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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, particularly 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 infusions 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. This project 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 cells in vivo. Recombinant vectors carrying PTD-GBA cDNA 

corrected the metabolic defect in patient-derived fibroblasts with levels of enzyme 

activity restored to within the healthy range. Transduced cells secreted active protein, 

uptake of which by untransduced cells was mediated by fusion of a PTD to the C- but not 

the N-terminus 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 derived in vitro 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 and further investigation of the potential for cross-correction in 

vivo.   
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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Gaucher disease 

1.1.1 Discovery 

Gaucher disease (GD) is one of the most prevalent lysosomal storage disorders; a family 

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 cancerous. At post-mortem 

it was discovered that the spleen contained a large number of enlarged cells with a 

distinctive appearance (1). Subsequent to the publication of this report, further patients 

were identified and the swollen cells, identified as macrophages, were found to be 

ǎȅƳǇǘƻƳŀǘƛŎ ƻŦ D5 ŀƴŘ ǎƻ ŎŀƳŜ ǘƻ ōŜ ƪƴƻǿƴ ŀǎ ΨDŀǳŎƘŜǊ ŎŜƭƭǎΩ (2).  

Further investigations revealed GD to be caused by a deficiency of the enzyme 

glucocerebrosidase (GC) (3) the gene for which localises to chromosome 1q21 (4). It is 

now known that GD is an autosomal recessive disorder affecting approximately 1 in 

100,000 births in Europe (5) although this figure is significantly higher in the Ashkenazi 

Jewish population which has a carrier frequency of approximately 1 in 17 (6).  

Gaucher disease is one syndrome in a family of over 50 metabolic disorders known as 

lysosomal storage disorders (LSDs). It is 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 literature (7).  

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 

process as the released monomers are then available for use elsewhere in the cell or are 
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made available throughout the body. Mutations in any one of the metabolic enzymes can 

lead to accumulation of a substrate and when this accumulation occurs in the lysosome, 

the syndrome is classified as an LSD.  

Figure 1.1 shows part of the lipid metabolism pathway which occurs within the lysosome; 

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, as in GD (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 of the liver 

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 mildly affected that they 

go undiagnosed, to levels which are incompatible with life (9, 10).  
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Figure 1.1 Lysosomal storage disorders 

Metabolism of ingested lipids in the lysosome is performed by a network of enzymes (rounded boxes) acting sequentially to degrade molecules into 

products for reuse within the body. Mutations which prevent the activity of any enzyme in the network can severely affect the activity of the affected cell 

leading to disease (square boxes). GA: ganglioside, GM: monosialic ganglioside, 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 cells which allows for classification based on the substrate accumulated (8): 

¶ Mucopolysaccharidoses (I-VII) 

¶ Sphingolipidoses  

¶ Oligosaccharidoses  

¶ Glycogen storage disease type II (Pompe disease) 

¶ Lipidoses 

There are additional classes of LSD which include disease caused by non-enzymatic 

defects but the categories above contain the most common disorders (8). 

GD is classified as a sphingolipidosis because affected cells accumulate glucocerebrosides 

(GlcCer) which are a class of lipid with a backbone of sphingoid bases and a glucose head. 

In unaffected individuals the glucose head is removed from glucocerebrosides in a 

reaction catalysed by glucocerebrosidase (11). This allows for recycling of the glucose and 

further digestion of the sphingolipid to provide monomers that can re-enter the 

sphingolipid biosynthesis pathway (11, 12). In GD, patients have genetic mutations which 

result in the absence of functional GC leading to accumulation of glucocerebrosides 

within the lysosome (4, 13, 14). 

1.1.2 Lysosomal biology 

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 Duve in 1955 

while he was investigating the subcellular location of glucose-6-phosphatase by 

differential centrifugation of cellular compartments. He discovered a membrane-bound 
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organelle, characterised by the presence of enzymes with a lytic action (15, 16), which he 

named the lysosome and which won him the 1974 Nobel Prize in Medicine or Physiology. 

Within a cell there are two routes for degrading proteins: the ubiquitin-proteasome 

system which is mostly involved in the processing of small, short-lived cellular proteins; 

and the endosomal-lysosomal network. The lysosome receives molecules being trafficked 

into the cell as well as intracellular moieties intended for degradation, which first pass 

through the autophagosome (17, 18). Although it was first identified as containing the 

enzyme acid phosphatase, it is now known that the lysosome contains over 60 hydrolytic 

enzymes which combine to digest macromolecules present within the cell (19).  

Lysosomal hydrolases are manufactured in the endoplasmic reticulum and transported 

through the Golgi network where the majority acquire a mannose-6-phosphate (M6P) 

group, which enables sorting to pre-lysosomal compartments through the M6P receptor 

(20, 21).  

Although this is the usual route of delivery to the lysosome, there are other methods of 

transport. In I-cell disease (mucolipidosis type II) patients are deficient in the enzyme N-

acetylglucosaminyl phosphotransferase meaning that the formation of the M6P signal 

does not occur. This leads to the majority of hydrolases being secreted rather than 

delivered to the lysosome. However, some enzymes, including GC, still reach their 

intended cellular location (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 lysosome through a direct association which occurs in the 

endoplasmic reticulum (23, 24). The association between GC and LIMP-2 is maintained 

through the Golgi body where exit and entrance to the lysosome is co-ordinated by two 
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phosphatidylinositol 4-kinases (25). Dissociation of the two proteins in the lysosome 

occurs as a result of the low lumenal pH. 

1.1.3 Genetics 

The gene for glucocerebrosidase (GBA) was cloned and mapped to chromosome 1q21 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 a GBA pseudogene 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 and nine (27). 

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 although 

deletion of either ATG does not affect the overall expression level in vitro. The initiator 

codon used for transcription alters the length of the leader sequence at the N-terminus 

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

this sequence is cleaved from the mature enzyme and therefore it is unlikely that there is 

any effect on enzyme activity (28). It has also been shown that there are two promoters 

which can be used to initiate GBA transcription. The second, upstream promoter has an 

associated CpG island which is a common feature of housekeeping genes and may explain 

the ubiquitous expression of GC (29). 

Translation of the GBA gene yields a 60kDa protein which has a modular structure 

consisting of three domains which were identified when the X-ray structure of the 

enzyme was published in 2003 (30). The catalytic activity of the protein is associated with 

domain III which is formed from amino acid residues 76-381 and 416-430.  

The first pathogenic mutations in GBA (L444P (13) and N370S (14)) were described 

shortly after the gene was identified. To date, over 200 different mutations have been 
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reported, but the N370S and L444P mutations are the most prevalent (31). Certain 

populations have a higher than average incidence of a particular subclass of GD (for 

example, type I in Ashkenazi Jews (6) and type III in the Norrbotten region of Sweden 

(32)), but even when alleles are considered independently of patient origin, N370S and 

L444P are the most commonly found mutations (31, 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 events (31). 

Many of the mutations described in GBA, including 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 protein (34, 35). The N370S mutation 

occurs in the active site of the enzyme but in a loop outside the catalytic domain causing 

a structural change to the protein which makes it less flexible (36). The L444P mutation 

also causes a structural change, this time within the hydrophobic core of the protein (30) 

and which appears to affect the interaction of the protein with the activator protein 

saposin C (37). Another common mutation is the insertion of a second guanine base at 

residue 84 giving the 84GG allele which 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 shown in Figure 1.2. 
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Figure 1.2 Schematic showing the GBA gene, cDNA, mRNA and amino acid 

sequences 

 

Although many mutations have been described and GBA is well characterised, there is 

still only a limited understanding of genotype-phenotype correlation and the same 

mutations can be implicated across a spectrum of disease (39). There is even discordance 

found within twin studies (40, 41). One of the few examples of correlation that has been 

found is the N370S mutation (c.1226A>G) with non-neuronopathic or type I disease (42). 

However, even N370S homozygotes display a wide range of symptoms from 

asymptomatic to severe organomegaly with bone involvement (42, 43).  

Similarly, the L444P (c.1448C>T) allele, which usually indicates neuronopathic disease, 

has been shown to exist on a continuum of symptoms ranging from moderate 

neurological and systemic symptoms to seizures and severe developmental delay (44).  

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 than in heterozygous 

patients (33, 42). 

A degree of phenotypic variability may be due to the effect of other genes which act as 

modifiers. Candidates include: SCARB2 (the gene encoding the LIMP2 protein (45)), CLN8 

(46) and PSAP (47). PSAP encodes a polyprotein called prosaposin which is cleaved into 

four distinct saposins. Of these saposin C is a known activator of GC and mutations have 

been shown to cause GD (46). The CLN8 gene was identified as a potential modifier of GD 

by a genome-wide screen and has been shown to be resident in the endoplasmic 

reticulum and to have a stimulatory effect on glucosylceramide synthase (48). 

1.1.4 Pathophysiology 

The symptoms of Gaucher disease are complex as it is a multisystem disorder which can 

cause significant haematological (49), skeletal (50) and neurological complications (51). 

The exact symptoms that a patient displays can be used to classify their disease based 

primarily on the presence or absence of neurological involvement, but also the age at 

which symptoms present (summarised in Table 1.1) (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 of GD (2); the 

presence of these cells in a bone marrow biopsy is one of the main indicators used for 

diagnosis (53)Φ DŀǳŎƘŜǊ ŎŜƭƭǎ ŀǊŜ ƳŀŎǊƻǇƘŀƎŜǎ ǿƘƛŎƘ ƘŀǾŜ ŀ ΨŎǊǳƳǇƭŜŘ ǘƛǎǎǳŜ ǇŀǇŜǊΩ 

appearance due to the accumulation of the substrate, glucocerebroside (GlcCer), within 

the lysosome (11). GlcCer is released from the breakdown of cell membranes and 

therefore phagocytic cells such as the macrophage and the Kupffer cells of the liver are 

particularly affected and store large quantities of the substrate (54). 
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The mildest form of GD is type I in which patients predominantly experience visceral 

pathology including hepatosplennomegaly (with a spleen size of up to 20 times that of 

unaffected individuals (55)), anaemia and skeletal problems. This form is the 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 

expectancy (53, 56). 

Until recently, type I GD was defined as non-neuronopathic as patients did not display 

any neurological impairment. However, within the last decade a link has been established 

between type I GD and parkinsonism (56, 57). There have been anecdotal reports of 

Gaucher patients developing parkinsonian symptoms as far back as 1942 ((58) reviewed 

in (59)) but it was not until recently that a definitive link has been shown between type I 

GD and the development of early onset parkinsonism (59, 60). Subsequently it has been 

found that there is a high prevalence of GBA mutations amongst non-D5 tŀǊƪƛƴǎƻƴΩǎ 

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 function (62) or accumulation of 

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

ōŜ ŘǳŜ ǘƻ ŜƭŜǾŀǘŜŘ ƭŜǾŜƭǎ ƻŦ ʰ-synuclein, which is associated with ŎƭŀǎǎƛŎŀƭ tŀǊƪƛƴǎƻƴΩǎ 

disease (64). 

GD in patients with neurological disease can be classified as either type II or type III. Of 

these, type II is the most severe with symptoms arising in the first six months of life and 

deteriorating very rapidly leading to death at around 2 years of age (51). Type III 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 II and is usually fatal in 

early adulthood (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 astrogliosis (66, 67). This may be 

caused by the accumulation of GlcCer within neurones (68) or by impaired 

autophagocytosis (69). 

In addition to the three classical types of GD (I, II, III), further subtypes have been 

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

A subtype of type II which is often viewed as a distinct class of disease is named perinatal-

lethal GD because affected individuals usually die within hours of birth, if not in utero. 

Symptoms indicative of this class of GD include hydrops fetalis, congenital icthyosis, 

hepatosplenomegaly and arthrogryposis in combination with very low GC activity (<7% 

normal value) (70).  

The delineation of type III GD has been subject to significant debate with three subclasses 

being suggested based on the severity of neurological symptoms (65). According to these 

subdivisions type IIIa patients would have milder visceral symptoms but early onset of 

neurological disease with seizures and horizontal supranuclear gaze palsy. In comparison, 

type IIIb is associated with significant hepatosplenomegaly as well as kyphoscoliosis and a 

barrelled chest, but later appearance of seizures. Although type IIIb is generally 

considered to be the class of GD seen at high frequency in the Norrbotten region of 

Sweden (known as the Norrbottnian type), the distinction between IIIa and IIIb is hard to 

make clinically and therefore these subdivisions are rarely used (71).  

A subclass of type III GD used more frequently is type IIIc which is associated with 

calcification of the 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 IIIc is very clearly associated with a specific mutation ς 

the D409H substitution which strongly correlates with valvular calcification (72, 73). 
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Classification Age of onset Life expectancy Neurological symptoms Visceral symptoms 

Type I (non-

neuronopathic) (53, 56, 74) 

Any Relatively unaffected None (Parkinsonism) Hepatosplenomegaly, skeletal involvement 

(bone crises, osteonecrosis, osteomyelitis), 

anaemia, thrombocytopenia  

Type II (acute 

neuronopathic) (51) 

<9 months 1-2 years Strabismus, oculomotor apraxia, 

extrapyramidal symptoms, 

seizures, neck hyperextension, 

apnoea hypertonia 

Pulmonary involvement, idiopathic fever, 

haemorrhage, splenomegaly 

Type III (chronic 

neuronopathic) (65) 

Childhood Childhood Oculomotor apraxia, myoclonic 

epilepsy, dementia, ataxia, 

spasticity 

Hepatosplenomegaly, thrombocytopenia, 

anaemia, skeletal involvement, pulmonary 

involvement, oesophageal varices 

Type IIIc  

(73, 75, 76) 

0-20 years 20 years Oculomotor apraxia Mitral/aortic valve calcification, corneal 

opacity 

Perinatal lethal (51, 70) Birth/in utero  <3 months Hypokinesia  Non-immune hydrops fetalis congenital 

icthyosis, facial dysmorphia, splenomegaly 

Table 1.1 Subtypes of GD with associated symptoms 



28 
 

1.1.5 Bone disease 

For type I GD patients, and to some extent type III, a significant pathology is bone disease 

which occurs in approximately 75% of patients (77).  

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 patients also experience bone crises ς periods 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 starting point 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 allows the 

occurrence of infarction and thrombosis (50).  

While infarction and thrombosis are both serious complications of GD, bone maintenance 

is a delicate balance between the two types of osteological cell ς the osteoclast and the 

osteoblast ς and so it is likely that there is also a cellular explanation for bone disease 

(80). Osteoblasts are mesenchymal cells which are involved in the formation of bone by 

laying down the matrix and differentiating into osteocytes (reviewed in (81)). Conversely 

the osteoclast, a haematological cell, is responsible for degrading and remodelling bone 

by breaking down the matrix (82). 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 skeleton (84). 
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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 production by macrophages within the bone 

marrow which have been activated by the accumulation of GlcCer has a role in bone 

disease ((85), summarised in Table 1.2).  

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 osteoclasts in the GD setting (80, 86, 87). Evidence for the involvement 

of osteoblasts is less promising with a recent in vitro model showing that inhibiting GC 

had no effect on osteoblast activity (88), while another paper showed that there may be 

an uncoupling of osteoblast-osteoclast interactions in GD (86) and a recent GBA-/ - mouse 

model suggested that the osteoblasts was the most severely affected bone 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 

osteoclasts 

Effect on 

osteoblasts 

Interleukin-мʲ (90) Increased Stimulatory - 

Interleukin-6 (90, 91) Increased Stimulatory - 

Interleukin-8 (85, 92, 93) Increased Stimulatory - 

Interleukin-10 (91) Increased - Inhibitory 

Macrophage-colony 

stimulating factor (85) 

Increased Stimulatory - 

Tumour necrosis factor-

alpha (94) 

Increased Stimulatory  - 

Prostaglandin E2 (93) Increased Stimulatory  - 

Table 1.2 Altered cytokine production by activated macrophages and the effect 

on osteoclasts/osteoblasts  
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1.1.6 Current treatment  

Originally, treatment for Gaucher disease was on a purely symptomatic basis. The most 

common measures were blood transfusions to treat anaemia and other cytopenias, with 

splenectomy when splenomegaly became too pronounced (95). 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 pronounced thrombocytopenia 

(96, 97).  

Hematopoietic stem cell transplant (HSCT) 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 defect (98) It has also 

been shown that in some cases HSCT can stabilise bone disease (99, 100) and 

neurological condition in some type III patients (71, 101). Despite promising evidence of a 

curative effect, the mortality rate among HSCT recipients is around 10-25% and it is 

therefore not used as a routine treatment option (98, 102). However as HSCT has never 

been used with any degree of regularity and the majority of data is from the 20th century 

it is difficult to assess the true potential of the treatment. Given recent advances in 

technology, such as high-resolution human leukocyte antigen typing allowing for more 

accurate donor-recipient matching (103, 104) and improved stem cell mobilisation and 

collection regimens (105), some groups are now calling for re-evaluation of HSCT as a 

treatment option (106, 107). 

1.1.6.1 Enzyme Replacement Therapy 

The possibility of treating 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 lysosome (15) (reviewed in (108)) but it was not until 1991 that 

this possibility was realised for GD (109).  
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Once the enzyme deficient in GD was identified (11), and a method for large-scale 

purification of the enzyme from human placenta was established (110, 111); researchers 

began experiments treating patients with infusions of enzyme. The first three studies 

used either unaltered enzyme ((112) reviewed in (113)), or enzyme encapsulated in 

either red blood cell membrane (114) 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 GlcCer (116) and is therefore unlikely to alleviate disease. Rapid 

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 proteins. Further investigations of the placental enzyme revealed it to contain 

a high percentage of galactose-terminated oligosaccharide side chains which interact 

strongly with a lectin expressed on hepatocyte cell membranes (120). The discovery that 

macrophages bear a receptor (macrophage mannose receptor; MMR) which interacts 

with mannose-terminal 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 

macrophages by the sequential removal of monosaccharide residues using the enzymes 

ƴŜǳǊŀƳƛƴƛŘŀǎŜΣ ʲ-ƎŀƭŀŎǘƻǎƛŘŀǎŜ ŀƴŘ ʲ-N-acetylglucosaminidase (109, 121). 

The first study of mannose-terminated placental glucocerebrosidase used a dose of 

60U/kg administered once a fortnight which reduced organomegaly and improved 

haematological parameters with no serious adverse events (109). On the back of this trial 

the preparation was approved by the Food and Drug Administration (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 became the primary treatment for GD (123, 124). 

Since the approval of imiglucerase two other forms of ERT have been developed: 

velaglucerase alfa (VPRIV®, Shire Pharmaceuticals), a gene activated form of GC produced 

in human fibroblast cells (125, 126); and taliglucerase alfa (Elelyso®, Protalix/Pfizer) (127). 

Velaglucerase alfa is knƻǿƴ ŀǎ ΨƎŜƴŜ ŀŎǘƛǾŀǘŜŘΩ ŀǎ ƛǘ ƛs generated by the targeted 

recombination of the endogenous GBA gene with a promoter that would produce high 

levels of expression within fibroblasts (128). Adding kifunesine, a mannosidase I inhibitor, 

to the culture medium results in a protein with a high percentage of mannose-terminated 

side chains without the need for in 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 chains are mannose terminated (133). 

A nine month randomised control study comparing imiglucerase and velaglucerase alfa in 

treatment naïve patients found no difference in the effectiveness of the two drugs, 

although there was a slightly increased risk of adverse events when treating with 

velaglucerase alfa (134). In addition, it has been shown that patients who switched from 

imiglucerase to velaglucerase alfa had no significant decline in the main GD parameters 

and that the change was well tolerated (135-137). 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 organomegaly and improvement in 

haematological parameters (127) and increase of bone marrow fat fraction (138) and 

stability in patients switching from imiglucerase (131). The results of a phase III clinical 

trial assessing the efficiency and safety of taliglucerase alfa in adult and paediatric 
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patients previously treated 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 many patients, is the only one of the four drugs 

available to be deemed kosher by the US Orthodox Union (140, 141). 

The approval of these two variants of ERT was driven in part by viral contamination 

(Vesivirus 2117) at the Genzyme manufacturing plant in 2009 which caused a worldwide 

shortage and left many patients without treatment (142, 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 has left patients less willing to rely on a 

treatment where supply could be interrupted at any time and, therefore, potentially 

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

(Tanya Collin-Histead: personal communication). 

It is also worth noting that ERT is an expensive treatment option costing around £100,000 

per patient, per year in the UK (144, 145) and it is not curative meaning that any 

interruption to supply can lead to the recurrence of symptoms (146, 147). While the cost 

is not a major problem for patients in the UK, those in less 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 such schemes are limited and a one-time, curative treatment 

may represent a more accessible option for these patients. 

1.1.6.2 Response of bone disease to 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 



35 
 

frequency and intensity of bone crises appears to decrease rapidly in response to ERT 

(151, 152) but some patients continue to experience crises and in some cases 

osteonecrosis can continue to develop asymptomatically (153). Another measure of 

skeletal disease in GD is bone mineral density (BMD) which is highest among adolescents 

and then gradually declines with age (154). In keeping with this pattern, an analysis of 

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 crises (155, 156). Rosenthal et al. (1995) showed that bone density takes an 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/imiglucerase (158) and 

although this can be managed, there is another option ς substrate reduction therapy 

(SRT). Patients are treated with an inhibitor of glucosylceramide synthase (miglustat, 

marketed as Zavesca®, Actelion) which limits the formation of GlcCer and has been 

shown to be effective in treating GD (159). The active ingredient in miglustat is N-

butyldeoxynojirimycin (NB-DNJ), an iminosugar which was originally identified as an 

inhibitor of HIV infectivity (160, 161). Subsequent investigation showed it to be an 

analogue of D-glucose and a competitive inhibitor of glucosylceramide synthase which is 

the first enzyme in the glycolipid synthesis pathway (159). SRT has been shown to be 

effective in treating GD, particularly in reducing organomegaly (162) and with promising 

results emerging for the treatment of bone disease (163). However, utility is limited due 

to gastrointestinal disturbances including osmotic diarrhoea and weight loss (164). These 
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side effects are caused by the inhibition of intestinal disaccharidase enzymes by NB-DNJ 

which affects the digestion of carbohydrates (164). Although they can be controlled by 

dietary alterations, miglustat is a less preferable treatment option and therefore SRT is 

only offered to patients who do not respond to, or who display sensitivity to ERT (162). 

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/¢ ǿŀǎ ŦƛǊǎǘ ƘȅǇƻǘƘŜǎƛǎŜŘ ŀŦǘŜǊ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴ ǘƘŀǘ ʲ-galactosidase inhibitors could in 

fact restore enzymatic activity in fibroblasts derived from patients with GM1-gangliosidosis 

ό-̡galactosidase deficiency, Figure 1.1) (165, 166). Enzyme inhibitors have also been 

shown to act as chaperones in Fabry disease (167), Pompe disease (168, 169) and GM2-

gangliosidosis (170, 171). It has taken many years to elucidate the mechanism of PCT but 

it appears that chaperones can stabilise the substrate-enzyme complex thereby enable 

the misfolded protein to be targeted to the lysosome (167, 171, 172). 

Two compounds have been identified which act as chaperones for mutant GC in cells ς 

isofagomine (IFG) (173, 174) and ambroxol (ABX) (175). Incubation of GD-derived 

fibroblasts with either compound results in increased levels of enzyme activity, lysosomal 

localisation of the enzyme and clearance of stored GlcCer.  

A pilot study which treated 12 GD type I patients with ABX over a 6 month period showed 

the drug to be safe for use in people with GD (it has already been 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 GD (177, 178) suggesting that it may be of use 

in the treatment of patients. 

1.1.6.5 Treatment monitoring 

Whether or not patients are receiving treatment, they require monitoring by clinicians on 

a regular basis. This monitoring includes the use of CT scans to assess organomegaly and 

MRI scans or X-rays to check for skeletal deterioration. Patients also undergo regular 

blood tests to monitor haemoglobin and platelet levels as well as the plasma 

concentration of chitotriosidase (ChT), a known biomarker of GD. ChT was first identified 

as a GD biomarker in 1994 when Hollak et al. showed it to be highly elevated in patient 

plasma samples compared to unaffected individuals and that levels decreased in 

response to treatment with ERT (179). The exact function of ChT remains unclear but it is 

known to be highly expressed in the lymph node, lung and bone marrow (180) with the 

majority of protein expressed by macrophages and monocytic cells (181). 

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 9-11 of the GBA gene (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 dehydration due to the 

incorrect formation of skin architecture, not unlike the congenital icthyosis seen in 

perinatal-lethal GD.  
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A subsequent model produced by a Swedish group yielded mice which had a cassette 

inserted into intron 8 of the GBA gene (184). This cassette was flanked by loxP sites 

enabling excision by Cre recombinase. Mice carrying this insertion were crossed 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 a ubiquitous knock-out 

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. Post-mortem analysis showed widespread neuronal loss 

and microglial activation (184). This mouse represents a close model of GD type 2 with 

little visceral pathology; however the absence of GC expression in all tissues means it has 

utility in investigating the correction of the metabolic defect in type I GD and therefore it 

has been of use to this project. 

Other successful models have used a similar strategy for example Sinclair et al. (2007) 

produced a conditional knock-out in which GBA disruption was confined to cells of 

endothelial and haematopoietic lineages. This model exhibits splenomegaly with Gaucher 

cells present in the liver and spleen and lives beyond one year of age (185). Models have 

also been generated 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 birth (187) and mice 

homozygous for the mutations V349L, D409H and D409V all of which showed extensive 

GlcCer accumulation in visceral tissues but no accumulation in the CNS (187).  

A further model which has been produced recently recapitulates the type I GD phenotype 

(89). It was created by the targeted knock-out 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 liver, spleen, 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 osteoclasts (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 years; this 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 20th century it was observed that injecting a dead, virulent, (S) 

strain of Pneumococcus bacteria into mice in conjunction with an avirulent, living strain 

(R) led to a fatal bacteraemia caused 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 of DNA between the two bacterial strains (189). This 

discovery, that DNA from one cell can be used to alter phenotypic characteristics of 

another, allowed researchers to hypothesise a new method of treating genetic disease ς 

the correction of a genetic defect by supplying a healthy copy of the aberrant gene. This 

hypothesis gained weight from demonstrations that mammalian cells could also 

incorporate and retain DNA from exogenous sources (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 inefficient, transient 

transformation (191-193).  

The discovery that malignancies induced by infection with polyoma virus or simian virus 

40 (SV40) occur because of the incorporation of viral DNA into the host cell genome (194, 

195) suggested the use of viruses as an efficient method of transforming cells. It was at 
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ǘƘƛǎ ǘƛƳŜ ǘƘŀǘ ǘƘŜ ŦƛǊǎǘ ǊŜŦŜǊŜƴŎŜǎ ǘƻ ΨƎŜƴŜ ǘƘŜǊŀǇȅΩ Ŏŀƴ ōŜ ŦƻǳƴŘ ǿƛǘƘƛƴ ŀŎŀŘŜƳƛŎ 

literature (196) (Figure 1.3). 
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Figure 1.3 Graph showing the number of results from a PubMed search for the 

term "gene therapy" plotted against 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 cells. This changed in 1978 when Tom Maniatis and colleagues 

ŀƴƴƻǳƴŎŜŘ ǘƘŀǘ ǘƘŜȅ ƘŀŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ŎƭƻƴŜŘ ǘƘŜ ƎŜƴŜ ŦƻǊ ʲ-globin from three eukaryotic 

species (197). The isolated rabbit 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 used to produce full-ƭŜƴƎǘƘ Ǌŀōōƛǘ ʲ-globin protein (198). 

Improved recombinant DNA techniques coupled with increased understanding of viral life 

cycles allowed several groups to produce replication-deficient retroviral constructs. 

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

ŎƻƳǇŜǘŜƴǘ ΨƘŜƭǇŜǊΩ ǾƛǊǳǎΣ ǘƘŜǎŜ ŎƻƴǎǘǊǳŎǘǎ ȅƛŜƭŘŜŘ ǊŜǇƭƛŎŀǘƛƻƴ-incompetent vectors as the 
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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 virus production 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 viral particles which were 

capable of transmitting the gene of interest but were replication deficient (202-204). This 

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

1.2.2 Clinical trials 

Some of the first demonstrations of gene therapy in vitro used cells derived from patients 

with Lesch-Nyhan syndrome (hypoxanthine-guanine phosphoribosyltransferase (HPRT) 

deficiency). Two papers in the early 1980s from a group in California showed that it was 

possible to correct HPRT-/- fibroblasts (205) and lymphoblasts (206) 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 ratio normalised (206). 

The following years saw the publication of papers reporting the genetic correction of 

patient material from a number of diseases including: adenosine-deaminase linked 

severe combined immunodeficiency (ADA-SCID) (207), alpha-1 anti-trypsin deficiency 

(208), Gaucher disease (209) and leukocyte adhesion deficiency (210). As well as different 

diseases, researchers targeted a variety of cell types including connective tissue (211, 

212), renal cells (213), and haematopoietic cells (214, 215). 

However, developments faced a setback in the early 1980s when researchers at UCLA 

conducted an unsanctioned experiment in humans (216). Following their published 

papers in which they had successfully inserted the genes for thymidine kinase (217) and 
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dihydrofolate reductase (214) into the bone marrow of mice, the Cline group conducted a 

ǘǊƛŀƭ ƻƴ ǘǿƻ ʲ-thalassemia patients. Bone marrow cells from patients were transduced 

ǿƛǘƘ ǊŜŎƻƳōƛƴŀƴǘ ǇƭŀǎƳƛŘǎ ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ ǘƘŜ ʲ-globin gene and thymidine kinase (a 

selectable marker) and transfused the cells back into the patients. Neither patient 

showed any clinical 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 construct used 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 from the version approved by the 

participating institutions in Italy and Israel. As a result, Cline lost his UCLA chair and 

funding from the NIH (218, 219). It is worth noting however that 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 gene therapy 

as a treatment option. 

Despite this setback, gene therapy development continued and in 1992 the first official 

clinical trial began in the USA. Dr W. French Anderson used gene corrected autologous T-

cells to treat a four-year old patient with ADA-SCID (220).  

T-cells were harvested by apheresis, transduced with a retrovirus carrying the ADA gene 

and reinfused to the patient. This was repeated five times over the course of six months. 

A second patient with a milder disease phenotype was also enrolled in the same trial and 

at four years post-treatment both patients showed healthy levels of lymphoblastic ADA 

expression and good clinical outcome even when enzyme replacement therapy was 

reduced (220). A second trial began in the European Union in 1992 and treated two 

patients with genetically modified haematopoietic stem cells (HSCs) and peripheral blood 

lymphocytes. Both patients showed short-term 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 they did provide more data on the safety of the approach. 

Since these first studies, a number of other trials for ADA-SCID therapy 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 efficiency (223) and 

the addition of a conditioning regimen to improve engraftment ((224) reviewed in (225)). 

The most recent set of clinical trials using these adjustments have been run at centres in 

Italy, the UK and the US and have treated more than 40 patients. Of these, 29 (72.5%) are 

no longer on ERT and there have been no reported adverse events, making ADA-SCID one 

of the first diseases to be successfully treated with gene therapy (226-229). 

The same technology was adapted to develop a treatment for X-linked severe combined 

immunodeficiency (X1-SCID), caused by mutations in the IL2RG gene which encodes the 

-ɹchain of interleukin receptors including that of IL2 (230). Trials were run at the Hôpital 

Necker, Paris and Great Ormond Street Hospital, London treating twenty patients with 

ŀǳǘƻƭƻƎƻǳǎ I{/ǎ ǘǊŀƴǎŘǳŎŜŘ ōȅ ŀ ʴ-retrovirus carrying the IL2RG gene. Results showed 

efficacy in the majority of patients including full immune reconstitution, normal thymic 

development and clearance of pre-existing infections (231-233). Unfortunately a number 

of these patients developed T cell leukaemia several months after gene therapy. One 

patient died 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 strong viral enhancer 

element in the viral backbone upregulated expression of genes at these loci which 
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resulted in increased proliferation and survival of cells containing these insertions (234-

236).  

Clonal expansions were also observed in gene therapy trials for chronic granulomatous 

disease (leading to the death of one participant) (237, 238) ŀƴŘ ʲ-thalassemia (239) using 

-ɹretroviruses although 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 

Pennsylvania State University working on ornithine transcarbamylase) deficiency treated 

an eighteen-year old boy named Jesse Gelsinger as part of their phase I clinical trial (240). 

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 failure and 35 hours post-administration, he fell into a coma from which he 

never recovered, dying 98 hours after treatment despite the best efforts of the research 

and other medical teams (240). Subsequent investigations revealed a number of issues 

with the study which has led to revised policy on the reporting of adverse events in pre-

clinical studies as well as the involvement of trial staff with financing organisations (242, 

243). 

Despite the many challenges faced during the development of gene therapy, researchers 

have persevered. Figure 1.4 shows the number of clinical trial records in the PubMed 

database (http://www.ncbi.nlm.nih.gov/pubmed) returned by a search for the term 

άƎŜƴŜ ǘƘŜǊŀǇȅέ over time. This graph shows clearly the effect that the death of Jesse 

Gelsinger had on the gene therapy community, with the number of reports filed falling 

from forty in 1999 to twenty-four in 2002. This drop reflects the public loss of trust in 
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clinical research after the widespread reporting of his death, 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 T-ALL development in participants of the X1-SCID trial in 2003. 

Nevertheless, gene therapy continued to persevere with 25 records deposited in the 

PubMed database in 2013 and 120 trials in progress according to 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 the PubMed search with a steady increase in the 

number of records despite a drop in the number of records around 1999 and 2003. 
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Figure 1.4 The number of gene therapy trials reported by two sources from 

1989-2013 

Pubmed search for the term "gene therapy" restricted to records labelled as "clinical 

trials" (solid line) and the number of trials approved worldwide according to the Journal 

of Gene Medicine (dashed line). 

 

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

number of setbacks, the development of a new treatment is 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 (and lentiviruses), adenoviruses (Adv), adeno-associated viruses 

(AAV) and herpes viruses. Table 1.3 summarises the vector types available.  

A variety of virus genera have been developed as vectors because of the differing 

requirements for treating the large variety of diseases targeted by gene therapy and the 

following pages will explain some of the differences between the vector types and their 

advantages and 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 virion. AAV is the smallest gene therapy 

vector and has a capacity of 5kb which must include the transgene in addition to any 

other genetic components such as promoter or enhancer elements as well as any viral 

structures and therefore limits the utility of the vector as it cannot be used to transport 

large genes (245).  

An example of how the size of insert can affect vector choice comes from research into 

gene therapy for muscular dystrophy (MD). The gene responsible for causing both Becker 

and Duchenne muscular dystrophy is the dystrophin gene which has a cDNA of 11kb and 

this has hindered gene therapy for MD (246). 
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Another 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 replication of the transgene within the cellular 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 there is a risk that 

integration can lead to insertional mutagenesis which can have an oncogenic effect as 

has been seen in a number of clinical trials (234-238). 

Some vector types including adenovirus, herpes virus and non-viral vectors are unable to 

mediate this integrative effect and the transgene remains outside the genome as an 

episome. Although episomal DNA will be lost if a cell divides, non-integrating vectors are 

of use when treating post-mitotic cells such as skin or neurones as the lack of integration 

removes the risk of insertional mutagenesis and the transgene will 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 the possibility that these vectors could be 

pathogenic themselves, this also introduces the risk that patients will have pre-existing 

immunity to the vector. This is a particular problem with Adv and herpes virus vectors as 

well as some AAV serotypes (247). Pre-existing 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 patient as seen 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 patient and so the option of a repeat 

treatment is not available (although this can be overcome to a certain extent by changing 
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the serotype of virus when using AAV or Adv). Additionally, the issue of immunity is only 

a problem when vectors are administered directly to the patient; in therapies where 

patient cells are treated ex vivo, as is often the case when treating haematopoietic stem 

cells, the virus is removed from the cells prior to their reinfusion to the patient reducing 

the likelihood of the virus and the host immune system coming into contact with one 

another. 

 

With these considerations in mind, a range of vector types have been developed. This 

project uses a subset of retroviral vectors known as the lentiviruses which will 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 cause respiratory and 

intestinal tract infections. They are double-stranded DNA viruses which have an insert 

capacity of up to 36kb (serotype dependent). Adenovirus predominantly targets 

epithelium but the native receptor is expressed in almost every tissue. Expression of the 

receptor is greatly upregulated on malignant cells making Adv ideal for cancer gene 

therapy (248). However this significant 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 cells (249). Not only does this high immunogenicity reduce the potential for 

repeating a treatment, it also limits the duration of transgene expression which can be 

useful where only short-term expression is required or the target cells are post-mitotic 

but is of little use where the goal is permanent correction. Pre-existing 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 viral vector to be developed is derived from the adeno-associated viruses 

(AAV); non-pathogenic, single-stranded DNA viruses with a maximum capacity of 5kb 

(245). This small size in addition to relatively high immunogenicity and high levels of pre-

existing immunity can limit utility in gene therapy to a certain extent (250) but it remains 

a popular virus type for a number of reasons. There are at least eleven different 

serotypes of AAV which all have distinct antigenic profiles. This array of serotypes of AAV 

gives a wide range of tropisms allowing vectors to be designed on the basis of the 

intended target. For example AAV8 has a strong tropism for liver transduction (251) 

whereas both AAV8 and AAV1 show a preference for muscle targeting (252). Additionally, 

iǘ ƛǎ ǇƻǎǎƛōƭŜ ŦƻǊ ǊŜǎŜŀǊŎƘŜǊǎ ǘƻ ΨǇǎŜǳŘƻǘȅǇŜΩ AAV vectors, using the genome of one 

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 capsid protein would 

provide resistance to neutralising antibodies produced after the first administration.  

One of the most significant discoveries in AAV gene therapy was the revelation that 

AAV9, or virus pseudotyped with the AAV9 capsid, is able to cross the blood-brain barrier 

and can mediate wide-spread nervous system transduction (254, 255). This is of great 

benefit to gene therapy researchers as it is currently the only vector system able to 

transduce neuronal tissue without the need for intracranial delivery. 

Herpes simplex virus (HSV) type 1 has a 152kb, single-stranded DNA genome resulting in 

vectors which can incorporate 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 non-dividing cell types. All of which makes HSV-based 

vectors a very promising area of gene therapy research. 
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Not all gene delivery methods rely on viral vectors, particularly when integration is not 

required and the target tissue is easily accessible. Non-viral vectors often consist of a 

positively charged polymer (for example: polylysine or polyethylenimine) or lipid (such as 

lipofectamine) which condenses around the DNA and is able to fuse with the plasma 

membrane enabling delivery of the genetic material. Although 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. Non-viral vectors have some significant advantages 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 pre-existing immunity or inducing 

an immune response is greatly reduced compared to a viral vector and re-administration 

of a treatment is usually permissible. However the efficiency of non-viral methods is quite 

low compared to viruses, especially in vivo which has limited their use.  
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 -ɹretrovirus Lentivirus  Adenovirus  Adeno-associated 

virus  

Herpesvirus  Non-viral 

Packaging capacity 9kb 10kb 30kb 5kb 100kb Unlimited 

Transduction of non-

dividing cells 

No Yes Yes Yes Yes Yes 

Integration into host 

genome 

Yes Yes No  Yes No No 

Duration of 

expression 

Long  Long  Short  Long  Short  Short  

Pre-existing immunity No No Yes Some serotypes Yes  No 

Table 1.3 Viral types used as gene therapy vectors adapted from (256) 
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1.2.4 Lentiviruses  

Many of the earliest gene therapy experiments used vectors developed from the Retroviridae; a 

family which is characterised by a single-stranded RNA genome which is reverse transcribed into 

DNA within the host cell and subsequently integrated into the host genome (257-259). The 

Retroviridae is a large family consisting of seven genera including the alpharetroviruses, 

gammaretroviruses, lentiviruses and spumaviruses 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 principal 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 maintained throughout 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 researchers treating progenitor cells as 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 trials (234-236) led researchers to 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 (HIV-1) which preferentially integrate within actively transcribed genes 

(261) ǳƴƭƛƪŜ ʴ-retroviruses, which have a preference for integrating close to transcription start sites 

(261-263). TƘŜǊŜ ƛǎ ŀƭǎƻ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ʴ-retroviruses but not lentiviruses have integration hotspots 

within the region of proto-oncogenes which increases their potential for insertional mutagenesis 

(264).  

1.2.4.1 HIV  

This section 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 HIV-1 genome can be split into two types of sequence: coding and non-coding. Coding 

sequences include the three major HIV-1 genes ς env, gag and pol ς in addition to genes encoding 

accessory and regulatory proteins. The non-ŎƻŘƛƴƎ ǎŜǉǳŜƴŎŜǎ Ŏƻƴǎƛǎǘ ǇǊƛƳŀǊƛƭȅ ƻŦ ǘƘŜ оΩ ŀƴŘ рΩ 

untranslated regions (U3 and U5 respectively) together with primer binding sites for reverse 

transcription, and a packaging signal (265). 

The genome is transcribed by the host cell RNA polymerase II (PolII) which is recruited to the TATA 

ōƻȄ ǿƛǘƘƛƴ ǘƘŜ рΩ ƭƻƴƎ ǘŜǊƳƛƴŀƭ ǊŜǇŜŀǘ ό[¢w; Figure 1.6) (265) by the viral TAT protein and the host 

cell protein P-TEFb (266, 267) and results in multiple mRNAs. Translation of the unspliced viral 

mRNAs occurs at host ribosomes and results in a number of polyproteins which require further 

processing to yield the functional viral proteins (268-270).  

Env  

The HIV envelope protein (Env) consists of two parts ς surface and transmembrane units (271, 272) 

which associate to form the structure which is responsible for mediating cellular entry (273, 274). 

The Env complex is only weakly associated with the virion which has allowed for pseudotyping of 

lentiviral vectors with alternative proteins. Pseudotyping has allowed the creation of lentiviral 

vectors carrying the envelope proteins of the vesicular stomatitis virus, murine leukaemia virus and 

herpes simplex virus among many others (275). 

Gag-Pol 

The major structural proteins of a lentiviral virion are encoded by the gag and pol genes which 

overlap by 205 or 241 nucleotides (268, 276). Transcription of the gag and pol genes yields two 

polyproteins, Gag (55kDa) and Gag-Pol (160kDa), due to ribosomal slippage which allows the host 

ribosomes to read through the stop codon between the two genes (Figure 1.5) (268, 269). It appears 
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that ribosomal slippage occurs infrequently as the ratio of Gag to Gag-Pol production in an 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 viruses (277). 

 

 

Figure 1.5 Structure of the Gag and Gag-Pol polyproteins of HIV-1 

Schematic showing the two polyproteins translated from the gag and pol genes of HIV-1. A) Gag 

polyprotein B) Gag-Pol polyprotein p17: matrix (MA), p24: capsid (CA), p2/p1/p6: spacer proteins, 

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

 

The cleavage of the polyproteins is an essential step in the production of a mature virion as without 

it, the viral core cannot form (278) and the RNA is not adequately stabilised (279) resulting in non-

infectious particles (280). Cleavage is performed by the HIV-1 protease which is released from the 

Gag-Pol polyprotein by autoproteolysis and goes on to cleave the rest of the protein (281). 

The components of the Gag polyprotein (Figure 1.5A) are structural proteins which are important 

during viral assembly including the three main proteins ς capsid (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 genome (282-287) while MA targets the complex to the plasma membrane 

where the full molecule is formed (288, 289). 

In addition to CA, NC and MA, the full length Gag-Pol polyprotein (Figure 1.5B) yields two other 

enzymes which are essential for viral function: reverse transcriptase and integrase. 

p1 p17 p2 p9 p24 p6 

p1 p17 p2 p9 p6 PR IN p24 RT 

A) 

B) 
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Reverse transcriptase 

The first of these, reverse transcriptase (RT), is responsible for the 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 1964 (290) and was found to be due to 

the action of a viral protein in 1970 by two separate groups (257, 258). The protein itself functions as 

a heterodimer composing of a 66kDa subunit and a smaller, 15kDa subunit (291) which are both 

products of Gag-Pol cleavage. The complete enzyme has both polymerase and RNase activities both 

of which are essential for reverse transcription to occur (292). The process of reverse transcription 

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

The HIV-1 genome is plus-stranded meaning that both strands of DNA are synthesised from the 

same molecule of RNA using a host cell tRNA (Lys3) 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 RNA-DNA complex produced (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 and so is able to act as a primer for second strand synthesis (296).  

The final product, called a provirus, is larger than the original RNA genome as each end contains 

both U3 and U5 regions in a combination known as a long terminal repeat (LTR) (297).  

Each viral particle produces one provirus (297) and reverse transcription products peak around 

twelve hours post-transduction with integrated DNA being detected by 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 N-terminus of the Gag-Pol polyprotein, which catalyses the integration of the 
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provirus into the host cell genome (259). Within the cell IN localises to the nucleus as it contains a 

nuclear localisation signal (NLS) (299) and it binds to DNA through the C-terminus (300).  

To begin the process of integration a tetramer of IN proteins binds to both LTRs of the newly 

synthesised viral DNA (301) and associating with other cellular factors including LEDGF/p75 and 

Ku70 to form the pre-integration complex (PIC). The PIC mediates nuclear entry by a mechanism 

which remains unclear but which is likely to involve proteins at the nuclear envelope such as 

importin-  h(302), nucleoporin 153 (303) and ADAM10 (304). 

Once nuclear entry has been achieved, IN cuts the host chromosome leaving a 5bp overhang and 

ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ Ƨƻƛƴǎ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ǾƛǊŀƭ 5b! ǘƻ ǘƘŜ рΩ ǇƘƻǎǇƘŀǘŜ ƎǊƻǳǇ ƻŦ ǘƘŜ Ƙƻǎǘ ƎŜƴƻƳŜ (305). 

Host cell enzymes then repair the cut DNA and fill in the overhangs caused by IN (306, 307) 

Accessory proteins 

In addition to the major proteins transcribed from the env, gag and pol genes, HIV-1 requires two 

other proteins ς regulator of expression of virion proteins (Rev) and transactivator of transcription 

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

Rev acts post-transcriptionally by controlling nuclear export of the viral mRNA allowing for 

translation of viral proteins (308). It is able to mediate this effect as the Rev protein binds to a motif 

within the RNA known as the Rev response element (RRE) and is exported from the nucleus by virtue 

of a nuclear export signal within the protein itself (309, 310). 

TAT functions to increase transcription of the viral genome. It binds to a site in the RNA known as 

the transactivation-responsive region (TAR) (311) which enhances elongation of the transcribed 

mRNA (312). The TAT protein 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 cell (315-317). 
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In addition to the essential proteins described above, the HIV-1 genome encodes a number of other 

accessory proteins which have a variety of functions but no intrinsic 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 as a vector (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 for reverse transcription and the viral IN, RT, PR and Gag proteins transcribed in the 

ǇǊƻŘǳŎŜǊ ŎŜƭƭΦ ¢ƘŜ ǾƛǊƛƻƴ ƛǎ ŜƴŎŀǇǎǳƭŀǘŜŘ ōȅ ŀ Ŏƻŀǘ ƻŦ ǘƘŜ ŎŜƭƭΩǎ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜ ǿƘƛŎƘ Ŏƻƴǘŀƛƴǎ 

molecules of the assembled Env protein. Some of the accessory proteins and some cellular factors 

are also packaged into the virion but in much lower quantities (320). 

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 (ʌ) (321). The full length Gag polyprotein also 

associates with the RNA genome through the integral NC sequence as well as the uncleaved CA C-

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 Gag-RNA complex to the cell membrane (323).  

The mechanism of Env incorporation into the virion remains unclear. It is known that the 

cytoplasmic domain of gp41 interacts with MA (324, 325) but the nature and necessity of this 

interaction remains unclear (326). 

Once the viral components are assembled at the membrane, the virƛƻƴ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ΨōǳŘŘƛƴƎΩ ƻŦŦ 

the cell, a process which may involve the host cell Ψendosomal sorting complexes required for 

ǘǊŀƴǎǇƻǊǘΩ pathway (327, 328). 

Once budding has occurred, or possibly concurrently, the Gag and Gag-Pol polyproteins which have 

been incorporated undergo cleavage by the viral PR and the virion takes on the characteristic 

ǎǘǊǳŎǘǳǊŜ ƻŦ ŀ ǊŜǘǊƻǾƛǊǳǎΦ b/ ŎƻƴŘŜƴǎŜǎ ŀǊƻǳƴŘ ǘƘŜ ƎŜƴƻƳŜΣ /! ŦƻǊƳǎ ǘƘŜ ΨCǳƭƭŜǊŜƴŜ ŎƻƴŜΩ ǎǘǊǳŎǘǳǊŜ 
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which encapsulates the RNA, RT and IN molecules (329, 330) whereas MA appears to remain 

associated with the lipid envelope (331, 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. 

One of these steps was the development of so-ŎŀƭƭŜŘ ΨǎŜƭŦ-inactivatingΩ ǾƛǊǳǎŜǎ ōȅ ǘƘŜ ŘŜƭŜǘƛƻƴ ƻŦ 

promoter/enhancer sequences within the LTR so that vectors can be regulated by external elements. 

The endogenous retroviral promoter and enhancer elements are contained within the U3 region of 

ǘƘŜ ǾƛǊǳǎ ŀƴŘ ŦǳƴŎǘƛƻƴ ƻƴƭȅ ŀŦǘŜǊ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ǿƘŜƴ ǘƘŜȅ ƘŀǾŜ ōŜŜƴ ǘǊŀƴǎƭƻŎŀǘŜŘ ǘƻ ǘƘŜ рΩ 

LTR (333). Yu et al. (1986) introduced a 299bp 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 gene or tissue specific promoter could be used to restrict expression to a 

particular cell lineage (225) or tissue (335, 336). Additionally, recombinant promoter elements such 

as ubiquitously acting chromatin opening element (337, 338) ƻǊ ǘƘŜ ʲ-globin locus (225) can be used 

to give sustainable, high levels of gene expression. Many early experiments used viral promoters 

such as the spleen-focus forming virus (SFFV) promoter (237) or the endogenous retroviral LTR 

promoter (220) as these are expressed in a wide number of cell types and usually at high levels. 

Using a strong promoter 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 silencing (339, 340) and because many contain 

enhancer elements which increase the risk of insertional mutagenesis (235, 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 viral genome and supplied in trans in a packaging cell. Supplying genes in trans 

has two advantages: first it reduces the size of the viral cassette, allowing for the packaging of larger 

therapeutic nucleic acids; secondly, minimising the viral genome reduces the possibility that the 

vector will recombine with any viral sequences present within the host genome and produce a 

pathogenic or replication competent virus (341).  

Figure 1.6 shows the development of lentiviral vectors from the wild type HIV-1 genome by 

sequentially splitting the genome into separate plasmids. The first generation vectors are described 

in Naldini et al. (1996) and carry the majority of the viral genome on three plasmids (342).  

The main packaging construct contains the gag and pol genes which encode all the necessary 

enzymes and regulatory sequences including Vif and Vpr. It also contains a defective version of the 

env and vpu ƎŜƴŜǎ ŀƴŘ ŀ рΩ ¦¢w ŦǊƻƳ ǿƘƛŎƘ ǘƘŜ ǇŀŎƪŀƎƛƴƎ ǎƛƎƴŀƭ Ƙŀǎ ōŜŜƴ ŘŜƭŜǘŜŘ ōǳǘ ǘƘŜ ǎǇƭƛŎŜ 

ŘƻƴƻǊ ǇǊŜǎŜǊǾŜŘΦ ¢ƘŜ оΩ [¢w Ƙŀǎ ōŜŜƴ ǊŜǇƭŀŎŜŘ ōȅ ŀ ǇolyA signal which eliminated the sequences 

required for packaging, reverse transcription and integration of the plasmid (342).  

The second plasmid contains the gene encoding the envelope protein under the control of the CMV 

promoter. Changing the envelope gene included in the plasmid provides an opportunity to 

pseudotype the vectors (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 stomatitis virus glycoprotein (VSV-G) which increases the stability of virus 

particles as well as providing a wide tropism (344).  

¢ƘŜ ǘǊŀƴǎŦŜǊ ǇƭŀǎƳƛŘ όǇIwΩύŎƻƴǘŀƛƴǎ ǘƘŜ ƎŜƴŜ ǘƻ ōŜ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǘƘŜ target cells, as well as 350bp 

of the gag gene which, in combination with a part of the env gene spanning the RRE sequence, 

increases packaging efficiency and limits transcription to occuring only in the presence of TAT (as the 
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TAT binding sequence is in the LTR) and Rev proteins generated by the packaging construct. The gag 

sequence also contains the packaging signal allowing for incorporation into viral particles. This third 

ǇƭŀǎƳƛŘ ŀƭǎƻ Ƙŀǎ ŀ Ŧǳƭƭ ƭŜƴƎǘƘ оΩ [¢w ŀƭƭƻǿƛƴƎ ŦƻǊ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘƛƻƴ ŀƴŘ ƛƴǘŜgration (342). 

In order to generate new vectors containing even less of the original viral genome, researchers 

performed deletion studies on the packaging plasmid which showed that the accessory genes, vif, 

vpr, vpu and nef as well as the entire env gene can be deleted from the plasmid without adverse 

effects on titre or viral infectivity (318, 319). Vectors produced from this reduced packaging cassette 

are known as second-generation lentiviral vectors (Figure 1.6). 

Further efforts to improve the biosafety of lentiviral vectors have yielded a third generation of 

vectors in which the rev gene has been separated onto a fourth plasmid and deletion of the TAT 

ƎŜƴŜ ǿŀǎ ƳŀŘŜ ǇƻǎǎƛōƭŜ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ ŀ ǎǘǊƻƴƎΣ ŎƻƴǎǘƛǘǳǘƛǾŜ ǇǊƻƳƻǘŜǊ ǿƛǘƘƛƴ ǘƘŜ ŎƘƛƳŜǊƛŎ рΩ 

LTR used on the third generation transfer plasmid (345).   
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Figure 1.6 Development of first and second generation lentiviral vectors from the HIV-1 

provirus 

LTR: long terminal repeat; GAG: polygene encoding virion structural parts; PRO POL: polygene 

encoding viral enzymes; VIF, VPR, VPU, NEF are viral accessory proteins; ENV: viral envelope gene; 

TAT, REV are regulatory sequences; CMV: cytomegalovirus promoter; polyA: polyadenylation signal, 

VSV-G: vesicular stomatitis virus glycoprotein, GA: attenuated GAG sequence; prom: promoter ; 

cDNA: complementary DNA sequence όǘǊŀƴǎƎŜƴŜύΤ ʌ: packaging signal. For 1st and 2nd generation 

vectors, plasmids 1 and 2 are supplied in trans in the packaging cell line and only plasmid 3 is 

incorporated into the virion.  
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1.2.5 Protein transduction domains  

Many conditions which are a target of 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 majority of symptoms; 

it may also be beneficial if there is more widespread delivery of GC. This is because GBA is a 

housekeeping gene and as such is expressed ubiquitously albeit at low levels. There are two 

methods to achieving systemic or widespread protein distribution, one of which is to administer 

vector systemically allowing it to target all tissues. However this method risks stimulating an immune 

response within the recipient as well as requiring higher vector doses and giving reduced control of 

the actual tissues modified. 

An alternative method of achieving widespread correction is to focus on increasing the extent of 

protein rather than gene, distribution. One way is to fuse the protein, which has an endogenous 

secretion signal, to a protein transduction domain (PTD) which would allow any secreted protein to 

penetrate unmodified cells in the environment. PTDs often function through receptor-independent 

mechanisms making them less specific and allowing them to target a wide variety of cell types which 

is ideal in this scenario.  

One of the best characterised PTDs is that of the HIV-1 transactivator of transcription (TAT) protein 

domain. The PTD from the TAT protein has been shown to work by stimulating protein uptake by 

lipid raft-mediated endocytosis when the fusion protein is greater than 30kDa (346, 347). This 

method of protein transduction is ideal for 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 which is the site of action of GC (4, 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 
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compared to both imiglucerase and wild type GC (315). The same paper showed that fusion of the 

PTD to the N-terminus of the protein abolished protein expression. A subsequent study 

demonstrated the presence of two furin cleavage sites within the PTD which presents a possible 

explanation for the lack of expression from the N-terminal 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. This modified version of the PTD (mTAT) 

is used in this project in addition to the WT version (WT TAT) to compare the effect of PTD fusion to 

GC.  

The TAT PTD was the first entity to be described as a mediator of protein transduction (314, 348, 

349) but since those early studies, many other domains have been described. These include: Antp, 

from the Drosophila Antennapedia protein (350); VP22, found in Herpes Simplex virus (351); and 

polyarginine (352) or polylysine domains (353, 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 protein (347). 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 protein transduction but it has also been suggested that 

they may be more toxic than other sequences with Antp being at the opposite end of both spectra 

(354-356). This study used the TAT 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 types (315, 317, 

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

efficiency such as Antp. 

One potential limitation of PTDs which must be considered is the need for the protein to escape the 

endosome after internalisation. However this is not relevant for GC as its site of action is the 
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lysosome which is the ultimate location of endocytosed molecules and it is in fact 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 disease 

As discussed above, gene therapy has been used to treat a number of monogenic disorders 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 therapy. Firstly, it 

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 shown 11-15% enzyme expression to be sufficient for correction in 

vitro (54) and 1-10% engraftment of WT HSCs in vivo (359)). Secondly, correction of the disease has 

been seen following allogeneic haematopoietic stem cell transplantation (HSCT) with patients 

showing reversion of skeletal manifestations (360) and neurological stabilisation of type III disease if 

performed sufficiently early in life (100, 101, 361). However, these observations are based on very 

limited clinical data as HSCT has never been used as a routine treatment option and very few 

patients have undergone transplantation since the advent of ERT (106). 

The fact that HSCT can be a curative treatment for Gaucher disease serves as proof of the principle 

that gene therapy is a suitable option for treating GD. Ex vivo gene therapy would involve treating 

the patient with a genetically corrected autologous haematopoietic stem cell graft which is 

potentially safer than HSCT from 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 complication of HSCT with symptoms including 

skin rashes, gastrointestinal disturbances and liver failure (362). This risk should be eliminated by 

using autologous HSCs. 

Before the development of ERT, there was significant interest in gene therapy as an option for GD 

because of the limitations of HSCT and the shortage of suitable donors. This 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 studies 

published in the last 20 years. 

The studies published in the pre-ERT era, used a range of vector types, predominantly 

gammaretroviruses (209, 363-365) although there are occasional reports using lentiviruses (366, 

367) or adeno-associated virus (368, 369). In addition to using different vector types, papers also 

focussed on a number of different cell types including: fibroblasts (370), lymphoblasts (370), 

myoblasts (371) and, most relevantly for gene therapy, haematopoietic stem cells (209, 363-366). 

Two papers, Correll et al., (1992) and Ohashi et al., (1992), both showed that when murine HSCs 

were transduced with a ɹ-retrovirus carrying the GBA cDNA and transplanted into recipient mice, 

supranormal levels of enzyme activity could be found in macrophages of the BM and spleen up to 

seven or eight months post-transplantation (363, 372). This study showed that transduction of HSCs 

with GBA can give rise to corrected macrophages in vivo but used an early vector-promoter 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 were GBA+/+. A similar study which also used WT mice as both 

donor and recipient showed that lentiviral vectors could also mediate long-term reconstitution up to 

6 months post-HSCT and even after a secondary transplant (366). 

In 1998, an American group initiated a clinical trial for gene therapy using ex vivo transduction of 

CD34+ cells with a retroviral vector in three patients (373). 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 marking was seen in one patient three months post-infusion indicating 

short-term survival and expansion of the transduced cells, but the level of cDNA detected was low 

and was lost six months after treatment. None of the patients had any significant increase in GC 

expression or activity at any point during the study (373). 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 system. The 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 and were therefore lost. It 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 levels of transduction than were 

achieved in this paper. 

One of our reasons for investigating gene therapy as a potential treatment for GD is the skeletal 

disease which remains the main cause of morbidity in type I patients on ERT. In many cases bone 

disease is refractory to ERT (153, 157) whereas HSCT has been shown to be curative for a number of 

skeletal complications (99, 100). It is likely that the ability of HSCT to ameliorate skeletal disease to a 

greater degree than ERT is due to direct correction of the osteoclast, a member of the 

haematopoietic lineage (Figure 1.7) (374). There has been very 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 cells (375). There is one recent report, 

however, which showed that by targeting HSCs as opposed to more committed cells, levels of 

transduction are greatly improved (376) 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 disorder, osteopetrosis 

(377). 
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Figure 1.7 Cells of 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 that a gene therapy strategy targeting the 

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

We hypothesise that lentiviral vectors will provide a suitable method of mediating ex vivo 

gene therapy for GD.  

In chapter 3 of this study we aim to develop vectors which are capable of correcting the 

genetic defect seen and which will be tested using patient-derived cell lines as well as 

tissue harvested from a GBA-/ - mouse model (184). 

The majority of GD patients are currently treated with an enzyme replacement therapy 

which directly targets the macrophage (109) but as GBA is a housekeeping gene with 

some expression in almost all tissues of the body (378-380); it may be preferable to 

develop a therapy which is capable of restoring expression to tissues other than the 

haematopoietic system. To achieve this, chapter 4 shows the fusion of the GBA gene to a 

protein transduction domain to investigate the potential for the cross-correction of 

untransduced cells by secreted GC protein. 

The major morbidity found in type I GD, even among treated patients, is bone disease 

which we believe can be ameliorated by gene therapy of the HSC. To investigate this, in 

chapter 5 we will firstly establish whether genetic modification of HSC can lead to the 

differentiation of modified osteoclasts in vitro and in vivo and secondly investigate the 

occurrence of an osteoclast phenotype within the GBA-/ - mouse model (184).   
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2 Materials and Methods 

2.1 Materials 

Unless otherwise stated all reagents were supplied by Sigma-Aldrich, enzymes for cloning 

by Promega and cell culture reagents by Life Technologies. 

2.1.1 Cloning 

1kb Plus DNA ladder Life Technologies 

Q5 High-fidelity 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 SuperMix-UDG 

with ROX 

Life Technologies 

2.1.5 Cell culture  

MethoCult GF M3434 StemCell Technologies 

Prostaglandin E2 VWR International 

Macrophage colony stimulating factor (M-CSF) R&D Systems 

Receptor activator of nuclear factor kappa-B 

ligand (RANK-L) 

R&D Systems 

Dentine Dr Derralynn Hughes (Royal 

Free Hospital, London) 

TRAP staining kit Sigma-Aldrich 

Transwell inserts (diameter 12mm, pore size 

лΦп˃Ƴύ 

Fisher Scientific 

2.1.6 Assays 

Velaglucerase alfa (VPRIV) Shire Human Gene 

Therapeutics 
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FDGlu Life Technologies 

Citric acid VWR International 

Disodium hydrogen orthophosphate VWR International 

2.1.7 Western blotting  

NP40 Calbiochem 

Leupeptin AppliChem 

Aprotinin AppliChem 

NuPage gels Life Technologies 

MES buffer Life Technologies 

PVDF membrane Millipore 

Transfer buffer Life Technologies 

SeeBlue Plus2 pre-stained standard Life Technologies 

Pierce enhanced chemiluminescence western 

blotting substrate 

Thermo Scientific 

2.1.8 Immunocytochemistry 

BSA Promega 

Rat serum Dessi Malinova (Institute of 

Child Health) 
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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 to GC Abcam (ab55080) 

Mouse monoclonal to GAPDH Santa Cruz Biotechnologies (sc-32233) 

Rabbit polyclonal to GFP(FL) Santa Cruz Biotechnology (sc-8334) 

Rabbit polyclonal to BSA Life Technologies (A11133) 

Anti-mouse CD51-PE eBioscience (12-0512) 

Sheep anti-mouse, HRP conjugated GE Healthcare (NXA931) 

Donkey anti-rabbit, HRP conjugated GE Healthcare (NA934V) 
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2.1.10  Solutions 

Western blot lysis buffer 1% NP40, 10mM TRIS pH 8.0, 130mM NaCl, 1mM 

PMSF, 10mM NaF, 1mM DTT, 100mM Na3VO4 1% 

aprotinin, 200mM leupeptin 

Western blot stripping buffer 15g glycine, 1g SDS, 10ml Tween20 in 1L water, 

pH 2.2 

TAE (50x) 242g TRIS Base, 57.1ml glacial acetic acid, 100ml 

0.5M EDTA pH 8.0 in 1L distilled water 

DNA loading dye 10% glycerol, 0.1% Orange G 

Stopping solution  1M glycine in water, pH 10.4 with NaOH. Diluted 

to 0.25M in water for working solution 

McIlvaine citrate-phosphate 

buffer (MV 5.4) 

0.1M citric acid, 0.2M disodium hydrogen 

orthophosphate. pH 5.2 
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2.2 Methods 

2.2.1 PCR amplification 

100ng template DNA was combined with м˃a ƻŦ ŜŀŎƘ ǇǊƛƳŜǊΣ нлл˃a ŜŀŎƘ Řb¢tΣ мΦнр¦ 

Pfu polymerase, and 1X Pfu polymerase buffer and made up to a ǘƻǘŀƭ ǾƻƭǳƳŜ ƻŦ рл˃ƭ 

with sterile water. Initial denaturation was performed at 95°C for 2 minutes and followed 

by 30 amplification cycles consisting of denaturation at 95°C for 30 seconds, primer 

annealing at 58°C for 30 seconds (adjusted for each primer melting temperature) and 

extension at 72°C for 1 minute/kb, followed by a final extension step of 5 minutes at 

72°C. 

2.2.2 Restriction digests 

м˃Ǝ ǇƭŀǎƳƛŘ 5b! ǿŀǎ ŘƛƎŜǎǘŜŘ ōȅ м¦ ŜƴȊȅƳŜ ƛƴ мȄ ǊŜŀŎǘƛƻƴ ōǳŦŦŜǊ ƳŀŘŜ ǳǇ ǘƻ ŀ Ŧƛƴŀƭ 

ǾƻƭǳƳŜ ƻŦ нл˃ƭ ǿƛǘƘ ǎǘŜǊƛƭŜ ǿŀǘŜǊΦ 5ƛƎŜǎǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ отϲ/ ŦƻǊ н ƘƻǳǊǎΦ LŦ 

required, inactivation of the restriction enzyme was performed by heating the reaction 

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

2.2.3  Klenow polymerase treatment όŦƛƭƭƛƴƎ рΩ-protruding ends) 

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

containing 50mM Tris-HCl, 10mMMgSO4Σ лΦмƳa 5¢¢Σ пл˃a ŜŀŎƘ Řb¢t ŀƴŘ нл˃ƎκƳƭ 

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 digested pHRΩ plasmid backbone in a 3:1 or 5:1 ratio 

using 3U T4 DNA ligase in 1x reaction buffer overnight at room temperature 
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(approximately 22°C). The resulting ligated plasmid DNA was transformed into chemically 

competent XL-Gold E. coli and grown in the presence of ampicillin. 

2.2.5 TOPO cloning 

Digestion products were blunted with Klenow and ligated into the pCR- Blunt II-TOPO® 

subcloning vector using the Zero Blunt TOPO PCR cloning kit (Life Technologies) according 

ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ Cultures were grown with kanamycin. 

2.2.6  Transformation 

2-п˃ƭ ƭƛƎŀǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ƎŜƴǘƭȅ ƳƛȄŜŘ ǿƛǘƘ рл˃ƭ ŎƘŜƳƛŎŀƭƭȅ ŎƻƳǇŜǘŜƴǘ 9Φ Ŏƻƭƛ ƛƴ ŀ ǇǊŜ-

cooled 14ml tube and incubated on ice for 30 minutes. Cells were heat-shocked at 42°C 

ŦƻǊ пр ǎŜŎƻƴŘǎ ŀƴŘ ǊŜǘǳǊƴŜŘ ǘƻ ƛŎŜ ŦƻǊ н ƳƛƴǳǘŜǎΦ нрл˃ƭ {hC medium was added to the 

tube and incubated with shaking at 37°C for 1 hour and then plated on an LB-agar plate 

containing the relevant antibiotic (ampicillin for lentiviral plasmids, kanamycin for TOPO 

plasmids) ŀǘ рл˃ƎκƳƭΦ tƭŀǘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отϲ/ overnight. 

2.2.7  Gel electrophoresis 

DNA samples were added to 1x loading dye and applied to a 1% (w/v) agarose gel in TAE 

ōǳŦŦŜǊ ŀƭƻƴƎǎƛŘŜ мл˃ƭ мƪō tƭǳǎ 5b! ƭŀŘŘŜǊ ŀƴŘ ǎŜǇŀǊŀǘŜŘ ōȅ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ŀǘ ул-120V 

in 1X TAE. DNA fragments were visualised by exposure to ultraviolet light using the 

UviDoc system. 

2.2.8 Plasmid preparation 

.ŀŎǘŜǊƛŀƭ ŎƭƻƴŜǎ ǿŜǊŜ ƎǊƻǿƴ ƛƴ рƳƭ όaƛƴƛǇǊŜǇ ȅƛŜƭŘ Ґ ŀǇǇǊƻȄƛƳŀǘŜƭȅ с˃Ǝύ ƻǊ рллƳƭ 

όaŀȄƛǇǊŜǇ ȅƛŜƭŘ Ґ ŀǇǇǊƻȄƛƳŀǘŜƭȅ рлл˃Ǝύ [. ōǊƻǘƘ ǿƛǘƘ ǘƘŜ ǊŜƭŜǾŀƴǘ ŀƴǘƛōƛƻǘƛŎ ŀǘ рл˃ƎκƳƭ 

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

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

2.2.9 Propagation of mammalian cell lines 

All cells were incubated at 37°C with 5% CO2. For long-term storage 1-5x106 cells were 

pelleted and resuspended in 1ml freezing medium (90% FCS, 10% DMSO), transferred to 

cryovials and slowly cooled to -80°C in an isopropanol freezing box before being 

transferred to liquid nitrogen for long-term storage. 

Human embryonic kidney 293T (HEK293T) 

I9Yнфо¢ ŎŜƭƭǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ƛƴ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ aŜŘƛǳƳ ό5a9aύ ǿƛǘƘ 

10% foetal calf serum (FCS) and 1% streptomycin/amphotericin (complete DMEM) until 

confluent and passaged using 1x trypsin-EDTA to remove cells from flask and diluted into 

new flasks. 

Fibroblasts 

Gaucher patient fibroblasts were obtained from Coriell Cell Repositories (GM00852) and 

ŎǳƭǘǳǊŜŘ ƛƴ aƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ aŜŘƛǳƳ όa9aύ ǿƛǘƘ мл҈ C/{Σ м҈ 

streptomycin/amphotericin and 2mM L-Glutamine. Passaging was performed using 1X 

trypsin-EDTA 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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2.2.10  Virus production 

HEK293T cells were seeded at 1.5x107cells/175cm2 flask and allowed to reach 80-90% 

confluency. For each flask, 40µg vector construct, 10µg pMD.G2 and 30µg pCMV-ɲwуΦтп 

plasmids were added to рƳƭ hǇǘƛa9a ŀƴŘ ŦƛƭǘŜǊŜŘ ǘƘǊƻǳƎƘ лΦнн˃Ƴ ŦƛƭǘŜǊΦ млƳa 

polyethylenimine was added to 5ml OptiMEM for each flask and passed through a 

лΦнн˃Ƴ ŦƛƭǘŜǊΦ ¢ƘŜ ǘǿƻ ƳƛȄǘǳǊŜǎ ǿŜǊŜ ŎƻƳōƛƴŜŘ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŎƻƳǇƭŜȄ ŀǘ ǊƻƻƳ 

temperature for 20 minutes. Seeded cells were washed 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 at 48 and 72 hours post-transfection, 

passed through 0.22µm filters and centrifuged at 98,000g for 2 hours. Pellets were 

resuspended in 150µl PBS and incubated on ice for 1 hour. The suspension was removed 

and centrifuged at 1,500g for 10 minutes and stored in 30µl aliquots at -80°C.  

2.2.11  Virus titration 

HEK293T cells were seeded in a 12 well plate at a density of 5x104 cells/well and left to 

adhere for 4 hours. Serial dilutions of virus in 1ml DMEM replaced the medium on the 

adhered cells which were incubated at 37°C for 72 hours. After 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 a fluorescent marker had to be performed using 

quantitative PCR as described below. 

2.2.11.1 Flow cytometry 

Cells were harvested with trypsin-EDTA and transferred to polystyrene flow cytometry 

tubes and pelleted by centrifugation at 1,500g for 5 minutes. Cells were washed twice in 
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t.{ ŀƴŘ Ŧƛƴŀƭƭȅ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рлл˃ƭ t.{ ŀƴŘ ŀƴŀƭȅǎŜŘ ŦƻǊ ŦƭǳƻǊŜǎŎŜƴŎŜ ōȅ Ŧƭƻǿ 

cytometry using the CyAn ADP cell analyser (Beckman Coulter, High Wycombe, UK). 

Titre was calculated using the following formula: 

Ϸ ÐÏÓÉÔÉÖÅ ÃÅÌÌÓ ÄÉÌÕÔÉÏÎ ÆÁÃÔÏÒÎÕÍÂÅÒ ÏÆ ÃÅÌÌÓ ÔÒÁÎÓÄÕÃÅÄ

ρππ
 

 

2.2.11.2 Quantitative Real-Time PCR (qPCR) 

72 hours post-transduction cells were washed, pelleted and DNA extraction was 

ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ нл˃ƭ 5b!ǊŜƭŜŀǎȅ ǇŜǊ ǎŀƳǇƭŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Quantitative PCR (qPCR) was performed using 100ng genomic DNA as 

template. The reaction mixture contained 0.9mM each primer, 0.2mM fluorescent probe 

and 1X qPCR SuperMix-UDG with Rox mastermix. The reaction was performed in 

triplicate with 40 cycles of: 95°C for 15 seconds and 60°C for 1 minute with quantification 

using an ABI Prism 7000 (Applied Biosystems, California, USA). Plasmid standards 

ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ƘǳƳŀƴ ʲ-actin and HIV-1 WPRE sequences diluted in TE were kindly 

supplied by Dr Conrad Vink (UCL Institute of Child Health). 

-̡actin sequences 

Forward primer: TGAGGATCTTCATGAGGTAGTCAG 

Reverse primer: TCACCCACACTGTCCCATCTACGA 

Probe: 5'FAM- ATGCCCTCCCCCATGCCATCCTGCGT-3'TAMRA 

WPRE sequences 

Forward primer: TGGATTCTGCGCGGGA 
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Reverse primer: GAAGGAAGGTCCGCTGGATT 

Probe: рΩC!a-CTTCTGCTACGTCCCTTCGGCCCT-оΩ¢!aw! 

Virus titre was obtained using the following calculation: 

1ÔÙ 702%

1ÔÙ ɼ ÁÃÔÉÎ
ÄÉÌÕÔÉÏÎ ÆÁÃÔÏÒÎÕÍÂÅÒ ÏÆ ÃÅÌÌÓ ÔÒÁÎÓÄÕÃÅÄ 

 

2.2.12  Osteoclast culture 

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 using a 25 gauge 

needle. Extracted bone marrow was collected in a 15ml Falcon tube and pelleted by 

centrifuging at 1,500g for 5 minutes at room temperature. Samples were blinded to 

prevent experimenter bias. Cells were resuspended in 15ml S1MEM (OptiMEM with 10% 

FCS, 1% streptomycin/amphotericin, 2mM L-glutamine, 10-7 M PGE2 ŀƴŘ ус˃a a-CSF) 

and plated in a 75cm2 flask and incubated at 37°C. 24 hours later 6mm dentine discs were 

sterilised by immersion in 100% ethanol, allowed to air-dry and soaked in OptiMEM + 

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

for 5 minutes. Pellets were resuspended in S2MEM (OptiMEM with 10% FCS, 1% 

streptomycin/amphotericin, 2mM L-glutamine, 10-7 M PGE2Σ оу˃a a-/{C ŀƴŘ мрт˃a 

RANK-L) at a concentration of 5 x 106 ŎŜƭƭǎκƳƭΦ нлл˃ƭ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŀǎ ŀŘŘŜŘ ǘƻ 

sterilised 6mm dentine discs or 13mm glass coverslips in a 96-well plate (6-8 

discs/mouse) and incubated overnight at 37°C and 5% CO2. The following day discs were 

transferred to 6-well plates with 4 discs/well in 3ml S2MEM. A half media change was 

performed after 48 hours. On day 7, cultures were acidified by complete media change 

ǿƛǘƘ ŀŎƛŘƛŦƛŜŘ {нa9a όун˃ƭ ŎƻƴŎŜƴǘǊŀted HCl in 100ml S2MEM). Cultures were 
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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.  

2.2.12.1 Assessment of osteoclast activity by resorption 

Cells on dentine discs were removed using ProteoJet lysis solution (Fermentas). Discs 

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 

using a Nikon Eclipse 400 microscope. 

2.2.12.2 Identification of osteoclast-like 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-!ƭŘǊƛŎƘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

2.2.13  Bone 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 using a 25 gauge 

needle. 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 

Depletioƴ Yƛǘ όaƛƭǘŜƴȅƛ .ƛƻǘŜŎύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ LǎƻƭŀǘŜŘ ŎŜƭƭǎ 

were seeded at a density of 106 cells/ml and transduced with lentivirus overnight. The 

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

fƻǊ Ŏƻƭƻƴȅ ŦƻǊƳƛƴƎ ŎŜƭƭ ŀǎǎŀȅǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 
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2.2.14  Assays 

2.2.14.1 Glucocerebrosidase 

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

fluorescent substrates but followed different protocols. 

2.2.14.1.1 FDGlu assay 

Cells were diluted to 105-106 ŎŜƭƭǎκƳƭ ŀƴŘ млл˃ƭ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ƻŦ ǘǿƻ C!/{ ǘǳōŜǎΦ мл˃ƭ 

10mM conduritol- -̡ŜǇƻȄƛŘŜ ό/.9ύ ǿŀǎ ŀŘŘŜŘ ǘƻ ƻƴŜ ǘǳōŜ ŀƴŘ мл˃ƭ 5a9a ǘƻ ǘƘŜ ƻǘƘŜǊΦ 

/Ŝƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ м ƘƻǳǊΦ млл˃ƭ нƳa ŦƭǳƻǊŜǎŎŜƛƴ- -̡D-

glucopyranoside (FDGlu) was added to each tube and mixed gently then incubated at 

отϲ/ ŦƻǊ м ƳƛƴǳǘŜΦ тфл˃ƭ 5a9a ǿŀǎ ŀŘŘŜŘ ǘƻ ōƻǘƘ ǘǳōŜǎ ŀƴŘ ƛƴŎǳōŀǘŜŘ ƛƴ ǘƘŜ ŘŀǊƪ ŀǘ 

room temperature for 45 minutes. Cells were centrifuged at 1,500g for 5 minutes and 

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

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

2.2.14.1.2 4MUG 

/Ŝƭƭ ǇŜƭƭŜǘǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ мл˃ƭǎ ŘƛǎǘƛƭƭŜŘ ǿŀǘŜǊ ŀƴŘ ƭȅǎŜŘ ōȅ ǳƭǘǊŀǎƻƴƛŎŀǘƛƻƴ ŦƻǊ мл 

seconds at amplitude 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 

ŘƛƭǳǘŜŘ ǘƻ ŀ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мƳƎκƳƭ ƛƴ ŘƛǎǘƛƭƭŜŘ ǿŀǘŜǊΦ мл˃Ǝ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ ǿŀǎ 

ŀŘŘŜŘ ǘƻ нр˃l MV 5.4 with 22.35mM sodium taurocholate and 5mM 4-

methylumbelliferyl- -̡D-glucopyranoside was added to each tube and mixed. Samples 

ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ отϲ/ ŦƻǊ м ƘƻǳǊ ǘƘŜƴ ммлл˃ƭ ǎǘƻǇǇƛƴƎ ǎƻƭǳǘƛƻƴ όлΦнрa ƎƭȅŎƛƴŜ ōǳŦŦŜǊ 

pH 10.4) was added to terminate the reaction. Fluorescence was read at excitation 365 

nm, emission 450 nm using the Perkin Elmer LS 55 fluorometer (Perkin Elmer, 
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Massachusetts, USA). 1nmol 4-methylumbelliferone was used as a standard. Enzyme 

activity was calculated as nmol/hr/mg protein. 

2.2.14.2 Chitotriosidase  

Supernatants were harvested and centrifuged for 5 minutes at 16,000 x g to pellet cell 

ŘŜōǊƛǎΦ hƴ ƛŎŜ р˃ƭ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŀŘŘŜŘ ǘƻ нм˃a п-methylumbelliferyl- -̡D-bΣbΩΣbΩΩ-

triacetylchitotriose and mixed. Tubes were incubated for 60 minutes at 37°C then at 

ǘƛƳŜŘ ƛƴǘŜǊǾŀƭǎ мллл˃ƭ ƻŦ лΦнрa ƎƭȅŎƛƴŜ ōǳŦŦŜǊ όǇI млΦпύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŜŀŎƘ ǘǳōŜ ǘƻ 

terminate the reaction. Fluorescence was read at excitation 365nm, emission 450nm 

using the Perkin Elmer LS 55 fluoroƳŜǘŜǊΦ мс˃a п-methylumbelliferone was used as a 

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

2.2.15  Western blotting 

2.2.15.1 Preparation of cell lysates 

106 ŎŜƭƭǎ ǿŜǊŜ ǇŜƭƭŜǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ нлл˃ƭ ƭȅǎƛǎ ōǳŦŦŜǊ ŀƴŘ 

incubated on ice for 5 minutes. Debris was pelleted by centrifugation at 16,000g for 15 

ƳƛƴǳǘŜǎ ŀǘ пϲ/Φ нлл˃ƭ [ŀŜƳƳƭƛ ōǳŦŦŜǊ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ŀƴŘ ǎŀƳǇƭŜǎ ǿŜǊŜ 

heated to 85°C for 5 minutes. After this samples were kept at 4°C or stored at -20°C. 

2.2.15.2 Gel electrophoresis 

ол˃ƭ ǎŀƳǇƭŜ ǿŀǎ Ǌǳƴ ƻƴ ŀ bǳtŀƎŜ ƎŜƭ ƛƴ м· a9{ {5{ ōǳŦŦŜǊ ŀǘ мрл± ŦƻǊ м ƘƻǳǊ ŀƭƻƴƎǎƛŘŜ 

мл˃ƭ {ŜŜ.ƭǳŜ tƭǳǎ н ǇǊŜǎǘŀƛƴŜŘ ǇǊƻǘŜƛƴ ǎǘŀƴŘŀǊŘΦ  

2.2.15.3 Membrane transfer 

Protein bands were transferred to a PVDF membrane using 2X transfer buffer at 18V in a 

BioRad semi-dry transfer machine. After transfer membranes were blocked in 4% milk to 

minimise non-specific staining on the roller for 1 hour at room temperature. 
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2.2.15.4 Staining 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% Tween-20 (PBST) for 5 minutes. Secondary 

antibodies were added at a dilution of 1:1000 in 3ml 4% milk and incubated for 45-60 

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 mixed in a 1:1 

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 (UVItec, 

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 to remove residual 

stripping buffer. Blocking and visualisation of alternative protein bands could then be 

performed as described above. 

2.2.16  Immunocytochemistry 

Cells were seeded on 13mm coverslips 4 hours before staining. Cells were washed in PBS 

and fixed in 4% paraformaldehyde 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 diluted 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 images were taken using a Zeiss LSM 710inverted confocal microscope (Leica, 

Milton Keynes, UK). 

2.2.17  Software 

Microscopy and electrophoresis gel images were processed with ImageJ (NIH, Bethesda, 

Maryland). Statistical testing was performed using GraphPad Prism 5 (San Diego, 

California).   
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3 Vector production and characterisation 

3.1 Aims 

¶ To produce and characterise a lentiviral vector carrying the glucocerebrosidase 

gene 

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

¶ To correct enzyme deficiency of patient derived cells using this vector 

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

of fibroblasts in vitro 

3.2 Introduction 

Gaucher disease (GD) arises from mutations in the glucocerebrosidase (GBA) gene 

leading to a deficiency in the enzyme glucocerebrosidase (GC) (3). The majority of 

affected cells are part of the haematopoietic system (primarily the macrophage) and it 

has been shown that allogeneic haematopoietic stem cell transplant (HSCT) from a 

healthy donor can be curative (71, 98-101). 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 GD (98, 102). 

Regardless of its current usage, the 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 targeted, enzyme 

replacement therapy (ERT) (109, 123, 124). It is this evidence that has given rise to the 

hypothesis that ex vivo gene therapy of HSCs could be used to treat, and potentially cure, 

type I GD. 
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Gene therapy could be preferable to HSCT as it can use autologous stem cells which 

reduces the risk of graft versus host disease and other complications of unrelated donor 

HSCT (381). In addition, correcting stem cells at the genetic level potentially allows for a 

permanent curative effect as enzyme will be produced throughout the lifetime of the 

cells, dramatically reducing the dependence of patients on ERT as shown in the ADA-SCID 

clinical trial (226-228). 

Before the advent of ERT, a number of groups were investigating the possibility of 

developing gene therapy for GD but the licensing of Ceredase® in 1991 (109) caused 

researchers to suspend this work. However, given the limited impact of ERT on skeletal 

symptoms (50, 153, 157) and the risk of symptom 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 which have the potential for use in 

treating GD. 

The following chapter will describe the design of the GBA vector 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 I Gaucher disease 

Gene therapy for GD was first investigated in the late 20th century 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 immunodeficiencies which cast doubt 

on the suitability of the procedure and the vectors in use (234-236). At the same time, no 

response was found in a human trial of gene therapy for GD (373). These results coupled 

with the approval of the enzyme replacement therapy manufactured by Genzyme (109, 

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

investigations. 

This has produced a lasting belief amongst clinicians that gene therapy is of no interest to 

the Gaucher community. To address this concern, a small survey of type I patients and 

their families was conducted with the assistance of the Gauchers Association to gauge 

the levels of patient interest. A factsheet (Appendix 7.3) explaining the rationale behind 

gene therapy and the procedure involved was provided to participants with a follow-up 

questionnaire to assess their response (Appendix 7.4). 

The results showed that 80% respondents would consider gene therapy as a viable option 

for GD and 50% might prefer a fully licenced gene therapy treatment to ERT (Figure 3.1B). 

Of those who answered not sure (20%) or no (30%) to question 6, the main comments 

were concern about the possible side effects (especially those connected with the 

conditioning regimen) and patients with mild/stable disease expressing that they would 

be happier to continue with ERT (Appendix 7.5).   
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Figure 3.1 Patient response to gene therapy for GD questionnaire 

A small group of type I GD patients were given a factsheet describing how gene therapy 

could be used to treat GD and were then asked for their response to the proposal. 

Answers to two of the questions are shown here and show that 50% of these patients 

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

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

 

A) 

B) 



91 
 

3.3.2 Vector production 

The first aim of this project was to create a lentiviral vector carrying the GBA gene which 

could be used for gene therapy. 

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

ǇƻƭȅǇǳǊƛƴŜ ǘǊŀŎǘ όŎtt¢ύΣ ŀ ǇŀŎƪŀƎƛƴƎ ǎƛƎƴŀƭ όʌ) and the woodchuck post-transcriptional 

ǊŜƎǳƭŀǘƻǊȅ ŜƭŜƳŜƴǘ ό²tw9ύ ŦƭŀƴƪŜŘ ōȅ ƭƻƴƎ ǘŜǊƳƛƴŀƭ ǊŜǇŜŀǘǎ ό[¢wύ ƻŦ ǿƘƛŎƘ ǘƘŜ оΩ [¢w ƛǎ 

self-inactivating. In addition to these elements, the backbone used in this project 

contains the spleen focus-forming virus promoter to drive expression of the transgene 

cassette.  

tǊŜǾƛƻǳǎ ǳƴǇǳōƭƛǎƘŜŘ ǿƻǊƪ ōȅ 5Ǌ !ƘŀŘ wŀƘƛƳ ό¦/[ LƴǎǘƛǘǳǘŜ ŦƻǊ ²ƻƳŜƴΩǎ IŜŀƭǘƘύ 

inserted the genes encoding glucocerebrosidase (GC) and enhanced green fluorescent 

protein (eGFP) separated by an internal ribosomal entry site (IRES) into the lentiviral 

backbone (Figure 3.2A). The IRES element allows two genes to be transcribed from the 

same mRNA independently of each other so that the result is not a fusion protein (382). 

Concurrent production of a marker protein such as eGFP is often used in order to confirm 

transduction of cells and that introduced DNA is being expressed. However there have 

been recent studies which suggest that eGFP is incorrectly 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 remove the eGFP gene from the 

plasmid, kindly donated by Dr Rahim, to produce a lentiviral vector containing only the 

GBA gene (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, including eGFP. 
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Removal of the eGFP sequence was achieved by simultaneously digesting the existing 

vector with the restriction enzymes XhoI and MluI to excise the IRES-eGFP fragment. The 

ends of the two resulting fragments were filled in using DNA polymerase I large fragment 

(Klenow) and the larger of the two sequences, which corresponded to the lentiviral 

backbone containing the SFFV promoter, GBA gene and WPRE sequence, was purified by 

agarose gel electrophoresis and religated using T4 DNA ligase. This plasmid was 

transformed into XL Gold chemically competent cells and grown on LB-agar plates 

containing ampicillin in order to identify correct clones. Removal of the IRES-eGFP 

sequence was confirmed by digestion with the restriction enzyme HindIII (Figure 3.2C) 

and by sequencing (Appendix 7.2).  
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Figure 3.2 Removal of IRES-eGFP to give the pHR-GBA plasmid 

A) LNT-GBA-eGFP plasmid produced by Dr Ahad Rahim and donated for use in this study. 

Vertical lines show recognition sites for restriction endonucleases. B) LNT plasmid 

carrying only the GBA gene produced by digestion and relegation of the plasmid in A). 

[¢wΥ ƭƻƴƎ ǘŜǊƳƛƴŀƭ ǊŜǇŜŀǘΣ ʌΥ ǇŀŎƪŀƎƛƴƎ ǎƛƎƴŀƭΣ Ŏtt¢Υ ŎŜƴǘǊŀƭ ǇƻƭȅǇǳǊƛƴŜ ǘǊŀŎǘΣ {CC±Υ 

spleen focus forming virus LTR/promoter, GBA: glucocerebrosidase, IRES: internal-

ribosomal entry site, eGFP: enhanced green fluorescent protein, WPRE: woodchuck 

C) 
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hepatitis post-ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǊŜƎǳƭŀǘƻǊȅ ŜƭŜƳŜƴǘ ɲ[¢wΥ ǎŜƭŦ-inactivating LTR. C) 

electrophoresis gels showing the excision of the IRES-eGFP fragment (1342bp) from the 

pHR-GBA-IRES-eGFP plasmid. Subsequent blunting and ligation of the purified fragment 

(16871bp) gave the pHR-GBA plasmid. Excision of the IRES-eGFP fragment was confirmed 

by digestion with HindIII 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 project ς fluorescein- -̡

D-glucopyranoside (FDGlu) and 4-methylumbelliferryl- -̡D-glucopyranoside (4MUG). The 

structures of both of these substrates are shown in Figure 3.3A, 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 FDGlu assay is performed on live cells 

and measured by flow cytometry (384) whereas the 4MUG assay uses cell lysates with 

fluorescence detected by spectrophotometry (385, 386). 

As readout is measured by flow cytometry, the FDGlu 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 a useful tool for detecting successful 

transduction of target cells but more information is required to determine the extent of 

enzyme activity and whether phenotypic correction has occurred. It is also worth noting 

that the FDGlu assay gives highly variable results as shown in Figure 3.3B where the assay 

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

By contrast the 4MUG assay is performed on lysed cells giving readout in terms of 

enzyme activity which is more informative as it allows for the detection of true molecular 

correction. The assay is also sensitive enough to distinguish the different activity levels in 

wild type, heterozygote and GBA knockout mice (Figure 3.3C), something which is 

otherwise only possible by sequencing. Because of the greater applicability of the 4MUG 

assay and the fact that its readout allows for a direct measurement of correction, it was 

decided that further experiments would be analysed using the 4MUG assay only. 
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Figure 3.3 Fluorescence assays for the detection of glucocerebrosidase activity 

A) Substrates used in the detection of GC activity, both are non-fluorescent before 

cleavage by the GC enzyme. B) HEK293T cells assayed with the substrate FDGlu. Large 

error bars showing standard deviation indicate the high variability of results from this 

assay; each point indicates a replicate from the same population. C) Macerated livers of 

2-week old mice from the GBA-/ - colony were assayed using 4MUG and it was possible to 

determine phenotypic status (confirmed by genotyping performed by Dr Ahad Rahim). 

Each point represents an individual mouse.   
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3.3.4 Vector constructs produce functional glucocerebrosidase 

protein 

The vector produced here contains the full length GBA sequence with no mutations or 

frame-shifts as was confirmed by sequencing (Appendix 7.2).  

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 MOI of 50 there was very minimal increase of protein expression or activity but 

at higher MOI, a significant increase in protein expression and enzyme activity was found 

(Figure 3.4). The western blot shown in Figure 3.4A 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 between the two viral concentrations (Figure 3.4B). Although the GAPDH 

band for MOI 10 sample appears to be smaller than that for the other two 

concentrations, it is likely that this is due to incomplete visualisation of the band rather 

than an error in sample loading. The limited increase in protein expression and activity 

between MOI 10 and 100 could be due to high levels of transduction resulting in 

significant overexpression of the protein leading to secretion. It is known that GBA 

contains a secretion 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 would account for the small increase in intracellular GC between 

the two conditions especially as HEK293T cells are known to express sufficient GBA as is 

indicated by the GC activity levels in the MOI 0 condition. 
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With the higher virus concentrations in the western blot shown in Figure 3.4A it appears 

that there are multiple bands being detected with the GC antibody (upper panel). This 

was unexpected as GC western 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 preparation (Figure 4.6) 

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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Figure 3.4 Glucocerebrosidase expression and activity in HEK293T cells 

HEK293T cells were transduced with increasing levels of GBA vector 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) FDGlu assay showing that transduction of HEK293T 

cells results in increased GC activity within the live cells although significance was only 

achieved when an MOI of 100 was used. n=3, significance tested using one-way ANOVA 

with DunnettΩǎ Ǉƻǎǘ-hoc test. Error bars show standard 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 days to investigate the effect of time on 

enzyme expression post-transduction. This data is important for optimisation of protocols 

as it will inform the choice of time points for subsequent experiments.  

HEK293T cells were transduced with virus carrying the GBA gene at an MOI of 50 and 

samples were harvested daily for 14 days. Cell viability was assessed at each time point to 

ensure that there 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 assay to assess enzyme 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 to cell death and is 

one reason that levels of viral transduction have to be carefully controlled to prevent high 

levels of cell mortality. The drop in viability was not significant when compared to cells 

transduced with a control (eGFP) vector showing that the transgene 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 transient (Figure 3.5A).  

On the second day post-transduction, enzyme activity levels exceeded the level deemed 

healthy for human fibroblasts which was an increase of 10-fold relative to levels on day 

zero. At their peak (day three) enzyme activity levels were 15 times greater than pre-

transduction. Activity levels fell slightly post-day three which is most likely due to the 

clearance of non-integrated viral genomes and RNA which had not been reverse 

transcribed, but stabilised at a level within the unaffected range (Derek Burke, personal 

communication) and approximately 13 times greater than that of untransduced cells 
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(Figure 3.5B). In order to confirm that the reduction in enzyme activity seen post-day 3 is 

due to clearance of unintegrated genomes, it would be necessary to perform a qPCR 

investigation to assess the number of genomes in the cell populations.   
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Figure 3.5 Glucocerebrosidase expression and viability over time in transduced 

cells.  

HEK293T cells were transduced with lentivirus carrying either eGFP or GBA at 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 above 60% 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 

one and four with a slight fall thereafter. All error bars show standard deviation.   
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3.3.6 Integrated vector can restore enzyme activity in patient 

fibroblasts 

Fibroblasts derived from a type I patient who was a compound heterozygote with the 

genotype N370S/84GG and was reported to have 6% normal GC activity were purchased 

from the Coriell Institute (New Jersey, USA) to test the vector. Although fibroblasts are 

not of haematopoietic lineage and are not the primary disease cell in GD, this cell 

population was used as the only commercially available patient cell types are fibroblasts 

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

suited to this project.  

The fibroblasts were transduced at an MOI of 50 to confirm that the vector delivered 

gene is capable of correcting the inherent metabolic defect which causes GD. One month 

post-transduction a western blot was performed on fibroblasts and the 4MUG assay was 

run to check for restoration of protein expression and activity respectively (Figure 3.6). 

The time period between transduction and harvesting cells for the assays was longer than 

would be expected with other cell lines because these fibroblasts were very slow 

growing. Enzyme activity 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 cells were transduced 

with a control vector expressing a fluorescent protein in place of the GBA gene 

confirming that the increase in enzyme levels is a specific effect of the GBA vector 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 LNT-GBA  

Fibroblasts derived from a type I GD patient were transduced with a lentiviral vector 

carrying either the GBA or eGFP gene and grown for one 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 lines) when transduced with the GBA vector but not with 

eGFP vectors. Error bars show standard deviation, n=7, significance was tested with one-

way ANOVA with DunnetǘΩǎ Ǉƻǎǘ-hoc test.   
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3.3.7 Chitotriosidase activity cannot be measured in fibroblasts in 

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 

levels fall in response to treatment (179).  

Personal communication from Dr Filippo Vairo (Hospital de Clínicas de Porto Alegre, 

Brazil) suggested that, although fibroblasts do not produce significant amounts of ChT, it 

is possible to observe changes in expression levels in vitro which could be a useful marker 

of correction in the patient-derived fibroblasts used in this study. 

Like GC, ChT can be measured using a non-fluorescent 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 results, shown in Figure 3.7A, reveal that there is no 

significant difference in fluorescence levels when the fluorescent standard 4-

methylumbelliferone is diluted in water compared to the DMEM culture medium. This 

indicates that the medium neither autofluoresceces nor quenches the signal from the 

fluorescent product and so would not interfere with the study measurements. 

GD and unaffected fibroblasts were cultured in DMEM and samples were removed from 

the medium after 6 days to test for ChT activity (Figure 3.7B). The results showed that 

there was no significant difference in the enzyme activity levels after transduction with 

the GBA vector 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 other cells of the immune system 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 plasma where ChT levels of untreated patients are on average 600 times greater 

than those of unaffected individuals.   
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Figure 3.7 Chitotriosidase cannot be measured in cultured fibroblasts.  

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

fluorescence levels compared to diluting in water. B) Chitotriosidase activity measured in 

the supernatant of control and Gaucher fibroblast cultures reveals no significant 

difference between conditions. Error bars show large standard deviation due to 

variability of the assay but an unpaired t-test gave a p value of greater than 0.5 indicating 

no significant difference.   
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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 revealed that transduction with virus bearing this construct 

results in expression of protein of the correct molecular weight with enzymatic activity. 

Applying the virus to patient-derived fibroblasts corrects the enzymatic defect seen in 

these cells and restores enzyme activity levels to within the healthy range.  

A time course experiment to look at the changes in enzyme activity post-transduction 

showed that the levels of activity peak at around day three 3 and then fall slightly over 

the next four days but become 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 expressed almost immediately producing a spike in protein levels. Not all copies of 

the viral genome 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 problems encountered in this chapter was the method of measuring GC 

activity. The original assay used (FDGlu) was measured by flow cytometry and so was 

unable to give a quantifiable measurement of intracellular enzyme activity although it 

could indicate levels of transduction. It also gave incredibly variable results even when 

the same cell population was being assayed (Figure 3.3B). It was therefore decided to 

change to a different assay (4MUG) which was more reliable and gave readout 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 generated by the FDGlu assay.  
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In an attempt to develop another measure of cell correction, the use of the biomarker 

chitotriosidase (ChT) was assessed as 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 it is well established as a biomarker for the monitoring of 

Gaucher disease in patients (151, 179) and personal communication from a GD specialist 

suggested that it is possible to measure ChT in fibroblast cultures. However this 

investigation showed that this is not the case as there was no significant difference in ChT 

levels between Gaucher disease and non-GD fibroblast populations and therefore it was 

only possible to use enzyme activity levels to indicate correction.   
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4 Secreted glucocerebrosidase for the cross-correction of 

untransduced cells  

4.1 Aims 

¶ To add wild type and modified HIV-1 TAT protein transduction domains (PTD) to 

the GBA cDNA 

¶ To show that GBA is secreted from transduced cells 

¶ To compare uptake of GBA by untransduced cells using wild type and modified 

HIV-1 TAT protein transduction domains 

4.2 Introduction 

Although the primary cells to show a defect in GD are of the haematopoietic lineage, GBA 

is in fact a housekeeping gene and is expressed by almost all cell types at varying levels 

(378-380). It could therefore be beneficial to patients if enzyme expressed from the 

introduced gene could be used by non-haematopoietic cells within a tissue. This is of 

particular relevance in the bone microenvironment which contains osteoclasts, of 

haematopoietic lineage 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 taking ERT (152, 153, 

156). However although it is known that the mannose receptor, used for uptake of GC by 

macrophages, is expressed during osteoclast development (387); it is not clear to what 

extent the receptor is capable of mediating protein uptake in situ so it may not be 

possible to obtain this cross-correction through the mannose receptor.  

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

receptor protein LIMP2 (23). Although it is not normally secreted, the GBA gene 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 viral vector transduction, the secretion signal could be used to prevent the 

accumulation of excess enzyme within cells. If this is the case then the secreted enzyme 

could serve as a natural reservoir of functional protein for other cells throughout 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). However, this evidence is limited and the degree of uptake has been low.  

The enzyme preparation used for ERT has been engineered to have side chains which are 

mannose-terminated so that it will be taken up by the macrophage mannose receptor 

(MMR) and thereby directly target the macrophage. In order to achieve this targeting, the 

enzyme produced by Genzyme must be post-translationally modified to ensure that the 

terminal residues are recognised by the MMR (109). Other enzyme preparations have a 

high proportion of mannose terminated side chains due to producer cell effects 

(taliglucerase alfa) (133) or culture medium additives (velaglucerase alfa) (129, 130). 

However, mannose-termination is only of use when the macrophage is the target cell; 

when the aim is to get the enzyme into 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 a generic protein transduction domain (PTD) which is capable of transducing 

protein across the plasma membrane by receptor-independent, and therefore non-

specific, means. Fusion of GBA to 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 the best characterised PTDs is that of the HIV-1 transactivator of transcription 

(TAT) protein transduction domain. The PTD from the TAT protein has been shown to 

work by stimulating protein uptake by lipid raft-mediated endocytosis (346, 347) which is 

ideal for lysosomal proteins, such as GC as the protein is ultimately delivered to the 

lysosome (4, 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 type GC but that fusion to the N-

terminus of the protein abolished protein expression (315). A subsequent study 

demonstrated the presence of two furin cleavage sites within the PTD which presents a 

possible explanation for the lack of expression from the N-terminal fusion (316). Furin is a 

ubiquitous endoprotease which recognises the sequence R-X-(K/R)-R and is responsible 

for the release of mature proteins from their precursor form. 

The authors who identified the furin cleavage sites within the TAT PTD produced a 

modified version which lacked the furin recognition sites (mTAT). This version of the PTD 

was used in this study in addition to the WT version (WT TAT) to compare the effect of N- 

and C-terminal fusion. The sequences of the wild type and modified domains are shown 

in Figure 4.5A. The following chapter will document the work using the GC-PTD fusion 

products.   



114 
 

4.3 Results 

4.3.1 Developing assay for secreted protein 

Neither of the GC assays used so far in this project are performed on supernatant but it 

was thought that the assay using the FDGlu substrate would be suitable for adaptation 

for use with supernatant samples using a plate reader within the group which has 

suitable filters.  

There are two companies which produce the FDGlu substrate ς Life Technologies (LT) and 

Marker Gene Technologies (MGT) ς and substrate was purchased from 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 and without 

FCS to ensure that there is no residual GC enzyme or other factor in the serum which may 

affect background fluorescence levels. Figure 4.1 shows that the substrate produced by 

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

was decided to continue tests using the substrate from LT. 

To establish whether the high levels of autofluorescence seen with the LT substrate could 

be reduced, the assay was repeated using a range of media types, including PBS and 

water to resuspend the substrate. A GC inhibitor (conduritol- -̡epoxide; CBE) was added 

to the media samples to control for any intrinsic enzyme activity within the media. These 

experiments revealed that the substrate produces a similar amount of autofluorescence 

in all media types with or without CBE (Figure 4.2).   
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Figure 4.1 Comparison of the levels of autofluorescence produced by different 

preparations of FDGlu substrate in medium 

To determine which of the two commercially available preparations of FDGlu substrate 

was most suitable for use in testing for GC activity in transduced cell supernatant, 

substrate produced by either Life Technologies or Marker Gene Technologies was 

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 standard deviation. 

Significance was tested using one-way ANOVA with Bonferroni post-hoc test: 

***=p<0.0001.   
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Figure 4.2 Autofluorescence of fluorescein- -̡D-glucopyranoside in media with 

and without conduritol- -̡epoxide 

FDGlu substrate (LT) 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 of the substrate as confirmed because levels of fluorescence do not 

decrease when the enzymatic inhibitor CBE is added. N=3, significance tested by one-way 

ANOVA with DunnettΩǎ post-hoc test, error bars show standard deviation ns = p>0.05.
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Despite high levels of FDGlu substrate autofluorescence, when the ERT preparation 

velaglucerase alfa (Shire HGT) was diluted in water it was possible to detect enzyme 

levels of 10-1 ς 10-2units/ml which is equivalent to protein concentrations of 2.5x10-3 ς 

2.5x10-4mg/ml (Figure 4.3A). Comparatively, when the same enzyme dilutions were used 

in the 4MUG assay, detection limits extended from 10-2 ς 10-5units/ml or 2.5x10-4 ς 

2.5x10-6mg/ml which is a greater range and of more use 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 samples was much less sensitive than 

either assay and could barely detect enzyme at levels below 0.625units/ml (1.6x10-

2mg/ml) (Figure 4.3B).   
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Sample [Protein] (µg)  Units Relative density 

A 50.000 2.00E+00 1.000 

C 5.000 2.00E-01 0.345 

D 2.500 1.00E-01 0.148 

E 1.250 5.00E-02 0.052 

F 0.625 2.50E-02 0.017 

G 0.313 1.25E-02 0.003 

H 0.156 6.25E-03 0.005 

I 0.078 3.13E-03 0.001 

J 0.039 1.56E-03 Not detected 

 

Figure 4.3 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 4MUG assay was found to be the more sensitive of the 

A B C D E F G H I J 

62 GC 60kDa 

A) 

B) 

49 

kDa 
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two as it was able to detect dilutions of 10-5 units/ml whereas the FDGlu assay could only 

detect enzyme at a 100 times greater concentration. B) The sensitivity of the GC antibody 

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

ImageJ software (table).   
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4.3.2 Cloning vectors 

4.3.2.1 pHR-SFFV-GBA-mTAT and pHR-SFFV-mTAT-GBA 

Fusion of the HIV-1 TAT protein transduction domain (PTD) to GBA was achieved using a 

polymerase chain reaction (PCR) strategy (Figure 4.4). Primers were designed which 

contained part of the PTD and part of the GBA sequence. Overlapping PCR was 

performed using Pfu DNA polymerase to generate a full length GBA sequence with an in-

frame fusion of the modified TAT PTD on either the N- or C-terminus (Figure 4.5). The N-

terminal PTD sequence was placed after the endogenous GC secretion signal which is 

cleaved from the protein. 

The full-length fragment was purified by gel electrophoresis. The fragment was then 

subcloned into the TOPO-blunt vector to provide an easily amplified source of DNA for 

further cloning. The primers used contain restriction 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 the GBA fusion fragment was excised using the 

restriction enzymes EcoRV and XhoI. The plasmid backbone was digested with BamHI and 

blunted using DNA polymerase I 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 and subsequently digested with XhoI. The two 

fragments were then ligated using T4 DNA ligase and transformed into bacteria. The 

vectors produced are shown in Figure 4.5B. 

4.3.3 pHR-SFFV-GBA-WT TAT 

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

carrying GBA fused to the wild type TAT PTD at the C-terminus (Figure 4.5B). An N-
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terminal fusion of the WT TAT PTD to GBA was not produced because of the earlier work 

which showed that this fusion protein would not be expressed (315).   
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Figure 4.4 Cloning strategies to generate fusion constructs 

A) N-terminal fusion of PTD to GBA. Two rounds of PCR are performed, the first using 

primers 1+2 or 3+4 and with the WT GBA cDNA as template produced two products, one 

which is the GBA leader sequence fused to a C-terminal PTD sequence and the second 

being the rest of the GBA gene 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 primers to the N- and C-terminus of GBA. The complementary PTD sequences 

A) 

B) 
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present on the round one products anneal during synthesis producing a complete 

template and allowing read through from primer 1 to 4. The resulting product of 1699bp 

in length is purified and cloned into pHR using EcoRV and XhoI restriction enzymes. B) 

Shows fusion of the TAT PTD sequence to the C-terminus of the GBA cDNA by a single 

round of PCR using a primer containing the full length PTD (primer 5). In both figures the 

blue line indicates the TAT sequence within the primer and the shaded bar corresponds 

to the TAT sequence within the PCR product.  
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Figure 4.5 Schematic showing vectors produced 

Name Amino acid sequence 

Wild type TAT (WT TAT) YGRKKRRQRRR 

Modified TAT (mTAT) YARKAARQARA 

 

A) 

B) 

1 2 3 4 5 
C) 
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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 produced pHR-GBA ŎƻƴǎǘǊǳŎǘǎΦ [¢wΥ ƭƻƴƎ ǘŜǊƳƛƴŀƭ ǊŜǇŜŀǘΤ ʌΥ ǇŀŎƪŀƎƛƴƎ 

signal; cPPT: central polypurine tract; SFFV: spleen focus-forming virus promoter; WPRE: 

woodchuck hepatitis post-ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǊŜƎǳƭŀǘƻǊȅ ŜƭŜƳŜƴǘΤ ҟ [¢wΥ ǎŜƭŦ-inactivating LTR. 

C) Electrophoresis gel showing empty pHR backbone (1), pHR-GBA (2), pHR-mTAT-GBA 

(3), pHR-GBA-mTAT (4) and pHR-GBA-WT TAT (5) digested with the restriction enzyme 

HindIII. The lowest band in lanes 2-5 corresponds to 1.6kB which confirms the addition of 

the GBA gene. The electrophoresis gel used here was a 1% agarose gel meaning that the 

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 been 

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 GD-derived fibroblasts to ensure that the addition of the PTD does 

not have an adverse effect on protein expression or activity. Fibroblasts were transduced 

at an MOI of 50 and cultured for one month to provide enough material to perform 

western blots and GC assay in parallel. The results showed that cells transduced with the 

PTD containing vectors yielded a protein of the same molecular weight as the WT 

construct (Figure 4.6A). 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 unlikely to be detectable by western blot.  

The activity of the protein with the added PTD was confirmed when transduced 

fibroblasts were harvested for use in the 4MUG assay. Transduction with all three of the 

vectors restored enzyme activity in the fibroblasts to within the range designated as 

healthy (Figure 4.6B). Transduction with a control vector expressing eGFP had no affect 

on enzyme activity levels confirming that the effect is vector specific. 

The western blot in Figure 4.6A seems to suggest that there is less GC protein being 

produced from the mTAT-GBA 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 

supported by the data shown in Figure 4.6B which shows that cells transduced with all 

three GBA carrying vectors have equal levels of enzyme activity post-transduction.   
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Figure 4.6 Addition of the mTAT PTD does not affect GC expression or activity 

GD-derived fibroblasts were transduced with vectors carrying either GBA or eGFP and 

harvested one month post-transduction to assess GC expression and activity. A) Western 

blot of transduced cells shows production of a protein of similar molecular weight to WT 

GC from all constructs. B) 4MUG assay shows equal activity levels in WT and PTD fused 

forms of GC. Error bars show standard deviation, n=7 Significance was tested using one-

waȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-hoc test. The dashed lines indicates the range 

designated as healthy levels of GC activity.  
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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 secretion signal however it is not 

commonly thought of as a secreted protein. It is likely that this is because GC is expressed 

at a relatively low level in all tissues and is therefore retained within the cell (378, 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 protein into 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 after 72 hours the cell supernatant was harvested 

and western blots and 4MUG assays were performed (Figure 4.7). An MOI of 100 was 

used despite evidence above showing that an MOI of 50 is sufficient to produce healthy 

levels of GC activity because it was though that GC would only be secreted if it is 

expressed at supraphysiological levels. Figure 4.7 clearly shows that the GC protein is 

being secreted by transduced cells at high level with the highest level of secretion from 

cells transduced with the GBA-mTAT vector although the reason for this is unclear 

especially as intracellular protein levels are the same with all three constructs (Figure 

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 the WT GBA construct showed 

that enzymatic activity can be detected in supernatant from seven days post-transduction 

and continued to rise throughout the period of the study (Figure 4.8). Although GBA 

expression can be detected within the cell from day one post-transduction, it is likely that 

secretion cannot 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 decrease in intracellular protein levels post-day three as 

excess protein is removed.  
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Figure 4.7 Secretion of GC from transduced cells 

The supernatant of HEK293T cells 72 hours post-transduction 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 with GBA vectors at high MOI. The lower panel shows 

BSA as a loading control. B) The 4MUG assay run on the same samples as in A, showing a 

significant increase in the enzymatic activity of supernatant from transduced cells 

compared to untransduced cell supernatant. Error bars show standard deviation, n=3. 

Significance tested with one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-hoc test.   
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Figure 4.8 A 14-day time course showing GC activity within the supernatant of 

transduced cells revelas secretion of enzyme 

HEK293T cells were transduced with GBA virus at 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-

transduction 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 cross-correction 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. 105 cells were then seeded in a 12-well plate and left to adhere overnight. 

¢ƘŜ ƴŜȄǘ Řŀȅ ŀ ǘǊŀƴǎǿŜƭƭ ƛƴǎŜǊǘ ǿƛǘƘ ǇƻǊŜ ǎƛȊŜ лΦп˃Ƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ǿŜƭƭ 

which would allow the exchange of medium and low molecular weight proteins only 

between the two areas of the well. GD patient-derived LCLs were added to this insert 

after 2-4 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 the GBA-mTAT and GBA-WT TAT constructs (Figure 4.9B).   
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Figure 4.9 Cross-correction of GBA-/ - LCLs by protein secreted from transduced 

HEK293T cells 

A) Schematic showing the methodology involved in cross-correction experiments. B) Co-

culture with HEK293T cells transduced with GBA-mTAT and GBA-WT TAT significantly 

increases the glucocerebrosidase activity in GD-derived LCLs. Other constructs do not 

have the same effect. Analysed with one-ǿŀȅ !bh±! ŀƴŘ 5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-hoc test (n=3).   

A) 

B) 



134 
 

4.4 Summary 

In this chapter the work described in chapter 3 has been further developed by modifying 

the GBA cDNA to include a protein transduction domain derived from the HIV-1 TAT 

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 cells to correct the metabolic defect throughout the body. This was 

investigated because GBA is 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 relevance in the bone microenvironment. As will be described in the 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 

osteoblast 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 gene therapy; 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 shown here that fusion of the protein transduction domain is only successful 

in mediating uptake of GC when it is added to the C-terminus of the enzyme. Fusion of 

the PTD to the N-terminus does not mediate an increase in the enzymatic activity of co-

cultured cells. 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 

¶ To show that gene modified haematopoietic progenitor cells can generate 

osteoclasts expressing an introduced gene. 

¶ To investigate the phenotype of osteoclasts derived from bone marrow cells from 

the GD type II mouse model. 

5.2 Introduction  

One of the most significant aspects of type I Gaucher disease (GD) in the post-ERT era is 

bone disease; 75-90% of patients still experience skeletal symptoms to some extent and 

in some people the condition can be severely debilitating (50, 77, 390). Although it has 

been shown that bone disease can respond to ERT, it can take several years to show any 

improvement (152, 153, 157) which is likely to be because the therapy is directed to 

target the macrophage rather than to treat the bone directly (109). A survey conducted 

as part of this project, and with the assistance of the Gauchers Association, supported 

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

impact on their lives despite taking ERT (Figure 5.1). 

Another challenge to treating the skeletal aspect of type I GD is that the mechanism of 

the disease remains unclear although recent data suggests that it may be due to 

increased differentiation and activity of the osteoclast (86). If this is the case then gene 

therapy could offer a method of preventing bone disease and potentially directly 

correcting it. The osteoclast is a cell of hematopoietic origin (Figure 1.7) and so correction 

of HSCs by gene therapy would lead to the differentiation of GC positive osteoclasts in 
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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 to bone cells. 

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 problems seen in 

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 normal (89). It is therefore possible that this mouse model will 

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

is emerging evidence for osteoclast involvement in the human disease (86). 

Recently a mouse model has been developed by Stefan Karlsson at Lund University, 

Sweden which is a conditional knock-out 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 

ό¦/[ LƴǎǘƛǘǳǘŜ ŦƻǊ ²ƻƳŜƴΩǎ IŜŀƭǘƘύ ǿƘƻ Ƙŀǎ ŜǎǘŀōƭƛǎƘŜŘ ŀ ŎƻƭƻƴȅΦ !ŦŦŜŎǘŜŘ ƳƛŎŜ Ƴǳǎǘ ōŜ 

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 pathology in vitro.  
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Figure 5.1 Surveyed type I patients find skeletal problems a significant aspect of 

living with Gaucher disease 

In a survey of a small group of type I GD patients, 60% reported bone pain and other 

skeletal symptoms as being the most difficult 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 expected ŀǎ ǘȅǇŜ L ŘƛǎŜŀǎŜ ƛǎ ŎƭŀǎǎƛŎŀƭƭȅ Ψƴƻƴ-

ƴŜǳǊƻƭƻƎƛŎŀƭΩΦ  






























































































