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1.1 HUMAI\ GENE THERAPY

1.1.1 WHERE ARE WE TODAY?

Gene therapy is defined as the introduction of normal genes into cells in place of

defective or missing ones in order to correct genetic disorders (The Oxford English

Reference Dictionary, 1996). In practice somatic cell gene therapy does not imply the

replacement of a non-functional gene with a functional one but rather the complementation

of a gene. This concept is not new, early exploits at human gene therapy appeared before

the advent of recombinant DNA technology. Probably the first acknowledged attempt was

by Stanfield Rogers who injected the Shope papilloma virus into patients suffering from

arginase deficiency because earlier work had led him to believe that this virus contained an

arginase gene (Rogers, 1959; Rogers et al.,1973). Since then substantial progress in gene

therapy has been attributed to both the ability to manipulate recombinant DNA and the

advancements in techniques for transfection and selection systems for cultured cells. The

dehnition of gene therapy has thus broadened to describe nucleic acid transfer, either DNA

or RNA, to target cells for some therapeutic purpose. This expanded definition stands in

contrast to the earlier held notion that gene therapy is aimed strictly at genetic disease.

Many gene therapy protocols aÍe currently directed at cancers, infectious and

cardiovascular diseases, or at the stimulation of specific cellular actions such as cell

killing, immune reactions (Rosenberg et al., 1998), prodrug activation (Rigg and Sikora,

1997) and the production of molecular decoys required for viral replication (Lisziewicz et

al., 1993). There are essentially three classes of somatic cell gene therapy. The first is ex

vivo, which involves removal of cells from the body followed by incubation with the

desired gene and then the return of the genetically modified cells to the body. The second

class is in situ which describes the direct administration of the gene transfer vehicle into

affected cells or tissues. The final type, of which there are no examples, but is probably

the most desirable scenario refers to in vivo gene therapy whereby the vector would be

directly injected into the bloodstream, with subsequent targeting by virtue of the properties

endogenous to the vector used (Anderson, 1998).

The first clinically approved therapeutic protocol for gene therapy started trials in

1990 for patients with adenosine-deaminase deficiency (severe combined

immunodeficiency, SCID) (Blaese et a\.,1995). Despite the fact that the patients remained

on enzyme replacement therapy, there appeared to be òome long term benefit in several

patients with SCID (Mullen et al.,1996). Since then over 300 clinical regimes have been

approved yet there is only conjectural evidence that a gene therapy procedure has





Of the non-viral gene delivery methods cationic lipid-based delivery systems are

the most widely used. A cationic lipid called Lipofectin was developed and was one of the

first chemical DNA delivery systems to be used in animals (Felgner et al., 1987), Such

liposomes are non-pathogenic, can be used for multiple treatments and unlike viral vectors

they are relatively cheap and easy to prepare. There also appears to be no limit to the size

of genes that can be delivered. Initial success with cationic lipids promoted further

developments aimed at increasing transfection efficiency (Zhl et al.,1993). Helper lipids

have been incorporated into the liposome complex and an excess of lipid over DNA in the

reaction seems to augment the transfer process (Felgner et al., 1994). Still, lipid-based

systems have important drawbacks, including the lack of targeting, the poorly understood

structure of DNA-lipid complexes and variations that arise during fabrication (Filion and

Phillips, 1998).

A further attempt at non-viral gene transfer has been to conjugate DNA to cationic

peptides. For example, polylysine has been used with certain peptides to target DNA

transfer to specific cell surface proteins and therefore to particular cell types (Feero et al.,

1997). Polylysine has been used to link DNA to inactivated adenovirus such that gene

transfer can occur with the efficiency of adenoviral mediated uptake (Nguyen et al., 1997).

A combination of the polycationic peptide protamine sulphate has been used in

combination with cationic lipids to enhance DNA delivery (Sorgi et al., 1997). Short

peptides (Schwartz et al., 1999), fusion proteins (PauI et al., 1997), as well as numerous

other cationic polyrners have been used to mediate uptake of DNA into cells (Luo and

Saltzman, 2000). Biocompatible controlled release polymers, an advance on all the

methods described above, enables long-term release without repeat administration, has

also been reported. Matrices of poly D, L-lactide-co-glycolide (PLGA) were loaded with

plasmid, which was subsequently released up to a month in vitro. Consequently, delivery

of functional DNA to neighbouring cells was achieved (Shea et al., 1999).

I.I.2.I.2 MECHANICAL METHODS

The simplest method of gene delivery is the direct injection of naked DNA into the

nucleus of a target cell. While this is conceptually very simple it is not very practical.

Various modifications of this principle have been applied including the use of high

pressure (Mann et al., 1999), and hydrodynamic injection (Zhang et al., 1999). A

procedure known as electroporation, which makes use of high voltage electric pulses to

transiently open pores in cell membranes, has also been used to deliver DNA to a myriad

of cell types (Neumann et a1.,1982; Aihara and Miyazaki,1998).
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Nevertheless recombinant AAV vectors have been shown to efficiently transduce

both muscle (Fisher et al., 1997) and brain (Kaplitt et al., 1994) resulting in long term

stable gene expression. An encouraging report describing curative levels of clotting factor

IX, subsequent to AAV mediated gene transfer, have been found in a mouse model that

persisted for at least nine months with no evidence of toxicity (Snyder et a1.,1997). More

recently, cognitive function in a murine model of mucopolysaccharidosis was shown to

improve following intracranial injection of recombinant adeno-associated virus (Frisella er

a|.,200I).

I.I.2.2.3 HERPES VIRUS VECTORS

A variety of human viruses fall into the family herpesviridae including epstein-ban

virus, cytomegalovirus, varicella-zoster virus and herpes simplex virus (HSV). Most

efforts for vector development have been focused on HSV which, has been used for gene

transfer to neurons (Fink and Glorioso, 1997). HSV has alarge (150 kb) double stranded

linear DNA genome allowing insertion of at least 30 kb of foreign DNA sequence. HSV

can infect non-dividing cells but remains episomal. It can establish latent infection that

may last the entire life span of the cell, especially in the CNS (During et al., 1994).

Capitalising on this inherent natural tropism of HSV, the B-glucuronidase gene has been

used for the correction of mucopolysaccharidosis type VII, with results showing long-term

expression in latently infected neuronal cells (Wolfe et a|.,1992).

Development of recombinant vectors has been challenging because there are about

70 genes in the HSV genome, some still with unknown functions. Only transient virus

production systems have been developed thus far which have low transduction efficiencies

(Andersen et a1.,1992). Cellular toxicity is also apparent and this is further complicated

by the fact that much of the population has herpes virus infections (Johnson e/ al., 1992).

Therefore, upon transduction with a recombinant HSV for gene therapy it may be possible

to activate the latent virus. Clearly a better understanding of HSV is required before it can

be a candidate for gene therapy trials.

I.I.2.2.4 RETROVIRAL VECTORS

The fact that the gteatest number of active gene therapy trials involve the use of

retroviral vectors suggests that they must, at least at some point, have been highly regarded

for this purpose (Anderson, 1984). What makes the retrovirus so popular as a ge_ne

transfer vector is that, by nature, it integrates into the host cell genome, thus delivering the

gene of interest not only to the target cell but also to all its progeny. The first vectors to be

1





synthesised as a precursor molecule that is cleaved during transport to the cell surface. An

additional fourth smaller sequence, found in all retroviruses, is termed pro, this spans the

gag and pol coding domains and encodes a further enzpe, the viral protease, which is

responsible for cleaving the primary translation products of gagpol into mature proteins.

Retroviruses replicate via a double stranded, chromosomally integrated DNA

intermediate (section 1.2.2,Figurre 1.1) and the structure of the genome is most often

described in this form. The viral encoding domains are flanked by two identical sequences

termed long terminal repeats (LTRs). Contained within the LTRs are signals required for

synthesis and processing of viral RNA, organised in three elements. U3 and U5 are

derived from RNA sequence unique to the 3' and 5' ends of the genomic RNA molecule

respectively, and R is the sequence repeated at both ends of the RNA. U3 provides the

major controlling elements for transcription, including promoter and enhancer elements.

The U3, R and U5 regions contained within the 3' LTR provide all the necessary cls acting

elements for post-transcriptional processing of the 3' end of the RNA. The site of

transcription initiation is at the boundary between U3 and R and the junction of R and U5

is the site of poly (A) addition. Complex retroviruses have this same genetic organisation

but with extra coding domains for additional proteins.

I.2.2 REPLICATION CYCLE

An overview of the life cycle of the retrovirus is shown in Figure 1.1. The

prototypical feature of the retroviral life cycle is the reverse transcription reaction. As

aheady mentioned retroviruses contain two identical copies of single stranded RNA, yet

only one DNA molecule is produced from an infectious retroviral particle. This

pseudodiploid feature, whilst essential for replication, may also help contribute to the

genetic diversity of retroviruses and increase the likelihood of successful synthesis of its

genome, as it is known that if one of the RNAs happens to be damaged, RT can switch to

the other copy (Coff,rn,1979).

I.2.2.I VIRAL ENTRY

The first step in the life cycle of a retrovirus is the binding of the viral surface

glycoproteins to receptors present on the target cells. As stated earlier the envelope protein

is encoded by the env gene and is composed of a membrane spanning domain (TM) and

the surface protein (SU). The latter interacts with host receptors, this is

9
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The retroviral reverse transcription reaction.

The thin black line represents RNA and the heavy black line denotes DNA.

See section 1.2.2.2 for a description of this procoss:
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Once in the nucleus, the viral DNA complex binds, and is then joined to, host DNA

by a reaction catalysed by integrase. The recessed 3'-OH moieties on the ends of the viral

DNA react with the phosphodiester bonds on opposite strands of the host DNA forming an

ester bond. The choice of integration sites in the host DNA is essentially random although

highly bent DNA sites such as those in specific nucleosome positions are favourable

(Pryciak and Varmus, 1992). The gaps that flank the junctions between the host and viral

DNA are then repaired by viral RT with the possible help of other viral proteins. As to the

events afterwards, nothing is yet known of this gap repair step or how the preintegration

complex is finally disassembled.

I.2.2.4 SYNTHESIS OF VIRAL RNA AND PROTEINS

In the life cycle of the retrovirus, proviral DNA is the template for transcription and

once integrated the provirus mimics a cellular gene. The viral genome must be able to

direct the host cell machinery to express its own genes. It does this through the use of cis

acting control elements present in the LTRs. The U3 region of the 5' LTR contains control

elements that regulate transcriptional initiation by the host cell RNA polymerase II, the

eîzyme that mediates retroviral transcription. The 3' LTR contains c¡s acting elements

that control post-transcriptional processing of the 3' end of the RNA product. In addition

to control elements provided in cis, retroviruses utilise transcription factors provided by

the host cell, which are often unique to a particular class of retrovirus. Complex

retroviruses, for example HfV, encode their own transcriptional activators that further aid

in controlling viral gene expression.

Viral transcription results in a full-length transcript, which will be packaged as the

viral genome. Therefore, this fraction of RNA must reach the cytoplasm unspliced. The

retroviral genome also contains open reading frames for viral proteins. Multiple protein

products are synthesised from a single RNA species by frameshifting and processing of

polyproteins by proteolysis. A portion of retroviral transcripts is spliced to generate

smaller sized mRNAs. The retrovirus faces the formidable task of regulating the quantity

and type of spliced and unspliced RNA.

The full-length transcript from the integrated provirus provides the polyprotein

precursors for assembling the virus. These include Gag, Pro, Pol and Env, which, as

described earlier, are common to all retroviruses. Gag is translated in the cytoplasm from

the unspliced viral RNA and is central to the assembly process (Wills and Craven,l99l).

The pro and pol genes are also derived from the unspliced viral RNA as a result of

translational read-through. This translational read-through mechanism ensures that the
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repeated (R) region at both ends of the viral RNA required for transfer of DNA synthesis

between templates, and short partially inverted repeats located at the termini of the viral

LTRs required for integration (Figure 1.3).

1.2.3.1 PACKAGING SEQUENCES

The packaging of viral genomic RNA into virus particles is coordinated by a

specific cis acting sequence element known as psi (r.y). This sequence lies downstream

from the splice donor site and extends into the gag reading frame. Initially the ry sequence

was identihed as spanning 350 bp between the splice donor site and the initiating codon of

gag. Deletion of this region produced viruses that were unable to package their own

genome (Watanabe and Temin, 1983; Mann et a1.,1983). Insertion of this y sequence into

other sites of the retroviral genome reinstated packaging of genomic RNA, including

subgenomic RNA (Mann and Baltimore, 1985).

For MLV (Moloney leukemia virus) the optimal ry sequence is now believed to

cover 800 bp, just downstream from the splice donor and overlapping with the amino

terminal sequences of the Gag protein (Bender et a1.,1987). This region has been shown

to direct the efficient packaging of heterologous transcripts into virions (Adam and Miller,

1988). Between the splice donor site and the gag start codon, two hairpin structures have

been unveiled (Konings et al., 1992). The loops in these two hairpins have a conserved

GACG motif that is able to form additional hydrogen bonds between bases in the loop,

thereby contributing to the stability of the structure (Cheong et a1.,1990; Heus and Pardi,

1ee1).

I.2.3.2 PACKAGING CELL LINES

Packaging cell lines provide all the viral proteins in trans that are necessary for the

assembly of virions. For MLV these packaging cell lines, originally derived from murine

fibroblasts, supply the Gag, Pol and Env proteins but are incapable of packaging the

transcripts encoding these proteins into virions. Early attempts at creating such packaging

cells used a wild type proviral genome, which bore deletions of the r1r sequence. Murine

fibroblasts transfected with this crippled virus produced all of the retroviral proteins but

the particles were devoid of viral RNA. They were however, able to package other
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transcripts from recombinant retroviral vectors that contained the V sequence (Mann et al.,

1983; Cone and Mulligan, 1984; Miller et a|.,1985). The major problem facing these first

generation packaging lines was that a single recombination event between the deleted

retrovirus in the packaging cells and the retroviral vector could result in the production of

wild type virus. Once formed this replication competent retrovirus can spread very

efficiently (Otto et al., 1994). The design of retroviral packaging cell lines has since

evolved to address the undesirable spontaneous production of helper virus by minimising

sequence homology between packaging and vector plasmids. Consequently packaging cell

lines were constructed such that more recombination events were required making the

formation of helper virus less likely. The next wave of packaging cell lines contained

additional alterations in the genome of the helper virus, including deletions in the 5' LTR

or replacement of the viral LTR promoter with other promoter sequences, and the

substitution of the polyadenylation signal of SV40 for the 3' LTR (Sorge et al., 1984;

Miller and Buttimore, 1986). Two homologous recombination events are necessary to

generate replication competent retrovirus in this generation of packaging cell lines. The

latest development of packaging cells has been engineered with the gagpol and env coding

regions separated over two expression plasmids (Markowitz et a|.,1988a). Additionally,

cell lines free from endogenous retroviral sequences were used for the creation of the

packaging cell lines (Cosset et aL.,1995). In this third generation of packaging cells three

recombination events are required for wild type virus formation.

Such retroviral vector producer cell lines release replication incompetent

recombinant retroviruses that are able to transduce target cells only once. Once

internalised the retroviral vector can integrate into the target cell genome and the transgene

is expressed as it if were a cellular gene. Thus, in theory at least, the goal of gene therapy

has been achieved.

I.2.3.3 HOST RANGE

An important consideration in the selection and/or development of packaging cell

lines is the host range of retroviral vectors that will result. As mentioned earlier, the host

range is solely determined by the particular Env protein that is used in the construction of

the packaging cell. The host range of retroviruses is generally divided into three classes,

which were originally developed to describe murine retroviruses. The first of these

comprise those viruses that can only infect murine cells, these are known as ecotropic

viruses. Xenotropic viruses are unable to infect murine cells but can infect a wide range of

other mammalian cell types. The last, and most versatile, class is referred to as the
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MLV system where one protein mimics the polyprotein GagPol and is translated from the

full-length viral mRNA and the other the Env protein, which is made from a spliced

mRNA (Cepko et al., 1984). Intemal promoters have been widely used to express two

genes and retroviral vectors expressing three different cDNAs, each from their own

promoter have been engineered (Overell et al., 1988). A promoter cDNA transcription

unit can be inserted into the U3 region of the retroviral 3' LTR which results in two copies

of this gene in the integrated proviral form (Hantzopoulos et al., 1989). These have been

termed "double copy" vectors and have also been created by placing the oDNA into the R

region of the LTR (Adam et a1.,1995).

Multiple coding regions can be expressed from the one promoter using IRES

(internal ribosome entry site) elements placed between the open reading frames (Adam et

al.,l99l). These elements originate from the non-coding 5' ends of picornaviruses where

they act to initiate the cap-independent translation of viral proteins (Jang et al., 1990).

IRES elements enable translation of the downstream open reading frame by promoting

entry of the ribosome followed by the initiation of translation. Using a single RNA

ensures coordinate expression of both proteins. Another option for the concordant

expression of two proteins from a retroviral vector is to combine the function of both

proteins using a chimeric protein. A chimeric protein can be created by an in frame fusion

of the cDNAs encoding the proteins. For example, a chimeric combination of adenosine

deaminase and a multidrug resistance gene has been generated and expressed via a

retroviral vector (Germann et aL.,1990).

Self-inactivating (SIN) vectors have been created in an attempt to eliminate any

effects of the LTRs on the transcription of internally placed genes. This is also of

particular use in preventing the downstream transcription from the 3' LTR into the

genomic DNA into which it is integrated in the host cell (Herman and Coffin, 1987). For

gene therapy to be a safe mode of treatment it is imperative that there are no adverse

affects such as the possible activation of an endogenous oncogene because of the

integration of the retroviral vector. SIN vectors have been made by deletion of the

transcriptional enhancer and/or promoter elements contained within the 3' LTR (Hawley el

al., 1987; Yee et al., 1987). During reverse transcription the 3' LTR encompassing the

deletion is used as the template for the synthesis of both LTRs in the newly formed

proviral DNA. Thus after one cycle of replication the deletions will be incorporated

within the 5' and 3' LTRs producing an inactive provlrus.
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Prl60 is produced by a translational frameshift mechanism as ribosomes read full-length

genomic HIV-1 transcripts, bypassing the termination codon that defines the 3' terminus of

gag. The efficiency of the frameshift defines the ratio of gag to pol gene products present

in mature virions which is 20:1 (Jacks et a|.,1988). The pol precursor is cleaved to yield

three catalytic proteins, protease, reverse transcriptase and integrase. The protease (PR),

p10, is responsible for the proteolytic processing of the Gag and GagPol precursor

molecules. Reverse transcriptase (RT), p66151, a heterodimer, catalyses the reverse

transcription reaction of the genomic viral RNA into double stranded DNA (described in

section I.2.2.2). While all reverse transcriptase enz)irnes are notorious for errors due to the

lack of a proofreading activity, the HIV-I RT appears to be significantly more error prone

than other retroviral RTs. This may contribute to the high mutation rate of HIV-I in vivo

(Preston et al., 1988; Roberts et al., 1988). The integrase (IN), p32, mediates the

integration of the viral genome into the host cell chromosome (described in section

t.2.2.3).

1.3.1.3 THE ENV ENCODED PROTEINS

The envelope glycoproteins are firstly synthesised as an 88 kDa precursor. In the

endoplasmic reticulum high mannose N-linked carbohydrate chains are added and the

molecule is folded into its appropriate l':ufüary structure (Fennie and Lasky, 1989). The

carbohydrate chains are terminally modified in the Golgi apparatus. The signal peptide of

about 30 amino acids is then cleaved from the amino terminus of the precursor molecule,

gp160. Subsequent proteolytic processing produces the amino-terminal, gpl20 (SU

domain) and the carboxy-terminal, gp41 (TM domain) (Haseltine, 1991). The gp120

surface moiety plays a role in interacting with the CD4 receptor and possible cofactors on

host cells. The transmembrane protein, W4I, is responsible for anchoring gpI20 through

non-covalent interactions thereby mediating the fusion process between viral particles and

susceptible host cells (Lifson et a|.,1986; Alkhatib et a|.,1996; Deng et a|.,1996).

I.3.I.4 THE REGULATORY PROTEINS

The HIV-I genome contains two regulatory genes, tat and rev, that encode

transactivator proteins that are essential for virus replication. Along with Nef, Rev and Tat

are the first proteins to be synthesised following integration of viral mRNA. Once

synthesised, Rev and Tat augment the production of viral mRNAs. The intracellular

concentration of Rev plays a role in the switch from the early phase of replication, marked

by the abundance of the short transcripts, to the late phase of replication, characterised by





















easily generated, and thirdly, they are more susceptible to recombination events due to the

high copy numbers of DNA molecules. Therefore for large scale production of replication

defective retrovirus, stable packaging cell lines, providing all the viral proteins required in

trans, analogous to those for MLV, are desirable.

The ñrst stable HtV-l based packaging cell line was made by a deletion of the

major packaging site in the HIV-I proviral clone (Corbeau et al., 1996). This deletion

began 6 nucleotides downstream from the 5' major splice donor to 7 nucleotides upstream

of the beginning of gag, encompassing a total of 37 nucleotides. This packaging plasmid

was then co-transfected with a plasmid carrying a selectable marker and a resistant clone

was identified. This clonal cell line was able to synthesise HIV-I proteins, however,

virion like particles produced by these cells were non-infectious because the genomic viral

RNA could not be packaged. For evaluation of gene transfer this packaging cell line was

transfected with an HIV-I vector that contained the packaging region along with the first

653 bp of gag and the RRE (Parolin et al., 1994). The cell line produced virions capable

of transducing CD4+ HeLa T4 cells with a maximum titre of 105 IU/ml. There is a

potential problem with this type of packaging cell line because one single recombination

event between HtV-1 sequences in the packaging cells and the transfer vector could lead to

the undesirable production of replication competent virus.

A split genome approach was applied with the view to minimise the chances of

homologous recombination (Srinivasakumar et al., 1997). The packaging cell line was

created by transfecting five separate plasmids. One of the plasmids expressed gagpol and

vif and the remaining plasmids expressed one of the other genes , nef, tat, rev and env. The

5' sequences required for packaging were deleted from each construct. When the

packaging cell line was transfected with the transfer vector, virus particles were produced

with a titre of up to 104 IU/ml.

The constitutive expression of some of the viral proteins required in trans, namely

HtV-l enu (Sodroskí et al., 1986), VSV-G (Burns et al., 1993), protease (Kaplan and

Swanstrom,I99I; Kräusslich et al., 1993) and vpr (Planelles et al., 1995; Rogel et al.,

1995) have been shown to be cytotoxic. To overcome this problem inducible packaging

cell lines have been developed (Yt et al., 1996; Kaul et al., 1998). Both of these

packaging cell lines produce viral proteins only after the removal of tetracycline from the

culture medium and yielded low viral titres of up to 103 upon transfection with the transfer

vector. Another tetracycline inducible HIV-I packaging cell line was developed that

produced pseudotlped VSV-G viral particles at a titre of more than 106 ru/ml (Kafri et al.,

1999). A stable inducible packaging line based on the doxycycline-repressible expression
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splice donor and the gag iniliation codon. This prevented HIV-2 packaging and

replication, but not expression of the viral genes. Co-transfection of this packaging

plasmid with VSV-G and a transfer vector produced viral particles at titres of up to 106

IU/ml that were suitable for transducing non-dividing cells. Unfortunately transduction of

CD34+ HSCs could not be demonstrated. This packaging plasmid was then used to make

a stable cell line capable of expression of the HIV-2 viral proteins and devoid of

replication competent virus (Arya et a|.,1998).

Feline immunodeficiency virus (FIV) is a non-primate lentivirus that does not

productively infect human or other known non-feline cells. An FIV gene transfer system

has been developed capable of transducing primary human macrophages and post-mitotic

neurons with titres of 105 IU/ml (Poeschla et al., 1998b). The packaging plasmid was

constructed by replacing the 5' LTR with the CMV early promoter and the 3' LTR with

the bovine growth hormone polyadenylation signal, and deleting 875 nucleotides from the

env gene. In the transfer vector, the U3 region of the 5'LTR was replaced by fusing the

CMV promoter to the R repeat and a frameshift mutation was introduced into the gag

gene. This demonstrated that the U3 region in the 5' LTR of FIV limits the productive

phase of virus replication in human cells and that the substitution of this region with a

heterologous promoter allows expression of FIV proteins in human cells. Since then

subsequent efforts have been directed at optimising FIV derived vectors. Second- and

third- generation three-plasmid FIV vector systems have now been developed using the

minimum amount of FIV viral proteins. Optimal vectors have been designed that

transduce non-dividing cells with titres of 1 x 106 ru/ml (Curran et a\.,2000).

Attempts to generate recombinant vectors from EIAV demonstrated transduction of

human cells, but titres were low (Olsen, 1998). Less fruition came from a CAEV based

vector whose very poor transduction efficiency was due to a combination of defective

RNA packaging and an instability of the viral particles (Mselli-Lakhal et al., 1998).

However, successful gene transfer vectors have been developed from a non-primate bovine

lentivirus with titres of 106 and were shown to transduce a variety of primary and

transformed cells (Metharom et a|.,2000).

RNA pseudotypes have been developed whereby retroviral particles can package a

heterologous RNA (Rizvi and Panganiban, 1993). An HIV-l/HIV-2 pseudotyped vector

was generated that was capable of transducing non-dividing cells with titres of 104 IU/ml

(Corbeau et a\.,1998). Recently, an SIV/HIV-1 pseudotyped vector, with titres up to 106

IU/ml was reported (White et al., 1999). These vectors were free from replication

competent virus and were able to transduce a wide variety of cell types.
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Plasmid and PCR purihcation kits

Propidium iodide

Protein A Sepharose

Proteinase K

Reverse Transcriptase Assay,

non-radioactive kit

SequaGel XR

Sequenase Version 2.0 DNA

sequencing kit

SppI EcoR! pUC19 HpaIl

size markers

Taq DyeDeoxyrM Terminator Cycle

Sequencing Kit

TEMED (N,N,N',N' -tetramethyl

ethylenediamine)

Qiagen (Hilden, Germany) and

Geneworks (Adelaide, SA, Australia)

Sigma Chemical Co.

Amersham Pharmacra

(Uppsala, Sweden)

Boehringer Mannheim

Boehringer Mannherm

National Diagnostics

(Atlanta, Georgia, USA)

Amersham Life Science Ltd

Geneworks

Applied Biosystems (Foster

City, Calif., USA)

Bio-Rad Laboratories

Triton X-100 Ajax Chemicals

All other fine chemicals not listed here were of analytical grade and purchased from Ajax

Chemicals, BDH Chemicals Ltd., Bio-Rad Laboratories, Boehringer Mannheim and

Sigma Chemical Co..

All restriction endonucleases and other enzymes used for DNA preparations were

obtainedfrom Boehringer Mannheim ønd New England Biolabs (Beverly, Mass., USA).
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TE

TN

SDS-PAGE electrophoresis buffer

SDS-PAGE sample buffer

20 x SSC

TBE

Transformation buffer

Western blot

Block solution

Transfer buffer

25 mM Tris-HCl, 0.192 M glycine,

0t % (w/v) SDS pH 8.3

| % (w/v) SDS, 4 M urea, 80 mM Tris-HCl,

pH 6.8, 0.1% (w/v) bromophenol blue

3 M NaCl, 0.3 M tri-sodium citrate, pH 7

89 mM Tris-base, 89 mM boric acid, 2 mM

EDTA, pH 8.3

10 mM Tris-HCl, pH7.5,0.1 mM EDTA

20 mM Tris-HCl pH7,0.5 M NaCl

50 mM CaCl2,10 mM PIPES-HCI pH 6.6,

15 % (vlv) glycerol (solution sterile filtered)

7.5 % (w/v) glycine,5 Yo (w/v) non-fat dry

milk, 1 %(wlv) ovalbumin,5 % (v/v) FCS

in PBS.

10 mM Caps, pH 11, I0 % (vlv) methanol

0.01% (w/v) non-fat dry milk, 0.01 % (w/v)

ovalbumin,l o/o (vlv) FCS in PBS

F- araD 1 3 9 Å(ara-leu)7 69 ígalBl 5 galK 1 6

L(lac)X7 4rpsl (Str') hsdR2 (rr-mr*)

mcrA mcrBl

V/ash buffer

2.I.5 BACTERIAL STRAINS AND MEDIA

E. coli K12 strain MC1061
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pcDNA3.1

psP70

PEYFP

penvAm

pCMVrev

pLNCX and pLNSX

pCMVARnT

pHIV-YU2

pCMV-G

pGRE5.1

pGEM4Bgluc

signalplg

Invitrogen (Gröningen, The Netherlands)

Promega

Clontech Laboratories Inc. (Palo Alto,

Calif., USA)

Markowitz et a1.,1988b

from the National lnstitute of Allergy and

Infectious Diseases AIDS Research and

Reference Reagent Program, McKesson

BioServices, catalogue number 1443

(Rockville, Md., USA)

(Lewis et a1.,1990)

gift from A. D. Miller

(Miller and Rosman, 1989)

gift from I. M. Verma (Kafri et a1.,1997;

Naldini et a1.,1996b).

gift from S. K. Ghosh (Li et al., 1992,

Genbank accession number M93258)

gift from T. Friedmann (Yee et al., 1994).

gift from J. White (Mader and White, 1993)

gift from A. J. Reuser (Oshima et a1.,1987)

Novagen Inc. (Madison, WI, USA)

pCITE4a (+) Novagen Inc.





5'HIVCXt5R ACGCTGGATCCTAi\iU\TTGCCTCTCTGCATCATTA

3'LTRF ACGCTGGAT C C N\,U\GA'UU\GGGGGGAC TGGAAGG

3'LTRF2 ACAGGTCTGAÄTTCCAGCTATGGATCTTAGCCACTTTT

3'LTRF3 ACAGGTCTGAATTCGTTTCAGACCCACCTCCCAGCTCA

3,LTRF4 ACAGGTCTGAATTCCCCACCTCCCAGCTCGGAGGGGAC

3'LTRT.6 ACAGGTCTGA;\TTCA,U\GAGCTTTTAGAGCTGTTCTTC

cpptCIaI GGGCCCATCGATTCATCCACAATTTTA]UU\GAiUU\G

cpptBstBI GGGCCCTTCGAATGTCCCTGTAATA,U\CCCGA,UU\TTTTG

IRESF CTAGGCCTGGATCCGGTTATTTTCCACCATATTGCC

IRESR GGGCATATGGATC CATTAT CAT CGTGTTTTT C A'U\G

F6RevMfeI GGGCCCAATTGTAÀTATTTCTATAACCC

RREF ATACGAACTGGCGGC CGCAGGAGCTTTGTT C C TTGGG

TTCTT

RRER CTAGC TAGGT CTAGAAGGAGC TGTTGATC C C TTAGGTAT

Il2A5' C CGC CGGGAT C CTGGAGCTGGCGGGCAAC

H2A3' C CGC CGAATT C CAGCAACTTGTTTAGCT C C T CG

WHVERVF CCGGGATATCAÀCCTCTGGATTACAiUU\T

WHVPVUR CCGGGCAGCTGCAGGCGGGGAGGCGGCCCAiU\

AC GC TGAAT T CGC CAC CATGGAGC CAGTAGAT C C TAAC C TA
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AMP215F GGCACCAGGTACCAGTACAACGTG

AMP215R CACGTTGTACTGGTACCTGGTGCC

amp2.5' AGGCCAGGGTGCTGGCCGAGGCCA

An¡lP2.3' CTCCAGCTGGTACCACAGCTTCACC

260F TGTGCAAGC TGCTGAGGGGCAC CA

260R TGGTGCCCCTCAGCAGCTTGCACA

R1 AC T GAAC G C T GAAGGTGCAGT T G TA

IN5' C C CGGGATC CAGGTAAGT CGAT C CGGAGGGAGGGTGTC TGC

IN3' C C CGGGAATTC TC TGCAGAGAGAÄ,GATTGGGAGAGAC

RREXba GGGCCTCTAGAGCTTTGTTCCTTGGGTTCTTG

RREApA GGGTCGGGCCCNU\TCCCTAGGAGCTGTTG

135F AGCAGACCAGAGCCAACAGC

135R GCTGTTGGCTCTGGTCTGCT

ramp T C CTGC CGATGATGTTCACGGGGGT

poIHindIII GGGCCCAAGCTTACCATGTTTTTTAGGGAAGATCTGGCC

FusFamp ATCGCCAAGAACTGCAGGGCCCCCA

FusTamp TCCTGCCGATGATGTTCACGGGGGT
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gag2F

Eag4F

gag2R

gaglF AATTC AÀC CATCAGCAAG CAGGT CATTGTT C CAÀCAT

CGGGGCTCGTGCTAGCGTTCTGTC CGCTGGTGAGCTG

GAC NU\TGGGAGAAGAT C CGT CTGC GC C CGGGCGGTA

A'UU\GCAGTAC CGT C TGAÀGCACATCGTTTGGGC TT C

gag3F T C GTGAAC TGGAGCGCTTTGC TGTAGAC C CGGGTC TG

TCGAGGACCAGCGAGGGTTGCCGTCAGATCCTGGGCC

AAC TGCAG C CAT C T C TGC NU\CTGGTT C CGAGGAÀC T

GTCGC C C CTGTACAACACCGTTGCGACTCTGTACTGT

gaglR GTACACAGTACAGAGT CGCAÀCGGTGTTGTACAGGGA

GCGCAGTT C C T CGGAÄC CAGTTTGCAGAGATGGC TGC

GAGTTGC CCAGGATCTGACGGCAACCCTCGCTGGTCT

gag3R C CAGCAGAC C CGGGTC TACAGC AiU\GCGC T C CAGTTC

AGAGCAAGCC CA'U\CGATGTCTTCAGACGGTACTGC

gag4R TTTTTAC CGC C CGGGCGCAGACGGAT CTT C T C C CATT

TTGAC CGCTCAC CAGC GGACAGAACGCTAGCACGAGC

gag5R GCCCATGTTGGAÀCAATGACCTGCTTGCTGATGGTTG

CTEFl AT C C T C C C CTGTGAGC TAGAC TGGACAGC CAATGACGGGTAAGAGAGTG

CTEF2 ACATTTCTCACTAAC CTAAGACAGGAGGGCCGTCA'U\GCTACTGC CTAA

CTEF3 T C C AATGACGGGTAATAGTGACAAGNU\TGTAT CAC TC CAAC CTAAGAC

CTEF4 AGGC GCAGC C T C CGAGGGATGTGTGAT

CTERl ATCACACATCCCTCGGAGGCTGCGCCTGTCTTAGGTTGGAGTGATA

CATTT

CTTGTCACTATTACCCGTCATTGGATTAGGCAGTAGCTTTGACGGCCCTCTER2
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HIV-1 positive human serum was kindly provided by L. Peng (lnstitute of Medical and

Veterinary Science (IMVS), Adelaide, Australia).

2.2 GEI\ERAL METHODS

2.2.I PLASMID DNA PREPARATIONS

2.2.I.I MINIPREPS

Single colonies were inoculated into I ml2 x YT medium containing 100 pglpl

ampicillin and grown 4 h to ovemight with aeration. The cells were sedimented by

microcentrifugation of 0.5 ml of this culture for 5 min atmaximum speed. Pelleted cells

were resuspended in 100 ¡rl of LiCl lysis buffer, and extracted with an equal volume of TE

saturated phenol/chloroform (1:1) and the supernatant transferred to a clean eppendorf

tube containing 60 ¡rl of isopropanol. The DNA was precipitated by microcentrifugation at

maximum speed for 20 minutes, washed with 70 % (vlv) ethanol, air dried and finally

resuspended in 20 ¡rl TE buffer.

2.2.I.2 LARGE SCALE PLASMID PREPARATIONS

Single colonies of recombinant clones were grown 6 - 8 h in 5 ml of 2 x YT

medium containing 100 ¡rglpl ampicillin with aeration. Ovemight cultures of 50 - 200 ml

were then grown from 0.5 ml of the earlier culture in the same medium. The culture was

then centrifuged to pellet the bacterial cells and plasmid was purified using commercial

plasmid preparation kits according to the manufacturer's instructions.

2.2.2 PHEI{OL I CH'LOROF ORM EXTRAC TION
AND ETHAI{OL PRECIPITATION OF DNA

Crude DNA samples were extracted by adding an equal volume of TE saturated

phenol/chloroform (1:1). The mixture was then vortexed, centrifuged for 5 min in a

microcentrifuge and the aqueous phase collected into a clean tube.

DNA samples were precipitated by the addition of a 1/10 volume of 3 M sodium

acetate, pH 5.5 and2.5 volumes of 97 - I00 % (v/v) ethanol for t h to overnight at -20oC.

Following microcentrifugation, DNA pellets were rinsed with 70 % (vlv) ethanol, air dried

and then resuspended in either water or TE buffer.
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2.2.17 DNA TRANSFECTION

Lipofectamine transfection reagent was used for transfecting DNA into Cosl, 293

and NIH3T3 cells. For a 10 cm culture dish, plasmids (up to a total of 10 pg of DNA)

were combined in 100 ¡rl of sterile water and added to 900 pl serum free DMEM. This

was then added to a separate tube containing 60 pl of Lipofectamine and 900 pl serum free

DMEM, mixed, and left to stand at room temperature for 30 min. This

Lipofectamine/DNA/DMEM mixture was added to another 4 ml of serum free DMEM and

then added to a dish of cells (60 - 80 0/o confluent) that had been washed once with serum

free DMEM. The cells were incubated with the DNA/Lipofectamine mixture for 16 h

after which time the medium was replaced with DMEM supplemented with l0 % (vlv)

FCS. Cells were either placed into selective medium 24 h later or virus containing

medium was collected 48 post transfection.

For 293T cells calcium phosphate mediated transfection was used (Pear et al.,

1993; Jordan et al., 1996). Cells were continuously sub-cultured 1 in 2 for at least 2

consecutive days such that they did not reach confluency. The cells were then harvested,

counted and seeded at 8.0 x 105 cells per 35 mm dish ready for transfection the following

day (ie 16 h later). Just prior to transfection the medium was replenished with fresh

medium. Plasmids were made up to a volume of 54 ¡rl with sterile water to which 6 ¡rl of

2.5lr4CaClz was added. This DNA/CaCIz mixture was then added drop-wise to 60 ¡rl of 2

x HeBS with continuous vortexing and the entire precipitate was added directly to the 35

mm dish of cells. The transfection medium was left on the cells for 24 h and was then

replaced with fresh growth medium.

Electroporation was used to introduce plasmid DNA into CHO-KI cells. CHO-KI

cells were gro\Mn to about 80 % confluency in a T75 cell culture flask, harvested with

l0 % (v/v) trypsin/versene, washed once in PBS and then resuspended in 800 pl of PBS.

The cells were transferred into a disposable electroporation chamber along with the

plasmid DNA (20 pÐ to be transfected and equilibrated on ice for 15 min. The cells were

then electroporated with a pulse of 275 V1330 ¡rF using a BRL Cell Porator.

Electroporated cells were removed and placed in Ham's Fl2 growth medium

supplemented with lO % (vlv) FCS for 48 h. They were then subcultured 1:5 into the

same medium containing 0.8 mglml G418.
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D-glucuronide in 50 mM NaHCO¡ and 0.1 M acetate buffer, pH 5.0. For the diazo

reagent, 1 g of pararosaniline hydrochloride was dissolved in 20 ml distilled water and 5

ml concentrated HCI with gentle warming. The incubating reagent (0.25 mM substrate

and 1.8 mM diazo reagent) consisted of 0.3 ml each of the pararosaniline hydrochloride

solution and a 4 % (wlv) sodium nitrite solution (freshly prepared) that was firstly mixed

together, 10 ml of the substrate solution was then added. The pH was adjusted to 5.2 with

1 M NaOH, the volume made up to 20 ml with distilled water and the final incubating

solution was filtered prior to use. Enough incubating solution was added to cover the dish

of cells, which were then placed at 37oC for 1 - 2 h. The incubating solution was washed

off with distilled water and stained cells (pale pink to a dark red colour) were counted on

40 x magnification under a light microscope. Cells were counted with the aid of a grid on

the 35 mm dish upon which the MPS VII fibroblasts were plated. In instances of low

numbers of stained cells, the number of pink to red cells was counted in every 10 squares.

of the grid.

2.2.20 LABELLII\G OF MPS VII FIBROBLASTS

MPS VII skin fibroblasts were gro,wn to confluence and then labelled with "SOo

essentially as described by Anson et al., (1992). Firstly DMEM/I0 % (vlv) FCS growth

medium was replaced with Ham's Fl2ll} % (vlv) dialysed FCS. The following day the

medium was replenished with the inclusion of 10 ¡rCi/ml Nar¡3sS1SO¿ and cultured lor 72

h. This medium was then removed, the cells rinsed in DMEM/|O % (vlv) FCS and re-fed

with DMEM/IO % (v/v) FCS. After another 72 h, the cells were harvested by

trypsinisation, washed by resuspension in PBS and lysed by six cycles of freezelthaw in

TN buffer and then clarified by microcentrifugation. The cell lysates were assayed for p-

glucuronidase activity using 4-methyumbelliferyl B-D-glucuronide (Glaser and Sly, 1973)

as substrate. Fluorescence of the 4-methylumbelliferone (4MU) was measured

spectrophotometrically using a Perkin Elmer spectrofluorometer at the emission

wavelength of 446 nm (Eaa6n-) and an excitation wavelength of 366 nm. One relative

fluorogenic unit of activity was defined as the amount of enzyme required to produce 1

nmole of (aMU) per min; 1 nmol of 4MU was equivalent to an E446nn. signal of 10. The

incorporation of "S into glycosaminoglycans was measured by scintillation counting of

the cell extract.
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approximately t h at 200 V until the bromophenol blue was at the bottom of the gel. The

gel was then incubated in Amplify solution overnight and subjected to fluorography.

2.2.23 \TESTERI{ BLOTTING
For analysis of the Hry-l accessory proteins, Vif, Vpr, Vpu and Nef, transfected

Cosl cells were harvested with trypsin/versene, washed in PBS and then resuspended in 20

pl RIPA buffer. Cell lysates were prepared by six cycles of freezelthaw. A 5 pl (10 pg)

aliquot of the cell lysate was mixed with 15 ¡rl SDS-PAGE sample buffer and solubilised

at room temperature for a minimum of t h. Samples were then separated on 15 % (wlv)

polyacrylamide mini SDS-PAGE gels, again using the Hoeffer Mighty Small

Electrophoresis units, for approximately t h at 200 V until the bromophenol blue was at

the bottom of the gel. Gels were then equilibrated in transfer buffer and transferred onto

nitrocellulose at 250 mA for t h. Non-specific protein sites were masked by incubating

the membrane ovemight at 4oC in block solution. The membrane was washed three times

in wash buffer and then incubated with the required antibody overnight at 4oC at a 1 in

1000 dilution. The blot was again washed three times and incubated with a secondary

antibody (anti rabbit IgG conjugated to alkaline phosphatase) for I h at room temperature.

Another three washes were performed, followed by a final wash in 0.1 M Tris-HCl, pH

9.5, 0.1 M NaCl, 5 mM MgCl2 and the blot was developed with BCIP/|{BT dissolved

tablets. After sufficient colour development, the reaction was stopped by rinsing the

membrane with water.

For analysis of p24 protein in 293T cells transfected with plasmids expressing Gag

and GagPol, cells were harvested and cell lysates were prepared as described in section

2.2.15. One hundred micrograms of protein from each cell lysate was mixed with an equal

volume of SDS-PAGE sample buffer, denatured at 100oC for 5 min, electrophoresed on a

12.5 % (w/v) polyacrylamide SDS-PAGE gel using a Bio-Rad Laboratories system (16 x

20 cm) and transferred onto a nitrocellulose membrane. The membrane was incubated for

t h at room temperature in block solution and subsequently hybridised with heat

inactivated (56"C for t h) HtV-l positive human serum. Signals were detected with a

horseradish peroxidase secondary antibody (anti human IgG conjugated to horseradish

peroxidase) and 4-chloro- 1-napthol.
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3.1 INTRODUCTION
The main safety criterion for retroviral gene vector systems of any sort (including

human immunodeficiency virus type 1 (HIV-1)), is the probability of contamination with

replication competent virus. Replication competent viruses can be generated by

recombination of the constituents of the virus production system (ie vector and packaging

constructs) with each other or with endogenous viral sequences in the cell lines used to

generate virus. The probability of such recombination occurring can be minimised by

separating the packaging (viral trans) functions onto several different plasmids and by

reducing homology between the different constituents of the vector production system as

far as possible. The power of designing virus production systems in this way has been

well-demonstrated over the years during the development of vectorþackaging systems

from oncogenic viruses such as Moloney leukemia viruses (MLV) (Cosset et al., 1995;

R:igg et al., 1996).

A vectorþackaging system based on HIV-i was designed based on the principles

and the lessons learnt from the construction and modification of MLV based gene transfer

systems. The advantages of using HIV-I as a gene transfer vector have been described in

section 1.3.2.I. The approach taken was to separate the c¡s and trans functions of HIV-I

and pseudotype the virus particles with an MLV amphotropic envelope protein. HIV-1

genomes have been shown to be packaged into heterologous retroviral envelopes, resulting

in a broadened host range (Spector et al., 1990). An HIV-I based vector designed to

express the lysosomal enzyme B-glucuronidase was constructed along with a panel of

helper plasmids for the viral proteins of HIV-1. The deficiency of B-glucuronidase causes

a classical lysosomal storage disorder known as Mucopolysaccharidosis type VII (MPS

VII) or Sly syndrome (Sly et al., L973). Central nervous system manifestations in this

disorder are severe with the accumulation of storage vacuoles in all cell types. MPS VII,

among other lysosomal storage disorders is a candidate for gene therapy. Retroviral vector

mediated gene transfer of B-glucuronidase into the bone marrow of MPS VII mice has '.

demonstrated low level expression of the enzyme and clearance of accumulated storage

material in the liver and spleen (V/olfe et al., 1992). Such retroviral gene transfer is

unlikely to affect the lesions in the central nervous system because of the requirement for

cell division for transduction of the haematopoietic stem cell (HSC). However, it is

understood that this should be overcome with an HIV-I based vector. For this reason B-

glucuronidase was inserted into the gene transfer vector, for preliminary in vitro evaluation

in MPS VII skin fibroblasts. A practical advantage of using this system resides in the





The proposal was to use a hybrid of MLV and HIV-1 that incorporated the U3 and R

regions from the long terminal repeats (LTRs) of MLV, and a 390 bp sequence derived

from HIV-1, that effectively replaced the TAR (trans-activation responsive) sequence, the

site of action for Tat. This latter sequence extended from 60 bp 5' of the HIV-I U5

integration signal and included, the primer binding site, dimerisation and packaging

signals, and the 5' end of the gag coding sequence with a mutagenised ATG followed by a

BamHl site for the cloning of reporter genes (p-glucuronidase in this case), the polypurine

tract and U3 integration signal. Additional changes encompassed mutation of the splice

donor site sequence and two, second nucleotide alterations necessary to maintain the

secondary structure of this region of the HIV-1 genome (Figure 3.1).

To construct this vector, regions from the long terminal repeat (LTR) sequences

from Moloney leukemia virus (MLV) were amplified by PCR using pLNCX (Genbank

accession number M28247) as template. Primers LTRMLVFl and Rl were used for the 5'

LTR segment (bases 3666 - 4189) which was cloned 5' Notl/3'.!þe1 into pBluescript II

SK (+¡. The 3' LTR region (bases 3679 - 4292), amplihed with LTRMLYF2 and R2, was

cloned 5' Pstll3' HindIII. A 390 bp oligonucleotide fragment (described above and see

Figure 3.1) was assembled from 12 overlapping oligonucleotides that was assembled in

two halves. The 5' half encompassing oligonucleotides HfVlFn, HfV2Fn, HlVlRn,

HIV2Rn and HIV3Rn was cloned 5' SpeU3' ,BssHII. Oligonucleotides HlV3Fn, HfV4Fn,

HIV5Fn, HIV4Rn, HIV5Rn, HIV6Rn and HIVTRI comprise the 3' end which was cloned

5' ,BssHII/3' PstI. For cloning, the oligonucleotides were heated to 95oC and then

annealed by cooling slowly to room temperature. Both these fragments were cloned into

pSPTOBssHII, a modif,rcation of pSP70 containing a polylinker with a -BssHII restriction

site. This was made by annealing and cloning two oligonucleotides, BssHIIF and

BssHIIR, 5' SpeIl3' PslI into pSP70. Several clones of this 390 bp fragment were

sequenced but all had deviations from the predicted sequence. One clone was identified

that contained only a single base difference from the expected sequence, a C residue in

place of a G residue (see Figure 3.1). This base change was not considered likely to be

significant as it was in the gag coding region, 3' of the major packaging signal sequence.

Following sequencing the 390 bp fragment was excised 5' SpeIl 3' PstI and then cloned

into the pBluescript II SK (+) vector that contained the MLV LTRs. Lastly, the p-

glucuronidase cDNA was inserted as an EcoRI blunt-ended fragment from pGEM4pgluc

into an end-filled BamHI site, to create the final vector pHIV/MLVpgluc (Figure 3.1).
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In the first instance bicistronic expression vectors were made for two pairs of the

secondary proteins in each plasmid. For vf (pHIV-YU2 bases 5039-5617) the primer pair

used was vifF and vifR to create a PCR product that was cloned into pBluescript II SK (+;

as an Eco.RI/BamHI fragment, to create pB/Svif. The primers for vpu (pHIV-YU2 bases

6062-6307) were vpuF and vpuR and the resulting PCR product was cloned NcoUNotIinto

pB/Svif. To provide an ATG initiation codon for vpu, base 6062 was changed from a C in

the pHIV-YU2 sequence to an A. The IRES (internal ribosome entry site) sequence \Mas

amplified from pCITE4a using primers IRESF and IRESR, both of which incorporate a

BantHI site. This PCR product was then cloned into the BamHI site of pB/Svifvpu and the

orientation of the IRES fragment was determined by ApaUNolI digestion. The entire

vifIRESvpu sequence was then restricted from this clone with an EcoRIJNotI digest and

transferred into the same two sites of pcDNA3.l thus producing the final expression

plasmid pcDNA3vifIRESvpu.

The nef sequence (bases 8758-9402 of pHIV-YU2) was amplified using primers

nefF and nefR to generate a PCR product that was cloned NcoANoil into pBluescript II SK

(+) to give pB/Snef. The vpr reading frame (pHIV-YU2 bases 5557-5850) was also

amplified by PCR with primers vprF and vprR and cloned into the PstUBamHI sites. The

IRES sequence was then cloned into the BamHI site as described above. The transcription

unit encompassing nefIRESvpr was then restricted with PstI,3' end-filled, then digested

with NolI and cloned into the EcoRV and NotI sites of pcDNA3.1 to give the final

expression vector pcDNA3nefIRESvpr. All sequences isolated by PCR were sequenced to

confirm their fidelity.

3.4 TRANSDUCTION OF MPS VII
FIBROBLASTS

The three vectors described in section 3.2, along with the appropriate helper

plasmids (section 3.3), were transfected into 293T cells using Lipofectamine as described

in section 2.2.17. For every transfection 1 pg of each plasmid was transfected. Medium

from the transfected 293T cells was collected and used to transduce both human MPS VII

skin fibroblasts (SF382) and immortalised murine MPS VII fibroblasts (m3521). To

assess the efficiencyof the two HIV-1 based vectors compared to the conventional MLV

vector, transduced MPS VII fibroblasts were stained histochemically 72 hr after

transduction as described in section 2.2.19 for the presence of B-glucuronidase. Low

amounts of enzyme activity resulted in the cloplasm staining pink grading through to a
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could be attributed to the inclusion of the secondary protein expression constructs, these

were omitted. Medium from 293T cells transfected with the plasmid combinations shown

in Table 3.2 was used to transduce murine and human MPS VII fibroblasts that had been

metabolically labelled with 35SO¿ as described in section 2.2.20. Studies with cultured

fibroblasts from patients with a variety of MPS disorders have shown that active ervpe

inside the cell is transported to the lysosome and results in the normalisation of substrate

turnover (Neufeld and Muenzer, 1995).

It was evident that storage could be cleared from the hbroblasts as shown by

enzyme activities and the reduction in 35S counts in the cell lysates of the target cells

(Table 3.2). The HIV-I derived vector pHIVSV4OBgluc seemed to be more effective than

the MLV vector plXBgluc. The amount of 35S 
storage in human MPS VII fibroblasts was

reduced from2937 cpm to 225 cpm with pHIVSV4OBgluc. This correlated well with the

amount of labelled material in the control skin fibroblasts (1 18 cpm "S¡. Ho*ever, it was

also shown that medium removed from 293T cells that had been transfected with only the

vector (pHfVSVa0Bgluc), without any packaging functions, contained B-glucuronidase

activity (data not shown). Sufficient p-glucuronidase produced from pHIVSV40pgluc was

taken up from the medium of the transfected 293T cells allowing enzymatic correction of

MPS VII fibroblasts. Consequently B-glucuronidase was detected, and radiolabelled

storage material was cleared from the target cells. Furthermore these levels were

analogous to those seen with MPS VII fibroblasts transduced with medium from 2937

cells transfected with the vector and the helper plasmids (Table 3.2).

It is well known that lysosomal enzymes, including p-glucuronidase can enter cells

vi¿ mannose-6-phosphate receptors and correct the disease phenotype present in such cells

(Neufeld and Muenzer, 1995, Lagunoff et al., 1973). Enzyme replacement therapy for

these disorders was founded on such a concept. Reappraisal of the results shown in Table

3.1 and Figure 3.2, suggests that all of the histochemical staining present in the MPS VII

fibroblasts can be attributed to p-glucuronidase expressed from the vector,

pHIVSV40pgluc, in the 293T cells used for virus production. The LTR of MLV was

unable to produce enough B-glucuronidase from the hybrid MLV/HIV vector to enable

enzymatic correction of MPS VII fibroblasts. In contrast, the very dark histochemical

staining and the numerous numbers of MPS VII fibroblasts that stained dark red are

suggestive of true retroviral mediated gene transfer from the MLV system. If the HIV-I

based system had worked, enzyme uptake via the MPS VII hbroblasts would not have

posed an insurmountable problem because the expected observation from gene transfer

would be dark red staining as seen with the MLV system. This would allow subjective
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Plasmids transfected Positive cells counted
pLXBgluc

pcDNA3HIVlOgagpol
penvAm

pcDNA3tat

negative

pHIV/MLVBgluc
pcDNA3HIVl0gagpol

penvAm
poDNA3tat

negatrve

pLXpgluc
pcDNA3HIVlOgagpol

penvAm
pcDNA3viÍIRESvpu
pcDNA3nefIRESvpr

negatrve

pHIV/MLVBgluc
pcDNA3HIVlOgagpol

penvAm
poDNA3viÍIRESvpu
poDNA3nefIRESvpr

negatrve

pHIVSV40pgluc
pcDNA3HIVlOgagpol

penvAm
pcDNA3vifIRESvpu
poDNA3nefIRESvpr

negative

pLXpgluc
pcDNA3HIVl0gagrol

penvAm
pcDNA3tat

pcDNA3viflRESvpu
pcDNA3neflRESvpr

negative

pHIVSV4OBgluc
pcDNA3HIVl0gagpol

penvAm
poDNA3tat

32 + 4 positive cells in 10 squares

(pale pink)

pHIVSV40pgluc
pcDNA3HIVlOgagpol

penvAm
pcDNA3tat

pcDNA3viÍIRESvpu
pcDNA3nefIRESvpr

8 + 2 positive cells in 10 squares

(pale pink)
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4.I INTRODUCTION
The approach taken here for engineering HIV-I (human immunodeficiency virus

type 1) based packaging plasmids and cell lines has been modelled on that for MLV

(Moloney leukemia virus) (Cosset et a|.,1995; Rigg et al., 1996). Gene delivery systems

based on MLV have been designed to enable the production of helper free recombinant

virus containing a therapeutic gene. This has been made possible by the separation of the

c¿s and trans genetic functions of the retrovirus into a recombinant vector plasmid and

constructs expressing the packaging functions (Morgan et al., 1993). The rationale has

been one of enhanced safety with maximal separation of the trans lunctions onto different

plasmids, by minimising sequence homology between the plasmids used to make the virus,

and with endogenous viral sequences in the cell lines used for virus production. Therefore,

the probability of recombination events occurring between the constituents of the virus

producing system, leading to the production of unwanted replication competent virus, is

reduced. The first generation of MLV packaging cell lines were susceptible to the

production of replication competent virus by the mechanisms suggested above (Miller,

1990; Lynch and Miller, l99I; Otto et al., 1994). Later versions have minimised

homology between all constituents of the system and require at least three non-

homologous recombination events to produce replication competent virus (Markowitz et

al.,1988a; Rigg er a1.,1996). Such systems have been shown to be highly resistant to the

production of replication competent virus even under conditions designed to facilitate their

generation.

The continued development of MLV packaging and vector systems has established

the basic principles of a workable design as well as some criteria for maximal safety. This

has led to the development of HIV-I based gene delivery systems (Naldini et al.,I996a),

as well as some other lentiviruses such as H\l-z (Sadaie et al., 1998) and feline

immunodeficiency virus (Poeschla et al.,1998b). However, due to the complexity of the

genome, the construction of HIV-1 based packaging cell lines is technically more difficult

than MLV. Furthermore, the pathogenic nature of HIV-I raises heightened safety

concerns. Following in the light of MLV, HIV-I based packaging systems have evolved

through successive alterations to the original proviral clone (Canoll et a1.,1994; Reiser er

al., 1996; Corbeau et al., 1996; Naldini et al.,1996a: Srinivasakumar et al.,1997). This

has included the use of heterologous promoters and polyadenylation signals, deletions of

the proposed packaging signal and non-essential coding sequences such as env and the

accessory proteins. Attempts have also been made to remove particular HIV-I genes and
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a major structural core component of HIV-I viral particles. Thts 24 kDa protein is

immunologically distinct from most proteins in other retroviruses. Viral titres are often

reported per quantity of p24 as a measure of packaging efficiency as it equates to viral

particles (ie 'viable' viral particles) (V/ehrly and Chesebro, 1997). The enz¡rme reverse

transcriptase (RT) is derived from the gagpol precursor and provides another measurement

of GagPol expression.

Table 4.2 shows that the lowest virus titre was obtained with the native pHIV-YU2

gagpol sequence. The pcDNA3HIVlOgagpol expression plasmid yielded a titre of 3.8 x

103 EYFP transducing units (tU)/ml, more than two orders of magnitude less than

pCMVÂRnr which was taken as a standard point of reference. This packaging plasmid

expresses all HIV-I trans lunctions with the exception of Vpr, Vif and Env (Kafri et al.,

1997). A seven-fold increase in viral titre was observed with the addition of the RRE to

the GagPol expression plasmid. The Rev protein and RRE are necessary for the efficient

nuclear export of the HIV-I unspliced transcript into the cytoplasm. The viral titre could

be doubled again with the inclusion of an intron yielding a titre of 5.8 x 104 tU/ml.

However, as a titre of L2 x 104 tUlml equates to a transduction rate of 1 o/o, these results

should be interpreted with some caution. Later reassessment of these gagpol constructs

using a more efficient vector (data not shown) confirmed the above results, and thus

clarifies the integrity of the pHIV-YU2 clone, which was discussed in section 3.6.

In contrast, the plasmid with the codon-optimised sequence, pcDNA3gagpolml,

produced higher viral titres compared with those obtained using the native pHIV-YU2

gagpol sequence. In the case of the codon-optimised GagPol expression plasmid the

addition of RRE did not further increase viral titre or p24 expression. The use of a codon-

optimised expression plasmid for GagPol therefore eliminates the dependence of gagpol

expression on Rev and the RRE. Although the sequences that prevent efficient nuclear

export of the gagpol transcript in the absence of Rev and RRE remain loosely defined,

they are presumably destroyed by codon-optimisation. Moreover, optimising the codons

lor gagpol expression effectively removes all the AUUUA RNA destabilisation c¿s

sequence elements in the gagpol sequence. A reasonable assumption is that the mere

optimisation of codons per se, would also augment the translational efficiency of the

transcript.

Measurement of RT was performed on viral supematant taken from the codon

optimised gagpol expression construct and pCMVARnr. Enzyme activities were similar,

3.3 (t 0.9) and 2.2 (10.9) nglml (n:4) respectively. Despite comparable RT and p24

levels from pCMVARff and the codon-optimised gagpol expression construct, a three-fold
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higher titre is still achieved with pCMVARnr. This may be a consequence of the complex

regulatory mechanisms for HIV-I which, may be attenuated when the proviral clone is

disassembled to create individual packaging plasmids. The pCMVARnT helper construct

expresses Rev, Tat, Vpu and Nef, in addition to GagPol and this may have important

implications for HIV-1 based vectors. Optimal expression from HIV-1 derived transcripts

may be dependent upon the context in which they are expressed. tn this particular

instance, pCMVARnT expresses Tat and Rev in the one plasmid and segregating these two

functions of HIV-I into separate plasmids may interfere with what is probably a very

coordinated and systematic series of regulated expression events. Additionally the

stoichiometry of all the proteins in this transient expression system has not been optimised.

At this point no attempt had been made to optimise the ratio of gagpol, rev and tat

constructs in this system. Furthermore, Vpu and Nef, which are expressed in pCMVARff

are absent in the helper system outlined here. The effect of these proteins on viral titre is

described in section 4.5.3.

4.3.4 SEPARATE TRANSCRIPTION UNITS FOR
GAGPOL

An attempt was made to further disassemble the HIV-I functions by expressing

Gag and Pol from two separate expression plasmids. A codon-optimised gag construct

was made by replacing the frameshift and pol overlap sequence in pB/Sgagpolml with

sequence to completethe gag reading frame (Figure 4.4a). This oligonucleotide fragment

was flanked by a 5' Apal and a 3' XbaI site. Following sequencing, this fragment was re-

cloned 5' HindIIIl3' XbaI into pcDNA3.l, producing pcDNA3gagml. The pol construct

was made by replacin g the gag sequence up to the first codon of the pol reading frame in

pB/Sgagpolml, with sequence encompassing a HindIII site, a short non-coding region and

an ATG initiation codon that was in-frame with the pol reading frame. These changes

were encompassed within a PCR product by incorporation of the relevant changes in the

PCR primer polHindtrI. The PCR product made with primers polHindlll and ramp from

pcDNA3gagpolml was cloned HindIIAApøI into pBluescript II SK (+) and sequenced.

This fragment was then sub-cloned by co-ligating this HindIIUApaI fragment with an

ApaUBamHI (rest of po[) fragment into the HindIII and BamHI sites of pcDNA3gagpolml

thus creating pcDNA3polml.

Due to the fact that the Pol proteins are norrnally made via a GagPol polyprotein, it

seemed unlikely that the sequence encodingpo/ would enable the synthesis of the Pol gene
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FIGURE 4.4b

Codon-optimisation region for the GagPol polyprotein.

The gagpol overlap region from the codon-optimised construct was replaced with

the sequence between the two ApaI sites shown here. This sequence was synthesised as

overlapping 50 base oligonucleotides that have been identified with a "fus" suffix. The

region of normal overlap for the native pHIV-YU2 GagPol precursor polyprotein is shown

in bold.

120t
I I eAI alysAsnCysArgAl a ProArglyslys Gl yCys Trplys CysGl
AT CGC CAAGAÀC TGCA GGG C C CCCAGGAA,GAÄGGGC TGCTGGAÀGTGCGG

ApaI
yl,ys G1 uG1 yH i s G 1 nMe t LysAsp Cys ThrG J- uArgGl n-AI aAs nPhe L
CAAGGAGGGC CAC CAGATGAAGGACTGCÀCCGAGAGGCÀGGCCAÀCTTC C1251

1301fus euÀrgGl uAspT,er.rAI a Phe P roG 1 nGl yI,ysAl aArglys Phe S e rS e r
TGAGGGÀGGÀCCTGGC CTTCCCC CAGGGCAÀGGCCÀGGAÀ.GTT CÀGCAGC

1351 fus
Gl- uGl- nThrArgAl aAs nS e rP ro I 1 eArgArgG I uArgGl nVa 1 TrpAr
AGCAGAC CAGGGCCAÄ,CAGCCC CAT CÀGGÀGGGAGAGGCAGGTGTGGAGG

1401fus

gArgAspAsrÀsnS erleuS e rGI uAl aGlyAI aAspArgGl- nGl yThrV
GAGGGÀCÀÀCAÀCAGCCTGAGCGAGGCCGGCGCCGACAGGCAGGGCACCG

1451fus

1501fus

1551

1601

1651

170l

al- S e rPhe S e rPhe ProGl nI 1 eThrleuTrpGl nÀrgProLeuVa f Thr
TGAGCTTCÀGCTTCCCCCÀGATCÀCCCTGTGGCÀGÀGGCCCCTGGTGACC

I 1 e Lys I 1 eGlyGl yG J- nLeuI,ys G1 uAl aLeul,er.rAspThrGl yAI aAs
ÀT C AAGATCGGCGGC CAGC TGAAGGAGGC C CTGC TGGACAC CGGCGC CGA

pAspThrVa l- LeuGl- uGl- uMe tAs nLeu ProGl yArgTrpLys P roLysM
CGACAC CGTGC TGGAGGAGATGAAC C TGC C CGGCAGGTGGAAGC C CAÀGA

et I 1 eGlyGIyI 1 eGlyGÌyPhe I I eLysValArgGI nTyrAspGI nI 1 e

TGAT C GGCGGCAT CGGC GGC TTCAT CAAGGTGAGGCAGTACGAC CAGAT C

Pro I I eGl u I 1 eCysGlyHi sLysAl a I 1 eGlyThrVa I LeuVa I GlyPr
C C CAT C GAGAT C T GC GGC CACAAGGC CAT C GG CAC C GT G C T GGT G G G C C C

Apøl
oThrP roVa lAs n I l- e I J- e G1 yArgAs nl,euLeuThrGl- n I 1 eGl yCys
CAC C C C C GTGAACAT CAT C GG CAGGAAC C TGC T GAC C CAGAT C GG C TG C
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TABLE 4.3

Expression of Gag and Pol from separate transcription units.

Two separate plasmids for the expression of the Gag and Pol proteins. For each

experiment 455 ng of pcDNA3gagml (100 fmoles) was co-transfected with the appropriate

amount of pcDNA3polml (56, 140 or 560 ng, 10 to 100 fmoles) and 1 ¡rg of

pHIVext5SV4OEYFPppttRRE, 0.5 pg of pHCMV-G, 0.5 ¡rg of pcDNA3tat and 0.5 pg of

pCMVrev into 293T cells. Supernatant from the transfected 293T cells was assayed for

p24 and RT using standard ELISA kits. Viral titres were measured by the transfer of

enhanced yellow fluorescent protein (EYFP) expression to NIH3T3 cells.

Molar ratio of

pcDNA3gagml:

pcDNA3polml

p24

(ng/mt)

RT

(ng/ml)

Titre

EYF'P tuiml

l:0 568 + 41 ND ND

1 0 1 1205 + 95 23+7 ND

4:I 1376 t74 118+4 ND

1:1 1573 + 116 283 + 38 ND

0:1 ND 316 t20 ND

ND not detected. n: 3
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TABLE 4.5

Assessment of Gag and GagPol expression constructs
containing the f,Lf,LE.

Segregation of the gag and gagpol packaging functions into two plasmids

including the Rev response element (RRE). For each experiment 455 ng of

pcDNA3gagmlRRE (100 fmoles) was co-transfected with the appropriate amount of

pcDNA3gagpolfusionmlRRE (33 to 330 ng, 5 to 50 fmoles) and 1 pg of

pHIVext5SV4OEYFPppt*RRE, 0.5 pg of pHCMV-G, 0.5 pg of pcDNA3tat and 0.5 pg of

pCMVrev into 293T cells. Supernatant from the transfected 293T cells was assayed for

p24 using an ELISA kit. Viral titres were calculated from the percentage of transduced

NIH3T3 cells that expressed enhanced yellow fluorescent protein (EYFP).

Molar ratio of

pcDNA3gagmlRRE:

p cD NA3 g a gp o lfu s io n mIRRE

p24

(ng/ml)

Titre

EYFP tu/ml

1:0 52 !21 ND

20:l 592 t 59 1.1 +0.1 x105

1 0 1 728 x22 1.4+0x10s

5:1 572 ! 12 1.3+0.1 x10s

3:1 493 !37 8.9+0.1 x10a

2.5:l 437 + 17 1.0+0x105

2:l 430 !26 6.4+0.2x104

0:1 102 + 22 ND

ND not detected. n:3
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Because the inhibitory cis sequences had been removed via the codon-optimisation

process, addition of the RRE or the MPMV-CTE into the gag and gagp,ol expression

constructs resulted in no significant gain in terms of viral titre or p24 expression. This

strongly supports the notion that the codon-optimisation process has removed the

dependence on the Rev/RRE mechanism. ln contrast, when the native HIV-I GagPol

sequence was used, incorporation of the RRE into the expression construct increased the

viral titre seven-fold (Table 4.2).

Varying the ratio of the gagpol to gag expression plasmids from 2.5:1 through to

20:1 had no effect on viral titre or on the ratio of p24:RT in the viral supernatants (Table

4.4). This was unexpected because in the natural life cycle of HIV-I between 10 and 20

Gag molecules are synthesised for every molecule of GagPol and this is regulated by a

frameshifting mechanism as outlined in the introduction to this chapter. ln the

gagpolfusion construct the frameshift signal has been replaced with optimised codons for

the expression of the GagPol precursor pollprotein. Thus it was postulated that the

mechanism to control the amount of Gag relative to that of GagPol would be provided by

the quantities supplied in the transfection. However, this was found not to be the case. It

is conceivable that the p24 levels would remain the same because p24 is a protein

translated from the Gag precursor molecule and the amount of gag plasmid in each

transfection remained constant at 100 fmoles. The levels of RT theoretically would be

directly proportional to the quantity of the gagpolfusion plasmid because RT is a product

of this precursor pollpeptide. This would only be true for the RT levels not associated

with virion production, as the latter is dependent on Gag. It is interesting to see that

pcDNA3pol produces at least ten times more RT than pcDNA3gagpolfusion. The ratio of

p24:RT in the virion is presumably determined by the assembly process, although if RT is

limiting then virions without RT could conceivably be produced. The higher RT levels

seen with pcDNA3pol may reflect quantities that are not associated with viral particles.

This could have been tested by sedimenting viral particles and measuring RT levels both in

the supernatant and sediment. Due to time restrictions and the fact that the central aim of

this project was end-point viral titre determination such an experiment was not performed.

It is also worthy to note that whilst virus could not be produced from

pcDNA3gagpolfusionml, p24 was detected. This is easily explained because the

gagpolfusion sequence encodes p24 and the protease to enable processing of the

polyprotein precursor.
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the number of Neo* colonies obtained with the higher dose of virus was less than that with

the lower dose. With virus produced using pcDNA3gagml/pcDNA3gagpolfusionml, only

the "gag" transfer assay yielded a read-out above the observed background, and this was

only 3 o/o of that generated from virus produced with pCMVARff.

ln this first experiment it was observed that, exposure of 293T cells to highly

concentrated virus for 24 h had a negative effect on cell growth. For this reason the"gag"

and "gagpol" transfer assays were repeated using a 3 h transduction period, additionally,

the transfections of the transduced 293T cells were performed in duplicate. In this

experiment duplicate samples of 1 x 105 Ntr{3T3 transducing units of the virus prepared

using pCMVARnT and 1 x 106 NIH3T3 transducing units of the virus prepared with

pcDNA3gagpolml and pcDNA3gagml/pcDNA3gagpolfusionml were tested. The results

are shown in Table 4.8 and are consistent with the results obtained in the previous

experiment (Table 4.7). Again, the virus prepared with pCMVARnT produced a high read-

out in both assays. Using a ten-fold larger sample, virus generated with pcDNA3gagpolml

also gave a read-out in both assays but this was five to eight-fold less than that observed

with pCMVARxr. The virus prepared using pcDNA3gagml/pcDNA3gagpolfusionml gave

a result that was above background only in the "gag" transfer assay. Thus, while transfer

of "gagpol" can clearly occur with pCMV^Rff and pcDNA3gagpolml, there is no

evidence for transfer with the pcDNA3 gagml/pcDNA3 gagpolfusionml system.

PART TWO

4.4 REGULATORY PROTEINS

The two regulatory proteins Tat and Rev were provided by two simple

monocistronic expression constructs. The HIV-I Tat protein is 101 amino acids long in

pHIV-YU2 and the coding region is separated over two exons. The first exon codes for 72

amino acids and almost all of the trans-activating function of Tat is encoded in this first

exon (Garcia et al., 1988; Ott et al., 1997). The first exon of tat was cloned into the

expression vector pcDNA3.1 to produce pcDNA3tat as described in section 3.3. Rev was

expressed from a previously described construct pCMVrev (Lewis et al., 1990) that was

obtained from the NIH AIDS research and reference program (catalogue number 1443).

To examine the effect of Tat and Rev expression on viral titre 293T cells were transiently

transfected with 653 ng (100 fmoles) of p.cDNA3gagpolml, 1 ¡rg of

pHIVext5SV4OEYFPppt+RRE, 0.5 pg of pHCMV-G and/or 0:5 ¡rg each of pcDNA3tat,
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TABLE 4.7

Transfer of gag and gøgpol sequences via recombinant virus
stocks.

Samples of virus prepared with either the pCMVARnr, pcDNA3gagpolml or the

pcDNA3gagml/pcDNA3gagpolfusionml packaging systems were used to transduce 2937

cells which were then assayed for expression of biologically active Gag and Gag/GagPol

coding sequences as described in section 2.2.25. For each sample the number of

transducing units (u) assayed and the number of NeoR colonies produced are reported.

gugpol helper construct NIH3T3

tu

8'øg assay

NeoR colonies

gøgpol assay

NeoR colonies

pCMVARnT 0.2 x 100 11 19s

pCMVARnT 1x100 816 1 140

poDNA3gagpolml 1 x 10o 1 10

pcDNA3gagpolml 5x10o 20 1

p oDNA3 gagml/pcDNA3 gagp o lfusionml 1x106 26 1

pcDNA3 gagml/pcDNA3 gagpolfusionml 2.5 x 106 25 0

293T control 0 1
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0.5 pg of pCMVrev/ 0.5 pg of carrier DNA (pcDNA3.1). The supernatant was collected

from the transfected 293T cells and assayed for viral titre on NIH3T3 cells as previously

described.

The results in Table 4.9 show that addition of Tat increases viral titre almost three-

fold (p < 0.001) with a concomitant increase in p24. Therefore, Tat is required for

maximal viral titre. This finding is in agreement with other reports that show that Tat

increases the gene transfer efficiency of vectors that contain the HIV-I LTR as the

promoter (Kim et al., 1998; Mochizuki et al., 1998; Srinivasakumar et al., 1997;

Srinivasakumar and Schuening, 1999). The primary function of Tat is in the enhancement

of transcription from the HIV-I LTR. Tat has also been shown to be necessary for optimal

virus particle production (Iwakuma et al., 1999) and possibly also for maximal reverse

transcriptase activity (Harrich et al.,1997). Therefore, the increase in viral titre observed

in the presence of Tat could be due to any one or a number of these processes. However,

the three-fold increase in viral production in the presence of Tat is much less than the level

of trans-activation from the viral LTR by Tat which is hundreds- to thousands-fold

(Dafon et al., 1986; Fisher et al., 1986). This disparity may be a reflection of the

experimental conditions, if other factors are limiting differences in vector RNA expression

will be of less consequence in viral titre estimations.

The expression of the Rev protein is absolutely required for virus production

(Table 4.10) although there is little apparent difference in p24 levels. This was expected

because the codon optimised GagPol expression construct is not Rev/RRE dependent. The

expression of p24 is therefore independent of Rev, but the vector construct,

pHIVext5SV40EYFPppt+RRE remains Rev dependent making viral titres dependent on

Rev.
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TABLE 4.IO

Viral titres and p24 with and without Rev.

For each experiment 293T cells were co-transfected with 653 ng (100 fmoles) of

pcDNA3gagpolml, 1 ¡rg of pHIVext5SV40EYFPppt*RRE, 0.5 pg of pHCMV-G, and 0.5

Fg of pcDNA3tat, either with or without 0.5 pg of pCMVrev. Supernatant from the

transfected 293T cells was assayed for p24 using an ELISA kit. Viral titres were

determined on NIH3T3 cells as described in sections 2.2.18 and2.2.2L

ND not detected. fl:9, except without pCMVrev, n: 1.

p24

(ng/ml)

Titre

EYFP tu/ml

Titre EYFP

tulng p24

with pCMVrev 473 t t45 1.9+0.6x10s 409 !78

without pCMVrev 287 ND ND
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Immunoprecipitation of the radiolabelled cells was then used as an altemative

analysis. G418 resistant mass cultures of CHOvifvpu and CHOvprnef were radiolabelled

with 100 pCi/ml EXPRESS ["S] protein labelling mix and cell lystaes

immunoprecipitated as described in section 2.2.22. All four antibodies to each of the

secondary proteins Vif, Vpr, Vpu and Nef were tested in this way. No specific bands

could be seen (data not shown). The fluorograph was smeared with cross reacting

material, which again tended to be most prominent in the higher molecular weight range.

ln conclusion, it was not possible to show that the two bicistronic expression

vectors actually expressed any of the secondary proteins that they were designed to, using

the available reagents. There are several potential explanations for this. First, is the nature

of the antibodies, all of which are polyclonal antisera directed toward the HXB2 strain of

HfV-l and therefore may display reduced reactivity with the YU2 strain from which the

secondary protein expression constructs were made. Second, stable cell lines may pose a

problem because some of these proteins, most obviously Vpr may be cytotoxic. Finally,

the most simple explanation may be that the level of expression is actual less than the limit

of detection. Therefore, individual expression plasmids for each of the secondary proteins

were constructed on the assumption that these would be more efficient than the bicistronic

constructs.

4.5.2 SINGLE EXPRESSION CASSETTES

Individual expression vectors for each of the secondary proteins Vif, Vpr, Vpu and

Nef were made in pcDNA3.l. The open reading frames were restricted from the

pBluescript II SK (+) clones described in section 3.3 and each was individually cloned into

pcDNA3.l, to create four expression constructs; pcDNA3Nel pcDNA3Vif, pcDNA3Vpr

and pcDNA3Vpu. These plasmids were separately transiently transfected into Cosl cells

via Lipofectamine as described in section 2.2.17 . As Cosl cells express high levels of the

SV40 large tumour (T) antigen, plasmids containing the SV40 origin of replication, such

as pcDNA3.I, can be amplified to high copy number significantly enhancing expression.

Seventy-two hours post transfection the Cosl cells were harvested with a rubber

policeman (cell scraper) and cell lysates prepared in RIPA buffer. Westem blot analysis,

as above (and section 2.2.23), was performed on each of the four transfected Cosl cells

with mock transfected Cosl cells serving as a negative control in each case.

Figure 4.6 shows a western blot analysis of the Vpr protein. A band with a

molecular weight of 14 kDa is clearly visible in Cosl cells transiently transfected with
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pcDNA3Vpr, indicating successful expression. It was not possible to demonstrate

expression of the other three minor proteins, Vpu, Nef or Vif. As was seen before, all

three antibodies displayed a high level of cross reactivity with other proteins in the Cosl

cells (data not shown). There are two plausible explanations for the lack of a positive

reaction with these antibodies. First, as mentioned in the previous section, all four

antibodies, were directed toward the HXB2 strain of HIV-1. Second, because of the high

cross reactivity toward cellular proteins displayed with these antibodies any positive

reaction may have been masked. Further work is needed here. Altematively northern

analysis using probes to look for gene expression would have been of some interest, but

due to time constraints this avenue of experimentation was not pursued.

4.5.3 EFFECT OF SECONDARY PROTEINS OI\
VIRAL TITRE

The preceding section showed that it was not possible to directly demonstrate the

expression of the HIV-1 minor proteins with the exception of Vpr. Nevertheless due to the

simplicity of the constructs, the assumption was made that Vif, Vpu and Nef were being

expressed. Expression of HIV-1 BH10 Nef from pcDNA3.l has been described by others

(Cooke et al., 1997) supporting this view. Therefore these plasmids were used to assess

the effect of the secondary proteins on viral titre. 293T cells were transiently transfected

with the following plasmid combinations; as a negative control I.4 pg of carrier DNA

(pcDNA3.1) was transfected along with 0.4 ¡rg each of pHlVextsSV40EYFPppt+RRE,

pcDNA3gagpolml, pcDNA3tat, pCMVrev and 0.2 ttg of pHCMV-G. The secondary

proteins, 0.3 pg each of pcDNA3Vif, pcDNA3Vpr, pcDNA3Vpu and pcDNA3Nef, were

used in place of the carrier DNA for the test sample. Virus was collected, and titred on

NIH3T3 cells as previously described. Table 4.1 I shows that addition of the minor

proteins caused a small (26 %) increase in viral titre þ < 0.05) and, in terms of titre per ng

of p24, nearly a two-fold increase (p < 0.001).

There is published evidence that both supports and contradicts this finding. Some

investigators have reported that removal of the minor proteins from the packaging system

has no detrimental effect on viral titre (Zufferey et al., 1997,Kim et al., 1998). Other

reports have shown that Vpr and the combination of Vpr and Vpu have increased viral

particle production (Srinivasakumar and Schuening, 1999). However, while the effect on

titre in this analysis is relatively small, this does not deny the possibility that inclusion of
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some, or if not all, of the accessory proteins may be important or absolutely essential in

some circumstances. For example, the transduction of quiescent skin fibroblasts and

hepatocytes does require the function of the secondary proteins (Gasmi et al., 1999).

Chinnasamy et al. (2000) have shown that transduction of primary resting lymphocytes

with HIV-1 based vectors also requires the presence of the secondary proteins.

4.6 CONCLUDING DISCUSSION

The development of helper systems for HIV-I based vectors is complicated

because HtV-l is a complex retrovirus. Its genome encodes not only the gag, pol and env

genes common to all retroviruses, but also contains genes for the accessory proteins Nef,

Vif, Vpr, Vpu and two regulatory proteins Tat and Rev (Cullen, 1991). To produce HIV-I

vector particles the trans functions need to be provided. To do this, the pHIV-YU2 trans

functions have been dissassembled with the exception of Env, which is substituted with

the VSV-G protein. The YU-2 strain of HIV-I was chosen as a fully replication-

competent, non-cell culture-adapted strain capable of infecting macrophages. Each of the

relevant reading frames has been isolated as a minimal or near minimal transcription unit

and cloned into separate expression constructs. In addition the gagpol gene was codon-

optimised for high-level expression in mammalian cells.

Expression of GagPol from the native pHIV-YU2 coding sequence was shown to

be dependent on Rev/RRE and was increased fuither with the inclusion of an intron. A

codon-optimised expression plasmid for GagPol effectively eliminated the dependence on

Rev/RRE, and the inclusion of the constitutive transport element (CTE) from the Mason-

Pftzer monkey virus, which has been shown to be able to partially substitute for the action

ofRev/RREfortheexpressionof GagPol(Gasmi etal., 1999),hadnoeffect. Thiswas

despite the fact that the frameshift signal and the region of overlap between fhe gag and

pol rcading frames were unaltered. Rev counteracts the nuclear retention of viral RNA

that is controlled by splice sites and crs repressive sequences to enable nuclear export of

RRE containing RNA. These inhibitory sequence elements have been located within the

splice donor site (Borg et a1.,1997;Hammarskjöld et a1.,1994; Purcell and Martin,1993),

pl7 of gag (Berthold and Maldarelli, 1996; Schwartz et al.,1992a and b), pol (Cocbrane et

al., l99l; Maldarelli et al., 1991; Olsen et al., 1992) and env (Nasioulas et al., 1994).

Presumably those sequences in gag and pol that prevent efhcient nuclear transport of the

native gagpol sequence are destroyed by codon-optimisation. For example, codon-
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reduced. It is hard to envisage how recombination events alone could create replication

competent virus when separate constructs are used for the expression of Gag and GagPol.

A somewhat similar system has been described by V/u et al. (2000), where Gag-

Pro (Protease) and Vpr-RT-IN (Integrase) polyproteins are expressed separately. In this

instance RT-IN is expressed as a fusion protein with Vpr to facilitate its incorporation into

the virion. They have not used separate plasmids for expressing Tat, Rev or Vif (the only

secondary protein expressed by their system) and retain the frameshift signal for

expression of Pro. Of note is a region of overlap between the Gag-Pro and RT-IN

constructs, although the RT and IN reading frames are blocked by stop codons in the Gag-

Pro expression construct.

The results of the "gog" and"gagpol" transfer assay demonstrate that the use of a

codon-optimised reading frame decreases, but does not completely abolish, the transfer of

biologically active sequences encoding either the Gag polyprotein alone, or sequences the

equivalent of the gagpol gene. This is not surprising because the codon-optimised reading

frames still have short stretches of absolute sequence homology with the native gagpol

gene sequence that will allow homologous recombination between the vector gag

sequence and the codon-optimised helper sequence. Others (V/agner et a1.,2000) have

also shown that codon-optimisation improves safety but in this instance an assay for

replication-competent virus was used with negative results. This suggests that the "gag"

and "gagpol" transfer assays described in section 4.3.7 provide a more stringent

assessment of safety (at least in terms of measuring transfer of sequences expressing HIV-

I Gag/GagPol polyproteins) and that it is therefore a more appropriate assay to use for

comparative and absolute assessment of different HIV-I packaging systems. With the split

helper system utilising separate plasmids for the expression of the Gag and GagPol

polyproteins, no transfer of sequences capable of substituting for the gagpol gene (ie

expressing Gag and GagPol) using the "gagpol" transfer assay was detected. However, it

still remains to be determined whether such an assay is capable of detecting single events

(ie transfer of a single intact reading frame). As HIV-I is diploid, coincident transfer of

the reading frames lor gag and gagpolfusion is theoretically possible.

It now seems clear that the accessory proteins are not essential for the efficient

production of recombinant HIV-1 based vectors from transfected 293T cells (Kafri et al.,

1997; Zufferey et al.,1997;Kim et al., 1998). Additionally, Vif, Vpr, Vpu and Nef have

been shown to be dispensable for HIV-1 replication in immortalised cell lines (Miller and

Sarver, 1997). The four minor proteins have been expressed separately here, in individual
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proteins may be essential. As more information regarding the action of the secondary

proteins becomes available, their role in HIV-1 based gene transfer systems will become

clearer.

The main mode of action of Tat is transcription from the HIV-I LTR. This

requirement for Tat in HIV-1 based vectors can be circumvented with the use of promoters

other than the HIV-I LTR to drive expression of the vector genome (Kim et al., 1998;

Miyoshi et a1.,1998; Iwakrma et a1.,1999). However, there is some evidence that Tat is

also required in the HIV-I life cycle at a post-entry step within the host cell and may

enhance infection of the target cells (Huang et al., 1994; Harrich et al., 1997). The

findings presented here also suggested that the expression of Tat in a packaging cell line

can increase vector titres as seen by a three-fold reduction in viral titre in the absence of

Tat. The relevance of these observations to HIV-1 derived vector systems, nevertheless, is

uncertain.

The other regulatory protein of HIV-I, Rev, binds to RRE within the env gene

present in viral mRNAs enabling their transportation from the nucleus to the cytoplasm

(Emerman et al., 1989; Malim et al., 1989). This is an essential function for HIV-I

replication but other transport elements have been shown to substitute for RRE and Rev

(Huang and Liang, 1993; Bray et al., 1994). However, in the experiments reported here,

Rev is required for virus production because of the vector used,

pHIVext5 SV4OEYFPppt+RRE remains Rev/RRE dependent.

Taken together, codon-optimisation of gagpol and the removal of the frameshift,

minimises considerably sequence homology between HIV-I based vectors containing gag

sequence and the packaging plasmids. In addition by manipulating both the codon usage

and structure of the gag and gagpol reading frames it has been possible to express them

independently from Rev and RRE. Moreover, the Gag and GagPol pollproteins can be

expressed from separate codon optimised expression constructs thereby removing the

gagpol translational frameshift from the virus production system. The construction and

evaluation of these plasmids provide the basis for the production of recombinant HIV-I

vectors in transient expression systems with increased safety as has been demonstrated by

measuring the incidence of transfer of biologically active sequences encoding GaglGagPol

to transduced cells.

To further develop this transient packaging system an obvious requirement is to

optimise expression of each individual protein and subsequently to titrate the optimal

amount of each plasmid against each and every other plasmid. This process will also be
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CHAPTERFIVE

E,VALUATION OF
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5.1 INTRODUCTION
The advantages of using human immunodeficiency virus type 1 (HIV-l) as a gene

transfer vector have been described in Chapter one. These advantages indicate that it is

likely that HIV-I will replace the archetypical Moloney leukemia virus (MLV) as the

vector of choice for gene transfer into many cell populations, including haematopoietic

stem cells, hepatocfles, myofibres and neurones (Naldini et al.,I996a; Reiser et a\.,1996;

Zufferey et a|.,1997; Sutton et a|.,1998; Mochizuki et al., 1998; Miyoshi et a|.,1999). A

gene transfer vector based on HIV-I would ideally incorporate the minimum amount of

viral elements required in cis for high efficiency transfer into non-dividing cells, and the

gene to be transferred along with its associated expression signals. At hrst sight these

must presumably include (i) a packaging signal (Y) to expedite packaging of viral RNA

into progeny particles, (ii) signals required for reverse transcription, encompassing the

repeated (R) region necessary for DNA strand transfer and two regions for the priming of

DNA s¡mthesis, the PBS (RNA-binding site) that binds the minus-strand IRNA primer and

the polypurine tract (PPT) for priming of plus strand synthesis, (iii) the LTRs (long

terminal repeats) which contain signals for synthesis and processing of viral RNA

including promoter and enhancer elements and polyadenylation signals and (iv) sequences

required for integration.

Other c¡s active sequences that have been identified in the HIV-I genome are the

Rev response element (RRE), and the central polypurine tract (Charneaù et al., 1992).

Additionally, and more vaguely, there are sequences that have been suggested to play a

significant, but not vital, role in HIV-I replication and also a number of sequences that

have been implicated in affecting HIV-I vector performance. Despite numerous reports

describing HIV-1 vectors (Naldini et al.,I996a; Reiser et al.,1996; McBride et a1.,19971'

Kim et a|.,1998; Mochizuki et a|.,1998; Chang et a|.,1999; Cui et a|.,1999; Gasmi et al.,

1999), uncertainty still exists regarding the extent of c¡s-acting viral sequences required for

optimal vector function. The main parameter of concern has been virus titre, but transgene

expression and safety considerations are also important.

In contrast to MLV, it has been difficult to dehne a sequence from the 5' region of

the HIV-I genome that is sufficient for the packaging of a heterologous sequence

(Berkowitz et al., 1995). It would appear that the inclusion of some 5' gag sequence is

beneficial for packaging of RNA (McBride et al., 1997). HIV-I vectors with deletions of

most of the structural genes are successfully packaged into viral particles (Poznansky et

al., l99I; Shimada et al., I99l; Buchschacher and Panganiban,1992). Arguments have

been put forward to suggest that portions of the env and gag genes enhance-packaging
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et al., 1999) and it has been demonstrated that certain sequence elements, such as the

promoter/enhancer region in the 5' LTR and the polyadenylation signal in the 3' LTR, can

be replaced with heterologous sequences (Miyoshi et a|.,1998; Iwakuma et a|.,1999). In

this chapter a number of HIV-1 cis sequences in general, and various specific cis

sequences of defined function, were evaluated for their effects on vector performance,

These sequences included i) regions from the 5' end of the gag gene that have been

implicated in the packaging function of HIV-1 (Parolin et a1.,1994), ii) regions from the 5'

and 3' ends of the env gene (Richardson et al., 1993, Kaye et al., 1993), iii) sequences

immediately 5' from the polypurine tract (Ilyinskii and Desrosiers, 1998), iv) the central

polypurine tract (Charneau and Clavel, 1991; Chameau et al., 1992) and v) splicing signals

(Cui et a|.,1999). In addition, some heterologous sequence elements were tested for their

ability to substitute for the Rev/RRE function.

RESULTS AND DISCUSSION

5.2 BASIC STARTING VECTOR
CONSTRUCTIOI\

A vector backbone was designed to incorporate some basic sequences deemed

necessary for vector function to begin evaluating specif,rc sequence elements within the

HIV-I genome that may effect vector performance. The incorporation of the aforesaid

sequences was based on the idea developed in Chapter three and what was in the literature

at the time. The first two HIV-I derived EYFP (enhanced yellow fluorescent protein)

transfer vectors that were made contained the following elements; the 5' long terminal

repeat (LTR) and contiguous sequence up to 100 (ext2) or 1150 (ext5) bp of the HIV-I

YrJ2 gag gene, the SV40 immediate early promoter, a polylinker sequence containing,

from 5'to 3', a StuI, HindIII and an EcoRI site, into the latter of which the cDNA for

EYFP was cloned, the pollpurine tract (ppt) and lastly the 3' LTR. These two vectors,

pHIVext2SV4OEYFPppt and pHIVext5SV4OEYFPppt, were developed to allow other

elements to be analysed in the context of vectors containing two different lengths of gag ie

100 and 1150 bp of gag respectively. The sequence elements present in

pHIVext2SV4OEYFPppt and pHIVext5SV4OEYFPppt are depicted in Figure 5.1.

These two constructs were made as follows, firstly two PCR primers (5'HIVext2R

and 5'HIVext5R) were synthesised to allow amplification of sequences to base 887 and

1937 of pHIV-YU2 respectively. A PCRproduct (5' NotU3' BamHI) was generated wjth .
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each of these primers in combination with the primer 5'LTRF, and these were then cloned

into pB/SHIVLTR (section 3.2) such that they replaced the 5' LTR and the 390 bp

oligonucleotide fragment in this clone (ie up to the BamHI site). These two constructs

were termed pHIVext2 and pHlVext5 respectively. The SV40 promoter was isolated from

pLNSX (Miller and Rosman, 1989) with BamHI (5') and HindIII (3'), end-filled and then

cloned into the end-filled BamHI site of both the ext2 and ext5 constructs. To complete

these two vectors, the EYFP sequence was removed from pEYFP (Clontech) as an XbaI

fragment, end-filled and then cloned into the end-filled EcoRI site of the two vectors. This

produced two vectors, pHfVext2SV4OEYFPppt and pHIVext5 SV4OEYFPppt.

5.3 ADDITION OF EXTRA HIV-I
SEQUENCES

Various additional sequences from pHIV-YUz were then incorporated into both the

pHIVext2SV4OEYFPppt and pHIVext5SV4OEYFPppt vector constructs to assess their

effect on viral titre. A series of vector pairs were so created which contained either 100

(ext2) or 1150 bp (ext5) of gag sequence allowing any effect seen to be related to the

length of gag in the vector.

The sequence immediately 5' of the polypurine tract has been shown to be essential

for simian immunodef,rciency virus replication (Ilyinskii and Desrosiers, 1998), and may

therefore influence the efficiency of Hry-l packaging. To assess this sequence in the

context of HIV-I vector function, 25 bp of HIV-1 YU2 sequence 3' of the polypurine tract

was incorporated into the ext2 and ext5 vector pair, creating pHIVext2SV4OEYFPppt+

and pHIVext5SV40EYFPppt+. Further additions of sequence from the 3' end of the env

gene in pHIV-YU2 were then added. Sequences within the env gene have been suggested

to contribute to the packaging of HIV-1 based vectors (Richardson et a1.,1993). The first

vector pair pHIVSAext2SV4OEYFP and pHIVSAexI5SV40EYFP, contained contiguous

sequence from immediately 5' of the splice acceptor site for the second exon of the tat and

rev genes (base 8331 in pHIV-YU2) to the 3' LTR. The vectors, pHlVF4ext2SV4OEYFP

and pHIVF4ext5SV4OEYFP, contained envelope sequence immediately 3' of the same

splice acceptor site (base 8341 in pHIV-YU2), contiguous with the 3' LTR and

pHIVF6ext2SV40EYFP and pHIVF6ext5SV40EYFP, encompassed a smaller region of

HIV-I envelope sequence extending to base 8685 in pHIV-YU2, again contiguous with the

3' LTR (see Figure 5.2). These vectors were made using a series of 3'LTRF primers, 3'
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also been generated in this manner. However, to facilitate cloning procedures, the EYFP

sequence had been blunt-end cloned into the S¡zI site of the polylinker in the "S4", "F4",

"F6", "F2Sal" and "5'env" vector derivatives.

To investigate whether insertion of EYFP in the ^t/rl sitedid actually reduce viral

titre, pHfVext2SV4OEYFPppt+RRE and pHlVext5SV4OEYFPppt+RRE were re-made but

with the EYFP gene cloned into the StuI site rather than the EcoRI site. By directly

comparing viral titres obtained from both these sets of vectors, the effect of cloning EYFP

into the StuI site could be evaluated directly. These two vectors were denoted

pHIVext2SV40EYFPppt+RRE(StuI) and pHIVext5SV40EYFPppt+RRE(StuI). The viral

titres obtained (from a single experiment) for these two vectors were considerably reduced.

For pHIVext2SV40EYFPppt+RRE(StuI) only 2 o/o of NIH3T3 cells were shown to be

transduced compared to 26 o/o for pHIVext2SV40EYFPppt+RRE. The same trend was

observed for the ext5 derivative, pHIVext5SV40EYFPppt+RRE(StuI) transduced 4 o/o of

NIH3T3 cells whereas pHfVextsSV40EYFPppt+RRE resulted in 46 Yo transduction. The

region flanking the end of the SV40 promoter and the entire polylinker extending into the

EYFP coding region was sequenced in both pHIVext5SV40EYFPppt+RRE(StuI) and

pHIVext5SV4OEYFPppt+RRE to see if any aberrant base changes \ryere present with

negative results, the sequence of both being as predicted for EYFP cloned into the StuI and

EcoRI sites respectively. The basis for this effect was not further investigated and for all

future experiments, vectors were made with the EYFP gene cloned into the ^ÐcoRI site of

the polylinker.

However, several conclusions could still be drawn from this work. First, the ppt+

sequence, which contains an additional 25 residues 5' of the defined pollpurine tract

located at the junction of the 3'LTR, does increase viral titre. Second, the inclusion of

RRE also appears to be required for maximal vector function and this is analysed in more

detail in sections 5.10 and 5.11. Third, it appears that the longer gag sequence of 1150 bp

(ext5) is more beneficial than the shorter 100 bp (ext2), with higher viral titres in every

instance. This is followed up in more detail in the next section.

5.5 INCORPORATION OF 5' GAG
SEQUENCE

A series of vectors were made containing, either no (extl), 100 (ext2), 250 (ext3),

550 (ext4), or 1150 (ext5) bp of gag sequence. Two initial constructs
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TABLE 5.2

Viral titres from a series of vectors incorporating increasing
lengths of gøg sequence.

Vectors were constructed containing no (extl), 100 (ext2), 250 (ext3), 550 (ext4)

or 1150 (ext5) bp of gag sequence (Figure 5.3). Viral titres were determined on NIH3T3

cells using viral supematant collected from 293T cells co-transfected with each vector

construct, pCMVARnT and pHCMV-G. Transduced NIH3T3 cells were assayed for EYFP

expression by FACScan analysis as described in section 2.2.21. Measurements of p24

were made on the viral supernatant.

Vector Titre EYFP

tu/ml x 10s

p24

ng/ml

Titre/ng

p24

n:

pHIVext 1 SV4OEYFPppt+RRE 2.6 X0.2 330 ! 43 787 + 85 5

pHIVext2 SV4 0EYFPppt+RRE 2.6 + 1.2 316 + 132 835 x r44 12

pHIVext3 SV4OEYFPppt+RRE 3.6 + 0.6 383 + 65 955 + 177 6

pHIVext4 S V40EYFPppt+RRE 7.6 + 2.8 464 + 250 1845 r 635 12

pHIVext5 S V4OEYFPppt+RRE 7.5 + 0.9 336 t74 2329 ! 542 l2
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primers 3'LTRF3,3'LTRF4 and 3'LTRF6 as described in section 5.3. These were the

same pHIV-YU2 env sequences that were incorporated into the initial vectors in section

5.3. However, the EYFP coding sequence was cloned into the EcoRI site in these vectors.

These envregions were incorporated into vectors containing 100 bp (ext2) and 1150 bp

(ext5) of gag sequence, the SV40 promoter, EYFP gene and RRE. A fragment termed

F4^F6 (pHIV-YU2 bases 8341 - 8687, ie sequence between the F4 and F6 primers) was

generated by PCR using the 3'LTRF4 primer and F6RevMfeL This fragment was then

cloned using flanking EcoRI and Mfel sites incorporated by the PCR primers into EcoRI

restricted pHIVext2SV4OEYFPppt+RRE and pHIVext5SV4OEYFPppt+RRE. The EYFP

sequence was re-cloned back into these two vectors into a reformed EcoRI site at the 5'

end of the F4^F6 fragment. This created two vectors

pHIVext2SV40EYFPF4ÀF6ppt+RRE and pHIVext5SV40EYFPF4AF6ppt+RRE which

are the same as pHIVexI2SV4OEYFPF4RRE and pHIVext5SV4OEYFPF4RRE

respectively except with the sequence between the 3'LTRF2 and 3'LTRF6 primers (ie

bases 8687 - 9035 in pHIV-YU2) deleted. The sequence composition of the vectors in this

section is shown in Figure 5.4.

Table 5.4 shows the viral titres obtained for all these vectors as directly compared

with the ext2 and ext5 derivatives which contain no env sequence other than the RRE, ie

pHIVext2SV4OEYFPppt+RRE and pHlVext5SV4OEYFPppt+RRE. From this table it is

evident that the insertion of the F4 fragment increases viral titre which is more notable in

the ext2 vector, and levels of p24 are unchanged. The region designated as F4 comprises

3' HIV-I envelope sequence from base 8341 of pHIV-YU2 to the end of the 3' LTR. The

splice acceptor site for the second exon of the tat and rev genes is therefore not included.

On the other hand, the F3 fragment contains the same envelope region but extends further

5'to base 8331 in pHIV-YU2 to include the splice acceptor site. The difference in titre

observed between these two vector constructs would suggest that the splice acceptor site

has a negative effect on viral titre. However, as this construct lacks the lariat sequence

associated with the splice acceptor it is unclear whether the site is functional. Northern

analysis would be required to assess if splicing was in fact occurring. Levels of p24

antigen remained similar, suggesting approximately similar levels of virion production

with or without inclusion of the splice acceptor site.

The inclusion of the F6 fragment into the vector did not improve vector function.

The F6 envelope region is also included in the F4 fragment so a third fragment was

generated containing the F4 envelope sequence without the F6 region to try and delineate
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more specifically what part of the Hry-1 envelope region is having a positive effect on

viral titre. The vector containing this fragment (F4AF6) did not cause the same increase in

vector performance as the F4 region.

Ú:rterestingly, the inclusion of this F4AF6 fragment caused a decrease in viral

production as measured by p24 antigen in both the ext2 and ext5 vector derivatives.

Despite the reduction in viral particles when the F4ÀF6 fragment is included in the vector,

the titres aÍe similar to those obtained with pHIVext2SV40EYFPppt+RRE and

pHIVext5SV4OEYFPppt+RRE. The titre/ng of p24 measures the packaging efficiency of

the retroviral genome into the virion particle, assuming that genomic RNA levels are the

same and that post-transduction events are of equal efficiency. To evaluate this more fully,

the levels of vector RNA in virions and in the cytoplasm of the transfected 293T cells

could be measured by RNase protection assays. This can measure the amounts of properly

initiated vector transcripts and distinguish the vector RNA from any contaminating vector

DNA from the transfection. The ratio of virion to cytoplasmic RNA can then be equated

to packaging efficiency. Northem blot analysis of RNA from transfected293T cells could

also be' used to measure levels of full-length vector transcripts. However, for the

development of a vector construct the most meaningful measurement is still viral titre. In

conclusion, the region of HIV-1 envelope sequence from the 3' end to base 8341 of pHIV-

YU2 (designated as F4) does have a moderate influence on vector function and this is most

likely to be a consequence of more efficient viral packaging (ie titre/ng of p24) of full-

length genomic viral RNA, or perhaps increased genomic RNA expression.

5.7.2 5' ENVELOPE SEQUET{CES

Two vectors containing either 100 (ext2) or 1150 (ext5) bp of gag were constructed

that contained sequence from the 5' end of the envelope gene of pHIV-YU2. An

EcoRIlBg[II fragment encompassing the 5' end of the env gene from pHIV-YU? (bases

5742 - 7030) was cloned into pHIVext2SV4OEYFPppt+RRE and

pHIVext5SV4OEYFPppt+RRE immediately 3' of the EYFP sequence to give

pHIVext2SV4OEYFP5'envppt*RRE and pHIVext5SV40EYFP5'envppt*RRE. The

sequence incorporated extended from base 5142 to 7030 and was joined to the 3' LTR that

included the ppt+ sequence and the RRE. Viral titres obtained with these two vectors

pHIVext2SV4OEYFP5'envpptaRRE and pHIVext5SV4OEYFP5'envppt*RRE were

directly compared to those from the same two vectors without the 5'env sequence and the

results are shown in Table 5.5. Inclusion of this 5' env sequence significantly increases

viral titre in both the ext2 and ext5 derivative (p < 0.01 in both cases), and again a larger
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effect is observed with the ext2 vector. Small increases in both p24 and titre/ng p24 are

also seen, however these are not significant.

5.8 INCLUSION OF THE CENTRAL
POLYPURINE TRACT

The vectors described so far all contain a polypurine tract sequence that is located

at the 5'border of the 3'LTR. HIV-I and other lentiviruses contain anotherpolypurine

tractltermination signal within the pol coding region. It is likely that this central

polypurine tract (cppt) is used as a second origin for plus-strand viral DNA synthesis

(Chameau and Clavel,l99l; Chameau et al.,1992).

To determine whether the presence of the cppt in the transfer vector improves

function, bases 4769 - 4915 of pHIV-YU2 that encompass the cppt and associated

termination sequence, were included. A PCR product was isolated as a 5' ClaIl 3' BstBI

from pHIV-YU2 using PCR primers cpptClal and cpptBstBl, and cloned into

pHIVext2SV40EYFPppt+RRE and pHIVext5SV40EYFPppt+RRE immediately 5' of the

SV40 promoter. This created two vector constructs pHIVext2cpptSV40EYFPppt+RRE

and pHIVext5cpptSV4OEYFPppt+RRE that contain both HIV-I pollpurine tracts.

Comparing these constructs in Table 5.6 shows that inclusion of the cppt increases

viral titres in both the ext2 and ext5 vector derivatives þ < 0.001 in both instances). This

increase in viral titre attributed to the cppt has also been reported by other investigators

who have shown that this sequence not only increases viral titres but also plays a pivotal

role in the transduction of non-dividing cells (Mautino et a1.,2000; Zerurcu et a1.,2000).

The levels of p24 antigen are not significantly different in the ext2 derivative but are

significantly increased (although to a lesser degree than the viral titres) in the ext5

containing vector (p < 0.005). The increase in titre/ng of p24 upon inclusion of the cppt is

significant in the ext2 vector construct úl < 0.001) but not significant in the ext5 variant.

These findings would indicate that although the cppt clearly augments viral titres, the

extent of the effect is influenced by the length of gag sequence in the vector construct.

This is in agreement with most other sequences tested displaying a greater effect with the

ext2 derivative than with the ext5, which is probably just because the ext2 vector is less

efficient in the first place making any effect more obvious.

169





5.9 THE RRE AND ITS POSITIONING
The Rev-response element (RRE) is a c¿s-acting sequence located within the env

gene of HfV-1 that is required for Rev to regulate the export of structural mRNAs from the

nucleus to the cytoplasm (formore details see section 1.3.1.4). To determinewhetherthe

presence of the RRE in the vector influenced the efficiency of gene transfer, the RRE was

deleted from three of the HIV-I vectors described above. The EcoiRIJSall region (ie

ppt+RRELTR) of pHlVextlSV4Oppt+RRE, pHIVext2SV4Oppt+RRE and

pHIVext5SV4Oppt+RRE was removed and replaced with an EcoRIlSalI fragment from

pHIVext2SV4OEYFPppt+ (section 5.3) containing only the ppt+ sequence and the 3'LTR.

The EYFP coding sequence was then blunt-end cloned into the EcoRI site (end-hlled),

creating the final constructs; pHIVextlSV4OEYFPppt+, pHlVext2SV4OEYFPppt+ and

pHIVext5 SV4OEYFPppt+.

The original vectors containing the RRE did so in the U3 region of the 3' LTR.

Deletion of this U3 region in the 3'LTR does not alter the phenotype of HIV-1 derived

vectors. This has been shown by the characterisation of self-inactivating HIV-I based

vectors (Zufferey et al., 1998; Iwakuma et al., 1999), although it should be noted that

Iwakuma et al. (1999) did observe a small decrease in titre with larger U3 deletions.

Another vector was constructed with the RRE cloned immediately 5' of the SV40

sequence (pHIVext2cRRESV40EYFPppt+). These vectors are depicted in Figure 5.5. An

ext5 counterpart for the RRE in this central position was not constructed. As expected

Table 5.7 shows that deletion of the RRE from the vector led to a marked reduction in

vector titre, although the levels of p24 remain unchanged. This is consistent with the

known RRE effect on cytoplasmic viral RNA expression. Previous observations have

shown that removal of RRE from HIV-I derived vectors abolishes cytoplasmic

localisation of full-length viral RNA (Kaye et al., 1995; Parolin et al., 1994). An

alternative effect of RRE on vector function independent of the known contribution of

RRE on cloplasmic viral RNA expression has been suggested by Cui et al. (1999) who

demonstrated similar amounts of cytoplasmic full-length RNA in the absence or presence

of the RRE. In the absence of any northern analysis on the transfected 293T cells in these

experiments it is impossible to say how the RRE is exerting its effect in the vectors

described above.

The results shown here also reveal that the effect of RRE on the efficiency of gene

transfer is dependent on the length of gag sequences included in the vector. This is in

agreement with Parolin et al. (1994) who showed a positive influence of RRE on gene

transfer to be dependent on the amount of gag sequence present in the vector. This
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positive effect apparently resulted from the effect of Rev on the accumulation of unspliced,

packaged vector RNA in the cytoplasm rather than a direct effect of the RRE on packaging

efficiency. The quantity of vector RNA in the cytoplasm of the transfected 293T cells

described here however, has not been determined. Incorporation of the RRE in a more

central position in the vector (ie 5' of SV40) did seem to have an advantage over its

inclusion in the 3' LTR, at least in terms of the ext2 derivative (comparison of

pHIVext2SV40EYFPppt+RRE and pHIVext2cRRESV4OEYFPppt+).

5.10 SUSTITUTIOI\ OF THE RRE WITH
COI{STITUTIVE NUCLEAR EXPORT
SIGNALS

The requirement for Rev in trans and the RRE in cis has been shown to be at least

partially substituted for by other c¿s-acting elements known as RNA constitutive transport

elements (CTE) (Bray et al., 1994: Zolotukhin et al., 1994). CTEs are stem-loop RNA

structures that can rescue RNA from splicing (Ernst et al., 1997). They interact with the

nuclear export machinery to facilitate the export of unspliced RNA to the cytoplasm (Tang

et al.,'I997; Gruter et al., 1998). It may be possible, therefore, to design a Rev/RRE

independent HIV-I virus production system by replacing the RRE in the vector with a

CTE. To this end, three different constitutive transport elements were incorporated into

the ext2 and ext5 vector derivatives.

The mouse histone H2A nuclear export signal (H2A, Huang and Carmichael,1997,

Genbank accession number X16495, bases 189 - 298) was isolated by PCR from total

murine genomic DNA using primers H2A5' and H2A3'. The PCR product was then

cloned as a 5' BamHU3' EcoRI fragment into pBluescript II SK (+) vio homologous

restriction sites incorporated into the PCR primers. The fragment was sequenced for

verification, excised wíth BamHUEcoRI and then end-f,rlled. The woodchuck hepatitis

virus post-transcriptional regulatory element (WHVPRE, Donello et al., 1998, Genbank

accession number JO45l4, bases 1094 - 1684) was generated by PCR from pWHVS using

the primers WHVERVF and WHVPVUR. The PCR product was isolated as a 5' EcoRYl

3' PvuII fragment due to homologous restriction sites incorporated via the PCR primers.

The Mason-Pfizer monkey virus constitutive transport element (MPMVCTE, Pasquinelli

et al., 1997 Genbank accession number 4F033815, bases 7386 - 7554) was synthesised

and cloned into the EcoRY site of pBluescript SK II (+) as described in section 4.3.4.

These three elements (IlzA, V/HVPRE and MPMVCTE) were then cloned into
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TABLE 5.8

Substitution of RRE with constitutive transport elements.

The constitutive transport elements, woodchuck hepatitis virus post-transcriptional

regulatory element (WHVPRE), the Mason-Pfizer monkey virus constitutive transport

element (CTE) and the mouse histone H2A gene nuclear export signal (H2A), were

substituted for the Rev-response element (RRE) in the ext2 and ext5 vector derivatives

(Figure 5.6). Viral supernatant collected from293T cells co-transfected with each of these

vectors, pCMVARnT and pHCMV-G was used to transduce NIH3T3 cells. This medium

was also assayed for p24. Gene transfer to NIH3T3 cells was measured by FACScan

analysis as described in section 2.2.2I.

Vector Titre EYFP

tu/ml x 10s

p24

ng/ml

Titre/ng

p24

n:

pHIVext2 SV4OEYFPppt+RRE 2.6 ! r.2 316 ! r32 83s ! r44 L2

pHIVext2 S V40EYFPppt+WHVPRE 0.7 t 0.1 4tt !18 t76 + 45 6

pHIVext2 SV4OEYFPppt+CTE 0.2 + 0.1 262 + 64 77+41 6

pHIVext2 SV4OEYFPppt+H2A 0.3 + 0.2 367 + t89 7t+37 6

pHIVext5 SV4OEYFPppt+RRE 7.5 + 0.9 336 + 74 2329 + 542 t2

pHIVext5 SV4OEYFPppt+WHVPRE 0.2 + 0.1 276 + 20 73+23 J

pHIVext5 SV4OEYFPppt+CTE 0.1 +0 228 !34 32+l J

pHIVext 5 S V4 0EYFPp pt+H2 A 0.1 +0 207 !37 45!14 a
J

177





u
) F L
¡r F L
¡r

N
o

tI A
T

G
(7

8
8

)

ï li È F
C

D X N
)

C
D X a
+ L
¡r

O
(¡

b
,¿

rà z tl t) Ê L
l

{ 'l¿ ta
t

E
co

R
I

E
co

R
I

(e
0

3
s)

B
sm

H
I

P
st

I

C
la

I

/ \o (¿
) \¡

\] \o

E
co

R
I

(e
0

3
E

co
R

I
(e

0
3
s)

(e
0
3
s)

ï rr È

ï r. -l F

? rr Ë

T F -l
F t4

(^





However, many reports have demonstrated that this region located between the major

splice donor site and the initiation codon of the gag gene does form part of the HIV-I

packaging signal (Lever et al., 1989; Clavel and Orenstein, 1990; Aldovini and Young,

1990;Poznansky et al.,l99l;Hayashi e/ a1.,1992), but the 5' and 3' extent of this are not

known. Sequences in the transcribed LTRs and 5' leader sequences upstream of the major

splice donor site have also been implicated in RNA packaging (Kim et a|.,1994; Vicenzi

et al., 1994; Geigenmuller and Linial, 1996; Paillart et al., 1996; McBride and Panganiban,

1996; McBride and Panganiban, 1997). Additional sequences in the 5' end of the gag

gene and even the 3' end of the env gene, have also been implicated in efficient packaging

of HIV-I (Richardson et a1.,1993;Kaye et a1.,1995). ln reality, it has not been possible to

define a minimal essential packaging signal by juxtaposition of a proposed sequence to

heterologous RNA, therefore it is likely to be multipartite or highly sequence specific

(Berkowitz et al.,1995;Kaye et a1.,1995).

Although îo gag sequence is essential for packaging of the HIV-1 derived vectors

described in this chapter, as shown by the extl construct, the inclusion of up to 650 bp

(ext4) of gag sequence increased viral titres over two-fold. The exact portion of gag that

is required for encapsidation has not been fully elucidated, but this finding is in general

agreement with others (Buchschacher and Panganlban; 1992; Parolin et al., 1994; Luban

and Goff, 1994; McBride et al., 1997). The increase in gene transfer attributed to gag

sequences is partly due to an increase in packaging of the vector RNA into virions, but this

region likely contributes to functions besides packaging, such as dimerisation (Sundquist

and Heaphy,1993). Interestingly, Parolin et al. (1994) showed that inclusion of more than

653 bp of gag sequence actually decreased the ability of these vectors to be propagated.

The inclusion of g¿g sequences in MLV vectors, although not absolutely required for

packaging or gene transfer, has also been reported to increase viral titres (Armentano et al.,

1987; Bender et a1.,1987).

In addition to the Rev response element (RRE), the incorporation of the extended

polypurine tract (ppt+) and the central polypurine tract (cppt) also increased viral titres.

The inclusion of HIV-I env seqrLeîces increased viral titre and packaging efficiency. The

region of HIV-I eny sequence from the 3' end, up to but not including the splice acceptor

site (F4), was clearly beneficial, a 5' env region from bases 57 42 to 7030 (pHIV-YU2). It

should be noted though, that some of these additional sequences include intact reading

frames, which is contrary to the desire to separate the c¿s and trans genetic functions of

HIV-I to the highest possible degree. The 5' end of the env gene contains intact reading

frames for Vpu, and exon 1 of both Tat and Rev. The F4 sequence encompa'sseslhe'nef
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