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Abstract

Gaucher disease (GD), a recessive disorder characterised by hepatosplenomegaly,
pancytopenia and skeletal complications, is caused by deficiency of the enzyme
glucocerebrosidase (GC). GD leads to the accumulation of glucocerebrosides within
macrophages, péicularly in the liver and spleen. Current treatment is limited to enzyme
replacement therapy (ERT) which is effective for most symptoms however skeletal
problems are slow to respond. Treatment also has significant cost and impact on quality
of life as ifusions must be administered every two weeks. GD is a candidate for gene
therapy as bone marrow transplantation has been shown to be curative which serves as a
proof-of-concept that correction of haematopoietic stem cells (HSCs) can alleviate
disease. Thigroject produced lentiviral vectors carrying a range of constructs. GC was
modified to contain a protein transduction domain (PTD) which could facilitate -cross
correction of untreated cellsn viva Recombinah vectors carrying PFGBA cDNA
corrected the metabolic defect in patientlerived fibroblasts with levels of enzyme
activity restored to within the healthy range. Transddceells secreted active protein
uptake of which by untransduced cells was mediated by fusion of a PTD te bio¢ it

the Nterminus of the enzyme. The skeletal complications of GD are likely to be caused by
enzyme deficiency in the osteoclast, a cell of haematopoietic origin. Therefore it is
possible that by transducing HSCs we will be able to alleviate skeletal symptoms. To this
end it is shown that modification of HSCs does not affect their ability to generate
osteoclasts. It is also demonstrated that osteoclasts derivedvitro from the
neuronopathic GD mouse model have increased activity and this could be a useful model
for osteoclast correction when treating GD. In conclusion, this project generated lentiviral
vectors for use in treating Gaucher disease. Further work should include correction of the
osteoclast phenotype anéurther investigation of the potential for crosmection in

Vivo.
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1 LYUONRBRdAzZOUOAZY
1.1 Gaucher disease

1.1.1 Discovery

Gaucher disease (GD) is one of the most prevalent lysosomal storage disartkarsly

of syndromes which cause accumulation of metabolic substrates within the lysosome of
cells. It was first described in 1882 by a French medical student who reported a female
patient with a greatly enlarged spleen which he thought to be canceriysostmortem

it was discovered that the spleen contained a large number of enlarged cells with a
distinctive appearancél). Subsequent to the publication of this report, further patients
were identified and the swollen cells, identified as macrophages, were found to be

a@YLIi2YFGAO 2F D5 FyR a2 O@YS (2 06S 1yz2s6y |

Further invetigations revealed GD to be caused by a deficiency of the enzyme
glucocerebrosidase (GQJ) the gene for which lodeses to chromosome 1q2M). It is
now known that GD is an autosomal recessive disorder affecting approximately 1 in
100,000 biths in Europg5) although this figure is significantly higher in the Ashdan

Jewish populationvhich has a carrier frequency of approximately 1 if(@)7

Gaucher disease is one syndrome in a family of over 50 metabolic disorders known as
lysosomal storage disorders (LSISs thought that collectively LSDs affect around 1 in
7,000 live births although it is difficult to accurately assess prevalence due to a high

number of asymptomatic individuals and a lack of coherence in the literéiire

Metabolism is an incredibly intricate process performed by a network of enzymes which
sequentially degrade a macromolecule into its component parts. This is an important
processasthe released monomers are then available for use elsewlie the cellor are
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made available throughouhe body. Mutations in any one of the metabolic enzymes can
lead to accumulation o& substrate and when this accumulation occurs in the lysosome,

the syndrome is classified as an LSD

Figurel.1l shows part of the lipid metabolism pathway which occurs withinljls®@some;

the key enzymes are labelled, along with their associated LSD. Although this work is
concerned primarily with the development of gene therapy for the treatment of GD, the
same principles could be used to treat other LSDs because, in many cases, storage is seen

primarily in cells of the haematopoietic system,im&D(8).

Despite being closely related in aetiology, LSDs tend to be clinically distinct and share
only a limited number of pathological features. Although not all of these are associated
with every LSD, common symptoms include: hepatosplenomegaly (swelling t¥e¢he

and spleen), dysmorphic facial features, cardiac complications, neurological involvement
and skeletal abnormalities. The severity of any individual LSD is also hard to estimate
because disease exists on a spectrum, from patients who are so milektyeafthat they

go undiagnosed, to levels which are incompatible with(Bfel0)

16
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Figurel.l Lysosomal storage disorders

Metabolism of ingested lipids in the lysosome is performed by a network of enzymes (rounded boxegkegtientially to degrade molecules into
productsfor reuse within the body. Mutations which prevent the activity of any enzyme in the network can severely affect the acthétafiécted cell

leading to disease (square boxes). GA: ganglioside, GM:siainganglioside, GM2A: GM2 ganglioside activator, MLD: metachromatic leukodystrophy
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The characteristic feature shared by all LSDs is the accumulation of a substrate within the

lysosome of cellg/hich allows foclassiftation basedn the substrateaccumulated8):
9 Mucopolysaccharidoses Vi)
9 Sphingolipidoses
9 Oligosaccharidoses
1 Glycogen storage disease type Il (Pompe disease)
91 Lipidoses

There are additional classes of LSD which include disease caused Jeyzyomatic

defects but the categories above contain the most common disor@rs

GDis clas#ied as a sphingolipidosis because affected cells accumulate glucocerebrosides
(GlcCerwhich are a class of lipid with a backbone of sphingoid bases and a&glhead.

In unaffected individuals the glucose head is removed from glucocerebrosides in a
reaction catalysed bglucocerebrosidas€ll). This allows for recycling of the glucose and
further digestion of the sphingolipid to provide monomers that canenter the
sphingolipid biosynthesis pathwait1, 12) In GD, patients have genetic mutations which
result in the absence of functional GC leading to accumulation of glucocerebrosides

within the lysosoméd4, 13, 14)

1.1.2 Lysosomal bialgy

The lysosome is the final compartment of the endocytic pathway and is responsible for
the degradation of macromolecules resulting from endocytosis or the autophagocytosis
of subcellular components. Lysosomes were first identified by Christian de D@55
while he was investigating the subcellular location of glugdpbosphatase by
differential centrifugation of cellular compartments. He discovered a memblsmand
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organelle characterised by the presence @fizymes with a lytic actiofl5, 16) which he

namedthe lysosomend which won him the 1974 Nobel Prize in Medicine or Physiology.

Within a cell there are two routes for degrading proteins: the ubigyitioteasome
system which is mostly involved in the processing of smshbrtlived cellular proteins;

and the endosmallysosomal network. The lysosome receives molecules being trafficked
into the cell as well as intracellular moieties intended for degradation, which first pass
through the autophagosomél7, 18) Although it was first identified asontainingthe
enzyme acid phosphatase, it is now knotliat the lysosome contains over 60 hydrolytic

enzymes which combine to digest macromolecules present within th¢1&all

Lysosomal hydrolases are manufactured in the endoplasmic reticulum and transported
through the Golgi network where the majority acquire a mannégghosphae (M6P)
group, which enablesorting to prelysosomal compartments through the M6P receptor

(20, 21)

Although this is the usual route of delivery to the lysosome, there areratiethods of
transport. In icell disease (neolipidosis type llpatients are deficient in the enzyme N
acetylglucosaminyl phosphotransferase meaning that the formation of the M6P signal
does not occur This leads tdhe majority of hydrolasedeing secretedrather than
delivered to the lysosome. However, some enzymes, including GC, still reach their
intended cellular locatior{22). This is because GC does not acquire an M6P tag during
synthesis and instead binds to lysosomal integral membrane protein type 2 (LIMP2) in the
endoplasmic reticulum. LIMP2 is responsible for the trafficking of GC through the Golgi
network and into the lysosomethrough a direct association which occurs in the
endoplasmic reticulun{23, 24) The association between GC and LiRMB maintained

through the Golgi body where exit and entrance to the lysosome-wdinated by two
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phosphatidylinositol 4«inases(25) Dissociation of the twgroteins in the lysosome

occurs as a result of the low lumal pH.

1.1.3 Genetics

The gene for glucocerebrosidageBA was cloned and mapped tthromosome 1921 in

the mid-1980s(4, 26) Further investigation showed the gene to span 7.8kb and to consist
of 11 exons (Figure 1.2) (27). Interestingly there is also &BApseudogene located
downstream of the functional copy which appears to have arisen as a result of a tandem

duplication but which has large deletions from exons two, four, six, seven an@27ripe

Synthesis of GC can be initiated from one of two ATG codons within the sequence.
Transcription seems to occur predominantly from the upstream initiator codon adtho
deletion of either ATG does not affect the overall expression leveitro. The initiator

codon used for transcription alters the length of the leader sequence at tterminus

of the protein which is 39 or 19 amino acids long depending on the caded. However

this sequence is cleaved from the mature enzyme and therefore it is unlikely that there is
any effect on enzyme activifg8). It has also been shown that there are two promoters
which can be used to initiat&BAtranscription. The second, upstream promoter teas
associated CpG island which is a common feature of housekeeping genes and may explain

the ubiquitaus expression of GR9).

Translaton of the GBAgene yields a 60kDa protein which has a modular structure
consisting of three domains which were identified when thea¥X structure of the
enzyme was published in 20030). The catalytic activity of the protein is associated with

domain Il which is formed from amino acid residues38a and 41&430.

The first pathogenic mutationgn GBA(L444P(13) and N3705(14)) were described

shortly after the gene was identifiedo date, over 200 different mutatiorig|ave been
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reported, but the N370S and L444RAutations are the most prevalent(31) Certain
populations have a higher than average incidence of a particular subclass of GD (for
example, type | in Ashkenazi Je(@3 and type lllin the Norrbotten region of Sweden
(32), but even when alleles are considered independently of patient origin, N370S and
L444P are the most commonly found mutatiof&l, 33) Mutations reported to date
include: 203 missense, 18 nonsense, 36 indels, 14 splice junction variants, and 13

complex alleles (containing multiple mutations), in addition to recombination eV@ifs

Many of the mutations described BBA ,ncluding N370S, have structural effects on the
protein and disrupt the protein folding which leads to retention in the endoplasmic
reticulum and degradation of a catalytically active proté3d, 35) The N370S mutation
occurs in the active site of thenzyme but in a loop outsidihe catalytic domain caursg

a structural change to the protewhich makest less flexible(36). The L444P mutation

also causes a structural change, this time within the hydrophobic core of the pf@@jin

and which appears to affect the interaction of the protein with the activapotein
saposin 37). Another common mutation ishe insertion of asecondguanine base at
residue 84 giving th84GGallelewhich results in premature termination of transcription

and is predicted to severely compromise the enzyme as it has never been seen in

homozygosity(33, 38) The locations of the three mutations are showrFigurel.2.
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[ Domain Il1

Figure 1.2 Schematic showing theGBA gene, cDNA, mRNA and amino acid
sequences

Although many mutations have been described &BAis well characterised, there is

still only a limited understanding of genotypdenotype correlation and the same
mutations can be implicated across a spectrum of dis€a8g There is even discordance
found within twin studieq40, 41) One of the few examples of correlation that has been
found is the N370S mutation (c.1226Ax@Gth non-neuronopathicor type ldiseasg(42).
However, even N370S homozygotes display a wide range of symptoms from

asymptomatic to severe organomegaly with bone involven{dgt 43)

Similarly, the L444P (c.1448C=llgle which usually indicates neuronopathic disease,
has been show to exist on a continuum of symptoms ranging from moderate

neurological and systemic symptoms to seizures and severe developmenta(4i€lay

Some studies have reported data which points to a dosage effect of individual alleles

which results in the spectrum of disease seen in patients. For example; homozygosity for
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the N370S allele results in milder symptoms and later onset thaheterozygous

patients(33, 42)

A degree ophenotypic variablity may be due to the effect of other genes which act as
modifiers Candidates includeSCARB@&he gene encoding the LIMP2 protdib)), CLN8
(46) and PSAR47). PSARNncodes a polyprotein called prosaposin which is cleaved into
four distinct saposins. Of these saposin C is a known actied8C and mutations have
been shown to cause GB6). TheCLN&ene was identified as a potential modifier of GD
by a genomewide screen and has been shown to be resident in the endoplasmic

reticulum and to have a stimulatory effect on glsgberamide synthasé48).

1.1.4 Pathophysiology

The symptoms of Gaucher disease are complex as it is a multisystem disorder which can
causesignificanthaematological49), skeletal(50) and neurological complication&1).

The exact symptoms that a patient displays can be used to classify their disease based
primarily on the presence or absence of neurological involvemient also the age at

which symptoms present (summarisedTiablel.1) (52).

The distinctive, swollen cells which were found in the spleen of the original GD patient

are today known as Gaucher cells and are considered to be a hallmark (#),Gbe

presence of these cells in a bone marrow biopsy is one of the main indicators used for
diagnosis(53)» DI dzOKSNJ OSftfta | NS YIONRLKEIFISa HKAO
appearance due to the accumulation of the substragkicocerebrosid€¢GIldcCer), within

the lysosome(11l). GlcCer is released from the breakdown of cell membranes and
therefore phagocytic cellsugh as the macrophage and thepffer cells of the liver are

particularly affected and store large quantities of the substi(&4).
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The mildest formof GD is type In which patients predominantly experiencéseeral
pathology including hepatospleomegaly(with a spleen si& of up to 20 times that of
unaffected individuals(55)), anaemia and skeletal problem3his form isthe most
common and can be diagnosed at any age but is most commonly identified in adulthood.
Symptoms can be effectively managed with treatment and patients have a normal life

expectancy53, 56)

Until recently, type | GD was defined as amguronopathic as patients did not display

any neurological impairment. Howewevithin the last decade a link has been established

between type IGDand parkinsonisn{56, 57) There have been anecdotal reports of

Gaucher patients developing parkinsonian symptoms as far back as (B8} 2eyiewed

in (59) but it was not until recently that a definitive link has bedrownbetween type |

GD and the development of early onset parkinson{&®, 60) Subsequently it has been

found that there is a high prevalence of GBAitations amongst nolD5 t | NJ] Ay a2y C
disease patients, making heterozygosity for GD mutations a risk factor for parkinsonism

(61). The mechanism behind this association is still under investigation, but it has been
suggested that it may be due to impaired mitochondrial funci{®) or accumulation of

mutant GC in Lewy bodi€63). However, parkinsonism in GD patients does not appear to

0SS RdzS G2 St SwriudethRwhithSsddéiaded RItKOEN- 3 a A OF f  t | NJ A

diseasgq64).

GDin patients with neurological disease can be classified as either type Il or type Ill. Of
these, type Il is the most severe with symptoms arising in the first six moitife and
deteriorating very rapidly leading to death at around 2 years of @j& Type lll is a
milder form with less severe neurological symptoms and a later age of onset. The
condition deteriorates over time but at a slower rate than in type Il and is usually fatal in

early adlthood (65).
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The molecular basis for neurological disease in GD remains unclear, although
degeneration appears to be due to neuronal loss and astrsigli66, 67) This may be
caused by the accumulation of GlcCer within neuron@S) or by impaired

autophagocytosi§69).

In addition to the three classical types of GD (I, Il, flither subtypes hae been

described in efforts to more accurately discriminate between groups of patients.

A subtype of type Il which is often viewed as a distinct cladfsefisds namedperinatat

lethal GD because affected individuals usually die within hours of lifirtigt in utero
Symptoms indicative of this class of GD include hydrops fetalis, congenital icthyosis,
hepatosplenomegaly andrthrogryposisin combination with very low GC activity (<7%

normal value)70).

The delineation of type Ill GD has been subject to significant debate with three subclasses
being suggested based onet severity of neurological symptoni®5). According to these
subdivisions type llla patients would have milder visceral symptoms but early onset of
neurological disease with seizures and horizontal supranuclear gaze palsy. In comparison,
type lllb is associated with significant hepgiitenomegaly as well as kypho#osis and a
barrelled chest, but later appearance of seizures. Although type lllb isragn
considered to be the class of GD seen at high frequency in the Norrbotten region of
Sweden(known as the Norrbottnian typejhe distinction between llla and Illb is hard to

make clinically and therefore these subdivisions are rarely (i8&d

A subclass of type Ill GD used more frequently is type lllc which is associated with
calcification ofthe cardiac valves (atrial and mitral) and corneal opacity. Other visceral

and neurological symptoms appear to be mild in these patients other than oculomotor
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apraxia. Unusually for GD, type llic is very clearly associated with a specific mgtation

the D409H substitutiorwhichstrongly correlates with valvular calcificatiér2, 73)
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Classification Age of onset

Life expectancy

Neurologicalsymptoms

Visceral symptoms

Type | (non Any
neuronopathig ® % 7
Type Il (acute <9 months

neuronopathic)®?

Type Il (chronic Childhood

neuronopathic)®©®

Type llic 0-20 years

(73, 75, 76)

(51, 70)

Perinatal lethal Birth/in utero

Relatively unaffected

1-2 years

Childhood

20 years

<3 months

None (Parkinsonism)

Strabismus, oculomotor apraxia,
extrapyramidal symptoms,
seizures, neck hyperextension,

apnoeahypertonia

Oculomotor apraxia, myoclonic
epilepsy, dementia, ataxia,

spasticity

Oculomotor apraxia

Hypokinesia

Hepatosplenomegaly, skeletal involvemer
(bone crises, osteonecrosis, osteomyelitis

anaema, thrombocytopenia

Pulmonary invtvement, idiopathic fever,

haemorrhage, splenomegaly

Hepatosplenomegaly, thrombocytopenia,
anaemia, skeletal involvement, pulmonar

involvement, oesophageal varices
Mitral/aortic valve calcification, corneal

opacity

Non-immune hydrops fetalis congenital

icthyosis, facial dysmorphia, splenomegal

Tablel.1 Subtypes of GD with associated symptoms
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1.1.5 Bone disease

For type | GD patients, and to some extent typeaalsignificant pathology is bone disease

which occurs in approximately 75% of patie(ig).

Clinically skeletal involvement can include: restricted growth, osteopenia, osteonecrosis,
lytic bone lesions and a specific class of bone malformation known as Erlenmeyer flask
deformities (50, 78) Many pdients also experience bone criseperiods of severe bone

pain which can be very disabling. These crises, as with all GD symptoms, differ in
frequency and intensity from patient to patient. The primary manifestations of bone
disease are often a startingoint for the development of secondary problems such as
osteomyelitis, fractures, and osteoarthritis which cause further disability to the patient

(50, 79)

The primary reason for the development of skeletal complications appears to be the
infiltration of Gaucher cells into the bone marrow. This leads to an expansion of red
marrow which alters the vascularity of the bone marrow compartment and alliwes

occurence ofinfarction and thrombosig50).

While infarction and thrombosis are both serious complications of GD, bone maintenance
is a delicate balance betweehe two types of osteological cejlthe osteoclast and the
osteoblast¢ and so it is likely that there ialsoa cellular explanation for bone disease
(80). Osteoblasts are mesenchymal cellsighhare involved in the formation of bone by
laying down the matrix and differentiating into osteocyi@sviewed in(81)). Conversgl

the osteoclast, a haematological cell, is responsible for degrading and remodelling bone
by breaking down the matrix82). Both cell types can influence the behaviour of the
other (83)and it is the balance between the activity of the two which ultimately results in

a healthy skeletor84).
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As with all cells, the functions of osteoclasts and osteoblasts are influenced by cytokines,
and so it is likely that altered cytokine praction by macrophages within the bone
marrow which have been activated by the accumulation of GlcCer has a role in bone

diseasg(85), summarised inrablel.2).

The exact impact of GD on the cells of the skeletal system remains unclear although
recently evidence has emerged that there is increased stimulus leading to the
differentiation of osteodsts in the GD settin@B0, 86, 87)Evidence for the involvement

of osteoblasts is less promising with a recantvitro model showing that inhibiting GC

had noeffect on osteoblast activity88), while another paper showed that there may be

an uncoupling of osteoblasisteoclast interactions in G(86)and a recentGBA™ mouse
model suggested that the osteoblasts was the most severely affeloteat: cell (89).
Taken together, these studies suggest that a treatment strategy which directly targets the

osteoclast may prove beneficial for the skeletal complications of GD.
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Cytokine Change in GD Effect on Effect on

osteoclasts osteoblasts
Interleukin-m i©% Increased Stimulatory 5
Interleukin-6 ©° 9% Increased Stimulatory -
Interleukin-g ® 92 93) Increased Stimulatory 5
Interleukin-10®Y Increased - Inhibitory
Macrophagecolony Increased Stimulatory -
stimulating factor®
Tumour necrosis facter  Increased Stimulatory -
alpha®
Prostaglandin EZ? Increased Stimulatory -

Tablel.2 Altered cytokine production by activated macrophages and the effect

on osteoclasts/osteoblasts
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1.1.6 Current reatment

Originally, treatment for Gaucher disease was on a purely symptomatic basis. The most
common measures were blood transfusions to treat anaemia and other cytopevitas,
splenectomy when splenomegaly became too pronoun¢@s). However, splenectomy
leaves patients at an increased risk of bacterial infections and is no longer used except
when patients who fail to respond to treatment exhibit pronoundbdombocytopenia

(96, 97)

Hematopoietic stem celiransplant HSQ) has also been used for patients with severe
disease and successful engraftment has been found to improve blood counts and reduce
hepatomegaly in addition to correcting the underlying metabolic defé&) It has also
been shown that in some casddSCT carstabilise bone diseas€99, 100) and
neurological condition in some type Il patielfd, 101) Despite promising evidence of a
curative effect, the mortality rate amongiST recipients is around 125% and it is
therefore not used as a routine treatment optid@8, 102) HoweverasHST has never
been used with any degree of regularity and the majority of data is from tfec2atury

it is difficult to assess the true potential of the treatmer@iven recent advances in
technology, such as higlesolution human leukocyte antigen typing allowing for more
accurate donotrecipient matching(103, 104)and improved stem cell mobilisation and
collection regimeng105) some groups are now calling for-egaluation ofHSQ@ as a

treatment option (106, 107)

1.1.6.1 Enzyme Replacement Therapy

The possibility oftreating lysosomal disorders with replacement therapy was first
suggested 50 years ago when it was observed that any substance taken up by endocytosis
was likely to end up in the lysoson(iEs) (reviewedin (108) but it was not until 1991 that

this possibility was realised for GID09)
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Once the enzyme deficient in GD was identifidd), and amethod for largescale
purification ofthe enzyme from human placenta was establist{@dlO, 111) researchers
began experiments treating patients with infusions of enzyme. The first three studies
used either unaltered enzymg112) reviewed in(113), or enzyme encapsulated in
either red blood cell membrand€l114) or liposomes(115) but none were particularly

successful in ameliorating disease.

An explanation for this failure came from a study performed in rats which showed that
native GC enzyme administered intravenously localises predominantly to hepatocytes
cells which do not store GlcCgrl6)and is therefore unlikely to alleviate diseagtapid
uptake of lysosomal enzymes by hepatocytes is a mechanism that has been seen in a
number of studies(117-119) suggesting it to be a common mechanism of uptake for
lysosomal proteinskurther investigations of the placental enzyme revealed it to contain
a high percentage of galactoserminated oligosaccharide side chains which interact
strongly with a lectin expresdeon hepatocyte cell membrang&20) The discovery that
macrophages beaa receptor (macrophage mannose receptor; MMRhich interacts

with mannoseterminal side chains provided a mechanism for targeting purified GC to its
site of action(119, 121) The side chains of GC can be modified to target the enzyme to
macrophagesy the sequential removal of monosaccharide residues using the enzymes

Y S dzNT Y A yAN R I 20612 i Nadet@ucdsamividds@09, 121)

The first study of mannoserminated placental glucocerebrosidase used a dose of
60U/kg aministered once a fortnight which reduced organomegaly and improved
haematological parameters with no serious adverse evétd9) On the back of this trial

the preparation was approved by the Food and Drug Adinatien (122) and was
marketed by Genzyme as alglucerase (Ceredase®) but at considerable cost and with

incredibly limited supply. In 1994 a second form of ERT, imiglucerase (Cerezyme®,
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Genzyme), a recombinant form of protein produced in Chinese hamster ovary cells, was

approved and bemme the primary treatment for G[123, 124)

Since the approval of imiglucerase two other forms of ERT have been developed:
velaglucease alfa (VPRIV®, Shire Pharmaceuticals), a gene activated form of GC produced
in human fibroblast cellfl25, 126) and taliglucerase alfa (Elelyso®, Protalix/Pf{d&7)
Velaglucerase alfa is gy | 4 WISy S ¢ geiekadd byStheCQargeted A U
recombination of the endogenouSBAgenewith a promoter that would produce high

levels of expressiowithin fibroblasts(128) Adding kifunesine, a mannosidase | inhibitor,

to the culture medium results in a protein with a high percentage of manteseinated

side chains without the need fan vitro processing (129, 130) Taliglucerase alfa is
produced in carrot cells and in 2012 became the first drug made in plant cells to win FDA
approval (131, 132) Producing the enzyme in plant cells eliminates the need for-post
translational modification to expose the mannose residues as more than 90% of the

native side chims are mannose terminated 33)

A nine month randomised control study comparing imiglucerase and velaglucerase alfa in
treatment nave patients found no differencén the effectiveness of the two drugs,
although there was a slightly increased risk of adverse events when treating with
velaglucerase alfl34) In addition, it has been shown that patients who switched from
imiglucerase to velaglucase alfa had no significant decline in the main GD parameters
and that the change was well toleratell35137) Taliglucerase alfa has only been
available to patients for a short space of time so there is less clinical data available but
initial reports are promising with reduction of orgamegaly and improvement in
haematological parameter§l27) and increase of bone marrow fat fractiqi38) and
stability in patients switching from imigluceraée31) The results of a phase Il clinical

trial assessing the efficiency and safety of taliglucerase alfa in adult and paediatric
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patients previously reated with imiglucerase showed the change to be well tolerated
with maintenance of haemoglobin and platelet concentration as well as liver and spleen
volume(139) Taliglucerase alfa was approved by the FDA for use in paediatric patients in
August 2014 and importantly for mg patients, is the only one of the four drugs

available to be deemed kosher by the US Orthodox U(lid0, 141)

The approval of these two viants of ERT was driven in part by viral contamination
(Vesivirus 2117at the Genzyme manufacturing plant in 2009 which caused a worldwide
shortage and left many patients without treatmeft42, 143) In addition to pushing
velaglucerase alfa through the regulation process, a second effect of the Cerezyme
shortage has been beneficial for this project as it haspafients less willing toely on a
treatment where supply could be interrupted at any tinaed, therefore,potentially

more willing to consider trying genetic therapies and permanent correction to disease

(Tanya Colliistead: personal communicatian)

It is also worth notinghat ERTis an expensive treatment option costing around £100,000

per patient, per year in the UKL44, 145)and it is not curative meaning that any
interruption to supply can lead to the recurrence of symptofhé6, 147)While the cost

is not a major problem for patients in the UK, thaedess developed countries such as
India (148)and Pakistan(149)may have limited or no access to ERT because the cost is
too high (146, 150) Some of these patients are supported by compassionate access
programs such as those run by Genzyme (Massachusetts, USA) and the European
Gaucher Association but sl schemes are limited and a otime, curative treatment

may represent a more accessible option for these patients.

1.1.6.2 Response of bone disease treatment
While ERT has been shown to be effective in treating the majority of visceral symptoms,

evidence for the treatment of skeletal symptoms is less easy to interpret. In general, the
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frequency and intensity of bone crises appears to decrease rapidly in resporisRT
(151, 152) but some patients continue to experience crises and in some cases
osteonecrosis can continue to develop asymptomaticgll$3) Another measure of
skeletal disease in GD is bone mineral den@&tyiD)which is highest among adolesite

and then gradually declines with ag&54) In keeping with this pattern, an analysié
patient data from the International Collaborative Gaucher Group registry showed that
osteopenia was evident in children as young as five years and most pronounced in
adolescents(155) It is therefore unsurprising that younger patients respond to ERT
better with the most significant increase in BMD and reduction in both bone pain and
bone cises(155, 156) Rosenthaét al. (19%) showed that bone density takes average

of 3.5 years treatment with ERT to return to normal values. The same study also showed
that it takes a similar length of time for the marrow fat fraction to normalise in treated

patients(157)

1.1.6.3 Substrate Reduction Therapy

Around 15% of patients display hypersensitivity to alglucerase/imigluceis®) and
although this can be managed, there is another optpsubstrate reduction therapy
(SRT). Patients are treated with an inhibitor of glucosylceramide syntmaiggugtd,
marketed asZavesca®, Actelion) which limits the formation of GlcCer and has been
shown to be effective in treating G[159) The active ingredient imiglustat is N-
butyldeoxynojirimycin N\B-DNJ), an imingeugar which was originally identified as an
inhibitor of HIVinfectivity (160, 161) Subsequent investigation showed it to be an
analggue of Dglucoseand a competitive inhibitor of glucosylceramide synthase which is
the first enzyme in the glycolipid synthesis pathw@$9) SRThas been shown to be
effective in treating GD, partitarly in reducing organomega{$62)and with promising
results emerging for the treatemt of bone diseasél63) However, utility is limited due

to gastrointestinal disturbances including osmotic diarrhoea and weight(ldgy These
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side effects are caused by the inhibition pfeistinal disaccharidase enzymes Nig-DNJ
which affects the digestion of carbohydratés64) Although they can be controlled by
dietary alterationsmiglustatis a less preferable treatment option and therefore SRT is

only offered topatients who @ not respondo, or who display sensitivity tERT162)

1.1.6.4 Pharmacological chaperone therapy

An emerging treatment area for GD is the use of chaperone proteins which can be
employed to augment the activity of mutant protein. Pharmacological chaperone therapy
(PCT) is a potential treatment strategy as many mutations which cause GD are missense
mutations which either prevent the protein folding into the correct conformation or

which prevent its trafficking to the lysosome.

t/ ¢ gl a FANRG KeLkRidKSaAi-gaa®osidaFeinBibibreiceufd in2 6 & S NX
fact restore enzymatic activity in filblasts derived from patients withyfg-gangliosidosis

0 igalactosidase deficiencyigure 1.1) (165, 166) Enzyme inhibitors have also been

shown to act as chaperones in Fabry dise@d€) Pompe diseas€l68, 169)and Gy.-

gangliosidosi (170, 171) It has taken many years to elucidate the mechani$rR@T but

it appears that chaperones can stabilise the stdistenzyme complex thereby enable

the misfolded protein to be targeted to the lysosorfies7, 171, 172)

Two compounds have been identified which act as chaperones for mutant GC ig cells
isofagomine (IF5(173, 174)and ambroxol (ABX(175) Incubation of GHBlerived
fibroblasts with either compound results increased levels of enzyme activity, lysosomal

localisation of the enzyme and clearance of stored GlcCer.

A pilot study which treated 12 GD type | patients with ABX over a 6 month period showed
the drug to be afe for use in people with Gt has alreadybeen approved for use in

patients with lung disease). Although the study only produced limited clinical effects this
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is likely to be due to the low dose used, and further trials with higher doses are planned
for the future (176) IFG has been shown to increase survival and reduce substrate
storage in mouse models of neuronopathic @7, 178suggesting that it may bef use

in the treatment ofpatients

1.1.6.5 Treatment monitoring

Whether or not patients are receiving treatmerhey require monitoring by clinicians on

a regular basis. This monitoring includes the use of CT scans to assess organomegaly and
MRI scans or-Kays to check for skeletal deterioration. Patients also undergo regular
blood tests to monitor haemoglobin and platelet leveds well as the plasma
concentration of chitotriosidase (ChT), a known biomarker of GD. ChT was first identified
as a GD biomarker 994 when Hollalet al. showed it to be highly elevated in patient
plasma samples compared to unaffected individuals and that levels decreased in
response to treatment with ERI79) The exact function of ChT remains unclear but it is
known to be highly expressed in the lymph node, lung and bone maft8@)with the

majority of protein expressed by macrophages and monocytic €lE)

1.1.7 Animal models

In order to study disease it is useful to have animal models which mimic the phenotype

seen in humans. To date research into GD has been hampered by a lack of viable models.

Two independent groups attempted to produce a mouse model of GD by targeted
disruption of exons 91 of the GBAgene (182, 183) Although both models resulted in
mice with high levels of Gaucher cell infiltration in the liver, spleen and, in one case, the
brain; the affected animals all died within 24 hours of birth meaning both models are of
very limited use. The affected animals in both studies died of dehydratian tduthe
incorrect formation of skin architecture, not unlike the congenital icthyosis seen in

perinataHethal GD.
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A subsequent model produced laySwedish group yielded mice which had a cassette
inserted into intron 8 of theGBAgene (184) This cassette was flanked by loxP sites
enabling excision by Cre recombinadéice carrying this insertion wererossed with
mice carrying Cre recombinase under the control of a keratinocyte specific promoter
(K14). This scheme allows for expression of functional GC which is confined to the skin
and is sufficient for rescue of the fatal skin phenotype seen in auitbigs knockout
animal. The mice produced in this study developed normally for the first ten days of life
and then experienced rapid neurological deterioration leading to continuous seizures and
paralysis by two weeks of age. Posbrtem analysis showed idespread neuronal loss
and microglial activatiorf184) This mouse represents a close model of GD type 2 with
little visceralpathology;however the absence of GC expression in all tissues means it has
utility in investigating the correction of the metabolic defect in type | GD ancetobes it

has been of use to this project.

Other successful models have used a similar strategy for example Sacéin2007)
produced a conditional knoetut in which GBAdisruption was confined to cells of
endothelial and haematopoietic lineages. §model exhibits splenomegaly with Gaucher
cells present in the liver and spleen and lives beyond one year fLl&§¢ Models have

also beengenerated carrying specific mutations which correlate with human disease.
These include: a mouse homozygous for the L444P mutation which has very limited
pathology (186) mice homozygous for N370S which died at bifit87) and mice
homozygous for the mutations V349L, D409H and D409V all of which showed extensive

GlcCer accumutimn in visceral tissues but no accumulation in the CN3)

A further model which has been produced recently recapitulates the type | GD phenotype
(89) It was created by the targeted knockit of GBA in haematopoietic and

mesenchymal stem cells at day two after birth. Mice show significant
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hepatosplenomegaly with Gaucher cells present in the ligpteen, bone marrow and
thymus. They also display a skeletal phenotype including osteonecrosis and osteopenia
which appears to be due to a defect in osteoblastogenesis as no defect was found in the
formation of osteoclast¢89). This represents a very promising model of GD for future

experimentation.
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1.2 Gene therapy

Gene therapy is an emerging branch of medicine which aims to treat disease by
introducing genetic material which will correct the underlying defect. Gene therapy has
benefited greatly from significant advances in knowledge of genetics and recombinant
technology over the last 100 yearthis chapter will describe those advances and the way

in which they have led to the advent of gene therapy.

1.2.1 History

In the first half of the 20 century it was observed that injecting a dead, virulent, (S)
strain of Pneumooccus bacteria into mice in conjunction with an avirulent, living strain
(R) lel to a fatalbacteraemiacaused by the transformation of the R type by some
unknown method(188) In 1944, Avery and colleagues determined that the mechanism
of transformation was the exchange BNA between the two bacterial strai89) This
discovery, that DNA from one ltecan be used to alter phenotypic characteristics of
another, allowed researchers to hypothesise a new method of treating genetic digease
the correction of a genetic defect by supplying a healthy copy of the aberrant gene. This
hypothesis gained weighfrom demonstrations that mammalian cells could also

incorporate and retain DNA from exogenous sms(190, 191)

However, the majority of early experiments relied on exposing recipient cells to naked,
genomic DNA from the donor source and this only gave aieffi, transient

transformation(191-193)

The discovery that malighancies induced by infection with polyoma virus or simian virus
40 (SV40) occur becausetbé incorporation of viral DNA into the host cell geno(t64,

195) suggested the use of viruses as efficient method of transforming cells. It was at
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Figurel.3 Graph showing the number of results from a PubMed search for the

term "gene therapy" plotted aginst year

However, these developments in gene delivery arose before the advent of recombinant
genetic technology so researchers were unable to engineer viruses that would deliver

specific genes into cellsThis changedn 1978 when Tom Maniatis andcolleagues

w3
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specieq197) Theisolatedrabbit gene was subsequently cloned into the viral genome of
SV40 and used to infect cells where it was shown to be transcribed into a hybrid virus

mammal mRNA which could be usedproduce fult Sy 3 i K -gINdingorotain198)

Improved recorbinant DNA techniques coupled with increased understanding of viral life

cycles allowed several groups to produce replicatieficient retroviral constructs.

When transfected into a cell which was subsequently infected with a replication

02 YLISGSyd GMKNEEZAISNIKSaES O2 yidconpeedtvectors as$he RS R
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engineered genome was incorporated into the viral particle in place of the wild type

genome(199-201).

To refine the technology it was necessary to eliminate the requirement for a helper virus.
This was achieved by splitting the genes necessary for virusugiod away from the
rest of the viral genome. Concurrent transfection of these genes together with a
construct containing the gene of interest and a minimal amount of viral DNA (including a
packaging signal) allowed for the formation of infectious virattiples which were
capable of transmitting the gene of interest but were replication defic(@02-204). This

development will be covered in more detail later in this chapter.

1.2.2 Clinical trials

Some of the first demonstrations of gene therdpyvitro used cells derived from patients
with LeschNyhan syndrme (hypoxanthineguanine phosphoribosyltransferase (HPRT)
deficiency). Two papers in the early 1980s from a group in California showed that it was
possible to correctHPRT fibroblasts (205) and lymphoblastg206) using a retroviral
vector. In the lymphoblast, which is the more disease relevant cell, physiological
correction was shown as purine accumulation fell and ATP/GTP ratinatised(206).

The following years saw the publication of papers reporting the genetic correction of
patient material from a number of diseases includiraylenosinedeaminase linked
severe combined immunodeficiency (ASEID)(207) alphal antitrypsin defciency
(208), Gaucher diseag09)and leukocyte adhesion deficien(310) As well as different
diseases, researchers targeted a variefycell types including connective tiss(211,

212) renal cell§213) and haematopoietic cel(14, 215)

However, developments faced a setback in the early 1980s when researchers at UCLA
conducted an unsanctioned experiment in humaf&l6) Following their published
papers in which they had successfully inserted the genes for thymidine Kig&aggand
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dihydrofolate reductas€214)into the bone marrow of micghe Cline group conducted a

0 NR It -thgfasséndia?patientsBone marrow cells from patientaere transduced
GAGK NBO2YoAYl yil LI I a¢ocbiRgeneCaldytiymiding kigaZe (a0 2 0 K |
selectable marker) and transfused the cells back into the patients. Neither patient
showed any clina benefit or significant side effects despite being subjected to high level
irradiation prior to reinfusion(216) However the work was heavily criticised on
administrative and ethical grounds as the construséd had not been tested before the
study and it emerged that the research had not been approved by UCLA, where Cline was
based, and also that the protocol had been modified frdra versionapproved by the
participating institutions in Italy and Israehs a result, Cline lost his UCLA chair and
funding from the NIH218, 219)It is worth notinghoweverthat since no harm came to
either of the patients treated in this study, it can be viewed as the first time recombinant
DNA was shown to be safe in people which lent strength to the concept of gengyhera

as a treatment option.

Despite this setback, gene therapy development continued and in 1992 the first official
clinical trial began in the USAr /. French Anderson used getmrected autologous T

cells to treat dour-year old patient with ADASCI220)

T-cells were harvested by apheresis, transduced with a retrovirus carrying the ADA gene
and reinfused to the patient. This was repeafacd times over the course of six months.

A second patient with a milder disease phenotype was alsollearin the same trial and

at four years postreatment both patients showed healthy levels of lymphoblastic ADA
expression and good clinical outconawen whenenzyme replacement therapwas
reduced (220) A second trial began in the European dnin 1992 and treated two
patients with genetically modified haematopoietic stem cells (HSCs) and peripheral blood

lymphocytes. Both patients showed shéerm immune reconstitution with expression of
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ADA(221) However in both of these studies patients were kept on enzyme replacement
therapy and therefore they do not constitute definitive proof of the success of gene

therapy. However theydid provide more data on the safety of the approach.

Since these firsstudies, a number of other trials for AEBCIDtherapy have been run
which included amendments to try and increase the success rate. These modifications
include the refinement of the cytokine cocktail used to culture the stem cells during
transduction(222) the use of fibronectin to increase transduction efficierf223) and

the addition of a conditioning regimen to improve engraftmé{#24)reviewed in(225)).

The most recent set ofidical trials using these adjustments have been run at centres in
Italy, the UK and the US and have treated more than 40 patients. Of,t#@$#&2.5%) are

no longer on ERT and there have been no reported adverse events, makifgGDANe

of the first dseases to be successfully treated with gene ther@2p-229)

The same technology was adapted to develop a treatment fiimkéd severe @mbined
immunodeficiency (XBCID), caused by mutations in th&RGyenewhich encodeghe
1-chain of interleukin receptors including that of I{280) Trials were run at the Hopital
Necker, Paris and Great Ormond Street Hospital, London treating twenty patients with
FdzG2f 232dza | { / a-retiowisyCadrriging@hd R2RG &ené. Ressttswed
efficacy in the majority of patients including full immune reconstitution, normal thymic
development and clearance of pexisting infection§231-233) Unfortunatelya number

of these patients developed T cddlukaemia several months after gene thera@ne
patientdied as a result but the rest responded to chemotherapy and went into remission
(234) Genetic analysis determined that the reason for the uncontrolled expansion of T
cells was an insertion of the viral genome close to genomic loci containing-proto
oncogenes, usually the LMO2 locus but also CCND2 and BMI1. The sabeghancer

element in the viralbackboneupregulated expression of genes at these loci which
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resulted in increased proliferation and survival of cells containing these inse(2384s

236).

Clonal expariens were also observed in gene therapy trials for chronic granulomatous
diseasg(leading to the death of one participan@37, 238) Yy Rthalassemig239)using
1-retroviruses althogh in these cases the expansions were found to have therapeutic

benefit.

In 1999, the gene therapy field suffered a major stumbling block when researchers at
Pennsylvani&ate Universityworking on ornithine transcarbamylase) deficiency treated
an eighten-year old boy named Jesse Gelsinger as part of their phase | clinicgd40al

The previous seven patients had been treated with escalating doses of intravenously
administered virus and had experienced minor side effects (transient thrombocytopenia,
myalgia, fever) but no serious reactions that might suggest a danger to future
participants(241) However 18 hours after treatment Jesse Gelsinger began to exhibit
signs of liver failureand 35 hours posadministration, he fell into a coma from which he
never recovered, dying 98 hours after treatmetespite the best efforts of the research
and other medical team§40) Subsequent investigations revealed a number of issues
with the studywhich has led to revised policy on the reporting of adverse events in pre
clinical studies as well as the involvement of trialffsteith financing organisationg242,

243)

Despite the many challenges faced during the development of gene therapy, researchers
have perseveredFigurel.4 shows he number of clinical trial records in tifreubMed
database (htp://www.ncbi.nim.nih.gov/pubmegl returned by a search for the term
G3ASy S (iokes tinde LTBiE graph shows clearly the effetiat the death of Jesse
Gelsinger had on the gene therapy community, with the number of reports filed falling

from forty in 1999 to twentyfour in 2002. This drop reflects the public loss of trust in
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clinical research after the widespread reporting of hesith, as well as restrictions placed

on a number of organisations while investigations were being conducted. The graph also
shows a second fall in the number of clinical trials being conducted which corresponds
with the reporting of TALL development in pacipants of the X34SCID trial in 2003.
Nevertheless, gene therapy continued to persevere with 25 records depositékein
PubMeddatabase in2013 and 1D trials in progress according the Journal of Gene
Medicine The Journal of Gene Medicine collates the number of gene therapy trials and
this data shows the same trend as tiReibMedsearch with a steady increase tihe

number of records despite a drop in the number of records around 1999 and 2003.

Death of Jesse :
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Figurel.4 The number of gene therapy trials reported by two sourceem
19892013

Pubmed search for the term "gene therapy" restricted to records labelled as "clinical
trials" (sdid line) and the number of trials approved worldwide according to the Journal

of Gene Medicine (dashed line).

It is worth notingat this point that although the development of gene therapy has faced a

number of setbackghe development of a new treatmens rarely smooth. For example,
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an early review of bone marrow transplantation as a treatment strategy showed that 152
of 203 patients had died after the therapy leading to widespread discontinuation of the
practice (244) before going on to become the standard of care for a number of

conditions

1.2.3 Vectors

A number of different virus types have been developed as vectors for gene therapy
including retroviruses &énd lentiviruses), adenoviruse@Adv) adencassociated viruses

(AAV)and herpes viruseg.ablel.3 summarises the vector types available.

A \ariety of virus generahave been developed as vectors because of the differing
requirements for treating the large variety of diseases targeted by geempy and the
following pages will explain some of the differences between the vector types and their

advantagesnd disadvantages in a clinical setting.

One of the first considerations when choosing a vector type is the amount of genetic
material which can be incorporated into the virioAAV is he smallest gene therapy
vector and has a capacity of 5kb whighust include the transgene in addition to any
other genetic components such as promoter or enhancer elements as well as any viral
structuresand thereforelimits the utility of the vector as it cannot be used to transport

large gene$245)

An example of how the size of insert carfeaft vedor choice come from researchinto
genetherapy for muscular dystroph§MD). The gene responsible for causing both Becker
and Duchenne muscular dystrophy is tigstrophingene whichhas a cDNA of 11kbnd

this has hinderedene therapy foMD (246)
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Anather feature which must be considered when choosing a vector system is the
outcome of cellular transduction. Some vector systems such as retroviruses and AAV are
able to integrate their genetic material into the host chromosome enabling maintenance
and regication of the transgene within thecellular genome. This is important for the
treatment of many conditions as it allows for the permanent correction of a genetic
defect. It is of particular use when treating stem cells as it ensures that the therapeutic
effect will not be lost as cells divide and differentiate. However thera issk that
integration can lead to insertional mutagenesis which can have an oncogenic &ffect

has beerseen ina number of clinicatials (234-238).

Some vector types including adenovirus, herpes virus anevirahvectors are unable to
mediate this integrative effect and the transgene remains outside ggaome as an
episome. Although episomal DNA will be lost if a cell dividesjmeqrating vectors are
of use when treating pognitotic cells such as skin or neurones as the lack of integration
removes the risk of insertional mutagenesis and the transgeiil persist for the life of

the cell which is often of sufficient length to provide relief from the disease.

A number of viral vectors that have been developed to date have been derived from
known human pathogens. In addition to thmossibility that these vectors could be
pathogenicthemselves this also introduces the risk that patients will have +prasting
immunity to the vector. This is a particularoblemwith Adv and herpes virus vectors as
well as some AA¥erotypes(247) Preexisting immunity to a vector can result in its
eradication from the body by the immune system before a clinical effect can be produced
but it can also result in severe complications for the pati@ptseen in the case of Jesse
Gelsinger(240) Vectors which have an immunogenic effect are also of limited use to
researchers as they can only be used once for each patiens@mige option of aepeat

treatment is notavailable(althoughthis can be overcome to a certain extent by changing
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the srotype of virus when using AAV or Adidditionally, the issue of immunity is only
a problem when vectors are administered directly to the patieimt therapies where
patient cells are treate@x vivg as is often the case when treating haematopoietienst
cells, the virus is removed from the cells prior to their reinfusion to the patiedticing
the likelihood ofthe virus and the host immune systecominginto contact with one

another.

With these considerations in mind, a range of vector types hawn lweveloped. This
project uses a subset of retroviral vectors known as the lentiviruggshwill be covered

in detail but a brief overview of the other vector types will be given here.

Adenoviruses are a family of over 50 serotypes which commonly agagp@atoryand
intestinal tract infections. They are doubktranded DNA viruses which tewan insert
capacity of up to 3kb (serotype dependent)Adenovirus predominantly targets
epithelium but the native receptor is expressed in almost every tissugegsipn of the
receptor is greatly upregulated on malignant cells making Adv ideal for cancer gene
therapy (248) However this gnificant benefit for Adv vectors is countered to a certain
extent by the significant immunogenicity of the virus type. This is due to both the vector
capsid and the residual viral genes which are expressed, albeit at low levels, in
transduced cell$249) Not only does this high immunogenicity reduce the potential for
repeating a treatment, it also limits the duration of transgene expression whictbean
useful where only shorterm expression is requiredr the target cells are posnitotic

but is of little use where the goal is permanent correcti®neexisting immunity also
limits the initial dose that can be administered as lower doses reduce the risk of

stimulating an immune response.
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The smallest vilavector to be developed is derived from the adesssociated viruses
(AAV) non-pathogenic,singlestranded DNA virusewith a maximum capacity of 5kb
(245) This small size mddition to relatively high immunogenicignd high levels of pre
existing immunity can limittility in gene therapy to a certain exte(250)but it remains

a popular virus type for a number of reasonkhere are at least eleven different
serotypes of AAV which all have distinct antigenic profiles. arhéy ofserotypes of AAV
gives a wide range of tropisms allowing vectors to be designed on the bdsikeo
intended target.For example AAV8 has a strong tropism for liver transduct{i2il)
whereasboth AAV8 andAV1 showa preference fomuscletargeting(252) Additionally,

G Aa LRaarotS TF2N NRY Scctdid) KsBiglde gerdmeUitin dzR 2 ( &
serotype in combination with the capsid of another to alter the tropism of the vector
(253). This strategy can also be used to overcome the problem of repeat administration
of a vector which has significant immunogenicity as changing the capsidirpnobuld

provide resistance to neutralising antibodies produced after the first administration.

One of the most significandiscoveries in AAV gene therapy svthe revelation that
AAV9 or virus pseudotyped with the AAV9 capsiable to cross the blabbrain barrier

and can mediate widspread nervous system transductig@54, 255) This is of great
benefit to gene therapy researchers as itcigrrently the only vector system able to

transduce neuronal tissue without the need for intracranial delivery.

Herpes simplex virus (HSV) typadsa 152kh singlestranded DNA genome resulting in
vectorswhich can ncorporate very large genes. It is also a highly infectious virus type
with a broad host range (despite the wild type virus being predominantly neurotropic)
and is able to infect dividing and naividing cell types. All of which makes H&éed

vectors a very promising area of gene therapy research.
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Not all gene delivery methods rely on viral vectors, patédy when integration is not
required and the targt tissue is easily accessibMonviral vectorsoften consist of a
positively charged polymer (for example: polylysine or polyethyleninondipid (such as
lipofectamine)which condenses around the DNA and is able to fuse with the plasma
membrane enabling delivery of the genetic materidlthough naked DNA can be
delivered to cells using methods such as electroporation or the gene gun, encapsulation
within a polymer increases the stability of the material allowing for more widespread
distribution. Nonviral vectors have some significantvathtages over viral agents as they
have unlimited capacity so are able to transport very large genetic elements. They also
have a very low immunogenic profile so that the risk of-@xésting immunity or inducing

an immune response is greatly reduced comgehto a viral vector and radministration

of a treatment is usually permissible. However the efficiency ofvical methods is quite

low compared to viruses, especiailtyvivowhich has limited their use.
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I -retrovirus Lentivirus Adenovirus Adenoassociated Herpesvirus Nonrviral
virus

Packaging capacity  9kb 10kb 30kb 5kb 100kb Unlimited
Transduction of non  No Yes Yes Yes Yes Yes
dividing cells
Integration into host ~ Yes Yes No Yes No No
genome
Duration of Long Long Short Long Short Short
expression
Pre-existing immunity No No Yes Some serotypes  Yes No

Tablel.3 Viral types used as gene therapy vectors adapted fr{2b6)
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1.2.4 Lentiviruses

Many of the earliesigene therapyexperiments used vectors developed from the Retroviridae; a
family which is characterised by a smgtranded RNA genome which is reverse transcribed into
DNA within the host cell and subsequently integrated into the host geng2®@-259) The
Retroviridae is a large family consisting of seven genera including the alpharetroviruses,
gammaretroviruses, lentiviruses and spurmases most of which have been developed as gene
therapy vectors. The earliest clinical trials focused on the use of the gammaretroviruses but in recent

years the focus has shifted towards lentiviruses such as the vectors used in this report.

One of the pmcipal reasons the Retroviridae were chosen as vectors is the integration of the viral
genome after transduction of target cells. Once DNA is integrated into the host genome, it will
replicate with the cell and so the delivered gene will be maintainedughout cell division and
differentiation (259, 260) In this way correction of cells can be seen as permanent. This is of
significant benefit to gene therapy rearchers treating progenitor celis it means that a treatment

may only need to be performed once.

However, factors including the association of retroviral transduction with the development of
leukaemia seen in some tria{234-236) led researcherdo look for alternative viral vectors. One
such alternative was found in the lentivirus family, a subset of retroviruses which include the human
immunodeficiency virus 1 (H) which preferentially integrate within actively transcribed genes
(261)dzy t Ardtr8viruses, which have a preference for integrating close to transcription start sites
(261-263) TKSNBE A & | f & 2retrévituseR Buy idSlentivikuses have integration hotspots
within the region of proteoncogens which increases their potential for insertional mutagenesis

(264)

1.2.4.1 HIV
Thissection will give some general background to wild type HIV biology and explain the changes

required to develop gene therapy vectors.
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Genome

The wild type HAL genome can be split into two types of sequence: coding andcoding. Coding

sequences includthe three major HIVL genest eny, gag and pol ¢ in addition to genes encoding

accessory and regulatory proteins. The 0@ RAy 3 aS1jdzSy0Sa O2yairad LINR
untranslated regions (U3 and U5 respectively) together with primer binding sitegelerse

transcription, and a packaging sigiia65)

The genome is transcribed by the host cell RNA polymerase Il (Polll) which is recruited to the TATA
02E GAGKAY G(GKS pQ ;Figuens) @65)kytheyiralTATpt&didShdithe bigst¢ w
cell protein PTEFb(266, 267)and results in multiple mRNAs. Translation of the unspliced viral
MRNAs occurs at host ribosomasd results in a humber of polyproteins which require further

processing to yield the functiohairal proteing268270)
Env

The HIV envelope protein (EmQnsists of two partg surface and transmembrane unif871, 272)

which associate to form the structure which is responsible for mediating cellular &it; 274)

The Env complex is only weakly associated with the virion which has allowed for pseudotyping of
lentiviral vectorswith alternative proteins. Pseudotypinbas allowed the creation of lentiviral
vectors carryinghe envelope proteins of the vesicular stomatitis virus, murine leukaemia virus and

herpes simplex virus among many othé2g5)
GagPol

The major structuraproteins of a lentiviral virion are encoded by the gag and pol genes which
overlap by 205 or 241 nucleotidg¢268, 276) Transdption of the gag and pol genes yields two
polyproteins, Gag (55kDa) and &ad (160kDa), due to ribosomal slippage which allows the host

ribosomes to read through the stop codon between the two geffiégurel.5) (268,269) It appears
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that ribosomal slippage occurs infrequently as the ratio of Gag teR&hgroduction iran infected
cell is approximately 20:1, analogous to the ratio of the same proteins in other retroviruses. This

20:1 ratio appears to be important for maintaining the infectivity of viru@gs)

A)
| pl7 | p24 |02| p9 |Dl| p6 |

B)
|017| p24 |pz| P9 |pl|pe| PR | RT IN

Figurel.5 Structure of the Gag and Gé&gol polyproteins of HIVL

Schematic showing the twoofyproteins translated from the gag and pol genes of-HI¥A) Gag
polyprotein B) Gagpol polyprotein p17: matrix (MA), p24: capsid (CA), p2/pl/p6: spacer proteins,

p9; nucleocapsid (NC), PR: protease, RT: reverse transcriptase, IN: integrase

The cleavage dhe polyproteins is an essential step in the production of a mature virion as without
it, the viral core cannot fornf278)and the RNA is not adequately stabilig@d@9)resulting in non
infectious particleq280) Cleavage is performed by the Hi\protease which is released from the

GagPol polyprotein by autoproteolysis and goes on to cleave the rest of the pr(28in

The component®f the Gag polyproteinHigure1.5A) are structural proteins which are important
during viral assembly including the three main proteinsapsid (CA)nucleocapsid (NC) and matrix
(MA). All three are essential proteins due to their role in forming the virion; NC and CA are involved
in encapsulating the genom@82-287) while MA targets the complex to the plasma membrane

where the full molecule is forme{®288, 289)

In addition to CA, NC and MA, the full length ®ad polyprotein [Figure1.5B) yields two other

enzymes which & essential for viral functiomeverse transcriptase and integrase.
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Reverse transcriptase

The first of these, reverse transcriptase (R Jesponsible fothe conversion of the RNA genome to
double stranded DNA which can be processed by the host cell. The occurrence of the reverse
transcriptase event was hypothesised by Howard Temin in 198d)and was found to be due to

the action of a viral protein in 1970 by two separate gro(8%7, 258) The protein itself functions as

a heterodimer composing of a 66kDa subunit and a smaller, 15kDa suB@diwhich are both
products of GagPol cleavage. The complete enzyme has both polymerase and RNase activities both
of which are essential for reverse transcription to oc(2802) The process of reverse transcription

itself has aken several years to elucidate but is now relatively well understood.

The HIVL genome is plustranded meaning that both strands of DNA are synthesisenh fthe

same molecule of RNésing a host cell tRNALys3 as a primer(293, 294) The polymerase activity

of RT uses nucleotides present in the host cell, and the RNA template to extend the primer and begin
synthesis of the DNA strand. After polymerase extension, the RNase H activity of RT degrades the
RNA portion of the RNBNA complexproduced (295) Production of the second DNA strand is
mediated by a short section of the RNA genome known as the central polypurine tract (cPPT) which

is resistant to RNase degradation amdis able to act as a primer for second strand synth@§i6)

The final product, called a provirus, l&gerthan the original RNA genome as each end contains

both U3 and U5 regions in a combination known as a long terminal repeat(A9i71R)

Each viral particle produces one provir(#97) and reverse transcription products peak around
twelve hours postransduction with integrated DNA being detected twenty four hours after

infection (298)

Integrase

RT is responsible for the production of the DNA provirus but it is the integrase (IN) protein, a 32kDa

protein found at the Nlerminus of the GagPol polyprotein, which catalyses the integration of the
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provirus into the host cell genom@59) Within the cell IN localises to the nucleus as it contains a

nuclear localisation signal (NL(399)andit binds to DNA through the-terminus(300)

To begin the process of integration a tetramer of IN proteins binds to both LTRs of the newly
synthesised viral DNA301) and associating with other cellular factors including LEDGF/p75 and
Ku70 to form the prantegration complex (PIC). The PIC mediates nuclear entry by a mechanism
which remains unclear buivhich is likely to involve proteins at the nuclear envelope such as

importin-" (302) nucleoporin 153303)and ADAM1@304)

Once nuclear entry has beerhdaeved, IN cuts the host chromosome leaving a 5bp overhang and
aAYdzZ GFyS2dzate 22Aya (GKS o0Q SyR 2F (KS (@M3NIf 5b!

Host cell enzymethen repair the cut DNA and fill in the overhangs caused K308, 307)

Accessory proteins

In addition to the major proteins transcribed from tlemv, gag and pol genes, HIM. requires two
other proteins¢ regulator of expression of virion proteins (Rev) and tratigator of transcription

(TAT both of which are involved in the regulation of HIV gene expression

Rev acts postranscriptionally by controlling nuclear export of the viral mRBEKowing for
translation of viral proteing308) It is able to mediate this effect as the Rewtgin binds to a motif
within the RNA known as the Rev response element (RfiE} exported from the nucleus by vigtu

of a nuclear export signal within the protein itsé€309, 310)

TATfunctions to increaséranscription of he viral genome. It binds to a site in the RNA known as
the transactivatioaresponsive region (TAR311) which enhances elongation of the transcribed

MRNA(312) TheTATprotein is secreted from, and taken up by, infected cells in an autocrine
fashion (313, 314)through a protein transduction domain which can be used to engineer the

transduction of other proteins into a c€B15317)
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In addition to the essential proteins described above, the-HBénome encodes a number ather
accessory proteins which have a variety of functions but nansitt enzymatic activity. These
include nef, vif, vpr and vpu all of which can be deleted from the genome without any significant

effect on the ability of the virus to act avvactor(318, 319)

Viral structure and assembly

A mature viral particle contains two copies of the RNA genome as well as the host cell tRNA Lys3
required br reverse transcription and the viral IN, RT, PR and Gag proteins transcribed in the
LINE RdzZOSNJ OSttd ¢KS QOANAR2Y A& SyOl LJadzAg &SR o0& |
molecuks of the assembled Env protefiome of the accessory proteiasd some cellular factors

are also packaged into the virion but in much lower quanti{8s0)

The first step in viral assembly is dimerization of the RNA genome which is driven by the NC protein
(282, 284) which recognises the viral packaging signal(821) The full length Gag polyprotein also
associates with the RNA genome through the integral NC sequence as well as theathfda€
terminal domain(322) The MA portion of Gag is then able to bind to PIP2 in the plasma membrane

and this facilitates the localisation of the GRH§lA complex to the cell membra(®&23)

The mechanism of Env incorporation into the virion remains unclear. It is known that the
cytoplasmic domain of gp4l intcts with MA (324, 325)but the nature and necessity of this

interaction remainginclear(326)

Once the viral components are assembled at the membrane, theziy’ A a4 LINR RdzOSR o6& .
the cell, a process kich may involve the host ce#¥ndosomal sorting aoplexes required for

0 NI vy PpatbavayIBLY, 328)

Once budding has occurred, or possibly concurrently, the Gagsagol polyproteins which have
been incorporated undergo cleavage by the viral PR and the virion takes on the characteristic
30 NHzOGdzNBE 2F | NBGNRGANHzZA P b/ O2yRSyasSa | NRBdzyR i
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which encapsulates the RNA, Riid IN moleculeg329, 330)whereas MA appears to remain
associated with the lipid envelog831, 332) This process is called maturation and it is the final step

in viral production.

1.2.4.2 Lentiviral Vectors

Several important steps had to be taken in order to develop lentiviral vectors suitable for use in gene

therapy from wild type HIV.

=N
A
w

One of these steps was the development 0O f f SiRacti¥aangX TIA NUzA S& o0 @
promoter/enhancersequences within the LT$® thatvectorscanbe regulated by external elements.
The endogenous retroviral promoter and enhancer elements are contained within the U3 region of

GKS @ANHzA FyR FdzyOilAzy 2yfte | FGSNI NEOSNES GNIya
LTR333) Yuet al. (1986) introduced a 2%p deletion within U3 which removed both the enhancer

and the promoter elements and replaced them with an internal promoter to drive transgene
expression(334) This has proved a hugely important development as deletion of the endogenous
promoter has allowed researchers to control transgene expression by choosing a relevant internal
promoter. For example, a geror tissue specific promoter could be used to restrict expression to a
particular cell lineag€225)or tissue(335, 336) Additionally, recombinant promoter elements such

as ubiquitously aing chromatin opening elemer{837, 3382 NJ #glol8n lacug225)can be used

to give sustainable, high levels of gene expressiany early experiments used viral promoters

such as the spleefocus forming virus (SFFV) promot@37) or the endogenous retroviral LTR

promoter (220) as these are expressed in a wide number of cell typesumudllyat high levels.

Using a strongoromoter allows for high levels of protein expression even when transduction and

rate of genome integration is low. However viral promoters fell out of favour as it they are prone to
methylation by the host cell which leads to gene silendi®g9, 340)and because many contain

enhancer elerants which increase the risk of insertiomalitagenesig235, 237)
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A further development came about because many viral proteins are present in the viral particle itself
and do not require transcribing in the host cell. Therefore the genes encoding these proteins can be
removed from the viragenome and supplieth transin a packaging cell. Supplying geiresrans

has two advantagedirst it reduces the size of the viral cassette, allowing for the packaging of larger
therapeutic nucleic acidssecondly, minimising the viral genome redudbs possibility that the
vector will recombine with any viral sequences present within the host genome and produce a

pathogenic or replication competent vir(341)

Figure 1.6 shows the development of lentiviral vectors from the wild type HI\denome by
sequentially splitting the genome into separate plasmids. The first generation vectors are eéscrib

in Naldiniet al. (1996) and carry the majority of the viral genome on three plas(3d2)

The main packaging construct contains thag and pol genes which encode all theecessary

enzymes and regulatory sequences including Vif and Vpr. It also contains a defective version of the
envandvpua Sy Sa yR | pQ !'¢w FNRY HKAOK GKS LI O1F 3IA
R2Yy2NJ LINBASNIBSR® ¢KS o DlyA dignal whichaelimindt&lythe dERuelicésOS R 0

required for packaging, reverse transcription and integration of the plagg4ig)

The second plasmid contains the gene encoding theslwpe protein under the control of the CMV
promoter. Changing the envelope gene included in the plasmid provides an opportunity to
pseudotype the vector$342, 343) altering the protein coat in order to direct the tropism of the
virus. In the original paper, as in many subsequent studies (including this project), the envelope gene
used encodes the vesicular stomatitisus glycoprotein (VS®) which increases the stability of virus

particles as well as providing a wide tropic3d4)

CKS GNIYAFSNI LXFAYAR 6 LI wQo O2 whrget deli§zas wieK& 3Bipy S (0 2
of the gag gene which, in combination with a part of thenv gene spanning the RRE sequence,

increases packaging efficiency and limits transcription to occuring only in the presehaé(ab the
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TAT binding sequengs in he LTR) and Rev proteins generated by the packaging constru@aghe
sequence also contains the packaging signal allowing for incorporation into viral particles. This third

LEFEYAR Ff&a2 KEa F FdzAf fSy3idK ogmtion@a) I f f26Ay3 7

In order to generate new vectors containing even less of the original viral genome, researchers
performed deletion studies on the packaging plasmid which showetlttteaaccessory genesif,

vpr, vpuand nef as well as the entirenvgene can be deleted from the plasmid without adverse
effects on titre or viral infectivity318, 319) Vectors produced from this reduced packaging cassette

are known as seconrgeneration lentiviral vectorg=jgurel.6).

Further efforts to improve the biosafety of lentiviral vectors have yielded a third generation of
vectors in which theev gene has been separated onto a fourth plasmid and deletion ofTiA&
3SyS 41& YIRS LlaaAroftsS GKNRBdIdZAK GKS dzaS 2F | adaN

LTR used on the third generation transfer plas(3ib)
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HIV-1 provirus
VPR

VIF VPU NEF
w
R +— 6as | ProPoL ENV LTR
TAT TAT
REV REV

15t generation
VPR

VIE \ / NEF
1 MV GAG | PRO POL X ENV polyA
2 cMv VSV-G [—  polyA
w
3 LTR — GA |—{ RRE | prom. cDNA — LTR
2" generation
1 cMv GAG | POL RRE [— TAT ——  polyA

REV

2 CMV VSV-G | polyA

3 LTR — RRE |— prom. cDNA — LTR

Figure 1.6 Development of first and second generation lentiviral vectors from the HIV

provirus

LTR:long terminal repeat; GAGolygene encoding virion structural parts; PROL:polygene
encoding viral enzymes; VIF, VPR, VPU, NEF are viral accessory proteinsaE®Welope gene;
TAT, REV are regulatory sequences; Giyidmegalovirus promoter; polyAsolyadenylation signal,
VSVG: vesicular stomatitis virus glycoprotein, Géttenuated GAG sequence; prorpromoter ;
cDNA complementary DNA sequence (i NJ y & dpgkayingrsigmal. For'and 2 generation
vectors, plasmids 1 and 2 are suppliedtransin the packaging cell lineand only plasmid 3 is

incorporated into the virion.
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1.2.5 Protein transduction domains

Many conditions which are a targef gene therapy are restricted to a particular cell type or lineage
and therefore it is sufficient to modify only this tissue. While this is likely to be the case for GD as
demonstrated by the fact that macrophage targeted ERT is able to relieve the tyajosymptoms;

it may also be beneficial if there is more widespread delivery of GC. This is b&&Bége a
housekeeping gene and as such is expressed ubiquitously albeit at low levels. There are two
methods to achieving systemic or widespread proteistribution, one of which is to administer
vector systemically allowing it to target all tissublewever this method risks stimulating an immune
response within the recipient as well as requiring higher vector dosegjamyreduced control of

the actud tissues modified.

An alternativemethod of achieving widespread correction is to focus on increasing the extent of
protein rather than gene, distribution. One wayto fuse the protein, which has an endogenous
secretion signal, to a protein transductiagilomain (PTD) which would allow any secreted protein to
penetrate unmodified cells in the environment. PTDs often function through recept@pendent
mechanisms making them less specific and allowing them to target a wide variety of cell types which

is deal in this scenario.

One of the best characterised PTDs is that of the HiNAnsactivator of transcription (TAT) protein
domain. The PTD from the TAT protein has been shown to work by stimulating protein uptake by
lipid raftmediated endocytosis whethe fusion protein is greater than 30kY846, 347) This
method of protein transduction is ideabif lysosomal proteins such as GC because once the protein
has been endocytosed it becomes trapped in the endosome which progresses through the cell and
fuses with vesicles which contain lysosomal proteins and have low pH. This becomes the mature

lysosome wnich is the site of action of G&, 13, 14)

A previous study demonstrated that in an ERT setting, addition of the TAT PTD ttethar@s of

GC results in a significant increase in the amount of protein takerby fibroblasts in culture
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compared toboth imiglucerase and wild type GB15) The same paper showed that fusion of the
PTD to the MNerminus of the protein abolished protein expression. A subsequent study
demonstrated the presence of two furin cleavage sites within the PTD which presentsial@os
explanation for the lack of expression from thetédminal fusion(316) The authors were able to
show that changing the amino acid sequence could remove the furin cleavage sites while
maintaining the cell penetrating properties of the domain. Thizdified version of the PTPnTAT)

is used inhis projectin addition to the WT version (WITAT) to compare the effect of PTizionto

GC

The TAT PTD was the first entity to be described as a mediator of protein transd{Bin348,

349) but since those early studies, many other domains have been described. These include: Antp
from the Drosophila Antennapedia prote{850) VP22, found in Herpes Simplex vi(@51) and
polyarginine(352) or polylysine domaing353, 354) One of the most important factors that make

for a successful PTD is a positive charge so that the domain can interact with the anionic cell
membrane allowing for the uptake of the associated protéB47) For this reason most PTDs

contain a high proportion of the basic amino acids arginine and lysine.

Studies comparing the different forms of PTD have repeatedly shown the polylysine and polyarginine
domains to be very effective at enabling proteinrtsaluction but it has also been suggested that
they may be more toxic than other sequences with Antp being at the opposite ehdtlofspectra
(354-356) This study used thTAT PTD because of previous work which has shown it to be capable
of mediating the transduction of GC and other lysosomal proteins into various cell (§p&s317,

357, 358)but it would be worthinvestigating other domains particularly those which have higher

efficiency such as Antp.

One potential limitation of PTDs which must be considerdddaseed for the proteino escape the

endosome after internalisation. However this is not relevant &t as its site of action is the
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lysosome which is the ultimate location of endocytosed molecules andritfesct of great benefit

that the protein is delivered to the lysosome without the requirement for extra adaptations.
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1.3 Gene therapy for Gaucher disea

As discussedbove gene therapy has been used to treat a numbemoihogenicdisorders and this

project aims to develop gene therapy for Gaucher disease.

There are a number of reasons that GD is being considered as a candidate for gene therapyt Firstly
is a monogenic disorder and the gene responsible has been well characterised so that researchers
have a good idea of the tissues which need to be targeted and the level of expression necessary to
correct the disease (studies have shownl1BP6 enzyme xpression to be sufficient for correction

vitro (54)and 1:10% engraftment of WT HS{svivo(359). Secondlycorrection of the disease has

been seen following allogeneisaematopoietic stem celtransplantation HSQT) with patients
showing revesion of skeletal manifestation860)and neurological stabilisation of type Il disease if
performed sufficiently early in lif¢L00, 101, 361)Howeverthese observations are based on very
limited clinical data asdHST@ has never been used as a routine treatmeption and very few

patients have undergone transplantation since the advent of @Bd)

The fact thatHST can be a curative treaent for Gaucher disease serves as proof of the principle
that gene therapy is a suitable option for treating G&D. vivogene therapy would involve treating

the patient with a genetically corrected autologous haematopoietic stem cell grafchwis
potentially safer than HSICfrom an allogeneic donor because there is reduced risk of rejection or
graft versus host disease (GVHD). GVHD occurs when transplanted T cells mount an immune
response against the recipient tissues and is a major complicatief&Gf with symptoms including

skin rashes, gastrointestinal disturbances and liver fai{862) This risk should be eliminated by

usingautologousHSCs.

Before the development of ERT, there was significant interest in gene therapy as an option for GD
because of the limitations diS@ and the shortage of suitable donofshis interest began to wane

after ERT became a licensed treatment in the early 1990s and was proved to be effective and
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popular with patients, with the result that there have been relatively few gene therapy sudie

published in the last 20 years.

The studies published in the pERT era, used a range okctor types predominantly
gammaretroviruseg209, 363365) although thereare occasional reports using lentivirus¢366,
367) or adencassociatd virus (368, 369) In addition to using different vector types, papers also
focussed on a number of differentelt types including: fibroblasts (370), lymphoblasts(370)

myoblasty371)and, most relevantly for gene therapy, haematopoietic stem 209, 363366).

Two papers, Correlit al., (1992) and Ohaslet al., (1992), both showed that when murine HSCs
were transduced with a-retrovirus carrying theGBACDNA and transplanted into recipient mice,
supranormal levels of enzyme activity could be found in macrgphaf the BM and spleen up to
sevenor eightmonths posttransplantation(363, 372) This study showed that transduction of HSCs
with GBAcan give rise to corrected macrophagesvivobut used an early vectggromoter system

which is less clinically relevant than a lentivirus and also was not a disease model as in both cases,
the donor and recipient mouse strains weBBA"". A similar study which also used WT mice as both
donor and recipient showed that lentiviral vectors could also mediate-teng reconstitution up to

6 months postHST and even after a secondary transpléB66)

In 1998, an American group initiated a clinical trial for gene therapy @singvotransduction of
CD34+ cells with a retroviragstor in three patientg373) This study showed very low gene transfer
into the target cells and one day after reinfusion, the cDNA sequence could not be detected in any of
the patients. Some gene midng was seen in one patient threaonths postinfusion indicating
shortterm survival and expansion of the transduced ¢dilg the level of cDNA detected was low

and was lostsix months after treatment. None of the patients had any significant increase in GC
expression or activity at any point during the stuU@y3) It is worth noting that the study protocol

did not include a conditioning step before the administration of transduced cells. Conditioning

involves the administration of chemotherapeutic agents to suppress or destroy the recipient
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haematopoietic systemrlhe lack of a conditioning step in the previous study protocol could mean
that if the corrected cells have no competitive advantage in the bone marrow environment, it is
likely that they were outcompeted by the unmanipulated HSCs wamede therefore lost. 1 is
probable that any future gene therapy trial for GD would need to contain a conditioning step and
that that conditioning would probably need to be complete (Adrian Thrasher: personal
communication). This study also highlights the need for higher lesfetsansduction than were

achieved in this paper.

One ofour reasons for investigating gene therapy as a potential treatment for GD is the skeletal
disease which remains the main cause of morbidity in type | patients on ERT. In many cases bone
disease isefractory to ERT153, 157whereasHST has been shown to be curative for a number of
skeletal complication§99, 100) It is likely that the ability diST to ameliorate skeletal disease do
greater degree than ERT is due to direct correction of the osteoclast, a member of the
haematopoietic lineageFigurel.7) (374) There has baevery little research into the use of gene
therapy within the context of the osteoclast and what work there is has tended to focus on the
transduction of preosteoclasts, rather than true stem cdB35) There is onerecent report,
however, which showed that by targeting HSCs as opposed to more committed cells, levels of
transduction are greatly improve(876) which is a very promising result for the potential of gene
therapy to treat skeletal disease. There have also been equally promising results from studies which
have been developing treatments for the gene therapy of another osteoclast disordeopetrosis

(377)
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Figurel.7 Cellsof the haematopoietic lineage showing differentiation of the macrophage and osteoclast from the HSC.

Both of the major cell types involved in GD, the macrophage and the osteoclast, differentiate from HSCs meaning thdtesiaggnsttategy targeting the

HSC could be successful in treating both cell types directly.
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1.4 Summaryand Aims

We hypothesise that lentiviral vectovéll provide asuitablemethod of mediatingex vivo

gene therapy for GD.

In chapter 3of this study we aim to develop vectors which are capable of correcting the
genetic defect seemmnd whichwill be tested using patienderived cell lines as well as

tissue harvested from &BA" mouse mode{184)

The majority of GD patients a@rrently treated with an enzyme replaenent therapy
which directly targets the macrophag@09) but as GBAis a housekeeping gene with
some expression ialmost all tissues of the bod{B878380) it may be preferable to
develop a theapy which is capable of restoring expression to tissues other than the
haematopoietic system. To achieve thitiapter 4 showshe fusion of theGBAgeneto a
protein transduction domairto investigate the potentiaffor the crosscorrection of

untransduceccells by secreted GC protein.

The major morbidity found in type | GD, even among treated patients, is bone disease
which we believe can be ameliorated by gene therapy of the HSC. To investigaia this
chapter 5we will firstly establish whether genetimodification of HSC can lead to the
differentiation of modified osteoclasts vitro and in vivoand secondly investigatthe

occurrence of an osteoclast phenotype within tB8A” mouse mode(184)
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2 Materials and Methods

2.1 Materials

Unless otherwise stated all reagents were suppbgdsigmaAldrich, enzymes for cloning

by Promega and cell culture reagents by Life Technologies.

2.1.1 Cloning

1kb Plus DNA ladder Life Technologies

Q5 HigHfidelity polymerase New England Biolabs
Deoxynucleotides Promega

Xl-gold chemically competent E. coli Agilent Technologies
QIAquick gel extraction kit QIAgen

Glycerol ACROS Organics

2.1.2 Plasmid preparation
QIAprep Spin Miniprep kit QIAgen

QIAquick Maxiprep kit QIAgen

2.1.3 Virus production

Centrifuge tubes Beckman Coulter
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2.1.4 Virus titration

DNAreleasy Anachem

DNeasy blood & tissue kit QIAgen

Platinum® Quantitative PCR SuperdRG Life Technologies

with ROX

2.1.5 Cell culture

MethoCultGF M3434 StemCell Technologies

Prostaglandin £ VWR International

Macrophage colony stimulating factor (RISF) R&D Systems

Receptor activator of nuclear factor kapga R&D Systems

ligand (RANK)

Dentine Dr Derralynn Hughes (Royal
Free Hospital, London)

TRAP staining kit SigmaAldrich

Transwell inserts (diameter 12mm, pore size Fisher Scientific

nen>Yo

2.1.6 Assays

Velaglucerase alfa (VPRIV) Shire Human Gene

Therapeutics
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FDGIlu
Citric acid

Disodium hydrogen orthophosphate

2.1.7 Western blotting

NP40

Leupeptin

Aprotinin

NuPage gels

MES buffer

PVDF membrane

Transfer buffer

SeeBludPlus2 prestained standard

Pierce enhanced chemiluminescence westeri

blotting substrate

2.1.8 Immunocytochemistry

BSA

Rat serum
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Life Technologies

VWR International

VWR International

Calbiochem

AppliChem

AppliChem

Life Technologies

Life Technologies

Millipore

Life Technologies

Life Technologies

Thermo Scientific

Promega

Dessi Malinova (Institute of

Child Health)



PFA Alfa Aesar

Mounting medium Life Technologies
DAPI Life Technologies
Phalloidin Life Technologies
Slides Thermo Scientific

2.1.9 Antibodies

Antibody Manufacturer (catalogue number)
Mouse monoclonal t&C Abcam (ab55080)

Mouse monoclonal to GAPDH Santa Cruz Biotechnologies-@2233)
Rabbit polyclonal to GFP(FL) Santa Cruz Biotechnology {8834)
Rabbit polyclonal to BSA Life Technologies (A11133)
Anti-mouseCD51PE eBioscience (1:P512)

Sheep antmouse, HRP conjugated GE Healthcare (NXA931)

Donkey antirabbit, HRP conjugated GE Healthcare (NA934V)
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2.1.10Solutions

Western blot lysis buffer

Western blot stripping buffer

TAE (50x)

DNA loading dye

Stopping solution

Mcllvaine citratephosphate

buffer (MV 5.4)

1% NP40, 10mM TRIS pH 8.0, 180NaCl, 1mM
PMSF, 10mM NaF, 1mM DTUOmMmM NavQ, 1%

aprotinin, 200mM leupeptin

159 glycine, 1g SDS, 10ml Tween20 in 1L wi

pH 2.2

242g TRIS Base, 57.1ml glacial acetic acid, 1

0.5M EDTA pH 8.0 in 1L distilled water

10%glycerol, 0.1% Orange G

1M glycine in water, pH 10.4 with NaOH. Dilut

to 0.25M in water for working solution

0.1M citric acid, 0.2M disodium hydroge

orthophosphate. pH 5.2
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2.2 Methods

2.2.1 PCRamplification

100ng template DNAvas combined witm>a 2 F Sl OK LINAYSNE HAnn>a
Pfu polymeraseand 1X Pfu polymerase buffer and made upto a i f @2€ dzyYS 2 7F
with sterile water Initial denaturation was performed at 95°C fomihutesand followed

by 30 amplification cycles consisting of denaturation at 95°C fose80nds primer

annealing at 58°C for 3@conds(adjustedfor each primer melting temperatujeand

extension at 72°C for tninute/kb, followed bya final extension step of Einutes at

72°C.

2.2.2 Restriction digests

Mm>3 LXFAYAR 5b! gl ad RAISaAGSR o0& wm! Syievys
@2t dzyS 2F wn>t GgAGK AGSNAES g1 GSN® 5A3SadA
required inactivation of the restriction enzyme wagenformed by heating the reaction

mixture to the temperature and for the time given in the specification sheet.

2.2.3 Klenow polymerase treatmend ¥ A f -prétrydihg gnd3)

Digested DNA was incubated with 1U Klenow per microgram DNA in reaction mixture

containing 50mM Tri$iCl, 1I0mMMgSE@ ndémYa 5¢¢X nn>a Sl OK Rb
acetylated BSA for 10 minutes at room temperature. The reaction was terminated by

heating to 75°C for 10 minutes.

2.2.4 Ligation

Insert DNA was ligated into 100ng digesm@dRXplasmid lackbone in a 3:1 or 5:1 ratio

using 3U T4 DNA ligase irx Ieaction buffer overnight at room temperature
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(approximately 22°C). The resulting ligated plasmid DNA was transformed into chemically

competent XtGold E. coland grown in the presence of ampiiill

2.2.5 TOPO cloning

Digestion products were blunted with Klenow and ligated into fi@R Blunt ' TOPO®
subcloning vector using the Zero Blunt TOPO PCR cloning kit (Life Technologies) according

G2 GKS YI ydzF |l O {CaNBsNera growy ith haizgzin A 2 v & ©

2.2.6 Transformation

2n>f fAIFGA2Y YAEGdAINB g1 a 3ASyidite YAESR 6AGK
cooled 14ml tube and incubated on ice for 30 minutes. Cells were-dtemtked at 42°C

F2N) np aSO02yR& | yR NBi dzNJCSriediuinavasiaddéd toftteNI H Y
tube and incubated with shaking at 37°C for 1 hour and then plated on -agdBplate

containing the relevant antibiotiGampicillin for lentiviral plasmids, kanamycin for TOPO

plasmidsy & pn>3kYf ® tf | {Soveni§iNBE Ay Odzol SR G or

2.2.7 Gel electrophoresis

DNA samples were added to 1x loading dye and applied to a 1% (w/v) agarose gel in TAE
0dzZFFSNJ +f2y3aARS mn>f wm({0 tfdzAaA 5b!-120@M RRSNJ |
in 1X TAE. DNA fragments were visualised by expdsurdtraviolet light using the

UviDoc system.

2.2.8 Plasmid preparation

. OGSNALE Oft2yS&a 6SNB 3INBGY AY pYE oaAiyAilLd
6al EALINBLI 8AStR I [ LIWINREAYFGStEE pnn>30 [. o

overnight at 37°C wh shaking. The following day cultures were pelleted by
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centrifugation and plasmid DNA was extracted using QlAgen plasmid purification kits

FOO2NRAY3I (G2 YIydzZFlI OGdzZNBEBNDRa AyadiNdHzOGA2yao

2.2.9 Propagation of mammalian cell lines

All cells were incubated at 37°C wi% CQ@ For longterm storage 15x10 cells were
pelleted and resuspended in 1ml freezing medium (90% FCS, 10% DMSO), transferred to
cryovials and slowly cooled teB0°C in an isopropanol freezing box before being

transferred to liquid nitrogen for longerm storage.
Human embryonic kidney 293T (HEK293T)

|l 9YHpot OStffta 6SNB YIAYlGFAYSR Ay 5dz 6S50020Q
10% foetal calf serum (FCS) and 1% streptomycin/amphotericin (complete DMEM) until
confluent and passaged using ttypsinrEDTA to remove cells from flask and diluted into

new flasks.
Fibroblasts

Gaucher patient fibroblasts were obtained from Coriell Cell Repositories (GM00852) and
Odzt G dzNB R AY a2RATASR 9l 3f SQa aSRA dzy 0
streptomycin/amphotericin ad 2mM LGlutamine. Passaging was performed using 1X

trypsinEDTA to remove cells which were seeded according to the cell data sheet.
Lymphoblastic cell lines (LCL)

Lymphoblastic cell lines (LCL) are suspension cell lines and were maintained in RPMI 1640

medium with 10 FCS and 1% penicillin/streptomycin.
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2.2.10Virus production

HEK293T cells were seeded at 1.3g&ls/175cni flask and allowed to reach &%

confluency. For each flask, 40ug vector construct, 10pg pMD.G2 and 30ugp@MVO T n
plasmids were added tp Yf hlLJiAa9a YR FTAfGSNBR (KNP JZ
polyethylenimine was added to 5ml OptiMEM for each flask and passed through a
NOHH>Y FAEGSNY ¢KS (g2 YAEGdAdNBE ¢6SNBE 02VYo.
temperature for 20 minutes. Seeded cells werashed in OptiMEM to remove residual

serum and 10ml transfection mixture was added to each flask and left at 37°C for 5 hours.

After this time the medium was exchanged for 15ml DMEM and the flasks were returned

to the incubator. Supernatant was harvested 48 and 72 hours podtansfection,

passed through 0.22um filters and centrifuged at 98,000g for 2 hours. Pellets were
resuspended in 150ul PBS and incubated on ice for 1 hour. The suspension was removed

and centrifuged at 1,500¢g for 10 minutes and stoie@0ul aliquots at80°C.

2.2.11Virus titration

HEK293T cells were seeded in a 12 well plate at a density of &eilwell and left to
adhere for 4 hours. Serial dilutions of virus in 1ml DMEM replaced the medium on the
adhered cells which were incubated &7°C for 72 hoursAfter this period, cells were
harvested and titre was determined using two methods. For viruses containing a
fluorescent protein (GFP), titre was calculated using flow cytometry performed on live
cells. The titre of viruses without dubrescent marker had to be performed using

guantitative PCR as described below.

2.2.11.1Flow cytometry

Cells were harvested with trypsEDTA and transferred to polystyrene flow cytometry

tubes and pelleted by centrifugation at 1,500g for 5 minutes. Cells weshadatwice in
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t.{ FyYR FAYltte NBAadALSYRSR Ay pnan>t t.{

cytometry using the CyAn ADP cell analyser (Beckman Coulter, High Wycombe, UK).
Titre was calculated using the following formula:

PDil OEAEIGAAE] OBDEAGITAT AIADAIVIOAT OAOAAA
pTIT

2.2.11.2Quantitative RealTime PCR (gqPCR)

72 hours postransduction cells were washed, pelleted and DNA extraction was
LISNF2NYSR dzAAy3 wHn>f 5b! NBf SIFa& LISNJ al YL}
instructions. Quantitative PCR (gPGR)s performed using 100ng genomic DNA as
template. The reaction mixture contained 0.9mM each primer, 0.2mM fluorescent probe

and 1X gPCR SuperMiDOG with Rox mastermix. The reaction was performed in
triplicate with 40 cycles of: 95°C for 15 seconds adtC6for 1 minute with quantification

using an ABI Prism 7000 (Applied Biosystems, California, USA). Plasmid standards
O2y il Ay Ay3 -aitiK 8nd KISYYWPRE sequences diluted in TE were kindly

supplied by Dr Conrad Vink (UCL Institute of Child Health)
i -actin sequences

Forward primer: TGAGGATCTTCATGAGGTAGTCAG
Reverse primer: TCACCCACACTGTCCCATCTACGA
Probe:5'FAM ATGCCCTCCCCCATG@IAIFTAMRA
WPRE sequences

Forward primer: TGGATTCTGCGCGGGA
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Reverse primer: GAAGGAAGGTCCGCTGGATT
Probe:p Q C-CTCTGCTACGTCCCTTCGGBCLECT a w!

Virus titre was obtained using the following calculation:

1OW0 2% o s im an e ain s A
_AE T OREA Gl @ AIADA

10U AROET oat OACAAA

2.2.120steoclast culture

Culled mice were sterilised with 70% ethanol. Bone marrow was harvested by removi

the tissue from the long bones of the limbs and flushing with PBS usRig gauge

needle. Extracted bone mrrow was collected in 45ml Falcon tube and pelleted by
centrifuging at 1,500g for 5 minutes at room temperature. Samples were blinded to

prevert experimenter bias. Cells were resuspended in 15ml SIMEM (OptiMEM with 10%

FCS, 1% streptomycin/amphotericin, 2mMlutamine, 10 M PGElI Y R y ¢GS&) a

and plated in a 75chflask and incubated at 37°C. 24 hours l@emm dentine discsvere

sterilisedby immersion in 100% ethanol, allowed to-diy and soaked in OptiMEM +

10% FCS for 1 hour. Nadherent cells were collected from flasks and pelleted at 1,500g

for 5 minutes. Pellets were resuspended in S2MEM (OptiMEM with 10% FCS, 1%
streptomycin/amphoericin, 2mM LEglutamine, 10 M PGEE oy >a Ca I YR wMpT > a
RANKL) at a concentration of 5 x 1St f ak Yt & wnn>f OSftft &dzalLd
sterilised 6mm dentine discs orl3mm glass coverslips in a 9l plate (68
discs/mouse) and incubated overnighit 37°C and 5% GOrhe following day discs were
transferred to 6well plates with 4 discs/well in 3ml S2ZMEM. A half media change was
performed after 48 hours. On day 7, cultures were acidified by complete media change

GAGK | OARATASR { Hed OHT! i 08 {S2MEN).y Quuyed Miere
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terminated 48 hours after acidification; discs were washed in PBS and fixed in 2.5%

citrate-acetate buffer for 30 seconds and washed in distilled water.

2.2.12.1Assessment of osteoclast activity by resorption

Cells on dennhe discs were removedsing ProteoJet lysis solution (Fermentddjscs
were washed in distilled water and incubated in 1% toluidine blue for 30 seconds and
washed in distilled water to remove residual dye. Areas of bone resorption were counted

usinga Nikan Eclipse 400 microscope

2.2.12.2ldentification of osteoclastlike cells by TRAP staining
Cells cultured on glass coverslips were terminated as above and stained for tartrate

resistant acid phosphatase (TRAP) using the leukocyte acid phosphatase detection kit

from Sigma f RNA OK F OO02NRAYy3I (2 GKS YI ydzZt Of dzNB ND

2.2.13Bone marrow cultures

Culled mice were sterilised with 70% ethanol. Bone marrow was harvested by removing

the tissue from the long bones of the limbs and flushing with PBS usRig gauge

needke. Marrow was collected in a 15ml Falcon tube and pelleted by centrifugation at

1,500g for 5 minutes at room temperature. Lineage negative cells (representing the

murine haematopoietic stem cell component) were isolated using the MACS Lineage Cell
Depletio/ YA UG oaAfdSy&a . A2G3S00 FOO2NRAYy3 (2 (K¢
were seeded at a density of 4@ells/ml and transduced with lentivirus overnight. The

following day cells were seeded in MethoCult medium (M3434, StemCell Technologies)

f2NJ O2f2ye F2NXAyYy3a OStt lFaalea FOO2NRAyYy3 G2
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2.2.14Assays

2.2.14.1Glucocerebrosidase

Two assays were used to establish glucocerebrosidase activity levels. Both used non

fluorescent substrates but followed different protocols.

2.2.14.1.FFDGIlu assay

i

0@ S8

¢

Cells were diluted to P010°OSt f &k Yt | YR wmna»2z ICRR$

puj
w»

10mM condritol§ -SLI2 EARS o6/ .90 461 & IR R 2 2yS (idz:
/| Stfta ¢gSNBE AyOdzol SR 4 NR2Y GSYLSW: (dz2NBE T
glucopyanoside (FDGIu) was added to each tube and mixed gently then incubated at
otrc/ F2NI M YAydziS® TtTpn>f 5a9a ol a FRRSR (2
room temperature for 45 minutes. Cells were centrifuged at 1,500g for 5 minutes and

resuspended ifPBS twice. Cells were analysed using flow cytometry using the CyAn ADP

cell analyser with fluorescence read at excitation 490 nm, emission 515 nm.

2.2.14.1. 24MUG

/| Sttt LISttSta 6SNB NBadzalLJISYyRSR Ay wmn>fta RAad(
seconds at amlitude 6 using an MSE 100W sonicator. Supernatant samples were
centrifuged at 16,000 x g to pellet cell debris and transferred to new tubes. Samples were
RAfdziSR G2 | LINRPGSAY O2yOSYyiN)IGA2y 2F wmY3IKY
FRRSR @i avv B.H >with 22.35mM sodium taurocholate and 5mM- 4
methylumbelliferydi -D-glucopyranoside was added to each tube and mixed. Samples
GSNBE AyOdzol GSR G oT1tc/ F2NI M K2dzNJ G6KSY wmwmn.
pH 10.4) was added to terminate theaction. Fluorescence was read at excitation 365

nm, emission 450 nm using the Perkin Elmer LS 55 oftueter (Perkin Elmer,
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Massachusetts, USA). 1nmolmkthylumbelliferone was used as a standard. Enzyme

activity was calculated as nmol/hr/mg protein.

2.2.14.2Chitotriosidase

Supernatants were harvested and centrifuged for 5 minutes at 16,000 x g to pellet cell
RSONREADP hy AOS p>f &dzLiSneHiluinbeyiéryi &b 3 b @B RRSK i
triacetylchitotriose and mixed. Tubes were incubated for 60 minute872C then at

GAYSR AYyUSNBIta mnnn>ft 2F noupa At 2OAYS 0d:
terminate the reaction. Fluorescence was read at excitation 365nm, emission 450nm

using the Perkin Elmer LS 55 fludi® G S NJd -methyluanbeliiferone was useds a

standard. Activity was calculated as nmol/hr/ml supernatant.

2.2.15Western blotting

2.2.15.1Preparation of cell lysates

1008t ta 6SNB LISttSGSR o0& OSYyGNRTdALFGAZ2Y |y
incubated on ice for 5 minutes. Debris was pelleted by centrifugation at 16,0009 for 15
YAydziSa |G nc/ ® wnn>t [FSYYEA O0dzFFSNI 61 & ||

heated to 85°C for 5 minutes. After this samples were kept at 4°C or stor204E.

2.2.15.2Gel electrophoresis

on>f &lFYLXS 4F&a NY¥zy 2y | bdzt I 3S ISt Ay mM- a

mn>t {SS.tdzS tfdzA v LINBadlrAySR LINRBGISAY aidly

2.2.15.3Membrane transfer

Protein bands were transferred to a PVDF membrane using 2X transfer buffer at 18V in a
BioRad semilry transfer machine. After transfer membranes were blocked in 4% milk to
minimise nonspecific staining on the roller for 1 hour at room temperature.
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2.2.15.4Stainng and visualisation

Primary antibodies were added at a dilution of 1:250 or 1:500 in 3ml 4% milk and
incubated overnight with rolling at room temperature. Antibody mixture was removed
and blot washed with 3x3ml PBS with 0.0.5% Tw2@{PBST) for 5 minude Secondary
antibodies were added at a dilution of 1:1000 in 3ml 4% milk and incubated #6045
minutes with rolling. Antibody mixture was removed and blot washed with 3x3ml| PBST
for 5 minutes before blots were developed with ECL. ECL reagents were imiaeti1

ratio to a volume of 1ml. Mixture was applied to the blot and incubated at room
temperature for 5 minutes after which time excess ECL mixture was removed. Bands
were then visualised using the UVichemi chemiluminescence detection system (UVltec,

Cambridge, UK).

Where necessary, visualised blots were stripped of antibodies by incubation with two
applications of 5ml stripping buffer, incubated for 10 minutes at room temperature with
shaking, followed by three washes in 3ml PBST for 10 minutes toveemesidual
stripping buffer. Blocking and visualisation of alternative protein bands could then be

performed as described above.

2.2.16lmmunocytochemistry

Cells were seeded diBmmcoverslips 4 hours before staining. Cells were washed in PBS
and fixed in 4% araformaldehyde for 20 minutes at room temperature, permeabilised in
0.1-0.5% Triton and blocked in 2% rat serum. Primary antibodies were diluted in PBS with
0.2% BSA and incubated with cells for 1 hour. Secondary antibodies and cell markers
were also dilted in PBS with 0.2% BSA and were incubated with cells for 45 minutes to
an hour in the dark. Coverslips were mounted using ProLong Gold and stored in the dark

before imaging. Between each step coverslips were washed twice in PBS with 0.2% BSA.
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Confocal inges were taken using a Zeiss LSM 710inverted confocal microscope (Leica,

Milton Keynes, UK).

2.2.17Software

Microsmpy and electrophoresis gel images were processed with ImageJ (NIH, Bethesda,
Maryland). Statistical testing was performed using GraphPad Prisn{S&n Diego,

California).
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3 Vector production and characterisation

3.1 Aims

1 To produce and characterise a lentiviral vector carrying the glucocerebrosidase
gene

1 To show the vector produces full length, active glucocerebrosidase protein

9 To correct enzymdeficiency of patient derived cells using this vector

9 To investigate the biomarker chitotriosidase as a read out of correction efficiency

of fibroblastsin vitro

3.2 Introduction

Gaucher disease (GD) arises from mutations in the glucocerebrosiG®8 ¢ene
leading to a deficiency in the enzyme glucocerebrosidase (&C)Yhe majority of
affected cells are part of the leanatopoietic system (primarily the macrophage) and it
has been shown that allogeneic haematopoietic stem cell transplant (HSCT) from a
healthy donor can be curatiy@l, 98101) However due to a shortage of suitable donors
and the high risk of mortality associated with HSCT from an unrelated donor, it is not

performed routinely for the treatment of G[®8, 102)

Regardless of its current usage curative effect of HSCT indicates that correction of
the haematopoietic system is sufficient to alleviate disease; a hypothesis which is further
supported by the response of patients to the current, macrophage targetedyme
replacement therapyER) (109, 123, 124)It is this evidence thatasgiven rise to the
hypothesis thaex vivogene therapy of HSCs could be used to treat, and potentially cure,

type |1 GD.
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Gene therapycould be preferable to HSCT as it can asé&logous stem cells which
reduces the risk of graft versus host disease and other complications of unrelated donor
HSCT381) In addition, correcting stem cells at the gendé&eel potentially allows for a
permanent curative effect as enzyme will be produced throughout the lifetime of the
cells dramatically reduing the dependence of patients on ER3 shown in the ADSCID

clinical trial(226-228)

Before theadvent of ERT, a number of groups were investigating the possibility of
developing gene therapy for GD but the licensing of Ceredase® in(109)caused
researchers to suspend this work. However, given the limitgoact of ERT on skeletal
symptoms (50, 153, 157hnd the risk ofsymptom recurrence if supply is interrupted
(146, 147)we believe that the time to reconsider gene therapy has come and so this
project aims to produce and test lentiviral vectors whigave the potential for use in

treating GD.

The following chapter will describe the design of tBBAvector produced in this project;
it will also detail the efforts made to characterise the protein produced from integrated

vector, and the ability of the virus to correct patient material.
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3.3 Results

3.3.1 Patient interest in gene therapy for type | Gaucher disea

Gene therapy for GD was first investigated in the lat8 @éntury but efforts to develop

it were abandoned for several reasons. Firstly, serious adverse reactions were reported in
a number of participants in gene therapy trials for immunodeficiengibiEh cast doubt

on the suitability of the procedure and the vectors in (884-236) At the same timeno
response was found in a human trial of gene therbpyGD(373) These results coupled

with the approval of the enzyme replacement therapy manufactured by Genzyot

124, 156) contributed to the discontinuation ofthe majority of gene therapy

investigations.

This has produced a lasting belief amongst clinicians that gene therapgadsinterest to
the Gaucher community. To address thincern asmallsurvey of type | patients and
their families was conductedith the assistance of the Gauchers Associatmmauge
the levels of patientriterest. A factsheetAppendix7.3) explaining the rationale behind
gene therapy and the procedure involved was provided to participeuitis a follow-up

guestionnaire to assess their respongependix7.4).

The resits showed that 80% respondents would consider gene therapy as a viable option
for GD and 50%ight prefer a fully licenced gene therapy treatment to ERi§ure3.1B).

Of those who answered not sure (20%) or no (3084)uestion 6, he main comments
were concern about the possible side effects (especially those connected with the
conditioning regimen) and patients with mild/stable disease exprediagthey would

be happer to continue with ERTAppendix7.5).
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A) Q4 After reading this fact sheet
would you consider gene therapy as
an option for Gaucher disease?

Answered: 10 Skipped: 0

Yes

NI}-

Not Sure

0% 20% 40% 60% B80% 100%
Answer Choices Responses
Yes 80% B
No 20% 2
Not Sure 10% 1
Total Respondents: 10
B) 06 If gene therapy was offered to

you as a fully approved treatment
option (once it has passed through
trial stages) for you or your child, do
you think it would be a preferable
option to ERT?

Answered: 10 Skipped: 0

Yes

ND-

Not Sure

0% 20% 40% 60% 80% 100%
Answer Choices Responses
Yes 50% 5
No 30% 3
Not Sure 20% 2

Total Respondents: 10

Figure3.1 Patient responsdo gene therapy for GD questionnaire

A small group of type | GD patients were given a factsheet describing how gene therapy
could be used to treat GD and veethen asked for their respons® the proposal
Answers to two of the questions are shown here and show that 50%esk patients

would welcome gene therapy as an option for Gith another 20% remaining

undecided Patients were able to select more than one response for each question.
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3.3.2 Vector producton

The first aim of this project was to create a lentiviral vector carrying@Bé&gene which

could be used for gene therapy.

The lentiviral backbone consists of a minimal viral genome containing the central

L2t 8 LIzZNA Y S G NI Ol o O} and theSwoddchuck pOdtansaripiodl a A Iy I f
NB3IdzA F G2NE StSYSyd o62twou FEly|1SR o6& f2y3 i
selfinactivating. In addition to these elements, the backbone used in this project
contains the spleen focd®rming virus pronoter to drive expression of the transgene

cassette.

t NEOA2dza dzylLdJdzoft AAaKSR ¢2N)] o0& 5N ! KFR wl KA
inserted the genes encoding glucocerebrosidase (GC) and enhanced green fluorescent
protein (eGFP) separated by an intermddosomal entry site (IRES) into the lentiviral
backbone Figure3.2A). The IRES element allows two genes to be transcribed from the
same mRNA indepelently of each other so that the result is not a fusion prott362)
Concurrent production of a marker protein such as eGFP is often used in order to confirm
transduction of cells and that introduced DNAbiing expressedHowever there have

been recent studies which suggest that eGFP isriactly polyubiquitinated and
therefore may not be efficiently degraded by the cell. It has been suggested that the
protein accumulates in the lysosome where it may interfere with enzymatic function
(383) As GC is a lysosomal protein it was decided to removee@iePgene from the
plasmid kindly donated by Dr Rahino produce a lentiviral vector containing only the
GBAgene Figure 3.2B). Additionally, the ultimate goal of this work is to produce a
product which can be translated to the clinic and must therefore be free of any non

human sequences, includirgFP
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Remové of the eGFPsequence was achieved by simultaneously digesting the existing
vector with the restriction enzymes Xhol and Mlul to exciselRESGFHragment. The

ends of the two resulting fragments were filled in using Qj¢/ymerasd large fragment
(Klenow) and the larger of the tw@equences, which corresponddd the lentiviral
backbone containing th&FF\promoter, GBAgene andWPREequence, was purified by
agarose gel electrophoresis and religated using T4 DNA ligase. This plasmid was
transformed into XL Gold chemically competent cells and grown orada8 plates
containing ampicillin in order to identify correct clones. Removal of HRESGFP
sequence was confirmed by digestion with the restriction enzyme Higigure3.2C)

and by sequencinfAppendix7.2).
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Figure3.2 Removal of IRE®GFRo give the pHRGBAplasmid

A) LNFGBAeGFmRlasmid produced by Dr Ahad Rahim and donated for use in this study.

Vertical lines show recognition sites for restriction endonucleases. B) LNT plasmid
carryng only theGBAgene produced by digestion and relegation of the plasmid in A).

[¢wY f2y3 GSNY¥AYlIE NBLSFGES aAY LIOLTFIAYy3I &k
spleen focus forming virus LTR/promoteBBA glucocerebrosidase|RES internal

ribosomal entry site, eGFP enhanced green fluorescent proteity/PRE woodchuck
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electrophoresis gels showing the excision of the {&&BFAragment (1342bp) from the
pPHRGBAIRESGFPplasmid. Subsequent blunting and ligation of the purified fragment
(16871bp) gave the pHBBAplasmid. Excision of the IREGFP fragment was confirmed

by digestion with Hindlll and sequencing.
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3.3.3 Glucocerebrosidase activity can be determined with

fluorometric assays

A common method of detecting enzyme activity is to use a substrate which emits a
fluorescent signal after enzymatic cleavage. There are multiple substrates available for
the detection of GC activity and two of them were tested in this progefttioresceini -
D-glucopyranoside (FDGIu) andnkthylumbelliferryli -D-glucopyranoside (4MUG). The
structures of both of these substrates are showrFigure3.3A, along with the sites of
cleavage by GC (dashed lines). The protocol for both of these assays has been described
elsewhere with the chief difference being that the FDGIu assay is performéideocells

and measured by flow cytometr§884) whereas the 4AMUG assay uses cell lysates with

fluorescence detected by spectrophotome{385, 386)

Asreadout is measured by floasytometry,the FDGIu assay gives results as a percentage
of cells expressing the enzyme but is unable to give information on the levels of actual
enzyme activity within cells. This makes useful tool for detecting successful
transduction oftarget cells lut more information is required to determine the extent of
enzyme activity and whether phenotypic correction has occurred. It is also worth noting
that the FDGIu assay gives highly variable results as shokigluire3.3Bwhere the assay

was run on a single population of HEK293T cells at different time points.

By contrast the 4AMUG assay is performed on lysed cells giedput in terms of
enzyme activity which is more informative as it allows for the detection of tmo&ecular
correction.The assays alsosensitive enougtio distinguish the different activity levels in

wild type, heterozygote andsBA knockout mice Figure 3.3C), something which is
otherwise only possible by sequencing. Because of the greater applicability of the 4AMUG
assay and the fact that its readoutalls for a direct measurement of correction, it was
decided that further experiments would be analysed using the 4MUG assay only.
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Figure3.3 Fluorescence assays for the detection of glucocerebrosidase activity

A) Substrates used in the detection of GC activity, both are-fhmrescent before
cleavage by the GC enzyme. B) HEK293T cells assayed with the substrate FDGIu. Large
error bars shwing standard deviation indicate the high variability of results from this
assaygeach point indicates a replicate from the same populatiGh Macerated livers of

2-week old mice from th&sBA™ colony were assayed using 4MUG and it was possible to
determine phenotypic status (confirmed by genotypipgrformed by Dr Ahad Rah)m

Each point represents an individual mouse.

96



3.3.4 Vector constructs produce functional glucocerebrosidase

protein

The vector producedhere contains the full lengttGBAsequence with nanutations or

frame-shifts as was confirmed by sequenciAgpendix7.2).

To test the functionality of the encoded protein, lentivirus made from the construct was

used to transduce HEK293T cells at increasing multiplicity of infection (MOI). After a week
in culture, cells were harvested and enzymatic assays and western blots were performed
to check for an increase in the levels and activity of GC protein relative to untransduced

cells.

Below an MOObf 50 there was very minimal increase of protein expressionctivigy but

at higher MOI, a significant increase in protein expression and enzyme activity was found
(Figure3.4). The western blot shown ifrigure3.4A shows that protein levels appear to
double when MOI is increased from ten to 100, this is a smaller increase than might be
expected with such a large increase of MOI and is also reflected in the modest increase of
protein activity betveen the two viral cocentratiors (Figure3.4B). Although the GAPDH
band for MOI 10 sample appears to be smaller than that for the other two
concentrations, it is likelyhat this is due to incomplete visualisation of the band rather
than an error insample loading. The limited increase in protein expression and activity
between MOI 10 and 100 could be due kigh levels of transduction resulting in
significant overexpressn of the proteinleading to secretionlt is known thatGBA
contains asecretion signal and it is our hypothesis that accumulated protein would be
secreted using this endogenous sequence. This hypothesis will be addressed in the
following chapter but wow account for the small increase in intracellular GC between
the two conditions especially as HEK293T cells are known to express suiBidas is

indicated by the GC activity levels in the MOI 0 condition.
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With the higher virus concentrations in the stern blot shown irFigure3.4A it appears

that there are multiple bands being detected with the GC antibody (upper panki¥

was unexpected as Gstern blots should give only one band at a molecular weight of
60kDa however it was also found on other western blots presented in this thesis
including a western blot performed on the velaglucerase alfa ERT prepargioumg4.6)

and is most notable where there are high concentrations of GC. One possible explanation
for this phenomenon is that the bands of lower molecular weight correspond to
glycosylation variants of the enzyme, something which could be established using mass
spectrometry. As part of this project we attempted to look at the glycosylation state of
the enzyme produced by mass spectrometry but unfortunately the protein produced was

not pure enough for the investigation to succeed and so no data is shown.
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Figure3.4 Glucocerebrosidase expression and activity in HEK293T cells

HEK293T cells were transduced with increasing levélddi/ector and harvested after 7

days to assess levels of GC expression and activity. A) Western blot showing increase of
GC protein in transduced cells. Lower bands correspond to GAPDH which is used as an
internal control for protein loading. B) FDGIlu asshgwing that transduction of HEK293T

cells results in increased GC activity within the live @lwough significance was only
achieved when an MOI of 100 was usee3, significance testeasingone-way ANOVA

with DunnetQ & -hd2 t&si. Error bars shostandard deviation.
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3.3.5 Enzyme activity levels peak at day 3 post transduction

A time course experiment was run over 14 dagsinvestigate the effect of time on
enzyme expression postansduction This data is important for optimisation of protocols

as t will inform the choice of time poistfor subsequent experiments.

HEK293T cells were transduced with virus carrying@B&gene at an MOI of 50 and
samples were harvested daily for 14 days. Cell viability was assessed at each time point to
ensure thatthere was no toxicity of vector or protein. At the end of the time course cell
pellets were lysed and investigated using a combination of western blotting to look for

protein of the correct size and enzymatic assagdses&nzyme activity levels.

After transduction viability levels fell slightly as is expected when cells have to cope with
a viral infection Upon infection host cell machinery is used to transcribe and translate
the viral genome which places a pressure on the cell which can lead toeaéi dnd is

one reason that levels of viral transduction have to be carefully controlled to prevent high
levels of cell mortalityThe drop in viability was not significant when compared to cells
transduced with a control (eGFP) vector showing that thegggene in the experimental
vector is no more toxic to transduced cells than the control protein. Viability levels had
recovered by day 14 and remained above 80% throughout the experiment showing that

the effect on cell survival is only transieRidure3.5A).

On the second day pos$tansduction, enzyme activity levels exceeded the level deemed
healthy for human fibroblasts which was an increase ofdl@ relative to levels on day
zera At their peak (daythree) enzyme activity levels were 15 times greater than-pre
transduction. Activity levels fell slightly pedy three which is most likely due to the
clearance of nosintegrated viral genomes and RNA whichdhaot been reverse
transcribed, but stabilised at a level within the unaffected range (Derek Burke, personal

communication) andapproximately 13 times greater tharhat of untransduced cells
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(Figure3.5B). In order to confirm that the reduction in enzyme activity seen paesy 3 is
due to clearance of unintegratedenomes, it would be necessary to perform a gPCR

investigation to assess the number of genomes in the cell populations.
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Figure3.5 Glucocerebrosidase expression and viability over time in transduced

cells.

HEK293T cells were transduced with lentivirus carrying either eGEBAat an MOI of

50 and viability was assessed every day over a 14 day period for viability and GC activity.
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A) Viability was assessed using trypan blue exclusion dye. No significant change was
found at any day in either condition and viability remained ab60&o throughout. B)
Levels of GC activity after transduction. Dashed lines indicate the unaffected range for
fibroblasts. C) A representative western blot showing increase of protein between days

oneandfour with a slight fall thereafter. All error bareew standard deviation.
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3.3.6 Integrated vectorcan restoreenzyme activity in patient

fibroblasts

Fbroblasts derived from a type | patient who was a compound heterozygote with the
genotype N370S/84GG and was reported to have 6% normal GC astvitypurchaed

from the Caiell Institute (NewJersey, USA) to test the vect@dthough fibroblasts are

not of haematopoietic lineage and are not the primary disease cell in GD, this cell
population was used ahe only commercially available patient cell types fibeoblasts

and Blymphocytes. Of the two, fibroblasts express a higher level of GC and so are better

suited to this project.

The fibroblastswere transduced at an MOI of 50 to confirm that the vector delivered
gene is capable of correcting the inhereanétabolicdefectwhich cause&D. One month
posttransductiona western blot was performedn fibroblasts andhe 4MUG assay was
run to check for restoration of proteiexpressionand activity respectively(Figure3.6).

The time period between transduction and harvesting celltHerassays was longer than
would be expected with other cell lines because these fibroblasts were very slow
growing. Enzyme divity was significantly increased to a value which exceeds the
unaffected range and which is 25 times greater than the baseline, untransduced activity
levels.No increase in enzyme activity was seen when the same ceils tnansduced

with a control veobr expressing a fluorescent protein in place of tkdBA gene
confirming that the increase in enzyme levels is a specific effect oGBwvector and

that viral transduction does not have an inherent effect on enzyme activity levels.
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Figure 3.6 Expression and activity of glucocerebrosidase is restored in patient

fibroblasts after transduction with LNIGBA

Fibroblasts derived from a typeGD patient were transduced with a lentiviral vector
carrying either theGBAor eGFRyene and grown foone month to give enough cells to
assay. A) Western blot on transduced cells showed increase in the amount of expressed
GC protein. B) Enzyme activity assay on the same cells reveals restoration of healthy
levels of GC activity (dashed linegen transduced wh the GBAvector but not with
eGFPrectors Error bars show standard deviation, n=significance was tested with one

way ANDVA with Dunnéll Q & -had2est.i
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3.3.7 Chitotriosidase activity cannot be measured in fibroblasis

vitro

Chitotriosidase (ChT) is an immune protein which is secreted into plasma and is elevated
in both treated and untreated GD patients. It is an important biomarker for GD as ChT

levelsfall in response to treatmenfl179)

Personal communication from Dr Filippo Vaitdogpital de Clinicas de Porfdegre,
Brazil) suggested that, although fibroblasts do not produce significant amounts of ChT, it
is possible to observe changeseixpressiorievelsin vitrowhich could be a useful marker

of correction in the patientlerived fibroblasts used in this sty.

Like GC,ChT can be measured using a #mwrescent substrate which emits a
fluorescent signal after cleavage by the enzyme. Because this assay is performed on the
supernatant of cultured cells, it was first necessary to assess the culture medium for
background fluorescence levels. The resudt®wn inFigure3.7A, reveal that there is no
significant difference in fluorescence levels when the fluorescent standard 4
methylumbelliferone is diluted in watecompared tothe DMEM culture mediumThis
indicates that the medium neither autofluoresceces nor quenches the signal from the

fluorescentproductand so would nointerfere with the study measurements.

GD and unaffected fibroblasts were cultured in DMEM and samples were removed from
the medium after 6days to test for ChT activityFigure3.7B). The results showed that
there was no significant difference in the enzyme activity levels after transguetith

the GBAvector suggesting that ChT is unaffected in fibroblasts and therefore cannot be

used as a surrogate measurement of correction in this work.

This result was not entirely unexpected as the majority of ChT is expressed from

macrophages and ber cells of the immuneystem whereas fibroblasts have no immune
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function. Although it appears that there may be a slight reduction in ChT in the patient
condition compared to the unaffected cells, the difference is very slight compared to that
seen in phsma whereChTlevels of untreated patients are on average 600 times greater

than those ofunaffected individuals
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Figure3.7 Chitotriosidase cannot be measured in cultured fibroblasts.

A) Diluting 4methylumbelliferone standard in DMEM does not quench or increase

fluorescence levels compared to diluting in water. B) Chitotriosidase activity measured in
the supernatant of contl and Gaucher fibroblast cultures reveals no significant

difference between conditions. Error bars show large standard deviation due to
variability of the assay but an unpairedest gave a p value of greater th&rb indicating

no significant difference.

108



3.4 Summary

In this chapter a lentiviral construct has been produced which contains a wild type copy
of the glucocerebrosidase gene free from any reporter sequences. Testing of this
construct in HEK293T cells revehkhat transduction with virus bearing this construct
results in expression of protein of the correoblecularweight with enzymatic activity.
Applying the virus to patienderived fibroblasts corrects the enzymatic defect seen in

these cells and restoreanzyme activity levels to within the healthy range.

A time course experiment to look at the changes in enzyme activity-tpmssduction
showed that the levels of activity peak at around dhsee 3 and then fall slightly over

the next four days but becoe stable at a level ten times greater than baseline. This is
the expected pattern as when it is first introduced into the host cell the viral RNA genome
will be expressedimostimmediately producing a spike in protein levels. Not all copies of
the viralgenome will integrate and any copies which do not will be cleared from the cell
and will not contribute to long term enzyme activity levels therefore, protein produced

after the first few days is the result of integrated gene expression.

One of the problens encountered in this chapter was the method of measuring GC
activity. The original assay used (FDGIu) was measured by flow cytometry and so was
unable to give a quantifiable measurement iofracellularenzyme activity although it

could indicate levelsfotransduction. It also gave incredibly variable results even when
the same cell population was being assayE@jure3.3B). It was therefore decidedot
change to a different assay (4MUG) alhiwas more reliable and gaveadout in terms

of exact enzyme activity. Both assays use similar substrates which release fluorescence
when cleaved by GC but the method of fluorescence detection is different and
performing the 4MUG assay on cell lysates makes it more useful to this work than the

whole cell measurements generatég the FDGlu assay.
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In an attempt to develop anothemeasureof cell correction, the use of the biomarker
chitotriosidase (ChT) was assessasl it was not possible to use substrate storage
reduction as a readout of cellular correction. This is because macrophages are the only
cells to display accumulation of substrate and this work was performed using fibroblasts.
ChT was chosen because itwgll established as a biomarker for the monitoring of
Gaucher disease in patien$51, 179)and personal communication from a GD specialist
suggested that it is possible to measure ChT in fibroblast cultufiesvever this
investigation showedhat this is not the case as there wao significant difference in ChT
levels between Gaucher disease and @D fibroblast populations and therefore it was

only possible to use enzyme activity levels to indicate correction
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4 Secreted glucocerebrosidase ftre crosscorrection of

untransduced cells

4.1 Aims

1 To addwild type and modifiedHI\A1 TATprotein transduction domais (PTDjo

the GBACDNA
1 To show thatGBAis secreted from transduced cells

1 To compare uptake o&EBAby untransduced cells usingild type ard modified

HI\:1 TATprotein transduction domains

4.2 Introduction

Although the primary cells to show a defect in GD arthefhaematopoietic lineageiGBA

is in fact a housekeeping gene and is expressed by almost all cell types at varying levels
(378380) It coud therefore be beneficiato patients if enzyme expressed from the
introduced gene could be used Impn-haematopoieticcells within a tissue. This is of
particular relevance in the bone microenvironment which contains osteoclasts, of
haematopoietic lineag as well as osteoblasts and osteocytes which are mesenchymal in
origin (84). Targeting bone could be especially beneficial in treating GD as the skeletal
aspects of the disease remain a significant burden, even to patients takind ERT.53,

156) However although it is known that the mannose receptor, used for uptake of GC by
macrophages, is expressed during osteoclast developn(@8if) it is not clear to what
extent the receptor is capable of mediating protein uptakesitu so it may not be

possible to obtain this croasrrection through the mannose receptor.

GC is an intracellular protein which is trafficked to the lysosome compartment by the

receptor protein LIMPZ23). Although it is not normally secretedhé GBAgene carries
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an endogenous secretion signal and the protein appears to be secreted by cells lacking
LIMP2 It was therefore hypothesised that if the protein is expressed at supranormal
levels due to viralector transduction, the secretion signabuldbe used to prevent the
accumulation oexcessnzyme within cells. If this is the case then the secreted enzyme
could serve as a natural reservoir of functional protén other cellsthroughout the

body.

In correspondence with this hypothesis, it has previously been shown that GC is secreted
from transduced cells and uptake of secreted protein can be mediated by endocytosis

(388) Howeverthis evidenceis limitedand the degree of uptake has been low.

The enzyme preparationsed for ERT has been engineetedhave side chains which are
mannoseterminated so that it will be taken up byhe macrophage mannose receptor
(MMR)and thereby directly target the macrophage. In order to achieve this targetieg,
enzymeproduced by Genzymmust be postiranslationally modified to ensure that the
terminal residues are recognised by the MNIR9) Other enzyme preparations have a
high proportion of mannose terminated side chains due groducer cell effects
(taliglucerasealfa) (133) or culture medium additives (velagluceraséa) (129, 130)
However, mannoséermination is only of use when the macrophage is the target cell;
when the aim is to get the enzyniato a wide range of cells a less specific strategy is

required.

One method used to achieve widespread delivery of therapeutic proteins is to fuse the
protein to ageneric protein transduction domain (PTD) whislktapable of transducing
protein across theplasma membrane by receptimdependent, and therefore non
specific, means. Fusion @BAto a PTD could produce an enzyme variant which, if
secreted, is able to enter other cells which may not have been directly corrected by the

gene therapy.
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One of thebest characterised PTDs is that of the HiIYfansactivator of transcription
(TAT) proteintransductiondomain. The PTD from the TAT protein has been shown to
work by stimulating protein uptake by lipid raftediated endocytosi§346, 347)which is
ideal for lysosomal proteins, such as @& the protein is ultimately delivered to the

lysosomg4, 13, 14)

A previous study demonstrated that in an ERT setting, addition of the TAT PTD to the C
terminus of GC results in a significant increase in the amount of protein taken up by
fibroblasts in culture compared to imiglucerase and wild typebGiG@hat fusion to the N
terminus of the protein abolished protein expressid815) A subsequent study
demonstrated the presence of two furin cleaeagites within the PTD which presents a
possible explanation for the lack of expression from thiedhinal fusion(316) Furin is a
ubiquitous endoprotease which recognises the sequené€(R'R}R and is responsible

for the release of mature proteins from their precursor form.

The authors who iderfied the furin cleavage sites within the TAT PTD produced a
modified versionwhich lacked the furin recognitiosites(mTAT) This version of the PTD
was used in this study addition to the WT version (WT TAT) to compare the effect of N
and Gterminal fusion. The sequences of théld type and modifieddlomains are shown

in Figure4.5A. The following chapter will document the work using theFaD fumn

products.
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4.3 Results

4.3.1 Developing assay for secreted protein

Neither of theGCassays used so far in this project are performed on supernatant but it
was thought that the assay using the FDGIu substrate would be suitable for adaptation
for use with supernatant samples using a plate reader within the gnwhjch has

suitable filters.

There are two companies which produce the FDGIlu substratee Technologies (LT) and
Marker Gene Technologies (MGTand substrate was purchasdmm both of them for
testing. To begin with, levels of autofluorescence were measured when substrate was
diluted in DMEM with or without foetal calf serum (FCS). FCS is added to culture medium
because it contains a high concentration of growth factors and other components which
aid in the propagation of cell lines. The substrate was tested in medium with ahdu

FCS to ensure that there is no residual GC enzyme or other factor in the serum which may
affect background fluorescence leveligure4.1 showsthat the substrate produced by

MGT gave significantly higher levels of autofluorescence when added to medium and so it

was decided to continutestsusing the substrate froni. T

To establish whether the high levels of autofluorescence seen with the Istratigbcould

be reduced, the assay was repeated using a range of media types, including PBS and
water to resuspend the substrate. BC inhibitor (condritol-i -epoxide; CBE) was added

to the media samples to control for any intrinsic enzyme activity withénmedia. These
experiments revealed that the substrate produces a similar amount of autofluorescence

in all media typesvith or without CBEKigure4.2).
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Figure4.1 Comparison of the levels of autofluorescence produced by different

preparations of FDGlu substrat& imedium

To determine which of the two commercially available preparations of FDGIlu substrate
was most suitable for use in testing for GC activity in transduced cell supernatant,
substrate produced by either Life Technologies or Marker Gene Technologes wa
incubated for 45 minutes in DMEM with or without foetal calf serum and then assayed
for fluorescence levels. No enzyme was added so any detected fluorescence is a result of
substrate autofluorescence. The substrate from Marker Gene Technologies produced
significantly higher levels of autofluorescence and so it was decided to proceed using the
substrate produced by Life Technologies. N=3, error bars show startitasidtion
Sgnificance was tested using om@my ANOVA with Bonferroni poeBbc test:

***=p<0.0001
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Figure4.2 Autofluorescence of fluorescei -D-glucopyranoside in media with

and without conduritoH -epoxide

FDGIu substratelLT) was incubated in a range of media types with or without the GC
inhibitor CBE and fluorescence measured to determine the baseline signal from medium
alone. No enzyme was added to the reactions so the detected fluorescence is caused by
autofluorescence bthe substrate as confirmed because levels of fluorescence do not
decrease when the enzymatic inhibitor CBE is added. N=3, significance testec\sgyone

ANOVA withDunnettQ posthoc test, error bars show standard deviation ns = p>0.05.
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Despite high leve of FDGIu substrate autofluorescence, when the ERT preparation
velaglucerase alfa (Shire HGT) was diluted in water it was possible to detect enzyme
levels of 10 ¢ 102units/ml which is equivalent to protein concentrations of 2.53.9
2.5x104mg/ml (Figure 4.3A\ Comparatively, when the same enzyme dilutions were used

in the 4AMUGassay, detection limits extended from -20¢ 10-5units/ml or 2.5x164 ¢
2.5x106mg/ml which is a greater range and of meause in this project where it is likely

that protein concentrations are going to be lower. For this reason it was decided that

secreted protein levels would be assayed using the 4MUG assay only.

Western blotting of the diluted velaglucerase alfa sampies much less sensitive than
either assay and could barely detect enzyme at levels below 0.625units/ml (1.6x10

2mg/ml) Figure 4.8).
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Sample [Protein] (ug) Units Relative density
A 50.000 2.00E+00 1.000
C 5.000 2.00E01 0.345
D 2.500 1.00E01 0.148
E 1.250 5.00E02 0.052
F 0.625 2.50E02 0.017
G 0.313 1.25E02 0.003
H 0.156 6.25E03 0.005
I 0.078 3.13E03 0.001
J 0.039 1.56E03 Not detected

Figure4.3 Detection of velaglucerase alfa by enzymatic assay and western blot

A) Velaglucerase alfa (VPRIV) was diluted in water and used to test the two fluorometric

assays described previously. The 4AMUG assay was found to be the more sensitive of the
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two as itwas able to detect dilutions of TQunits/ml whereas the FDGIlu assay could only
detect enzyme at 400 times greater concentratio®) The sensitivity of the GC antibody

used in this project was tested using dilutions of velaglucerase alfa and quanisiiegl

ImageJ software (table).

119



4.3.2 Cloning vectors

4.3.2.1 pHRSFFVGBAMTAT and pHSFFYMTATGBA

Fusion of the HAL TAT protein transduction domain (PTDABAwas achieved using a
polymerase chain reaction (PCR) strat€figure 4.4). Primers were designed which
contained part of the PTD and part of th®BA sequence. Overlapping PCR was
performed using Pfu DNA polymerase to generate a full le@GBAsequence with an in
frame fusion of the modified TAT PTD on either th@NGterminus figure4.5). The N
terminal PTD sequence was placed after the endogenous GC isacs&ynal which is

cleaved from the protein.

The fulllength fragment was purified by gel electrophoresis. The fragment was then
subcloned into the TORBIunt vector to provide an easily amplified source of DNA for
further cloning. The primers used conterestriction enzyme sites at either end of the
gene so that it could be easily excised from the TOPO vector and cloned into the pHR
lentiviral backbone. To perform this step ti@BAfusion fragment was excised using the
restriction enzymes EcoRYV and XfAdie plasmid backbone was digested with BamHI and
blunted using DNA polymerase | Large Fragment (Klenow) to give a blunt end which is
compatible with DNA digested by EcoRV. The backbone band was purified from the
agarose gel following electrophoresis andbsequently digested with Xhol. The two
fragments were then ligated using T4 DNA ligase and transformed into bacteria. The

vectors produced are shown Figure4.5B.

4.3.3 pHRSFFMGBAWT TAT

A similar strategy to the one detailed above was employed to produce a construct

carrying GBAfused to the wild type TAT PTD at thee@ninus Figure4.5B). An N
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terminal fusion of the WT TAT PTDG&Awas not produced because of the earlier work

which showed that this fusion protein would not be expresf&ib)
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Figure4.4 Cloning strategies to generate fusion constructs

1000

A) Nterminal fusion of PTD t&BA Two rounds of PCR are performed, the first using
primers 1+2 or 3+4 and with the WABACDNA as template produced two products, one
which isthe GBAleader sequence fused to at€minal PTD sequence and the second
being the rest of theGBAgene with the complementary PTD sequence on the N
terminus. Both products are purified and used as template in the second round of PCR

which uses primersotthe N and Gterminus of GBA The complementary PTD sequences
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present on the round oneroducts anneal during synthesis producing a complete
template and allowing read through from primer 140 The resulting product of 168p

in length is purified and cloned into pHR using EcoRV and Xhol restriction enzymes. B)
Shows fusion of the TAT PTD sequence to ther@inus of theGBACDNA by a single
round of PCR using a primer containing the full length PTD (primer 5). In bottsfigare

blue line indicates the TAT sequence within the primer andstiededbar corresponds

to the TAT sequence within the PCR product.
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A) Name Amino acid sequence

Wild type TAT (WT TAT) YGRKKRRQRRR
Modified TAT (MTAT) YARKAARQARA
B) GBA

LTR

GBA

3

M WPRE — ALTR

GBA-mTAT

LTR SFRV GBA

T

cPPT

mTAT-GBA
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T
S,
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T
&
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bp
4000
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Figure4.5 Schematic showing vectors produced
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A) The sequences of the two versions of the TAT protein transduction domain used in this

work. mTAT has been modified to remove two furin cleavage sites (underlined). B)
Schematic of the producegHRGBAO2 y a (i NHzOGad [ ¢wY f 2y 3 (GSN¥AYy
signal; cPPT: central polypurine tract; SFFV: spleen-fooming virus promoter; WPRE:

woodchuck hepatitis posit NI ya ONA LJG A 2 y I £ NB J-vectivatidgNlBR. St SY S
C) Electrophoresis gel showing empty pHR backboneolIBGBA(2), pPHRMTATGBA

(3), PHRGBAMTAT(4) andpHRGBAWT TAT(5) digested with the restriction enzyme

Hindlll. The lowest band in lanessZorresponds to 1.6kB which confirms the addition of

the GBAgene.The electrophoresis gel used here wat% agarose gel meaningaththe

addition of the TAT domains is not visible and therefore had to be confirmed by
sequencing. However had a higher percentage agarose gel been used, the addition of the

PTD would have been detectable by electrophoresis. Sequencing would still have bee

required to ensure that the correct sequence had been added.
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4.3.4 The addition of the protein transduction domain does not

affect expression or activity of GC

Vectors were tested in GBerived fibroblasts to ensure that the addition of the PTD does
not havean adverse effect on protein expression or activifijproblasts were transduced

at an MOI of 50 and cultured fawne monthto provide enough material to perform
western blots and GC assay in paralléle results showed that cells transduced with the
PTDcontaining vectors yielded a protein of the samwlecular weight as the WT
construct Figure4.6A). Despite the addition of a transduction domain, an increase in
protein size was not expected. This is because the PTD contains only 11 amino acids and
an increase of this size is unliketyldie detectable by western blot.

The activity of the protein with the added PTD was confirmed when transduced
fibroblasts were harvested for use in the 4AMUG assay. Transduction with all three of the
vectors restored enzyme activity in the fibroblasts tithin the range designated as
healthy Figure4.6B). Transduction with a control vector expressing eGFP had no affect
on enzyme activity levels confiing that the effect is vector specific.

The western blot inFigure4.6A seems to suggest that there is less GC protein being
produced from the mTAGBA construct compared to the other two GC plasmids.
However this is most likely due to a loading error as the amount of GAPDH, an internal
control protein is also reduced comapred to the other samples on the blot and this is
suppoted by the data shown ifrigure4.6B which shows that cells transduced with all

three GBA carrying vectors have equal levels of enzyme activitytaostduction.
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Figure4.6 Addition of the mTAT PTD does not affect GC expression or activity

GDderived fibroblasts were transduced with vectors carrying eit@@Aor eGFPand
harvestedone monthposttransduction to asses GC expression and activity. A) Western

blot of transduced cells showsroduction of a protein of similamolecularweightto WT

GC from all constructs. B) 4MUG assay shows equal activity levels in WT and PTD fused
forms of GC. Error bars show standard deviation7 Sgnificancewas tested using one

wad | bhz#! g AlK -Hodzést Slielidashed lid2dndicates the range

designated as healthy levels o€@&ctivity.
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4.3.5 Transduced cells secrete GC protein via an endogenous

secretion signal

It is known that the GC protein contains an endogenous secrstgral however it is not
commonly thought of as a secreted protelhis likely that this is because GC is expressed

at a relatively low level in all tissues and is therefore retained within thg e, 389) It

was therefore hypothesised that cells which produce a very high level of GC as a result of
transduction by GBA carrying lentivirus would secrete excess pioteinto the

extracellular environment.

After validation of the antibody used for western blots an experiment was performed to
determine whether GC is secreted by transduced cells. HEK293T cells transduced at an
MOI of 100 were seeded in a dish and afterh@irs the cell supernatant was harvested
and western blots and 4MUG assays were perfornfeidure 4.7. An MOI of 100 was
used despite evidence above showing that an MOI ois5lfficient to produce healthy
levels of GC activity because it was though that GC would only be secreted if it is
expressed at supraphysiological levetigure4.7 clearly shows thathe GC protein is
beingsecreted by transduced cells at high level with the highest level of secretion f
cells transduced with theGBA-mTAT vector although theeason for this is unclear
especiallyas intracellular protein levels are the same with all three construeigu¢e

4.6). An expansion of this work would be to test lower levels of transduction and see at

what point secretion can be observed.

A time course run over 14 days on cells transduced with theGBAconstruct showed
that enzymatic activity can be detected in supernatant freewvendays postransduction

and continued to rise throughout the period of the studyiqure4.8). Although GBA
expression can be detected within the cell from day one f@sisduction, it is likely that

secretioncannot be detected from as early because the amount of protein within the cell
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has to accumulate to a point where secretion is required to reduce intracellular levels.
This may also help to explain the decreasetracellularprotein levels postlay three as

excess protein is removed.
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Figure4.7 Secretion of GC from transduced cells

The supernatant of HEK293T célk hoursposttransduction was harvested and tested

for the presence and activity of GC. A) Western blot showing GC can be detected in the
supernatant of cells transduced witBBAvectors at high MOI. The lower panel shows
BSA as a loading control. B) The 4MUG assagn the same samples as in A, showing a
significant increase in the enzymatic activity of supernatant from transduced cells
compared to untransduced cell supernatarfirror bars show standard deviations=3

Sgnificance tested withone-g @ ! bh+! A (i Kocledty Yy SG G Qa LI2ai
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Figure4.8 A 14-day time course showin@Cactivity within the supernatant of

transduced cellsevelas secretion of enzyme

HEK293T cells were transduoeith GBAvirusat an MOI of 100 and cultured for 14 days
with samples of supernatant harvested every day. A 4MUG assay run on the harvested
samples showed that secreted protein can be detected from around day 6 post
transducton and continues to accumulate over the 14 days (n=3). Error bars show

standard deviation.
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4.3.6 Uptake of GC can be mediated by protein transduction

domains

Figure 4.9A shows the experimental protocol followed to assess comssection of
untransduced cells by secreted GC enzyme. HEK293T were transduced at MOI 100 and
allowed to grow for 14 days so that they would be a point when enzyme secretion was at

a high level. 18 cells were then seeded in a A&l plate and left to adhere overnight.

¢tKS ySEG RIF& | GNryasgStt AyaSNI 6AGK L2 NB
which would allow the exchange of medium and low molecular weight proteins only
between the two areas of the well. GD patiesrived LCLs were added to this insert

after 24 hours and cultured without medium change for 72 hours. After this time period,

cells were harvested, washed and assayed for enzyme uptake by western blot and 4MUG

assay.

Western blot was unable to detect GC enzyme, presumably because it was present only
in small quantities but the assay detected a significant rise in enzyme activity within LCLs

cultured with cells expressing tf@BAMTATand GBAWT TATconstructs Figure4.9B).
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Figure4.9 Crosscorrection of GBA ™ LCLs by protein secreted from transduced

HEK?293T cells

A) Schematic showing the methodology involved in coassection experiments. B) €o
culture with HEK293T cells transduced WHBAMTATand GBAWT TATsignificantly
increases the glucocerebrosidasetigity in GDBderived LCLs. Other constructs do not

have the same effect. Analysed withegd- @ ! bh ! | y R-hde tesf(y=8.0 1 Q&
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4.4 Summary

In this chapteithe work described in chapteéd has been further developed by modifying

the GBACDNA to include a protein transduction domain derived from the-HIVAT
protein. This was done to investigate the feasibility of using transduced cells as a
reservoir of protein which, when secreted, could be taken up by neighbouring,
untransduced cellgo correct the metabolic defect throughout the body. This was
investigated becaus&BAis a housekeeping gene and is expressed ubiquitously, albeit at
low levels, and it could therefore be beneficial to correct multiple cell types. This is of
particular rdevance in the bone microenvironment. As will be describedhin next
chapter it is thought that the osteoclast, a cell of haematopoietic origin, is a major
contributor to skeletal disease in GD but it is also possible that other cells such as the
osteobhst and plasma cell may also be implicated in the development of skeletal
complications(80, 89) As the osteoclast is haematopoietic in origin, it would be directly
corrected by gen¢herapy;however, a reservoir of secreted GC could be of benefit to the

other cells in the environment and thereby help alleviate symptoms.

It has been showmhere that fusion of the protein transduction domain is only successful
in mediating uptake of GC when it is added to thefninus of the enzyme. Fusion of
the PTD to the NMerminus does not mediate an increase in the enzymatic activity of co
cultured cdls. It is possible that this could be due to folding of the protein resulting in the
PTD being internal to the protein and therefore not interacting with the untransduced
cell type. However this requires further investigation before any conclusions can be

drawn.
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5 Investigating gene therapy as a potential treatment for

the osteoclast

5.1 Aims

1 To show that gene modified haematopoietic progenitor cells can generate

osteoclasts expressing an introduced gene.

1 To investigate the phenotype of osteoclasts derifrean bone marrow cells from

the GD type Il mouse model.

5.2 Introduction

One of the most significant aspects of type | Gaucher disease (@&i2)post-ERT era is
bone diseasg75-90% of patients still experience skeletal symptoms to some extent and
in some ople the condition can be severely debilitati(®D, 77, 39Q)Although it has

been shown that bone disease can respond to ERCBnitake several years to show any
improvement (152, 153, 157which is likely to be because the therapy is directed to
target the macrophage rather than to treat the bone diredtyp9) A survey conducted

as part of this project, and with the assistance of the Gauchers Associsatipported

this finding as 60% patients cited bone pain/skeletal symptoms as having a significant

impact on thei lives despite taking ERAigureb.1).

Another challenge to treating the skeletal aspect of type | GD is that the mechanism of
the disease remains nelear although recent data suggests that it may be due to
increased differentiation and activity of the osteocl#86). If this is the case then gene
therapy calld offer a method of preventing bone disease and potentially directly
correcting it. The osteoclast is a cell of hematopoietic ofrfgigurel.7) and socorrection

of HSCs by gene therapy would lead to the differentiation of GC positive ostednlasts
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vivo. However very little work has been conducted to test the effect of gene therapy on

osteoclasts and the differentiation of gene corrected HSCs e loells.

One of the reasons that the molecular basis of skeletal pathology remains unclear is that
over the years there has been a shortage of animal models which successfully
recapitulate the symptoms of GD and none which mimic the skeletal problemsiiseen
patients. A paper published in 2010 described a new mouse model which does show
significant osteonecrosis and osteopenia; two of the major pathologies found in GD.
These findings were attributed to defective osteoblastogenesis while osteoclast
differentiation appeared norma(89). It is therefore possible that this mouse modeill

not serveas an accurate representation of the cellular defect in human patients as there

is emerging evidence for osteoclastaivement in the human disea$86).

Recently a mouse model has been developed by Stefan Karlsson at Lund University,
Sweden which is a conditional kneclt of the GBA gene and displays severe
neuronopathic GD(184) Although this mouse is not a perfect model for the work
performed in this project, the strain was kindly made available to Simon Waddington
0!/ [ LyadAddziS F2NJ 22YSyQa |1 SIHftGKO ¢6K2 KI a
culled at the age of fourteen days as they develop continuous seizures and paralysis so
they do not develop bone disease but, as cells do not produce GC, they could be a useful

model for studying pathologin vitro.
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Figure5.1 Surveyed type | patients find skeletal problems a significant aspect of

living with Gaucher disease

In a survey of a small group of type | GD patients, 60% reported bone pain and other
skeletal symptoms as being the mostfidifilt aspect of GD to cope with. Other reported
difficulties include the frequency with which ERT must be administered and tiredness
which is most likely associated with residual anaemia. No respondents reported
neurological symptoms but this was expectedd G &LJS L RAaSI-as

ySdzZNRt 23A0FE Qb
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