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Abstract

Fabry (FD) and Gaucher (GDjsease are lysosomal storage disorders, caused by single
enzyme deficiencies on the glycosphingolipid degradation pathway as a result of genetic
mutations in thé5LA andGBA genes respectively. These result in a functional enzyme
deficiency within the lygssome and accumulation of -degraded substrate. GD is
characterised by a bleeding tendency and bone infarction. Patients with FD suffer from a
vasculopathy with strokes, proteinuric renal failure and cardiac conduction defects, but
both disorders are @ily heterogeneous. Abnormal cytokine profiles and a pro
inflammatory state have been found in both FD and GD, leading to the hypothesis that
abnormalities at the bloeendothelial interface affecting coagulation and leucocyte

adhesion contribute to thaihology of these disorders.

This thesis demonstrates the importance of vascular manifestations in the presentation of
both GD and FD with failure to identify the underlying cause of these manifestations
resuting in delays between the onset of clinicahnifestations and arrival at the correct
diagnosis. Abnormalities at the bleeddothelial interface identified in GD include-up
regulation of adhesion molecules on lymphocytes that may be of importance in the
pathogenesis of bone disease, and increttsedhbin generation in an endothelial cell
model of GD. In FD, whilst cardiac and renal manifestations occur at earlier onset and
with greater severity in men, cerebrovascular disease seems to affect both sexes to a
similar degree. Monocytes from femalegh FD exhibit an agelependent increase in
adhesion mimicking the agtependent increase in cardiac and renal disease seen in these
patients but the mechanisms underlying cerebrovascular disease remain uncertain. Initial
investigations of platelet priatombinase activity suggest this may be enhanced in FD.
Further investigation of these abnormalities at the cellular level may shed new insights on,
and open up new therapeutic options, for the management of the vascular complications
of these disorders.
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Chapter 1 Introduction

Fabry disease (FD) and Gaucher disease (GD) are lysosomal storage disorders, caused by
inherited deficiency of specific hydrolases required for thegradation of
glycosphingolipids in the lysosome. GD was first described by Phillipe Gaucher ity 1882
denoting the presence of distinctive abnormal cells in a female with splealym&yer
subsequent decades a clinical syndrome characterised by abnormal macrophages in the
reticuloendothelial system causing hepatosplenomegaly, peripheral blood cytopenias,
bone disease and, in some casesirological involvement, was given the epamous

name, Gaucher disease. In 1898, William Anderaon Johannes FaBripdependently
described a widespread rash, angiokeratoma corporis diffusum and FD is now recognised
as a multisystem disorder complicated by renal failurardiomyopathy and stroke. It

was not until the 1960s that the underlying enzyme deficiencies were identified:
glucocerebrosidase (GBA) in Gand alpha galactosidase A (GLA) in £D This
discovery led to the development of specific therapies in the form of enzyme replacement,
licensed first for GD in 1991 and then for FD in 2001.

Despite these adwaes much still remains unknown about these disorders and in particular
the mechanisms by which the presence of mutant enzyme results in the clinical
manifestations. Although at first glance GD and FD may seem clinically disparate
disorders, abnormalitigevolving interactions between blood constituents and the vessel
wall have been implicated in the disease processes of both. This thesis investigates the
role of vascular pathology in GD and FD, examining the prevalence of vascular
manifestations irthe patient cohort at the Royal Free Hospital, their relation to other
disease manifestations and through laboratory investigation of -blodathelial
interactions. This chapter provides an overview of GD and FD and reviews the evidence
base for vascular abnoatities in these disorders before outlining an investigative

approach to further explore this area.

1.1  Glycosphingolipids
Glycosphingolipids comprise one or more sugar residues linked totthdraxyl group

o f ceramide by a b | i okheyae key cénmpanents ofwi t h

18



eukaryotic cell membranes, where they are thought to segregate into discrete
microdomains termed lipid rafts The ABO blood group determinants are complex
glycosphingolipids and cell membrane glycosphingolipids have functiona vatéin

the innate immune system; for example, globotriaosylceramide (Gb3) specifically binds
the verotoxins ofE.coli and Shiga toxin, whilst lactosylceramide (LacC) forms
microdomains on the plasma membrane of neutrophils and macrophages which recognise
engulf and eliminate pathogens. Some glycosphingolipids, including LacC and
sphingosinel-phosphate (S1P) also function as bioactive signalling molecules.
Regulated turnover of glycosphingolipids is therefore important for normal cellular

functioning.

1.1.1 Glycosphingolipid synthesis

Gl ycosphingolipids needed to meetdeamoveel | 6s
or recycled from the catabolism of other glycosphingolipids. These catabolic reactions

are more rapid and energy efficient tiiEnnovasynthesis and are stimulated by cytokines

i ncluding tumour necrosis factof Dadowha ( TN
synthesis of glycosphingolipids starts with synthesis of ceramide, a long amnéio

alcohol (sphingosinegoylated with a fatty acid, within the endoplasmic reticulum ER)
Ceramides are then usually transported to the Golgi where they are converted rapidly to
glycosphingolipids by stewise addition of monosaccharide resduthrough the action

of glycosyltransferasés

Gal act osyl celrbaOeirde a(nGal dpllucddlec er &Grhiuded (aC
initial glycosphingolipids formed and are synthesised diyect transfer of the
carbohydrate moiety from a sugar nucleotide (e.g. urididgpBosphate (UDPglucose)

to ceramide. Galactosylceramide is the principle glycosphingolipid in brain tissue. GIluC,

the main lipid which accumulates in GD, is found mmn@dhately in peripheral tissues but

is also present at low levels in the brain. GluC is the precursor of lactosylceramide (LacC)
and hence most of the complex neut#al gl vy
Gl cb1Cer) i's synt hesigsaeldachtyo steh & oa dxd-iutCi, o nc «
galactosyltransferases (GalT2). LacC is also regenerated by the catabolism of many of

the Iipids for which it is a biosynthetic
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activates GalT2, resulting in increasedclC°. More complex glycosphingolipids are
formed by the steise addition of further monosaccharides to the terminal end of the
oligosaccharide chain: glucose (Glc), galactose (Gaf¢cétylglucosamine (GIcNAc),N
acetylgalactosamine (GalNAc) or mannose (Man). Further addition of a galactose residu
to lactosylceramide yields globotriaosylceramide (Gb3), the predominant lipid which

accumulates in FD.

Bioactive small molecules from sphingosine and ceramide

As well as forming the backbone of sphingolipids, ceramide and sphingosine, and their
phosphoriated derivatives also function as bioactive small molecules. Ceramide and
sphingosinel-phosphate (S1P) are interconvertible via sphingosine as an intermediate
and the balance of ceramide and S1P is highly biologically impébitaeramide has
anti-proliferative and preapoptotic effects whilst S1P is ppooliferative.

S1P is synthesiseflom sphingosine by two sphingosine kinases 1 and 2 (SphK1 and
SphK2). Binding of S1P to specific-@otein coupled receptors, activates a number of
cell signalling pathways with downstream effects including activation of endothelial nitric
oxide synthas (eNOS) stimulating nitric oxide productiénangiogenesté and up

regulation of cyclooxygenasz*.

Non-acylated derivatives

Deag/lated derivatives of glycopshingolipidge thought to arise either subseduten
deaglation reactions or by synthesis on a ceramide backbone. These lysosphingolipids
are water soluble as opmmbk to their watemsoluble aglated counterparts.
Glucosylsphingosine (GIuS) accumulates in & and globotriaosylsphingosine
(lysoGb3) accumulates in ED

1.1.2 Glycosphingolipid degradation

Glycosphingolipids for degradation are transported to the lysosome, predominately via
the endocytic pathway and broken down by specific hydrolases. Similarly to their
synthesis, their degradation is by steise removal of the terminal monosaccharide from
the end of the oligosaccharide chdtiigure 1-1). Glycosphingolipids with less than four

sugar residues are only degraded in the presence of sphingolipid acpvati®ins
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(saposinsf. Saposins A, B, C and D are derivedaogteolytic processing from a single

precursor prosaposin; saposin B is required by GLA and saposin C by GBA.

1.2  Lysosomes

Lysosomes are intracytoplasmic membrane boundneifgess whose primary function is
the degradation and recycling of macromolecule#y bbb intracellular and extracellular
origin. Discovered by Christian De DuNglysosomes have a lipid bilayer, cholesterol
poor membrane, lined internally with a thick glycocalyx to prevent its degradation by
lysosomal enzymes. Lysosomes have an internidicapH, maintained by an ATP

dependent proton pump, at which lysosomal hydrolases are optimally functional.

Macromolecules are delivered to lysosomes by complex pathways including
autophagocyticpathways (for intracellular material) and endocytic pathways (for
extracellular material). Inside the lysosome, macromolecules are degraded Hwesstep
manner with specific enzymes for each macromolecule catalysing each step. The
breakdown productg@then released from the lysosome either to the cytosol by diffusion
or transporter proteins or to the extracellular space by exocytosis. Salvage of simple
macromolecules, not yet fully degraded to their core components, and their transport back
to the lgi apparatus additionally allows efficient production of more complex
macromolecules to meet the cells requirements without the need for energy exgensive
novosynthesis. Egress of molecules from the lysosome involves multiple lysosomal
proteins thaact as transporters including cystinosin, sialin, cobalamin transporter and
NPC1 protein. Lysosomal exocytosis, involving the fusion of lysosomal vesicles with the
plasma membrane, enables repair of the plasma membrane and release of lyososomal
enzymesand breakdown products into the extracellular space, e.g. enabling degradation

of the extracellular matrix.
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Figure 1-1: Degradation pathway for glycosphingolipids.Blue = lipids,; green = enzymes, redisease caused by enzyme deficiency.

Gal = galactose; glu = glucoSdAMA = N-acetyl neurominic acid; p = phosphaBalNAc = N-acetylgalactosamire
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1.2.1 Trafficking of material for degradation to lysosomes
A number of pathways are involved in the delivery of material to lysosomes including

endocytosis, phagocytosis and autophagy Fsgere1-2).

Endocytosis

Capture of extracellular material and integral membrane proteins occurs via specific
endocytic mechanisms, with the precise mechanism depending on the nature of the
material. @athrinrmediated endocytosis (CME) occurs when clateoated pits on the
plasmalemma internalise membrane recefayand complexes into vesicles. Clathrin
independent endocytosis most often occurs at di&ask invaginations along the
plasmalemma ckdd caveolaé long-lived plasma membrane microdomains composed of

caveolins, cholesterol, sphingolipids, Giichored proteins and various receptor proteins.

Early endosomes can be recruited back to the plasmalemma or to other organelles as
sorting/recydhg endosomes, allowing for the recycling andnsertion of cell surface
receptors, delivery of signalling ligands throughout the cell and internalisation of cell
membrane components to bearganised. Endosome to lysosome maturation involves a
progrestve decrease of the internal pH to about 5 in a mature lysosome generated

primarily by the vacuolaH+ ATPase.

Autophagy

Intracellular materials reach the lysosome through autophagocytic pathways which target
material including organelles for degradatioAhutophagy occurs at a basal level and is

also activated by a broad range of cellular stressors and mediates degradation of protein
aggregates, oxidised lipids, damaged organelles and intracellular pathogens. There are
three distinct sulbypes: microautdpagy, chaperonmediated autophagy and

macroautophagy.

Microautophagyinvolves direct engulfment of cytosolic material by the lysosome, either
by direct invagination of the lysosomal membrane or projectedikenextensions that

sequester material intotmlysosomal vesicles.
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Chaperonemediated autophagg selective for soluble monomeric proteins containing a
binding motif for heat shock protein 70 (HSP70) which, withchaperones, then
promotes protein unfolding and translocation across the lysosoemmbrane via the

lysosomal membrane protein LAMPZA

When macroautophagyis stimulated, doublemembrane bound vesicles known as
autophagosomes form to engulf cytosolic material. This material, imgjalyisfunctional
organelles and oligomerised proteins is selectively recognised by chaperone complexes
and adapter molecules including heat shock proteins, ubiquitin and p62/SQSTMI which
allow for specific uptake of theses substrates within autophago$oresophagosomes

then fuse with lysosomes. The enveloped material and its enveloping membrane are

degraded by lysosomal hydrolases.

1.2.2 Lysosomal enzyme synthesis and trafficking to lysosomes

Soluble lysosomal enzymes are synthesised as precursor pagseandcontain a 20

25 amino acid Nerminal sequence which directs theirtcanslational translocation into

the lumen of the ER. Within the ER, the signal peptide is cleaved and the nascent protein
undergoes glycosylation of selected asparagine residuesk@d glycosylation). These
residues play a key role in protein folding and quality control mechanisms which are

important for onward transport of the protein to the Golgi apparatus.

Protein folding occurs within the ER: hydrophobic residues mainly facmtarior of the
protein whilst polar residues mainly occur on the external surface. Protefoldiig

with exposure of hydrophobic residues on the external surface of the protein results in
formation of protein aggregates. Molecular chaperones witiéiriER inhibit formation

of aggregates by binding exposed hydrophobic residues. Persistentbldris proteins

are targeted for degradation by the -B$$ociated pathways (ERAD), of which the
ubiquitin-proteasome system is a key component. The lysosemaimes are then

transported from the ER to the €®Igi via a vesicular transport mechanism.

Targeting of lysosomal proteins from Golgi to the lysosomes
Lysosomal enzymes are targeted to lysosomes via a number of different pathways.

Historically, themain mechanism for most lysosomal enzymes, including GLA, was
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thought to be mediated by a mann@sghosphate (M6P) modification that occurs in the

late Golgi compartment, catalysed by GlcNAphosphotransferase. There are two types

of transmembrane manse6-phosphate receptors: catidependent (CEMPR) and
cationindependent (GMPR) which shuttle between tra@olgi and late endosomes and
target enzyme to lysosomes. Both MPR are also present on the plasma membrane but
only CI-MPR endocytoses M6P ctaining ligands, enabling uptake of enzymes with the

M6P modification in the extracellular space to be taken up by surrounding cells.

MPR bind M6Rcontaining proteins in the Golgi apparatus and these complexes exit the
Golgi in clathrincoated vesicles mich fuse with endosomes. The lower pH in the
endosomes results in dissociation of the pretegeptor complex and release of the
protein into the endosomal lumen from where they are transported onwards to the

lysosome. The MPR recycles back to the Golgi

More recently, it has been discovered that some lysosomal enzymes are targeted to the
lysosome by MPRndependent mechanisms. Sortilin, a transmembrane glycoprotein, has
been shown to traffic a number of lysosomal enzymes which also use the MPR nmchanis
including GLA?. Glucaerebrosidase is not targeted via the MPR mechanism but is
instead targeted via the integral lysosomal membrane protein 2iMP2

Under normal conditions,-80% of many lysosomal enzymes escape the M6P trafficking
pathway and are secreted from the cell. These enzymes can then be taken up by MPR on
distant cellst er me d A seeccarpet tuir ceno . GL A -recaptirérGBA e s s e«

does not.

1.2.3 Lysosomal storage disorders

Lysosomal storage disorders (LSDs) comprise a group of over fifty monogenic disorders
affecting lysosomal function. The majority of LSDs are the result of deficiency of a
soluble lysosomal hydrolase but others results from a defect in an activator protein,
membrane protein or part of a transport pathway {sdxe 1-1). Rarely, GD may arise

due to a mutation in the prosaposin gene encoding saposin C.

26



Table 1-1: Examples of lysosomal storage disorders

Role Gene Protein Function Disease
Lysosomal GBA1l Glucocerebrosidasf Hy dr ol y s i s - | Gaucher disease
hydrolases linked glucose residui
from glucosylceramide
GLA Alpha Hydr ol ysi s - | Fabrydisease
galactosidase A linked galactose fron
glycosphingolipids
Activator PSAP Prosaposin, cleave| Saposin C: activator g Gaucher diseas
proteins to saposins A, B, { glucoceridosidase (Saposin C)
&D
GM2A GM2 activator| Activator protein  for| GM2
protein degradation of GM2 by gangliosidosis
hexosaminidase A (AB variant)
Membrane ion MCOLN1 Mucolipin | lon channel involved ir| Mucolipidosis
channels calcium signalling during type IV
lysosomal membran
fusion
CLCN7 CIC-7, chloride ion| Contributes to lysosomg Osteopetrosis
channel acidification
Membrane LAMP2A Lysosome Mediates chaperon| Danondisease
transporters associated mediated autophagy b
membrane binding cytosolic proteir
glycoprotein 2 substrate on the lysosom
membrane so they can |
internalised and degrade
NPC1 NeimannPick C1| Exports cholesterol fron| NeimanPick C
protein endolysosomal
compartment
Enzymes SUMF1 Sulfatase Oxidises a  cystein¢ Multiple
involved in post modifying factor 1 | residue in the active site ¢ sulfatase
translational sulfatases, required for| deficiency
modifications function
GNPTAB& | N- Formation of mannosé | Mucolipidosis
GNPTG acetylglucosamine | phosphate residues d II/IlI
1- lysosomal enzymes il
phosphotransferas{ Golgi

Whilst often viewed as orders of excess due t@atioeimulation of wwdegraded substrates,
LSDs may also be viewed as deficiency disorders where critical components required for
multiple metabolic pathways are reduced in supply as well as a state afbmwretance

of un-degraded materi&

Except for FD, Danon an-linked, uhe LS®3 adesautasomsle a s e

Individually rare, their overall estimated live birth prevalence
27
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overall is 1 in 7508. Within each disorder, there is wigkaenotypic variatin ranging

from a severe, infantitenset form to more attenuated adult onset phenotype. FD is
unusual in that there is no infantimset form. GD has traditionally been divided into
three suktypes depending on the presence or absence of neurologicakte Type 1 GD

(GD1) is characterised by a lack of central nervous system involvement and accounts for
95% of GD amongst CaucasidhsType 2 GD is an infantile onset severe neuronopathic
form and type 3 GD has more attenuated neurological features; GD1 is the subject of this

thesis and the other types of GD are not discussed further.

1.3  Clinical manifestations of GD and FD

GD and FD ardoth multisystem disorders and are highly heterogeneous in their clinical
manifestations, even amongst patients with the same genotype. Both may present at any
time from early childhood to old age and, unlike the majority of LSDs, the clinical
manifestéions are systemic rather than neurodegenerative. Both are rare disorders with
an estimated prevalence of 1:50i00:100 000 for GD and 1: 117 00 in FDalthough
newborn screening studies have suggested a much higher preval&idertitations®.

Both are parethnic but there is a particularly high carrier rate of G»agst Ashkenazi

Jews in whom the estimated carrier rate is¥:12here is n&nown ethnic predisposition

for FD.

1.3.1 Gaucher disease

GD primarily affects cells of the reticuloendothelial system resulting in
heaptosplenomegaly, bone disease and decreased peripheral blood counts, often
associated with a bleeding diathesis. Polyclonaimmopathies are common at
presentation and in the longer term there is an increased risk of multiple mifelohea

clinical manifestations and their potential causes are outlinedainle 1-2. In
symptomatic patients, presenting features eaingm mild thrombocytopenia to massive
splenomegaly and avascular necrosis of the*hipis addition, the diagnosis may be
fortuitous following the incidentaletection of abnormal blood counts or splenomegaly

on investigations performed for other reasons (e.g. insurance medicals, antenatal care).

Whilst GD is a progressive disorder in most pati&nthe disease can be stable over

many years particularly amongst Ashkenazi Jewish populdfioD#ferences between
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observed and expected numbers of casésltkenazi Jewish populations suggest that in

some patients the disease is so mild that it remains asymptomatic and undi¥gnosed

Table 1-2: Clinical features of GD

Domain Clinical features Potential mechanisms
Thrombocytopenia | Thrombocytopenia (may b| Thrombocytopenia: Hypersplenism;  Bong
& coagulopathy incidental finding) marrow infiltration; Impaired megakaryopoies

Bleeding, especially bruising Bleeding diathesisZsynt hesi s/
Increased risk posiperative| coagulation factors
bleeding or pospartum| Defective platelet activation/  adhesior

haemorrhage membrane function. Increased fibrinolysis
Anaemia Fatigue Hypersplenism
Anaemia (may be incidentd Hepcidin dysregulation
finding) Impaired erythropoiesis
Haemolysis i membrane abnormality ¢
autoimmune
Concomitant B12leficiency
Splenomegaly Early satiety Infiltration by Gaucher cells

Abdominal pain, Distension Inflammation
abdominal mass
May be incidental finding

Bone disease Bone pain, infarcts, avascul{ Imbalance between osteoclast and osteol
necrosis Osteopenia/ osteoporg activity

Bone remodelling, Iytic and | Infiltration by Gaucher cells

sclerotic lesions

Gammopathies & Gammopathy: polyclonal an| Chronic proeinflammatory microenvironmen

malignancy monoclonal stimulating clonal evolution
Multiple myeloma Up-regulation of preproliferative cell signalling
Other malignancies pathways by glycosphingolipids

1.3.2 Fabry disease

The classical presentation of FD is with onset of burning pain, particularly in the hands
and feet (acroparasthesia) and thistinctive rash, angiokeratoma, in childhood or
adolescence, often accompanied by gastrointestinal upset including pain and altered bowel
habit; median age of symptom onseti®years in males and-P3 years in femalés®
Involvement of critical organ systems including the kidneys, heart and braieseoger
subsequent decades and is-lifeiting with a median life expectancy of 50 years in
males’ and 70 years in femafs Given its Xlinked nature, for many years women
were thought to be carriers rather than sufferers of FD. It is now cleah¢hiadajority

of women with FD develop similar clinical features to those seen in fRatthough

often milder and are best considered affected heterozygolse mechanisms by which
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females can develop clinical manifestations despite sometimes normal enzyme levels
remains an enignfd Lyonisation with inadequate cressrrection between cells has

been hypothesised but is unlikely to provide a complete explaffation

Table 1-3: Clinical features and pathophysiology of FD

Domain Clinical features Potential mechanisms
Skin Angiokeratoma Increased VEGF production
Decreased/ absent sweating Lipid accumulation in  derma
microvasculature
Neurological Neuropathic pain (acroparasthesia) | Microvasalar thrombosis and alterg
Stroke/TIA/ white matter lesions cerebral blood flow regulation due
Tortuous vessels lipid accumulation in endothelium an
smooth muscle
Renal Proteinuria Mesangial widening and glomerul
Chronic renal failure sclerosis resulting in tubular dysfunctiq

Gb3 deposition in podocytes with
thickening of basement membrane

Cardiac Arrhythmias (conduction defects, atri Energy depletion due to inefficient AT
and ventricular) utilisation by sarcomeres
Cardiac hypertrophy Activation proproliferative pathways
Valvular disease Ischaemia and fibrosis in conductiq

system

Gastrointestinal | Abdominal pain Lipid deposition in the ganglions of th
Diarrhoea/constipation mesenteric plexus

Opthalmological | Cornea verticillata (corneal deposits) | Lipid deposition in corngl epithelial
Vessel tortuosity basement membrane

Audiovestibular | Tinnitus, vertigo Gb3 deposition in the vestibular ai
Sensorineural hearing loss cochlear nerves

The main clinical features and potential underlying mechanisms of FD are shoalnien

1-3. They are highly heterogeneous in the time of onset, severity and range of organ
involvement both within and between different families. Although the classic phenotype
of FD isof multi-organ involvement manifesting as pain and angiokeratoma followed by
development of cardiac, renal and cerebrovascular complications in adulthood, cases of
FD with predominant renal or cardiac manifestations diagnosed later in life, often with
relaively high residual enzyme activity, have been descfifd Whether these
comprise atrue distinct phenotype or part of an increasingly broad spectrum of

manifestations of FD remains unanswered.
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1.4  Diagnosing GD and FD

The cornerstone of diagnosis in both GD and males with FD is demonstration of low
enzyme activity. In both cases, this hemical assay can be performed on leukocytes or
cultured skin fibroblastd. GLA is screted at high levels into the plasma and therefore

in FD, measurement of enzyme activity can also be performed on plasma, but this is not
the case for GD. In females with FD, enzyme activities are usually rédibcgdan fall

within the normal range and genetic analysis is required to confirm or refute the diagnosis.

Demonstration of a pathogenic mutation in @leA gene is required for diagnosis of FD.

In FD, mutations are usually privatémited to a single or small number of families and

are distributed along the length of the gene. Over 300 mutations have been d€scribed
most commonly missense mutations, but also nonsense and rearrangements. Deciding
whether or not a previously unreported mutation is pathogenic (i.e. disease causing) can
be difficult and bioinformatic tools and vitro expression studies are useful tools in this
proces®’, but may still be inconclusive. Screening studies of newborns or higher
prevalence groups (e.g. cryptogenic stroke) have resulte@ iéntification of a high

number of mutations of uncertain pathogenic significéhce

In GD, mutational analysis of tt@BAgene is recommended for patiecounselling but

is not required for diagnosis. In GD, four mutations in@Agene, located at 1922.1,
account for >90% of within the Askenazi Jewish population: L444P, N370S, 84GG and
IVS2+1G®. Amongst norAshkenazi patients there is a much wider range of genotypes
with almost 300 mutationsreported®, although many patients are compound
heterozygotes with the N370S or L444P mutation. Although gengtigpaotype
correlations are imperfect they do provide some prognostic information with the presence
of at least oneN370S allele being considered protective against the neurological

manifestations seen in GF1

In both GD and FD, the diagnosis might be suggested by the presence of characteristic
storage cells on biopsy specimens. In GD, patients faea diagnosed following the
identification of characteristic Gaucher cellenlarged, lipid laden macrophages with
weakly basophilic fibrillar cytoplasmic inclusior®n bone marrow biopsies performed

for investigation of splenomegaly and/or low bloalnts. In FD, storage material is
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Vi si bl e-lakedzdmrda es o n %2 aisuallg onr renal biopsiesr o s ¢ o

performed for investigation of proteinuria/ renal failure but occasionally on
endanyocardial biopsies. The presence of storage material in either scenario is not
sufficient for diagnosi$ in GD pseudeGaucher cells are found in many haematological
disorders including chronic myeloid leukaefiiand haemoglobinopathies. Chloroquine
use can give rise to histological features identical tef BBd therefoe for both disorders

enzyme activity and/or mutational analysis must be performed.

1.5 Pathophysiology of GD and FD

Although the specific enzyme deficiency and the presence of glycosphingolipid
accumulation in GD and FD were identified over half a century, aglatively little
remains known about the mechanisms by which a mutation in the encoding gene results
in the clinical manifestations of the disease. Much research has focussed on the
consequences of impaired lipid degradation on lysosomal and cdilalegtron. More
recently, a potential role for the mutant protein itself in pathogenesis of these disorders
has been proposed. Studies of the effects of cellular dysfunction at the wider
microenvironment and organ level have been limited in part by dlifits in developing
animal models of GD and FD which-capitulate the disease manifestations seen in

humans.

1.5.1 Glycosphingolipid accumulation & cellular metabolism

In both GD and FD, failure of the mutant enzyme to degrade their glycosphingolipid
substrateesults in accumulation of eslegraded substrate within the lysosomes. Within
GD, glucosylceramide is the predominant lipid stored but glucosylsphingosine, also
accumudtes. In FD, Gb3 and its dedated derivative accumulate, but in both disorders
othe abnormalities bglycosphingolipids also occuseeTable 1-4). In GD, storage
occurs predominantly within macrophages, whilst in FD, storage has been noted in many
cell types including endothelial cells, podocytes and cardiomyocytes. Whilst storage of
undegraded lipid is the histological hallmark of both disorders, storage lipids comprises
<2% of the weight of enlarged spleens in GD or hearts if°FEuggestig pathological

mechanisms beyond simple storage.
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Table 1-4:

Lipid abnormalities in GD and FD

Lipid

D

GD

W)

FD

GluC

Glus

<
< > O

LacC

< D [ G)

Gb3

=<

LysoGb3

GM3

<>

S1P

Ceramide

gl <: <>

Reference
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Determining the effects of storage on cellular function and whether storage per se is a

fundamental cause of cellular dysfunction is an important, but largely unanswered

guestion. Potential mechanisms ofldar dysfunction are illustrated ifigure 1-3,

whereby glycosphingolipid accumulation results in alterations in key cellular functions

including signalling pathwasy oxidative pathways and intracellular trafficking.

Accumulated lipids in both GD and FD can have direct effects on cellular functioning

including calcium homeostasis, cellular proliferation and free radical formation. Excess

glucosylsphingosine has & postulated to have a role in the pathogenesis of both bone

diseas® and haematological malignandi&s GD. In FD, lysoGb3 has been shown to
have a preproliferative effect on myocytéSand to reslt in increased production of the
cytokine transforming growth factorbeta ( TGFb 1) ,

cell proliferation, by podocyté$ In addition, increased SIPFD has been implicated in

the development of cardiac hypertrophy

wh i

c h

S

nvol

Altered mitochondriafunction and increased production of free radicals has been found

in both FD and GD. Impairment of the mitochondrial respiratory chain enzymes has been

found in FI¥® and whilst Gb3 accumulation results in oxidative stress afégudation

of adhesion molecules within the endothelfimin GD, pharmacologal inhibition of

GBA resulted m mitochondrial dysfunction and increased free radical formation in a

dopaninergic cells lin€. Glucosylceramide has shown increase mitochondrial

mitochondrial respiration in the liver and br&in
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Figure 1-3: Potential mechanisms of cellular dysfunction
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1.5.2 Abnormalities in lysosomal trafficking pathways

Enzyme deficiency can result in broader abnormalities of the lysosomal system,
particularly affecting trafficking pathways to thdéysosome: endocytosis and
autophagocytosis. Addition of lactosylceramide to cells with different lipidoses results in
accumulation of lactosylceramide in the endosomal system, rather than transport to the
Golgi which occurs in normal cef’s There is also evidence of accumulation of M6P
receptors in the late endosomal system within NeinRiok type €8 In NeimannPick,
endocytic dysfunction results in impaired recycling of membrane receptors and altered
cell membrane compositiéh whether this occurs in other glycosphingolipidoses has not

been investigated.

Accumulation of autophagosomes has been noted in a number of?’SRading to
accumulation of protein @gegates and abnormal mitochonéfia Abnormalities of
autophagy, with impaired autoposomematuration have been found in FDand
neuronopathic GB. Increased synthesis of the phospholipid phosphatidylcholine, a
component of cell membrarésand increased levels of other lysosomal enzymes (e.g.
cathespingf in GD suggest attempts by the lysosomal system to cosaperior the

effects of enzyme deficiency.

1.5.3 Missense mutations and the unfolded protein response

Correct folding of both GBA and GLA in the ER is required for onwards transport to the
Golgi and then the lysosome. Misnse mutations which cause #fakling of the enzyme

result in retention of the mi®lded enzyme in the ER and its subsequent degradation by
ERAD. If this pathway is saturated, rigded proteins accumulate within the ER,
activating the unfolded protein response (URRA signalling pathwayhat has been
implicated in a range of metabolic and neurodegenerative di$&aJdss process has
been suggested to underlie the itspaentalas e d

role in other disease manifestations in GD or FD is undetermined.
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1.5.4 Altered inflammatory responses andhe microenvironment

Histological studies from patient biopsy specimens and of animal models have suggested
that altered responses to inflammation play an important role in organ pathology in both
GD®"8 and FDO® Cytokines play a key role in intercellular signalling and in the
regulation of inflammatory reactions and have been found to be abnormal in both GD and
FD. Key cytokines investigated and their functions are outlinddite 1-5 and studies

revealing abnormalities in their expressiofable 1-6.

Table 1-5: Cytokines and their effectsNK ( nat ur al killer), I FNOQ

IL (interleukin).

Cytokine | Produced by Effects oninflammation
T NF U | Macrophages, NK cells, 1 Promotes inflammation, endothelial activation
cells
I FNo | Tecells, NKcells Macrophage activation
| L1U | Macrophages, neutrophil{ Proi nf | ammat ory, stimul ates
endothelial cells
I L1b | Macrophages Proinflammatory, induces COX2
IL6 T cells, macrophageq | nhi bi t s p r o d-i; cattivates and Btimllate
osteoblasts production IL1 receptor antagonist and IL10
IL8 Monocytes, macrophage| Mobilises and activates neutrophils
endothelial cells
IL10 Monocytes, T cells Anti-inflammatory: dowrregulates pranflammatory cytokine
synthesis
IL13 T cells Anti-inflammatory: dowrregulates macrophage activi
inhibiting production of pranflammatory cytokines

Initial investigations of cytokines insphingolipidoses showed increased production of

IL1 by murine macrophages incubated with GluGistological studies of GD spleens

have shown that Gaucher cells themselves most closely resemblaflantmatory
alternatively activadd macrophages, but are surroundég leukocytes strongly
expressingpré n f | a mmadt Studjes ih Hoth 6D and FD have yielded sometimes
conflicting results but support dysregulation of inflammation with an overall pro

i nfl ammatory tendency. I ncreased | evels o
GD and FD and additionally increaktevels of IL8 have been found in some studies of

GD.
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Table 1-6: Cytokine abnormalities in GD and FD

TNFIUI FN|I L1|IL-1b|IL-6 IL8 IL-10 IL13 | Ref
GD | Plasma g 82
GD | Plasma Y Y ¥ Y 83
GD | Plasma Y Y g 84
GD | PBMC ¥ ¥ ¥ v 8
MRNA
GD | Serum ¥ ¥ Y Y 86
GD | Serum Y Y Y Y Y g Y Y 87
FD Plasma ¥ 88
only)
FD Plasma g g 89
FD | PBMC ¥ 1 ¥ ¥ Y %0
mMRNA
FD | PBMC ¥ Y ¥ ¥ Y %
supernatan
FD Dendritic | ¢ g Y 90
cells
FD Monocytes | Y J ¥ 90
FD Plasma Y z o1

1.5.5 Heterogeneity and genetic polymorphisms

It is likely that the clinical sequelae of GD and FD are consequent on the aberrant
activation of a number of different cellular signalling pathways and that other modifiers
of the® pathways, whether genetic or acquired, play a role in determining the severity and
organ distribution of clinical features that manifest in individual patients. In the search for
disease modifiers, polymorphism studies have been performed on genesngncodi
cytokines in both GD and FD and additionally on genes involved in coagulation and nitric

oxide synthesis in FD.

In FD, the polymorphisms G174C ibh6 and G894T in endothelial nitric oxide synthase
and the FV Leiden mutation (G1691A) have been assocwataccerebral white matter
lesiond?. A further study also showed that homozygosity for thé G174C
polymorphism, which is associated with increased IL6 levels, was associated with
increased disease severity and cerebrovascular &/amsssociation with also exists for
stroke in the general populatiyn Conversely, within GD, homozygosity for the IL6
G174C polymorphism has been associated with milder bone disedspolymorphism

in thelL10 gene has alsogen associated with neurological disease iffFD
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1.6  Treatment of GD and FD

Following diagnosis, patients require a contp@mesive assessment to establish the extent

of organ involvement and determine optimum treatment. In the UK this is undertaken at
designated specialist centres which were commissioned in 2005, of which the Royal Free
Hospital is one. In GD, radiologicaksessment of the skeleton, often using magnetic
resonance imaging (MRI), assessment of liver and spleen volumes and bone densitometry
as well as measurement of the blood count and immunoglobulin levels are undertaken. In
FD assessments cover the criticmban systems: renal (quantification of proteinuria,
measurement of the glomerular filtration rate (GFR)), cardiac (electrocardiogram and

echocardiogram) and neurological (pain assessment and cerebral MRI).

Until the 1990s, treatméf LSDs was limited to supportive care, primarily in the form

of blood transfusions and orthopaedic surgery for GD and renal and cardiac therapies for
FD. This scenario changed with the introduction of intravenous enzyme replacement
therapy (ERT), initlly for GD in 1991 and subsequently for FD in 2001. Assisted by the
financial incentives of orphan drug legislation, further therapies have been developed for
both disorders targeted either at increasing intracellular enzyme levels or reducing

glycosphimgolipid products (seEigure 1-4).
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Figure 1-4: Treatment of FD/GD. Treatmenstrategies involve either increasing intracellular enzyme levels or reducing the amount of

substrate requiring degradation.
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1.6.1 Enzyme replacement therapy

Although the discovery of the enzymatic defects in the 1960s raised the conceptual
possibility of ERT, 1 was not until the early 1990s that this became a reality for GD, the
first LSD for which ERT became available. Initial attempts at infusion of plaecental
derived enzyme resulted predominant uptake by hepatocytes in the liver, rather than
reticuloendothial cells. Discovery of the macrophage mannose receptor enabled
targeting of the enzyme to macrophages, the predominant site of disease, by modifications
to oligosaccharide chaifls A pivotal study in twelve nosplenectomised patients
showed improvement in liver and spleen volumes and blood counts and led to the licensing
of the productalglucerase (Ceredase, Genzyme) in 2891 Subsequently three
recombinant products have become available: imiglucerase (Cerezyme, Genzyme),
velaglucerase alfa (VPRIV, Shire) and taliglucerase (Elyso, Protalix) alfa. All have
demonstrated efficacy in haemiaigical and visceral parameters. Improvements in bone
disease have been more difficult to demonstrate over the relatively short time course of
clinical trials and the effect of ERT on other complications including multiple myeloma

iS uncertain.

Two recomimant enzyme therapies were developed conteameously for FD:
agabkidase alfa (Replagal, Shire Human QGeneTherapies) and agatlase beta
(Fabrazyme, Genzyme), which were both licensed in the EU in 2001. Establishing the
efficacy of these therapiesaballenging the clinical features of FD develop insidiously
over many years and are highly heterogeneous making identification of clinically relevant
end points applicable to a broad number of patients and achievable over the relatively
short time framef a clinical trial difficult. Initial trials demonstrated clearance of stored
lipids from endothelial cells and improvement in pain over a six month time p&iéd
Stabilisation of mildmoderate renal impairméfitand reductions in left ventricular mass

102 have been demonstrated but there is a paucity of data on the effect of ERT on major
clinical events including stroke, arrhythmias and d&athPatients receiving ERT may

still experience clinical events: 5/58 (9%) developed strSkésa 54 month follow up

study; progression of white matter lesions on MRI has also been refforted
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The main side effects of all ERT products is immunogenicigported rates of antibody
production vary between products, but differences in assay design and sensitivity make
direct comparison difficult. Antibodies are predominately IgG and sewgggia
reactions or anaphylaxis are rdfefacilitating home infusion for both GD and FD. The
impact of antibody formation on therapeutic responses has notshadiad in detail in

either disorder.

1.6.2 Substrate reduction therapy

Discovery that certain iminosugars can selectively inhibit the biosynthesis of
glycosphingolipids led to the concept of reduction of the amount of substrate to a level at
whi c h t Isewnpesidual ennymedactivity is able to fully degrade it. Miglustat was
originally d-gucesibaseimrhihitoravith patentiallaniral activity, but

was found to inhibit glucosylceramide synthase at micromolar concentf8tionis

clinical trials in has been demonstrated to improve haematological and visceral
parameter$®over 24 months, but direct switching of patients from ERT to miglustat may
be associated with deterioration in haematological paranftddsarrhoea is a common

side effect and development of paraesthesia has also occurred. A second substrate
reduction therapy, eliglustat tartrate (Gen2@38, Genzyme) is a PDMBased analogue
which inhibits glucosylceramide synthase at nanomolar concentrafiof@esults from
phase Il trials demonstrate improvement in haematological and visceral parameters
comparable to those seen with ERTand phase IlI trials are expected to report shortly.
Phase | trials of SRT for FD have been completed (Genz 682452, NCT01674036) and
phase Il trials are expged imminently.

1.6.3 Chaperone therapy

Many pathogenic mutations in ti@BAlandGLA genes result in protein mislding in

the ER and premature degradation. Pharmacological chaperones are small molecules
which bind to proteins in the ER stabilising them aetping them to achieve their correct
conformation and exit the ER to the Golgi. Initial proof of principle for this approach was
demonstrated by administration of galactose, a reversible competitive inhibitor of GLA,

to a male patient with FD resulting increased enzyme activity and improvement of

cardiac function over a two year pertétl 1-deoxygalactonojirimycin (DGJ, migalastat
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hydrochloride, Amicus Therapies) is a competitive inhibitor of GLA which increased
GLA activity in multiple cell types in patients with raislding mutations in a phase Il

trial*'3and is currently undergoing phase IlI evaluation.

In GD, isofagomine (Plicera, Amicus Therapeutics) showed good mefiicacy4 but
only showed clinically meaningful improvements in 1/18 patients in a phase trial
High throughput screening studies identified ambroxol, an expectorant, as a potential

chaperon¥®and initial clinical data is promisidtf but further evaluation is required.

1.7  Altered blood-endothelial interactions in FD and GD

Abnormalities in iteractions between blood constituents and the vessel wall have been
implicated in the clinical manifestations of both GD and FD. Two key interactions
between the endothelium and blood are haemostasis, the formation and degradation of
fibrin clots and thei regulation, and leucocyte adhesion, a key part of inflammatory
responses involving the adherence of leucocytes to the endothelium and their
extravasation into tissues (segure 1-5). Abnormalities in both these processes have
been implicated in the pathogenesis of some of the clinical manifestations of both GD and
FD.

1.7.1 Gaucher disease

In GD there is an increased risk of bleeding which may be the presenting fefaibe

or give rise to complications during interventions in patients with known GD (e.g.
childbirth or orthopaedic surgery).  Whilst this has often been ascribed to
thrombocytopenia, bleeding events can occur in patients with relatively normal platelet
conts'’® suggest abnormalities in coagulation processes beyond numerical
thrombocytopenia. Identification of concurrent abnormalities in procoagulant,
anticoagulant and fibrinolytic pathways has led to the hypothesis of a state of chronic
disseminated intravasculapagulation that may contribute to bone infarcts as well as

bleeding risk™®.

There is an increased incidence of both polyclonal and monoclonal gammopéthtes
with an increased risk of multiple myeloma, estimated to b¥%3®51.5 times that of

the normal populatioh. Immune dysregulation within the bone marrow
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microenvironment is thought to underlie these processes with Gaucher cells secreting

cytokines which result in chemotaxis of leukocytes to the bone marrow.

1.7.2 Fabry disease

FD hasoften been considered a vasculopathy, contributing particularly to the development
of cerebrovascular complications. Whilst stroke is recognised @smplication of
classical FD, it may occur in the absence of cardiac or renal FD compli¢atidinsiay

also be the presenting feature of FD and recergesing studies have identified an
incidence of FD of 0.8.9% in patients with strok&12> Multiple mechanisms are
thought to contribute to vascular disease including endothelial activation, altered vascular
tone and a procoagulastaté?®?’ processes which have also been implicated in the

development of renal and cardiac complications.

1.7.3 Clinical importance

Better understanding of these clinical manifestations and the pathogenic processes
underlying them is important for improving diagnosis, prognosis and enabling better

informed management decisions. Both GD and FD are rare disorders, with patients often
reporting long delays and circuitous routes between symptom onset and diagnosis.
Understanding how patients present and identification of features which could raise

suspicion of the correct diagnosis may help improve the diagnostic pathway. Within GD,

patients often require operative interventions (e.g. joint replacements) or are potentially at
increased risk of bleeding during childbirth. Better understanding of the bleeding risk and

the processes underlying it will enable more informed management dscisidme

undertaken.

In FD vascular events including cardiac arrhythmias and cerebrovascular events may have
life-changing or lifelimiting consequences. These complications may occur without
warning and currently there is little evidence base on whidletable to predict the risk

of occurrence. Understanding the underlying processes and risk factors for vascular
events would be useful for predicting prognosis, which may be particularly beneficial
when deciding whether to institute therapy or whetharege testing, particularly in
females, should be undertaken. It may also better inform decisions as to whether to

institute supportive therapies, (e.g. goiitelet agents) to reduce risk.
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1.7.4 Potential underlying mechanisms

Localised thrombus formation the vessel lumen and leucocyte adhesion and
extravasation are normally tightly controlled and orchestrated, predominately-by pro
and antiinflammatory cytokines (seBable 1-7). Abnormal activation or regulation of
these processes may contribute to fhecal manifestations GD and FD (sEgyure

1-5); in addition altered levels of glycosphingolipids may impact on these signalling

pathways.

Alteredcomposition of cell membranes as a result of glycosphingolipid accumulation may
effect processes that occur on the cell membrane, including those involving coagulation
enzyme complexes. Incorporation of Gb3, LacC or GIuC into phospholipid vesicles
enhancs inactivation of FV by the anticoagulant pathw8ypossibly by Hering lipid

raft formation.
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Table 1-7: Effect of cytokines & glycosphingolipids on adhesion & haemostasis

Molecule Effect on cellular adhesion Effect on coagulation
TNFU Up-regulation of adhesion moleculéscl. | Up-regulation of tissue factb¥
ICAM-1, VCAM-1'?° and Eselectin.

I FNDO Up-regulation ICAM1 and VCAM1 Increases TF and PAI expression
mouse models!

Il L1U Promotes expression adhesion molecule Increases EC TF expression and redd
activation of PC by thrombin
thrombomodulin  complé?  Induces
thrombin  formation and activate
fibrinolysis in baboon's®

I L16b Promotes expression adhesion molecule

IL6 Up-regulation adhesion molecules Activates  coagulation  but  ng
fibrinolysis'®** and  induces TR
expression

IL8 Up-regulation adhesion molecules requiry Produced by HUVEC and mononucle

for firm adhesion of monocytes to E€ | cells in response tBXa**®

IL10 Downr egul at es Il FNo Inhibits activation of coagulation an

of adhesion moleculé¥ fibrinolysis®®
IL13 Induces expression of VCAM1 but n
ICAML1 or E selectin on HUVEE®

LacC Up-regulation of Macl (CR3) ol Enhanced inactivation of FVa by prote
neutrophil$*° andICAM-1'° and PECAM | C128
1 on endotheliuft!

S1P Increases ICAM1, VCAM1 and E select| Exocytosis of WP bodies, releasing

expression on HUVEE? VWF43
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Figure 1-5: Potential vascular mechanisms of diseas®otential sites of abnormalities between the endothelium and blood components

resulting in vascular manifestations of GD and FD.
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1.8

Leucocyte adhesion and transmigration

The recruitment of activated leucocytes frtma bloodstream to sites of inflammation

is mediated by cell adhesion molecules expressed on leucocytes and the local

endothelium (sedable 1-8). There are four kegteps in this process: rolling, firm

adhesion, extravasation and migration, regulated by processes which control activation

or de novosynthesis of these receptors.

Table 1-8: Adhesion receptors involved in €ucocyteendothelial adhesion

Family Role Name Tissue distribution | Ligand
Selectins | Bind carbohydrates. P-selectin Activated PSGL:1, sialyt
Initiate leukocyte | (PADGEM, endothelium &| Lewist
endothelial  interaction| CD62P) platelets
Mediate cell marginatior E-selectin Activated Sialyl-Lewis®
& slow rolling (ELAM-1, endothelium
CD62E)
L-selectin Lymphocytes, CD34, GlyCAM
(LECAM-1, monocytes, NK
CD62L) cells
Integrins Bind to celtadhesion| CD11a:CD18 Monocytes, T cells| ICAM-1, ICAM-
molecules and (LFA-1 , 1b)U macrophages, 2, ICAM-3,
extracellular matrix. neutrophils, ICAM-4
Strong adhesionLigands dendritic cells
predominately fon CD11b:CD18 Neutrophils, ICAM-1, iC3b,
immunoglobulin (CR3, Mael, | monocytes, fibrinogen, FX
superfamily receptors an Uyb,) macrophages
complement CD11c:CD18 Dendritic cells,| iC3b, fibrinogen
(CR4, p150.95, macrophages,
Ukby) neutrophils
CD49d:CD29 Monocytes, Fibronectin,
(VLA-4 , s6))U | macrophages VCAM-1
Immuno Important  for  firm| ICAM-1 (CD54) | Activated LFA-1, Macl
globulin adhesion and leukocyt endothelium,
super transmigration leukocytes
family Ligand for integrins ICAM-2 Resting LFA-1
(CD102) endothelium,
dendritic cells,
leukocytes
ICAM-3 (CD50) | Leukocytes LFA-1 , ph U
VCAM-1 Activated VLA-4
(CD106) endothelium
PECAM (CD31) | Activated CD31
leukocytes,
endothelial cefcell
junctions
Scavenger | Bind polyanioric ligands| SRBI (CD36,| Platelets, oxLDL, aclLDL,
receptors | e.g. oxidised or adated | Platelet  GPIV,| monocytes, LDL, HDL,
lipids GPlllb) endothelium. collagen
Rolling

Selectins are they key molecules mediating rolling. They are membrane glycoproteins

which bind specific carbohydrate moieties and are found on both leucocytes and
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endothelial cells as well as platelets. -Rvaned P selectin is stored in Weibehlade

bodies (WPB) of endothelial cells and appears on the endothelial surface within
minutes of exposure to inflammatory mediators (e.g. C5a or histafine) TNFU an d
IL-1 also induce WPB exocytosis and additionally induce synthesis of E selectin,
which appears on the endothelial surface within 2 Héursinteractions between

selectins and carbohydrates allow leucocytes to reversibly adhéwe eéadothelium,

slowly rolling along the surface of the activated endothelium. This slow rolling
permits the stronger firm adhesion interactions to occur; should these not occur then

the leucocytes detach. Binding to selectins results in leucocyte expesting them to

chemokines and other stimuli in the endothelial microenvironment.

Firm adhesion

Firm adhesion involves interaction between integrins on leucocytes and endothelial
ICAMSs, with ICAM-1 and VCAM1 thought to be the key mediators on the endiathe
surface. Il ntegrins are heterodi mer s,
functionassociated antigen 1 (LFA), complement receptor 3 (CR3) and complement
receptor 4 (CR4) s hgC2l8).aNomaliylaukecytels ons/u b u n i
adhee very weakly to the surface of endothelial cells as integrins exist on the cell
surface predominately in an inactive conformation. Cytokines bound to proteoglycans
on the surface of endothelial cells bind receptors on leucocytes triggering a ealcium
dependent conformational change in the integrins: from a bent, compact form to an
extended conformatidff. Interactions between inflammation, coagulation and
leucocyte adhesion are exemplified by CR3 which, in its activated conformation, also
serves as a ligand for iC3b,agulation factor X and fibrinogen. The main ligands of

CR4 are C3b and fibrinogen. Leucocyte integrin mediated adhesion is cation

dependent.

ICAM-1 is constitutively expressed at low levels on endothelial cells and leukocytes

but expression is upegulatel by sti mul at i o). ICAM-Zgis TNFU
constitutively expressed at high levels on endothelial cells and does not increase upon

cell stimulation. VCAML1 is not expressed on basal endothelial cells and is

synthesised upon stimulation e.g. with TNF o41. | L
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Extravasation and migration

Leukocyte extravasation also involves LHEAand CR3 as well as further adhesive
interactions involving PECAM which is expressed both on the leukocyte and at the
intercellular junctions of endothelial cells. Theseerattions enable leucocytes to
squeeze between the endothelial cells. They then move through the basement
membrane (diapedesis) with the aid of enzymes that break down the extracellular
matrix proteins of the basement membrane. Migration through tissusites of

inflammation occurs along chemokine gradients (e.g)IL

Activators and regulators of leucocyendothelial adhesion

Up-regulation of adhesion activity can occur by three mechanisms (1) release of pre
formed stores; (2) conformational changeireased functional activity and (8
novosynthesis. Inflammatory mediators of this process are released by macrophages
and include lipid mediators of inflammation (prostaglandins, leukotri@neéplatelet
activating factor (PAF))i rapidly produced by macrophages through enzymatic
pathways that degrade membrane phospholipids. Their actions are followed by those
of the chemokines and cytokines that are synthesised and secreted by macrophages i
response to pathogens &e. g. TNFU and | L1E
localises adhesion to sites near inflammation. In unstimulated monocytes and
granulocytes about 60% of CD11b and CD11c is located in peroxidase negative
granules; stimuladn by cytokines or chemotactic stimuli results in mobilisation of
these stores, resulting in MRNA synthdaaidependent wpegulation of adhesion

molecules on the cell surfdéé

Scavenger receptors

Scavenger receptors are structurally heterologous cell surface receptors which are able
to bind a wide range of polyanionic ligands, including oxidised and acetylated
lipoproteins. M36, a class B scavenger receptor, is expressed on monocytes, platelets
and some endothelial cells. In addition to modified low density lipoproteins, CD36
also binds native lipoproteins: HDL, LDL and VHE and is thought to play a role

in foam cell formation. Scavenger receptors have been implicated in the pathogenesis

of atherosclerosis, diabetes and cardiomyopaitfiies
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1.8.1 Cellular adhesion inFD & GD

In FD, studies have examined both cellular expression of adhesion molecules and
levels of soluble adhesion molecules in the plasmaTabke 1-9). Levels ¢ soluble
adhesion molecules have been shown to correlate with cell surface exgréssibn

do not indicatehe source of these leucocytes, endothelium or both.

Table 1-9: Adhesion abnormalities in FD

Study Sample Intervention ICAM - |VCAM -1 | P selectin| E selectin| Ref.
population 1
Immortalised Dermal Gb3 loading |y g g 64
cells  from microvasculan GB3 loading 4V Y Y
FD pt endothelial [T NF U
ERT Z Y Y

Healthy Microvascular Gb3 loading |V g ( Mi 151
donor (MIVEC) & \4
primary cells| macrovascula (MaVvVEC)

(MaVEC) GLAsilencing |Y Y

endothelial

cells
25 male FD|Plasma/serunNoton ERT |y g g Y 152
15 controls
12 male FD|Plasma/serunNoton ERT |Y ¥ \ \ 153
15 controls

Studies have shown an increase in both VCAMNd ICAM1, the key molecules
involved in firm adhesion, as/ell as on some occasions increases in selectins.
Increased expression of adhesion molecules in dermal microvascular cells from a
patient with the R112H mutation was also accompanied by increased generation of

reactive oxygen species which were implicatethe pathogenests

Immunoplenotyping of moocytes from untreated male FD patients showed increased
expression of CD11b and CD18, the two subunits of CR3, but no difference in
expression of CD62L or CD4%#. Expression of PECAM has also been found to

be increased on leukocytes from a mixed population of treated and untreated male
patents®*,

Studies of leucocyte adhesion in GD have been more limited. Analysis of chemotaxis
of monocytes and neutrophils from GD1 patients has shown reduced neutrophil
chemotaxis in 2/7 patients and reduced monocyte chemotaxis in 2/4 patients,
asso@ted with impaired phagocyto$id8 A larger study imolving 67 GD patients

and 62 controls showed increased leucocyte and erythrocyte adhesion to a glass slide
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surfacé®®. Erythrocyte but not leukocyte adhesion was correlated with the presence of
gammopathies and both were correlated with leset®@mplement C3. A recent study

of erythrocyte®’ from 22 untreated GD patients showed increased erythrocyte
adhesion to microvascular endothekalls associated with increased expression of

l ami nin us, but without any i ncreased
immunophenotyping. Additionally, a mouse model of neuronopathic GD, with
reduced enzyme activity only in neural cells has found increasgNA levels of
VCAM-1 and ICAM1 in the grey matter of the GD mice compared to controls,
associatedwithup e gul ati dn of TNFU

1.9 Haemostasis

Haemostasis describes the processesetiyenlood clot formation occurs at the site

of a vessel injury resulting in sealing the break in the vessel wall. Itis tightly regulated
both in location and timing and encompasses a number of processes including: platelet
adhesion and activation; actti@n of coagulation enzymes to form a stable fibrin clot;
termination of clot formation by antioagulant pathways and clot dissolution by
fibrinolytic pathways as well as alterations in vascular tone. Abnormalities in any of

these processes can resuleither bleeding or inappropriate thrombus formation.

Platelet plug formation

Platelets play a central role in haemostasis with functions including adhesion to the
subendotheliamatrix, platelet to platelet adhesion (aggregation), secretion of the
contents of platelet granules and by providing a phospholipid surface for the assembly
of coagulation factors enzyme complexes (procoagulant response). The initial step in
all these pocesses is platelet activation with activators including throtffband
collagen (potent agonists) and ADP and epinephrine (weak agonists). Tissue factor is
a key activator of platelets, acting through the prote@asigated receptof8AR-1 and
PAR-4°  Following activation, platelets undergo conformational changes that
facilitate their adhesion to the subendothelial matrix, primarily mediated by von
Willebrand factor (VWF) via the GP1b/IX/V receptor, widldditional adhesion to
collagen. Formation of a stable clot involves cHisking of platelets with VWF and

fibrin via the integrin GPIIb/llla. The platelet procoagulant response involves the

exposure of procoagulant phospholipids, primarily phosphagdye, on the outer
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membrane of the platelet surface, on which coagulation factor complexes are then able

to assemble.

The coagulation cascade and fibrin clot formation

A firm fibrin clot is formed as the end product of a series of enzymatic reaction
catalysed by complexes of coagulation factors on the platelet surface. As with platelets,
tissue factor is also the primary activator of thrombin formatiomivo'®®. Tissue

factor (TF) mayarise either due to exposure of the vascular adventitia following
vascular damage or as the result of expression in endothelial cells or monocytes
following activation by preinflammatory cytokines. TF forms a complex with FVlla

and binds FX, activating to produce a small amount of FF€a This FXa combines

with FVa, primarily from platelet alpha granules, to form the prothrombinase complex
which activates prothrombin to thrombin (initiation phase). Thrombin has a number
of actions one of which is activation of FVIII, FXI and FV, rdsy in increased
formation of FXa by the tenase complex (FIXa and FVllla) and subsequently thrombin
(amplification phase). Thrombin also converts fibrinogen to fibrin; fibrin forms

polymers which are then crebsked by FXIII to form a stable clot.

Termination of coagulation

To ensure localised and limited clot formation, atagulant pathways exist to
terminate the enzymatic reactions of the coagulation cascadethfartibin (AT) is

a circulating protease inhibitor that inhibits the enzymes ofctiegulation cascade,
especially thrombin and FXa by forming irreversible complexes with ¥feffissue
factor pathway inhibitor (TFPI) also circulates in the plasma but at far lower
concentrations than AT and inhibits FX activation by binding to FFecomplexes

and FXa%

The protein Gprotein S pathway is activated by thrombin which binds to
thrombomodulin (TM) on the surface ofdathelial cells. This binding induces a
conformational change in thrombin enabling it to activate protein C (PC). This
activation of PC is enhanced by an endothelial receptor for PC (EPCRytivated

PC associates with protein S on the phospholipid surface and proteolytically activates
FVa and FVllla. A missense mutation at position 506 in FV, switching arginine to
glutamine, termed the FV Leiden mutation, reduces its susceptibility to irtamitey

PC165.
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Fibrinoly sis

To restore normal vessel flow in the lumen, the clot must be degraded by a process
known as fibrinolysis, mediated by the enzyme plasmin which cleaves fibrin polymers
resulting in fibrin degradation products, of whichdDners are a major component.
Plasminogen binds to fibrin and is activated by tissue plasminogen activator (tPA),
predominantly produced by the endothelii®n This process is regulated by

t P A-antiptasminU 2

which inhibits plasmin. Additional control of this process is provided by thrombin

plasminogen activator inhibitor 1 (PAl) which inhibt s

activatable fibrinolysis inhibitor (TAFI) which is activated by the throrabM

complex and can bind to fibrin protecting it from degradationlagrpin.

1.9.1 Coagulation abnormalities in Fabry and Gaucher

Fabry disease

A number of plasma studies have been performed on FD patients looking for evidence
of a procoagulant tendency (sEable 1-10). Increased soluble tissue factor has been
correlated with disease severity and renal function in male p&fierithe PC anti
coagulant pathway is the most investigated. Presence of the FV Leiden mutation in
addition to aGLA mutation has been associated with increasethftteposition in a
Fabry mouse mod®¥l’ and the presence of cerebrovascular diséasel poor renal
outcome&®in FD patients. Additionally, detection of a lupus anticoagulant, which is
associated with increased thrombotic events, in 33% of patients in oné%$tudy

suggests an additional procoagulant mechanism.

Table 1-10: Procoagulant abnormalities in FD

No pt 25 M 12 M 17M, 19F 4M, 5
TF ) y (M) (9)
VWF Y Y

PC Y
PS Y
™ z Y

TAT g (F)

TFPI z
PAI g

] 2AP Y

tPA Y Y

Ref 152 153 88 170
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Only limited studies have been performed on platelets in FD. Enhagplagzlet
aggregation to weak agonists has been reported in onelétwdih increased levels

of b thromboglobulin, released from pl at
stud$®, al though platelet factor 4 levels (.
Increased levels of homocysteirassociated with increased risk of vascular events,

have also been reported in two stuéfig’d®

Coagulation abnormalities in GD:

Abnormalities of all aspects of coagulation have been described in GD but whilst
bleeding poblems are known to occur in patients, the lack of information regarding
bleeding symptoms in most studies makes the clinical significance of these
abnormalities difficult to interpret. The presence of bleeding at relatively high platelet
counts led to frther investigation of platelet function, although the presence of
thrombocytopenia at presentation can present technical challenges. Platelet
aggregation has been found to be abnormal {63 of patients?1’4 predominately

to low dose agonists, with some improvement noted following ERT. The megisani
underlying tle aggregation abnormalities atmknown. Although it has been
hypothesised that glucocerebrosides in the plasma adsorb to the platelet membrane
impairing functiort’®, incubation of normal platelets with glucosylceramide for three
hours did not result in impaired aggregati@nsuggesting that, at least over this short

time perial, excess glucosylceramide did not affect aggregation.

Abnormalities of platelet membrane function have also been described. Assessment

of platelet adhesion using a ceplate analyser (ImpadR) revealed reduced adhesion

in GD compared to controls, evén patients receiving ERT® Mixing studies

suggested that this was deean intrinsic platelet defect with reduced adhesion being
associated with the presence of mucosal bleeding. Abnormal platelet adhesion has
also been described in two splenectomised GD patients where increased ristocetin
induced platelet aggregation wésund despite normal glycoprotein 1b and von
Willebrand activity, r e spseéutleBenngrdSiomn | a e rdd a

syndromé’,
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Table 1-11: Coagulation abnormalities in GD: percentage of patients with

coagulation protein abnormalities

No.

patients 30 9 11 15 5 21 10 28
gyPT 42 11 - 47 80 - 100 81
gy APTT| 38 55 100 53 100 - 60 -
ZFI | 50 11 - - 20 - 20 -
ZFV 87 22 18 23 100 - 30 27
ZFVI 1]33 - 9 8 0 - 50 -
ZFVI I]10 11 27 15 60 - 30 27
ZF1 X |3 0 73 31 20 - 20 14
ZFX 57 - 9 8 20 - 10 -
ZFXI 27 33 - 0 40 - 0 36
ZFXI 1]30 - - 15 25 - 10 27
ZPC 26 - - - - 10 - -
ZPS 11 - - - - - - -
ZAT 3 - - - - 0 - -
gD dil68 - - - - 76 - -
yTAT 46 - - - - 43 ; N
Reference 119 176 177 174 178 179 180 181

Multiple studies have reported the presence of a prolonged prothrombin time (PT)
and/or activated partial thromboplastime (APTT). Measurement of coagulation
factor activity has revealed decreased activity of multiple coagulation factors, with
sometimes multiple deficiencies in the same patient, albeit mostly mildTgdale

1-11). Two studies which reneasured factor activity following ERT noted
improvements in a number of patieht§!%°  Although reduced FXI activity has been
hypothesised to be the result ofioberitance of mutations in tH€l1 gene due to the

high carrier rate of both disorders in the Ashkenazi Jewish popuftitie presence

of multiple factor deficiencies suggests a more global process affecting synthesis,

consumption or both.

Variable coagulation factor activity in some patients led to the hypothesis of
glycosphingolipid interference with phpholipids in coagulation factor activity
assay¥'® although measureme of antigen levels showed that these correlate with
measured activity®>. The additional finding of decreased levels of anticoagulant
proteins and increased pradsi of fibrinolysis has led to the hypothesis of chronic
activation of coagulation resulting in a consumptive coagulopdtiy® Raised D

dimer levels have been correlated with severity of bone diféase
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1.10 Aims of project

This project explores the disease manifestations of FD and GD which are associated
with abnamalities at the bloo@ndothelial interface, predominately bleeding events

in GD and vascular complications in FD. The first half of this project examines these
disease manifestations in the presentation and complications of GD and FD within the
large pdient cohorts of the Lysosomal Storage Disorders Unit at the Royal Free
Hospital. It explores the role of these manifestations in the diagnosis of these disorders
and offers insights into how the diagnostic process might be improved. It explores the
manfestations in relation of other clinical features of these disorders in order to
explore potential common underlying mechanisms. The second half of the project
details laboratory investigation of cellular abnormalities in leukeeyigothelial
adhesion ath cellular support of haemostasis using primary cell isolates from patients
and through development of an endothelial cell model of disease to explore the

contribution of cellular dysfunction to these processes.

1.10.1 Hypotheses

The central hypothesis of thisetbis is that vascular events constitute an important part
of the pathology of FD and GD and therefore furtherance of our understanding of these
events, from both an epidemiological and pathophysiological stand point, will advance

patient care. Specific ppthesis tested are as follows:

Chapter 3: Bleeding features in the presentation of GD

1. Patients presenting with GD most commonly are diagnosed by haematologists
by bone marrow biopsyRationale:GD is rare and therefore not commonly considered

in the dfferential diagnosis of thrombocytopenia/splenomegaly; consequently it is

diagnosed when bone marrow biopsies are performed for other possible diagnoses

2. Bleeding severity is associated with overall disease severity and the presence
of gammopathies and bonafarcts. Rationale: the bleeding diathesis has been
proposed to arise due to chronic activation of the coagulation system as a result of

chronic inflammation

3. FXI deficiency is a manifestation of GD rather than genetimberitance and

improves with ERTRationale:the wide range of factor deficiencies described in prior
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studies suggests a diseastated mechanism rather than inherited deficiencies of

coagulation factors.

Chapter 4: Vascular features of FD

1. Patients presenting with FD may experience Jascavents (e.g. stroke,
arrhythmias) prior to diagnosis and experience long delays between those events and
arrival at the correct diagnosiRationale:FD is rare and therefore not commonly
considered in the differential diagnosis of vascular events aacstroke or atrial

fibrillation

2. Cerebrovascular events are not predicted by other disease manifestations,
enzyme activity or more common cardiovascular risk fadRatsonale:strokes have
been reported in patients without other disease manifestatidms eohort of patients

with cryptogenic stroke

3. Abnormalities of plasma procoagulant and anticoagulant factors are associated
with vascular manifestations of FDORationale: von Willebrand factor and
anticoagulant pathways are controlled primarily by theo#melium and these disease

manifestations have been hypothesised to be due to endothelial dysfunction.

Chapter 5: Cellular adhesion in FD and GD

1. Increased expression of leukocyte adhesion molecules occurs in FD and GD and
is associated with vascular masfations in FD and the presence of bleeding and
gammopathies in GDRationale: FD and GD are associated with a ro

inflammatory state which results in-upgulation of adhesion molecules

2. Lipid loading of endothelial cells, but not reduction in enzymevagtialone
results in increased endothelial adhesion actiRationale:results to date suggest
that Gb3 excess rather than GLA deficiency is responsible for endothelial
dysfunction. Glycosphingolipids LacC and S1P have been found-tegugate
adhesio molecule expression and other glycosphingolipids may also perform this

function.

Chapter 6: Cellular support of haemostasis in FD and GD
1. Monocytes from FD and GD have increased tissue factor expression and are

procoagulantRationale:tissue factor expssion is induced by prmflammatory
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cytokines. FD is associated with a procoagulant state and laboratory studies in

GD suggest that chronic activation of coagulation occurs.

The platelet membrane in FD and GD has altered procoagulant capacity.
Rationale: glycosphingolipid accumulation within lipid rafts in the platelet
membrane may also membrane dynamics required for assembly of coagulation

enzyme complexes (e.g. prothrombinase)

The endothelium in FD is procoagulant and supports increased thrombin
generabn. Rationale microvascular lesions occur in FD and have been

hypothesised to be due to increased activation of coagulation.
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Chapter 2 Methods

Except where indicated, all experiments were performedyself. For solutions and
buffers, where no supplier is listed these were made in house and full details of their

production are listed in Appendix 2ll suppliers of materials were based in the UK.

2.1  Patient and healthy control recruitment
The study receed ethical approval from the National Research Ethics Committee

(NREC number: 12/LO/02791 Patients and controls gave written consent for
participation in the study. Healthy controls were recruited from departmental members
and unaffected relatives/iaers accompanying patients to clinic. The patient

information leaflet and ethics approval can be found in Appendix 1.

2.2  General cell culture methods & equipment
All plate readings were performed on a BMG FluoSTAR Galaxy fluorimeter (BMG
Lab Tech).

2.2.1 Celllines
Tissue culture work was performed in a class Il biosafety cabinet. Cells were cultured
in an incubator at 37°C, 5% GCHERAcell 150, Kendro)

The RAW 264.7 cell line was obtained from ATCC. RAWZ264.7 is a satherent
murine monocytanacrophage celine, established from ascites of a tumour induced
by intraperitoneal injection of Abselon Leukaemia Virus into a male mdriagv

264.7 were cultured in R10 medium, consisting of RPMI 1640, supplemented with
10% fetal bovine serum (FBS, Life Technologjd€ymM HEPES (Life Technologies),
100 units/ml penicillin, 100pug/ml streptomycin (Life Technologies) and 2mM L
glutamine (Life Technologies). Cells were harvested from tissue culture plastic (TCP)
using 0.02% EDTA (Sigma) supplemented with 1mg/ml of ladoe (Sigma). Cells

were passaged everyl3days, split 1:3L:5 and used up to 30 passages.

The EA.hy 926 cell line was obtained from ATCC. It is a human umbilical vein
endothelial cell (HUVEC) line established by the fusion of HUVEC with a
thioguanineresistant clone of the A549 adenocarcinoma cell line by exposure to
polyethylene glycdf* The EA.hy 926 cell line was cultured in high glucose (4.5g/L)
Dul bemoddsi ed kmDMEN,d.ife Meclthologies) supplemented
with 10% FBS, 10mM HEPES, 100 units/ml penicillin, 100ug/ml streptomycin and
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2mM L-glutamine. Cells were harvested from TCP with 0.25% tryR&imA

solution (Sigma) and were passaged weekly, split-1:16 and sed up to 30 passages.

The HEK293T cell line was obtained from ATCC for @sea packaging cell line for

the generation of lentiviral particles. It is a human embryonic kidney (HEK) cell line,
derived from the HEK293 cell line into which the simian virus (&V40) T cell
antigen has been inserted. The cells were cultured in high glucose DMEM
supplemented with 10% FBS, 10mM HEPES, 100 units/ml penicillin, 100ug/ml
streptomycin and 2mM glutamine. Cells were harvested using 0.25% trypsin
EDTA solution andbassaged every2 days, split 1:4.

2.2.2 Cell counts and viability
Cells were enumerated utilising a haematocytometer. Cell viability was measured by

Trypan blue (Sigma) dye exclusion and viability of cell lines maintained at >95%.

2.2.3 MTT dye reduction assay
Thiazolyl blue tetrazolium bromide (MTT) is a tetrazolium compound which is
reduced by the mitochondrial dehydrogenases NADPH & NADH in metabolically

active cells to a watensoluble but DMSO soluble blue MFbrmazan crystals.

Cells cultured in 96 well ptes were exposed to drugs for22 hours prior to the

assay being performed. MTT (Sigma Aldrich) was dissolved in appropriate medium

DMEM at 5mg/ ml . 10¢l per wel | of MTT
incubated at 37°C for 2 hours. The medium waefully aspirated from the wells and
100¢l per well of DMSO (Sigma) added.

150rpm for 30 minutes, until the crystals were fully dissolved. The resulting

absorbance was read at 570nm.

2.3  Sample preparation

2.3.1 Separaton of peripheral blood monocyteenriched mononuclear cells

A monocyteenriched mononuclear cell fraction was isolated using an iodixanol
flotation barrier to produce a monocyte enriched, platelet poor cell fraction. 54%
iodixanol was prepared by the adolit of 0.6 volumes of 8.5% NacCl solution to 5.4

volumes of 60% iodixanol (Optiprep, Sigma). An iodixanol gradient with a density of
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1.074g/ml was prepared by the addition of 6.3 volumes of 60% iodixanol to 23.7

volumes R10 medium.

9ml of blood was colleed into a sterile 15ml centrifuge tube containing 1ml of 3.2%
sodium citrate solution and inverted to ensure adequate mixing. 2ml of 54% iodixanol

was added to the citrated blood to increase its density to approximately 1.105g/ml.

4ml of the increased dsity blood was added to each fresh 15ml Falcon tube and
overlaid with 6ml of the 1.074 iodixanol gradient. The gradient was overlaid with
500¢l of R10, to prevent the monocytic |
centrifuged at 700g for 30min a°C. Following gradient centrifugation, the
uppermost band, containing monocyte enriched mononuclear cells was removed with

a sterile syringe and quill. The isolated cells were washed once in 8.5% NaC} and re

suspended in 3ml of R10 medium.

2.3.2 Preparation of human serum

5ml of whole blood was collected into a 5ml Gold SST vacutainer (Becton Dickinson

- BD) and allowed to clot for 30min af@. The samples were centrifuged at 2000g,
5min, 4AC. 100el serum was used to mak
heating at 56°C for 1 hour in a waterbath. The remained was aliquotted and stored at
-80°C until use.

900c¢ | of RP MI 1640, suppl emented with H
glutamine was added to 100¢l serum t o m;

adhesion assays.

2.3.3 Preparation of pooled human serum

Healthy volunteers were bled into 5ml Gold SST vacutainers (BD). The samples were
clotted at 4°C for 30min and then centrifuged at 20@dgin, 4°C. The serum was
aspirated and serum from all sampleslpd. The serum was heat inactivated at 56°C

in a waterbath for 1 hour. The serum was then aliquoted and sto@@Caprior to

use.

2.3.4 Preparation of plasma

Whole blood was collected in 2.7ml citrate vacutainers (BD). For single spun plasma,
vacutainers were centrifuged at 25009, room temperature for 20minutes. The top 2/3
of plasma was aspirated, aliquoted and storedB@iC until use. For triple spun
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plagna, after the initial centrifugation step, the aspirated plasma was centrifuged a
further time at 2500g, room temperature for 20 minutes then the top 2/3 plasma
aspirated and centrifuged at 14000rpm for 3min using a-Bppendorf fixed

centrifuge. Triplespun plasma was stored-80°C until use.

2.3.5 Preparation pooled human plasma

Healthy volunteers were bled into 2.7ml citrate vacutainers and centrifuged at 3500g,

room temperature for 20 minutes. The top 2/3 plasma from each sample was collected
and the saples were pooled. The plasma was then prepared as for triple spun plasma

above, aliquoted and stored-80°C until use.

2.3.6 Preparation of platelet rich plasma
Blood was collected in 2.7ml citrate vacutainers and centrifuged at 160g, room
temperature for 1@ninutes. The platelet count was measured using a Sysmex XS

1000i bench top analyser.

2.4 Drugs and lipids stock solutions

2.4.1 Enzyme inhibitors

Amiodarone hydrochloride was obtained from the Royal Free Hospital Pharmacy as a
sterile concentrate 50mg/ml in 3ml anybes. A 50mM stock solution was made by

the addition of 1.65ml of sterile water to 3ml of amiodarone concentrate. The solution

was aliquotted and stored-20°C

A 50mM stock solution of chloroquine was made by dissolving 300mg of chloroquine
hydrochlorde (Sigma) in 11.63ml of sterile water. The solution was sterile filtered,
aliguotted and stored &20°C.

A 100mM stock solution of-tleoxygalactonijorimycin (DGJ) was made by dissolving
20mg of tdeoxygalactonijorimycin hydrochloride (Carbosynth) in lofl sterile

water. The solution was aliquotted and store@@tC.

A 100mM stock solution of conduritol b

€ |

of conduritol b epoxide (Sigma) in 308¢l

and stored a20°C.
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2.4.2 Glycosphingolipids

Stock concentrations of lipids were made by dissolving lipids in methanol. Stocks
were aliquoted and stored &0°C. Stocks were all 1mM, except for sphingosine
(10mM). For globotriaosylceramide, hot methanol was used and the saarmpied

prior to use to ensure the lipid wass@ubilised. The following lipids were used:
globotriaosylceramide (Gb3, Matreya LLC), globotrioasylsphingosine (lysoGb3,
Matreya LLC), lactosylceramide (bovine buttermilk, Matreya LLC), glucosphingosine
(plant, Santa Cruz Biotechnology), sphingosine (ENZO life sciences) and sphirgosine

1-phosphate (Sigma).

2.4.3 Antibiotics

A stock solution of 10mg/mpuromycin dihydrochloride (Sigma) in distilled water
was made, aliquotted and stored24C. A stock solution 0100 mg/ml of ampicillin
sodium (Sigma) was made in distilled water, aliquotted and stor20°&.

2.5  Generation of lenitviral ShRNA knockdown endothelial model

An endothelial cell model of Fabry disease was created using-Baiglin RNA
targeting the alpa galactosidase A mRNA sequence, delivered to cells using a
replication incompetent lentiviral vector. An application was submitted to and
approved by the UCL Safety Committee to conduct work involving genetically
modified organisms (experimentumber 156 RFT see Appendix Band work was
conducted in accordance with departmental guidelines. Plasmids were obtained from
the UCL Cancer Institute shRNA library; the GIPZ plasmids are also available
commercially from the Thermo Scientific Open Biosystems Hu@btY shRNAmir

lentiviral library. The shRNA sequences and vector maps are detatbedl i

2.5.1 Isolation of plasmid DNA

Plasmids were supplied as bacterial stahssmall amount of bacteria was streaked

on an Agar plate, supplemented with 100c¢
overnight. The following day, a single colony was picked with a pipette tip and
transferred to 5ml of Lnipicillnr dhehoroth was nt ai n
cultured overnight at 37°C with 200rpm shaking. Plasmid DNA was isolated using a

Ql AprepE Spin Miniprep kit (Qiagen), foll
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2.5.2 Quantification of DNA

The DNA was quantified spectrophotometricallsing a Nanodrop 1000 (Thermo
Scientific). 1.5¢l of sample was placed
on absorbance of UV light. The purity was ascertained from the ratio of the OD at
260nm to 280nm. Wher e hi g lraion wasladjusted2 5 0 n g
to 250ng/ ¢l using molecular grad®80@i stil

until required.

2.5.3 Confirmation of packaging vectors by restriction digest
A restriction digest was performed of the packaging vectors (p8.91 and pMDG) to
ensure the complete plasmid was preséiguie 5-3). A single digest was also

performed to linearise the DNA. 500ng of plasmid DNA was added to an Eppendorf

followedby 1¢l of the appropriate restriction
New Engl and Biolabs) and 2¢l of the corr
(New Engl and Biol abs) . The reaction vol u

and the inabated at 37°C for 30 minutes.

A 1% agarose gel was made by dissolving 1g of agarose (Bioline) in 100ml of TBE

buffer. Once cooled slightly 5¢l of 10 m¢
a fume hood and the gel poured into a template. The setgdlansferred to the gel

tank and the tank filled with 1% TBE buf
was added to each reaction mixture. 2.5
5¢l of Hyperl adder I mo | e c ddédata appnropriatg h t m a

wells. The gel was run at 100V for 75 minutes and the bands visualised under UV
light (BioRad Gel Doc XR+).

2.5.4 Sequence confirmation of sShRNA segment of GIPZ plasmids

Sequencing of the GIPZ plasmids was undertaken to ensure that the correct ShRNA

i nsert was present. The pGl PZ pri mer
GCATTAAAGCAGCGTATC. 250ng of pl asmid DN/
primer were added to a well of a 96 well seqcing plate (Life Technologies) and the

vol ume made up to 8¢l with 10mM Tris/ 0. 01
was denatured by heating to 98°C for 5 minutes on a thermal cycler (BioRad C1000).

The sample was cooled onice for 7 minutes priertoe addi ti on of 2¢l
(Life Technologies). The DNA was the amplified by polymerase chain reaction (PCR)

64



on the thermal cycler at 96°C for 20 seconds, 50°C for 5 seconds, 60°C for 120 seconds,
for 40 cycles. The 1O0retransferfedto eeDyaEx dlepn mi x t
plate (Qiagen) and centrifuged at 1000g for 3 minutes to remove the excess dye
terminators. The samples were then air dried at 70°C for 1 hour and-#hespended

i n 10 ¢ |HornmamideHLif®Technologies).

The DNA was sequenced on an ABI 3500 automated sequencer (Life Technologies)
using the standard run module. The sequences analysed using Mutation Surveyor
Software v3.3 (SoftGenetics) and compared to the sequences supplied by the

manufacturer.

2.5.5 Lentiviral vector pro duction
Replication incompetent lentiviral particles containing the shRNA sequence of interest
were generated using a third generation packaging system in HEK293T cells. The

three plasmids used comprised:

1. P8.91: the packaging vector containing a mininedla$ genes required to generate
the virion structural proteins
2. pMDG: vesicular stomatitis virus G protein envelope vector
3. pGIPZ: shRNA vector containing the ShRNA sequence of interest as well as puromycin

resistance gene and GFP gene.

On the day prior teransfection (B1), HEK293T cells were seeded at stanfluence

on 10cm tissue culture treated plates and cultured overnight at 37°C.

The foll owing day (DO0O), 1e¢g of p8.91 DNA,
DNA were mixed together in an Eppendorf.ain separ ate Eppendorf

6 (Promega) was added to 200¢l of Opti me
added to the Fugene/Optimem mix and left to stand at room temperature for 15 minutes.

The medium on the HEK293T cells was changed with fresfwarmed medium and

the DNA/Fugene/Optimem mix added to the plate. The plate was incubated overnight.

On D+1, the medium on the HEK293T plates was changed. On D+2, the medium
contain the virus particles waesilefiteol | ect e

(Sartorius). Fresh medium was added to the HEK293T plates and further virus
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collected on D+3 and D+4. Virus was stored overnight at 4°C prior to use and surplus

virus aliquoted and stored &@0°C.

2.5.6 Infection of EA.hy 926 cells with lenitviral vector

On D-1, EA.hy cells were seeded at 100 000 per well in 6 well plates (Corning) and
cultured overnight. On DO, the medium was changed to antibiotic and serum free
DME M. 1. 5ml of virus was added per wel
hexadimetirine bromide (polybrene, Sigma) was added and the plate centrifuged for
1 hour at 500g, room temperature prior to incubation overnight at 37°C. On D+1,
medium was replaced with fresh DMEM containing serum and antibiotics. On D+2,
successful viral infean was confirmed by visualisation of GFP expression under a
fluorescent microscope (Nikon Eclipse TS100). Puromycin selection of infected cells
was commenced using a dose of puromycirdatermined by MTT assay to result in
death of uninfected cells ove3-6 days. shRNA knockdown was confirmed by
measurement of GLA enzyme activity and protein levels. Cells cultures were

maintained in puromycin containing medium.

2.6  Flow cytometry

2.6.1 General flow cytometry method

Monoclonal antibodies were used as direct agajes with fluorescein isothiocyaia
(FITC), AlexaFluor® 488, phycoerythrin (PE), peridirghlorophyltprotein complex
(PerCP) and allophycocyanin (APC):10x1C cells per aliquot were incubated in the
dark with the designated paralantibodies for 30mins before being washed and re
suspended in PBS. Samples were acquired on a FACS Calibur (BD), witti000
000 events being recorded and analysed with CellQuest (BD) or FlowJo (Tree Star).

66



Table 2-1: Antibodies used in flow cytometry

Target | Species | Ig class | Product Company | Clone Conjugate Dilution
code
CDlla | Mouse | IgG2as | 555379 BD G4325B FITC 1:10
CD11b | Mouse | IgGls 301306 Biolegend | ICRF44 PE 1:10
CD1l1lc | Mouse | IgGls 301614 Biolegend | 3.9 APC 1:10
CD50 Mouse | 1gG2ba | 555958 BD TU41 FITC 1:10
CD54 Mouse | IgGla 353112 Biolegend | HA58 APC 1:10
CD102 | Mouse | IgGls 328506 Biolegend | CBR- PE 1:10
IC2/2
CD62L | Mouse | IgGls 304816 Biolegend | DREG56 | AlexaFluor 1:20
488
CD49d | Mouse | IgGls 304304 Biolegend | 9F10 PE 1:10
CD142 | Mouse | IgG1l FAB23391 | R&D 323519 AlexaFluor 1:20
G systems 488
CD36 Mouse | 1gG2& | 336208 Biolegend | 5-271 APC 1:10
CD204 | Mouse | IgG2b FAB2708P | R&D 351615 PE 1:10
(SRAI) systems
CD14 Mouse | IgG2ba | 345786 BD M(P9 PerCP 1:10
CD14 Mouse | IgG2ba | 345785 BD M3{P9 PE 1:10
CD3 Mouse | IgGls 345766 BD SK7 PerCP 1:10
2.6.2 Quantification of monocyte percentage by flow cytometry
50¢l of monocytic fraction isolated over
bottom tube (BD). 5¢l of CD14 PE and b5¢l

incubated in the dark for 30 minutes. The % of monocytic cells was ascertained from
the perentage of CD14 positive cells within a gate set to include monocytes and
lymphocytes based on their forward and side scatter properties, as detailed in section
5.4.2

2.6.3 Flow cytometry of DO monocytes for adhesion receptors and tissue factor
50ul of the monogtic fraction was placed in each of 4 round bottomed tubes (BD) and
the panels of antibodies added (3able2-2). Further analysis was undertaken after
data colledbn using FlowJo to determine the mean fluorescent intensity of the

adhesion receptor in different mononuclear cell populations.

Table 2-2 Antibody panels for DO monocyte adhesion

Tube 1 Tube 2 Tube 3 Tube 4
FITC/AlexaFluor CD11a CD50 CD62L CD142
®488
PE CD11b CD54 CD36
APC CDl11c CD102 CcD49d CD204
PerCP CD14 CD14 CD14 CD14
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2.7  Adhesion assays

2.7.1 Monocyte adhesion to tissue culture plastic

The monocyte fraction isolated over an iodixanol gradient was adjustea
concentration of 1x10monocytes/ml. Cells were 4ispended in either 10% heat
inactivated autologous serum 10% heat inactivated pooled human serdroell40
were added per well of a 96 well TCP plate (Corning) with or without addition of 5mM
EDTA. All conditions were performed in triplicate. The plate was incubated at 37°C

for 1 hour to allow the monocytes to adhere.

The plate was washed three times with PBS to removeandrh er ent cel | s.
100% methanol was added per well and the celidfiovernight at 4°C. The plate

was washed once with PBS and Sihfgladded. per w
The plate was left one hour to stain, then washed three times with tap water. The
Giemsa was solubilised by andldndmplgcindti®eO ¢ | p
plate on a plate shaker for 30 minutes. Absorbance was read at 570nm. The adherence

of monocytes was reported as the ratio of the mean absorbance of the test sample to

the mean absorbance of the pooled human serum.

2.7.2 Adhesion of RAW cels to EAhy cells

EA.hy cells were seeded at 40 000 per well (for 3 day cultures) or 20 000 per well (for

7 day cultures) with additional drugs (lipids/ enzyme inhibitors) added where indicated,

and cultured at 37°C. For 7 day cultures, the medium wagyetaafter 3 days. On

the day of the adhesion assayhere indicated, EA.hy were stimulated with
recombi nant human tumour necrosis factor

doses and durations indicated.

RAW cells were harvested from tissue culture ftasusing 0.02% EDTA
supplemented with 1mg/ml of lidocaine the day prior to the adhesion assay. They
were then cultured overnight on 10cm bacteriological plastic-gistnes to allow

recovery of adhesion receptors. For the adhesion assay, RAW werstédneing

5mM EDTA and resuspended at 1x%0 ml| i n serum free mediu
Vybrant ® Dil cell labelling solution (Life Technologies) was added and the cells

incubated at 37°C for 5 minutes followed by 15 minutes at 4°C. Dil is a fluorescent
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lipophilic carbocyanine dye. The cells were then washed three times in-serum

containing DMEM and resuspended at 2x%/nl.

Medi um was removed from the EA.hy pl ate
|l abell ed RAW. Under s o @meMEDOAWAS atso addeds , 5 ¢ |
The plate was incubated at 37°C for 1 hour and then washed three times with PBS to
remove noradherent cells. Fluorescence was measured at excitation 530nm, emission
590nm.

2.8  Cell staining techniques

EA.hy cells for cell staining we grown on 13mm Nol glass coverslips (Scientific
Laboratory Supplies). Coverslips were dipped in ethanol and flame sterilised over an
electric Bunsen burner. EA.hy cells were seeded 100 000 per well of a 24 well plate
(Corning) and cultured for 7 day<rior to staining, coverslips were washed three
times in PBS prior to fixation in methanol or 4% paraformaldehyde as indicated below.

2.8.1 Giemsa staining

The cells were fixed for 20 minutes in methanol then stained with 5% filtered Giemsa
for 45 minutes. The coverslips were rinsed in tap water and dried before being
mounted face down in DPX Mountant (Sigma) on glass microscope slides (VWR

International).

2.8.2 Fluorescent staining for von Willebrand factor

Cells were fixed in 4% paraformaldehyde for 20 minutes then washed twice with PBS.
The cells were permeabilised with 0.1% Triton in PBS for 10 minutes, washed and
blocked by incubating with 3% BSA in PBS for 1 hour at room temperature. Primary
antibody $aining was performed with a 1:200 dilution of polyclonal rabbit-aothan

VWF (A0082, Dako) and incubated for 1 hour at room temperature. The coverslips
were washed three times with PBS and secondary antibody staining performed with
Texas Red conjugategbat antirabbit antibody (1:200 dilution, GeneTex) for 1 hour

at room temperature. The coverslips were washed three time in PBS then nuclear
staining perfor med widianiidind2:piefyinfole qDAPIut i o n
Life Technologies), 1 minute aubation. The coverslip was washed and mounted face

down on a glass slide in Prolong Gold mountant (Life Technologies).
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2.8.3 Cellular uptake of Dil labelled acetylated LDL

EA.hy cells were grown to confluence on glass coverslips in a 24 well plate. On the

day of the assay, human Dil labelled acetylated LDL (Intracell) was made up in
medi um at a concentration of 10gg/ ml. Tt
replaced with 300¢l of Di | acLDL contain
37°C for 4 hours.The coverslips were removed from the 24 well plate, washed and

fixed in 4% paraformaldehyde before being mounted in Prolong Gold mountant.

2.8.4 Imaging

Slides were imaged using a Nikon Eclipse TS100 microscope and Nikon DsFil camera.
Imaging of fluorescentlgtained slides was performed on a Leica TCS SP5 confocal
microscope with assistance of David Westmoreland, MRC Laboratory of Molecular
Cell Biology, UCL.

2.9 Enzyme assays

2.9.1 Cell lysate preparation

For cell lines, the medium was aspirated from confluent moewdayf cells in 96/24

well plates 50/150¢]l ProtoJdJet Mammal i an
plate was placed on a plate shaker, 150rpm for 15 minutes, following which the cells
were disrupted with a pipette tip to ensure fully lysed and thetdycollected into an
Eppendorf. The sample was centrifuged at 13 000rpm for 15 min and the supernatant
used in assays or stored-8)°C until required.

For patient samples, 10ml blood was collected into a vaccutainer containing EDTA
(BD). 5ml of Lymph@@rep (Axis Shield) was added to the bottom of a 15ml centrifuge
tube (Falcon) and overlaid with 10ml of whole blood. The sample was centrifuged at
650g, 4°C for 25 minutes, brake off. The mononuclear layer was aspirated intoa 1.7ml
Eppendorf and centufjed at 8000rpm, 2 minutes. The supernatant was aspirated.
The cell pellet was rsuspended in 1ml of red cell lysis solution and left for 5 minutes

at room temperature. The sample was centrifuged at 8000rpm, 2 minutes, the
supernatant discarded and tpellet resuspended in 1ml PBS. After further
centrifugation 8000rpm, 2 minutes, the PBS was discarded and the pellet stored at
80°C. On the day of enzyme assays/protein quantification the pellet was thawed and

resuspended i n 80 0 gdis satufion. Nlfze mamplé waa placed en al I
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plate shaker at 150rpm for 15 minutes and then centrifuged at 13 000rpm for 15
minutes. The supernatant was used for protein quantification or enzyme assays,

usually after a 1:3 dilution in distilled water.

2.9.2 Protein quantification

Protein quantification was performed using a Bicinchoninic Acid (BCA) Protein
Assay kit (Sigma). This is based on the method of Loffifyand relies on the
formation of a Cé&'-protein complex under alkaline conditions, with subsequent
reduction of Cé*to CUu*. The anount of reduction is proportional to the amount of
protein present. BCA forms a purgue complex with Ct under alkaline

conditions with an absorbance of 560nm.

The assay was performed in a 96 well plate. A bovine serum albumin (BSA) standard
supplied in the kit was used to construct a standard curve across the linear range of the
assay(@ 000eg/ ml ) . 25¢!l of test or standard
BCA working reagent was made up by mixing 1 part of 4% copper (ll) sulphate
pentahgrate solution with 50 parts of bicinchionic acid solution (bichionic acid,
sodium carbonate, sodium tartrate and sodium bicarbonate in 0.1N NaOH, pH 11.25).
200¢ | of working solution was added to e
37°C for 30 mmutes. Absorbance was read at 560nm and the test sample protein

concentrations read off the standard curve.

2.9.3 General method for enzyme activity measurement

Assays weg performed in 24 well plates (PlateMax 24, 4titude), laid out as
summarised ifable2-3.1 5 0 ¢ | o f-inhibitorbwverking aoluon was added to

wells35 and 15¢l of sample of known protein
wasincubatedat3® f or 1 hour . Af ter the incubati
solution was added to wells53. 2 0 O-raethylumbelifetone standard working
solution was added to wel/l 1 and 200¢l (
glycine was addedtowel &2 and 15¢l o £3. Tha flupréseence 0 we |

was then measured at excitation 365nm, emission 450nm
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.Table 2-3: Layout of enzyme assays

Additions 1 2 3 4 5

Standard Standard Substrate Sample Sample

blank blank reaction reaction
Pre Nil Nil 150l 150yl 150ul
incubation substrate substrate substrate
15ul sample | 15ul sample

After lhr 1000l 1000pl 1000ul
incubation Glycine glycine glycine
After glycine | 15pl sample | 15ul sample | 15ul sample

200l 200pl ddHO

standard 950pl glycine

950pl glycine

The enzyme activity (nmol/hr/mg protein) was then calculated by the equation:

e s o Q00 €T QiE XTE GO EOTTTT, p
O0¢ a w@ado QU Bow— 1= i i — &0
00 0 ¢ 1 Qig EXPEE & W | ¢ 00 Big

a

Where the fluorescence of the sample equals the average test reading of the sample (4
& 5) minus the substrate blank (3) and the fluorescence of the standard = the standard
reading (1) minus the standard blank (2).

2.9.4 Preparation of substrateinhibitor solutions

At acid pH, alpha galactosidase A hydrolyses the substratetdylumbelliferytU-
galactopyranoside to-mhethylumbelliferone and galactose. Addition of an excess of
UN-acetyl galactosamine inhibits the actjmitf alpha galactosidase B. A 8mM stock
substrate solution was prepared by dissolving 250mgroéthylumbelliferoneJ-D-
7 4 ml

stored at20°C. An inhibitorsubstrate working solion was made by adding 500mg

gal actopyranosi de (Si gma) i n of Mc i

of N-acetylD-galactosamine (Sigma) to 11.3ml of stock substrate solution.

At acid pH, alpha galactosidase B -@detylgalactosaminidase) hydrolyses the
substrate 4nethylumbelliferytN-acetytb-D-galactosaminidine to -4
methyumbelliferone and Mcetytgalactosamine. Substrate solution was made by
dissolving 100mg of 4nethylumbelliferytN-acetytb-D-galactosaminidine (Sigma)
in 264m| Mc i neés buffer, pH 4. 7.

of | vai

At acid pH, beta glucocerebrosidase hydrolyses the subdtragthylumbellifrylb-
D-glucopyranoside to -fhethylumbelliferone and glucose. Sodium taurocholate

added to the substrate sol uducosidases. Mhei bi t s
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substrate stock solution consists of 4.8mM-mdthylumbelliferytb-D-
glucopyranoside made by dissolving 250mg ofmdthylumbelliferytb-D-
glucopyranoside (Sigma) in 96ml of Mcil v
is then added to give a final solution of 4.8mM 4.8mhdthylumbelliferytb-D-
glucopyranoside, 1.5% saah taurocholate (Sigma), pH 5.1.

2.10 Western blot analysis
Western blots were performed using the NuPage ® system (Life Technologies). The

primary antibodies used are listedTiable2-4.

2.10.1 Cell lysate preparation

EA.hy cells for western blot analysis were seeded at2pdOwell in 24 well plates

and cultured for 3 days or 1x1per well and cultured for 7 days. For celliys

medium was aspirated from the wells and the cells washed in 1ml of warmed Hanks
buffer. Cell lysis solution was made by supplementing 1ml of whole cell lysis solution

wi t h 10¢l of protease cocktail i nhi bi
phenylmethylsulfayl fluoride (17.4mg/ml in DMSO). Hanks buffer was aspirated
from the wells and 100¢l of cell l ysi s s
ice for 10 minutes and then the cells disrupted with a pipette tip and the lysate
transferred to an Eppendo The samples were centrifuged at 14 000rpm, 10 minutes

at 4°C. The lysate was collected and store@@tC until analysis.

2.10.2 Preparation of samples for loading onto gel

Loading dye mix was made by adding 2.5 volumes of 1Mdihiothreitol to 7.5

volumes of | oading dye (NuPage, l nvitrogen)
20¢l of sampl e. Mol ecul ar wei ght mar ker
Novex ® Sharp Prat ai ned Protein Standard (Life
water and adding 0 e | of | oading dye mi x. Al'l sam
at 80°C for 10 minutes.

2.10.3 Gel electrophoresis

Running buffer was made by diluting 50ml of 20X NuPage ® MOPS SDS running
buffer (Life Technologies) in 950ml of distilled water. A 12% Biss NuPage ® gel

(Life Technologies) was washed with running buffer and then inserted into the gel tank.
500eg!l of NuPage E antioxidant (Life Tech

73



the tank and both the inner and outer wells filled with running busfemples were

loading using a Hamilton syringe. The gel was run at 200V for 50 minutes.

2.10.4 Transfer of proteins from gel to membrane

Transfer buffer was made from 12. 5ml of
antiroxidant and made up to 250ml with disd water. The gel was removed from

the tank and cracked open using a gel spatula. Bsdi@ked filter paper was applied

to the back of the gel. Hybond membrane (GE Healthcare) was applied to the front of
the gel and covered with filter paper. The-membrane sandwich was placed in the
transfer cassette, encased with buffieaked sponges and placed in the gel tank. The
inner tank was filled with transfer buffer and the outer tank with tap water. The transfer

was run at 25V for 90 minutes.

The getmembrane sandwich was removed from the transfer cassette and the filter
paper and gel discarded. The membrane was stained for 30 seconds with Ponceau S

(Sigma) to ensure transfer of the protein bands.

2.10.5 Blocking and antibody staining

The membrane was waeth for 3645 minutes in TBSTween on a plate shaker at

80rpm, with 35 changes of wash solution. The membrane was then placed in a roller
bottle and 10ml of bl ocking solution sup
10% azide added. The bottle wasgeld in a rotating oven at 21°C and blocked for 1

hour. After 1 hour, the primary antibodies were added at the appropriate dilution and

the incubated overnight in the rotating oven.

The following day, the membrane was removed and washed 5 times HiTWE&&.

The membrane was placed in a clean roller bottle and 10ml of blocking solution,
suppl emented with 500¢]l F-BoGjugatel dsecahdary T h e
antibody was added and the membrane incubated for at least 2 hours in the rotating

oven, prior ® being washed 5 times in TBSveen.
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Table 2-4: Antibodies used for Western blotting

Antibody Species| Target band size | Manufacturer Dilution ( ¢ |
10ml)
Alpha galactosidase A Rabbit | 50kDa Santa CrufH-104) | 1 0 ¢ |
VCAM-1 Sheep | 85kDa R&D systems| 1 0el of
(AF809)
ICAM-1 Sheep | 90kDa R&D systems| 5l of 2
(AF720)
Hsp60 Mouse | 60kDa Stressgen 3el of 1:
PARP Mouse | 113kDa (plus| BD 3¢l
89kDa on
cleavage)
Aldolase Sheep | 39kDa Abcam(ab182915) | 3 ¢ |
HRP-conjugated anti| Goat N/A Dako 3¢l
rabbit
HRP-conjugated anti| Goat N/A Dako el
sheep
HRP-conjugated anti| Rabbit | N/A Dako 3¢l
mouse

2.10.6 Enhanced chemiluminescene visualisation of bands

Piercé™ enhanced chemiluminescestibstrate (Thermo Scientific) was used for
detection of horse radish peroxidase enzyme activity. A 1:1 solution of reagent A and
reagent B was made. The membrane was placed on a Perspex board and 1ml of ECL
mixture added to membrane and incubated foirluta. The membrane was wrapped

in Saran wrap and exposure to X ray film (Fuiji) for 2, 6, 20, 60, 180 and 600 seconds.
The film was then developed manually by placing in developer for 1 minute followed

by fixer for 1 minute and washing in tap water befdrying.

2.10.7 Staining with a house keeping antibody for normalisation

Normalisation for protein content was performed using the housekeeping protein heat
shock protein 60 (Hsp60). After initial antibody staining, the membrane was washed
5 times in TBSTween. Further antibody staining was then performed by incubating
the menbrane overnight in blocking solution containing mouse-laman Hsp60
antibody. The membrane was then washed and incubated for 2 hours with HRP
conjugated rabbit anthouse secondary antibody. ECL was performed as above. For
a small number of later hi® aldolase was used for normalisation due to the

unavailability of Hsp60.

75



2.10.8 Densitometry

The density of the bands was measured using Quantity One 4.6.9 (BioRad). The
density of each band of proteafi interest was then normalised to the density of the
Hsp60 band for that sample.

2.11 Coagulation assays

2.11.1 Tissue factor procoagulant assay

Monocytes isolated over an iodixanol gradient wersugpended in TrisHEL% BSA

buffer at 1x16 monocytes/ml. Pooled citrated plasma and 25mM calcium chloride

were warmed to 3TC. 100¢l of mMonocyte suspensior
were added per macrocuvette (Merlin Medical) and placed in a KC4 coagulometer
(Amelung). The plasma and monocytes were incubated together at 37°C for 120
seconds. 100¢l o f wadslded/land thel time ta alot farrhakion r | d e
measured. For the construction of a standard curve, the monocytes were replaced by
dilutions of Recombiplastin (DiaPharma). The assays were performed in triplicate and

the tissue factor activity in arbitary unitad off the standard curve.

2.11.2 Platelet rich plasma thrombin generation

Thrombin generation was performed using the Calibrated Automated Thrombogram
(Thrombinoscope BV). Use of a slewacting fluorogenic substrate for thrombin
allows repeated measurementlofombin generated over a prolonged period of time.

A mathematical program in the CAT calculates the free thrombin generated from the

raw thrombin generation data. Measurements were performed in duplicate.

1pM tissue factor is made by diluting Innovin §8yex, UK) which is thought to have

a tissue factor concentration of 6nM in
was added to 3 wells in an |I mmunolon 2HB
1pM tissue factor was ad daof throntbio catbrer t wo |
(Stago Diagnostica) added to the calibrator well. The reaction mixture was incubated

at 37AC for 10 minutes. The reaction wa!
calcium solution containing the fluorogenic substrate@a, Stago Diagnostica) and

the measurements commenced. Readivege taken automatically every 20 seconds

for 60 minutes.
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2.11.3 Preparation of washed platelets

Platelet rich plasma (PRP) was diluted 2:1 with Krebs Ringer buffer, pH 5.0 and
centrifuged at 50Qgroom temperature for 10 minutes. The platelet pellet was re
suspended in Krebs Ringer buffer supplemented with glucose and was twice further.
The platelet pellet was+guspended in TrBICIl-1% BSA buffer and the platelet count

measured.

2.11.4 Prothrombinase assay

The conversion of prothrombin to thrombin is catalysed by the prothrombinase
complex (FVaFXa) in the presence of calcium ions, occurring on a phospholipid
surface. In this assay FVa and FXa are present in excess so that the phospholipid
surface povided by the platelets is the rate limiting factor. A schematic overview of

the assay method is shownRigure2-1.

A 300nM stock of FXa was made by diluting Fidaematologic Technologies) to a

total volume of 7.25ml in TrisHG1%BSA. A 600nM stock of FVa was made by
diluting FVa (Haematologic Technol-ogi es)
1 %BSA. A 16eM stock of prot hr oimbtotah was
vol ume of 1 7 A%BSKA. All coagllationsfatiGrs were aliquoted and

stored at20°C. A thrombirspecific chromogenic substrate, S2238 (Chromogenix),

was reconstituted at 3mM in distilled water.

Working solutions of FVa and FXa weneade just before performing the assay by

diluting the stock solution 1:10 in TrisHQRABSA. Washed platelets were- re
suspended at 100x¥0 and 50x1&L in Tris-Hcl-1%BSA. The assay reaction was
performed in a water b at ensiant(or Gildtidn€ of 158
phospholipid standard, Bell and Alton Platelet Substitute, Diagnostic Reagents Ltd.)
was placed in a cuvette in a waterbath &
calcium chloride was added amd a&fStedr od fF
were added. After a further minute, the
prothrombisampl balg stbthe reaction mixtur
in a 96 well plate was performed at specified time points (8,55, 60, 75, 90, 105,

120, 150, 180, 240, 360, 480 and 600 seconds).
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On compl etion of the prothrombinase reac
added to each well of the 96 well plate. After 3 minutes the reactiostoged by

the addition of 50&l of 50% acetic acid.
at 405nM.
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Sub-sampling: 0,
15, 30, 45, 60,
75, 90, 105, 120,
150, 180, 240,
360, 480, 600

| seconds

158l FVa
platelets or (6nM) &
platelet CaCl, FXa Prothrombin
substitute  (3mM) (3nM) (Apm)

10pl
chromogenic 50pl 50%
Sl sample substrate acetic acid

3 min 1 min 1 min Read on
200l fwell plate
— S — — | SLOPPING | — = reader at

buffer 405nM

| 37°C | Room temperature

Figure 2-1: Prothrombinase assay
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2.11.5 Measurement of plasma von Willebrandfactor antigen level by ELISA

Plasma von Willebrand factor (VWF) was measured by an in house etinyee
immunosorbant assay in the Royal Free Haemophilia Centre. A 96 well ELISA plate
(Immunolon 1, Dynatech Laboratories) was coated with the primaityoalytthe day

before the assay. A 1:1000 dilution of rabbit antman von Willebrand antibody
(A0OO8 2, Dako) in coating buffer was made

stored overnight at 4°C.

CRYOcheck normal reference plasma, with a known camaton of VWF (Precision

Biologic) was used to construct a standard curve. CRYOcheck was diluted 1:80 in
dilution buffer and then a further range of dilutions made. Test samples were diluted
1:200 in dilution buffer. All samples were tested in duplicaidne coated plate was
washed times with wash buffer and the 10
plate was incubated for 1 hour on a plate shaker. The plate was washed three times
with wash buffer. A 1:8000 dilution of tag antibody (HR&njugatedrabbit ant

human VWF, P0226, Dako) was made in diluwu
added per well. The plate was incubated for 1 hour on a plate shaker. The plate was
washed three times with wash buffer. Substrate solution was made by addiadg 6m
Ophenyl ene di hydrochloride (OPD, Si gma)
(Sigma) to 15ml of substrate buffer. 10
well and the plate incubated on the bench f&08ninutes. The reaction was stopped

byaddt i on of 100¢]l of 0.5M sulphuric acid
plate reader at 492nm. The VWF concentrations were read off the standard curve and

the results multiplied by two, to account for the 1:200 dilution of the test samples.

2.11.6 Coagulation assays performed by the haemophilia centre laboratory
The following assays performed by the haemophilia centre laboratory biomedical
science staff following the standard SOPs of the diagnostic laboratory and the methods

employed are discussed in tleéavant chapters:

- Thrombophilic protein coagulation activity: FVIII, protein C, protein Stlamimbin

and dilute Russell Viper venom test (see Chapter 4)

80



- Mutation analysis for FV Leiden (G1691A) and prothrombin gene mutation
(G20210A) (see Chapter 3)
- Xl activity an@r11gene sequencing (see Chapter 3)

2.12 Statistics

Statistical analyses were performed using Excel 2010 (Microscoft) and GraphPad
Prism version 6.02 (GraphPad). For comparisons between two grdepts twere

used for normally distributed ttaand Mann Whitney U if the data was not normally
distributed. Linear regression analyses were performed to establish the relationship
between two variables. Except where otherwise stated a p value of <0.05 was

considered significant.
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Chapter 3 Bleeding features in the presentation of Gaucher disease

3.1 Introduction

Whilst the initial description of GD was of a patient with splenomegaly, GD affects
the entire reticulendothelial system with disease manifestations including bone
infarcts, peripheral blood cytopesiand a bleeding diathesis. Whilst bleeding has
been reported in patients with GD, the pattern and severity of bleeding symptoms is

not well characterised.

Both abnormalities of platelet function and coagulation factor deficiencies have been
describedand various hypotheses proposed as to the underlying mechanisms (see
Table3-1). In addition interference of glycosphingolipids with the assays has also
been proposed at as a causeifiovitro abnormalities'®. Improvements following

ERT have been reported in both platelet aggregation abnormalities and coagulation

factor activity.

Table 3-1: Potential mechanisms of coagulopathy icoagulopathy in GD

Platelets Coagulation factors
Decreased production due to bone mary Decreased production due to:
infiltration Genetic abnormalities (e.g. L1 gene).
Splenic sequestration Hepatic impairment
Increased consumption Increasedconsumption

Adsorption by glucocerebrosides

It is not known how prominent bleeding manifestations are in the presentation of GD.
With the advent of effective specific therapy for GD and the suggestion that early
initiation of therapy may reduce long tercomplication&®, there is clar impetus to

make a timely diagnosis. Better understanding of the clinical features with which
patients present may help with earlier identification and investigation of patients with
possible GD. The relationship between bleeding and other manbestati GD has

not been examined it is not known whether bleeding symptoms are a marker of
disease severity or whether they impact on the development of other disease features,

in particular bone disease.
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3.2  Purpose of this chapter

This chapter exploresétpresenting features of GD in the Royal Free cohort of patients
in order to identify specific patterns of clinical and laboratory abnormalities which
may serve to raise suspicion of the diagnosis. The severity and nature of bleeding
symptoms is examineahd correlated with other disease manifestations to identify any
common mechanisms. Finally, the changes in deficiency of a specific coagulation
factor in response to enzyme replacement therapy are described. FXI is specifically
discussed as this is tlveagulation factor that was frequently found to be reduced in

our cohort. The chapter consists of three sections:

1. Description of the presenting features of patients in the cohort:
a) Presenting features
b) Diagnosing speciality and diagnostic test

c) ldentification of clinical and laboratory abnormalities commonly found at

baseline
2. Bleeding manifestations within the cohort and their relation to:
a) Baseline platelet counts and coagulation abnormalities
b) Overall disease severity, bone disease and gammopathies
3. In patients with FXI deficiency at baseline:
a) Effect of FXI on bleeding score/complications
b) Changes in FXI levels following initiation of ERT

3.3  Hypotheses

1. Patients presenting with GD most commonly are diagnosed by haematologists
by bone marrow biopsyRationale GD is rare and therefore not commonly considered

in the differential diagnosis of thrombocytopenia/splenomegaly; consequently it is

diagnosed when bone marrow biopsies are performed for other possible diagnoses

2. Bleeding severity is associated with overall disease severity and the presence
of gammopathies and bone infarciRationale: the bleeding diathesis has been
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proposed to arise due to chronic activation of the coagulation system as a result of

chronic inflammation

3. FXI deficiency arises as a manifestation of GD rather than genetic co
inheritance and improves with ERRationale:the wide range of factor deficiencies
described in prior studies suggests a disealseed mechanism rather than inherited

deficiences of coagulation factors.

3.4 Methods

3.4.1 Historical case notes review

Patients with GD have been seen at the Royal Free since 1974, with the centre being
designated a national specialist centre in 1997. A retrospective case note review was
undertaken to establikey features regarding the time course from symptom onset to
diagnosis, the diagnosing speciality and diagnostic tests. The primary presenting
feature was defined as the main clinical feature which, on investigation, led to the
diagnosis of GD. Bleedgimanifestations and baseline laboratory abnormalitexs
recorded. Laboratory abnormalities were defined as being outwith the normal range
for the laboratory at the time the test was performed. The cohort included patients
managed at the Royal Free @GInic up until May 2012.

3.4.2 Disease severity scoring
The severity of GD was scored using the Zimran severity score index (SSI) based on

patientso baséYsecnable3c2har acteri stics

Table 3-2: Zimran severity score

Domain Feature Score
Cytopenia Unsplenectomised 1

If splenectomised:
Leukopenia
Anaemia
Thrombocytopenia
Splenomegaly None

Mild

Moderate

Massive
Splenectomised
Hepatomegaly None

Mild

Moderate

Massive

Liver function tests Normal

OQWNPFPOWWNEFROFREFPF
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Some abnormal 1
All abnormal 2
Clinical signs liver disease 4
CNS involvement 20
Other organ involvement (e. 4
lung)
Bonei objective No signs/symptoms 0
Xray or scan signs 1
Bonei subjective No pain 0
Mild/occasional pain 2
Chronic pain 3
Bonei fractures None 0
Post traumatic 2
Avascular necrosis o5
pathological

3.4.3 Assessment of bone disease

Historical assessment of bone disease was with plairdithographs, which are able

to identify many abnormalities including avascular necrosis, infarcts and bone
remodelling. Over the last two decades, the use of MRI imaging to assess bone disease
has been employed. This is more sensitive in detecting dom@raalities and also
enables sermjuantitative assessment of the degree and site of bone involvement, using
the bone marrow burden (BMB) scoring system to be underkeavith a higher

All MRIs were

reviewed by a radiologist specialising in GD and the BMB scores reported as part of

score signifying more severe bone involvement (Bable 3-3).

routine clinical care.

Table 3-3: Bone marrow burden score

vein region

Domain Abnormality Score
MRI signal intensity: T2| Hyperintense 2
images (spine and femor{ Slightly hyperintense 1
relative to subcutaneous fat | Isotense 0
Slightly hypointense 1
Hypointense 2
Mixed type 3
MRI signal intensity: T1| Slightly hyperintense ol 0
images (spine and femorg isotense 1
Relative to subcutaneous fate| Slightly hypointense 2
Hypointense
Sites of involvement (femora)| Diaphysis 1
Proximal epiphysis/apophysis| 2
Distal epiphysis 3
Sites of involvement (spine) | Patchy 1
Diffuse 2
Absence of fat in basivertebr{ 1
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3.4.4 Bleeding severity score

The condensed MCMDM VWD bleeding states questionnaffavas used to obtain

a standardised bleeding histonyan interview between the patient and the investigator
(seeTable 3-4). It was originally developed to aid in the diagnosis of von Willebrand
disease (VWD); 100 héay controls had a mean bleeding score of 0.16 (25D

eedi

+3.6) and therefore an abno®¥ mal bl
Table 3-4: Condensed MCMDM-1 VWD bleeding score
Domain -1 0 1 2 3 4
Epistaxis No or| >5<10 Consultation | Packing/ Blood
trivial minutes only cauterisation/a| transfusion/
(<5 nti- factor
min) fibrinolytics replacemen
t/
desmopress
in
Cutaneous No or|>1cm and| Consultation
trivial no trauma | only
(<1lcm)
Bleeding No or|>5min Consultation | Surgical Transfusion
from minor trivial only haemostasis |/ factors/
wounds (<5min) DDAVP
Oral cavity No Reported af Consultation | Surgical Transfusion
least once | only haemostasis/ |/ factors/
antifibrinolytic | DDAVP
S
Gl bleeding No Associated | Spontaneous | Surgical
with ulcer/ haemostasis/
portal transfusion/
hypertensi DDAVP/
on/ factors/
haemarrhoi antifibrinolytic
ds S
Tooth No Not In  <25%/ In >25% | Resuturing or Blood
extraction | bleeding | done or| procedures| procedures, | packing transfusion/
in at least| nil in 1 no factors/
2 extracti intervention DDAVP
extractio | on
ns
Surgery No Not In  <25%/ In >25% | Surgical Transfusion
bleeding | done or| surgery surgery, nho| haemostasis o/ / factors/
in at least| nil in 1 intervention | antifibrinolytic | DDAVP
2 surgery S
surgeries
Menorrhagi No Consultatio| Antifibrinolyt | Curretage on Transfusion
a n only ics or pill use | iron therapy /  factors/
DDAVP/
hysterecto
my
Post partum No No Consultatio| Curettage/ Transfusion/ | Hysterecto
haemorrhag| bleeding | deliveri | n only iron therapy/| factors/ my
e in at least| es or no antk DDAVP
2 fibrinolytics
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deliverie | bleedin
S ginl
Muscle Never Post Spontaneous,| Requiring Requiring
haematoma trauma, no| no therapy DDAVP or | transfusion
therapy factors or surgery
Haemarthro Never Post Spontaneous,| Requiring Requiring
sis trauma, no| no therapy DDAVP or | transfusion
therapy factors or surgery
CNS Ever Subdural, any Intracerebr
bleeding intervention al, any
interventio
n

3.4.5 FXI activity and mutation analysis

Patients who had been previously identified as FXI deficient, either due to
investigation of a prolonged APTT at baseline or investigation of bleeding symptoms
were identified and baseline FXI levels reaid A follow up sample was collected
and FXI activity measured by automated -ate@ge ATPFbased activity assay using

an ACL TOP analyser (Instrumentation Laboratories) by the biomedical staff of the
haemophilia centre laboratory (Royal Free Hospitat)pdtients found to have a FXI
level below the normal range on follow up, sequencing of the 15 exonskfllyene

was performed (Ms G Mellars, chief BMS, Genetic Laboratory, Haemophilia Centre,

Royal Free Hospital).

35 Results

3.5.1 Overview of GD cohort

Thecohort consisted of 86 patients: 49 males (57%) and 37 females (43%). 45 (52%)
of these patients were referred at the time of diagnosis, 29 (34%) had a known
diagnosis of GD but were not receiving ERT at the time of referral and 12 (14%) were
already recwing ERT and transferred cassther due to geographical reasons or
following the designation of specialist centres in 1997 {Sgare 3-1). Although

ERT has beeavailable since 1991, there are still patients diagnosed with GD in the
preERT era being referred for specialist review. Sigight patients (79%) had at
least on N370S mutation with compound heterozygosity for the N370S with another

(nonN370S or L444pPmutation being the commonest mutation type.
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A Referral patterns to Royal Free LSD Unit

104
o W On treatment
L g = Known, not on treatment
T . .
& 1 New diagnosis
]
- 64
n
vt
=
S 4-
®
[=1
o 2+
4
0-

«© (=3 o~ -t @ © =3 o~ -t ©o © =] o~

© =33 (=3 (=] D (=2 =3 (=3 o =3 (=3 - -

=2 =3 = =2 a = =3 o =1 =1 o (=3 =1

———— N N N N N N N

Ceredase marketing approval \ Velaglucerase marketing approval

Miglustal marketing approval
Cerezyme marketing

approval
Designation of national
specialist centres

B Genotype

No patients

Figure 3-1: RFH cohort overview. A: Referrals to RFH: 24 new diagnoses are seen
each year; despite the availability of ERT since 1991 there are still{satigh known
diagnoses being referred on for treatment, suggesting that awareness of therapy is

incomplete. B: genotypes of the cohort.
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3.5.2 Presentation of Gaucher disease

The key symptom, investigation of which led to the diagnosis of GD, wasd=yed

the presenting feature&Symptoms related to splenomegaly and bleeding were the
commonest presenting features (Sesble 3-5 and Figure 3-2). Bleeding most
commonly consisted of excessive bruising, but two patients presented with post
operative bleeding (following a hip replacement and gingivectomy). Symptoms
related to splenomegaincluded abdominal pain, early satiety and distension or a
palpable mass. Bone pain was the third commonest presentation, primarily with hip
pain; this was associated with avascular necrosis in two cases and one patient presented
with a pathological freture and was found to have a concurrent diagnosis of multiple
myeloma. In 16 patients (18.6%) the diagnosis arose following investigation of
abnormalities (predominately thrombocytopenia and splenomegaly) detected
opportunistically during routine anteaftcare, routine examinations (e.g. insurance

medicals) or unrelated medical problems (e.g. road traffic accidents).

GD has an increased prevalence in the Ashkenazi Jewish population and carrier
screening for this and other high prevalence disorders TeygSachs) is offered to

this community by some charities (e.g. Jewish Genetic Disorders DKQ. patients

were diagnosedvith GD by this method. An additional eight were diagnosed
following the diagnosis in an affected sibling or after being bormwvm known
carrier/affected parents.
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Figure 3-2: Presentation of GD A: Primary presenting symptom. B: Diagnosing

speciality. C; Initial diagnostic test. D: Time from symptom onset to diagnosis.
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Table 3-5: Primary presenting features of GD

Category Feature No. (%)
Symptomatic Abdominal pain/distension 16 (18.6)
Bruising/ bleeding 16 (18.6)
Bone pain 12 (14)
Fatigue 5 (5.8)
Growth failure 2 (2.3)
Jaundice 2 (2.3)
Pathological fracture 1(1.2)
Incidental Thrombocytopenia/splenomegaly in pregnanq 4 (4.6)
Incidental abnormal FBC 6 (7)
Incidental splenomegaly 5 (5.8)
Incidental abnormal liver function tests 1(1.2)
Screening Affectedsibling/ parents 8 (9.3)
High-risk community 2 (2.3)
Unknown 6 (7)

Diagnosing speciality and diagnostic test

Consistent with the common presentations of bruising and splenomegaly, 79% of
patients were diagnosed by haematologists (includaemostasis specialists in 4%)
(seeFigure 3-2). Despite bone pain being a common primary presenting feature,
patients were rarely diagnosed by orthopaedic surgeombeumatologists. One
patient was diagnosed by a clinical biochemist following investigation of marked

hypertriglyceridaemia, having presented to their GP with debilitating fatigue.

Bone marrow biopsy was the primary diagnostic test and was perforrb8d @8%)
of patients with the diagnosis being made less commonly following other tissue
biopsies: liver 8 (9%), splenectomy 1 (1%) and bone (1%). Despite the availability of
peripheral blood leucocyte enzyme assays since'#9#hzyme asss were only
used as the primary test in 8 patients (9%) outside the context of family or Jewish

community screening.

Time from symptom onset to diagnosis

The median age at diagnosis was 26 years (rai7@§g.0The median time from onset

of symptoms attribtable to GD to diagnosis was 2 years (range-2@.years). The

time from symptom onset to diagnosis has not changed significantly with the advent
of specialist services and ERT: prior to 1997, the median time to diagnosis was 1.5
years (range 0-27) ard after 1997 3.0 years (range @%), p = 0.27). The shorter

times from symptom onset to diagnosis in those diagnosed prior to 1975 is likely to
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due to the fact that those with long diagnostic delays during this period would have

been diagnosed at an elthge and may be already deceased.

Most delays were due to namvestigation rather than maiagnosis. In the eight

patients with delays of 10 or more years, three had a long history of hip pain with one
being diagnosed with Perthes disease age 13handther two were diagnosed with
avascular necrosis of the hip in their 30s. Two had a history of significant bleeding
requiring surgical intervention post dental extraction and tonsillectomy, both aged 7
and another was had bmmewundaitalgmombeadc wti d ghe i
on the basis of chronic thrombocytopenia. The other two patients had long histories

of persistent abdominal pain and splenomegaly dating back to childhood.

3.5.3 Clinical and laboratory abnormalities at the time of presentation

Full blood counts were analysed in rgplenectomised patients referred either at the
time of diagnosis or prior to enzyme replacement therapy (N = 64Figase 3-3.
Mean haemoglobin was 12.3g/dl (range-6663), mean white cell count 4.84x%10
(range 1.9711.28) and mean platelet count 90%¥1L{range 36255). Mean neutrophil
count was 3.0x10L (range 1.28.41) and mean lymphocyte count 1.48%lLqrange
0.64.56).

The forty five patients who were referred for assessment at the time of initial diagnosis
had a more complete clinical and laboratory assessment performed and these were
analysed in order to identify key features, which if present in combinationld raise
suspicion of GD amongst clinicians (deigure 3-3). Splenomegaly, either palpable

or on ultrasound assessment, (87%), hepatomegaly (44%) and b¢d@sihgwere the
commonest clinical features. Bone pain was reported by 36% with 11% already having
avascular necrosis of the hip at the time of diagnosis. Blood tests performed at
diagnosis included: full blood count, coagulation screen, liver functiats,te
immunoglobulins, serum protein electrophoresis, ferritin and serum angiotensin
converting enzyme (ACE). A raised serum ACE (97%), hyperferritinaemia (87%),
thrombocytopenia (82%) and low HDL cholesterol (75%) were the commonest

laboratory abnormaliis. 43% had a prolonged APTT at baseline.
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Figure 3-3: Discriminating GD from other diagnoses.
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3.5.4 Bleeding symptoms in Gaucher disease

54% of patients had documented bleeding symptoms at presentati@se Were
predominately bruising (45%) but pesgperative bleeding (including pedéental

extraction) was reported in 8%. Bleeding scores were obtained in 40 GD patients (15
females, 25 males) and 47 (33 females, 15 males) healthy controls. The median
bleeding score in healthy controls was 0 whilst the median bleeding score in GD
patients was 3. 19 (47.5%) of GD patient
did.

No controls or GD patients reported any gastrointestinal, central nervous systém, join
or muscle bleeds. Bleeding symptoms in controls were confined to epistaxis,
menorrhagia, post partum haemorrhages and, in one control, a bleeding wound (see
Figure 3-4), consistent with findings from previous studfs In contrast, in GD
patients bleeding symptoms occurred across the spectrum of mucocutaenous bleeding
symptoms and were more sex¢han in controls. Dental extraction and gmstgical
bleeding often required surgical intervention or, in one case, transfusion. One patient
had a hysterectomy to control pgsirtum haemorrhage and had also had other severe

bleeding events, includgnpost dental extraction resulting in a total score of 15.

Bleeding symptoms and platelet count

The relationship between the baseline platelet count and bleeding symptoms, both
historical recorded symptoms and bleeding scores was examineHigsee 3-5).

The median platelet count in patients with bleeding symptoms was not significantly
lower than in those without (77 x¥0 (range 34225) vs. 103 x19L (range 37189),
p=0.13. The median platelet count in those with jopstrative bleeding was 612D

(range 4192). Only two patients with epistaxis and one patient with-ppstative
bleeding had a platelet count <50 %10

Similarly, there was no relationshiyjgtween bleeding score and platelet count. The
median platelet count in those with a bleeding score <4 was 3rxtange 37241)

compared to 64xPL (range 381 5 9 ) in those with a score
patients were excluded from this analysistteere was no prsplenectomy platelet

count available.
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Bleeding symptoms and disease severity

There was a difference in the baseline SSI severity score between GD patients with
and without bleeding symptoms (median 6, range ¥s. median 5.5, rangel®; p

= 0.62), sed-igure 3-5. The median score in those with pogierative bleeding was

7 (range 312).

Amongst those patients with bleeding scores, there was similarly no relationship
between baseline severity and bleeding score. The median SSI of those withregbleedi
score<4was5(range2l3) , whi l st the median SSI of
was 6 (range-33), p = 0.92.

There was no difference in bleeding scores between patients who had a gammopathy,
either a diagnosis or long term follow up ($égure 3-6). Median bleeding score was
higher in those with bone infarcts at baseline (4 in infarcts, vs. 2 without infarcts) and
follow up (4 vs. 2.5) but these differenogsre not statistically significant (p = 0.74

and 0.54 respectively).
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3.5.5 Coagulation abnormalities and FXI deficiency in Gaucher disease

As indicated above, an abnormal APTT was found in 43% of patients from the
historical cohort. The APTT was considered prolonged if the coagulation time was
longer than that of the normal range of the laboratory at the time of testing. The normal
ranges waried over time due to changes in methodology, particularly reagents. Of the
patients with a prolonged baseline APTT, the APTT has normalised in all except two
patients, one of whom had recently commenced ERT. 17% of patients had a prolonged
PT, in conjurction with a raised APTT, all of which normalised with ERT (Begire

3-7). The bleeding scores of patients with and without a prolonged APTT at baseline
are shownn Figure 3-7. The median bleeding score of patients with a prolonged
APTT was 4 compared to 2 for those without; this is of borderline significance (p =
0.064). 1018 (55.5%) of patients with a prolonged APTT at baseline had a bleeding
score O4 compared to 9/22 (40.9%) of pat

screen.

Despite the prevalence of bleeding symptoms and abnormal coagulation screens at
presentation ipatients with GD, systematic evaluation for a bleeding disorder had not

been undertaken in patients. Thus, identification of more specific haemostatic defect
was, to a degree opportunistic. Amongst the cohort, 17 patients who had been found

to have FXldeficiency (reduced FXI coagulation factor activity) were identified from

the case notes. Five of these patients were seen at a haemophilia centre prior to the
diagnosis, where they were found to have FXI deficiency. Of these three were also
foundtohae abnor mal pl atel et aggregometry. 1
agoni st receptor defecto and their t hro
thromobocytopenic purpura. The other was further investigated and the diagnosis of

GD made.
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FXI deficiency

Of the seventeen patients with FXI deficiency at baseline, only agonio bleeding
symptoms, one of whom was diagnosed on Jewish community screening and has not
required therapy for their GD. Of the other fifteen patients, four reported only bruising,
three had additional menorrhagia, two epistaxis and six-questtive bleeding
(including dental extraction). Thirteen of these patients had a bleeding score
ascertained. The median bleeding score in those with FXI deficiency was 4 compared
to 3 in those without (seEigure 3-7). Baseline and follow up FXI levels were
performed in 13 patients who had received ERT for a prolonged period (median 14.9
years, range 9:29.6). The median FXI level at baseline was 5&llL{range 39%68;

normal range for laboratory >701U/dl) and the median FXI level at follow up was
90IU/dL (range 47110, p<0.0001). Three patients still had low FXI levels.
Mutational analysis of thE11 gene in two of these patients failed to reveatience

of a genetic abnormality. The third was unavailable for mutational analysis. Of the
four patients without followup FXI levels, three had recently commenced on ERT
(within 1 year). Mutational analysis of tifell gene in these patients found no
evidence of &11 mutation. The fourth patient is untreated and was not available for

further evaluation.

3.6 Discussion

3.6.1 Presentation of GD:

Patients most commonly presented with symptoms related to visceral or
haematological involvement consistent with the iigg of a previous study of
patients from the USA and Australadfa Although bone pain was a common
presenting complaint, the high incidence of additional splenomegaly or full blood
count abnormalities, most likely results in ultimate diagnosis of these patients by
haematologists. Despite the availability of ERT and the development of national
specialist services for GD in the UK, some patients continue to experience long delays
between symptom onset and diagnosis, with little change over the past decades. This
is likely to be attributable to a number of factors including a lack of awareness of GD,
the nonspecific nature of presenting symptoms and the relative wellbeing of many

patients leading to less impetus to make a concrete diagnosis.
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GD often has an insidis onset and patients may develop extensive organ involvement
with minimal overt symptomatology. Investigation of 37 N370S homozygotes
identified through a community carrier screening program found that although 65%
were asymptomatic, 97% had splenomega#o had bone infarcts of MRI imaging,
52% had osteopenia and 9% established osteopbfosi$ie presence of established
avascular necrosis of the hip in 11% of patients in this study at diagnosis highlights
the need for earlier diagnosis. Once bone infarctasndtcurred it is irreversible and
avascular necrosis of the hip ultimately results in joint replacement in most patients
and therefore the aim should be to diagnose and institute therapy prior to the

development of such irreversible complications.

3.6.2 Diagnosng GD in the haematology clinic

Given the rarity of GD, making the diagnosis requires a high index of suspicion in the
consulted physician. Thrombocytopenia and splenomegaly, whether symptomatic or
incidental findings, are common reasons for referrdlaematologists and both have
wide differential diagnoses. Amongst haematologists asked to give a differential
diagnosis of a 42 year old with anaemia, thrombocytopenia, hepatosplenomegaly and
bone pain, all classic features of GD, 65% selected leuka&gfia,lymphoma and

20% GD*®°as part of their differential diagnosis. A study of over 2000 patients with
splenomegaly found a haematological cause in 57%, mostly commonly leukaemia or
lymphoma; amongst those with a haematological diagnosis 87% had generalised
lymphadewpathy and 85% a raised cell count (haemoglobin, platelets or white
cells)'®2 This is in contast to our GD cohort where generalised lymphadenopathy not
was documented and, in the absence of splenectomy, patients had reduced rather than
raised cell counts. The chronicity of the symptom onset and the only modest
reductions in cell counts, withoueuatropenia should make differentiation from acute
leukaemia relatively straightforward. Chronic myeloid leukaemia may cause marked
splenomegaly but a review of over 400 cases revealed only 4.5% of patients had a
white cell count <4.5x10L and 4.5% aplatelet count <150xP0L1%3  Whilst
lymphoproliferative disrders may present with splenomegaly, the vast majority have

an associated lymphocytoStsrather than the lymphopenia seen in our GD cohort.
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3.6.3 Bleeding symptoms in the diagnosis of GD

Bleeding symptoms, most commonly bruaigj are reported by over half of patients at
diagnosis, a similar incidence to that found in an Israeli c&fortin addition to
bruising, more significant bleeding can occur, with post dental and/oopesitive
bleeding occurring in eight patients giggrosis. The condensed MCMDM score

was initially developed to assist in the diagnosis of VWD but had also been evaluated
for its utility in the diagnosis of mild bleeding disord€Psind FXI deficiency?®. The
commonest diagnoses in this study were mild platelet fomcitefect, FXI deficiency

and VWD abnormalities which have all been reported in GD. 47.5% of GD in our
study had a bleeding score 04, whi ch has
value of 71% for the diagnosis of a mild bleeding disdfderlt is therefore not
surprising that some patients were reviewed by haemesiaeacialists and diagnosed
with mild factor deficiencies or platelet function defects without the true underlying

diagnosis being discerned.

Whilst GD is rare, it should be considered in patients presenting with bleeding
symptoms, particularly if thromlegtopenia (even mild) or splenomegaly are also
present, or if bleeding is disproportionate to the coagulation abnormalities present.
Whilst bleeding symptoms have often been attributed to thrombocytopenia, within this
cohort bleeding symptoms were outmbportion to the platelet count and there was
no definite relationship between platelet count and bleeding symptoms. Whilst a
platelet count of 50xHL is often deemed acceptable for major surgical procetfires
only one out of seven patients with pogkerative bleeding had a platelet count
<50x1@/L, supporting the presence of defects in plateletction and/ or the

coagulation proteins.

FXI is of particular interest within haemostasis. Unlike other coagulation factor
deficiencies, the level of FXI does not predict clinical bleedingd¥isind the reasons
for this are yet to be understood. Both GD and hereditary Ficletey are common
within the Ashkenazi Jewish population with carrier rates of 1 in 12 and 1 in 8
respectively. With the increasing availability of mutational analysis techniques, it
should be possible to clarify patients who have inherited FXI detigiemd the

diagnosis of GD should be considered in patients in whom no mutation is identified.
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3.6.4 Role of laboratory abnormalities in the differential diagnosis of GD

A history of bruising or bone pain or detection of splenomegaly on clinical
examination shald raise suspicion of the diagnosis of GD. In addition, in this study,
four key laboratory parameters, beyond the full blood count, were identified which are
abnormal at presentation in the majority of GD patients: raised serum ACE, polyclonal
gammopathyraised ferritin and low HDL cholesterol. These assays are readily

available in most routine hospital laboratories.

ACE is a zinemetallopeptidase which has a wide cellular distribution and is also
secreted into plasm®. Increased serum ACE is found in disordersoiving
activation of cells of the monocyte/macrophage lineage, particularly sarcéffanis
GD?®L.  In contrast, ACE levels are normal oecreased in haematological

malignancie€?and thus may be a useful discriminatory test.

Low HDL cholesterol levels in GD have been correlated with disease sé¥ity

and response to ERT. Whilst hypocholesterolaemia has also been found in
myeloproliferative disorders, these sita be readily distinguishable from GD by the
presence of increased cell count and the blood film appearances.
Hypergammaglobulinaemia is most commonly found in inflammatory disorders,
particularly liver disease and connective tissue dig€ased it is notable that a
number of patients were diagnosed by hepatologists, with a few presenting with
abnormal liver function tests or jaundice secondary to hepatic involvement.
Hyperferritinaemia, outside the cont@xtron overload, is also a feature of connective

ti ssue disorders including Stillés disea
(HLH). HLH is characterised by dysregulated activation of the immune system and
haemophagocytosis by macrophages. Ireshanany laboratory features with GD
including cytopenias, hyperferritinaemia, hypertriglyceridaemia and a
coagulopath$?® but usually presents with an acute severe febrile ilfiés®ne could
hypothesise that these similarities arise due to overload of glucocerebrosidase
following the increased delivery of glycosphingolipids to the lysosome that

accompanies haemophagocys&é.
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3.6.5 Pathophysiology of bleeding manifestatio of GD

The presence of bleeding symptoms in GD has long been recognised, but the
mechanisms underlying them and their relationship to other disease manifestations is
less clear. Whilst a number of case reports and studies have investigation platelet
and/or coagulation abnormalities in GBeé Table 1-11) the results have been
conflicting. In addition the lack of characterisation of the bleeding phenotype beyond
presence/absence of bleeding symptoms in these studies makes the clinical
significance of any abnormalities difficult to interpret. Our study confirms that reduced
levels of FXI are a disease manifestation of GD, rather than dueitheotance of

F11 mutations and improve significantly with ERT.

In our study we found no correlation between overall disease severity and bleeding
symptoms or bone disease. The findings of multiple abnormalities in the coagulation
system in previous studies, with reduogoin coagulation factors and increased
products of fibrinolysis has led to the hypothesis that coagulation abnormalities are the
result of chronic activation of the coagulation systénwith inflammation being the
driver of that process. Increased levels of-ipfammatory cytokines have been
reported in GIB?®, albeit, sinilarly to haemostatic assays, with conflicting results.
Inflammatory processes have been implicated in many of the manifestations of GD,
particularly gammopathies. We, however, could find no difference in bleeding
symptoms between patients with or witth@ gammopathy suggesting other factors

are involved in this process.

Coagulation factors are synthesised and, in many casefgusationally modified

in the liver and therefore infiltration of the liver by Gaucher cells may impair these
functions &en in the absence of overt hepatic dysfunction. Similarly to GD, liver
disease is associated with a raised serum 2ACHow HDL -cholesterol,
hyperferritinaemia and polyclonal gammopathy. Indeed, liver dysfuncBowed
systemic macrophage activation may contribute to these abnormalities in GD. It is
therefore possible that low levels of coagulation factors as in part due to liver
dysfunction, although why the abnormalities are so variable between studies#s.uncle
The liver is also involved in the synthesis of anticoagulant proteins (AT, PC and PS);
these have been less well studies in GD. In one study of 30 patients, AT was only low

in oné'®, so it is likely that other mechanisms are involved.
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Investigating the mechanisms underlying the bleeding diathesis is challenging, both
due to the disorder itself and the nature and limitations of haemostatic assays. GD is
a rae disorder and therefore most centres will only see a handful of new cases per year,
meaning that recruitment to studies needs to run over a prolonged period to achieve
even doublaligit recruitment. As evidenced by the results for FXI levels in previous
studies of coagulation factors and platéféts’® abnormalities often normalise with
enzyme replacement therapy meartimgt studies ideally need to be done on patients

at diagnosis. In the absence of baselinetig@tment data, studies on treated patients
are likely to be difficult to interpret.

The studies performed to date examine plasma coagulation factors andt platele
functioni predominately aggregometry, but adhesion function has also been measured
using a cone plate analyser in one centre. The conflicting results from these studies
suggest that further investigations that purely examine these parameters may not be
sufficient for gaining further mechanistic insight Further work should include more
novel assays of both platelet function and haemostasis control, ideally using whole
blood assays which more closely reflect the complex interactions that occur between
circulating cells, plasma proteins and the vessel lining in haemostatic processes. These
assays would require fresh patient samples, an additional hurdle particularly for

collaborative studies.

3.7  Conclusions

GD most commonly presents with symptoms relatedglenomegaly, bleeding or
bone pain. Ultimately the diagnosis is made by haematologists in almost 80% of
patients, usually after performing a bone marrow rather than an enzyme assay. This,
coupled with the oft long delays from initial symptoms suggést increased

awareness regarding GD is still required amongst these clinicians.

Whilst bleeding symptoms are most commonly bruising, more severe bleeding
episodes do occur including epistaxis and qpostedural bleeds (including surgical
anddenta)ah may | ead to patientsodé presentat.i
The diagnosis should be considered especially in those with bleeding out of proportion

to the laboratory abnormalities. The mechanisms underlying the bleeding diathesis
remain unclar and bleeding does not clearly correlate with other disease
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manifestations. Looking beyond plasma abnormalities, subsequent chapters examine

the role of leucocytes and platelets in.GD

107



Chapter 4 Vascular features of Fabry disease

4.1  Introduction

The classic triad of clinical features of Fabry disease comprises pain (acroparasthesia), a
rash (angiokeratoma) and sweating abnormalities beginning in childidmédscence

with subsequent development of cardiac, renal and cerebrovascutglicadions
resulting in a shortened life expectancy. As alinKed disorder, the historical focus of
clinical studies (both mechanistic and therapeutic trials) has been on male patients;
however, in recent years it has been demonstrated that manydemtalaGLA mutation
develop clinical features of F&. Since the advent of ERT a large number oésging

studies have been undertaken aiming to identify undiagnosed patients with FD who have
renal, cardiac or cerebrovascular complicatténsThis hasresulted in the increasing

recognition of a broader phenotypic spectrum of FD than that classically described.

Evidence from cohort and registry studies of delays between symptom onset and diagnosis
led to the suspicion that Fabry disease is walignose®. This has led to bothewborn
screening studie® and targeted screening studies of patient pojmisiwith evidence of

organ dysfunction which can occur in FD (e.g. LA7#? dialysig®?1? stroké®>?13. A

key driver behind these studies is that with the advent of ERT, the natural history of FD
might potentially be altered. Whilst these studies have demadedtthat undiagnosed

cases of FD can be found in these populations, they have also raised new gquestions as to
the natural history of FD in this broader phenotypic population in whom disease

manifestations may be milder or later in onset than classdadigribed.

A key aim of ERT is to prevent, or at least modify the progression of, critical organ
dysfunction: renal, cardiovascular and cerebrovascular disease. This chapter examines
the importance of vascular disease manifestations in a large,-santjle contemporary

cohort of FD patients. The diagnostic pathways of index cases are examined and ways to
improve this process discussed. Use of baseline assessments of the cohort allows a cross
sectional view of the disease manifestations of FD at diffemges in both males and
females. The prevalence of vascular manifestations and their relation to mutation status

and age is explored. Particular attention is paid to cerebrovascular disease in FD. Unlike
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other disease manifestations, stroke occuresis frequently in females as m&féand

has beerdescribed as occurring in the absence of other disease manifestations. Whilst
declines in renal function or risk for ventricular arrhythmias can, to a degree be predicted,
there is currently no method for predicting stroke risk in FD and stroke carhafteran
instantaneous, lifehanging impact. Better understanding of the natural history of stroke

in FD and potential risk factors may allow preventative intervention to reduce risk.

4.1.1 Purpose of this chapter

Whilst registry studies have proved valuaibleadvancing our knowledge of FD, they have
limitations. Datasets are often incomplete and there is a potential registration bias towards
more severely affected patients. The presence of a large specialist centre enables the study
of a relatively largeiagle cohort of patients. This chapter describes the patient cohort of
the RFH Fabry clinic with particular focus on vascular features affecting critical organ

function (renal, cardiac and cerebrovascular) and comprises three sections:
1. A crosssection&description of the cohort:

a) Prevalence of vascular disease in the presentation of index cases and incidence

of vascular complications during their follewp

b) Prevalence of vascular complications at baseline and follow up in patients

diagnosed on faily screening.
2. Incidence of stroke/TIA and its relationship to:

a) Disease factors: mutation, enzyme activity, disease severity, other disease

manifestations
b) Cardiovascular risk factors
c) Prognostic scores
3. Abnormalities of plasma proagulant d@ctors and their relation to disease

manifestations.
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4.2  Hypotheses
Patients presenting with FD may experience vascular events (e.g. stroke, arrhythmias)
prior to diagnosis and experience long delays between those events and arrival at the
correct diagnosis.Rationale:FD is rare and therefore not commonly considered in
the differential diagnosis of vascular events such as stroke.

2. Cerebrovascular events are not predicted by other disease manifestations, enzyme
activity or more common cardiovascular risk fast®ationale: strokes have been
reported in patients without other disease manifestations and FD diagnosed in cohorts
of patients with cryptogenic stroke

3. Abnormalities of plasma procoagulant and anticoagulant factors are associated with
vascular manifestains of FDRationale:von Willebrand factor and anticoagulant
pathways are controlled primarily by the endothelium and these disease
manifestations have been hypothesised to be due to endothelial dysfunction.

4.3  Methods

Patients have been reviewed at the Réyae since the late 1990s, when a number of
males were enrolled in clinical trials of agalsidase alfa (Replagal), commencing in 1999.
Replagal and Fabrazyme enzyme replacement therapies were both licensed by the
European Medicines Agency on 3/8/2001 ardvices for the management of lysosomal
storage disorders were nationally commissioned in 2005. Decision making regarding
institution of enzyme replacement therapy was undertaken according to national

guidelines current at that time.

4.3.1 Historical clinical record review
The case records of families attending the Lysosomal Storage Disorders Unit since its

inception until the end of August 2013 were reviewed.

4.3.2 Baseline clinical assessment

At baseline, patients had a full medical and family history takecomprehensive family

tree was constructed to include all known family members with FD. Assessment of organ
function included quantification of urinary albumin and protein, measurement of
glomerular filtration rate (GFR) using radigotopes, brain magnetresonance imaging

(MRIl) and review by a cardiologist including electrocardiogram (ECG) and
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echocardiogram. Left ventricular mass was calculated using the Devereux fofmmuta
adjusted for height; increased left ventricular mass was defin@d7agnt’ in females
and(b0g/n?’ in males. Dermatological review for angiokeratoma was undertaken by a

dermatologist with a specialist interestAD.

The baseline assessment for the purposes of this study is the date of initial comprehensive
assessment of disease status undertaken at a specialist centre. Prior to the start of clinical
trials of ERT in the UK few patients had had a compreherasgessment of their disease
status (e.g. cardiac, renal and cerebral) and therefore for patientssaidgmel 999 there

is a lapse in time between date of diagnosis and baseline assessment. All baseline

assessments were undertaken prior to institutidhevapy.

All patients had measurements of enzyme activity and mutational analysis undertaken.
The majority of enzyme activities were measured on plasma at the Royal Free or the
Institute of Child Health (ICH), University College London using identicathmdology

(see Methods chapter) and reference rangesl (Amol/ml/hour). A small number of
patients had enzyme activity assays performed by other laboratories with different
methodologies and reference ranges; where no enzyme activity results fronC R
available, these patients are therefore excluded from analyses relating to enzyme activity.
Mutations have been classified as nonsense, missenseledetibns Patients with
missense mutations have been divided into three groups: the N215S munatiations
described as being associated with a mild/late onset phenotype (A143T, R301Q, R112C
and R112H) and other missense mutations.

4.3.3 Severity and prognostic scores

All severity and prognostic scores were calculated by the researcher from the Historica
baseline data for the purpose of this study to ensure internal consistency across the data
set. Disease severity scores were calculated using theMS3% (severe disease

manifestations.
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Table 4-1), which scores disease features across four domains with the score weighted

towards moresevere disease manifestations.
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Table 4-1: FOS-MSSI Severity Score for FD

Cornea verticillata (1)

or anydrosis (2)
Abdominal pain (1)

1)

Haemarrhoids (1)

(2)
NYHA classs (1/2/3/4)

Hypo/hyperhidrosis (1

Diarrhoea/constipation

Pulmonary involvemen

General Neurological Cardiovascular Renal

(max = 15.5) (max = 15) (max = 18) (max = 18)
Angiokeratoma (1.5) | Tinnitus (1) ECG abnormalities (2)| Proteinuria (4)or low
Oedema (1) Vertigo (1) LVH (6) or | GFR (8) or end stage
Musculoskeletal pair] Pain attacks (4) or | cardiomyopathy (10) | renal failure (12) or
) chronic pain (6) Pacemaker (4) dialysis (18)

Depression (1)

TIA/PRIND (3) or | Hypertension (1)
stroke (6) or | Valve insufficiency (1)
radiographic  lesions

only (1)

As severity increases with age, the score was adjusted for age by subtraataigutated

score from the pred

icted score for the patient$lage

Males predicted so@ = [2.29+ (0.05 * Agef]

Femalespredicted score = [0.96 + (0.05 * Age)]

Prognostic scores were calculated using the Fabry International Prognostic Index (FIPI)
(seeTable 4-2) 218 a score developed to try to predict risk of developing clinically severe
events: renal (ESRF, traplant or dialysis), neurological (stroke, TIA or PRIND), cardiac

(stage III/1V heart failure, Ml surgery or pacemaker/ICD insertion) or death.

Table 4-2: Fabry International Prognostic Index (FIPI)

Domain Scae Risk

Cardiac eGFR<60ml/min/A%) = 1.5 Low 0-2
Hearing impairment = 1 Medium 34
LVMI &s0g/nt” =1 High 57
Proteinuria (>300g/24hr) = 0.5
Vertigo = 0.5
Angiokeratoma/telangiectasia = 2

Renal eGFR<60mI/min/m’) = 2 Low 0-2
Male gender = 1.5 Medium 34
Proteinuria (300g/24hr) = 1.5 High 57
Angiokeratoma/telangiectasia = 2

Neurological Hearing impairment = 2.5 Low 0-2
eGFR<60mI/min/m’) = 2 Medium 34
Vertigo = 1.5 High 57
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Anhydrosis/hypohydrosis = 1

Death eGFR<60mI/min/rh’) = 4
Abnormal ECG=2

Composite eGFR<60mI/min/m’) = 2 Low 0-3
Hearing impairment = 2 High 4-7

Microalbuminuria = 1
LvMI G0g/nt’=1
Anhydrosis/hypohydrosis = 1

4.3.4 Thrombophilia screening
The thrombophilia assays were performed by the biomedical scientist staff of the

haemophilia centre (Royal Free Hospital).

Protein C (PC) activityPC was activated by venom Afkistodon coutartrix Activated

protein C activity was measured using chrgeic substrate S2366 (HaemosiL).

Protein S (PS) free activityvas measured using a latex agglutination assay. Purified
C4BP adsorbed onto latex beads reacts with free PS in the plasma. A monoclonal antibody
against PS is bound to a second latex reagestilting in agglutination by the adsorbed

free PS.

Anti-thrombin (AT) activityplasma was incubated with an excess of bovine thrombin, in
the presence of heparin, resulting in inhibition of the thrombin. Residual thrombin was
then measured using aromogenic substrate, T#3ly-Pro-Arg-ANBA-IPA (HaemosiL).

The residual thrombin is inversely proportional to the AT activity.

FVL and prothrombin gene mutation: P@&Ased mutational analysis was performed

using the GeneXPERT ® system

Lupus anticoagulant tlite Russel Viper Venom Test (DRVVife coagulation time
following the activation of FX with Russel Viper Venom (American Diagnostica) was
measured and ratio to normal plasma calculated. If the ratio was >1.10, a neutralisation
test performed by additio of a high concentration of phospholipid to demonstrate
phospholipid dependence. The test was positive if >10% correction occurred with
addition of phospholipid. If positive, the test was repeated after an interval of at least 12

weeks to ascertain péstence.
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FVIII activity: FVIII activity was measured using a standard ARJa6ed one stage assay,

performed on an ACL TOP coagulometer (Instrumentation Laboratory).

4.4 Results

4.4.1 Overview of the RFH FD cohort

233 patients, from 91 different family pedigrees evarcluded in the cohort study, of
whom 92 (39.5%) are male and 141 (60.5%) female. 65 patients (27.9% cohort, 44 male,
21 female) were index cases and 168 patients (72.1%, 48 male, 120 female) were
diagnosed on family screening. In two pedigrees, twiexncases were diagnosed
independently within the same family due to lack of awareness of the diagnosis in different
branches of the family. Of the index cases 36 males and 14 females were diagnosed
following investigation of symptoms whilst 8 males andeénales were diagnosed
following further investigation of incidentally detected abnormalities (e.g. abnormal
ECG). For both index cases and those diagnosed on family screening, most cases were

diagnosed within the last decade.

Across 87 families the meahh number of affected family members was 3, rangé.1
Two index cases were adopted and one was estranged from the rest of their family. One
index case was from overseas and the rest of the family lived in a country where testing

and treatment were navailable.

53 different mutations were found in $mily pedigrees The recurrent mutations are
shown inTable 4-3. 44 mutations were point mutations with 36 (67)3%ing missense
mutations and 8 (15.1%) being nonsense mutations. There were 8 short deletions and one
pedigree had a deletion of exon 1. The full list of different mutations is shokigure

4-1; mutations were found in all exons.
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Table 4-3: Recurrent mutations in FD

Mutation Mutation type Exon No pedigrees | No ptin cohort
C52G Missense 1 2 2

Al43T Missense 3 3 10

P205T Missense 4 3 13

c.717del2 Deletion 4 2 2

N215S Missense 5 29 84

A257P Missense 5 2 2

R301Q Missense 6 2 9

I1317T Missense 6 2 9

R342Q Missense 7 2 3
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EXON 5
EXON 1 EXON 2 N215S EXON 7
A13P S78X R220X E338K
A31V 191T Q221P R342Q
N33D D93Y R227X G361A/R
M42v Q107X EXON 4 A257P L372P
R49L R112C/H Y184X G261V T4011/L
C52G c.359 364del5 P205T €.700_702del3 P409T
Exon1 del c.402delT W209X c.717-8del2
EXON 3 EXONS5/ INTRONS EXON 6
$126G boundary V269A
A143T c.748_801+8del62 W277X
L166P €.802-3_802-2del2 Q279H
c.466delG Q280H
c.520delT P293H
R301P/Q/X
1303N
A309P
V316E
13177

Figure 4-1: Location of GLA mutations within the cohort. GLA homodimer showing
missense mutation sites (red) and nonsense mutation sites (pink); drawn using PyMol,
based on crystal structure 1r46.
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4.4.2 Causes of death

Eleven patients in the cohort, all male, died during follow up. Ages and causes of death
are shown inrable 4-4. The median age at death was 53 years (ranglB4ardiac
complications were the most frequent cause of death. All seven males who were
diagnosed following family screening had significant manifestations of Fabry dicease
either angiokeratoma/acroparasthesia in the three diagnosed in childhood/adelescen

cardiac/renal events for those diagnosed in the later decades.

Table 4-4: Age and cause of death

Age Age | Cause of death| Presenting feature Mutation ERT

diagnosis | death

6 34 Cardiac Family screening subsequen| A143T Age 2134
acroparasthesia 4
angiokeratoma

13 45 Cardiac Pain c.520delT PreERT

14 53 Stroke Family screefi acroparasthesig R227X Age 4453

15 43 Subarachnoid | Family screen acroparasthesii G361R Age 4143

haemorrhage | & angiokeratoma
29 58 Stroke & | Stroke G361R Age 5058
cardiac failure

38 41 Cardiac Rash c.466delG Age 3841

48 52 Cardiac Cardiac failure & syncope E338K Age 4852

65 66 Mesothelioma | Family screen but stroke age A13P Age 6566
57

69 71 Cardiac Family screen but Mand AVR | N215S Age 71
aged 59

72 76 Cardiac Family screeni ICD for VT | N215S Age 7276
aged 70

73 81 Cardiac Family screen but diagnosq N215S Age 73
AHOCMO age 60

4.4.3 Vascular features in the presentation of index cases

Presenting features
Presentindgeatures were defined as the primary clinical features, investigation of which
led to the diagnosis of FD, whilst initial symptoms are the first symptoms related to FD

which the patient experienced and in some cases differ from the presenting feature.
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There were 44 index males, with a median age of diagnosis of 49.5 years (rangje 10
and 21 index females with a median age of diagnosis of 44 years (rai7®g. 25The
presenting features and median age of diagnosis for each presentation are Sradi in

4-5. Cardiac manifestations were the commonest presentation, being the presenting
feature in 66% of males and 33% females. There was no difference in age at diagnosis
between males and females presenting with cardiac features (58yr vs 54 yr, p =0.99).
Symptoms related to arrhythmias (palpitations, syncope) were commonest with

arrhythmias ranging from atrial fibrillation to ventricular fibrillation.

Twenty five percat of males presented with a rash and/or acroparasthesia; these men
presented at a significantly younger age than those with cardiac symptoms (median age
19 yr vs 58yr, p<0.0001). This was a rare presentation in females with only one female
presenting wit acroparasthesia. In contrast, stroke was a common presentation in
females, but was the presenting feature in only one male. Four females were diagnosed
following the finding of cornea verticillata on slit lamp examination of the eyes, but this

preserdition was not seen in men.
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Table 4-5: Presenting symptoms and age at diagnosis of index cases

Organ system | Symptom No. (%) patients Age atdiagnosis: median (range, years)
Male (N = 44) Female (N = 21) Male Female
Cardiac All cardiac 29 (65.9) 7 (33.3) 58 (3374) 54 (4575)
Abnormal ECG/ LVH on| 6 (13.6) - 49 (4256) -
imaging
Syncope 7 (15.9) 1(4.7) 59 (4174) 46
Palpitationsarrhythmia 5 (11.4) 2 (9.5) 59 (4674) 54 (4860)
Chest pain 5(11.9) 1(4.7) 55 (5172) 45
Shortness of breath 4(9.1) 2 (9.5) 56 (3371) 71.5 (6875)
Heart murmur 2 (4.5) - 57 (5460) -
FH of sudden death - 1(4.7) - 54
Skin & pain All rash/ acroparsthesia 11 (25) 1(4.7) 19 (1633) 23
Rash 10 (22.7) - 21 (1333) -
Acroparasthesia 1(2.3) 1(4.7) 16 23
Neurological Stroke/TIA 1(2.3) 5(14.3) 29 43 (2549)
Renal All renal 3(6.8 3(14.3) 25 (2538) 27 (2535)
Proteinuria 1(2.3) 3(14.3) 25 27 (2535)
Haematuria 1(2.3) - 25 -
Hypertension secondary to rer] 1 (2.3) - 38 -
failure
Opthalmological| Corneal deposits on eye exam - 4 (19.0) - 33.5 (3645)
Gastrointestinal | Abdominal pain/ diarrhoea - 1(4.7) - 29
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Table 4-6: Initial symptoms/ disease manifestations in index cases

Organ system | Symptom No. patients (%) Age at onset (years): median & Time onset to diagnosis (years)
range median & range
Male Female Male Female Male Female
(N=44) (N=21)

Cardiac All cardiac 21 (47.7)) | 5(23.8) 54 (3273) 59 (4269) 2 (<1-18) 3 (<1-9)
Syncope 6 (13.6) - 59 (4573) 6.5 (:15)
Palpitations 3(6.8) 1(4.8) 59 (5%61) 48 1(1-1) <1
Incidental LVH 4(9.1) - 50.5 (4157) 10 (<1-:18)
Abnormal ECG 4(9.1) 1(4.8) 49 (4454) 59 <1 (<1:4) 9
Chest pain 2 (4.5) 2 (9.5) 44.5 (3950) 51 (4260) 8 (412) 1.5 (<13)
SOB 2 (4.5 1(4.8) 47 (3262) 69 1.5 (22) 6

Skin & pain All rash/acroparasthesial 18 (40.9) 5 (23.8) 9 (516) 20 (7-26) 17 (1:53) 20 (229)
Acroparasthesia 16 (36.4) 4 (19.0) 9 (516) 17 (721) 19 (653) 15 (2-29)
Rash 2 (4.5 1(4.8) 12 (915) 26 1.5 (12) 20

Neurological All neurological 0 5 (23.8) - 40 (2446) - 6 (1-13)
Stroke/TI1A - 4 (19.0) - 39.5(24-46) - 4 (1-13)
Migraine with aura - 1(4.8) - 40 - 9

Renal All renal 3(6.8) 2(9.5 29 (2538) 27(2529) 1(1-27) 3 (<1-6)
Proteinuria 2 (4.5) 2 (9.5) 27 (2529) 27 (2529) 14 (:-27) 3 (<1:6)
Hypertension 1(2.3) - 38 - 1 -

Gastrointestinal Abdo pain/ IBS 2 (4.5) 1(4.8) 45 (4149) 18 18 (6:30) 11

Eyes Asymptomatic  corneg - 3 (14.3) - 37 (3045) - -
verticillata
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Figure 4-2: Age at symptom onset and delay fronsymptom onset to diagnosis in
male and female index cases.
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Initial symptoms and diagnostic delays

Acroparasthesia was the commonest single initial symptom in males, being the initial
symptom in 41% of index males, s&able 4-6. Males whose initial symptom was
acroparasthesia or a rash had a significantly younger age of symptom onset than males
whose initial symptom was cardiaelated (9yr vs 54yr, p<0.0001) andperienced
significantly longer diagnostic delays (17yr vs 2 yr, p = 0.0001)F&pee 4-2. In eight

males and one female, the first awareness of disease mdiofestaas the finding of an
abnormality on an ECG or chest radiograph performed for other reasons (e.g. pre
operatively or as part of an insurance medical). In four cases, further investigation of
these findings yielded the correct diagnosis but in ttnerofive patients, the correct
diagnosis was not reached until development of overt cardiac symptoms a number of years

later.

Whilst acroparasthesia and cardiac symptoms were also common initial symptoms in
females, cerebrovascular events, occurring a dbsence of preceding FD symptoms
were the initial disease manifestations in five females. This contrasts to males where

cerebrovascular events did not feature as the initial symptom in any index case.

Most diagnostic delays appeared to be due tedmgnosis rather than mdiagnosis. In

some cases patients were labelled as having a clinical feature/ syndrome (e.g. hypertrophic
cardiomyopathy or an arrhythmia) but the correct underlying diagnosis was not reached
for a considerable period of time. dther cases an erroneous diagnosis was assigned, but
usually a diagnosis of exclusion, for which there is no concrete diagnostic test (e.qg.
irritable bowel syndrome). These were most commonly rheumatological or cardiac (see
Table4-7).
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Table 4-7: Alternative diagnoses given prior to diagnosis of Fabry disease

Diagnosis Index cases Family
screening

Rheumatological | All

Rheumatic fever

Rheumatoid arthritis

Growing pains

Cardiac All

HOCM

Sick sinus syndrome
Wolf-ParkinsorWhite syndrome
Long QT syndrome

Other All

Multiple sclerosis

Irritable bowel syndrome
Preeclampsia

Hereditary haemorrhagic telangestcaisia
Chronic fatigue syndrome

olo|r|lwlk|lu|r|kr|Rr|IN|O|R|F,|F|w
Rk lolwlolu|o|kr|kr|Mo|uo|o|Nd|N

In all patients the diagnosis of FD was confirmed by enzyme assay and mutational analysis
but in all six patients presenting with renal manifestations, the diagnosis was originally
suspected by the presence of storage material on renal biopsy. In enpresanting

with cardiac hypertrophy, an endomyocardial biopsy was performediggaosis which

again showed storage material and led to confirmatory tests for FD.

Change pattern of presentation of FD

Over the past decade there has been a rapid inéngasenumber of both male and female
index cases. Amongst males this is attributable to a large number of males with the N215S
mutation who are primarily presenting at an older age with cardiac manifestations, see
Figure 4-3. Almost all female index cases have been diagnosed within the last decade,

presenting with a wider variety of clinical features and mutation types.
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Figure 4-3. Changing pattern presentation of FD index cases: age of diagnosis by
year of diagnosis; mutation type and year of diagnosis; and mutation type and
initial symptoms. Open circles = incidental cases.
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4.4.4 Vascular manifestations in index cases

Vascular disease manifestations at both baseline and falomere analysed by mode of
presentation, with a focus on cerebrovascular disease. Data on PPM/ICD insertion and
development of ESRF (GFR<15ml/mirf were also analysed bo#is an indication of

severe disease in other organ systems and because these complications, similarly to stroke,

can be life changing or limiting.

Male index cases:

The vascular complications experienced by male index cases are detdikgulani-8.

One male had a stroke padéagnosis but five additional males suffered a stroke during
follow up, two of whom are now deceased. Strokes were commonest in those whose
int i al symptoms were fAclassical o features
younger age of this group of patients. One third of male index cases have developed WML
on MRI in the absence of a clinical stroke/TIA. PPM and ICD insertions occurred
predominately in those with cardiac presentations, who were also older, and ESRF only

occurred in the three males whose initial disease manifestations were renal.

Table 4-8: Vascular complications in male irdex cases

Initial All Pain/ rash Cardiac Renal Other
symptom
No. 44 18 21 3 2

Median 51 (1674) 40 (1659) 58 (3374) 47 (2556) 62.5 (5570)
age at
baseline
Median 58 (2277) 43.5 (2264) 61 (3577) 58 (2759) 67 (6173)
age latest
FU/death
TIA/Strok | 1 (2.3%) 1 0 0 0
e pre
diagnosis
TIA/Strok | 6 (13.6%) 4 2 0 0
e at latest
FU

WML w/o | 17 (38.6%) 6 7 2 2
stroke at
baseline
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WML w/o | 17 (38.6%) 8 5 2 2
stroke on

latest

follow up

PPM/ICD | 9 (20.4%) 0 8 0 1
at baseline

PPM/ICD | 11(25%) 1 9 0 1
at latest FU

ESRF 3 (6.8%) 0 0 3 0
Death 4 (9.1%) 3 1 0 0

Female index cases:

The vascular manifestations in female index cases are detallathim4-9. Six females

had suffered a stroke/TIA pidiagnosis, in five of whom stroke was the initial symptom

of FD. No further strokes/TIA have occurred during follow up. One third of females have
WML on MRI in the absence of a clinical event. The incidence of stroke was higher in
female index cases compared to males (28.5% vs. 13.6%) with a similar incidence of
WML in both groups. In contrast to males, no female index cases have developed end

stage renal failure or required a cardiac defibrillator or pacemaker and there have been no

deaths amongst females.

Table 4-9: Vascular complications in female index cases

Initial
symptom

All

Pain/ rash

Cardiac

Stroke

Renal

Other

No.

21

5

5

5

2

4

Median
age at
baseline

44 (2475)

30 (2446)

60 (4675)

48 (2553)

31.5 (2835)

35.5 (2949)

Median
age latest
FU

48 (2677)

38 (2851)

62 (4877)

49 (2654)

39 (2949)

39.5 (3057)

TIA/Strok
e pre
diagnosis

6 (28.5%)

TIA/Strok
e at latest
FU

6 (28.5%)

WML w/o
stroke at
baseline

6 (28.5%)

N/A

WML wi/o

stroke on

7 (33.3%)

N/A
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latest

follow up
PPM/ICD | O 0 0 0 0 0
at baseline
PPM/ICD | O 0 0 0 0 0
at latest FU

4.4.5 Vascular manifestations in males diagnosed on family screening

168 patients were diagnosed as part of family screening, comprising 48 males (median
age diagnosis 24 years; ranggdd and 120 females (median age diagnosis 34 years;
range #78). Thirty two males (66.6%) had overt symptoms of FD at the time of diagnosis
The critical organ vascular complications encountered in males, both at baseline and

subsequently are summarisedriable 4-10 and discussed in detail below.

Table 4-10: Vascular complications in males diagnosed on family screening

Symptoms |All Pain/ Cardiac/ Other Asymp. Features | Asymptomati
at diagnosis rash cerebrovasc. organ during c, untreated
involvement | follow up

No. (%) 48 21 8 (16.6) 3(6.3) 8(18.2) 4 (8.3) 4 (8.3)
(43.8%)

Age at 24 (672) |20 (6|65.5(5373) |28 (7%29) |39 (661) 10 (524) |14.5 (1470)

diagnosis: 39)

median

(range)

TIA/Stroke |2 (4.2%) |0 2 0 0 0 0

pre

diagnosis

TIA/Stroke |9 (18.7%) |3 3 2 0 1 0

at any time

WML at|16 9 6 0 0 1 0

baseline (33.3%)

WML  on|22 12 6 2 0 2 0

latest follow| (45.8%)

up

PPM/ICD at 2 (4.3%) |0 2 0 0 0 0

baseline

PPM/ICD at4 (8.3%) |1 3 0 0 0 0

any time

ESRF 2(4.3%) |1 1 0 0 0 0

Death 7 (14.6%) | 2 4 0 1 0 0
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Males withacroparasthesia/ angiokeratoma piiagnosis

Twenty one males reported pain and/or angiokeratoma as their first symptom with a
median age of onset of 7 years (rang&2y and a median age of diagnosis of 20 years
(range 639); the median delay from symptamnset to diagnosis was 11.5 years (range
<1-33 years). In three patients the symptoms had been attributed to growing pains and
one patient had been given an erroneous diagnosis of hereditary haemorrhagic
telengectasia. None of these patients had suffaresttoke or required dialysis or a
pacemaker/defibrillator prior to diagnosis. Full baseline assessments occurred at a median
age of 35 years (range -B3) by which time seven had LVH, seven proteinuria, four a
GFR <60ml/min/m‘and nine radiological evehce of white matter lesions. Three have
subsequently had strokes, one has required a pacemaker and one has developed end stage
renal failure; two have died from complications of FD. Five of these men had deletions,

seven nonsense mutations and nine mssenutations.

Males with cardiac or cerebrovascular manifestations gt@gnosis

Six males had overt cardiac manifestations, for which they were under the care of
cardiologists, prior to the diagnosis of FD being made on family screening. The median
ageof symptom onset in these men was 58 years (rang&pb2 One man had had an
aortic valve replacement and pacemaker insertion prior to diagnosis and both he and
another male had been given an insufficient diagnosis of hypertrophic obstructive
cardiomyop#hy (HOCM). Two further males had suffered a TIA as theitial FD

related manifestatioat the ages of 57 & 69 years. Both had also developed cardiac
manifestations prior to FD diagnosis with one requiring an ICD insertion for presyncopal
VT and the ther being investigated for possible cardiac amyloid after an abnormal
echocardiogram. The median time from symptom onset to diagnosis in these eight men
was 3 years (rangel4). Baseline assessments in these eight men were performed at a
median age 085 years (range 523) at which point 7/8 had left ventricular hypertrophy,
with the one patient without LVH having experienced VT; all had radiological evidence
of cerebral WML and two had a GFR <60ml/mid/fmalthough one of these was diabetic

and requied dialysis. Proteinuria was present in 3/8, all with concomitant diabetes.
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Subsequently, two men have suffered strokes, one of whom had initially had a TIA. Four
are deceased, three from FD complications and one from mesothelioma. The mutations

found in these eight men were N215S (6) and other missense (2).

Males with other symptoms preéiagnosis

Three other males were symptomatic at the time of diagnosis by family screening. One
was being investigated for growth failure at the age of seven, Wisemother was
diagnosed with FD, with a short deletion. He subsequently developed acroparasthesia and
at baseline assessment at the age of 17 he had ECG evidence of LVH and has subsequently
suffered a TIA and declining renal function. Another had deexosymptoms of
Raynaud phenomenon at the age of 24 and was diagnosed at the age 20%P (P
mutation) by which time héad ECG evidence of LVH; he has not developed renal or
cerebrovascular disease manifestations. The third man had developed gastralintest
symptoms and vertigo in his 20s and on baseline assessment at the age of 27 had LVH

and proteinuria and has subsequently suffered a TIA with declining renal function.

Males asymptomatic at diagnosis

Sixteen males were asymptomatic at the time ofrahaig, with a median age at diagnosis

of 15years(range 570). Two males with nonsense mutations, both diagnosed age 5 years
developed acroparasthesia at the ages of 7 and 12 years and have subsequently developed
LVH, proteinuria and one has had a strdBg the time of baseline assessment at a median
age of 27 years (range-5B), nine of the remainder had developed disease manifestations
(2 acroparasthesia, 4 LVH and 3 LVH plus proteinuria) of whom one also had radiological
evidence of WML but none hadeveloped a stroke. One died suddenly from a presumed
cardiac arrhythmia aged 34 years. Of the other five males one has proteinuria and renal
impairment but has declined ERT and the other four are {sgogptomatic and have also
declined ERT presentlyOther than the two patients with nonsense mutations, the
mutations found in these patients were N215S (9) and those associated with a later onset
phenotype (5).
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Mutation type and changing pattern of presentation

Similar to index cases, over the last dzthere has been an emergence of male patients
diagnosed on family screening in the later decades of life who predominately have the
N215S mutation and cardiac disease (&gare 4-4). The number of deletions, nonsense
and missense mutations has remained relatively stable and the majority of males with
these mutations already had fAcl assical 0
pre-diagnosis. Only four matk remain untreated, three of whom are relatively young with
the N215S mutation and one of whom has the A143T mutation but with a considerably

higher residual enzyme activity than would be expected for an affected male.
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Figure 4-4: Disease manifestations at presentation of males diagnosed on family
screening: age (blue = not receiving ERT) and mutation by initial symptoms.
Increasing number of diagnoses with increased age at diagnosis and increased
prevalence of N215S mutation in past decade.
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4.4.6 Vascular manifestations in females diagnosed on family screening

Forty (33.3%) of females had overt symptoms of FD at the time of diagnosis by family
screening with another six (5%) developing symptoms-gegirosis and 21 (17.5%)
having evidence of Flelated organ dysfunction on baseline assessment. Critical organ
dysfunction is much less prevalent than in male with 53 females remaining asymptomatic
and untreated and five of those with Gl symptoms also naiirreg ERT. The main
vascular complications experienced by these females are shovablm4-11. Eleven
females (9.2%) have suffered from a stroke/TIA, of whom foad the event pre
diagnosis. Over one third had WML on brain MRI without suffering a clinical stroke.

Only 4 females (3.3%) required a PPM/ICD insertion and none developed ESRF.

Table 4-11: Vascular complications in females diagnosed on family screening

Symptoms | All Pain/rash |Cardiac/ Other | Asymp Features | Asymptomatic,

at diagnosig cerebrovasc organ during untreated
involvement | FU

No. (%) 120 |19 (15.8%)|7 (5.8) 14 (11.7) 21 (17.5) 6 (5) 53 (44.2)

Age at 34 (7|27 (853) |62.5(3478) |25 (14|45(1072) |38.5 (#|33(865)

diagnosis: |78) 50) 49)

median

(range)

Age at BL:37 39 (132) |67 (5178) |26 (14|55(3272) |46.5 (35(33(1168)

median (11- 50) 66)

(range) 78)

TIA/Stroke |3 2 1 0 0 0 0

pre- (2.5)

diagnosis

TIA/Stroke |11 |4 2 0 4 1 0

at any time |(9.2)

WML at| 37 4 5 2 14 4 8

baseline (30.8)

WML on|41 7 5 2 15 4 8

latest follow| (34.2)

up

PPM/ICD at 1 0 1 0 0 0 0

baseline (0.8)

PPM/ICD at 4 1 2 0 1 0 0

any time (3.3)
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Females with acroparasthesipre-diagnosis

Nineteen females had developed acroparasthesia prior to the diagnosis of FD, at a median
age of 13 years (ranged®). The median delay from symptom onset to diagnosis was 12
years (range-39). In two females the symptoms had ba#rbuted to growing pains

and in another to rheumatic fever. Prior to diagnosis two of these females had also
suffered a TIA. Median age at baseline assessment was 41 years (r&2d ¢ 3vhich

time 6/19 had LVH, 3/19 proteinuria and 2/19 had WMLMRI in the absence of a
clinical event (stroke/TIA). During follow up two further patients suffered a stroke (one

of whom had WML at baseline) and one patient required an ICD insertion. None have
developed a GFR <60ml/minfmh  Mutations identified inttese patients were: deletions

(5), nonsense (4), missense (7).
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Figure 4-5: Presentation of females diagnosed on family screeningge of onset and
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Females with cardiac or cerebrovascular manifestationsjoliagnosis

Seven females had symptomatic cardiac disease prior to being diagnosed with FD, one of
whom had been foundtohavey per t r op hi ¢
death but the underlying cause had not been identified. The median age of onset was 64
years (range 348) and the median time from symptom onset to diagnosis was 6 years
(range 215). One patiet had a PPM for bradycardia prior to diagnosis and one patient
had suffered a stroke potagnosis. At baseline assessment all except the patient with a
PPM had LVH, one had proteinuria and 4/6 had WML. One patient required an ICD

during follow up but here have been no further cerebrovascular manifestations.
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Additionally, one female with a missense mutation (L372P) had suffered a TIA pre

diagnosis at the age of 47; on baseline assessment she also had LVH but no proteinuria.

Females with other symptoms

Thirteen females had IBfype symptoms prédiagnosis with a median age of onset of 16
years (range :31), with three being given a formal diagnosis of IBS by gastroenterology.
Of these 13 females, one had LVH at baseline and two had WML on MRI buinbere

no stroke/TIAs experienced during follow up and no evidence of renal disease.
Additionally one female had been noted to have cornea verticillata on a routine eye
examination five years prdiagnosis but had not been investigated for an underlyunggeca

She is otherwise asymptomatic.

Females asymptomatic at diagnosis

Eighty females were asymptomatic at the time of diagnosis, of whom fifty three have
remained asymptomatic and have not received ERT. Eight of these have cerebral WML
on MRI but, in theabsence of other disease manifestations, have not been commenced on
ERT. Twenty one females had evidence of organ dysfunction of baseline assessment,
performed at a median age of 55 years, four of whom have subsequently suffered a stroke.
Six developedD manifestations during follow up, one of whom has suffered a stroke.

Changing pattern of diagnosis

There has been a rapid increase in the number of females diagnosed with FD over the past
decade. Only twenty females were diagnosed prior to 2000jnmet 2000 one hundred
females have been diagnosed, averaging 7.7 new diagnoses per year. Sixty (60%) of these

have not required enzyme replacement therapy, 32 of whom have the N215S mutation.

4.4.7 Cerebrovascular disease in FD

Overall 15 males (16.3% male patis) and 17 females (12.1% female patients) suffered

a stroke or TIA, with the event occurring prior to the diagnosis of FD in three males and
nine females. This almost equal incidence of cerebrovascular events between male and

females with FD is in comist to renal and cardiac events which are much commoner in
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males than females (séagure 4-6). Asymptomatic WML on brain MRI were also
almost as common in femalas males. Whether these arise due to the same pathological
mechanism as stroke in FD and hence might be predictive of stroke in unknown. Of those
who had a brain MRI prior to their stroke/TIA, 8/12 (66.6%) of males and 6/8 (75%)
females had WML; howeveB2/76 (42.1%) of males and 33/119 (27.7%) of females had

WML on brain imaging at baseline and have not suffered a stroke/TIA.

Critical organ complications of FD

100 -
Bl Male

804 Female

60
40-

20- I
JIEREL W

Complication

Percent of cohort

Figure 4-6: Prevalence of critical organ complications in males and femalegith FD

Relationship to age

The median age at stroke/TIA was 46 years (rangé4}9n males and 47 years (range
24-82) in females. As shown iRigure 4-7 there is nodifference in prevalence of
stroke/TIA between males and females which gradually increases with age up to the age
of 60 years, after which the rate of stroke increases. Similarly in those patients who have
not suffered a stroke, there is no differencehie prevalence of white matter lesions at
baseline between males and females, with a more rapid increase in both sexes after the

age of 40. In contrast, renal impairment and left ventricular hypertrophy are more
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prevalent at baseline in males and occameg¢arlier age. In females, these complications
were extremely rare below the age of 40 years, after which they increased rapidly with
increasing age. Correlations between baseline GFR/LVMI and age at baseline show that
whilst both are significantly coelated with age in males and females (p<0.0001 in all
cases), the correlations are stronger in females than malesi @BRs: slopel.00, ¢

= 0.29 vs. females: slop8.88, F= 0.42; LVMI i males: slope 0.57%F 0.21, females:

slope 0.73,% 0.46.
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Figure 4-7: Relationship between critical organ dysfunction and age in males and
females.

Relationship to other organ involvement and overall disease severity
All males who had a stroke also have left viemdar hypertrophy with 7/15 (46.7%)
having a PPM/ICD or arrhythmia and the rest having conduction delays/repolarisation

abnormalities on ECG. 7/15 (46.7%) of males had a GFR<60ml/mirdnd the same
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number also had proteinuria. In contrast, four fené23.5%) had no evidence of cardiac
or renal involvement by FD and the prevalence of LVH, conduction abnormalities and

renal disease was lower in females (Begire 4-8).
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Figure 4-8: Prevalence of other organ involvement in FD patients with stroke/TIA
(A). Age-adjusted disease severity in patients with and without stroke/TIA (B).

In males there was no difference in baseline-atjasted severity score between males
with a stroke and those without (6.48 vs. 2.47, p = 0.17figeee 4-8. Infemales, those

with stroke had higher baseline aagjusted severity scores that those without (9.12 vs.
1.01, p = 0.008), however this includes many females who are asymptomatic. When
compared to females requiring ERT for other disease manifestaticer® & no

significant difference in disease severity between the two groups (9.12 vs. 7.54, p = 0.93).

Relationship to enzyme activity and mutation status

Plasma GLA activity data, measured at either RFH/ICH prior to commencement of ERT,
was available irv3 males and 129 females. One male with the A143T mutation had
plasma enzyme activity considerably higher than would be expected for an affected male,

(1.5nmol/ml/hr), confirmed on repeated measurements, for reasons unknown; this male is
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asymptomatic antlas been excluded from the analyses related to enzyme activity. The

normal range for plasma enzyme activity is-2100 nmol/ml/hr.
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In both males and females there was a correlation between baseline disease severity and

plasma enzyme activity, s€ggure4-9. In males this was a highly sigficant correlation

(r’= 0.38, p<0.0001) but in females although the correlatias significant it was weak

(r’= 0.04, p=0.02). The median plasma activity for males was 0.1 nmol/radfrge 0

0.6), with patients with the N215S mutation having higher plasma enzyme activity than

other patients, sekable4-12. This was concordantith a lower baseline disease severity

in these patients. Even though the 36 males with the N215S mutation have an identical

mutation, there was a wide range of enzyme activity seen in these patients, with the

enzyme activity correlated with disease sdaydr2=0.13, p =0.02). The median plasma

enzyme activity for females was 4.07 nmol/mi/hr (rangel24#).
N215S mut at i

on or

fil

ate

onseto

Females with the

mut at i

ons

with deletions or noisense mutationsAmongst those with the N215S mutation, plasma

enzyme activity was correlated with disease severity (r2= 0.18, p=0.005)

Table 4-12: Relationship between enzyme activity, severity & mutation type

Deletion Nonsense | Missense iLat e | N215S
onset
No (%) patients | Males 8 (10.9) 6 (8.2) 17 (23.3) 6 (8.2) 36 (49.3)
Females | 13(10.1) | 18(14.0) |46(35.7) | 10(7.8) 42 (32.6)
Plasma enzym¢ Males 0.1 0.1 0.06 0.1 0.2
(nmol/ml/hr) (0-0.11) (0-.0.2) (0-0.3) (0.1-0.2) (0-0.6)
median & rnage| Females | 2.9 3.45 3.3 5.3 4.2
(2-8.1) (0.4-7.9) (1-10.3) (2.7-12.6) | (1.97.4)
Baseline age| Males 11.8 9.0 8.8 -1.2 -6.0
adjusted severity (2.317.8) | (2.614.7) (0.1-18.7) (-9.511.3) | (-14.06.5)
Females | 7.7 2.7 3.7 1.59 -2.6
(-4.518.5) | (-6.820.9) | (-6.1-16.3) | (-6.615.7) | (-11.7-8.4)

Whilst enzyme activity appears to be an important factor in overall disease severity in

males, there was no difference in the median plasma activity for males with stroke/TIA

compared to those without (0.1 vs. 0.1, p = 0.24). Similarly, there was needdéein

the median enzyme activity in females with stroke/TIA compared to those without (4.30

vs. 4.07, p = 0.69). Amongst males, strokes were commonest in those with deletions,

nonsense or missense mutations and were uncommon in those with the N2a&@mut

occurring only in old age in these patients, segure 4-10.
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significant correlation between enzyme activity and age at stréké#76, p= 0.013).
In females, strokes occurred in patients with all mutation types with norelationship

between age at stroke and mutation type or plasma enzyme actwify@®8, p=0.24).
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Stroke prevalence by mutation type
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Figure 4-10: Relationship between stroke, mutation type and enzyme activity.

Vascular risk factors

Converional risk factors for stroke include: smoking, diabetes and hypertension. Obesity

and a raised lipoprotein (a) are also considered to be risk factors for vascular disease by
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some. Amongst males there was no increase in cardiovascular risk factorstamaleg

with stroke compared to those without (d&gure 4-11). All males with the N215S
mutation had vascular risk factors. Hypertension, diabetes, obesity ranskd Lp(a)

were all at least twice as common amongst females who had suffered a stroke/TIA
compared to those who had not. Two females had no vascular risk factors for stroke and
no other evidence of other organ involvement by FD; they have the mutatid83 and
Q221P.

Prognostic scores (FIPI)

The FIPI neurological score was calculated based on data from baseline evaluation and
outcome censored either at the time of stroke/TIA or at latest follow up. There was no
significant difference in events in pats with different prognostic scores (high, medium

or low) in males (p = 0.48) or females (p = 0.45), Sigire 4-11.
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Figure 4-11: Vascular risk factors and the FIPI prognostic score

4.4.8 Plasma prothrombotic tendency

Nineteen male and 22 female consecutive FD patients had plasma assays performed for
protein C, protein S, anthrombin and FVIII activitis and mutational analysis for the FV
Leiden and PTG20210A prothrombin gene mutations. The median age of patients was 54
years (range 184). All males and 18 females were receiving ERT. Seven (17.9%)
patients had suffered a stroke/TIA and 61% had cdreldride matter lesions on MRI.

One patient had a transient lupus anticoagulant, one patient was heterozygous for the FVL
mutation and one patient heterozygous for the prothrombin gene mutation PTG20210A.
One patient had a borderline reduced protein @iac{63 1U/dL); one female patient

had a mildly reduced protein S activity (54 IU/dL) related to use of the oral contraceptive

pill. None of these patients had had a cerebrovascular event. Five patients (12.2%) had
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protein S levels above the normalgan The rest of the patients had levels of PC and PS

within the normal range and all patients had normal levels ottanainbin.

FVIII activity was increased in 16 patients (39%, 9 male, 7 female). FVIII activity
increased with age in both males in fdes,Figure 4-12; in females this correlation was
significant (slope 1.25% 0.263, p = 0.015); in males it was not (slope 0.9%4,0.05, p

= 0.35), due to foumales with higher VWF levels than expected for their age. Age
adjusted severity scores were correlated with VWF levels, with a more significant
correlation in females (slope 3.79=0.471, p = 0.0004) than in males (slope = 3.591, r

= 0.316, p = 0.012 The four males with higher VWF levels than expected for age also
were outliers for severity, with higher agdjusted severity scores. Exclusion of these
four men removed the correlation between severity and FVIII levels in males. There was
no difference in VWF levels between those with or without cerebrovascular disease. FVIII
tended to increase as renal function declined, with a significant correlation between GFR
and FVIIl in females (sloped.999, ¢ = 0.334, p = 0.005) but not in males (slep&86,

r’ = 0.137, p = 0.131). FVIII levels were strongly correlated with VWF levels in both
sexes (males* 0.776, females= 0.712, P <0.0001).
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4.5 Discussion

4.5.1 Vascular manifestations are important in the presentation of FD

The data from the RFH demonstrates that vascular manifestations are important presenting
features of FD in both males and females. Cardiac manifestations,ulaalyic
arrhythmias, are common presenting symptoms in both males and females although more
severe in males who also have a higher rate of pacemaker and ICD insertion. Renal
presentations with proteinuria occur in both genders, but progression to endesialge
failure did not occur in any female. In contrast to cardiac and renal disease, stroke was a
commoner presentation in females than males, being the initial symptom of FD in five

females but no males.

Early diagnosis offers the opportunity for iation of ERT with the aim of preventing
develop or progression of critical organ disease, although evidence of its efficacy in this
respect is still lacking’?'8 In addition to ERT, there is the opportunity to optimise
suwpportive therapies, for example ACE inhibitors, blood pressure control and ICD
insertion for primary prophylaxis of ventricular tachycaféfiaData from the cohort
suggest that all males are at risk of these complications and therefore improving the

diagnostic pathway in these patients would be beneficial.

Many patients experienced long delays between symptom onset and the diagnosis of FD
and this was true both of indexases and those diagnosed on family screening. The
number of patients diagnosed with FD on family screening who had already been
investigated for manifestations of FD supports the notion that symptomatic FD remains
un-diagnosed. Those whose initial symptavas acroparasthesia experienced the longest
delays, with a median delay of >10 years. A number of factors may contribute to this:
deducing the underlying cause of neuronopathic pain can be difficult, particularly when
there may be few clues from phydiexamination or routine laboratory investigatiéiis

Whilst the diagnosis was often made in males by dermatologists following the appearance
of angiokeratomathe rash often appears first in the bathing trunk region and may be

missed unless directly asked about/ looked for by the consulted physician.
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Delays were shorter in those patients who developed major organ involvement although a
number of patients hadebn erroneously diagnosed with hypertrophic obstructive
cardiomyopathy prior to arrival at the correct diagnosis. Awareness of the potential
differential of FD amongst cardiologists, nephrologists and stroke physicians is likely to
have been raised in redeyears by a number of screening studies for FD conducted
amongst these populatidd$ To date, no screening studies for FD in patients with
neuronopathic pain have been published @ammay be that awareness of the diagnosis

amongst the diverse range of physicians to whom these patients present is lacking.

4.5.2 Vascular complications are important clinical events during the follow up of
patients of FD

Eleven of the 91 males in the coh(2.1%) have died and in all apart one case this was
due to either cardiac or cerebrovascular complications, with a median age at death of 53
years. Therefore, improving our understanding of how these complications arise and how
they may best be preventisdvital to improving the prognosis of FD in men. Despite the
initiation of ERT, vascular complications continue to occur during follow up, particularly

i n those presenting with fAclassical o featu

4.5.3 Stroke in FD1 just another organ complication or different aetiology?
Cerebrovascular disease stands out from other organ complications in having an almost
identical prevalence in both male and female patients with FD. In males, stroke arises in
the setting of othedisease manifestations. It is more common in those with deletions or
nonsense mutations and the age at first stroke is correlated with enzyme activity.

Therefore, in males, stroke can be considered a direct complication of the disease process.

The scenao in female patients is different. Stroke can arise in the absence of disease
manifestations in other organs. Whilst the development of cardiac or renal disease appears
to be strongly correlated with age, this is not the case for stroke which occurs mos
commonly in females in the fifth decade of life. Whilst stroke is commoner in females
with deletions, it occurs in all mutation types and there is no relationship between plasma

enzyme activity and age at stroke. Vascular risk factors seem to bempamtant in the
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development of stroke in females than males. There are two femalesGlithrautation

and stroke but no other disease manifestations or risk factors for stroke. The fact that this
scenario is not seen in male patients raises questions thigomechanisms which link a

GLA mutation with the occurrence of stroke in these patients and whether it is truly
causative or there are other, as yet unknown, factors to which the stroke might be

attributable.

4.5.4 Fabry disease in meri a spectrum or distinct subtypes?

The incidence of FD has increased substantially in the past decade, mostly due to an
increase in diagnoses of patients with the N215S mutation. These patients have a higher
residual enzyme activity and a significantly lower overall diseasergy score with a
predominance of cardiac involvement. The
angiokeratoma in adolescence is rare in these men. Although there are exceptions to this
with two males with the N215S mutation presenting withtgaruria and end stage renal
failure in their 20s/30s the N215S mutation potentially represents a distinct subtype of FD
with different disease manifestations and prognosis to other patients. This is potentially
important for understanding prognosis iresk patient§ many of these patients are
diagnosed at an age exceeding the expected life expectancy of males in FD reported in
historical cohort¥’ and are likely to have an improved prognosis. This is also important
for interpretation of clinical studies, particularhhere comparisons to historical natural
history cohorts are draf, as the natural history of these patients is likely to be

significantly better than t haanfestdionpati ent s

Position 215 on the GLA enzyme represents afinkéd glycosylation site and
glycosylation is important for the correct trafficking of proteins intracellularly.
Understanding why a mutation at this site results in cardiac disease iiiféateay shed

new insights in the pathogenesis of FD in different organ systems. The range of enzyme
activity seen in men with this mutati@uggests that there are other factors which modify
enzyme activity, either at the gene expression level or threugfanslational/post
translational mechanism. The correlation between enzyme activity and disease severity

would suggest that these factors are important modifiers of dféase
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4.5.5 Fabry disease in womeri disease causing or diseg predisposing?

The GLA gene is located on the X chromosome and therefore historically females were
considered carriers rather than affected heterozygotes. Our cohort data is consistent with
that of studies performed in the last 15 years which demoadinat many females
develop clinical manifestations of F##22 On the other hand, many females remain
asymptomatic throughout life. Particularly in light of the large number of females
diagnosed on family screening, understanding which females may go on to develop
clinical manifestations of FD and why is oékimportance both for counselling these
women regarding genetic testing and understanding how best to manage them.

Age appears to be an important factor in the development patrticularly of cardiac and renal
disease with the incidence of these diseasafesations increasing rapidly after the age

of 40 years (left ventricular hypertrophy) and 60 years (renal impairment). The stronger
correlations between age and LVMI and GFR in females than males suggests that age
related factors have more of an impantdisease in females than males. In the general
population cardiovascular disease is unusual innpEaopausal woméff with a
significant increase being seen after the menopause, although this has been attributed in
part to an increase in other cardiovascular risk fagtbié/hether menopausal changes

play a role in FD has not yet been investigated. FVIII levels, which have also been
associated with risk of vascular disease, increase with age in both males and females but
are more closely correlated Wwiage in females than males and are correlated with disease
severity in females but not males. This would support the hypothesis that age related

changes in the vasculature in females impact on disease manifestations.

Unlike men, conventional cardiovasaulrisk factors and obesity were much commoner

in women with cerebrovascular disease than those without suggesting that in females
additional risk factors may impact on the development of vascular disease. Obesity has
been demonstrated to be an additig& factor in combination with other vascular risk
factor$?®, The importance of othersk factors is also supported by studies of
polymorphisms in genes related to inflammation and coagulation where associations

between polymorphisms and cerebrovascular disease were stronger in females than
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male$?°3 We did not find an increase in the presence of the prothrombotic mutations or
abnormalities of the anticoagulant system in our cohort. In both males and females a raised
lipoprotein (a) was commoner in those with cerebrovascular disease than those without.
Serum levels of Lp(a) are primarily genetically determfigahd increased Lp(a) is a risk
factor for both cardigé® and cerebrovascular dise&Se Potential mechanisms for this
increased risk include ugulation of the adhesianolecules ICAM1 on leukocyteS°

and activation of coagulatié®. Lipoproteins are the carrier proteins for Gb3 in the
circulatiort®? and therefore increased Ip(a) may also exacerbatask mechanisms
mediated by increased Gb3. Investigation of Ip(a) polymorphisms may reveal a new

genetic modifier of FD.

Taken together, these factors suggest that in femaBdsAamutation, rather than being
disease causing, may act to jispose femas to the development of cardiac,
cerebrovascular or renal disease with additional factors required for complications to

occur.

4.6 Conclusions

This study confirms that vascular disease is important not only in the clinical presentation
but also the long termmorbidity and mortality of patients with FD. In male patients these
complications become more prevalent with increasing age, with disease severity
correlating with enzyme activity and mutation type. The presence of an N215S mutation
with a higher residal enzyme seems to limit the development of disease manifestations
predominantly to the heart with cerebrovascular disease occurring only in the presence of
additional risk factors. Females have less severe disease with many remaining
asymptomatic. Therset of cardiac and renal disease occurs at a later age and to a lesser
extent in females than males and it may be that in females additional events are required
at the cellular/organ level for disease manifestations to develop. In contrast, the
pathophy®logy of cerebrovascular disease would appear to be different, occurring at a

similar age and prevalence in males and females.
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The next two chapters explore potential disease processes at the cellular level, focussing
on processes related to cellular adhesion and coagulation occurring at the blood
endothelial interface to try to shed new insights onto the pathogenesis of tresse dis
manifestations in patients withGLA mutation.
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Chapter 5 Cellular adhesion in Fabry and Gaucher

5.1 Introduction

The endothelium provides the critical interface between the blood and its constituents and
tissues. During steady state conditions there are réspigulations of leucocytes,
including lymphocytes (both B and T cells), dendritic cells and macrophages, in the
tissues; these leucocytes have important roles in immune surveillance. During activation
of inflammation communications between the endotheland circulating leukocytes
enable the adhesion of leukocytes to the vessel wall and their egress from the circulation
into the surrounding tissues. This process has been implicated in a wide variety of
diseases including vascular diseases (e.g. stdké&) haematological malignanciés

and disorders which affect the microcirculation (e.g. sickle cell disé&$¥)

Abnormalities of leukocyte adhesion have been implicated in the vascular complications
associated with FB° including cardiovascularnal cerebrovascular complications. The
commonest abnormal findings to date mrereased ICAM1 and VCAM1 (seel.8.)),
molecules central to firm ldwwcyte adhesion to the endothelium, in either the serum or in
endotheliaimodels. A single study of mooytes in male FD patients showed increased
expression of CD11f% Previous studies have concentrated on adhesion molecule
expresson and there is no data on whether these abnormalities result in increased adhesion
activity or how they relate to clinical disease manifestations. Studies of leukocyte
adhesion in GD are limited; although endothelial adhesion is required for egress of
monocytes from the circulation to become tissue macrophages, it is not known whether
this process is abnormal in GD. Additionally, the mechanisms underlying bone infarction,
which bears some similarities to infarcts seen in sickle cell disease, and #dasattrisk

of haematological malignancies in GD are poorly understood.

Cellular adhesion is a closely regulated process and cytokines are the primary regulators.
Increased levels of prmflammatory cytokines have been found in both FD and GD (see
Table 1-6) which may upregulate cellular adhesion in these patients. Additionally the
glycosphingolipids LacC and S1P can act to increase adhesion molecule exft&&sion
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Gb3 has been shown to-uggulate endothelial VCAM1 and ICAM1RNAY! but the

effect of other glycosphirajipids on endothelialeukocyte adhesion is not known.

5.2  Purpose of this chapter

This chapter examines the expression and functional activity of adhesion molecules
involved in leucocyteendothelial adhesion, concentrating on firm adhesion using static
adhefon experiments, as this is the part of adhesion where most abnormalities have been
suggested in FD. Utilising the ability of monocytes, but not lymphocytes, to adhere to
tissue culture plastté® the adhesion capacity of monocytes is assessed. Mescare

the key abnormal cells in GD and the leucocytes in which abnormalities of adhesion
molecule expression have been found in FD. Expression of leucocyte adhesion molecules

in subsets of mononuclear cells is examined by flow cytometry.

5.2.1 Development ofendothelial cell models of FD and GD

In order to examine the role of decreased GLA and GBA activity on the expression and
functional activity of adhesion molecules on the endothelial surface, an endothelial cell
model was developed. Endothelial cells perf a vast array of functions, which can vary
according to their location, including active transport of small molecules, regulation of
blood pressure, leucocyte adhesion and transmigration, angiogenesis and haemostasis.
Whilst human umbilical vein cell3dUVEC) are the most studied primary endothelial cell
isolate, they lose their phenotype after a small number, or even a single passage. For this
work the EA.hy 926 endothelial cell line, which is a hybridoma of HUVEC and the human
lung carcinoma cell linA549 was used. This cell line shows a number of endothelial cell
characteristics including von Willebrand factor expressSitand, particularly pertinent to

this project, upregulatbn of ICAM-1and VCAM1 i n resp®hse to TNFU

Pharmacological inhibition
Conduritol b epoxide (CBE) bi nds <covalen
irreversible inhibition of enzyme activi§? and has been widely used in the study of GD.
The search for a similarlgfficacious inhibitor of GLA, including using high throughput

screening technologies, has been less fréftfull-deoxygalactonorijimycin (DGJ) is an
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iminosugar, a small organic compound mimicking carlodigs but which contasa
nitrogenatom instead of an oxygen atom in the ring sy$témDGJ is biochemically
selected to reversibly inhibit the active site ofLASbut sufficiently distinct from
carbohydrates to avoid processing by other carbohydmatifying systems. At low
concentrations (upto 20&gM) it acts as a
enzyme activity in FD fibroblast An inhibitory effect on enzyme activity,
presumptively due to competitive inhibition, has been demonstrated at higher
concentratns of 4006 0 0 #‘M

Chloroquine hydrochloride is a lysosomotropic agent which has also been used to inhibit
GLA. ltinhibits lysosomal enzymes to different degrees at different concentrations, with
more inhibition of GLA than other lysosomal enzymes at low concentratrons
Chloroquine has a number of effects on the lysosomal system including increasing
lysosomal pH, altering manno$ephosphate (M6P) receptor cycling and disrupting
phagogtic pathway$*.

Amiodarone is another lysosomotropic drug but wittknown direct effects on GLA or
GBA activity and was used as a control for lysosomal dysfunction. At physiological pH,
amiodarone is wonised and passively diffuses across the lipid bilayers of intracellular
organelles. At acid pH, amiodarone becomessied and less able to diffuse out of the
lysosomé*’ causing expansion of the lysosomal system. Amiodarone impairs trafficking
through the late endosomal path##&yand alters M6P receptor recyclffiy It also
inhibits lysosomal phospholipase Al & A2 causing intralysosomal accumulation of
phospholipids.

RNA interference using small hairpin RNA

Due to the lack of availability of an effective specific pharmacological inhibitor for GLA
ribonucleic acid (RNA) interference (RNAI) was used as an additional method to reduce
intracellular GLA activity. RNAI results in sequence specific gene silencing at the
messenger RNA (mRNA level). Small interfering RNAs (siRNA) are short double

stranded RN oligonucleotides, 25 nucleotides in length, processed internally by the
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enzyme DICER and then split into two separate strands. One of these strands binds a
complementary mRNA sequence on the target gene which is then cleaved and degraded
by the RNAinduced silencing complex (RISC), preventing protein translation. siRNA
sequences can either be introduced into cellular cytoplasm asymihesised
oligonucleotide strands using lipidediated transfection or using a viral vector DNA
construct which integras into cellular DNA (transduction). The transcribed DNA
encodes a short hairpin RNA (shRNA) which is then processed by DICER to siRNA. As
siRNA is inherently unstable and usually completely degraded within 48 hours, a ShRNA
approach using a lentiviraketor was used for this project to enable sustained suppression
of GLA protein synthesis.

5.3  Hypotheses

1. Increased expression of leukocyte adhesion molecules occurs in FD and GD and is
associated with vascular manifestations in FD and the presence of bleeding
gammopathies in GORationale:FD and GD are associated with a{qméammatory

state which results in ugegulation of adhesion molecules

2. Lipid loading of endothelial cells, but not reduction in enzyme activity alone results
in increased endotheliatibesion activityRationale:results to date suggest that Gb3
rather than GLA deficiency is responsible for endothelial dysfunction.
Glycosphingolipids LacC and S1P have been found 4#e@gplate adhesion molecule

expression and other glycosphingolipidayralso perform this function.

5.4 Methods

5.4.1 Monocyte adhesion assay

This assay is investigates static adhesion processes and utilises the adhesion properties of
monocytes whereby they are able to adhere to tissue culture plastic (TCP) surfaces. This
process ipredominantly mediated by integrins and therefore calcium dependent, although
monocytes may also adhere to TCP through scavenger receptors in a-tadt@pendent

manner. Both monocytes and platelets adhere to TCP and therefore an iodixanol flotation
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barier was used to isolate monocytes resulting in a moneaaytehed, platelet deplete

mononuclear cell fraction.

Adhesion of monocytes to TCP is time and concentration dependent, being linear over a
range of 0.82x1(° monocytes per well and is also serugpéendent (se€igure 5-1),

where adhesion molecules within serum adhere to TCP and then monocytes adhere to
these. 10% serum was used for the assays; to assess solely the leucocyte component cells
were suspended pooled normal human serum (PHS) whereas to investigate the role of
serum constituents, cells were suspended in heat inactivated autologous serum (AHS). To
account for differences in staining between assays, the results are expressed as the ratio of
absorlance of the test well to the Brserum blank well (se&7.1).

The relationship between disease manifestations of GD/FD and adhesion ratio was
evaluated by lineaegression analysis. The clinical data was obtained as described in the

preceding chapters.
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Figure 5-1: Development of monocyte adhesion assaf. absorbance of solubilised
Giemsastain is dependent on cell concentration. B: time dependence of adhesion. C &D:
dependence of adhesion on the presence of human serum.
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5.4.2 Leukocyte adhesion marker expression
Surface expression of adhesion molecules on mononuclear cells was assesdémwsing
cytometry. The adhesion molecules investigated and the rationale for their selection is

shown inTable 5-1.

Table 5-1: Adhesion molecules assessed

Antigen Leucocytes expressed on Reason selected
Mono | CD14 Lymph
CD11a Y Y Y Ligand for ICAMs 14; ICAM1 raised in some F[
studies, other ICAMs not assessed
CD11b Y X X Ligand for ICAM-1. Upregulated in monocytemn a

previous study in FD

CDllc Y Y X Shared b subunit with
ligand for ICAM-1

CD50 Y Y Y Ligand for CD11a (LFA1)

CD54 Y Y X ICAM-1. Increased serum levels in FD

CD102 Y Y Y Ligand for LFA1 (CD11a)

CD49d Y Y Y Ligand for VCAM-1 which is increased in some R
studies

CD62L Y Y Y Predominant selectin on leukocgtefor rolling prior

to firm adhesion
CD36 Y X X Binds lipids; abnormal lipid profiles in FD/GD ma
cause upregulation

Gating strategy and analysis

Initial gating was performed on forward (FSC) and side scatter (SSC) characteristics. This
differentiates lymphocytes from cells which fall within the monocyte gate. Within the
monocyte gate, CD14+ monocytes were identified by gating on CD14+ strongly positive
cells. Within the FSESSC monocyte gate there is also a population of CD14 -weak
negative cells; whether these cells represent apephlation of monocytes (e.g.
CD14°“CD16"") or dendritic cells is not possible to establish from the cellular markers
usal. They have a different pattern of expression of adhesion molecules from the CD14+
monocytes and are therefore analysed as a separate cell population. The median
fluorescent intensity (MFI) of adhesion molecules on each cell population was measured
using FlowJo analysis software (s&e6). CD62L is expressed on all mononuclear

leukocytes but is more strongly expressed on a subpopulation of lymphocytes. Therefore
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the size of this subpopulation and the MFI of cells in this subpopulation was also

calculated.

5.4.3 Development of cellular models to look at endothelial adhesion

The EA.hy 926 cell line was used to develop and endothelial model of FD and GD.
Confocal imagingwas performed to establish if uptake of Dil labelled acetylated low
density lipoprotein (DHacLDL) occurred and whether von Willebrand factor was
synthesised, both characteristics of @helial cells Confluent monolayers of EAhy.926

were stimulatedwih a range of -20bcurs® assess for-dgguldtiofi o r

of adhesion molecule expression. This was assessed by two methods: 1) adhesion of Dil
labelled murine monocytic cells (RAW 264.7) to the endothelial monolayer and 2) ICAM
and VCAM expession by Western blot.

For pharmacological inhibition, stock solutions of the four pharmacological inhibitors

were made as detailed in the Methods chapter. They were added to EAhy.926 cells at the

concentrations indicated. MTT assays were performededasuare the effect on cell
viability. To measure the effect of the drugs on enzyme activity, the cells were lysed and
then activity assays performedhe protein concentration of the lysate was measured and
enzyme activity expressed as nmol/mg/hr.

The UCL pGIPZ shRNA library was searched for sequences that targétl_thgene.

Three sequences were selected:

FD1 (V2LHS_82973): antisense: ATAAAGAGGCCACTCACAG
FD2 (V2LHS_82794): antisense: AAATCCCTAGCTTCAGTCC
FD5 (V3LHS 391616): antisense: AGACATGAATAYGGAGCA

Analysis of the sequences using the bioinformatics tool, Basic Local Alignment Search
Tool (BLAST, http://blast.ncbi.nlm.nih.gov) confirmed that each sequence targeted only
the GLA gene with 100% alignment and that potentiaitafijet effects foeach sequence

were different (se@able 5-2).
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Table 5-2: Results of BLAST search for targets of the shRNA sequences

activator of morphogenesis

(DAMMY)

Gene Query | E Function
cover | value
FD1
Alpha  galactosidase /4 100% | 0.02
(GLA)
Mannose receptor C, type| 84% | 0.11 | Mediates endocytosis is  glycoproteins
(MRC)) macrophages
Zinc finger protein 552 78% | 0.43 | Unknown
(ZNF552
Family with  sequencd 73% 1.7 Unknown
similarity 114 member Al
(FAM114A)
Leucine rich repeal 73% 1.7 Unknown
containing 15I(RRC19
Polycystic kidney disease | 73% 1.7 Regulates calcium permeable cation channels
(PKDY) intracellular calcium homeostasis.
FD2
Alpha galactosidase A 100% | 0.002
(GLA)
Nitrogen fixation homolog 73% 1.7 Supplies inorganic sulphur to iresulphur cluster
(NFS) (required by many cellular enzymes)
Patainlike = phospholipase¢ 68% | 6.7 May be involved irtriglyceride homeostasis
domain containing Z
(PNPLA4
Cyclic nucleotide gate¢( 68% | 6.7 Encodes beta subunit of a cyclic nucleotigeged ion
channel beta 3qNGBJ channel. Involved in function of cone photorecept
Sulfatase modifying factor | 68% | 607 Involved in postirandational generation of T+
(SMF2 formylglycine at catalytic site of sulphatases
FD5
Alpha  galactosidase 4 100% | 0.002
(GLA)
tRNA methyltransferase | 78% | 0.43 | May be involved in neurological functions, includi
homolog TRMT1L) motor coeordination &exploratory behaviour
Ankyrin repeat domain ] 73% 1.7 Localised to nucleus of endothelial cells and indu
(ANKRDY) byll-1 and TNFU. Likely t
factor
Dishevelled associate| 100% | 6.7 Reguhtes cell growth through stabilisation

microtubules

Sequencing confirmed the presence of the correct transcrigfi(gge 5-2). Restriction
digest confirmed that the correct packing vectors were isolated Higege 5-3).
EAhy.926 cells were infected with the lentiviral constructs and puromycin selection
carried usi dose isekFigire gdjtonield( der i v

out , ng a
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a culture of GFP positive cells. Enzyme activity, using fluorimetry, and protein level,

using Western blot, were assayed to confirm knockdowsL#f expression.

EXON 4 EXON 7
EXON 1 EXON 2 FD1:c.713-31 EXON 5 FD2: c.1286-95
EXON 3 EXON 6
FD2: ¢.492-510 FD5: ¢.984-1001
LT TR P — AT
| T T VTR I O
g e
) B i
V2LHS_82973: ATAAAGAGGCCACTCACAG (FD1) V2LHS_82974: AAATCCCTAGCTTCAGTCC (FD2)
W N Y T WV — s
[ e ——— W
m__.. |1 PN it ! =
V3LHS_391616: AGACATGAATAAAGGAGCA (FD5) Non-silencing: TCTCGCTTGGGCGAGAGTAAG (Scr)

Figure 5-2: sShRNA sequencesA: target sites. FDL1 targets a sequence on exon 4 which
forms part of the active site. In addition to a target sequence on exon 3, FD2 also targets
a short sequence on exon 7. B: confirmatiosldiRNA sequences from isolated plasmid
DNA showing insertion of ShRNA sequence in the GIPZ plasmid.
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Figure 5-3: Confirmation of envelope and packaging vectors by restriction digestA:
vector map for pMD@ighlighting restriction sites for BamHI and EcoR1. B: vector map
for p8.91 highlighting restriction sites for EcCoR1 and Bgllll. C: Restriction digest
fragment sizes (1% agarose gel, 1V, 75 minutes).
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Figure 5-4: GFP expression & puromycin toxicity. A: HEK293T cells producing

lentivirus (x20); B: GFP expression in EAhy.926 cells 48 hours after infection (x20);
C&D: GFP expression in EA.hy 926 cells after puromycin selection (x20,x40). E
puromycin toxicityto EA.hy 926 cells (MTT assay), n=2, each experiment performed in

triplicate.
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5.4.4 Functional endothelial cell adhesion assay

To measure the functional adhesion capacity of monocytic cells to the endothelial cell
model, the murine monocyteacrophage cell lalRAW 264.7 was used. The use of a

cell line enabled the availability of a high number of cells of multiple experiments and a
homogeneous cell population for use across assay. As detailed in the methods chapter
(see2.7.2 , RAW cells were labelled with Dil, a fluorescent dye, and the fluorescence of
RAW cells adherent after 1 hour incubation measured. The results were expressed as the

ratio of the fluorescence tdst samples to the control samples.

Adhesion of RAW, as determined by fluorescence, was dependent on a) the number of
RAW cells added b) the density of the EAhy monolayer and c) activation of endothelial

cel |l s wi tFigurdsbF B coficentration of 200 000 RAW per well was selected

for the assays and a seeding density of 40
concentration for 8 hours, which allowg-tegulation of both ICAM and VCAM and
increased adhesi on, whil st aiming to mini|
cellular functions. No decrease in viability or induction of apoptosis was seen at this
concentration and duration. To enable daiywof lipids to cells, the lipids were dissolved

in methanol.

5.4.5 Western blot for VCAM/ ICAM expression

Western blots were performed to measure the expression of {CANM VCAM1 by
endothelial cells, selected as being the most important adhesion fesleécustatic
adhesion which is the aspect of adhesion assessed in the functional adhesion assays of this

chapter.
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Figure 5-5: Development of RAW to EAhy functional adhesion assayctivated EAhy
cellsst i mul ated with 2nM TNFU for 8 hours.
A: fluorescent readout of RAW adhesion to activated EAhy is related to concentration up
to 400 000 cells/well. Beyond that spatial inhibition occurs, the cells clump dodgdis
during washing of the plate. There is no adhesion to basal EAhy cells or in the presence
of EDTA. B: adhesion is also dependent on EAhy cell density, being increased when
there is a confluent monolayer. C: fluorescent microscopy images of adbé&téww

to EAhy with addition of different numbers of RAW cells per well.
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55 Results

A summary of the demographics of patients recruited to the monocyte adhesion studies

(flow cytometry and functional adhesion) is showrTable 5-3. The number of female

GD patients recruited was small due to recruitment difficulties.

Table 5-3: Patients/controls recruited to monocyte adhaen studies

Fabry Gaucher Control
M F M F M F
No 10 19 15 5 9 12
Age 46.1 45.5 47.8 36.8 34.2 44.9
(20-73) (19-77) (18-78) (22-48) (27-54) (26-68)
ERT 10 (100%) 15 (79%) 15 (100%) | 4 (80%) N/A N/A
Mean 1.91 2.35 1.69 1.64 1.62 1.43
adhesion| (1.092.96) | (1.105.77) | (1.042.76) | (1.182.29) | (0.87-2.84) | (0.752.09)
ratio
(PHS)
Mean 2.06 2.32 1.78 1.65 1.56 1.40
adhesion| (1.133.09) | (1.135.16) | (1.143.04) | (1.192.20) | (0.712-3.86) | (0.752.09)
ratio
(AHS)

5.5.1 Monocyte adhesion to tissue culturglastic

Adhesion in pooled human serum in Fabry patients was significantly greater than in
controls (mean adhesion ratio 2.23 vs. 1.52, p = 0.0076) and Gaucher patients (mean
adhesion ratio 2.23 vs. 1.68, p = 0.037) (Begure 5-6). There was no difference in
adhesion between Gaucher patients and controls (mean adhesion ratio 1.68 vs. 1.52, p =
0.30). If the patients were separated into males and females, the adiaésian Fabry

men was slightly higher than in Gaucher or control, but the difference was not significant
(p = 0.2), sedable 5-3; from means and standard deviasoof the data a sample size

>40 patients would be required for the observed differences to be significant. In females,
adhesion was significantly greater in Fabry patients than in controls (mean adhesion 2.35
vs. 1.44, p = 0.023). There was no differeretween Gaucher patients and controls
(mean 1.64 vs. 1.44, p = 0.23). The sample size of female patients with Gaucher was

small due to only a few patients consenting to blood sampling.
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There was no visible adhesion on phase contrast microscope dgeiitisa staining in
the presence of EDTA. There was no difference in the ratio of adhesion in pooled serum
to autologous serum between the patient groups, suggesting that the differences observed

were due to an increased adhesion capacity of the monaoaiites than serum factors.

The relationship between age and adhesion was analysed in all patient gro&iogufeee
5-7). Asignificant correlation between increasage and adhesion was found in females
with FD but not in females with GD or female controls. There was no correlation between

age and adhesion in males.
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Figure 5-6: Adhesion of monocytes to tissue culture plastidA: Overall adhesion in
PHS. B: ratio of adhesion in PHS to adhesion in autologous serum. C: adhesion ratio in

males. D: adhesion ratio in females. Lines indicate mean adhesion.
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171



5.5.2 Adhesion and disease features in Fabry disease

To assgss the relationship between monocyte adhesion and clinical manifestations of FD
linear regression analyses were performed (fable 5-4). As well as disease
manifegations, relationships between lipopint (a) and adhesion were examined as a
raised Lp(a) was common amongst FD patients with cerelmolzasliseasand has been
demonstrated to increase expression of adhesion mol&€ulal male patients and most
female patients were receiving ERT at the time of the study; the effect of exogenous
enzyme on leucocyte adhesion is unknown. Therefore both baseline and current disease
parameters were analysed, withhe baseline parameters serving as a surrogate for
untreated disease severity in each of the assessed manifestations. Within the female FD
patients, the patient with the highest adhesion ratio was an outlier across all parameters
except neurovascular éase and exclusion of this patient from analyses had a big impact
on the significance of the results obtained. It is uncertain why the adhesion ratio was so
high is this patient and the ratio in this patient was >1 greater than the next highest result
and almost three times the mean ratio. It was therefore considered that it might be
appropriate to exclude this patient from the analyses and the results with this exclusion
are also shown ifmable 5-4. Exclusion of this one outlier resulted in increased strength

and significance of correlation between adhesion and disease parameters in females.

There was a significant relationship between age and severity in females but not in males
based both on current severity score but also on baseline severifigaee 5-8). As

age is a key modifier of severity, agdjusted severity scores were also assessed; the
significant relationship was also found for age adjusted scores in females, but only after

exclusion of the outlier and with a smalléand p value.

Table 5-4: Relationship between adhesion ratio and clinical FD parameters

Parameter Time point Male/female | Slope R? P value
FOSMSSI Baseline Male 0.002 0.001 0.923
Female 0.060 0.307 0.017
F (excloutl.) | 0.058 0.495 0.002
Current Male -0.006 0.014 0.759
Female 0.054 0.261 0.030

F (excl. outl) | 0.060 0.562 0.0005
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Age-adjusted | Baseline Male -0.056 0.330 0.083
MSSI Female 0.064 0.150 0.112
F (excl outl.) | 0.073 0.339 0.014

Current Male -0.015 0.143 0.316

Female 0.051 0.103 0.194

F (excl. outl) | 0.073 0.358 0.011

GFR Baseline Male -0.051 0.356 0.090
Female -0.059 0.220 0.050

F (excl outl.) | -0.050 0.375 0.009

Current Male -0.006 0.061 0.522

Female -0.021 0.171 0.089

F (excl. outl) | -0.024 0.358 0.011

LVMI Baseline Male 0.005 0.088 0.439
Female 0.070 0.320 0.018

F (excl outl.) | 0.061 0.419 0.007

Lipoprotein (a)| Current Male 0.507 0.156 0.259
Female 1.464 0.306 0.017

F (excl outl.) | 1.079 0.269 0.033

In both males and females there was a negative relationship between adhesion and
glomerular filtration rate, with adhesion increasing with a decline in renal function. The
relationship, however, was only significant in females {Sgare 5-9). The correlation
between GFR and adhesion was stronger for baseline GFR results for both males and
females. Left ventricular mass index is also correlated with adhesion ifefeima not

males.

Cerebrovascular manifestations, stroke and the presence of white matter lesions, were also
examined. There was no difference in the adhesion ratios between patients with or without
stroke or with or without white matter lesions eitatibaseline or currently (séégure

5-9). Serum Lp(a) was correlated with adhesion, in part due to the outlier, as significance
was borderline if they were excludég = 0.033). Three out of four patients with

lipoprotein levels >1.0 were members of the same family.
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5.5.3 Adhesion and disease featureés Gaucher disease

There was no difference in adhesion between patients with or without bone infarcts on
latest MRI (median 1.693 vs. 1.455, p= 0.67) and no correlation between adhesion and
total bone marrow burden scores on MRI (slope = 0.6640:002 p = 0.84). Adhesion

was increased in those with a gammopathy but this difference was not significant (median
1.79vs. 1.40, p =0.15, segure 5-10). There was noorrelation between bleeding score

and adhesion (slope-8.022, #=0.017, p = 0.58) nor was adhesion higher in those with

a persistently raised-Bimer (median 1.37 vs. 1.76, p = 0.13). The presence of at least
one N370S mutation did not affect the adion ratio (median 1.455 vs. 1.693, p = 0.395).

5.5.4 Expression of adhesion markers

The MFI and standard deviations for adhesion molecules on the mononuclear cell subsets

are shown imable 5-5 and the significant findings are summarised #@ble 5-6.

Table 5-5: MFI of adhesion molecules on leukocytes (mean £SD)

CD CD14+ monocytes CD14 monocytes Lymphocytes

GD FD C GD FD C GD FD C
CD11a | 428 441 352 576 567 381 246 226 139
+128 +117 +68 +162 +131 +129 166 +54 +48

CD11b | 1638 2019 1697 X X X X X X
+579 +542 +784
CD11c | 159 206 175 252 298 226 X X X

=70 +94 71 92 +102 =70
CD49D | 404 413 424 1033 916 1009 283 224 202
+127 +110 +100 +181 +158 +110 77 +46 +49
CD54 160 185 148 196 237 197 X X X

+48 +41 +33 +50 +46 42
CD102 | 710 594 768 928 865 913 354 309 304
+155 +138 +209 +134 +102 +160 +107 +58 +56
CD50 672 654 560 450 421 364 289 257 217
+133 +132 +153 76 +86 +76 +57 +45 +59
CD36 2213 2111 2127 341 205 318 X X X

+824 +524 +702 +419 +95 +296
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Integrins

Expression of CD11a (the alpha subunit of LEPwas increased in FD and GD compared

to controls aross all leukocyte subsets, with the most significant differences seen in
CD14 monocytes and lymphocytes (p<0.0001) rather than monocytes (p 0.004 for FD v
C and p =0.019 for GD vs. C), seigure 5-11. There was no difference in the expression

of CD11b. There was an increase in expression of CD11c on-Ghddbcytes in FD
compared to controls (p = 0.013). CDA49d is significantly increased on lymphocytes in
GD patents compared to both controls (p = 0.0002) and FD (p = 0.0049). There is a slight
reduction in expression of borderline significance in FD CDhidnocytes (p = 0.03).

Immunoglobulin superfamily

CD54 (ICAM1) expression is increased on FD CD14+ and CGizhocytes relative to
controls (p = 0.003 and 0.006), $&gure 5-12. CD102 (ICAM2) expression was reduced

in FD compared to GD or controls in CD14+ monocytes (p = 0.018 and 0.0034
respectively), but not in CDX4monocytes, which overall had a higher MFI, or
lymphocytes, seEigure 5-13. CD50 (ICAM3) expression was significantly increased in

GD compared to controls on lymphocytes and CDhénocytes (p = 0.0003 and p =
0.0009 respectively), and also CD14+ monocytes (p = 0.017). There was a slight increase

in FD compared to controls across all subsets, most marked in lymphocytes (p = 0.019).

L selectin

CD62L is expressed at low levels on CD14+ monocytes and was deciaaBéd
compared to both GD (p = 0.0009) and controls (p= 0.009Figeee 5-14. Expression

on CD14 monocytes was low and there were no differences between ttg¢icos. The
percentage of strongly positive CD62L lymphocytes was slightly reduced in Gaucher
disease, although the MFI of CD62L on these lymphocytes was increased in GD compared
to FD (p = 0.0069).

Scavenger receptor
There was no difference in expressaf CD36 on CD14+ or CDX4nonocytes.
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Table 5-6: Summary of changes in adhesion molecule expression (relative to

controls)

Adhesion molecule GD FD

M+ M - L M+ M - L
CD11la (LFA1) g g y y V% g
CD11b (CR3) -
CD11c (CR4) - %
CD49D (VLA-4) - g - Z -
CD54 (ICAM1) - g %
CD102 (ICAM2) - - Z - -
CD50 (ICAM3) % % g g % %
CD36 (SRB) - -
CD62L - g Z -

Linear regression analysis of monocyte MFI for CD11a, CD54 and CD50 (the adhesion
molecules where significant differences in expression on monocytes were found) did not

show any correlation between MFI of the molecules and the adhesion ratio.

Adhesion motécule expression and clinical disease manifestations
Increased expression of CD50, 54 or 49d was not associated with GD complications of
bone disease or gammopathies. In FD CDlla and CD54 and CD50 MFI was not

correlated with agadjusted disease severitgnal function or left ventricular mass.

5.5.5 Endothelial cell model

Confocal microscopy confirmed uptake for Dil labelled acetylated LDL and synthesis of

von Willebrand factor (seBigure 5-15); however, VWF did not form discrete Weibel

Palade bodies as occurs in HUVEC cells. EAhy.926 showed inducible expression of
ICAM-1 and VCAM1 i n response to sti mubnatimeon wit
dependent increase in adhesion of RAW cells to EAhy.926Higeiee 5-16).
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Figure 5-15. Endothelial characteristics of EAhy cells.A: Uptake of Ditlabelled
acetylated LDL (x40); B: von Willebrand factor production (x40), but without forming
classical Weibel Palade bodies; C & D: cobblestone morphology (x10 and x40).
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Development of pharmacological model

MTT assay, showed a slight reduction in metabolic activityhat g h e r (10¢e M
concentrations of chloroquine and amiodarone, implying reduced cell viability, but no
reductions with DGJ or CBE (s&g&gure 5-17). GBA activity was nmimal after addition

of CBE, with almost undetectable enzyme ac
had little effect on GBA activity.

CBE had no effect on GLA activity. Both amiodarone and chloroquine resulted a

concentration dependentdesea i n GLA activity, maxi mal w
57% contr ol activity and with 10&eM amiodar
DGJ showed a slight increase in activity w
higher concentrations, ma ma | with 200eM DGJ aFRigud 1% c o

5-18). Western blot for GLA protein levels showed an increase in GLA in cells treated

with DGJ compared to bter i nhi bi tor s. Measur ement 0
showed a mild reduction in cells treated with DGJ and chloroquine but not amiodarone or
CBE.

For endothelial assays the doses of pharmacological inhibitors used were: chloroquine
5¢M, amiofaMpn€EBE 100&eM and DGJ 200¢gM

shRNA mediated knockdown of alpha galactosidase A

Measurement of GLA enzyme activity showed a reduction in enzyme activity to 87.9%

of control activity with the FD1 shRNA sequence, 26.4% with FD2 and 30.8% with FD5.
Western bt confirmed marked reduction in GLA protein levels with FD2 and FD5 but

not FD1. FD1 was therefore not used for further experiments. Interestingly treatment of
FD2 and FD5 cells with DGJ 200egM resulted
protein levels (seeFigure 5-19). The shRNA sequences had no effect on alpha

galactosidase B activity, which shares >50% sequence homology wiBi thgene&>°.
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5.5.6 Effect of altered glycosphinglipid metabolism on endothelial adhesion

Reduction in GLA activity as the result of sShRNA mediated gene silencing did not result
in increased adhesion of RAW cells to the endothelial cell monolayeFiger 5-20).

Cells treated with pharmacological inhibitors showed no difference in adhesion to
untreated cells, except a slight reduction in adhesion to cells treated with CBE after 4hr of
TNFU sti mul aallyooafterBlwours.not bas

Western blots were performed to measure the protein levels of VCARI ICAM1 in

the shRNAcells to see if reduced GLA altered expression of these molecules. EAhy cells

do not express VCAM. basally; the increased expression of VGAMn response to

TNFU stimulation did not differ between ce
with reduced activity (FD2 & FD5), seEigure 5-20. Basal expression of ICAN was

the same in all three <cell types and the
stimulaton. Minimal adhesion occurred in all cell types in the presence of the calcium
chelator EDTA, confirming that adhesion is calcium dependent which is in keeping with

integrins and members of the immunoglobulin superfamily being the principle mediators.

5.5.7 Effect of glycosphingolipid addition on endothelial adhesion

Wild-t y p e EAhy <cells were incubated with d
concentration and the effect of glycosphingolipid loading on adhesion evaluated. There

was no difference in functionald hesi on acti vity foll owing T
a minimal increase in basal adhesion with lactosylceramide, sphingoepmasphate and

lysoGb3. Western blot for ICAM and VCAM did not reveal any differences in expression

of these adhesion moldes with brief (8hr) or prolonged (72hr) incubation with

gl ycosphingolipids or foll owinGgiguleSBEL)) acti v

Adhesion of lipidloaded RAW to endothelial monolayers

Glycosphingolipid excess has been suggested as the mechanism for increased leukocyte
adhesi on. RAW cell s were incubated with ¢
methanol vehicle control for 72 hours and their attreto EAhy cells, both normal EAhy

and those treated with CBE/shRNA, assayed. Amongst the lipids associated with GD
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(S1P, GSP and LacC), there was an increase in adhesion RAW cells incubated with GSP
compared to methanol vehicle to both normal EAhythnde treated with CBE following
stimulation with TNFU. LacC resulted in
treated with TNFU. Il ncubating RAW with
lysoGb3) did not alter their adhesion properties comparatethanol vehicle, séagure

5-22.

A RAW adhesion to EAhy KD cells B Pharmacological inhibitors & RAW adhesion
A&, (no EDTA)
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Figure 5-20: Effect of enzyme inhibition on endothelial adhesionA: no increase in

adhesion of RAW cells to monolayer in FD2 and FD5 comgao Scr (control). B: no
differences in adhesion of RAW to cells treated with pharmacological inhibitors for 7 days.

No difference in increase in expressionof VCAM ( C) or | CAM (D) in r

stimulation in FD2 or FD5 compared to Scr.
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5.6 Discussion

5.6.1 Leukocyte adhesion in FD

Female patients with FD showed an -@ggpendent increase in monocyte adhesion not
seen in males or in control&dhesion in females, but not males, correlated with disease
severity, left ventricular mass and Lp(a) concentration. One significant outlier influenced
the results the reason for increased adhesion in this patient is uncertain. Exclusion of
this patent resulted in significant correlations also with GFR. Unlike cardiac and renal
disease, there was no relationship between adhesion and cerebrovascular disease. As
discussed in Chapter 4, ageing appears to be a much more important factor in the
developnent of disease complications in females than males and these results suggest that
an agerelated increase in monocyte adhesion may contribute to some of these disease
manifestations. The processes that would underlie adgggendent increase in adhesion,

not seen in controls or male FD patients are uncertain. In many males the onset of disease
manifestations is considerably earlier than in females and therefore it might be that as

similar agedependent effect might be seen in males in childrezbmlescece.

Dysfunction in lysosomal trafficking pathways has been reported with ageing, affecting
both autophady* and endocytost8?>. ICAM1 and potentially other adhesion receptors
are recycled through the endocytic path#vdy One hypothesis would be that females
with FD are more susceptible to aggated changes in the cellular trafficking pathways
that are involved in the recycling ofdbe adhesion molecules, leading to increased

concentration of activated molecules on the cell surface

Increase serum levels of adhesion molecules are associated with renaf*fadnce
therefore the negative relationship between GFR and monocyte adhesion seen in both

males and females was expectdthaugh it was only significant in females.

The increase in ICAM1 expression on monocytes in FD suggests that the increased serum
ICAML1 found in previous studié¥ originates, at least in part, from leukocytes. CD11a,
t h esubthit of LFA-1, which is a ligand for both ICAM1 and ICAM3, which may
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augment the interaction between LHAand ICAM1 was also increased, although to a

lesser degree. As well as playing a role in leukocyte adhesion, interactions between LFA

1 and ICAM1 have oth@mportant roles including mediatingBand T cell activatiof®.

LFA-1 on mononuclear cells has also been shown to accelerathTGF nduced r e
epitheliakmesenchymal transition in renal cétfs a pathological process implicated in

renal disease in FB

5.6.2 Leukocyte adhesion in GD

No differences were seen in monocyte adhesion in GD and only a slight increase in two
adhesion molecules (CD11a and CD50) was seen on CD14+ monocytesnd GD40d

( t hseburtit of VLA4) and CD62L on lymphocytes. Whilst GD has traditionally been
considered a macrophagentric disorder, recent studies of the bone marrow
microenvironmer#® as well as animal studi®suggest that abnornitiés also occur in

other cell lineages. The role of ICAMS is lessll defined than that of ICAMA&nNd it

may be more important in signalling between leukocytes in inflammation than in cellular
adhesion. Itis important in the activation of both lymphegy® and polymorphonuclear

cells (e.g. granulocyte®f but has also been implicated in macrophage phagocytosis of
leukocyte€®l. VLA -4 is important in the homing of lymphocytes to lymph nodes and bone
marrow. It is also implicated in the pathogenesis of myeféhparticularly of bone
disease bymmoting osteoclast activiti?. The pathogenesis of bone disease in GD and
the mechanisms underlying the increased risk of myeloma are poorly understood. The
altered pattern of lymphocyte adhesion molecule expression seen in this study may
contribute to these disease procesatteough no differences were seen in expression of
these molecules in GD patients with and without gammopathies or bone disease in this

study.

5.6.3 Endothelial adhesion

Reductions in GBA or GLA activity did not alter adfescapacityor the expression of
ICAM1 or VCAM1,; the increased ICAM1 seen on leukocytes was not seen in the
endothelium. Studies on endothelial cells in FD have sugh&sb8 loading of the

endotheliumrather than GLA deficiency uggulates ICAM1 and VCAMT%L We did
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not replicate this finding tich could be for a number of reasons. These studies found
increased MRNA levels, but in the study where protein levels were also measured by
Western bldt* no difference was found. Mode of delivery of lipids may also make a
difference. In vivo glycoproteins predominately circulate complexed to lipoprotéins

and some studies have delivered lipids by complexing them to albumin, rather than
dissolving them in methanol. Lactosylceramide has been found to increase ICAM1
expression on endothelial célls but we did not replicate this finding.
Glucosylsphingosine increased RAW adhesion to activated endothelial cells and warrants

further investigation.

5.6.4 Experimental limitations

Endothelial cell model

Endothelial cells cover a vast surface area, lining all the blood vessels and lymgphatics
the body, developing different characteristics depending on the vascular bed and the
stimuli they received. In addition to this heterogeneity, laboratory study of endothelial
cells is challenging due to their tendency tediféerentiate and change ehotype in
culture, even at a low passage numbers. The use of a HW¥Eoma hybridoma
provided a more stable phenotyffebut the cells do lack some characteristics of HUVEC.
Whilst they do express VWF, they do not form characteristic Wéta&dde bodies; they
doupr egul ate I CAM1 and VCAMlin response to
being investigated in this study. Additionally HUVEC are macrovascular, being sourced
from the umbilical vein, whereas many of the disease manifestations of GD and FD occur
in the microcirculation. Sources of microvascular cells are limited, most commonly

sourced from the dermis, and have similar phenotypic instability to other endothelial cells.

A further limitation of the disease model was the effects of enzyme inhibition. Whilst
CBE almost completely inhibited GBA, it was not possible to achieve a similar level of
inhibition for GLA either pharmacologically or using shRNA. Additionally, these

methods do not reapitulate the disease state fully in vitro as there is no mutant enzyme

present. The GBA and GLA activity in endothelial cells of patients with GD/FD is not
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known and therefore it is uncertain whether sufficient inhibition was achieved
Measurement of intracellular glycosphingolipids (e.g. Gb3) to see if accumulation occurs
may be helpful. The most promising strategy to overcome all these limitations would be
the culture of primary endothelial cells from GD/FD patients and the velatnew
techniques of culture of blood outgrowth endothelial cells and induced pluripotent stem

cells may facilitate this.

Leucocyteendothelial adhesion

Cellular adhesion is a complicated process with multiple modifiers including circulating
cytokines ad other molecules, blood cells (erythrocytes and platelets as well as
leukocytes) and vascular tone. The functional assays in this chapter look at mononuclear
cells and endothelial cells in isolation, under conditions that may bear little resemblance
tothein vitro process. Only the functional adhesion of monocytes was examined although
flow cytometry suggested more marked abnormalities within the lymphocytes. Static
adhesion assays are commonly used in laboratory settings but the circulation isatiever s

and flow rate is an important modifier of adhesion.

Unavoidably, all GD patients and almost all FD patients had been commenced on ERT
prior to entry into the study. Samples were not collected whilst enzyme was being infused
and the extent to whicBRT might have affected the assay results is uncertain. In GD,
where treatment has been shown to be particularly efficacious for the visceral and
haematological manifestations of the disease, this may have masked potential correlations
with bleeding man#stations. The effect of ERT on bone disease is less well established
nor is it known if ERT reduces the risk of myeloma. Recombinant GBA is targeted to
cells via the mannose receptor which is expressed on cells of the memaxyt@phage
lineage but notymphocytes which may explain in part why abnormalities in adhesion
molecule expression in GD were most marked in lymphocytes. The efficacy of ERT in
FD remains to be established; patients continue to develop new disease complications (e.g.

stroke) despe receiving ERT.
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5.7 Conclusion

Investigation of leukocyte adhesion revealed andependent increase in monocyte
adhesion in females with FD, with correlations with renal and cardiac but not
cerebrovascular disease, but the main abnormalities found wehe iexpression of
adhesion molecules on lymphocytes in both GD and FD. In both disorders, increased
| evel s -subtinit af hF&1 dnd ICAM3 were found with additional increases in

| CAM1 i n FdbuaitoiVLA4hneGD.UThese abnormalities mayibelicated

in organ involvement seen in these disorders, particularly bone disease in GD and renal
abnormalities in FD. Further investigation of lymphocytes within GD and FD, both to
examine the mechanisms for the increased antigen expression (e.gnecydoHipid
abnormalities) and to understand the functional impact of these abnormalities may shed
new lights on to these disease processes. No abnormality in endothelial function was
found in these experiments, but there were marked limitations ofnithetheslial cell

model and further exploration using either microvascular cells or primary endothelial cells

from FD patients may be more fruitful.
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Chapter 6 Cellular support of coagulation in Fabry and Gaucher

6.1 Introduction

Coagulation encompasses the pathwayslieebin blood clot formation and dissolution

and their regulation. Under normal physiological circumstances, these pathways are
tightly regulated so that clot formation is rapid but localised to sites of vessel injury and
that, once the vessel wall defestrepaired, clot dissolution occurs and normal vessel
patency returns. Abnormalities in any of these haemostatic pathways (procoagulant,
anticoagulant or fibrinolytic) can result either in unintended bleeding or inappropriate

thrombus formation.

As demonstrate in Chapter 3, bleeding is a common symptom in the presentation of GD
and is predominately mucocutaneous in nature. Whilst bleeding maybe contributed to by
thrombocytopenia, bleeding manifestations are often out of proportion to the reduction in
platelet count. Decreased platelet aggregation in response to low dose agonists has been
reported in a number of studtés'*but the mechanisms underlying this remain unknown.
Coagulation factors have also been shown to beedsed (se€able 1-11), with variable
decreases in coagulation factors found in different studies, and with abnormalities in
anticoagulant pathways and fibrinolysis also being reported. These findings point to a
more global dysfunction across the coagulation pathways and it has been hypothesised

that chronic activation of coagulation is responsible forthis

Conversg}, some of the end organ complications of FD have been attributed to
inappropriate  microthrombus formation. Whilst this is most obvious within the
cerebrovascular system, microvascular disease akin to that seen in metabolic disorders
such as diabetes aralso sickle cell disease, might contribute to development of
proteinuria and cardiac conduction defects. These disease manifestations may be present
at diagnosis but may also develop following institution of enzyme replacement therapy,
particularly as pants age. Investigations of a haemostatic defect within FD to date have
predominately focused on the protein C anticoagulant pathway, but increased soluble
tissue factor has been found in some stugiesTable 1-10).
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6.1.1 Purpose of this chapter

This chapter explores the role of cellular components of the blood (monocytes and
platelets) and thendothelium insupporting generation of thrombinthe final effector
enzymeof the coagulation cascade. As well as converting fibrinogen to fibrin, thrombin
activates platelets and also activates the protein C anticoagulant pathway and stimulates

release of pr@ngiogenic cytokings®

Monocyte tissue factor expression and procoagulant activity

Tissue factor (TF) is an important activator of thrombin formation. Intravascular tissue
factor is mostly expressed on myeloid cells, particularly mono®ytelluch of the tissue

factor expressed on the cell surface is thought to be encriyptedn inactive fom?5¢,

with activation (e.g. rise in cytosolic calcium) required for full activai¥n In this

chapter the ability of monocytes to initiate coagulation is investigated by measuring
expression of tissue factor on the cell surface and by a procoagulant activity assay to assess

the ability of monocytes to initiate plasma coagulation.

The platelet membrane in haemostasis

Following vessel wall injury, macromolecules such as collagen become exposed on the
subendothelial membrane allowing circulating platelets to adhere. Following adhesion,
platelets become activated and clump togetherdgremate) at the site of injury to form

the primary platelet plug. Platelet activation also results in exposure of anionic
phospholipids, preduinately phosphatidylserinén the outer membrane of the platelet,

on which the enzyme complexes of the coatyuecascade form. Thrombin produced by

the coagulation cascade acts as an additional platelet activator. In quiescent platelets,
phosopholipids are asymmetrically distributed over both leaflets of the plasma membrane,
with PS almost exclusively locat@udthe cytoplasmic leaflet. On platelet activation, when
intracellular calcium increases, a scramblase, which facilitates movement of
phospholipids between the membrane leaflets is activated. Concomitant inhibition of an
aminophospholipid translocase peats movement of surface PS back to the inner leaflet,

resulting in accumulation of PS in the outer leaflet. This process is called the platelet
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procoagulant response, although the exact pathways leading to its activation are not fully

understood.

This fluidity of the phospholipid membrane depends on its lipid composition, including
cholesterol content (cholesterol reduces movement), fatty acid composition and saturation
of phospholipid. Whether altered glycosphingolipid composition alters this membrane
fluidity and activation of the platelet procoagulant response not known. This chapter
examines the ability of platelet to support thrombin generation in the presence of patient
plasma, using platelet rich plasma and the platelet membrane procoagulanseasging

a prothrombinase assay in which phospholipid procoagulant activity is thinmdibeg

factor for thrombin generation.

The endothelial cell membrane in coagulation

As well as its role in cellular adhesion, the endothelial cell membraneaaysportant

role in haemostasis, having both anticoagulant and procoagulant properties. Quiescent
endothelial cells provide an anticoagulant surface with additional procoagulant properties
acquired on activation of tidnefthe anttcoagutaet! i u m
protein C pathway takes place on the endothelial cell membrane, where the endothelial
protein C receptor (EPCR) is the key receptor regulating the activity of activated protein
C. The APC pathway has been implicated in diseaseepses beyond thrombosis
including inflammatio’®® and ischaemic strok®. Physiological activation of protein C

by thrombin occurs on the surfacé endothelial cells, involving two EC membrane
receptors: EPCR and thrombomodéith Thrombin binds to thrombomodulin which
promotes activation of PC by thrombin. Localisation of protein C to the EC surface by
the EPCR enhwmes this reactioh. APC inactivates Fva and FVllla effectively
terminating thrombin generation. Abnormalities of the APC pathway have been reported
in both GO*°and FO3®2. This chapter investigates whether endothelial dysfunction as a
result of enzyme deficiency and/or lipid loading results in abnormal thrombin generation

on the endothelial surface.
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6.2  Hypotheses

1. Monocytes from FD and GD have increased tissuwtofaexpression and are
procoagulant.Rationale tissue factor expression is induced by -pritammatory
cytokines. FD is associated with a procoagulant state and laboratory studies in GD suggest
that chronic activation of coagulation occurs.

2. The platelet membrane in FD and GD has altered procoagulant capacity.
Rationale glycosphingolipid accumulation within lipid rafts in the platelet membrane
may also membrane dynamics required for assembly of coagulation enzyme complexes

(e.g. the prothromhbhase complex).

3. The endothelium in FD is procoagulant and supports increased thrombin
generationRationale microvascular lesions occur in FD and have been hypothesised to

be due to impaired regulation of the procoagulant pathway.

6.3  Methods and assay dexdopment

6.3.1 Monocyte tissue factor procoagulant activity

Monocytes express tissue factor on the cell surface, which is present at low levels in un
stimulated cells. This tissue factor can be used to initiate coagulation of citrated plasma
following re-calcification. A coagulation assay, sensitive to very low levels of tissue
factor was developed whereby tissue factor is theliraténg factor and the source of the
tissue factor is added cells; the methodology is detail@dlihl This assay assesses the
ability of cells to support thrombin generation via TF/FVlla initiated coagulation. The
assay uses a KC4 coagulometgth a mechanical end point. The reaction occurs in a
cuvette containing a metal bddearing. When the reaction mixture is fluid, a magnet
holds the batbearing on its base point whilst the cuvette rotates. As a fibrin clot forms,
the fibrin stops th balltbearing moving and it is moved away from the magnet as the
cuvette rotates; this loss of contact stops the clock and gives the coagulation time.
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Assay development and validity

A standard curve was constructed using serial dilutions of a thromboplast
(Recombiplastin, Diapharma) to initiate coagulation. Serial dilutions, down to a dilution
of 1 in 64000 of Recombiplastin were made, using-H®&-1%BSA buffer as the diluents,
demonstrating the sensitivity of the assay to small amounts of tissoe fseeFigure

6-1). A standard curve was constructed with a 1 in 1000 dilution of Recombiplastin being

allocated an arbitrary value of 100 units of tissue factor.

Increasing concentrations of monocytes resulted in a decrease in the coagulation time,
consistent with an increased amount of a procoagulant factor being present on the cells.
Serial dilutions of RAW 274.1 did not initiate coagulation; whilst murine mytesc
express tissue factor, murine tissue factor is unable to activate human Wi
demonstrates that it is a specific factor present on human monocytes which activates
coagulation rather than just the presence of a large number of cells. Fromniheytao
dilutions, a concentration of 1xi@er cuvette of monocytes was chosen for the assay,

being on the slope of the curve.

Surface expression of tissue factor was measured using flow cytometry, with the same
gating strategy as describedbid.2 This confirmed that tissue factor was only expressed
on CD14+ monocytes and the mean fluorescent intensity of the bound tissue factor

antibody was measured.
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Figure 6-1: Development of tissue factor procoagulant activity.A: Effect of
concentration of recombiplastin on coagulation time; 100% represents a 1:100 dilution of
recombiplastin; B: Effect of monocyte concextion on coagulation time. C:Effect of use

of EDTA for blood collection on coagulation time. D: Effef RAW 264.7 cells on

coagulation time.
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Figure 6-2: The prothrombinase assayA: the prothrombinaseomplex which forms on
the surface of activated platelets, converting prothrombin to thrombin. B & C: when FXa,
FVa, calcium and prothrombin are added in excess, the rate of thrombin generation is

dependent on the amount of phospholipid reagent added.
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6.3.2 Platelet assays

Patients who were known to be taking gpititelet agents (e.g. aspirin, ibuprofen) were
excluded from these assays. Citrated whole blood was collected and centrifuged to yield
platelet rich plasma (PRP). As well as measuring the plateleit for the assays, the
platelet size parameters were recorded: mean platelet volume (MPV), platelet distribution
width (PDW) and platelet large cell ratio, degure 6-5.

6.3.3 Platelet rich plasma thrombin generation

Thrombin generation assays, using a calibrated automated thrombogram were performed
using standard methodology as describe2l1i.2 Thrombin generation is considered a
global haemostatic assay which is affected by both the procoagulant and anticoagulant
potential of a sample by measuring real time thrombin genef&tiofhearea under the

curve gives the total amount of thrombin generated (endogenous thrombin potential) and
the peak thrombin, the maximum thrombin at any firaee recorded. Two time
parameters are also measured: the lag tithe time period before measuralthrombin

is generated and the time to reach peak thrombin generation.

Utilising PRP, the platelets provide the phospholipid surface required for thrombin
generation whilst the plasma contains the necessary coagulation factors with the reaction
being intiated by the addition of 1pM tissue factor and calcium ions. PRP thrombin
generation is reduced in patients with platelet function defects and has been found to be
increased in over half of patients following a strdReln this study PRP thrombin
generation was performed to see if there was a qualitdifference in the ability of
platelet to support thrombin generation. Therefore the platelet count was adjusted to be
identical in all samples using platelet poor plasma. Platelet counts of Phakand
100x10/L were selected to see if thrombin geriena was impaired at lower platelet

counts as encountered in GD.

6.3.4 Prothrombinase activity
The prothrombinase assay is designed to assay the procoagulant activity of the platelet

membrane. The prothrombinase complex consisthefserine proteaseXa and is
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cofactor FVa and calcium ions assembled on the phospholipid membrane of platelets and
converts prothrombin to thrombin (s€éeégure 6-2). When FXa, FVa, calcium and
prothrombin are added in excess, phospholipid becomes tHendieg factor. This was
confirmed using a phospholipid reagent, Bell and Alton platelet substitute at a range of
concentrations and the full method is desatibe2.11.4

To remove plasma coagulation factors, platelets from PRP were washed, using an
acidified buffer to prevent platelet activatféf) and then resuspended in TrisICI-0.1%

BSA buffer at concentrations of 100X10 and 50x18/L, selected to ensure that the
platelet phospholipid membrane was the 1latating factor of the reaction (confirmed in
Figure 6-7).

6.3.5 Endothelial thrombin generation

The EAhy endothelial model describén Chapter 5 was used to investigate thrombin
generation on the endothelial surface. This cell line has previously been used to study
endothelialdependent thrombin generation using the calibrated automated
thrombograrm’®. Under basal conditions EAhy cells exprés®mbomodulin and EPCR

and activate protein T, they also express |l ow | evels
stimulatiorf””. Increased levels of tissue factor serve to increase the rate of thrombin
generation (increasing the amount of thrombin generated and speeding up the time course

over which this occurs) whilst increased activation of APC has the opposite effect.

Assay development and validity

Under basal conditions, thrombin generation occurs slowly with a small endogenous
thrombin potenti al and peak thrombin. Ac
thrombin generation, almost halving the lag time and doubling the endogenous thrombin
potental (seeFigure 6-3), supporting the presence of an inducible procoagulant response

by endothelial cells. There was little difference in thrombin generation ovearige of

doses of TNFU assessed in control studi es

i nduced by relatively | ow concentrations o
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To assess the effect of excess glycosphingolipids and reduced enzyme activity on

thrombin generation, cellsei t her nor mal EAhy or cel tr
targeting GLA) were incubated with 10&eM co
that are implicated in each disease were utilisedi FE1P, Gb3, lysoGb3; GD S1P,
GSP and LGs describé in5.4.4
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Figure6-3: Ef fect of TNFU and cell coCellswenet rati o
seeded at 20 000 @0 000 per well and cultured for 7 days. They were activated with a
range of concentrations of TNFU for 6 hour
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6.4 Results

6.4.1 Monocytes and tissue factor
The monocyte tissue factor assays were performed on the same sasrtpkesnonocyte
adhesion assays and the patient charestics are detailed ifable 5-3. The mean tissue

factor expression and activity of the different patientysatons is shown ifable 6-1.

Table 6-1: Monocyte tissue factor expression and activity

Control Gaucher Fabry
No. patients 21 20 29
TF MFI 68.72 +41.14 94.18 +61.68 74.26 £51.59
TF activity (arbitrary| 12.70 +5.38 10.26 +5.03 12.23 +6.67
units TF)

There was no difference in tissue factor expression, as measured by median fluorescent
intensity, on monocytes between patients with GD, FD or healthy controls (p = 0.25).
Two patients with GD and one patient with FD had much higher MFI than the otirers, f
reasons that are unclear. The two GD patients are brothers, one of whom presented with
pancytopenia, splenomegaly and a paraprotein with a past history of avascular necrosis.
The other brother was diagnosed following the diagnosis in his siblingcasdhdt have

bone infarcts or a paraprotein; both are receiving ERT. The main disease manifestations
in the FD patient relate to renal disease, but two other patients with lower GFRs had tissue
factor MFI in keeping with those of the rest of the cohéitthree patients had no history

of thrombotic events (arterial or venous), a normal coagulation screen and noermal D

dimers; none of these had increased tissue factor procoagulant activity.

There was no difference in the TF procoagulant activity of maesdyetween different
patient populations (p = 0.31). There was no correlation between TF procoagulant activity

and TF expression on monocytes (Begire 6-4).
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6.4.2 Platelets

The denographics of the patients recruited for the platelet studies are shdabl@6-2;
all patients were receiving ERT. Both PRP thrombin generation and the prothasmb
assay were performed on each sample. There were no differences in platelet size

parameters between the patients groupsKepee 6-5).

Table 6-2: Patients recruited to platelet studies and platelet parameters (mean +SD)

Control Gaucher Fabry
No. 8 7 8
Age (years) 33.0 (2252) 46.0 (2263) 42.0 (2453)
M:F 4:4 34 5:3
MPV (fl) 9.91 (+0.48) 10.3 (+1.02) 9.67(+0.79)
PDW (fl) 10.02 (+0.91) 11.94 (+2.12) 10.30 (+1.65)
P-LCR (%) 23.66 (+4.10) 27.83 (8.71) 21.21 (£7.49)

Platelet rich plasma thrombin generation

The results of PRP thrombin generation are showrabie 6-3. There was no difference

in thrombin generation parameters between the three patient groupgy{sess-6). The

lag time was longer in FD patients, which was of borderline significance, possibly due to
the small sample size, which would suggest initiation of thrombin generation was slightly

delayed in these patients but without alterations in tla aobount of thrombin generated.

Table 6-3: PRP thrombin generation parameters (meanSD)

Parameter Plt (x10%L) Control Gaucher Fabry One-way
ANOVA p
value

Endogenous | 150 13951591 1507+£319.1 17271516 0.41

thrombin

potential (nM)

100 1575560 1247+267.8 1354+541.6 | 0.87

Peak thrombin 150 88.46+36.86 | 108.5+88.5 119.9+56.1 0.36

(nM)

100 94.96+33.45 | 84.84+14.33 | 117.8+77.8 0.47

Lag time (min)| 150 9.23+2.24 8.78+2.71 11.62 +2.47 | 0.08

100 9.50+2.42 8.56+3.68 12.32+4.0 0.12

Time to peak| 150 18.93+4.16 17.88+4.86 19.12+3.73 0.84

(min)

100 19.08+4.70 18.19+6.97 20.63+3.35 0.68
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Prothrombinase activity

The results of the prothrombinase assay are showialie 6-4 andFigure 6-7; as the
results were not normally distributed the results are expressed as medidmevd8v5
percentile range stated; Mahvihitney U tests were performed to establish the
significance of differences between GD/FD groups and controls. Across all parameters
and platelet counts, the median prothrombinase activity was higher in FD ptitaanis
controls or GD. There was an increase in the rate of thrombin generation of borderline
significance at both a platelet count of 100¥ILqp = 0.083) and 50xPIL (p = 0.049).

The increase in amount of thrombin generated was significant at eleplabunt of
100x10/L (p = 0.01) but not 50xFL (p = 0.43).

Table 6-4: Prothrombinase assay results (median and 235% percentiles)

Parameter Platelet count| Control Gaucher Fabry

(x10°/L)
Rate of| 100 1.24 (0.721.84) 1.26 (0.871.81) 2.27 (1.743.24)
thrombin 50 0.80 (0.580.94) 0.59 (0.450.82) 1.04 (0.761.68)
generation Ratio 100:50 | 1.88 (1.332.27) 2.14 (1.952.35) 1.84 (1.542.76)
( pOD/ s e
Maximum 100 522.5 (264.3642.8) | 508.0 (357.6637.0) | 690.0 (621.3801.5)
thrombin 50 330.0 (236.3426.8) | 242.0 (172.e281.0) | 373.5 (336572.0)
generated Ratio 100:50 | 1.39 (1.161.80) 1.81 (1.292.86) 1.63 (1.162.05)
(OD)
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6.4.3 Endothelial cell thrombin generation

Gaucher endothelial model

To establish whether enzyme deficiency, glycosphingolipid excess or the presence of both
conditions altes the ability of endothelial cells to support thrombin generation in GD,

cells were cultured wittspecific glycosphingolipids (S1P, GSP and LacCer) in the
presence or absence of CBE. The results are shohabie 6-5 andFigure 6-8; due to

the multiple comparisons performed a Bonferroni correction was applied so that results

are considered significant if P<0.005. Addition of glycosphingolipids to untreated EA.hy

cells did no alter their ability to support thrombin generation. Lipid loading with
glucosylsphingosine of cells treated with CBE increased thrombin generation, particularly
aft er T NF Uinceasing thve &TPiandpeak thrombin and the speed of thrombin
geneation. Sphingosind-p hosphate | oading al so had a si
CBE treated cells. Lipid loading with lactosylceramide of CBE treated cells did not alter
thrombin generation, except for anoni ncrea

although this increase was less than that seen with GSP or LacCer.
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Table 6-5: Endothelial cell thrombin generation - Gaucher cell model

Measured | EAhy Lipid WT CBE P values(t test)
parameter | activation | addition
Mean £SD | Mean £SD | Lipid vs. | Lipid vs. | CBE vs.
vehicle vehicle WT
(WT) (CBE)
ETP (nM) | Basal Vehicle | 255+50 222.5+38.5| - - 0.42
S1P 165131 214.5+0.5 | 0.06 0.74 0.06
GSP 349+17.5 | 331.0+11 | 0.04 0.009 0.20
LacC 210.5+53.5| 176483 0.35 0.43 0.58
TNFU | Vehicle | 477.5+9.5 | 522.5+34.5] - - 0.18
S1P 621+12.5 | 73046 0.006 0.003 0.06
GSP 730156 699.5+16.5| 0.024 0.001 0.41
LacC 638.5+67.5| 542+26 0.079 0.47 0.10
Peak Basal Vehicle | 16.73+2.51| 15.45+2.43] - -
thrombin
S1P 11.6+1.81 | 13.86+0.27| 0.05 0.32 0.56
GSP 23.62+2.38| 26.46+3.48| 0.026 0.01 0.10
LacC 14.23+3.42| 11.0345.5 | 0.37 0.27 0.31
TNFU | Vehicle | 32.49+4.46| 33.30+1.04/ - - 0.44
S1P 44.08+4.18| 51.30+1.71| 0.030 <0.0001 | 0.77
GSP 44.0245.47| 56.82+0.15| 0.047 <0.0001 | 0.05
LacC 43.42+2.77| 43.52+0.13| 0.022 <0.0001 | 0.95
Lag time Basal Vehicle | 38.5+4.83 | 36.5+1.83 | - - 0.53
S1P 44.5+3.17 | 35.83+0.17| 0.15 0.56 0.0091
GSP 24.67+2.83| 26.33+1.67| 0.01 0.002 0.43
LacC 43.33+3.33| 29.00+2.33| 0.23 0.11 0.0036
TNFU | Vehicle | 9.50+0.83 | 8.00+0.33 | - - 0.04
S1P 7.67+0.67 | 6.50+0.17 | 0.04 0.002 0.04
GSP 8.17+0.5 7.67+0.33 | 0.08 0.29 0.22
LacC 7.67+1.67 | 7.50+0.17 | 0.16 0.08 0.87
Time to| Basal Vehicle | 45.17+4.5 | 42.67+1.67| - - 0.42
peak
S1P 52.17+2.83| 43.0+0.67 | 0.08 0.77 0.006
GSP 31.33+2.50| 31.83+0.5 | 0.01 0.0004 0.75
LacC 51.0+3.33 | 35.67+4.0 | 0.14 0.05 0.007
TNFU | Vehicle | 16.67+1 14.67+0.33] - - 0.03
S1P 14.33+0.5 | 13.0+0.33 | 0.02 0.003 0.02
GSP 15.17+0.5 | 13.17+£0.17| 0.08 0.002 0.002
LacC 14.0+2.33 | 13.33+0.33| 0.14 0.008 0.65
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Fabry endothelial model

Endothelial cells containing shRNA either targeting the GLA gene or a scrambled, non
targeting control were cultured for seven days in the presence/absence of
glycosphingolipids (S1P, Gb3 and lysoGb3). Neither decreased Gtiity nor
glycosphingolipid loading altered the ability of endothelial cells to support thrombin
generation (se&able 6-6 andFigure 6-9). Peak thrombin was increased in FD2 cells
loaded with Gb3 compared to those cultured with methanol vehicle only, but there were

no differences in other thrombin generation parameters oeiR@5 cells.
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Table 6-6: Fabry endothelial cell model thrombin generation

Parame |EAhy Lipid Scr FD2 FD5 P values
ter activation
mean+SD |mean+SD |mean+SD |Lipid vs.|Lipid |Lipid |FD2 vs|FD5
veh Scr |vs. vehvs.veh|Scr vs. Scr
FD2 |FD5
ETP Basal Vehicle |292.5+42.1 (295.04+23.5|323.5+29.75- - - 0.93 0.36
(nM)
S1P 360.0+16.8 |377.5+15.3|339+43.1 |0.06 0.007 |0.64 |0.25 0.48
LysoGhb3 |279.0+23.4 |327.1463.5 |345.5+16.2 |0.65 0.46 |0.32 |0.28 0.02
Gb3 330.5+32.1 |338.0+16.2 |363.5+32.4 |0.28 0.06 [0.19 |0.74 0.28
TNF U |Vehicle |577.0+89.5|559.0+41.5|640.5+62.1 |- - - 0.77 0.37
S1P 649.0+30 |670.54+85.5|729.0+38.5 |0.26 0.11 |0.10 |0.70 0.05
LysoGb3 |746+22.5 |707.0+27 |614.5+42.0|0.03 0.007 |0.73 ]0.13 0.02
Gb3 561.0+69.5 |688+62.5 |696.0+25 |0.81 0.04 |0.22 |0.08 0.03
Peak |Basal Vehicle |11.97+1.75(10.96+0.39|10.91+1.01 |- - - 0.38 0.41
thrombi
n
S1P 12.20+0.4 |11.09+1.63 |14.98+3.07 |0.83 0.89 |0.09 |0.32 0.19
LysoGhb3 |13.83+3.96 [15.07+3.36 |14.63+1.23 |0.50 0.10 |0.01 |0.70 0.76
Gb3 10.88+1.59 |10.58+1.06 |13.32+0.34 |0.46 0.59 |0.02 |0.80 0.06
TNF U |Vehicle 27.39+0.65 [32.90+5.24 |- - - 0.93 0.17
S1P 37.64+3.61 |33.99+0.83 |0.001 |0.008 |0.74 |0.68 0.005
LysoGh3 42.21+2.63 |34.32+1.32|0.044 |0.00070.67 |0.009 |0.39
Gb3 38.58+1.06 |36.24+3.32 |0.43 <0.0040.40 |0.31 0.05
1
Lag timgBasal Vehicle |37.5t6.5 |43.17+1.5 |34.67+5.24 |- - - 0.21 0.59
S1P 28.0+4.76 |38.67+3.67(29.83+6.5 |0.11 0.12 |0.37 |0.04 0.71
LysoGh3 |34.33+2.33 |39.714+2.33 |28.88+3.0 |0.47 0.09 |0.17 |0.05 0.07
Gb3 36.5+13.83 |42.674+21.6728.67+2.33 |0.92 0.97 |0.14 |0.70 0.39
TNFU |Vehicle [9.17+0.83 [9.52+0.3 [9.86+0.5 |- - - 0.52 0.29
S1P 8.83+0.83 [9.19+0.83 |8.37+0.5 |0.64 0.55 |0.02 |0.62 0.46
lysoGb3 [8.5+1.13 |9.36+1 8.19+0.3 |0.45 0.80 |0.008 |0.38 0.67
Gb3 9.5+0.5 8.33+0.3 [10.17+0.83|0.59 0.08 |0.61 |0.026 |0.30
Time toBasal Vehicle |31.39+0.65 (37.39+1.5 |32.23+2.51 |- - - 0.003 |0.60
peak
S1P 33.71+0.23 |34.7244.01 |33.22+3.84 |0.004 |0.34 |0.73 |0.69 0.84
LysoGb3 |29.67+3 34.39+0.67 |34.39+0.84 |0.39 0.03 |0.23 |0.06 0.06
Gb3 31.13+0.83 |32.884+2.17 |31.39+0.67 |0.74 0.04 |0.61 |0.27 0.74
TNF U |Vehicle [14.17+0.83(15.70+0.67 [15.37+0.67 |- - - 0.07 0.12
S1P 14.17+1.50 |16.87+0.84 |14.39+0.33 |0.99 0.13 |0.09 |0.05 0.82
LysoGb3 |13.80+1.5 [16.37+0.3 |15.20+0.17 |0.73 0.19 |0.69 |0.04 0.18
Gb3 15.17+0.83 |16.87+0.84 |14.53+0.84 |0.21 0.13 |0.25 |0.06 0.40
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6.5 Discussion

6.5.1 Monocyte procoagulant activity

No differences were found in tissue factor expression or procoagulant activity in patients
with GD or FD compared to controls. Tissue factor expression has not previously been
studied in GD. Whilst plasma coagulation abnormalities are common at bassline,
shown in Chapter 3, they improved markedly following enzyme replacement therapy. The
patients studied were all receiving ERT and therefore it may be possible that any
abnormalities in monocyte procoagulant activity that are present in untreatecediseas
respond to ERT. Increased plasma soluble tissue factor was found in two studies of FD

patients®17%put only in males and was associated with renal failure.

Assay limitations

There was no association found between tissue factor expression and monocyte
procoagulant activity which may be due to limitations of both the methodological
approach and the procoagulant assay itself. Freshly isolated monocytes were used for the
procoagulant assay, which represent stestdie circulating monocytes. Membrane tissue
factor is predminately in an encrypted, inactive form. Monocyte TF activation is induced
by proinflammatory stimufi’® and therefore the procoagulant activity of circulating
steadystate monocytes, is likely to be much less than their tissue aqtoession would
suggest. Further assays could potentially be performed, activating monocytes with
cytokines to assess if there were differences in TF activation between patient populations
i although the no difference in surface expression of TF wagifo

The procoagulant activity assay may also be too insensitive to detect differences in
procoagulant activity of steaestate monocytes. The assay end point relies on fibrin clot
formation and although the assay was sensitive to very low concentrations of
thromboplastin, monocyte support for coagulation is more complex. As well as TF
expression, monocytes can also support thrombin generation by direct activation of FXa.
FX binds to the Mad receptor (CD11b/CD18), triggering release of cathespin G which
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directly activates FX to FXa. Additionally, monocytes express tissue factor pathway

inhibitor which binds and inactivates TF.

6.5.2 Platelet support for thrombin generation

There were no significant differences in platelet size parameters from which it was
concludel that a similar amount of platelet phospholipid was available in sample for the
functional platelet assays. There was no difference in thrombin generation in PRP
between the patients group, although there was considerable variation within all groups.
The prothrombinase assay suggests that the procoagulant response may be increased in
patients with Fabry disease in the small group of patients assessed. Gb3 is synthesised by
megakaryocytes and found in the membrane of platéletévhether platelet membrane

lipid composition is altered in platelets is not known and warrants fuirtkestigation.

An increase in procoagulant activity should be confirmed on a larger sample size and by
additional assessment by a tenase activiggsessing the ability of platelets to support

FXa generabin which is also dependent on phosphatidylsezkposure.

Assay limitations

The study of platelet function presents a number of challenges. Platelet function can be
affected by a wide range of drugs, especially asftithis poses particular problems in

the study of FD patients, many of whom take aspirin or other cardiovascular medications
which can affect plateldunction. This limits the patients who can be studied and may
bias towards more mildly affected patients. Whilst attempts were made to exclude patients
taking medications known to affect platelet function, it is possible that food substances or
over thecounter medication may have been taken which would affect platelet function.
The manual sulsampling method of the prothrombinase assay also limits the number of

samples which can be tested on any one occasion.

6.5.3 Endothelial cell thrombin generation
Neither decreased GBA nor GLA activity on its own resulted in changes in thrombin
generation. Lipid loading of cells treated with CBE to inhibit GBA resulted in increased

thrombin generation when cells were loaded glucosylsphingosine or sphingesine
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phopshateb u t only after endot hel i al activat.i
lactosylceramide. Previous studies of the effect of glycosphingolipids on thrombin
generation are limited. A single study of platelets found that GSP inhibited platelet
thrombin genation whilst S1P had no effect, but this study only incubated the platelets
with the lipids for 5 minute§®. The fact that thrombin generation is enhanced only in the
presence of both lipid loading and CBE suggests that impaired lipid degradation is
required for this effect and that this creates an environment in which the procoagulant
properties bactivated endothelial cells are enhanced. This could be further investigated
by investigating different aspects of thrombin generation in isolation (e.g using FXII
deficient plasma to look at contact activation or an-&Rtantibody to look at the efté

of tissue factor) to see if increased thrombin generation could be attributed to one part of

haemostasis.

Assay limitations

The general limitations of the endothelial cell model have been discussé&dinwWhilst

EA.hy cells have been used to model thrombin generation and to detect abnormalities in
contact activatiof® and the protein C anticoagulant path#f3ybeing a hybridoma of
HUVEC and lung adenocarcinoma they are likely to be difference in the haemostatic
properties between these cells and the plethora of endothelial cellsifouna. In
particular, further investigation utilisjpmicrovascular endothelial cells, likely to be the

sites of inflammation within GD, may provide more physiologically relevant information.

6.6  Conclusions

No differences were found in tissue factor expression or the procoagulant activity of
monocytes from pants with GD or FD, suggesting that monocyte tissue factor is
unlikely to be important in vascular disease manifestations in these disorders. FD but not
GD is associated with an enhanced procoagulant response on the platelet membrane in the
small samplstudied to date. This may be of particular importance as many of the vascular
features of FD are thought to arise in the microvasculature where platelets play an
important role in coagulation. The potential contribution of platelets to the disease

manifestations of FD is not well understood but clinically important. Should the finding
224

(0]



of increased procoagulant response be confirmed in further studies then the next question
would be whether this is modified by aplatelet agents and, by implication, wiher
there is evidence to support their use in patients with FD as either primary or secondary

prophylaxis.

Increased thrombin generation by Gauelilex endothelial cells following their activation
would be consistent with the hypotheses from otheiliessittiat coagulation abnormalities
are due consumptive consequent on chronic activation of coagtitltma that some

disease manifestations might be due to avascular thrombosi&’
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Chapter 7 Discussion

This project has established the importance of vascular events in the pathology of both
GD and FD and undertaken initial laboratory investigations into the potential mechanisms
underlying these events. Detailed description of the GD &necbRorts at the Royal Free
hospital highlights the complexity and heterogeneity of these disorders. This chapter sets
these findings in the broader context of research in the lysosomal storage disorders field,
discussing new insights into and the pathmges of FD and GD and potential future
investigative directions whilst also discussing the limitations of the methodological

approach taken.

7.1  Vascular features in the clinical presentation of FD and GD

7.1.1 Vascular manifestations are important presenting feattes of FD and GD
Within this project, the major vascular manifestations explored were bleeding symptoms
in GD and, in FD, critical organ events that are believed to have at least in part an

underlying vascular mechanism, namely stroke, renal disease rainaccarhythmias.

Bleeding symptoms are common in the presentation of GD, being the primary presenting
feature in 18.6% of patients (27.6% of symptomatic patients) and present in 54% of
patients overall at baseline, including poperative bleeding ir8%. Whilst platelet
counts are reduced, the lack of correlation between platelet count and bleeding severity
suggests other mechanisms come into play. The presence of low FXI activity in a
substantial number of patients at baseline, with significant mepnents following ERT
supports the presence of a disease related impairment of coagulation protein function.
Whilst it had been hypothesised that bleeding severity in GD would be correlated with
severity of disease manifestations in other organ syst#issyas not the case with the
methodological approach utilised in this study. The disease severity scoring syst&m used
was the one for which data was universally available for the cohort but this and the

measures of bone disease (BMB score and presence/absence of infarcts) may not be
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sensitive enough to detect a relationship between disease manifestations at a cellular/organ

level in different organs and haemostatic defects.

Vascular critical organ complications were common at presentation in both male and
female index cases of FD, Wwitardiac manifestations being the commonest presenting
features in both males and females. Stroke as a presenting feature was commoner in
females than males. The majority of FD patients were diagnosed following family
screening. Amongst males diagnosethis way, 21% already had cardiac complications

and 4% had suffered a stroke before diagnosis. Amongst females, the prevalence of pre
existing cardiac complications was lower (9%) than in males but the prevalence of stroke
was similar (3%). Whilst cebrovascular disease in men occurred in the presence of other
critical organ dysfunction in men, this was not the case in females. In addition to mutation
type, other cardiovascular risk factors appear important in the development of
cerebrovascular dissa in females. There were two females with stroke with no risk
factors and no other FD manifestations. Whether these patients have some other, as yet

unidentified, predisposing risk factor to stroke is unknown.

7.1.2 Improvements in diagnostic pathways are neged to reduce delays between
symptom onset and diagnosis

In both GD and FD, index cases experienced substantial delays between symptom onset
and arrival at the correct diagnosis. In both disease, the main reason was failure to identify
an underlying causéor the clinical feature (e.g. thrombocytopenia, neuropathic pain)

rather than migliagnosis. The potential reasons for this are numerous and include:
1. The wide differential diagnosis of presenting symptoms
2. The rarity of FD and GD
3. Lack of physiciarawareness of FD and GD

4. Relative physical welbeing of many patients at presentation
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The differential diagnosis of underlying causes of many of the clinical manifestations with
which patients with GD and Fpresents broad; amongst these many causesitidénce

of GD/FD is rare compared to more common conditions. How rare is unknown. The true
incidence of GD and FD is not known. Newborn screening studies suggest that the true
incidence of FD may be far higher than previously thotigparticularly for mutations
asseiated predominately with disease manifestations in later life. This is supported by the
data from the RFH cohort where there has been a marked increase in diagnosis of older
patients with predominately cardiac manifestations in recent years. Whilsosisgrf

GD is predominately fortuitous, usually being suspected following the finding of Gaucher
cells on bone marrow biopsy, such opportunities for diagnosis are rare in FD where
biopsies of affected organs are rarely performed. The presenting featygestshat for

FD, cardiologists, stroke physicians, dermatologists and paediatricians/paediatric
neurologists are key physicians amongst whom awareness of FD should be increased. The
longest delays in diagnosis, on average of 22.5 years, were amonpgatiéts whose

first symptom was pain, beginning in childhood or adolescence. They present a particular
diagnostic challenge and more research is needed on how best to improve the diagnosis
of these patients amongst whom the physical and psychologicsaquences of delayed

diagnosis can be substantfal

The availability of specific therapy in the form of ERT provides added impetus to reduce
diagnostic delays in symptomatic patients. Irreversible complications occuthirGBo

(e.g. avascular necrosis) and FD (e.g. cardiac fibrosis). There is some evidence to support
early initiation of therapy in reducing these complications int&Dbut this is not yet

available in FD.

7.2  Glycosphingolipids and enzyme defects: different effects in different cells?

The heterogeneity of clinical manifestations within FD and GD and the marked
differences in clinical manifestations between two disorders so closely linked on a
metabolic pathway raise important questions about the roles of glycosphingolipids and

their degradate enzymes within different cell types and organ systems.
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Lysosomes are intracellular organelles, ubiquitous in eukaryotic cells. The vast majority
of studies of cellular function in FD and GD have been performed on either fibroblasts or
peripheral bloodleucocytes and even basic knowledge regarding GLA and GBA
expression and activity in other human cell types in lacking. Whilst in type 1 GD
macrophages are the key cell implicated in disease pathogenesis, the range of cell types
thought to be importanhithe pathogenesis of FD is much broader, including podocytes,
cardiomyocytes and neurons. Perhaps further investigation of a broader range cell types
might help answer some of the following unanswered questions in FD and GD, which are
explored in furthedetail below:

Why patients with FD and GD accumulate lipids in different cell types?
Why do females develop clinical manifestations in FD?

Why do different mutations cause clinical disease manifestations in different organ

systems?

Do the small number atcurrent mutations in FD and GD indicate a founder effect or

survival advantage?

7.2.1 Do different glycosphingolipids and their degradative enzymes function
differently in different cells?
In GD, the glycosphingolipid which accumulates in macrophages ishhtue derived
predominately from phagocytosis of senescent erythrocyte mensbr&ha@boside is the
predominant glycosphingolipid in erythrocyte membratfesnd would be degraded by
GLA before degradation by GBA. It is therefore surprising that retientiothelial
manifestations do not occur in FD. Alphkhacetylgalactosaminidase (also known as
al pha gal actosi dase Bgalatomse rromrGh3naswell as thee t er
t e r miNraaetylgalhctosamine from sialoglycopepti@@sDeficiency of this enzyme
results in Schindl efestatnsdfiwkich mduee angiokestornd, i ni ¢
facial coarseness and neurodegeneration; lipid storage in endothelial cells is also reported.
The first two of these clinical features are shared with FD, but neurodegeneration is not a
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feature of FD, nor does FDnlike virtually all other LSDs have an infantile onset
neurodegenerative subtype. These observations raise the questions of a) whether
degradation of glycosphingolipids occurs by a single identical pathway in all cell types b)
whether excess of a partiau glycosphingolipid has a different effect on different cell
types?

7.2.2 What is potential pathogenic role of the mutant protein?

Our cohort data is in keeping with previous studies that clearly demonstrate that amongst
females heterozygous for @GLA mutaton, a substantial proportion develop clinical
manifestations of FD, but equally others live to old age with no evidence of clinical disease.
This raises the question as to why females develop clinical disease when their enzyme
activity is normal or only gjhtly reduced. Recently, it has been found GBAmutation
carriers have an increased risk of Parkinson disease. In bothsttessios there is the
guestionas to whether the presence of mutant protein from transcription of the abnormal
GBA/GLAgeneis disease causing or disease predisposing. Our clinical data from FD
suggests that in females, age and cardiovascular risk factors may play and important role
in the development of vascular manifestations. One hypothesis is Glaf autation
predispose to development of clinical manifestations (e.g. stroke, cardiac hypertrophy,

and arrhythmia) but that further factors are required for development of overt disease.

7.2.3 Are different mutations more pathogenic in different organs/ cell types?

GD has classally been divided into distinct subtypes with type 2 and 3 associated with
neurodegenerative disease. Homozygosity for the L444P isiatexbwith type 3 disease
whilstthe presence of at least one N370S mutation is considered protective. The particular
molecular significance of mutations at these sites is unknown. Data from our cohort
suggests that patients with the N215S mutation could be considered a distitygtesab

FD, predominately presenting with cardiac disease in the later decades oéllliexang

higher residual plasma enzyme activity. Why the heart, rather than other organs, is
predominately affected in these patients is not known. The asparagine at position 215 in
GLA is glycosylated and it may be that, as a result of alternative rgplicechanisms or

other postranscriptional modifications, this glycosylation is more important for structure
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or activity of GLA in cardiac tissue than in other organ systems. Little is known about
the regulation of the gene promoter region or alternaplieing of GBA and GLA in
different cell types and further exploration of this may help explain why some mutations
predispose to particular disease manifestations. The variation in enzyme activity, which
correlates with disease severity, amongst paienth the N215S mutations points to
additional factors other than the point mutation affecting enzyme level. Additionally, the
fact that a small number of patients with this mutation present with renal disease in the
absence of cardiac disease, oftea gbung age, suggests that other variables may affect
the cellular types in which the effects of the enzyme mutation clinically manifest.
Understanding the effect of a particular mutation at the molecular level would also be
particularly beneficial in FDwhere screening studies for FD have uncovered a high

prevalence o6GLA mutatiors of uncertain clinical significané¢&

7.2.4 Recurrent mutations: founder effed or survival advantage

Most mutations within FD are private and occur within a single or small number of
families. Within our cohort, 29 families, not known to be related, have the N215S mutation.
This has yet to be reported in other cohorts but raisampartant question. Is this
recurrence due to a founder effect, as has been proposed for recurrent mutations in GD
within the Jewish population, or does this mutation confer a survival advantage? Patients
with the N215S mutation within our cohort ovetadve less severe disease than patients
with other mutations but whether there is any survival advantage to heterozygotes to
account for its frequency is not known. Cell membrane glycosphingolipids have important
functional roles within the innate immursysteni®, with glycosphingolipieenriched
microdomains being important for phagocytosis. Whether alterations in

gl ycosphingolipid composition of <celll me mk
in GLA or N370S inGBAresults in improved functioning of the innate immune system

has not to date been investigd.

7.3 Abnormalities in blood-endothelial interactions
Both bleeding events and thrombotic events arise due to abnormalities at the blood

endothelial interface, caused by either abnormalities in components of the blood,
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abnormalities in the vessel wall o tmore complex alterations in the interactions between
the two (e.g. blood flow pattern). The methodological approach taken looked at aspects

of these processes in isolation and under static conditions.

7.3.1 Impact of ageing on abnormalities in FD

Previous stdies in FD had found increased levels of soluble adhesion madeioutee
plasma of FD patients (s@able 1-9) and one study had reported increased expression of
the adhesion molecule CD11b on the surface of monocytes in male piemte did

not replicate this finding but did find increased expression of CD11a, ICAM1 and ICAM3
on monocytes in FD. Level of expression of these molecules on ytesowas not
however correlated with functional adhesion of monocytes to tissue culture plastic under
static conditions, nor were they correlated with disease manifestations. This may be
because increased expression does not result in increased adbgsgignusmder basal
conditions or because of the limitations of the methodology used. Functional adhesion
activity of monocytes was increased in FD with clinically significant correlations between
adhesion and clinical parameters (disease severity, dogation and age) in females.
These findings support the clinical data from the cohort where age had a bigger impact on

organ dysfunction in females than males.

One hypothesis for further exploration is that in females with FD age is an important
modifier of disease manifestations. Autophagy is the key pathway by which intracellular
macromolecules and organelles are delivered to the lysosome for degradation and there is
some evidence of autophagy dysfunction i £DAutophagy also becomes impaired as
differentiated cells ag&’28 Although most studied in neurodegenerative diseases, there

is evidence to support similar processes in other cell types including podtytes
Therefore in females the additive effect of ageing on the presence of mutant GLA may

result in cellular dysfunction.

7.3.2 Abnormal lymphocyte adhesion molecule exgssion in GD
Although cells of the monocytemacrophage lineage are thought to be the primary

abnormal cell in GD, increases in adhesion molecule expression were most marked in
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lymphocytes. This is a potentially important finding not only because it support the
presence of abnormalities in cells other than those of the monoeyi®wphage lineage

but also, as discussed m6.2 of the potential role of these abnormalities in the
pathogenesis of bone disease and myeloma. Whilst the efficacy of ERT in improving
blood counts and decreasing visceral disease volume is well established, \#fi&ther
fully ameliorates abnormalities within the bone microenvironment contributing to bone

disease or increased myeloma risk is not established.

No increases in functional monocyte adhesion were seen in GD and increases in monocyte
adhesion molecule exmgon were modest compared to those seen in lymphocytes. The
finding of increased adhesion of RAW.274 murine monocytes loaded with
glucosylsphingosine and lactosylceramide to EA.hy926 cells suggests that the findings in
monocytes isolated from patients yrize due to treatment effect. Further investigation of
monocytes from untreated patients is warranted, although the small number of patients

available for such a study may limit sample size.

7.3.3 Procoagulant defects in FD and GD require further investigation

Initial investigations of the platelet membrane procoagulant response in this project
suggest that the rate of thrombin generation on the platelet membrane is increased in FD.
Platelets in FD remain undervestigated; confirmation a procoagulant plateletect

would be highly significant both in terms of furthering understanding of the pathogenesis

of FD but more importantly in the potential therapeutic benefit of@atelet agents.

Endothelial support for thrombin generation was increased in engotedls treated with

CBE. Whilst at initial glance this may seem discordant with the bleeding phenotype noted
in GD, deficiencies of anticoagulant proteins have been found in patients with GD (see
Table 1-11) and implicated in the pathogenesis of bone infarcts. As activation of the
protein C pathway occurs on the endothelial surface, defects in which would increase
thrombin generation, this finding warrants further investigation in primary endothelial cell

isolates from GD patients.
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7.4  Study limitations

7.4.1 Difficulties in studying rare inherited disorders

Research into rare inherited disorders presents several difficulties, a number of which
were encountered during the course of this project. Although the patientsat RFH

are relatively large for FD and GD, they are still small, particularly when one considers
the marked heterogeneity, especially within FD. Only small numbers of new patients are
diagnosed each year and therefore, inevitably, virtually all &bor investigations were
performed in patients already receiving enzyme replacement therapy. Collaborative
studies between centres might increase availability of samples on newly diagnosed,
untreated patients but the effects of transport time on sontieeofell types studied,

especially platelets are likely to be deleterious.

7.4.2 Difficulties in undertaking mechanistic studies in FD and GD

Attempting to recapitulate GD/FD within the laboratory environment is challenging.
Whilst naturally occurring animal adels exist for a number of LSDs, GD and FD are not
amongst these. Whilst murine models provide valuable insights into disease mechanisms,
particularly at an organ level, the lack of disease features in the presence of storage
material in some models rais questions about the comparability of glycosphingolipid

and lysosomal biology in mice and humans.

Whilst pharmacological inhibition and siRNA silencing can be used to develop disease
models, they do not allow the effect to the presence of the mutasipi@be investigated.
Additionally we do not currently know the normal GLA and GBA enzyme activity in
different cell types and thereforeis difficult to establish the degree of reduction in
enzyme activity needed to resemble that found in patientsarfks in cell culture
techniques, particularly the ability to-déferentiate cells (e.g. fibroblasts) to pluripotent
stem cells and then differentiate them to a wide variety of cell types, may open the door
to more research on primary cell iatds. Inproved techniques ithe isolation of
endothelial progenitor cells from peripheral blood and podocytes frommagerovide

an easier route for investigation of these cell types.
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7.4.3 Laboratory investigation of blood-endothelial interactions

Endothelial cdt line all blood vessels and lymphatics and, in adult humans, number over
one trillion, covering a surface area of greater than 3000 square f{fettasaddition to
leucocyte adhesion and haemostasis, the endothelium fulfils ntlaeryroles including
regulation of vascular tone and transfer of molecules across from plasma into surrounding
tissues. Endothelial cells adapt to their microenvironment such that the phenotype of cells
varies between the microvasculature and large v@sB&lducing this diversity to the level

of a petridish comes with obvious limitations. The cell line used in this study is of venous
macrovascular origin (human umbilical vein) whereas many of the disease manifestations
of FD and GD are more likely taetmicrovascular in origin, where obtaining cells is more

challenging.

In theirin vivo state interactions between blood components and the endothelium occur in
the presence of whole blood which is under a variable rate of flow depending on the
anatomical ge but is never static. Whilst the methodological approach of investigating

components of blood in isolation (e.g. platelets, monocytes) allows more specific study of

those cells, it ovesimplifies what is a highly complér vivo physiological system.

75 Further research avenues

7.5.1 Disease heterogeneity and modifiers

This thesis has better defined the vascular manifestations of GD and FD and their
importance in the diagnosis of these disorders. It has also highlighted the vast
heterogeneity within both disders, particularly FD. The wide range of GLA activity seen

in male patients with the N215S mutation suggests that there are other factors either within
the gene (e.g. polymorphisms) or affecting levels of gene expression which contribute
overall enzyme attity. The availability of high throughput genetic sequencing
technologies facilitates the simultaneous investigation of a number of genes. As well as
full sequencing of th&sLA gene, evaluation of other genes which may contribute to

vascular disease, jarticular the_PA gene, which accounts for >90% of the differences
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seen in plasma lipoprotein (a) levéflsmay be a potentially fruitful investigation as

increased Lp(a) appeared to be a risk factor for cerebrovascular disease in FD patients.

Greater evaluation of potential acquired disease modifiers (e.g. hypertensioty)abesi
required in FD, ideally as a collaborative study with other centres. Many females within
the cohort were asymptomatic and diagnosed on family screening, but some had severe
disease manifestations (e.g. stroke, cardiac arrhythmia). If the poliagnd§ screening

of females continues to be pursued then this must be coupled by concerted efforts to
improve prognostic predictions and identify measures which might reduce risk of
developing disease complications.

7.5.2 Blood-endothelial interactions using primary cell models

The limitations of the endothelial cell model and static adhesion have already been
discussed. Further investigations are required to confirm/ refute the preliminary findings
from this thesis. Ideally this would involve isolation of ldomutgrowth endothelial cells

from patients and measurement of adhesion of primary leucocytes (both lymphocytes and
monocytes) to these endothelial cells under flow conditions. Further investigation of
thrombin generation could also be performed usinghary cell isolates from patients

with GD.

Oxidative stress has been implicated in the pathogenesis of b&ti°rDd GL¥¥12%2

This has been more widely studied in FD than in GD and dysfunction of endothelial nitric
oxide synthase, secondary to Gb3 accumulation, resulting in decreased nitric oxide
availability has been proposed as the mechanism. Measurement $fagl@ty and the

end products of increased oxidative stress (e.g. lipid peroxidation) in FD and GD
endothelial cells could provide a link between adhesion, coagulation and disease
manifestations. Oxidative stress results in theragulation of a numbeof cellular

adhesion molecules, particularly integrins and IGARF,
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7.5.3 Further exploration of platelet function and membrane composition

Establishing whether platelets are procoagulant in FD is clinically important and warrants
further investigation. Platelet studies need to be performed on a larger sample size. The
current rate limiting step is the neddr frequent manual subsampling during the
prothrombinase assay. Should the findings be replicated in a larger group of FD patients
not receiving antplatelet agents, then study of those patients takingpéattlet agents

would be important to see ih&-platelet agents reduce this effect.

7.6  Conclusions

This project has confirmed that vascular manifestations are an important part of the
pathology of both GD and FD but are heterogeneous in their clinical manifestatiorrs. Non
disease related factors, inding ageing and more conventional cardiac risk factors, are
important contributors to this heterogeneity in FD females. The mechanisms underlying
these disease processes remain poorly understood. Preliminary results from this project
demonstrate abnorreaxpression of certain adhesion molecules in leucocyte subsets and
further investigation using primary cells and more physiological flow systems is
warranted. Understanding the mechanisms underlying vascular disease is of great clinical
import as it may pen up new therapeutic avenues. This is particularly important in FD
where the efficacy of ERT in preventing critical organ complications remains to be

established.
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Appendices
Appendix 1 Ethical Approval

INHS|

Health Research Authority

NRES Committee London - Camden & Islington
REC Office

Matemity, Level 7

Northwick Park Hospital

Watford Road

Harrow

Middx HA13UJ

elephone: 020 8866 2915
Facsimile: 020 8869 5222

02 March 2012

Dr Derralynn Hughes

Senior Lecturer in Haematology

Royal Free & University College London Medical School
Dept of Academic Haematology

UCL Medical School (Royal Free Campus)

Rowland Hill St,

London NW32PF

Dear Dr Hughes

Study title: Lab igation into changes in the coagulation
lmmmnlnpmonuwnhe her di and And
Fabry disease

REC reference: 12/L.0/0271

The Research Ethics Committee reviewed the above application at the meeting held on 27 February
2012. The committee would like to thank Dr Alison Thomas for attending to discuss the study.

E | discu: comm re i researcher:

1. It was noted that factor X| deficiency was mentioned in Q A22 of the IRAS application; the
committee suggested this to be added to the Participant Information Sheet.

2. The committee also suggested adding “pati who are naive and initiated on
treatment during the study period will have repeat samples taken at specific time points
after initiation of treatment” (page 8 of 15 in the Protocol) to the Participant Information

Sheet.

3. Wasnnecessarytolookatmedlealrscomsofpaﬂemﬂ

4. It was discussed and suggested to to R 1 Ethics Committee
would look at medical notes, if required, from the Participant Information Sheet and
Consent form.

5. The committee would like assurance that the Questionnaire included with the study
application was the correct one used for the study.

Dr Alison Thomas was invited to join the meeting. During her the following di jon
took place.

A it was asked whether the samples for h would be ymised or
non-anonymised. Clarification was given the samples would be pseudo-anonymised
for this study.

B. It was suggested and agreed to add explanation on factor X| to the Participant
Information Sheet.

C. It was also suggested and agreed to remove reference to Ethics committees looking at
medical notes from the Participant Information Sheet and Consent form,

A Ethics C ished by the Health Authority
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The members of the Committee present gave a favourable ethical opinion of the above research on
the basis described in the application form, protocol and supporting documentation, subject to the
conditions specified below.

* Revised Participant Information Sheet - removing reference to “Ethics
committee looking at medical notes” (from the Consent form as well), details of
factor XI and addition of extra blood sample as agreed.

* Assurance the Questionnaire is the right one for this study.

Ethical review of research sites

Conditions of the favourable opinion

MMFR&DWMNWMHNHSWMM
the study in accordance with
Mmmummumumamnmhwnm
Application System or at hitp /www. rdforum.nhs. uk.

m-mswammmmnwommmm
participants fo research sites (“participant identification centre®), guidance should be sought from the
R&D office on the information it requires to give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host organisation.

Sponsors are not required to notify the Committee of approvals from host organisations

It is responsibility of the sponsor to ensure that all the conditions are complied with before
the start of the study or its initiation at a particular site (as applicable).

You should notify the REC in writing once all conditions have been met (except for site
mmmm;mmmammmm
updated version numbers. Confirmation should also be provided to host organisations
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INHS

Health Research Authority
NRES Committee London - Camden & Islington
REC Office
Matemity, Level 7
Nortwick Parx Hospital
Watlors Road
Harrow
HAT JWJ
Telephone: 020 6869 2915
Facsimile: 020 8869 5222
28 March 2012
Dr Alisor Thomas
Lysosomal Storage Disorders Unit
Royal Free Hospital NHS Trust
Pond Street
London NW320G
Dear Alison,
Full title of study: Laboratory investigation into changes in the coagulation
system sean in patients with Gaucher di and And
Fabry disease
REC reference number: 12/L0/0271

Thank you for your letter of 22™ March 2012. | can canfirm the REC has received the documents
listed below as evidence of compliance with ths approval conditions detaded in our letter dated 27
February 2012. Please note these documents are for information only and have not been raviewsd Dy
the commitiee.

Documents received

The documents raceived were as follows:

Document Version Dats
Covering Latter Response to |22 March 2012
Further
Information
Participant Consent Form 13 21 March 2012
[WMS&G 14 21 March 2012

You should ensure that the sponsor has a copy of the final documentation for the study. It is the
sponsor's responsibility to ensure tha! the cocumentation s made availadle to RAD offices at all
participating sites.

[ 127L0/0271 Please quote this number on all coresponcence |

Yours sncerety

/4- I/On-_@"’"__
Alison Winter

Assistant Co-ordinator

E-mail: alisonwinter2@nhs net
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Patient Information Leaflet

Laboratory Investigation into changes inthe coagulation system seen in patients
with Gaucher disease and Anderson Fabry disease

- Participant Information

Y ou are being invited to contribute to a clinical research study betogdomated by the
Lysosomal Storage Disorders Unit and Heemophilia Centre at the Royal Free
Hospital. Please take time to read the following information carefully and take time to
decide whether or not you wish to take pdttease do not hesitate ask us if there is
anything that is not clear or if you wouide more information.

What is blood coagulation?

Blood coagulation is a complex process by which blood forms clots, necessary to
prevent excessive blood loss after injury. The bleeding and thrombotic disorders are due
to under or over active coagulatitactors and platelets.

What is the purpose of this Study?

The aim of this study is to investigate problems with bleeding or blood clotting in

patients with Fabry and Gaucher Disease. It is known that patients with Gaucher disease
may have a tendency téeleding. Conversely, patients with Fabry disease may have a
tendency towards clotting, such as strokes. In both disorders, the extent of bleeding and
clinical problems and the factors that contribute to these remain unclear.

This study is in the form of:

a) A guestionnaire about bleeding problems and clotting problems you may have
had and also asks about some factors which may be associated with blood clots
in the general adult population

b) Taking a blood sample for further tests to look at the proteins atedgita
involved in the process of forming a blood clot and white blood cells that can
activate clotting processes. This will include looking for changes in the DNA of
two proteins involved in the clotting process that can affect how well they
function.

Why have | been chosen?

You have been invited to participate in this study because you have Gauchers disease or
Fabryds disease. You may or may not be on
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Do | have to take part?

It is up to you to decide whether or notée part.If you decide to take part, you will

be given this information sheet to keep and be asked to sign a conseniffgoon.

decide to take part, and if, at a later date you wish to withdraw, you are still free to do so
anytime and without giving reason.This will not affect the care you receive.

What will happen to me if | take part?

If you do agree to take part, we do not anticipate any extra hospital visits .This study will
NOT influence the care and the standard of treatment you redéi@u agree to

participate a member of the medical or nursing staff will go through the questionnaire
with you when you next visit. Two tablespoonfuls of extra blood will be taken when
blood samples are being taken for your routine investigations or

treament. Occasionally, it make not be possible to get an adequate blood sample on the
first visit. If this is the case, we would invite you for a repeat blood test when you next
attend an appointment.

As a part of the research, we may also need to reviewrgedical notes to correlate
your medical condition with the laboratory test results. The notes will be only be
reviewed by members of the Lysosomal Storage Disorders Unit.

What will happen to the leftover samples?

If there is any leftover blood samp]efsagreeable to yourself, they will be transferred to
the Katharine Dormandy Coagulation Research Plasma bank after completion of this
study. This bank stores plasma samples from patients with a wide variety of possible
bleeding or clotting disorders @mable future research in this area. Otherwise, samples
will be destroyed at the end of the study.

What are the possible benefits of taking part?

We cannot promise the study will help you, but the information we get might help
advance the treatment of pé®pvith coagulation abnormalities due to lysosomal storage
disorders. Low levels of a clotting protein called Factor XI have been identified in some
patients with Gaucher and can be associated with an increased risk of bleeding. Should
this be detected, yowill be offered an appointment at the Haemophilia Centre at the
Royal Free for review by a clotting specialist.

Who has reviewed the study?

This research programme has been reviewed by the Research Ethics Cammittee
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Will my taking part in this study be kept confidential?

All information which is collected about you during the course of the research will be
kept strictly confidential .If you consent to take part in the research, your data will be
handled in a manner in accordance with the Data Proteéiit 1998 and the rights you
have under this act. The results will be published in various journals and international
meetings in a way that you will not be identified.

Representatives of regulatory authorities, research and development team at the Roya
Free Hampstead NHS Trust or ethics committee will be allowed to see your medical
notes as required to ensure the research is being properly conducted and that the data
collected is accurate. Your privacy will be respected at all times.

What happens ifthere is a problem?

We would not expect you to suffer any harm or injury because of your participation in
this study. If you areharmed by taking part in the study there is no special

compensation arrangemernt.you are harmed due to someone's negligence then you
may havegrounds for legal action, but you may have to pay your legal cost. Regardless
of this, if you wish to complain or have any concerns about any aspect of the way you
have been approached or treated during the course of this consent process, the
normalNational Health Service Complaints mechanism is available to you. If you have
any concerns regarding the care you have received or as an initial point of contact if you
have acomplaint, please contact the Patient Advice and Liaison Service (PALS) at the
addresgyiven below;

PALS office: 020 7830 2174rth.pals@nhs.net

PALS, Royal Free Hospital, Pond Street, London, NW3 2QG
Contact for further information?

If you require any further information please do not hesitate to contact the Lysosomal
Storage Disorders team on 0207 472 6409 Monday to Friday from 0900hrs to 1700hrs.

Thank you for your patience in reading this leaflet.
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Appendix 2 Solutions & Buffers

General solutions

Solutions used for tissue culture were autoclaved prior to use.

TBE buffer
Constituents: 1.1M Tris, 900mM borate, 25mM EDTA, pH 8.3

A 5X stock solution was made by dissolving 549 of Tris base, 27.5g of boric acid and 4.79g

of disodium EDTAIn 1L of distilled water. Stored at room temperature.

Solutions for enzyme assays

Red Cell lysis solution:
To make 1L of x10 stock solution: 82.9g ammonium chloride (NH4CI), 10g KHCO3,
380mg EDTA (disodium), distilled water. Stored at room temperatur®) dilution to

make x1 solution.

4-methylumbelliferone standard
A 1mM stock solution of 4nethylumbelliferone standard was made by dissolving 176mg

of 4 methylumbelliferone (Sigma) in 1L of distilled water. A working solution of standard

wasmadebydiut i ng 100e¢l of stock solution in 19
standard concentration of 1nM pe#20°Q00¢e !l . S
Mcilvaineds buffer

Mcilvaineds buffer comprises a ORidigsodiumr e of

phosphate solution with the quantities of each determined by the required pH. To make

20ml of buffer the following volumes were added:

pH 0.2M NaHPO4 0.1M citrate
4.4 8.82 11.18

4.7 9.6 104

5.1 12.2 7.8

246



Glycine stopping buffer:
1M glycine, pH 10.4.

759 glycine and 58g sodium chloride dissolved in 1L of distilled water. To 557ml of
glycine-NacCl solution add 443ml of 1M sodium hydroxide. The resultant solution in 1M
glycine at pH 10.4.

Solutions for Western blotting

Whole celllysis solution:

Constituents: 20mM HEPES, 50mM NacCl, 2% nonyl phenoxypolyethoxylethanol (NP40),
0.5% sodium deoxycholate, 0.2% sodium dodecyl sulphate (SDS), 1mM sodium
orthovanadate, 1mM EGTA, 10mM sodium fluoride, 2.5mM sodium pyrophosphate,
1mM b aphogpbater

100mM sodium orthovanadate: dissolve 18.4g of sodium orthovanadate in 950ml of water.
Adjust pH to 10.0 with concentrated hydrochloric acid. Boil yellow solution until
colourless, adjusting pH until there is a colourless solution with a @9.6f Make total

volume up to 1 litre with water. Aliquoted and storee2&C.

To make 500ml whole cell lysis solution, add together: 2.4g HEPES, 1.5g NaCl, 10g NP40,

2.5g Na dooxycholate, 1g SDS, 5ml 100mM Na orthovanadate, 190mg EGTA, 210mg Na
fluoide, 558mg Na pyrophosphate, 108mg b gl yc
distilled water. Aliquoted and stored-20°C.

20X Transfer buffer
Constituents: 500mM Bicine (Sigma), 500mM Bis Tris (Sigma), 20.5mM EDTA (BDH)

To make 1L, 81.69 Bicine, 104.®&ijs Tris and 6g EDTA were dissolved in distilled water

and the volume made up to 1L. The solution was stored at 4°C.
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TBS-Tween

20x stock TBS solution: 20mM Tris, 137mM sodium chloride, pH7Z8 To make 1L,
48.4g of Tris (Sigma) and 160g of sodiumocide (BDH) were dissolved in 1L of
distilled water and the pH adjusted to-7.8 with hydrochloric acid. Stored at 4°C

1XTBS-Tween solution made by adding 2g of Tween 20 (Sigma) and 50ml of 20X TBS

stock and making up to 1L in distilled water. The Solutvas stored at 4°C

Blocking solution

5% polyvinylpyrolidine in TBSTween. 25g of polyvinylpyrolidine (Sigma) was added

to 500m| TBSTween and dissolved overnight using a magnetic stirrer. The solution was
stored at 4°C

Solutions for coagulation assays

TrisHCI-NaCl buffer
Constituents: 0.05M Tribydrochloride and 0.15M sodium chloride, pH 7.4

7.88g of TrisHCI (Sigma) and 8.76g NaCl (BDH) were added to 950ml of distilled water.
The pH was adjusted to 7.4 with sodium hydroxide. The volume was madéd upvith

distilled water. The solution was stored at 4°C.

To make TrisHCI-1%BSA buffer, 200mg of bovine serum albumin was added to 20ml|
of Tris-HCI and dissolved with gentle agitation. The solution was stored at 4°C and

discarded after 2 weeks.

HEPES huffer for PRP thrombin generation
Constituents: 20mM HEPES, 6% bovine serum albumin, pH 7.35

476mg of HEPES and 6g of bovine serum albumin were dissolved in 100ml of distilled

water. The solution was aliquoted and stored@tC.
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Krebs Ringer buffer
Consttuents: 4mM potassium chloride, 107mM sodium chloride, 20mM sodium

bicarbonate, 2mM sodium sulphate, pH 5.0.

To make 1L: 298mg KCl, 6.25g NaCl, 1.68g NaH&0d 284mg NaSQwere dissolved
in 950m| of distilled water. The pH was adjusted to 5.0 with hgtdaric acid and the

volume made up to 1L with distilled water. The solution was stored at 4°C.

Krebs Ringer buffer 0.9g/L glucose, pH 6.0. 500ml of Krebs Ringer buffer was
supplemented with 450mg of glucose (Sigma) and the pH adjusted to 6.0. Thensolut
was stored at 4°C and discarded after 1 month.

Stopping buffer for prothrombinase assay
Constituents: 0.05M TrisiCl, 0.12M sodium chloride, 2mM EDTA, pH 7.5

To make 1L, 7.88g of TrisICl, 7.008g of NaCl and 2.33g of EDTA were dissolved in a
final volume of 1L distilled water. The solution was stored at 4°C.

High salt wash buffer for VWF ELISA

1L of 10X stock solution was made by dissolving 3.9g sodium dihydrogen orthophosphate
dehydrate, 26.8g disodium hydrogen orthophosphate 12 hydrate and 282dttjuoh
chloride in 800ml of distilled water. The volume was made up to a total of 1L with

distilled water. The stock solution was stored at room temperature.

Working strength wash buffer was made by adding 100ml of 10X stock and 2ml of Tween

20 to 900mlof distilled water. The working solution was stored at 4°C for 1 month

ELISA coating buffer

500ml of coating buffer was made by dissolving 790mg of sodium carbonate and 1.47g
of sodium hydrogen carbonate in distilled water. The pH of the resultant soditowld

be pH9.6 and the solution wasmeade if outside the range of pH ©48. The solution

was stored at 4°C
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ELISA dilution buffer

Dilution buffer was made by adding 3% polyethylene glycol (PEG) to working strength
wash buffer. 15g of PEG 8000 wadded to 500ml of wash buffer. The solution was
stored at 4°C.

ELISA substrate buffer
500ml of substrate buffer was made by dissolving 3.65g of citric acid and 11.94g of
disodium hydrogen orthophosphate.12 hydrate in 500ml of distilled water. Themesulta

solution should be pH 5.0. The solution was stored at 4°C.
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Appendix 3 GM approval

UCL SAFETY SERVICES

b

Dr Derralynn Hughes
Cancer Instiute

Royal Free Campus
26 June 2013

Our ref: GMW1556 RF

Dear Dr Hughes,
Experiment number 1556 RF

We are pleased to inform you that the Genetic Modification Safety Committee has approved your
experiment entitied In vitro ceflufar models of lysosomal disorders, as an Activity Class 1,
Containment Leve! 1 project.

Any enquiries regarding your project shouid be addressed to Jillian Deans, extension 41814, email
i .ac.uk

Thank you for your co-operation with the procedure.
Yours faithfully,

[ g 2 T —

Jon Blackman
cc GMSO, Adele Fielding

251



Reference List

1. Gaucher, P. C. E. De I'épithélioma primitif de la rate. 1882. Faculté de Médicine de Paris.
Ref Type:Thesis/Dissertation

2. Anderson W. A case of "angkeratoma". Br.J.Dermatol. 1898;10:1137.

3. Fabry J. Ein Beitrag zur Kenntnis der Purpura haemorrhagica nodularis (Purpura papulosa
haemorrhagica Hebrae). Arch.Dermatol.Syph, 1898;432181¢

4. Brady RO, Kanfer JN, Bradley RM, SHAPIRO D. Demonstration of a deficiency of
glucocerebrosideleaving enzyme in Gaucher's disease. J.Clin.Invest 1966;45111R2

5. Brady RO, Gal AE, Bradley RM et al. Enzymatic defect in Fabry's disease. Ceramidmidlase
deficiency. N.Engl.J.Med. 1967;276:116367.

6. Simons K, Ikonen E. Functional rafts in cell membranes. Nature 1997;3837269

7. Hedlund M, Duan RD, Nilsson A, Svanborg C. Sphingomyelin, glycosphingolipids and ceramide
signalling in cells gposed to Himbriated Escherichia coli. Mol.Microbiol. 1998;29:123306.

8. Lee T. Acetylation of sphingosine by PAlependent transacetylase. Adv.Exp.Med.Biol.
1996;416:113119.

9. Lannert H, Gorgas K, Meissner |, Wieland FT, Jeckel D. Functiomgnization of the Golgi
apparatus in glycosphingolipid biosynthesis. Lactosylceramide and subsequent glycosphingolipids
are formed in the lumen of the late Golgi. J.Biol.Chem. 1998;273:2938.

10. Bhunia AK, Arai T, Bulkley G, Chatterjee S. Lactosylemide mediates tumor necrosis faetor
alphainduced intercellular adhesion molecile(ICAM-1) expression and the adhesion of
neutrophil in human umbilical vein endothelial cells. J.Biol.Chem. 1998;273:338397.

11. Van Brocklyn JR, Williams JB. Theontrol of the balance between ceramide and sphingdsine
phosphate by sphingosine kinase: oxidative stress and the seesaw of cell survival and death. Comp
Biochem.Physiol B Biochem.Mol.Biol. 2012;163:36.

12. Igarashi J, Michel T. S1P and eNOS regalat Biochim.Biophys.Acta 2008;1781:4895.

13. Gaengel K, Niaudet C, Hagikura K et al. The sphinge&ipdosphate receptor S1PR1 restricts
sprouting angiogenesis by regulating the interplay betweecadierin and VEGFR2. Dev.Cell
2012;23:587599.

14. Pettus BJ, Bielawski J, Porcelli AM et al. The sphingosine kinase 1/sphingophmesphate
pathway mediates COX induction and PGE2 production in response to “Hifha. FASEB J.
2003;17:14111421.

15. Dekker N, van DL, Hollak CE et al. Elevated ptes glucosylsphingosine in Gaucher disease:
relation to phenotype, storage cell markers, and therapeutic response. Blood 2011;1dB&118

252



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Nilsson O, Mansson JE, Hakansson G, Svennerholm L. The occurrence of psychosine and other
glycolipids in splea and liver from the three major types of Gaucher's disease.
Biochim.Biophys.Acta 1982;712:45863.

Aerts JM, Groener JE, Kuiper S et al. Elevated globotriaosylsphingosine is a hallmark of Fabry
disease. Proc.Natl.Acad.Sci.U.S.A 2008;105:23827.

Kolter T, Sandhoff K. Principles of lysosomal membrane digestion: stimulation of sphingolipid
degradation by sphingolipid activator proteins and anionic lysosomal lipids. Annu.Rev.Cell
Dev.Biol. 2005;21:84103.

de Duve C. From cytases to lysases. Fed.Proc. 1964;23:104849.

Sandhoff K, Kolter T. Biosynthesis and degradation of mammalian glycosphingolipids.
Philos.Trans.R.Soc.Lond B Biol.Sci. 2003;358:3861.

Cuervo AM, Dice JF. Unique properties of lamp2a compared to other lmafo2ms. J.Cell Sci.
2000;113 Pt 24:4444450.

Pankiv S, Clausen TH, Lamark T et al. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate
degradation of ubiquitinated protein aggregates by autophagy. J.Biol.Chem. 2007;282:24131
24145,

Prabakara T, Nielsen R, Satchell SC et al. Mannosgh@sphate receptor and sortilin mediated
endocytosis of alphgalactosidase A in kidney endothelial cells. PL0oS.One. 2012;7:€39975.

Reczek D, Schwake M, Schroder J et al. LHIRR a receptor for lysosomalannoses-phosphate
independent targeting of begducocerebrosidase. Cell 2007;131:77&B.

Medin JA, Tudor M, Simovitch R et al. Correction in trans for Fabry disease: expression, secretion
and uptake of alphgalactosidase A in patiederived céls driven by a higktiter recombinant
retroviral vector. Proc.Natl.Acad.Sci.U.S.A 1996;93:79B22.

Schwarzmann G, Sandhoff K. Metabolism and intracellular transport of glycosphingolipids.
Biochemistry (Mosc). 1990;29:1086H871.

Meikle PJHopwood JJ, Clague AE, Carey WF. Prevalence of lysosomal storage disorders. JAMA
1999;281:24P54.

Charrow J, Andersson HC, Kaplan P et al. The Gaucher registry: demographics and disease
characteristics of 1698 patients with Gaucher disease. Aremiihted. 2000;160:2838843.

Spada M, Pagliardini S, Yasuda M et al. High incidence of-faeet fabry disease revealed by
newborn screening. Am.J.Hum.Genet. 2006;72G1

Beutler E, Nguyen NJ, Henneberger MW et al. Gaucher disease: ggunenitess in the Ashkenazi
Jewish population. Am.J.Hum.Genet. 1993;52885

de Fost M, vom DS, Weverling GJ et al. Increased incidence of cancer in adult Gaucher disease in
Western Europe. Blood Cells Mol.Dis. 2006;3653

Thomas AS, Mehta AHughes DA. Gaucher disease: haematological presentations and
complications. Br.J.Haematol. 2014

253



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Ida H, Rennert OM, Ito T, Maekawa K, Eto Y. Type 1 Gaucher disease: phenotypic expression and
natural history in Japanese patients. Blood Cells Mol.1¥88;24:73381.

Zimran A, Kay A, Gelbart T et al. Gaucher disease. Clinical, laboratory, radiologic, and genetic
features of 53 patients. Medicine (Baltimore) 1992;71:333.

Eng CM, Fletcher J, Wilcox WR et al. Fabry disease: baseline methaedcteristics of a cohort
of 1765 males and females in the Fabry Registry. J.Inherit.Metab Dis. 2007:3@284

Mehta A, Ricci R, Widmer U et al. Fabry disease defined: baseline clinical manifestations of 366
patients in the Fabry Outcome SurvEwr.J.Clin.Invest 2004;34:23542.

MacDermot KD, Holmes A, Miners AH. Andersdtabry disease: clinical manifestations and
impact of disease in a cohort of 98 hemizygous males. J.Med.Genet. 2001380750

MacDermot KD, Holmes A, Miners AHANndersonFabry disease: clinical manifestations and
impact of disease in a cohort of 60 obligate carrier females. J.Med.Genet. 2001885769

Vedder AC, Linthorst GE, van Breemen MJ et al. The Dutch Fabry cohort: diversity of clinical
manifestatios and Gb3 levels. J.Inherit.Metab Dis. 2007;30788

Deegan PB, Bahner F, Barba M, Hughes DA, Beck M. Fabry disease in females: clinical
characteristics and effects of enzyme replacement therapy. 2006

Romeo G, Migeon BR. Genetic inactivatioftle alphagalactosidase locus in carriers of Fabry's
disease. Science 1970;170:1B81.

Nakao S, Takenaka T, Maeda M et al. An atypical variant of Fabry's disease in men with left
ventricular hypertrophy. N.Engl.J.Med. 1995;333:283.

NakaoS, Kodama C, Takenaka T et al. Fabry disease: detection of undiagnosed hemodialysis
patients and identification of a "renal variant" phenotype. Kidney Int. 2003;6880D.1

Beutler E, Kuhl W. Detection of the defect of Gaucher's disease and ies state in peripheral
blood leucocytes. Lancet 1970;1:6623.

Kint JA. Fabry's disease: alplgalactosidase deficiency. Science 1970;167:1P56P.

Kuipers R, van den Bergh T, Joosten HJ et al. Novel tools for extraction and validatiseasie
related mutations applied to Fabry disease. Hum.Mutat. 2010;31 111826

Lukas J, Giese AK, Markoff A et al. Functional characterisation of ajattectosidase a mutations
as a basis for a new classification system in fabry disease. PL@&5.2@h3;9:61003632.

van der Tol L, Smid BE, Poorthuis BJ et al. A systematic review on screening for Fabry disease:
prevalence of individuals with genetic variants of unknown significance. J.Med.Genet. 2013

Koprivica V, Stone DL, Park JK et.@\nalysis and classification of 304 mutant alleles in patients
with type 1 and type 3 Gaucher disease. Am.J.Hum.Genet. 2000;68.1887

Hruska KS, LaMarca ME, Scott CR, Sidransky E. Gaucher disease: mutation and polymorphism
spectrum in the glucecebrosidase gene (GBA). Hum.Mutat. 2008;29:583.

254



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Grabowski GA. Gaucher disease: gene frequencies and genotype/phenotype correlations.
Genet.Test. 1997;1:52.

Burton JO, Dormer JP, Binns HE, Pickering WP. Sometimes when you hear hooftheaik
be a zebra: consider the diagnosis of Fabry disease. BMC.Nephrol. 2012;13:73.

Kattlove HE, Williams JC, Gaynor E et al. Gaucher cells in chronic myelocytic leukemia: an
acquired abnormality. Blood 1969;33:3390.

Woywodt A, Hellweg $ Schwarz A, Schaefer RM, Mengel M. A wild zebra chase.
Nephrol.Dial. Transplant. 2007;22:303077.

Elleder M, Bradova V, Smid F et al. Cardiocyte storage and hypertrophy as a sole manifestation of
Fabry's disease. Report on a case simulating hgpditr norobstructive cardiomyopathy.
Virchows Arch.A Pathol.Anat.Histopathol. 1990;417:445%5.

Ghauharalivan der Viugt K, Langeveld M, Poppema A et al. Prominent increase in plasma
ganglioside GM3 is associated with clinical manifestations of typ&aucher disease.
Clin.Chim.Acta 2008;389:160913.

Orvisky E, Park JK, LaMarca ME et al. Glucosylsphingosine accumulation in tissues from patients
with Gaucher disease: correlation with phenotype and genotype. Mol.Genet.Metab 2002;76:262
270.

Vance DE, Krivit W, SWEELEY CC. Concentrations of glycosyl ceramides in plasma and red
cells in Fabry's disease, a glycolipid lipidosis. J.Lipid Res. 1969;1(:238

Brakch N, Dormond O, Bekri S et al. Evidence for a role of sphingdsiphosphaten
cardiovascular remodelling in Fabry disease. Eur.Heart J. 2010;36:67

Mistry PK, Liu J, Yang M et al. Glucocerebrosidase gdeficient mouse recapitulates Gaucher
disease displaying cellular and molecular dysregulation beyond the macrophage.
Proc.Natl.Acad.Sci.U.S.A 2010;107:19419478.

Pavlova EV, Wang SZ, Archer J et al. B cell ymphoma and myeloma in murine Gaucher's disease.
J.Pathol. 2013;231:887.

SancheiNino MD, Sanz AB, Carrasco S et al. Globotriaosylsphingosine actonsuman
glomerular podocytes: implications for Fabry nephropathy. Nephrol.Dial. Transplant.
2011;26:17971802.

Lucke T, Hoppner W, Schmidt E, lllsinger S, Das AM. Fabry disease: reduced activities of
respiratory chain enzymes with decreased levelssmdrgyrich phosphates in fibroblasts.
Mol.Genet.Metab 2004;82:937.

Shen JS, Meng XL, Moore DF et al. Globotriaosylceramide induces oxidative stress-and up
regulates cell adhesion molecule expression in Fabry disease endothelial cells. Mol.€abet.M
2008;95:163168.

Cleeter MW, Chau KY, Gluck C et al. Glucocerebrosidase inhibition causes mitochondrial
dysfunction and free radical damage. Neurochem.Int. 2013%2:1

255



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Strasberg P. Cerebrosides and psychosine disrupt mitochofudrigions. Biochem.Cell Biol.
1986;64:485489.

Puri V, Watanabe R, Dominguez M et al. Cholesterol modulates membrane traffic along the
endocytic pathway in sphingolipgtorage diseases. Nat.Cell Biol. 1999;1:388.

Kobayashi T, Beuchat MH, ihdsay M et al. Late endosomal membranes rich in
lysobisphosphatidic acid regulate cholesterol transport. Nat.Cell Biol. 1999:11B13

Simons K, Gruenberg J. Jamming the endosomal system: lipid rafts and lysosomal storage diseases.
Trends Cell Biol 2000;10:459462.

Tanaka Y, Guhde G, Suter A et al. Accumulation of autophagic vacuoles and cardiomyopathy in
LAMP-2-deficient mice. Nature 2000;406:9026.

Sun Y, Grabowski GA. Impaired autophagosomes and lysosomes in neuronopathic Gaucher
disease. Autophagy. 2010;6:6689.

Settembre C, Fraldi A, Jahreiss L et al. A block of autophagy in lysosomal storage disorders.
Hum.Mol.Genet. 2008;17:11929.

Cheuvrier M, Brakch N, Celine L et al. Autophagosome maturation is impaired in B&lgse.
Autophagy. 2010;6:58899.

Kacher Y, Golan A, Pewznelung Y, Futerman AH. Changes in macrophage morphology in a
Gaucher disease model are dependent on CTP:phosphocholine cytidylyltransferase alpha. Blood
Cells Mol.Dis. 2007;39:124.29.

Aerts JM, Hollak CE. Plasma and metabolic abnormalities in Gaucher's disease. Baillieres
Clin.Haematol. 1997;10:69709.

Wang S, Kaufman RJ. The impact of the unfolded protein response on human disease. J.Cell Biol.
2012;197:857867.

Ron I, Rapaport D, Horowitz M. Interaction between parkin and mutant glucocerebrosidase
variants: a possible link between Parkinson disease and Gaucher disease. Hum.Mol.Genet.
2010;19:37743781.

Vitner EB, FarfelBecker T, Eilam R, Biton I, Futerman AH. Qobution of brain inflammation
to neuronal cell death in neuronopathic forms of Gaucher's disease. Brain 2012;1-35:3524

Park ES, Choi JO, Park JW et al. Expression of genes and their responses to enzyme replacement
therapy in a Fabry disease nge model. Int.J.Mol.Med. 2009;24:4@07.

Gery |, Zigler JS, Jr., Brady RO, Barranger JA. Selective effects of glucocerebroside (Gaucher's
storage material) on macrophage cultures. J.Clin.Invest 1981;6811B82

Boven LA, van MM, Boot RG etll. Gaucher cells demonstrate a distinct macrophage phenotype
and resemble alternatively activated macrophages. Am.J.Clin.Pathol. 2004;128%859

Michelakakis H, Spanou C, Kondyli A et al. Plasma tumor necrosis facfdNFa) levels in
Gaucher diease. Biochim.Biophys.Acta 1996;1317: 2.

256



83.

84.

85

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Allen MJ, Myer BJ, Khokher AM, Rushton N, Cox TM. Pirflammatory cytokines and the
pathogenesis of Gaucher's disease: increased release of inteBleakdhinterleukirl0. QJM.
1997;90:1925.

Hollak CE, Evers L, Aerts JM, van Oers MH. Elevated levels e€8F, sCD14 and IL8 in type 1
Gaucher disease. Blood Cells Mol.Dis. 1997;23:202.

. Lichtenstein M, Zimran A, Horowitz M. Cytokine mRNA in Gaucher disease. Blood Cells Mol.Dis.

1997;23:395401.

Barak V, Acker M, Nisman B et al. Cytokines in Gaucher's disease. Eur.Cytokine Netw.
1999;10:205210.

Braudeau C, Graveleau J, Rimbert M et al. Altered innate function of plasmacytoid dendritic cells
restored by enzyme replacement therep@aucher disease. Blood Cells Mol.Dis. 2013;50:281
288.

Vedder AC, Biro E, Aerts JM et al. Plasma markers of coagulation and endothelial activation in
Fabry disease: impact of renal impairment. Nephrol.Dial. Transplant. 2009;2438814

Biancini GB, Vanzin CS, Rodrigues DB et al. Globotriaosylceramide is correlated with oxidative
stress and inflammation in Fabry patients treated with enzyme replacement therapy.
Biochim.Biophys.Acta 2012;1822:22%32.

De Francesco PN, Mucci JM, Cdrj Fossati CA, Rozenfeld PA. Fabry disease peripheral blood
immune cells release inflammatory cytokines: role of globotriaosylceramide. Mol.Genet.Metab
2013;109:9399.

Segura T, AyeMartin O, GomezZ-ernandez | et al. Cerebral hemodynamics and enlgdthe
function in patients with Fabry disease. BMC.Neurol. 2013;13:170.

Altarescu G, Moore DF, Schiffmann R. Effect of genetic modifiers on cerebral lesions in Fabry
disease. Neurology 2005;64:212850.

Altarescu G, Chicco G, Whybra C et@brrelation between interleukh promoter and €eactive
protein (CRP) polymorphisms and CRP levels with the Mainz Severity Score Index for Fabry
disease. J.Inherit.Metab Dis. 2008;31:11123.

Chamorro A, Revilla M, Obach V, Vargas M, Planas AM. Th&4G/C polymorphism of the
interleukin 6 gene is a hallmark of lacunar stroke and not other ischemic stroke phenotypes.
Cerebrovasc.Dis. 2005;19:95b.

Altarescu G, Phillips M, Foldes AJ et al. The interleu&ipromoter polymorphism in Gaucher
disease: a new modifier gene? QJM. 2003;96:578.

Safyan R, Whybra C, Beck M, Elstein D, Altarescu G. An association study of inflammatory
cytokine gene polymorphisms in Fabry disease. Eur.Cytokine Netw. 2006;1Z7871

Furbish FS, Steer CJ, &t NL, Barranger JA. Uptake and distribution of placental

glucocerebrosidase in rat hepatic cells and effects of sequential deglycosylation.
Biochim.Biophys.Acta 1981;673:424534.

257



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Barton NW, Brady RO, Dambrosia JM et al. Replacement therapy faitethenzyme deficieney
-macrophagéeargeted glucocerebrosidase for Gaucher's disease. N.Engl.J.Med. 1991;324:1464
1470.

Eng CM, Guffon N, Wilcox WR et al. Safety and efficacy of recombinant human -alpha
galactosidase Areplacement therapy in Fabrgisease. N.Engl.J.Med. 2001;348:6.

Schiffmann R, Kopp JB, Austin HA, lll et al. Enzyme replacement therapy in Fabry disease: a
randomized controlled trial. JAMA 2001;285:272349.

Germain DP, Waldek S, Banikazemi M et al. Sustained,-fenm renal stabilization after 54
months of agalsidase beta therapy in patients with Fabry disease. J.Am.Soc.Nephrol.
2007;18:15471557.

Hughes DA, Elliott PM, Shah J et al. Effects of enzyme replacement therapy on the
cardiomyopathy of Anderselabry disease: a randomised, doublind, placebecontrolled
clinical trial of agalsidase alfa. Heart 2008;94:158.

El Dib RP, Nascimento P, Pastores GM. Enzyme replacement therapy for AnBatsgrdisease.
Cochrane.Database.Syst.Rev. 2013;2:068®3.

Wilcox WR, Banikazemi M, Guffon N et al. Lortgrm safety and efficacy of enzyme replacement
therapy for Fabry disease. Am.J.Hum.Genet. 2004; 78465

Vedder AC, Linthorst GE, Houge G et al. Treatment of Fabry disease: outcome oparative
trial with agalsidase alfa or beta at a dose of 0.2 mg/kg. PL0S.One. 2007;2:€598.

Tanaka A, Takeda T, Hoshina T, Fukai K, Yamano T. Enzyme replacement therapy in a patient
with Fabry disease and the development of IgE antibodies agaifstiaga beta but not agalsidase
alpha. J.Inherit.Metab Dis. 2010

Platt FM, Neises GR, Dwek RA, Butters TD:lNtyldeoxynojirimycin is a novel inhibitor of
glycolipid biosynthesis. J.Biol.Chem. 1994;269:833b65.

Elstein D, Hollak C, Aerts JMt al. Sustained therapeutic effects of oral miglustat (Zavesca, N
butyldeoxynojirimycin, OGT 918) in type | Gaucher disease. J.Inherit.Metab Dis. 2004;27:757
766.

Cox TM, Amato D, Hollak CE et al. Evaluation of miglustat as maintenance therapeaftyme
therapy in adults with stable type 1 Gaucher disease: a prospectivdabglmoninferiority study.
Orphanet.J.Rare.Dis. 2012;7:102.

Shayman JA. Eliglustat tartrate, a prototypic glucosylceramide synthase inhibitor. Expert
Rev.EndocrinbMetab 2013;Early online:14.

Lukina E, Watman N, Arreguin EA et al. Improvement in hematological, visceral, and skeletal
manifestations of Gaucher disease type 1 with oral eliglustat tartrate-{&26328) treatment:-2
year results of a phase ®dy. Blood 2010;116:4098098.

Frustaci A, Chimenti C, Ricci R et al. Improvement in cardiac function in the cardiac variant of
Fabry's disease with galacteiséusion therapy. N.Engl.J.Med. 2001;345:23.

258



113.

114.

115.

Germain DP, Giugliani R, Hughes DAt al. Safety and pharmacodynamic effects of a
pharmacological chaperone on algdaactosidase A activity and globotriaosylceramide clearance
in Fabry disease: report from two phase 2 clinical studies. Orphanet.J.Rare.Dis. 2012;7:91.

Steet RA, Chag S, Wustman B et al. The iminosugar isofagomine increases the activity of N370S
mutant acid Dbetglucosidase in Gaucher fibroblasts by several mechanisms.
Proc.Natl.Acad.Sci.U.S.A 2006;103:13813818.

Amicus Therapeutics. Amicus Therapeutics Amces Third Quarter 2009 Financial Results and
Strategic Business Updates. 2009.122013.

Ref Type: Online Source

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Maegawa GH, Tropak MB, Buttner JD et al. Identification and characterization of ambroxol as an
enzyme enhancement agent for Gauclisgase. J.Biol.Chem. 2009;284:23518516.

Zimran A, Altarescu G, Elstein D. Pilot study using ambroxol as a pharmacological chaperone in
type 1 Gaucher disease. Blood Cells Mol.Dis. 2013;50 1134

Spectre G, Roth B, Ronen G et al. Plteldhesion defect in type | Gaucher Disease is associated
with a risk of mucosal bleeding. Br.J.Haematol. 2011;153 37

Hollak CE, Levi M, Berends F, Aerts JM, van Oers MH. Coagulation abnormalities in type 1
Gaucher disease are due to {gmack activation and can be partly restored by enzyme
supplementation therapy. Br.J.Haematol. 1997;9641&)

Pratt PW, Kochwa S, Estren S. Immunoglobulin abnormalities in Gaucher's disease. Report of 16
cases. Blood 1968;31:63310.

de Fost M,Out TA, de Wilde FA et al. Immunoglobulin and free light chain abnormalities in
Gaucher disease type |: data from an adult cohort of 63 patients and review of the literature.
Ann.Hematol. 2008;87:43849.

Rosenbloom BE, Weinreb NJ, Zimran A et aaugher disease and cancer incidence: a study from
the Gaucher Registry. Blood 2005;105:45655%7 2.

Sims K, Politei J, Banikazemi M, Lee P. Stroke in Fabry disease frequently occurs before diagnosis
and in the absence of other clinical events: natustbry data from the Fabry Registry. Stroke
2009;40:788794.

Rolfs A, Fazekas F, Grittner U et al. Acute cerebrovascular disease in the young: the Stroke in
Young Fabry Patients study. Stroke 2013;44:340.

Rolfs A, Bottcher T, Zschieschd et al. Prevalence of Fabry disease in patients with cryptogenic
stroke: a prospective study. Lancet 2005;366:17246.

Schiffmann R. Fabry disease. Pharmacol.Ther. 2009;122.65

Rombach SM, van den Bogaard B, de GE et al. VasculartaspeEabry disease in relation to
clinical manifestations and elevations in plasma globotriaosylsphingosine. Hypertension
2012;60:9981005.

Deguchi H, Fernandez JA, Griffin JH. Neutral glycosphingolighendent inactivation of
coagulation facto¥a by activated protein C and protein S. J.Biol.Chem. 2002;277:8864.

259



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

lademarco MF, Barks JL, Dean DC. Regulation of vascular cell adhesion meleexpression
by IL-4 and TNFalpha in cultured endothelial cells. J.Clin.Invest 1995;952B4

Stern DM, Kaiser E, Nawroth PP. Regulation of the coagulation system by vascular endothelial
cells. Haemostasis 1988;18:2024.

Kato J, Okamoto T, Motoyama H et al. Interfergeammamediated tissue factor expression
contributes to Tcell-mediated hepatitis through induction of hypercoagulation in mice.
Hepatology 2013;57:36372.

Nawroth PP, Handley DA, Esmon CT, Stern DM. Interleukin 1 induces endothelial cell
procoagulant while suppressing eslirface anticoagulant activityProc.Natl.Acad.Sci.U.S.A
1986;83:3466B464.

Jansen PM, Boermeester MA, Fischer E et al. Contribution of interldukin activation of

coagulation and fibrinolysis, neutrophil degranulation, and the release of setyp®ry
phospholipase A2 in seigsstudies in nonhuman primates after interledkempha administration
and during lethal bacteremia. Blood 1995;86:10P34.

Stouthard JM, Levi M, Hack CE et al. Interleul@nstimulates coagulation, not fibrinolysis, in
humans. Thromb.Haemo4t996;76:738742.

Gerszten RE, Garcidepeda EA, Lim YC et al. MCR and IL-8 trigger firm adhesion of
monocytes to vascular endothelium under flow conditions. Nature 1999;3982318

Busch G, Seitz I, Steppich B et al. Coagulation factorsdmulates interleukir8 release in
endothelial cells and mononuclear leukocytes: implications in acute myocardial infarction.
Arterioscler. Thromb.Vasc.Biol. 2005;25:48566.

Song S, LingHu H, Roebuck KA et al. InterleukihO inhibits interferorgammainduced
intercellular adhesion molecufe gene transcription in human monocytes. Blood 1997;89:4461
4469.

Pajkrt D, van der Poll T, Levi M et al. Interleukl® inhibits activation of coagulation and
fibrinolysis during human endotoxemia. Blo&€97;89:27042705.

Bochner BS, Klunk DA, Sterbinsky SA, Coffman RL, Schleimer RR13Lselectively induces
vascular cell adhesion molectle expression in human endothelial cells. J.Immunol.
1995;154:798B03.

Arai T, Bhunia AK, Chatterjee Bulkley GB. Lactosylceramide stimulates human neutrophils to
upregulate Mad, adhere to endothelium, and generate reactive oxygen metabolites in vitro.
Circ.Res. 1998;82:54b647.

Rajesh M, Kolmakova A, Chatterjee S. Novel role of lactosylceranmideascular endothelial
growth factormediated angiogenesis in human endothelial cells. Circ.Res. 2005;980496

Shimamura K, Takashiro Y, Akiyama N, Hirabayashi T, Murayama T. Expression of adhesion
molecules by sphingosine-pghosphate anchistamine in endothelial cells. Eur.J.Pharmacol.
2004;486:144150.

Matsushita K, Morrell CN, Lowenstein CJ. Sphingosinghbsphate activates Weibiealade body
exocytosis. Proc.Natl.Acad.Sci.U.S.A 2004;101:1148387.

260



