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Abstract 

Foamy viruses (FVs) are unique ancient retroviruses that infect all non-human primates, but 

do not cause disease. We aimed to understand the FV pre-integration complex by isolating it 

from infected cells and characterising its protein constituents. Using a PCR to quantify 

integration in infected cells, we determined that integration occurs from 10 hours post-

transduction. In synchronised cells, the peak of integration correlated well with cells passing 

through mitosis. However, we were unable to detect in vitro strand-transfer activity to 

indicate that active pre-integration complexes had been isolated. We conclude that FV pre-

integration complexes are likely to be inactive in the conditions tested. 

A further aim was to optimise FV vectors for use in mesenchymal stem cells and test this 

vector in mouse models of sphingolipidoses, namely metachromatic leukodystrophy and 

Krabbe disease. We permitted transduction of cells at a high multiplicity of infection by 

exchanging the envelope from the prototype FV to that of the macaque. We tested various FV 

vectors in mesenchymal stem cells and determined that the non-toxic macaque envelope 

increased transduction efficiency from under 65% to over 95% in a single round of 

transduction. We achieved high and sustained transgene expression using the 

phosphoglycerate kinase promoter. 

Transduced MSCs delivered to the brains of the mouse model for metachromatic 

leukodystrophy caused only a modest improvement in sulphatide storage, the primary 

biochemical output for efficacy, although results are inconclusive. In the mouse model for 

Krabbe disease, transduced MSCs delivered to the brain or the peritoneum had no effect on 

disease progression. In conclusion, FV vectors are suited to gene therapy of MSCs since they 

offer the highest transduction efficiency from a single round of transduction, while MSC 

based gene therapy strategies for Krabbe disease or metachromatic leukodystrophy are 

unlikely to offer clinical benefit.  
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Chapter 1: Introduction 

1.1 - Foamy viruses 

Foamy viruses (FVs) are a group of complex retroviruses that make up the only members of 

the Spumaretrovirinae subfamily, with all other retroviruses belonging to the 

Orthoretrovirinae (Figure 1.1). They are ancient retroviruses thought to have co-diverged 

with vertebrates for over 400 million years (Han and Worobey, 2012). Foamy viruses have 

been identified in all eutherian clades and endemically infect all non-human primates 

(Katzourakis et al., 2014, Han and Worobey, 2014). Human FV infection is rare and only 

happens by direct zoonosis, typically through bites from infected primates during hunting or 

zoo keeping activities (Betsem et al., 2011, Switzer et al., 2004, Boneva et al., 2007). The 

first FV to be isolated from a human was initially named human foamy virus, HFV (Achong 

et al., 1971). However, in recognition that this was in fact a chimpanzee variant, it has since 

been renamed as SFVcpz(hu) or, reflecting its status as the most studied FV, prototype foamy 

virus (PFV) (Meiering and Linial, 2001). 

Despite all FVs causing persistent infection in their natural host, associated pathology has not 

been documented in any species, including zoonotically infected humans (Khan, 2009). Thus, 

FVs are considered to be non-pathogenic. This may be partly because the site that supports 

high viral loads in natural hosts is in the superficial layers of the oral mucosa. These cells are 

naturally short-lived and continually replaced, potentially meaning that viral induced cell 

death has little effect (Murray et al., 2008). 

1.2 - Replication 

Retroviruses copy viral ribonucleic acid (RNA) into double stranded complementary 

deoxyribonucleic acid (cDNA) using virally encoded Reverse Transcriptase (RT) in the 

process of reverse transcription. This cDNA is integrated into the genome of infected cells by 

virally encoded integrase (IN). In the integrated form, viral DNA is known as the provirus. 

Proviral DNA is then treated like cellular DNA by the host transcription and replication 

machinery. Transcription of provirus produces more viral RNA for progeny genomes and 

messenger RNA (mRNA) for viral protein synthesis. Therefore, retroviruses are RNA viruses 

that replicate their genome through an integrated DNA intermediate. Although FVs are 

classified as retroviruses, they are unusual in that reverse transcription occurs as a late event 

such that the main genetic material within infectious FV virions is dsDNA (Moebes et al., 

1997, Yu et al., 1999). However, it has been described that FV reverse transcription can occur  
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Figure 1.1 – The Retroviridae. The two subfamilies of the Retroviridae (grey) are shown on 

this phylogenetic tree. The FVs form their own subfamily, the Spumaretrovirinae (blue), 

while all other retroviruses make up the Orthoretrovirinae (green). The main genera and 

some key members are shown with lines indicating approximate genetic relatedness. Figure 

adapted from (Weiss, 2006).
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both as an early and late event (Delelis et al., 2003) and, at low MOI, early reverse 

transcription is essential for productive infection (Zamborlini et al., 2010). 

Retroviruses may be classified as simple or complex. All simple retroviruses encode for three 

genes: gag (group-specific antigen encoding the major core structural proteins); pol 

(encoding enzymes essential to replication) and env (encoding the envelope glycoprotein). 

Complex retroviruses, such as FVs, also encode for regulatory and/or accessory proteins. The 

genome organisation of PFV is similar to that of the orthoretroviruses. Uniquely, however, 

FV Gag, Pol and Env are expressed from individual mRNAs by alternative splicing, as 

illustrated in Figure 1.2 (Jordan et al., 1996). By comparison, the orthoretroviruses only 

express Pol as a Gag-Pol fusion. Unusually, FV genomes harbour two promoters; one in the 

long terminal repeat (LTR), common with all retroviruses, and one within env, designated an 

internal promoter (Lochelt et al., 1993). The internal promoter drives expression of the PFV 

accessory proteins, Tas and Bet (Figure 1.2). Both promoters are transactivated by Tas, but 

Tas binds with higher affinity to the internal promoter than it does to the LTR to produce a 

positive feedback loop where structural viral proteins are not efficiently produced until Tas 

(and Bet) has accumulated (Kang et al., 1998). The function of Bet, the other accessory 

protein, is to counteract the APOBEC3 family of cytidine deaminase restriction factors. This 

is achieved by reducing their dimerisation and cytoplasmic solubility to prevent their 

encapsidation (Russell et al., 2005, Jaguva Vasudevan et al., 2013, Perković et al., 2009). 

The viral gag and pol genes encode polyproteins. Virions of the orthoretroviruses undergo a 

dramatic morphological change known as a maturation step. After budding, Gag is cleaved 

by viral protease (PR) into capsid antigen, matrix and nucleocapsid. Foamy viruses do not 

undergo maturation, instead making just one Gag cleavage to remove 3kDa from the C-

terminus in approximately 25-50% of particle-incorporated Gag molecules, resulting in 

virions containing both full-length precursor (p71Gag) and processed p68Gag. This cleavage is 

essential for RT activity and, consequently, to infectivity (Enssle et al., 1997, Hütter et al., 

2013). Interestingly, ectopic expression of p68Gag instead of p71Gag rescues infectivity of 

virus with inactivated PR, albeit with 1% infectivity compared to wild type (Hütter et al., 

2013). This suggests that this is the only essential cleavage mediated by the viral PR. 

Similarly, a 100-fold decrease in infectivity has also been described for FV particles that 

contain active PR, but have capsid solely made up of p68Gag (Zemba et al., 1998). As the 

authors excluded abnormalities in the late stage of infection, the similar reduction in 

infectivity in these studies may indicate that the cleaved peptide, p3Gag, plays a role in the  
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Figure 1.2 – Schematic of PFV provirus and transcripts. Proviral PFV DNA (13.3kbp) 

and RNA species are shown to scale. Black arrows shown on provirus DNA indicate 

transcriptional start sites. Coding sequences are shown as solid boxes with arrowheads. For 

illustrative purposes, tas and bet are offset due to significant overlap. Key features for reverse 

transcription (PPTs and the PBS) are shown in genomic RNA. The mRNA for each gene is 

shown with the translated open reading frame indicated by a solid black box with ATG (start 

codon) and STOP indicated. Spliced introns are shown by dotted V-shaped lines as 

appropriate for the expression of each open reading frame. Tas and Bet share the same start 

codon, but are differentially expressed by alternate splicing. Although not shown, tas and bet 

mRNAs may also have a short intron within the Env sequence removed. All RNA forms, 

including genomic, have a poly(A) tail following the 3’ LTR R region. IP – internal 

promoter; cPPT – central polypurine tract; PPT – polypurine tract; PBS – primer binding site; 

ORF – open reading frame. 
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early stages of infection. A convincing proposal is that virions assembled using only p68Gag 

are too stable to disassemble effectively, an idea based on the fact that virions unable to 

process p71Gag are highly unstable with an abnormal morphology (Konvalinka et al., 1995, 

Fischer et al., 1998). This may indicate that the function of p3Gag, as part of p71Gag, is to 

destabilise the capsid and facilitate disassembly. However, other early functions, such as a 

role in integration or in the interaction with cellular proteins to enhance infectivity, cannot be 

excluded. 

In orthoretroviruses, Pol is cleaved from Gag into its counterparts; PR, RT and IN. 

Conversely, FV Pol, already expressed apart from Gag (Figure 1.2), is processed just once to 

release PR-RT from IN. The importance of this cleavage is not well defined: mutations 

around the cleavage site reduce both PR and RT activity (Roy and Linial, 2007), but it is 

unclear whether this is due to the lack of proteolytic cleavage. The effect on integrase activity 

has not been tested. 

FV budding is highly dependent on the Env interaction with Gag. Expression of Gag, but not 

Env, does not result in the release of virus-like particles (Fischer et al., 1998), which is in 

contrast to the orthoretroviruses. All FV Envs contain a highly conserved dilysine motif that 

functions as an ER retrieval signal. Despite its conservation in all FVs, its importance is not 

understood (Goepfert et al., 1999). The Env glycoproteins have an unusual biosynthesis 

resulting in three mature subunits: a leader peptide with type II membrane topology; a surface 

subunit on the luminal side; and a transmembrane subunit with type 1 membrane topology. 

This results in both the N- and C- termini located in the cytoplasm (Stanke et al., 2005). 

Capsids pre-assemble at the microtubule organising complex before a highly specific 

interaction at the trans-Golgi-network occurs between the Gag N-terminus and the leader 

peptide of Env (Lindemann et al., 2001, Pietschmann et al., 1999, Yu et al., 2006). Only 

through this Gag-Env interaction may budding occur. It is peculiar that neither Gag or Env 

contain a membrane targeting domain (Swiersy et al., 2012). As a consequence, a high 

proportion of budding occurs from intracellular membranes (the ER), rather than the cell 

surface (Fischer et al., 1998). Intracellular budding is not known to play a role in infection. 

It is the envelope glycoprotein that confers target cell tropism. All mammalian, reptilian and 

avian cell types tested, with the exception of erythroid precursors, are permissible to FV entry 

(Hill et al., 1999). Only a zebrafish cell line has been found resistant to virus entry, although 

virus can still dock onto the membrane (Stirnnagel et al., 2010). This exceptionally broad 
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tropism has presented difficulty in identifying the FV receptor.  Heparan sulphate has been 

identified as a cellular attachment factor, but the true receptor remains unknown (Plochmann 

et al., 2012, Nasimuzzaman and Persons, 2012). Virus attachment triggers endocytosis and, 

within 4-6 hours, pH-dependent membrane fusion releases naked (non-enveloped) capsid into 

the cell (Picard-Maureau et al., 2003). However, PFV Env differs from the Env of other FVs 

in that it also has considerable fusion activity at a neutral pH, allowing fusion at the cell 

membrane (Stirnnagel et al., 2012, Stirnnagel et al., 2010, Picard-Maureau et al., 2003). It is 

this membrane fusion that induces extensive syncytia with vacuolisation that causes infected 

cultures to appear ‘foamy’, hence their name. 

Following membrane fusion and naked capsid release, virions are transported by dynein 

motors along microtubules to the microtubule organising complex (Saib et al., 1997, Petit et 

al., 2003). In non-dividing cells, the assembled virion can persist at the microtubule 

organising complex for at least 30 days (Lehmann-Che et al., 2007). Upon cell division, 

uncoating is presumed to release the pre-integration complex (PIC).  Integration is highly 

dependent on the cell passing through mitosis (Bieniasz et al., 1995, Patton et al., 2004). 

1.3 - The pre-integration complex 

The pre-integration complex is a nucleoprotein complex containing the intasome (viral cDNA 

and IN assembled as a tetramer on the LTR ends) and other viral and cellular proteins. The 

reactions carried out by the PIC are viral DNA end processing and strand-transfer, leading to 

concerted integration (integration of both DNA ends). Despite PFV being the only retrovirus 

for which crystal structures of its intasome have been resolved (Hare et al., 2010), little is 

known about the composition of native FV PICs which are yet to be isolated. In contrast, both 

human immunodeficiency virus type 1 (HIV-1) and murine leukaemia virus (MLV) PICs 

have been isolated and partly characterised. 

1.3.1 - HIV-1 intasomes and PICs 

Lentiviruses, such as HIV-1, are unique among retroviruses in that PICs have access to 

chromatin of non-dividing cells by nuclear import through the nuclear pore complex. How 

the PIC is transported through the nuclear pore complex is not fully understood, but 

uncoating (disassembly of core capsid) is a prerequisite given that the core diameter is 

approximately twice the width of nuclear pore complex pores. However, the timing and 

process of uncoating is unclear. Many recent studies have linked uncoating to the completion 

of reverse transcription at the nuclear pore complex (Hilditch and Towers, 2014) which is 
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reportedly triggered by the formation of a DNA-flap (Arhel et al., 2007) and the interaction 

of cleavage and polyadenylation specificity factor 6 with capsid. Aside from uncoating, 

capsid has been strongly implicated in the steps leading to nuclear import, such as docking at 

the nuclear pore complex, since capsid interacts directly with the cytoplasmic edge of the 

nuclear pore complex via the nucleoporin Nup358. Additionally, capsid interacts with other 

host factors known to play a role in nuclear import and/or integration site selection, such as 

nucleoporin p153, transportin 3 and cyclophilin A (Matreyek and Engelman, 2013, Hilditch 

and Towers, 2014). However, since PICs can integrate in dividing cells without using the 

nuclear pore complex (Lee et al., 2010), regulated uncoating at the nuclear pore complex is 

not essential for productive infection in dividing cells. 

The first isolation of HIV-1 PICs was from the cytoplasm of dividing cells 4-5 hours after 

infection (following peak of reverse transcription). These PICs are able to integrate viral 

cDNA into heterologous target dsDNA (Farnet and Haseltine, 1990). The high molecular 

weight nucleoprotein complexes can be partially purified by sucrose gradient sedimentation 

and gel filtration chromatography to remove of 99% of total protein in the cell extract without 

any loss of in vitro activity (Farnet and Haseltine, 1990). This has allowed some 

characterisation of the proteins associated with HIV-1 PICs. However, initial descriptions of 

the viral protein composition only identified IN (Farnet and Haseltine, 1991). Later studies 

found that matrix and RT are also associated with HIV-1 PICs. By complementing salt-

stripped PICs with DNA binding protein fractions, the cellular protein HMG I(Y) has also 

been identified (Miller et al., 1997, Bukrinsky et al., 1993, Farnet and Bushman, 1997). A 

mass-spectrometry approach has been carried out using HIV-1 PIC-containing cell extract. 

These were purified by doing an in vitro strand-transfer reaction with biotinylated target 

DNA, allowing the complexes to be isolated using streptavidin beads. This identified 18 

novel proteins, but failed to identify some known PIC interacting proteins. The experimental 

design is limited to identifying proteins that remain associated with PICs after target DNA 

association and strand-transfer has occurred. Further, it suffers from non-specific binding to 

target DNA, biotin and streptavidin (Raghavendra et al., 2010). Ideally, sufficient PICs would 

be available in a cell extract to allow purification for an unbiased proteomic approached (such 

as mass-spectrometry) to be carried out. This has not yet been achieved. Therefore, the use of 

isolated lentivirus PICs is mostly restricted to salt-stripping and reconstitution experiments 

and retrospective analysis to confirm the presence of a protein following identification by 

other means. 
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Intasomes may be formed using recombinant IN mixed with DNA that mimics LTR ends. 

They have proven highly valuable for assessing the effect of a protein on IN activity as, in 

contrast to PICs, the intasome composition can be controlled. For example, lens epithelium 

derived growth factor (LEDGF) was identified as a nuclear protein that interacted with 

ectopically expressed HIV-1 IN. Its addition to HIV-1 intasomes greatly enhances strand-

transfer activity (Cherepanov et al., 2003). The function of the LEDGF interaction was 

determined to be chromosomal tethering and, in its absence, replication is diminished 

(Maertens et al., 2003, Emiliani et al., 2005). This PIC tethering activity of LEDGF is 

specific to lentiviruses (Cherepanov, 2007). Studies in LEDGF knockdown cells or null mice 

demonstrated that LEDGF accounts for the targeting bias of lentiviruses towards transcription 

units. In LEDGF null mice, integration bias was redirected towards CpG islands and 

transcriptional start sites, similar to that of gamma-retroviruses and FVs (Shun et al., 2007). 

Of all cellular cofactors for any retroviral PIC, LEDGF is the best studied and, due to its 

effect on integration, has become a drug target (Taltynov et al., 2012). 

1.3.2 - MLV intasomes and PICs 

The murine gamma-retrovirus MLV, one of the best studied retroviruses, was the first 

retrovirus for which PICs were isolated (Brown et al., 1987) and in vitro strand-transfer 

reactions performed using crude infected cell extract (Fujiwara and Craigie, 1989). Like FVs, 

its integration is dependent on mitosis to allow PIC access to the nucleus (Roe et al., 1993). 

The integration site bias of MLV is strongly linked to active enhancers, CpG islands and 

transcription start sites (De Ravin et al., 2014). 

In contrast to HIV-1 PICs, the presence of capsid was readily identified as part of the 

nucleoprotein complex capable of carrying out integration in vitro (Bowerman et al., 1989). 

Density analysis indicates that MLV reverse transcription takes place inside the capsid core, 

although its density  changes with time, suggesting that components are shed during reverse 

transcription (Fassati and Goff, 1999). Mutations in a Gag protein, p12, prevent completion 

of the post-entry (early) stages of infection (Yuan et al., 1999). Wild type or mutant p12 

viruses have the same ability to carry out reverse transcription, nuclear entry and end 

processing, but p12 mutants do not integrate in cells or form LTR-circles (a non-productive 

route often used to indicate nuclear entry). Strangely, however, PICs isolated from infected 

cells have the same ability to carry out strand-transfer in vitro independently of p12 mutation 

(Yuan et al., 2002). Despite this, p12 was identified as a functional member of the PIC in vivo 

(Prizan-Ravid et al., 2010). Similar to the role of LEDGF in lentivirus PICs, p12 tethers the 
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MLV PIC to chromatin. However p12 tethering, mediated through its C-terminal domain 

(CTD), is exclusively restricted to mitotic chromatin following nuclear envelope breakdown 

(Elis et al., 2012). The N-terminal domain (NTD) directly binds capsid and is important to 

mature capsid stability (Wight et al., 2014). Interestingly, abolishing chromatin tethering 

function through mutations in the CTD of p12 also prevents capsid disassembly from the PIC 

during mitosis. This can be rescued by substituting a heterologous chromatin binding site into 

p12 (Wight et al., 2014, Schneider et al., 2013). The possibility that capsid disassembly may 

be triggered through p12 NTD capsid interaction upon p12 CTD tethering to chromatin has 

not been evaluated. In contrast to LEDGF, whilst p12 is the main MLV PIC chromatin tether, 

it is not responsible for the integration site bias since heterologous CBSs do not divert 

targeting (Schneider et al., 2013). 

Similarly to HIV-1 PICs, it is cellular proteins that are responsible for the targeting bias of 

MLV PICs. Bromo- and extraterminal domain (BET) proteins are a highly conserved family 

of proteins that bind to acetylated histones (Devaiah and Singer, 2013). Through a direct and 

specific interaction with MLV IN, the BET proteins BRD2, 3 and 4 enhance both in vitro 

strand-transfer activity of MLV intasomes and in vivo integration (Gupta et al., 2013, Sharma 

et al., 2013). The use of BET proteins by MLV for targeting is suited to ensuring integration 

occurs at what will become a transcriptionally active region following mitosis, as BET has 

been described as a bookmark for active genes in condensed chromatin during cell division 

(Devaiah and Singer, 2013). A close correlation between MLV integration sites and regions 

bound by BET corroborates the importance of this interaction, and both BET protein 

knockdown and molecular inhibitors reduce integration and decrease the bias towards 

transcription start sites (Gupta et al., 2013, Sharma et al., 2013). After mapping the BET 

interaction to the C-terminal tail of MLV IN, truncations were made that abolish BET 

interaction and prevent integration bias towards transcription start sites, a bias which is 

assumed to promote the risk of insertional mutagenesis (El Ashkar et al., 2014). Considering 

that BET proteins are linked to regulating oncogenes and have become a target for anti-

cancer therapy (Filippakopoulos and Knapp, 2014), avoiding BET-mediated targeting is 

likely to constitute a significant safety enhancement for MLV-based gene therapy vectors. 

Further, fusing the BRD4 IN-interacting domain to the LEDGF chromatin binding domain 

confers a lentivirus-like integration bias to MLV (De Rijck et al., 2013), demonstrating the 

potential to influence integration site bias. This could be used to retarget integration to bias 

safe regions of DNA to minimise the risk of insertional mutagenesis. 
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1.3.3 - PFV intasomes and PICs 

Foamy viruses integrate PICs with a weak bias towards transcription start sites and CpG 

islands, which is similar but less pronounced to that of MLV (Nowrouzi et al., 2011). 

However, PFV IN interacts neither with BET (Gupta et al., 2013) or LEDGF (Cherepanov, 

2007). In common with MLV, FV PICs only have access to chromatin following nuclear 

envelope breakdown at mitosis and a structural viral protein is responsible for tethering the 

PIC to chromatin. A chromatin binding site located towards the C-terminus of Gag (present 

in both p71Gag and p68Gag within a region called glycine-arginine-rich box II) interacts with 

H2A/H2B core histones during mitosis (Tobaly-Tapiero et al., 2008). Viral DNA binding is 

mediated by glycine-arginine-rich box I (Yu et al., 1996) and mediates the co-localisation of 

Gag and PFV DNA during infection. Mutation of the chromatin binding site does not affect 

FV assembly, entry or trafficking, but inhibits integration, presumably as the PIC does not 

become tethered to chromatin. Substituting the mutated chromatin binding site for a 

functional heterologous chromatin binding site restores Gag chromatin tethering, but does not 

rescue the integration deficit (Tobaly-Tapiero et al., 2008). Using live fluorescence 

microscopy, it has been shown that nuclear localisation of incoming Gag only occurs 

following mitosis, after which it remains nuclear over subsequent cell divisions. This is 

consistent with the requirement for nuclear envelope breakdown for FV to access chromatin. 

However, Gag nuclear localisation alone is not the only requirement for integration, since the 

addition of a heterologous (SV40) nuclear localisation signal in Gag confers nuclear 

localisation during interphase, but does not improve infectivity in aphidicolin-arrested cells 

(Mullers et al., 2011a). It is thought that Gag remains tethered to chromatin during interphase, 

since pull-down experiments from asynchronous cells (mostly in interphase) identified H2A 

and H2B as interacting proteins (Tobaly-Tapiero et al., 2008). 

Owing to its high solubility compared to other retroviral INs, The PFV IN is well 

characterised (Valkov et al., 2009). In contrast to most retroviral INs, the PFV IN efficiently, 

and predominantly, catalyses concerted integration in vitro without addition of other cellular 

or viral proteins (Valkov et al., 2009). Although sequence similarity to HIV-1 IN is low, PFV 

IN is sensitive to the antiretroviral IN inhibitor raltegravir (Summa et al., 2008, Valkov et al., 

2009). IN assembles on the ends of linear viral cDNA as a tetramer (Hare et al., 2010) and 

catalyses two reactions conserved for all retroviral integrases (Figure 1.3). Firstly, the viral 

DNA 3’ ends are modified in a reaction called 3’ end processing. This results in the removal 

of terminal nucleotides to leave a –CA’3 dinucleotide on each strand. Uniquely, FVs carry 
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out an asymmetrical 3’ end processing, as depicted in Figure 1.3  (Enssle et al., 1999). Due to 

the positioning of the polypurine tract (PPT) immediately adjacent to U3, the first base of the 

5’LTR end begins with 5’TG-, making the preferred complementary –CA’3 end. This end is 

not processed by IN, although IN has flexibility to do so if alternative ends are provided by 

reverse engineering (Juretzek et al., 2004). The first bases of the U5 region to be transcribed 

from the primer binding site results in a viral cDNA 3’LTR end that terminates with –

CAAT’3. This end is processed, removing the –AT dinucleotide from the terminus to leave 

the required –CA’3 (Enssle et al., 1999, Juretzek et al., 2004). Structural studies have 

revealed that IN separates the 2 terminal base pairs of the dsDNA ends and places the –CA’3 

of each end in its active site, using the nucleophilic hydroxyl group for strand-transfer into 

opposite strands of target DNA spaced 4bp apart (Hare et al., 2010, Maertens et al., 2010) as 

shown in Figure 1.3. Ensuing host-mediated DNA gap repair results in 4bp target DNA 

duplications flanking both sides of the integration site (Valkov et al., 2009). Following 

strand-transfer in vitro, IN remains stably associated with the newly integrated provirus 

(Maertens et al., 2010). 

As extracellular FV virions contain a DNA genome, it is possible that a PIC can form within 

the virion. If they do, this may allow large-scale isolation of native PICs for further analysis. 

Further, FVs have the intermediate ability to transduce non-dividing cells. This may allow 

cell synchronisation to accumulate PICs in infected cells without integration (as would 

lentiviruses) or losing infectivity (as would gamma-retroviruses).  Thus, studying FV PICs 

should not only reveal its cellular targeting factor, but may offer sufficient PIC concentration 

for complete and unbiased biochemical analysis. Although the unique features of FVs make 

understanding their molecular details interesting on its own, it is likely that some host factors 

that interact with PICs are common to other retroviruses. Better understanding of the role of 

cell factors in integration may aid antiretroviral design and contribute to the development of 

safer retroviral vectors for gene therapy.  

1.4 - Gene therapy 

Gene therapy is the use of genetic material as a medicine. As our cells have evolved to 

prevent foreign nucleic acid uptake, viruses are often employed as specialist delivery vehicles 

capable of overcoming cellular defences. Commonly used viral vectors for gene therapy 

studies are gamma-retroviral vectors (RVVs), lentiviral vectors (LVVs), adenovirus and 

adenoassociated virus (AAV) vectors. A wide variety of diseases are being targeted with gene 

therapy including, but not limited to, monogenic disease, cancers, autoimmune disease,  
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Figure 1.3 – Reactions catalysed by PFV IN. 3’ end processing cleaves a dinucleotide from 

the 3’LTR (shown in panel A) such that both LTRs have –CA’3 termini. Panel B shows that 

the hydroxyl group of the 3’ end is used in strand-transfer reaction. Integrase separates the 

terminal 2 nucleotides to use single stranded ends for nucleophilic attack of target DNA. 

Target DNA is bent by IN to compress the minor groove and transfer both ends of viral DNA 

4bp apart into target DNA, resulting in concerted integration. 
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neurological disease, ocular disease and infectious disease. Vaccines that encode antigen 

from vector delivered nucleic acid (commonly adenovirus, Modified Vaccinia Ankara or 

plasmid DNA) are not usually considered as gene therapy so this use of vectors will not be 

discussed here. 

1.4.1 - Retroviral vectors 

Retroviruses are attractive as vectors for gene transfer due to their unique ability to integrate 

into host chromosomes, allowing delivered transgene to persist in dividing cells. The first 

gene therapy trial in humans was approved in 1990. Two children suffering from adenosine 

deaminase deficiency, a severe combined immunodeficiency (SCID), were treated as part of 

the trial in which their T cells were treated with a RVV encoding adenosine deaminase, ADA 

(Blaese et al., 1995). The therapy was safe, but probably did not provide therapeutic benefit. 

Further related studies revealed the benefit of treating CD34+ hematopoietic stem cells 

(HSCs) rather than just T cells, discontinuing PEG-ADA enzyme replacement therapy and 

using a mild preconditioning treatment prior to transplantation to give transduced cells an 

advantage (Aiuti et al., 2002, Gaspar et al., 2006). This improved strategy has so far been 

used to cure 30 patients out of 40 with no related adverse events (Williams and Thrasher, 

2014). 

The first successful outcome from a human gene therapy trial followed the initial work on 

ADA-SCID. A different primary immunodeficiency, X chromosome-linked SCID (X-SCID) 

was targeted. X-SCID is caused by deficiency of the cytokine receptor γ-chain subunit 

(Cavazzana-Calvo et al., 2000). From this trial and a second similar one (Gaspar et al., 2004), 

20 patients have been treated by re-infusion of autologous HSCs following RVV gene 

transfer of the cytokine receptor γ-chain. Remarkably, 17 of the 20 patients are cured. 

However, 5 patients developed T cell leukaemia between 2 and 6 years after treatment, one of 

whom died (Gaspar et al., 2011, Hacein-Bey-Abina et al., 2010). The oncogenicity of this 

treatment has been attributed to the enhancer within the LTR that activated nearby proto-

oncogenes. In 4 of the 5 patients, the MLV based RVV had integrated in close proximity to 

LMO2, a regulator of stem cell growth and hematopoiesis (Williams and Thrasher, 2014, 

Kohn et al., 2003). Similarly, insertional mutagenesis resulting in activation of oncogenes and 

clonal expansion were reported in trials for chronic granulomatous disease (Ott et al., 2006) 

and Wiskott Aldrich syndrome (Boztug et al., 2010). 
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Although transgene and disease context must influence the risk of insertional mutagenesis 

since similar events have not occurred in ADA-SCID trials despite using (essentially) the 

same RVV, two aspects of vector design were identified as increasing risk. Firstly, vectors 

harbouring the strong U3 enhancer element increase the risk of neighbouring gene activation 

(Ott et al., 2006). Secondly, RVV have a strong propensity to integrate in promoter regions 

and exhibit “hot-spots” in close proximity of proto-oncogenes (Cattoglio et al., 2007). As 

discussed, this has now been linked to MLV PICs use of BET as a targeting factor. These 

risks are thought to have been addressed by utilising self-inactivating (SIN) vectors. SIN 

vectors have deletions that abolish the promoter/enhancer activity in the U3 region of the 

long terminal repeats (LTRs), avoiding neighbouring gene activation (Zufferey et al., 1998). 

The necessity for this change also provided the opportunity to change vector system. As 

LVVs have a larger packaging capacity, do not require cell division for transduction and are 

less likely to target integration to regulatory regions, on-going (pre-)clinical trials for primary 

immunodeficiencies are employing SIN LVVs (Avedillo Diez et al., 2011, Aiuti et al., 2013, 

Mukherjee and Thrasher, 2013). 

1.4.2 - Non-retroviral vectors 

The first non-RVV clinical trial used Ad vector for the treatment of ornithine 

transcarbamylase deficiency, an enzyme expressed in the liver that is involved in the urea 

cycle. In 1999, a phase I pilot trial was halted when the 18th recipient, 18 year old Jesse 

Gelsinger, died from a severe systemic inflammatory reaction to Adenovirus (Raper et al., 

2003). Subsequently, adenovirus vectors are out of favour as they are intrinsically antigenic, 

although there are many serotypes and it has been reported that canine Adenovirus-2 is not 

immunogenic (Perreau et al., 2007). 

Whereas SIN-LVV has become the dominant vector for ex vivo HSC gene therapy, AAV 

vectors have become dominant for in vivo gene therapy, particularly in targeting muscle, 

liver, lung, heart, the retina and central nervous system (CNS) (Mingozzi and High, 2011b). 

Whilst AAV, a human virus, integrates into a specific region on chromosome 19, AAV 

vectors are non-integrating. This is because AAV has a small packaging capacity (~4.7kb) so 

all viral genes are removed to allow transgene insertion. Thus, unless transient expression is 

desired, AAV is mostly suited to non-dividing tissues where vector is not diluted through cell 

divisions. A target that has had tremendous success is the retina, a non-dividing and immune-

privileged site, for the treatment of Leber’s congenital amaurosis type 2, an inherited 

blindness caused by mutations in the RPE65 gene. Using AAV2 encoding functional RPE65, 
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12 patients (seronegative for AAV2) between the age of 8 and 44 showed improvements 

following treatment of one eye that persisted one and half years later. A clear benefit for early 

treatment was apparent (Maguire et al., 2009, Simonelli et al., 2010). A smaller study only 

recruiting adult patients has reported increased night vision in one of three patients 

(Cideciyan et al., 2009, Bainbridge et al., 2008), an encouraging result. Both trials have been 

without adverse reactions. Further success has been achieved using AAV to express 

coagulation factor IX in patients with haemophilia B, for which long-term improvements 

were attained in patients who were administered the highest dose (Nathwani et al., 2014). 

Trials with AAV have been mostly well-tolerated and safe with no associated severe adverse 

events, although long-term safety remains untested and few patients have received AAV gene 

therapy (Salmon et al., 2014). Thus far, the only gene therapy product to be approved for use 

in Europe is Glybera (Yla-Herttuala, 2012, Buning, 2013), an AAV-1 vector (with good 

muscle tropism, the target tissue) to treat lipoprotein lipase deficiency (Gaudet et al., 2012). 

Despite its successes, there are a number of problems that present AAV from being widely 

suitable. Being unable to persist in dividing cells, AAV is not suitable for ex vivo gene 

therapy strategies, neither is it suited for long-term expression in replicating tissues. Large 

transgenes, large promoters or multiple transgenes do not fit within the small packaging limit 

of AAV vectors (~4.7kb). Further, pre-existing immunity to the best studied AAV serotypes 

is widespread throughout the world, leading to high amounts of circulating (and cross-

reactive) neutralising antibodies (Louis Jeune et al., 2013). Additionally, cytotoxic T 

lymphocytes, which are stimulated in AAV gene therapy trials, have been shown to clear 

AAV transduced cells (Mingozzi and High, 2011a). Therefore, a high proportion of the 

population are not suitable candidates for AAV gene therapy, and repeat doses are mostly 

ineffective (Mays and Wilson, 2011). However, rare, non-human and engineered capsids are 

being characterised and developed in an attempt to address this issue (Hareendran et al., 

2013). Alternatively, a transient immunosuppression induced at the time of AAV 

administration (1 day before until 8 days after) has been reported to reduce humoral 

immunity in mice (McIntosh et al., 2012), although a similar approach failed to prevent 

vector-directed immunity in macaques (Unzu et al., 2012). 

1.4.3 - Development of FV vectors (FVVs) 

Following the isolation of infectious PFV DNA, replicating FVVs were promptly developed 

(Rethwilm et al., 1990, Schmidt and Rethwilm, 1995). Non-replicating FVVs immediately 
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followed (Russell and Miller, 1996). Further work characterised two cis-acting sequences 

(CASI and CASII) essential for efficient packaging of viral RNA into virions (Erlwein et al., 

1998, Heinkelein et al., 1998), allowing non-essential sequences to be removed from the 

transfer vector. The enhancer elements of PFV LTR have been described (Erlwein and 

Rethwilm, 1993, Maurer et al., 1991, Keller et al., 1991). This informed the production of 

SIN-PFV vectors by two different groups; Russell and Rethwilm. The Russell laboratory 

based their vectors on PFV infectious clone HSRV13 (Trobridge et al., 2002a), whereas the 

Rethwilm laboratory based theirs on HSRV2 (Heinkelein et al., 2002), which are aligned to 

PFV in Figure 1.4 and 1.5. Other than this minor difference, vectors are essentially of the 

same design. Transfer vector RNA is driven by a CMV promoter upstream of the R-U5 

sequence in the 5’LTR. Adjacent to the LTR are the packaging signals CASI and CASII. The 

3’LTR contains the SIN deletion to U3, ΔU3. Transgene and promoter of choice are inserted 

between CASII and ΔU3, as shown in Figure 1.4. The three viral genes, gag, pol and env are 

each expressed on an individual plasmid which, in addition to the transfer vector, constitutes 

the four-plasmid transfection system used to produce FVVs. 

More recently, further deletions to the packaging signal have been made to the Rethwilm 

vector system without affecting transduction efficiency or titre providing that the central 

polypurine tract (cPPT) (Peters et al., 2008) was present (Wiktorowicz et al., 2009), as 

aligned in Figure 1.4. This study reduced the total vector backbone from 3.3kbp to 2.5kbp, 

allowing an increased transgene capacity (presumed to be ~11kb) and improving vector 

safety. The minimum requirements, determined thus far, for PFV gene transfer vectors are 

illustrated in Figure 1.5. 

1.4.4 - Advantages and limitations of FVVs 

The development of viral vectors has applications in understanding the molecular biology of 

a virus as well as being used as a tool for gene transfer in cell biology or gene therapy. The 

suitability of PFV for development as a gene therapy vector was realised when it became 

apparent that PFV was a non-human, non-pathogenic integrating virus (Hill et al., 1999). 

Further properties that make PFV suitable for vector development is that particles are not 

inactivated by human serum (Russell and Miller, 1996), FVs exhibit extremely broad tropism 

and have the largest mammalian retroviral genomes (between 12 and 13kb) and, therefore, 

may offer the largest transgene packaging capacity (Trobridge et al., 2002b). 
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Figure 1.4 – Alignment of PFV infectious clone variants and derived vectors with full 

PFV provirus. Full PFV provirus sequence is shown (GenBank accession number 

Y07725) with relevent features labelled. PBS = primer binding site, the site immediately 

downstream of U5 where tRNA-lys binds to act as a primer for reverse transcription. PPT 

= polypurine tract immediately adjacent upstream of U3. cPPT = central PPT. IP = internal 

promoter. HSRV infectious clones are shown aligned above the full PFV sequence. Solid 

red indicates allignment, open boxes indicate gaps or mismatches. All infectious clones 

have deletions in the U3 region. HSRV1, which was used to identify the CAS sequences 

has a smaller deletion than in the highly similar clones, HSRV2 and HSRV13. In the first 

replication-competent FVVs, the 3’ U3 deletion was used as packaging capacity to 

incorporate transgene as a protein fusion to Bet. The vector developed by the Russell 

laboratory, pDF (based on HSRV13) and pMD9 developed in the Rethwilm laboratory 

(based on HSRV2) are shown. Large deletions in the gag and pol sequences are shown, 

leaving the CAS I and CAS II regions (labelled above the Figure). Almost all of U3 is 

deleted to make the vectors SIN. The further CAS II deletions described (Wiktorowicz et 

al., 2009) have been mapped onto pDF. Although not shown in the alignment, cPPT is 

present immediately 3’ of CASII. As U3 is deleted to make these vectors SIN, CMV is 

used to drive the production of pre-genomic RNA for packaging, but is not transferred into 

the vector (see Figure 1.5). 
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Figure 1.5 – Minimal FVV sequences for transcription of pre-genomic RNA and the 

resulting vector provirus. In the PFV transfer vector plasmid, the cytomegalovirus 

(CMV) immediate early enhancer and promoter drive transcription of pre-genomic RNA. 

The pre-genomic RNA consists of CASI, made up of R-U5-Δgag, CASII made up from 

two regions within pol, the cPPT, a multiple cloning site where promoter and transgene of 

choice may be inserted, the 3’ PPT and the SIN 3’ LTR with deleted (Δ)U3. This RNA is 

reverse transcribed into cDNA that integrates to become provirus. The SIN-LTR carries no 

promoter activity such that the only vector driven transcriptional activity is from a 

promoter of choice inserted into the multiple cloning site to drive expression of a 

transgene. This transcript terminates at R following the polyadenylation signal in ΔU3. 

Dotted arrows indicate transcriptional activity with the arrowhead approximately locating 

the site of polyadenylation. 
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As the natural tropism of FV Env is extremely broad, FVVs do not need to be pseudotyped. 

This is in contrast to RVVs and LVVs, for which the vesicular stomatitis virus glycoprotein 

(VSV-G) is commonly used (Yee et al., 1994). VSV-G also has a broad tropism, as it utilises 

the ubiquitous low density lipoprotein receptor (Finkelshtein et al., 2013). However, for 

maximum transduction rates of many cell types by VSV-G pseudotyped vector, a cationic 

polymer must be added to the cells to reduce electrostatic charge between the viral and 

cellular lipid membranes. Polybrene (hexadimethrine bromide) is commonly used (Davis et 

al., 2002), but has been shown to be cytotoxic to at least some cell types (Lin et al., 2011b). 

In contrast, FV Env mediated transduction achieves maximal efficiency without cationic 

polymers (Loh and Ang, 1981). Both VSV-G and FV-Env are stable envelopes that allow 

concentration by ultracentrifugation and tolerate a freeze-thaw cycle, allowing storage 

(Cronin et al., 2005, Trobridge et al., 2002b, Russell and Miller, 1996). Thus, both VSV-G 

and FV-Env glycoproteins are widely suited for general in vitro gene transfer purposes. 

Comparatively, FV-Env is better suited to in vivo use as it is resistant to inactivation by 

human serum, whereas VSV-G is not (DePolo et al., 2000, Russell and Miller, 1996). 

However, for in vivo gene therapy, a more restricted tropism is sometimes desired to target 

specifically cells that will give clinical benefit. Pseudotyping of RVV or LVVs is not 

complicated; expression of a suitable heterologous glycoprotein with fusion activity and 

appropriate receptor targeting is sufficient, as these viruses bud independently of their 

cognate glycoprotein (Cronin et al., 2005). In contrast, the essential FV Gag-Env interaction 

has made FVV pseudotyping challenging and only recently has it been made possible by the 

use of a small-molecule controlled heterodimerisation system in which Gag is transiently 

targeted to the cell membrane (Ho et al., 2012). This allows selection of a more specific viral 

glycoprotein to restrict tropism. This is important for FVV application in in vivo gene therapy 

as progress is made with receptor-specific envelopes based on single chain antibody or ligand 

mediated vector targeting (Zhang et al., 2010, Funke et al., 2008). 

Dividing cells are suitable targets for FVVs as integration and expression depends on cells 

passing through mitosis (Bieniasz et al., 1995). This is similar to RVVs, although FVs have 

an ability to ‘wait’ at the microtubule organising complex for at least 30 days for mitosis to 

occur (Lehmann-Che et al., 2007), making them better than RVVs for targeting resting cells 

that ultimately will divide. Furthermore, it is thought that since the main infectious genomic 

material is DNA, transduction will not fail in target cells with limited free dNTPs, while also 

improving stability. Thus, FVVs are suitable for resting cells that will ultimately divide, but 
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not for post-mitotic cells. In contrast, LVVs have a significant advantage over both FVVs and 

RVVs as they can efficiently transduce non-dividing cells (Naldini et al., 1996). 

The principal safety concern for all integrating vectors is that they can cause insertional 

mutagenesis that may cause disease (genotoxicity). This fear was corroborated in the RVV 

trials already discussed (page 27). Aside from target cell and transgene specific risks, there 

are a number of vector-design factors that contribute to increased genotoxicity. Strong 

enhancer elements that may activate neighbouring genes is a problem that has now been 

addressed by the development of SIN vectors. It is not yet known how this will affect the 

genotoxicity associated with integration site bias, which is another factor affecting 

genotoxicity risk. Furthermore, transcriptional read-through may activate downstream genes 

by aberrant splicing into neighbouring coding sequences, leading to the expression of fusion 

proteins which may contribute to toxicity (Cesana et al., 2012). The extent of transcriptional 

read-through is vector-dependent. While RVVs and LVVs allow significant read-through, 

FVVs have a very stringent transcriptional terminator which prevents neighbouring gene 

activation (Hendrie et al., 2008). The integration site bias varies between different vectors, 

determined by their PICs as previously discussed: RVVs strongly favour enhancers, CpG 

islands and transcription start sites, whereas LVVs are more likely to integrate within active 

genes (Nowrouzi et al., 2011, Beard et al., 2007). In contrast, FVV integration is closer to 

random, with only a slight bias for transcription start sites (Nowrouzi et al., 2006, Trobridge 

et al., 2006, Beard et al., 2007). This bias makes FVVs less likely than LVVs or RVVs to be 

genotoxic. Indeed, FV infection or FVV use has never been linked to oncogenesis which has 

not been the case for RV and LVs. A SIN vector based on a non-human, non-pathogenic 

virus with the least integration site bias and transcriptional read through places FVVs as 

potentially the safest integrating vector available.  

1.4.5 - Gene therapy with FVVs 

Owing to their promising safety profile, FVVs have been used in animal models for primary 

immunodeficiency’s following the HSC gene therapy strategy employed for RVV and, 

subsequently, LVVs. The most impressive of these studies is the curing of 4 out of 5 dogs 

from canine leukocyte adhesion deficiency, a model for human leukocyte adhesion deficiency 

type 1 (Bauer et al., 2008). All 4 dogs followed long-term (4-7 years) remain cured and well 

with no associated adverse events (Bauer et al., 2013). Others have shown some functional 

restoration of FVV-treated immune cells in mouse models of chronic granulomatous disease 

(Morianos et al., 2012), Wiskott-Aldrich syndrome (Uchiyama et al., 2012) and Β-
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thalassemia (Morianos et al., 2012), as well the design of an in vivo selection strategy that 

cured 1 dog from pyruvate kinase deficiency (Trobridge et al., 2012). Furthermore, FVVs 

have recently been shown to restore γ-chain expression efficiently after in vivo administration 

for canine X-SCID, although immune function was not fully restored (Burtner et al., 2014). 

These studies show that, in addition to being safe, FVVs are promising vectors with the 

ability to alter disease progression in both small and large animal models. 

1.5 - Stem cell therapy 

Stem cells are cells that have the capacity to both self-renew and differentiate into specialised 

cell types. Stem cells may be classified by the number of cell types they can form: totipotent 

cells can form any type of cell, including extra-embryonic tissue, such as placenta and 

umbilical cord; pluripotent stem cells can differentiate into any cell type from the three 

embryonic germ layers (ectoderm, mesoderm and endoderm); multipotent stem cells can 

differentiate into a limited number of cell types. Further restriction gives rise to precursor 

cells, which do not class as stem cells as they are unable to self-renew (Brignier and Gewirtz, 

2010). 

Totipotent cells are only found before the 4-8 cell stage post-fertilization, after which cells 

are pluripotent. Traditionally, the only source of pluripotent stem cells was from harvesting 

embryos. This raised significant ethical concerns. Additionally, embryonic stem cells used for 

stem cell therapy must always be heterologous which typically leads to immune rejection 

(Brignier and Gewirtz, 2010). However, the Nobel Prize winning discovery that differentiated 

adult cells could be induced to become pluripotent (induced pluripotent stem cells) 

(Takahashi and Yamanaka, 2006) has reduced the ethical concern and provides a readily 

obtainable source of autologous pluripotent cells. However, pluripotent cells from either 

source efficiently form teratomas, raising major safety concerns (Cunningham et al., 2012). 

Differentiating them into multipotent, precursor or differentiated cells avoids this, but 

requires an understanding of both the differentiation pathway and how to effectively induce 

it, something which is lacking for many cell types (Fox et al., 2014). Furthermore, 

differentiated induced pluripotent stem cells and embryonic stem cells are not always 

equivalent and are subject to variation from culturing conditions (Chin et al., 2009, Bilic and 

Izpisua Belmonte, 2012). 

Multipotent stem cells are also called adult stem cells, as they are present throughout the 

body to repair and replace damaged or aged cells throughout life. Like induced pluripotent 
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stem cells, adult stem cells have the advantage that they can be isolated for autologous use. 

However, few types of adult stem cell are easily and non-invasively isolated. Two types of 

adult stem cells that can be readily isolated for autologous use are HSCs and mesenchymal 

stem cells (MSCs). Both cell types can be obtained from bone marrow (BM) or umbilical 

cord blood and may be expanded ex vivo. MSCs may also be isolated from dental pulp, 

adipose tissue, amniotic fluid and Wharton’s jelly but, as the properties of MSCs vary 

depending on their origin, MSCs isolated from different tissues are not considered equal 

(Phinney and Sensebe, 2013). The main clinical use of HSCs, which are precursors to all 

blood cell types, is for primary immunodeficiencies as already discussed.  

1.6 - Mesenchymal stem cells 

1.6.1 - Identity 

Mesenchymal stem cells do not have a known specific surface marker, which complicates 

their identification. This is made more difficult by considerable heterogeneity between MSCs 

isolated from different donors, isolation methods, growth duration and conditions, as well as 

natural variation within an MSC population (Phinney and Sensebe, 2013). To address the 

inconsistencies that hinder direct comparisons between studies, the International Society for 

Cellular Therapy recommended a defined set of minimal criteria to be met in order to confirm 

human (hu-)MSC identity: they must be plastic adherent; able to differentiate in vitro into 

osteocytes, chondrocytes and adipocytes under appropriate conditions and stain positive for 

surface markers CD105, CD73 and CD90, but stain negative for CD45, CD34, CD11b/CD14, 

CD79/CD19 and HLA-DR (Dominici et al., 2006). It is recommended that each laboratory 

shows that the MSCs typically prepared meet these criteria, but each population need not be 

individually tested. Further, for non-human MSCs, the surface antigen markers must be 

changed to the most appropriate markers for the species being tested, if available. Tri-lineage 

differentiation potential and plastic adherence is considered a universal property of MSCs 

from any species (Dominici et al., 2006). 

1.6.2 - MSCs natural function in vivo 

The precise nature of endogenous MSCs in situ is not well understood, mostly because of the 

difficulty in identifying them. It has emerged that MSCs may be the same as, or a close 

derivative of, pericytes which are located on the tissue side of blood vessels. This is based on 

surface marker phenotype, shared perivascular location and a similar in vitro differentiation 

potential (Crisan et al., 2008, da Silva Meirelles et al., 2008, Kean et al., 2013). This 
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localisation gives MSCs a widespread distribution throughout the body and makes them well-

placed for a number of in vivo functions where they respond to injury and local inflammation. 

These functions include regulating angiogenesis, wound healing, immunity, tissue 

homeostasis and directly contributing to repair of mesenchymal tissues (Wu et al., 2007). For 

bone-marrow derived MSCs (BM-MSCs), which are the most studied MSCs, the stem cell 

niche is shared with HSCs. MSCs have been shown to play a direct role in HSC self-renewal, 

differentiation, migration and survival through direct cell-to-cell contact and the secretion of 

extracellular factors (Dazzi et al., 2006, Mendez-Ferrer et al., 2010). BM-MSCs are 

themselves regulated by HSCs which have been shown to direct MSC osteoblast formation in 

response to stress in mice (Jung et al., 2008). 

Transcriptome analysis of both human (Tremain et al., 2001) and mouse MSCs (Phinney et 

al., 2006b) has supported their role in these functions and indicated that stem cell regulation 

is not limited to HSCs but more widespread. Furthermore, it was described that within an 

MSC preparation there are subpopulations with different transcriptional expression profiles. 

Moreover, different preparations had different subpopulations. This highlights the 

considerable variability between and heterogeneity within MSC populations. 

1.6.3 - Distribution, homing and differentiation of exogenously administered MSCs 

Following systemic (intravenous) infusion of hu-MSCs in total body irradiated mice, the hu-

MSCs were found to be widely distributed in organs, including the lung, spleen, heart, liver, 

kidney, bone marrow and brain (Sensebe and Fleury-Cappellesso, 2013). This engraftment is 

mostly transient over a 60-day period, peaking at day 15 (Francois et al., 2014). Similar 

results were obtained using murine (mu-) MSCs: by qPCR, mu-MSC distribution appeared 

systemic, although the authors demonstrated a correlation of this with MSCs circulating in 

the blood, rather than tissue engraftment. However, using immunohistochemistry to GFP-

labelled MSCs, GFP positive cells were located in close proximity to blood vessels in the 

lungs, liver and kidney 28 days after treatment, where cells were described to have the 

morphology of resident tissue cells. Engraftment levels were low and only detectable in 15-

25% of recipient mice at this stage (Anjos-Afonso et al., 2004). This is one of many reports 

claiming that MSCs transdifferentiate into non-mesenchymal cells in vivo. 

Transdifferentiation into endothelial cells, epithelial cells, skeletal muscle, hepatocytes, 

myocardiocytes, neurons and glial cells has been described (Gimble et al., 2008). However, 

the lack of MSC purity may account for some of this while the methods typically used for 

tracking infused MSCs (e.g. GFP, BrdU, LacZ) may produce misleading results, as cell 



38 

fusion has been reported to account for transfer of markers into some cell types, including 

hepatocytes, neurons and cardiomyocytes (Alvarez-Dolado et al., 2003). Further reports 

showed that neurodegeneration augments cell fusion to neurons (Bae et al., 2005), suggesting 

an alternative reason for an improved engraftment typically seen in diseased models. 

Nevertheless, transdifferentiation into many cell types has been demonstrated in vitro without 

MSC contact with other cell types, ruling out cell fusion under these conditions. However, 

acquiring the morphology and expression of certain cell markers does not prove 

transdifferentiation which should be tested by confirming differentiated cell function. 

Because of the low frequency and artificial environment in vitro, convincing functional 

demonstrations are difficult. Thus, combined with the high number of poor quality studies in 

this field, transdifferentiation of MSCs remains controversial (Bianco et al., 2013). 

MSCs have been described to migrate to sites of inflammation in a process termed ‘homing’. 

Homing may be mediated by receptor-mediated adhesion and migration, or by passive 

entrapment in small blood vessels that dilate during inflammation (Karp and Leng Teo, 

2009). Entrapment is thought to be the mechanism for the early distribution of intravenously 

administered MSCs in the lungs, which can be fatal due to loss of lung function, as relatively 

large MSCs get trapped in the small blood vessels within 5 minutes of infusion (Schrepfer et 

al., 2007). This can be reduced by treatment with the vasodilator sodium nitroprusside (Gao 

et al., 2001). The subsequent homing of a small proportion of the MSCs that recirculate over 

a period of days to sites of inflammation and the liver may also be entrapment, however 

evidence is accumulating in favour of chemoattraction. In a mouse model of ischemic stroke, 

it has been shown that blocking E or P selectins prevents MSC recruitment to site of injury 

(Yilmaz et al., 2011). Others have shown that MSCs delivered systemically localise to 

wounded skin and that migration is enhanced by injecting the chemokine receptor 7 ligand, 

CCL21 (Sasaki et al., 2008). However, blocking selectins and altering chemokine levels will 

also alter the inflammatory state and may, in consequence, alter recruitment by other methods 

such as entrapment. Some convincing in vitro studies have shown that cultured MSCs 

migrate towards a number of growth factors and chemokines (Ponte et al., 2007) and towards 

injured, but not healthy, lung cells (Rojas et al., 2005). Therefore, the in vitro migration and 

in vivo homing to sites of inflammation, in addition to the fact that this can be modulated by 

changed expression of chemokine receptors, supports the (current) consensus opinion that 

MSCs actively home to sites of injury (Sohni and Verfaillie, 2013, Ip et al., 2007). 
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Local administration of MSCs avoids lung entrapment and may, therefore, be a safer route of 

administration for easily accessed tissues. For MSCs, the intraperitoneal (IP) route of 

administration is considered a local injection into the abdomen as there is little evidence that 

MSCs administered in this way enter the circulatory system (Kean et al., 2013). Consistent 

with views that MSCs home to injured tissues, MSCs administered by the IP route were 

found to migrate to the colon in a rat model of induced colitis (Castelo-Branco et al., 2012). 

Similarly, MSCs injected into the contralateral hemisphere of a rat brain glioma homed 

predominantly to the glioma periphery within 14 days (Nakamura et al., 2004). In uninjured 

models, for example in hu-MSCs locally administered to muscle in NOD/SCID mice, MSCs 

were found exclusively near the injection site with decreasing levels of human DNA over a 

three month period (Ramot et al., 2009). When injected into neonatal mouse brains, cells can 

be found migrating throughout the brain 12 days post-injection, with astrocyte morphology 

and expression of the astrocyte marker glial fibrillary acidic protein (Kopen et al., 1999). 

Quantification of mu-MSCs directly injected into the brains of neonatal or adult mice showed 

that engraftment levels and migration throughout the brain were similar in adult and neonatal 

treated mice 12 days after infection, but only the neonatal brain supported MSC proliferation 

(Phinney et al., 2006a). In both adult and neonatal treatments, qPCR analysis targeting the Y-

chromosome of male MSCs injected into female mice indicated that MSCs survived to the 

longest endpoint tested (150 days after injection) and contributed to 1 in 105 cells in adult 

treated mouse brains and 1 in 103 cells in neonate-treated mouse brains (Phinney et al., 

2006a). A similar study using young adult rhesus macaques found that injected hu-MSCs 

contributed to approximately 1 in 106 cells in the brain 3 and 6 months after injection, again 

showing migration and engraftment throughout the brain (Isakova et al., 2006). 

1.6.4 - Activation, immunomodulation and regeneration 

Initial interest in MSCs was in regenerative medicine for diseases of the structural tissues 

with the hypothesis that MSCs could directly contribute to their regeneration (Prockop, 

1997). However, it was often observed that exogenously delivered MSCs exerted a 

therapeutic regenerative effect through paracrine factors without significant engraftment (Iso 

et al., 2007, Togel et al., 2007). Recent studies commonly aim to harness the broad 

immunosuppressive and pro-repair effects that MSCs exert, rather than anticipating direct 

differentiation to replace damaged tissue. 

One of the properties of MSCs key to their broad therapeutic potential is their plasticity in 

response to different microenvironments. Inflammation is detected by MSCs through 
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inflammatory cytokines, the main activator being interferon gamma in combination with 

either interleukin-1 or tumour necrosis factor alpha (Ren et al., 2008). This activation 

enhances migration towards chemokines (Ip et al., 2007) and stimulates the expression of a 

wide range of molecules. These include chemokines (Ren et al., 2008) and growth factors 

that contribute to angiogenesis and stimulate endogenous stem cell proliferation and 

differentiation, including epidermal, fibroblast, vascular endothelial, hepatocyte, insulin, 

keratinocyte and platelet-derived growth factors (Ma et al., 2013). The major 

immunosuppressor is nitric oxide in mu-MSCs and indoleamine 2,3-dioxygenase in hu-

MSCs. Both mu- and hu-MSCs also produce broadly immunosuppressive interleukin-10 and 

prostaglandin E2 (Meirelles Lda et al., 2009). The overall effect is a broad and potent 

immunosuppression. Immune cells, including antigen presenting cells, natural killer and T 

cells are recruited to activated MSCs by secreted chemokines and surface adhesion molecules 

and their proliferation and activation is suppressed, creating a local environment that favours 

the repair promoted by MSC secreted growth factors (Meirelles Lda et al., 2009). However, 

in a mild inflammatory environment, MSCs can be immunostimulatory as they still produce 

chemokines to attract other immune cells, but are not stimulated sufficiently to produce 

enough immunosuppressive factors, such as nitric oxide, indoleamine 2,3-dioxygenase and 

interleukin-10 (Li et al., 2012, Renner et al., 2009). Furthermore, low levels of interferon 

gamma induce antigen presenting properties in MSCs (Chan et al., 2006). This emphasises 

the importance of the microenvironment to MSC activity. 

1.6.5 - MSC use in regenerative medicine 

Although many studies attempted to exploit MSCs for the regeneration of various skeletal 

(Horwitz et al., 1999) and non-skeletal tissues (Azizi et al., 1998), current studies aim to 

harness the beneficial effects in the absence of direct regeneration. This is in recognition that 

significant differentiation in vivo does not occur and harnessing the paracrine effects of 

MSCs represents the best potential use of these cells in vivo. In this regard, the effect of 

systemically administering MSCs in animal models of graft versus host disease, experimental 

autoimmune encephalitis, stroke, acute renal failure, type-1 diabetes, rheumatoid arthritis, 

myocardial infarction and acute lung injury have been examined (Uccelli et al., 2008). 

Although convenient, the systemic administration of MSCs for diseases of the CNS is 

peculiar as an ability of MSCs to cross the blood-brain-barrier has not been determined (Liu 

et al., 2013). However, brain injury may increase permeability of the blood-brain-barrier to 

MSCs, particularly as systemically administered hu-MSCs into rats after an induced stroke 
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were detected in proximity to the ischemic zone and associated with improved recovery (Li et 

al., 2002). In contrast, 2 studies on experimental autoimmune encephalitis did not detect any 

cells in the brain despite seeing a therapeutic effect of MSC administration, apparently due to 

immunomodulation at lymph nodes resulting in T cell anergy (Gerdoni et al., 2007, Zappia et 

al., 2005). Similar reports describing improvement without engraftment followed, for 

example after systemic administration to mice following induced myocardial infarction (Iso 

et al., 2007), which has led to the opinion that engraftment at the site of injury is not 

necessary for a transient therapeutic effect, although the mechanism of long-range activity is 

unknown (Prockop, 2009). 

Many phase 1 clinical trials have been completed using systemically administered MSCs. For 

example, graft versus host disease (Le Blanc et al., 2008), Crohn’s disease associated fistula 

(Lee et al., 2013) and systemic lupus erythematosus (Wang et al., 2014). A meta-analysis 

studying systemically administered, unmodified MSCs concludes that fever is associated with 

MSC infusion but there are no serious short-term adverse effects (Lalu et al., 2012). To 

potentially offer better engraftment levels and longer beneficial effects in a specific tissue, 

such as the brain, other trials bypass the potentially adverse lung entrapment and obstacles, 

such as the blood-brain-barrier, by local administration. For example, autologous MSCs were 

infused intrathecally into 10 patients with amyotrophic lateral sclerosis (Mazzini et al., 2010), 

while a study involving both amyotrophic lateral sclerosis and multiple sclerosis patients 

administered MSCs via intrathecal and intravenous routes, with reported immunosuppression 

of peripheral blood immune cells 24 hours post-infusion (Karussis et al., 2010). The lateral 

ventricle has also been used as a delivery site for 7 Parkinson’s disease patients, 3 of whom 

were reported to have shown some improvement (Venkataramana et al., 2010). Aside from 

the brain, trans-endocardially delivered MSCs were assessed for treatment of cardiomyopathy 

(Hare et al., 2012). All of these were without severe adverse events, indicating that MSCs can 

be safely administered to humans. Larger studies are needed to test efficacy. 

In recognition that paracrine effects are the main mediators of MSC-enhanced repair and 

following demonstration of safety in the short term, some publications are proposing the 

application of ex vivo gene therapy to MSCs such that they overexpress appropriate growth 

factors or cytokines for various diseases including Parkinson’s (Kitada and Dezawa, 2012) 

and Huntington’s disease (Olson et al., 2012). Moving even further away from utilising 

stem/progenitor properties, MSCs are being considered as cellular vectors to deliver deficient 

enzymes to the CNS in inherited diseases such as the lysosomal storage diseases (Phinney 



42 

and Isakova, 2014). Such a strategy requires an efficient and safe gene therapy vector 

optimised for high protein-expression levels in MSCs. 

1.6.6 - Gene therapy vectors optimised for MSC transduction 

It has been reported that 50-60% of hu-MSCs are transduced by FVVs at a multiplicity of 

infection (MOI) of 5 normal human fibroblast transducing units per ml (TU/ml) (Trobridge et 

al., 2002a) or at an unspecified MOI (Wiktorowicz et al., 2009). In contrast, LVV 

transduction of hu-MSCs in the presence of 8 µg/ml polybrene at a MOI of 14 only resulted 

in 14% transduction efficiency. This could be increased to 67% at a MOI of 140, and further 

increased to 92% by 3 rounds of transduction. An equivalent RVV only achieved 17% 

transduction in parallel testing (Van Damme et al., 2006). However, MSC growth is 

negatively affected by exposure to polybrene (Lin et al., 2011b), although protamine sulphate 

was not found to be toxic but offered similar benefits (Lin et al., 2012). 

Murine MSCs, which are relevant as they are commonly used in mouse models of human 

disease, have not been examined for FVV transduction. In contrast, LVV transduction 

protocols have been optimised. Using a high MOI of 80 with an overnight transduction in 

polybrene, up to 80% of mu-MSCs (promoter not specified) were transduced if vector was 

added whilst cells were in suspension (Ricks et al., 2008). Other studies improved 

transduction rates via multiple rounds of transduction, for example 2 transductions at an MOI 

of 30 with 5 µg/ml polybrene resulted in 93% transduction efficiency using the EF1α 

promoter (Gheisari et al., 2012). It has not been directly determined as to whether polybrene 

has the same toxic effects on mu-MSCs as reported for hu-MSCs, although it was reported 

that overnight transduction, but not 1 hour transduction (with polybrene), caused reduced mu-

MSC proliferation (Ricks et al., 2008). This indicates that polybrene is also toxic to mu-

MSCs. 

While some groups have investigated MSC transduction efficiencies, less work has assessed 

the optimum vector composition for high transgene expression. In HSC gene therapy trials, 

the elongation factor 1α (EF1α) promoter, its intron-less derivative elongation factor short 

(EFS) or the phosphoglycerate kinase (PGK) promoter have been popular and well-studied. 

Both the EF1α and PGK promoters are housekeeping promoters with high constitutive 

activity in most cell types and have performed well in genotoxicity assays (Zychlinski et al., 

2008). However, an effective promoter in HSCs may not be equally effective in MSCs. One 

study has assessed promoter activity in a LVV context in a variety of cell types, including rat 
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MSCs. This study reported that, of the cellular promoters tested, the EF1α promoter induced 

the strongest GFP expression followed by the PGK promoter, while the ubiquitin C promoter 

induced relatively low GFP expression (Qin et al., 2010). The EFS promoter was not tested. 

However, this study only looked at short-term expression levels under puromycin selection. 

A more targeted study to specifically assess promoter activity in MSCs using a clinically 

relevant vector will facilitate the development of optimised MSC gene therapy approaches. 

A commonly used component in RVVs and LVVs is the woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE). The WPRE is an RNA element reported to 

increase transgene expression from RVV and LVVs up to 5-fold in many cell types (Zufferey 

et al., 1999), increases RVV and LVV titres (Klein et al., 2006) and may increase safety by 

improving transcriptional termination (Higashimoto et al., 2007). Conversely, in some cell 

types, the WPRE causes reduced expression levels (Klein et al., 2006). Moreover, safety 

concerns have been raised that the WPRE sequence contains the first 60 of 150 amino acids 

of the woodchuck hepatitis virus X protein, a suspected oncogene, and has promoter and 

enhancer activity (Kingsman et al., 2004). Nevertheless, the WPRE continues to be widely 

used and is incorporated into most LVVs despite a modified version deleted for promoter 

activity and X protein open reading frames, termed the optimised PRE (oPRE), having been 

described (Schambach et al., 2005). Consequently, it is important to assess its effect in the 

target cell line, which has not yet been done for MSCs. 

1.7 - Lysosomal storage diseases: the sphingolipidoses 

1.7.1 - Lysosome biology 

The lysosome was a Nobel Prize winning discovery by Christian De Duve in 1955 (De Duve 

et al., 1955). Primarily, it is an acidic organelle in animal cells that breaks down 

biomolecules. Additionally, lysosomes are involved in secretion, phagocytosis, endocytosis, 

cell membrane repair and autophagy (Settembre et al., 2013). Many biomolecules such as 

proteins, lipids, carbohydrates and nucleic acids are broken down in lysosomes by hydrolytic 

enzymes. These enzymes, synthesised as inactive precursors, contain a signal peptide such 

that they enter the secretory pathway and are processed through the Golgi apparatus 

(Kornfeld, 1987). With few exceptions (Coutinho et al., 2012b), they are then specifically 

targeted to lysosomes by the post-translational addition of a mannose-6-phosphate tag in the 

cis-Golgi network. This tag binds the mannose-6-phosphate receptor in the trans-Golgi 

network at pH ~6.7 (Coutinho et al., 2012a). The mannose-6-phosphate receptor bound 
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lysosomal enzymes are packaged into clathrin coated vesicles and delivered to early 

endosomes. As the pH of the endosome lowers to 6.0 during maturation, mannose-6-

phosphate is released from its receptor. The receptor is recycled back to the Golgi apparatus, 

whereas the hydrolytic enzyme precursors are processed to become active as the lysosome 

matures to a pH between 4.5 and 5.0 (Kornfeld, 1987, Mindell, 2012). 

The mannose-6-phosphate capture system is imperfect and some lysosomal enzymes escape 

retrieval and continue through the default secretory pathway. The secreted enzymes remain in 

precursor form and, therefore, are not harmful. Nevertheless, they can be taken up by cell-

surface bound mannose-6-phosphate receptor-mediated endocytosis in a ‘secretion-recapture’ 

process. Between 5 and 20% of lysosomal enzyme is delivered to lysosomes via this route 

(Kornfeld, 1987). 

1.7.2 - Lysosomal storage diseases 

Where lysosomal enzymes are non-functional, biomolecules cannot be broken down and 

accumulate in the lysosomes. This hinders lysosome, and consequently cell, function and is 

often toxic to cells where the substrate is normally hydrolysed (Cox and Cachon-Gonzalez, 

2012). Non-functionality may be due to mutant enzyme, enzyme chaperones, activator 

proteins or a faulty processing pathway. There are over 50 diseases affecting lysosome 

function that are collectively called the lysosomal storage diseases (LSDs). The incidence of 

each individual LSD is rare (average ~1 in 100 000), but collectively the LSD incidence is 

approximately 1 in 7500 births in most outbred groups (Meikle et al., 1999). Incidence is 

much higher in genetically isolated populations, for example metachromatic leukodystrophy 

(MLD) incidence in the general population is between 1 in 40 000 and 1 in 160 000 live 

births (Heim et al., 1997) but up to 1 in 75 in Israeli Habbanite Jews (Zlotogora et al., 1980). 

All LSDs are inherited in an autologous recessive manner, with the exception of 3 which are 

X-linked (Fabry’s, Hunter and Danon disease). For the majority of LSDs, affected people 

appear normal at birth and the onset of symptoms is variable, linked to the amount of residual 

enzyme activity (Neufeld, 1991). Over 65% of LSDs directly affect the CNS leading to 

neurodegeneration (Boustany, 2013). An important subgroup of LSDs that includes 

approximately half of all LSDs is the sphingolipidoses, which are caused by defects in 

sphingolipid metabolism (Figure 1.6). All the sphingolipidoses have some effect on the CNS 

(Poupetova et al., 2010). With the exception of Fabry’s disease, all the spingolipidoses shown 

in Figure 1.6 can manifest in 3 forms based on the onset of symptoms. These are typically 
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Figure 1.6 – The sphingolipidoses. Some of the pathways affecting ceramide synthesis are shown with the most common LSDs within the 

sphingolipidoses subgroup labelled in red. The enzymes that catalyse the conversion of each substrate (boxed) are shown in green.
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infantile, juvenile and adult onsets. Adult onset is associated with a slower progression, 

whereas infantile forms are aggressive and severe while the juvenile form is of intermediate 

severity. The infantile form is the most common in all sphingolipidoses, except Gaucher’s, 

where adult onset is slightly more common than other forms (and associated with an almost 

normal life expectancy). However, similar to others (excluding Fabry’s), infantile forms 

manifest around 6 months of age, are severe, aggressive and lead to death by age 2. Fabry’s is 

X-linked and, therefore, symptoms vary between males and females. In females, disease 

depends on X-inactivation patterns. Although Fabry’s disease symptoms often begin in 

childhood, progression is slow (male life expectancy 58.2 years, females 75.4) (Waldek et al., 

2009). 

There is no cure for any LSD, although enzyme-replacement therapy is approved for 6 LSDs 

(Desnick and Schuchman, 2012). Of the sphingolipidoses, enzyme-replacement therapy is 

available for Fabry’s and Gaucher’s disease (adult onset only), and clinical trials are on-going 

for Niemann-Pick disease (for adult onset only) (Desnick and Schuchman, 2012). In these 

slow progressing forms, the CNS, which is not efficiently targeted by enzyme-replacement 

therapy, is not affected. The slower progression is linked to residual enzyme activity in the 

patient, which helps to avoid potent immune responses to enzyme-replacement 

therapy(Desnick and Schuchman, 2012). For Gaucher’s disease, there is some statistically 

significant benefit of taking enzyme-replacement therapy. However there are a number of 

problems associated with enzyme-replacement therapy: it is extremely expensive; requires 

regular infusion throughout life; immune responses are often elicited; some targets are poorly 

reached; some enzymes are not stable in blood; uptake is poor and only modest 

improvements are achieved using certain measures. Male patients with Fabry’s disease who 

are treated by enzyme-replacement therapy gain just 1.7 quality adjusted life years (QALYs) 

at a cost of €10 million, a statistic that most would not consider cost-effective (Rombach et 

al., 2013). However, enzyme-replacement therapy for Gaucher’s disease has a more 

beneficial effect, resulting in the gain of 6.3 QALYs. Lifetime treatment from disease onset 

costs €5.5 million, with estimates that, after expected discounts, 1 additional QALY would 

cost €325 000 (van Dussen et al., 2014). In the United Kingdom, the National Institute for 

Health and Care Excellence typically classes a treatment as cost-effective at between £20 000 

to £30 000 per QALY (Dakin et al., 2014), emphasising the need for alternative therapies that 

are more effective at a lower lifetime cost. 
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Other treatment strategies being developed include substrate reduction therapy and chaperone 

therapy. Both of these are potentially suited to patients who have residual enzyme activity, 

such that reduced substrate can be cleared, or maintained at sub- or mildly pathogenic levels, 

by the residual enzyme activity. Chaperone therapy needs to be specific to each patient’s 

mutant enzyme and, like enzyme-replacement therapy, would require life-long administration 

(Lachmann, 2010). An alternative strategy with the potential to be a one-off, curative 

treatment suitable for all LSDs is gene therapy. Gene therapy strategies are often designed on 

the basis that high expression in few cells will cross-correct others via the secretion-recapture 

system. Adding to promise, it has been shown that cells with substrate accumulation in 

lysosomes exhibit increased mannose-6-phosphate receptor mediated uptake, suggesting that 

the most-affected cells would be more likely to recapture secreted enzyme. Detailed 

examples of disease and gene therapy approaches will be discussed for 2 leukodystrophies 

that are targeted in this thesis; metachromatic leukodystrophy and Krabbe disease. 

1.7.3 - Metachromatic leukodystrophy 

Metachromatic leukodystrophy (MLD) is mostly caused by a deficiency of arylsulphatase A 

(ARSA) (Figure 1.6). The exception is an incredibly rare variant (10 cases reported to date) 

where the sphingolipid activator protein Saposin B, which delivers sulphatide to ARSA, is 

deficient (Deconinck et al., 2008). Saposin B or ARSA deficiency cause the same disease. 

Metachromatic leukodystrophy is a demyelinating disease caused by the inability to process 

the sphingolipid sulphatide (3-O-sulphogalactosylceramide). Sulphatide, along with the non-

sulphated form galactosylceramide, are major and essential lipid components of myelin 

(Marcus et al., 2006). It also is a negative regulator of myelinating cells (oligodendrocytes 

and Schwann cells in CNS and PNS, respectively) differentiation (Eckhardt, 2008). An 

inability to metabolise sulphatide leads to its accumulation in myelin producing cells and, to a 

lesser extent, in neurons, astrocytes and microglia. Sulphatide storage is also present in the 

liver and kidney, but this is not associated with pathology. When the amount of sulphatide 

exceeds a threshold, demyelination rapidly occurs. While there is some functional 

impairment of the myelin producing cells due to the storage disorder, the cause of 

demyelination is not known (Gieselmann and Krägeloh-Mann, 2010). 

There is a genotype-phenotype link for the age of onset of MLD. In the most common form, 

late-infantile, children typically have 2 null ARSA alleles and develop symptoms by the age 

of 2. Juvenile forms, usually associated with 1 null and 1 residual activity ARSA allele, are 

slower to progress following an onset between 3 and 16 years of age. Adult forms, usually 
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from 2 residual activity ARSA alleles, develop after 16 years of age and progress slower than 

the other forms (Polten et al., 1991, Cesani et al., 2009, Berger et al., 1997). 

One of the first signs of late infantile MLD is developmental regression. Due to the age of 

onset, sufferers have typically learnt to walk and master some fine motor control skills. At 

onset, they begin to lose these abilities, accompanied by abnormal movement patterns and 

gait associated with weakness of the legs. This weakness progresses to spasticity and 

paralysis. As the CNS deteriorates, blindness, seizures and dementia set in, rapidly leading to 

death by the age of 5 (Gieselmann and Krägeloh-Mann, 2010). Comparatively, the juvenile 

form typically presents with general poor behaviour, attention levels and performance in 

school and is consequently often misdiagnosed. As it develops, a change in gait, incontinence 

and decreased muscle tone occur, and a correct diagnosis may normally be made from 

investigations made at this stage. Following this, progression is as rapid and severe as 

described for infantile forms, with progressive loss of cognitive ability, spasticity, loss of 

speech and sight, seizures, dementia, coma and death occurring within 4 to 6 years of 

diagnosis (Barrell, 2007). The adult form presents around age 25 as behavioural 

abnormalities, dementia, ataxia and polyneuropathy that progresses to death over an average 

of 12 years, but may take decades (Hageman et al., 1995). 

There is no naturally occurring animal model for MLD, so an ARSA knockout (ARSA-/-) was 

created on a C57BL/6 background (Hess et al., 1996). These mice do not demonstrate 

demyelination. Further, they do not show any symptoms resembling MLD in humans, despite 

storing sulphatide in a comparable way. The only symptoms these mice do show are deafness 

due to neuronal damage in the inner ear at 1 year of age. At 2 years of age, the brains of mice 

show signs of pathology by way of astrogliosis, microglia activation, loss of dendrites in 

Purkinje cells, and reduced axon cross-sectional area within myelinated fibres in the optic 

nerve and corpus callosum. They are also described to be hyperactive at all ages and have 

reduced neuromotor function from 1 year of age (Hess et al., 1996, D'Hooge et al., 1999). 

There are 2 main gene therapy strategies being developed for MLD based on AAV or LVVs. 

The AAV strategy is straight-forward: overexpress ARSA in neural cells by directly 

administering vector to the brain. Comparatively, the most advanced LVV approach follows 

the ex vivo method established for primary immunodeficiency’s, despite MLD not being a 

disease of the hematopoietic system. By overexpressing ARSA under the control of the 

constitutive housekeeping phosphoglycerate kinase promoter (PGK) in HSCs, ARSA is 
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delivered to the brain by the recruitment of monocyte derived microglia across the blood-

brain-barrier in response to brain inflammation. The rationale behind this is that the recruited 

microglia will secrete ARSA which can be captured by cells within the CNS. Vector, strategy 

and study findings for MLD gene therapy studies are summarised in Table 1.1. 

As shown in Table 1.1, there has been much progress with LVV and AAV vectors in 

reducing sulphatide storage of ARSA-/- mice. The LVV-HSC ex vivo gene therapy approach 

has reached clinical trials and has reported promising results, although more time is needed to 

determine the outcome as LSD disease onset cannot be accurately predicted. Other 

approaches are being considered with alternative cell types. As the main affected cells, 

oligodendrocyte precursor cells are highly relevant and are able to graft long-term and 

significantly limit disease progression in mice (Givogri et al., 2006). However, obtaining 

these cell types requires brain homogenisation and is, thus, of limited clinical use, unless 

induced pluripotent stem cells can provide a source. As an easily attainable adult stem cell 

with excellent migratory, grafting and possible transdifferentiation potential, MSCs have 

been suggested as a stem cell warranting further study for use in the treatment of MLD 

(Batzios and Zafeiriou, 2012). 

1.7.4 - Krabbe Disease 

Krabbe disease, also known as globoid cell leukodystrophy, is caused by a deficiency of the 

enzyme galactocerebrosidase (GALC) that results in the inability to process the primary 

substrate, galactosylceramide, and a secondary substrate called psychosine or 

galactosylsphingosine. Unexpectedly, galactosylceramide does not accumulate in Krabbe 

patients, whereas psychosine does. Psychosine is highly toxic in vitro and in vivo by 

stimulating various pro-inflammatory and pro-apoptotic pathways, while inhibiting pro-

survival pathways (Graziano and Cardile, 2015). The demyelination and cell death recruits 

and activates astroglia and monocytes. Cytokinesis is inhibited by psychosine but nuclear 

division is not. This induces the characteristic histopathology of multi-nucleated ‘globoid’ 

cells. Ultimately, pathogenesis is mediated by the loss of myelin producing cells through cell 

death, widespread demyelination, astrogliosis within an inflammatory environment that is not 

amenable to repair and a subsequent axonal degeneration in both the CNS and PNS (Cox and 

Cachon-Gonzalez, 2012). 
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Table 1.1 – Pre-clinical and phase I/II gene therapy studies as a treatment strategy for MLD. 

# Vector Strategy Findings Reference 

1 RVV-

ARSA 

(intact 

LTR) 

Ex vivo transduction of bone marrow 

cells (BMC). Systemically infused 

into 6-week old irradiated ARSA-/- 

mice. 

Sulphatide storage reduced in viscera. No reduction in brain storage, no 

reduction in neuropathology. 

(Matzner et 

al., 2002) 

2 LVV-

PGK-

ARSA 

Ex vivo transduction of HSCs. 

Systemically infused into 6-week old 

irradiated ARSA-/- mice. 

Sulphatide levels normalised in viscera and CNS; prevented neuromotor 

impairment and neuropathology; enhanced migration of HSC derived 

cells into ARSA-/- CNS. Overexpression is required for efficacy as wild-

type HSC transplant is not therapeutic. Deafness not tested. 

(Biffi et al., 

2004) 

3 LVV-

PGK-

ARSA 

As #2 except treating mice at 6 

months of age. 

As well as preventing neuropathology, this strategy can also reverse 

neuropathology. Deafness not tested. 

(Biffi et al., 

2006) 

4 LVV-

PGK-

ARSA 

Phase I/II clinical trial with above 

vector in 3 children expected to 

develop late infantile MLD. 

Supranormal ARSA activity in PBMCs, bone marrow and cerebrospinal 

fluid. None of the patients had developed MLD at time of publication. 

No genotoxicity detected. Longer term follow-up required to assess 

therapeutic effect and safety. 

(Biffi et al., 

2013) 

5 AAV5-

PGK-

ARSA 

Direct intracranial injection of 2 µl 

AAV at 3 sites: cerebellar vermis, 

left and right internal capsules. 

Prevented sulphatide storage, neuropathology and neuromotor 

impairment for at least 15 months. Transduction mainly at site of 

(Sevin et al., 

2006) 
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Injected into 3 month old ARSA-/- 

mice. 

injection (neurons and astrocytes) with enzyme spread throughout CNS. 

Deafness not recovered unless direct injection into cochlear nuclei. 

6 AAV5-

PGK-

ARSA 

As #5 but in symptomatic mice (6 

months). 

Sulphatide storage and neuropathology prevented but neuromotor 

impairment still occurred. Failure attributed to lack of 

galactosecerebroside increase following treatment. 

(Sevin et al., 

2007) 

7 AAV5-

PGK-

ARSA-

HA 

3 injection sites (6 deposits) into 

right hemisphere of 2-3 year old 

non-human primates (Macaca 

fascicularis). 

Injection safe in non-human primates. ARSA activity increased by 12-

38% in injected hemisphere 4-5 months post-injection. Antibodies 

elicited against AAV. Thus, direct injection of AAV into humans may be 

beneficial and safe. 

(Colle et al., 

2010) 

8 AAV10-

CAG-

ARSA 

As #6 but 8 month old mice and 

changed capsid serotype and 

promoter to synthetic CAG 

promoter. 

Reported better distribution from injection site, higher transduction rates 

and transduction of some oligodendrocytes, contributing to higher 

overall expression and faster reversal of neuropathology/sulphatide 

storage than with AAV5. Neuromotor testing was not reported. 

(Piguet et 

al., 2012) 

9 AAV9-

CAG-

ARSA 

Jugular vein of newborn ARSA-/- 

mice injected with vector. 

15 months post-treatment, ARSA expression detected in CNS, heart, 

muscle and plasma. Treatment prevented sulphatide storage and 

neuromotor impairment. 

(Miyake et 

al., 2014) 
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Like MLD, Krabbe disease comes in different forms classified by age of onset. The infantile 

form, making up 95% of cases, has an onset within 6 months of age. Symptoms are 

irritability, stiff limbs and unexplained fevers. This deteriorates rapidly towards a decerebrate 

posture, blindness and unresponsiveness with death by 2 years of age. The other rarer forms 

are late infantile (onset between 6 months and 3 years), juvenile (onset between 3 and 16 

years) and adult (onset after 16 years). The late infantile and juvenile forms are associated 

with vision loss, ataxia and psychomotor retardation with progressive deterioration to death 

in approximately 3 years from disease onset (Graziano and Cardile, 2015). The adult form is 

the most rare and variable with a slower, but ultimately debilitating and fatal, disease 

progression (Debs et al., 2013).  

There are naturally occurring authentic animal models for Krabbe disease, including mice, 

dogs, sheep and rhesus macaques (Graziano and Cardile, 2015). The most widely used model 

is the twitcher mouse. Twitcher mice have a severe phenotype with onset during the active 

myelination period at approximately 20 days old (Costantino-Ceccarini and Morell, 1972) 

where they begin to tremor (twitch). This progresses to hind limb weakness and 

incoordination, total body tremor, weight loss and death by day 45. This coincides with 

myelin degeneration, axon degradation, gliosis and the appearance of globoid cells (Suzuki 

and Suzuki, 1983). With an excellent mouse model with a severe phenotype and short 

lifespan, much work has been done aiming to extend life as a primary outcome measure. 

Research into using heterologous HSC transplants demonstrated that life can typically be 

extended by 80 days although PNS associated disease, such as hind-leg weakness, is not 

corrected (Li and Sands, 2014). Given this significant improvement (3-fold increase in 

lifespan), it is logical to follow with gene therapy mediated GALC overexpression in 

autologous HSCs, as is reportedly successful in ARSA-/- mice. However, forced GALC 

overexpression is toxic to HSCs. This may be overcome by exploiting HSC specific miRNAs 

to silence transgene expression until the miRNAs have been down-regulated during 

differentiation (Gentner et al., 2010). Table 1.2 summarises some gene therapy based pre-

clinical studies using the twitcher mouse model. 

As shown in Table 1.2, gene therapy has had little effect on the progression of disease in the 

twitcher mouse model, except where given in combination with a heterologous BM 

transplant. The single exception is by combining a high number of injections of AAV10 

vector directly to the neonatal brain, followed by intravenous administrations of the same 

vector. Some treated mice lived for over 220 days, making it the most successful study to 
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date, while the average lifespan from this treatment was similar to that of heterologous BM 

transplant (Table 1.2, #5). However, the high number of intracranial injections is unlikely to 

enter the clinic and a further study without intracranial injections failed to reproduce the 

benefit (Table 1.2, #8). A number of studies looking at the effect of MSC delivery to twitcher 

mice have been recently conducted. Table 1.3 gives a summary of the outcomes of these 

studies. 

To date, only limited efficacy has been shown from 2 independent groups employing MSCs 

for cell therapy in the mouse model of Krabbe disease. Transduction of MSCs to over-

express GALC prior to transplantation modestly improved outcome following intraperitoneal 

(IP) delivery (Table 1.3). Both groups utilised allogeneic MSCs from GFP transgenic mice 

for tracking purposes yet only study #2 addressed the risk of graft rejection, known to occur 

in MSCs despite widespread opinion that they are immunoprivileged (Zangi et al., 2009, 

Isakova et al., 2014). This may account for loss of GFP-expressing cells by day 20 in study 

#3, although some GFP+ staining (1 GFP+ cell per image) in the brain was shown at 

euthanasia using a 5-fold higher cell dose in study #5. The possibility of GFP expression 

silencing was not considered. Furthermore, the vector for GALC transduction was not 

optimised before use. Higher expression and transduction rates may improve therapeutic 

efficacy. Finally, ICV injection of GALC over-expressing MSCs was not assessed. In the 

twitcher mouse, treatment strategies aiming to correct both CNS and PNS pathology is likely 

to have the most success. Both groups in Table 1.3 propose the use of MSCs to correct PNS 

pathology in conjunction with other treatments, such as HSC transplant which only corrects 

some CNS pathology. 
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Table 1.2 – Gene therapy approaches in twitcher mice as a model for Krabbe Disease. 

# Vector Strategy Findings Reference 

1 LVV-PGK-GALC PND1 LVV administered 

intravenously + PND2 

heterologous HSC transplant. 

Combined treatment produced slight improvement in 

survival compared to heterologous HSCs only. 

(Galbiati et 

al., 2009) 

2 LVV-

bidirectional[GFP<CMV]:

[PGK>GALC] 

Inject vector into brains (external 

capsule) of PND21 twitcher 

mice. 

Widespread enzyme distribution (telencephalon, 

cerebellum, spinal cord) and correction of enzyme activity. 

Reduced (but did not correct) astroglia and microglia 

activation. Phenotype not reported. 

(Lattanzi et 

al., 2010) 

3 As #2 Transduction of neural stem 

cells, transplant into both lateral 

ventricles of twitcher mice at 

PND2. 

Engraftment, but no clear benefit of LVV transduced neural 

stem cells compared to control. Claimed improved survival 

and delayed onset of symptoms, but data shows limited 

effect. 

(Neri et al., 

2011) 

4 As #2 As #2 except treatment at PND2. Reported mean increase in lifespan of 10 days. All other 

outputs showed limited/no improvement. 

(Lattanzi et 

al., 2014) 

5 AAV5-CAG-GALC PND2/3 mice injected 6 times at 

3 bilateral sites in brain 

(forebrain, thalamus, 

cerebellum) and intrathecally. 

BM transplant 1 day later. 

Lifespan extended from median 41 days to 123 days. Study 

reports that AAV in brain increased inflammation. Bone-

marrow transplant had no effect on CNS GALC levels or 

substrate reduction but augments therapy by eliminating 

AAV induced inflammation. 

(Reddy et 

al., 2011) 

6 As #5 6 injections into 3 bilateral sites 

in PND3 mice brains at 

Lifespan increased by ~25 days. Good vector distribution 

through brain, limited to spinal cord. Partially prevented 

(Lin et al., 

2011a) 
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cerebellar vermis, hippocampus 

and cortex. 

oligodendrocyte and Purkinje neuron loss and gliosis at 

endpoint. 

7 AAV10-CAG-GALC Various treatments: 

1: PND2 Lateral ventricles and 

intracerebellar. 2: PND2 

intravenous tail vein. 3: 1+2. 4: 

as 3 with additional intravenous 

at PND7. 

Treatment 1 increased lifespan by ~35 days. Treatment 2 

increased lifespan by ~15 days. Treatment 3 increased 

lifespan ~60 days. Treatment 4 increased lifespan ~80 days 

to 3X untreated (average 120 days vs 40 days untreated), 

although 2 mice lived to ~220 days. All signs of pathology 

in CNS and PNS delayed and slower to progress. Only 

study to report twitchers able to have and raise their own 

litters.  

(Rafi et al., 

2012) 

8 As #7 Intravenous injection at PND10. Extended life by an average of 25 days. High GALC 

expression in liver, muscle, heart, sciatic nerve and some 

expression in CNS. Distribution not compared to PND2/7. 

Authors suggest increased volume allowed at PND10 

mediated further benefits. 

(Rafi et al., 

2014) 
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Table 1.3 – MSC therapy in Krabbe disease. 

# Strategy Findings Reference 

1 Delivery of 5x106 immortalised MSC-GFP cell line 

into tail vein of PND23-25 twitcher mice. 

MSCs grafted in sciatic nerve and improved number of Schwann 

cells and neurons. Authors suggest suitability as an add-on treatment 

(to HSC transplant) to target PNS. 

(Miranda et 

al., 2011) 

2 2X106 Primary BM-MSCs from GFP+ mice (MSC-

GFP) were administered into tail vein of PND22-25 

twitcher mice (immunosuppressed) as allogeneic 

source. 

MSCs grafted in the sciatic nerve and improved axonal loss, but did 

not limit psychosine accumulation or improve myelination. 

Schwann cells proliferated and macrophages in the sciatic nerve 

were activated following treatment. 

(Miranda et 

al., 2014) 

3 Adipose or BM derived MSCs from UBC-GFP 

transgenic mice were delivered to lateral ventricles 

(2X104 in 1 µl per hemisphere) of PND3/4 twitcher 

mice. 

BM-MSCs performed slightly better than adipose-MSCs. Both 

treatments provided slight benefit compared to mock treated. BM-

MSCs: increased survival from average 33.3 days to 38.5 days; 

increased max body weight; reduced twitching severity. BM-MSCs 

found in brain for up to 20 days post-transplantation. Grafting levels 

in wild type and twitcher mice were comparable. Myelin basic 

protein expression not improved with treatment. GALC activity was 

not affected by treatment. Some reduction in markers of 

inflammation, microglia activation and macrophage recruitment 

lead authors to conclude that MSC immunoregulatory properties 

improve phenotype. However, there are some incompatible claims 

within the publication and, when compared to other reports with 

twitcher mice, it appears that the mock treated have an unusually 

(Ripoll et 

al., 2011) 
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short lifespan, whereas treated twitchers have a lifespan and weight 

curve typical of untreated twitchers. 

4 Same as #3, except injection site is into the striatum. No improvements noted. All groups (including control) now match 

what is typical for twitcher mice. Some MSC migration, few cells 

detected 8 days post-transplantation, none detected after 20 days. 

Authors conclude lateral ventricle (study #3) is better injection site. 

(Wicks et 

al., 2011) 

5 Same as #3, but higher cell dose (1X105 in 2 µl per 

ventricle), different injection routes (lateral ventricles 

vs 1X106 by IP), single IP vs weekly IP and single IP 

MSC vs single IP MSC-GALC (LVV-EF1α-GALC 

transduced) 

Similar results obtained as in #2. Very little difference between 

treatment groups although IP MSC-GALC and weekly IP are 

described to be more beneficial than other treatments, despite 

staining showing low transduction efficiency. IP MSC-GALC 

improves measures of inflammation in sciatic nerve. Western blot 

targeting GALC described to show GALC in brain following IP 

MSC-GALC and IP weekly treatment. Some GFP+ staining in brain 

at euthanasia shown. 

(Scruggs et 

al., 2013) 
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1.8 - Aims of this thesis 

This thesis had four major aims: 

1. Firstly, we aimed to isolate the PFV PIC to allow its characterisation. The unique features 

of PFV such as the fact it is stable in non-dividing cells and the infectious genomic 

material is DNA, may allow for sufficiently high PIC yields for an unbiased proteomic 

approach to fully characterise a retroviral PIC for the first time. This would likely identify 

novel host-proteins that interact with retroviral PICs while improving the understanding 

of a fundamental step in FV replication. 

2. Secondly, we aimed to optimise FVVs for transduction of mu-MSCs. This promising 

adult stem cell is lacking an efficient transduction system, despite LVVs being optimised 

for this purpose. The development of a safe alternative vector with higher transduction 

efficiency could significantly benefit MSC therapy. 

3. Following FVV optimisation, we aimed to test our vector for MSC-based gene therapy. 

Using the sphingolipidoses to model the use of MSCs as cellular delivery vehicles, we 

aimed to assess the therapeutic potential of using transduced MSCs as lysosomal enzyme 

delivery vehicles. Considering the typical infantile, juvenile and adult onsets, we assessed 

this treatment strategy in mouse models for MLD (aim 3) and Krabbe disease (aim 4) 

which represent adult and infantile models, respectively. 
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Chapter 2: Materials and methods 

2.1 - DNA manipulation 

2.1.1 - DNA sequence analysis and oligonucleotide design 

Nucleic acid sequences were analysed, aligned and oligonucleotide sequences designed using 

SnapGene software (GSL Biotech LLC). Unmodified oligonucleotides were purchased from 

Sigma-Aldrich, UK. Dual labelled fluorescent probes were purchased from Biosearch 

Technologies, USA. Oligonucleotides used in this study are shown in Table 2.1 and the 

plasmids used are shown in Table 2.2. 

2.1.2 - Gene optimisation and gene synthesis 

The complete mouse GALC open reading frame was gene-optimised for mouse expression 

with the GeneArt GeneOptimizer tool and synthesised using GeneArt gene synthesis (Life 

technologies, UK). 

2.1.3 - Polymerase chain reaction (PCR) 

For PCR amplification of sequences for cloning, either Cloned Pfu DNA Polymerase AD 

(Agilent technologies, UK) or Q5 High-Fidelity 2X Master Mix (New England Biolabs, UK) 

was used according to manufacturer’s instructions. For diagnostic PCRs, REDTaq ReadyMix 

PCR Reaction Mix (Sigma-Aldrich) was employed. Incubations were carried out in a Veriti 

96-Well Fast Thermal Cycler (Applied Biosystems, UK). For cloning, PCR products were 

typically inserted into PCR4-TOPO via the Zero Blunt TOPO PCR Cloning Kit for 

Sequencing (Life technologies) and sequenced using oligonucleotides T7 and T3. The 

product was excised from clones harbouring the desired insert by restriction enzyme 

digestion followed by ligation into the desired vector. 

Sequencing reactions were carried out by the Genomics Core Laboratory at the MRC Clinical 

Sciences Centre, Imperial College London. 

2.1.4 - Restriction digests 

Restriction digests were prepared for diagnostic purposes, cloning and to linearise DNA to 

remove supercoiling prior to gel electrophoresis. All restriction enzymes were purchased 

from New England Biolabs and used according to manufacturer’s recommendation. For 

digests requiring multiple restriction enzymes simultaneously, the most appropriate buffer 

was selected using the NEB double-digest finder tool. 
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Table 2.1 – Oligonucleotide primers. 

Name Sequence 5’—3’ 

Modifications 

or restriction 

sites 

Target 

sequence 
Purpose Reference 

201_F GACCATCTTGGCAACAACAG  

FVV 

packaging 

signal 

Titration of FVV by qPCR 

This work 

201_P CCACCAATGACACTGCAACAATGGA 
5'FAM, 

3'BHQ-1 

201_R GTGCCTCATGCGCTTTATTC  

203_F AGATTGTACGGGAGCTCTTCAC  

FVV LTR Alu-qPCR and ST-qPCR 203_P TACTCGCTGCGTCGAGAGTGTACGA 
5'FAM, 

3'BHQ-1 

203_R CAGAAAGCATTGCAATCACC  

Alb_F GCTGTCATCTCTTGTGGGCTGT  

Human 

albumin gene 

qPCR to normalise to human input 

DNA 

(Barde et 

al., 2010) 
Alb_P CCTGTCATGCCCACACAAATCTCTCC 

5'FAM, 

3'BHQ1 

Alb_R ACTCATGGGAGCTGCTGGTTC  

Alu-1 TCCCAGCTACTGGGGAGGCTGAGG  Human 

genomic Alu 

repeat 

element 

Alu-qPCR 
(Delelis et 

al., 2005) Alu-2 GCCTCCCAAAGTGCTGGGATTACAG  

ARSA_F 
GCATCGATGGTACCATGGGTGCGCCCAGAT

CGTT 
ClaI-KpnI 

Codon 

optimised 

ARSA in 

pJO4-ASA 

Cloning of ARSA into pDF- This work 

ARSA_R GCGGATCCTCACGCATGCGGGTCCGGAC BamHI 
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Table 2.1 – Oligonucleotide primers (continued) 

ef1a_R GCGGTACCTCACGACACCTGAAATGGAAG KpnI 

EF1α 

promoter in 

pWPT-GFP 

Used with EFS_F to clone the intron-

containing EF1α promoter into pDF- 

This work 

EFS_F GCATCGATTGGCTCCGGTGCCCGTCAGT ClaI EFS 

promoter in 

pWPT-GFP 

Cloning of intron-deleted EFS 

promoter into pDF- EFS_R GCGGTACCCGCGTCACGACACCTGTGTT KpnI 

eGFP_F GCGGTACCATGGTGAGCAAGGGCGAGGA KpnI GFP in 

pWPT-GFP 
Cloning of GFP into pDF (1st gene) 

eGFP_R CTGCGGCCGCCTAGCTACTAGCTAGTCGAG NotI 

eGFP_F2 
GCGGATCCCCCGGGATGGTGAGCAAGGGCG

AGGA 
BamHI-XmaI 

GFP in 

pWPT-GFP 

Cloning of IRES-GFP-WPRE in in 

PCR4-TOPO for transfer to pDF- 
eGFP_R2 

GCGCGGCCGCAAGCTTCTAGCTACTAGCTA

GTCGAG 
NotI-HindIII 

EV54 
ATTGTCATGGAATTTTGTATATTGATTATCC

T 
 

 

Annealed together to mimic LTR end 

to use as substrate for IN strand-

transfer 

(Valkov et 

al., 2009) 
EV55 AGGATAATCAATATACAAAATTCCATGACA  

FVltrF TGTGGTGGAATGCCACTAGAAACTAG  Full PFV 

LTR in 

pczHSRV2 

To amplify full LTR to use as substrate 

for IN strand-transfer 

This work 

FVltrR ATTGTCATGGAATTTTGTATATTGATTATC  

galc_F CGGGTACCATGACCGCCGCCGCGGGCTC KpnI Wild type 

GALC in 

7dpcDNA3_

GALC 

Cloning of GALC into pDF- 
galc_R CGGGATCCTCATCTTCGTCGCTGTCTCC BamHI 
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Table 2.1 – Oligonucleotide primers (continued) 

GPO-3 GGGAGCAAACAGGATTAGATACCCT  16s rRNA in 

mycoplasma 
Mycoplasma testing of cell cultures 

(Young et 

al., 2010) MGSO TGCACCATCTGTCACTCTGTTAACCTC  

intGFPF GCAGAAGAACGGCATCAAGGTGAAC  Internal GFP 
Sequencing 

This work 

intPGKF TCACTAGTCTCGTGCAGATGGACAG  Internal PGK 

IRES_F GTTCTAGAGCGGCCGCGGATCCCG BamHI 

IRES in pLVX-

EF1α-IRES-

mCheery 

Cloning of IRES into pDF (pre-

assembled with GFP and GFP-WPRE 

in PCR4-TOPO) and IRES_F used 

with WPRE_R to clone IRES-

mCherry-WPRE into pDF-EFS-ARSA. 

IRES_R GCCCCGGGATTATCATCGTGTTTTTCAA XmaI 

Lambda 

(λ) 
ATGCCACGTAAGCGAAACT  λ-sequence ST-qPCR 

(Delelis et 

al., 2005) 

oPRE_F GCGGATCCTATACAAAAGTTGTGGAGCA BamHI oPRE in pENTR-

L5-oPRE-L2 
Clone oPRE into pDF- This work 

oPRE_R CAGCGGCCGCACGACAACACCACGGAAT NotI 

PC167 CTACTTACTCTAGCTTCCCGGCAAC  Backbone of 

pGEM-9zf(-) 
ST-qPCR 

(Hare et al., 

2011) PC168 TTCGCCAGTTAATAGTTTGCGCAAC  

pDF_F GGATTGCACGTTCCCTTAG  Either side of 

multiple cloning 

site in pDF 

Sequencing 

This work 

pDF_R CCATAGCTGCTTGGTAACG  

pgk_F GCATCGATTTCTACCGGGTAGGGGAGGC ClaI Murine PGK 

promoter from 

pQ-PGK-Flag-

puro 

Clone PGK promoter into pDF- 
pgk_R GCGGTACCAGGTCGAAAGGCCCGGAGATG KpnI 
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Table 2.1 – Oligonucleotide primers (continued) 

seq1 GCATTCTGCACGCTTCAAAAGCGCA  Within PGK 

Sequencing  

seq2 TCATTCCCTGGATGGCTGGGCAAAG  

Within GALC seq3 TCGCATATTGAACCAGAATTACATC  

seq4 TCCTTGACGGCAGCGGCAGTTTCAC  

seq5 CTTGTGGCAATACACCTGAACTAGT  Within oPRE 

seq6 GGAAAATGGCATCTGGGTGTGGGAC  
Within ARSA 

seq7 CTTGGAGGAGACACTTGTAATCTTC  

Seq1coG CGTGAACCTGCAGCTGACCG  
Within coGALC 

seq3coG CATGCTGAACGGCACCATCC  

Titin_F AAAACGAGCAGTGACGTGAGC  

Mouse titin gene 
qPCR to normalise to mouse input 

DNA 

(Barde et 

al., 2010) 
Titin_P TGCACGGAAGCGTCTCGTCTCAGTC 

5’FAM, 

3’BHQ-1 

Titin_R TTCAGTCATGCTGCTAGCGC  

T3 ATTAACCCTCACTAAAGGGA  T3 promoter 

Sequencing and ST-qPCR 

Manual for 

PCR4-

TOPO T7 TAATACGACTCACTATAGGG  T7 promoter 

TW-F: CACTTAATTTTCTCCAGTCAT  GALC gene in 

twitcher mice 
Genotyping of twitcher mice 

(Sakai et al., 

1996) TW-R: TAGATGGCCCACTGTCTTCAGGTGATA  
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Table 2.1 – Oligonucleotide primers (continued) 

WPRE_F GCAAGCTTAATCAACCTCTGGATTACAA HindIII 

WPRE from 

pLVX-EF1α-

IRES-mCherry 

Cloning of WPRE into pDF- (pre-

assembled with GFP in PCR4-TOPO) 

and WPRE_R used with IRES_F to 

clone IRES-mCherry-WPRE into pDF-

EFS-ARSA. 

This work 
WPRE_R 

GCGCGGCCGCCAGGCGGGGAGGCGGCCCA

A 
NotI 

Y-TSP_F TTTTGCCTCCCATAGTAGTATTTCCT  

Multi-copy repeat 

gene on mouse 

Y-chromosome 

qPCR to detect male DNA in female 

tissue. 

(McBride et 

al., 2003) 
Y-TSP_P AGGGATGCCCACCTCGCCAGA 

5'FAM, 

3'BHQ-1 

Y-TSP_R TGTACCGCTCTGCCAACCA  

λ-

pGEM_F 

ATGCCACGTAAGCGAAACTGAGGCCGACTT

GGCCAAATTCGTAA 

λ 

sequence Multiple cloning 

site of pGEM-

9zf(-) 

Insertion of λ sequence into pGEM by 

Gibson assembly. 
This work 

λ-

pGEM_R 

AGTTTCGCTTACGTGGCATTAATACGACTCA

CTATAGGGAGCTC 

λ 

sequence 
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Table 2.2 – Plasmids. 

Name Description and purpose Construction 

pJO4-ASA 
Contains codon optimised human ARSA. Used as template for PCR of 

ARSA. 

Provided by Dr. T. Rupar, University of 

Western Ontario, Canada. 

pWPT-GFP 
Lentivirus transfer plasmid containing EF1-α, GFP and WPRE. Used as 

template for PCRs of EF1-α, EFS and GFP. 

A gift from Prof. J. Luban, University of 

Worcester, MA, USA. 

pczHSRV2 
Plasmid harbouring infectious molecular clone of PFV, used to generate 

PFV and as template in PCR of LTR. 

Previously obtained in our laboratory, originally 

from Prof. A. Rethwilm, Wurzburg, Germany. 

7dpcDNA3_GALC 
Contains the mouse GALC fused to the HIV-1 Tat protein transduction 

domain. Used as template in PCR of GALC. 

Provided by Dr. B. Gonzalez, University of 

Cambridge, UK. 

pLVX-EF1α-IRES-mCherry 

Lentivirus transfer plasmid containing EF1-α promoter, a multiple 

cloning site followed by the  

encephalomyocarditis virus IRES, mCherry and the WPRE. Used as 

template in PCRs of IRES, WPRE and IRES-mCherry-WPRE. 

Available from Clontech, UK. 

pENTR-L5-oPRE-L2 Contains oPRE, used as template in PCR. 

Published description of oPRE (Schambach et 

al., 2005). Obtained through Addgene (plasmid 

32414) 

pQ-PGK-FLAG-puro 
Expression plasmid containing murine PGK promoter, used as template 

in PCR. 

Provided by Dr. G. Maertens, Imperial College 

London. 

pGEM-9zf(-) Empty cloning vector used as target DNA in strand-transfer reactions. Available from Promega, UK. 

pGEM-LTR 
pGEM-9zf(-) containing the full PFV LTR sequence, used as a control 

in ST-PCRs with recombinant IN and full-LTR substrate. 

Full PFV LTR inserted into EcoRI site in 

pGEM-9zf(-) . 

pGEM-λ Used as alternative target DNA in strand-transfer reactions. 

λ-sequence inserted by PCR of pGEM with λ-

pGEM_F and λ-pGEM_R. Product circularised 

with Gibson assembly master mix. 
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Table 2.2 – Plasmids (continued) 

PCR4-TOPO 
PCR cloning vector used to directly clone most PCR products for 

sequencing and amplification for restriction digestion and sub-cloning. 
Available from Life technologies. 

pMK-RQ-COmGALC 
Plasmid harbouring gene optimised mouse GALC open reading frame. 

Used for sub-cloning of coGALC. 

Synthesised by GeneArt (Life technologies) for 

this work). 

pSSH6P-HSRV2-INFL Expression vector used for production of recombinant PFV IN. 
Previously described in our laboratory (Valkov 

et al., 2009) 

pDF 
FVV transfer plasmid with multiple cloning site (ClaI-KpnI-BamHI-

NotI) used to create all FVV transfer plasmids. 
(Trobridge et al., 2002a) 

Provided by Prof. D. Russell (University of 

Washington, USA). 

pCiGsΔψ FVV packaging plasmid encoding Gag, used to produce FVV. 

pCiPs FVV packaging plasmid encoding Pol, used to produce FVV. 

pCIEs FVV packaging plasmid encoding Env, used to produce FVV. 

pcoPG4 
FVV packaging plasmid encoding codon optimised Gag, used to 

produce high-titre FVV. 
(Mullers et al., 2011b) 

Provided by Prof. D. Lindemann (University of 

Dresden, Germany). 

pcoPP 
FVV packaging plasmid encoding codon optimised Pol, used to 

produce high-titre FVV. 

pcoPE 
FVV packaging plasmid encoding codon optimised PFV envelope, used 

to produce high-titre FVV. 

pcoSE 
FVV packaging plasmid encoding codon optimised SFVmac envelope, 

used to produce high-titre, non-toxic FVV. 

Unpublished, provided by Prod. D. Lindemann 

(University of Dresden, Germany). 

pDF-EFS 
FVV transfer plasmid containing EFS promoter for further cloning of 

FVV constructs. 

EFS promoter inserted between ClaI and KpnI 

sites in pDF. 

pDF-EFS-GFP 
FVV transfer plasmid encoding GFP under control of EFS promoter. 

Used in FVV optimisation. 

GFP inserted between KpnI and NotI in pDF-

EFS. 
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Table 2.2 - Plasmids (continued) 

pDF-EFS-GFP-WPRE 
As for pDF-EFS-GFP but with WPRE. Used in FVV optimisation and 

early in vivo work. 

GFP-WPRE (pre-assembled in PCR4-TOPO) 

inserted between KpnI and NotI sites in pDF-

EFS. 

pDF-EFS-ARSA 
FVV transfer plasmid driving expression of codon optimised ARSA 

under control of the EFS promoter. Used in FVV optimisation. 

ARSA inserted between KpnI and BamHI sites 

in pDF-EFS. 

pDF-EFS-ARSA-IRES-GFP 

FVV transfer plasmid allowing dual-transgene expression of ARSA and 

GFP by inclusion of an IRES. Transcription driven by the EFS 

promoter. Used in FVV optimisation. 

IRES-GFP (pre-assembled in PCR4-TOPO) 

inserted between BamHI and NotI sites in pDF-

EFS-ARSA. 

pDF-EFS-ARSA-IRES-GFP-

WPRE 
As pDF-EFS-ARSA-IRES-GFP but with WPRE. 

IRES-GFP-WPRE (pre-assembled in PCR4-

TOPO) inserted between BamHI and NotI sites 

in pDF-EFS-ARSA. 

pDF-EFS-ARSA-IRES-

mCherry-WPRE 

As pDF-EFS-ARSA-IRES-GFP-WPRE but mCherry expressed instead 

of GFP. 

IRES-mCherry-WPRE inserted between BamHI 

and NotI sites in pDF-EFS-ARSA. 

pDF-EFS-ARSA-oPRE As pDF-EFS-ARSA but with oPRE. 
oPRE inserted between BamHI and NotI sites in 

pDF-EFS-ARSA. 

pDF-PGK-GFP-WPRE 
As pDF-EFS-GFP-WPRE but promoter changed for PGK. Used to 

produce final optimised FVV expressing GFP for in vivo work. 

PGK replaced EFS in pDF-EFS-GFP-WPRE 

between ClaI and KpnI. 

pDF-EF1α-GFP-WPRE 
As pDF-EFS-GFP-WPRE but promoter changed for EF1α. Used for 

promoter optimisation. 

EF1α replaced EFS in pDF-EFS-GFP-WPRE 

between ClaI and KpnI. 

pDF-PGK-ARSA-oPRE 
As pDF-EFS-ARSA-oPRE but promoter changed for PGK. Used to 

produce FVV in ongoing studies in the MLD mouse model. 

PGK replaced EFS in pDF-EFS-ARSA-oPRE 

between ClaI and KpnI. 

pDF-PGK-GALC-oPRE 
As pDF-PGK-ARSA-oPRE but transgene changed for murine GALC 

sequence. Expression compared to pDF-PGK-coGALC-oPRE. 

GALC replaced ARSA in pDF-PGK-ARSA-

oPRE between KpnI and BamHI. 

pDF-PGK-coGALC-oPRE 
As pDF-PGK-GALC-oPRE but GALC sequence codon optimised. 

Used for in vivo work with Twitcher mice. 

coGALC replaced GALC in pDF-PGK-GALC-

oPRE between KpnI and BamHI. 
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2.1.5 - Ligations for molecular cloning 

Following purification of restriction digestion products by gel extraction, DNA fragments 

were covalently joined by T4 DNA Ligase (Promega, UK). A typical 10 µl ligation reaction 

consisted of 1 µl of T4 DNA Ligase, 1 µl of 10X reaction buffer, 2 µl of vector and 6 µl of 

insert (DNA concentrations were not determined). Alternatively, purified PCR products were 

assembled via Gibson assembly (Gibson et al., 2009) using the Gibson Assembly Master Mix 

(New England Biolabs) according to the manufacturer’s protocol. 

2.1.6 - Transformation of chemically competent E. coli 

Library Efficiency DH5α Competent Cells (Escherichia coli) were purchased from Life 

technologies and transformed according to the manufacturer’s protocol. 

2.1.7 - Bacterial culture 

For single colony selection, bacteria were cultured for approximately 16 hours at 37℃ on 

Luria Bertani (LB) agar (Sigma-Aldrich) containing 100 mg/ml carbenicillin or 50 mg/ml 

kanamycin sulphate (both purchased from Sigma-Aldrich), as appropriate. For DNA 

isolation, single colonies were transferred to LB broth (Sigma-Aldrich) containing the 

appropriate antibiotics at the concentration indicated above and incubated at 37℃ while 

shaking at 250 revolutions per minute (rpm) for 16 hours. 

2.1.8 - DNA isolation 

Plasmid DNA was isolated from cultured bacteria according to the manufacturer’s protocol 

using either QIAprep DNA mini kit, QIAGEN Plasmid Plus Midi Kit, QIAGEN Plasmid 

Plus Maxi Kit or the QIAGEN Plasmid Giga Kit (all supplied by Qiagen, UK). 

Genomic DNA was isolated from cultured cells with the QIAamp DNA mini kit (Qiagen), 

according to the manufacturer’s instructions or by organic extraction, as detailed below. 

2.1.9 - Organic DNA extraction 

For the isolation of genomic DNA from tissue or cultured cells, the sample was homogenised 

in a minimal volume of phosphate-buffered saline [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4] (PBS) using a disposable pestle fitted to a cordless 

pestle motor (VWR, UK). To lyse cells, 5 volumes or 200 µl (whichever was greater) of 

tissue lysis buffer [50 mM Tris-HCl pH 8; 200 mM NaCl; 20 mM EDTA; 1% SDS] were 

added. Proteinase K (Thermo Scientific, UK) was added to a final concentration of 200 µg/ml 

and the sample incubated at 56℃ overnight or until the lysate had clarified. To the cleared 
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lysate, an equal volume of phenol-chloroform-isoamyl alcohol 25:24:1 (Sigma-Aldrich) was 

added and mixed by shaking vigorously. The organic and aqueous layers were separated by 

centrifugation at 16 000 x g for 5 minutes. The aqueous layer was transferred to a fresh tube 

and an equal volume of phenol-chloroform-isoamyl alcohol was added, mixed and separated. 

To the aqueous layer in a fresh tube, 1 volume of chloroform-isoamyl alcohol 24:1 (Simga-

Aldridge) was added, mixed and separated. The aqueous layer was transferred to a clean tube 

and DNA was precipitated by ethanol precipitation. 

2.1.10 - Ethanol precipitation 

For genomic DNA obtained by organic extraction, 2.5-3 volumes of absolute ethanol were 

added and mixed by shaking, followed by incubation at -20℃ for at least 15 minutes. 

Subsequently, DNA was pelleted by centriguation at 16 000 g for 30 minutes at 4℃. The 

ethanol was removed and the pellet washed with cold 70% ethanol, followed by 

centrifugation at 16 000 x g for 10 minutes at 4℃. The ethanol was removed and the pellet 

allowed to air-dry for 5 minutes at room temperature. DNA was resuspended in water and 

stored at -20℃. 

For concentration of DNA samples in water, the same protocol was followed, except that 

1/10th volume of 3 M sodium acetate, pH 5.2 (Sigma-Aldrich) was added prior to ethanol 

addition. Where the concentration was known or expected to be low, 10 µg of Glycogen, 

Molecular Biology Grade (Thermo Scientific) were also added prior to the addition of 

ethanol. 

2.1.11 - Nucleic acid quantification 

The concentration of nucleic acid solutions was determined using an Implen NanoPhotometer 

(Implen GmbH, Germany), according to manufacturer’s instructions. 

2.1.12 - Agarose gel electrophoresis 

Agarose gels were prepared using agarose, molecular biology grade (Eurogentec, UK) at 

concentrations between 0.7 and 3% in TAE buffer [40 mM Trizma base, 20 mM acetic acid, 

1 mM EDTA, pH 8.0] and heated in a microwave until dissolved. For all gels except for 

separation of strand-transfer products, GelRed Nucleic Acid Stain, 10,000X in water 

(Biotium Inc., USA) was added to the molten agarose at a dilution of 1 in 10 0000. Once set, 

the gel was transferred to TAE buffer in an electrophoresis tank and samples, mixed with 

1/5th volume of 6X DNA loading dye [30% glycerol, 0.25% Bromophenol Blue], were 
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applied. Hyperladder I or Hyperladder V from Bioline, UK was added as a DNA marker. A 

constant voltage between 5 and 10 volts per cm of gel length was applied through the 

electrophoresis tank until the Bromophenol Blue had migrated at least 1/3rd of the length of 

the gel. Except where DNA was to be extracted from the gel for molecular cloning, DNA was 

visualised by excitation of GelRed with ultraviolet light using the GelDoc-It Imaging system 

(UVP, UK). For visualisation of strand-transfer products, the gel was post-stained by soaking 

in 3X GelRed Nucleic Acid Stain in 0.1 M NaCl solution with agitation for 30 minutes prior 

to imaging. 

2.1.13 - Gel extraction of DNA 

For extraction of DNA from agarose gel following separation by gel electrophoresis, DNA 

was visualised using a blue-light transilluminator (Dark Reader DR22A transilluminator by 

Clare Chemical, USA) to avoid ultraviolet-induced DNA damage. The region of gel 

containing the DNA of interest was excised and DNA extracted with the QIAquick Gel 

Extraction Kit (Qiagen), according to the manufacturer’s instructions. 

2.1.14 - Real-time quantitative PCR 

Real-time quantitative PCR (qPCR) was performed with dual-labelled fluorescent probes and 

the QuantiTect Probe PCR Kit (Qiagen) according to the manufacturer’s recommended 

protocol. All incubations and real-time monitoring were performed by a CFX96 Real-Time 

PCR Detection System (Bio-Rad). All reactions were performed in at least technical 

duplicate, but more typically in triplicate or quadruplicate. 

2.1.15 - Alu-qPCR and strand-transfer qPCR 

Alu-qPCR and strand-transfer (ST-)qPCR were carried out according to similar protocols. 

For Alu-qPCR, each 20 µl reaction in the 1st round PCR consisted of 2.5 units of HotStarTaq 

DNA Polymerase and 1X PCR Buffer (both from Qiagen), 0.25 mM dNTPs (Sigma-

Aldridge), 0.25 µM each primer (Alu1, Alu2 and 203_R) and 100 ng of genomic DNA. The 

control reaction was identical, except that only 203_R was included, allowing for linear 

amplification of FVV DNA to be controlled for. Incubations were a 15 minute 95℃ heat 

activation step followed by 25 cycles of 95℃ for 30 seconds, 55℃ for 30 sections and 72℃ 

for 3 minutes and 30 seconds. A final extension step of 72℃ for 10 minutes completed the 1st 

round PCR. This was adapted for ST-qPCR by replacing the Alu1 and Alu2 primers with 

target DNA specific primers (PC167 and PC168 or T7 or λ) and 1/10th of the strand-transfer 

reaction was added as template. 
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For nested qPCR, 1st round PCR reactions were diluted 1/100. From this dilution, 5 µl were 

added to each reaction containing primers 203_F, 203_R and probe 203_P and carried out as 

described for other qPCRs. 

 

2.2 - Cell culture 

In this study, the human embryonic kidney cell line, 293T/17 (Graham et al., 1977) and 

HT1080 cells, a human fibroblast cell line isolated from a fibrosarcoma (Rasheed et al., 

1974), were obtained from ATCC, UK. Human retinal pigment epithelial cells, ARPE-19 

(Dunn et al., 1996), were a gift from Prof. J. Greenwood, University College London, UK. 

Foamy virus activated GFP BHK-21 cells, which express GFP under control of the PFV U3 

promoter in response to Tas, were a gift from Prof. A. Saib, University of Paris, France. All 

cells were incubated in a humidified incubator with 5% carbon dioxide at 37℃. Frozen 

aliquots of cells were made by mixing 106 cells in 1 ml of 30% fetal bovine serum, 10% 

DMSO and 60% growth medium and freezing slowly in a Mr. Frosty Freezing Container 

(Thermo Scientific) at -80℃ overnight. Aliquots were transferred to a liquid nitrogen 

container or -170℃ freezer for long-term storage. 

2.2.1 - Mycoplasma testing 

All cells were confirmed to be negative for mycoplasma by PCR using the published primers 

GPO-3 and PC370 (Young et al., 2010). Samples for mycoplasma testing were obtained by 

maintaining cells for 5 days post-confluence without medium change. The adherent cell layer 

was disturbed by scraping and the medium containing some detached cells, was collected and 

heated at 99℃ for 10 minutes. The cooled supernatant constituted the template for PCR. 

2.2.2 - Maintenance of 293T, HT1080, ARPE-19 and BHK-21 cells 

The 293T, HT1080, ARPE-19 and foamy virus activated GFP BHK-21 cells were grown in 

growth medium which consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 1 mg/L glucose, 1 mg/L L-glutamine (pre-formulated by Sigma-Aldrich) 

and 10% fetal bovine serum (Sigma-Aldrich). The 293T, HT1080 and FAG cells were 

passaged regularly and confluence was avoided during maintenance. The ARPE-19 cells 

were only passaged when required since they exhibit contact inhibition. To passage, medium 

was removed and cells were rinsed with PBS. A sufficient volume of TrypLE (Life 

technologies) to cover the cells was added. Once the cells had dissociated, growth medium 
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was added to collect the cells and neutralise the TrypLE. For routine maintenance, cells were 

reseeded at a density of approximately 104 cells per cm2.  

2.2.3 - Isolation and culture of MSCs from murine bone marrow 

Mice (C57BL/6 or Twitcher) were humanely killed by cervical dislocation and dissected to 

obtain the femurs and tibias. The ends of bones were cut to expose the bone marrow, which 

was flushed into a sterile collection tube by plunging 1 ml of MSC growth medium 

(MesenCult Mouse proliferation kit, StemCell Technologies, UK) using a 1 ml insulin 

syringe. The bone marrow from all 4 bones of 1 mouse was pooled and cultured in a T25 

flask. Mesenchymal stem cells were purified based on their adherence characteristics; non-

adherent cells are washed away during medium changes while more adherent cell types 

remain attached to the culture dish during a 3-minute room-temperature incubation with 

TrypLE. Half medium changes were performed every 3-4 days until 80-90% confluence was 

reached. Cells were detached gently in a 3-minute dissociation at room temperature in 

TrypLE. The dissociation was stopped and cells collected by the addition of 5 volumes of 

MSC growth medium. Cells were reseeded at approximately 104 cells per cm2. 

2.2.4 - Flow cytometry 

Cells were acquired for analysis using a Becton Dickinson Fortessa (equipped with 355 nm, 

405 nm, 488 nm, 561 nm and 640 nm lasers) or LSRII (equipped with 405 nm, 488 nm and 

640 nm lasers) instrument. Data were analysed using FlowJo analysis software. To determine 

the median fluorescence intensity, the median signal value of the negative population was 

subtracted from the median signal value of the positive population. 

2.2.5 - Cell cycle synchronisation  

To synchronise ARPE-19 cells in the G0 phase of the cell cycle, cells were grown to 

confluence and maintained in growth medium for at least 5 days. 

To synchronise HT1080 cells in the G1/S phase of the cell cycle, the DNA synthesis inhibitor 

aphidicolin (Sigma-Aldrich) was added to growth medium to a final concentration of 5 µg/ml 

and cultured for 20-28 hours. The medium was then removed, cells were rinsed twice with 

PBS and then growth-medium was replaced. For control samples where the cell cycle block 

is not removed, the fresh growth-medium was supplemented with aphidicolin at 5 µg/ml. 
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2.2.6 - Cell cycle analysis 

Propidium iodide staining was used to determine the DNA content and infer the proportion of 

cells in G1, G2 or S phase of the cell cycle. For analysis, cells were collected and fixed by the 

addition of ice-cold 70% ethanol while mixing, then incubated for 30 minutes on ice. Ethanol 

was removed by centrifugation at 800 g for 3 minutes to pellet the cells and washed with 

PBS. Cells were collected in 200 µl PBS and DNase-free RNase A (Qiagen) was added to 20 

µg/ml and incubated at room temperature for 30 minutes. Propidium iodide (Sigma-Aldridge) 

was added to a final concentration of 100 µg/ml and samples analysed by flow cytometry. 

2.2.7 - Mesenchymal stem cell surface marker phenotype analysis 

Mesenchymal stem cells were analysed for cell-surface marker expression using the Mouse 

Mesenchymal Stem Cell Marker Antibody Panel (R&D systems, UK) according to 

manufacturer’s protocol. The secondary antibodies used were goat anti-rat conjugated to 

Alexa Flour 594 (Life Technologies catalogue number A-11007) and donkey anti-sheep 

conjugated to CF-594 (Sigma-Aldrich catalogue number SAB4600101), as appropriate. Both 

were used at a final concentration of 2 µg/ml. Isotype control antibodies (R&D systems) were 

used to determine the background signal. Stained samples were analysed by flow cytometry. 

2.2.8 - Tri-differentiation of MSCs and histological staining 

Adipogenesis 

For induction of MSC differentiation into adipocytes, a protocol was obtained from L. Weng 

in Prof. F. Dazzi’s laboratory (Imperial College London). MSCs were cultured in MSC 

growth-medium until confluent. At confluence, medium was replaced with MSC growth-

medium (control induction) or adipogenic induction medium. This consisted of growth-

medium supplemented with 1 µM dexamethasone, 0.5 mM methyl-isobuthylxanthine and 10 

µg/ml insulin (all purchased from Sigma-Aldrich). After 72 hours, induction medium was 

replaced with maintenance medium containing growth-medium supplemented with 10 µg/ml 

insulin. After 72 hours, maintenance medium was replaced with induction medium. This 

cycle was repeated until the 3rd round of maintenance medium which was left for 7 days or 

until adipocytes were clearly visible in culture. Alternatively, MesenCult Adipogenic 

Stimulatory Supplement (Mouse) was added to MesenCult MSC Basal Medium according to 

manufacturer’s protocol (both from StemCell Technologies). Control cells were maintained 

in MSC-growth medium throughout. 
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Following differentiation, cells were fixed using 10% zinc formalin in PBS for 10 minutes at 

room temperature, then washed 3 times with PBS. For staining, a 0.5% solution of Oil Red O 

(Sigma-Aldridge), which stains lipids red, was prepared in isopropanol. This solution was 

mixed with water in the ratio of 6:4 and allowed to stand for 10 minutes. The staining 

solution was filtered through Whatman qualitative filter paper, Grade 1 (Sigma-Aldrich) and 

added to the fixed cells. Following 1 hour at room temperature, cells were washed 

extensively in water then imaged by light microscopy (see page 84). 

Osteogenesis 

For induction of MSC differentiation into osteocytes, MSCs were cultured in MSC-growth 

medium until 70-80% confluence, at which point medium was replaced with osteogenic 

induction medium (StemPro Osteogenesis Differentiation Kit by Life Technologies). This 

was replaced every 3-4 days for 3-4 weeks until cells started to detach from the culture dish. 

The cells were then fixed with 10% zinc formalin for 10 minutes at room temperature then 

washed 3 times with water. Cells were stained with a 2% solution of Alizarin Red (Sigma-

Aldridge) dissolved in water then adjusted to pH 4.2 with ammonium hydroxide, which stains 

calcium red, for 1 minute, rinsed 3 times with water and imaged by light microscopy. 

Chondrogenesis 

To induce MSC differentiation into chondrocytes, MSCs were prepared at a concentration of 

20 million per ml in MSC-growth medium. To the centre of a culture dish, 5 µl of this 

suspension was spotted and incubated for 2 hours at 37℃, 5% CO2 in a humidified incubator 

to create a micromass. Chrondrogenesis induction medium (StemPro Chondrogenesis 

Differentiation Kit, Life Technologies) was added. This medium was gently replaced every 3-

4 days for 2-3 weeks after which the cells were fixed in 10% zinc formalin for 30 minutes. 

Fixative was removed by gentle aspiration and washing in PBS. The cell pellet was stained in 

1% Alcian Blue (Sigma-Aldrich) prepared in 0.1 M HCl for 30 minutes to stain 

proteoglycans blue. Cells were destained by 3 washes in 0.1 M HCl followed by 1 wash with 

water, then imaged by light microscopy. 

2.2.9 - Transfection of 293T cells 

Calcium phosphate precipitation method 

For each 10 cm round cell-culture dish, 3.5X106 293T cells were seeded and cultured 

overnight in 10 ml of growth medium. The next day, 25 µg of DNA were mixed into 400 µl 

of 0.25 M CaCl2. This was mixed dropwise into a solution of 280 mM NaCl, 50 mM Hepes 
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and 1.5 mM sodium phosphate at pH 7.05 whilst vortexing. During a 10 minutes incubation 

at room temperature, chloroquine was added to cells at a final concentration of 25 µM, then 

the DNA precipitate was added to the cells. Sixteen hours post-transfection, the medium was 

replaced with pre-warmed growth medium. Samples were collected after a further 48 hours. 

Polyethylenimine (PEI) method 

For each 10 cm round cell-culture dish, 5X106 cells were seeded in 10 ml growth medium. 

The following day, medium was replaced with 4 ml of DMEM containing 15% fetal bovine 

serum. 15 µg of DNA were added to 1 ml of DMEM. To another 1 ml of DMEM, 45 µg of 

branched PEI (Sigma-Aldridge) were added. The PEI and DNA solutions were mixed rapidly 

and incubated for 30 minutes at room temperature, then added to the cells. The following day, 

medium was replaced with 5 ml of growth medium. Samples were collected following a 

further 24-32 hours. 

 

2.3 - Foamy virus production and transduction 

2.3.1 – Production of PFV 

For production of wild type PFV, a protocol was obtained from the laboratory of Prof. A. 

Saib (University of Paris, France). 293T cells were transfected with pczHSRV2 by calcium 

phosphate precipitation. To propagate virus, vector-containing supernatant was filtered using 

a 0.45 µm cellulose acetate syringe filter and transferred to HT1080 cells. Cells were 

passaged 1 in 2 when necessary. Cells and supernatant were collected once extensive syncytia 

had formed. Cells and supernatant underwent 3 rounds of freeze-thawing (frozen on dry-ice, 

thawed at 37℃) before being filtered using a 0.45 µm cellulose acetate filter. PFV was stored 

at -80℃ in the presence of 5% dimethyl sulfoxide.  

2.3.2 - 4-plasmid co-transfection for vector production 

Before a codon-optimised FVV packaging system was obtained, FVV was produced by 293T 

cell transfection by calcium phosphate precipitation according to published protocols 

(Trobridge et al., 2002b). The plasmids used were the transfer plasmid (pDF-), pCiGsΔψ 

(encoding Gag), pCiPs (encoding Pol) and pCiEs (encoding PFV envelope) transfected in the 

ratio of 25:25:3:1.5, respectively. 
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Once the codon-optimised FVV packaging system had been obtained from Prof. D. 

Lindemann (University of Dresden, Germany), the transfer vector pDF- and packaging 

plasmids pcoPG4 (encoding Gag), pcoPP wt (encoding Pol) and pcoPE wt or pcoSE 

(encoding PFV or SFVmac envelope, respectively) were mixed in the ratio of 13:3.25:1.5:1, as 

advised by Prof. D. Lindemann, and 293T cells were transfected with PEI. 

In both protocols, collected supernatant was filtered through a 0.45 µm surfactant free 

cellulose acetate membrane syringe filters (Sigma-Aldrich) or a Stericup-HV 0.45 µm PVDF 

vacuum filtration unit (Merck Millipore, UK). Filtered supernatant was transferred to cells for 

transduction, concentrated and/or stored for future use. 

2.3.3 - Concentration and storage of FVV-containing supernatant 

Most vector-containing supernatant was concentrated 100-fold by ultracentrifugation in an 

SW28 rotor spinning at 19 000 rpm (average relative centrifugal force of 48 000) at room 

temperature for 2 hours in a Beckman Coulter ultracentrifuge using Beckman UltraClear 38.5 

ml open tubes (Beckman Coulter, UK). Following ultracentrifugation, supernatant was 

removed and the pellet resuspended in PBS (100X less than the initial volume). Alternatively, 

vector was concentrated 100-fold using Retro-X concentrator according to the manufacturer’s 

instructions. 

Dimethyl sulfoxide was added to vector suspensions to a final concentration of 5% and vector 

was immediately frozen in small aliquots (<100µl) on dry-ice and stored at -80℃. 

2.3.4 - Titration of PFV and FVV 

A 5-fold dilution series of PFV stocks were made and 10 µl of each dilution in the expected 

useful range was added to foamy-activated GFP BHK-21 cells, which express GFP when 

infected, for titration. The cells were seeded the previous day at 20 000 cells per cm2 of 

surface area. At the time of transduction, a cell count was taken using a haemocytometer. 

Medium was changed after 16-24 hours and cells were collected 48 hours post-infection and 

fixed using 10% formalin for 10 minutes at room temperature. Fixative was removed and 

cells washed 3 times in PBS and stored at 4℃ for up to 2 weeks. Flow cytometry was used to 

determine the percentage of cells expressing GFP. Samples expressing between 1 and 10% 

were preferred to avoid underestimation due to multiple infections of the same cell. The 

percentage of GFP+ cells was multiplied by the number of cells at the time of transduction to 
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determine the number of infectious units added. This was adjusted for the dilution factor and 

volume added to be expressed as infectious units per ml. 

For FVV that express a fluorescent protein, the same protocol was used, except that HT1080 

cells were chosen for titration and cells were passaged once and grown to confluence post-

transduction before sample harvest. This was to ensure that most transduced cells had passed 

through mitosis and were expressing fluorescent protein at detectable levels. 

For FVV that does not express a fluorescent protein, vector was titrated in parallel with a 

vector of known titre (calibrator). Typically, 10, 1 and 0.1 µl of the vector with an unknown 

titre would be added to HT1080 cells, whereas just 1 µl of the calibrator vector was added. 

Medium was replaced after 16-24 hours and cells were grown to 90% confluence and 

passaged once. At confluence, cells were collected and DNA extracted. Titre was determined 

using qPCR with primers 201_F, 201_R and probe 201_P (specific to FVV) and normalised 

to albumin using primers Alb_F, Alb_R and probe Alb_P. The vector dilution with the 

nearest Cq to the calibrator was used to determine titre using the ΔΔCt method (Livak and 

Schmittgen, 2001). 

2.3.5 - Transduction and infection with PFV or FVV 

Vector or virus was added directly to cells, typically the day after seeding. For some 

experiments, vector was added to cells at the time of seeding. This did not affect transduction 

rates (data not shown). In both cases, vector was removed between 8 and 24 hours after 

addition by replacement of medium, except in integration timing experiments where vector 

was not removed before the sample endpoint. 

For some experiments, the IN inhibitor raltegravir was used. Where stated, raltegravir was 

added to the cell-culture medium to a final concentration of 10 µM. Raltegravir was provided 

by Prof. G. Taylor, Imperial College London. 

In some experiments, transduction was enhanced by spinoculation. Immediately following 

vector addition to cells in multi-well plates, dishes were centrifuged at 30℃ for 90 minutes at 

1200 g, then cultured normally, as previously described. 
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2.4 – Protein and lipid analysis 

2.4.1 - Recombinant PFV integrase and human GALC 

Purification of recombinant PFV IN has been previously described by our laboratory (Valkov 

et al., 2009). The published protocol was followed without modification. Recombinant 

human GALC was purchased from R&D systems. 

2.4.2 - PIC isolation 

Transduced cells were treated as previously described for lentivirus PIC isolation (Engelman, 

2009), except that HT1080 cells were used and ball-bearing homogenisation to lyse nuclei 

was replaced with gentle sonication. Briefly, cells were washed with K-/- (20 mM HEPES pH 

7.6, 150 mM KCl and 5 mM MgCl2). Cell membranes were lysed in buffer K+/+ (K-/- 

supplemented with 1 mM dithiolthreitol, 20 µg/ml aprotinin and 0.0025% digitonin). Nuclei 

were pelleted by centrifugation at 1500g for 4 minutes at 4℃ and the supernatant 

(cytosolic fraction) was transferred to a clean tube. Nuclei were re-suspended in buffer 

K+/- (K+/+ without digitonin). The nuclei suspension was sonicated on power level 1 for 3-5 

pulses using an analogue Sonifier 450 (Branson Ultrasonics, UK). Following disruption, both 

cytosolic and nuclear lysates were clarified by centrifugation at 13 000 g for 3 minutes at 4℃. 

To the cleared lysates, RNaseA (Qiagen) was added to 20 µg/ml. Sucrose was added to a 

final concentration of 7% weight per volume and samples were flash frozen in liquid nitrogen 

then stored at -80℃. 

2.4.3 - Strand-transfer assay 

For cell lysates, target DNA was added at a final concentration of 3 µg/ml and reactions were 

incubated for 60-120 minutes at 37℃. Reactions were stopped by the addition of SDS, EDTA 

and proteinase K to final concentrations of 0.5%, 8 mM and 0.5 mg/ml, respectively, and 

incubated for 30-60 minutes at 56℃. DNA was recovered by organic extraction followed by 

ethanol precipitation. 

For strand-transfer using recombinant integrase, reactions were prepared similarly to 

previously described protocols (Valkov et al., 2009). In a 20 µl reaction in ST buffer (125 

mM NaCl, 5 mM MgSO4, 4 µM ZnCl2, 10 mM DTT and 20 mM HEPES, pH 7.4), wild type 

PFV IN or an inactive mutant D128A (a gift from Dr. G. Maertens) was included at 1.5 or 3 

µM. Target DNA (supercoiled pGEM) was added at 3 µg/ml. Substrate was either annealed 

oligonucleotides EV54 and EV55 that mimic preprocessed LTR-ends (Valkov et al., 2009) or 
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full-length LTR purified by gel extraction from PCR using FVltrF and FVltrR with 

pczHSRV2 as template at 0.5 µM and 50 nM, respectively.  

2.4.4 - Determination of protein concentration 

Protein concentration was determined by the Bio-Rad Protein Assay (Bio-Rad) or, when 

incompatible detergents were used, the DC Protein Assay (Bio-Rad). In both cases, the 

manufacturer’s microplate assay protocol was followed with bovine serum albumin used as a 

standard. 

2.4.5 - Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed using 10 or 12% acrylamide gels with a 4% stacking gel prepared 

according to classical methods (Laemmli, 1970). Briefly, protein samples were adjusted to 

equal volumes of known protein content and denatured using sample buffer (final 

concentration of 2% SDS, 40 mM Tris-HCl, pH 6.8, 0.01% Bromophenol Blue, 1% β-

mercaptoethanol) by boiling for 10 minutes. The sample was cleared by centrifugation at 16 

000 g for 3 minutes and the supernatant applied to the gel. PageRuler Plus Prestained Protein 

Ladder (Thermo Scientific, UK) provided a molecular weight marker. Gels were submerged 

in running buffer (23 mM Tris-HCl, 0.2 M Glycine, 0.1% SDS at pH 8.3) and 150 volts were 

applied using the Bio-Rad Mini-PROTEAN Tetra Cell until the Bromophenol Blue dye front 

reached the end of the gel. 

2.4.6 - Western blotting 

Proteins separated by SDS-PAGE were transferred by wet transfer onto an Immobilon-P 

Membrane (Merck Millipore) made of polyvinylidene fluoride with a pore size of 0.45 µm. 

The gel and membrane was soaked in 0.2 M glycine, 25 mM Tris-base and 20% methanol 

then 0.08 amps were applied overnight at 4℃ using the Bio-Rad Mini Trans-Blot Cell. 

Following transfer, membranes were recovered and rinsed in PBS containing 0.1% Tween20 

(PBST). Membranes were blocked to saturate non-specific binding sites using blocking 

buffer (5% skimmed milk powder in PBST) for 30 minutes. Primary antibody was diluted in 

blocking buffer (or 1% skimmed milk in PBS for anti-GALC) and incubated with the 

membrane at room temperature for 2 hours while rotating in a 50 ml tube. The membrane 

was washed 3 times with PBST, then incubated with a horse-radish-peroxidase conjugated 

secondary antibody specific to the primary antibody diluted in blocking buffer (or 0.5% 

skimmed milk in PBST for anti-GALC) for 1 hour while rotating. Unbound antibody was 

removed by 3 washes in PBST. Antibody binding was detected using the Clarity Western 
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ECL Blotting Substrate (Bio-Rad) according to manufacturer’s guidelines. Signal was 

detected by exposure to Carestream Kodak BioMax light film (Sigma-Aldrich). 

Primary antibodies were goat-anti-ARSA (R&D Systems catalogue number AF2485), used at 

a dilution of 1 in 5000; Rabbit-anti-GALC (a gift from Dr. B. Cachón-Gonzáles, University 

of Cambridge), used at a dilution of 1 in 5000; Rabbit-anti-GAPDH-HRP (Abcam, UK 

catalogue number ab9385) was used at a dilution of 1 in 1000 and rabbit-anti-β-Tubulin 

(Santa Cruz Biotechnology catalogue number sc-9104) used at a dilution of 1 in 1000. 

Secondary antibodies were rabbit-anti-goat IgG conjugated to horse radish peroxidase 

(Sigma-Aldrich catalogue number A5420) diluted 1 in 50 000 or goat-anti-rabbit IgG (Sigma 

Aldrich catalogue number A6154) diluted 1 in 5000. 

To remove anti-ARSA from a blot in order to probe with a different antibody, the membrane 

was incubated in mild stripping buffer (0.2 M glycine, 0.1% SDS, 1% Tween 20, pH 2.2) 

twice for 10 minutes then washed 4 times with PBS. To remove anti-GALC, the membrane 

was incubated in harsh stripping buffer (2% SDS, 625 mM Tris-HCl, pH 6.8 and 0.8% β-

mercaptoethanol) for 45 minutes at 50℃ then washed extensively under running water, 

followed by 2 washes in PBS. Following stripping, immunoblotting proceeded from the 

initial blocking step. 

2.4.7 - ARSA assay 

In order to determine ARSA activity, cells were lysed by incubation on ice with agitation in 

ARSA lysis buffer (20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 1% Triton X-100 and 2 mM 

EDTA). Lysate was cleared by centrifugation at 16 000 g and supernatant collected. Protein 

concentrations were determined using the DC Protein Assay Kit (Bio-Rad). The ARSA assay 

was conducted essentially as previously described (Rip and Gordon, 1998), but adapted to a 

96-well microplate. Briefly, between 1 and 2 µg of protein were added in 40 µl of ARSA 

lysis buffer to 40 µl of ARSA assay buffer (0.5 M sodium acetate, 0.5 mM sodium 

pyrophosphate, 10% NaCl and 10 mM ρ-nitrocatechol sulphate at pH 5.0) and incubated on 

ice for 24-100 hours. The reaction was stopped by the addition of 120 µl of 1 M NaOH and 

absorbance measured at 516 nm using a SpectraMax M2 Microplate Reader (Molecular 

Devices, UK). The absorbance was divided by the extinction coefficient of ρ-nitrocatechol 

(0.012) and normalised to protein content and reaction time. 
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2.4.8 - BODIPY-Sulphatide loading of MLD patient fibroblasts 

This experiment was performed by C. Regan at University of Western Ontario. BODIPY-

sulphatide was produced using Lysosulphatide (Matreya, USA), BODIPY FL C16 (Life 

Technologies, Canada) and dicyclohexylcarbodiimide (Sigma-Aldrich, Canada) as previously 

described (Zeigler et al., 1984). Patient fibroblasts (MLD or healthy control) were grown to 

75% confluence and BODIPY-sulphatide was added to a final concentration of 6.7 mM. 

After 24 hours, cells were rinsed twice with PBS and conditioned medium from MSCs 

(diluted so that the sample with highest ARSA activity contained less than 1 unit of ARSA 

activity, defined as that which converts 1 pmol of ρ-nitrocatechol sulphate in 1 hour at 4℃) 

was added. After 24 hours, cells were imaged by fluorescence microscopy then collected for 

analysis. 

2.4.9 - High pressure liquid chromatography (HPLC) analysis  

This experiment was performed by C. Regan at the University of Western Ontario. Cells or 

tissues were collected, BODIPY-lactosylceramide (synthesised as described for BODIPY-

sulphatide) was added as a recovery standard and lipids were extracted using chloroform and 

methanol as described (Bligh and Dyer, 1959). Chromatographic separations were performed 

using a Luna C18 column (Phenomenex; Canada). The mobile phase consisted of solvent A:  

methanol:water (1:1; v/v) and solvent B: tetrahydrofuran:methanol (4:1; v/v). The flow rate 

was 1 ml/min. When eluting the column, the mobile phase was increased from 40% solvent B 

to 100% solvent B in 20 minutes, held at 100% solvent B for 10 min, then decreased back to 

40% solvent B and held for 10 miutes. The fluorescence detector was set with an excitation 

wavelength of 502 nm and emission wavelength of 530 nm. 

2.14 - Animals 

2.14.1 – ARSA-/- mice 

All work on ARSA-/- mice was carried out at the University of Western Ontario by J. Liu, C. 

Regan or T. Rupar. ARSA-/- mice, which contain a large deletion in the ARSA gene (Hess et 

al., 1996), had previously been bred onto a C57BL/6 background at the University of 

Western Ontario. The colony was maintained by the breeding of homozygous pairs and 

procedures carried out in compliance with the guidelines set by the Canadian Council for 

Animal Care. Following euthanasia, brains of ARSA-/- mice were collected and submerged in 

RNAlater (Qiagen, Canada), then frozen at -80℃. 
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2.14.2 - Twitcher mice 

The B6.CE-Galctwi/J (twitcher) mouse colony was maintained in heterozygous breeding pairs 

at the University of Cambridge. All procedures were approved by the Home Office. Twi-/- 

were provided with accessible soft food after weaning (typically post-natal day (PND) 21-25) 

and on recognition of symptoms associated with the twitcher phenotype or following 

genotype testing. 

A protocol for genotyping of twitcher mice by PCR and restriction digestion has been 

previously described (Sakai et al., 1996) but was adapted. An ear punch was used for 

identification of mice and for genomic DNA extraction. DNA was isolated using 15 µl 

DNAreleasy (Anachem, UK) incubated in a thermal cycler at 65℃ for 15 minutes, 96℃ for 2 

minutes, 65℃ for 4 minutes, 96℃ for 1 minute, 65℃ for 1 minute and 96℃ for 30 seconds 

followed by storage at 4℃. For PCR, 150 µl of water were added and 1 µl included in a 20 µl 

PCR with primers TW-F and TW-R in 1x REDTaq ReadyMix PCR Reaction Mix (Sigma-

Aldrich). The reaction was heated for 95℃ for 5 minutes followed by 30 cycles of 95℃ for 

30 seconds, 54℃ for 30 seconds and 72℃ for 30 seconds with a final 10 minute extension 

step at 72℃. Half of the PCR was digested in a 20 µl restriction digest using 10 units of 

EcoRV (New England Biolabs) for 2 hours. The resulting products were separated on a 3% 

agarose gel by gel electrophoresis at 5 volts per cm. 

The humane endpoint was defined as a weight loss of 20% from the highest achieved weight 

or on becoming moribund, but the latter endpoint did not apply to any mice in this study. 

Euthanasia was by exposure to a rising concentration of CO2. Euthanized mice were either 

dissected and their organs (any combination of brain, spinal cord, sciatic nerve, heart, lungs, 

kidneys, liver and spleen) were collected and frozen on dry ice, or perfused through the left 

ventricle of the heart with 40 ml of PBS followed by 40 ml of freshly prepared 4% 

paraformaldehyde dissolved in PBS and adjusted to pH 7.4. Perfused mice were then 

dissected and their organs collected and submerged in 4% paraformaldehyde overnight before 

being paraffin embedded and sectioned by the Human Research Tissue Bank at 

Addenbrooke’s Hospital, Cambridge, UK. 

2.14.3 - Stereotactic injection of ARSA adult mice 

Mice were injected into the right lateral ventricle as previously described (McAllister et al., 

2014). Injections were performed by Dr. J. Liu at the University of Western Ontario. 
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2.14.4 - Intracranial injection of neonatal twitcher mice 

Between PND 0-3, pups from the breeding of Twi+/- pairs were anaesthetised using 3% 

isoflurane mixed with oxygen for 2-10 minutes, as needed (up to 8 pups anaesthetised at 

once). Trypan Blue was added to the cell suspension (0.05%) as a tracking dye. The tip of a 

pulled borosilicate glass needle (a gift from the transgenic facility at the Addenbrooke’s 

Hospital Central Biomedical Services, Cambridge University) was broken and the needle 

attached to a 1ml syringe by rubber tubing. Approximately 2 µl of cell suspension (~50 000 

MSCs per µl in PBS) was drawn into the needle. An assistant held the anaesthetised pup by 

its snout between finger and thumb of 1 hand while the thumb of the other hand pressed 

against the posterior of its head to ensure skin is taut and movement is restrained. Under a 

surgical lamp, lambda, bregma and the midline can be seen. Relative to lambda, the needle is 

inserted approximately 2 mm anterior and 1 mm lateral of the midline to a depth of 2 mm 

(estimated by eye, needle inserted by hand) and the cell suspension is delivered. Successful 

delivery to the right lateral ventricle is observed due to the presence of tracking dye. The 

needle was withdrawn and the pup was placed on a heating pad to recover. Upon recovery, 

the pup was returned to its cage. The injection typically took under 5 seconds per pup, while 

the total duration of the procedure during which pups were separated from their parents was 

15-40 minutes per litter. Steps taken to try and avoid cannibalisation included the spreading 

of soiled bedding material on all major contact surfaces including gloves, heating pad and 

isoflurane chamber. Parents were transferred to a clean cage prior to removal of their pups 

and only returned once all pups had been returned to the cage. 

2.14.5 - Intraperitoneal (IP) injection of neonatal twitcher mice 

Pups between PND 5-7 were injected with a 10 µl suspension of MSCs in PBS at a cell 

density of approximately 50 000 cells per µl. Pups were held in one hand such that their 

abdomen was taut to limit movement and pain during injection. With the other hand, cells 

were collected with a 50 µl Gastight RN Hamilton syringe (model 1705) fitted with a 

Hamilton custom 30g needle (12 mm length, 12 degree angle, point style 4) (VWR, UK) and 

10 µl of MSC suspension was delivered to the peritoneum. The needle was withdrawn after 

10 seconds (delay allowed dispersion of the injected suspension) and the pup was returned to 

its cage. Gloved hands were rubbed with soiled bedding material prior to handling pups to 

limit cannibalisation or neglect due to transferred scents. 
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2.14.6 - Analysis of neuromotor function by rotarod testing 

An Ugo-Basile RotaRod was set to accelerate from the start speed of 4 rpm to a maximum of 

40 rpm at a rate of 1 additional rpm per second. Mice of at least 20 days old were placed on 

the RotaRod and acceleration was started. The time in seconds was recorded when the mouse 

fell or jumped from the rotating bar, if the mouse stayed on the rotating bar for 120 seconds, 

or if the mouse gave up (held on without moving any limb for 3 complete revolutions). For 

each day that data were recorded, each mouse was tested 3 times and the mean average 

recorded. 

2.15 - Fluorescence and light microscopy 

For photomicrographs taken at Imperial College London, fluorescence and light microscopy 

was performed using a Nikon Eclipse TE-2000s and images were captured using the Nikon 

ACT-1 software (Nikon, UK). 

Microscopy at the University of Western Ontario (Figures 4.12 and 5.4) was performed by C. 

Regan or J. Liu using an inverted fluorescence Leica DM IRB microscope (Leica 

Microsystems, Canada). Images were acquired with the Openlab imaging software (Perkin 

Elmer, Canada). 

2.16 - Statistical analysis 

All statistical analyses were carried out using GraphPad Prism version 5.00 for Windows 

(GraphPad Software, USA). One or Two-way analysis of variance (ANOVA) tested the null 

hypothesis that the independent variable has no effect on the dependent variable (for 

example, that choice of promoter has no effect on expression levels). To test individually 

each independent variable to a control, the Dunnett’s post-test was applied and to test each 

independent variable with all other variables, the Bonferroni post-test was used. 
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Chapter 3: Isolation of the foamy virus pre-integration complex 

3.1 - Introduction: 

Foamy viruses are a unique subgroup of retroviruses but little is known about their PIC. 

Studying host-cell factors that interact with the PIC may be facilitated by FV biology, since 

PICs are stable within capsids during interphase (Lehmann-Che et al., 2007) and this may 

allow cell synchronisation to pause the infection process at chosen stages for PIC isolation. 

Furthermore, as late reverse transcription is thought to occur in the majority of infectious 

virions (Yu et al., 1999), it is possible that native PICs may be extractable directly from 

extracellular stocks, which would be highly advantageous for proteomic studies, as it would 

allow high concentrations of PICs to be easily obtained with associated producer cell-derived 

host factors. A better characterisation of retroviral PICs would facilitate the identification of 

new anti-retroviral targets and may allow vector modification to encourage a favourable 

integration bias. 

As PFV PICs have not previously been isolated, we optimised high-titre transduction using 

PFV or FVV. We then evaluated the usefulness of aphidicolin induced cell cycle arrest in 

G1/S and contact inhibition induced G0 arrest by quantifying integration with time and cell 

cycle progression upon removal of the cell cycle block. Next, PIC isolation protocols 

described for HIV-1 (Engelman, 2009) were employed and cell extracts tested for in vitro 

strand-transfer assay. 

3.2 - Results: 

3.2.1 - Production and titration of high titre PFV and FVV 

The toxicity associated with foamy virus infection will limit the multiplicity of infection 

(MOI) achievable, while a high MOI is essential to enable the isolation of sufficient active 

PICs. To compare the toxicity of PFV with that of FVV, stocks were prepared and titrated. 

For PFV, a plasmid (pczHSRV2) harbouring the infectious clone HSRV2 (Figure 1.3) was 

transfected into 293T cells. The supernatant was either transferred and propagated in HT1080 

cells or concentrated 100-fold by ultracentrifugation and titrated using foamy-activated GFP 

BHK-21 cells that express GFP under the control of the PFV U3 promoter (Lehmann-Che et 

al., 2005). The percentage of GFP-expressing cells was determined by flow cytometry and 

converted to infectious units per ml of supernatant (IU/ml). For FVV, GFP and the EFS 

promoter were cloned into the FVV transfer plasmid to create pDF-EFS-GFP. Using the 



86 

Russell 4-plasmid co-transfection system (Trobridge et al., 2002b), FVV-EFS-GFP was 

produced and concentrated by ultracentrifugation. Vector was titrated on HT1080 cells and 

analysed by flow cytometry to calculate titre in HT1080 transducing units per ml (TU/ml). 

Average titres are shown in Table 3.1. 

As shown in Table 3.1, all methods of virus and vector production achieved similar titres. 

Titres from FVV or PFV are not wholly comparable, since FVV cannot propagate prior to 

analysis, whereas PFV can, despite limiting the time of infection to 48 hours. Therefore, an 

overestimate of titre is likely for PFV, but not for FVV. Furthermore, although foamy-

activated GFP BHK-21 cells and HT1080 cells are both highly permissive to PFV 

transduction (Hill et al., 1999), they are different cell lines and transduction efficiencies are 

likely to differ. Nevertheless, the actual titres are expected to be similar to the calculated titre. 

Passaging PFV in HT1080 cells gave more variable titres than transient transfection methods 

(not shown). Transient transfection is more costly and labour intensive than virus passaging 

but, for consistency, was the chosen method for subsequent experiments. 

The relative toxicity of PFV compared to FVV was tested on HT1080 cells 20 hours after 

addition of PFV/FVV containing supernatant. A preliminary experiment using FVV 

identified that there was significant toxicity at a MOI of 5 with few small syncytia observed 

at MOI of 1 (not shown). Therefore, triplicate wells were infected at MOIs of 0, 0.1, 0.5 and 

1. It was observed that FVV induced only small syncytia at MOIs of 1 and 0.5, with no 

syncytia at a MOI of 0.1. Comparatively, PFV induced large syncytia at a MOI of 1, 

moderately sized syncytia at a MOI of 0.5 and small syncytia at a MOI of 0.1, indicating that 

the PFV stocks are more cytotoxic than FVV. This is unlikely due to differences in titration 

methods as PFV, but not FVV, titres are expected to be slightly over- estimated, which would 

have resulted in the inverse observation, if toxicity were equal. The difference in toxicity is 

likely due to the different amounts of Env expressed in producer cells from virus genome 

(PFV) or by co-transfection where the ratio of Env to other viral proteins is minimised 

(FVV). Although this experiment was not independently repeated, PFV was consistently 

observed to be more toxic than FVV at equal MOIs. 

To isolate PICs, a high MOI of around 100 is preferred to ensure high PIC concentration in 

cell extracts (Engelman, 2009). However, low titres (~106 TU/ml after 100-fold 

concentration) and high toxicity at low MOIs were a significant block to progress. However, 

1 year after the start of this PhD, a codon optimised vector expression system 
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Table 3.1 – Average titre of PFV or FVV produced by different methods. 

Supernatant Average titre 

HSRV2 transfection 1.8X106 IU/ml 

HSRV2 passaged on HT1080 cells 3.2X106 IU/ml 

FVV-EFS-GFP 1.0X106 TU/ml 

 

Titres shown were determined following 100-fold concentration by ultracentrifuge. HSRV2 

is a PFV infectious clone.  
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(Mullers et al., 2011b) was made available and obtained from Prof. D. Lindemann 

(University of Dresden,Germany). Using this system increased concentrated vector titres to 

~109 TU/ml. This relieved the problems with low titre and focussed further experiments on 

the use of FVV rather than PFV. However, MOI could not be increased without inducing 

extensive syncytia and associated cell death. Fortunately, these problems coincided with a 

publication on virus entry that reported extensive syncytia formation with PFV Env (PE), but 

not with the envelope of simian macaque foamy virus (SFVmac envelope, SE) (Stirnnagel et 

al., 2012). A codon optimised version of this plasmid, pcoSE, was provided by Prof. D. 

Lindemann (University of Dresden, Germany). The titre, toxicity and transduction efficiency 

of SE containing (SE::)FVV-EFS-GFP-WPRE was compared to PE containing (PE::)FVV-

EFS-GFP-WPRE in HT1080 cells, the results of which are shown in Figure 3.1. 

The difference in syncytial formation between PE::FVV and SE::FVV was unequivocal. In 

comparison, the titre of vectors using PE or SE were similar (Figure 3.1, panel A) as are their 

transduction efficiencies in HT1080 cells (Figure 3.1, panel B). At a MOI of 1, it appears that 

PE::FVV transduced more cells than SE::FVV, but this difference is reduced at MOI 5. At 

higher MOIs, both envelopes mediate transduction efficiencies over 95%. The difference at 

low MOI is likely due to small variations when diluting high-titre vector stock for this 

experiment or for determination of titre. When measuring transduction rate by GFP 

expression, small differences between calculated and actual titre have a greater effect at a low 

MOI since, at a low MOI, most cells are transduced by a single vector. As shown in Figure 

3.1 panel C, PE but not SE is highly fusogenic, even at a low MOI. Many small syncytia can 

be seen for PE at a MOI of 1, with large syncytia at MOIs of 5 and 10, causing cell densities 

to appear much reduced compared to the same MOI with SE. In comparison, no syncytia can 

be seen for SE::FVV transduced cells. A MOI of 200 was also tested, but is not shown as the 

PE::FVV transduced cells did not survive at this MOI. In comparison, SE::FVV transduced 

cells at a MOI of 200 did not form syncytia or suffer growth delays (assessed subjectively). 

Subsequently, all experiments employ SE::FVVs as they can be produced to high titre and, in 

HT1080 cells, achieve high transduction rates without cytotoxicity at MOIs of at least 200. 

We aimed to determine when integration takes place after infection. The hypothesis was that 

active PICs are likely to be most abundant and available for isolation shortly before most 

integration occurs. Using FVV rather than PFV is required for reasons of titre and toxicity, as 

described, but there is also a significant benefit for these experiments as they are single-round 

vectors, so avoiding detection of new integrations made by progeny virus. 
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Figure 3.1 – Comparison of PE and SE for HT1080 transduction. FVV-EFS-GFP-WPRE 

was produced in parallel using SE or PE and titrated on HT1080 cells (panel A). Different 

MOIs were used to transduce HT1080 cells. Cells were grown to confluence and the percent 

of cells expressing GFP (transduced) was determined by flow cytometry (panel B). Light 

microscopy was used to assess syncytia formation as a measure of toxicity 20 hours post-

transduction (panel C). MOI is given in TU/ml. 
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To detect integration, an approach that covers the whole genome is required since retroviral 

integration is not site-specific. Therefore, Alu-qPCR was established. This technique uses 

primers targeting the repeat Alu retrotransposon element located approximately every 4kb 

throughout the human genome, and a primer targeting the virus genome (Nelson et al., 1989). 

Following first round amplification (between virus and Alu), nested qPCR is used to quantify 

integration. Alu-PCR has already been described for PFV clone HSRV13 (Delelis et al., 

2005), but the virus-specific primer targets a U3 region that is absent in SIN-FVVs. 

Therefore, new primers were designed in the LTR region and tested. Primers were designed 

in the LTR to minimise the length of the amplicon between an LTR and the nearest Alu 

sequence to the 5’ LTR.  If cells are passaged twice (approximately 8 population doublings) 

post-transduction, we found the assay to be sensitive to a MOI of 0.005. This is much 

reduced if DNA is isolated from cells shortly after vector addition (0-1 population doublings), 

presumably due to the high amount of non-integrated FVV and the presence of plasmid DNA 

that is carried over from transfection (data not shown). A schematic of Alu-qPCR, location of 

the primers designed for this study and an example amplification curve is shown in Figure 

3.2. 

3.2.2 - Quantifying integration with respect to time post-infection 

Using Alu-qPCR, integration was quantified by transducing HT1080 cells at a MOI of 100 

and freezing cell pellets every 2 hours after FVV addition (from hereon, transduction will 

refer to the moment of vector addition). Genomic DNA was prepared and the same amount 

(100 ng) used in each reaction. The –Alu reaction controls for total FV sequence in the 

samples and relative amount is calculated using the ΔΔCT method. The experiment design 

and results are shown in Figure 3.3. 

As shown in Figure 3.3, integration cannot be detected until 12 hours post-transduction (prior 

time-point 9 hours). As these cells are asynchronous (so mitosis is not the limiting factor), an 

early event must prevent integration into mitotic cells shortly after transduction. This could 

be fusion, transport to the microtubule organising complex, uncoating, PIC formation, strand-

transfer or it may reflect a requirement for recruitment of cell cycle specific host-proteins. A 

steady increase in integration signal is observed in the subsequent time-points. The doubling 

time of HT1080 cells is described as 26 hours (Rasheed et al., 1974). Considering that there 

is no integration at 9 hours, taking later time-points might be expected to result in greater 

integration levels, as more cells containing productive PICs pass through mitosis. 
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Figure 3.2 – Alu-qPCR to quantify integrated FVV in human cells. Panel A shows a 

schematic of the Alu-qPCR technique applied to quantification of FVV integration. Alu 

elements are shown in red boxes. Primers used in 1st round PCR are indicated by green 

arrows. The Alu-FVV amplification products are shown with nested qPCR primers 

indicated by grey arrows (all specific to LTR). The annealing sites within FVV are shown 

in panel B. A Taqman probe, 203_P (203P) is used for quantification of amplification in 

this assay. Primer 203_R (203R) is used both in 1st round and nested qPCR. Primer 203_F 

(203F) is only used in nested qPCR. An example amplification plot is shown in panel C for 

negative control (untransduced) HT1080 cells (left) and HT1080 cells transduced with 

FVV at a MOI of 5 (right). 
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Figure 3.3 – Integration analysis in cycling HT1080 cells. Panel A illustrates the 

experimental design. FVV was added to cells in suspension immediately prior to seeding to 

reduce the variability between samples. The same number of cells were then seeded into each 

well (or stored immediately for T=0). At predetermined time-points, cells were dissociated, 

collected and stored for later genomic DNA isolation. Genomic DNA was used in Alu-qPCR 

(panel B). Results are shown relative to the final time-point which is assigned the arbitrary 

value of 1 (indicated by dotted line). 
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To ensure that these results were not adversely affected by high amounts of unintegrated 

FVV and carryover transfection DNA, an alternative strategy was employed. The integrase 

inhibitor, raltegravir (Summa et al., 2008) was added at pre-determined times and all cells 

were collected at the same endpoint. This removes the variability of background levels 

reducing with time and ensures an equal number of cell divisions between FVV addition and 

DNA extraction in different samples. The experimental design and results are shown in 

Figure 3.4. 

As is shown in Figure 3.4, employing a raltegravir time of addition assay gives similar results 

to that in Figure 3.3. Integration is approximately linear between 10 and 24 hours post-

transduction, with no detectable integration occurring prior to the 10 hour time-point. These 

results confirm that the adverse effect of variable background levels of unintegrated FVV 

sequences is minor. Further, it supports the contention that FVV integration does not take 

place in the first 9 hours after vector addition. The subsequent increase in integration is linear 

with time, presumably correlating with the proportion of cells passing through mitosis after 

the initial 9 hour inactive period. 

One of the potential advantages of FVV over other retroviruses for PIC isolation is that 

integration is mitosis dependent, yet naked capsids can stably persist in non-dividing cells. 

Thus, synchronising cells may allow accumulation of PICs within interphase cells followed 

by a shorter period of active integration during or shortly after mitosis. This active period 

may allow high concentrations of PICs to be isolated. Cells can be arrested in G1/S by using 

aphidicolin, a DNA synthesis inhibitor, then allowed to progress through S phase by removal 

of the drug. Alternatively, some cell-lines exhibit contact-inhibition which results in G0 

arrest. This arrest can be reversed by transferring cells to a larger dish such that cell-to-cell 

contact is reduced. For G1/S arrest, HT1080 cells will be used as they are a human cell-line 

that has been employed previously in PFV studies in combination with aphidicolin treatment 

(Patton et al., 2004, Bieniasz et al., 1995). Preliminary experiments showed that no difference 

in cell cycle progression after aphidicolin removal was observed following aphidicolin 

treatment of 24, 28 or 32 hours (not shown), allowing some flexibility between vector 

addition and release. Figure 3.5 shows the experimental design, DNA content analysis by 

propidium iodide staining and flow cytometry, and integration analysis by Alu-qPCR. 

As shown in Figure 3.5, HT1080 cells can be arrested in G1/S with aphidicolin with 90-95% 

efficiency. Following drug removal, DNA synthesis continues with a clear increase in DNA   
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Figure 3.4 – Integration analysis in HT1080 cells: raltegravir time of addition assay. 

Panel A shows the experimental setup. As in Figure 3.3, vector was added to cells prior to 

seeding to minimise variability between samples. At predetermined time-points, raltegravir 

was added to the appropriate well. Cells from each well were collected together at the 

endpoint for genomic DNA extraction and Alu-qPCR. The results of Alu-qPCR are shown 

in panel B where the endpoint times (24 and 38 hours) are arbitrarily assigned a value of 1. 

The endpoint of gold coloured bars (8, 10 and 24 hours) was 24 hours post-transduction, 

whereas samples with blue bars were collected at 38 hours post-transduction. Two 

endpoints were required to facilitate bi-hourly time-points over a 20 hour period. 
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Figure 3.5 – Integration analysis in HT1080 cells following aphidicolin induced G1/S 

arrest. Panel A illustrates the experimental setup. Cells, mixed with aphidicolin prior to 

seeding, are cultured for 24 hours to induce arrest in G1/S. FVV is added and incubated with 

cells for a minimum of 4 hours to allow cell entry. The cells are then washed with PBS and 

the medium is replaced to remove aphidicolin and allow the cell cycle to progress. At 

predetermined time-points, cells are collected and stored for genomic DNA extraction or 

fixed in ethanol for DNA content analysis. DNA content analysis by propidium iodide 

staining is shown in panel B and C. G1, S and G2 gates were defined by the cycling cell 

population and are indicated on each plot. The time after aphidicolin removal is labelled in 

purple. Panel C is a repeat experiment of panel B, demonstrating variability in cell cycle 

progression between independent experiments (compare 12 hour plots). Panel D shows 

results from Alu-qPCR of genomic DNA. The final time-points (18 or 24 hours depending on 

replicate) are assigned a value of 1. Error bars indicate the standard error from 3 independent 

replicates. 
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content at 2 hours. By 10 hours post-aphidicolin removal, the majority of cells are in G2/M. 

A minor population of cells do not progress through the cell cycle after drug removal, 

observed by a small peak left in G1 as the S phase population progresses towards G2. At 14 

hours in panel B and 12 hours in panel C, a conspicuous G1 peak appeared, indicating that a 

population of cells had passed through mitosis at this point. However, a prominent G2 peak 

also remains, gradually reducing with time. By 42 hours, the G2 peak is similar to that of 

cycling cells. A distinct peak through S is not seen post-mitosis. These observations indicate 

that cells do not remain synchronised through G2-M, although the largest period of cell 

division is at approximately 12 hours. In a third replicate, not shown, a G1 peak appeared at 

12 hours (more than in panel B, less than in panel C), demonstrating that there is 

experimental variability. Nevertheless, 10-14 hours is consistently the period of maximal cell 

division. Panel D shows the Alu-qPCR results from 10-24 hours after aphidicolin removal. A 

control sample was taken (T=0) in which aphidicolin was replenished instead of removed 

post-transduction. Genomic DNA for this sample was taken with the final time-point. The 

integration analysis of this control sample shows that there is some integration, even in the 

presence of aphidicolin. At 10 hours after aphidicolin removal, where DNA content analysis 

shows cells have not yet divided, but are mostly in G2, there is no increase in integration 

compared to when drug is removed. Twelve hours after aphidicolin removal, there is an 

increase in integrated FVV. The standard error for this time-point is highest, probably 

reflecting the variability seen in DNA content analysis at this time-point. Integration 

increases such that, by 16 hours, over 80% of total integration between 18 and 24 hours is 

completed. Longer time-points were not taken as further cell divisions would affect the 

results, but DNA content analysis indicates that not all cells have passed once through mitosis 

within 24 hours and, therefore, further integration after 24 hours is likely. 

The close correlation between integration and mitosis indicates that the majority of FVV 

PICs integrate during mitosis or immediately after mitotic exit.  While the cells do not remain 

synchronised following G2, this strategy may still be beneficial for obtaining a substantial 

amount of active PICs, as the relative amount of integration increases more rapidly during the 

active period of mitosis than it does in asynchronous cells. However, while the experiments 

were not done in parallel, final signal intensity for integrated FVV in aphidicolin treated cells 

was consistently lower (~3-fold) than in asynchronous cells, despite using similar MOIs of 

approximately 100 (data not shown). This may indicate direct toxicity of aphidicolin to FVV 

or that integration is enhanced by FVV experiencing G1, perhaps by recruitment of a G1 
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specific host-factor. Cells synchronised in G1/S may be missing such a factor. Time-points 

were not extended to allow for a second round of mitosis. Transduction of cells arrested in 

G0 would not suffer from either of these potential problems, since contact inhibition does not 

require drug use and cells must pass through all stages of the cell cycle to go from G0 and 

through M. 

A human retinal pigment epithelial cell line, ARPE-19 (Dunn et al., 1996), is efficiently 

transduced by FVV using both PE and SE (Figure 3.6). This primary cell-line readily exhibits 

contact inhibition in cell culture and FVV-GFP was able to transduce ARPE-19 cells after 

being maintained at G0 for at least 8 days post-transduction, if they were subsequently 

allowed to cycle (experiment carried out during MRes, data not shown). This indicates that 

the FVV PIC is stable in non-dividing ARPE-19 cells, as described for quiescent CD4+ T 

cells and primary fibroblasts (MRC5 cells) for at least 30 days (Lehmann-Che et al., 2007). 

Therefore, ARPE-19 cells appeared to be suitable for this approach. 

ARPE-19 cells were cultured to confluence and left for 5 days to allow contact-inhibition to 

induce cell cycle arrest in G0. Efficient arrest was confirmed by DNA content analysis 

(Figure 3.7). By monitoring the DNA content of ARPE-19 cells after release from G0, it 

became apparent that these cells are slow to re-enter the cell cycle and do so in an 

asynchronous manner. In accordance with this, Alu-qPCR did not detect FVV integration into 

ARPE-19 cells 0, 8, 16 or 24 hours after G0 release (data not shown). Therefore, the use of 

ARPE-19 cells released from G0 is not an approach that is likely to improve PIC yield and 

further experiments evaluating G0 arrest were not conducted. 

3.2.3 - Quantification of strand-transfer activity 

In order to quantify strand-transfer activity from isolated PICs in vitro, it was necessary to 

establish a qPCR to quantify integration into target DNA. Our laboratory was the first to 

describe the use of recombinant PFV IN assembled on either annealed oligonucleotides or 

short LTR terminal sequences to perform strand-transfer into target plasmid DNA (Valkov et 

al., 2009). As PFV or FVV PIC isolation has not previously been described, it is not possible 

to have an authentic positive control for detection of strand-transfer events by qPCR. To 

ensure the qPCR design was able to detect strand-transfer events, full PFV LTR was 

amplified from pczHSRV2 by PCR. This was used with recombinant PFV IN in strand-

transfer reactions using supercoiled plasmid (pGEM-9zf(-), hereafter called pGEM) as target 

DNA. This target DNA has been used previously in our laboratory for strand-transfer  
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Figure 3.6 – Transduction of ARPE-19 cells by PE:: and SE::FVV. FVV-EFS-GFP-

WPRE enveloped with PE or SE was produced and titrated in parallel. Vector was added to 

cycling ARPE-19 cells at increasing MOI and grown to confluence. Flow cytometry was used 

to quantify the percent of cells expressing GFP. 
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Figure 3.7 – DNA content analysis in ARPE-19 cells after release from contact 

inhibition cell cycle arrest (G0). Panel A shows the experimental design. ARPE-19 cells 

were cultured to confluence and maintained for 5 days to induce entry into G0. FVV was 

added. After 24 hours, the cells were passaged to remove contact-inhibition. At 

predetermined time-points after passage, cells were collected for genomic DNA extraction or 

fixed in ethanol for DNA content analysis. Panel B shows the results for DNA content 

analysis at selected time-points.
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reactions and primers PC167 and PC168 (Hare et al., 2011), which anneal to the target DNA, 

were made available to me. Recombinant PFV IN was produced and purified (not shown) 

according to published protocols (Valkov et al., 2009). Mutant IN (D128N), produced using 

the same methods, was from Dr. G. Maertens. As a positive control for recombinant IN 

function in the strand-transfer assay, annealed oligonucleotides mimicking an LTR end were 

used, as previously described (Valkov et al., 2009). Strand-transfer products were visualised 

by agarose gel electrophoresis and DNA staining, as shown in Figure 3.8. 

As shown in Figure 3.8, wild type, but not D128N, PFV IN was able to catalyse the 

integration of annealed oligonucleotides into target DNA, visualised by the linearisation of 

target DNA. This confirmed that the new preparation of wild type IN was functional. The 

insertion of full-LTR into target DNA was also observed as a linear product between 5 and 6 

kb that does not correlate with circular pGEM-LTR. The observed size indicates that two 

LTR molecules were used by IN as substrate, resulting in the linearization of target DNA (as 

depicted in Figure 3.8, panel A) and the addition of approximately 2.3kb, the size of 2 LTRs, 

to the 2.9kb plasmid target. The band differing from controls, marked by a red asterisk, is 

relatively sharp, supporting that it is linear. Moreover, linearising all target DNA with a 

single cutter, NotI, resulted in the loss of this band. This would be expected for a linear 

product where the integration site of each molecule is different, as the NotI cut will split a 

linear molecule in 2. The size of the 2 resulting fragments will be different for each 

integration, as determined by the relative location of the integration site to the restriction site. 

Thus, the heterogeneous products will not migrate as discrete bands but, instead, be lost as a 

smear below the detection limit. 

Employing the same protocol for Alu-qPCR, but exchanging Alu primers for target DNA 

primers, PC167 and PC168, strand-transfer activity was quantified with DNA from the 

strand-transfer reactions using full-LTR as substrate DNA (ST-qPCR). Gel electrophoresis of 

1st round ST-qPCR products produced the expected smear (due to random integration site 

selection) for wild type IN but not D128N IN or in the absence of target or substrate DNA 

(Figure 3.8, E). Nested qPCR detected strand-transfer activity for wild type IN mixed with 

full LTR and target DNA, but not in the absence of target DNA (pGEM), substrate DNA 

(LTR) or when using inactive (D128N) IN (data not shown). 
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Diagram showing linear product formed if IN utilises 2 molecules of LTR 
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Diagram showing circular product form if IN uses 1 molecule of LTR 

 

  

Gel showing that wild type IN linearises target DNA when provided with annealed 

oligonucleotides as substrate. 
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Gel showing that wild type IN can carry out strand-transfer using 2 molecules of PCR 

amplified LTR substrate into plasmid target DNA. 

E 

 

 

 

 

 

Gel showing the products from 

1st round ST-PCR using strand-

transfer reactions from 

recombinant IN and full LTR 

as template. 
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Figure 3.8 – Recombinant PFV IN strand-transfer activity. Panel A shows a schematic 

of the strand-transfer reaction where 2 molecules of substrate are used by IN, causing 

linearisation of the target DNA. In Panel B, the outcome from use of 1 molecule of 

substrate (as would occur in vivo and from PICs) results in circular product being formed. 

Panel C shows DNA staining of the strand-transfer reaction using oligonucleotides as 

substrate following gel electrophoresis. DNA marker sizes are shown in blue adjacent to 

the corresponding band (in kb). Each lane is labelled to indicate the reaction. Control 

reactions were set up where a component was missing, e.g. no substrate reaction contains 

all components needed (with wt IN) except substrate. Inactive IN is the D128N mutant IN. 

Target DNA can be visualised on the gel, which is linearised (single sharp band) only in 

the presence of wild type IN and substrate (lanes 5 and 6). Panel D shows strand-transfer 

using full LTR as substrate. Lanes are labelled as in panel C. The ‘target-LTR only’ sample 

is cloned pGEM-LTR to show the expected migration of circular product from integration 

of 1 LTR. All samples were run uncut (no restriction enzyme) or linearised (with NotI 

which is a single cutter of target DNA) to allow sizing of bands. A red asterisk in lane 5 

marks below a unique DNA band only present in the complete reaction with wild type IN. 

Panel E shows the product from 1st round strand-transfer ST-qPCR using strand-transfer 

reactions as in panel D following gel electrophoresis. Wt IN 1-3 and inactive IN 1-3 are 

triplicate PCRs from the same ST reaction. Differences in band intensity show variation in 

PCR amplification between reactions and are not thought to be of significance. 
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3.2.4 - Isolation of FVV PICs from transduced HT1080 fibroblasts  

To isolate native PICs, HT1080 cells, cycling or arrested with aphidicolin, were infected at a 

MOI of 100. At predetermined time-points, cells were collected, lysed and fractionated into 

cytosolic and nuclear extracts using the protocol (shown in Figure 3.9) described for HIV-1 

PIC isolation (Engelman, 2009), which is similar for MLV PIC isolation. The optimum 

timing of isolation for FVV PICs is not known. Abundant and active PICs were expected to 

be present within cells shortly before most integration took place. On the basis of results 

described in previous sections, cycling cell lysates were made 10 hours after FVV addition. 

Times prior to this indicated that PICs may be inactive, making 10 hours post-transduction 

the earliest time-point at which PICs are active in vivo, yet before most integration has 

occurred (Figure 3.3 and 3.4). For G1/S arrested cells, 10 hours after aphidicolin removal (14 

hours post-transduction) was anticipated as the best time-point to isolate active PICs, as most 

cells were in G2 or M at this stage without any significant cell-division or integration having 

already occurred (Figure 3.5). As it is possible that PICs could also be active in interphase 

cells, but unable to access chromatin, cell lysates were also taken without aphidicolin 

removal (14 hours post-transduction). 

In initial attempts to quantify strand-transfer activity from cell lysates, it became apparent 

that primers PC167 and PC168 were unsuitable for FVV derived PICs because they anneal to 

a sequence within the plasmid backbone of pGEM that is also present in the FVV production 

plasmids. This caused strong amplification in minus target DNA controls and an 

amplification pattern consistent with strand-transfer (higher amplification in positive ST-PCR 

reaction than in negative reaction) in all samples for which FVV had been added. Treatment 

of FVV preparations with DNase failed to remove carryover DNA (not shown), potentially 

due to limited DNase activity in the presence of serum and/or inaccessibility of DNA 

complexed with transfection reagent. To address this, the λ-primer sequence (a sequence 

without complementary sequences on FVV plasmids) was cloned into pGEM to create 

pGEM-λ. Strand-transfer reactions were repeated using pGEM-λ as target DNA, and the 

primers PC167 and PC168 were replaced by λ in ST-qPCR. This new 1st round ST-qPCR was 

successful in specifically detecting strand-transfer of LTR substrate into pGEM-λ using 

recombinant IN (not shown). However, all cell lysates from which FVV had been added gave 

a positive signal in ST-qPCR indicating that strand-transfer into pGEM-λ had occurred. The 

presence of raltegravir during the strand-transfer reaction did not affect this pattern.  
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Figure 3.9 – Schematic of protocol used for Isolation of PICs from transduced cells. A 

flow chart of the PIC isolation procedure for recovery of cytosolic and nuclear extracts is 

shown. 
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Furthermore, all lysates from cells transduced with the same volume of FVV gave a similar 

positive amplification signal. This amplification, therefore, cannot be specific to FVV strand-

transfer events in pGEM-λ. Consequently, data is not shown. 

The pGEM backbone also contains the T7 promoter which is absent from the FVV packaging 

and transfer plasmids. Using a T7 primer instead of λ, ST-qPCR was repeated on the same 

strand-transfer reactions (with pGEM-λ as target DNA). This primer combination did not 

give a positive result for any cell lysate. However, it did show integration for a strand-transfer 

reaction carried out with recombinant IN, full LTR and pGEM-λ target. The T7 primer is the 

only one used in 1st round ST-qPCR that has not resulted in false positives. 

The lack of apparent strand-transfer activity in the cell lysates is unexpected. It is possible 

that the absence of a positive signal using T7 primer in ST-qPCR is caused by a lack of active 

PICs in the lysates, since there was also no difference in PCR amplification between strand-

transfer reactions with or without raltegravir when using the λ primer. Despite non-specific 

amplification, authentic strand-transfer would likely have been additive to the amplification 

signal, but the data does not show any such increases. Since it has been identified that 10 

hours are needed for putative uncoating to occur (no integration happens before 10 hours 

post-transduction), later time-points were tested for PIC activity. This included 16 and 20 

hours post-transduction in cycling HT1080 cells and 11, 12 and 14 hours after aphidicolin 

removal from HT1080 cells transduced in G1/S. For cells transduced in G1/S, we also 

isolated cells at earlier time-points (0, 4, 6 and 8 hours after aphidicolin removal). Strand-

transfer activity (determined using pGEM target DNA and T7 primer for 1st round ST-qPCR) 

was not detected in any sample (data not shown). 

It was hypothesised that the FV PIC may be present in an inactive state within cells, and may 

only become active immediately prior to integration. For example, activity may be triggered 

by Gag tethering to chromatin or by an alteration made to PIC-associated host-factors during 

mitosis. Hence, the PICs isolated would be inactive. PIC disassembly during our isolation 

protocol cannot be excluded. To determine if a host-factor that is inhibitory to FV IN is 

present in cell lysates, recombinant IN, full LTR and pGEM-λ target DNA was mixed with 

an equal volume of uninfected cycling cell lysates (nuclear and cytosolic) and allowed strand-

transfer reactions to proceed. The strand-transfer signal using ST-qPCR with λ primer was 

then compared (there is no false positive signal when cells lysates are made from 

untransduced cells). The results are shown in Figure 3.10. 
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Figure 3.10 – Recombinant IN activity in presence of cell lysates. Recombinant wild type 

PFV IN or the inactive mutant, D128N, was mixed with pGEM-λ, full-length LTR and an 

equal volume of K+/-, cytosolic (IN + cyt) or nuclear (IN + nuc) extract from untransduced 

cycling HT1080 cells and the strand-transfer reaction allowed to proceed. Following 

purification of DNA, ST-qPCR was performed. Results are shown relative to wild type IN 

activity which is assigned an activity of 100%.  
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As shown in Figure 3.10, strand-transfer can be quantified using ST-qPCR when used in 

combination with recombinant IN and full LTR, despite the problems encountered with cell 

lysates. Wild type, but not the inactive D128A mutant integrase, can efficiently integrate LTR 

into target DNA. When the strand-transfer reaction is mixed with cytosolic extract from 

uninfected cells, strand-transfer is unaffected. However, nuclear extract from the same cells 

reduced the number of strand-transfer products approximately 10-fold. This is indicative of 

an inhibitory factor present in the nucleus of HT1080 cells. However, this inhibition may be 

not be specific to FV PICs as the large number of DNA-binding proteins in the nucleus may 

occlude target DNA from IN, preventing strand-transfer. 

3.3 - Discussion and conclusions 

Toxicity and titre limitations of PFV and FVVs when this work was started were highly 

detrimental to progression. The availability of a codon optimised vector system and, 

subsequently, the obtaining of SFVmac envelope were key developments that allowed some 

progress to be made. Titre improvements were important to allow sufficiently high MOI to 

attempt PIC isolation. Before obtaining codon-optimised vector system, 100-fold 

concentrated titres were typically 106 TU/ml (Table 1.3) in 2.5 ml per large-scale (18x 15cm 

dishes) transfection. Upgrading the vector plasmids increased titres 1000-fold, significantly 

reducing the time required to produce sufficient FVV for PIC analysis. For example, an MOI 

of 100 for 1 well of a 6-well dish seeded with 200 000 cells (the seeding density used in this 

work) would require 20 ml of concentrated vector using the old system, a volume which far 

exceeds both the capacity of the well and of what can practically be produced. 

Comparatively, only 20 µl of concentrated codon-optimised vector is required. For large-

scale isolation of HIV-1 PICs, 30 million cells are infected at an MOI of approximately 50-

100 (Engelman, 2009), hence a target MOI of 100 in this project. Transducing 30 million 

cells for a large-scale isolation of FVV PICs would require approximately 3 ml of 

concentrated vector, a more achievable volume. 

With high titre vector stocks, envelope toxicity became limiting. By changing the envelope 

from PFV (PE) to SFVmac (SE), high MOI could be achieved without inducing syncytia and 

without compromising titre or transduction efficiency (Figure 3.1). Reduced syncytia 

formation had already been described for SE at low MOIs where PE only induced relatively 

limited syncytia (Stirnnagel et al., 2012). However, titre comparisons, transduction 

efficiencies and lack of toxicity at high MOI have not been reported. The realisation of the 
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significant benefits of using the envelope will impact on the FVV field for both gene therapy 

and molecular virology studies, for the first time enabling high MOIs to be used in vitro. 

Alu-qPCR was employed throughout to assess integration timing in cell culture. This 

technique was not established in our laboratory and published protocols did not meet the 

necessary requirements of the project (Delelis et al., 2005). Although this assay worked well 

for cells passaged post-transduction, troubleshooting was required to establish a reliable assay 

in samples taken soon after transduction, when the majority of FVV sequence was likely to 

be unintegrated or derived from carryover plasmid DNA from transfection. Once optimised, 

Alu-qPCR was an effective way to quantify integration. In cycling cells, it was found that 

integration does not begin until between 9 and 12 hours after vector addition (Figures 3.3 and 

3.4). Although not previously characterised, this delay is not unexpected despite FVV 

harbouring a DNA genome that does not require additional time for reverse transcription to 

occur. Rather, it has been reported that the period from cell-surface attachment to 

accumulation of naked capsid at the microtubule organising complex is 4-6 hours in HeLa 

cells (Stirnnagel et al., 2012). Furthermore, the amount of 2-LTR circles, a measure of 

nuclear viral DNA, has been reported to peak at 9.5 hours post-infection in PFV infected 

BHK-21 cells (Delelis et al., 2003). Presumably, this additional time between microtubule 

organising complex accumulation and nuclear entry (and integration) is required for 

uncoating, after which integration can be expected to be linear over the duration of a 

complete cell cycle, as integration is dependent on mitosis. An approximately linear increase 

with time was observed in this work (Figures 3.3 and 3.4). 

This study assessed G0 and G1/S arrested cells for the ability to increase active integration in 

a shorter time-frame. Contact-inhibition-mediated arrest in G0 was found to be unsuitable, as 

cells did not demonstrate synchrony in re-entering the cell cycle. Aphidicolin was used to 

arrest cells in G1/S and better synchronisation was seen with an immediate increase in 

cellular DNA content following drug removal. Using Alu-qPCR demonstrated that, as 

expected, the majority of integration coincided with mitosis, determined in this study by 

whole-population DNA content analysis. However, approximately 20% of the amount 

integrated at 24 hours post-aphidicolin removal was also integrated without removal of 

aphidicolin and at 10 hours post-removal, at which point most of the cell population is in G2 

(Figure 3.5). This is probably caused by individual cells passing through mitosis post-

transduction, despite aphidicolin treatment. Accordingly, previous PFV cell cycle dependence 

analyses employing aphidicolin commonly show much reduced, but not the absence of, 
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transduction in aphidicolin-arrested cells (Bieniasz et al., 1995, Patton et al., 2004, Mullers et 

al., 2011a). However, a recent report claims that FVV DNA is nuclear but unintegrated in 

aphidicolin-arrested cells, as determined by fluorescent in situ hybridisation (FISH) (Lo et al., 

2010). It is possible that PICs can access the nucleus, but strand-transfer activity is low. With 

the high MOI combined with sensitive Alu-qPCR employed in this study, integration activity 

in a minority of PICs would be detected, while FISH analysis is likely to be biased towards 

the majority of PICs. However, how the PIC might access the nucleus in the absence of 

nuclear envelope breakdown during mitosis has not been addressed as, at least in interphase 

cells, putative nuclear localisation signals in Gag are non-functional (Mullers et al., 2011a). 

Furthermore, no transgene expression was detected from nuclear FV DNA in G1/S, whereas 

non-integrating vectors are competent for transgene expression (Deyle et al., 2010). Finally, 

the FISH signal did not exclude nuclear localisation of plasmid DNA carried over from 

transfection (Lo et al., 2010), which we were unable to remove from our vector preparations. 

Therefore, integration in G1/S arrested cells is considered unlikely and incomplete cell cycle 

arrest on an individual cell level is probably responsible for this result. 

It was hypothesised that active PICs are most likely to be available for isolation shortly 

before integration occurs in transduced cells. This hypothesis is based on the assumption that 

uncoating may be required to release PICs and, presumably, takes place before chromatin 

tethering. A qPCR using the same reagents and conditions, except for target DNA specific 

primer, as optimised for Alu-qPCR was established to quantify strand-transfer events. This is 

given the term ST-qPCR. For both cycling and G1/S arrested cells, 10 hours post-

transduction or aphidicolin removal respectively, was determined as the most likely point to 

isolate active PICs from cells. However, no strand-transfer activity was detected from cell 

lysates taken at this, or any other, time-points. Although it could be shown that nuclear 

extracts from cycling HT1080 cells were detrimental to recombinant IN strand-transfer 

activity, it did not abolish activity completely and this inhibition is not thought to be the 

cause of PIC strand-transfer inactivity in extracts from our transduced cells. Furthermore, 

cytosolic extracts did not inhibit recombinant IN strand-transfer, yet no PIC activity was 

detected from this fraction in any sample tested. 

The cytosolic fraction was expected to yield the highest PIC activity, since it has been shown 

that Gag immediately tethers to chromatin during nuclear envelope breakdown and is thought 

to tether the PIC at this stage. Further, in contrast to MLV PICs, chromatin tethering of Gag 

endures through mitotic exit and interphase (Mullers et al., 2011a). However, these 
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experiments describe the majority of Gag proteins, which may not be representative of PIC-

associated Gag. Nevertheless, as shown in Figure 3.5, integration coincides with mitosis, 

indicating that there is little delay between chromatin tethering and integration. 

Consequently, it is not anticipated that PICs can be isolated in abundance from nuclei, since 

they are either tethered to chromatin, or have already carried out strand-transfer into genomic 

DNA. The absence of activity from either cytosolic or nuclear fractions may indicate that 

uncoating does not occur until nuclear envelope breakdown, or even until chromatin 

tethering. This may be plausible considering that it is the capsid protein, Gag, which 

putatively tethers PICs to chromatin and controls uncoating. Such a controlled uncoating 

mechanism would presumably prevent the isolation of PICs in an active form, yet may be an 

efficient targeting strategy for FVs that avoids the detection of viral DNA by the host cell. 

Indeed, considering that PIC size is unimportant, since chromatin access is only achieved 

following nuclear envelope breakdown, it is difficult to imagine any advantage of a 

premature uncoating mechanism. Further work may aim to determine the credibility of this 

hypothesis (that uncoating does not occur until chromatin tethering) and establish methods to 

force uncoating in vitro, should uncoating be confirmed as the limiting step. Additionally, 

alternative extraction protocols have not been explored in this study which used methods that 

proved successful for both MLV and HIV-1 PICs. Finally, it may be informative to 

characterise biochemically inactive FV PICs which may reveal causes of in vitro inactivity. 

However, the lack of a functional assay, such as the strand-transfer assay, would hinder the 

identification of PIC containing fractions following purification steps. 

In conclusion, the aim of this chapter was to isolate and characterise the FV PIC. Some major 

limitations were overcome, such as vector toxicity and low vector titres, and this enabled the 

project to progress. The timing of integration post-transduction in cycling or aphidicolin-

arrested cells was determined. However, active FVV PICs were not isolated and, 

consequently, the goals were not fully addressed. However, the establishment of protocols 

necessary to infect cells at a high MOI and the description of integration timing we have 

detailed will be valuable for future work aiming to purify PICs (active or not) and to 

characterise them by proteomic methods. 
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Chapter 4: In vitro development of foamy virus vectors for use in murine 

mesenchymal stem cells. 

 

4.1 - Introduction: 

As described in Chapter 1, much of MSC biology is uncertain, not least due to the difficulty 

in defining the cells and the inevitable variability between studies. Despite this, MSCs are 

thought to have promising clinical potential. However, to maximise their potential, a highly 

efficient, non-toxic, and stable gene therapy vector optimised for use in MSCs is needed. 

The aim of the work presented in this chapter was to optimise transduction efficiency and 

long-term expression levels in mu-MSCs, thus facilitating in vivo studies to assess FVV-MSC 

gene therapy approaches for the treatment of LSDs. Expression is optimised for GFP and for 

ARSA, the deficient enzyme in metachromatic leukodystrophy. Using in vitro assays, the 

optimal vector design and transduction strategy is determined. 

Vector constructs were designed to determine the most appropriate strategy for high level 

expression of GFP. To test functionality of FVVs, HT1080 cells were used, as they are 

efficiently transduced by FVVs and commonly used for their titration. A selectable marker, 

such as GFP or mCherry, would enable sorting of transduced cells and be beneficial if 

transduction efficiencies in MSCs were low. Co-expression of a fluorescent protein with a 

therapeutic protein may also aid identification of transduced cells following administration in 

vivo. However, fluorescent protein expression is not clinically relevant and could induce 

immune-rejection, reducing the potential success of a treatment. Thus, a trade-off must be 

made considering the benefits against the disadvantages of marker gene expression. 

As already described in Chapter 1 (page 42) other studies have demonstrated that, in LVVs, 

the EF1α promoter is strongest in MSCs. To reduce the number of variables in early 

optimisation experiments, all constructs were designed with the intron-less EF1α (EFS) 

promoter. The intron-less version was used to avoid the possibility of alternative splicing into 

viral sequences or genes downstream of the integration site. Furthermore, the effects of an 

intron-containing promoter on FVV titre have not been described. The effect of the WPRE on 

FVV titre and GFP expression levels was assessed and the use of the encephalomyocarditis 

virus internal ribosome entry site (IRES) was examined to permit dual transgene expression 

of ARSA and a fluorescent protein. 
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4.2 - Results: 

4.2.1 - Vector design and production 

The vectors and their annotation used throughout the remainder of this thesis are detailed in 

Table 4.1. All transfer vectors for which a fluorescent protein was encoded were shown to 

express it following transfection of 293T cells by fluorescence microscopy (Figure 4.1). To 

enable testing of ARSA activity, a spectrophotometric enzymatic assay using the artificial 

substrate, ρ-nitrocatechol sulphate, was employed, as previously described (Rip and Gordon, 

1998). Cell extracts were taken from the lysis of transfected 293T cells and both ARSA assay 

and Western blot analysis to detect ARSA was carried out. As shown in Figure 4.1, enzyme 

activity in cell extracts following transfection with plasmids only encoding GFP were similar 

to activity in the untransfected control. Furthermore, there was not a detectable signal 

corresponding to the expected molecular weight of ARSA for samples not transfected with an 

ARSA-encoding plasmid. Comparatively, all transfer vectors encoding ARSA had detectable 

ARSA activity and bands of the expected molecular weight were visualised by Western blot. 

This confirms that both ARSA assay and Western blot for anti-ARSA specifically detect 

ARSA. Moreover, it confirms that all transfer vectors are functional in terms of ARSA and/or 

fluorescent protein expression where expected. As the ARSA assay is both quantitative and 

detects functional enzyme, it was used for all subsequent ARSA expression analysis. 

As the transfer vector plasmids all performed as expected when transfected into 293T cells, 

they were then co-transfected with the FVV packaging plasmids to produce FVV (using the 

non-codon optimised packaging system and PE). This vector was used to transduce HT1080 

cells to determine the effects of each construct’s composition on titre and FVV-mediated 

transgene expression. Using flow cytometry, the titre of fluorescent protein expressing 

vectors was determined. Moreover, by transducing HT1080 cells at an equal MOI (of 1), the 

relative median fluorescence intensities of transduced cells were assessed (Figure 4.2). 

As shown in Figure 4.2, the WPRE has no effect on titre of FVV-EG. Unexpectedly, there is 

a 4-fold reduction in titre when the WPRE is added to EAiG. The titres of EAiGW and 

EAiCW are similar, showing that GFP or mCherry sequences do not affect FVV titre in this 

context. Comparatively, the addition of ARSA-IRES causes a 10-fold reduction in titre 

compared to GFP alone. The combination of ARSA-IRES and WPRE results in concentrated 

titres of approximately 3X104 TU/ml, compared to 1X106 for the constructs without an IRES, 

indicating that the IRES is detrimental to titre. Panel C shows the relative median 
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Table 4.1 – Transfer vector design and assigned annotation. The components cloned 

into the transfer vector multiple cloning site are shown with the corresponding annotation 

used throughout this thesis. The prefix pDF- will be used to denote transfer vector plasmid 

and FVV- for resulting vectors. The ARSA sequence used in this study is codon optimised 

for human expression. 
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Figure 4.1 – Transgene expression in 293T cells transfected with pDF- transfer 

plasmids. Panel A shows representative images from fluorescence microscopy using a 20x 

objective on 293T cells transfected with the transfer vector labelled above each image (see 

Table 4.1 for annotations). There was no fluorescence from cells transfected with pDF-EA or 

–EAo (not shown). Panel B shows the relative ARSA activity (untransfected control, Neg, 

assigned a value of 1) determined by the ARSA assay. Results are normalised to total protein 

levels. Error bars show the standard deviation of the mean between 3 biological replicates. 

Panel C shows Western blot analysis for ARSA (top) and GAPDH (bottom). GAPDH was 

probed after stripping anti-ARSA from the blot for use as a loading control. In each case, 20 

µg of protein was applied to each lane. Selected bands of the protein marker are shown on the 

left of the blots and are labelled with the molecular weight (mW) in kilo Daltons (kDa). 

According to the antibody manufacturers, ARSA is expected to migrate at ~63kDa and 

GAPDH is expected to migrate at ~38kDa.  
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Figure 4.2 – Titre and GFP expression levels in FVV transduced HT1080 fibroblasts. 

Panel A shows the titre (in HT1080 transducing units per ml) of different vectors determined 

by flow cytometry. Panel B shows the relative median fluorescence intensity determined by 

flow cytometry of HT1080 cells transduced with vector at an MOI of 1. Values are expressed 

relative to FVV-EG which is arbitrarily assigned a value of 1. EAiCW is not shown in panel 

C, since mCherry and GFP have different excitation and emission maxima, so cannot be 

directly compared. Error bars represent the standard deviation from 3 biological replicates. 

One-Way ANOVA with Dunnett’s post-test identified statistically significant differences 

between the median fluorescence intensity of EG and all other columns, with P values <0.001 

(indicated with ***).
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fluorescence intensity for the GFP-containing constructs in HT1080 cells transduced at a 

MOI of 1. The WPRE increases fluorescence intensity of FVV-EG 2.3-fold. However, it has 

no effect on GFP expressed from the IRES. Moreover, GFP expression from an IRES (EAiG 

or EAiGW) is much lower than without an IRES (EG and EGW), with fluorescence intensity 

at just 20% of EG. The low GFP expression may also contribute to low calculated titre which 

is dependent on detectable GFP expression in all transduced cells. 

To titrate vector that is not expressing a fluorescent protein, a qPCR assay was designed. 

Using the ΔΔCt method with albumin as a reference gene, the FVV DNA was quantified in 

the test sample relative to that in a sample with known titre, such as FVV-EG. The FVV 

specific primers, 201_F, 201_R and probe 201_P target the packaging signal within pol and, 

therefore, this assay works independently of the transgene. Using purified PCR product as a 

standard, the PCR efficiency was determined to be 97.6% between 100 and 107 copies (not 

shown). The primers targeting albumin have been previously described (Barde et al., 2010). 

Using this qPCR, the titre of FVV-EA was determined to be 2.2X106 TU/ml. This titre is 

similar to FVV-EG which is of similar size and design and therefore as expected. To test 

FVV ability to deliver and express ARSA, HT1080 cells were transduced at a MOI of 1 with 

the various FVVs produced so far. One passage post-transduction, cells were grown to 

confluence and lysates assessed for ARSA activity by the ARSA assay. Results are shown in 

Figure 4.3. 

The data presented in Figure 4.3 show that there is low activity in HT1080 cells transduced 

with FVV-EG or –EGW, as expected. Comparatively, transduction with FVV-EA induced an 

approximately 50-fold increase in ARSA activity. Where ARSA is followed by the IRES and 

fluorescent protein, expression is reduced 2 to 3-fold. There is no difference in expression 

between EAiGW or EAiCW, indicating that the fluorescent protein sequence or expression 

does not influence ARSA activity. However, the expression levels in different cell types may 

be different and the aim of this Chapter was to optimise expression in MSCs. Nevertheless, 

this experiment validates vector functionality in terms of being able to transduce and express 

transgene in easily targeted cells. 

Considering that the IRES is detrimental to both titre and gene expression in HT1080 cells, it 

may be preferable to express ARSA alone. The WPRE improved GFP transgene expression 

in the absence of an IRES and may also enhance ARSA expression. As vectors expressing 

ARSA alone may be clinically relevant, the X promoter and open reading frame deleted 
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Figure 4.3 – ARSA activity in transduced HT1080 cells. HT1080 cells were transduced 

with the FVVs indicated on the x axis at a MOI of 1 (see Figure 4.1 for description of FVV 

annotations). Activity was assessed by the ARSA assay and normalised to total protein 

concentration. 
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version of WPRE, the oPRE, sequence was obtained and inserted downstream of ARSA. As 

shown in Figure 4.1, this construct (pDF-EAo) performed as expected in transfected 293T 

cells. The oPRE element was not obtained in time to include in FVV HT1080 testing and was 

instead tested directly in MSCs. 

4.2.2 - Isolation of mu-MSCs 

Murine MSCs were isolated from the bone marrow of male mice to allow identification of 

transplanted cells in female recipient mice in later experiments. Initially, cultures were 

contaminated with putative haematopoietic cells, as expected (Figure 4.4, panel A). The non-

adherent cells were removed by medium changes, while the strongly adherent populations 

were lost during passage by selective trypsinisation. By passage 4, only cells with fibroblastic 

morphology, resembling MSCs, were observed in cultures (Figure 4.4, panel B). The putative 

mu-MSCs went through a crisis prior to any significant expansion which typically occurred 

within 10 weeks. This crisis has been noted by others for mu-MSCs and is considered to be a 

transformation (Krishnappa et al., 2013). Such transformation can be avoided by growth in 

hypoxic conditions, but as many laboratories (including ours) do not have the necessary 

equipment, it is common to culture mu-MSCs under an ambient oxygen concentration, as was 

done in this project. 

The requirement for identification of hu-MSC is that cultures can be shown to have tri-

lineage differentiation potential and express a selection of surface markers while being absent 

for haematopoietic markers (Dominici et al., 2006). Surface markers of hu-MSCs and mu-

MSCs are different and there is no information available on the most appropriate surface 

marker antibody panel to use. Therefore, a commercially available mu-MSC identification kit 

consisting of a panel of 6 positive and 2 negative markers was chosen. The positive markers 

are CD29, CD106, CD105, CD73, Sca-1 and CD44. The haematopoietic markers CD45 and 

CD11b constituted negative markers. Following staining, surface-marker expression of mu- 

MSCs between passage 8 and 10 was assessed by flow cytometry.  Furthermore, the tri-

differentiation potential into osteocytes, chondrocytes and adipocytes was assessed. 

Representative results are shown in Figure 4.5. 
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Figure 4.4 – Purification of MSCs by selective trypsinisation. Representative phase 

contrast micrographs of live cell cultures taken through a 20x objective are shown. Panel A 

shows bone marrow cells at passage 1. The majority of cells at this stage are putative 

haematopoietic cells. By passage 4 (panel B), most cells show a fibroblast morphology and 

are putative mu-MSCs with no or little remaining haematopoietic contamination. From this 

stage (~10-weeks after isolation), MSCs expand readily. 
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As shown in Figure 4.5, the mu-MSCs obtained satisfy the requirements for tri-lineage 

differentiation potential and express a surface-marker phenotype consistent with that of mu-

MSCs. By flow cytometry, the MSC population is seen to be relatively pure, as the signal 

intensity is greater than that of isotype control for all positive markers within the selection 

panel, while being similar to isotype control for negative markers. This corresponds to the 

MSC-like morphology of cells dividing in culture from passage 4 (Figure 4.4). Therefore, the 

cells produced are considered to be mu-MSCs. 

4.2.3 - Transduction of mu-MSCs 

The codon optimised FVV production system, described in Chapter 3, allowed higher titres 

and facilitated experiments to determine and achieve maximum transduction efficiency. 

Although some data were obtained using the old (not codon optimised) production system, 

low titres hindered vector comparison and, therefore, all MSC experiments were repeated 

with the codon optimised system, so prior data are not shown. All subsequent vectors 

described in this thesis are produced using the codon optimised production system. 

Ultracentrifuge was our preferred method for vector concentration since it met our medium-

throughput demands and is inexpensive. However, a commercially available concentration 

reagent, Retro-X, is convenient for small-scale concentrations. In order to compare all vectors 

in parallel with a view to selecting the best FVV, small-scale vector production was 

sufficient. However, differences in purity of FVV preparations concentrated by different 

methods could affect transduction efficiency. Therefore, both ultracentrifuge and Retro-X 

concentrated FVV-EGW preparations were investigated in determining the maximum 

transduction efficiency of mu-MSCs. The results, shown in Figure 4.6, demonstrate that MSC 

transduction efficiency is not affected by the concentration method used between MOIs of 1 

and 20. At a MOI of 30 and 50, Retro-X concentrated vector had significantly higher 

transduction rates than ultracentrifuge-concentrated vector. However, fusogenicity was 

enhanced by vector concentration with Retro-X such that a MOI of 20 caused high levels of 

cell death. Similar levels of cell death with ultracentrifuge concentrated FVV required a MOI 

of 50 (subjectively assessed by microscopy, data not shown). Both vector preparations 

exhibited maximum transduction rates of approximately 60% at a MOI of 20 with the 

exception of cultures where extensive cell death occurred, for which 80% of MSCs were GFP 

positive. The extensive cell death at a MOI of 30 and 50 for Retro-X concentrated vector may 

account for the apparent increase in transduction efficiency by reducing the heterogeneity of 

the population following expansion of the remaining viable cells. 
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Figure 4.5 – Confirmation of MSC identity. Panel A is the results of flow cytometry 

analysis from MSCs stained for various surface-markers. The blue histogram within each plot 

shows the signal generated by binding of isotype control antibody. The black histogram is the 

fluorescence signal of cells that bind antibody to the surface marker indicated above each 

relevant plot. Panel B shows photomicrographs (20x) of cells following induction (bottom) or 

not (top), as indicated, into osteocytes, chondrocytes and adipocytes following staining with 

the dyes indicated below each column. Retention of dye indicates differentiation into the 

relevant cell type. 
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To compare ARSA expression levels from the various FVVs already described, each were 

produced in parallel and concentrated using Retro-X. Maximum transduction efficiency was 

not necessary for this experiment, since the aim was to determine the relative expression 

levels between vector designs. Therefore, to avoid high levels of cell death, all vectors were 

used at a MOI of 10. Transduced MSCs were passaged once and grown to confluence, at 

which point cells were collected and lysed for ARSA assay. Results are shown in Figure 4.7. 

As shown in Figure 4.7, Retro-X concentrated titres of vectors not containing an IRES were 

approximately 108 TU/ml. Vectors harbouring an IRES have titres of approximately 107 

TU/ml. These titres are sufficient for ex vivo approaches, showing the value of the codon-

optimised system compared to the non-optimised system (Figure 4.2). However, the ARSA 

activity in MSCs transduced with IRES-containing vectors was low and not significantly 

different from endogenous levels in FVV-EG transduced cells. Similarly, transduction with 

FVV-EA did not induce significantly higher expression. By comparison, transduction with 

FVV-EAo, containing the oPRE, induced 10-fold higher expression than in the control. The 

FVV-EG sample was selected as the control for statistical analysis because the FVV envelope 

induced toxicity delayed growth such that the untransduced control sample reached 

confluence earlier than all transduced samples. Therefore, transduction with vector not 

encoding ARSA was considered a better control in this experiment. 

For MSCs to exert a therapeutic effect through ARSA expression, the enzyme must be 

secreted in order for it to be taken up by endogenous ARSA-deficient cells. To test for ARSA 

secretion, ARSA activity in the cell-culture medium was assessed (Figure 4.7, C). For FVV-

EAo transduced MSCs, ARSA activity in the cell-culture medium was 6.7-fold higher than 

for FVV-EG transduced cells. Significantly higher activities were also detected in the cell-

culture medium of FVV-EA and –EAiG, but not –EAiGW or EAiCW transduced cells. This 

may reflect that, in MSCs, the WPRE enhances expression of the second transgene at the 

expense of the first transgene, as GFP was stronger in EAiGW than for EAiG transduced 

cells (subjectively assessed by fluorescent microscopy, data not shown). However, the 

negative control (untransduced cells) was also significantly higher than FVV-EG transduced 

cells, although this is probably due to the higher cell density in the negative control where 

FVV-induced cytotoxicity was not induced. 
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Figure 4.6 – Transduction efficiency of MSCs using FVV concentrated by 

ultracentrifuge or Retro-X. FVV-EGW supernatant was concentrated by ultracentrifuge 

(green) or Retro-X (orange) and titrated on HT1080 cells. Titres were 3.5X108 and 4.4X107 

for ultracentrifuge and Retro-X concentrated vector, respectively. Vector was added to MSCs 

at MOIs of between 1 and 50. Transduced cells were passaged once and grown to confluence, 

then analysed by flow cytometry for GFP expression. Error bars show the standard deviation 

of the mean from 3 biological replicates. Two-Way ANOVA with Bonferroni post-test 

identified statistically significant differences between Retro-X and Ultracentrifuge 

concentrated vector at MOI 30 and 50 with a P value <0.001, as indicated by ***.  



 

 

128 

A 

EG EGW EA EAo EAiG EAiGW EAiCW
10 4

10 5

10 6

10 7

10 8

10 9

FVV

T
it

re
 i

n
 T

U
/m

l

 

 

B

N
e

g

E
G

E
G

W E
A

E
A

o

E
A

iG

E
A

iG
W

E
A

iC
W

0

500

1000

1500

2000

***

FVV

n
m

o
l 

p
-n

it
ro

c
a
te

c
h

o
l 

s
u

lp
h

a
te

h
y
d

ro
ly

s
e
d

/h
o

u
r/

m
g

/m
l

 

C

N
e

g

E
G

E
G

W E
A

E
A

o

E
A

iG

E
A

iG
W

E
A

iC
W

0

2

4

6

8

10

*** **

***

***

FVV

n
m

o
l 

p
-n

it
ro

c
a
te

c
h

o
l 

s
u

lp
h

a
te

h
y
d

ro
ly

s
e
d

/h
o

u
r/

m
l 

c
u

lt
u

re
 m

e
d

iu
m

 

 

Figure 4.7 – Comparison of ARSA activity in MSCs transduced with different FVVs. 

Panel A shows the titre of vectors concentrated with Retro-X in TU/ml. Using a MOI of 10, 

MSCs were transduced with each FVV. Following 1 passage, MSCs were grown to 

confluence. Cell lysates (panel B) and cell-culture medium (panel C) were assessed for 

ARSA activity using the ARSA assay. Error bars show the standard deviation of the mean of 

3 biological replicates. One-Way ANOVA with Dunnett’s post-test compared all means to 

FVV-EG (control). Statistically significant results are shown with asterisks indicating the P 

value (*= P<0.05; **= P<0.01; ***=P<0.001).  
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The results demonstrate that FVV-EAo was best for inducing high ARSA expression. While 

dual transgene expression would allow cell sorting of transduced cells, both the fluorescent 

protein and ARSA expression was low in IRES containing vectors. In MSCs, the WPRE or 

oPRE variant had a strong impact on protein expression of both GFP and ARSA. Therefore, 

MSCs were prepared for in vivo work by transduction with FVV-EAo and FVV-EGW at a 

MOI of 30. Transduced MSCs retained a similar surface phenotype and differentiation 

capacity as the untransduced MSCs (data not shown). 

Reducing the cytotoxicity of MSCs would be preferable and obtaining the non-fusogenic 

SFVmac envelope (SE) presented an opportunity to attempt to do so. The fusogenicity and 

transduction efficiency was compared by transducing MSCs with FVV-EGW enveloped with 

PE (PE∷FVV-EGW) or SE (SE∷FVV-EGW) at increasing MOI. The toxicity was assessed 

subjectively by microscopy. Even at a MOI of 200, no syncytia were observed using SE. By 

comparison, syncytia were observed using PE at all MOIs tested and were extensive at a MOI 

of 50. Flow cytometry determined transduction efficiency in percent of GFP positive MSCs 

after 1 passage. Results are shown in Figure 4.8. 

Unexpectedly, the maximum transduction efficiency was increased when SE∷FVV-EGW 

was used compared to PE∷FVV-EGW. As shown in Figure 4.8, the maximum transduction 

efficiency achieved using PE∷FVV-EGW was approximately 65% in accordance with 

previous results (Figure 4.6). Comparatively, SE∷FVV-EGW transduction efficiency was 

over 60% at a MOI of 5 and continued to rise to over 95% at a MOI of 50. In addition to this, 

SE∷FVV-EGW caused considerably less growth delay than PE∷FVV-EGW and no syncytia 

were observed at any MOI (observational, not shown). Due to the advantage of increased 

transduction rate and reduced toxicity, all further vectors are produced using SE, unless 

otherwise indicated. 

The expression of GFP in FVV-EGW transduced MSCs was weak and difficult to observe by 

fluorescence microscopy. Therefore, alternative promoters were tested. The full EF1α 

promoter contains an intron, which is likely to increase expression by increasing nuclear 

export efficiency of mRNA. However, the effect of intron-containing promoters on FVV titre 

has not been described and alternative splicing into vector sequences or genes downstream of 

integration sites presents a safety concern. The PGK promoter does not contain an intron, but 

has previously induced lower expression levels than EF1α in LVV transduced rat MSCs (Qin 

et al., 2010). To compare EF1α and PGK expression levels to that of EFS, both promoters  
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Figure 4.8 – The effect PE and SE on FVV-EGW transduction efficiency in MSCs. Flow 

cytometry determined the percentage of GFP-expressing MSCs at confluence, 1 passage post-

transduction at increasing MOI using either PE or SE enveloped FVV-EGW. Both vectors 

were concentrated by ultracentrifuge. PE∷FVV-EGW titre was 2.5X108 TU/ml and 

SE∷FVV-EGW titre was 9.7X108 TU/ml. 
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were cloned in place of EFS in pDF-EGW to create pDF-EF1α-GW and pDF-PGW. The 3 

constructs were used to produce FVV in parallel and an equal volume of supernatant was 

transferred to MSCs (expected FVV-EGW MOI range between 5 and 50). The transfected 

293T cells and transduced MSCs were imaged by fluorescence microscopy. Furthermore, the 

transduction efficiency and median fluorescence intensity was determined by flow cytometry. 

The relative transduction efficiencies were also determined by qPCR measuring FVV DNA 

content normalised to total genomic DNA content using Titin as a reference gene. The results 

are shown in Figure 4.9. 

As shown in Figure 4.9, all constructs were effective when transfected into 293T cells. 

Transfection efficiency was high in all samples and GFP expression levels were strong from 

all promoters, particularly from EF1α (subjectively assessed). When the resulting vector-

containing supernatant was transferred to MSCs, expression levels varied. The PGK promoter 

induced the highest median fluorescence intensity (4-fold higher than EFS). In contrast, the 

median fluorescence intensity from EF1α was 5-fold lower than from EFS. Furthermore, the 

percentage of GFP-expressing cells was highest for FVV-PGW at 89%, but less than 10% for 

FVV-EF1α-GW. Comparatively, FVV-EGW resulted in 70% GFP positive cells. As vectors 

were not titrated and, therefore, not used at equal MOIs, genomic DNA was taken from the 

transduced MSCs and FVV DNA content (normalised to titin) was examined. This showed 

that the low percentage of GFP-expressing cells following FVV-EF1α-GW transduction was 

not due to low titre. However, the increased proportion of MSCs expressing GFP from FVV-

PGW transduction, relative to FVV-EGW, was likely due to higher FVV-PGW titre. An 

independent repeat (not shown) gave higher titres and higher transduction efficiencies (FVV-

EGW and –PGW >97%, -EF1α-GW 23%) but maintained similar relative fluorescent 

intensities. Since the EF1α promoter contains a powerful intron, the low or absent expression 

is thought to be due to packaging of spliced vRNA, indicating that EF1α is an unsuitable 

promoter in FVVs and, thus, further experiments were not conducted. Moreover, they 

indicate that the PGK promoter is more active than EFS in MSCs in a FVV context. 

Therefore, further experiments were designed to compare the long-term expression levels of 

GFP and ARSA from PGK and EFS promoters in MSCs. 

To compare protein-expression from different passage numbers in the same population, 

which inherently cannot be cultured and isolated in parallel, the effect of time in culture at 

confluence was determined. An effect was expected as the cell-culture medium of   
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Figure 4.9 – Promoter comparison in FVV transduced MSCs. Panel A shows 

photomicrographs of 293T cells transfected with pDF-promoter-GW (and FVV packaging 

plasmids) where the promoter used is shown above each image. Panel B shows the 

fluorescence in MSCs transduced with FVV containing supernatant. MSCs were confluent in 

all samples at the time of imaging and the same exposure settings were used within each 

panel. Using flow cytometry, the relative median fluorescence intensity of the GFP positive 

population and the percentage of GFP-expressing MSCs from each vector were determined 

(Panel C and D, respectively). Panel E is the relative FVV DNA content determined by 

qPCR. Error bars show the standard deviation of the mean between 3 biological replicates. 
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untransduced MSCs, which did not suffer a transduction-induced growth delay, had 

significantly higher ARSA activity than medium from FVV-EG or –EGW transduced MSC 

lysates when isolated in parallel (Figure 4.7, C). Knowing the relationship between culturing 

conditions and protein-expression allowed the experimental design to minimise inter-sample 

variation. Therefore, MSCs were transduced with FVV-EGW, FVV-PGW, FVV-EAo or 

FVV-PAo at a MOI of 30 and seeded into multiple wells following 1 passage. Once >90% 

confluence was reached (day 0), cells and cell-culture medium were collected daily for 5 days 

and analysed by flow cytometry for GFP expression or used in the ARSA activity assay. For 

comparison, PE∷FVV-EAo was also included. Results are shown in Figure 4.10. 

As shown in Figure 4.10, GFP expression levels in MSCs do not significantly change with 

increasing time post-confluence. This indicates that GFP turnover and expression is at 

equilibrium prior to confluence and that PGK and EFS activity does not change significantly 

after MSCs reach confluence. As expected, the percentage of GFP-expressing cells did not 

change with increasing time post-confluence (not shown). In contrast, ARSA activity in both 

lysate and supernatant increased at a linear rate with increasing time post-confluence. 

Furthermore, at all time-points PGK is more active than EFS in mu-MSCs in expressing both 

ARSA and GFP. Comparing ARSA activity between EAo to PE∷EAo shows that SE enables 

40-70% higher ARSA activity in whole-population cell lysates, which correlates with the 

increased transduction efficiency using SE. The combined use of PGK and SE, instead of 

EFS and PE, resulted in 5-fold higher secreted ARSA activity. 

The results from this experiment demonstrate the importance of controlling the length of time 

cultures are left post-confluence when harvesting samples for ARSA assay, but not for GFP 

analysis. As FVV transduction variably affects the time taken to reach confluence, harvesting 

samples in parallel is not appropriate. Typically, all samples should be isolated together once 

confluence is reached. This remains the best approach for GFP analysis, as fixation times are 

known to affect fluorescence intensity, such that a parallel harvest would cause less variation 

than time post-confluence.  However, for the determination of ARSA activity, culturing a 

sample post-confluence while waiting for others to reach confluence will affect relative 

expression levels. Additionally, medium changes should be performed on the same number of 

days before collection for all samples. Therefore, in subsequent experiments, samples were 

monitored daily and, at >90% confluence, the medium was changed and cells were 

maintained for a further 5 days, after which samples were collected and stored for later 

analysis.  
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Figure 4.10 – Effect of time post-confluence on expression levels in mu-MSCs. Panel A 

shows the change in median fluorescence intensity with increasing number of days that 

transduced cells are maintained in culture post-confluence. Panels B and C show the ARSA 

activity using MSC lysates or cell-culture supernatant, respectively, taken each day for 5 days 

after cells reached >90% confluence. Cell-culture medium was changed on day 0. Error bars 

indicate the standard deviation of the mean from 3 biological replicates. Two-Way ANOVA 

with Bonferroni post-test comparing all time-points with all other time-points within a 

transduction group identified statistically significant differences. P values are indicated where 

the ARSA activity from any day is significantly different from the activity on the previous 

day (e.g. day 4 PAo versus day 3 PAo; day 3 PAo versus day 2 PAo; Etc.) by asterisks above 

the relevant data point (*= P<0.05; **= P<0.01; ***=P<0.001). 
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Post-transduction, MSCs must be expanded to have sufficient numbers for in vivo use. All 

transductions were performed using MSCs at passage 6. This was the earliest practical time, 

as MSCs did not readily expand until passage 4, allowing them to be frozen at passage 5 then 

defrosted and seeded for transduction at passage 6. Frozen aliquots of transduced MSCs were 

made at passage 8 and MSCs used in vivo between passages 9 and 12 (after which MSCs 

were considered old and disposed of). So far, expression analysis has been conducted at 

passage 7 or 8 (following at least 1 passage post-transduction). To test whether expression is 

maintained through passaging, transduced MSCs were tested for GFP expression and ARSA 

activity at each passage from 8 (2 post-transduction) to passage 12 (6 post-transduction). At 

each passage, 1/10th of the cells were reseeded. Results are shown in Figure 4.11. 

As shown in Figure 4.11, maximum transduction efficiency was achieved 3 passages post-

transduction. This is likely due to the dependence of integration on mitosis and may be 

influenced by seeding density at the time of transduction. From passage 3, FVV-PGW 

transduction resulted in >99% transduction efficiency. This was maintained at over 97% in 

subsequent passages. In contrast, FVV-EGW only achieved 79% transduction efficiency. 

This decreased in subsequent passages to 67% GFP positive cells at 5 passages post-

transduction. The same trend was observed by analysing ARSA activity. Maximal ARSA 

activity was observed 3 passages post-transduction. Over 3 further passages, activity did not 

significantly change for FVV-PAo transduced MSCs, but dropped (significantly between 

passage 5 and 6 post-transduction) in FVV-EAo transduced MSCs. Therefore, FVV-PGK 

induces stronger and more stable expression than FVV-EFS in mu-MSCs and is, thus, the 

better promoter where long-term, high level transgene expression is required. 

While ARSA activity can be detected in the medium of transduced MSCs (Figures 4.7 and 

4.10), this does not determine whether secreted ARSA is correctly processed with mannose-

6-phosphate such that it can be taken up in other cells. To test for the ability of the ARSA-

containing medium to cross-correct cells, MLD patient fibroblasts were loaded with 

fluorescently tagged sulphatide (BODIPY- sulphatide). The ability of MSC:FVV-PAo or 

MSC:FVV-PGW conditioned medium to cleave sulphatide was assessed by monitoring the 

loss of fluorescence in labelled patient fibroblasts after cell-culture medium addition. The 

volume of medium added was determined such that MSC:FVV-PAo conditioned medium 

contained 0.5 ARSA units (the amount needed to hydrolyse 0.5 nmol of substrate per hour at 

4℃), as undiluted MSC:FVV-PGW conditioned medium contained sufficient endogenous 

ARSA activity to clear BODIPY-sulphatide (not shown). The cleavage of BODIPY- 
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Figure 4.11 – Transgene expression following the passage of transduced MSCs. Panel A 

shows the change in percent of MSCs expressing GFP between passages 2 and 5 post- 

transduction. Panel B shows the ARSA activity in cell lysates transduced with FVV-PAo, -

EAo or –PGW between passages 2 and 6 post-transduction. For panel B, error bars show the 

standard deviation of the mean from 3 biological replicates. Two-Way ANOVA with 

Bonferroni post-test was used to identify significant differences between passages of the 

same sample. P values are indicated where the ARSA activity from a passage is significantly 

different from the activity in the previous passage by asterisks above the relevant data point 

(*= P<0.05; ***=P<0.001).  
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sulphatide was further confirmed by HPLC analysis of lipids to determine the amount of 

BODIPY-sulphatide in the sample. These experiments were conducted by C. Regan 

(University of Western Ontario) using the transduced MSCs described in this Chapter. The 

results are shown in Figure 4.12. 

As shown in Figure 4.12, cell-culture medium conditioned with MSC:FVV-PAo, but not 

MSC:FVV-PGW, reduced the amount of BODIPY-sulphatide stored in MLD patient 

fibroblasts, visualised by fluorescence microscopy and analysed by HPLC of extracted lipids. 

In both cases, fibroblasts from healthy patients (without MLD) did not store significant 

amounts of BODIPY-sulphatide, as endogenous ARSA activity was sufficient to clear it 

within the 24 hour incubation period. These data show that FVV-encoded ARSA over-

expressed in mu-MSCs is processed correctly, so that it can be used to cross-correct 

sulphatide storage in ARSA-deficient cells, presumably through mannose-6-phosphate 

receptor-mediated uptake. 

 

4.3 - Discussion and conclusions 

A number of vector configurations have been assessed to determine the optimum vector for 

high transgene expression, including dual-transgene vectors designed so that fluorescence 

activated cell sorting might be used to enrich for transduced MSCs. All vectors induced 

expression of the encoded transgene(s) when transduced in HT1080 or mu-MSCs. However, 

vectors designed for dual-transgene expression suffered from reduced expression of both 

transgenes when compared to expression of each transgene expression alone. Alternative 

methods of dual-transgene expression were not evaluated. 

Aside from increased transgene expression, an advantage of using vectors with a single 

transgene is that the design is clinically relevant; a vector encoding GFP is unlikely to be 

approved for human use. In the single-transgene vectors, either the WPRE or oPRE improved 

expression by 2 to 5-fold in HT1080 fibroblasts and mu-MSCs, which is in the range of that 

described for other cell types (Schambach et al., 2005, Klein et al., 2006, Zufferey et al., 

1999). However, WPRE or oPRE did not increase vector titre, as has been described for LVV 

and RVVs (Klein et al., 2006). The proposed mechanism of titre enhancement is improved 

transcriptional termination (Higashimoto et al., 2007), which may explain why the titre of 

FVVs, which already possess a strong transcriptional terminator in the LTR (Hendrie et al., 

2008), does not benefit from the WPRE. However, transgene transcription is also terminated 
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Figure 4.12 – MSC secreted ARSA can cross-correct MLD patient fibroblasts. Panel A 

shows fluorescent micrographs of normal (top) or MLD patient (bottom) fibroblasts loaded 

with BODIPY-sulphatide (green) 24 hours after the addition of cell-culture medium from 

MSCs transduced with FVV-PGW (left) or FVV-PAo (right). Images are shown for 1 MLD 

patient and 1 normal donor, but is representative of results from 2 patients and 2 healthy 

fibroblast cultures. Panel B shows the pmol of BODIPY-sulphatide extracted from MLD or 

normal donor patients 24 hours after the addition of cell-culture medium from FVV-PGW or 

–PAo. Values are normalised for lipid recovery (BODIPY-lactosylceramide added 

immediately prior to lipid extraction as recovery standard). Experiments conducted by C. 

Regan (University of Western Ontario, Canada).  
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via the FVV LTR, yet expression is enhanced by the WPRE. Another mechanism of WPRE 

action is the enhancement of nuclear export (Popa et al., 2002). While full-length FVV 

genome putatively contains sequences required for nuclear export, transgene mRNAs do not 

and, therefore, expression from intron-less open reading frames may benefit from improved 

nuclear export mediated by the WPRE. 

Three housekeeping promoters were tested for their ability to induce transgene expression in 

the FVV context. The majority of experiments were conducted using the EFS promoter, as 

previous studies have shown that EF1α, the full promoter from which EFS is derived, was 

highly active in rat MSCs (Qin et al., 2010). However, we also compared directly the EFS, 

EF1α and PGK promoters in mu-MSCs and found that the PGK promoter is stronger in mu-

MSCs than EFS, which in turn is stronger than its intron-containing parent, EF1α. This was 

unexpected, since EF1α was over 3-fold higher than PGK in rat MSCs (Qin et al., 2010). 

Furthermore, in rat MSCs, LVV employing the EF1α promoter to express GFP resulted in 

transduction efficiencies of 95% compared to just 40% using PGK (McGinley et al., 2011). 

Conversely, we have shown that, using FVV in mu-MSCs, the PGK promoter is capable of 

conferring high transduction efficiencies while the EF1α promoter is not. This stark 

difference may be due to the different viral RNA nuclear export mechanism used in FVs and 

LVVs (Bodem et al., 2011) since the FVV DNA content of FVV-EF1α-GFP-WPRE 

transduced cells was not low, indicating a likely incompatibility between the EF1α intron and 

FVV packaging of full-length (unspliced) RNA. 

By changing the FVV envelope from PE to SE, we are able to report over 95% transduction 

efficiency in mu-MSCs using a single round of transduction at an MOI of just 30 HT1080 TU 

(estimated to be equivalent to an MOI of ~6 mu-MSC TU). This is achieved without the 

addition of polybrene, which is cytotoxic to hu-MSCs (Lin et al., 2011b) and probably mu-

MSCs (Ricks et al., 2008), and is the highest transduction efficiency reported in mu-MSCs. 

Furthermore, using the PGK promoter, high expression is retained over at least 6 passages. 

No change in MSC tri-differentiation capacity was observed following transduction, although 

experiments were not designed to be quantitative. The surface marker profile of transduced 

and untransduced MSCs was similar. Together, this indicates that FVVs utilising the SFVmac 

envelope are the best vectors available for mu-MSC transduction. Further work should 

examine the transduction efficiency in hu-MSCs, as any pre-clinical work in mice will need 

to be translatable to humans without changing the vector system. 
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Using ARSA as a lysosomal enzyme relevant for studying lysosomal storage diseases, high 

levels of enzyme activity in transduced mu-MSCs were shown. The most active vector, FVV-

PGK-coARSA-oPRE, is similar to other studies which use LVV-PGK-ARSA-WPRE (Biffi 

et al., 2004) and AAV-PGK-ARSA-WPRE (Sevin et al., 2006), although only our vector 

employs codon optimised ARSA. However, the studies of Biffi and Sevin did not report 

ARSA activity in transduced cells in vitro. For AAV5-PGK-ARSA-WPRE, transfection of 

293T cells, which would be expected to express significantly more protein than transduced 

primary cells, resulted in cell lysate activity that hydrolysed 150 nmol ρ-nitrocatechol 

sulphate per mg of protein per hour at 4℃ (Sevin et al., 2006). In contrast, lysates from mu-

MSCs transduced with FVV-PAo had over 50 times that activity once maximum transduction 

efficiency had been achieved. The AAV vector prevented sulphatide storage in the mouse 

model, suggesting that our vector could be vastly superior if sufficient mu-MSCs were to 

graft in vivo while maintaining in vitro expression levels. As FVVs have already been shown 

to be effective in HSC-GT approaches (Chapter 1, page 34), it would be useful to compare 

directly the FVV-PAo described here with the LVV-PGK-ARSA-WPRE in human HSCs, the 

use of which is showing promising early results in MLD clinical trials (Biffi et al., 2013). 

Higher expression levels would enhance the potential efficacy of this treatment approach. 

An MSC treatment strategy may lend an advantage over HSCs, since MSCs migrate to sites 

of injury and exert immunosuppressive and pro-repair effects. The HSC-GT approach 

currently in MLD clinical trials depends on transduced microglia crossing the blood-brain-

barrier and secreting ARSA that can cross-correct endogenous cells of the nervous system. 

Similarly, our approach would depend on secreted ARSA cross-correcting endogenous cells, 

but direct delivery to the CNS would remove the need to cross the blood-brain-barrier. We 

showed that cell-culture medium from FVV transduced MSCs could cross-correct MLD 

patient fibroblasts in vitro, encouraging further investigation. Efficacy from this approach 

would depend on the balance of transduction efficiency, enzyme secretion (dependent on 

expression levels) and the level of long-term engraftment in the nervous system. With the 

high transduction efficiencies and in vitro expression levels reported here, together with the 

long-term engraftment of bone-marrow derived MSCs delivered directly into the brains of 

mice being already described by others (Phinney et al., 2006a), in vivo assessment of this 

approach is warranted. 

In conclusion, the aims of this Chapter were to optimise transduction efficiency and 

expression levels of FVV-encoded transgenes in mu-MSCs to permit in vivo studies. 
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Transduction efficiencies have been increased to over 95% following a single round, low 

MOI transduction in which expression levels are high and stable over at least 6 passages. 

Enzyme activity for ARSA is 35-fold higher in FVV-PAo transduced mu-MSCs than for 

FVV-PGW transduced cells. This Chapter, thus, lays the foundation for future in vivo studies. 

 

  



 

 

143 

Chapter 5: In vivo assessment of MSC based FVV gene therapy potential 

for the treatment of metachromatic leukodystrophy. 

 

5.1 - Introduction: 

In Chapter 4, we showed that mu-MSCs transduced with SE::FVV-PAo stably produce and 

secrete high amounts of ARSA which is able to cross-correct human MLD patient fibroblasts. 

In this Chapter, we assess the grafting potential of FVV transduced mu-MSCs following 

intracerebroventricular delivery to ARSA-/- mice and evaluate this approach for its ability to 

reduce sulphatide storage. 

The in vivo work described in this Chapter was carried out by C. Regan and Dr. J. Liu in the 

laboratory of Dr. T. Rupar (University of Western Ontario, Canada) using our FVV 

transduced MSCs. Testing by qPCR was performed in our laboratory. This will be further 

clarified within each Figure legend of this Chapter. 

 

5.2 - Results: 

5.2.1 - Quantification of male MSCs in female mice post-injection 

To quantify male MSCs in female mouse brains post-injection, qPCR was employed as 

previously described (Phinney et al., 2006a, McBride et al., 2003). Targeting a multi-copy 

gene present on the murine Y-chromosome is much more sensitive than targeting FVV 

sequences, while also allowing the quantification of untransduced MSCs. To prepare a 

standard curve, genomic DNA from male mu-MSCs was mixed with DNA extracted from a 

female mouse brain. The sensitivity limit was determined to be 0.001% male DNA (10 male 

genomes per million). A representative standard curve is shown in Figure 5.1, which 

demonstrates that amplification was typically around 101% efficient when male DNA 

constituted between 0.001 and 1% of the total genomic DNA in the sample. 

To deliver MSCs directly to the mouse brain, we chose the intracerebroventricular route as 

this allows a greater volume to be delivered safely than if delivering into the parenchyma. 

Additionally, the lateral ventricle is the major site of cerebrospinal fluid production (by the 

choroid plexus and ventricle walls). The flow of cerebrospinal fluid may aid in distributing 

both the MSCs and the ARSA that they secrete throughout the CNS. 
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In order to establish protocols for preparing and injecting live cells, we first injected MSCs 

transduced with PE∷FVV-EGW as these were the first transduced MSCs to be prepared. 

However, at this early stage the transduction efficiency had not been maximised and less than 

15% of MSCs expressed GFP. Furthermore, the passage number was high (14) at injection 

and expression levels were low (not shown). In a volume of 10 µl, 250 000 MSCs were 

delivered to the right lateral ventricle of 6 female ARSA-/- mice at 6 months of age. Three 

injected mice were sacrificed 75 days post-injection and the other 3 at 105 days post-

injection. The brains from these mice were sectioned as shown in Figure 5.2, panel A and 

DNA was extracted from each section. However, the DNA yield from the first 3 mice (75 

days post-injection group) was low. To enable sufficient DNA for qPCR, the DNA 

preparations from ipsilateral and contralateral sides were pooled and concentrated. The mice 

sacrificed at 105 days post-injection were similarly sectioned, but DNA was isolated by using 

organic extraction rather than spin-columns. This resulted in high DNA yields sufficient for 

qPCR analysis of each section. The results from qPCR analysis for Y-chromosome content 

are shown in Figure 5.2. 

As shown in Figure 5.2, all 6 mice had detectable levels of male (MSC-derived) DNA in the 

injected half or corresponding section of the brain, whereas 2 of the 6 mice also had MSC-

derived DNA present in the contralateral side of their brain. At least for the mice sacrificed 

105 days post-injection, where sections were maintained for qPCR analysis, contralateral 

MSCs were exclusively in the left lateral ventricle containing section, indicating that 

migration likely occurred passively via the ventricular system. However, repeated passaging 

is thought to affect migratory capacity. For the purpose of this pilot experiment, MSC-

derived DNA was still detectable within the brain at 105 days post-injection. This 

demonstrates that the injection procedure was successful and that our MSCs were able to 

survive long-term in the brain. Furthermore, we were able to resolve difficulties with yield 

from DNA extraction to enable further testing with ARSA transduced MSCs, and show that 

the qPCR is effective at detecting low levels of male DNA in samples containing mostly 

female DNA. 

5.2.2 - MSC distribution and sulphatide analysis in a sulphatide reversal model of MLD 

One year old ARSA-/- mice were then injected with MSCs transduced to over-express ARSA. 

At this age, the mice would already be storing sulphatide and, therefore, this experiment 

models a therapy aimed at reversing sulphatide storage. This experiment was started before 

further optimisation experiments to our FVV had been carried out, such that the MSCs were 
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Figure 5.1 – Standard curve for quantification of the Y-chromosome by qPCR. Male DNA 

isolated from mu-MSCs was mixed with DNA isolated from the brain of a female mouse. 

The standard curve was repeated for each run. The quantification cycle from no template 

control (female DNA only) is indicated by a dotted red line and marks the sensitivity limit of 

the assay. The R2 value shown is a measure of fit for the linear trend-line. The slope of -3.29 

demonstrates an efficiency of 101.2% over the range used (calculated using 10(-1/slope)). 

Female brain was obtained by C. Regan at the University of Western Ontario. DNA 

extractions and qPCR were carried out at Imperial College London. 
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Figure 5.2 – qPCR analysis of the Y-chromosome in mouse brains post-MSC-injection. 

Brains from MSC-injected mice were collected and sectioned as shown in panel A. One 

sagittal cut was made to separate the intralateral (IL) and contralateral (CL) hemispheres. 

Each half was further sectioned into 7 coronal slices. The blue circle indicates the 

approximate injection site (the right lateral ventricle). Panel B shows qPCR analysis of Y-

chromosome content from pooled intralateral and contralateral DNAs from mice sacrificed 

75 days post-injection. Each data point represents one mouse. Only samples that had male 

DNA amounts above the detection limit are shown. In panel C, mice were sacrificed 105 days 

post-injection and all sections were analysed for male DNA content. Only the sections for 

which any mouse had detectable levels of male DNA are shown.  

MSC injections were performed by J. Liu. Sectioning and DNA extraction for panel B was 

carried out by C. Regan. The DNAs were pooled and concentrated for panel B at Imperial 

College London, as were the DNA extractions for panel C, the qPCRs and the analysis.  



 

 

147 

transduced with PE∷FVV-EAo (as opposed to the fully-optimised SE::FVV-PAo). This 

experiment had several goals. Firstly, we aimed to determine if the ARSA-expressing MSCs 

could reduce the amount of sulphatide storage in the brains of treated mice compared to mice 

treated with untransduced MSCs. Additionally, we aimed to assess the extent of long-term 

engraftment of injected MSCs and to describe their distribution. Finally, we aimed to 

examine whether FVV transduction affected MSC survival and distribution post-injection. 

Table 5.1 defines the experimental groups in this experiment. Naïve wild type and knockout 

mice (all littermates) were included as a control for sulphatide measurements only and were 

not age- or gender-matched to MSC or MSC-PE::FVV-EAo treated mice. Comparatively, 

MSC only and MSC-PE::FVV-EAo treatment groups were paired to allow for a more robust 

analysis, minimising the effect of natural variation between litters. All brains were collected 

between 93 and 95 days post-injection. The brains of sacrificed mice were sectioned into 8 

blocks, as shown in Figure 5.3, A. From these sections, lipids were extracted for HPLC 

analysis of sulphatide content and genomic DNA was extracted for qPCR analysis. The 

results from both analyses are shown in Figure 5.3. 

The results shown in Figure 5.3, B illustrate that wild type mice store low amounts of 

sulphatide compared to ARSA-/- mice, particularly in the cerebellum (section 8). Treatment of 

ARSA-/- mice with MSCs (untransduced) appears to increase the amount of stored sulphatide 

compared to knockout mice without treatment. However, as shown in Table 5.1, untreated 

and MSC-injected mice were not age-matched. Indeed, the treated mice were all older than 

untreated ARSA-/- mice at sacrifice (average 54 days older), which explains the increased 

sulphatide storage in the MSC-only treated mouse group. Treatment with PE::FVV-EAo 

transduced MSCs caused a reduction in average sulphatide concentration to bring the 

concentration in line with that of the younger, untreated ARSA-/- mice. This suggests that 

treatment with MSCs over-expressing ARSA may limit the accumulation of sulphatide over 

time. However, there were no significant differences in sulphatide concentration between 

untreated, MSC or MSC-PE::FVV-EAo treated ARSA-/- mice according to Two-Way 

ANOVA with Bonferroni post-test comparing all treatment groups within each section (not 

shown). 
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Table 5.1 – Efficacy and distribution of PE::FVV-EAo transduced MSCs in ARSA-/- mice. 

Group Description Number Sex MSCs 

Days age 

at 

treatment 

Days age 

at 

sacrifice 

Days 

post-

injection 

Pair 

N-WT Naive wild type mice 3 M - - 389 -  

N-KO Naive ARSA knockout mice 3 M - - 388 -  

MO-

KO 

MSC-only in ARSA knockout 

mice: Control treatment group 

injected in the right lateral 

ventricle with 250 000 

untransduced MSCs in 10 µl. 

6 F 
Untransduced MSCs 

(Passage 9) 

323 416 93 1 

338 431 93 2 

340 433 93 3 

355 449 94 4 

355 449 94 5 

382 476 94 6 

MA-

KO 

MSC-ARSA (PE::FVV-EAo) in 

ARSA knockout: Treatment group 

that were injected in the right 

lateral ventricle with 250 000 

MSCs transduced with PE∷EAo 

in 10 µl. 

6 F 
PE::FVV-EAo transduced 

(Passage 11) 

323 418 95 1 

338 433 95 2 

340 435 95 3 

355 450 95 4 

355 450 95 5 

382 477 95 6 

Details of the groups of mice tested in experiments are shown. Paired mice are highlighted in the same colour.  
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Figure 5.3 – Sulphatide and DNA analysis of brains from MSC injected ARSA-/- mice. Panel 

A shows how brains were sectioned following sacrifice of MSC-injected mice 93-95 days 

post-injection. The blue circle indicates the approximate location of the injection site into the 

right lateral ventricle. Panel B shows the amount of sulphatide, normalised to total protein 

content, from each section. The coloured bars are annotated according to Table 5.1. Error 

bars show the standard error between all mice within the group. Panel C shows a paired 

analysis of data for the two MSC treatment groups where data are plotted from dividing the 

sulphatide storage in MSC-PE∷FVV-EAo treated mice by the sulphatide storage of the 

littermate control which received untransduced MSCs. Horizontal lines represent the median 

value from all mice in each section. Panel D gives the results from qPCR analysis of each 

section from both MSC treatment groups. The horizontal lines indicate the median of male 

DNA content for sections with detectable values. Each data point represents one mouse and 

only mice with detectable levels of male DNA in a section are shown. 

MSC injections were carried out by J. Liu. Brain sectioning, lipid extraction, HPLC analysis 

and DNA extraction was carried out by C. Regan. The paired data analysis and qPCR were 

carried out at Imperial College London. 
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As sulphatide accumulation is time-dependent and mice of different ages were used within 

the treatment groups, animals were paired such that each MSC-PE::FVV-EAo treated mouse 

had a control littermate that was treated with untransduced MSCs (see Table 5.1 pairs). This 

allowed the effect of MSCs over-expressing ARSA to be compared for each pair so that age 

is not a confounding factor. Figure 5.3, C shows the relative change in sulphatide storage for 

each MSC-PE∷FVV-EAo treated mouse compared to its paired control. The median decrease 

in stored sulphatide is less than 1 in all sections with an overall median sulphatide reduction 

of approximately 20% throughout the brain. This indicates that mice treated with MSC-

PE::FVV-EAo have reduced sulphatide storage compared with age-matched controls that 

received untransduced MSCs. A Two-Way Repeated-Measure ANOVA determined that the 

overall difference between transduced and untransduced MSC treated mice was significant 

with a P-value of 0.0051 (**), although no individual sections were found to be significantly 

different when assessed with Bonferroni post-tests (not shown). 

The qPCR analysis in Figure 5.3 panel D shows that, at approximately 3 months post-

injection, MSCs had migrated throughout the brain to contribute between 10 and 1000 cells 

per million. The cerebellum (section 8) was the least targeted region of the brain with only 2 

mice from 12 having detectable levels of male DNA in this section. In contrast, just 1 mouse 

had undetectable levels of male DNA in section 6, which may be expected since this section 

contains the injection site. The contralateral ventricle containing section (section 3) also had 

high levels of male DNA. This may result from distribution through the ventricular system. In 

contrast, migration to the olfactory bulb (section 1), which requires migration through the 

parenchyma, was limited such that 5 of 12 mice had detectable levels in this region. In 

general, the extent and distribution of MSC engraftment was symmetrical (between the 

ipsilateral and contralateral hemispheres), showing that MSCs are not restricted to the 

ipsilateral hemisphere. There is no apparent difference between the distribution and quantity 

of transduced or untransduced MSCs in the brain, demonstrating that FVV transduction does 

not affect MSC capacity to migrate and survive in the murine brain. Furthermore, there 

appears to be no correlation in male DNA content between sections from the same mouse, i.e. 

one mouse having high levels of engraftment in section 6 is not indicative of high levels in 

section 5, for example. Furthermore, there was no correlation indicating that sections with a 

higher male DNA content had a better reduction in sulphatide storage compared to the paired 

control (not shown). 
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5.2.3 - In vivo assessment of MSC-optimised FVV gene therapy in ARSA-/- mice 

The data presented indicate that there may be a slight reduction in sulphatide storage for the 

majority of mice that received PE::FVV-EAo transduced MSCs compared to those that 

receive untransduced MSCs. Furthermore, our MSCs, transduced or not, are surviving long-

term post-injection in the adult mouse brain. We hypothesised that sulphatide could be further 

reduced by increasing the number of transduced MSCs that graft long-term and/or by 

increasing the expression of ARSA in MSCs. Furthermore, injecting younger mice with the 

aim of preventing sulphatide storage may allow increased beneficial effects as more ARSA 

will be released over a longer duration. 

The improved FVV and optimised transduction conditions that we achieved (described in 

Chapter 4) allowed us to initiate further experiments with increased transduction efficiency 

(increasing the number of transduced MSCs that graft) and increased ARSA expression 

following transduction with SE::FVV-PAo compared to PE::FVV-EAo. Furthermore, GFP 

expression from the optimised vector (SE::FVV-PGW) was now sufficiently high to allow 

the use of direct fluorescence microscopy to visualise MSCs in tissue sections of brains post-

injection. As commercially available ARSA antibodies are not effective in 

immunohistofluorescence applications, GFP expression presents the best chance of locating 

the MSCs we delivered by microscopy. Therefore, 6 mice were injected with MSC-SE::FVV-

PGW in the lateral ventricle. Of these, 3 were sacrificed immediately post-injection as a 

positive control while the remaining 3 were sacrificed 45 days post-injection. The brains were 

sectioned and analysed by fluorescence microscopy for direct GFP fluorescence. 

Representative images are shown in Figure 5.4. 

The fluorescence micrographs shown in Figure 5.4 show that the injected ventricle is 

dramatically enlarged following injection. The enlarged ventricle contains a high number of 

GFP-expressing cells, indicating that the injected MSCs initially remain in the injected 

ventricle, apparently resisting the flow of cerebrospinal fluid. Some GFP-expressing cells 

were also seen in the contralateral ventricle. Images taken 45 days post-injection show the 

highest amount of MSCs in or around the injected ventricle, consistent with qPCR results. 

The MSCs appear to associate with the choroid plexus (Figure 5.4 panel B) and ependymal 

cell walls (not shown). Assuming this does not affect cerebrospinal fluid production or flow, 

this should suit our treatment approach since the choroid plexus and ventricle walls is where 

the cerebrospinal fluid is produced, so any secreted ARSA would directly enter the flow and 
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Figure 5.4 – Fluorescence microscopy visualises GFP-expressing MSCs in brain sections 0-

45 days post-injection. Panel A shows the lateral ventricles of a mouse brain harvested 

immediately post-injection). The right ventricle was injected and is enlarged and filled with 

GFP-expressing cells. The left lateral ventricle also contains some GFP-expressing cells but 

is not enlarged. Panels B-D show direct fluorescence from mouse brains harvested 45 days 

post-injection. B shows the injected lateral ventricle with GFP-expressing cells associated 

with the choroid plexus. Panel C shows the parenchyma above the injected ventricle with 

scattered GFP-expressing cells located along the needle track route. Panel D shows the 

olfactory bulb with GFP-expressing cells located within the glomerular layer. 

Injections were performed by J. Liu. Brains were collected by J. Liu, T. Rupar and C. Regan. 

J. Liu and C. Regan sectioned and imaged the brains and interpreted the results. 
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be transported around the CNS to reach more distal sites. The needle track could be seen 

through the brain parenchyma with GFP-expressing cells located around it, suggesting that 

MSC survival is supported in the parenchyma, as well as in ventricles. Again in corroboration 

with qPCR results, GFP-expressing cells were also found in distal sites including the 

olfactory bulb where they appeared to be associated with the glomerular layer. 

We next injected MSCs transduced with SE∷FVV-PAo into 6 mice at approximately 1 year 

of age. Two of the treated mice had untreated paired controls, whereas the remaining 4 did 

not (Table 5.2). Mice were sacrificed 42 days post-injection and lipids were extracted from 

the cerebellum. The results from HPLC analysis are shown in Figure 5.5. 

As shown in Figure 5.5, there is no beneficial effect from treating 1 year-old ARSA-/- mice 

with MSCs transduced with SE::FVV-PAo when analysing sulphatide storage in the 

cerebellum. Although we have showed that MSC engraftment in the cerebellum is restricted 

(Figure 5.3, D), the cerebellum is the site of maximum sulphatide storage and typically 

results in more significant differences between wild type and ARSA-/- mice from 1 year of 

age. However, the amount of sulphatide stored in the control ARSA-/- mice was particularly 

low in this experiment. For example, in the previous experiment, mice just 4 days older had 

an average of 21 pmol sulphatide per µg of protein in the cerebellum (section 8 in Figure 5.3, 

B). This indicates that the 2 untreated mice in this experiment had an abnormally low amount 

of stored sulphatide in their cerebellum. However, different HPLC instruments were used 

between experiments and, thus, direct comparisons cannot be made. Consequently, the results 

from this experiment cannot be fully interpreted, although it is clear that treatment has not 

restored sulphatide levels to wild type concentrations. Unfortunately, owing to the advanced 

age requirement for this experiment, additional mice of similar age were unavailable to 

increase the group sizes or to repeat the study in the time-frame remaining. 

A further efficacy experiment has begun using younger mice. In this experiment, 3 month old 

ARSA-/- mice were injected with MSCs transduced with SE::FVV-PAo in the right lateral 

ventricle, as shown in Table 5.3. This experiment aims to prevent sulphatide accumulation, 

rather than to reverse the storage that has already manifested in older mice. However, since 

ARSA-/- mice are indistinguishable from wild type mice until at least 1 year of age, the 

endpoint for this experiment will not be reached in time for inclusion in this thesis. 
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Table 5.2 –Efficacy assessment of SE::FVV-PAo transduced MSCs in 1 year old ARSA-/- mice. 

Group Number Description Date of birth (dd/mm/yyyy) Age at injection (days) Age at sacrifice (days) 

N-WT 2 Naive wild type 11/11/2013  391 

N-KO 2 Naive ARSA-knockout 18/11/2013  384 

T-KO-1 2 Treated ARSA-knockout 1 18/11/2013 342 384 

T-KO-2 4 Treated ARSA-knockout 2 06/09/2013 415 457 

06/09/2013 415 457 

01/09/2013 420 462 

01/09/2013 420 462 

Mouse group details are shown. Paired groups are highlighted in green. Treated mice were injected in the right lateral ventricle with 5 µl of PBS 

containing 250 000 MSCs.
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Figure 5.5 – Sulphatide levels in the cerebellum of ARSA-/- mice treated with SE::FVV-PAo 

transduced MSCs.  Mice were treated or not, as described in Table 5.2. After 42 days, they 

were sacrificed and lipids extracted from the cerebellum and analysed for sulphatide by 

HPLC. Values are shown normalised to total protein concentration in the lysate. Each point 

represents one mouse. Where symbols and colours of data-points match, mice were paired. 

Horizontal lines show the median value of the treatment group. One-Way ANOVA with 

Bonferroni post-tests found no statistical difference between any treatment groups. 

Injections were performed by J. Liu, lipid extraction and HPLC analysis was carried out by 

C. Regan. 
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Table 5.3 – Mouse group details for efficacy assessment of SE::FVV-PAo transduced MSCs in 6 month old ARSA-/- mice. 

Group Number Description Age at treatment (months) 

N-WT 3 Naïve wild type n/a 

N-KO 3 Naïve ARSA-/- n/a 

MA 6 ARSA-/- treated with MSCs transduced with SE∷FVV-PAo 3 

MO 6 ARSA-/- treated with untrasnduced MSCs 3 

Treated mice were injected in the right lateral ventricle with 250 000 MSCs in 5 µl of PBS.
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5.3 - Discussion and conclusions 

In this Chapter, we have examined the in vivo potential of FVV transduced mu-MSCs in the 

mouse model for MLD. Using qPCR targeting the Y-chromosome, the male MSCs we 

injected into female mice could be quantified in different sections of brain. Three months 

post-injection, FVV transduced MSCs were found to have distributed throughout the 

cerebrum in the majority of mice. Comparatively, only half of mice had detectable amounts 

of MSCs in the olfactory bulb, while just 2 of 12 mice showed evidence of MSC migration 

into the cerebellum. Importantly, FVV transduction did not affect MSC engraftment in the 

injected brain, demonstrating the potential of our vector for use in MSC-based therapies 

targeting the CNS. 

The qPCR assay we used to quantify mu-MSCs injected into the lateral ventricle of female 

mice has been described previously (Phinney et al., 2006a). Our experiments differ from 

those described as we are injecting a different strain of mice (ARSA-/- mice rather than 

FVB/N mice) at different ages (~1 year as opposed to ~3 months). Furthermore, we purified 

our MSCs by adherence characteristics and extensively expanded our cells in vitro, whereas 

Phinney et al. purified MSCs by immunodepletion within 10 days of bone marrow extraction 

and injected the purified MSCs without further expansion. However, whereas we injected 250 

000 MSCs, Phinney et al. injected only 50 000. Finally, we transduced our MSCs with FVV. 

Despite these differences, the results for both studies are similar. Phinney et al. reported an 

overall engraftment level of between 10 and 50 MSCs per million cells throughout the CNS 

60 and 150 days post-injection. At 90 days post-injection, we describe a range between 10 

and 1000 MSCs per million. Our higher engraftment rate likely corresponds to the increased 

number of cells injected. However, Phinney et al. describe a higher proportion of mice for 

which MSCs migrate into the cerebellum. This could reflect the 10-fold higher assay 

sensitivity reported in their study, as none of the 5 mice presented had a male DNA content 

that exceeds our detection limit. Overall, this comparison shows that we have achieved higher 

engraftment rates than previously published in adult mice, probably due to injecting a higher 

number of MSCs. This implies that neither the age of adult mice at the time of injection nor 

the way in which MSCs are prepared is important for MSC engraftment in mouse brains 

following injection into the lateral ventricle. 

In addition to demonstrating the potential of our FVV for MSC-based gene therapy 

approaches targeting the CNS, we examined the ability for MSCs transduced with FVV 

encoding ARSA to reverse the sulphatide storage that accumulates in aged ARSA-/- mice as a 
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model for MLD. Our approach is based on mannose-6-phosphate tagging of lysosomal 

enzymes which mediates a secrete-and-recapture mechanism. Thus, adding cells that can 

graft long-term in the brain and produce high levels of ARSA may allow cross-correction of 

the myelin producing cells that are most affected by sulphatide storage. We assessed the 

efficacy of this approach by quantifying sulphatide levels in different regions of the brain. 

This is the earliest quantifiable measure (other described pathologies take 2 years) that can be 

used to distinguish ARSA-/- mice from wild type at approximately 1 year of age. The 

functional enzyme assay we used to determine ARSA expression in transduced MSCs is not 

suitable for use on mouse tissues as there is high non-specific activity (Dr. T. Rupar, 

University of Western Ontario, personal communication) and, therefore, was not used in this 

study. Using MSCs transduced with our first generation of FVV (PE::FVV-EAo), we saw a 

significant reduction of sulphatide in mice compared to paired controls which received 

untransduced MSCs only when analysing all sections together (Figure 5.3). However, the 

reduction of sulphatide levels was modest and did not restore wild type levels. Therefore, this 

would be unlikely to benefit disease progression, although the widespread engraftment and 

significantly positive effect leant support for further efforts based on this approach. By the 

endpoint of this initial efficacy assessment, we were already aware that our MSCs lost ARSA 

expression from the EFS promoter during growth and that the transduction efficiency could 

be improved by using the alternative envelope, SE. Therefore, further experiments were 

initiated. Unfortunately, the time required in this slow animal model has prevented the 

completion of further experimentation to conclude the potential of this therapy. Early results 

in old mice do not look promising (Figure 5.5), but owing to the lack of availability of age-

matched mice to fulfil control groups at the time of injection, these results are not meaningful 

at this stage. The completion of the ongoing experiment (Table 5.3) using younger mice that 

have not accumulated sulphatide at the time of injection will better examine the potential of 

our approach in this model as it uses our fully optimised FVV in mice at an early age, which 

is thought to give the highest chance of success as less ARSA is (presumably) required to 

maintain low sulphatide levels than what is required to reverse existing storage and prevent 

further accumulation. 

In conclusion, this Chapter aimed to assess the potential of FVV transduced MSCs to graft 

long-term in the brains of ARSA-/- mice following intracerebroventricular delivery and to 

reduce the sulphatide storage associated with MLD. To these ends, we have demonstrated 

long-term engraftment of MSCs by qPCR and direct fluorescence microscopy. The 
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engraftment levels appear unaffected by FVV transduction and migration occurs throughout 

the cerebrum. Sulphatide levels were significantly reduced in the brains of mice 3 months 

post-treatment (of 1 year old mice with PE::FVV-EAo transduced MSCs) compared to paired 

mice treated with untransduced MSCs. However, wild-type sulphatide levels were not 

restored and the reduction was modest. Our improved vector, SE::FVV-PAo may improve the 

sulphatide reduction as a higher proportion of MSCs are transduced and expressing greater 

amounts of ARSA, but time has not allowed completion of work aimed to examine this. 
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Chapter 6: In vivo assessment of MSC-FVV gene therapy potential for the 

treatment of Krabbe disease. 

 

6.1 - Introduction: 

In contrast to the ARSA knockout mouse model, twitcher mice are a naturally occurring 

authentic animal model for Krabbe. Within 3 weeks of age they show symptoms that include 

hunched back, hind-leg incoordination and head tremor. This progresses rapidly into total 

body tremor, accompanied by weight loss and death by 45 days of age (Suzuki and Suzuki, 

1983). Hence, this animal model allows us to test the efficacy of our approach using 

phenotypic criteria. Furthermore, with such a short life expectancy, neonatal mice must be 

injected, which enhances the number of grafted MSCs compared to adult mice (Phinney et 

al., 2006a). Moreover, the inflammatory environment that develops early in the life of 

twitcher mice may further enhance MSC engraftment and trigger their release of pro-repair 

and anti-inflammatory mediators in line with their common application in regenerative 

medicine (Marigo and Dazzi, 2011). 

In this Chapter, the construction of a FVV that confers high-level expression of GALC is 

described. MSCs were isolated from twitcher mice and FVV used to induce the expression of 

GALC or GFP. These MSCs are injected into neonatal twitcher mice using combinations of 

IP and ICV delivery. Efficacy criteria assessed are age at humane endpoint, weight-curves 

and neuromotor function. 

The in vivo work presented in this Chapter was carried out by the author in the laboratory of 

Professor T. Cox and supervised by Dr. B. Cachón-Gonzáles (University of Cambridge). 

 

6.2 - Results: 

6.2.1 - Construction of FVV for high-level GALC expression in mu-MSCs 

Using the mu-MSC optimised FVV composition already determined for ARSA, the murine 

GALC open reading frame was cloned in place of ARSA to produce pDF-PGK-GALC-

oPRE. The MSCs were isolated from one 25-day old male twitcher (Twi-/-) and 1 male 23-

day old wild type (Twi+/+) mouse. Cultures were confirmed to be MSCs by tri-differentiation 

potential and surface marker phenotyping, as previously described for C57BL/6 MSCs (not 
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shown). To detect GALC expression, Western blotting was employed, the results of which 

are shown in Figure 6.1. 

As shown in Figure 6.1, the expression of GALC in Twi-/- MSCs transduced with FVV-PGK-

GALC-oPRE appeared to be weak. As we have already shown that our vector design is 

effective in mu-MSCs, we aimed to improve expression by codon optimising the GALC open 

reading frame for expression in murine cells. We cloned the optimised sequence in place of 

the native GALC sequence to create pDF-PGK-coGALC-oPRE. Following transduction of 

Twi-/- MSCs at a MOI of 30 with the resulting vector (FVV-PGK-coGALC-oPRE), GALC 

expression was analysed by Western blot (Figure 6.2). As shown, GALC expression was 

markedly improved, as shown by a strong increase in signal intensity. Although GALC 

expression for Twi-/- MSCs transduced with the non-gene optimised FVV-PGK-GALC-oPRE 

cannot be seen in Figure 6.2, longer exposure allowed the signal to appear, but it was minor 

compared to FVV-PGK-coGALC-oPRE (not shown). On this blot, signal from Twi+/+ MSCs 

was not detected even when the film was over-exposed, although low expression was shown 

in Figure 6.1. Interestingly, GALC expression in transfected 293T cells was reduced by gene 

optimisation. Nevertheless, via gene optimisation, we achieved high level GALC expression 

in Twi-/- mu-MSCs. As with transduced C57BL/6 MSCs, surface phenotype and tri-

differentiation potential was not affected by FVV transduction (not shown). Therefore, these 

Twi-/- MSCs transduced with FVV-PGK-coGALC-oPRE (from heron FVV-GALC) and 

FVV-PGK-GFP-WPRE (from hereon FVV-GFP) were expanded for in vivo use. 

6.2.2 - In vivo experimental design 

As Twi-/- neonates are indistinguishable from Twi+/- or Twi+/+ (wild type) and we aimed to 

inject pups between 0-3 days of age, we treated whole litters at a time with the same 

treatment regimen. This avoided later complications of identifying different mice within a 

litter and simplified MSC injection preparation, as just one MSC population needed to be 

prepared per litter. However, this strategy meant that littermates could not be used as 

controls. 

To manage the co-ordination of preparing sufficient cells to coincide with the birth of an 

unknown litter size (range of 1-12 pups per litter during this study) and since the date of birth 

cannot be reliably predicted, we routinely expanded MSCs in anticipation of potential litters 

twice a week. A fresh aliquot of MSCs (passage 9 when defrosted) was cultured every 10-14 
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Figure 6.1 – Western blot analysis of GALC expression in FVV transduced MSCs.  

Western blot analysis using anti-GALC (top) and anti-β-tubulin (bottom, loading control). 

Recombinant human GALC (100 ng) was applied to lane 1 as a positive control. MSC lysate 

(20 µg) was applied to lanes 2-5. Lanes are: 2, Twi-/- MSCs; 3, Twi-/- MSC transduced with 

FVV-PGK-GALC-oPRE; 4, Twi-/- MSC transduced with FVV-PGW; 5, Twi+/+ MSCs. 

Numbers on the left (in kDa) are positioned to show the migration of corresponding 

molecular weight marker bands. The blot was cut beneath the 70kDa marker to probe for 

GALC and β-tubulin simultaneously. The predicted size of GALC and β-tubulin is 77kDa 

and 50-55kDa, respectively.  
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Figure 6.2 – Western blot analysis of GALC expression with gene optimised GALC in 

transfected 293T cells and FVV transduced MSCs. MSC lysate (40 µg) was applied to 

lanes 1-5. Lysate from 293T cells (5 µg) was applied to lanes 6-9. Prior to immunoblotting, 

the membrane was cut beneath the 70kDa marker. The top was probed with anti-GALC and 

the bottom with anti-Β-tubulin to serve as a loading control. Lanes: 1, Twi-/- MSCs; 2, Twi-/- 

MSCs transduced with FVV-PGW; 3, Twi-/- MSCs transduced with FVV-PGK-GALC-

oPRE; 4, Twi-/- MSCs transduced with FVV-PGK-coGALC-oPRE; 5, Twi+/+ MSCs; 6, 293T 

cells; 7, 293T cells transfected with pDF-PGW; 8, 293T cells transfected with pDF-PGK-

GALC-oPRE; 9, 293T cells transfected with pDF-PGK-coGALC-oPRE. The predicted mW: 

GALC 77kDa, β-tubulin 50-55kDa.  
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days such that injected MSCs never exceeded passage 12. For IP injection where a higher 

volume is used per mouse than for ICV delivery, we injected pups between 5 and 7 days of 

age. This allowed time to expand MSCs appropriately following discovery of a litter. 

Furthermore, we found IP injection of younger mice to be challenging, as the administered 

cell suspension was often released on withdrawal of the needle. 

We aimed for 6 Twi-/- mice per treatment group (expected to account for 1 in 4 newborns 

from breeding of Twi+/- parents). Therefore, we treated litters for one treatment group until at 

least 24 pups had been treated. All treated mice were genotyped between 15 and 20 days of 

age, and further litters were treated if less than 6 Twi-/- mice (regardless of gender) were in a 

treatment group. Overall, 202 pups were treated for this study. This included 144 direct 

intracranial (targeting the ICV) and 105 IP injections. All mice recovered from treatment, 

although 33 mice were missing or found dead within 1 week of treatment. Some loss of 

newborn mice is normal, particularly following handling of neonates, which stresses the 

parents and may lead to maternal rejection. Therefore, this loss of pups is not thought to be 

specifically linked to MSC-based FVV therapy. The treatment groups and numbers are 

detailed in Table 6.1. 

To monitor the progression of disease in the different groups, simple and unbiased methods 

were employed. Affected twitcher mice gain weight normally for approximately 3 weeks, 

followed by a reduced weight gain compared to wild type and, from 5 weeks, weight loss. It 

is hypothesised that efficacy would result in a change in rate or delayed onset of weight loss. 

Therefore, Twi-/- mice were weighed daily following weaning and genotype determined 

(typically at 23-26 days old) until they were humanely killed. For this study, the defined 

humane endpoint was a weight loss of 20% of the highest achieved weight. To avoid 

exceeding the humane limit, mice were typically sacrificed following a weight loss between 

10 and 20%. 

6.2.3 - Assessment of treatment efficacy 

The weight curves for each treatment group are shown in Figure 6.3 as both weight in grams 

(panel A) and weight as a percentage of the highest achieved weight (panel B). As littermate 

controls could not be used in this experiment, the percentage of highest achieved weight 

better compares the groups without biasing the data due to differences in litter sizes (some 

litters produced smaller mice than others). 
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Table 6.1 – Efficacy of MSC based FVV-GALC therapy in twitcher mice. 

Group name Description Total treated Number of Twi-/- 

Male   Female     Total 

WT Untreated wild type (Twi+/+ and Twi+/-) mice (6 in study) (2) (4) (6) 

TWI Untreated Twi-/- mice (6 in study) 3 3 6  

GFP ICV Mice received 80 000 MSCs transduced with FVV-GFP suspended in 2 µl of 

PBS and 0.05% Trypan Blue (used as a tracking dye) administered into the 

right lateral ventricle within 3 days of birth. 

26 5 1 6 

GFP IP Mice received 400 000 MSCs transduced with FVV-GFP suspended in 10 µl 

PBS administered to the peritoneum between 5 and 7 days of age. 

25 3 3 6 

GFP ICV+IP Mice received both treatments described for GFP ICV and GFP IP 23 3 3 6 

GALC ICV Mice treated as for GFP ICV except MSCs were transduced with FVV-

GALC 

36 6 1 7 

GALC IP Mice treated as for GFP IP except MSCs were transduced with FVV-GALC 27 6 5 11 

GALC 

ICV+IP 

Mice received both treatments as described for GALC ICV and GALC IP 24 4 2 6 

Treatment groups established in this study are shown. Only mice that reached the humane endpoint (or an equivalent time for WT) are included 

in this Table.  Only Twi-/- mice are analysed as part of the group (except for WT) in this study.
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As shown in Figure 6.3, the weights of all groups, except for WT, peaked between 31 and 34 

days of age prior to declining. The mice in the 3 treatment regimens that utilise FVV-GALC 

transduced MSCs are heavier than untreated twitcher mice or those in treatment groups GFP 

ICV and GFP IP. However, the GFP ICV+IP group also averaged higher weights that were 

similar to the GALC treatment groups. As shown in panel B, the differences observed in 

panel A are likely due to differences between litters as, when the weight curve is normalised 

to the highest achieved weight of each mouse, the differences are minimal. We next 

compared the lifespan (to humane endpoint) of the different treatment groups (excluding wild 

type). As this study was not blinded and bias could be introduced when deciding when to 

sacrifice a mouse approaching the humane endpoint, we compared the percent of highest 

achieved weight of mice at time of sacrifice between groups. The results are shown in Figure 

6.4. 

As shown in Figure 6.4, all animals in all groups were sacrificed between 36 and 41 days of 

age, regardless of treatment. Both GFP ICV+IP and GALC ICV+IP groups had a higher 

mean average lifespan than untreated twitchers, suggesting that MSCs have a modest effect 

on survival. FVV-GALC transduction improved survival compared to FVV-GFP controls for 

both groups (ICV and ICV+IP) receiving MSCs administered directly into the brain. 

However, the difference is small and Figure 6.4 panel B shows that there was some 

unintentional bias towards the mice in these treatment groups, as they were sacrificed 

following a greater percent of weight loss than mice from other groups. Equally, mice from 

the GFP IP treatment group had both the shortest average lifespan and the least weight loss at 

sacrifice, showing that the small differences in lifespan correlate with the weight loss at 

sacrifice. This would suggest that there is no real difference in the lifespan of mice between 

any treatment groups compared to untreated twitcher mice. This may be expected as weight 

curves were similar between groups. 

We assessed whether our treatment could improve hind-limb coordination and strength using 

the rotarod performance test. The mouse groups treated with FVV-GFP transduced MSCs 

were not assessed by this test. The results for the other treatment groups are shown in Figure 

6.5. As shown, wild type mice performed better than Twi-/- mice at all time-points tested. 

Furthermore, wild type mice maintained an average time of approximately 45 seconds on the 

Rotarod per test over the course of the experiment. Comparatively, the performance of Twi-/- 

mice reduced with age such that the average time spent on the Rotarod per test was under 15  
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Figure 6.3 - Weight curves of all treatment groups between 24 and 39 days of age. Panel A 

shows the mean weight of all animals in grams. The WT group continues to gain weight in a 

linear fashion over the time period measured, but later data points are outside of the axis. 

Panel B shows the growth curve adjusted as a percentage of the highest achieved weight of 

each animal (excluding the WT group). Data points show the mean average of the group. For 

clarity, error bars are not shown. 
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Figure 6.4 – Survival analysis of twitcher mice following MSC treatment. Panel A shows 

the age at which mice were sacrificed as they approached the humane endpoint. Panel B 

shows the percent of highest weight achieved at sacrifice for each mouse. In both panels, 

each data points shows 1 mouse and the horizontal line shows the mean average.  
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Figure 6.5 – Time spent on Rotarod. Motor skill was tested using the rotarod performance 

test where the Rotarod accelerated from 4-40 rpm at a rate of 1 additional rpm per second. 

Each mouse was tested 3 times per session and the average time spent on the Rotarod was 

recorded. The mean average of all mice in each group is plotted.  
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seconds per mouse by 33 days of age. None of the treatment regimens tested affected 

neuromotor function when assessed by this test. 

To examine whether our procedure was successful in terms of delivering viable MSCs 

capable of grafting, we analysed the male DNA content of organs from one female mouse 

from the GALC ICV+IP treatment group sacrificed at 40 days age following a weight loss of 

19.6% from the highest achieved weight. The brain was sectioned into 8 blocks consistent 

with the previous Chapter (Figure 5.3, panel A). Additionally, the liver, lungs, spleen, heart, 

kidney and sciatic nerve were analysed. The results are shown in Table 6.2. As shown, the 

highest level of MSC-derived DNA could be detected in section 6 of the brain which 

corresponds to the right ventricle which was targeted for injection at PND1. Within the brain, 

the contralateral ventricle also contained detectable amounts of male DNA, as did the 

olfactory bulb. In the visceral organs, the lungs and heart contained high levels of male DNA 

and the spleen had detectable amounts, whereas the liver and kidney did not have sufficient 

MSC engraftment for detection by this method. The sciatic nerve, which is significantly 

inflamed in affected twitcher mice, had no detectable amounts of MSC-derived DNA. Further 

post-mortem analyses were not conducted due to a low number of female mice in each 

treatment group for which organs were stored under conditions suitable for DNA extraction. 

6.3 - Discussion and conclusions: 

In this Chapter, the clinical potential of FVV-mediated gene therapy of MSCs for the 

treatment of Krabbe disease was explored. Using the FVV system that we optimised for use 

in mu-MSCs, the GALC open reading frame was transferred. Initially, GALC expression 

levels were low in MSCs transduced with FVV delivering the native GALC sequence. 

Expression was increased by gene optimisation of GALC to create what is arguably the best 

vector available for GALC expression in mu-MSCs. 

The phenotype of twitcher mice following treatment with Twi-/- derived MSCs transduced 

with either FVV-GFP of FVV-GALC has been studied. FVV-GFP transduced MSCs were 

used as a control since it has previously been described that MSCs alone can extend the life 

of twitcher mice following injection into the brain or peritoneum (Ripoll et al., 2011, Scruggs 

et al., 2013). However, in these published works, the MSCs used were not from twitcher mice 

and, therefore, it could not be excluded that the reported positive effect was due to 

endogenous GALC expression in MSCs. As we isolated the MSCs from Twi-/- mice, inherent 

MSC effects could be delineated from those caused by GALC expression. Transduction by  
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Table 6.2 – Male DNA content in a female mouse from the GALC ICV+IP treatment 

group. 

 

Tissue Section MSC cells per million total 

Brain 

1 14 

2 - 

3 34 

4 - 

5 - 

6 106 

7 - 

8 - 

Liver 

Total organ 

homogenate 

- 

Lungs 94 

Spleen 12 

Kidney - 

Heart 70 

Sciatic nerve - 

 

 

Organs from a female mouse from the GALC ICV+IP treatment group were frozen following 

sacrifice at 40 days of age. The brain was sectioned according to Figure 5.3. The visceral 

organs and sciatic nerve were homogenised prior to DNA extraction. Using qPCR targeting a 

repeat gene on the mouse Y-chromosome, the quantity of male (MSC-derived) genomes per 

million total was determined. Where no value is given, the number of male MSCs per million 

was below the detection limit of 10 per million.  
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LVV to over-express GALC improved outcome in IP treated twitcher mice (Scruggs et al., 

2013), indicating that both inherent MSC function and GALC expression contributed to a 

healthier phenotype and reduced inflammation. The LVV used (LVV-EF1α-GALC-WPRE) 

was reported to increase GALC expression by just 3-fold, while published images of 

transduced MSCs stained for GALC activity showed low transduction efficiency (Scruggs et 

al., 2013). As we have considerably increased GALC expression in MSCs by gene 

optimisation, it was hypothesised that our study could contribute to the advancement of this 

approach. Moreover, we tested the combination of both ICV and IP injection in some 

treatment groups, both of which were reported to be beneficial individually. However, the 

results conclusively show that MSC therapy has no effect on disease progression in the 

twitcher mouse model, even when MSCs are highly over-expressing GALC. Nevertheless, 

we demonstrated that MSC administration directly to the brains of neonatal mice and to the 

peritoneum is safe as no adverse events were recorded in 202 mice that received treatment. 

The differences between our study and those reporting positive outcomes with a similar 

approach, such as MSC dosage and origin, are highlighted in Table 6.3. Most differences are 

in our favour, such as using twitcher-derived MSCs, which avoids any immune-rejection, and 

a fully optimised MSC transduction system combined with the use of gene-optimised GALC. 

However, only our study fails to report a positive change in phenotype. Surprisingly, it is our 

untreated Twi-/- mice that differ most with those in other studies. The Twi-/- mice in other 

studies appear to be underweight and have a shorter than expected lifespan for twitcher mice. 

In contrast, the lifespan of our mice in the TWI group is consistent with most published 

descriptions of the twitcher mouse model (Hoogerbrugge et al., 1988, Strazza et al., 2009, Lin 

et al., 2011a, Rafi et al., 2012, Rafi et al., 2014). As both studies presented in Table 6.3 were 

conducted by the same group, this may be due to differences acquired through long-term 

inbreeding, although the range reported in the untreated lifespan is uncharacteristic of this 

robust mouse model, whereas the treated mice seem to follow a typical disease progression 

pathway. A further distinction between our studies is the use of the humane endpoint. While 

both previous studies reportedly kept mice alive until the 20% weight loss from the highest 

achieved weight had been passed (or if mice became moribund), we sacrificed mice prior to 

reaching this limit. Our approach is likely to have shortened the lifespan by 1-5 days. 

However, as the treated mice were following a similar disease progression pathway to 

untreated mice, prolonging the inevitable while the quality of life deteriorated was unlikely to 

have improved the outcome of our study. 
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Table 6.3 – Comparison of this study with others in which MSCs are administered to twitcher mice. 

 (Ripoll et al., 2011) (Scruggs et al., 2013) This study 

MSC origin 2-4 month old C57Bl/6-

Tg(UBC-GFP)30Scha/J 

mice (constitutively 

expressing GFP). 

4-6 month C57Bl/6-Tg(UBC-GFP)30Scha/J 

mice (constitutively expressing GFP). 

5 week old Twi-/- mouse. 

Treatment 

regimen 

Bilateral ICV injection 

using 20 000 MSCs in 1 

µl per hemisphere on 

PND3-4. 

Single or weekly IP injection of 1 million MSCs 

in 50 µl on PND5-6. LVV-GALC transduced 

MSCs tested for single IP only. ICV injected 

group (no ICV+IP combinations tested) received 

bilateral injection of 100 000 MSCs per 

hemisphere in 2µl on PND3-4. 

Unilateral ICV injection of 100 000 

MSCs in 2 µl on PND 0-3 followed by IP 

injection of 500 000 MSCs in 10 µl on 

PND5-7. All MSCs transduced with 

FVV-GALC. 

Transduction None. One group of single IP only using LVV-GALC. All MSCs transduced with FVV-GFP or 

FVV-GALC (gene optimised). 

Endpoint Weight loss of at least 

20% of highest achieved. 

Weight loss of at least 20% of highest achieved. Weight loss approaching 20% of highest 

achieved. 

Reported 

outcome for 

phenotype 

measures 

Increased average 

lifespan from 33.3 days to 

38.5 days. Highest weight 

achieved 10.6g for 

treated, 8.7 for untreated.  

Increased lifespan from average of 36 days to 43 

(ICV only), 42 (single IP), 41.5 (weekly IP) and 

44 (LVV-GALC transduced MSCs in single IP). 

All treatments increased highest achieved weight 

(from approximately 8g to 11g). 

No significant differences in highest 

achieved weight or survival. Excluding 

WT, the average lifespan for all groups 

ranged between 37.5 and 40.3 days, while 

the average weight was between 11.3 and 

13.6g. 
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In contrast to previous studies, we detected the presence of MSCs at the humane endpoint by 

PCR (PND40 corresponding to 39 days post-ICV-injection and 34 days post-IP-injection). 

Although our study only includes qPCR data from one mouse, the distribution in the brain is 

similar to that previously reported. In comparison, the distribution of MSCs following IP 

injection in mice is poorly described. As the lung is known to trap MSCs following systemic 

administration, the distribution of our MSCs is not surprising. We are the first to describe the 

migration of MSCs following IP delivery in twitcher mice and, to our knowledge, this is the 

first description of MSC migration following neonatal IP injection in any mouse strain. 

Had more time been available, the expression levels of myelin-associated proteins or 

inflammatory markers could have been determined. Experiments to do so will be conducted 

as part of future work. However, as no improvement in disease progression was made, a 

global tissue analysis would be unlikely to reveal efficacy. Comparatively, some 

improvements may be detectable in the vicinity of grafted MSCs. This could be examined by 

histological and immunohistochemical analyses. However, since previous studies have failed 

to detect MSCs at all (Ripoll et al., 2011) or detected very few cells (Scruggs et al., 2013), it 

is unlikely that sufficient data will be generated for robust analysis. 

In conclusion, we have tested the ability for Twi-/- MSCs transduced efficiently with FVV 

expressing high levels of GALC in the twitcher mouse model for Krabbe disease. While a full 

recovery has never been achieved in this severe animal model, some extension of life would 

be indicative of the treatment having potential. We did not see any indication that Twi-/- mice 

benefitted from such a treatment whether administered directly into the brain, into the 

peritoneum or both. This approach may be improved by increasing the MSC dose, although 

increasing the ICV dose would be challenging. We have already achieved high levels of 

GALC expression by gene optimisation and employing an optimised FVV vector for 

expression in MSCs, but further increases to expression levels may be beneficial. A strategy 

to promote the secretion of GALC from MSCs without affecting the mannose-6-phosphate 

tagging and correct sorting in target cells may give the highest chance of improvement, since 

secreted GALC is required for enzymatic correction of endogenous cells. However, without 

any efficacy in any treatment regime tested in this study, justification for further work based 

on this approach is limited. 
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Chapter 7: Final discussion 

Foamy viruses make up a subfamily of the Retroviridae that have some unusual 

characteristics, such as harbouring an infectious DNA genome and not causing disease in any 

infected host (Chapter 1, page 15). As ancient retroviruses with a curious life cycle, studying 

their biology is fascinating. Furthermore, as an apathogenic, non-human integrating virus, 

foamy viruses have the promise of being useful gene therapy vectors. In this thesis, we have 

studied the integration and application of foamy virus vectors. 

The foamy virus IN has been well studied in our laboratory with the determination of the 

PFV IN crystal structure (Valkov et al., 2009), rapidly followed by the crystal structure of the 

PFV intasome (Hare et al., 2010) and the reaction intermediates (Maertens et al., 2010). 

Solving these structures was a first for any retrovirus. However, the PFV PIC has never been 

isolated, whereas MLV and HIV-1 PICs have, although their complete composition remains 

unknown. We aimed to isolate PFV PICs, for the first time, in order to describe their 

composition. 

Major limitations to working with PFV are low titres and high toxicity due to the PFV 

envelope. To isolate HIV-1 PICs, current protocols suggest infecting 30 million cells at a 

MOI of 100 (Engelman, 2009). The titre of FVV using the 4-plasmid co-transfection system 

was typically under 5X106 TU/ml after 100-fold concentration ((Trobridge et al., 2002a) and 

Table 3.1). Consequently, an equivalent FVV infection would require over 600 ml of 

concentrated PFV or FVV from more than 4500 transfected 15 cm dishes of 293T cells. 

Aside from this, the toxicity of FVV or PFV does not allow transduction at a MOI greater 

than 1 (Figure 3.1, C). By using a codon-optimised FVV packaging system, we were able to 

increase FVV titre by 2-3 logs and by switching the envelope from PE to SE, we were able to 

transduce cells at MOIs over 100 without inducing syncytia formation (Figure 3.1, C). Both 

modifications helped address the aims of this project and will facilitate the exploitation of 

FVV in the future. 

An Alu-qPCR assay was developed in order to quantify integration of FVV into human 

genomic DNA and this was used to describe the timing of FVV integration post-infection in 

asynchronous HT1080 fibroblasts, showing that up to 10 hours are required post-transduction 

for any FVV integration to occur (Figures 3.3 and 3.4). It was known that the peak of nuclear 

entry of PFV viral DNA takes 9.5 hours in BHK-21 cells (Delelis et al., 2003), and this 

correlates well with data generated in HT1080 cells indicating that integration occurs shortly 
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after nuclear entry. Similarly, 10 hours were required post-aphidicolin removal in transduced 

aphidicolin-arrested HT1080 cells before integration took place, which coincided well with 

cells passing through mitosis (Figure 3.5), further supporting the premise that the timing of 

nuclear entry and integration is tightly linked. 

Despite our progress in infecting cells at a high MOI and determining the time at which PICs 

are most active in cells, we were unable to detect strand-transfer activity in cell extracts 

estimated to contain at least 108 functional PICs from 106 cells per reaction. We used a 

simple extraction and strand-transfer protocol based on published protocols for MLV (Brown 

et al., 1987) and HIV-1 (Engelman, 2009). Additionally, we showed that recombinant PFV 

IN is active for strand-transfer activity in the cell lysates obtained (Figure 3.10), which 

indicates that the buffer composition does not cause disassembly of the PICs core. However, 

MLV PIC strand-transfer activity is stimulated over 10-fold by 10% dimethyl sulfoxide 

(Brown et al., 1987), which was not included in our assays. The ST-qPCR designed for 

quantifying strand-transfer activity was capable of detecting strand-transfer from PFV 

intasomes with LTR substrate and should, therefore, be capable of detecting strand-transfer 

from FVV PICs. However, non-specific amplification with some target-DNA-specific 

primers occurred when strand-transfer was performed with putative PIC containing cell-

extracts. To be certain that our PICs are inactive, a Southern blot on the purified strand-

transfer reactions DNA might be carried out. Alternatively, an antibiotic resistance cassette 

could be introduced in the FVV and E. coli transformed with the resulting strand-transfer 

reaction products, allowing the detection of few strand-transfer events by the growing of 

colonies on selective agar plates. This would be more sensitive than Southern blot and would 

allow optimisation of the reaction conditions needed to achieve high activity in strand-

transfer assays. There was not time to establish these assays within the time-frame, but these 

experiments will be carried out in future work. 

A plausible hypothesis for the absence of strand-transfer activity in cell extracts containing 

putative PICs is that the PICs are present in an inactive form. The extraction protocol may 

allow for PIC disassembly, but not the loss of PIC components, since there are no purification 

or wash steps following cell-lysis. For at least 30 days, PFV capsids remain stable in non-

dividing cells at the microtubule organising complex (Lehmann-Che et al., 2007). Upon 

nuclear envelope breakdown during mitosis, Gag rapidly associates with condensed 

chromatin (Mullers et al., 2011a). Since Gag is the nuclear tether for incoming PICs, this 

immediate Gag-chromatin tethering is likely also to be PIC-chromatin tethering. Capsid 
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disassembly to release Gag-containing PICs prior to this tethering has not been reported, but 

is generally a step that is presumed to occur. We hypothesised that the PIC may dock to 

chromatin as part of an assembled capsid. The binding of the Gag chromatin binding site may 

induce structural changes which triggers capsid disassembly to release the PIC. Interestingly, 

the deletion of the Gag chromatin binding site prevents integration of FVV DNA in 

transduced cells, yet while the replacement of the chromatin binding site with a heterologous 

one rescues the ability for Gag to tether to chromatin, it does not rescue the integration deficit 

(Tobaly-Tapiero et al., 2008). This may support our hypothesis, since a heterologous 

chromatin binding site may not trigger the required conformational change to release the 

FVV PIC. If our analyses confirm that transduced cell extracts do not have strand-transfer 

activity, we aim to investigate this by electron microscopy. Furthermore, we may attempt to 

detect the presence of inactive PICs in our cell extracts following sucrose density gradient 

centrifugation. 

Molecular studies on FV biology often fail to test IN function following mutagenesis, such as 

those examining the effect of the proteolytic cleavage of p3Gag (Zemba et al., 1998, Hütter et 

al., 2013) or between PR-RT and IN (Roy and Linial, 2007) on FV replication. This is likely 

due to the relatively low abundance of IN compared to Gag and the lack of assays for 

measuring IN activity. Using single-round FVV, rather than replicating PFV, has many 

advantages. We have been unable to provide a protocol for strand-transfer assays using FVV 

PICs, but we have described Alu-qPCR for FVV which may be valuable for some studies 

where the efficiency of integration is thought to be affected. A modest reduction in 

integration efficiency is difficult to interpret via monitoring transgene expression, since non-

integrating FVVs express transgene in the absence of integration (Deyle et al., 2010). 

The other aims of this thesis were to examine the application of FVVs. Foamy virus vectors 

are already known to be effective at transducing HSCs and have been used to cure 4 dogs of 

canine leukocyte adhesion deficiency (Bauer et al., 2008). Despite this success, while primary 

immunodeficiencies have been treated with LVVs (Sauer et al., 2014), clinical trials FVVs 

have not flourished. We aimed to develop FVVs for use in MSCs, a promising adult stem cell 

for which gene therapy has not yet been dominated by a single vector. Where LVV or RVVs 

have been used, transduction efficiency is limited and requires high MOIs and multiple 

rounds of transduction (Van Damme et al., 2006). Furthermore, polybrene, which is 

commonly used to enhance MLV and LVV transduction, is toxic to MSCs (Lin et al., 2011b). 
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Since FVVs do not benefit from cationic polymers, such as polybrene, a high transduction 

efficiency may put FVVs at the forefront of MSC based gene therapy. 

Using FVVs as described to date (with PE), we achieved approximately 60% transduction 

efficiency in a single-round transduction at a MOI of 30 (HT1080 TU). However, our vector 

was toxic. By changing the envelope to the non-fusogenic SE, we increased transduction 

efficiencies to over 95% at a MOI of 30. As MOI is relative to the cells in which vector is 

titrated, we estimate this to be equivalent to an MOI of 6 MSC TU, since an MOI of 5 

HT1080 TUs resulted in ~63% transduction efficiency  (Figure 4.8) which correlates with the 

expected transduction efficiency at a MOI of 1 (Fields et al., 2007). A transduction efficiency 

greater than 95% following a single-round transduction at a low MOI indicates that FVVs 

may be the best choice of vector for use in mu-MSCs. Within our vector, we describe that the 

WPRE or oPRE increase expression of both GFP and ARSA. Of the 2 promoters commonly 

used in LVVs for HSC gene therapy, the PGK promoter had 2-4 fold higher activity than 

EFS. Moreover, expression from the PGK promoter was stable for at least 5 passages, 

whereas EFS activity decreased over time (Figure 4.11). Although we cannot exclude the 

possibility that other promoters are more active, the PGK promoter is well characterised and 

has been shown to be safe in genotoxicity assays (Zychlinski et al., 2008). Thus, we report an 

optimal mu-MSC gene transfer vector consisting of the PGK promoter, transgene and the 

oPRE in a FVV enveloped with SE. 

There is currently much interest in combining gene therapy with MSC therapy, as described 

in Chapter 1, page 40. This includes proposals to enhance the beneficial effects of MSC 

therapy, for example by over-expressing adhesion molecules, cytokines or growth factors to 

target MSCs to the desired tissue, modify an immune response or enhance repair, 

respectively. There is also growing interest in the use of MSCs as delivery vehicles, 

particularly in diseases affecting the CNS, where HSC gene therapy is, typically, of limited 

benefit. Some neurodegenerative diseases for which MSCs therapy is being studied are 

Huntington’s disease (Olson et al., 2012), amyotrophic lateral sclerosis (Uccelli et al., 2012), 

multiple sclerosis (Karussis et al., 2010), Alzheimer’s disease (Kim et al., 2012) and 

Parkinson’s disease (Kitada and Dezawa, 2012). All of the MSC therapies for these diseases 

are aimed at achieving efficacy through paracrine effects and, therefore, it is likely that gene 

therapy may enhance beneficial effects. Additionally, combined gene and MSC therapy has 

been proposed for lysosomal storage diseases that affect the CNS, such as the 

sphingolipidoses (Phinney and Isakova, 2014). 



 

 

182 

We aimed to demonstrate the potential of FVVs for MSC-based gene therapy of 2 

sphingolipidoses, MLD and Krabbe disease. The animal models for these diseases are very 

different. The ARSA knockout mouse suffers a slow accumulation of sulphatide, but 

symptoms are mostly absent. In contrast, the twitcher mouse is symptomatic from 3 weeks 

and dies within 1.5 months. Thus, these models test MSC-based gene therapy at either side of 

the severity spectrum. We used an adult treatment approach for ARSA-/- mice and a neonatal 

treatment approach for twitcher mice. Both these approaches are relevant considering the 

infantile, juvenile and adult onsets that are typical for most members of the sphingolipidoses 

(Chapter 1, page 44). Furthermore, both these models have already been studied and shown 

to be partly amenable to gene and cell therapy. Work in the ARSA-/- mice has led to the only 

gene and cell therapy trial in a LSD (LVV transduction of HSCs) (Biffi et al., 2004). 

However, HSC therapy is unlikely to be successful in more severe models, since the 

recruitment of microglia across the blood-brain-barrier is a slow process. On the other hand, 

twitcher mice have never been cured from disease, yet short extensions in lifespan have been 

reported (Table 1.2). This included a very modest increase following either IP or ICV 

delivery of MSCs to neonates (Table 1.3). Thus, an optimised vector, such as the one 

described in this study, may be expected to increase the benefit of this therapy. 

In the ARSA-/- mouse model, we achieved a modest, but significant, reduction of sulphatide 

levels in the brain. Remarkably, this was achieved using MSCs transduced with sub-optimal 

(PE∷EAo) vector. Repeating the study with the optimised vector should improve results since 

the secreted ARSA is approximately 5-fold higher. Experiments to investigate this has 

already been initiated, but as sulphatide storage is slow to accumulate, results are pending. 

Future work will analyse the sulphatide levels in treated mice. In contrast, we saw no signs of 

improvement in the twitcher mouse model regardless of our treatment strategy. A detailed 

analysis of inflammatory markers in affected tissues such as the brain, spinal cord and sciatic 

nerve, remains outstanding and will finalise this study. 

Overall, our in vivo efficacy studies have been disappointing. We consider treatment not to 

have failed because of our FVV, but rather due to the limited number of MSCs which can 

graft long-term in the brain. Despite high expression of the deficient enzyme in our MSCs, 

engraftment rates were typically between 10 and 50 cells per million. To achieve wild-type 

levels of enzyme in the brain, we would require each of our MSCs to secrete enough enzyme 

to rescue 10 000 cells. Although wild-type levels are not necessary, since people with under 

10% of normal ARSA activity may be healthy (pseudoarylsulphatase A deficiency 
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(Gieselmann et al., 1991)), this remains a major challenge considering that the majority of 

lysosomal enzyme does not get secreted (Kornfeld, 1987). Disease models that benefit from a 

transient correction or need very low amounts of enzyme for correction may be better suited 

to this approach. 

Lysosomes can secrete their contents by exocytosis by the fusion of lysosomes with the 

plasma membrane. This process is called cellular clearance (Settembre et al., 2013). Whilst 

cellular clearance can occur in all cells, it is associated with specific specialised cell types 

such as cytotoxic T cells which kill targets by secreting their lysosomal contents 

(Stinchcombe and Griffiths, 2007). Lysosome biogenesis and cellular clearance is regulated 

by transcription factor EB such that its expression induces cellular clearance (Settembre et 

al., 2013). This may be exploited to increase the amount of lysosomal enzymes that MSCs 

secrete. Since we showed that IRES incorporation into FVVs negatively affects titres and 

expression levels (Figure 4.2 and 4.3), we would expect that a co-transduction of MSCs with 

separate FVVs would best achieve the co-expression of a lysosomal enzyme and transcription 

factor EB. 

Niemann-Pick disease is another LSD that falls into the sphingolipidoses subgroup (Figure 

1.6) for which an animal model has produced promising results using MSC based gene 

therapy (Jin et al., 2002, Jin and Schuchman, 2003). In these studies, a RVV was used to 

over-express acid sphingomyelinase, the enzyme deficient in Niemann-Pick disease types A 

and B. The estimated transduction efficiency was reportedly 20%, yet following the direct 

delivery of 50 000 MSCs into both the cerebellum and hippocampus of 3-4 week old mice 

(pre-symptomatic), the average lifespan was increased from 28 to 36 weeks along with 

significantly higher body weights, rotarod scores and reduced Purkinje cell loss (Jin et al., 

2002). Results were improved further by combining this treatment with bone-marrow 

transplant at PND3 (Jin and Schuchman, 2003), but both studies suffered from loss of 

sphingomyelinase expression by 24 weeks. These studies demonstrate the potential of 

delivering MSCs to the brain for the treatment of some LSDs. The development of our FVV 

for mu-MSCs may further improve efficacy by increasing the number of transduced cells and 

conferring long-term expression. As this model has provided the most positive outcome for 

MSC delivery to the brain, it would be interesting to replace MLV with our vector in an 

otherwise unchanged protocol. For other LSDs, considerable improvements to MSC 

engraftment rates in the brain and secreted enzyme levels are likely requirements for efficacy 

to be realised. 
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In conclusion, this thesis has aimed to isolate the FV PIC, develop FVVs for gene transfer in 

MSCs and examine the potential of MSC gene therapy in 2 neurodegenerative lysosomal 

storage diseases. We have been unable to detect active PICs, but have established protocols to 

allow transduction at a high MOI and to measure FVV IN function by Alu-qPCR. We 

succeeded in developing FVVs for MSC gene therapy and provide a description of the best 

gene transfer vector available for mu-MSCs. We tested 3 MSC-based approaches (ICV, IP, 

ICV+IP) in a model for Krabbe disease and conclusively showed that none of these 

approaches affect disease progression. In contrast, we obtained inconclusive results in the less 

robust model for MLD, where a significant reduction in sulphatide levels were achieved post-

treatment with MSCs transduced with sub-optimal FVV following their delivery to the lateral 

ventricle. Time did not allow for the completion of follow-up experiments using our 

improved vector. Future work should aim to determine why there is no detectable strand-

transfer activity in our transduced cell lysates; whether there is any local effect on 

myelination or inflammation in areas adjacent to engrafted MSCs in twitcher mouse brains; 

and if a more robust sulphatide reduction is achieved in ARSA-/- mice following treatment 

with MSCs transduced using our optimal FVV. 
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