberrant
inflammatory response (Tohyama et al., 2001, Giri et al., 2006, Giri et al., 2008, Haq et al.,
2003).

The GALC enzyme, mutated in KD, is involved in the complex pathway of sphingolipid
metabolism, which includes bioactive lipids such as ceramide, sphingosine and sphingosine 1-
phosphate (S1P), all of them particularly important in regulating neural cell function. In
particular, the family of S1P receptors (S1PRs) are G-protein coupled and expressed in a range
of cells, including those of the immune, cardiovascular and central nervous systems (Dev et al.,
2008, Fyrst and Saba, 2010). These receptors are drug targets for the drug fingolimod, which is
the first oral therapy for relapsing remitting multiple sclerosis (MS) (Kappos et al., 2010). The
proposed mechanism of action for fingolimod is reported as being dependent on
internalisation of S1IPR1s in T cells limiting their S1P-mediated egress from lymph nodes and
thus the attenuation of inflammatory response in the brains of MS patients (Adachi and Chiba,
2008). Importantly, a number of studies have now demonstrated that compounds such as
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fingolimod can also regulate neuronal and glial cell function (Fischer et al., 2011, Osinde et al.,
2007, Choi et al., 2011, Balatoni et al., 2007). Indeed, we and others have shown that S1PRs
regulate a number of intracellular signalling pathways in astrocytes and promote astrocyte
migration (Mullershausen et al., 2007, Mullershausen et al., 2009). In addition, modulation of
S1PRs also promotes oligodendrocyte differentiation and survival (Miron et al., 2008b, Dev et
al., 2008). S1PRs have also been shown to limit events of demyelination and promote
remyelination, which are likely mediated by the dampening of pro-inflammatory cytokine
levels (Sheridan and Dev, 2012, Miron et al., 2010). Overall, therefore, S1PRs represent an
important drug target that can be exploited for use in neuroinflammatory, demyelinating and
neurodegenerative diseases as documented by a growing body of literature (Asle-Rousta et
al., 2013, Deogracias et al., 2012). Here we investigate whether regulation of S1P signalling
alters psychosine-induced astrocyte dysfunction, pro-inflammatory cytokine release and
demyelination.

67



2. Results

2.1 Psychosine induced human astrocyte cell death is attenuated by pFTY720

The modulation of psychosine on astrocyte cell function is less well studied in KD. We
therefore first investigated the effects of this toxin on human astrocyte survival and also
demonstrated the protective effects of pFTY720. Cultured human astrocytes were serum
starved for 4 h and then pretreated with pFTY720 for 1 h before treatment with psychosine, at
the timepoints and concentrations indicated (Figure.3.1A). Psychosine reduced human
astrocyte numbers in a concentration dependent manner, where psychosine treatment for 4 h
significantly reduced astrocyte cell survival (10 uM, 55.4+/-3.8%; 15 uM, 44.3+/-2.7%; and 20
puM, 39.8+/-1.8%, compared to control). Importantly, pre-treatment with 1uM pFTY720
significantly attenuated the psychosine-induced cell death (reduced by 9.8+/-4.1%, 21.1+/-
2.5% and 18.4+/-2.2%, respectively) (Figure.3. 1B). The psychosine (10 uM) induced decrease
in survival of human astrocytes was also observed to be time dependent (2 h, 79.2+/-3.2%; 4h,
63.5+/-2.4%; 6 h, 37.1+/-3.3%) and again significantly attenuated in the presence of pFTY720
(reduced by 17.4+/-4.6% at 4 h and 23.1+/-4.3% at 6 h) (Figure. 3.1D). These effects of
pFTY720 were also concentration-dependent, where 1 uM pFTY720 significantly increased cell
survival by 34.3+/-3.2%, compared to 10 uM psychosine treatment alone (Figure. 3.1E). During
the course of our experiments demonstrating psychosine-induced astrocyte cell death and
reversal by pFTY720 (Figure. 3.1A-E), we noted these effects were also dependent on the

density of cultured astrocytes. To quantify these observations, human astrocytes were seeded .

at densities ranging from 1.2x10° to 6x10°. The cells were then pre-treated with 1 uM pFTY720
followed by 10 uM psychosine treatment for 2 h and imaged (Figure. 3.2A). Human astrocytes
seeded at low densities of 1.2x10° and 2.4x10° were most sensitive to psychosine insult, with
81.5+/-6.2% and 68.5+/-5.1% cell death occurring after 2 h treatment. Astrocytes seeded at a
density of 3.9x10° displayed 39.4+/-5.3% cell death for psychosine treatment alone, which was
significantly attenuated to 20.6+/-3.6% in the presence of pFTY720 (Figure. 3.2B). At the two
highest densities, 4.8x10° and 6x10°, 10 uM psychosine treatment for 2 h did not induce overt
astrocyte toxicity, with cell densities of 94.4+/-3.7% and 99.9+/-5.4%, respectively (Figure.
3.2C).
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Figure 3.1: pFTY720 attenuates psychosine-mediated astrocyte cell death. (A) Diagram of
experimental timeline and treatments. Human astrocytes were pre-treated with 1 uM pFTY720
(pFTY) for 1 h followed by 5 uM, 10 pM, 15 pM and 20 pM psychosine (Psy) for 1-6 h. Cells
were imaged under light microscopy. (B) Concentration-dependent psychosine induced cell
death is attenuated by pFTY. Human astrocytes were treated with 5 pM, 10 pM, 15 puM and 20
UM psychosine for 4 h +/- pFTY. (C) Time-dependent psychosine induced cell death is
attenuated by pFTY. Human astrocytes were pre-treated with 1 pM pFTY for 1 h followed by
~10uM psychosine for 1, 2, 4 and 6 h. (D) pFTY attenuates psychosine-induced astrocyte cell
death in a concentration-dependent manner. Human astrocytes were pre-treated with 10 nM,
100 nM and 1 pM pFTY for 1 h followed by 10 puM psychosine for 2 h. In all cases, image
analysis was performed using Image J software and graphical data is presented as mean +/-
SEM (n=3-6). Representative images are also shown. Statistical analysis was performed using
one-way ANOVA and Newman-Keuls multiple comparison post-test *p < 0.05, ** p < 0.01
compared to pFTY; ## p <0.01, ### p <0.001 compared to control.
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Figure 3.2: Psychosine induced cell toxicity is dependent on astrocyte cell density. (A) Human
astrocytes were seeded at densities ranging from 1.2x10° to 6x10°, pre-treated with 1 uM pFTY
for 1 h followed by 10 uM psychosine for 2 h. (B) Image analysis was performed using Image J
software. Data presented as mean +/- SEM (n=4), one-way ANOVA and Newman-Keuls
multiple comparison post-test *** p < 0.001. (C) Representative images showing psychosine
induced cell loss, with or without pFTY treatment.
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2.2 pFTY720 attenuates psychosine-induced decrease of mitochondrial membrane

potential in astrocytes

Increasing evidence now suggests the involvement of apoptosis as a mechanism underlying
oligodendrocyte cell death seen in KD, where mitochondrial cytochrome c release, alterations
in electron transport and loss of mitochondrial membrane potential (AWm) occurs (Haq et al.,
2003). Here, the AWm was measured using the membrane-permeant dye
tetraethylbenzimidazolylcarbocyanine iodide (JC-1), which exhibits potential-dependent
accumulation in mitochondria. At high AWm this dye forms aggregates yielding an emission at
590 nm (red) whereas at low AWm JC1 is primarily in monomeric form yielding an emission at
530 nm (green) (Figure. 3A). Cultured astrocytes were serum starved and pre-treated for 1 h
with pFTY720 (1 pM) before treatment with psychosine (5 uM, 10 uM, 15 pM, 20 uM). Cells
were then loaded with 1 pM JC-1 and after 30 min the emission spectra was measured.
Psychosine treatment of mouse astrocytes decreased the aggregate:monomer ratio of JC-1,
indicating loss of AWm compared to control (Figure. 3B). Notably, treatment with pFTY720
attenuated the psychosine-induced decrease in aggregate:monomer ratio of JC-1 returning the
AWm close to control levels. These findings were supported by use of the MTT colorimetric cell
viability assay (based on the reduction of MTT into formazan crystals by metabolically active
cells), which showed psychosine caused a significant concentration-dependent reduction of rat
astrocyte viability (10 pM, 73.3 +/-2.7%; 15 pM, 63.5+/-3.6%; and 20 pM, 49.9+/-1.7%,
compared to control). In agreement, pFTY720 significantly attenuated this psychosine induced
cell death by 14.4+/-1.7% and 17.3+/-2.5% at 10 uM and 20 pM psychosine concentrations,
respectively (Figure. 3.3C).
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Figure 3.3. pFTY720 attenuates psychosine-induced decrease of mitochondrial membrane
potential in astrocytes. (A) Schematic shows that at high mitochondrial membrane potentials
JC-1 forms red aggregates (590 nm) in mitochondria while at low mitochondrial membrane
potentials the JC-1 is predominately found as a green monomer (535 nm) in the cytosol. (B)
Treatment of mouse astrocytes with psychosine (2 h) resulted in a decrease in the ratio of red
aggregates to green monomers to ~75% of controls, while pre-treatment with pFTY (1 uM, 1 h
before addition of pyschosine) attenuated this decrease. Data presented as mean +/- SEM
(n=3), unpaired student t-test *p < 0.05, ** p < 0.01 comparing psychosine +/- pFTY. (C) Graph
shows MTT assays performed on rat astrocytes treated with psychosine for 2 h +/- pFTY. MTT
absorbance read at 540 nm. Data presented as mean +/- SEM (n=3), one-way ANOVA and
Newman-Keuls multiple comparison post-test *p < 0.05, ** p < 0.01 comparing psychosine +/-
pFTY; ## p <0.01, ### p <0.001 comparing control +/- psychosine.
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2.3 Psychosine potentiates lipopolysaccharide (LPS)-induced levels of pro-inflammatory
cytokines in mouse astrocytes

The expression of several pro-inflammatory cytokines and chemokines has been observed in
the twi/twi mouse model (LeVine and Brown, 1997). Psychosine has also been seen in vitro to
markedly potentiate the LPS-induced production of pro-inflammatory cytokines in primary rat
astrocyte cultures (Giri et al., 2002). Here, we investigated the effect psychosine on the levels
of IL6, TNFa and IL1R in mouse astrocytes in the presence and absence of LPS. Firstly, LPS (1
ng/ml to 10 pg/ml) was shown to induce a concentration dependent increase in the levels of
IL6 (Figure. 3.4A), TNFa (Figure.3.4B) and IL1R (data not shown), where 100 ng/mL LPS was
selected as the optimal concentration for use in further experiments. Next, cultured mouse
astrocytes were serum starved, pre-treated with pFTY720 (1 uM for 1 h) and then treated with
LPS (100 ng/mL) and/or psychosine (1 uM and 10 pM) for 3 h, 6 h and 12 h. No discernible
release of IL6, TNFa or IL1R was observed after 3 h treatment with LPS and/or psychosine
(data not shown). In contrast, the treatment of astrocytes for 6 h with LPS induced at least a 2-
fold increase in the levels of IL6 (5.1+/-0.9 pg/ml vs. 31.5+/-4.3 pg/ml) (Figure. 3.4C), TNFa
(19.4+/-3.4 pg/ml vs. 48.3+/-2.1 pg/ml) (Figure.3.4D) and IL1R (1.1+/-0.5 pg/ml vs. 14.3+/-5.5
pg/ml) (data not shown), compared to control. Moreover, psychosine (10 uM), while having
little effect alone, significantly augmented the LPS induced production of IL6 (31.5+/-4.3 pg/ml
vs. 44.8+/-4.2 pg/ml) (Figure. 3.4C) and TNFa (48.3+/-2.1 pg/ml vs. 59.1+/-2.8 pg/ml) (Figure.
3.4D) (Unpaired Student’s T test #p<0.05). Importantly, pFTY720 treatment significantly
attenuated the increased levels of IL6 (44.8+/-4.2 pg/ml vs. 25.6+/-4.9 pg/ml) (Figure. 3.4C)
and TNFa (59.1+/-2.8 pg/ml vs. 42.4+/-4.4 pg/ml) (Figure. 3.4D) induced by LPS and/or
psychosine (10 puM). Similar findings were observed at 12 h, where pFTY720 attenuated the
LPS and/or psychosine (10 uM) mediated increase in levels of IL6 (132.0+/-3.4 pg/ml vs.
56.4+/-21.3 pg/ml) (Figure 3.4E) and TNFa (183.8+/-88.9 pg/ml vs. 78.8+/-25.3 pg/ml)
(Figure.3.4F). Collectively, these findings suggest that psychosine may enhance the LPS-
induced levels of pro-inflammatory cytokines in astrocytes as previously reported (Giri et al.,
2002), and that pFTY720 attenuates these effects.
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Figure 3.4. Psychosine potentiates LPS-induced production of proinflammatory cytokines in
primary mouse astrocytes. Mouse astrocytes were serum starved for 4 h and pre-treated for 1
h with 1 uM pFTY before treatment with LPS and/or 1 pM or 10 uM psychosine. The
supernatant was collected and an ELISA performed. Treatment of mouse astrocytes with LPS (1
ng/ml - 10 pg/ml) induced a concentration-dependent increase in levels (A) IL6, (B) TNFa.
Mouse astrocytes treated with 100 ng/ml LPS +/- psychosine treatments for (C,D) 6 h or (E,F)
12 h showed an increase in (C,E) iL6, (D,F) TNFa, that was attenuated by pre-treatment with 1
UM pFTY. Data is presented as mean +/- SEM (n=3-4), one-way ANOVA and Newman-Keuls
multiple comparison post-test *p < 0.05, *** p < 001; unpaired student t-test # p<0.05
compared to LPS alone.
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2.4 Psychosine treatment did not alter GFAP expression in organotypic cerebellar
slices.

Psychosine treatment was seen to induce wide-spread cell death in our single cell astrocyte
cultures. Unlike single cell cultures, organotypic slice cultures preserve the architecture of the
brain regions that they originate from and can more accurately represent the complex
processes and interactions that occur between cells and their microenvironment. Therefore,
we investigated the effect of psychosine treatment on astrocytes in organotypic cerebellar
slices. Organotypic cerebellar slices were exposed to psychosine (20 uM) in the presence or
absence of pFTY720 (1nM) for 18 h and treated for a further 30 h with pFTY720 (1nM). The
slices were then stained for GFAP (and NFH), as alterations in the levels of GFAP expression
can indicate astroglial activation and gliosis. Treatment of these slice cultures with psychosine
or with pFTY720 did not alter the levels of GFAP expression.

2.5 pFTY720 inhibits psychosine induced demyelination in organotypic cerebellar
slices

Rapid and complete loss of myelin and the myelin forming oligodendrocytes is one of the main
pathological features of KD (Davenport et al., 2011). Of interest, pFTY720 promotes
remyelination as well as limit demyelination induced by the bioactive lipid lysolecithin
(lysophosphatidylcholine, LPC) (Miron et al., 2010, Sheridan and Dev, 2012). With this in mind,
we first determined if psychosine induce demyelination in cerebellar slices and secondly
examined if pFTY720 attenuate this psychosine induced demyelination. Organotypic cerebellar
slices were exposed to LPC (0.5 mg/ml) or psychosine (100 nM, 1 uM, 20 uM) in the presence
or absence of pFTY720 (0.1 nM, 1nM) for 18 h and treated for a further 30 h with pFTY720
(0.1nM, 1nM) (Figure. 3.6A). In agreement with our previous studies (Sheridan and Dev, 2012,
Pritchard et al., 2014), pFTY720 attenuated LPC induced demyelination compared with
control, as observed by expression of myelin oligodendrocyte glycoprotein (MOG) (Figure.
3.6B) and myelin basic protein (Figure. 3.6C-D). Importantly, the exposure of the slice cultures
to psychosine also decreased the expression of MOG (Figure. 3.58, Supplemental Figure. 3.1),
myelin basic protein (MBP) (33.4+/-3.8 vs 12.4+/-2.5, 1 uM psychosine) (Figure. 3.6C-D), and
myelin proteolipid protein (PLP) (Supplemental Figure. 3.2), as well as decreasing the
expression of neurofilament H (NFH) (29.9+/-5.4 vs 13.4+/-4.6, 1uM psychosine). It is
noteworthy, that pFTY720 (0.1 nM, 1nM) prevented psychosine-induced decrease in
expression of MOG (Figure. 3.6B, Supplemental Figure. 3.1), MBP (12.43+/-2.5 vs 31.6+/-4.9)
and PLP (Supplemental Figure. 3.2), in addition to NFH (13.4+/-4.6 vs 40.7 +/-10.3) (Figure.
3.6C-D). Taken together, therefore, these studies demonstrate that pFTY720 reverses
psychosine-induced demyelination and neuronal toxicity in cerebellar slice cultures.
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Figure 3.5. Psychosine treatment did not alter GFAP expression in organotypic slice cultures.
(A) Organotypic slice cultures were prepared from the cerebellum of P10 mice and grown in
culture for 12 days. Slices were treated with psychosine (20uM) and/or pFTY for 18 h. The media
was then changed and pFTY treatment continued for a further 30 h. Cerebellar culture were
then processed for immunocytochemistry. Representative confocal images displaying GFAP
(green) and NFH (red) immunostaining under treatment conditions indicated. Confocal images
captured at x10 magnification. The mean fluorescence of GFAP was not altered by psychosine
(20uM) treatment. (B) Bar graph illustrates GFAP mean fluorescence of psychosine (20uM) +/-
pFTY (1 nM) treatments. Mean fluorescence was calculated by measuring the fluorescence of
the whole captured image in each experiment (Method 2). Data presented as mean +/- SEM
(n=3).
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Figure 3.6. pFTY720 treatment inhibits psychosine induced demyelination of cerebellar slices.
(A) Organotypic slice cultures were prepared from the cerebellum of P10 mice and grown in
culture for 12 days. Slices were treated with LPC, psychosine and/or pFTY for 18 h. The media
was then changed and pFTY treatment continued for a further 30 h. Cerebellar culture were
then processed for Western blotting or immunocytochemistry. (B) LPC (0.4mg/ml) and
psychosine (100 nM or 1 uM) treatment induced a reduction in MOG expression, which was
rescued by pFTY720 (0.1 nM) treatment. (C) Representative confocal images displaying MBP
(MBP, green) and neurofilament (NFH, red) immunostaining under treatment conditions
indicated. Confocal images captured at x10 magnification. Treatment with pFTY (0.1nm)
attenuates LPC (0.4 mg/ml) and psychosine (100 nM or 1 pM) induced demyelination. ML
(molecular layer), WM (white matter), PCL (Purkinje cell layer) and GCL (granule cell layer). (D)
Bar graph illustrates changes in MBP and NFH staining after LPC (0.4mg/ml) and psychosine (100
nM, 1 uM) +/- pFTY (0.1 nM) treatments. Mean fluorescence was calculated using a total of 25-
36 independent ROI observations in each experiment, (Method 1). Data presented as mean +/-
SEM (n=3), one-way ANOVA and Newman-Keuls multiple comparison post-test *p < 0.05; # p
<0.05 comparing control +/- psychosine.
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2.6 Psychosine induced demyelination in cerebellar slices occurs independently
of pro-inflammatory cytokines

The involvement of pro-inflammatory cytokines in the pathogenesis of demyelination has
been previously investigated (di Penta et al., 2013) and a model where S1PR activation
may reduce demyelination via a mechanism involving attenuation of cytokine/chemokine
release has been proposed (Sheridan and Dev, 2012). Hence we investigated whether
psychosine treatment would induce the release of the pro-inflammatory cytokines IL6,
TNFa and IL1B from organotypic cerebellar slices. As with the above protocol, organotypic
cerebellar slices were exposed to LPC (0.5 mg/ml) or psychosine (100 nM) in the presence
or absence of pFTY720 (0.1 nM) for 18 h and treated for a further 30 h with pFTY720 (0.1
nM). After the 30 h incubation the media was collected and analysed by ELISA. LPC
induced at least a 4-fold increase of IL6 (136.2+/-61.5 pg/ml vs. 1543.2+/- 89.4 pg/ml),
TNFa (15.0+/-4.6 pg/ml vs. 61.9+/-12.3 pg/ml) and IL1B (0.6+/-0.6 pg/ml vs. 178.8+/-32.7
pg/ml), compared with controls (Figure. 3.7A-C). Notably pFTY720 treatment attenuated
the LPC induced release of IL-6 (1543.2+/-89.4 pg/ml vs. 1273.1+/-22.1 pg/ml) (Figure.
3.7A), TNFa (61.94+/-12.3 pg/ml vs. 42.32+/-11.2 pg/ml) and IL1B (178.8+/-32.7 pg/ml vs.
14.0+/-14.1 pg/ml) (Figure. 3.7C). Interestingly, psychosine (100 nM) treatment did not
induce the release of IL6, TNFa or IL1B, in agreement with our data showing the treatment
of mouse astrocytes with psychosine alone had little effect on the release of IL6 (Figure.
3.4C and E), TNFa (Figure. 3.4B and F) and IL1B (data not shown). Furthermore, we did not
observe significant effects of psychosine on lonized calcium binding adaptor molecule 1
(Ibal) (microglia) staining nor did BV2 microglia cells treated with psychosine show
enhanced levels of IL6 cytokine release (Supplemental Fig. 3.3). Taken together, these
results suggest that, in organotypic cerebellar slices, psychosine-induced demyelination
occurs via a mechanism that is likely independent from the release of pro-inflammatory
cytokines. Moreover, it is important that pFTY720 inhibits this type of demyelination that
appears to have a mode of action independent of these conventional pro-inflammatory
cytokines.
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Figure 3.7. Psychosine treatment did not induce the release of pro-inflammatory cytokines
from cerebellar slice cultures. Organotypic slice cultures prepared from the cerebellum of P10
mice were grown in culture for 12 days before treatment with LPC (0.4 mg/ml), psychosine
(100 nM) and/or pFTY (0.1 nM) for 18 h. Media was then changed and pFTY treatment
continued for a further 30 h. The media was collected and cytokine analysis performed by
ELISA. Psychosine treatment did not induce the release of (A) IL6, (B) TNFa and (C) IL1B from
cerebellar slice cultures. In contrast, treatment with LPC induced the release of all three
cytokines analysed, where pFTY attenuated this LPC-induced release of (A) IL6 (n=3), (B) TNFa
(n=3) and (C) IL1B (n=2). Data is presented as mean +/- SEM, one-way ANOVA and Newman-
Keuls multiple comparison post-test *p < 0.05, ***p < 0.001.

79



A Merge

Ctrl

pFTY

Psy 20 uM

pFTY
Psy 20 uM

B control [ | pFTY1nm [l

|

n
o

0

2ima

[ ]

Ctrl Psy 20uM

Mean fluores cence PLP

0

Supplemental Figure 3.1: pFTY720 rescues psychosine-induced reduction in PLP expression in
organotypic slice cultures. (A) Organotypic slice cultures were prepared from the cerebellum of
P10 mice and grown in culture for 12 days. Slices were treated with psychosine (20uM) and/or
pFTY for 18 h. The media was then changed and pFTY treatment continued for a further 30 h.
Cerebellar culture were then processed for immunocytochemistry. Representative confocal
images displaying Hoescht (blue), MBP (green) and PLP (yellow) immunostaining under
treatment conditions indicated. Confocal images captured at x20 magnification. Treatment with
pFTY (1nM) attenuates psychosine (20uM) induced demyelination. (B) Bar graph illustrates
changes in PLP staining after psychosine (20uM) +/- pFTY (1 nM) treatments. Mean fluorescence
was calculated by measuring the fluorescence of the whole captured image in each experiment
(Method 2). Data presented as mean +/- SEM (n=3).
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Sujplemental Figure. 3.2: Psychosine-induced reductions in MOG expression is attenuated by
pFY720 (A) Organotypic slice cultures were prepared from the cerebellum of P10 mice and
grown in culture for 12 days. Slices were treated with psychosine (20uM) and/or pFTY for 18 h.
Tht media was then changed and pFTY treatment continued for a further 30 h. Cerebellar
cuture were then processed for immunocytochemistry. Representative confocal images
disllaying Hoescht (blue), MBP (green) and MOG (yellow) immunostaining under treatment
corditions indicated. Confocal images captured at x20 magnification. Treatment with pFTY
(1rM) attenuates psychosine (20uM) induced demyelination. (B) Bar graph illustrates changes
in NOG staining after psychosine (20uM) +/- pFTY (1 nM) treatments. Mean fluorescence was
calulated by measuring the fluorescence of the whole captured image in each experiment
(Method 2). Data presented as mean +/- SEM (n=4).
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Supplemental Figure 3.3: Psychosine-induced demyelination occurs independently of
microglia cell response (A) Organotypic slice cultures were prepared from the cerebellum of
P10 mice and grown in culture for 12 days. Slices were treated with psychosine (20uM) and/or
pFTY for 18 h. The media was then changed and pFTY treatment continued for a further 30 h.
Cerebellar culture were then processed for immunocytochemistry. Representative confocal
images displaying Hoescht (blue) and Ibal (green) immunostaining under treatment conditions
indicated. Confocal images captured at x20 magnification. (B) Bar graph illustrates no changes
in Ibalstaining after psychosine (20uM) +/- pFTY (1 nM) treatments. Mean fluorescence was
calculated using a total of 25-36 independent ROI observations in each experiment. (C) BV2
microglia were serum starved for 3 h and pre-treated with pFTY (1uM ) for 1 h. Cells were then
treated for 18 h with psychosine (1uM, 10uM and 20uM) and the supernatant collected for
ELISA. Data presented as mean +/- SEM (n=4).
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3. Discussion

3.1 Summary of Findings

Accumulation of psychosine, propagation of pro-inflammatory cytokines, demyelination and
the widespread loss of oligodendrocytes are all hallmarks of the KD brain (Suzuki, 1998,
Wenger et al.,, 2001). To date, most studies have focused on the cytotoxic effects of
psychosine on oligodendrocytes, however little is known about the effects of psychosine on
astrocytes. Here we investigated the effect of the cytotoxic lipid metabolite psychosine on
cultures of human astrocytes. Psychosine caused a time- and concentration- dependent
decrease in astrocyte cell numbers as previously reported (Sugama et al., 1990, Giri et al.,
2002). In agreement with the current literature (Haq et al., 2003, Davenport et al., 2011,
Jatana et al., 2002), this astrocytic cell death induced by psychosine appeared to occur via an
apoptotic process as suggested by our JC-1 studies, which showed psychosine induces
mitochondrial dysfunction. Importantly, pFTY720 attenuated psychosine-induced cell death as
well as restoring mitochondrial dysfunction and increasing cell viability caused by psychosine.
Moreover, we found that while psychosine itself did not induce increased levels of pro-
inflammatory cytokines in mouse astrocytes, it did enhance LPS-mediated release of IL6, TNFa
and IL1B, and these effects were again reduced by pFTY720. Although psychosine treatment of
cerebellar slice cultures did not alter the levels of GFAP expression, we report here, for the
first time, that direct application of psychosine to organotypic slice cultures induces
demyelination in a manner that does not include enhanced pro-inflammatory cytokine release.
These data corroborate the idea that psychosine in the brains of KD patients may directly
induce demyelination. In these set of experiments, pFTY720 attenuated LPC induced
demyelination which was shown to include enhanced levels of pro-inflammatory cytokines as
we have reported before (Sheridan and Dev, 2012). Of most interest, pFTY720 also reduced
the demyelination caused by psychosine, in a manner that did not include enhanced levels of
IL6, TNFa and IL1B. Overall, these studies suggest that S1IPRs may regulate myelination state in
both inflammatory and non-inflammatory paradigms.

3.2 Psychosine induces astrocyte cell toxicity

Inflammatory processes have been implicated as a major driving force behind the
pathogenesis of KD (Claycomb et al., 2013). Several studies have reported the expression of
pro-inflammatory cytokines both in vitro and in the twi/twi mouse brain (LeVine and Brown,
1997, Haq et al., 2006, Giri et al., 2002). However, the mechanism governing psychosine-
mediated cell toxicity and the direct role of pro-inflammatory cytokines in the degeneration of
astrocytes and/or oligodendrocytes is still not fully understood. In the present study we found
psychosine treatment itself did not alter pro-inflammatory cytokine levels, and as such is
unlikely to explain the decrease in astrocyte cell numbers we observed after psychosine
treatment. Instead, psychosine may induce astrocyte cell death by altering mitochondrial
function and electron transport as determined by increased JC1 levels in the cytosol. In
agreement with this idea, previous studies have demonstrated that psychosine alters
mitochondrial function and electron transfer, likely via a mechanism involving changes in the
lipid environment of the membrane (Tapasi, 1998, Cooper et al., 1993). Moreover, studies
have also reported that pFTY720 can stabilise mitochondrial function, supporting our findings
that pFTY720 rescues mitochondrial dysfunction induced by psychosine. Interestingly, in this
current study, while psychosine alone had no effect on pro-inflammatory cytokine levels, it
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augmented the LPS-induced release of IL6 from mouse astrocytes, with a similar trend for the
levels of TNFa and IL1R. This finding is comparable to those reported previously where
psychosine potentiated LPS-induced production of TNFa, IL6, IL1R and NO in primary rat
astrocytes, which in turn was suggested to induce oligodendrocyte cell death (Giri et al., 2002,
Giri et al., 2006). These enhanced levels of cytokines were reduced by pFTY720, in agreement
with previous studies from our and other groups demonstrating that S1PR’s play a role in
regulating the levels of cytokines in a number of immune and glial cells (Sheridan and Dev,
2012, Choi et al., 2011, Wang et al., 2007, Zhang et al., 2008b). Thus, in astrocytes, it appears
that psychosine directly modulates mitochondrial function to induce cell death, while in
parallel enhancing cytokine levels under conditions of LPS-induced inflammation and that
pFTY720 can attenuate these effects of psychosine.

3.3 pFTY720 attenuates psychosine-induced demyelination

Profound demyelination and almost complete loss of oligodendrocytes are two of the major
pathological features of KD. The hypothesis that supraphysiologic levels of psychosine kill
oligodendrocytes and result in widespread demyelination is now widely accepted. Recent
studies are now emerging that directly implicate astrocytes and microglia in the etiology of KD
(ljichi et al., 2013, Mohri et al., 2006). Importantly, S1IPRs are known to play many roles in the
regulation of differentiation, cell survival and apoptosis of oligodendrocytes, astrocytes and
microglia (Dev et al., 2008, Miron et al., 2008b). Therefore, we utilised organotypic slice
cultures as a more complex cellular model to investigate the effect of psychosine on
demyelination. Here, for the first time, we showed that psychosine can directly induce a
concentration dependent demyelination, as expressed by a decrease in the levels of MOG and
MBP and that pFTY720 can attenuate these effects. These findings are in agreement with our
and other previous reports, demonstrating that pFTY720 rescues myelination state (Jung et al.,
2007, Coelho et al., 2007, Miron et al.,, 2008b, Miron et al., 2008a, Mattes et al., 2010,
Sheridan and Dev, 2012). Interestingly, unlike LPC, psychosine treatment alone did not induce
the release of IL6, TNFa or IL1B from cerebellar slices, which was in agreement with our
astrocyte data. These findings suggest that psychosine induces demyelination independent
from the release of pro-inflammatory cytokines and most importantly that pFTY720 can inhibit
demyelination independent from the regulation of pro-inflammatory cytokines. Of note,
psychosine also induced a reduction in NFH fluorescence, although this did not reach
significance. Interestingly, psychosine accumulation has been reported to increase PP1, PP2A
and GSK3p activity, which dephosphorylates neurofilaments and inhibits fast axonal transport
(Cantuti-Castelvetri et al.,, 2012, Cantuti-Castelvetri et al., 2013). If this is the case, the
demyelination seen here may not be a direct effect of psychosine on oligodendrocytes, but
instead could stem from (i) initial damage to the neurons or (ii) demyelination and
neurofilament damage may participate in a cycle in which they augment one another.
Importantly, pFTY720 has been shown to have direct effects on neuronal function and in the
preservation of axonal integrity (Slowik et al., 2015). Further experiments however, are
needed to address the direct effect of psychosine on neurofilaments. While recent clinical data
demonstrating a lack of efficacy for pFTY720 in progressive forms of multiple sclerosis has
been disappointing, our cellular studies here suggest that SIPRs may be useful targets in
demyelinating illnesses such as KD.
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3.4 Further discussion and limitations

Some of the limitations observed during this study are worthy of mention. (1) In our astrocyte
cell culture studies we noted the toxicity of psychosine differed between batches purchased
and required optimisation before use. In addition, whether the psychosine concentrations we
used in vitro reflect those found in vivo remains to be clarified. (2) We utilized the change in
astrocyte cell shape induced by psychosine as one of the assays to measure cell death. There
are a number of other, more conventional, cell death assays available such as the MTT assay,
TUNEL assay, calcein and propidium iodide stains (Live/Dead assay) and LDH cytotoxicity
detection method. There are also assays that specifically detect apoptosis such as DNA
fragmentation detection, caspase activation, mitochondrial stains and protease activity assays.
There are a number of reasons however, why we believe using cell shape as a method to
measure cell death was acceptable for this particular experiment. Firstly, the drastic effect
psychosine had on the astrocyte cells was clearly visible using a microscope. Secondly,
astrocytes grow in a monolayer stuck firmly to the bottom of the culture dish and dead
astrocytes will detach and float off. Therefore, the images could clearly capture psychosine
inducing cell death as the astrocytes would first round up and then ‘pop off’ the bottom of the
dish and float in the media and this could be quantified using image J software. In addition to
this ‘cell shape method’ we also used the MTT assay to confirm our findings and utilised the JC-
1 assay to indicate the method of cell death was apoptosis. (3) FCCP should have been used as
a control when running the JC-1 experiment. (4) We have used the immunolabeling of MBP,
PLP and MOG as an indication of myelination state, however, these proteins are also present in
nonmyelinating oligodendrocytes and cell debris and hence can often result in an
overestimation of myelin. In addition, this method does not address the thickness or
compaction of the myelin sheath. With this in mind, the use of electron microscopy to further
validate our findings would be warranted. Another, perhaps more readily available, option
would be the immunolabeling of the oligodendroglial protein neurofascin (NFC-155) or its
binding partner Caspr in addition to MBP (Jarjour et al. 2012). (5) The cerebellar slice
experiment was not blinded and this may have introduced bias. To analysis the cerebellar slice
experiments (Figure 3.5) we initially used a method in which a total of 25-36 independent ROI
observations were made of each 10x slice image and the mean fluorescence was then
calculated for each independent experiment. This involved selecting the ROI’s and hence may
lead to bias. To minimize this, we removed the need to select ROIs and instead measured the
fluorescence of the full slice image captured at 20x. Although this may have improved the
integrity of the data, in order to remove all bias the slice experiments and analysis should be
done blinded.
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Chapter 4. The dual S1PR1/5 drug BAF312 (Siponimod)
attenutes psychosine induced demyelination in organotypic
slice cultures.
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Chapter Aims

* To investigate the effect of the S1PR1/5 agonist, BAF312, on ERK and AKT
phosphorylation in human and mouse astrocytes.

e To examine the relative importance of S1PR1, S1IPR3 and S1PR5 in BAF312 and
pFTY720 induced-phosphorylation of ERK and AKT in both mouse and human

astrocytes.

* To determine whether the S1IPR1/5 selective agonist, BAF312, induces internalisation
of the S1PR1.

« To investigate the effect of BAF312 on Ca”" signalling in human astrocytes and to
investigate the role of the S1PR1 receptor in Ca** signalling using the S1PR1 antagonist
NIBR-0213.

* To examine the role of S1PRs in regulating levels of IL6 in astrocytes and microglia.

* To determine if BAF312 is protective against LPC and psychosine induced
demyelination.
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Abstract

BAF312 (Siponimod), a second generation sphingosine-1 phosphate receptor (S1PR)
modulator, is a dual agonist at the S1PR1 and S1PR5 subtypes. This drug is currently
undergoing clinical trials for secondary progressive multiple sclerosis (MS). Here we
investigated the effects of BAF312 on isolated astrocyte and microglia cultures as well as in
slice culture models of demyelination. BAF312 modulated pERK, pAKT and Ca®" signaling
pathways as well as inducing S1PR1 internalization in astrocytes. We noted the coupling of
S1PR1 and S1PR3 subtypes to pERK and pAKT differed in mouse and human astrocytes. In
particular, SIPR1, compared to S1PR3, appeared to play a central role in mouse astrocytes
while both S1PR1 and S1PR3 were equally coupled to pERK and pAKT in human astrocytes.
During our studies, we also observed that BAF312 had moderate effects on LPS or TNFa/IL17-
induced increases in IL6 when using astrocyte or microglia cell cultures. In organotypic slice
cultures, however, BAF312 attenuated LPC-induced levels of IL6 as well as demyelination. The
toxic lipid metabolite psychosine, which accumulates in the brains of patients with Krabbe
disease (KD), also induced demyelination in organotypic slice cultures. This demyelination was
not associated with changes in the levels of IL6 and importantly, was also attenuated by
BAF312. Overall, this current study suggests that BAF312 can modulate glial cell function and
attenuate demyelination, highlighting this drug as a further potential therapy in demyelinating
disorders such as KD.
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1. Introduction

The family of spingosine-1-phosphate receptors (S1PR) have been rapidly gaining attention as
important mediators of many cellular processes, including cell differentiation, migration,
survival, angiogenesis, calcium homeostasis, inflammation and immunity (Fyrst and Saba,
2010). These receptors are G-protein coupled and are known targets for the drug Gilenya®
(pFTY720), an oral therapy used in patients with multiple sclerosis (MS) (Kappos et al., 2010).
The phosphorylated version of FTY720 (pFTY720) acts on four of the five S1PRs (S1PR1, S1PR3,
S1PR4 and S1PR5) and acts as a functional antagonist at the S1PR1 subtype by causing S1PR1
internalisation, thereby inhibiting lymphocyte egress from lymph nodes to the periphery and
central nervous system (CNS) (Adachi and Chiba, 2008). FTY720 can also cross the blood brain
barrier, where it is then phosphorylated and likely regulates neuronal and glial cells (Jackson et
al., 2011b, Choi et al., 2011). S1PR expression is cell type dependent and these receptors are
known to play a role in, for example, astrocyte migration, oligodendrocyte myelination state
and neurite outgrowth and neurogenesis. (Dev et al., 2008, Choi et al., 2011, Sheridan and
Dev, 2012, Miron et al., 2010, Mattes et al., 2010).

Since the development of pFTY720 and its demonstrated clinical efficacy in MS, there have
been ongoing efforts to develop more selective S1PR agonists and antagonists (Pan et al.,
2013). These compounds have focused primarily on creating selectivity for SIPR1 and/or
S1PR5, with limited activity for S1IPR3. Reasons for this, in most part, are due to suggestions
that S1PR1 regulates inflammatory response (Chae et al., 2004), that S1IPR1 and S1PR5 can
promote myelination state (Ishii et al., 2004, Jaillard et al., 2005, Im et al., 2000, Jackson et
al., 2011b), but that S1PR3 activation induces bradycardia (Pan et al., 2013, Forrest et al.,
2004). Siponimod (BAF312) ((E) -1- (4- (1- (((4- cyclohexyl-3- (trifluoromethyl) benzyl)oxy )
imino ) ethyl)- 2-ethylbenzyl)azetidine-3-carb oxylic acid)), is a SIPR1/S1PR5 dual agonist that
has been developed by modification of the hydrophobic alkyl chain in FTY720 and replacement
of the n-octyl moiety with a substituted benzyloxy oxime moiety (Pan et al., 2013). Further
replacement of an amino phosphate moiety of FTY720 by amino carboxylic acids has provided
BAF312 with shorter elimination half-lives in vivo and with the added benefit of developing a
‘non’ pro-drug (Gergely et al.,, 2012). In rat models of experimental autoimmune
encephalomyelitis (EAE), BAF312 supresses preclinical symptoms (Gergely et al., 2012).
Interestingly, however, despite sparing S1PR3 activity, BAF312 still causes bradycardia in
humans however, this can be mitigated using a novel dose titration scheme (up to 2-10mg
over 9/10 days) (Pan et al., 2013, Gergely et al., 2012, Legangneux et al., 2013). BAF312 has
successfully undergone Phase Il clinical trials for relapsing remitting MS warranting further
Phase lll trials (Selmaj et al., 2013).

Here we investigate the effects of BAF312 on receptor trafficking, signalling, and pro-
inflammatory cytokine levels in astrocytes, as well as its effects on demyelination in
organotypic slices cultures. We also demonstrate the effects of BAF312 in a demyelination
slices culture model of globoid cell leukodystrophy (Krabbe disease, KD) using the toxic lipid
metabolite psychosine.
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2. Results

2.1 Activation of SIPR1/5 promotes pERK and pAKT signalling in mouse and human
astrocytes

The Ras/Raf/MEK/ERK and PI3K/PTEN/AKT signalling cascades are key signalling pathways
involved in the regulation of cell survival and proliferation of numerous cell types. Activation of
the S1PRs is known to induce potent ERK phosphorylation in astrocytes (Osinde et al., 2007)
and AKT phosphorylation in various mammalian cells (Lee et al., 2001, Liu et al., 2009).
Induction of pERK is known to be a transient response with maximal induction of signalling
seen between 10-30 min of treatment (Osinde et al., 2007). Here we investigated the effect of
the S1PR1/5 agonist, BAF312, on ERK and AKT phosphorylation in human and mouse
astrocytes. Cultured human and mouse astrocytes were serum starved for 4 h and then
treated with increasing concentrations of BAF312 (1nM, 10nM, 100nM and 1uM) for 10 min
(PERK) or 30 min (pAKT) and the samples prepared for Western blotting. As expected, the
treatment of astrocytes with BAF312 for 10 min and 30 min induced ERK and AKT
phosphorylation respectively, in a concentration dependent manner in both mouse and human
astrocytes (Figure 4.1). It is noteworthy that species differences in S1IPR1 and S1PR3 function,
in particular between human and mouse, has been observed, where the initial bradycardia
experienced after pFTY720/BAF312 treatment is reported. Next, therefore we aimed to
determine if S1IPRs were differentially coupled to pERK and pAKT in mouse and human
astrocytes.

2.2 Differential roles for S1IPR1 and S1PR3 in pERK signalling in mouse and human
astrocytes

Given that astrocytes express S1PR1, S1IPR3 and S1PR5, we examined further the role of these
individual receptors to induce pERK and pAKT using selective agonists and antagonists. In
mouse astrocytes, AUY954 treatment (S1PR1 agonist) induced significant pERK signaling, with
a limited effect observed for CYM5541 treatment (S1PR3 agonist) (Tocris bioscience, 4897) and
no effect seen with a selective S1PR5 agonist, herein called BLA241 (compound 1L, Mattes et
al 2010) (Figure 4.2Ai). Pretreatment with NIBR-0213 (S1PR1 antagonist) (1uM) fully inhibited
BAF312-induced pERK (Figure 4.2Aii). The data also showed that pretreatment with NIBR-0213
(S1PR1 antagonist), but not TY52156 (S1PR3 antagonist), partially blocked pFTY720-mediated
effects (Figure 4.2Aiii). In human astrocytes, AUY954 (S1PR1 agonist) and CYM5541 (S1PR3
agonist) induced pERK signaling to a similar extent, while BLA241 (S1PR5 agonist) treatment
had no effect (Figure 4.2Bi). Pre-treatment with NIBR-0213 (S1PR1 antagonist) completely
inhibited effects of BAF312 (Figure 4.2Bii), while pre-treatment with NIBR-0213 (S1PR1
antagonist) or TY52156 (S1PR3 antagonist) modestly decreased the effects of pFTY720 on
levels of pERK (Figure 4.2Biii). Together, these observations suggest S1PR1 activation, and to a
lesser extent S1PR3, increases levels of pERK in mouse astrocytes. In contrast, the activation of
S1PR1 or S1PR3 promote equally pERK signalling in human astrocytes.
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Figure 4.1: Activation of S1IPR1/5 promotes pERK and pAkt signaling in mouse and human
astrocytes. BAF312 at concentrations shown induced pERK after 10 min (n=3) and pAKT after
30 min treatments (n=4). (A) in mouse astrocytes and (B) in human astrocytes. Data presented
as +/- SEM (n=3-4), one-way ANOVA and Newman-Keuls multiple comparison post-test * p <
0.05, ** p < 0.01, *** p < 0.001.

91



A(i). A(ii). A(iii).

pERK1/2 0 = 5 ok pERK1/2 e e pERK1/2 o e S oo S—
HERK s s oo a— tERK v o @D e e GHND TERK e " e e
[OJcui M NIBR-0213 Oectn W pFTY
800 g 800 e
£ £ -
© 500 T s00
Mouse 2 - o 2 *
Astrocytes 2 400 o 400
o 4
W 200 W 200
0 = 0
Ctrl  AUY CYM BLA °“Ctl BAF FTY Ctl BAF FTY CtriNIBR TY Ctrl NIBR TY
(R1)  (R3) (RS) (R1/5) (pan) (R1/6) (pan) (R1A®)(R3A™)  (R1ANY (R3A™)
B(i). B(ii). B(iii).
pERK1/2 i . pERK1/2 = 2 pERK1/2 Ao ]
(ERK e s o . TERK  #o mu s o, S tERK <" s wms anp S0 o=
= _ e [Jctn [ NIBR-0213
3
< § 2000
Human £ L0
x ¥
Astrocytes & 1000
w 100 w
(=% [=%

3 o 0
Ctrl  AUY CYM BLA Ctrl BAF FTY Ctl BAF FTY Ctrl NIBR TY Ctrl NIBR TY
(R1)  (R3) (RS) (R1/6) (pan) (R1/5) (pan) (RIA)(RIA) (R1ARY(RIA)

Figure 4.2: Differential roles for SIPR1 and S1PR3 in pERK signalling in mouse and human
astrocytes. Astrocytes were serum starved for 4 h before all treatments. All treatment with
agonists were for 10 min and pretreatment with antagonists were at 1uM for 1 h. (Ai) AUY954
(S1PR1 agonist, 1uM), but not CYM5541 (S1PR3 agonist, 1uM) or BLA214 (S1PR5 agonist,1uM)
induced pERK signaling in mouse astrocytes. (Bi) Similar treatments with AUY954 or CYM5541,
but not BLA214, induced pERK signaling in human astrocytes. Pre-treatment with NIBR-0213
(S1PR1 antagonist) fully blocked BAF312 (100nM)-induced pERK, while partially attenuating
treatment with TY52156 (S1PR3 antagonist) showed no effect on pFTY720-mediated increase
of pERK in (Aiii) mouse astrocytes, while (Biii) partially attenuating pFTY720 (100nM)-mediated
effects in human astrocytes. Data presented as +/- SEM (n=3-6), one-way ANOVA and
Newman-Keuls multiple comparison post-test compared to non-treated control *p < 0.05, **p
< 0.01, ***p < 0.001, # p < 0.05, ## p < 0.001 compared to FTY720. (R1); S1IPR1, (R3); S1PR3,
(R5); S1PR5, (pan); S1PR pan agonist, (R1*™); SIPR1 antagonist, (R3""™); SIPR3 antagonist.
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Figure 4.3: Differential roles for S1PR1 and S1PR3 in pAKT signalling in mouse and human
astrocytes. Astrocytes were serum starved for 4 h before all treatments. All treatment with
agonists were for 30 min and pretreatment with antagonists were at 1uM for 1 h. (Ai) AUY954
(S1PR1 agonist, 1uM), but not CYM5541 (S1PR3 agonist, 1uM) or BLA214 (S1PR5 agonist,1uM)
induced pAKT signaling in mouse astrocytes. (Bi) Similar treatments with AUY954 or CYM5541,
but not BLA214, induced pAKT signaling in human astrocytes. Pre-treatment with NIBR-0213
(S1PR1 antagonist) blocked BAF312 (100nM) in (Aii) mouse and (Bii) human astrocytes, whereas

astrocytes. Pre-treatment with TY52156 (S1PR3 antagonist) showed no effect on pFTY720
(100nM)-mediated increase of pAKT in (Aiii) mouse astrocytes or (Biii) human astrocytes. Data
presented as +/- SEM (n=3-6), one-way ANOVA and Newman-Keuls multiple comparison post-
test compared to non-treated control *p <0.05, **p <0.01, ***p < 0.001, ## p <0.001 compared
to FTY720. (R1); S1PR1, (R3); S1PR3, (R5); S1PR5, (pan); S1PR pan agonist, (R1*™); S1PR1
antagonist, (R3”™); S1IPR3 antagonist.
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2.5 BAF312 induces an increase in iCa?* levels in human astrocytes

The endoplasmic reticulum is the major store of Ca®' in astrocytes (Parpura and Verkhratsky,
2012) and activation of S1PRs by pFTY720 and AUY954 is known to evoke Ca? signalling in
astrocytes (Healy et al. 2013, Mullershausen et al. 2007). Here we investigated the effect of the
dual S1IPR1/5 agonist BAF312 on Ca* signaling in human astrocytes. Human astrocytes were
serum starved and loaded with Fluo-8 AM prior to stimulation with increasing concentrations of
BAF312 (10nM, 100nM, and 1uM). In these studies, BAF312 (100nM and 1uM) was observed to
elicit an increase in iCa?* levels. We also noted a minority of cells showing Ca?* oscillations (data
not shown). The effect of BAF312 was attenuated by pre-treatment with the S1PR1 antagonist
NIBR-0213 suggesting a role for the S1PR1 subtype (Figure 4.5).

2.6 S1PR does not robustly attenuate levels of IL6 in astrocytes.

Previous studies from our and other groups have demonstrated that S1PR’s play a role in
regulating the levels of cytokines in a number of immune cell cultures and in organotypic slice
cultures (Sheridan and Dev, 2012, Choi et al., 2011, Wang et al., 2007, Zhang et al., 2008b).
Here we investigated the modulatory effect of BAF312 on LPS- or TNFa/IL17-induced levels of
the cytokine IL6 using isolated mouse and human astrocytes respectively. Cultured human and
mouse astrocytes were serum starved for 4h and pre-treated with BAF312 (1nM, 10nM, 100nM
and 1uM) for 1 h. Mouse astrocytes were then treated with lipopolysaccharide (LPS) (100 ng/mL)
for 18 h while human astrocytes were treated with TNFa/IL17 (10ng/ml, 50ng/ml) for 18 h. The
supernatants were then analysed by ELISA (Figure 4.6A). LPS treatment of mouse astrocytes
resulted in the increase of IL6 which, in our hands, was only modestly attenuated by either
pFTY720 or BAF312 (Figure 4.6B). Human astrocytes treated with TNFa/IL17 also resulted in the
increase of IL6, which was also not noticeably altered by either pFTY720 or BAF312 treatment
(Figure 4.6C). We additionally investigated these effects in mouse microglia cultures and
similarly found that LPS induced significant levels of IL6, however these effects were again only
modestly attenuated by pFTY720 or BAF312 (Figure 4.6D, E). These data demonstrate that
modulation of SIPR by BAF312 or pFTY720 does not strongly alter the levels of IL6 in astrocytes
and microglia, at least in isolated cell cultures.
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Figure 4.4: BAF312 induces internalisation of the S1IPR1. Mouse astrocytes were serum starved
for 4 h and then treated for 1 h with BAF312 (10nM, 100nM, 1uM) or pFTY (1uM). BAF312 at
1uM concentration induced internalisation of S1PR1.
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2.5 BAF312 induces an increase in ;Ca’' levels in human astrocytes

The endoplasmic reticulum is the major store of Ca®"in astrocytes (Parpura and Verkhratsky,
2012) and activation of S1IPRs by pFTY720 and AUY954 is known to evoke Ca? signalling in
astrocytes (Healy et al. 2013, Mullershausen et al. 2007). Here we investigated the effect of
the dual S1PR1/5 agonist BAF312 on Ca’* signaling in human astrocytes. Human astrocytes
were serum starved and loaded with Fluo-8 AM prior to stimulation with increasing
concentrations of BAF312 (10nM, 100nM, and 1uM). In these studies, BAF312 (100nM and
1uM) was observed to elicit an increase in Ca’* levels. We also noted a minority of cells
showing Ca®* oscillations (data not shown). The effect of BAF312 was attenuated by pre-
treatment with the S1PR1 antagonist NIBR-0213 suggesting a role for the S1PR1 subtype
(Figure 4.5).

2.6 S1PR does not robustly attenuate levels of IL6 in astrocytes.

Previous studies from our and other groups have demonstrated that S1PR’s play a role in
regulating the levels of cytokines in a number of immune cell cultures and in organotypic slice
cultures (Sheridan and Dev, 2012, Choi et al., 2011, Wang et al., 2007, Zhang et al., 2008b).
Here we investigated the modulatory effect of BAF312 on LPS- or TNFa/IL17-induced levels of
the cytokine IL6 using isolated mouse and human astrocytes respectively. Cultured human and
mouse astrocytes were serum starved for 4h and pre-treated with BAF312 (1nM, 10nM,
100nM and 1uM) for 1 h. Mouse astrocytes were then treated with lipopolysaccharide (LPS)
(100 ng/mL) for 18 h while human astrocytes were treated with TNFa/IL17 (10ng/ml, 50ng/ml)
for 18 h. The supernatants were then analysed by ELISA (Figure 4.6A). LPS treatment of mouse
astrocytes resulted in the increase of IL6 which, in our hands, was only modestly attenuated by
either pFTY720 or BAF312 (Figure 4.6B). Human astrocytes treated with TNFa/IL17 aiso
resulted in the increase of IL6, which was also not noticeably altered by either pFTY720 or
BAF312 treatment (Figure 4.6C). We additionally investigated these effects in mouse microglia
cultures and similarly found that LPS induced significant levels of IL6, however these effects
were again only modestly attenuated by pFTY720 or BAF312 (Figure 4.6D, E). These data
demonstrate that modulation of S1IPR by BAF312 or pFTY720 does not strongly alter the levels
of IL6 in astrocytes and microglia, at least in isolated cell cultures.
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Figure 4.5. BAF312 induces an increase in jCa®* levels in human astrocytes. Stimulation of
human astrocytes with the S1P1/S1P5 receptor agonist BAF312 increases ;Ca** levels in Fluo-
8AM loaded human astrocytes. (A) Representative images taken from time-lapse series at
baseline and after addition of BAF312 (30 sec) is shown. All cells were stimulated and responded
to 3 uM glutamate (150 sec) (not shown). (B) Analysis showing traces of 4 separate experiments.
(C) Average data showing BAF312 significantly promotes iCa** levels in human astrocytes, which
is attenuated by the S1PR1 slective antagonist NIBR-0213 (n=4).
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Figure 4.6. S1PR modulation selectively attenuates TLR4, but not TNFR/IL17R, mediated increase
in levels of IL6 in astrocytes. (A) Astrocytes or microglia were serum starved for 4 h, pre-treated with
indicated concentrations of BAF312 and then treated with LPS (1-100 ng/ml) or TNFa/IL17. (B)
Mouse astrocytes treated with LPS increased levels of IL6, which was modestly attenuated by BAF312
(n=7). (€) Human astrocytes treated with LPS did not increase levels of IL6 (data not shown). In
agreement with our previous studies, IL17/TNFa increased levels of IL6, however these were not
inhibited by BAF312 or FTY720 (n=4). (D & E) Mouse microglia treated with LPS (1-100ng/ml)
increased IL6 levels in a concentration dependent manner. pFTY720 and BAF312 moderately
attenuated the LPS-induced increases in IL6. Data presented as +/- SEM (n=3-7), one-way ANOVA
and Newman-Keuls multiple comparison post-test * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.7 BAF312 attenuates LPC-induced demyelination in mouse organotypic cerebellar
slice cultures.

pFTY720 promotes remyelination as well as limits demyelination induced by the bioactive lipid
lysolecithin (lysophosphatidylcholine, LPC) (Miron et al., 2010, Sheridan and Dev, 2012). The
high expression of S1IPRS5 on oligodendrocytes suggests this receptor may also have roles in
myelination. Therefore we exposed organotypic cerebellar slice cultures to LPC (0.5 mg/ml) in
the presence or absence of BAF312 (10nM) for 18 h and treated for a further 30 h with BAF312
(10nM) (Figure 4.7A). Similar to our previous studies demonstrating the protective effects of
pFTY720 (Sheridan and Dev, 2012, Pritchard et al., 2014), the LPC-induced demyelination in the
cerebellar slice cultures was attenuated by treatment with BAF312 (Figure 4.7B). To determine
further whether BAF312 attenuated the levels IL6, the media from these organotypic slice
cultures was analysed by ELISA. LPC induced at least a 60-fold increase of IL6 after 18h (24.6+/-
14.6pg/ml vs. 1514 +/- 314.9pg/ml) compared with controls. Notably, in contrast to its effects
in isolated astrocyte or microglia cell cultures, BAF312 (10nM) treatment attenuated the LPC-
induced levels of IL6 after 18h (1.1 +/- 0.4 ng/mlvs 0.4 +/- 0.04 ng/ml) respectively (Figure 4.7C).
These effects were transient, where IL6 returned to high levels after 48h (not shown). Taken
together, these findings in slice cultures may be explained by direct effects of pFTY720 and
BAF312 on immune cells rather than on astrocytes or microglia as we have previously discussed
(Sheridan and Dev, 2012, Pritchard et al., 2014).

2.8 BAF312 attenuates demyelination effects of the Krabbe disease metabolite,
psychosine, in organotypic cerebellar slice cultures.

Rapid and complete loss of myelin and the myelin forming oligodendrocytes is one of the main
pathological features of KD (Davenport et al., 2011). This illness is believed to be caused by the
progressive accumulation of the toxic lipid metabolite, psychosine, in the brains of patients
(Davenport et al., 2011). Recently, we have shown that pFTY720 significantly attenuates
psychosine-induced demyelination in cerebellar slices (O'Sullivan and Dev, 2015). Here, to
corroborate these findings, we examined whether BAF312 could also attenuate psychosine-
induced demyelination. Organotypic cerebellar slice cultures were exposed to psychosine
(20uM) in the presence or absence of BAF312 (10nM) for 18 h and treated for a further 30 h
with BAF312 (10nM) (Figure 4.8A). We noted that psychosine induced a modest, although not
significant, decrease in the levels of neurofilament H (NFH). More importantly, psychosine
induced significant demyelination, as measured by the loss of MBP staining, which was
significantly attenuated by BAF312 (10nM) (Figure 4.8B). We again measured the levels of IL6
by ELISA in these experiments, after the initial 18h treatment. In this case, unlike LPC,
psychosine did not induce an increase in the levels of IL6 (Figure 4.8C). We suggest, therefore,
that the modulation of SIPR1/S1PR5 by BAF312 is sufficient to rescue demyelination
associated with or without changes in cytokines induced by toxins such as LPC and psychosine,
respectively.
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Figure 4.7. BAF312 attenuates LPC induced demyelination and IL-6 levels in mouse organotypic
cerebellar slice cultures. (A) Experimental timeline is shown, as previoulsy described (Sheirdan
et al 2012). Organotypic cerebellar slice cultures were treated with LPS (0.5 mg/ml) for 18h in
the presence or absence of BAF312, and then treated with BAF213 alone for an additional 30h
(totalling 48h) after which slices were processed for immunostaining. (Bi) Representative images
show BAF312 attenuates LPC-induced demyelination as measured by MBP immunostaining,
demonstrating effects of BAF312 on LPC-induced changes in MBP and NFH immunostaining.
Mean fluorescence was calculated by measuring the fluorescence of the whole captured image
in each experiment (Method 2) (C) Organotypic cerebellar slice cultures were treated with LPS
(0.5 mg/ml) for 18h in the presence or absence of BAF312, and the media was processed for
ELISA. Treatment with BAF312 attenuated the levels of IL6. Data presented as +/- SEM (n=3-4),
one-way ANOVA and Newman-Keuls multiple comparison post-test * p < 0.05, ** p < 0.01, # p
< 0.05 compared to LPC.
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Figure 4.8. BAF312 attenuates psychosine induced demyelination in mouse organotypic
cerebellar slice cultures. (A) Experimental timeline is shown. Organotypic cerebellar slice
cultures were treated with psychosine (20uM) for 18h in the presence or absence of BAF312,
and then treated with BAF213 alone for an additional 30h (totalling 48h) after which slices were
processed forimmunostaining. (Bi) Representative images show BAF312 attenuates psychosine-

Data analysis of 4 separate experiments, demonstrating effects of BAF312 on pyschosine-
induced changes in MBP and NFH immunostaining. Mean fluorescence was calculated by
measuring the fluorescence of the whole captured image in each experiment (Method 2). (C)
Organotypic cerebellar slice cultures were treated with pyschosine (20uM) for 18h in the
presence or absence of BAF312, and the media was processed for ELISA. Treatment with
pyschosine, with or without BAF312, showed no chanages in the levels of IL6. Data presented as
+/- SEM (n=4).
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3. Discussion

3.1 Summary of Findings

In this study, we investigated the role S1IPR1 and S1PR5 in astrocyte function by using the
S1PR3-sparing drug BAF312 (Siponimod), which is currently in Phase Il clinical trials for
secondary progressive MS. Similar to pFTY720 (Healy et al., 2013, Osinde et al., 2007), we
found BAF312 induced levels of pERK, as well as pAKT, in a concentration dependent manner
in both human and mouse astrocytes. Furthermore we demonstrated that the selective S1PR1
agonist, AUY954, induces pERK and pAKT signalling in both human and mouse astrocytes, the
S1PR3 agonist, CYM5541, induces pERK and pAKT only in human astrocytes and the S1PR5
agonist, BLA214, does not induce ERK or AKT phosphorylation in either mouse or human
astrocytes. The S1PR1 specific antagonist, NIBR-0213 (Quancard et al., 2012), inhibited the
effects of BAF312 on pERK and pAKT signalling in human and mouse astrocytes. This suggests
that BAF312-induced phosphorylation of ERK and AKT is mediated via the S1PR1 subtype.
Using the S1PR1 and S1PR3 antagonists, NIBR-0213 and TY52156, we show that S1IPR1 may
play a more critical role in regulating pAKT signalling compared to pERK in mouse astrocytes
and that both S1PR1 and S1PR3 play a role in pERK and pAKT signalling in human astrocytes.
BAF312 also stimulated levels of Ca*" in human astrocytes, which was attenuated by NIBR-
0213, indicating further an importance of the S1PR1 subtype. Similar to pFTY720 (Adachi and
Chiba, 2008) the treatment of astrocytes with BAF312 induced S1PR1 internalisation in a
concentration dependent manner. In our hands neither pFTY720 nor BAF312 greatly
attenuated the release of IL6 from LPS- or TNFa/IL17-stimulated mouse and human astrocytes,
respectively. In addition, pFTY720 did not attenuate IL6 levels from LPS stimulated mouse
microglial cultures. We also report here that BAF312 attenuated both LPC- and psychosine-
induced demyelination in organotypic slice cultures. The effects of BAF312 in LPC-induced
demyelination was accompanied by a decrease in the induced levels of IL6, in agreement with
our previous study (Sheridan and Dev, 2012). Of most interest, the effect of BAF312 in the
psychosine-induced demyelination was not associated with changes in the levels of IL6.
Overall, these studies suggest that BAF312 may regulate myelination state in both
inflammatory and non-inflammatory models of demyelination.

3.2 Differential coupling of S1PR subtypes to pERK and pAKT in mouse and human
astrocytes.

The signalling molecules pERK and pAKT are both associated with activating pro-survival
pathways and moreover S1PRs are known to modulating these pathways (Coelho et al., 2007,
Miron et al., 2008b, Jung et al., 2007). To further delineate the relative contributions of
S1PR1, 3 or 5 to modulate ERK and AKT phosphorylation in astrocytes, we used the selective
agonists AUY954 (S1PR1), CYM5541 (S1PR3) and BLA214 (S1PR5) to stimulate human and
mouse astrocytes. We found that S1PR5 is not coupled to pERK and pAKT in mouse or human
astrocytes. In contrast the S1IPR1 agonist, AUY954, induced ERK and AKT phosphorylation in
both human and mouse astrocytes indicating that S1PR1 plays a central role in the induction of
pERK and pAKT. Interestingly, the S1PR3 agonist, CYM5541, induced ERK and AKT
phosphorylation only in human astrocytes suggesting that SIPR3 may have a greater influence
on pERK and pAKT signaling in human astrocytes in comparison to mouse astrocytes. By use of
the S1PR1 antagonist, NIBR-0213 and the S1PR3 antagonist, TY52156, we also demonstrated
the following rank order of importance for pFTY720 activation of pERK and pAKT in human and
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mouse astrocytes: SIPR1>S1PR3 for pERK signalling and S1IPR1>>S1PR3 for pAKT signalling in
mouse astrocytes; SIPR3>S1PR1 for pERK signalling and S1PR1=S1PR3 for pAKT signalling in
human astrocytes ( 9). Such species dependent differences between human and
mouse S1PR1 and S1PR3 function has been reported before. For example, a variance in S1PR1
and S1PR3 function between human and mouse has been seen previously as the initial
bradycardia experienced after pFTY720/BAF312 treatment is reported to be species-
dependent (Pan et al., 2013, Gergely et al., 2012). In addition, bone marrow derived
mesenchymal stem cells (MSCs) have been shown to express collagen via the activation of
S1PR1 and S1PR3 in mouse cells, while collagen expression MSCs is negatively regulated by
S1PR1 and S1PR3 in human cells (Chang et al., 2014). In summary, our results suggest that
S1PR1, compared to S1PR3, plays a more dominant role in pERK/pAKT signalling in mouse
astrocytes, whereas S1PR1 and S1PR3 are equally important in regulating these pathways
human astrocytes.
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Figure 4.9. Summary figure of S1IPR1 and S1PR3 contributions to pERK and pAKT signalling
in mouse and human astrocytes. SIPR1>S1PR3 for pERK signalling and S1PR1>>S1PR3 for
pAKT signalling in mouse astrocytes; SIPR3>S1PR1 for pERK signalling and S1PR1=S1PR3 for
pAKT signalling in human astrocytes.
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3.3 The role of S1PRs in regulating levels of IL6 in microglia and astrocytes

Specific knockout of S1IPR1 from astrocytes or pFTY720 treatment reduces the levels of IL1B,
IL6 and 1L17, which are cytokines increased during the course of EAE (Choi et al., 2011). In
agreement, pFTY720 also attenuates the levels of cytokines such as IL6, TNFa and IL1B from
LPS-activated microglia, in addition to enhancing the levels of BDNF (brain-derived nerve
factor) and GDNF (glial-derived nerve factor) (Noda et al., 2013). Here, we showed that while
BAF312 and pFTY720 modestly attenuate the levels of IL6 from LPS-stimulated mouse
astrocytes, they had no observable effect on TNFa/IL17 stimulated human astrocytes. We also
found pFTY720 did not strongly attenuate LPS-induced IL6 in cultured mouse microglia. In
contrast, BAF312 attenuated the levels of IL6 levels in organotypic slice cultures treated with
LPC, similar to our previous data (Sheridan and Dev, 2012). Unlike isolated cell cultures,
organotypic slice cultures preserve the brain architecture and also contain immune cells
(Prodinger et al.,, 2011, Ling et al., 2008, Sheridan and Dev, 2012). Thus, one possible
explanation for our findings using cultured astrocytes and microglia, versus organotypic slice
cultures, may be the absence or presence of peripheral immune cells, respectively. This is in
line with our previous findings demonstrating that MOG-reactive splenocytes can induce
demyelination when added to organotypic slice cultures and their treatment with pFTY720
reverses this effect (Pritchard et al., 2014).

3.4 The potential use of S1PRs as drug targets in Krabbe disease

The treatment of organotypic slices with the demyelinating agent lysophosphatidylcholine
(LPC) is an established in vitro model to study the effects demyelination, where drugs such as
pFTY720 have shown to be protective (Miron et al., 2010, Sheridan and Dev, 2012). In the
present study, we found BAF312 attenuated both LPC-induced demyelination as well as the
levels of IL6 in organotypic slice cultures, similar to that observed for pFTY720 (O'Sullivan and
Dev, 2015). We also used the toxic agent psychosine to induce demyelination, which
accumulates in the brain of patients with KD causing widespread demyelination and almost
complete loss of oligodendrocytes in the white matter (Davenport et al., 2011). Notably, we
have found that psychosine induces demyelination in a manner that is not associated with
altered levels of cytokines, including IL1B, TNFa and IL6 (O'Sullivan and Dev, 2015). In the
present study, psychosine induced demyelination that was not associated with altered levels
of I1L6 as we have previously observed (O'Sullivan and Dev, 2015) and most importantly,
BAF312 attenuated this psychosine-induced demyelination. As stated in chapter 3, it is
important to note that psychosine-induced axon damage may also be cause of demyelination
in this experimental paradigm. Although no significant reduction of NFH fluorescence was
observed in the current study, further work is required to conclusively determine if psychosine
induces demyelination via damage to the oligodendrocytes, axons or indeed both. Importantly
S1PR modulation has been shown to preserve axon integrity (Slowik et al., 2015),
prevent/reverse pre- and postsynaptic alterations of glutamate transmission seen in EAE mice
(Rossi et al., 2012) and increase brain derived neurotrophic factor (BDNF) (Deogracias et al.,
2012). Therefore, as the preservation of axons is frequently linked to remyelination, the
neuroprotective effects of SIPR modulation may be an additional avenue through which
pFTY720 and BAF312 exerted protection over psychosine-induced demyelination in these
organotypic slice cultures. Overall, these studies suggest that SIPR modulation is protective in
both inflammatory and non-inflammatory models of demyelination.
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3.5 Concluding Remarks

The clinical success of pFTY720 in the treatment of relapsing remitting MS demonstrated the
therapeutic potential of SIPR modulation and prompted efforts to develop more specific
agonists for these receptors. Modulators with selectivity towards SIPR1 and S1PR5 seemed of
particular interest as preclinical observations in mice suggested that S1IPR3 may be responsible
for the transient bradycardia experienced after the first dose of pFTY720 (Pan et al., 2013,
Forrest et al., 2004). Furthermore, SIPR1 modulation plays a key role in lymphocyte migration
(Hla and Brinkmann, 2011) and S1PR5 is expressed on oligodendrocytes where it plays a role
in myelination (Jaillard et al., 2005, Miron et al., 2010, Mattes et al., 2010). This has led to the
synthesis of the dual S1PR1/S1PR5 agonist: BAF312 (Siponimod). Similar to pFTY720, BAF312
has been reported to supress pre-clinical symptoms in animal models of EAE. This drug also
selectively decreases T cells (CD4", naive & central memory) and B cells in healthy human
volunteers, while sparing effector memory T cells (Gergely et al., 2012). In a phase Il clinical
study for relapsing remitting MS, BAF312 reduced brain MRI lesions up to 80% in comparison
with placebo control (Selmaj et al., 2013). Bradycardia is also observed with BAF312, but can
be mitigated with a dose titration regimen (Legangneux et al., 2013), thus providing additional
benefits. Importantly, BAF312 is currently undergoing a phase Ill trial to investigate its efficacy
in patients with the chronic secondary progressive MS, a disease in which there is a particular
lack of treatments (Kappos et al., 2014). Given that pFTY720 has shown limited beneficial
effects in patients with the chronic primary progressive MS (ClinicalTrials.gov:NCT00731692)
and limited effect in secondary progressive EAE (Al-lzki et al., 2011), the outcome of these
clinical trials with BAF312 are highly awaited. In addition to the differences between primary
and secondary progressive MS, differential effects of the two drugs on human astrocytes,
which are not observed in mouse astrocytes, might influence the clinical outcome of the two
drugs in progressive MS.

Here we demonstrated that BAF312 regulates a number of signaling pathways in human and
mouse astrocytes. In addition, this compound attenuated demyelination in organotypic slice
cultures induced by LPC and by psychosine, a toxic metabolite that accumulates in the brains
of patients with KD. These findings suggest the S1PR drugs such as BAF312, may have utility
beyond MS, in a range of demyelinating diseases such as KD, for which no therapies currently
exist.

3.6 Further discussion and limitations

There are certain limitations observed during this study that are worthy of mention. (1) Similar
to chapter 3, we have used the immunolabeling of MBP as an indication of myelination state,
however, this can often result in an overestimation of myelin as this protein is also present in
nonmyelinating oligodendrocytes and cell debris. Furthermore this method does not address
the properties of the myelin sheath such as thickness or compaction. With this in mind, the
immunolabeling of the oligodendroglial protein NFC-155 or its binding partner Caspr in
addition to MBP (Jarjour et al. 2012) or preferribly the use of electron microscopy to further
validate our findings would be warranted. (2) A blinded experimental design would have
insured no bias in the capturing of slice images and should be introduced into the protocol for
all future organotypic slice experiments. Although a systematic approach of imaging each
branch and middle section of every cerebellar slice was used, this does not conclusively rule
out bias.
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In addition, the method with which the slices were analysed in this chapter (fluorescence of
the full slice image measured) was introduced to avoid the need to select ROIs and hence
help minimize bias, however a fully blinded experiment would have addressed this concern
more effectively.
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Chapter 5. Discovery of a novel S1PR interacting
protein; Pex14.
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Aims

To create S1PR1 and Pex14 cDNA for biochemical studies

To confirm interaction between S1PR1 and Pex14

Determine the site of interaction of Pex14 on the S1PR1

To express S1PR1 and Pex14 in HEK cells and astrocytes for functional studies

Investigate if Pex14 alters S1PR1 trafficking +/- pFTY720

Study the effect of Pex14 overexpression on S1PR1 signaling

Determine if Pex14 overexpression influences pFTY720 modulation of LPS-induced
cytokine release.
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Abstract

Sphingosine-1 phosphate receptors (S1PR) are now recognised to be important mediators of
many cellular processes in immune, cardiovascular and central nervous systems. These
receptors are targets for the drug pFTY720, an oral therapy used in patients with multiple
sclerosis (MS). The most well studied of this receptor family is the S1IPR1 subtype, which is
internalised by pFTY720. While the pFTY720-induced internalisation of SIPR1 underlies clinical
efficacy, mechanisms that govern S1PR1 trafficking are not well understood. Thus, knowledge
of the structure and physiochemical properties of the S1PR1 subtype is important in
understanding trafficking as well as signalling of this receptor and may benefit in the design of
new S1PR modulators. In this study, we therefore aimed to identify novel proteins interacting
with S1PR1, with the purpose to further understand S1PR1 trafficking and internalisation.
Here, we report a previously unknown interaction between the peroxisomal matrix protein
Pex14 and S1PR1. Both co-immunoprecipitation and GST pulldown studies confirmed a S1PR1-
Pex14 interaction, where the intracellular loop (ICL) 3 and C-terminus (CT) of S1PR1 was found
to interact with Pex14. In silco docking analysis further suggested that the coiled-coil motif of
Pex14 interacted with S1IPR1. Unfortunately, the over-expression of Pex14 did not modulate
pFTY720-induced trafficking of S1PR1 in transiently transfected HEK293T cells or mouse
astrocytes. Pex14 over-expression also had no significant effect on LPS-induced cytokines in
mouse astrocytes either in the absence or presence of pFTY720. Moreover, the transient
transfection of Pex14 in mouse astrocytes only moderately increased the phosphorylation of
ERK and AKT in both control and pFTY720 treated astrocytes. In summary, although the
functional role for this interaction remains tenuous, overall, these studies identify Pex14 as a
new S1PR1-interacting protein.
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1. Introduction

Sphingosine 1-phosphate (S1P) is a zwitterionic lysophospholipid that has been implicated as a
crucial regulator in many physiological and pathophysiological processes. The actions of S1P
are primarily mediated via a family of G protein coupled receptors (GPCR) namely the S1P
receptors 1-5 (S1PRs). These receptors are expressed and play a role in the immune,
cardiovascular and central nervous systems (CNS) (Dev et al., 2008, Hla and Brinkmann, 2011,
Mann, 2012, Nixon, 2009, Iwasaki, 2011). Briefly, S1PRs are involved in the transmigration and
egress of T cells from lymphoid tissues as well as in the regulation of cytokine release and
antibody production from immune cells (Hla and Brinkmann, 2011). In the CNS, S1PRs regulate
astrocyte migration, oligodendrocyte myelination state and survival as well as neurite
outgrowth and neurogenesis (Dev et al., 2008). Importantly, these receptors are known drug
targets for multiple sclerosis (MS), where the S1PR pan-agonist pFTY720 (Fingolimod) is
currently used as a therapy for relapsing remitting MS (Kappos et al., 2010).

Of the S1PR subtypes, S1PR1 is the most widely expressed member and is believed to be the
main receptor through which pFTY720 confers the majority of its efficacy in the treatment of
MS. This receptor couples exclusively with PTX-sensitive Gj, proteins and hence mediates
adenylyl cyclase inhibition, Ca** mobilization, mitogen-activated protein kinase (MAPK)
activation, phospholipase C (PLC) activation and Rac and Rho activation (Ishii et al., 2004). The
binding of pFTY720 to S1PR1 induces receptor internalisation and renders B and T lymphocytes
unresponsive to the S1P gradient, preventing their migration from the periphery to the CNS
(Kappos et al., 2006). Hence this drug is often referred to as a ‘functional antagonist’ (Choi et
al., 2011). Once internalised by pFTY720, S1PR1s have also been suggested to continue to
signal in a process known as ‘persistent signaling’ (Mullershausen et al., 2009). The
mechanism governing S1PR1 internalisation, degradation and sustained signaling remains
unclear, but likely involves chaperone and trafficking proteins (Bockaert et al., 2004). Here we
aimed to identify novel proteins interacting with the S1PR1 in order to further understand its
mechanisms of functional antagonism and/or persistent signalling and perhaps association
with other genetic disorders.

Peroxisomal disorders, given the prototype name ‘Zellweger syndrome’, can be grouped into
either single peroxisomal enzyme deficiencies or peroxisome biogenesis disorders (PBD). The
PBDs are a continuum of disorders that are divided into four types including Zellweger
syndrome (ZS), neonatal adrenoleukodystrophy (NALD), infantile Refsum disease (IRD) and
rhizomelic chondrodysplasia punctata (RCDP) (Wanders, 2004, Moser et al., 1995, Steinberg
SJ, 2003, Steinberg et al., 2006). Defects in one particular peroxin, namely, the PEX14 gene
causes PBD complementation group K (PBD-CGK), which arises from a failure of protein import
into the peroxisomal membrane or matrix. Pex14 is a component of the docking complex that
enables peroxisomal matrix proteins, that are synthesised in the cytosol, to be imported into
the peroxisome (Su et al., 2009). Pex 14 interacts with other peroxins including Pex5, Pex13
and Pex19, as well as interacting with tubulin enabling it to play a role in peroxisome motility
by serving as a peroxisomal membrane anchor for microtubules (Neuhaus et al., 2014). There
is also increasing support for a role of Pex14 in the autophagic degradation of peroxisomes as
demonstrated in yeast studies (Kiel et al., 2006, Williams and Distel, 2006). Pex14 has been
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identified as the sole peroxin that possess the dual function of peroxisome formation and
peroxisome degradation (pexophagy) (van Zutphen et al., 2008).

In this current study, we report a novel interaction between S1PR1 and the protein Pex14,
which is mutated in Zellweger syndrome.
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2. Results

2.1. Identification of interaction between S1PR1 and Pex14

To identify putative S1PR1 interacting proteins, co-immunoprecipitation studies were
performed commercially by LogoPharm (www.logopharm.com). Briefly, S1IPR1 antibodies
(either Santa Cruz SC-25489, Santa Cruz SC-48356 or R&D Systems MAB2016) were used in
affinity purification experiments to isolate S1PR1 interacting proteins from the lysates of
cultured HUVEC cells. Subsequent LC-MS/MS analysis was performed on the isolated
interacting proteins as previously described (Miiller et al., 2010). These experiments identified
peptide sequences of Pex14 as a putative protein interacting with S1PR1. In order to further
confirm the interaction between S1PR1 and Pex14, co-immunoprecipitation was performed
using cell lysates prepared from mouse astrocytes. A mammalian expression vector of Pex14,
epitope-tagged at the c-terminal with V5 (pcDNA3.1 Pex14-V5) was subcloned and the plasmid
was verified by sequence analysis as well as by restriction enzyme digestion (Figure 5.1A).
Expression of the Pex14-V5 protein was confirmed by transient transfection of HEK293T cells
and Western blot analysis using a V5 antibody (Abcam, ab27671) (Figure 5.1B). Cell lysates
prepared from Pex14-V5-transiently transfected mouse astrocytes were incubated with anti-
V5 or anti-S1PR1 (Santa-Cruz, sc-25489) antibodies bound to protein G sepharose beads. A
Western blot of these samples demonstrated the immunoprecipitation of Pex14-V5 by the V5
antibody as well as co-immunoprecipitation by the S1PR1 antibody, confirming initial
observations of an interaction between Pex14 with S1PR1 (Figure 5.1C).

2.2. Pex14 interacts with ICL 3 and the C-terminus of S1PR1.

In order to identify the Pex14 interaction site on S1PR1, we performed GST pulldown
experiments using intracellular fragments of the receptor. GST fusion proteins of the S1PR1
intracellular loops (ICL) and C-terminal (CT) fragments were constructed by cloning into the
pGEX4T-1 vector using BamH1 and EcoR1 restriction digest sites (Figure 5.2A). The presence of
each ICL and CT fragment of S1PR1 (GST-L1, GST-L2, GST-L3, GST-CT and GST-CT10) was
confirmed by sequence analysis and restriction digestions (data not shown). In addition, IPTG-
induced overexpression of the GST-S1PR1 fragments in transformed BL21 bacteria confirmed
protein expression of these SIPR1 GST fragments as demonstrated by bands at ~27kDa (GST-
L1), 28kDa (GST-L2), 30kDa (GST-L3), 34kDa (GST-CT) and 27kDa (GST-CT10) (Figure 5.2A). To
perform GST-pull down experiments, the S1PR1 GST fusion proteins were coupled to
glutathione Sepharose B matrix and incubated with the Pex14-V5 transfected HEK293T cell
lysate. Ponceau staining of the membrane after transfer confirmed that equal amounts of each
GST protein was present (Figure 5.2B). Western blot with the V5 antibody showed retention of
Pex14-V5 by the GST-L3 and the GST-CT, suggesting that Pex14 binds with the ICL3 and CT of
S1PR1 (Figure 5.2B).
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Figure 5.1. PEX14 interacts with S1PR1. (A) Agarose gel shows digestion of Pex14-V5 bands
(547bp, 623bp, 1439bp and 4036bp) using BamH1 and Pst1l confirming the presence of the
Pex14-V5 construct (Data representative of 5 experiments). (B) Western blot shows successful
transfection and expression of Pex14-V5 in HEK293T cells (data representative of 3
experiments). (C) CO-immnuoprecipitation (IP) assay and western blot analysis. Mouse
astrocytes were transiently transfected with Pex-V5 and lysates subjected to a Co-IP assay with
an anti-V5 and anti-S1PR1 Ab and were immunoblotted (WB) with anti-V5 Ab. Schematic of Co-
IP depicting SIPR1 and Pex14 interaction. (Pex14-V5 construct was obtained from Novartis
Institutes for Biomedical Sciences, Basel, Switzerland).
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Figure 5.2. PEX14 interacts with ICL 3 and CT of S1PR1. (A) Schematic of S1PR1 showing
intracellular loops (ICL) and c-terminal (CT) fragments cloned (O’Sullivan and Dev 2013). Below
depicts coomassie stain of IPTG-induced GST-S1PR1 fragments: L1 (27kDa), L2 (28kDa), L3
(30kDa), CT (34kDa) and CT-10 (27kDa). (B) Diagram shows GST-affinity chromatrography
setup. Pex14-V5 was obtained from HEK293T transiently transfected cells while GST-S1PR
fragments were purified from BL21 E.coli. GST pull-down using GST-S1PR1 fragments and
Pex14-V5. Western blot shows Pex14-V5 is retained by GST-S1PR1-L3 and GST-S1PR1-CT (data

representative of 3 experiments).
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2.3. Domain analysis of Pex14

Pex 14 is a 377 amino acid protein that is evolutionary highly conserved, with small residue
differences in mouse, rat and human homologs. Pex 14 contains multiple conserved domains
such as the N-terminal, coiled-coil and transmembrane domains (Su et al., 2010) (Figure 5.3A).
The crystal structure of the N-terminal of Pex14 has recently been determined to a resolution
of 1.8-A (Su et al., 2009). This highly conserved N-terminal domain of Pex14 contains three a
helices (al-a3) with a right-handed twist stabalised by a rigid hydrophobic core formed by
interactions between hydrophobic residues in the a helicies (Su et al., 2010). Two concave
pockets located at one side of the molecule contain highly conserved residues such as Phe®
and Phe®’ (that are essential for Pex14 function) and also contains an electropositive potential
due to several positively charged residues; Arg”, Lys*, Arg"’, Lys® and Lys®. (Su et al., 2009)
(Figure 5.3B). This provides Pex 14 with a suitable surface with which to recognise the
WXXXF/Y motif of Pex5 (Su et al., 2010). This N-terminus of Pex14 has also been identified as
the binding site for Pex13 and Pex19 (Itoh and Fujiki, 2006, Neufeld et al., 2009). Moreover,
this N-terminal domain of Pex14 is believed to contain the tubulin binding motif that interacts
with tubulin (Bharti et al., 2011). To further investigate the site of interaction of S1IPR1 on
Pex14, we performed an inslico docking analysis. The complete S1IPR1 and PEX14 proteins
were first modeled using Zhang server (Yang et al., 2015). The models obtained from Zhang
server for SIPR1 and PEX14 were then docked using the protein-protein docking server
ClusPro2.0 (Kozakov et al., 2013). The results obtained from all the docked poses showed that
the transmembrane domain and the coiled-coil domain of Pex14 binds to the ICL3 and CT of
S1PR1 receptor (Figure 5.3C). These findings are in agreement with coiled-coil domains playing
important roles in protein-protein interactions and acting as scaffold proteins. Diagram
indicates putative binding site of Pex14 with ICL3 and CT of S1PR1 (Figure 5.3D).
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Figure 5.3. Domain analysis of Pex14. (A) Diagram and amino acid sequence of the main
domains of Pex14. N-terminal domain, highly conserved domain comprising residues 21-70
and involved in interaction with Pex5p, Pex13p, Pex19p and tubulin (Su et al., 2009, Su et al.,
2010, Bharti et al., 2011); Transmembrane domain comprising residues 110-138; coiled-coil
domain comprising residues 156-197; PXXP, ligand for SH3 domain of Pex13 (Su et al., 2010);
AXXXA, GXXXG: stabilize high molecular mass complexes after dimerization (Iltoh and Fujiki,
2006); Phe35 and Phe52 allow for hydrophobic interactions with PXXP (Itoh and Fujiki, 2006);
Arg25, Lys34, Argd0, Lys55, Lys56 provide electropositive potential and provide surface to
recognise WXXXF/Y of Pex5p (Su et al., 2010). (B) An example of the one of the docked poses
of S1PR1 and Pex14 is shown. (C) A cartoon of Pex14 and S1IPR1 membrane topology. The
coiled-coil domain of Pex14 is shown to interact with the ICL3 and CT of S1PR1.
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2.4. Pex 14 does not inhibit pFTY720-induced S1PR1 internalisation in HEK293T cells
The ability of pFTY720 to induce internalisation of S1PR1 is central to the efficacy of this drug
in the treatment of MS. Here, we investigated if Pex14 overexpression altered pFTY720
induced S1PR1 trafficking in HEK293T cells. Firstly, we demonstrated a pFTY720-induced
internalisation of S1IPR1. HEK293T cells were transiently transfected with a pLL4.0-myc-S1PR1
construct that had been previously subcloned and sequence verified. After 48-72 h the cells
were treated with 1 uM pFTY720 for 1 h and immunocytochemical analysis was performed
with a range of S1PR1 antibodies (Santa-Cruz, sc-25489 and Millipore, MABC94) as well as myc
tag antibodies (Santa-Cruz, sc-789 and Millipore, 05-419). In agreement with previous studies
(Healy et al.,, 2013, Mullershausen et al., 2007, Osinde et al., 2007) pFTY720 induced
internalisation of the transiently transfected myc-S1PR1 (Figure 5.4A). Secondly, to examine
the role of Pex14 in pFTY720-induced internalisation of S1PR1, expression of native Pex14 as
well as Pex14-V5 was examined in control and transiently transfected HEK293T cells. As
staining controls, HEK293T cells (control or transiently transfected) showed no
immunoflouresence when incubated with primary (anti-V5 or anti-Pex14) or secondary (anti-
mouse or anti-rabbit) antibodies (data not shown). In addition, non-transfected HEK293T cells
exhibited no staining with either V5 or Pex14 antibodies, suggesting both specificity of the
Pex14 antibody and that HEK293T cells do not express endogenous Pex14 (Figure 5.4B). Both
V5 and Pex14 antibodies also co-localised when used to stain Pex14-V5 transfected HEK293T
cells further confirming specificity of the Pex14 antibody (Figure 5.4B). Immunoprecipitation
further confirmed the expression of transiently transfected Pex14-V5 as well as specificity of
the Pex14 antibody (Figure 5.4C). Thirdly, to examine the effects of Pex14 on pFTY720-induced
S1PR1 internalisation, HEK293T cells were transiently co-transfected with myc-S1PR1 and
Pex14-V5 and treated for 1 h with 1 pM pFTY720. Treatment with 1 uM pFTY720 induced
S1PR1 internalisation as expected, with little or no effect on the expression or localisation of
Pex14-V5 (Figure 5.4D). In addition, we observed no effect of Pex14-V5 overexpression on the
pFTY720-induced internalisation of S1PR1 (Figure 5.4D).
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Figure 5.4 Pex 14 does not inhibit pFTY720-induced S1PR1 internalisation in HEK293T cells. (A)
S1PR1 and myc tag antibodies (Santa Cruz and Millipore) were used to investigate S1PR1
expression and distribution in transiently transfected HEK293T cells. All antibodies were used to
stain non-transfected HEK293T cells, myc-S1PR1 transiently transfected HEK293T cells and
pFTY720 (1 pM) treated myc-S1PR1 transfected HEK293T cells (data representative of 3
experiments). pFTY720 induced internalisation of the myc-S1PR1 as expected. (B) Pex14 is not
endogenously expressed in HEK293T cells. Ctrl and Pex14-V5 transiently transfected HEK293T
cells were stained with anti-V5 and anti-Pex14 antibodies. Images show individual staining of V5
and Pex14 as well as co-localisation of V5 and Pex14 in Pex14-V5 transfected HEK293T cells. (C)
Immunoprecipatition assay of Pex14-V5 transfected HEK293T cells using anti-V5 and anti-Pex14
antibodies. (D) HEK293T cells were transiently transfected with myc-S1PR1 and/or Pex14-V5 and
treated with 1 uM pFTY720 for 1 h. Cells were then fixed and stained with antibodies against
S1PR1 and V5 tag. Co-transfection of myc-S1PR1 and Pex14-V5 had no effect on the expression
levels or localisation of either protein. pFTY720 treatment of myc-S1PR1 transfected cells
induced receptor internalisation while pFTY720 treatment had no effect on Pex14-V5
distribution in transfected HEK293T cells. pFTY720 treatment of cells expressing both myc-S1PR1
and Pex14-V5 resulted in myc-S1PR1 internalisation, hence Pex14-V5 did not alter the pFTY720-
induced internalisation of myc-s1PR1 (Data representative of 3 experiments).
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2.5. Effects of Pex14 on pFTY720-induced S1PR1 internalisation in mouse astrocytes
As we found heterologous HEK293T cells to endogenously express little or no S1PR1 or Pex14
(Figure 5.4), we next investigated the possible effect of Pex14 on S1PR1 trafficking in primary
mouse astrocytes. Cultured mouse astrocytes were confirmed to be over 95% pure as
determined by staining for markers of microglia (Ibal), neurons (Bl tubulin and neurofilament
H) and oligodendrocyte progenitors (NG2) (Figure 5.5A). The immunostaining of these cultures
confirmed the endogenous expression of both Pex14 and S1PR1, in contrast to HEK293T cells
(Figure 5.5B). To investigate the effect of pFTY720 on endogenous Pex14 expression in mouse
astrocytes we treated for 1 h with pFTY720 (1uM) and stained for S1PR1 and Pex14. pFTY720,
while inducing internalisation of the S1PR1 as expected, did not have any observable effect on
the localisation of endogenously expressed Pex14 (Figure 5.5B). While we noted significant
expression of endogenous Pex14, we nevertheless examined effects of the overexpression of
Pex14 on S1PR1 trafficking. The transient transfection of mouse astrocytes with Pex14-V5
resulted in significant overexpression of the protein as demonstrated by immunostainning
with the V5 antibody (Figure 5.5C). This overexpression of Pex14-V5, however, had no effect
on S1PR1 localisation and/or levels of expression (Figure 5.5C). Furthermore, overexpression
of Pex14 did not alter pFTY720 (1uM) mediated internalisation of S1PR1 in mouse astrocytes
(Figure 5.5C). Taken together, these data suggest that Pex14 does not attenuate pFTY720-
induced internalisation of S1IPR1.

Pex14 overexpression increases pERK1/2 and pAKT signalling in mouse astrocytes
Next, we investigated the effect of Pex14 overexpression on S1PR1 signaling, specifically both
ERK and AKT pathways. It has been demonstrated previously that pFTY720 induces ERK
phosphorylation in astrocytes and that this promotes astrocyte cell migration (Mullershausen
et al., 2007, Osinde et al., 2007). Links between AKT phosphorylation have also been described
before as both ERK and AKT can share an upstream activator in Ras (Mendoza et al., 2011) and
like ERK, AKT is a signaling molecule that is known to be activated downstream of growth
factor receptors and GPCRs (Lee et al., 2001). In order to investigate if overexpression of
Pex14-V5 would alter pERK or pAKT signaling in mouse astrocytes we first transiently
transfected with Pex14-V5 and a vector control. After 48-72 h the transfected astrocytes were
serum starved for 4 h before treatment with pFTY720 (100 nM) for 5 or 15 minutes. The cells
were then scraped and processed for Western blotting. Data showed significant expression of
Pex14-V5 when transiently transfected in mouse astrocytes (Figure 5.6), confirming previous
immunocytochemistry data (Figure 5.5C). When compared to control, however, the
transfection of Pex14-V5 did not significantly alter pFTY720-mediated increase in the levels of
pERK (Figure 5.6A) or pAKT (Figure 5.6B). Notably, we observed that transfection of Pex14-V5
significantly increased the basal levels of both pERK (Figure 5.6A) and pAKT (Figure 5.6B), in
comparison to the vector transfected controls. While it appears that Pex14 does not alter
pFTY720-induced signaling, at least for pERK or pAKT, the data suggests Pex14 alone may
regulate signaling pathways such as pERK and pAKT. From this data, we propose that the
overexpression of Pex14 may have only subtle effects on already highly expressed levels of
endogenous Pex14.
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Figure 5.5. Pex14 does not inhibit pFTY720-induced S1PR1 internalisation in astrocytes. (A)
Mouse astrocytes were tested for purity with antibodies against vimentin (Vim) Ibal, Bili tubulin,
NFH (neurofilament H) and NG2. (B) Mouse astrocytes endogenously express S1PR1 and Pex14.
Mouse astrocytes were treated with pFTY720 (1 uM) and stained for S1IPR1, Pex14 and vimentin.
pFTY720 (1 uM) induces internalisation of S1PR1 but had no effect on Pex14 expression or
localisation. (C) Mouse astrocytes were transiently transfected with Pex14-V5 and treated with
1 uM pFTY720 for 1 h. Cells were then fixed and stained with antibodies against S1IPR1 and V5
tag. Transfection with Pex14-V5 had no effect on the expression levels or localisation of S1PR1.
pFTY720 treatment induced S1PR1 internalisation and had no effect on Pex14-V5 distribution.
(Data representative of 3 experiments)
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Figure 5.6: Pex14 overexpression increases pFTY720-induced pERK1/2 and pAkt signaling in
mouse astrocytes. Mouse astrocytes were transiently transfected with empty vector control
or Pex14-V5. Pex14 expression in the astrocytes was confirmed by Western blot using V5
antibody. Transfected astrocytes were then treated with or without pFTY720 (100 nM) for 15
minutes or 5 minutes before processing for Western blotting. (A) The Pex14-V5 transfected
astrocytes treated with pFTY720 (100 nM) for 15 minutes had an increased level of
phosphorylated ERK1/2 in comparison to the empty vector transfected control. (B) Pex14-V5
transfected astrocytes treated with pFTY720 (100 nM) for 5 minutes had an increased level of
phosphorylated Akt in comparison to the empty vector transfected control. Data presented as

+/- SEM (n=4).
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2.6. Effects of Pex14 on LPS-induced levels of cytokines in mouse astrocytes.

S1PR’s have been shown to play a role in regulating the levels of cytokines in a number of
organotypic slice and immune cell cultures (Sheridan and Dev, 2012, Choi et al., 2011, Wang
et al., 2007, Zhang et al., 2008b). In addition, specific knockout of astrocytic SIPR1 or pFTY720
treatment reduces the levels of cytokines increased during the course of experimental
autoimmune encephalomyelitis (EAE), namely: IL1B, IL6 and IL17 (Choi et al., 2011). In our
hands, pFTY720 only moderately attenuates LPS-induced increases in cytokine levels. Here we
investigated if Pex14 overexpression may augment this pFTY720 effect and further limit the
levels of cytokines induced by LPS. Mouse astrocytes were transiently transfected with Pex-V5
or vector control for 72 h. Cells were then serum starved for 4h and pre-treated for 1 h with
pFTY720 (1 uM) before being treated with LPS (100 ng/ml) for a further 18 h (Figure 5.7).
ELISAs performed on the supernatants revealed pFTY720 moderately attenuated LPS-induced
increases in IL6, TNFa and IL1B as we routinely observe (Figure 5.7). Moreover, we found that
Pex14-V5 overexpression did not alter LPS-induced or pFTY720 effects on the levels of
cytokines investigated (Figure 5.7).
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Figure 5.7: Pex14 overexpression does not augment pFTY720-induced attenuation of
cytokines in mouse astrocytes. Mouse astrocytes were transiently transfected with Pex-V5 or
empty vector control for 72 h. Cells were then serum starved for 4h and pre-treated for 1 h
with pFTY720 (1 pM) before being treated with LPS (100 ng/ml) for a further 18 h. The
supernatants were then analysed by ELISA. LPS induced an increase in IL6 TNFa and IL1B levels
which was moderately attenuated by pFTY720. Overexpression of Pex14-V5 had no effect on
the pFTY720 —induced attenuation of these cytokine levels.
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3. Discussion

3.1. Summary of Findings

The mechanisms governing S1PR1 internalisation and trafficking have yet to be fully
elucidated. In general, however, the fate of receptors following endocytosis is controlled by
many factors such as interaction with kinases and chaperone proteins. GPCR’s interact with
many accessory proteins, which modulate receptor function, signalling, endocytosis,
expression at cell surface and recycling (Bockaert et al., 2004, Bhattacharya et al., 2004,
Ferguson, 2007). Here, we demonstrated a novel interaction between the peroxin Pex14 and
S1PR1. A co-immunoprecipitation assay was initially used to confirm the interaction of Pex14
with endogenously expressed S1PR1 in astrocytes. GST-pull down studies were then used to
determine the site of interaction between Pex14 and S1PR1, demonstrating that Pex14
interacts with ICL3 and the CT of S1PR1. In silico analysis suggested that the coiled-coil domain
of Pex14 interacted with S1IPR1. We hypothesised that the interaction of S1IPR1 with Pex14
may alter the trafficking or signalling of this receptor. In our current study the over-expression
of Pex14-V5 did not alter pFTY720 induced trafficking or internalisation of S1PR1 in HEK293T or
mouse astrocytes. We also investigated the effect of Pex14 overexpression on S1PR1 signaling.
While overexpression of Pex14 alone increased the levels of pERK and pAKT, the
overexpression of Pex14 did not significantly alter pFTY720-induced phosphorylation of ERK
and AKT. pFTY720 is suggested to modulate levels of proinflammatory cytokines in slice culture
models and in immune cell cultures (Sheridan and Dev, 2012, Choi et al., 2011, Wang et al.,
2007, Zhang et al., 2008b). In our group, pFTY720 has been seen to moderately attenuate LPS-
induced increases in cytokines such as IL6 from dissociated cultures of mouse astrocytes. Here
we investigated if Pex14 overexpression in mouse astrocytes alters pFTY720 mediated
modulation of IL6, TNFa or IL1B. Although LPS induced an increase in all three cytokines, Pex14
overexpression did not alter pFTY720-induced effects on the levels of these cytokines. Overall
therefore, while this data strongly supports an interaction between S1PR1 and Pex14, the
functional role of this interaction as yet remains unclear.

3.2. How does the transmembrane domain of Pex14 bind to S1IPR1?

Our protein-protein docking analysis revealed that that transmembrane domain (TMD) of
Pex14 may bind the ICL3 and CT of S1PR1. While interacting with the TMD seems unlikely, the
exact residues allocated to this domain, together with the overall topological arrangement of
mammailian Pex14 in the peroxisomal membrane remains controversial despite numerous
mapping studies. For example, proteinase K treatment of intact organelles suggest that the CT-
Pex14 is partially exposed to the cytosol (Will et al., 1999). In agreement, a study using a
combination of protease protection assays and CNBr cleavage reported that amino acids 130-
377 of Pex14 are completely exposed to the cytosol (Oliveira et al., 2002). In addition to a
cytosolic CT-Pex14, the NT-Pex14 is also reported to be cytosolic (Shimizu et al., 1599, Jardim
et al., 2002). Supporting the cytosolic placement of NT-Pex14 are findings that this region is
suggested to bind tubulin, Pex5 and Pex19. However, studies against the cytosolic placement
of NT-Pex14, include reports that Pex14 only possess one TMD and that the first 130 amino
acids of rat Pex14 are protected from proteolytic attack implying this domain faces the
peroxisomal lumen. There is apparent discordance in findings that both CT- and NT-Pex14 are
cytosolic; that the NT-Pex14 is protected against proteolytic cleavage and can bind tubulin,
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Pex5, and Pex19; and that the single TMD-Pex14 can bind S1PR1. Unifying this apparent
disparity is the idea that firstly TMD-Pex14 does not entirely cross but instead acts as a
reentrant loop similar to that reported for ionotropic glutamate receptor subunits and the
transient receptor potentials channels (TRPs) (Bennett and Dingledine, 1995, Szallasi and
Blumberg, 1999) and, secondly, that NT-Pex14 is embedded close to the membrane and hence
is sterically hindered from proteolytic cleavage but is found in the cytosol and can bind tubulin,
Pex5 and Pex19 (Oliveira et al., 2002, Bharti et al., 2011).

3.3. The coiled-coil domain of Pex14 binds to S1PR1

Our insilico docking analysis also found that the coiled-coil domain of Pex14 interacted with
the ICL3 and CT of S1PR1. Coiled-coil domains consist of two or more a-helices intertwined in a
superhelical twist. These motifs provide protein-protein interaction sites for many structurally
and functionally diverse multimeric proteins ranging from simple homodimeric transcription
factors to heteromultimeric scaffolding clusters (Strauss and Keller, 2008). Coiled-coil
interactions regulate a diverse range of cellular functions including transcription, dynamic
assembly of protein complexes, intracellular trafficking and viral infection (O'Shea et al., 1992,
Rose and Meier, 2004, Gillingham and Munro, 2003, Carr and Kim, 1993). Furthermore, due
to the large number of roles coiled-coil domains have in both physiological and
pathophysiology processes, this motif has since emerged as a potential target for diseases
(Strauss and Keller, 2008). Indeed many GPCRs are known to bind with their respective
interacting proteins via coiled-coil domains. These reports are in line with findings that the
coiled-coil motif in Pex14 mediates a Pex14-Pex14 interaction forming Pex14 homopolymers
(Oliveira et al., 2002) and with our data that Pex14 interacts with SIPR1. The finding that
S1PR1 binds to the coiled-coil domain of Pex14 and that these domains can allow Pex14
homodimerisation may provide a mechanism by which S1PR1s cluster, although we did not
observe Pex14 overexpression to induce S1PR1 clustering in our studies.

3.4. The functional roles of peroxins binding GPCRs

Interestingly, the peroxin Pex5 also binds to the somatostatin receptor subtype 5 (SSTR5)
(Wente et al., 2005). Pex5 is a cytosolic, and to a lesser extent a peroxisomal membrane
bound protein, that recognises peroxisomal targeting signals (PTS1) and sorts these PTS1 motif
containing proteins to the peroxisome (Rucktdschel et al., 2011, Gouveia et al., 2000). The
PDZ domain of human and mouse SSTR5 was found to interact with Pex5, however, this
interaction did not target SSTR5 to the peroxisome but trafficked instead the receptor to the
plasma membrane (Wente et al., 2005). From this the authors suggest that either additional
factors besides the PTS1 motif are necessary to target a membrane protein to the peroxisomes
or that Pex5 participates in additional signalling events (Wente et al., 2005). Investigation into
the structure of cargo-loaded Pex5 in a complex with Pex14 using small angle x-ray scattering
and static light scattering has revealed that the N-terminus of Pex5 remains extended when
bound to cargo and Pex14 (Shiozawa et al., 2009). This may allow for ‘Fly casting’ mechanism
whereby protein binding kinetics influence protein folding. In this phenomenon, proteins in an
unfolded state have a greater capture radius and hence can bind weakly to a specific binding
site at a large distance. This is then followed by folding as the protein approaches the binding
site and is an effective way to recruit protein assemblies (Shoemaker et al., 2000). The
unfolded N-terminal of Pex5, when in a complex with Pex14, could therefore play a role in

126



interactions with lipids and membrane proteins (Shiozawa et al., 2009). The binding of Pex5 to
SSTRS5 and the discovery that Pex14 binds to tubulin as well as plays a crucial role in the
recycling of peroxisomes (pexophagy), indicates that these peroxins may have roles outside
the formation of the peroxisomal docking complex. Therefore it is not unsurprising that certain
peroxins like Pex5 and Pex14 may bind to receptors including SSTR5 and S1PR1, respectively.

3.5. Why does Pex14 increase pERK and pAKT?

The Ras/Raf/MEK/ERK and PI3K/PTEN/AKT signalling cascades are key signalling pathways
involved in the regulation of cell survival and proliferation of numerous cell types. ERK, a
member of the evolutionary conserved family of enzymes termed the MAPKs (ERK, p38 and
JNK), has been linked to phosphorylation of the AP-1 subunits, transcription of c-fos and
activation of Elk-1 and Sp-1 transcription factors (Monick and Hunninghake, 2003, Janknecht
and Hunter, 1997, Shaulian and Karin, 2002). The PI3K/AKT pathway is also known to have a
pro-survival influence via a number of mechanisms. These include inactivation of factors
involved in apoptosis such as Bad and caspase-9 and activation of NFkB and induction of anti-
apoptotic factors (Toker and Newton, 2000, Toker, 2000, Anderson et al., 1999). Activation of
the S1PRs is known to induce potent ERK phosphorylation in astrocytes (Osinde et al., 2007)
and AKT phosphorylation in various mammalian cells (Lee et al., 2001, Liu et al., 2009). In the
present study over-expressing of Pex14 did not alter pFTY720-mediated increase in ERK and
AKT signalling. Interestingly, however, over-expression of Pex14 did increase the basal levels of
pERK and pAKT. Given that pERK and pAKT are both pro-survival signals, the moderate increase
in these signalling pathways by Pex14, may be due to a slight toxicity induced during the
overexpression of this peroxin. In support of this idea, Pex14 has been reported to be involved
in both peroxisome formation and selective degradation (pexophagy) (Zutphen et al., 2008).

3.6. Future Studies

While we report an interaction between Pex14 and the ICL3 and CT of S1PR1, the functional
importance of this interaction remains elusive. In our studies we investigated the effects of
Pex14 on pFTY720-mediated changes in S1PR1 internalisation, as well as pERK and pAKT
signalling and cytokine release. Although a functional role for the Pex14-S1PR1 interaction was
not found in the current study, it is possible that this interaction may have a role in other
cellular processes. For example S1PRs have been reported to regulate Ca’ signaling and
astrocyte migration (Mullershausen et al., 2007, Healy et al., 2013) where Pex14 may play a
role, although this warrants further investigation. In addition, a caveat encountered in these
studies was the relatively high levels of Pex14 found endogenously expressed in astrocytes.
Thus the further overexpression of Pex14 in our studies may have limited or provided only
subtle effects not detected in our studies. In this regard, the use of siRNA to down regulate
Pex14 or a knock-out of Pex14 would be necessary in to further investigate the potential role
of the Pex14-S1PR1 interaction. It would also be important to demonstrate S1PR1 interaction
with endogenous Pex14. Peroxisome function also varies according to the cell type and the
specific metabolic needs of each cell type. Hence it is possible that the Pex14-S1PR1
interaction may have cell type dependent roles, for example important roles in HUVEC cells
where the interaction was originally isolated compared to astrocytes (Peraza-Reyes et al.,
2011). While the S1PR1-Pex14 functional role in astrocytes is not clear, further discovery of
S1PR1-interacting proteins will likely provide new insights into the pharmacology, signalling
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and subcellular localisation of the S1IPR1. Development of mechanisms to either promote or
block these events may thus also provide new avenues for the development of novel
therapeutic agents.

3.7 Further discussion and limitations

An experiment demonstrating that endogenous Pex14 is associated with SIPR1 would be
necessary before any further work is performed on this interaction. Although the co-
immunoprecipitation of endogenous Pex14 in HUVEC cells and S1PR1 was performed
commercially by LogoPharm (www.logopharm.com), we did not confirm the experiment
ourselves with endogenous Pex14 and this is a major limitation of the current study.

128



Chapter 6. Discussion
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6.1. Study overview

The role of S1PRs in a diverse range of autoimmune and neurological diseases has received a
great deal of attention since clinical approval of the drug fingolimod (pFTY720) for the
treatment of relapsing remitting MS. The functional roles of modulating S1PRs by pFTY720, as
well as newly designed pharmacological compounds such as BAF312, are also the subject of
intense research in academic, clinical and pharmaceutical sectors. In the CNS, S1PR modulation
is currently being investigated as a putative treatment in Alzheimer’s disease (Di Pardo et al.,
2014, Hemmati et al., 2013, Deogracias et al., 2012, Estrada-Bernal et al., 2012, Gao et al,,
2012). Furthermore, elucidation and understanding of the functional roles interacting proteins
play in SIPR modulation may provide additional strategies for the development of novel
therapeutic agents. This current study set out to examine the effect of SIPR modulation, using
pFTY720 and the more selective drug BAF312, as a therapy for the demyelinating disorder
Krabbe disease and to also investigate a putative S1PR1 interacting protein called Pex14.

6.2 Summary of Results

Initially, we investigated the ability of psychosine, a pathogenic agent in KD, to directly induce
halimarks of KD and examined if SIPR modulation by pFTY720 was able to reverse these
effects. The data showed that psychosine induced concentration- and time-dependent
astrocyte cell death, likely via apoptotic mechanisms, and potentiated LPS-induced increases in
proinflammatory cytokines. In addition, psychosine was shown to directly induce significant
demyelination in mouse organotypic slice cultures in the absence of a proinflammatory milieu.
Importantly, modulation of S1PRs with pFTY720 attenuated these psychosine-induced
hallmarks of KD, most notably, conferring significant protection against demyelination in
cerebellar slice cultures (Figure 6.1) (Chapter 3 results).

Secondly we investigated a next generation SIPR modulator as a potential therapy for KD.
Since the development of pFTY720 and its demonstrated clinical efficacy in MS, there have
been ongoing efforts to develop S1PR agonists that are selective for S1IPR1 and/or S1PR5, with
limited activity for the S1PR3 subtype (Pan et al., 2013). One such S1PR modulator is the
S1PR1/5 dual agonist, Siponimod (BAF312). Previous research performed using BAF312 has
mainly investigated the effects of this compound on immune cells in the periphery (Gergely et
al., 2012, Legangneux et al., 2013, Selmaj et al., 2013). Here we investigated the effects of
BAF312 on S1PR1 trafficking, signalling, and pro-inflammatory cytokine levels in glial cells, as
well as its effects on LPC and psychosine induced demyelination in organotypic slices cultures.
BAF312 induced S1PR1 internalisation and also caused ERK and AKT phosphorylation, Ca**
signalling and moderately attenuated IL6 release from glial cells. This drug also attenuated two
distinct modes of demyelination, namely LPC induced demyelination that was shown to have
an inflammatory component and psychosine induced demyelination, which was independent
of increases in the proinflammatory cytokine IL6 (Figure 6.2) (Chapter 4 results).

Finally we report a novel interaction between S1PR1 and the peroxisomal membrane protein
Pex14. Co-immunoprecipitation studies, initially performed commercially, identified Pex14 as a
putative S1PR1 interacting protein. We then confirmed the interaction with our own co-
immunoprecipitation experiments, as well as identified the region of S1PR1 that interacts with
Pex14, namely the intracellular loop 3 and the C-terminus of this receptor. Transient
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transfection of HEK293T cells and mouse astrocytes with myc tagged S1PR1 and V5 tagged
Pex14 enabled us to perform various studies to attempt to elucidate the functional
consequences of the Pex14-S1PR1 interaction. The data showed that Pex14 overexpression did
not inhibit pFTY720-induced internalisation of transiently transfected S1PR1 in HEK293T cells
nor endogenous S1PR1 expressed in astrocytes. Pex14 overexpression also did not impact on
the moderate attenuation of LPS-induced proinflammatory cytokines by pFTY720. Finally,
while Pex14 did not alter pFTY720-induced increases in pERK and pAKT signalling, the
constitutive levels of pERK and pAKT were increased in the Pex14 transfected astrocytes
(Figure 6.3) (Chapter 5 results).

6.3 Astrocytes and astrogliosis

Altered astrocytic function is believed to be a major contributing factor to the progression of a
growing number of neurological disorders, in particular, the pathogenesis of a number of
demyelinating disorders (Claycomb et al., 2013). This is unsurprising as astrocytes are
responsible for a wide variety of essential and complex functions in the CNS. These cells have
impact on neuronal function influencing synaptic function and plasticity by regulating the
supply of energy substrates, regulation of blood flow and adjustment of ion homeostasis
among many other processes. Reactive astrogliosis (a term used to collectively describe
changes in astrocyte biochemistry, morphology and function in response to CNS
injury/disease) and glial scar formation are often used as pathological hallmarks of the
diseased CNS (Pekny and Pekna, 2014). An exact definition of reactive astrogliosis is hard to
define as it encompasses a continuum of changes of gene expression and astrocyte
morphology that vary with the severity of the insult (Sofroniew and Vinters, 2010, Pekny and
Pekna, 2014). Three broad categories however have been described to help classify the levels
of reactive astrogliosis. These include (i) mild to moderate astrogliosis, generally associated
with mild non-contusive trauma and viral infections, includes an up-regulation of GFAP
expression, hypertrophy of cell body with little to no astrocyte proliferation (Sofroniew, 2009),
(ii) severe diffuse reactive astrogliosis found in areas surrounding severe focal lesion or areas
responding to chronic neurodegeneration and is characterised by pronounced GFAP up-
regulation and hypertrophy as well as astrocyte proliferation and (iii) severe reactive
astrogliosis with glial scar formation triggered by penetrating trauma, neoplasm and chronic
neurodegeneration and in addition to GFAP up-regulation, hypertrophy and astrocyte
proliferation, glial scar formation is also present (Sofroniew and Vinters, 2010). In the past
reactive astrogliosis and scar formation was viewed as a negative maladaptation that impeded
CNS recovery, however, evidence now exists that reactive astrocytes protect CNS tissue and
the formation of glial scars are neuroprotective providing physical barriers to infectious agents
and inflammatory cells (Voskuhl et al., 2009, Bush et al., 1999). It is important to note
however that while reactive astrogliosis can have beneficial functions that help protect the
CNS, it can also have harmful effects that contribute to CNS disorders. For example, in the
centre of lesions or at early times after injury, reactive astrocytes may have a proinflammatory
role while at later times and near the borders of lesions, reactive astrocytes may have an anti-
inflammatory effect (Sofroniew and Vinters, 2010).
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6.3 Krabbe disease and astrocytes

Reactive astrogliosis and glial scar formation are known to be involved in traumatic brain and
spinal cord injury, stroke, infection, MS, Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, hepatic encephalopathy, Creutzfeldt—Jakob disease, Niemann-Pick type C,
neuropathic pain, Alexander disease and other leukodystrophies (Sofroniew, 2009, Takano et
al., 2009, Semmler et al., 2005, Voskuhl et al., 2009, Zhang et al., 2008a, Brenner et al., 2001,
Nagele et al., 2004, Song et al., 2009, Sofroniew and Vinters, 2010). Much of the focus in KD to
date has been on the myelin producing oligodendrocyte cells and hence the contribution of
astrocytes in the pathogenesis of KD still needs to be defined. One study in particular
highlighted that the pathology of KD is not solely dependent on oligodendrocytes dysfunction.
In this study, transplanted oligodendrocytes from twi/twi mice were capable of myelinating
the axons of another demyelinating murine model; the shiverer mice. This data suggested that
demyelination in the KD brain may not be entirely attributed to oligodendrocyte cell death and
may be dependent on a supportive environment (Kondo et al., 2005). Hence it has been
suggested that astrocyte dysfunction in the KD brain may in fact be a primary response to
psychosine accumulation and not just a secondary response to demyelination (Claycomb et
al., 2013). Therefore it is possible that astrocytes may play a role in the development of KD. Of
interest is the expression of the S1PRs on astrocytes, namely S1PR1, as this receptor can be
targeted by the recently developed immunomodulatory drug, pFTY720.

6.4 The effect of psychosine on astrocyte cell survival

Due to a deficiency in GALC activity the toxic by-product of galactosylceramide catabolism,
namely psychosine, accumulates in the KD brain (Wenger et al., 2001). In the present study it
was found that psychosine induced astrocyte cell death both in a concentration and time
dependent manner. The cytotoxicity of psychosine has been well documented in
oligodendrocytes and several mechanisms have been suggested to account for its damaging
effects. In oligodendrocytes the mode of cell death induced by psychosine has been reported
by many groups to be apoptosis (Haq et al., 2003, Giri et al., 2006, Zaka and Wenger, 2004).
Although many of these studies were not performed in astrocytes, one can infer that some of
the mechanisms may be similar in both cell types. In addition, in the current study, JC-1 assays
performed on astrocytes treated with psychosine indicate that the mode of cell death here is
also likely apoptosis. The severity of the toxic effects of psychosine have also been previously
reported to be concentration dependent (Sugama et al., 1990). In addition to this, the study
also reports that the TDs, (50% toxic dose) of psychosine varies from cell type to cell type.
Astrocytes were reported to have a TDsy (50% toxic dose) of ~ 20 pg/ml of psychosine.
Oligodendrocytes however had a lower TDs, of ~8 pg/ml and sensory neurons of the dorsal
root ganglia had a TDs, of ~30 pg/ml of psychosine (Sugama et al., 1990). This suggests that
although all the above cells will succumb to psychosine toxicity, oligodendrocytes may be far
more susceptible to its damaging effects (Sugama et al., 1990).

6.5 A putative receptor for psychosine

Interestingly an orphan GPCR known as T cell death-associated gene 8 receptor (TDAGS), has
been suggested to be a putative receptor for psychosine (Im et al., 2001). The evidence
supporting this suggestion includes experiments investigating changes in intracellular [CAMP]
and [Ca®'] which indicated that TDAGS is activated by psychosine and related lysosphingolipids
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(Im et al., 2001). Psychosine treatment of cells expressing TDAGS, that do not endogenously
express the receptor resulted in the accumulation of multinucleated cells (characteristic of the
KD brain) (Im et al., 2001). In addition, cell lines such as U937 that endogenously express
TDAG8 become multinucleated in response to psychosine whereas cells that do not express
the receptor do not (Im et al., 2001, Kanazawa et al., 2000). Whether psychosine is in fact a
ligand for the TDAGS8 receptor however is disputable. Firstly, the Ki value for psychosine in
increasing [Ca®'] and decreasing [cCAMP] in cells expressing TDAGS is significantly higher
(~*3uM) compared to other signalling lipids such as sphingosylphosphorylcholine, which
activates OGR1 with a Ki of 30nM. This relatively high Ki value of psychosine hence indicates
that it may not be the normal physiological ligand for TDAG8 (Mitchison, 2001). In addition,
the levels of psychosine in the normal CNS are practically undetectable as the breakdown of
this metabolite by GALC is extremely rapid. Therefore it is unlikely that psychosine has a
physiological function that it accomplishes via its own receptor. Secondly, psychosine induces a
wide range of pleotropic effects making it unlikely that psychosine-induced toxicity is mediated
via a single receptor (Hawkins-Salsbury et al., 2013). One study used enantiomers of
psychosine to study the mechanisms of action of this lipid metabolite. An enantiomer of
psychosine was found to have an equal or greater toxicity profile as psychosine, indicating that
the mechanisms through which psychosine exerts its toxicity are not mediated via a specific
receptor (ie. TDAGS8) (Hawkins-Salsbury et al., 2013). Thirdly, psychosine mediated
oligodendrocyte death was found to be independent of TDAG8 in M03.13 oligodendrocyte
cells (Giri et al., 2006) and finally, a study using TDAG8 knock out mice also reported that
psychosine-induced toxicity was independent of the TDAGS8 receptor (Radu et al., 2006).

6.6 pFTY720 protects against psychosine induced cell toxicity

In all of the studies performed with psychosine, pFTY720 was able to attenuate the cytotoxic
damage induced by the toxic lipid metabolite to varying degrees. The mechanisms of action
through which it exerts its protective effects against psychosine however are unknown. S1P,
the natural ligand of the S1PRs is believed to promote cell survival and proliferation while
ceramide favours apoptosis, thus the balance between these two lipids (ceramide/S1P) has
been called the “sphingolipid-rheostat” (Hannun and Obeid, 2008, Van Brocklyn and Williams,
2012). The majority of pro-survival effects of S1P are known to be mediated via the five GPCRs,
S1PR1-S1PR5 (Czubowicz et al., 2015). Importantly, pFTY720 binds to four of these five
receptors (S1PR1, S1PR3, S1PR4 and S1PR5) and hence pFTY720 also has a pro-survival
influence on cells. One such anti-apoptotic effect is mediated through MAPK pathways and
ERK phosphorylation. pFTY720 is known to be a potent inducer of pERK and increased levels of
pERK1/2 have been reported to protect astrocytes from ischemic attack and reduce the
number of apoptotic cells (Mullershausen et al., 2007, Osinde et al., 2007, Healy et al., 2013,
Jiang et al., 2003). The PI3K/AKT pathway, likewise induced by pFTY720, is also associated with
pro-survival effects as SIPR1/3 activation inhibited the apoptosis of granulosa cells that had
been subjected to H,0, induced oxidative stress. This protective effect was reported to be
mediated by activation of the PI3Kt/AKT pathway (Nakahara et al., 2012). It has also been
reported that mitochondria play a role in the neuroprotective effects mediated by S1PR
activation. In an in vitro model of ischemia S1P activation of the S1PRs reduced both apoptosis
and necrosis through a mechanism that involved stabilisation of the mitochondrial membrane
potential and by reducing calcium loading (Agudo-Lépez et al., 2010). Moreover, pFTY720 has
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been shown to prevent human prion protein peptide from inducing mitochondrial
depolarisation as well as prevent the translocation of Bax and the release of cytochrome c
from neuronal mitochondria. This pFTY720 conferred protection against mitochondrial
dysfunction was reported to be due to blocking the phosphorylation of cJNK (Moon et al.,
2013). Many more examples exist in the literature describing the pro-survival and protective
effects of SIPR modulation in varies cell types (Czubowicz et al., 2015, Cipriani et al., 2015, Xu
et al., 2015, Di Pardo et al., 2014, Potteck et al., 2010, Safarian et al., 2015). Hence, although
the exact mechanism by which pFTY720 attenuates psychosine-induced astrocytic cell death in
the current study has not been fully elucidated, it is likely to involve activation of the
MAPK/ERK pathways, PI3K/AKT pathways and protection against mitochondrial dysfunction.
pFTY720 is also a known immunomodulator and hence may attenuate cell damage via the
dampening of proinflammatory processes, although we noted such inflammatory responses
were not significant in psychosine-mediated astrocyte cell death or demyelination (Wang et
al., 2007).

6.7 Astrocyte priming by LPS and psychosine

Cytokines such as IL6 and TNFa have been reported to be increased in the brains of twi/twi
mice compared to wildtype controls thus implicating inflammatory processes in the
pathogenesis of KD (LeVine and Brown, 1997). The relative contribution of proinflammatory
cytokines to the progression of the disease however is still unknown. In the present study,
psychosine treatment alone did not increase the levels of IL6, TNFa or IL1B from cultured
mouse astrocytes. Interestingly, in the presence of LPS, psychosine treatment did potentiate
the LPS-induced increases in IL6 and TNFa levels. These findings are comparable to a study in
which psychosine had no effect on the induction of NO or increase in proinflammatory
cytokines levels in primary rat astrocytes. When co-treated with LPS however, psychosine
potentiated the LPS-induced increase of NO, IL6, TNFa and IL1B in a concentration dependent
manner (Giri et al.,, 2002). This may be an example of astrocytic priming which, similar to
microglia priming, results in an exaggerated response to a secondary stimulus due to
sensitisation to a first stimulus (Cunningham et al., 2005). Astrocytic priming has been
demonstrated in vitro and, more recently, in vivo. IFNy-sensitised astrocytes displayed
exaggerated responses to subsequent IL1B or LPS challenges while priming with IL1B, LPS and
TNFa resulted in exacerbated chemokine and cell adhesion molecules (CAM) in response to a
subsequent TLR2 challenge (Chung and Benveniste, 1990, Henn et al., 2011). Recently,
intrahippocampal administration of IL1 or TNFa to ME7 prion diseased animals and wildtype
controls demonstrated that astrocytes in the degenerating brain are also primed to produce
exaggerated chemokine responses to acute stimulation with proinflammatory cytokines
(Hennessy et al., 2015).

6.8 The role of proinflammatory cytokines in the pathogenesis of KD

The elucidation of the role of inflammatory molecules in the pathogenesis of KD has been
further complicated by various studies which have reported conflicting results. For example,
one study reported that psychosine decreased the LPS-induced production of iNOS in a BV2
cell line, whereas in a mixed glial culture, psychosine potentiated the LPS-induced induction of
iNOS (Bashir and Haq, 2011). In addition, psychosine is a known inhibitor of PKC and PKC is in
turn an inducer of IL6 expression in astrocyte cultures (Cadman et al.,, 1994). Hence,
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psychosine might be expected to suppress IL6 expression in astrocytes via inhibition of PKC
(LeVine and Brown, 1997). In order to investigate the significance of elevated levels of TNFa in
the twi/twi mouse brain, one group generated twi/twi mice that were also deficient for TNF-R1
(the main receptor through which TNFa acts). In comparison to twi/twi controls, TNF-R1
deficient mice displayed no significant difference in either the clinical or pathological course of
the disease. However, when mice were administered with an injection of LPS, the twi/twi TNF-
R1 deficient mice had a worsened disease course and a shorter life span (Pedchenko et al.,
2000). This indicates that TNF-R1 is not sufficiently activated to contribute to the pathology of
KD, however, if a secondary insult such as an infection or fever occurs, TNF-R1 does lead to
significant worsening of the disease. Furthermore, in the present study, psychosine induced
significant demyelination in organotypic slice cultures prepared from the cerebellum of 10 day
old mice pups. However, unlike LPC induced demyelination, which was associated with
increased levels of proinflammatory cytokines such as IL6, TNFa and IL1B, psychosine did not
induce significant changes in these measured cytokines.

6.9 pFTY720 inhibits psychosine-induced demyelination without an inflammatory
component.

Overall the role of psychosine in the direct regulation of proinflammatory cytokines is still
ambiguous. It is likely however, that psychosine will enhance the levels of proinflammatory
cytokines in the presence of an inflammatory milieu such as the environment created by an
infection, fever or insult. In this scenario, psychosine in conjunction with NO, IL6, TNFa and
other pro-inflammatory mediators may greatly exacerbate the disease pathology. Importantly
the immunomodulatory and anti-inflammatory effects of SIPR modulation has received much
attention in the past number of years. Activation of S1PR’s in resident immune cells of the
brain can regulate their ability to produce cytokines (Wang et al., 2007). pFTY720 has been
demonstrated to reduce the levels of IL6 in microglia, astrocytes and neurons succeeding a
traumatic brain injury (Zhang et al., 2008b) and to attenuate LPC-induced NO release (Jackson
et al., 2011a). In addition, specific knockout of S1IPR1 from astrocytes or pFTY720 treatment
was seen to reduce the release of IL18, IL6 and IL17 (Choi et al., 2011). In the present study
pFTY720 attenuated the psychosine-induced potentiation of LPS-induced IL6 and TNFa from
mouse astrocytes. We also investigated the effect of pFTY720 and BAF312 on LPS-induced IL6
in mouse astrocyte and microglia cells. In our hands pFTY720 and BAF312 only moderately
attenuated the levels of IL6 induced by LPS in both mouse astrocytes and microglia. In
contrast, pFTY720 and BAF312 significantly attenuated the levels of proinflammatory cytokines
in organotypic slice cultures treated with the demyelinating agent LPC. Congruent with this
result, pFTY720 has been reported to significantly reduce the levels of cytokines and
chemokines in LPC treated organotypic slice cultures (Sheridan and Dev, 2012). The disparity
in results between isolated cell cultures and the organotypic slice cultures may be due to the
presence of peripheral immune cells in these brain slice models. SIPR modulation of immune
cells in the slice cultures by pFTY720 or BAF312 may account for the much greater effect of
these drugs at attenuating LPC-induced cytokine levels. Notably, unlike LPC-induced
demyelination of organotypic slice cultures, psychosine appeared to effectively induce
demyelination without inducing a proinflammatory response. This result in particular was
somewhat unexpected and interesting as it demonstrated that SIPR modulation can be
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protective against two disparate forms of demyelination, namely demyelination associated
with and without an inflammatory component.
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Figure 6.1. Chapter 3 results; Galactosylsphingosine (psychosine) induced demyelination is
attenuated by sphingosine 1-phosphate signalling.pFTY720 attenuated psychosine-induced
astrocyte cell death, mitochondrial dysfunction and proinflammatory cytokine release.
Psychosine also induced wide spread demyelination in cerebellar slice cultures without inducing
the release of proinflammatory cytokines. pFTY720 protected the slice cultures from psychosine

induced demyelination.

137



6.10 The effect of psychosine on myelination state in cerebellar slices

Demyelination and oligodendrocyte cell death, induced by the toxic metabolite psychosine, are
two major pathological features of the KD brain. Although not fully understood, many proposed
mechanisms governing psychosine-induced oligodendrocyte cell death have been described.
These include preferential accumulation of psychosine in lipid rafts and resultant inhibition of
PKC; mitochondrial damage and cytochrome c release; upregulation of JNK; caspase mediated
apoptosis; an increase in sPLA;; and increased levels of proinflammatory cytokines and NO
generation (Davenport et al., 2011). In the current study psychosine induced demyelination in
organotypic slice cultures prepared from mouse cerebellum as measured by MBP, MOG and PLP
immunostaining. Treatment with pFTY720 prevented the psychosine-induced loss of MBP, MOG
and PLP observed in these slice cultures. Given our knowledge of S1PRs in regulating
oligodendrocyte physiology, we postulate the efficacy of pFTY720 in protecting against
psychosine-induced demyelination may be due to direct effects on oligodendrocyte survival
and/or maturation as well as attenuating inflammatory or cell death pathways (Dev et al., 2008,
Miron et al., 2008b).

6.11 S1PRs enhance myelination via modulation of OPCs

Over a decade ago, S1PRs were reported to regulate Ca?* and MAPK signalling in cultured
oligodendrocyte cells (Fatatis and Miller, 1996, Hida et al., 1999). Since then much work on the
effect of S1PR activation on oligodendrocytes and myelination in toxin-induced CNS
demyelinating models and in the MS EAE animal model have been performed. Treatment with
pFTY720 is reported to reduce the degree of initial injury, augment the number of OPCs and
enhance remyelination during the recovery phase in a cuprizone model of demyelination (a
copper chelator; bis-cyclohexanone oxaldihydrazone), although these results remain
controversial (Kim et al., 2011). pFTY720 is also reported to modulate process extension,
differentiation, and survival in human oligodendrocytes. Enhancing OPC number and function is
believed as beneficial as these cells play important roles in remyelination. OPC’s respond to
chemotactic signals, migrate to lesions, proliferate and differentiate into mature
oligodendrocytes, which can then remyelinate axons (Miron et al., 2011). The functional effects
of SIPR modulation on oligodendrocytes have been associated with activation of ERK signalling
pathways, as observed in rat oligodendroglia lineage cells (Coelho et al., 2007, Jung et al., 2007).
Another signalling cascade regulated by S1PRs is the Shh-Pat-Smo-Glil pathway (sonic hedgehog
protein, Patched receptor, Smoothened and Glil transcription factor), which is essential for OPC
survival, proliferation, differentiation and subsequent remyelination (Zhang et al., 2009, Zhang
et al., 2015, Ortega et al., 2012). Interestingly, treatment of EAE mice with pFTY720 increased
the levels of Shh, Smo and Glil which coincided with increased OPC proliferation and
differentiation (Zhang et al., 2015).

6.12 Glia cells as cellular targets in KD

In addition to the effects of pFTY720 on OPCs and oligodendrocytes, pFTY720 likely prevents
demyelination through immunomodulation of glial cells. Many now believe that astrocytes and
microglia play a prominent role in myelin dysfunction (Chew et al., 2013, Yeo et al., 2012).

The activation of astrocytes and microglial have also been reported to play important roles in
disease progression in the twi/twi mice (LeVine and Brown, 1997, Mohri et al., 2006, ljichi et
al., 2013). Astrocytes and microglia physically communicate via, for example, receptor ligand
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interactions such as CD200/CD200R, as well as communication via several connexins
(Claycomb et al., 2013, Koning et al., 2009. ). Disruption of CD200/CD200R interaction
activates microglial suggested to encourage proinflammatory responses in the CNS, whereas
dysfunction of connexins 43/47 and 30/32 in astrocytic gap junctions has been implicated in
the pathogenesis of several models of demyelinating disease (Brand-Schieber et al., 2005, Lutz
et al., 2009). In twi/twi mice, microglia are reported to increase production of hematopoietic
prostaglandin synthase (HPGDS) and PGD2, while astrocytes have increased expression of
PGD2 receptors, DP1 and DP2 (Mobhri et al., 2006). The genetic ablation of DP1 and blockade
of HPGDS in the twi/twi mouse resulted in decreased activation of both astrocytes and
microglia and significantly less demyelination (Mohri et al., 2006). In this regard, it has been
suggested that pFTY720 can promote remyelination via limiting microglial response (Jackson et
al., 2011a). Recent studies are now also emerging that implicate directly astrocytes in the
etiology of KD (ljichi et al., 2013). In particular, the expression of matrix metalloproteinase 3
(MMP3) is reported to be increased in astrocytes at the time of disease onset in the twi/twi
mouse and also seen to elevate with disease progression (ljichi et al., 2013). Astrocytic MMP3
is believed to proteolitically target myelin protein and is a major mediator of globoid cell
formation (ljichi et al., 2013). In our studies we did not observe overt microglial activation in
our slice cultures or increased levels of IL6 in response to psychosine-induced demyelination.
We acknowledge, however, these slice culture studies may differ to in vivo settings, where
demyelination observed in KD may involve an intricate balance between astrocytes and
microglia and where drugs such as pFTY720 may attenuate psychosine-induced demyelination
via a multi-cellular mechanism.

6.13 Regulating neuronal dysfunction by pFTY720

Psychosine accumulation has also been reported to increase PP1, PP2A and GSK3f activity,
which dephosphorylates neurofilaments and inhibits fast axonal transport (Cantuti-Castelvetri
et al., 2012, Cantuti Castelvetri et al., 2013). Importantly, pFTY720 has been shown to have
direct effects on neuronal function and in the preservation of axonal integrity. For example,
pFTY720 was found to reduce acute axonal damage after acute and chronic cuprizone-induced
demyelination (Slowik et al., 2015) and also prevented/reversed pre- and postsynaptic
alterations of glutamate transmission seen in EAE mice (Rossi et al., 2012). As the preservation
of axons is frequently linked to remyelination, the neuroprotective effects of SIPR modulation
may be an additional avenue through which pFTY720 and BAF312 exerted protection over
psychosine-induced demyelination in organotypic slice cultures. Furthermore, pFTY720 is
reported to increase brain derived neurotrophic factor (BDNF) levels through the MAPK
pathway and counteract NMDA-induced neuronal death (Deogracias et al., 2012). This may be
therapeutically relevant for Rett syndrome in particular as BDNF levels are decreased in the
mouse model of Rett syndrome (MeCP2-null mice) and correlates with symptom progression
(Deogracias et al., 2012).

6.14 Controversy over pFTY720 and its ability to enhance remyelination in vivo

Despite the considerable evidence in support of pFTY720 enhancing remyelination in vitro,
there is controversy in the literature regarding its effect on myelination in vivo (Slowik et al.,
2015). Treatment with pFTY720 has been reported by a number of independent studies to not
enhance remyelination after cuprizone -induced demyelination in mice (Hu et al., 2011, Kim et

139



al., 2011, Slowik et al., 2015, Alme et al., 2015). Furthermore focal demyelination induced by
LPC injection in rat spinal cord was also unaffected by pFTY720 treatment (Hu et al., 2011).
The discrepant results reported for organotypic slice cultures (Miron et al., 2010, Sheridan and
Dev, 2012) and in vivo cuprizone model (Slowik et al., 2015, Alme et al., 2015) are likely
caused by the differing experimental paradigms used. In addition the time in which pFTY720
treatment is initiated in the cuprizone mice model may be an important factor and a study
addressing this may be beneficial. Overall, however, it is clear that pFTY720, and likely BAF312,
exerts beneficial effects beyond an immunomodulatory function, acting directly on OPCs,
oligodendrocytes, astrocytes, microglia and neurons.
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Figure 6.2. Chapter 4 results; BAF312 (Siponimod) attenutes psychosine induced
demyelination in organotypic slice cultures. BAF312 induces pERK, pAKT and Ca®" signalling
through the S1PR1 subtype and internalisation of S1PR1 in astrocytes. BAF312 also attenuated
proinflammatory associated LPC-induced demyelination and proinflammatory independent
psychosine-induced demyelination in cerebellar slice cultures.
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6.15 S1PR1 interacts with Pex14, a protein mutated in Zellweger syndrome

To date the mechanisms governing processes such as S1PR1 internalisation, degradation and
sustained signaling as well as the identity of many of these accessory proteins remains unclear.
Studies investigating these interacting proteins may provide new insights into the
pharmacology, function and disease relevance of S1PRs and ultimately lead to the
development of novel therapeutic agents. Here we identified a biochemical interaction
between S1PR1 and the peroxin Pex14 and performed a number of functional studies to
identify its role. Although, as yet, the functional role of this interaction remains unclear, it is
interesting to note that mutation of Pex14 is linked to the disease Zellweger syndrome (ZS). ZS
is an autosomal recessive disorder caused by mutations in PEX genes that result in a disruption
to the import of matrix proteins to the peroxisome (Purdue and Lazarow, 2001, Wanders,
2004). In the most severe cases of this disease, patients usually die within their first year,
suffering from a range of phenotypes including neonatal seizures, neurologic dysfunction,
abnormal neuronal migration, dysmyelination or hypomyleination and neuronal degeneration
(Wanders, 2004, Crane, 2014) . Mutations in PEX14 accounts for a small number of ZS cases,
where to date only two cases with a PEX14 deficiency have been documented (Steinberg S,
2003). In the first reported case a patient homozygous for a nonsense mutation in a putative
coiled-coil region of PEX14, c.553C>T (p.Q185X) has been reported (Shimozawa et al., 2004).
The second documented case described a novel deletion frameshift mutation in exon 3 of
PEX14 (Huybrechts et al., 2008). While, from our studies the function role of SIPR1-Pex14
interaction remains elusive, these studies highlight the importance of identifying novel S1IPR1
interacting proteins for the purpose of exploiting and developing better S1PRs drugs for a
range of illnesses.
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Pex14 can cause Zellweger syndrome. The intracellular loop 3 and C terminus of S1PR1
interacts with coiled coil region of Pex14.This interaction does not inhibit pFTY720-induced
internalisation of S1PR1, nor does it alter pFTY720 mediated modulation of cytokine levels or
pFTY720-induced pERK and pAKT signalling.
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6.16 Further Studies and Future directions

The current study demonstrated the protective effects of SIPR modulation over psychosine
induced toxicity and demyelination in an in vitro setting as well as identified a novel S1PR1
interacting protein (Pex14). Some of the limitations observed during our studies have been
detailed at the end of each chapter. A number of findings reported here warrant further
investigation. Firstly, it would be of interest to further investigate the effect of psychosine on
the axon itself and to determine if this may be a causal factor in the psychosine-induced
demyelination observed here. It would also be important to determine the temporal effect of
psychosine and elucidate which cell type was first to succumb to psychosine toxicity and hence
perpetuate the damage. A second, and most important, part of this work that remains is to
examine the effects of pFTY720 and BAF312 in the twi/twi mouse model of KD. Indeed,
treatment with pFTY720 or BAF312 either alone or in combination with other tried therapies
such as viral mediated gene therapy or BMT would provide support to our cell culture and slice
demyelination studies and perhaps support the use of these therapies in clinical trials. Thirdly,
an experiment demonstrating the interaction between S1PR1 and endogenous Pex14 would
be necessary before any further work on a functional role of this interaction could be
performed.

6.16 Concluding remarks

Demyelinating disorders such as KD have devastating effects on the lives of the patient and
their family. Although this disease is rare there is still an urgent need to develop more
efficacious treatments that will hopefully improve the quality of life for these children. The
S1PR modulator, pFTY720, is currently being used as a therapy for relapsing remitting MS
however, it is thought that this drug may be beneficial in a number of diseases that exhibit a
range of neuroinflammatory and neurodegenerative features. In support of this, the
neuroprotective spectrum of pFTY720 has been illustrated in a number of animal models
including models of Alzheimer’s disease (Hemmati et al., 2013), spinal cord injury (Lee et al.,
2009), Rett syndrome (Deogracias et al., 2012), ischaemic stroke (Liu et al., 2013) and
Huntington’s disease (Di Pardo et al., 2014). Another S1PR modulator, BAF312, which targets
the S1PR1 and S1PR5 subtypes is also being tested in a clinical setting and has successfully
undergone Phase Il clinical trials for relapsing remitting MS (Selmaj et al., 2013) and is in
Phase Il clinical trials for secondary progressive MS. In the current study, BAF312 was found to
induce pERK, pAKT and Ca* signalling as well as internalise S1PR1 on astrocyte cells in a similar
manner to pFTY720. In addition, pFTY720 attenuated psychosine-induced mitochondrial
dysfunction and astrocyte cell death while both pFTY720 and BAF312 successfully attenuated
LPC- and psychosine- induced demyelination in cerebellar slice cultures. Furthermore an
interaction between SPR1 and a novel binding partner Pex14 was discovered.

Given the data presented in the current study, further investigation into the effects of pFTY720
and BAF312 in the KD animal model, namely, the twitcher mouse, are now warranted. In
closing, we suggest that this work and further in vivo studies will support the use of pFTY720
and BAF312 as novel therapies for the treatment of KD.
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