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Science knows no country, because knowledge belongs to humanity, and is the torch
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that nation will remain the first which carries the furthest the works of thought and

intelligence.
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THESIS EPITOME

Gene therapy has been slow to yield its promised benefits, in many instances
because of a lack of efficient gene transfer vehicles to enable delivery of the correct
amount of gene product to target cells. Vectors dertved from human immunodeficiency
virus type 1 (HIV-1) appear an attractive option for many gene therapy applications. This
1s due to their ability to transduce non-cycling cell populations and integrate their genome
into the chromosome of a host cell, thereby resulting in the stable genetic modification of
the transduced cell. The initial work in this thesis was to construct an HIV-1 derived
vector to transfer the lysosomal enzyme B-glucuronidase to mucopolysaccharidosis type
VII (MPS VII) fibroblasts. These early attempts were unsuccessful. However, the
publication of several HIV-1 based gene therapy reports that demonstrated the direct in
vivo transduction of several tissues including the central nervous system, retinal and liver
however, validated the basic concept. Nevertheless, the pathogenic nature of HIV-1 has
raised considerable concerns about the safety of such vector systems.

In order to help address these concerns, each of the primary transcriptional units
encoding the frans functions relevant for vector production was i1solated. Coding
sequences for the HIV-1 Tat (exon 1), Vpr, Vpu, Vif and Nef proteins were expressed
from separate plasmid constructs. In each case a minimal rcading frame was linked to
heterologous transcriptional regulatory sequences. The native HIV-1 gagpol gene
sequence was isolated {rom a proviral clone of HIV-1 YU2 and expressed in an individual
plasmid. In addition a gagpol sequence codon-optimised for expression in mammalian
cells, but retaining the HIV-1 translational frameshift for Pol expression and region of
overlap between the gag and pol genes, was also constructed. The expression plasmid
encoding the codon-optimised gagpol sequence resulted in efficient Rev/Rev response
element (RRE) independent cxpression of Gag (p24) and Pol (reverse transcriptase, RT).
Together with plasmids encoding the Rev and the vesicular stomatitis virus glycoprotein
(VSV-G), and a HIV-1 derived vector, thesc constructs were able to support the generation
of recombinant virus particles upon transient expression in 293T cells.

Separate expression plasmids for the Gag and GagPol polyproteins were
subsequently made, again using codon-optimised sequence. In this instance neither
sequence contains the HIV-1 translational frameshift signal. In combination these two
plasmids can functionally replace the use of the codon-optimised gagpol expression
construct that utilises the translational {rameshift signal present in the native coding
sequence. The use of separate expression plasmids for the Gag and GagPol polyproteins
allows the removal of the frameshift signal in the gagpo! gene from the virus production
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system. As ‘neither the Gag, nor the GagPol, expression construct alonc can support the
production of detectable virus titres, enhanced safety is achieved with such an approach.
To demonstrate the safety of the HIV-1 gene transfer system, two assays were developed
to mcasurc the transfer of sequences functionally equivalent to the gagpol gene (ie capable
of expressing Gag and GagPol polyproteins) to transduced cells.

The expression of the HIV-1 accessory proteins Vpr, Vif, Vpu and Nef was
evaluated by western blot analysis. Only the expression of Vpr was detected. Inclusion of
expression plasmids for these proteins in the virus production system caused a small, but
significant increase in viral titre. Whilst these minor proteins are not considered necessary
for the production of VSV-G pseudotyped recombinant virus in 2937 cells, their role in
both the production of virus of different pseudotypes, in different cell lines, and on virus
phenotype, warrant closer attention.

In order to fully utilise the promisc of HIV-1 it is important that the effects of viral
cis sequence elements on vector function are fully delineated. To this end, the effect on
vector function of various cis elements from the HIV-1 YU2 genome that have been
implicated as either affecting vector performance, or HIV-1 replication, were evaluated. In
addition the possibility of functionally substituting heterologous sequence elements in
place of Rev/RRE that is otherwise required for efficient vector function, was asscssed.
Several HIV-1 derived vector constructs were made and transiently transfected into 293T
cells along with a suitable helper plasmid and a plasmid encoding VSV-G. Titres of virus
particles produced were examined on NIH3T3 cells. Apart from the minimal sequence
clements required for effective vector function, a number of sequence elements did
increase vector titre. These included the amount of gag sequence, the central polypurine
tract, the 5° and 3’ ends of the env gene and sequences immediately upstream from the

polypurine tract.
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CHAPTER ONE

INTRODUCTION






1.1 HUMAN 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
definition 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 are 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 al., 1995). Despite the fact that the patients remained
on enzyme replacement therapy, there appeared to be some 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




guccessfully trcated a human discase’. Probably the most acute obstacle limiting the
success of gene therapy 1s the inability to transfer the appropriate gene into the desired
target cell such that sufficient amounts of the gene product required to treat the disease are
synthesised and correctly delivered. For many gene therapy applications, the desired target
cells are not easily transfected, arc poorly defined or even unknown. A popular target, that
exemplifies this problem, has been and still is, the haematopoietic stem cell (HSC) due to
its capacity for self renewal as well as expansion and differentiation into all the cell
lineages of the haematopoietic system. Furthermore, HSCs and their progeny interact with
a number of other organ systems through circulation and migration providing access to the
majority of the body. Nonetheless, the frequency of transduction by any method, of the

HSC is very low (for an editorial review see Barranger, 1996).

1.1.2 GENE TRANSFER VECTORS
1.1.2.1  NON-VIRAL VECTORS

Gene transfer can be divided into two classes of vectors: viral and non-viral
vectors. Naked DNA molecules cannot spontaneously penetrate into cells, non-viral
methods of transfer try to achieve this so obviating the need for viral vecltors. To some
extent the efficiency of DNA transfcr depends on the type of cell and its mitotic state.
Integration of foreign DNA is a rare event and higher transformation efficiencies occur in
rapidly dividing cell populations. Generally speaking non-viral methods of gene transfer
have lower transduction efficiencies than their viral counterparts and do not permit the
genes to integrate cfficiently into the genome of target cells. Whilst this prevents the gene
from being passed on to future cell generations, the genes delivered cannot replicate and

there is no co-transfer of unwanted viral material to the cell.

1.1.2.1.1 CHEMICAL METHODS

More than 35 yecars ago it was shown that certain chemicals could facilitate the
uptake of DNA into cclls (Vaheri and Pagano, 1965). The basic principle is that
negatively charged DNA molecules can be complexed with positively charged chemicals
to make a more favourable product for endocytosis by the target cell. High salt and
polycations have been used (Felgner, 1990) as well as DEAE-dextran (Vaheri and Pagano,
1965) and calcium phosphate (Graham and Eb, 1973).

' . ORDA Report: Human Gene Therapy Protocols (2/3/98) (Office of Recombinant DNA Activities, NIH,

Bethesda, MD, 1998)
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~ 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 ef 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 (Zhu 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 (Paul et al., 1997), as well as numerous
other cationic polymers 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).

1.1.2.1.2 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 al., 1982; Aihara and Miyazaki, 1998).

3




Another physical approach to gene therapy has becen via gene gun technol@ -
whereby the DNA 1s loaded onto tiny gold particles and fired into target cells via a helium
gun. As with liposomes, the duration of gene expression is transient. The DNA/gold
particles are cheap and casy to prepare but despite a claim of being innocuous in the target
cells, their presence remains for a lengthy period of time. Plasmid coated gold beads have
been used to transfer a viral replication inhibiting transdominant rev mutant into CD4+ T
cells and shown to prolong target cell survival in HIV-1 infected individuals (Woffendin ef
al., 1996). This technology has application for gene transfer to the skin (ie for
immunisation) and would also show promise ex vivo where tissues could be targeted in
culture and then returned to the patient. One major attraction to this technology is that it
can be used to transfer genes to non-dividing cells, a prerequisite for many gene therapy
applications, including HSCs.

In conclusion, non-viral methods of gene transfer are clearly advantageous when
transient expression is the desired outcome, and their strength lies in their safety and ease
of manufacture. The most notable drawback of the non-viral methods is that they are

unable to offer stable gene expression.

1.1.2.2  VIRAL VECTORS

Viruses have evolved to become highly efficient in overcoming human barricrs to
infection and being able to insert their genetic material into human cells. For this reason
they have become very popular in gene therapy applications with 80% of clinical protocols
using viral vectors (Anderson, 1998). The ability of DNA and RNA tumour viruses to
cause transformation via transfer of their genetic material has precipitated a plethora of
studies investigating their use as gene transfer vehicles (Weiss et al., 1982). Apart from
the more established viral vectors, there are many different types of both DNA and RNA
viruses that have been and are currently being explorcd including papovaviruses (eg SV40,
Madzak et al., 1992) and vaccinia virus (Moss, 1992). Clinical experience with these
vectors remains limited, although it already appcars that they suffer from many of the same

problems affecting the more distinguished viral vectors that are described below.

1.1.2.2.1 ADENOVIRAL VECTORS

The adenoviridac is a large family of non-enveloped, double stranded linear DNA
viruses comprising over 40 known human serotypes. Their genome is 36 kb in length with
inverted terminal repeats and intrinsic promoter sets that transcribe carly (E) and late
genes. They have the potential to carry large DNA inserts up to the same size as their
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genome (Ali ef al., 1994). They are human viruscs but are usually only responsible for
mild upper respiratory tract infections. Adenoviruses are able to transduce a large number
of different kinds of human cells, including non-dividing cells, at high efficiency,
approaching 100% 1n some cell types.

Adenoviruses express over 50 genes during the course of their life cycle. The first
generation of adenoviral vectors was made by deleting the E1 region of the genome. This
addressed a safety aspect because without a transactivating Ela protein the virus cannot
replicate. To create space for insertion of the gene to be transferred a region (E3), which
functions to suppress the host immune response during infection, was also eliminated.
Initially these first generation adenoviral vectors showed promisc in treating genetic
disease, for example haemophilia (Kay et al, 1994). Enthusiasm for such vectors was
dampened when the production of viral antigens elicited an immune response (Ali ef al.,
1994).  Consequently approaches to delete those adenoviral genes that are most
immunogenic ensued, but some genes related to the capsid antigen and the transgene itself
may always be associated with a degree of immunity (Gao er al., 1996). So called
“gutless” vectors have now been developed where all of the viral genes have been
removed (Haccker ef al., 1996). Unfortunately deleting all of these genes is not easy
because of the size and complexity of the adenoviral genome. The fact that retaining some
of these genes is potentially beneficial, for example E3 functions to suppress an immune
response in the host, makes it necessary to strike a balance between the ‘good” and ‘bad’
genes for a successful adenoviral vector (Schiedner ef al., 1998).

Aside from the issue of the immune response is the transient nature of gene
expression from adenoviral vectors, especially in rapidly dividing cells. Following
infection with adenovirus the viral DNA remains episomal, rather than integrating into the
host cell chromosome so future cell generations will not contain the transgene. This limits
the use of adenoviral vectors in some gene therapy protocols where long-term gene
expression is the desired outcome. An adenoviral vector that can be assembled with a
combination of genes that minimises any immunological problems will certainly have
application in short term treatment protocols and those involving repeated doses of vector.

Due to their natural tropism for the epithelial cells of the respiratory ftract,
adenoviral vectors have becn used to transfer the cystic fibrosis transmembrane receptor
(CFTR) gene into these cells as a potential treatment for cystic fibrosis. Although
adenoviral mediated gene transfer of CFTR has shown promise in correcting the genetic

defect in cystic fibrosis in vitro, clinical trials in paticnts have been disappointing (Crystal




et al., 1994; Wilson, 1990). Another p?pular usc of adenoviral vectors has been in the

treatment of cancer where transient expression 1s desirable (Alemany ez al., 2000).

1.1.2.2.2 ADENO-ASSOCIATED VIRAL VECTORS

Another DNA virus is adeno-associated virus (AAV). AAV is a member of the
parvovirus family and requires supcrinfection with a helper virus such as adenovirus or
herpesvirus, in order to replicate. To date, the virus is not known to be associated with any
human disease and is widespread, about 4/5 of the human population have antibodies to
AAV. The most commonly studied isolate, AAV-2, has a broadly permissive host cell
infectivity range. The viral genome is single stranded and small, only allowing room for
the insertion of a foreign gene of up to about 5 kb. Original work with AAV suggested
that its use as a gene therapy vector presented two advantages over adenoviral veclors.
The first was that AAV could integrate into the host cell chromosome and the second was
that such integration was specific, occurring on the short arm of chromosome 19 (Walsh et
al., 1992). Neither of these predictions has been borne out. Despite suggestions of AAV
vectors integrating specifically (Linden and Berns, 1997), it would seem that the majority
of AAV based vectors, unlikc wild type AAV, integrate in a random manner (Kearns ef al.,
1996).

In 1982, Samulski ez al. demonstrated that the genome of AAV could be cloned
into a plasmid and then rescued in cells by the addition of helper virus. This initiated the
development of packaging lines to generate recombinant AAV based vectors. AAV
encodes only two proteins rep (for replication) and cap (for encapsidation) which are
replaced with the therapeutic gene in AAV derived vectors. This places the foreign
sequence between the dual 145 bp inverted terminal repeats (ITRs) with little other AAV
genomic sequence, thus minimising possible recombination events which could lead to the
unwanted production of replication competent virus. The ITRs themselves lack functional
promoter, termination and polyadenylation signals, which must therefore be added
exogenously. Deletion of rep and cap results in the vector losing its ability to integrate
specifically. To generate recombinant AAV, the vector is transfected into producing cells
(commonly 293) along with a plasmid expressing rep and cap followed by infection with
an El1 deleted adenovirus. During harvest of the recombinant AAYV, contaminating
adenovirus can largely be removed by differential centrifugation. Current methods of
preparing AAV vectors are cumbersome and the number of infectious particles produced is

unclear.




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 al., 1997). More
recently, cognitive function in a murine model of mucopolysaccharidosis was shown to
improve following intracranial injection of recombinant adeno-associated virus (Frisella et

al., 2001).

1.1.2.2.3 HERPES VIRUS VECTORS

A variety of human viruses fall into the family herpesviridae including epstein-barr
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 a large (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 al., 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 al., 1992). Cellular toxicity is also apparent and this is further complicated
by the fact that much of the population has herpes virus infections (Johnson et 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.

1.1.2.2.4 RETROVIRAL VECTORS

The fact that the greatest 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 gene
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
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Eveloped were adapted from a murine retrovirus, the Moloney murine leukemia virus
(MoMLV) (Anderson, 1992; Miller, 1992a). Since then this virus has been well
characterised and it has been possible to disable MoMLV to generate safe and efficient
packaging cell lincs and recombinant vectors (Miller et al., 1993). Clearly retroviruses
have a number of fcatures that make them the most promising candidates for gene therapy
of genctic disorders whereby stable genetic modification of the target ccll is the desired
outcome. The following section 1s therefore dedicated to retroviruses and their

development as gene transfer vehicles.

1.2 RETROVIRUSES
1.2.1 GENERAL PROPERTIES

The retroviridae family comprise a large class of enveloped viruses that contain a
linear, diploid RNA genome composed of two identical single strands. The virion
particles arc spherical, 80-100 nm in diameter and the RNA genome is 7-12 kb in size.
Their outer lipid envelope is acquired by budding from the host cell into which viral
glycoproteins are inserted. Retroviruses were first remarked upon as unknown pathogenic
agents in chickens in two independent reports at the turn into the twentieth century. The
first, in 1908, by a Danish physician/veterinarian group, found that a lymphoma in
chickens was caused by a virus (Ellermann and Bang, 1908). This virus is now known as
avian leukemia virus (ALV), thc simplest in the retroviridae family. In 1911, the
transmission of a sarcoma in chickens was described as being “cell-free” by Peyton Rous
in New York (Rous, 1911), which now bears his name, Rous sarcoma virus (RSV). Since
then over 60 retroviruses have been discovered and the search for new animal retroviruscs
continues even today.

Retroviruses can be broadly classified into two classes; simple and complex, based
on the nature and organisation of their genomes (Coffin, 1992). Common to both classes
are three main coding domains. The first, gag, encodes the structural or core proteins of
the virus that are proteolytically processed to form the matrix, the capsid and the
nucleoprotein structures, and sometimes other proteins that are designated by their
molecular weight sizes. Secondly, pol, which directs the synthesis of two viral enzymes,
rcverse transcriptase (RT), has both DNA polymerase and ribonucleasc (RNase H)
activity, and integrase, which acts during replication of the viral genome. The env coding
domain contains information for the envelope protein, encoding both the surface

glycoprotein (SU) and transmembrane (TM) components. These two polypeptides are
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s_ynthesised as a precursor molecule that 1s cleaved duriﬁg transporta) 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 enzyme, 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, Figure 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 L'TRs 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 cis 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.

1:2.2 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
already 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 (Coffin, 1979).

1.2.2.1 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 1is_




FIGURE 1.1

Life cycle of the retrovirus.

The retrovirus attaches to a specific receptor on the surface of a host cell via the SU
portion of the Env protein. The membranes then fuse and the core of the virus enters the
cytoplasm. The genome of the virus is then reverse transcribed, transported into the
nucleus and integrated into the host cell chromosome. Cellular RNA polymerasc 1T
proceeds to transcribe the integrated viral DNA producing RNA copies with the same
terminal structures that appear in the parental genome. Thesc copies are both full-length
and spliced mRNAs as well as the progeny virion RNA. In the cytoplasm the viral
messages are translated. Assembly of the virion RNA and proteins occurs and progeny
virus 1s rcleased by budding from the host cell membrane followed by maturation into

infectious virus.
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believed to abet fusion of the viral and host cell membranes by the TM domain. Exactly
how this fusion process cnables the entry of the virus particle into the host cell has not
been elucidated, but it is believed to enter the cytoplasm as part of a nucleoprotein
complex. The tropism (host range) of each particular retrovirus is defined by the
interaction between SU and the corresponding host cell receptor. Virus particles may be
considered complete but arc clearly non-infectious without the envelope glycoproteins.
Once the viral RNA genome has entered the cytoplasm of the host cell the reverse
transcription reaction begins. There is some evidence that DNA synthesis can be initiated
within the virion prior to host cell entry (Zack et al., 1992; Zhu and Cunningham, 1993),
but there appears to be an activation event for the reaction upon entry of the viral core into
the cytoplasm. Reverse transcription takes place within the formed nucleoprotein complex
following internalisation and uncoating of the viral particle. Within this complex is the
RNA genome, RT and other proteins encoded by the virus. The synthesis of retroviral
DNA is governed by the DNA polymerase and RNase H of RT, but it is likely that other

viral proteins augment the process.

1.2.2.2 REVERSE TRANSCRIPTION

The retroviral reverse transcription reaction is depicted in Figure 1.2. Retroviral
DNA synthesis is primed by the 3 end of a partially unwound tRNA that anneals to the
primer binding site (PBS) in the genomic RNA. The synthesis of this minus strand DNA
continues towards the 5 end of genomic RNA, thereby generating minus strand strong
stop DNA (-sssDNA). RNase H then degrades the R and U5 regions in the RNA strand of
the RNA/-sssDNA duplex. Following degradation, -sssDNA undergoes what is known as
the first strand transfer, to the 3° end of genomic RNA. The R region in -sssDNA then
anneals to the complimentary R region in the 3° end of the RNA genome. Minus strand
DNA synthesis is able to resume, accompanied by RNase H digestion of the template
strand. A short oligoribonucleotide that is relatively resilient to RNase H activity, called
the polypurine tract (PPT) persists. This primes plus strand DNA synthesis which is
terminated when the portion of the tRNA primer that was originally annealed to the PBS is
reverse transcribed, yielding a DNA fragment called plus strand strong stop DNA
(+sssDNA). All retroviruses generate a plus strand primer from the PPT but some (eg
HIV) also produce plus strand primers from the RNA genome. The tRNA primer is
subsequently removed by RNase H digestion which leaves complimentary PBS sequence

at each end of the replication intermediate exposed. Annealing of these PBS segments
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constitutes the sccond strand transfer. The synthesis of both the plus and minus strands
can now be completed with each of the two DNA strands acting as template for each other.
The completed double stranded DNA product is co-linear with its RNA templatc but
contains two 1dentical repeat sequenccs, thc LTRs, consisting of U3, R and U5 that are not

present in the viral RNA. This linear viral DNA is the precursor to the integrated provirus.

1.2.2.3 INTEGRATION

Viral DNA synthesis is initiated in the cytoplasm and may be completed before or
after the nucleoprotein complex enters the nucleus, depending on the type of retrovirus.
The retrovirus must also move through the cytoplasm from the periphery of the cell to the
nucleus before integration can occur. The linear viral DNA remains associated with viral
core proteins and probably some host cell proteins as well, and collectively are referred to
as the preintegration complex. Those viral proteins necessary for nuclear entry and
integration are carried into the cell by the virion.

Not long after the synthesis of viral DNA has been completed the viral enzyme
cleaves both 3’ ends, effectively removing two bases from either end. This provides 3’-
OH groups for the attachment of the viral DNA to host DNA. This sitc for attachment is at
a CA/TG dinucleotide pair at the internal boundaries of the viral LTRs. Integrase probably
performs this function while the preintegration complex is still in the cytoplasm. The
preintegration complex must now enter the nucleus, a step in the rctroviral life cycle that
has been the object of much investigation. Host cell division would appear to be the
pivotal requirement for nuclear entry for the majority of retroviruses (Varmus et al., 1977,
Springett et al., 1989). Integration, and therefore productive infection, by MLV is clearly
dependent on the host cell undergoing mitosis (Roe ef «l., 1993). It appears that the
preintegration complex gains access to the host nuclear DNA during the breakdown of the
nuclear membrane, an occurrence of mitosis. The preintegration complex remains resident
in the nucleus when the nuclear membrane is reformed. In contrast to MLV, lentiviruses
can transgress through the nuclear envelope obviating the requirement for mitosis (Lewis
et al., 1992; Lewis and Emerman, 1994). This was exemplified by the ability of HIV-1 to
infect terminally differentiated macrophages in vivo (Bukrinsky et al., 1993). This has
been shown to be a direct consequence of karyophilic determinants contained in two virion
proteins, the gag derived matrix antigen and Vpr. These proteins interact with the nuclear
import machinery allowing the active transport of the preintegration complex through the

nuclear membrane (von Schwedler ez al., 1994; Heinzinger et al., 1994).




Once in the nucleus, the viral DNA complex binds, and is tllehm)st 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.

1.2.24 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
enzyme that mediates retroviral transcription. The 3’ LTR contains cis 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 HIV, 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, 1991).
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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termination codon at the end of gag is bypassed allowing translation to continue into the
adjacent pro and pol reading frames. In this instance Gag, Pro and Pol are not synthesised
as mdividual polyproteins but as part of either a GagPol or a GagProPol fusion protein.
These polyproteins arc then directed towards the plasma membrane whereby they are
processed and packaged along with two copies of viral RNA (a process nominally
mediated by Gag). A spliced transcript is responsible for the synthesis of Env, which
contains the SU and TM proteins. Env 1s synthesised and glycosylated on the membrane
of the rough endoplasmic reticulum. These proteins are transported through the Golgi
apparatus and then to the plasma membrane to the sites of budding. Here they are
asscmbled onto particles containing Gag, GagProPol and the viral genome. These
immature particles then bud from the cell surface. Virus production does not adversely
affect cell function. The Gag and GagProPol polyproteins arc cleaved by the viral protease
resulting in mature virions which are available to infect other cells for another round of
replication. It should be noted though, that not all processing occurs within the virion,

some occurs before and somc 1s coincidental with particle formation.

1.2.3 PRINCIPLES OF VECTOR DESIGN

Replication competent retroviral vectors have been described (Stuhlmann et al.,
1989; Dillon et al., 1991) although their application for gene transfer is quite narrow. A
more common approach is the design of replication incompetent vectors of which thosc
derived from Moloney murine leukemia virus (MoMLV) has been the archetype. MoMLV
was first described in 1960 (Moloney, 1960) and since then has become a well-studied and
characterised retrovirus (Miller, 1992b; Miller et al., 1993). Replication defective
recombinant vectors have been successful principally because of the identification of
sequences that act in cis and frans and their effective functional separation into
complimentary vector and helper plasmids. This has allowed the production of
recombinant retroviruses that were free from any wild type or infectious virus. Such
recombinant retroviruses werc replication defective but still able to transmit a therapeutic
gene to a target cell.

The genes of the viral genome which are involved in the replication of MoMLYV, ie
gag, pol and env, are removed and replaced with a gene of interest. What remains are the
cis replication elements, including a promoter and polyadenylation signal in the viral
genome, a viral packaging (psi) signal to direct incorporation of vector RNA into virions,
signals required for reverse transcription, such as a transfer RNA-binding site (PBS) and

polypurine tract (PPT) for initiation of first- and second-strand DNA synthesis, and a
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fegated—(ll)_regi_on at both ends of the viral RNA req_uired for transfer of DNrsynthesis
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 (y). This sequence lies downstream
from the splice donor site and extends into the gag reading frame. Initially the y sequence
was 1dentified 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 al., 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 y 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 ef al., 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 al., 1990; Heus and Pardi,
1991).

1.2.3.2 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 y 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 y sequence (Mann et al.,
1983; Cone and Mulligan, 1984; Miller et al., 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 er al., 1994). The design of retroviral packaging cell lines has since
evolved to address the undesirable spontancous 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 al., 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.

1.2.3.3 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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amphotropic viruses. These can infect murine cells as well as a wide variety of
mammalian species including human cells.

Viruses of each tropism infect cells via separate and distinct cellular receptors and
some retroviruses can use more than one cell surface receptor for entry. For example, the
10A1 strain of MLV, from which packaging cell lines have been generated, can use either
the amphotropic receptor Ram-1 or the gibbon ape leukemia virus (GALV) receptor Glv-1
for cell entry (Miller and Miller, 1994; Miller and Chen, 1996). For human gene therapy,
the amphotropic recombinant vectors are typically used because they infect human cells.
Pseudotyped viruses are those that have incorporated Env proteins from other viruses into
their virions, thereby possessing altered tropism. The incorporation of the vesicular
stomatitis virus G glycoprotein (VSV-G) as the Env protein has provided a virtually
unlimited host range that has been termed pantropic (Bums et al., 1993). VSV-G is
supposed to mediate fusion between the viral envelope and cell membrane upon binding to
phosphatidylserine, a lipid component of plasma membranes. Therefore, VSV-G
pseudotyped viruses can infect a wide range of species, tissues and cell types, including
those not previously susceptible to the murine amphotropic viruses, such as human
hepatocytes (Yee ef al., 1994). If retroviral vectors can be packaged into hetcrologous
viral envelopes with broadened host range, such as VSV-G, higher transduction levels can
be achieved as a consequence of permitting viral entry via a wider spectrum of cell surface
receptors. For example, the use of VSV-G pseudotyped MLV results in high-efficiency
gene transfer into HSCs compared with virus carrying the amphotropic MLV envelope

(Akkina et al., 1996).

1.2.3.4 VECTOR CONFIGURATIONS

The most common application of recombinant retroviral vectors is for the
production of a specific protein in transduced cells. The simplest approach is to remove
the sequences encoding gag, pol and env, and insert a cDNA sequence encoding the genc
of interest. The LTR can be used alone to control expression or insertions can be made in
the enhancer and/or promoter regions of the LTR to facilitate expression of a transgene in
the particular target cell. If the LTR cannot be modified to express the transgene
adequately it is possible to express a single coding region from a chosen internal promoter.

Frequently it is desirable to express two genes from a retroviral vector, especially if
one is a marker, which enables selection of transduced cells. Numerous retroviral vector
designs are available to achieve this. It is possible to express two different promoters from
alternatively spliced mRNAs transcribed from one promoter. This is modelled on 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 i1s made from a spliced
mRNA (Cepko et al., 1984). Internal 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 ef 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 cDNA into the R
region of the LTR (Adam et al., 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., 1991). 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 intemally 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 et
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 provirus.
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1.2.3.5 DETECTION OF RECOMBINANT HELPER
VIRUS

With most, 1f not all, retroviral vector systems described to date, it is possible that
as a result of recombination between the helper and vector constructs, replication
competent retrovirus can be produced. The frequency of such an event occurring appears
to be related to the amount of homologous sequence overlap between the plasmids used to
make the helper cells and the retroviral vector itself. Whilst this is the most likely scenario
for the development of replication competent virus, it is conceivable that the defective
helper and/or vector can recombine with endogenous sequence, or endogenous replication
competent retroviruses present in the cells used for virus production could become
activated, both resulting in the appearance of replication competent retrovirus production
(Miller et al., 19806).

Many methods have been developed in an attempt to cover every possible source of
helper virus that may be gencrated during the production of (replication defective)
recombinant retroviral particles. Probably the most sensitive mecthod for detecting
replication competent helper virus is a marker rescue assay. This involves exposing cell
lines carrying a selectable retroviral vector to a large amount of the vector preparation to
be tested for at least two weeks allowing enough time for any possible helper virus to
spread. The medium from these cells is then tested for the ability to confer resistance to
the selectable marker in naive cells. If the cells are resistant then the selectable provirus
was rescued due to the presence of replication competent virus in the initial vector
preparation.

A similar technique for assaying helper virus is the S'L" assay (Bassin et al., 1971;
Peebles, 1975). This is another marker rescue assay, which is based on a defective
oncogenic retrovirus. The transformed cells are prepared by infecting cells with a mixture
of transforming virus (sarcomagenic) and helper virus (leukemogenic) at low multiplicity.
Transformed clones that were maintained only by the defective sarcomagenic virus, are
then isolated, ic sarcomagenic positive (S*) leukomogenic negative (L"). Subclones of
these S'L cells that display revertant flat morphology arc then infected with potential
helper virus. If present, the transforming virus spreads to nearby cells causing a
transformed focus of cells in an otherwise flat layer. A modification of this assay exposes
S™L cells to vector preparations to be tested, with the subsequent addition of another non-

transformed cell line to rescue the transforming virus (Miller ez a/., 1985).
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The major limitation of these helper assays described above is that they are only
capablc of end-point detection of helper virus. More general assays that would detect an
earlier step in helper virus production, could include measuring the transfer of particular

viral proteins, for example reverse transcriptase, and/or retroviral sequence.

1.2.3.6  LIMITATIONS

Some disadvantages of retroviral vectors, alluded to above, have precipitated
investigations into different vector designs and packaging cell lines. Any sequence
modifications made to the vector must be compatible with the retroviral life cycle. This
includes any change to the backbone of the retrovirus, but is mainly relevant to the nature
of foreign genes inserted into the retroviral vector. For example, the insertion of foreign
introns in the sense orientation will be negated because the retroviral vector replicates via
an RNA intermediate (Mclvor, 1990). Another constraint is the inserlion of sequences
with a high AT content, which is often associated with cryptic polyadenylation signals.
Such signals may obstruct transcription of the full-length viral genome. There has also
been the occasional report of problematic sequences present in transgencs, for example,
the ¢cDNA for clotting factor VIII was shown to inhibit viral RNA production with a
concomitant decrease in viral titre (Lynch ez al., 1993).

Retroviral vectors can only accommodate about 7-8 kb of foreign DNA. This
perhaps is not a major drawback as most cDNAs would not exceed this size range but
clearly larger genes will be precluded. The production of retroviral vectors can lead to
mutations which has been estimated at 10 to 10™ per base pair per replication cycle
(Dougherty and Temin, 1988). However, this has largely been overcome by isolating
vector preparations from packaging cells that contain a single non-rearranged integrated
provirus.

Despite the numerous applications of retroviral mediated gene transfer using
vectors based on MLV, there is one major drawback. The integration of MLV based
vectors into the host cell genome will only occur in dividing cells. It seems that
breakdown of the nuclear envelope that accompanies mitosis is necessary for the nuclear
import of the retroviral preintegration complex (Miller et al., 1990). The applicability of
MLYV vectors is therefore limited because many gene therapy targets have low or minimal
mitotic activity and consequently are very poorly transduced with MLV based vectors (Roc
et al., 1993). This is particularly true for the pluripotent haematopoietic stem cell (PHSC)
which is a popular gene transfer target because differentiated progeny, in both the bone
marrow and peripheral blood, will theoretically express the new genetic material
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(BTanger, 1996). Successful introduction of genes to the PHSC could thus alter the
course of a wide variety of both inherited and acquired diseases. This shortcoming is
actively being addressed with the construction of retroviral vectors derived from
lentiviruscs and other viruses such as the spumaviruses. Lentiviruses are a subfamily of
retroviruses that have the unique ability to infect non-dividing cells (see section 1.3).

There 1s also evidence to suggest that retroviruses, in particular MLV, have a
preference for active chromatin sites in order to integratc their genome (Coffin, 1990).
This may help explain the phenomenon of transcriptional silencing of the transgene that is
scen with MLV based vectors, especially in embryonic cells (Akgun et «l., 1991),
presumably silencing occurs when the transduced cells return to a non-proliferating state
and revise their pattern of chromatin expression. Both the retroviral LTRs and the tRNA-
binding site have been implicated in this (Kempler e al., 1993). It i1s conceivable that,
again because lentiviruses are able to integrate into non-dividing cells, stable open
chromatin sites could be chosen, thus selecting against the transcriptional shut-off of the

fransgene.

1.2.4 HUMAN FOAMY VIRUS VECTORS

The human foamy virus (HFV) is a member of the spumavirus genus of the
retroviridae family. HFV was first isolated from a patient in 1971 (Achong et al., 1971).
Human cells are freely infected by HFV and can harbour it for extended periods (Yu et al.,
1996b). The name “foamy” is deserved from the foamy degeneration that these viruses
induce in cell culture. Within the infected cell HFV are found in the endoplasmic
reticulum and have a characteristic clubbed spikey appearance. These viruses are
amphotropic, infecting cells of epithelial, fibroblastic and lymphoid origins in culture from
a wide range of species, suggesting that receptors for HVF are widespread (McClure and
Erlwein, 1995). HVF has not been shown to be associated with any natural human or
animal infection (Weiss, 1988; Schweizer ef al., 1995). This stands in contrast to
transgenic mouse models that have integrated HFV 1in their cellular chromosomes. These
mice develop serious infection and die at a young age (Aguzzi, 1993). The primary effects
are within the CNS suggesting a tropism for neural cells and the Ber protein of the virus
seems to be the causative determinant (Tschopp ef al., 1996).

HFV has the largest genome of all retroviruses (11.67 kb) with the classic gag, pol
and env genes flanked by LTRs (Rethwilm, 1995). Being a complex retrovirus 1t has
accessory genes that are located between the env gene and the 3° LTR. These are called

bel genes and are responsible for transcriptional activation, replication and other as yet
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undefined functions. Unlike all other retroviruses a gag-pro-pol precursor cannot be seen
in HFV infected cells, rather it seems that the pro and po/ reading frames are expressed
independently of the gag coding domain (Yu et al., 1996a).

The broad host range, and apathogenic nature of HFV, has stimulated interest in
the development of HFV as gene transfer vectors. Replication competent HFV vectors
have been constructed by fusion proteins with the viral betf gene, or as independent
translation products using inserted IRES (internal ribosome entry site) sequences (Schmidt
and Rethwilm, 1995). Replication defective HFV vectors have becen made by replacing
either the env gene or the bell and bel2 genes with a reporter gene and providing the other
requircd viral proteins by transfecting other plasmids or using helper virus (Russell and
Miller, 1996; Bieniasz et al., 1997). There was one suggestion that HFV may be able to
infect non-dividing cells based on a calculation of transduction cfficiency on dividing and
stationary phase fibroblasts (Russcll and Miller, 1996). This has been disputed, and HFV
has subsequently been shown, in one particular cell line, to behave more like MLV and
infect dividing cells only (Bieniasz et al., 1995; Bienasz et al., 1997). Packaging cell lines
have not yet been created for HFV vectors and its devclopment as a gene transfer vehicle is

primitive in comparison with MLV.

1.3 LENTIVIRUSES

The lentiviruses comprise a genus within the retroviridae family that tend to be
associated with slow progressive diseases affecting the immune system (Desrosiers and
Letvin, 1987). Lentiviruses include primate viruses such as human immunodeficiency
viruses HIV-1 and HIV-2 and simian immunodeficiency viruses (SIV), and non-primate
viruses such as feline immunodeficiency virus (FIV), equine infectious anaemia virus
(EIAV), caprine arthritis encephalitis virus (CAEV), bovine immunodeficiency virus
(BIV) and macdi-visna virus (MVV). Lentiviruses can be distinguished from other
retroviruses by morphology, with the mature virion having a characteristic cylindrical or
cone shaped nucleoid. Furthermore, apart from the Gag, Pol and Env proteins expressed
by all retroviruses, lentiviruses encode an array of accessory and regulatory genes that are
involved in regulation of viral gene expression, assembly of viral particles and structural
and functional alterations in the infected cell.

There are two subtypes of HIV, HIV-1 and HIV-2 that are both associated with
progressive immunological deterioration. HIV-1 is the most prominent and 1s found
throughout the world whereas HIV-2 is more prevalent in west Africa with only a few
cases reported in other parts of the world. Epidemiological studies on the two isolates
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suggest that the incubation period for disease develohprhent by HIV-2 is longer than that for
its counterpart and that HIV-2 is not as easily transmitted perinatally as HIV-1 (Pepin et
al., 1991; Markovitz, 1993). HIV-1 is considered the prototype in the majority of studies
on HIV and it is rcgarded as the most common causc of AIDS (acquired

immunodcficiency syndrome).

131  HUMAN IMMUNODEFICIENCY VIRUS
TYPE 1 (HIV-1)

1.3.1.1 GENOME STRUCTURE

HIV-1 is classified as a complex retrovirus as its genome encodes not only Gag,
Pol and Env, but also the accessory proteins Nef, Vif, Vpr, Vpu and two regulatory
proteins Rev and Tat (Cullen, 1991). The life cycle of HIV-1 also involves multiple levels
of regulation that are not apparent in the simpler class of retroviruses. The HIV-1 provirus
is about 9.5 kb and is flanked by LTRs. Like all retroviruscs the LTRs contain a
constellation of cis acting elements essential for viral integration and transcription. By
definition, RNA synthesis is initiated within the 5 LTR at the junction of the U3 and R
regions. The 3" LTR directs the addition of poly A tails to viral RNA at the boundary
between R and US5. The LTR can be divided into individual regions that control gene
expression, many of which are common to the promoters of eukaryotic genes. These
includc the negative regulatory element (NRE), the enhanccr, the basal promoter elements,
the core promoter, the fat activation response element (TAR) and the inducer of short
transcripts (IST). TAR and IST are both found downstream of the RNA start and appear to
be unique to the lentiviruses. The IST is a positive downstream enhancer that stimulates
the production of abortive transcripts. The TAR element is a positive cnhancer that
stimulates the synthesis of productive transcripts, however it is only functional as an RNA
element. Between the LTRs lie the common retroviral gencs gag, pol and env as well as
the afore-mentioned accessory and regulatory genes (Figure 1.4).

The HIV-1 genome 1s transcribed to produce three classes of mRNA,
encompassing full-length (~9 kb), partially spliced (4-5 kb) and multiply spliced (~2 kb)
species. Several splice acceptor and splice donor sites have been found that enable HIV-1
to produce more than 30 differentially spliced messages (Schwartz et al., 1990). The full-
length viral transcript is used to produce the Gag and GagPol fusion proteins. Every other

expressed open reading frame has a splice acceptor upstream of the initiating AUG giving
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FIGURE 1.4

Genetic organisation of the HIV-1 genome.

Schematic diagram of the genome of HIV-1. The 5’ and 3° LTRs are
shown flanking the gene products. The three major genes of the virus gag, pol and
env, common to all retroviruses, are depicted. The gag and gapol gene encodes the
matrix (pl7), the capsid (p24), the nucleocapsid (p15) and the catalytic proteins,
protease (PR), reverse transcriptase (RT) and integrase (IN). The four accessory
proteins, Vif, Vpr, Vpu and Nef as well as the two domains for each of the regulatory
proteins Tat and Rev are also indicated. For the known functions of these gene

products see section 1.3.1.
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at least one unique message, the only cxception is env. Different mRNA species '
predominate at various times of the HIV-1 replication cycle. Early in infection the
multiply spliced ~2 kb mRNA molecules are present and high levels of Nef, Tat and Rev
are produced. Later in infection, there is an increase in partially spliced and unspliced
mRNA species with a concomitant decrease in the multiply spliced mRNAs. Thus,
towards the end of the replication cycle the full-length RNA predominate and the viral

structural and accessory proteins are synthesised (Kim et al., 1989a).

1.3.1.2 PROTEINS DERIVED FROM GAG AND GAGPOL

The 1536 nucleotide long gag open reading frame is translated from full-length
RNA into a polyprotein precursor of 55 kDa referred to as Pr55gag. The viral protease,
p10 then cleaves Pr55gag to yield several smaller polypeptides. This is believed to occur
at a rather late stage of maturation, either in the budding virion or inside the released viral
particle (Kaplan and Swanstrom, 1991). The final protein products are the matrix protein
(MA), the capsid protein (CA) and the nucleocapsid (NC). The MA (p17) is important in
the early stages of viral assembly as it mediates aggregation of the polyprotein precursor
under the plasma membrane. pl7 may also be rcsponsible for the recruitment of viral Env
proteins to the surface of the host cell (Dorfman e al., 1994). In infected cells, p17 is
associated with the preintegration complex and has been shown to facilitate the transport
of this complex into the nucleus of non-dividing host cells (von Schwedler e al., 1994).
The capsid protein (CA), p24, is a major core protein and forms a protein shell around the
nucleocapsid (Gelderblom et al., 1987). The interaction between p24 domains of the Gag
and GagPol precursor molecules plays an essential role during viral assembly (Reicin et
al., 1995). The nucleocapsid (NC), pl5, is a precursor polypeptide that is further
processed to four peptides pl, p2, p6 and p7. The NC precursor contains zinc finger
motifs that arc recognised by specific nucleic acid binding protecins (Sheng and Erickson-
Vitanen, 1994). The only form of nucleocapsid protein in dctectable amounts in the
mature virion is p7. Many functions of p7 have been identified including stimulation of
reverse transcription, assistance in packaging genomic viral RNA and the promotion of
viral RNA dimerisation (You and McHenry, 1994). The p6 protein has a role in the final
steps of virus budding and in incorporation of the Vpr protein into the virion (Gottlinger et
al., 1991; Kondo et al., 1995). Little is known about the function of the pl and p2
proteins.

The pol open reading frame 1s 3045 nucleotides long and is translated as part of the

precursor GagPol fusion protein referred to as Pr160, also from the full-length viral RNA.
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Pr160 is produced by a translational frameshift mechanism as ribosomes read full—lenéth '
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 al., 1988). The pol precursor is cleaved to yield
three catalytic proteins, protease, reverse transcriptase and integrase. The protease (PR),
pl0, is responsible for the proteolytic processing of the Gag and GagPol precursor
molecules. Reverse transcriptase (RT), p66/51, a heterodimer, catalyses the reverse
transcription reaction of the genomic viral RNA into double stranded DNA (described in
section 1.2.2.2). While all reverse transcriptase enzymes are notorious for errors due to the
lack of a proofreading activity, the HIV-1 RT appears to be significantly more error prone
than other retroviral RTs. This may contribute to the high mutation rate of HIV-1 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

1.2.2.3).

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 tertiary 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,
gpl60. Subsequent proteolytic processing produces the amino-terminal, gpl120 (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, gp41, is responsible for anchoring gp120 through
non-covalent interactions thereby mediating the fusion process between viral particles and

susceptible host cells (Lifson ef al., 1986; Alkhatib et al., 1996, Deng et al., 1996).

1.3.1.4 THE REGULATORY PROTEINS

The HIV-1 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

29




mc of partially spliced and unspliced transcripts (Pomerantz ef al., 1992). In
chronically infected cells, which show low levels of viral replication, an increase in the
proportion of unspliced RNA appears to be associated with the induction of viral
replication. This suggests that Rev is also, at least in part, responsible for viral latency
(Michael et al., 1991). There is some evidence that limiting concentrations of Tat also
affect viral latency (Adams ef al., 1994), so both of the HIV-1 regulatory proteins are
likely to orchestrate the conversion from latency to productive viral infection.

Rev is regarded as the regulator of viral protein expression. It is a 19 kDa protein
of 116 amino acids that is found primarily in the nucleolus, but shuttles between the
nucleus and cytoplasm (Felber et al., 1989). Rev is expressed from two coding cxons
contained in a variety of multiply spliced mRNAs (Sadaie et a/., 1988). Two distinct
domains have been identified in Rev. The first is a stretch of basic amino acids, part of
which confers nuclear localisation (Zapp et al., 1991). Removal of the amino-terminal
portion of this basic region causes Rev to be maintained in the nucleus and excluded from
the nuclecolus. This results in an inactive Rev protein indicating that nucleolar localisation
is crucial for its function (Venkatesh et al., 1990; Cochrane et al., 1990). Furthermore,
this basic region is responsible for the interaction of Rev with its target sequence, the Rev
response element (RRE). The RRE is a complex stem loop structure that is contained
within the env coding sequence in HIV-1 (Heaphy et al., 1990). The RRE is present in all
Rev responsive viral mRNAs but is excluded, by splicing, from multiply spliced viral
mRNAs. Consequently in the absence of Rev only multiply spliced mRNAs encoding the
regulatory proteins accumulate in the cytoplasm of infected cells.

A leucine rich sequence constitutes the second important domain of Rev. This
region is thought to be an activating domain, responsible for inducing nuclear export of
RRE containing transcripts as a consequence of the binding of Rev to RRE (Ptashne,
1988). Following the binding of Rev with RRE, Rev interacts with the nuclear pore
proteins to mediate the nuclear export of unspliced and singly spliced mRNAs that encode
the viral structural proteins (Malim et al., 1989). Thus the pivotal role of Rev is to permit
the synthesis of new viral particles by facilitating the export of the aforesaid mRNAs.

The viral protein Tat is a transcriptional transactivator that is concentrated in the
nucleus and nucleolus of infected cells. Tat binds to a stable stem loop structure located at
the 5° end of all viral mRNAs, known as TAR (trans-activation responsive) (Berkhout et
al., 1989). The tat gene is encoded by two exons, one preceding the env gene coding for
72 amino acids and the other within the env gene encoding 29 amino acids (Kuppuswamy

et al., 1989). A smaller form of Tat comprising 86 amino acids exists for a few HIV-1
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strains such as HXB2, LAl and pNL4-3. It has been shown that a single nucleotide change
in the stop codon in this shorter Tat molecule converts the open reading frame to the 101
amino acid sequence. It is thus postulated that the 86 amino acid form of Tat is the result
of a premature termination, possibly as a consequencce of cell culture passage (Neuveut and
Jeang, 1996).

Tat can be broadly divided into five physical domains, and of those, domain 4
remains the best-characterised (Jeang ef al., 1999). Domain 4 spans amino acids 49-72
and contains a basic motif. This motif is responsible for the binding of Tat to TAR
(Weeks and Crothers, 1991; Chang and Jeang, 1992), is important for the nuclear
localisation of Tat (Ruben et al., 1989) and for the cellular uptake of the protein (Chang et
al., 1995). Tat is a most potent activator of gene expression, enhancing LTR directed gene
expression several hundred-{fold. Tat is considered essential for viral replication because
mutations in the tat gene eliminate viral production (Fisher ef al., 1986). The regulation of
viral transcription by Tat is at the level of elongation. When Tat binds to TAR, the
stability of the RNA polymerase is increased allowing more efficient synthesis of full-
length transcripts and an enhancement in the frequency of RNA initiation (Haseltine,

1991).

1.3.1.5 THE ACCESSORY PROTEINS

The accessory, secondary or auxiliary proteins of HIV-1 are those encoded by the
retroviral genome in addition to the replicative genes gag, pol and env and the regulatory
genes fat and rev. These proteins are often considered non-essential for virus replication
in cell culture (Mustafa and Robinson, 1993; Balliet et al., 1994). In the majority of
instances the accessory proteins have only mild effects on viral replication. However,
there are notable examples where expression of the accessory proteins is required to
sustain the life cycle of the virus suggesting a critical role in either interaction with the
host cell or another gene involved in replication (for review, scc Trono, 1995). From what
is known about the accessory and regulatory proteins it does seem that the interplay
between them, as well as with cellular factors, affects the pattern of viral gene expression

in different cell types in the infected patient.

1.3.1.5.1 VIF

The HIV-1 Vif (virion infectivity factor) protein is made from a singly spliced
mRNA which accumulates late in infection (Garret er al., 1991). The protein is 23 kDa
and is encoded downstream from the pol gene (Lee et al., 1986). In the infected cell Vif is
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associated with membranes through intcractions with carboxy-terminal “basic rcgions
(Goncalves er al., 1994 and 1995). The protein has also been found to interact with the
cytoskeleton (Karczewski and Strebel, 1996). The role of Vif seems to be during the
assembly of infectious virus particles (Sakai et al., 1993). Vif has been shown to facilitate
the incorporation of the Env protein into virions and to promote viral DNA synthesis in
new rounds of infection (Borman ef al., 1995; von Schwedler et al., 1993). Only traces of
Vif protein were originally thought to be present in virions, thereforc it was suggested that
the effects of the protein on viral assembly were indirect (Trono, 1995). However, Vif has
subscquently been detected in viral particles at levels similar to those of the pol gene
products, and Vif can also be incorporated into MLV virions (Camaur and Trono, 1996).
From all the evidence presented so far, how Vif exerts its effects to enhance infectivity of
the virions still remains rather elusive.

Vif appears to be necessary for the production of infectious virions only in some
cell types, which further adds to the enigma of the protein. Vif is not essential for the
replication of HIV-1 in permissive cell lines such as HeLa-CD4+ (Gabuzda et al., 1992).
For cells that are natural targets of HIV-1 infection, such as CD4+ T lymphocytes and
macrophages, Vif is required for infectious virus production (von Schwedler et al., 1993;
Fouchier ef al., 1996). An explanation for this has been put forward suggesting that non-
permissive cells contain an endogenous inhibitor of HIV-1 viral production that is

overcome by the Vif protein (Madani and Kabat, 1998).

1.3.1.5.2 VPR

Vpr (viral protein R) is a short basic protein associated with the virion and thus
could be considered a structural component of the virion (Cohen et al., 1990a). Vpr was
the first retroviral protein identified that was neither part of the capsid nor the capsid
precursor but rather was included in the virion itsclf. The protein is packaged into virions
through an interaction with the carboxy-terminal of gag and is present at concentrations
analogous to those of the gag proteins. A repeat sequence within p6 is responsible for the
packaging of Vpr and transfer of this motif to MLV confers the ability. for Vpr
incorporation into the virion (Lu ez al., 1995).

In infected cells Vpr accumulates in the nucleus, a property driven by the amino-
terminal domain of the protein (Lu et a/., 1993; Yao et al., 1995). The first function of
Vpr to be documented was as a weak transcriptional transactivator of the viral LTR. Vpr
was shown to activate HIV-1 LTR specific gene cxpression 2-3-fold suggesting that the

protein may enhance gene expression during early phases of future viral infections (Cohen
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ef al., 1990b). This activation is now tilought to be via the glucocorticoid-receptor
complex, which may interact with a potential binding site in the HIV-1 promoter (Refaeli
et al., 1995). Since then, and partly because of its nuclear localisation, a number of
functions have been assigned to Vpr. Vpr assists in the transport of the viral preintegration
complex from the cytoplasm into the nucleus of non-dividing cells (Heinzinger et al.,
1994). This is not seen as a vital role because the mechanism is redundant, as MA and
integrase also facilitate nuclear import of the preintegration complex. The carboxy-
domain of Vpr appears capable of disrupting the cell cycle, arresting cells at the G2/M
phase (Jowett et al., 1995). The role of this cell cycle arrest is unclear but it may influence
the activity of transcription factors. Little is really known about the implications of Vpr in

viral infection and replication.

1.3.1.5.3 VPU

Vpu (viral protein U) is a late gene product expressed from the same singly spliced
mRNA as the Env glycoprotein (Strebel ef al., 1988). Vpu is a small integral protein of 81
amino acids. It is phosphorylated and is associated with the cytoplasmic membrane of
infected cells (Strebel et al., 1989). At least two functions of Vpu have been identified
which appear to be regulated by the phosphorylation state of the protein. Vpu enhances
the release of viral particles from infected cells, a function not dependent on its
phosphorylation (Schubert and Strebel, 1994). The mechanism by which Vpu enhances
virion release remains obscure, especially considering related viruses such as HIV-2 are
able to bud effectively without an equivalent protein.

The second function of Vpu is the down modulation of CD4, the HIV-1 receptor on
target cells. In an infected cell it is believed that the co-expression of CD4 and the gp160
precursor results in a complex of these proteins that is retained within the endoplasmic
reticulum. Vpu is responsible for the dissociation of this complex, which leads to its
subsequent degradation (Willey ef a/., 1992a and b). Phosphorylation of Vpu is mandatory
for CD4 degradation. Degradation of CD4 allows transport of Env to the surface of the
cell and its incorporation into virions. A third function has been attributed to Vpu, the
down regulation of the major histocompatibility complex (MHC) class 1 molecules on the
surface of infected cells (Kerkau ez al., 1997). This prevents recognition of HIV-1 infected
cells by cytotoxic T lymphocytes.
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1.3.1.54 NEF

Nef (negative factor) is a 27 kDa, myristylated phosphoprotein associated with
cytoplasmic membrane structures i infected cells (Hammes ez al., 1989). The association
of Nef with the viral particle seems to be non-specific, but it is known that myristylation is
required and some of Nef is cleaved by the viral protease (Bukovsky ef «al., 1997). This
protein accumulates even earlier than do Tat and Rev (Kim ez a/., 1989b). Many functions
have been assigned to Nef but the mechanisms of action of the protein remain unknown.
Named to imply a negative action, Nef was originally thought to suppress transcription
from the viral LTR (Ahmad and Venkatesan, 1988; Niederman ez al., 1989). This property
of Nef is no longer supported and it now appears that its action may be quite the contrary.

Nef appears to be essential for viral infectivity in vivo but not in vitro (Kestler et
al., 1991). Nef has a rolc in the assembly and the release of viral particles via a number of
activities within the infected cell. Firstly, Nef reduces the interactions bctween
intracellular CD4 and the Env protein by inducing the internalisation and subsequent
degradation of CD4 (Piguet et al., 1999). Secondly, Nef like Vpu, can also downregulate
the cell surface expression of MHC class I molecules thereby protecting infected cells
from the destructive effects of cytotoxic T cells (Collins et al., 1998). Furthermore,
independently of the effects on CD4, Nef has been shown to enhance the infectivity of
viral particles (Miller ef al., 1995; Goldsmith et al., 1995). This enhancement of activity
occurs at the level of proviral DNA synthesis, early in the replication cycle (Schwartz ef
al., 1995). It appears that like Vif, Nef affects thc capability of the viral particle to carry
out DNA synthesis in a subsequent round of infection (Chowers ef af., 1995; Aiken and

Trono, 1995).

1.3.2 HIV-1 BASED GENE TRANSFER
1.3.2.1 WHY A PATHOGENIC VIRUS FOR A THERAPY?

The principle reason for HIV-1 based vector development for gene therapy, is the
ability of this virus, as well as other lentiviruses, to infect non-dividing cells, in
combination with all the other advantages of retroviral vectors in general (Lewis et al.,
1992; Lewis and Emerman, 1994). Vectors derived from other lentivirus species have also
been developed (section 1.3.3) but the lack of understanding of the biology of these viruses
has so far impinged on the construction of efficient and safe gene transfer vehicles. In
addition, it is unclear whether the natural tropism of other lentivirus species i1s of much, if

any, relevence in the context of highly reconstructed vector systems. The applicability of
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lentiviral vectors is broad because many relevant targets for gene therapy are non-dividing
cells such as HSCs, neurons, hepatocytes and myocytes. Lentiviral vectors also retain the
property of retroviruses - chromosomal integration, so the stability of the transgene is
potentially indefinite.

Lentiviral vectors offer opportunity for the treatment of a wide variety of disorders
including genetic and metabolic deficiencies, viral infection and cancer. In fact, many
IIIV-1 based vectors havc already been dcveloped for such conditions as cystic fibrosis
(Goldman et al., 1997), retinitis pigmentosa (Miyoshi ef al., 1997), and haematopoietic
disorders where bone marrow cells, progenitors for red blood cells, lymphocytes and
macrophages have been the target cells (Akkina et al., 1996; Corbeau et al., 1998; Sutton
et al., 1998).

1.3.2.2 EARLY HIV-1 VECTORS

The first HIV-1 vector to be described carried a chloramphenicol acetyltransferase
gene and was replication competent (Terwilliger et al., 1989). Such vectors are not
considered safe for gene therapy applications but have some use in studying the biology of
HIV-1 and possible disease treatment. Further HIV-1 based vectors were constructed
specifically for looking at the infectivity of HIV-1 (Page et al., 1990; Landau et al., 1991).
They were made by co-transfection of two plasmids, the transfer construct and an envelope
plasmid. The transfer construct was simply an envelope defective HIV-1 genome with a
guanine phosphoribosyltransferase (gpf) gene in place of env. The envelope plasmid either
expressed HIV-1 Env or a heterologous envelope gene such as the amphotropic and
ecotropic MoMLV, and human T cell leukemia virus type 1 (HTLV-1) glycoprotein,
giving the viral vectors expanded host cell tropism. The viral titres obtained were in the
order of 2 x 10° [U/ml.

Subsequent HIV-1 based vectors were constructed from the same envelope
defective HIV-1 genome but the reporter gene was inserted in place of the nef open
reading frame (Camerini ef al., 1994; Planelles et al., 1995). Again the construct was co-
transfected with a plasmid expressing various envelope glycoproteins. These HIV-]
vectors were used for investigating the host range and effects of chromosomal integration
of the virus.

The first attempt at disabling the transfer vectors was by splitting the HIV-1
genome into two plasmids and providing env in frans (Buchschacher and Panganiban,
1992). The transfer plasmid contained the reporter gene and sequences believed to be

required for replication and gene expression. The packaging construct expressed all the
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viral proteins except Env. Env would be provided in trans for the productign_of infectious
viral particles. Viral titres were 10° IU/ml, too low to be considered useful for gene

therapy applications.

1.3.2.3 FIRST GENERATION HIV-1 VECTORS

Knowledge regarding the cis and rrans functions of HIV-1 was applied to generate
the first HIV-1 vectors that were intended for use in gene therapy (Parolin ef al., 1994).
The viral genes required in trans were segregated onto two different plasmids. The gag,
pol, tat and vif genes were expressed on one plasmid in which the 5> LTR was replaced
with the immediate early promoter of human cylomegalovirus (CMV). The second
plasmid contained env and rev, which were expressed from the 5* LTR. In both plasmids
the packaging signal (a region between the 5” splice donor site and the initiation codon of
gag) had been deleted and the 3 LTRs had been replaced with the polyadenlyation
sequence from SV40. A series of vector constructs was made containing sequence
elements believed to be required in cis, as well as sequences derived from the gag, pol and
env genes that may or may not be required for vector function. Viral titres were low, in the
range of 10°7 to 10%2, but the conceptual basis for the development of future vectors had
been demonstrated.

The first generation of high titre replication defective HIV-1 gene transfer vehicles
was composed of a transfer, packaging and envelope construct (Naldini et a/., 1996a). The
transfer vector contained LTRs, and contiguous gag sequence 1o base 350, the RRE along
with some env sequence, an internal promoter with the transgene and the HIV-1 LTRs.
The packaging construct contained virtually the entire HIV-1 genome under heterologous
transcriptional control. It lacked the packaging region and adjacent sequences in the 5’
untranslated region, and was defective in both the env and vpr genes. The envelope
glycoprotein from the vesicular stomatitis virus (VSV-G) was supplied in a third plasmid
(Burns et al., 1993). Titres of 4 x 10° were achieved and the vectors successfully
transduced growth arrested HelLa cells and rat 208F fibroblasts. A further deletion of 1.4
kb of env sequence was made in the packaging construct with no loss of titre (Naldini et
al., 1996b). The viral vectors were able to mediate stable in vivo transfer into adult rat
neurons.

The vpr and vif genes were the next to be removed from the vector system without
adversely affecting titre (Kafri et al., 1997). Long term expression of the transgene was

observed at more than 5 months in the liver, and 8 weeks in muscle tissue, of mice.
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1.3.2.4 SECOND, THIRD.......? GENERATION HIV-1
VECTORS

The next step in the goal of generating safe and effective HIV-1 vectors came with
the evaluation of the requirement for the accessory genes of HIV-1. From what is known
of the functions of the accessory proteins in the retroviral life cycle (section 1.3.1.5),
removal of these sequences would significantly improve vector safety. To this end,
packaging constructs were created with deletions in all of the accessory genes (Zuffercy et
al., 1997; Uchida et al., 1998; Mochizuki ef al., 1998). High titre virus particles in the
order of 107 1U/ml were achieved with HIV-1 vector systems deleted in all four of the
accessory genes (nef, vif, vpr and vpu). These multiply attenuated vectors were shown to
transduce dividing and growth arrested 293T cells, human HSCs, cardiac myocytes and
post-mitotic rat cercbellar neurons. In vive transduction of adult rat ncurons was also
demonstrated. [t was thereby concluded that the HIV-1 accessory proteins are dispensable
for gene transduction in non-dividing cells, and an effective packaging construct needs
only five of the nine HIV-1 genes. However, one positive effect of the accessory proteins
was noted, a SO % reduction in transduction of macrophages in the absence of vpr
(Zufferey et al., 1997). Though not cssential, Vpr may augment gene transfer in particular
cell types. Moreover, because Vpr as well as Nef are encapsidated in the viral particles,
further gains in terms of a decrease in cell toxicity may be accomplished by their deletion.

A third generation of HIV-1 vector systems has been attempted by removing the
dependence on Tat. In terms of the vector, taf independence was achieved by replacing the
U3 region in the 5° LTR with the CMV immediate early promoter, thercby creating a Tat
independent LTR. In one report this resulted in a three-fold decrease in viral titre with the
deletion of tat in the packaging plasmid (Kim et al., 1998). Another report claims a less
than two-fold reduction in titre (Dull ef al., 1998). In this latter report the defect in Tat
function was created by the introduction of two mutations, mutation of the initiation codon
and a premature stop at codon 46. The requirement for Tat was overcome by replacing the
U3 region of the 5° LTR with the RSV or CMV early promoter. Furthermore, an
improved safety feature was added by deleting rev from the packaging construct and
providing it on a separate plasmid. Consequently, co-transfection of the Tat negative
vector, the VSV-G envelope plasmid, the gagpo! plasmid and a plasmid expressing Rev,
produced high titre viral particles comparable to earlier less defective systems.

In other attempts to improve the bio-safety of an HIV-1 based system, Rev has
been deleted from the packaging system leaving only GagPol and Tat (Kim et al., 1998,

Gasmi et al., 1999). Rev, as described in section 1.3.1.4 is an essential ‘player in the" -
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replication of HIV-1, was replaced with constitutive transport elementsETE) whose
presence stabilises the HIV-1 transcripts (Zolotukhin er al., 1994). Replacement of RRE
in the packaging construct with the CTE from the Mason-Pfizer monkey virus allowed
Rev/RRE independent expression of gag. The titre on 293T cells however was ten-fold
lower than that of the Rev/RRE vector indicating that the CTE element could only partially
substitute for the function of Rev/RRE.

As described in section 1.2.3.4 for MLV based vectors, sclf-inactivating (SIN)
vectors have also been developed for HIV-1. One SIN HIV-1 based vector was created by
deletion of 133 bp in the 3° LTR encompassing the TATA box, Spl and NF-kB sites
(Miyoshi et al., 1998). A second SIN vector was made with a deletion (400 bp) of almost
the entire U3 region in the 3° LTR and no significant decrease in viral titre was observed
(Zufferey ei al., 1998). As opposed to the MLV based SIN vectors, SIN vectors for HIV-1
lack any LLTR driven transcription activity. Furthermore, inactivation of the 5° LTR
prevents any promoter interference with the downstream heterologous promoter of the
transgene.

Conditionally replicating vectors based on HIV-1 have been devcloped aimed at
inhibiting HIV-1 infection. A vector was constructed with the reporter genc upstream of
the major 5° splice donor such that it was expressed directly from the LTR under the
control of rat (Buchschacher and Panganiban, 1992). This vector was able to propagate in
HcLa T4 cells expressing tat but not in native HeLa cells, opening up the possibility to
limit expression of the marker gene and viral replication in HIV-1 infected cells. Another
conditionally replicating vector was capable of inhibiting HIV-1 infection (Dropulic et al.,
1996). This vector had deletions in all of the viral genes and encoded a U5 specific
hammerhead ribosyme that selectively cleaved HIV-1 RNA. The US region in the vector
was rendered ribosyme resistant by the substitution of critical oligonucleotides at the
cleavage site. The vector was thereforc only able to replicate in the presence of live HIV-1

and, when co-transfected into Jurkat cells, inhibited viral replication.

1.3.2.5 PACKAGING CELL LINES

The HIV-1 based vectors described above were all produced in transient expression
systems because of the toxicity of proteins like VSV-G (Burns ef al., 1993) and the HIV-1
protease (Kaplan and Swanstrom, 1991; Kréusslich et al., 1993). Despite relatively high
titres (10° - 107) of replication incompetent virus being produced, transient transfection
methods have particular drawbacks. Firstly, viral titres are subject to an inherent batch to

batch variation, secondly, there is a limitation on the volume of vector particles that can be
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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 first stable HIV-1 based packaging cell line was made by a deletion of the
major packaging site in the HIV-1 proviral clone (Corbeau ef 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-1 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-1 vector that contained the packaging region along with the first
653 bp of gag and the RRE (Parolin ef al., 1994). The cell line produced virions capable
of transducing CD4+ HeLa T4 cells with a maximum titre of 10° IU/ml. There is a
potential problem with this type of packaging cell line because one single recombination
event between HIV-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 10* [U/ml.

The constitutive expression of some of the viral proteins required in trans, namely
HIV-1 env (Sodroski et al., 1986), VSV-G (Burns et al., 1993), protease (Kaplan and
Swanstrom, 1991; Kréusslich ez al., 1993) and vpr (Planelles et al., 1995; Rogel ef al.,
1995) have been shown to be cytotoxic. To overcome this problem inducible packaging
cell lines have been developed (Yu er 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 10° upon transfection with the transfer
vector. Another tetracycline inducible HIV-1 packaging cell line was developed that
produced pseudotyped VSV-G viral particles at a titre of more than 10° IU/ml (Kafti et al.,

1999). A stable inducible packaging line based on the doxycycline-repressible expression -
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Mevﬁag/lﬁand of VSV-G has also been described (Klages er al., 2000). Upon
induction, this ccll linc produced 1 to 20 HeLa-transducing units per cell per day for
approximatecly one week. This compared favourably to yields produced from transient
systems and the virions were able to transduce non-mitotic cell targets. More recently, a
tetracycline-regulated packaging cell line has been developed that produces self-
inactivating (SIN) HIV-1 derived vector particles (Xu ef al., 2001). The U3 transcription
regulatory elements in the vector were replaced with the Tet-responsive element, which
allowed vector production only in cells expressing the synthetic Tet-regulated
transactivator. Following transduction of a Tet-regulated HIV-1 packaging cell line with
the SIN vector, 10° IU/ml of viral particles could be produced, which werc able to
cfficiently transduce terminally differentiated neurons in the brain of rats.

To increase expression from packaging plasmids and to ensure greater and more
predictable safety, synthetic gagpol genes have been constructed. Synthetic gagpol genes
of HIV-1 and SIV-1 (simian immunodeficiency virus) have been created in which the
codon usage had been optimised for expression in human cells without altering the amino
acid sequences (Wagner et al.,, 2000). The synthetic gagpol genes were cfficiently
expressed in the absence of Rev and could mediate transduction of a vector construct into
non-dividing cells with a titre of about 10° transducing units per ml. Homologous
recombination events between the synthetic gagpol plasmid and the vector were shown to
be undetectable using a biological assay. A split packaging system has also been rcported
which segregates the gag and gagpol into two parts (Wu et al., 2000). One construct
expressed Gag/Gag-pro and the other expressed reverse transcriptase and integrase as
fusion partners of Vpr. Using an assay developed to detect recombinant HIV-1
mobilisation, it was demonstrated that such a split system approach prevented the

generation of recombinants that contained a functional gagpol gene structure.

1.3.3 OTHER LENTIVIRAL VECTORS

The use of HIV-1 based gene therapy transfer systems faces a perceived major
hurdle because HIV-1 is a deadly human pathogen. The fervour to develop a system
absolutely guaranteed to be free from replication competent virus continues, but in the
meantime, efforts have also been put towards developing vectors based on other
lentiviruses. HIV-2 based vectors have only a marginal advantage over HIV-1 due to its
decreased pathogenicity. The cis acting regions of HIV-2 responsible for encapsidation
have been identified (Poeschla er al., 1998a), A packaging plasmid based on an

apathogenic strain of HIV-2 was made by deletion of 61 bf) from between the major 5°
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sme—donar and the gag initiation codon. This pr_evented 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 10°
[U/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 al., 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 10> IU/ml (Poeschla ef 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
CMYV 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 10° IU/ml (Curran et al., 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 10° and were shown to transduce a variety of primary and
transformed cells (Metharom et al., 2000).

RNA pseudotypes have been developed whereby retroviral particles can package a
heterologous RNA (Rizvi and Panganiban, 1993). An HIV-1/HIV-2 pseudotyped vector
was generated that was capable of transducing non-dividing cells with titres of 10* TU/ml
(Corbeau et al., 1998). Recently, an SIV/HIV-1 pseudotyped vector, with titres up to 10°
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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Whilst the vast amount of information that has been gathered about all aspects of
HIV-1 has facilitated the development of HIV-1 based vectors, others have sought to
develop vectors from lentiviruses that are not known to be pathogenic in humans.
Nonetheless, without a detailed understanding of the mechanisms that prevent thesc
viruses causing disease In humans, the real gains in safety afforded by this approach

cannot be properly assessed.

1.4 A PERSPECTIVE

Since its inception in 1990, the Human Genome Project continues to provide
knowledge regarding human genetics (Guyer and Collins, 1995), culminating in the
sequence of the entire human genome. As morc genes are identified the scope for human
gene therapy widens. The general line of thought is that gene therapy is a natural
extension of the basic sciences into therapeutic applications, but these therapeutic
applications have been a long time in coming. Gene therapy has the potential to
revolutionise modern medicine, but will this ever happen?

The future of gene therapy is tightly connected to the development of safe and
efficient vector systems that can be used like conventional drugs. For lentiviral vectors
there arc two immediate stumbling blocks to be overcome. Firstly, prior to testing in
humans, detection systems for helper virus must be in place. A standard assay for the
detection of replication competent retrovirus for lentiviral vectors does not exist at the
moment and it is hard to understand how this may be accomplished. Secondly, the use of
lentiviral vectors in human gene therapy will require the development of large-scale
production methods, which are currently unavailable. Once these obstacles are overcome,

controlled modifications of the human genome using lentiviral vectors may be unlimited.

1.5 AIM

The overall aim of this project was to design and construct a replication defective
viral vector system that can transfer a gene of interest into non-dividing cells. A safe and
effective HIV-1 based vector was assembled using the principles leamnt during the
development of MLV based systems. The vector system was centred on HIV-1 as apposed
to other lentiviruses because HIV-1 must be one of the most intensely studied viruses as a
consequence of the AIDS pandemic. The focus was to engineer such a vector system that
could potentially be used for gene therapy for the group of lysosomal storage disorders

known as the mucopolysaccharidoses. Much research is being done in the area of
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lysosomal storage disorders, in particular the mucopolysaccharidosis (MPS), here in the

Department of Chemical Pathology at the Women’s and Children’s Hospital. These

disorders are also considered good candidates for gene therapy approaches. In order to

achieve this, the aim is divided into specific objectives, some of which were only

developed during the course of the work as results became available.

1.5.1

1.

SPECIFIC OBJECTIVES

To construct a hybrid Moloney leukemia virus (MLV) and human

immunodeficiency virus type 1 (HIV-1) retroviral vector.

To evaluate the HIV-1 vector system’s ability to transfer the lysosomal enzyme [3-

glucuronidase to MPS VII deficient fibroblasts.

To create an HIV-1 based vector and evaluate the effects of particular cis sequence

elements on the performance of the vector.

To generate helper plasmids to provide HIV-1 trans functions necessary for

recombinant virus production.

To identify necessary HIV-1 gene sequences and proteins required in the helper

system for HIV-1 derived vectors.

To develop packaging cell lines for HIV-1 based vectors.

To evaluate the safety of the HIV-1 gene transfer system.
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CHAPTER TWO

MATERIALS AND
METHODS






2.1 MATERIALS
2.1.1 COMMON MATERIALS

The following materials were obtained from:

DES2 paper Whatman International Ltd.
{Maidstone, England, UK)

Ministart 0.2 pum filters Sartorious AG (Gottingen, Germany)

Nitrocellulose membrane Bio-Rad Laboratories (Hercules,
Calif., USA)

Positive Land film, type 667 Polaroid Corp. (Bedford, Mass.,
USA)

X-ray film DuPont Photo Products

(Sydney, NSW, Australia)

2.1.2 REAGENTS, CHEMICALS AND KITS

The following reagents were obtained from:

Acrylamide solution (LiquiGel) Gradipore (Pyrmont, NSW, Australia)

Agarose, DNA grade Progen Industries Ltd. (Darra, QLD,
Australia)

Ammonium persulphate Bio-Rad Laboratories

Amplify solution Amersham Life Science Ltd.

(Buckinghamshire, England)

BCIP/NBT tablets Sigma Chemical Co. (St. Louis, MO, USA)
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Bromophenol blue

4-chloro-1-napthol

Deoxyribonucleotides

Ethidium bromide

Expand™

fmol DNA sequencing kit

Geneclean II kit

HIV-1 p24 ELISA kit

Lipofectamine transfection

reagent

Mark12™ Wide-range protein
standards (2.5-200kDa)

4-methyumbelliferyl B-D-glucuronide

Naphthol AS-BI 3-D-glucuronide

Optiphase Hisafe scintillation fluid

Pararosaniline hydrochloride

BDH Chemicals Ltd. (Poole, Dorset,
England)

Sigma Chemical Co.

Boehringer Mannheim (Mannheim,

Germany)

Amresco (Solon, Ohio, USA)

Boehringer Mannheim

Promega (Madison, Wis., USA)

BIO 101 (Vista, Calif., USA)

NEN™ Life Science Products Inc.
(Boston, Mass., USA)

Gibco-BRL (Glen Waverley, Vic.,
Australia)

Novex (San Diego, Calif,, USA)

Sigma Chemical Co.

Sigma Chemical Co

Fisons Chemicals

(Homebush, NSW, Australia)

Calbiochem

(La Jolla, Calif., USA)
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Plasmid and PCR purification Kits

Propidium iodide

Protein A Sepharose

Proteinase K

Reverse Transcriptase Assay,

non-radioactive kit

SequaGel XR

Sequenase Version 2.0 DNA

Q_iz_igen (Hilden, Germany) and

Geneworks (Adelaide, SA, Australia)

Sigma Chemical Co.

Amersham Pharmacia

(Uppsala, Sweden)

Boehringer Mannheim

Boehringer Mannheim

National Diagnostics

(Atlanta, Georgia, USA)

Amersham Life Science Ltd.

sequencing kit

Sppl EcoR1, pUC19 Hpall Geneworks

size markers

Taq DyeDeoxy™™ Terminator Cycle Applied Biosystems (Foster
Sequencing Kit City, Calif., USA)
TEMED (N,N,N’,N’-tetramethyl Bio-Rad Laboratories

ethylenediamine)

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

obtained from Boehringer Mannheim and New England Biolabs (Beverly, Mass., USA).
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2.1.3 RADIOCHEMICALS

The following radiochemicals were from:

[a-**P]dTTP (500 Ci/mmol)

[y**P]-dATP (10 mCi/ml)

Sodium [**S]sulphate (550 mCi/mmol)

[**S]-dATP (10 mCi/ml)

EXPRESS [*°S] protein labelling

mix

Geneworks

Geneworks

NEN™ Life Science Products Inc.

Geneworks

DuPont NEN Research products
(Boston, Mass., USA)

2.1.4 BUFFERS AND SOLUTIONS

The buffers and solutions routinely used were as follows:

10 x DNA loading buffer

LiCl lysis buffer

2 x HeBS

Phosphate buffered saline (PBS)

RIPA buffer

50 % (v/v) glycerol, 1 % (w/v) SDS,
100 mM EDTA, pH 8.0, 0.1 9% (w/v)

bromophenol blue

2.5 M LiCl, 50 mM Tris-HCI, pH 8.0,
62.5 mM EDTA, 4 % (v/v) Triton X-100

(.28 M NaCl, 0.05 M HEPES, 1.5 mM
Na,HPOy, pH 7.05

130 mM NaCl, 10 mM NaHPO,, 10 mM
NaH,POy4, pH 7.2

150 mM NaCl, 1 % (v/v) NP-40, 0.5 % (w/v)
DOC, 0.1 % (w/v) SDS, 50 mM Tris-HCI
pH 8
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SDS-PAGE electrophoresis buffer 25 mM Tris-HCI, 0.192 M glycine,
0.1 % (w/v) SDS pH 8.3

SDS-PAGE sample buffer 1 % (w/v) SDS, 4 M urea, 80 mM Tris-HCI,
pH 6.8, 0.1 % (w/v) bromophenol blue

20 x SSC 3 M NaCl, 0.3 M tri-sodium citrate, pH 7

TBE 89 mM Tris-base, 89 mM boric acid, 2 mM
EDTA, pH 8.3

TE 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA

TN 20 mM Tris-HC1 pH 7, 0.5 M Na(Cl

Transformation buffer 50 mM CaCl,, 10 mM PIPES-HCI pH 6.6,

15 % (v/v) glycerol (solution sterile filtered)

Western blot:

Block solution 7.5 % (w/v) glycine, S % (w/v) non-fat dry
milk, 1 % (w/v) ovalbumin, 5 % (v/v) ECS
in PBS.

Transfer buffer 10 mM Caps, pH 11, 10 % (v/v) methanol

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

ovalbumin, 1 % (v/v) FCS in PBS

2.1.5 BACTERIAL STRAINS AND MEDIA

E. coli K12 strain MC1061 F araD139 A(ara-leu)7696galE15galK 16
A(lac)X74rpsL (Str') hsdR2 (r,my ")

mcrA mcrB1
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E. coli K12 strain GM48

E. coli K12 strain DH10B

L-broth

L-Agar

2xYT

F"thr leu thi lacY galK galT ara fhuA tsx
dam dem supE44

F mcrA A(mrr-hsdRMS-mcrBC)
@80dlacZAMI15 AlacX74 endAl recAl deoR
A(ara,leu)7697 araD139 galU galK nupG
rpsL A~

1 % (w/v) Bacto tryptone, 0.5 % (w/v) Bacto
yeast extract, 1 % (w/v) NaCl pH 7.5.

L-broth, 1.5 % (w/v) Bacto agar.

1.6 % (w/v) Bacto tryptone, 1 % (w/v) Bacto
yeast extract, 0.5 % (w/v) NaCl pH 7.5.

All media was autoclaved at 121°C for 20 minutes.

Bacto tryptone and bacto agar were obtained from DIFCO Laboratories (Detroit, Mich.,

USA).

2.1.6 ANTIBIOTICS

Antibiotics used in this study were obtained from the following companies.

Ampicillin

Dexamethasone

Penicillin/Streptomycin sulphate

Puromycin

(G418 sulphate (Neomycin) Geneticin

Boehringer Mannheim

Sigma Chemical Co.

CSL Ltd. (Parkville, Vic., Australia)

Sigma Chemical Co.

Sigma Chemical Co. and Gibco-BRL.
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2.1.7
PRODUCTS

CELL LINES AND CELL CULTURE

All cell lines and culture materials were from the following:

Cell Lines:

A549

Chinese Hamster Ovary (CHO-K 1)

Cosl

293

293T

m3521

NIH3T3

PA317

SF4681

SF382

Materials:
Dulbecco’s Modified Eagle Medium

(DMEM)

American Type Culture Collection (ATCC)

CCL 185

ATCC, CRL 9618

ATCC, CRL 1650

ATCC, CRL 1573

ATCC, SD 3515

Imortalised murine MPS VII
fibroblasts (gift from W. Sly)

ATCC, CRL 1658

ATCC, CRL 9078
(Miller and Buttimore, 1986)

Control skin fibroblasts
(Chemical
Children’s Hospital)

Pathology, = Women’s

MPS VII patient skin fibroblasts
ATCC, GM 00151

Gibco-BRL
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Dulbecco’s Phosphate Buffered CSL Ltd.
Saline (PBS) without calcium and

magnesium

Foetal calf serum (FCS) CSL Ltd. and Gibco-BRL

Dialysed FCS was prepared by dialysis of 50 ml of FCS with 3 changes of 500 ml of PBS

over a 24 h period at 4°C.

Ham’s F12 Gibco-BRL

Methionine/cysteine free DMEM Gibco-BRL

Sterile pyrogen free water Baxter Healthcare (Toongabbie, Vic.,
Australia)

Trypsin/versene solution CSL Ltd.

(0.1 % (w/v) trypsin,
0.02 % (w/v) versene)

All disposable cell culture plasticware was supplied from Costar (Corning, NY,
USA) and Greiner labortechnik (Germany).

2.1.8 PLASMIDS

All plasmids were obtained from the following:

pBluescript IT SK (+) Stratagene (La Jolla, Calif., USA)
pBluescriptpur® from D. Anson (unpublished)
pcDNA3MLVgagpol from D. Anson (unpublished)
pHIVext55SV40Neoppt+RRE from D. Anson (personal communication)
pATX Kawaoka et al., 1998
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pcDNA3.1 Invitrogen (Gréningen, The Netherlands)

pSP70 Promega

pEYFP Clontech Laboratories Inc. (Palo Alto,
Calif,, USA)

penvAm Markowitz et al., 1988b

pCMVrev from the National Institute of Allergy and

Infectious Diseases AIDS Research and
Reference Reagent Program, McKesson
BioServices, catalogue number 1443
(Rockville, Md., USA)

(Lewis et al., 1990)

pLNCX and pLNSX gift from A. D. Miller
(Miller and Rosman, 1989)

pCMVARnr gift from . M. Verma (Kafri ef al., 1997;
Naldini et al., 1996b).

pHIV-YU2 gift from S. K. Ghosh (Li et al., 1992,
Genbank accession number M93258)

pCMV-G gift from T. Friedmann (Yee et al., 1994).
pGRES.1 gift from J. White (Mader and White, 1993).
pGEM4Bgluc gift from A. J. Reuser (Oshima et al., 1987).
signalplg Novagen Inc. (Madison, WI, USA)
pCITE4a (+) Novagen Inc.
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pWHVSE ATCC 45097D (Girones ef al., 1989)

2.1.9 DNA OLIGONUCLEOTIDES

DNA oligonucleotides were manufactured by Gibco-BRL or Sigma Chemical Co.
Oligonucleotides uscd for PCR, linkers for cloning and constructing coding sequences arc

listed below. All sequences are 5’ to 3.

PCR primers for vector and helper plasmids:

LTRMLVF1 GCGCGCATGCGGCCGCAATGAAAGACCCCACC

LTRMLVR] GCGACTAGTCGGATGCAACTGCAAG

LTRMLVF2 GCGCGCGCTGCAGACCTGTAGGTTTGGCAA

LTRMLVR2 GCGCGCAAGCTTGGCAGGGGTCTCCCGA

5’LTRF ATACGAACTGGCGGCCGCTGGAAGGGCTAATTCACTCCCAAC
S’LTRR CTAGCTACTAGTTAAAGCACTCAAGGCAAGCTTTAT

3’LTRF ACGCTGGATCCAAAAGAAAAGGGGGGACTGGAAGG

3’LTRR GACCCATCGATTGCTAGAGATTTTCCACACTGACT

5’HIVextlR ACGCTGGATCCTCTCTCCTTCTAGCCTCCGCTAG

S’HIVext2R ACGCTGGATCCTATGTTTTAATCTATATTGTTTCT

5’1HlIVext3R  ACGCTGGATCCTGGCTACTGTATTATATAATGATC

5’HIVext4R ACGCTGGATCCAATCTTGTGGGGTGGCTCCTTCTG
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5’HIVextSR  ACGCTGGATCCTAAAATTGCCTCTCTGCATCATTA

3’LTRF ACGCTGGATCCAAAAGAARAAGGGGGGACTGGAAGG

3’LTREF2 ACAGGTCTGAATTCCAGCTATGGATCTTAGCCACTTTT

3’LTRE3 ACAGGTCTGAATTCGTTTCAGACCCACCTCCCAGCTCA

3’LTRF4 ACAGGTCTGAATTCCCCACCTCCCAGCTCGGAGGGGAC

3’LTRF6 ACAGGTCTGAATTCAAAGAGCTTTTAGAGCTGTTCTTC

cpptClal GGGCCCATCGATTCATCCACAATTTTAAAAGARAAAG

cpptBstBI GGGCCCTTCGAATGTCCCTGTAATAAACCCGAAAATTTTG

IRESF CTAGGCCTGGATCCGGTTATTTTCCACCATATTGCC

IRESR GGGCATATGGATCCATTATCATCGTGTTTTTCAAAG

F6RevMfel GGGCCCAATTGTAATATTTCTATAACCC

RREF ATACGAACTGGCGGCCGCAGGAGCTTTGTTCCTTGGG
TTCTT

RRER CTAGCTAGGTCTAGAAGGAGCTGTTGATCCCTTAGGTAT

H2AS’ CCGCCGGGATCCTGGAGCTGGCGGGCAAC

H2A3’ CCGCCGAATTCCAGCAACTTGTTTAGCTCCTCG

WHVERVF CCGGGATATCAACCTCTGGATTACAAAAT

WHVPVUR CCGGGCAGCTGCAGGCGGGGAGGCGGCCCAAA

tatF ACGCTGAATTCGCCACCATGGAGCCAGTAGATCCTAACCTA
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tatR

vifF

vifR

vpuF

vpuR

vprF

vprR

nefF

nefR

gagpolF

gagpolR

amp3.5N

295F

370R

370F

pB/SF

pB/SR

CTATGCTCTAGATTACTGCTTTGATAGAGAACTTTG

CGGGAATTCGCCACCATGGAAAACAGATGGCAGGTGATG

ACGCGGATCCCTAGTGTCCATTCATTGTGCGGCT

GCGCATGCCATGGCCACCATGCAATCTTTACAAGTATTAGCA

ATAAGAATGCGGCCGCTACAGATCATCAACATCCCAAGG

CGGCTGCAGGCCACCATGGAACAAGCCCCAGAAGACCAA

ACGCGGATCCTTAGGATCTACTGGCTCCATTTCT

GCGCATGCCATGGCCACCATGGGTGGCAAGTGGTCAAAACGT

ATAAGAATGCGGCCGCTCAGTTCTTGTAGTACTCCGGATG

GAAAGCATAGTAATATGGGGAAA

TGCTGTCCCTGTAATAAACCGGA

GGCCACCTGGATCCCCGAGTGGGAGTTCGTGAACAC

TCCTGCAGCCCGGGGGATCCCCGAGTGGGAGTT
CGTGCACAACCCCCCCCTGGTGAAGCTGTGGT

TGGCCGGTCTCGGCGGGGATCACC

GGTGATCCCCGCCGAGACLCGGCCA

GTAAAACGACGGCCAGT

GGAAACAGCTATGACCATG
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amp215F GGCACCAGGTACCAGTACAACGTG

amp215R CACGTTGTACTGGTACCTGGTGCC

amp2.5’ AGGCCAGGGTGCTGGCCGAGGCCA

amp2.3’ CTCCAGCTGGTACCACAGCTTCACC

260F TGTGCAAGCTGCTGAGGGGCACCA

260R TGGTGCCCCTCAGCAGCTTGCACA

R1 ACTGAACGCTGAAGGTGCAGTTGTA

INS’ CCCGGGATCCAGGTAAGTCGATCCGGAGGGAGGGTGTCTGC
IN3’ CCCGGGAATTCTCTGCAGAGAGAAGATTGGGAGAGAC
RREXba GGGCCTCTAGAGCTTTGTTCCTTGGGTTCTTG
RREApa GGGTCGGGCCCAAATCCCTAGGAGCTGTTG

135F AGCAGACCAGAGCCAACAGC

135R GCTGTTGGCTCTGGTCTGCT

ramp TCCTGCCGATGATGTTCACGGGGGT

polHindIII GGGCCCAAGCTTACCATGTTTTTTAGGGAAGATCTGGCC

FusFamp ATCGCCAAGAACTGCAGGGCCCCCA

Fusramp TCCTGCCGATGATGTTCACGGGGGT
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pB/ST7

GTAATACGACTCACTATAGGGC

HIV-1 and other coding sequences:

HIV1Fn

HIV2Fn

HIVIRn

HIV2Rn

HIV3Rn

HIV3Fn

HIV4Fn

HIVS5Fn

HIV4Rn

HIV5Rn

ITTV6Rn

HIV7Rn

CTAGTGTGTGCCCGTCTGTTGTGACTCTGGTAACTAGAGA
TCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCA

GTGGCGCCCGAACAGGGACTTGAAAGCGAAAGGAAAACC
AGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAG

CGCGCTTCAGCAAGCCGAGTCCTGCGTCGAGAGAGCTCCTCTG

GTTTTCCTTTCGCTTTCAAGTCCCTGTTCGGGCG
CCACTGCTAGAGATTTTCCACACTGACTAAAAGGG

TCTGAGGGATCTCTAGTTACCAGAGTCACAACAGACGGGCACACA

CGCGCACGGCAAGAGGCGAGGGGCGGCGACTGCTCAGT
AGGGCAAAAAATTTTTGACTAGCGGAGGCTAGAAGGAG

AGAGTAGGGTGCGAGAGCGTCAGTATTAAGTGCGGGGGA
TTAAGATAAGTGGGAAAAAATTCGGTTAAGGCCAGGGGG

AAAGAAACAATATAGATTAAAACATAGGATCCAAAAGAA
GAAGGGGGACTGGAAGGGCTAATTCACTCCCAACTGCA

GTTGGGAGTGAATTAGCCCTTCCAGTCCCCCCTTTTCTTT

TGGATCCTATGTTTTAATCTATATTGTTTCTTTCCCC
CGGTTTCCAACCGAATTTTTTCCCACTTATCTAATT

CCCCCGCACTTAATACTGACGCTCTCGCACCCTACT
CTCTCCTTCTAGCCTCCGCTAGTCAAAAATTTTTTG

CCCTACTGAGCAGTCGCCGCCCCTCGCCTCTTGCCGTG
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gaglF AATTCAACCATCAGCAAGCAGGTCATTGTTCCAACAT
CGGGGCTCGTGCTAGCGTTCTGTCCGCTGGTGAGCTG

gag?F GACAAATGGGAGAAGATCCGTCTGCGCCCGGGCGGTA
AAAAGCAGTACCGTCTGAAGCACATCGTTTGGGCTTC

gag3F TCGTGAACTGGAGCGCTTTGCTGTAGACCCGGGTCTG
TCGAGGACCAGCGAGGGTTGCCGTCAGATCCTGGGCC

gagdF AACTGCAGCCATCTCTGCAAACTGGTTCCGAGGAACT
GTCGCCCCTGTACAACACCGTTGCGACTCTGTACTGT

gaglR GTACACAGTACAGAGTCGCAACGGTGTTGTACAGGGA

gag2R GCGCAGTTCCTCGGAACCAGTTTGCAGAGATGGCTGC
GAGTTGCCCAGGATCTGACGGCAACCCTCGCTGGTCT

gag3R CCAGCAGACCCGGGTCTACAGCAAAGCGCTCCAGTTC
AGAGCAAGCCCAAACGATGTCTTCAGACGGTACTGC

gagdR TTTTTACCGCCCGGGCGCAGACGGATCTTCTCCCATT
TTGACCGCTCACCAGCGGACAGAACGCTAGCACGAGC

gagSR GCCCATGTTGGAACAATGACCTGCTTGCTGATGGTTG

CTEF1 ATCCTCCCCTGTGAGCTAGACTGGACAGCCAATGACGGGTAAGAGAGTG

CTEF2 ACATTTCTCACTAACCTAAGACAGGAGGGCCGTCAAAGCTACTGCCTAA

CTEF3 TCCAATGACGGGTAATAGTGACAAGAAATGTATCACTCCAACCTAAGAC

CTEF4 AGGCGCAGCCTCCGAGGGATGTGTGAT

CTERI1 ATCACACATCCCTCGGAGGCTGCGCCTGTCTTAGGTTGGAGTGATA
CATTT

CTER2 CTTGTCACTATTACCCGTCATTGGATTAGGCAGTAGCTTTGACGGCCCT
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CTER3 CCTGTCTTAGGTTAGTGAGAAATGTCACTCTCTTACCCGTCATTGGCTG

CTER4 TCCAGTCTAGCTCACAGGGGAGTAG

Linkers for cloning:

BssHIIF AATTCACTAGTTTCGGCGCGCCAATATCCTGTTCCTGCAGG
BssHIIR AATTCCTGCAGGAACAGGATATTGGCGCGCCGAAACTAGTG
BamHIF GATCCCAGGCCTAAGCTTGGAATTC
BamHIR GATCGAATTCCAACCTTAGGCCTGG

BstElllinkerF AATTGGGTGACCGCGCG

BstElllinkerR GATCCGCGCGGTCACCC

2.1.10 ANTISERUM

Antisera to HIV-1 proteins were all obtained from the National Institute of Allergy and

Infectious Diseases AIDS Research and Reference reagent Program:

HIV-1n14.3 vpr antiserum catalogue # 3252
HIV-1ni4-3 vpu antiserum catalogue # 969
HIV-1pxp2 vif antiserum catalogue # 2221
HIV-1 nef antiserum catalogue # 2949
anti rabbit IgG conjugated to Sigma Chemical Co.
alkaline phosphatase
anti human IgG conjugated to Silenus Labs
horseradish peroxidase (Melbourne, Vic., Australia)
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HIV-1 positive human serum was kindly provided by L. Peng (Institute of Medical and

Veterinary Science (IMVS), Adelaide, Australia).

2 GENERAL METHODS

2.2.1 PLASMID DNA PREPARATIONS
2.2.1.1  MINIPREPS

Single colonies were inoculated into 1 ml 2 x YT medium containing 100 pg/ul
ampicillin and grown 4 h to overnight with aeration. The cells were sedimented by
microcentrifugation of 0.5 ml of this culture for 5 min at maximum speed. Pelleted cells
were resuspended in 100 pl 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 pl of isopropanol. The DNA was precipitated by microcentrifugation at
maximum speed for 20 minutes, washed with 70 % (v/v) ethanol, air dried and finally

resuspended in 20 pl TE buffer.

2.2.1.2 LARGE SCALE PLASMID PREPARATIONS

Single colonies of recombinant clones were grown 6 - 8 hin 5 ml of 2 x YT
medium containing 100 pg/pl ampicillin with aeration. Overnight 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 PHENOL/CHLOROFORM EXTRACTION
AND ETHANOL 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 and 2.5 volumes of 97 - 100 % (v/v) ethanol for 1 h to overnight at -20°C.
Following microcentrifugation, DNA pellets were rinsed with 70 % (v/v) ethanol, air dried

and then resuspended in either water or TE buffer.
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2.2.3 RESTRICTION ENDONUCLEASE
DIGESTION OF DNA

Restriction endonuclease digestion of all DNA preparations was carried out using

the conditions appropriate for each enzyme as detailed by the manufacturer.

2.24 BLUNT-ENDING OF DNA FRAGMENTS

Following restriction enzyme digestion, 5’ overhanging ends were filled in with 1
unit of DNA polymerase (Klenow fragment) and 1 mM dNTPs at room temperature for 30
min. The buffer used for the reaction was the same as that for the restriction endonuclease
digestion. The reaction was then heated at 75°C for 10 min to inactivatc the polymerase
activity.

For 3’ overhanging ends, 1 unit of T4 DNA polymerase and 1 mM dNTPs were
added to the restricted DNA. The volume of the reaction was made up to 1 x T4
polymerase rcaction buffer (Boehringer Mannheim) by the addition of 10 x buffer and
water. The reaction was incubated at 11°C for 20 min and then terminated by heating to

75°C for 10 min.

2.2.5 AGAROSE GEL ELECTROPHORESIS OF
DNA

Electrophoresis of DNA was performed in Kodak Biomax QS710 tanks for
horizontal submerged gel electrophorscsis. Samples were mixed with 10 x DNA loading
buffer and electophoresed in agarose of 0.8 - 4 % (w/v) in 1 x TBE until the bromophenol
bluec marker dye had migrated a sufficient distance to ensure adcquate separation of the
desired DNA fragments. The gel was then stained briefly in a 10 pg/ml solution of
ethidium bromide in 1 x TBE buffer to allow visualisation of the DNA. The gels were
then rinsed in deionised water and photographed using an ultraviolet transilluminator
(ULTRA-LUM Ine, Carson, Calif., USA) with a Polaroid MP-4 Land Camera containing
667 film. For preparative gels the required DNA fragment was excised from the gel and

then purified using a Geneclean II kit.

2.2.6 PLASMID VECTOR PREPARATION

The plasmid was firstly digested to completion with the appropriate restriction

endonuclease as assessed by agarose gel electrophoresis. The 5°-terminal phosphate
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groups were then removed with calf intestinal phosphatase (CIP) by incubation for 1 h at
37°C, in the same buffer used for the restriction enzyme digest but with the addition of 15
mM EDTA to inhibit endonuclease activity. The restricted and phosphatased DNA was
then extracted with TE saturated phenol/chloroform and precipitated with 2 volumes of

isopropanol in the presence of 2.5 M ammonium acetate.

2.2.7 LIGATION OF DNA

Ligation of DNA with overhanging ends was performed in 1 x ligation buffer
(Boehringher Mannheim) with 1 unit of T4 DNA ligase for 4 - 24 h at room temperature.
For the ligation of blunt-ended DNA fragments, 2 units of T4 DNA ligasc were used and
the reaction proceeded for a minimum of 16 h at room temperature. Generally, the DNA
insert and vector preparations were semi-quantitated by agarose gel electrophoresis, and

combined in a 3:1 molar ratio in a final reaction volume of 20 pl.

2.2.8 PREPARATION OF COMPETENT E.COLI!

Three strains of E.coli, MC1061, DH10B and GM48 were made competent for use
in transformation. Overnight cultures were obtained for each strain from inoculation with
a single colony in 5 ml of 2 x YT broth. For MC1061, 1 L of 2 x YT was inoculated with
1/100 of the overnight culture and grown with aeration until the ODggonmy Was 0.4. The
culture was then cooled on ice and the cells pelleted at 2,500 x g for 10 min at 4°C. The
cells were resuspended in 500 ml of ice cold transformation buffer and incubated on ice
for 30 min. Again the celis were pelleted and resuspended in 50 ml ice cold
transformation buffer and incubated on ice for at least 1 h. Cells were either used directly
or aliquoted into 300 ul lots, snap frozen in liquid N; and stored at -80°C until needed.

For DH10B and GMA48, cells were prepared directly as required. A 50 ml culture
of 2 x YT broth was inoculated with 0.5 ml of a fresh overnight culture and grown until
ODsspnm reached 0.3. The cells were pelleted at 2,500 x g for 10 min at 4°C and
resuspended in 25 ml of ice cold 50 mM CaCl,. Following a 20 min incubation on ice the
cells were pelleted again and resuspended in 5 ml of ice cold 50 mM CaCl,. The cells

were left on ice for at least 1 h before use and were viable for up to 3 days if kept at 0°C.

2.2.9 TRANSFORMATION OF E.COLI

For DH10B and GM48, 200 ul of cells and 5 pl of the ligation reaction were mixed

and incubated on ice for 30 min. The transformation reaction was then heat shocked at
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42°C for 2 min and immediately retumed to icc and 200 pl of 2 x YT added. Cells were
incubated at 37°C for 40 min and then plated onto L-Amp plates and incubated overnight
at 37°C. Competent MC1061 was thawed on ice and 5 pl of the ligation reaction was
mixed with 100 ul of cells and incubated on ice for 10 min. The cells werc then heat
shocked for 5 min at 37°C, recovered with the addition of an equal volume of 2 x YT and
then incubated for a further 40 min at 37°C. This transformation reaction was finally

plated onto L-Amp plates and incubated overnight at 37°C.

2.2.10 DNA SEQUENCING

The majority of sequencing performed was automated, using a Taq DyeDeoxyTM
Terminator Cycle Sequencing Kit according to the protocol included with the kit. The
samples were then sent to the IMVS central sequence facility and loaded onto an Applied
Biosystems 373A DNA Sequencer according to the instructions in the User’s Manual.

Some sequence data were obtained by manual sequencing using either a Sequenasc
Version 2.0 DNA sequencing kit or a fimol DNA segencing kil. Reactions were performed
as described by the manufacturers of the sequencing kits using [°S]-dATP as the labelled
nucleotide. Chain termination products were resolved by electrophoresis on 6 % (w/v)

SequaGel XR followed by autoradiography.

2.2.11 POLYMERASE CHAIN REACTION (PCR)
2.2.11.1 ISOLATION OF SEQUENCES

PCRs were performed to amplify specific regions of the HIV-1 genome and other
plasmids for sub-cloning. Generally 2 units of Expand™ polymerase were used for each
amplification reaction in a final 1 x concentration of the supplied buffer, 200 pM of each
dNTP, 250 uM of each primer and 1 pg of template. Between 10 - 20 cycles of
amplification were performed depending on the quantiity of resultant product. A typical
cycle consisted of denaturation at 95°C for 15 sec, annealing at 55 - 65°C for 20 sec and
68°C elongation based on a synthesis rate of 1 kb per min. The amplified product was
purificd using a PCR purification kit, and cloned usually via restriction endonuclease sites
incorporated into the PCR primers. Resuliant clones were sequenced to confirm error-free

sequence.
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2.2.11.2 DETECTION OF GAGPOL SEQUENCE

A PCR was also developed for the detection of gagpol plasmid sequence. Two
primers gagpolF and gagpolR wcre used at concentrations of 250 uM in a final reaction
mixture of 100 pl, containing 1 x Taq PCR buffer, 2 units of Taq and 200 pM of each
dNTP. To evaluate the reaction, 1 ng of plasmid or 1000 cells was used and amplified for
40 cycles at 94°C for 15 sec, 58°C for 20 scc and 72°C for 45 scc. Reaction products were

then analysed by agarose gel electrophoresis.

2.2.12 OLIGONUCLEOTIDE ASSEMBLY

Overlapping oligonucleotides were assembled by a modification of the method
described by Stemmer et al. (1995) which uses a polymerase to build increasingly longer
DNA fragments during assembly. The reaction was performed in two steps, firstly
assembling all the oligonucleotides and then amplifying the entire fragment with two outer
primers. In the first stage all oligonucleotides were individually dissolved in water at a
final concentration of 100 pM. Equal volumes of all the oligonucleotide solutions were
mixed and then diluted 100 fold in a 20 pl PCR reaction mix containing 5 units of
Expand™ in 1 x reaction buffer and 200 pM each dNTP and then subjected to 55 cycles at
94°C for 30 scc, 52°C for 30 sec and 68°C for 30 sec. This assembly reaction was then
diluted 40 fold in a 100 pl PCR mix as for thc assembly reaction along with the addition of
100 pM of two outer amplification primers and amplified for 23 cycles at 94°C for 30 scc,
52°C for 30 sec and 68°C for 60 sec. The final assembled and amplified product was run
on a preparative agarose gel, purified using a Geneclean II kit and cloned. Resultant

clones were sequenced for confirmation.

2.2.13 REVERSE TRANSCRIPTASE ASSAYS

The majority of reverse transcriplase assays were performed using a Reverse
transcriptase assay kit for non-radioactive detection (Boehringer Mannheim), as described
by the manufacturer. Initial reverse transcriptase measurements however, were determined
by monitoring the incorporation of radioactive dTTP based on a method described for
assaying murine reverse transcriptase (Goff ez al., 1981). Viral pellets were prepared from
2 ml of viral supernatant by ultracentrifugation at 50,000 x g in a swing out T75 rotor in a
Beckman ultracentrifuge. The viral pellet was then resuspended in 50 pl of 50 mM Tris-
Cl pH 8.3, 10 mM DTT, 1 mM MnCl,, 0.15 M NaCl, 5 pg/ml oligo(dT), 5 pg/ml poly(rA)

10 uM dTTP, 0.05 % (v/v) NP-40 and 25 Ci/mmol [a-**P]dTTP and then incubated for 1
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hat 37°C. A 10 pl sample of each reaction was then spottcd onto DES2 paper and washed
in 2 x SSC. The paper was soaked for 1 min in 95 % ethanol, air dried and then counted in

a scintillation counter.

2.2.14 SCINTILLATION COUNTING

Samples containing radioisotopes (usually less than 1 ml) were counted following
the addition of 4 ml Optiphase HiSafe scintillation fluid in a Wallac 1409 hquid

scintillation counter (Wallac Oy, Turku, Finland).

2.2.15 CELL CULTURE

All cell lines used were maintained in growth medium, usually DMEM except for
CHO-K1 cells, which were grown in Ham’s F12 medium, supplemented with 10 % (v/v)
FCS at 37°C in a 5 % CO; atmosphere. Serum free Ham’s F12 medium was used for
S0, labelling of MPS VII fibroblasts (see section 2.2.19). For transfections using
calcium phosphate precipitation, the culture media was supplemented with penicillin (100
U/ml) and streptomycin sulphate (100 pg/ml). Primary cultures of human skin fibroblasts
were harvested by washing once in PBS followed by trypsin/versene treatment, all other
cell types were also washed once with PBS but harvested with a 10 fold diluted solution of
trypsin/versene in PBS.

Unless indicated otherwise, cell lysates required for further analysis were prepared
by centrifugation of the trypsinised cells followed by two washes with PBS. Cells were
then resuspended in 200 pl of TN buffer and subjected to six cycles of freezing and
thawing. The cell debris was then removed by centrifugation and the supernatant

transferred to a new tube.

2.2.16 CELL COUNTING

Cells to be counted were harvested with trypsin/versene, washed once in PBS and
then resuspended in typically 1 ml of PBS. A 10 pl aliquot of cells was then mixed with
an equal volume of 0.1 % (w/v) trypan blue in 0.9 % (w/v) NaCl. The cell number was
then determined using a heamocytometer counting chamber (Weber Scientific Int. Ttd.,
Lancing, Sussex, UK). Viable cells (not stained blue) were counted in the central square
of the counting chamber, and the number of cells per ml determined by multiplying the

cell count by 2 (dilution factor) and 10°,
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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 ug of DNA)
were combined in 100 pl 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 % 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 10 % (v/v)
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 10° 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 pl with sterile water to which 6 pl of
2.5 M CaCl, was added. This DNA/CaCl, mixture was then added drop-wise to 60 pl 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-K1 cells. CHO-K1
cells were grown to about 80 % confluency in a T75 cell culture flask, harvested with
10 % (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 pg) to be transfected and equilibrated on ice for 15 min. The cells were
then electroporated with a pulse of 275 V/330 pF using a BRL Cell Porator.
Electroporated cells were removed and placed in Ham’s F12 growth medium
supplemented with 10 % (v/v) FCS for 48 h. They were then subcultured 1:5 into the

same medium containing 0.8 mg/ml G418.
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2.2.18  VIRUS PRODUCTION AND
TRANSDUCTION

For virus production 293T cells were used and transfected as described above.
Following a 24 h incubation with transfection medium, each 35 mm dish of 293T cells was
replenished with 2 ml of medium. Viral supematants were collected 48 h later, centrifuged
at low speed (2,000 x g) to remove debris and then filtered through 0.2 pm filters. Viral
titres were determined on NIH3T3 cclls or MPS VII fibroblasts. Confluent cultures of
MPS VII fibroblasts were established in 35 mm grid dishes for transduction. For NIH3T3
transduction, cells were counted, plated at 1.2 x 10° cells/35 mm dish and then allowed to
adhere for 3 - 4 h. Overnight transductions with virus stock in culture medium
supplemented with 4 pg/ml polybrene, typically in a volume of 2 ml, were then performed
after which time the viral containing medium was removed and replenished with fresh
growth medium. Transduced cells were sub-cultured 1 in 3 after another 24 h, and 72 h
post-transduction were assessed for virus titre by staining for B-glucuronidase activity
(MPS VII fibroblasts) (section 2.2.19) or FACScan analysis for EYFP expression
(NIH3T3) (scction 2.2.21).

Using highly concentrated VSV-G pseudotyped viral particles might lead to
pseudotransduction artefacts. The lacZ reporter gene has been shown to produce a
pseudotransduction phenomena under conditions where concentrated MoMLV/LacZ
vectors were used (Liu ef al., 1996). Pseudotransduction was ruled out with the HIV-1
derived vector system described in this thesis by measuring reporter gene expression
(EYFP by FACScan analysis) up tol0 days post-transduction indicating also that viral
titres are stable over this time frame.

293T and A549 cells were also transduced for the “gag’ and “gagpol” transfer
assays as described in section 2.2.25. For transducing these cells virus stocks were
concentrated by a combination of ultrafiliration (Amicon stirred cell with ZM300
membrane) and ultracentrifugation at 50,000 x g in a swing out T75 rotor in a Beckman

ultracentrifuge, at 4°C.

2.2.19 B-GLUCURONIDASE DETECTION

The demonstration of f3-glucuronidase in transduced NIH3T3 cells was based on a
simultaneous coupling reaction (Hayashi et al., 1964). The cells were washed in PBS and
then fixed in formal calcium (40 % (v/v) formaldehyde, 10 % (w/v) CaCl,) at 4°C for a

minimum of 1 h. A substrate solution was prepared containing 0.5 mM naphthol AS-BI -
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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 HC1 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 % (w/v) 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 37°C 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 LABELLING OF MPS VII FIBROBLASTS

MPS VII skin fibroblasts were grown to confluence and then labelled with 380,
essentially as described by Anson et al., (1992). Firstly DMEM/10 % (v/v) FCS growth
medium was replaced with Ham’s F12/10 % (v/v) dialysed FCS. The following day the
medium was replenished with the inclusion of 10 pCi/ml Na,[**S]SO, and cultured for 72
h. This medium was then removed, the cells rinsed in DMEM/10 % (v/v) FCS and re-fed
with DMEM/10 % (v/v) FCS. After another 72 h, the cells were harvested by
trypsinisation, washed by resuspension in PBS and lysed by six cycles of freeze/thaw in
TN buffer and then clarified by microcentrifugation. The cell lysates were assayed for B-
glucuronidase activity using 4-methyumbelliferyl f-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 (Ess6nm) 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 (4MU) per min; 1 nmol of 4MU was equivalent to an Esse,m signal of 10. The
incorporation of *°S into glycosaminoglycans was measured by scintillation counting of

the cell extract.
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2221 FACSCAN ANALYSIS

Cells for analysis were harvested by trypsinisation, washed in PBS and then
resuspended in PBS containing 10 pg/ml propidium iodide. Cells were measured for
expression of EYFP (EL2, FITC channel) and propidium iodide (FL1). Cells were
analysed using the Cellquest software (version 3.0 1f, Becton Dickinson) after gating on
live cclls as determined by low propidium iodide fluorescence and forward/side scatter
plots. Histogram markers for EYFP positive cclls were used such that untransduced
NIH3T3 cells gave a false positive rate of 0.26 % + 0.10 (n = 10). For all experiments a
false positive background ratc of 1 % was then assumed and deducted from the
cxperimental value. Virus titre was calculated by multiplying the percentage of positive
cells by the number of NIH3T3 cells used (generally 1.2 x 106) with suitable adjusiments

incorporated for the volume of virus added.

2.2.22 METABOLIC LABELLING AND
IMMUNOPRECIPITATION

The medium from transfected CHO-K1 cells (T75) was aspirated and the cells
washed twice with PBS. Cells were then incubated for 30 min with 3 ml of
methionine/cysteine free DMEM containing 10 % (v/v) dialysed FCS. Following
equilibration the medium was aspirated and replaced with another 3 ml of the same
medium containing 100 uCi/ml EXPRESS [*°S] protein labelling mix. The cells were
labelled for 5 h at 37°C in 5 % CO,, the medium removed and the cell monolayer washed
three times with PBS. The cells were harvested from the plastic culture flask by scraping
with a rubber policeman (cell scraper), washed twice with PBS and resuspended in 100 pl
RIPA buffer and freeze/thawed six times. To the cell lysate 100 pl of protein A Sepharose
slush (~ 50 ul of beads) was added and incubated on a rotator overnight at 4°C. The
Sepharose was scdimented by centrifugation and the supernatant transferred to a new tube.
The relevant antibody was then added to this and incubated for 24 h on a rotator at 4°C.
After this time, 100 pl of protcin A Sepharose slurry was again added followed by a
further overnight incubation on a rotator at 4°C. The protein A Sepharose was sedimented
by centrifugation and washed by resuspenson and centrifugation four times with RIPA
buffer. Antigen and antibody complexes were eluted in 100 pl of SDS-PAGE sample
buffer, of which 10 pl aliqouts were loaded onto 15 % (w/v) polyacrylamide mini SDS-
PAGE gels. These mini-gels were 82 mm wide by 73 mm long and were prepared and run

using the Hoeffer Mighty Small Electrophoresis units.  Electrophoresis was for
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approximately 1 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 WESTERN BLOTTING

For analysis of the HIV-1 accessory proteins, Vif, Vpr, Vpu and Nef, transfected
Cosl cells were harvested with trypsin/versene, washed in PBS and then resuspended in 20
ul RIPA buffer. Cell lysates were prepared by six cycles of freeze/thaw. A 5 ul (10 pg)
aliquot of the cell lysate was mixed with 15 pl SDS-PAGE sample buffer and solubilised
at room temperature for a minimum of 1 h. Samples were then separated on 15 % (w/v)
polyacrylamide mini SDS-PAGE gels, again using the Hoeffer Mighty Small
Electrophoresis units, for approximately 1 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 1 h. Non-specific protein sites were masked by incubating
the membrane overnight at 4°C in block solution. The membrane was washed three times
in wash buffer and then incubated with the required antibody overnight at 4°C 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 1 h at room temperature.
Another three washes were performed, followed by a final wash in 0.1 M Tris-HCI, pH
9.5, 0.1 M NaCl, 5 mM MgCl, and the blot was developed with BCIP/NBT 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 100°C for 5 min, electrophoresed on a
12.5 % (w/v) polyacrylamide SDS-PAGE gel using a Bio-Rad Laboratories system (16 x
20 c¢m) and transferred onto a nitrocellulose membrane. The membrane was incubated for
1 h at room temperature in block solution and subsequently hybridised with heat
inactivated (56°C for 1 h) HIV-1 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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2.2.24  STATISTICAL ANALYSIS

Unless otherwise indicated results are given as mean + standard deviation. In cases
of n = 2 the mean and individual values are reported. Where appropriate statistical
analysis was performed using a two tailed Students t-test to compare data. Results were

considered significantly different at p < 0.05.

2.2.25 ASSAY FOR TRANSFER OF GAG AND
GAGPOL SEQUENCES

High titre stocks of virus were prepared using either pCMVARmr,
pcDNA3gagpolml or pcDNA3gagml/pcDNA3gagpolfusionml (plasmids arc described in
Chapter four) and concentrated to fitres of 2.0 x 107, 2.7 x 10" and 0.8 x 10" NIH3T3
transducing units per ml respectively. Virus was prepared, concentrated and the titre
determined on NIH3T3 cells as described in section 2.2.18. In 6 well dishes, 293T cells
were plated at 1.5 x 10° cells per well and 6 h later transduced with virus in the presence of
4 ug/ml polybrene in a total volume of 2 ml. Following transduction the cells were
expanded and, for each assay, 2 x 10° were plated in a 60 mm dish. Untransduced 293T
cells were used as a control. Twenty-four hours after plating, the cclls were transfected
with a mixture of plasmids encoding either (i) the vector construct
pHIVext5SV40Neoppt+RRE (this vector is analogous to pHIVext5SSV40EYFPppt+RRE
(section 5.3) except that it transduces the neomyecin resistance gene), VSV-G, Tat, Rev or
(1) VSV-G, Tat, Rev and pHIVext5SV40Neoppt+RRE. A description of the plasmids
encoding these helper functions is provided in Chapters three and four. Conditioned
medium was collected, 0.2 pm filtered and assayed on A549 cells (these cells were used
because they yield approximately ten- to twenty- times higher titres than NIH3T3 cells) for
Neo® transducing units as follows. The A549 cclls were plated at 2 x 10° per 60 mm dish
and transduced 5 h later in the presence of 4 pg/ml polybrene, with the entire volume of
conditioned medium. Twenty-four hours afterwards the cells were subcultured into 3 x
100 mm dishes and after a further 24 h selected with 1 mg/ml G418 for two wecks after
which time G418 resistant colonies were enumerated. In the first of these assays (ie
transfection with the gagpolfusionml-containing plasmid) the production of Neo®
transducing virus particles will depend on the transfer of biologically active sequences
encoding Gag to the 293T cells via the virus stock that is being assessed. This has been
referred to as the “gag transfer” assay. In the second instance, production of Neo"

transducing virus. particles will depend on the transfer of biologically active sequences

72




caﬁable of substituting for the HIV-1 g_agpol gene seque~nce (ic capable of expressing both

the Gag and GagPol polyproteins). This has been termed the “gagpol transfer” assay.
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CHAPTER THREE

GENE TRANSFER FOR
B-GLUCURONIDASE






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 vector/packaging systems
from oncogenic viruses such as Moloney leukemia viruses (MLV) (Cosset et al., 1995;
Rigg et al., 1996).

A vector/packaging system based on HIV-1 was designed based on the principles
and the lessons leamnt from the construction and modification of MLV based gene transfer
systems. The advantages of using HIV-1 as a gene transfer vector have been described in
section 1.3.2.1. The approach taken was to separate the cis and trans functions of HIV-1
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-1 based vector designed to
express the lysosomal enzyme PB-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., 1973). 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 (Wolfe er 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-1 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
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ability to detect B-glucuronidase activily both by a simple enzyme assay (Glglser and Sly,
1973) and histochemically (Hayashi et af., 1964).

The design of the proposed vector was to combine MLV U3 and R LTR sequences
with the HIV-1 U5 and other cis signals from HIV-1. This was proposed as a way to make
the LTR constitutive, removing the dependence of the HIV-1 LTR on the Tat protein. The
rationale behind this was to try and generate a vector without the rrans-activating
mecchanisms used by HIV-1 and one in which the MLV LTR could also be used to express
the heterologous sequence. Some additional sequence changes were made, including
mutagenesis of firstly, the gug initiation codon in the vector packaging signal to prevent
translation initiation, and secondly, the splice donor to prevent any possible splicing to
cryptic splice acceplor sites within the entire vector sequence. Complimentary changes
were made to preserve the theorctical secondary structures of the packaging and
dimerisation signal (Harrison and Lever, 1992). When this work began there were very
few reports of HIV-1 derived gene transfer vectors and no systems specifically designed
for gene therapy applications. The challenge was to put together a vector/packaging gene
transfer system that worked and would achieve the ultimate aim of gene transfer to non-
cycling cell populations. This was based on theoretical considerations of vector design
and the knowledge that has been gained from the continued development of MLV based

vectors which has established some basic principles for vector performance.

RESULTS AND DISCUSSION

3.2 B-GLUCURONIDASE VECTOR
CONSTRUCTION

Three vectors were constructed including an MLV based vector to be used as a
control, a hybnd HIV-1/MLYV vector and an entirely HIV-1 based vector, all of which were
designed to express the B-glucuronidase cDNA. The B-glucuronidase cDNA (2191 bp)
was excised from pGEMA4fgluc (Oshima et al., 1987) with EcoRI, made blunt-ended by
filling in with Klenow (section 2.2.4) and cloned into the Stul site of pLX. The pLX
vector 1s a simplified MLV vector derived from pLNCX (Miller and Rosman, 1989) but
with both the neomycin resistance gene and cytomegalovirus (CMV) immediate early
promoter removed. This created a MLV based retroviral vector for gene transfer of the
lysosomal enzyme B-glucuronidase, pLXpgluc (Figure 3.1).

The initial rationale for the development of an HIV-1 based vector was to create a
transfer vector that was independent of the viral protein Tat (described in section 1.3.1.4).
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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-1 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
BamH]I site for the cloning of reporter genes (B-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 LTRMLVF1 and R1 were used for the 5°
LTR segment (bases 3666 - 4189) which was cloned 5° Not1/3” Spel into pBluescript II
SK (+). The 3’ LTR region (bases 3679 - 4292), amplified with LTRMLVF2 and R2, was
cloned 5° Pst1/3” HindIll. 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 HIV1Fn, HIV2Fn, HIVI1Rn,
HIV2Rn and HIV3Rn was cloned 5° Spel/3” BssHIL. Oligonucleotides HIV3Fn, HIV4Fn,
HIV5Fn, HIV4Rn, HIV5Rn, HIV6Rn and HIV7Rn comprise the 3’ end which was cloned
5> BssHII/3’ Pstl. For cloning, the oligonucleotides were heated to 95°C and then
annealed by cooling slowly to room temperature. Both these fragments were cloned into
pSP70BssHII, a modification of pSP70 containing a polylinker with a BssHII restriction
site. This was made by annealing and cloning two oligonucleotides, BssHIIF and
BssHIIR, 5° Spel/3” Pstl 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° Spel/ 3’ PstI and then cloned
into the pBluescript II SK (+) vector that contained the MLV LTRs. Lastly, the B-
glucuronidase cDNA was inserted as an EcoRI blunt-ended fragment from pGEM4pgluc
into an end-filled BamHI site, to create the final vector pHIV/MLVgluc (Figure 3.1).
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FIGURE 3.1

Diagrammatic representation of vectors expressing
B-glucuronidase.

Detailed construction of the threc vectors, pLXBgluc, pHIV/MLVpgluc and
pHIVSV40Bgluc is provided in section 3.2. The pLXPgluc vector contains the -
glucuronidase cDNA in the Stul site of pLX, the extended packaging signal (¥'+) is shown.
The 390 bp HIV-1 sequence is shown in full underneath the three vector diagrams. The
integration signal is shown in italics, the primer binding site is underlined, splice donor
shown in bold, the major packaging signal is in bold and italicised and the polypurine tract
1s underlined and italicised. Additional nucleotide changes are shown in brackets. The
change in the expected sequence from a G to a C is indicated in lower case (see lext for
details). The gag initiation codon mutagenised to TAG is shown s shown in bold. The
open region of the LTRs in pHIV/MLVfgluc is derived from MLV and shaded regions
denote HIV-1 sequence. The pHIVSV40Bgluc vector contains LTRs from pHIV-YU2,

thus have no MLV sequence.
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5/ CTAGTGTGTGCCCGTCTGTTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTA
GTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGARCAGGGACTTGARAGCGARAGCGAA
Iintegration signal primer binding site
AGGAAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCCGCGCACGGCAA
GAGGCGAGGGGCGGCGACTG (C) T (C) AGTA (G) G (G) CAAAAATTTTTGACTAGCGGA
splice donor packaging signal
GGCTAGAAGGAGAGAGTAGGGTGCCAGAGCGTCAGTATTAAGTGCGGGCGAATTAGATA
gag
AGTGGGARAAAATTCGGTTAAGGCCAGGGCGARAGAARCARTATAGATTARRACATASG
am

ATCCAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCCCAACTGCAS '
polypurine tract integration signal
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A third vector was created by replacing the LTRs of pHTV/MLVB gluc with HT\T-_I
LTRs and including the Simian Virus immediate early promoter (SV40) as an internal
promoter to drive pB-glucuronidase expression. This vector thereforc contains no MLV
sequences. The use of an internal promoter was necessary because the HIV-1 LTR will
not function as a promoter without the frans-activating protein Tat. This (HIV-1 based)
vector, pHIVSV40Bgluc, was produced by amplification of the HIV-1 LTRs by PCR from
pHIV-1 YU2. The 5° LTR was amplified with primers 5’LTRF and 5’LTRR and cloned -
into pBluescript II SK (+) 5'Not1/3’Spel.  Primers 3’LTRF and 3’LTRR were used to
generate the 3° LTR which was cloned 5’BamH1/3’Clal. The same 390 bp oligonucleotide
synthesised fragment from the above pSP70 clone, was then cloned 5’ Spel/3’ Pstl
between the two LTRs. A linker incorporating the restriction sites (5° to 3”) BamHI, Stul,
Hindlll and EcoRI, made by annealing two oligonucleotides BamHIF and BamHIR, was
then cloned into the BamHI site to give pB/SHIVLTR. The SV40 promoter was removed
BamHI (57) and HindlIl (3”) from pLNSX (Miller and Rosman, 1989), end-filled, and then
blunt-cloned into the end-filled BamHI site of the vector to create pHIVSV40. Finally, the
B-glucuronidase cDNA was excised from pGEM4Bgluc with £coRI and cloned into the
veclor, as already described, to create pHIVSV40pgluc (Figure 3.1).

3.3 HELPER PLASMIDS

The MLV amphotropic envelope protein was provided by penvAm (Markowitz et
al., 1988b). For the MLV gagpol sequence pcDNA3MLVgagpol (D. Anson, unpublished)
was used. The HIV-1 gagpol sequence was isolated from pHIV-YU2 as a 5’ Haell/3’
Ndel fragment (bases 638 to 5122), made blunt-ended with Klenow (section 2.2.4) and
cloned into the EcoRV site of pcDNA3.1. Correct orientation of the gagpol insert was
determined by restriction enzyme analysis. This construct was named
pcDNA3HIV10gagpol.

The tat (exon 1), vif, vpr, vpu and nef reading frames were isolated by PCR using
primers encompassing the ATG initiation codon and the relevant stop codon for each
protein from pHIV-YU2 (Genbank accession number M93258) with no extraneous (ie 5’
or 3’ of these codons, respectively) HIV-1 sequence included. A Kozak translation
initiation consensus sequence (GCCACC) was added upstream of the initiating
methionine. For the first exon of tat (bases 5831 - 6049 of pHIV-YU2), the primer pair
tatF and tatR, flanked by a 5° FcoRI and a 3 Xbal restriction site was used. The PCR
product was then cloned as an EcoR1l/Xbal fragment into pcDNA3.1 to create pcDNA3tat.
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~In the first instance bicistronic éxpression vectors were made for two pairs of the
secondary proteins in each plasmid. For vif (pHIV-YU?2 bases 5039-5617) the primer pair
used was VifF and vifR to create a PCR product that was cloned into pBluescript IT SK (+)
as an EcoRI/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 Ncol/Notl into
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 was
amplified from pCITE4a using primers IRESF and IRESR, both of which incorporate a
BamHI site. This PCR product was then cloned into the BamHI site of pB/Svifvpu and the
orientation of the IRES fragment was determined by Apal/Notl digestion. The entire
vifIRESvpu sequence was then restricted from this clone with an EcoRI/Notl digest and
transferred into the same two sites of pcDNA3.1 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 Ncol/Notl 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 Pstl/BamHI sites. The
IRES sequence was then cloned into the BamHI site as described above. The transcription
unit encompassing nefIRESvpr was then restricted with Pstl, 3’ end-filled, then digested
with Norl and cloned into the EcoRV and Notl 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 efficiency of 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 cytoplasm staining pink grading through to a
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deep red comer amounts of P-glucuronidase. Pink/red coloured cclls were
counted.

Table 3.1 shows that the MLV system worked well and successfully transduced the
target cells (immortalised murine MPS VII fibroblasts (m3521)) as noted by the dark red
cytoplasmic staining. In contrast, m3521 cells transduced with the HIV-1 based vector
(pHIVSV40Bgluc) only stained a weak pink colour. The hybrid MLV/HIV vector was
clearly negative as evidenced by a lack of pink colour scen in the cytoplasm of any of the
m3521 cells. The plasmid combinations used in Table 3.1 were also used to transduce
human MPS VII skin fibroblasts (SF382) and Figurc 3.2 shows an example of the
histochemical staining of SF382 that have been transduced with the HIV-1 derived vector
as compared with some untreated SF382, The results from the transductions of SF382
have not been tabulated but support those presented in Table 3.1.

The inclusion of expression constructs for the secondary proteins in the
transfection did not seem to have any positive effect on the number of MPS VI fibroblasts
that expressed P-glucuronidase. The number of transduced MPS VII fibroblasts actually
decreased in the presence of the secondary proteins from 32 to & positive cells counted in
10 squares. This negative effect observed with the secondary proteins may be a
consequencce of the transfection conditions. Due to the fact that 1 pg of cach plasmid was
used in every transfection inclusion of the secondary protein constructs increased the total
amount of DNA transfected by 2 pg.

Of particular interest was the 13 positive cells seen when pHIVSV40Bgluc was
transfected with the gagpol sequence derived from MLV. Upon the inclusion of an
expression construct for Tat, the number of transduced MPS VII fibroblasts increased to
29 with the MLV gagpol sequence. This was unexpected because it was not thought
possible that the structural and enzymatic retroviral components from MLV could package
an HIV-1 genome. However, it later became obvious that there was an alternative

explanation for this cbservation other than transduction (see the following section).

3.5 BIOLOGICAL EVALUATION

The minimal plasmid combination required for detectable transduction as measured
by PB-glucuronidase staining in MPS VII fibroblasts, consisting of pHIVSV40Bgluc,
pcDNA3tat, pcDNA3HIV10gagpol and penvAm was tested for the ability to correct both
the enzyme defect and storage of glycosaminoglycans in human MPS VII skin fibroblasts
(SF382) and immortalised murine MPS VII fibroblasts (m3521). As no positive influence
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could be attributed to the inclusion of th?sgcondary 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 SO, as described in section 2.2.20. Studies with cultured
fibroblasts from patients with a variety of MPS disorders have shown that active enzyme
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 fibroblasts as shown by
enzyme activities and the reduction in 33S counts in the cell lysates of the target cells
(Table 3.2). The HIV-1 derived vector pHIVSV40Bgluc seemed to be more effective than
the MLV vector pLXpgluc. The amount of S storage in human MPS VII fibroblasts was
reduced from 2937 cpm to 225 cpm with pHIVSV40Bgluc. This correlated well with the
amount of labelled material in the control skin fibroblasts (118 cpm *°S). However, it was
also shown that medium removed from 293T cells that had been transfected with only the
vector (pHIVSV40Bgluc), without any packaging functions, contained B-glucuronidase
activity (data not shown). Sufficient -glucuronidase produced from pHIVSV40Bgluc 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 293T
cells transfected with the vector and the helper plasmids (Table 3.2).

It is well known that lysosomal enzymes, including f-glucuronidase can enter cells
via 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 [-glucuronidase expressed from the vector,
pHIVSV40Bgluc, 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-1
based system had worked, enzyme uptake via the MPS VII fibroblasts 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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TABLE 3.1
Histochemical staining of transduced MPS VII fibroblasts.

Viral supernatant from 293T cells transfected with the following plasmid
combinations was used to transduce murine MPS VII fibroblasts (m3521) as described in
sections 2.2.18. Positive cells were visualised histochemically by staining for [-
glucuronidase as described in section 2.2.19 under a light microscope (40 x
magnification). Cells with pink to red cytoplasm were counted and recorded. In cases of

few positive cells 10 squares of the 35 mm grid dish were counted as indicated above. (n =

3).

Plasmids transfected Positive cells counted
pLXPgluc too many positive cells to count, at least 50% of
pcDNA3MLVgagpol the cells in each square were positive (dark red
penvAm cytoplasm)
pHIV/MLVBgluc negative
pcDNA3MLVgagpol
penvAm
pHIVSV40Bgluc 13 + 3 positive cells in 10 squares
pcDNA3MLVgagpol (pale pink)
penvAm
pLXPgluc too many positive cells to count, 25% of the cells
pcDNA3MLVgagpol in each square were positive (dark red
penvAm cytoplasm)
pcDNA3tat
pHIV/MLV gluc negative
pcDNA3MLVgagpol
penvAm
pcDNA3tat
pHIVSV40Bgluc 29 + 4 positive cells in 10 squares
pcDNA3MLVgagpol (pale pink)
penvAm
pcDNA3tat
pLXPgluc negative
pcDNA3HIV10gagpol
penvAm
pHIV/MLV 3gluc negative
pcDNA3HIV10gagpol
penvAm
pHIVSV40Bgluc 3 1+ 2 positive cells in 10 squares
pcDNA3HIV10gagpol (pale pink)
penvAm
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Plasmids transfected

Positive cells counted

pLXPgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3tat

negative

pHIV/MLVgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3tat

negative

pLXpgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3VIfIRESvpu
pcDNA3nefIRESvpr

negative

pHIV/MLVBgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3VifIRESvpu
pcDNA3nefIRESvpr

negative

pHIVSV40Bgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3vVIfIRESvpu
pcDNA3nefIRESvpr

negative

pLXBgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3tat
pcDNA3vVIfIRESvpu
pcDNA3nefIRESvpr

negative

pHIVSV40Bgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3tat

32 + 4 positive cells in 10 squares
(pale pink)

pHIVSV40Bgluc
pcDNA3HIV10gagpol
penvAm
pcDNA3tat
pcDNA3vVIfIRESvpu
pcDNA3nefIRESvpr

8 + 2 positive cells in 10 squares
(pale pink)
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FIGURE 3.2

Transduced MPS VII fibroblasts.
The top photograph depicts human MPS VII skin fibroblasts (SF382) stained

histochemically for the lysosomal enzyme B-glucuronidase as described in section 2.2.19.
Medium from 293T cells transfected with pHIVSV40p3gluc, pcDNA3HIV10gagpol,
penvAm and pcDNA3tat was used to transduce the MPS VII fibroblasts. The fibroblasts
were stained for B-glucuronidase activity 72 h following transduction.

The bottom photograph shows SF382 stained for B-glucuronidase activity that had

becn transduced with medium from untransfected 293T cells (negative control).
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TABLE 3.2

Labelled storage material and B-glucuronidase activity in
transduced enzyme-deficient fibroblasts.

Human MPS VII skin fibroblasts (SF382) and immortalised murine MPS VII
fibroblasts (m3521) were metabolically labelled with >S4 as described in section 2.2.20.
Viral supematant from 293T cells transfected with the above plasmid combinations was
used to transduce these f{ibroblasts as described in sections 2.2.18. Cecll lysates prepared
from the transduced cclls were then counted for *°S containing storage material and

assayced for [3-glucuronidase activity as described in section 2.2.20. Where possible,

control fibroblasts (SF4681) were included for comparative purposes.

Plasmids transfected Cell line S B-glucuronidase
transduced cpm nmol/min/ml
nonge Control skin 118 12.5
fibroblasts
(SF4681)
none m3521 35558 0.1
none SF382 2937 0.03
pHIVSV40pgluc SF382 225 7.4
pcDNA3tat
pcDNA3HIV10gagpol
penvAm
pHIVSV40Bgluc m3521 1304 5.0
pcDNA3tat
pcDNA3HIV10gagpol
penvAm
pHIVSV40pgluc SF382 298 5.8
pLXBgluc SF382 323 23
pcDNA3MLVgagpol
penvAm
pLXpPgluc m3521 2912 223
pcDNA3MLVgagpol
penvAm
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identification of transduced cells on the assumption that the SV40 promoter or MLV/HIV
hybrid LTR are as transcriptionally active as the MLV LTR.

Any virus particles that may possibly have been produced in the HIV-1 vector system
could conceivably have been masked by the pf-glucuronidase in the medium from the 293T
cells. For this reason reverse transcriptase (RT) measurements were performed on all the
viral supernatants used in Table 3.1 by monitoring the incorporation of radioactive dTTP as
described in section 2.2.13. RT was only detected with the MLV system *p incorporation
ranged from 3700 to 4500 cpm with pcDNA3MLVgagpol, compared to 120 to 300 cpm
with pcDNA3HIV10gagpol, the latter being indistinguishable from background). Therefore,
there is no evidence that pcDNA3HIV10gagpol is functional as one of the gene products,

reverse transcriptase, could not be detected.

3.6 CONCLUDING DISCUSSION

The lysosomal storage disorder, MPS VII, theoretically provided an attractive
experimental system. Viral titre can be analysed by histochemical staining for f-
glucuronidase in transduced cells and gene expression of the enzyme can be measured by a
simple fluorimetric enzyme assay. Gene therapy for MPS VII is biologically relevant, and
it 1s easy to measure correction of MPS VII cells by the clearance of *3S labelled substrate
storage. However, the expression and transfer of B-glucuronidase from the 293T cells as
observed, was not anticipated.

The SV40 promoter is inactive in 293T cells due to trans-repression by large T
antigen (Dubridge et al., 1987). Therefore in the pHIVSV40p3gluc vector, expression of B-
glucuronidase must be from the LTR and sufficient to enable enzyme transfer from the
293T cells via the medium to the MPS VII fibroblasts. This allowed enzymatic correction
of the MPS VII fibroblasts which mimics the situation that would occur in enzyme
replacement therapy. The hybrid MLV/HIV-1 vector, pHIV/MLVgluc, did not seem to
express [B-glucuronidase at levels high enough to be transferred to the MPS VII fibroblasts
via the medium, as evidenced by the lack of histochemical staining. Nevertheless, the fact
that 1t may have expressed the reporter gene, albeit at weaker levels, cannot be ruled out.

The MLV system appeared to be working because of the brightly stained MPS VII
fibroblasts. There is still the possibility that this is a consequence of enzyme transfer
because virus was not directly demonstrated in the supernatant from the 293T cells.
However, reverse {ranscriptase measurements show that virus particles were in fact being

produced. This would be anticipated with such a well-established and efficient system.
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The lack of the viral enzyme reverse transcriptase in the medium of the transfected 293T
cells with either the pHIV/MLV Bgluc or pHIVSV40Bgluc vectors, together with any of the
combinations of helper plasmids, suggested no viral particles were produced.
Alternatively, perhaps very low numbers of virus particles were produced but below limits
of detection for reverse transcriptase activity. Some of the transfected 293T cells
transfected with the minimal plasmid combination (section 3.5) were examined under
electron microscopy to see if there was any evidence of viral particles budding from the
surface of the transfected 293T cells. The electron micrographs were hard to interpret but
no virus-like particles could be identified (data not shown). This avenue of
experimentation was not pursued.

There are several possible reasons as to why the HIV-1 vector system was not
working. Pseudotyping the HIV-1 particles should not be the causc of the problem as this
has been successfully shown previously (Spector et al., 1990). The HIV-1 LTR seems to
be operational, at least in terms of its promoter function, as demonstrated by efficient 3-
glucuronidase expression. The hybrid MLV/HIV-1 LTR seems to be less efficient
although it remains unknown as to whether or not it is detrimental to virus production.
The absence of reverse transcriptase in the medium indicates that the
pcDNA3HIV10gagpol plasmid is unable to express and/or process the GagPol polyprotein
protein efficiently. The two bicistronic expression plasmids (pcDNA3vifIRESvpu and
pcDNA3nefIRESvpr) were not tested for their ability to express any of the secondary
proteins of HIV-1. One or more of the helper plasmids may simply not be expressing a
viral protein that is essential for virus production. Altematively, there may be a fault in a
regulatory or cis function of the virus.

Limited sequence analysis performed on the pHIV-YU2 clone, has identified some
polymorphisms (data not shown). This has raised the question as to whether or not the
pHIV-YU2 clone has been misidentified. To answer this, the pHIV-YU2 clone should be
tested for replication competency. This could not be done however, because the facilities
for such an experiment were not available. In conclusion, from the experiments conducted
in this chapter it is not possible to ascertain what component of the virus production
system is preventing the formation of virus particles. The results in Chapter four suggest
that the gagpol sequence is functional, and probably both the vector and packaging system
were inefficient, resulting in very low viral titres that could not be detected with this
experimental system.

In July 1996 Naldini et al. published an HIV-1 based gene transfer system that
successfully transduced non-dividing cells. The packaging plasmid pPCMVARnr (Kafti et
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al., 1997; Naldini et al., 1996b) used in this study was obtained to eliminate the many
variables of the packaging system described in this chapter. It should be noted that, at this
point, it would have been possible to test both the pHIV/MLV Bgluc and pHIVSV40Bgluc
vectors with the pCMVARnr packaging plasmid. Due to the other limitations of the MPS
VII system outlined in this chapter, it was decided to pursue a simpler system. Such an
approach was aimed at developing and assessing the helper and vector virus functions
independently. Furthermore, a more versatile and robust envelope protein from the
vesicular stomatitis virus G glycoprotein (VSV-G) provided by pHCMV-G (Yee et al.,
1994) was used. Using pPCMVARnr and pHCMV-G a direct assessment of vector function
could be made without the complicating factors of all the helper plasmids. The vector was
further simplified by inserting the EYFP (enhanced yellow fluorescence protein) coding
sequence as the reporter gene, enabling transduction to be measured by FACScan analysis.
The evaluation of a packaging system for HIV-1 based vectors is described in Chapter four

and different vector constructions in Chapter five.
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CHAPTER FOUR

HELPER PLASMIDS
FOR HIV-1 DERIVED
VECTORS






4.1 INTRODUCTION

The approach taken here for engineering HIV-1 (human immunodeficiency virus
type 1) based packaging plasmids and cell lines has been modelled on that for MLV
(Moloney leukemia virus) (Cosset et al., 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
cis 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 functions 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, 1991; 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 et al., 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-1 based gene delivery systems (Naldini et al., 1996a),
as well as some other lentiviruses such as HIV-2 (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-1 raises heightened safety
concerns. Following in the light of MLV, HIV-1 based packaging systems have evolved
through successive alterations to the original proviral clone (Carroll ez al., 1994; Reiser et
al., 1996; Corbeau ef al., 1996; Naldini et al., 1996a; Srinivasakumar ef 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-1 genes and
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substitute them with heterologous sequence elements that can function in their place (Kim
et al., 1998; Gasmi et al, 1999; Srinivasakumar and Schuening, 1999). All these
modifications have been aimed at preventing the generation of replication competent virus.

Although transient transfections are now relatively common for the production of
lentiviral vectors, such methods limit the amount of vector particles that can easily be
produced. Bio-safety is further compromised in transient expression systems because
recombination events appear more likely than in stable packaging cell lines. Ideally, stable
HIV-1 based packaging cell lines, providing the viral proteins in frans, are needed. Like
first generation MLV systems, a common problem is that stable HIV-1 packaging lines
have used a single partially defective HIV-1 genome to express gag, pol and the accessory
and regulatory proteins (Carroll et al., 1994; Corbeau et al., 1996; Kafri et al., 1999). This
design presents unacceptable bio-safety risks because the packaging constructs are too
close to the parental virus. Additional problems have been low vector titres and in most
cases because the cognate viral envelope was used, tropism has been limited to CD4+ cells
(Yu et al., 1996, Kaul et al., 1998). More recently a multiply attenuated, inducible HIV-1
derived packaging construct expressing only Rev and GagPol, pseudotyped with the
vesicular stomatitis virus G envelope, has been created (Klages et al., 2000). This
inducible cell line yielded titres comparable with transient systems for approximately 1
week after induction.

This chapter is devoted to the development of a packaging system for HIV-1 based
vectors. Most of the HIV-1 derived vector production systems described to date, consist of
the co-transfection of three plasmid constructs (i) a packaging plasmid containing all HIV-
1 genes except the env gene, (ii) a plasmid expressing the G glycoprotein of vesicular
stomatitis virus (VSV-g) to confer a broad host range to the vector, and (iii) an HIV-1
based vector containing the gene to be transferred to target cells. The aim of this work was
to develop a helper cell line for HIV-1 based vectors (described in Chapter five) designed
primarily to maximise bio-safety but also to optimise the titre obtained from such vectors.
Initially the creation of a stable inducible packaging cell line was attempted to provide the
HIV-1 viral proteins required in trans. However, this proved unsuccessful. Subsequently
a transient system was developed by dissecting the HIV-1 genome into individual plasmids
to provide all the necessary trans functions of the virus. Individual expression constructs
were made for the expression of gagpol, tat (exon 1), vif, vpr, vpu and nef. For each of
these plasmids a minimal open reading frame was linked to heterologous transcription
regulatory sequences. Rev was provided by pCMVrev (Lewis ef al., 1990) in which the

Rev protein is expressed from the cytomegalovirus (CMV) promoter.
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In order to maximise expression and reduce sequence homology between the vector
and packaging constructs the codon usage of gagpol was modified. The entire gagpo!
open reading frame was resynthesised using optimised mammalian codon usage. HIV-1
uses rare codons for the majority of its amino acid sequence, which may be important for
temporal regulation of gene expression. These rarc codons probably result in RNA
instability and thus poor expression in the absence of Rev/Rev response element (RRE).
By optimising the DNA sequence to usc preferred codons for the respective amino acids it
was hoped that expression of the GagPol protein may be increased and the dependence on
Rev/RRE removed. Codon-optimisation will also minimise sequence homology with the
vector sequence in which 5 gag sequence 1s deemed necessary for efficient packaging
(McBride et al., 1997). The idea of maximal separation of the frans functions was then
extended by altempting to express the two polyproteins encoded by the gagpol
transcriptional unit via two separate plasmids, again using codon-optimised sequence.
This was unsuccessful primarily because the pol encoded proteins need to be provided in
the form of a gagpol precursor molecule. Therefore two codon-optimised plasmids for the
expression of Gag and GagPol were created. The helper functions for virus production
were able to be provided from these separate codon-optimised expression constructs
meaning the gagpol translational frameshift sequence could be removed from the virus
production system.

As outlined in Chapter one, Gag molecules must be generated in large numbers to
serve as precursors to the structural proteins of the virus particles. The enzymes encoded
by the pol gene are usually needed in smaller amountis. By using the same initiation codon
in the same mRNA to express the gag and pol genes, co-regulated expression of these
proteins is achieved. In general between 10 and 20 Gag molecules are synthesised for
every molecule of GagPol. To produce the gagpol precursor the gag termination codon is
bypassed, a process that occurs by one of two mechanisms. The first mechanism, used by
MLYV and related viruses is read-through suppression, whereby the gag termination codon
is occasionally misread as a sense codon. Translation can then proceed past the stop codon
and into the pol reading frame.

The second way to bypass the gag termination codon is known as ribosomal
frameshifting. Ribosomal frameshifting is used by most retroviruses including HIV-1.
The mechanism involves a ribosome to occasionally slip backward one nucleotide ic -1 in
the 5’ direction (-1 frameshift), during the translation of gag. As such, the ribosome
leaves the gag reading frame, with its downstream termination codon, and shifis into an

overlapping portion of the pol reading frame (Jacks et al., 1988). It would appear from
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mutational analysis of theit;rameshifTregion that the -1 frameshift occurs after a particular
codon has been read (Jacks et al., 1988; Wilson et al., 1988). Following the translocation,
the nucleotide in the third position of the last codon read in the original reading frame (0)
becomes the first codon in the new reading frame (-1). This -1 frameshift signal is made
up of two elements. A seven nucleotide rcgion encompassing the last two codons in the
original reading frame and the preceding nucleotide. This heptanucleotide is known as the
slippage or shifty sequence and is where the ribosome actually shifts. This frameshift
region is depicted in Figure 4.1. The second element is a downstream stem loop structure
that functions as a stimulator of frameshifting.

To remove this framsehift region and express only the GagPol precursor protein, a
construct termed pcDNA3gagpolfusionml was made. In this construct the
frameshift/overlap region was replaced with codon-optimised sequence encoding the
GagPol precursor polypeptide. This effectively abolishes the regulated control of the
GagPol precursor polyproteins and synthesis of the Gag precursor molecules. When
pcDNA3gagpolfusioml was combined with a plasmid expressing only Gag, viral particles
were produced at comparable levels to a gagpol plasmid containing a functional framecshift
region.

To increase safety of vector systems based on HIV-1, most of the accessory genes
have been deleted from the packaging construct (Zutferey et al., 1997; Mochizuki et al.,
1998; Gasmi et al., 1999), thereby mimimising the risk of producing wild type HIV-1.
Whilst the minor proteins are generally not considered essential for production of VSV-G
pseudotyped recombinant virus, they have been shown to have a relattvely small influence
on virus production. For example, Srinivasakumar and Schuening (1999) reported that
Vpr and the combination of Vpr and Vpu increased virus particle production.
Additionally, Chinnasamy et al. (2000) have shown that the transduction of primary
resting lymphocytes with HIV-1 based vectors requires the presence of the viral accessory
proteins. In Chapter three bicistronic expression plasmids for the accessory proteins were
included in the gene transfer system. There was however, no indication that any of the
proteins were actually expressed from the constructs. In this chapter, individual
expression constructs were made for the accessory proteins, evaluated by western blot

analysis and assessed for their contribution in virus production.
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FIGURE 4.1
Frameshift suppression in the synthesis of HIV-1 GagPol.

The nucleotide sequences at the HIV-1 frameshift site and the amino
acids that are encoded in the Gag and GagPol precursor molecule are shown. The
amino acid sequence shown above the sequence is read by the gag reading frame
and the amino acid sequence indicated below the sequence is read by the gagpol
reading frame. The boxes demarcate the two reading frames for gag and gagpol
and the A residue (shown in bold) represents the nucleotide that is read in both

reading frames.

95




The chapter is divided into three parts dealing with (1) the core viral proteins
contained within the gagpol gene, (2) the regulatory proteins and finally (3) the accessory
proteins. For determinations of wviral titrc the vector wused was
pHIVext5SSV40EYFPppt+RRE (sce section 5.3) which transduces the enhanced yellow
fluorescent protein (EYFP) under the transcriptional control of the SV40 early promoter.
While this is not a fully optimiscd vector design i1t was the best one available at the time.
HIV-1 viral particles were pseudotyped with VSV-G provided by pHCMV-G (Yee et al.,
1994). This envelope protein expands the host range of viral particles produced so as not
to limit tropism to CD4+ cells as would be the case if the cognate HIV-1 envelope was
uscd. An additional advantage is the robust property of VSV-G conferring stability to
pseudotyped HIV-1 viral particles.

RESULTS AND DISCUSSION
PART ONE
4.2 STABLE CELL LINE FOR GAGPOL

A construct for the stable expression of gagpol/ was generated using a
glucocorticoid inducible promoter. This promoter is contained in the pGRES.1 expression
plasmid and is composed of five high affinity glucocorticoid response clements placed
upstream of the adenovirus 2 major late promoter “TATA” region and can be induced by
dexamethasonc (Mader and White, 1993). Firstly, the 5’ region of the gagpol sequence
was altered to reduce sequence homology with 5° gag sequence present in the vector
construct. A 1.625 kb Bg/ll fragment was isolated from pHIV-YU2 (bases 470 — 2095) (Li
et al., 1992) and cloned into pSP70. The first 300 bp of gag and 30 bp of the rat
preproinsulin 5” untranslated region were synthesised as nine overlapping oligonucleotides
(gaglF to gagbR). This gag sequence encoded the same amino acids for the HIV-1 gag
gene with alternative codon usage (Australian National Genome Information Service
(ANGIS) ecoﬁigh.cod). This sequence was cloned 5’ EcoRI/3” BsrGI such that it replaced
endogenous sequence up to the BsrGl site (base 1049 in pHIV-YU2) in the 1.625 kb Bg/ll
gagpol fragment. The remaining 3’ end of gagpo! (bases 2095 — 5122) was isolated from
pHIV-YU2 as a 5° Bglll/3" Ndel {ragment and cloned 5° Bg/ll/3* AfIll to complete the
gagpol coding sequence. This entire sequence was then cloned 5° EcoRI/3” Nod into

pGRES5.1. The GRE promoter element, modified gagpo! sequence and poly A site were
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removed as an Xbal fragment and cloned into the Spel site of pBluescriplpurR (D. Anson,
unpublished), to create pB/Spur"GRES5.1 gagpol.

pB/Spur*GRES5.1gagpol was then transfected into both 293 and NTH3T3 cells
using Lipofectamine and cells were selected with 2 pg/ml puromycin.  Selection of
NIH3T3 cells worked well, 48 clones were isolated and expanded into T25 flasks. The
sclection of 293 proved more difficult. Despite the construction of a killing curve, which
identified a concentration of 2 pg/ml puromycin as sufficicnt to kill 293 cells, no
transformants were identified. Lowering the concentration of puromycin to either 1.5
ng/ml or 1 pg/ml was insufficient to kill non-transfected 293 cells. Consequently
transfected 293 cells were sclected for five days in 2 pg/ml puromycin and then the
puromycin was removed and the cells allowed to recover. Using this method, 20 clones of
puromyecin resistant 293 cells were isolated.

To induce expression of gagpol, 25 nM dexamethasone (final concentration) was
added to the culture medium of the 48 pur® NIH3T3 clones and the 20 293 pur” clones.
The cells were induced for 48 h after which reverse transcriptase assays were performed on
10 pl samples of the culture medium and filter papers were counted for **P incorporation
(sections 2.2.13 and 14). For a positive control, medium from PA317 cells, which is a
stable packaging cell line for MLV vectors, was used with and without exposure to
dexamethasone. The results in Table 4.1 show that no reverse transcriptase activity was
detected in any of the pur® NIH3T3 or 293 clones, in contrast to the PA317 cell line. It
was interesting to observe that addition of dexamethasonc to the PA317 cell line
attenuated the reverse transcriptase activity by approximately 58 %, although no obvious
ccll damage was observed. The PA317 cells growing in 25 nM dexamethasone appeared
to display the same phenotype and growth characteristics as those growing in the absence
of dexamethasone.

A PCR assay was used to assess the presence of any gagpol plasmid sequence in
the transfected 293 and NIH3T3 clones. For each of the clonal cell lines, the cells were
harvested and counted. One thousand cells were incubated overnight in 1 x PCR buffer in
the presence of 30 pg/ml proteinase K at room temperature. The proteinasec K was then
heat inactivated at 95°C for 5 min prior lo the PCR. Primers gagpolF and gagpolR were
used to create a 1240 bp product and the PCR was performed as described in section
2.2.11.2. Figure 4.2 shows that only one of the 293 clones demonstrated a possible weak
PCR product of the correct size. Photographs of agarose gel electrophoresis of PCRs on

all the NIH3713 clones and the remainder of the 293 clones, positive and negative controls
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TABLE 4.1

Measurements of **P corresponding to reverse transcriptase
activity.

Cell lines constructed in 293 and NIH3T3 cells transfected with the construct
pB/Spur*GRES5.1gagpol. Cells were selected in 2 pg/ml puromycin and induced for
GagPol expression with 25 nM dexamethasone. Reverse transcriptase was measured in
the supernatant and is expressed as 2P counts per minute (cpm) detected on filter paper
following the enzyme reaction (sections 2.2.13 and 2.2.14). PA317 stably expresses the
Moloney leukemia virus (MLV) GagPol.

Clone type and number 2P cpm
293 #1 813
293 #2 663
293 #3 675
293 #4 682
293 #5 647
293 #6 551
293 #7 533
203 #8 587
293 #9 558
203 #10 606
203 #11 997
293 #12 589
293 #13 578
293 #14 622
293 #15 678
293 #16 591

293 #17 813
293 #18 763
293 #19 826
293 #20 780
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Clone type and number

2P cpm

NIH3T3 #1 730
NIH3T3 #2 728
NIH3T3 #3 763
NIH3T3 #4 935
NIH3T3 #5 637
NIH3T3 #6 662
NIH3T3 #7 635
NIH3T3 #8 678
NIH3T3 #9 614
NIH3T3 #10 590
NIH3T3 #11 673
NIH3T3 #12 643
NIH3T3 #13 730
NIH3T3 #14 755
NIH3T3 #15 764
NIH3T3 #16 701
NIH3T3 #17 722
NIH3T3 #18 687
NIH3T3 #19 654
NIH3T3 #20 665
NIH3T3 #21 779
NIH3T3 #22 869
NIH3T3 #23 783
NIH3T3 #24 761
NIH3T3 #25 658
NIH3T3 #26 598
NIH3T3 #27 881
NIH3T3 #28 653
NIH3T3 #29 687
NIH3T3 #30 566
NIH3T3 #31 576
NIH3T3 #32 335
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Clone type and number

3P cpm

NIH3T3 #33 654
NIH3T3 #34 614
NIH3T3 #35 656
NIH3T3 #36 817
NIH3T3 #37 828
NIH3T3 #38 678
NIH3T3 #39 809
NIH3T3 #40 850
NIH3T3 #41 672
NIH3T3 #42 654
NIH3T3 #43 567
NIH3T3 #44 584
NIH3T3 #45 705
NIH3T3 #46 658
NIH3T3 #47 635
NIH3T3 #48 717
PA317 10211
induced PA317 4870
NIH3T3 689
induced NIH3T3 663
293 1021
induced 293 623
blank 151
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(plasmid DNA only) are not depicted. A repeat reverse transcriptase measurement was
performed on this one PCR positive 293 clone, but no activity was detected.

Induction by dexamethasone is possibly causing some problems and affecting the
expression of reverse transcriptase especially in light of its action on the PA317 cells.
Some doubt as to the integrity of the gagpol sequence could have been introduced via the
modifications that were incorporated at the 5’ end. Although the correct sequence had
been confirmed there may bc something in the nature of the 5° modification affecting
transcription and/or translation of the GagPol polyprotein. Furthermore, as cited in
Chapter three there was an clement of doubt as to the integrity of the pHIV-Y U2 clone (see
section 3.6). Future experimentation in scction 4.3 however, shows that the native gagpol
sequence from the pHIV-YU2 clone does produce p24 and is able to package virus (sce
next section). Apart from the one possible 293 clone that looked to contain the gagpol
sequence, the remaining negative PCR results suggest that selected clones were either
artifactual or had deleted gagpo! sequence. More analysis is clearly required to accurately
determine this. One other avenue would have been to express the native HIV-YU?2 gagpol
scquence in an alternative inducible expression vector and use a different inducing agent
such as tetracycline. Such a system has been described previously for the expression of the
trans functions of HIV-1, albeit with low titres (Yu ef al., 1996). Necvertheless, for the
reasons outlined above this did not seem worthy of pursuing at the time. Thus it was
decided that the optimisation of helper and vector constructs in a transient system would
be more feasible. Even though a stable packaging cell line for HIV-1 based vectors is the
desired outcome, their development can hopefully be revisited following demonstration of

an optimal system using transient expression.

4.3 TRANSIENT EXPRESSION OF
GAGPOL

4.3.1 NATIVE SEQUENCE

Initially three constructs for the expression of gagpol were made. The native
GagPol sequence encompassing bases 638 - 5122 from pHIV-YU2 was isolated as a 5’
Haell/3* Ndel fragment, end-filled with Klenow and cloned into the EcoRV site of
pcDNA3.1, creating pcDNA3HIV10gagpol. Correct orientation of the gagpo! sequence

was determined by restriction enzyme analysis. This fragment contains the entire GagPol
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FIGURE 4.2

Agarose gel electrophoresis of PCRs from 293 clones.

The gagpol expression construct pB/Spur"GRES. 1gagpol, was transfected into 293
cells. Cells were selected in 2 pg/ml puromycin and induced for GagPol expression with
25 nM dexamethasone. Primers gagpolF and gagpolR were used to amplify a 1240 bp
PCR product from one thousand cells. On the left of the figure arc markers generated
from pUC19/Hpall run on a 3 % (w/v) agarose gel. Lane 7 shows the presence of a weak
PCR product at 1240 bp in one of the 293 clones. No PCR product is evident in any of the

other lanes.
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coding sequence, 153 bp of 5° non-coding sequence and 31 bp of 3’ non-coding scquence.
Two derivatives of this native sequence were then madc. The 220 bp Rev response
clement (RRE) sequence was amplified by PCR from pHIV-YU2 using RREF and RRER.
A 5’ Notl and 3’ Xbal site were introduced into this sequence via the PCR primers and the
product was cloned into the same two sites of pcDNA3HIV 10gagpol, placing it in the 3’
non-coding region, to give pcDNA3HIV10gagpolrre. The last construct contained an
intron sequence as well as the RRE. The intron sequence was isolated by PCR from
signalplG as a BamHI/EcoRI fragment using the primers IN5’ and IN3’. The resulting
PCR product was then cloned into the BamHI and £EcoRI sites of
pcDNA3HIV10gagpolrre, placing it in the 5’ non-coding region, to produce
pcDNA3HIV10gagpolrreintron.

4.3.2 CODON-OPTIMISATION

In order to produce a codon-optimised GagPol sequence the entire coding sequence
for pHIV-YU2 GagPol was back-translated using optimal codon usage for mammalian
gene expression {(Australian National Genome Information Service (ANGIS) mam_h.cod)
The only exception was from bases 2060 - 2294 of the YU2 sequence which encompasses
the translational frameshift signal for cxpression of the GagPol polyprotein and the region
of overlap between the gag and pol reading frames. A short 5° non-translated sequence
containing a Kozak consensus sequence was added at the 5° end of the Gag coding
sequence. The entire sequence was flanked by a 5° HindlIIl and a 3” Xbal restriction site,
and cloned into pcDNA3.1 to produce pcDNA3gagpolml. The sequence was synthesised
as 175 overlapping 50 base oligonucleotides with two 25 base oligonucleotides for the
sequence overlap at both ends. The entire sequence is shown in Figure 4.3. The fragment
was assembled as described in section 2.2.12. It was not possible to put together the entire
sequence in one piece despite varying the assembly and amplification conditions.

Consequently it was decided to split the fragment into three separate segments,
each to be assembled and then joined through restriction sites at each end. The first
fragment, as defined by the 5’ start, was 1.108 kb flanked by a 5° HindIll and a 3" BstEIl
site (fragment 1), the middle fragment of 2.193 kb was defined by a 5° BstEll and a 3’
BamH] site (fragment 2), and the final fragment of 1.315 kb completed the gagpol
sequence beginning with a 5° BamHI and ending with a 3° Xbal site (fragment 3). It was

necessary to make some extra oligonucleotides to amplify each of the three fragments.
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These are shown in Figure 4.3. Each fragment was assembled as described in section
2.2.12 and then cloned into pBluescript II SK (+) using the appropriate restriction sites.

The 1.108 kb fragment 1 was successfully assembled and amplified, and was
cloned into the Hindlll and BstEIl sites of pB/sBstEIl. pB/SBstEIl was created by cloning
a Bs(EIl linker (using oligonucleotides BstElllinker F and R) into the EcoRI and BamHT
sites of pBluescript I SK (+). Fifteen clones of fragment 1 were sequenced with the
pB/SF and pB/SR primers and one was found to be completely correct. Thus no further
manipulation of fragment 1 was required.

Fragment 2 could not be isolated, despite manipulation of the assembly and
amplification conditions, only small products were obtained. Therefore the fragment was
split into two halves that were cloned and sequenced separately. Two primers amp215F
and amp215R were made that span an internal Kpul site dividing fragment 2 into a 1.108
kb 5’ piece and a 1.085 kb 3’ piece (see Figure 4.3). The 5’ half was assembled and then
amplified using amp2.5’ and amp215R. The 1.108 kb product was cloned 5° BsrEN/3’
Kpnl into pBluescript Il SK (+) creating pB/Sfragment25°’. The 3’ half was assembled and
then amplified using amp2.3’ and amp215F and then cloned 5° Kpnl/3’ BamHI into
pBluescript II SK (+), to produce pB/Sfragment23°.

Twelve clones of pB/Sfragment23” were sequenced but none of them were found
to be correct. However, it was possible to obtain a correct sequence by joining the 5 end
of onc clone, pB/Sfragment23°#4, with the 3’ end of another, pB/Sfragment23’#7. The
errors in pB/Sfragment23°#4 included an extra G residue at position 2811, a T residue in
place of a G residue at position 2660 and the omission of a C residue at position 2607. In
pB/Stragment23°#7 the mistakes identified were the omission of an A residue at position
2259, a G residue at position 2356 and a G residue at position 2609. The primers 260F
and 260R (Figure 4.3) that were used for the amplification of these two fragments rectified
the mistakes at both position 2607 and 2609. The 5’ end of pB/Sfragment23’#4 was
amplified with 10 cycles of PCR using primers 260R and pB/SF and the 3” end of
pB/Sfragment23’#7 was amplified with 260F and pB/SR. These two PCR products were
purified from an agarose gel and then placed togcther in another PCR. In this reaction the
overlap between the two PCR products allows synthesis of a full-length sequence which
could then be amplified using the external primers pB/SF and pB/SR. To enable the PCR
products to denature and re-anneal creating a full-length template for amplification, the
original set of conditions was modified. Cycle 1 was 95°C for 15 sec, 40°C for 30 sec with
a 60 min ramp time and 72°C for 1 min. Cycle 2 was 95°C for 15 sec, 45°C for 30 sec
with a 30 min ramp time and 72°C for 1 min, which was then followed by 8 cycles of 95°C
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for 15 sec, 50°C for 30 scc and 72°C for 1 min. The reaction mix was as described in
section 2.2.12 with the two individual PCR products added as template. The
concentrations of these were estimated by agarose gel electrophoresis to enable the
addition of approximately 100 ng of each to the reaction. The rcquircd fragment was
purified away from other non-specific bands by agarose gel electrophoresis and cloned into
the 5” Kpnl/3’ BamHI sites of pBluescript II SK (+). Six pB/S clones containing this
fragment were sequenced and all were error-free.

Ten clones of pB/Sfragment25’ were sequenced with pB/SF and pB/SR. All ten
clones were found to have errors. However, again two clones were identified that could be
aligned together to form a contiguous error-free sequence. The 5’ end of
pB/Sfragment25°#2 had correct sequence from the beginning of the fragment at the Bs/EIl
site up {o base 1400. This region was amplified with the primer pair pB/SF and 135F.
The 3° end of pB/Sfragment25’#7 had no errors from position 1320 until the end of the
clone at the Kpnl site and was amplified with pB/SR and 135R. These two PCR products
were purified from an agarose gel and then added to a subsequent amplification reaction
with the addition of the outer primers pB/SF and pB/SR and amplified with the same
conditions as those described above for the 3° end of fragment 2. The required fragment
was purified away from other non-specific bands by agarose gel clectrophoresis and cloned
into the 5° BstEIl/3” Kpnl/3® sites of pBluescript IT SK (+). Six pB/S clones containing
this fragment were sequenced, again all clones were free from errors.

For fragment 3 the full-length product of 1.315 kb was successfully isolated from
the assembly and amplification reaction. The fragment was cloned into the BamHI and
Xbal sites of pBluescript IT SK (+). Six clones were sequenced but all of them contained
errors. However, two clones, pB/Sfragment3#5 and pB/Sfragment#8, were identified that
could be joined by PCR to reconstilule the fragment free from errors. Sequencing
pB/Sfragment3#5 revealed error-free sequence from the 5’ end of the clone at the BamlII
site up to position 3750, with the exception of two base changes, a C residue in place of a
G residue at position 3009 and a T in place of a G at position 3027. Both of these base
changes were corrected with the sequence of the amplification primer 295F. The 5° end of
clone 5 was amplified by 10 cycles of PCR using two primers 295F and 370R. For the
pB/Sfragment3#8 error-free sequence was determined from position 3651 up to the 3’ end
at the Xbal site. The 3’ end of clone 8, using 370F and R1 primers was also amplified by
10 cycles of PCR. These two PCR products were then mixed in equal concentrations and

amplified with amp3.5N and pB/SR primers. The same amplification conditions as those
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FIGURE 4.3

Complete sequence of codon-optimised gagpol.

The entire gagpol sequence was resynthesised as 175 overlapping oligonucleotides
of 50 bases each, with the exception of the amplification oligonucleotides which are listed
in section 2.1.9. The restriction sites that demarcate the three fragments that were cloned
separately, sequenced and then aligned together to form a contiguous sequence are
indicated below the italicised sequence. Internal primers used to put together fragments of

the correct sequence are also illustrated. The frameshift region is shown in bold.

0 gggcccactcacagaagcttaaccatcagcaagcaggtcattgtgecac
Hindlll
MetGlyAlaArgAlaSerValLeuSerAlaGlyGluLeuAspLysTrpGl
1 ATGGGCGCCAGGGCCAGCGTGCTGAGCGCCGGCGAGCTGGACARGTGGGA

uLysIleArgLeuArgProGlyGlyLysLysGlnTyrArgLeulysHisI
51 GAAGATCAGGCTGAGGCCCGGCGGCAAGAAGCAGTACAGGCTGAAGCACA

levalTrpAlaSerArgGluLeuGluArgPheAlaValAspProGlyLeu
101 TCGTGTGGGCCAGCAGGGAGCTGGAGAGGTTCGCCGTGGACCCCGGCCTG

LeuGluThrSerGluGlyCysArgGlnIleLeuGlyGIlnLeuGlnProSe
151 CTGGAGACCAGCGAGGGCTGCAGGCAGATCCTGGGCCAGCTGCAGCCCAG

rLeuGlnThrGlySerGluGlulLeuArgSerLeuTyrAsnThrvalAlaT
201 CCTGCAGACCGGCAGCGAGGAGCTGAGGAGCCTGTACAACACCGTGGCCA

hrLeuTyrCysValHisGlnLysIleGluValLysAspThrLysGluAla
251 CCCTGTACTGCGTGCACCAGAAGATCGAGGTGAAGGACACCAAGGAGGCC

LeuGluLysIleGluGluGluGlnAsnLysSerLysLysLysAlaGlnGl
301 CTGGAGAAGATCGAGGAGGAGCAGAACAAGAGCAAGAAGAAGGCCCAGCA

nAlaAlaAlaAspThrGlyAsnSerSerGlnvValSerGlnAsnTyrProl
351 GGCCGCCGCCGACACCGGCAACAGCAGCCAGGTGAGCCAGAACTACCCCA

leValGlnAsnlLeuGlnGlyGlnMetValHisGlnAlaIleSerProArg
401 TCGTGCAGAACCTGCAGGGCCAGATGGTGCACCAGGCCATCAGCCCCAGG

ThrLeuAsnAlaTrpVallLysValValGluGluLysAlaPheSerProGl
451 ACCCTGAACGCCTGGGTGNAGGTGGTGGAGCGAGAAGGCCTTCAGCCCCGA

uValIleProMetPheSerAlaLeuSerGluGlyAlaThrProGlnAspL
501 GGTGATCCCCATGTTCAGCGCCCTGAGCGAGGGCGCCACCCCCCAGGACT

euAsnThrMetLeuAsnThrValGlyGlyHisGlnAlaAlaMetGlnMet
551 TGAACACCATGCTGAACACCGTGGGCGGCCACCAGGCCGCCATGCAGATG
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601

651

701

751

801

851

901

951

1001

1051

1101

1151

1201

1251

1301

1351

LeulysGluThrIleAsnGluGluAlaAlaGluTrpAspArgLeuHisPr
CTGAAGGAGACCATCAACGAGGAGGCCGCCGAGTGGGACAGGCTGCACCC

oValHigAlaGlyProIleAlaProGlyGlnMetArgGluProArgGlyS
CGTGCACGCCGGCCCCATCGCCCCCGGCCAGATGAGGGAGCCCAGGGGCA

erAsplleAlaGlyThrThrSerThrLeuGlnGluGlnIleGlyTrpMet
GCGACATCGCCGGCACCACCAGCACCCTGCAGGAGCAGATCGGCTGGATG

ThrAsnAsnProProlleProValGlyGlulleTyrLysArgTrpllelIl
ACCAACAACCCCCCCATCCCCGTGGGCGAGATCTACAAGAGGTGGATCAT

eLeuGlyLeuAsnlysIleValArgMetTyrSerProThrSerIlelLeuA
CCTGGGCCTGAACAAGATCGTGAGGATGTACAGCCCCACCAGCATCCTGG

splleArgGlnGlyProLysGluProPheArgAspTyrValAspArgPhe
ACATCAGGCAGGGCCCCAAGGAGCCCTTCAGGGACTACGTGGACAGGTTC

TyrLysThrLeuArgAlaGluGlnAlaSerGlnGluvVallysAsnTrpMe
TACAAGACCCTGAGGGCCGAGCAGGCCAGCCAGGAGGTGAAGAACTGGAT

tThrGluThrLeuLeuValGlnAsnAlaAsnProAspCysLysThrIleL
GACCGAGACCCTGCTGGTGCAGAACGCCAACCCCGACTGCAAGACCATCC

eulLysAlaLeuGlyProAlaAlaThrLeuGluGluMetMetThrAlaCys
TGAAGGCCCTGGGCCCCGCCGCCACCCTGGAGGAGATGATGACCGCCTGC

GlnGlyValGlyGlyProGlyHislysAlaArgValLeuAlaGluAlaMe
CAGGGCGTGGGCGGCCCCGGCCACAAGGCCAGGGTGCTGGCCGAGGCCAT

tSerGlnValThrAsnSerAlaThrIleMetMetGlnArgGlyAsnPheA
GAGCCAGGTGACCAACAGCGCCACCATCATGATGCAGAGGGGCAACTTCA

BstEII
rgAsnGlnArgLysThrValLysCysPheAsnCysGlyLysGluGlyHis

GGAACCAGAGGAAGACCGTGAAGTGCTTCAACTGCGGCAAGGAGGGCCAC

IleAlalLysAsnCysArgAlaProArgLyslLysGlyCysTrpLysCysGl
ATCGCCAAGAACTGCAGGGCCCCCAGGAAGAAGGGCTGCTGGAAGTGCGG

Apal
yLysGluGlyHisGlnMetLysAspCysThrGluArgGlnAlaAsnPheL
pol PhePh

CAAGGAGGGCCACCAGATGAAGGATTGTACTGAGAGACAGGCTAATTTTT

euGlyLysIleTrpProSerHisLysGlyArgProGlyAsnPheLeuGln
eArgGluAspLeuAlaPheProGlnGlyLysAlaArgLysPheSerSerG

TAGGGAAGATCTGGCCTTCCCACAAGGGAAGGCCAGGAAATTTTCTTCAG

SerArgProGluProThrAlaProSerGluGluSerValArgPheGlyGl
1uGlnThrArgAlalAsnSerProlleArgArgGluArgGlnVal TrpArg

AGCAGACCAGAGCCAACAGCCCCATCAGAAGAGAGCGTCAGGTTTGGAGA
135F and 135R
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1401

1451

1501

1551

1601

1651

1701

1751

1801

1851

1901

1951

2001

2051

2101

2151

2201

uGluThrThrThrProSerGlnLysGlnGluProlleAspLysGluLeuT
ArgAspAsnAsnSerLeuSerGluAlaGlyAlaAspArgGInGlyThrVa

AGAGACAACAACTCCCTCTCAGAAGCAGGAGCCGATAGACAAGGAACTGT

yrProLeuAlaSerLeuArgSerLeuPheGlySerAspProSerSerGln
1SerPheSerPheProGlnIleThrLeuTrpGlnArgProLeuvalThrl

ATCCTTTAGCTTCCCTCAGATCACTCTTTGGCAGCGACCCCTCGTCACAA

* % %
leLysIleGlyGlyGlnLeuLysGluAlalLeuleuAspThrGlyAlaAsp
TAAAGATCGGCGGCCAGCTGAAGGAGGCCCTGCTGGACACCGGCGCCGALC

AspThrValLeuGluGluMetAsnleuProGlyArgTrpLysProLysMe
GACACCGTGCTGGAGGAGATGAACCTGCCCGGCAGGTGGAAGCCCAAGAT

tIleGlyGlyIleGlyGlyPhellelLysValArgGlnTyrAspGlnIleP
GATCGGCGGCATCGGCGGCTTCATCAAGCGTGAGGCAGTACGACCAGATCC

rolleGlulleCysGlyHisLysAlaIleGlyThrValLeuValGlyPro
CCATCGAGATCTGCGGCCACAAGGCCATCGGCACCGTGCTGGTGGGCCCC
Apal
ThrProValAsnIleIleGlyArgAsnLeuleuThrGlnIleGlyCysTh
ACCCCCGTGAACATCATCGGCAGGAACCTGCTGACCCAGATCGGCTGCAC

rLeuAsnPheProlleSerProlleGluThrValProVallysLeuLysP
CCTGAACTTCCCCATCAGCCCCATCGAGACCGTGCCCGTGAAGCTGAAGC

roGlyMetAspGlyProlysValLysGlnTrpProLeuThrGluGluLys
CCGGCATGGACGGCCCCAAGGTGAAGCAGTGGCCCCTGACCGAGGAGAAG

IleLysAlaLeuValGlulleCysThrGluMetGluLysGluGlyLysIl
ATCAAGGCCCTGGTGGAGATCTGCACCGAGATGGAGAAGGAGGGCAAGAT

eSerLysIleGlyProGluAsnProTyrAsnThrProvValPheAlallel
CAGCAAGATCGGCCCCGAGAACCCCTACAACACCCCCGTGTTCGCCATCA

ysLysLysAspSerThrLysTrpArgLysLeuValAspPheArgGluLeu
AGAAGAAGGACAGCACCAAGTGGAGGAAGCTGGTGGACTTCAGGGAGCTG

AsnLysArgThrGlnAspPheTrpGluvValGlnLeuGlyIieProHisPr
AACAAGAGGACCCAGGACTTCTGGGAGGTGCAGCTGGGCATCCCCCACCC

oAlaGlyLeulyslLysLysLysSerValThrValleuAspValGlyAspA
CGCCGGCCTGAAGAAGAAGAAGAGCGTGACCGTGCTGGACGTGGGCGACG

laTyrPheSerValProLeuHisGluAspPheArgLysTyrThrAlaPhe
CCTACTTCAGCGTGCCCCTGCACGAGGACTTCAGGAAGTACACCGLCCTTC
Kpnl
ThrIleProSerIleAsnAsnGluThrProGlyThrArgTyrGlnTyrAs
ACCATCCCCAGCATCAACAMACGAGACCCCCGGCACCAGGTACCAGTACAA

amp215F and amp 215R
nValLeuProGlnGlyTrpLysGlySerProAlallePheGlnSerSerM

CGTGCTGCCCCAGGGCTGGAAGGGCAGCCCCGCCATCTTCCAGAGCAGCA
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2251

2301

2351

2401

2451

2501

2551

2601

2651

2701

2751

2801

2851

2901

2951

3001

3051

3101

etThrThrIleLeuGluProPheArgLysGlnAsnProAsplLeuVallle
TGACCACCATCCTGGAGCCCTTCAGGAAGCAGAACCCCGACCTGGTGATC

TyrGlnTyrMetAspAspLeuTyrValGlySerAspLeuGlulIleGlyGl
TACCAGTACATGGACGACCTGTACGTGGGCAGCGACCTGGAGATCGGCCA

nHisArgThrLysIleGluGluLeuArgGlnHisLeuLeuArgTrpGlyP
GCACAGGACCAAGATCGAGGAGCTGAGGCAGCACCTGCTGAGGTGGGGCT

heThrThrProAspLysLysHisGlnLysGluProProPheLeuTrpMet
TCACCACCCCCGACAAGAAGCACCAGAAGGAGCCCCCCTTCCTGTGGATG

GlyTyrGluLeuHisProAspLysTrpThrvValGlnProlleValLeuPr
GGCTACGAGCTGCACCCCGACAAGTGGACCGTGCAGCCCATCGTGCTGCC

oGluLysAspSerTrpThrValAsnAspIlleGlnLysLeuValGlyLysL
CGAGAAGGACAGCTGGACCGTGAACGACATCCAGAAGCTGGTGGGCAAGC

euAsnTrpAlaSerGlnIleTyrAlaGlyIleLysValArgGlnLeuCys
TGAACTGGGCCAGCCAGATCTACGCCGGCATCAAGGTGAGGCAGCTGTGC

LysLeulLeuArgGlyThrLysAlalLeuThrGluValIleProLeuThrGl
AAGCTGCTGAGGGGCACCAAGGCCCTGACCGAGGTGATCCCCCTGACCGA

260F and 260R
uGluAlaGluLeuGluLeuAlaGluAsnArgGlulleLeulLysGluProV

GGAGGCCGAGCTGGAGCTGGCCGAGAACAGGGAGATCCTGAAGGAGCCCG

alHisGlyValTyrTyrAspProSerLysAspLeulleAlaGlulleGln
TGCACGGCGTGTACTACGACCCCAGCAAGGACCTGATCGCCGAGATCCAG

LysGInGlyGlnGlyGlnTrpThrTyrGlnIleTyrGlnGluProPhely
AAGCAGGGCCAGGGCCAGTGGACCTACCAGATCTACCAGGAGCCCTTCAA

sAsnLeulysThrGlylLysTyrAlaArgThrArgGlyAlaHisThrAsnA
GAACCTGAAGACCGGCAAGTACGCCAGGACCAGGGGCGCCCACACCAACG

spVallLysGlnLeuThrGluAlaValGlnLysIleAlaThrGluSerIle
ACGTGAAGCAGCTGACCGAGGCCGTGCAGAAGATCGCCACCGAGAGCATC

ValIleTrpGlyLysThrProlLysPhelLysLeuProlleGlnLysGluTh
GTGATCTGGGGCAAGACCCCCAAGTTCAAGCTGCCCATCCAGAAGGAGAC

rTrpGluThrTrpTrpThrGluTyrTrpGlnAlaThrTrpIlleProGluT
CTGGGAGACCTGGTGGACCGAGTACTGGCAGGCCACCTGGATCCCCGAGT

amp3.5N BamHI
rpGluPheValAsnThrProProLeuValLysLeuTrpTyrGlnLeuGlu

GGGAGTTCGTGAACACCCCCCCCCTGGTGAAGCTGTGGTACCAGCTGGAG

205F
LysGluProIleIleGlyAlaGluThrPheTyrValAspGlyAlaAlaAs

AAGGAGCCCATCATCGGCGCCGAGACCTTCTACGTGGACGGCGCCGCCAA

nArgGluThrLysLeuGlyLysAlaGlyTyrValThrAsnLysGlyArgG
CAGGGAGACCAAGCTGGGCAAGGCCGGCTACGTGACCAACAAGGGCAGGC
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3151

3201

3251

3301

3351

3401

3451

3501

3551

3601

3651

3701

3751

3801

3851

3901

3951

4001

InLysValvalSerLeuThrAspThrThrAsnGinlLysThrGluLeuGln
AGAAGGTGGTGAGCCTGACCGACACCACCAACCAGAAGACCCAGCTGCAG

AlaIleTyrLeuAlaleuGlnAspSerGlyLeuGluValAsnIleValTh
GCCATCTACCTGGCCCTGCAGGACAGCGGCCTGGAGGTGAACATCGTGAC

rAspSerGlnTyrAlaLeuGlyIleIleGlnAlaGlnProAspArgSerG
CGACAGCCAGTACGCCCTGGGCATCATCCAGGCCCAGCCCGACAGGAGCG

luSerGluLeuValSerGlnIleIleGluGlnLeulIleLysLysGluLys
AGAGCGAGCTGGTGAGCCAGATCATCGAGCAGCTGATCAAGAAGGAGAAG

ValTyrLeuAlaTrpValProAlaHisLysGlyIleGlyGlyAsnGluGl
GTGTACCTGGCCTGGGTGCCCGCCCACAAGGGCATCGGCGGCAACGAGCA

nValAspLysLeuValSerAlaGlyIleArglLysVallLeuPhelLeulAspG
GGTGGACAAGCTGGTGAGCGCCGGCATCAGGAAGGTGCTGTTCCTGGACG

lyIleAspLysAlaGlnGluGluHisGluLysTyrHisSerAsnTrpArg
GCATCGACAAGGCCCAGGAGGAGCACGAGAAGTACCACAGCAACTGGAGG

AlaMetAlaSerAspPheAsnLeuProProValValAlalLysGlulleVa
GCCATGGCCAGCGACTTCAACCTGCCCCCCGTGGTGGCCAAGGAGATCGT

1AlaSerCysAspLysCysGlnLeulysGlyGluAlaMetHisGlyGlnv
GGCCAGCTGCGACAAGTGCCAGCTGAAGGGCGAGGCCATGCACGGCCAGG

alAspCysSerProGlyIleTrpGlnLeuAspCysThrHisLeuGluGly
TGGACTGCAGCCCCGGCATCTGGCAGCTGGACTGCACCCACCTGGAGGGC

LysVallleLeuvValAlaValHisValAlaSerGlyTyrIleGluAlaGl
AAGGTGATCCTGGTGGCCGTGCACGTGGCCAGCGGCTACATCGAGGCCGA

uValIleProAlaGluThrGlyGlnGluThrAlaTyrPheLeuleulysL
GGTGATCCCCGCCGAGACCGGCCAGGAGACCGCCTACTTCCTGCTGAAGC

370F and 370R
euAlaGlyArgTrpProValThrThrIleHisThrAspAsnGlySerAsn

TGGCCGGCAGGTGGCCCGTGACCACCATCCACACCGACAACGGCAGCAALC

PheThrSerAlaThrVallysAlaAlaCysTrpTrpAlaGlyIleLysGl
TTCACCAGCGCCACCGTGAAGGCCGCCTGCTGGTGGGCCGGCATCAAGCA

nGluPheGlyIleProTyrAsnProGlnSerGlnGlyValValGluSerM
GGAGTTCGGCATCCCCTACAACCCCCAGAGCCAGGGCGTGGTGGAGAGCA

etAsnlLysGluLeulLyslLysIleIleGlyGlnValArgAspGlnAlaGlu
TGAACAAGGAGCTGAAGAAGATCATCGGCCAGGTGAGGGACCAGGCCGAG

HisLeulysThrAlaValGlnMetAlaValPheIleHisAsnPheLysAr
CACCTGAAGACCGCCGTGCAGATGGCCGTGTTCATCCACAACTTCAAGAG

gLysGlyGlyIleGlyGlyTyrSerAlaGlyGluArgIlevValAspIlel
GAAGGGCGGCATCGGCGGCTACAGCGCCGGCGAGAGGATCGTGGACATCA
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4051

4101

4151

4201

4251

4301

leAlaThrAspIleGlnThrLysGluLeuGlnLysGlnIleThrLysIle
TCGCCACCGACATCCAGACCAAGGAGCTGCAGAAGCAGATCACCAAGATC

GlnAspPheArgValTyrTyrArgAspSerArgAspProLeuTrplLysGl
CAGAACTTCAGGGTGTACTACAGGGACAGCAGGGACCCCCTGTGGAAGGG

yProAlaliysLeuLeuTrpLysGlyGluGlyAlaValvValIleGlnAspA
CCCCGCCAAGCTGCTGTGGAAGGGCGAGGGCGCCGTGGTGATCCAGGACA

snSerAspllelysValValProArgArglLysAlaLysIlelIleArgAsp
ACAGCGACATCAAGGTGGTGCCCAGGAGGAAGGCCAAGATCATCAGGGAC

TyrGlylLysGlnMetAlaGlyAspAspCysValAlaGlyArgGlnAspGl
TACGGCAAGCAGATGGCCGGCGACGACTGCGTGGCCGGCAGGCAGGACGA

UASp***
GGACTAGacatctagattgttggattacaactgcaccttcagegttcagt

Xbal
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described above for the 3 end of fragment 2 were used to amplify this region. The
relevant fragment was isolated from non-specific products by agarose gel electrophoresis
and then cloned into the BamHI and Xbal sites of pBluescript IT SK (+). Eight clones were
sequenced and one was found to be of the correct sequence.

The final step was to put these four fragments together to form a contiguous
sequence. The 5° and 3’ halves of fragment 2 were joined by a tripartite ligation into the
BstEll and BamHI sites of pB/SBStEIl. Fragment 1 was then cloned into the HindIII and
BstETl sites, placing it in front of fragment 2. Fragment 3 completed the gagpol sequence
and was cloned into the BamHI and Xbal sites of pB/SBstEII alrcady containing fragments
1 and 2, to create pB/Sgagpolml. The entire codon-optimised gagpo! fragment was then
removed from pB/SBstEIl with a 5* Hindlll and 3’ Xbal restriction digest and cloned into
the same two sites of the expression vector pcDNA3.1 to give pcDNA3gagpolml.

A derivative of this plasmid, pcDNA3gagpolmlrre, was made which included the

RRE in the 3" non-coding scquence.

4.3.3 EXPRESSION OF GAGPOL FROM SINGLE
TRANSCRIPTION UNITS

Expression of GagPol from thesc five plasmids described above was tested by
transient expression in 293T cells. Each of the GagPol expressing plasmids,
pcDNA3HIV10gagpol, pcDNA3HIV10gagpolire, pcDNA3HIV10gagpolrreintron,
pcDNA3gagpolml and pcDNA3gagpolmlre were co-transfected with the vector
pHIVext5SV40EYFPppt+RRE (described in section 5.3), pCMVrev (Lewis et al., 1990)
pcDNA3tat and pHCMV-G (Yee et al., 1994) into 293T cells as described in section
2.2.17. A constant molar quantity (100 fmoles) of cach of the GagPol expression
constructs (653 to 850 ng, depending on the construct) was transfected along with 1 pg of
pHIVextSSV40EYFPppt+RRE (section 5.3) and 0.5 pg cach of pCMVrev, pcDNA3tat
and pHCMV-G. Carrier DNA in the form of pcDNA3.1 was added where necessary to
make the quantity of DNA the same for each transfection. The pCMVARnr (Kafri et al.,
1997) construct (used in Chapter five) was included here as a positive control, replacing
the GagPol, Tat and Rev expression constructs. Viral supernatant was collected and
assayed on NIH3T3 cells as described in section 2.2.18. Reverse transcriptase (RT) and
p24 measurements were also performed on the viral supernatant. Measurement of p24

allows direct assessment of Gag expression. p24 is derived from the Gag precursor and is
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a major structural core component of HIV-1 viral particles. This 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) (Wehrly and Chesebro, 1997). The enzyme 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 pcDNA3HIV10gagpol expression plasmid yielded a titre of 3.8 x
10’ EYFP transducing units (tU)/ml, more than two orders of magnitude less than
pCMVARnr which was taken as a standard point of reference. This packaging plasmid
expresses all HIV-1 trans functions 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-1 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 10* tU/ml.
However, as a titre of 1.2 x 10* tU/ml equates to a transduction rate of 1 %, 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-Y U2 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
for gagpol expression effectively removes all the AUUUA RNA destabilisation cis
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 supernatant taken from the codon
optimised gagpol expression construct and pPCMVARnr. Enzyme activities were similar,
3.3 ( 0.9) and 2.2 (+ 0.9) ng/ml (n = 4) respectively. Despite comparable RT and p24
levels from pCMVARnr and the codon-optimised gagpol expression construct, a three-fold
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TABLE 4.2
Titres and p24 levels of gagpol plasmids.

Different constructs designed to provide in trans the gagpol functions for transient
virus production were used. Viral titres were determined on NIH3T3 cells from viral
supcmatant collected from 293T cells co-transfected with an equivalent molar amount
(100 fmoles) of the relevant GagPol expression plasmid (ng quantity in parenthesis), 1 pg
of pHIVextSSV40EYFPppt+RRE, 0.5 pg of pHCMV-G, 0.5 pg of pcDNA3tat and 0.5 ug
of pCMVrev. Transduced cells were measured for EYFP expression by FACScan analysis
and viral titres were determined by the percentage of fluorescent cells {from the total
number plated. Measurements of p24 were performed on the viral supernatant collected

from the transfected 2937 cells using a standard ELISA kit.

gagpol plasmid p24 Titre
ng/ml EYFP tu/ml
pcDNA3HIV10gagpol (653) 12+4 3.8+1.4% 10°
pcDNA3HIV10gagpolrre (671) 115£21 | 2.6+03x10*
pcDNA3HIV10gagpolrreintron (678) | 237+24 | 5.8+0.5x 10°
pcDNA3gagpolml (653) 477+35 | 24+03x10°
pcDNA3gagpolmlrre (671) 392412 | 1.9+0.01x10°
pCMVARnr (850) 597103 | 6.6+1.0x10°

n = 4 for all values.
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higher titre is still achieved with pCMVARnr. This may be a consequence of the complex .
regulatory mechanisms for HIV-1 which, may be attenuated when the proviral clone is
disassembled to create individual packaging plasmids. The pCMVARnr 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. In this particular
instance, pPCMVARnr expresses Tat and Rev in the one plasmid and segregating these two
functions of HIV-1 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 pCMVARnr
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-1 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 complete the gag reading frame (Figure 4.4a). This oligonucleotide fragment
was flanked by a 5’ Apal and a 3* Xbal site. Following sequencing, this fragment was re-
cloned 5’ Hindlll/3* Xbal into pcDNA3.1, producing pcDNA3gagml. The pol construct
was made by replacing the gag sequence up to the first codon of the pol reading frame in
pB/Sgagpolml, with sequence encompassing a HindIll 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 polHindlIl. The PCR product made with primers polHindIIl and ramp from
pcDNA3gagpolml was cloned Hindlll/4pal into pBluescript II SK (+) and sequenced.
This fragment was then sub-cloned by co-ligating this Hindlll/Apal fragment with an
Apal/BamHI (rest of pol) fragment into the Hindlll and BamHI sites of pcDNA3gagpolml
thus creating pcDNA3polml.

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

seemed unlikely that the sequence encoding pol would enable the synthesis of the Pol gene
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FIGURE 4.4a

Sequence for codon-optimised gag.

The frameshift region and the pol overlap sequence from the codon-optimised
gagpol construct was replaced with overlapping oligonucleotides 50 bases in length to
complete the gag coding sequence. The bold C identifies the start of the overlap sequence
and 1s marked below with an asterisk. The numbering of the sequence on the left-hand
side identifies these oligonucleotides by an ML suffix. This new fragment was inserted as

an Apal/Xbal fragment thereby replacing the gagpol region shown in Figure 4.3.

0 gggcccactcacagaagcttaaccatcagcaagcaggtcattgtgcecac
HindlI1l
MetGlyAlaArgAlaSerValLeuSerAlaGlyGluLeuAspLysTrpGl
1 ATGGGCGCCAGGGCCAGCGTGCTGAGCGCCGGCGAGCTGGACAAGTGGGA

ulLysIleArgLeuArgProGlyGlyLyslLysGlnTyrArgLeulLysHisI
51 GAAGATCAGGCTGAGGCCCGGCGGCAAGAAGCAGTACAGGCTGAAGCACA

levValTrpAlaSerArgGluLeuGluArgPheAlaValAspProGlyLeu
101 TCGTGTGGGCCAGCAGGGAGCTGGAGAGGTTCGCCGTGGACCCCGGCCTG

LeuGluThrSerGluGlyCysArgGlnTleLeuGlyGlnLeuGlnProSe
151 CTGGAGACCAGCGAGGGCTGCAGGCAGATCCTGGGCCAGCTGCAGCCCAG

rLeuGlnThrGlySerGluGlulLeuArgSerLeuTyrAsnThrvalalaT
201 CCTGCAGACCGGCAGCGAGGAGCTGAGGAGCCTGTACAACACCGTGGCCA

hrLeuTyrCysValHisGlnLysIleGluValLysAspThrLysGluAla
251 CCCTGTACTGCGTGCACCAGAAGATCGAGGTGAAGGACACCAAGGAGGCC

LeuGluLysTIleGluGluGluGlnAsnlLysSerLyslLysLysAlaGlnGl
301 CTGGAGAAGATCGAGGAGGAGCAGAACAAGAGCAAGAAGAAGGCCCAGCA

nAlaAlaAlaAspThrGlyAsnSerSerGlnValSerGlnAsnTyrProl
351 GGCCGCCGCCGACACCGGCAACAGCAGCCAGGTGAGCCAGAACTACCCCA

leValGlnAsnLeuGlnGlyGlnMetValHisGlnAlaIleSerProArg
401 TCGTGCAGAACCTGCAGGGCCAGATGGTGCACCAGGCCATCAGCCCCAGG

ThrLeuAsnAlaTrpVallLysValValGluGluLysAlaPheSerProGl
451 ACCCTGAACGCCTGGGTGAAGGTGGTGGAGGAGAAGGCCTTCAGCCCCGA

uVallleProMetPheSerAlalLeuSerGluGlyAlaThrProGlnAspL
501 GGTGATCCCCATGTTCAGCGCCCTGAGCGAGGGCGCCACCCCCCAGGALCC

euAsnThrMetLeuAsnThrValGlyGlyHisGlnAlaAlaMetGlnMet
551 TGAACACCATGCTGAACACCGTGGGCGGCCACCAGGCCGCCATGCAGATG

LeuLysGluThrIleAsnGluGluAlaAlaGluTrpAspArglLeuHisPr
601 CTGAAGGAGACCATCAACGAGGAGGCCGCCGAGTGGGACAGGLTGCACCC
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651

701

751

801

851

901

951

1001

1051

1101

1151

1201

1251

1301 ML

1351ML

140ML

145ML

1S0ML

oValHisAlaGlyProlleAlaProGlyGlnMetArgGluProArgGlyS
CGTGCACGCCGGCCCCATCGCCCCCGGCCAGATGAGGGAGCCCAGGHGGCA

erAsplleAlaGlyThrThrSerThrLeuGlnGluGlnIleGlyTrpMet
GCGACATCGCCGGCACCACCAGCACCCTGCAGGAGCAGATCGGCTGGATG

ThrAsnAsnProProlleProValGlyGluIlleTyrLysArgTrpIleIl
ACCAACAACCCCCCCATCCCCGTGGGCGAGATCTACAAGAGGTGCGATCAT

eleuGlyLeuAsnlLysIleValArgMetTyrSerProThrSerIleleul
CCTGGGCCTGAACAAGATCGTGAGGATGTACAGCCCCACCAGCATCCTGG

spIleArgGlnGlyProLysGluProPheArgAspTyrValAspArgPhe
ACATCAGGCAGGGCCCCAAGGAGCCCTTCAGGGACTACGTGGACAGGTTC

TyrLysThrLeuArgAlaGluGlnAlaSerGlnGluvVallLysAsnTrpMe
TACAAGACCCTGAGGGCCGAGCAGGCCAGCCAGGAGGTGRAAGAACTGGAT

tThrGluThrlLeulLeuValGlnAsnAlaAsnProAspCysLysThrIleL
GACCGAGACCCTGCTGGTGCAGAACGCCAACCCCGACTGCAAGACCATCC

eulysAlaLeuGlyProAlaAlaThrLeuGluGluMetMetThrAlaCys
TGAAGGCCCTGGGCCCCGCCGCCACCCTGGAGGAGATGATGACCGLCCTGC

GlnGlyValGlyGlyProGlyHisLysAlaArgValLeuAlaGluAlaMe
CAGGGCGTGGGCGGCCCCGGCCACAAGGCCAGGGTGCTGGCCGAGGCCAT

tSerGlnvValThrAsnSerAlaThrIleMetMetGlnArgGlyAsnPheA
GAGCCAGGTGACCAACAGCGCCACCATCATGATGCAGAGGGGCAACTTCA

BstEIl
rgAsnGlnArgLysThrValLysCysPheAsnCysGlyLysGluGlyHis

GGAACCAGAGGAAGACCGTGAAGTGCTTCAACTGCGGCAAGGAGGGCCAC

IleAlaLysAsnCysArgAlaProArgLysLysGlyCysTrpLysCysGl
ATCGCCAAGAACTGCAGGGCCCCCAGGAAGAAGGGCTGCTGGAAGTGCGG
Apal
vLysGluGlyHisGlnMetLysAspCysThrGluArgGlnAlaAsnPhel,
CAAGGAGGGCCACCAGATGAAGGACTGCACCGAGAGGCAGGCCAACTTCC

*
euGlyLysIleTrpProSerHisLysGlyArgProGlyAsnPhelLeuGln
TGGGCAAGATCTGGCCCAGCCACAAGGGCAGGCCCGGCAACTTCCTGCAG

SerArgProGluProThrAlaProSerGluGluSerValArgPheGlyGl
AGCAGGCCCGAGCCCACCGCCCCCAGCGAGGAGAGCGTGAGGTTCGGCGA

uGluThrThrThrProSerGlnLysGlnGluProlleAspLysGluLeuT
GGAGACCACCACCCCCAGCCAGAAGCAGGAGCCCATCGACAAGGAGCTGT

yrProLeuAlaSerLeulArgSerLeuPheGlySerAspProSerSerGln
ACCCCCTGGCCAGCCTGAGGAGCCTGTTCGGCAGCAACCCCAGCAGCCAG

* k *

TAGTAGTCTAGACTGTGAACGACCG
Xbal
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products. For this reason a construct?lesigned to only express the GagPol polyprotein was
also made. This was done by replacing both the gagpol overlap sequence and the
frameshift signal with sequence that was codon-optimised for the GagPol polyprotein (see
Figure 4.4b). Overlapping oligonucleotides for this region, flanked with a 5° HindIIl and
3° Xbal sitc, werc assembled and then amplified with FusFamp and Fusramp and then
cloned into pBluescript I SK (+). The region was sequenced and then sub-cloned as an
Apal fragment into pcDNA3gagpolml to crcate pcDNA3gagpolfusionml.

Additional expression constructs for Gag and GagPol containing the RRE and
Mason-Pfizer monkey virus constitutive transport element (MPMV-CTE) (Pasquinelli ef
al., 1997) in the 3’ non coding sequence were madc by re-cloning the gagml and
gagpolfusionml fragments from the pBluescript II SK (+) clones into pcDNA3rre and
pcDNA3CTE, producing pcDNA3gagmlire, pcDNA3gagmICTE,
pcDNA3gagpolfusionmlrre and pcDNA3gagpolfusionmlCTE. To construct pcDNA3rre,
the RRE (bases 7734 - 7974) was isolated from pHIV-YU2 by PCR as a 5’ Xbal/3’ Apal
fragment using primers RREXbal and RREApal. The RRE fragment was then cloned
between respective sites in pcDNA3.1 to give pcDNA3rre. The MPMV-CTE fragment
was synthesised by heating oligonucleotides CTEF1, CTEF2, CTEF3, CTEF4, CTERI,
CTER2, CTER3 and CTER4 at 95°C for 1 min and then cooling slowly to room
temperature. This annealed fragment was subsequently cloned into the EcoRV site of
pBluescript 11 SK (+). DNA sequencing was used to identify a clone of the correct
sequence which was then isolated as an EcoRV fragment and sub-cloned into an Apal

(end-filled with Klenow) sitc in pcDNA3.1 to create pcDNA3CTE.

4.3.5 ASSESSMENT OF SEPARATE GAGPOL
TRANSCRIPTION UNITS

Viral titres obtained using the helper plasmids described in section 4.3.4 were
measured as described previously by substituting various combinations of the helper
constructs for the expression of GagPol. Included in the transfection was 0.5 pg each of
pCMVrev, pcDNA3tat and pHCMV-G as well as 1 pug of the vector
pHIVext5SVAOEYFPppt+RRE (section 5.3). The amount of gag plasmid in each
transfection was standardised to 100 fimoles and various amounts of pof and gagpolfusion
containing plasmids were added ranging from 0 to 100 fmoles. In each case carrier DNA
(pcDNA3.1) was added such that the total amount of DNA in each transfection was the

same.
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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 Apal 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.

IleAlaliysAsnCysArgAlaProArgLysLysGlyCysTrpLysCysGl

1201 ATCGCCAAGAACTGCAGGGCCCCCAGGAAGAAGGGCTGCTGGAAGTGCGG
Apal

yLysGluGlyHisGlnMetLysAspCysThrGluArgGlnAlaAsnPhel

1251 CAAGGAGGGCCACCAGATGAAGGACTGCACCGAGAGGCAGGCCAACTTCC

1301fus euArgGluAsplLeuAlaPheProGlnGlyLysAlaArglysPheSerSer

TGAGGGAGGACCTGGCCTTCCCCCAGGGCAAGGCCAGGAAGTTCAGCAGC

GluGlnThrArgAlaAsnSerProlleArgArgGluArgGlnValTrpAr
1351fus AGCAGACCAGGGCCAACAGCCCCATCAGGAGGGAGAGGCAGGTGTGGAGG

gArgAspAsnAsnSerLeuSerGluAlaGlyAlaAspArgGlnGlyThrV
1401fus GAGGGACAACAACAGCCTGAGCGAGGCCGGCGCCGACAGGCAGGGCACCG

alSerPheSerPheProGlnIleThrLeuTrpGlnArgProLeuvValThr
1451 fus TGAGCTTCAGCTTCCCCCAGATCACCCTGTGGCAGAGGCCCCTGGTGACC

IlelLysIleGlyGlyGlnLeulysGluAlaLeulLeuAspThrGlyAlaAs
1501fus ATCAAGATCGGCGGCCAGCTGAAGGAGGCCCTGCTGGACALCCGGLCGLCCGA

pAspThrValleuGluGluMetAsnLeuProGlyArgTrpLysProLysM
1551 CGACACCGTGCTGGAGGAGATGAACCTGCCCGGCAGGTGGAAGCCCAAGA

etIleGlyGlyIleGlyGlyPhelleLysValArgGlnTyrAspGlnIle
1601 TGATCGGCGGCATCGGCGGCTTCATCAAGGTGAGGCAGTACGACCAGATC

ProIleGlulIleCysGlyHisLysAlaIleGlyThrValLeuValGlyPr
1651 CCCATCGAGATCTGCGGCCACAAGGCCATCGGCACCGTGCTGGTGGGCCTC
Apal
oThrProValAsnIleIleGlyArgAsnLeuLeuThrGlnIleGlyCys
1701 CACCCCCGTGAACATCATCGGCAGGAACCTGCTGACCCAGATCGGCTGC
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Neither of the gag, pol or gagpolfusion plasmids could on their own support the
synthesis of viral particles (Tables 4.3, 4.4, 4.5 and 4.6). Because the proteins derived
from the pol gene are normally made from the GagPol precursor polyprotein it is not
surprising that, the combination of pcDNA3gagml and pcDNA3polml was also unable to
produce any detectable virus particles, although they were capable of expressing Gag (p24)
and reverse transcriptase (RT) respectively (Table 4.3). This presumably is due to the
production of so called pseudovirions because all of the structural proteins provided by the
gag gene are able to be synthesised by the transfected cell. HIV-1 Gag proteins produced
in the absence of all other viral gene products in a variety of cell types have been shown to
elicit the formation of virus-like particles (Karacostas et al., 1989; Gheysen et al., 1989;
Shioda and Shibuta, 1990; Ratner et al., 1991; Spearman er al., 1994). However, it is
thought that the Gag portion of the GagPol polyprotein is required for its incorporation
into virus particles, making the presence of RT in the medium of these transfected 293T
cells harder to explain. The obscrvation of large amounts of extracellular RT with
pcDNApolml alone suggests that the enzyme may not necessarily be associated with
virions even when Gag is included (Table 4.3).

In contrast, when transfected together pcDNA3gagml and pcDNA3gagpolfusionml
were able to direct synthesis of viral particles. Tables 4.4, 4.5 and 4.6 display viral titres
for the three sets of Gag and GagPol plasmids (unmodified or containing the RRE or
CTE). Neither construct on its own supports the generation of detectable viral titre
because in each case essential viral coding sequence is absent. For pcDNA3gagml this is
the entire po/ gene, and for pcDNA3gagpolfusionml the p6 protein, which would normally
be encoded in the region of overlap between the Gag and Pol reading frames. However,
the viral titre for the pcDNA3gagml/pcDNA3gagpolfusionml combination was less than
half that obtained when GagPol was expressed as a single transcriptional unit, as was the
case with pcDNA3gagpolml. One possible explanation for this discrepancy is that
translation of the two polyproteins from the same RNA results in their co-localisation,
which could facilitate the assembly of virion particles. Alternatively, empty virion
particles produced by pcDNA3gagml may be interfering with EYFP transduction. There is
some evidence 1o suggest that virion assembly is localised within the cell (Rhee and
Hunter, 1991). Further experimentation is needed to explore this issue. It is interesting to
note that a three- to five-fold decrease in titre has been reported by others when Gag and

Pol are expressed separately using a different approach (Wu ez a/., 2000).
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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 pg of
pHIVext5SV40EYFPppt+RRE, 0.5 pg of pHCMV-G, 0.5 pug 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 p24 RT Titre
pcDNA3gagml: (ng/ml) | (ng/ml) | EYFP tu/ml
pcDNA3polml

1:0 568 + 41 ND ND

10:1 1205 £ 95 23+7 ND

4:1 1376 £ 74 118+ 4 ND

1:1 1573 £ 116 | 283 +38 ND

0:1 ND 316 £ 20 ND

ND not detected. n = 3.

121




TABLE 4.4

Viral titres, RT and p24 measurements using pcDNA3gagml
and pcDNA3gagpolfusionml packaging plasmids.

Segregation of the gag and gagpol packaging functions into two plasmids. For
each experiment 455 ng of pcDNA3gagml (100 fmoles) was co-transfected with the
appropriate amount of pcDNA3gagpolfusionml (32.7 to 327 ng, 5 to 50 fmoles) and 1 pg
of pHIVext5SSV40EYFPppt+RRE, 0.5 pg of pHCMV-G, 0.5 pg of pcDNA3tat and 0.5 pg
of pCMVrev into 293T cells. Reverse transcriptase (RT) and p24 levels were determined
on the viral supernatant from transfected 293T cells using standard ELISA kits. Viral

titres were calculated from the percentage of transduced NIH3T3 cells that expressed

enhanced yellow fluorescent protein (EYFP).

Molar ratio of p24 RT Titre
pcDNA3gagml: (ng/ml) (ng/ml) EYFP tu/ml
pcDNA3gagpolfusionml
1:0 96 +9 ND ND
20:1 607+8 |1.4(097,1.73) | 7.5+0.4x10*
10:1 590 + 39 4.0 8.9+ 0.7 x 10*
5:1 567+22 25(2.01,1.99) | 1.2+0.1x10°
3:1 535+60 | 1.5(1.70,1.20) | 9.5+1.1x 10*
2.5:1 590 +53 | 2.3(2.23,2.42) | 9.6 +0.3x 10°
2:1 493 +82 | 2.4(1.88,2.86) | 7.7%0.1x 10*
0:1 B 87 £ 26 2.10 ND
ND not detected

n = 3 for all p24 and titre results. However, for RT only duplicates are reported except

“10:1” and “0:1”,n=1.
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TABLE 4.5

Assessment of Gag and GagPol expression constructs
containing the RRE.

Segregation of the gag and gagpol packaging functions into two plasmids
including the Rev response element (RRE). For each experiment 455 ng of
pcDNA3gagmIRRE (100 fmoles) was co-transfected with the appropriate amount of
pcDNA3gagpolfusionmIRRE (33 to 330 ng, 5 to 50 fmoles) and 1 pg of
pHIVextSSV4A0EYFPppt+RRE, 0.5 ng 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 p24 Titre
pcDNA3gagmlRRE: (ng/ml) | EYFP tu/ml
pcDNA3gagpolfusionmlRRE
1:0 52421 ND
20:1 592459 | 1.1+£0.1x10°
10:1 728 £22 1.4£0x10°
St 572412 | 13£01x10°
Bl 493 +£37 | 89+0.1x10°
2.5:1 437 £17 1.0£0x10°
2:1 430+26 | 64+02x10°
0:1 102 +22 ND

ND not detected. n = 3.
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TABLE 4.6

Assessment of Gag and Gagpol packaging constructs containing
the MPMV-CTE.

Segregation of the gag and gagpo! packaging functions into two plasmids
including the Mason-Ptizer monkey virus constitutive transport element (MPMV-CTE).
For each experiment 455 ng of pcDNA3gagmICTE (100 fmoles) was co-transfected with
the appropriate amount of pcDNA3gagpolfusionmICTE (33 to 330 ng, 5 to 50 fmoles) and
1 pg of pHIVextSSV4A0EYFPppt+RRE, 0.5 pg of pHCMV-G, 0.5 ng 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 p24 Titre
pcDNA3gagmICTE: (ng/ml) | EYFP tu/ml
pcDNA3gagpolfusionmlCTE
1:0 66 + 12 ND
20:1 55729 | 9.5+0.1x 10*
10:1 | 72588 1.1+0x 10°
5:1 643+46 | 13+02x10°
3:1 467+48 | 84+02x10°
2.5:1 288+13 | 6.2+0.1x 10
2:1 335454 | 43+0.1x 10"
0:1 119 + 14 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 gagpol 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. In contrast, when the native HIV-1 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-1 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. In the
gagpolfusion construct the frameshift signal has been replaced with optimised codons for
the expression of the GagPol precursor polyprotein. 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
i1s 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 polypeptide. 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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43.6 PROCESSING OF GAGPOL

It is conceivable that the process of codon-optimisation and/or the separation of the
two reading frames could have an effect on the processing of the GagPol polyprotein. To
test this, western blot analysis was performed on cell lysates prepared from 293T cells
transfected with either pPCMVARunr, pcDNA3gagpolml or a combination of pcDNA3gagml
and pcDNA3gagpolfusionml. Heat inactivated (56°C for 1 h) human serum from an HIV-
1 positive individual was used as antiserum to p24 (Gag/p24 is one of the most
immunoreactive HIV-1 proteins). Figure 4.5 shows the presence of p24 protein in cell
lysates transfected with pCMVARG®r, pcDNA3gagpolml and
pcDNA3gagml/pcDNA3gagpolfusionml. No apparent difference is seen between these
three samples demonstrating that neither codon-optimisation nor the separation of the two

reading frames has a significant effect on the processing of Gag.

4.3.7 TRANSFER OF SEQUENCES ENCODING
GAG AND GAGPOL

To demonstrate that codon-optimising the gagpol sequence, and cxpressing Gag
and GagPol separately, resulted in improved safety, two assays were developed to measure
the transfer of HIV-1 gag and gagpol sequences to transduced cells. These have been
termed the “gag” and “gagpol transfer” assays and are described in section 2.2.25. Stocks
of virus were prepared using either pPCMVARnr, pcDNA3gagpolml or
pcDNA3gagml/pcDNA3gagpolfusionml and concentrated to titres of 2.0 x 107, 2.7 x 10’
and 0.8 x 10" NTH3T3 transducing units per ml, respectively. Samples of 2 x 10° and 1 x
10° NIH3T3 transducing units of the virus prepared with pPCMVARnr were then tested in
the “gag” and “gagpol” transfer assays using a 24 h transduction period for the 293T cells.
Similarly, 1 x 10° and 5 x 10° NIH3T3 transducing units of the virus made with
pcDNA3gagpolml and 1 x 10® and 2.5 x 10° NIH3T3 transducing units of virus made with
pcDNA3gagml/pcDNA3gagpolfusionml were also tested. The results of these assays are
shown in Table 4.7. The untransduced 293T control indicated the presence of a low
background (ie one colony in the “gagpol” transfcr assay). Both quantities of virus
produced with pCMVARnNr generated a high read-out in each assay, which was roughly
proportional to the original dose of virus tested. With virus preparations generated using
pcDNA3gagpolml, a read-out was detected in both the “gag” and “gagpol” transfer assays
although at a much reduced level, approximately 0.1 to 1 % of that seen with pCMVARnr.

The results of the “gagpol” transfer assay, however, were not entirely consistent because
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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 % of that generated from virus produced with pPCMVARnr.

In 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 10° NIH3T3 transducing units of the virus prepared
using pPCMVARnr and 1 x 10° 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 pCMVARnr 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 pCMVARnr. 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 pCMVARnr and pcDNA3gagpolml, there is no
evidence for transfer with the pcDNA3gagml/pcDNA3gagpolfusionml system.

PART TWO
4.4 REGULATORY PROTEINS

The two regulatory proteins Tat and Rev were provided by two simple
monocistronic expression constructs. The HIV-1 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 ef 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 pcDNA3gagpolml, 1 - pg “of
pHIVextSSV40EYFPppt+RRE, 0.5 png of pHCMV-G and/or 0.5 pg each of pcDNA3tat,
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FIGURE 4.5

Western blot analysis of p24 expression.

Cell lysates were prepared from 293T cells 72 h after transfection with
pCMVARnr, pcDNA3gagpolm!l and pcDNA3gagml/pcDNA3gagpolfusionml. Western
blot analysis using antiserum from an HIV-1 positive individual was used to detect p24
expression. Lane 1, control (mock transfected) cells; lane 2, pPCMVARnr transfected cells;
lane 3, pcDNA3gagpolml transfected cells; lane 4,
pcDNA3gagml/pcDNA3gagpolfusionml transfected cells. The sizes of the molecular
weight standards are indicated to the left of the figure. An arrow to the right indicates the

position of p24.
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TABLE 4.7

Transfer of gag and gagpol sequences via recombinant virus

stocks.

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

pcDNA3gagml/pcDNA3gagpolfusionml packaging systems were used to transduce 293T

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 (tu) assayed and the number of Neo® colonies produced are reported.
g 3 p p

gagpol helper construct NIH3T3 gag assay gagpol assay
tu Neo" colonies | Neo® colonies
pCMVARnr 0.2 x 10° 11 195
pCMVARnr 1x10° 816 1140
pcDNA3gagpolml 1x10° I 10
pcDNA3gagpolml 5x 10° 20 1
pcDNA3gagml/pcDNA3gagpolfusionml 1x10° 26 1
pcDNA3gagml/pcDNA3gagpolfusionml | 2.5 x 10° 25 0
293T control - 0 1
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TABLE 4.8

Transfer of gag and gagpol sequences via recombinant virus

stocks.

Duplicate  samples

of wvirus

prepared  with

either

the

pCMVARnr,

pcDNA3gagpolml or the pcDNA3gagml/pcDNA3gagpolfusionml packaging systems were

used to transduce 293T cells.

Each resulting cell culture was assayed in duplicate for

transfer of biologically active Gag and Gag/GagPol coding sequences as described in

section 2.2.25. For each samplc the number of transducing units (tu) assayed and the

number of Neo® colonies produced is reported (total (duplicate 1, duplicate 2)).

gagpol helper construct NIH3T3 gag assay gagpol assay
tu Neo® colonies | Neo® colonies
pCMVARnr 0.1x10° 51(49,2) 281 (193, 88)
pCMVARnr 0.1x10° 53 (9, 44) 156 (111, 45)
pcDNA3gagpolml 1x10° 12 (8, 4) 16 (9, 7)
pcDNA3gagpolml 1x10° 8(5,3) 36 (19,17)
pcDNA3gagml/pcDNA3gagpolfusionml | 1 x 10° 12 (1, 11) 0 (0, 0)
pcDNA3gagml/pcDNA3gagpolfusionml | 1x10° 107 (53, 54) 1(1,0)
293T control - 1(1,0) 1(1,0)
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0.5 ng of pCMVrev/ &—pg of carrier DNA (pcDNA3.1). The supernatant was collected
from the transfected 293 T 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-1 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-1 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
(Dayton 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,
pHIVextSSV40EYFPppt+RRE remains Rev dependent making viral titres dependent on
Rev.

131




TABLE 4.9
Viral titres and p24 with and without Tat.

For each experiment 293T cells were co-transfected with 653 ng (100 fmoles) of
pcDNA3gagpolml, | ng of pHIVextSSVA0EYFPppt+RRE, 0.5 pg of pHCMV-G, and 0.5
ng of pCMVrev, either with or without 0.5 ug of pcDNA3tat. 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 and 2.2.21.

p24 Titre Titre EYFP
(ng/ml) | EYFP tu/ml tu/ng p24
with pcDNA3tat 473+145 | 1.9+£06x10° 409 + 78
without pcDNA3tat 2994110 | 7.0+0.2x 10* 246 + 44

ND not detected. n=9.
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TABLE 4.10
Viral titres and p24 with and without Rev.

For each experiment 293T cells were co-transfected with 653 ng (100 fmoles) of
pcDNA3gagpolml, 1 pg of pHIVextSSV40EYFPppt+RRE, 0.5 pg of pHCMV-G, and 0.5
ug 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 and 2.2.21.

p24 Titre Titre EYFP
(ng/ml) | EYFP tu/ml tu/ng p24
with pCMVrev 473 £ 145 1.9+0.6x 10° 409 + 78
without pCMVrev 287 ND ND

ND not detected. n =9, except without pPCMVrev, n = 1.
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PART THREE
4.5 SECONDARY PROTEINS
4.5.1 BICISTRONIC EXPRESSION

In the first instance the bicistronic expression constructs, pcDNA3vifIRESvpu and
pcDNA3vprIRESnef, for the secondary proteins were made as described in scction 3.3, In
section 3.4 these expression constructs were transfected into 293T cells along with other
helper plasmids and a vector construct. No detectable virus was produced from these
293T cells and the reasons for this have been outlined in the previous chapter. As the role
of the HIV-1 minor proteins in virus production was to be investigated it was important to
determine whether or not these proteins were being produced in such a system. Cell
lysates were prepared from the transfected 293T cells in section 3.4, to look for cvidence
of gene expression from pcDNA3vifIRESvpu and pcDNA3vprIRESnef. This was
performed by western blot analysis as described in section 2.2.23 using antisera to cach of
the four secondary proteins; HIV-1y; 43 vpr, HIV-1nu43 vpu, HIV-1yxp, vif and HIV-1 nef
(see section 2.1.10). The results depicted non-specific banding on each of the blots (data
not shown). Furthermore, cell lysates prepared from untransfected 293T cells, that served
as a control, showed no difference in antisera reactions with any of the 293T cells that had
been transfected with either pcDNA3vifIRESvpu or pcDNA3vprIRESnef.

Therefore a different experimental system was used lo asscss expression.
pcDNA3vVIfIRESvpu and pcDNA3vprIRESnef were transfected stably into CHO-K1 cells
by electroporation as described in section 2.2.17. Following 10 days of selection of the
transfected CHO-K1 cells in 0.8 mg/ml G418, resistant colonies could be seen. These
were trypsinised, pooled and grown together as a mass culture. This mass culture was
passaged twice in 0.8 mg/ml G418 and then the selection pressure was removed. A cell
lysate was preparcd from cach of the CHO-K1 mass cultures that had been transfected
with pcDNA3vVIfIRESvpu and pcDNA3vprIRESnef, ie CHOvifvpu and CHOvprnef
respectively. Western blot analysis was then performed on both lysates with all four
antibodies listed above, such that each one behaved as a control for the other. Once again
the blots showed a high level of non-specific binding (data not shown). There appeared to
be a lot more reactive cellular material compared to that seen in the transiently transfected
293T cells. Of particular note was high molecular weight material that seemed to cross

react with ail four antibodies.
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Immunoprecipitation of the radiolabelled cells was then used as an alternative
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.

In 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
HIV-1 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 pcDNA3.1. The open reading frames were restricted from the
pBluescript IT SK (+) clones described in section 3.3 and each was individually cloned into
pcDNA3.1, to create four expression constructs; pcDNA3Nef, 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 pcDNA3.1, 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. Western blot analysis,
as above (and section 2.2.23), was performed on each of the four transfected Cosl cells
with mock transfected Cosl1 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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FIGURE 4.6

Western blot analysis of Vpr expression.

Cosl cells were transfected with pcDNA3Vpr and cell lysates prepared 72 h later.
Westem blot analysis was performed using antiserum to Vpr (NIH AIDS research and
reference reagent program cat. No. 3252) as described in section 2.2.23 Lane A, lysate
from pcDNA3Vpr transfected cells; lane B, lysate prepared from mock transfected Cosl
cells. Molecular weight standards are indicated to the left of the figure. The arrow on the

right shows the position of the protein in the pcDNA3Vpr transfected cells.

136 .










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. Alternatively 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 ON
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 pcDNA3.1 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 1.4 pg of carrier DNA
(pcDNA3.1) was transfected along with 0.4 png each of pHIVext5SV40EYFPppt+RRE,
pcDNA3gagpolml, pcDNA3tat, pCMVrev and 0.2 pg 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 4.11 shows that addition of the minor
proteins caused a small (26 %) increase in viral titre (p < 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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TABLE 4.11
Viral titres and p24 with and without expression constructs for
the minor proteins Vpr, Vif, Vpu and Nef.

For each experiment 293T cells were co-transfected with 0.4 pg each of
pcDNA3gagpolml, pHIVext5SV40EYFPppt+RRE, pCMVrev, pcDNA3tat and 0.2 pg of
pHCMV-G, either with or without 0.3 pg of each of the minor protein expression
constructs pcDNA3Vpr, pcDNA3Vif, pcDNA3Vpu and pcDNA3Nef. 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 and 2.2.21.

p24 Titre Titre EYFP

(ng/ml) | EYFP tu/ml tu/ng p24
with minor proteins 211+28 1.9+04x10° 895 £ 150
without minor proteins 321 £36 1.5+02x 10° 477 £ 80

For both experiments n = 9.
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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 e 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-1 based vectors is complicated
because HIV-1 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-1
vector particles the trans functions need to be provided. To do this, the pHIV-YU?2 trans
functions have been dissassembled with the exception of Env, which is substituted with
the VSV-G protein. The YU-2 strain of HIV-1 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 further 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-
Pfizer monkey virus, which has been shown to be able to partially substitute for the action
of Rev/RRE for the expression of GagPol (Gasmi et al., 1999), had no effect. This was
despite the fact that the frameshift signal and the region of overlap between the gag and
pol reading frames were unaltered. Rev counteracts the nuclear retention of viral RNA
that is controlled by splice sites and cis repressive sequences to enable nuclear export of
RRE containing RNA. These inhibitory sequence elements have been located within the
splice donor site (Borg et al., 1997; Hammarskjold et al., 1994; Purcell and Martin, 1993),
p17 of gag (Berthold and Maldarelli, 1996; Schwartz et al., 1992a and b), pol (Cochrane et
al., 1991; Maldarelli et al., 1991; Olsen et al., 1992) and env (Nasioulas et al., 1994).
Presumably those sequences in gag and pol that prevent efficient nuclear transport of the

native gagpol sequence are destroyed by codon-optimisation. For example, codon-
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gptimisation removes all the AUUUA RNA destabilisation cis scquence elements in the
gagpol sequence and this is likely to be one mechanism through which expression is
enhanced. Kotsopoulou et al. (2000) have also reported a codon-optimised coding
sequence for HIV-1 GagPol and showed that codon-optimisation results primarily in
increased mRNA levels. Codon-optimisation itself would also be expected to dircctly
enhance the translational efficiency of the transcript.

A second important consequence of codon-optimisation is that homology with the
native gagpol sequence of HIV-1 is reduced to 75% overall so reducing in turn the
probability of recombination cvents occurring between vectors containing gag sequence or
HIV-1 itself and gagpol expressing helper constructs. Furthermore, codon-optimisation
destroys the vif reading frame overlapping the 3° end of the native gagpo! sequence.
Although the levels of p24 and RT expression from pcDNA3gagpolml (codon-optimised
scquence) are comparable to pPCMVARnr (being 80 % and 150 % respectively, of the
values for pCMVARnr) the resulting viral titre is only 36 % of that obtained with
pCMVARnr. One possible cxplanation is that the expression of Tat and Rev as two
scparate constructs may not be optimal as their expression is no longer coordinately
regulated with expression of GagPol. A second is that, pPCMVARnr expresses Nef and
Vpu and results presented here suggest that the accessory proteins can influence viral titre.
These issues need to be further investigated.

Having achieved Rev/RRE independent expression of GagPol, the idea of further
scparation of the trans functions for HIV-1 was explored. The coding sequence for the
entire gagpol region was split over two plasmids. First, separate codon optimiscd
expression constructs were created for gag and pol. Not surprisingly, given the
coordinated and orderly processing of the Gag and GagPol polyproteins and the functional
linkage of these processes to their incorporation into the virion, the use of separate reading
frames for gag and pol did not result in the production of detcctable levels of virus.
Conversely, separate codon optimised plasmids for expression of the Gag protein and the
GagPol polyprotein (pcDNA3gagml and pcDNA3gagpolfusionml) in combination did
result in the efficient synthesis of p24 and RT, and in high viral titres.

Segregating the reading frames for the Gag and GagPol polyproteins presents
significant safety advances toward the development of safe packaging systems for HIV-1
based vectors. It enables the removal of a vital HIV-1 cis acting element, the gagpol
translational frameshift signal, from the virus production system. Second, because neither
plasmid on their own can provide for the synthesis of viral particles, the probability of

recombination leading to the unwanted generation of replication competent virus is further
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reduced. It is hard tO-env_igige 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 Wu 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 “gag” 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 (Wagner et al., 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-
1 Gag/GagPol polyproteins) and that it is therefore a more appropriate assay to use for
comparative and absolute assessment of different HIV-1 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-1 is diploid, coincident transfer of
the reading frames for gag and gagpolfusion is theoretically possible.

It now secems clear that the accessory proteins are not essential for the efficient
production of recombinant HIV-1 based vectors from transfected 293T cells (Kafti 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

141




constructs, and can therefore be included in any combination that may be rgquired to
successfully transduce certain cell types (see section 4.5.3).

The activity of the Nef protlein appears to be directly related to the route that the
provirus takes to the nucleus (Luo et al., 1998). HIV-1 enters cells by direct fusion with
the viral cnvelope protein and the CD4 receptor on target cells. Nef has been shown to
increase viral titre 5-10-fold in HIV-1 based vectors that use the native envelope protein
(Srimvasakumar er al., 1997). Pscudotyping HIV-1 with VSV-G targets entry of virions to
an endocytic pathway and suppresses the requirement for Nef (Aiken, 1997). Such
pseudotyping also broadens considerably the host range of the recombinant viral vectors
potentially enabling gene transfer into a wide varicty of cell types. The activities of Vif
and Vpu would appear to be cell specific and neither proteins appear to be required in
293T cells. The effccts of Vif seem to be limited to lymphocytes and macrophages
(Gabuzda et al., 1992; von Schwedler et al., 1993), and although Vpu has been shown to
enhance virion release in some cell types (Klimkait ef al., 1990; Géttlinger et al., 1993), it
does not appear to have any influence on the release of virions from 293T cells (Zufferey
et al., 1997). Due to the fact that 293T cclls have a very high efficiency of transfection,
large amounts of the vector genome and HIV-1 encoded proteins are probably synthesised
thus making the effect of Vpu negligible.

The Vpr protein contains a nucleophilic determinant that enables nuclear transport
of the viral capsid and replication in non-dividing cells (Heinzinger et al., 1994). The
observation that Vpr 1s not required is most likely due to the redundancy of mechanisms
permitting nuclear localisation, which is also directed by the karyophilic properties of the
matrix antigen (MA) and integrase (Bukninsky et al., 1993; Gallay er al., 1997). In the
presence of these two proteins the role of Vpr appears only additive and noticeable mainly
in terminally differentiated macrophages (Zufferey et al., 1997). Of particular relevance in
the development of stable packaging cell lines is the cytostatic nature of Vpr, making it an
attractive candidate to remove from the packaging system.

The western blot analysis performed in this chapter could only demonstrate the
successful expression of the Vpr protein. As mentioned previously the high cross
rcactivity, the nature of the antibodies and the unknown efficiency of expression may
explain the lack of a positive reaction with Vpu, Vif and Nef. Further experimentation is
clearly needed to see which of the secondary proteins and/or combination is causing an
increase in viral titre when transducing NIH3T3 cells. No other cell types were transduced
in this chapter, and it is quite likely that the effect of these minor proteins is cell specific.

For the transduction of some specific cellular targets, one or more of the HIV-1 accessory
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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-1 LTR. This
requirement for Tat in HIV-1 based vectors can be circumvented with the use of promoters
other than the HIV-1 LTR to drive expression of the vector genome (Kim et al., 1998;
Miyoshi et al., 1998; Iwakuma et al., 1999). However, there is some evidence that Tat is
also required in the HIV-1 life cycle at a post-entry step within the host cell and may
enhance infection of the target cells (Huang er 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-1, 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-1
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,
pHIVext5SV40EYFPppt+RRE remains Rev/RRE dependent.

Taken together, codon-optimisation of gagpo!l and the removal of the frameshift,
minimises considerably sequence homology between HIV-1 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 polyproteins 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-1
vectors in transient expression systems with increased safety as has been demonstrated by
measuring the incidence of transfer of biologically active sequences encoding Gag/GagPol
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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important for creating reagents required to develop sensitive assays for the transfer of
biologically active HIV-1 helper protein reading frames as discussed.

Furthermore, additional variables are introduced as soon as additional plasmids are
included in the transfection procedure. Packaging cell lines for the stable expression of the
trans functions of HIV-1 are likely to be a way around this problem, even if only some
plasmids could be stably transfected at this stage. It is important to remember that there
may be a trade off for a lower viral titre but a safer, in terms of possible recombination
events, system. Despite the fact that high titre HIV-1 based vector systems have been
produced by transient transfection of 293T cells, such a method is just not suitable for
large scale vector production. The establishment of stable packaging cell lines for HIV-1
based vectors will be far more amenable o mass production and will also make helper
virus generation less likely because multiple homologous recombination events are
required. Such events will occur more frequently before stable transfection and integration
take place. The next step in evolving packaging cell lines for HIV-1 based vectors is to
make stable cell lines. Now that the Gag and GagPol functions can be split over two

plasmids perhaps the first place to start would be a stable cell line for the expression of

Gag.
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CHAPTER FIVE

EVALUATION OF
HIV-1 BASED GENE
TRANSFER VECTORS






5.1 INTRODUCTION

The advantages of using human immunodeficiency virus type 1 (HIV-1) as a gene
transfer vector have been described in Chapter one. These advantages indicate that it is
likely that HIV-1 will replace the archetypical Moloney leukemia virus (MLV) as the
vector of choice for gene transfer into many cell populations, including haematopoietic
stem cells, hepatocytes, myofibres and neurones (Naldini ef al., 1996a; Reiser et al., 1996;
Zufferey et al., 1997; Sutton et al., 1998; Mochizuki et al., 1998; Miyoshi et al., 1999). A
gene transfer vector based on HIV-1 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 first sight these
must presumably include (i) a packaging signal (V) 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 synthesis, the PBS (RNA-binding site) that binds the minus-strand tRNA 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 cis active sequences that have been identified in the HIV-1 genome are the
Rev response element (RRE), and the central polypurine tract (Chameau et al., 1992).
Additionally, and more vaguely, there are sequences that have been suggested to play a
significant, but not vital, role in HIV-1 replication and also a number of sequences that
have been implicated in affecting HIV-1 vector performance. Despite numerous reports
describing HIV-1 vectors (Naldini ef al., 1996a; Reiser et al., 1996; McBride et al., 1997,
Kim et al., 1998; Mochizuki et al., 1998; Chang et al., 1999, Cui et al., 1999; Gasmi et al.,
1999), uncertainty still exists regarding the extent of cis-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 define a sequence from the 5’ region of
the HIV-1 genome that is sufficient for the packaging of a heterologous sequence
(Berkowitz ef al., 1995). It would appear that the inclusion of some 5’ gag sequence 1s
beneficial for packaging of RNA (McBride et al., 1997). HIV-1 vectors with deletions of
most of the structural genes are successfully packaged into viral particles (Poznansky et
al., 1991; Shimada et al., 1991; Buchschacher and Panganiban, 1992). Arguments have
been put forward to suggest that portions of the env and gag genes enhance-paékaging
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efficiency (Richardson et al., 1993; Parolin et al., 1994, Kaye et al., 1995) and a region
contatned within the first 40 nucleotides of gag has also been shown to be important
(Luban and Goff, 1994). The incorporation of RNA into budding virions is reduced, albeit
at different levcls, as a consequence of sequence deletions between the splice donor site
and the gag initiation codon (Lever et al., 1989; Aldovini and Young, 1990; Clavel and
Orcnstein, 1990).  Sequences within US have also demonstrated their importance in
efficient RNA packaging (Kim et al., 1994; Vicenzi ef al., 1994). To fully utilise the
promise of HIV-1 as a vector for gene therapy it is important to define as exactly as
possible the effects of cis elements on vector function, allowing the cost versus benefit (ie
safety versus titre) of their inclusion 1o be properly assessed.

As more HIV-1 based vectors were described in the literature, it became possible to
take a more systematic approach to vector design. The work reported in this chapter
attempied to evaluate cis sequences from the HIV-1 genome that may or may not be
required for optimal vector performance with the combined aim of maximising viral titre
and improving bio-safety. The results obtained in Chapter three showed that some initial
idcas about HIV-1 based vector design were correct in principle, but also highlighted many
problems associated with the over-complicated approach adopted. In this chapter a more
systematic angle was taken using a reporter gene and packaging system of known
efficiency. The vectors constructed were designed to express the enhanced yellow
fluorescent protein (EYFP), a reporter gene that allows the easy measurement of
transduction by FACScan analysis. This was chosen to overcome the inherent difficulties
that had become apparent with the transfer of the lysosomal enzyme f-glucuronidase
described in Chapter thrce. Furthermore, to eliminate some of the variables in the virus
production system an established packaging construct pCMVARnr (Kafti er al., 1997;
Naldini et al., 1996b) was used. This HIV-1 packaging construct expresses all HIV-1
trans functions with the exception of Vpr, Vif and Env. The HIV-1 based vector was
pseudotyped with the G glycoprotein of vesicular stomatitis virus (VSV-G). The use of
VSV-G results in a pantropic pseudotype and a more stable virion (Yee et al., 1994).
Additional analysis included estimating the number of HIV-1 viral particles produced by
measuring p24 antigen, a virion protein encoded by the HIV-1 gag gene (Dorfman et al.,
1993).

To date, from the number of studies describing HIV-1 vectors, it is clear that parts
of env and much of the middle of the HIV-1 genome, such as the 3’ region of gagpol can
be deleted without significant deleterious cffects on vector function. Relatively simple

vectors have been made that are packaged reasonably efficiently (Chang et al., 1999; Cui
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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 al., 1998; Iwakuma et al., 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 al., 1994), ii) regions from the 5’
and 3’ ends of the env gene (Richardson er 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; Charneau et al., 1992) and v) splicing signals
(Cui et al., 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
CONSTRUCTION

A vector backbone was designed to incorporate some basic sequences deemed
necessary for vector function to begin evaluating specific sequence elements within the
HIV-1 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-1 derived EYFP (enhanced yeliow 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-1
YU2 gag gene, the SV40 immediate early promoter, a polylinker sequence containing,
from 5’ to 3°, a Stul, HindIll and an EcoRI site, into the latter of which the cDNA for
EYFP was cloned, the polypurine tract (ppt) and lastly the 3> LTR. These two vectors,
pHIVext2SV40EYFPppt and pHIVext5SV40EYFPppt, 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
pHIVext2SV40EYFPppt and pHIVextSSV40EYFPppt 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 PCR product (5* No#l/3’ BamHI) was generated with .
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pHIVext2SV40EYFPppt and pHIVextSSV40EYFPppt.

Detailed construction of these two vectors is provided in section 5.2.
The vectors contain from 5’ to 3’ the following sequence elements; HIV-1 5° YU-2
LTR and contiguous sequence up to base 887 in the ext2 derivative, or 1937 in the
ext5, the SV40 early promoter, a polylinker containing a Stul, HindlIl and EcoRI
site (the EYFP gene cloned into the EcoRlI site), the polypurine tract (ppt, sequence
in bold) and the 3° YU-2 LTR.
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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 pHIVext5 respectively. The SV40 promoter was isolated from
pLNSX (Miller and Rosman, 1989) with BamHI (5’) and HindlIll (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 Xbal
fragment, end-filled and then cloned into the end-filled EcoRI site of the two vectors. This
produced two vectors, pHIVext2SV40EYFPppt and pHIVextSSV40EYFPppt.

5.3 ADDITION OF EXTRA HIV-1
SEQUENCES

Various additional sequences from pHIV-YU2 were then incorporated into both the
pHIVext2SV40EYFPppt and pHIVextSSV40EYFPppt 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 (extS) 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 immunodeficiency virus replication (Ilyinskii and Desrosiers, 1998), and may
therefore influence the efficiency of HIV-1 packaging. To assess this sequence in the
context of HIV-1 vector function, 25 bp of HIV-1 YU2 sequence 3’ of the polypurine tract
was incorporated into the ext2 and ext5 vector pair, creating pHIVext2SV40EYFPppt+
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 al., 1993). The first
vector pair pHIVSAext2SV40EYFP and pHIVSAextSSV40EYFP, contained contiguous
sequence from immediately 5° of the splice acceptor site for the second exon of the fat and
rev genes (base 8331 in pHIV-YU2) to the 3° LTR. The vectors, pHIVF4ext2SV40EYFP
and pHIVF4ext5SV40EYFP, 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-1 envelope sequence extending to base 8685 in pHIV-YU?2, 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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FIGURE 5.2

Addition of extra HIV-1 sequence elements.

The two  basic vector  constructs  pHIVext2SV40EYFPppt  and
pHIVext5SSV40EYFPppt are shown at the top of the figure (see also Figure 5.1).
Underneath the HIV-1 sequence variations that were incorporated into the basic vectors
are depicted. The ppt+ sequence encompasses HIV-1 sequence from base 9035 of YU-2
until the end of the 3° LTR. The ppt+RRE is the same as the previous sequence but also
includes the Rev response element (RRE) from pHIV-YU2 cloned between the EcoRV
and Pvull sites in the 3° LTR. The SA contains HIV-1 envelope sequence 5’ of the splice
acceptor site for the second exon of the tar and rev genes (base 8331 in pHIV-YU2)
contiguous to the end of the 3° LTR. Similarly the F4 region comprises HIV-1 envelope
sequence starting immediately 3’ of the same splice acceptor site (base 8341 in pHIV-
YU2) while F6 extends to base 8685 in pHIV-YU2. These latter two fragments are also
contiguous with the 3° LTR. The 5’ env sequence encompasses bases 5742-7030 of pHIV-
YU2 and is joined to the ppt+RRE fragment from base 9035 until the end of the 3* LTR.
The F28Sal fragment covers sequence from base 7583 to 8458, thereby including the RRE,
which is joined to the ppt+ fragment from base 9035 until the end of the 3 LTR. It was
not possible to create an ext5 vector derivative containing the F2Sal fragment. Dotted

lines in the figure represent sequence that is absent.
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LTRF2 (ppt+), 3° LTREF3 (SA), 3° LTRF4 (F4) and 3° LTRF6 (F6) in combination with
the 3 LTRR primer to create PCR products that were cloned 5° EcoRI/3’ Clal, thereby
replacing the ornginal ppt and 3° L'TR in pHIVext2 and pHIVext5. The SV40 promoter
was cloned into the end-filled BamHI site as described in section 5.2. For the pptt+ vector
derivative EYFP was cloned into the FcoRI site and for the SA, F4 and F6 vector variants
the EYFP sequence was cloned into the Stul site of the polylinker.

The Rev response element (RRE) from pHIV-YU?2 (bases 7730 - 7963, sec section
4.3.4) was i1solated rom pHIV-YU?2 using RREF and RRER. The resulting PCR product
was then blunt-end cloned between the 5° EcoRV and 3° Pvull sites in the 3° LTR of both
pHIVext2SV40EYFPppt+ and pHIVextSSV40EYFPppt+, replacing the U3 sequence. The
EYFP sequence was cloned into the EcoRI site of the polylinker to create
pHIVext2SV40EYFPppt+RRE and pHIVextSSV40EYFPppt+RRE. In these constructs
the strategy for placing the RRE in the U3 region of the 3° LTR was to facilitate the
incorporation of further sequence elements into the vector. Howevecr, this arrangement has
the additional advantage of making the vector self-inactivating because the U3 sequence
that is replaced by the RRE includes transcriptional control elements such as AP1, NFk[}
and SP1 binding sites and the TATAA box sequence.

Another construct was made that included sequence from the HIV-1 envelope
region encompassing the RRE. A Sall fragment was isolated by PCR from
pHIVext2SVA0EYFPppt+ using the primers 3’LTRF2Sal and pB/ST7. Following a Sall
digest this sequence represented pHIV-YU2 from base 9035 to the Safl site at the end of
the 3° LTR. A Bgill/Sall restriction fragment from pHIV-YU?2 (bases 7583-8458) was
then isolated, and both fragments were then cloned into pHIVext2 such that they replaced
the pptLTR sequence (Figure 5.2). The SV40 promoter and the EYFP ¢cDNA (cloned into
the Stul site) were then incorporated as described above to create the vector
pHIVF28alext2SV40EYFP. It was not possible to make the analogous construct with the
ext5 vector derivative.

In addition HIV-1 envelope sequence 5 of the RRE was tested. The envelope
sequence from the EcoRI site at base 5742 of pHIV-YU2, to the Bg/II site at base 7030
was isolated and cloned into the EcoRI (end-filled) site of pHIVext2 and pHIVext5. The
SV40 promoter was cloned into the end-filled BamHI site and EYFP into the Stul site both
as previously described. Both of these vectors, pHIVext2SV40EYFPppt+RRES’env and
pHIVext5SVA0EYFPppt+RRES’env also contain the RRE in the 3° LTR and the 25 bp of
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s_equence that lic immediately upstrcam of the HIV-1 polypurine tract (ppt+). The

sequence composition of all of these vectors is shown in Figure 5.2.

5.4 PRIMARY VECTOR ASSESSMENT

All EYFP containing vectors described in this chapter was evaluated by their
ability to transduce NIH3T3 and exprcss EYFP as measured by FACScan analysis. In this
way the effect of each sequence addition on vector performance could be determined.
Viral supernatant was collected from 293T cells that were co-transfected with 1 pg each of
vector, pPCMVARnr (Naldini ez al., 1996b; Kafri et al., 1997) and pHCMV-G (Yee et al.,
1994) unless stated otherwise. Where indicated measurements of p24 antigen were
performed on the viral supernatant collected from the transfected 293T cells. This HIV-1
core protein is produced by the gag gene and provides an estimate of HIV-1 viral particles
(Dorfman et al., 1993). All procedures were as described in Materials and methods
{Chapter two).

Table 5.1 displays the viral titres obtained with each of the vector constructs
described in sections 5.2 and 5.3. The first observation is that, in every instance, the
longer length of gag sequence (1150 bp) in the ext5S vector derivative results in a higher
viral titre than the ext2 variant (100 bp). The effect of gag length on vector titre is
explored in more detail in section 5.5. From all of the sequences to be incorporated into
the vector pairs, only two specific regions appear to increase viral titre. The first of these
is the extra 25 bp that encompass the five T residues immediately 5° of the ppt (ie ppt+).
This sequence increases viral titre 20-fold when comparing pHIVext2SV40EYFPppt to
pHIVext2SV40EY FPppt+, and 12-fold for the ext5 counterpart. Maximal viral titres were
noted with the inclusion of the RRE in combination with the ppt+ sequence, the highest
average titre being 8.7 x 10° for pHIVextSSV40EYFPppt+RRE. The addition of other
sequences in the vector did not appear to augment viral titres. In actual fact, with one
exception, viral titres were generally seen to decrease when envelope elements additional
to the ppt+ and RRE were placcd in the vector construct. The exception was
pHIVF2Salext35SV40EYFP, in which viral titres were comparable to thosc obtained from
vector constructs containing both the ppt+ and RRE elements. It was hard to understand
why additional sequence present in the transfer vectors would result in a decrease in viral
titre. One difference in the creation of these vectors had been the restriction site used for
insertion of the EYFP sequence. Initially EYFP had been cloned into the EcoRI site in the

polylinker and the derivatives encompassing the ppt+ and RRE sequence elements had
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TABLE 5.1

Titres obtained with a pair of vectors incorporating different
HIV-1 sequences.

Two vectors with either 100 bp (ext2) or 1150 bp (ext5) of HIV-1 gag sequence
were modified to include specific and more general HIV-1 sequences. One exception was
pHIVF2Salext2SV40EYFP, for which no ext5 counterpart was made. For details of the
vectors see sections 5.2 and 5.3. Viral titres were determined on NIH3T3 cells using viral
supernatant collected from 293T cells co-transfected with cach vector construct,
pCMVARnr and pHCMV-G, by the percentage of EYFP positive cells as described in
sections 2.2.18 and 2.2.21.

Vector Titre EYFP
tu/ml x 10°
pHIVext2SV40EYFPppt 0.1£0.1
pHIVext5SV40EYFPppt | 0.1+0
pHIVext2SVA0EYFPppt+ 14£02
pHIVextSSVAOEYFPppt+ 1.6+ 0.4
pHIVSAext2SVAOEYFP* 0.4+0.1
pHIVSAext5SVA0EYFP* 1.5+0.2
 pHIVF4ex{2SV40EYFP* 09+0.7
pHIVF4cxt5SSVAOEYFP* 1.8+ 0.4
pHIVFG6ext2SV40EYFP* 030
pHIVF6extSSV40EYFP* 1.6+ 0.1
pHIVext2SV4OEYFPppt+RRE |  5.1+0.1
pHIVext5SSVA0EYFPppt+RRE 8.7+0.3
pHIVF2Salext2SV40EYFP* 6.5+ 0.5
pHIVext2SV40EYFPppt+-RRES env* 050
pHIVextSSV40EYFPppt+RRES env* 0.6+0.1

n = 3. * EYFP cloned into the St site in these constructs.
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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 Stul site of the polylinker in the “SA”, “F4”,
“F6”, “F2Sal” and “5’env” vector derivatives.

To investigate whether insertion of EYFP in the Stul sitedid actually reduce viral
titre, pHIVext2SV40EYFPppt+RRE and pHIVext5SV40EYFPppt+RRE were re-made but
with the EYFP gene cloned into the Stul 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 Stul site could be evaluated directly. These two vectors were denoted
pHIVext2SV40EYFPppt+RRE(Stul) and pHIVextSSV40EYFPppt+RRE(Stul). The viral
titres obtained (from a single experiment) for these two vectors were considerably reduced.
For pHIVext2SVA0EYFPppt+RRE(Stul) only 2 % of NIH3T3 cells were shown to be
transduced compared to 26 % for pHIVext2SV40EYFPppt+RRE. The same trend was
observed for the ext5 derivative, pHIVextSSV40EYFPppt+RRE(Stul) transduced 4 % of
NIH3T3 cells whereas pHIVextSSV40EYFPppt+RRE resulted in 46 % transduction. The
region flanking the end of the SV40 promoter and the entire polylinker extending into the
EYFP coding region was sequenced in both pHIVextSSV40EYFPppt+RRE(Stul) and
pHIVext5SVA0EYFPppt+RRE to see if any aberrant base changes were present with
negative results, the sequence of both being as predicted for EYFP cloned into the Stul and
EcoRlI 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 EcoRI 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 polypurine 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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pHIVext2SV40EYFPppt+RRE and i)HIVextSSV40EYFPppt+RR7E7have been described
above. Another three vectors were then generated by using a common 5” primer, 5’LTRF,
with the following specific primers S’HIVext1R, 5S’HIVext3R and 5’HIVext4R, to amplify
the 5° LTR with corresponding gag sequence from pHIV-YU2, to produce extl (no gag),
ext3 (250 bp of gag) and ext4 (650 bp of gag) respectively. These fragments were cloned
5% Notl/3” BamHI into pB/SHIVLTR (section 3.2). The 3 L'I'R was then replaced with a
5" EcoRI/3’ Clal fragment from pHIVext2SV40EYFPppt+RRE followed by the SV40
promoter (cloned into the BamHI site) and EYFP (into the EcoRlI site) as described above.
Therefore, in each case the vectors all contained the “ppt+” sequence and the RRE, both of
which were shown to be required for maximal virus titres in section 5.4, The five resultant
vectors are shown diagrammatically in Figure 5.3.

Comparing vector constructs in Table 5.2, there 1s a concomitant increase in viral
titre for gag sequence up to 650 bp (extd), with levels of p24 remaining fairly constant.
The inclusion of another 500 bp of gag sequence (ext5) failed to increase viral titre. This
1s consistent with many other reports that the first 21-653 nucleotides of gag are important
for packaging (Berkowitz et al., 1995; Clever et al, 1995; Cw et al., 1999; Luban and
Goff, 1994; McBride et al., 1997, Parolin et al., 1994). Inclusion of gag sequences in
these vectors was designed in an attempt to delineate the rclationship between gag
sequence content and vector performance. Obviously, from a bio-safety point of view, the
less gag sequence present in the vector the less the chance of homologous recombination
with helper plasmids expressing GagPol. Therefore, the amount of gag sequence
necessary for optimal vector function needs to be balanced against the risk of homologous
recombination with gag sequence present in packaging constructs.

There is no real difference in p24 levels obtained with the different length of gag
sequences in the vector (Table 5.2). The ratio between functional virus titre and the
amount of p24 in the supernatant of the transfected 293T cells is also displayed in Table
5.2. This ratio refleccts the number of particles that actually carry a viral genome with
respect to the total number of virions synthesised and secreted to the medium. This ratio
increases with the length of gag sequence in the vector suggesting that the increase in
packaging efficiency of the viral genome is directly related to the length of gag sequence
in the vector construct. It is generally assumed that p24 is directly proportional to the
number of virus particles. Nevertheless it must be noted that because the measurements of
p24 were made on the supernatant of the transfected 293T cells, there is no proof that the
protein is actually contained within viral particles. To show that there is no extracellular

free p24, the supematant from the transfected 293T cells needs to be subjected to ultra-
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TABLE 5.2

Viral titres from a series of vectors incorporating increasing

lengths of gag 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 supernatant collected from 293T cells co-transfected with each vector

construct, pPCMVARnr and pHCMV-G. Transduced NIH3T3 cells were assayed for EYFP

expression by FACScan analysis as described in section 2.2.21.

were made on the viral supernatant.

Measurements of p24

Vector Titre EYFP p24 Titre/ng | n=
tu/ml x 10° ng/ml p24
pHIVext! SV40EYFPppt+RRE 26102 330 + 43 787 + 85 5
pHIVext2SV40EYFPppt+RRE 26+1.2 316 £ 132 835+ 144 12
pHIVext3SV40EYFPppt+RRE 3.6+ 0.6 383 + 65 955+177 | 6
pHIVext4SVA40EYFPppt+RRE 76128 464 + 250 1845 £ 635 12
pHIVextSSV40EYFPppt+RRE 7.5+09 336 £ 74 2329 1+ 542 12
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FIGURE 5.3

Incorporation of different lengths of gag sequence.

The gag sequence elements in the extl-5 constructs is shown undemeath the top
complete vector construct. In each case the sequence was joined to the SV40 promoter,
EYFP reporter gene, polypurine tract + (ppt+) and the 3° LTR containing the Rev response
clement (RRE) in the U3 region. The number in parenthesis indicates the base number in

the pHIV-YU2 sequence that the gag sequence extends to.
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centrifugation to pellet the viral particles and the sediment lysed, and assayed for p24.

This line of experimentation was not explored further.

5.6 MUTAGENESIS OF THE MAJOR
SPLICE DONOR AND GAG
INITIATION CODON

The 390 bp oligonucleotide fragment described in section 3.2 (see also Figure 3.1)
that was used for the construction of the p-glucuronidase vector contains sequence changes
from the native pHIV-YU2 sequence that were designed to improve bio-safety. The major
splice donor sequence (underlined) was mutated from GGTGAGTACGCC to
GCTCAGTAGGGC, the additional alterations shown in italics were designed 10 maintain
the secondary structure of the region as proposed by Harrison and Lever (1992) on the
basis that the secondary structure of this region is functionally important. Additionally, the
gag initiation codon was mutagenised to a stop (TAG). This 390 bp oligonucleotide
fragment was inserted into the extl and ext2 EYFP containing vectors described in section
5.5. For the ext] vector derivative a PCR product was generated from pHIVSV40fgluc
(scction 3.2) using primers 5’HIVextl and pB/SR. This fragment was then restricted with
BamHI and Noil, gel purified and cloned into the same two sites of pB/SHIVLTR (section
3.2). The 3° LTR was subscquently replaced with a 5’ FcoRI/3" Clal fragment from
pHIVext2SV40EYFPppt+RRE to includc the ppt+ and RRE sequences. The SV40
promoter was then cloned into the end-filled BamHI site and subsequently the EYFP
coding sequence was cloned into the EcoRI site, both as detailed earlier (section 5.2). For
the ext2 vector derivative, a Swl/Sall fragment was isolated from
pHIVext2SV40EYFPppt+RRE and cloned into the same two sites of pHIVSV40pgluc
(section 3.2). This effectivcly replaced the 37 sequence in this vector between the Stul and
Sall sites encompassing sequence from the EYFP reporter gene until the end of the 3’
LTR. The two constructs produced were termed pHIVextlchSV40EYFPppt+RRE and
pHIVext2chSV40EYFPppt+RRE. It should be noted that only the latter encompasses the
mutagenised gag initiation codon, the extl sequence terminates immediately 5° from the
gag ATG.

Table 5.3 shows viral titres obtained from these two vectors as compared with the

analogous two vecctors containing native pHIV-YU2 sequence (ie the splice donor and gag
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TABLE 5.3

Mutagenesis of the major splice donor site and the gag
initiation codon in the “extl” and “ext2” vector derivatives.

The two vectors containing no (extl) or 100 (ext2), bp of gag sequence was altered
from their native pHIV-YU2 to create “extlch” and “ext2ch”.  Such sequence
modifications included mutagenesis of both the major splice donor site and the gag
initiation codon (for details see text). Viral titres were determined on NIH3T3 cells using
viral supernatant collected from 293T cells co-transfected with each vector construct,

pCMVARnr and pHCMV-G, as described in sections 2.2.18 and 2.2.21. Measurements of

p24 were made on the viral supernatant.

”[_‘itre/ng

Vector Titre EYFP p24 n=
tw/ml x 10° | ng/ml p24
pHIVext1SV40EYFPppt+RRE 2.6+0.2 330 + 43 787 + 85 5
pHIVext1chSV40EYFPppt+RRE |  0.49 +0.1 402 + 89 120 + 21 6
pHIVext2SV40EYFPppt+RRE 2.6+1.2 316+132 | 835+144 | 12
pHIVext2chSV40EYFPppt+RRE 2.6+0.2 440+ 114 | 629+127 | 6
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ATG), pHIVext1SVA0EYFPppt+RRE and pHIVext2SV4A0EYFPppt+RRE.  From this
table 1t is evident that the introduction of the splice donor mutation into the extl vector
decreased viral titre five-fold although the quantity of p24 remained the same. In the ext2
vector the combination of both the splice donor and gag initiation codon mutations had no
effect, viral titres and p24 levels were similar to those of pHIVext2SV40EYFPppt+RRE.
It has been demonstrated previously that mutations in the splice donor along with the
deletion of the splice acceptor site, resulted in a small drop in viral titre (10 %), dcspite
northern analysis showing full-length viral RNA expression was reduced by 50 % (Cui er
al., 1999). It 1s note-worthy that these vectors all contained gag sequence. The drop in
titre seen with the extl derivative may therefore be a consequence of the absence of gag
sequence. As the levels of p24 remain similar, the number of virions present is unlikely to
be altered. Onc possibility is that the genomic RNA is inefficiently packaged or
expression of the transgenc inhibited because of the mutation of the splice donor.
However, the latter is unlikely because the expression cassette for EYFP is actually
downstream from the mutation. Interestingly, it has been reported that the splice donor
site imposes a suppressive effect on the action of the polyadentlyation site in the 5° LTR.
(Ashc et al., 1997). Northern analysis would give some indication as to whether the
amount of full-length viral RNA seen in the extl vector containing thc splice donor
mutation was reduced.

This experiment has shown that the addition of the first 100 bp of gag nto the
vector did not increase viral titre, although the longer gag sequence did enable the
imtroduction of the splice donor and ATG mutations without a decrease in titre. However,
as noted earlier, increasing the length of gag sequence up to 650 bp (ext4 vector, see Table
5.2) did result in a higher viral titre. In order to develop an optimum vectlor, mutagcnesis
of the major splice donor site and gag initiation codon needs to be incorporated into the
extd vector derivative to see what effect, if any, is obscrved. Such changes are clearly

beneficial from a bio-safety perspective.

5.7 INCORPORATION OF ENVELOPE
REGIONS

5.7.1 3> ENVELOPE SEQUENCES

Regions of the HIV-1 envelope sequence were incorporated into vector constructs
to assess whether any effect on viral titre could be attributed to such elements. Sequences

from the 3’ end of the env gene were included in PCR products generated using the
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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 env regions were incorporated into vectors containing 100 bp (ext2) and 1150 bp
(extS) of gag sequence, the SV40 promoter, EYFP gene and RRE. A fragment termed
F4AF6 (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 pHIVext2SV40EYFPppt+RRE and pHIVextSSV40EYFPppt+RRE. The EYFP
sequence was re-cloned back into these two vectors into a reformed EcoRlI site at the 5’
end of the F4AF6 fragment. This created two vectors
pHIVext2SV40EYFPF4AF6ppt+RRE and pHIVextSSV40EYFPF4AF6ppt+RRE  which
are the same as pHIVext2SV40EYFPFARRE and pHIVextSSV40EYFPF4RRE
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
pHIVext2SV40EYFPppt+RRE and pHIVextSSV40EYFPppt+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-1 envelope sequence from base 8341 of pHIV-YU?2 to the end of the 3° LTR. The
splice acceptor site for the second exon of the fat 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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FIGURE 5.4

Addition of 3’ env sequence elements.

The basic starting vectors pHIVext2SVA0EYFPppt+RRE and
pHIVextSSV40EYFPppt+RRE are shown in full. Underneath each of the 3° env
sequences that has been incorporated is depicted. The F3 fragment contains HIV-1
envelope sequence 5° of the splice acceptor site for the second exon of the tat and rev
genes (base 8331 in pHIV-YU2) contiguous to the end of the 3° LTR. The F4 region
comprises HIV-1 envelope sequence immediately 3 of the same splice acceptor site (base
8341 in pHIV-YU2) and F6 extends to base 8685 in pHIV-YU2. These latter two
fragments are also contiguous with the 3 LTR. The F4AF6 contains HIV-1 env sequence
from bases 8341 - 8687 in pHIV-YU?2, and this fragment is the same as F4 except bases
8685 - 9035 are deleted. Dotted lines in the figure represent sequence that is absent.
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TABLE 5.4
Incorporation of 3’ env sequences into the transfer
vector.

The two vectors containing 76 (ext2) or 1150 (extS), bp of gag sequence were
modified to incorporate 3” env regions from pHIV-YU2 (Figure 5.4). The F3 derivative
contains 3’ env sequence up to base 8331 of pHIV-YU2, which is immediately 5° of the
splice acceptor site for fat and rev. Immediately 3° of the same splice acceptor (base 8341
of pHIV-YU2) is included in the F4 fragment and F6 includes up to base 8685. Bases
8341 - 8687 of the plIIV-YU2 3’ env sequence have been incorporated into the fragment
termed F4AF6 (for details sce text). Viral titres were determined on NIH3T3 cells using
viral supernatant collected from 293T cells co-transfected with each vector construct,
pPCMVARnr and pHCMV-G, as described in sections 2.2.18 and 2.2.21. Measurements of

p24 were made on the viral supernatant.

ext2 Vector Titre EYFP p24 Titre/ng | n=
twml x10° | ng/ml p24
pHIVext2SV40EYFPppt tRRE 26412 | 316+132| 835+144 | 12
pHIVext2SV40EYFPF3RRE 27+08 | 381+139| 7574226 | 9
pHIVext2SVAOEYFPF4RRE 51+07 | 431+145| 13224411 | 9
pHIVext2SVA0EYFPFGRRE 22407 | 463+169| 502+81 | 9
pHIVext2SV40EY FPFAAF6ppt+RRE | 3.1+0.8 193+60 | 1630+183 | 9

ext5 Vector ) Titre EYFP p24 Titre/ng | n=
tu/mlx 10° | ng/ml p24
pHIVext5SVA0EYFPppt+RRE 75+0.9 336+74 | 2320+542 | 12
pHIVext5SSVAOEYFPFARRE | 47+13 | 363150 | 1647 £ 1014 | 9
pHIVext5SSV40EYFPFARRE 97+27 | 330+178 | 3760+ 1657 | 9
| pHIVextSSV40EYFPF6RRE 6.9+2.6 | 544+162 | 13044377 | 9
pHIVextSSVAOEYFPF4AFGppt+RRE | 6.6 £2.5 205+ 48 | 31444544 | 9
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more specifically what part of the HIV-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.

Interestingly, 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 F4AF6 fragment is included in the vector,
the titres are similar to those obtained with pHIVext2SV40EYFPppt+RRE and
pHIVext5SV40EYFPppt+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. Northern blot analysis of RNA from transfected 293T 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 SEQUENCES

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
EcoR1/Bglll fragment encompassing the 5° end of the env gene from pHIV-YU2 (bases
5742 - 7030) was cloned into  pHIVext2SV40EYFPppt+tRRE  and
pHIVextSSV40EYFPppt+RRE immediately 3° of the EYFP sequence to give
pHIVext2SV40EYFP5’envppt+RRE and pHIVextSSV40EYFPS’envppt+RRE. The
sequence incorporated extended from base 5742 to 7030 and was joined to the 3° LTR that
included the pptt+ sequence and the RRE. Viral titres obtained with these two vectors
pHIVext2SV40EYFP5’envppt+RRE  and pHIVext5SV40EYFP5’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

167




TABLE 5.5

Incorporation of 5’ env sequences into the transfer
vector.

The two vectors containing 100 (ext2) or 1150 (ext5), bp of gag sequence were
modified to incorporate a 5° env region from pHIV-YU?2 (bases 5742 - 7030). These two
vectors termed pHIVext2SV40EYFP5’envRRE and pHIVext5SSV40EYFP5’envRRE were
directly compared with their counterparts without the 5° env sequence. Viral titres were
determined on NIH3T3 cells using viral supematant collected from 293T cells co-

transfected with each vector construct, pPCMVARnr and pHCMV-G, as described in

sections 2.2.18 and 2.2.21. Measurements of p24 were made on the viral supernatant.

Vector Titre EYFP p24 Titre/ng | n=
tu/ml x 10° | ng/ml p24
pHIVext2SV40EYFPppt+RRE 26+12 316+132 | 835+144 | 12
pHIVext2SV40EYFP5’envRRE 42+0.8 446 £ 116 983 +209 9
pHIVext5SSV40EYFPppt+RRE 7.5+09 336 £ 74 2329 +542 | 12
pHIVext5SV40EYFP5’envRRE 9.0x0.9 3922126 { 2525718 9
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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-1 and other lentiviruses contain another polypurine
tract/termination 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, 1991; Charneau 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> Clal/ 3° BstBI
from pHIV-YU2 using PCR primers cpptClal and cpptBstBI, and cloned into
pHIVext2SV40EYFPppt+RRE and pHIVextSSV40EYFPppt+RRE immediately 5° of the
SV40 promoter. This created two vector constructs pHIVext2cpptSV40EYFPppt+RRE
and pHIVext5cpptSV40EYFPppt+RRE that contain both HIV-1 polypurine 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 (p < 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 al., 2000; Zennou et al., 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 (p < 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.
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TABLE 5.6

Inclusion of the central polypurine tract.

The central polypurine tract (cppt) present in HIV-1 from bases 4769 - 4915
(pHIV-YU?2) was incorporated into the ext2 and ext5 vector derivatives. Within these
vectors was also the extendcd polypurine tract (pptt) that is located at the junction of the
3" LTR in HIV-1. Vector constructs containing both of these ppt sequences were
compared to their counterparts with only one ppt (ie ppt+). Viral supematant collected
from 293T cells co-transfected with each of these vectors, pPCMVARnr and pHCMV-G
was used to transduce NIH3T3 cells. Viral titres were measured by FACScan analysis as
determined by the percentage of cells expressing EYFP (section 2.2.21). Viral supernatant

was also assayed for p24.

Vector Titre EYFP | p24 Titre/ng | n=
tu/ml x 10° ng/ml p24
pHIVext2SV40EYFPppt+RRE 2.6+ 1.2 316+ 132 | 835+144 | 12

pHIVext2cpptSV40EYFPppt+-RRE 5715 376 £ 119 | 1579+£358 | 9

pHIVext5SVA0EYFPppt+RRE 75409 | 336+74 | 2329+£542 | 12

pHIVextScpptSVAOEYFPppt+RRE |  104+12 | 4844125 | 2206+688 | 9
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5.9 THE RRE AND ITS POSITIONING

The Rev-response clement (RRE) is a cis-acting sequence located within the env
gene of HIV-1 that is required for Rev to regulate the export of structural mRNAs from the
nucleus to the cytoplasm (for more details see section 1.3.1.4). To determine whether the
presence of the RRE in the vector influenced the efficiency of gene transfer, the RRE was
deleted from three of the HIV-1 vectors described above. The EcoRl/Sall region (ie
ppt+RRELTR) of pHIVext1SV40ppt+RRE, pHIVext2SV40ppt+RRE and
pHIVext5SV40ppt+RRE was removed and replaced with an EcoRI/Sall fragment from
pHIVext2SV40EYFPppt+ (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-filled),
creating the final constructs; pHIVext1SV40EYFPppt+, pHIVext2SV40EYFPppt+ and
pHIVextSSV40EYFPppt+.

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-1 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-1 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 cytoplasmic 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 thff vector. This
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FIGURE 5.5

Incorporation of the Rev response element (RRE).

The vector pHIVext1 SV4A0EYFPppt+ is shown at the top of the figure. The extra
length of gag sequence incorporated in pHIVext2SV40EYFPppt+ and
pHIVextSSV4A0EYFPppt+ is shown directly undemeath. The ppt+RRE 3’ modification is
shown in a) depicting the incorporation of the Rev response element (RRE) into the
EcoRV and Pvull sites in the 3° LTR. For the ext2 vector derivative the RRE was cloned
in a more central position in the vector (ext2cRRE) which was immediately 5° of the SV40

early promoter, shown in b).
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TABLE 5.7
Incorporation of the Rev-response element.

The HIV-1 Rev-response element (RRE) was incorporated into the U3 region of
the 3> LTR in the extl, 2 and 5 vector deivatives. For the ext2 containing vector thec RRE
was cloned immediately 5° of the SV40 promoter instead of in the 3’ LTR (Figure 5.5).
Viral supernatant collected from 293T cells co-transfected with each of these vectors,
pCMVARnr 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 2.2.21.

Vector Titre EYFP p24 Titre/ng | n=
tu/ml x 10° | ng/ml p24

pHIVext1SV4A0EYFPppt+ 02x0 3558 47+ 4 3
pHIVextI SVA0EYFPppt+RRE 2.6+0.2 330+ 43 787 + 85 5
pHIVext2SV40EYFPppt+ 0.5+0.2 346 + 103 139 £ 40 6
pHIVext2SV4A0EYFPppt+RRE 26+12 316+ 132 | 835+ 144 12
pHIVext2cRRESV40EYFPppt+ 46122 3590+ 123 | 1297162 | 12
pHIVextSSV40EYFPppt+ 0.1+0 304 £ 18 33+9 3
pHIVext5SSV40EYFPppt+RRE 7.5+ 0.9 386 £36 | 19844206 | 12
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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 pHIVext2cRRESV40EYFPppt+).

5.10 SUSTITUTION OF THE RRE WITH
CONSTITUTIVE 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 cis-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.,"1997; Gruter et al., 1998). It may be possible, therefore, to design a Rev/RRE
independent HIV-1 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 H2AS5’ and H2A3’. The PCR product was then
cloned as a 5° BamHI/3’ EcoRI fragment into pBluescript II SK (+) via homologous
restriction sites incorporated into the PCR primers. The fragment was sequenced for
verification, excised with BamHI/EcoRI and then end-filled. The woodchuck hepatitis
virus post-transcriptional regulatory element (WHVPRE, Donello ef al., 1998, Genbank
accession number JO4514, bases 1094 - 1684) was generated by PCR from pWHV8 using
the primers WHVERVF and WHVPVUR. The PCR product was isolated as a 5* EcoRV/
3’ Pvull 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 AF033815, bases 7386 - 7554) was synthesised
and cloned into the EcoRV site of pBluescript SK II (+) as described in section 4.3.4.
These three elements (H2A, WHVPRE and MPMVCTE) were then cloned into
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pATXppt+LTR. This shuttle vector was created by cloning an EcoRI/Sa/l fragment from
pHIVex12ZSV40EYFPppt+ into pATX. The H2A was cloned as an EcoRIl/BamHl
fragment, the WHVPRE as an EcoRV/Pwull fragment and the MPMCTE as an EcoRV
fragment. Where necessary fragments were end-filled with Klenow and cloned between
the EcoRV and Pvull sites within the 3° LTR of pATXppt+LTR replacing the U3 sequence
between these two sites. An LcoRI/Sall fragment was subsequently isolated from each of
these three clones and cloned into the same two sites of pHIVext2SV40ppt+RRE and
pHIVext5SV40ppt+RRE, thereby replacing the EcoRI/Sall fragment encompassing the
ppt+RRELTR sequence in these two vectors. The blunt-ended Xbal fragment representing
the EYFP sequence was then blunt-end cloned into £coRI site of the resulting constructs to
give pHIVext2SV4A0EYFPppt+WHVPRE, pHIVextSSVAOEYFPppt+WHVPRE,
pHIVext2SVA0EYFPppt+H2A, pHIVext5SVAOEYFPppt+H2A,
pHIVext2SVA0EYFPppt+CTE and pHIVextSSV40EYFPppt+CTE. These vectors are
shown in Figure 5.6.

Table 5.8 shows viral titres obtained with these vectors as compared to vectors
containing the RRE. It is evident that, in each case, viral titre is reduced demonstrating
that none of these constitutive transport clements can substitute effectively for the function
of RRE/Rev. This supports earlier findings that have shown that although HIV-I1
constructs containing a CTE in place of the RRE can replicate in culture, they do so with
reduced efficiency (Bray ef al., 1994; Zolotukhin ez al., 1994). There are many conflicting
reports as to the efficiency of CTEs which appears to depend on the assay system. For
example, a stable HIV-1 packaging system independent of RRE/Rev has been described
using the MPMV CTE (Srinivasakumar et af., 1997). However, Bray et al. (1994) and
Kim er al. (1998) supported the observation described here of incomplete RRE/Rev
replaccment with MPMV CTE. The apparent discrepancy may be duc to the different
CTE containing fragments used, in the study by Srinivasakumar et al. (1997) both the
MPMV CTE and its associated polyadenylation signal were used. Another report (Gasmi
et al., 1999) showing that the CTE derived from the MPMV genome could partially
substitute for RRE/Rev suggested that because the Rev protein is supplied in the
transfection, large amounts of it are available to efficiently transport RRE-containing
transcripts from the nucleus to the cytoplasm. In comparison, the CTE from MPMYV relies
on the interaction with endogenous factors that may be in limited supply. On the other

hand, thc RRE and Rev may just be more efficient than the CTE to transport HIV-1
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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 extS vector derivatives
(Figure 5.6). Viral supernatant collected from 293T cells co-transfected with each of these
vectors, PCMVARnr 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 2.2.21.

Vector Titre EYFP p24 Titre/ng | n=
tu/ml x 10° | ng/ml p24

pHIVext2SV40EYFPppt+RRE 2612 316 £ 132 | 835+t 144 12
pHIVext2SV40EYFPppt+WHVPRE 0.7+0.1 41178 176 + 45 6
pHIVext2SV40EYFPppt+CTE 0.2 +0.1 262 + 64 77 + 41 6
pHIVext2SV40EYFPppt+H2A 03+0.2 367 £ 189 71 +£37 6
pHIVextSSV4A0EYFPppt+RRE 7509 336 +74 | 2329542 | 12
pHIVext5SV40EYFPppt+WHVPRE 02+0.1 276 £ 20 73 +23 3
pHIVext5SV40EYFPppt+CTE 0.1£0 228 £34 32+1 3
pHIVext5SV40EYFPppt+H2A 0.1+0 201 £ 31 45+ 14 3
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FIGURE 5.6

Incorporation of alternative transport elements.

The basic starting vectors pHIVext2SV40EYFPppt+RRE and
pHIVext5SV40EYFPppt+RRE are shown at the top of the figure. The mouse histone
H2A gene nuclear export signal (H2A), Mason-Pfizer monkey virus constitutive transport
element (MPMVCTE) and the woodchuck hepatitis virus post-transcriptional regulatory
element (WHVPRE) were cloned into the EcoRV and Pvull sites in the 3’ LTR thereby

replacing the RRE in the two initial vectors.
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encoded messages. It would be possible to elucidate the efficiency of RRE and CTE to
transport HIV-1 encoded messages by using stable cell lines expressing the HIV-1 Rev
protein.

It is also plausible that Rev has an additional function to the already understood
Rev/RRE interaction that is responsible for the export of unspliced transcripts from the
nucleus to the cytoplasm. Northern analysis would be requircd to see if genomic RNA is
more abundant in the presence of the Rev protein. Secondly, the level of EYFP expression
in the transfected 293T cells could be mcasured to again determine if the Rev protein
augments this. Such analysis would effectively provide an estimation of cytoplasmic

RNA.

5.11 CONCLUDING DISCUSSION

Evaluating the performance of vector constructs based on the inclusion of specific
scquence elements as shown in this chapter, demonstrates that a functional, although not
very efficient, vector can be produced that contains a relatively small amount of HIV-1
sequence. However, the efficiency of the vector construct can be enhanced by the addition
of several sequence elements. The minimum amount of HIV-1 sequence required for a
functional vector encompasses the 5° LTR and contiguous sequence up to, but not
including, the Gag initiation codon (extl), the polypurine tract (ppt) and the 3 LTR.
These sequences obviously include several vital cis acting elements for many steps in
HIV-1 replication. The terminal repeat (R) and the unique 5° sequence (U5) within the 5°
LTR, as well as the primer binding site are important for the initiation and translocation
steps of reverse transcription (Berkhout et al., 1995; Harrich ef al., 1996; Isel et al., 1995;
Wakefield and Morrow; 1996; Wakefield er al., 1996). Sequences throughout the 5’
untranslatcd region are believed to be required in the dimerisation process (Sakaguchi et
al., 1993; Sundquist and Heaphy, 1993), particularly a stem-loop (SL1) located between
the primer binding site and the major splice donor (Muriaux ef al., 1995; Paillart et al.,
1996; Skripkin et al., 1994). For expression of a transgene in target cells thc SV40 early
promoter and EYFP coding sequence has also been included.

Several sequences in HIV-1 havc bcen implicated by numcrous deletion
experiments in the dimerisation and encapsidation of viral RNA. Unlike MLV, where the
packaging signal has been located in the 5’-untranslated leader downstream of the major
splice donor site, the role of this analogous region in HIV-1 appears to be more responsible
for discriminating genomic from spliced transcripts than to promote efficient

encapsidation (Lever ef al., 1989; Aldovini and Young, 1990; Luban and Goff, 1994).
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However, many rep—orts have demonstrated that this region located between the ?najor
splice donor site and the initiation codon of the gag gene does form part of the HIV-1
packaging signal (Lever et al., 1989; Clavel and Orenstein, 1990; Aldovini and Young,
1990; Poznansky et al., 1991; Hayashi et al., 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 al., 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-1 (Richardson et al., 1993; Kaye et al., 1995). In 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 al., 1995).

Although no 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 Panganiban; 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 gag sequences in MLV vectors, although not absolutely required for
packaging or gene transfer, has also been reported to increase viral titres (Armentano ef al.,
1987; Bender et al., 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-1 env sequences increased viral titre and packaging efficiency. The
region of HIV-1 env sequence from the 3° end, up to but not including the splice acceptor
site (F4), was clearly beneficial, a 5 env region from bases 5742 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 cis and trans genetic functions of
HIV-1 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 encompdsses the nef
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gene and in combination with the 3> LTR, the entire nef reading frame. These sequences
could be blocked by mutagenesis provided no significant loss in viral titre resulted.

The RRE was absolutely required for efficient vector function. In the absence of
RRE it is predicted that the efficient cytoplasmic accumulation of unspliced, packageable
vector RNA would be prevented. Inclusion of the RRE may also be warranted in HIV-1
vectors given the improved efficiency associated with vectors containing lengths of gag
sequence inclusive of cis-acting represser sequences (Rosen ef al., 1988; Schwartz et al.,
1992a and b). Attempts to make the vector system independent of Rev/RRE were not
successful. It is clear from other reports that CTEs function with varying efficiency
depending on their context (Bray, et al., 1994; Rizvi et al., 1996; Tabernero et al., 1996;
Zolotukhin et al., 1994). An interesting report has shown that exchanging the RRE with
the CTE of the simian retrovirus type 1 (SRV-1) increased lcvels of unspliced cytoplasmic
RNA but that this did not correlate with viral titre. Despite higher mRNA levels with the
SRV-1 CTE, viral titres were 5- to 10-fold lower (Mautino et al., 2000). It has been
suggested that the CTE and Rev/RRE export pathways are in actual fact different
(Saavedra et al., 1997), and this may have consequences for different cytoplasmic
localisation’s of mRNA which may equate to both lower packaging efficiencies and viral
titres. One factor involved in the interaction of the CTE from MPMV has been identified
as ATP-dependent RNA helicase A (Tang et al., 1997). As suggested earlier, the relative
abundance of the Rev protein compared to interactive factors for the CTEs may effect the
efficiency with which HIV-1 encoded messages can be transported from the nucleus to the
cytoplasm. Another approach to using CTEs in place of Rev/RRE may be to increase their
copy number within the vector, especially in transient expression systems when large
amounts of virus is made. A recent study has shown that polymerisation of the MPMV
CTE increased its efficiency as a nuclear export signal (Wodrich et al., 2000),

As already mentioned, assaying for p24 HIV-1 core antigen production is
indicative of virus particle formation but does not discriminate between particles with and
particles devoid of an RNA genome. The ratio of viral titre to p24 can be taken as an
indicator of packaging efficiency if equivalence of steady-state levels of genomic RNA in
the cytoplasm of producer cells, and of post-transduction events in the cells used for titre
determination, are assumed. To determine more unambiguously if different vector designs
were affecting the efficiency of packaging the vector RNA into virions, the steady-state
levels of vector RNA in virions and in the cytoplasm of the transfected 29371 cells will
nced to be directly measured. Secondly, the design of the vector construct may influence

the expression of the transgene in the target cells. This could be evaluated by directly
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transfecting the target cells or virus producing cells, in this instance NIH3T3 or 293T cells,
with the vector construct. The transfected cells would then be lysed a few days later, and
similar amounts of cell extracts used to measure the level of reporter gene expression. In
this chapter because the transgene, EYFP, was measured by FACScan analysis the mean
fluorescence intensity of various vector constructs could be compared. This was
performed with a few of the original constructs and no difference in fluorescent intensity
was observed, suggesting that this is not affccting the results (data not shown).

Apart from p24 assays as an indicator of viral particle formation, the function of
the vectors described in this chapter have been restricted to end-point determination of
gene transfer in vitro. For their use in gene therapy this is a logical test for vector
performance. However, to directly assess the effect of particular sequence elements in
HIV-1 derived vectors it may be more useful to look at the individual role such an element
may have. Practically, this is very difficult to do. The continual addition of specific
sequence elements has shown that viral titre is affected by the sequence composition of the
vector, but that these viral titres reach a maximal limit. This was based on the finding that
the inclusion of every sequence element that was shown to have a positive influence on
vector function, did not cause an additive response in viral titres. The next question to be
solved is to ascertain what is limiting the formation of viral particles?

From the work in this chapter some additional HTV-1 sequence elements can be
identified and used to design a theoretical optimal vector without unduly compromising
safely. They would include 650 nucleotides of gag sequence (ext4), the five conserved T
residues immediately upstream of the polypurine tract (ppt+) and the RRE. Further vector
development would involve mutagenesis of the gag initiation codon, splice acceptor and
splice donor sites in such a vector. The effects of such mutations in the extl, ext2 and ext5
vectors suggests that their introduction is likely to be context dependent. Also of note is
that there are clearly a number of different ways to achieve an cfficient vector. Other
factors may influence the design of a vector construct. For example, from a safety point of
view, the nature of the helper constructs used could help determine what cis elements may
or may not be included in the vector to minimise the chance of recombination events
leading to the generation of unwanted replication competent virus. The zenithal analysis
of safety will depend as much on the systems used to provide the packaging functions and
the detection of replication competent virus, as it will on vector design. The next step to
evaluate some of these vector designs will be to evaluatc them in conjunction with the
helper plasmids in Chapter four. However, the analysis that was done in Chapter four with

the pHIVext5SV40EYFPppt+RRE vector shows that a safe system can be developed and
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that presumably this can only be improved by careful vector optimisation. At this stage
such analysis would involve looking for the transfer of biologically active sequences that
can substitute for the function of Gag and GagPol in transduced cells as described in

section 4.3.7.
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CHAPTER SIX

FINAL STATEMENTS






6.1  CONCLUDING REMARKS

Gene therapy is viewed by many as a panacca for genetic disease. However, a
decade has passed since the first clinical gene therapy trials commenced and progress has
been tardy. The challenge has been to deliver the therapeutic gene intact to the target cell,
allow persistent levels of transgene expression to correct the disease phenotype without
any unwanted side-effects as a consequence of vector exposure. To date, no such vector
system satisfies all such criteria. Gene therapy and the means to promote it depend heavily
on the development and improvement of new gene vector systems.

The advantages of HIV-1 as a vector system for genc therapy applications (outlined
in section 1.3.2) are such that it continucs to be developed with the aim of eventual clinical
application. The work in this thesis has created a series of constructs for the expression of
the HIV-1 proteins required in trans for the production of recombinant HIV-1 vectors. In
combination with a suitable vector construct recombinant virus has been produced in a
transient expression system. Two packaging systems have been developed that separate the
helper functions over a panel of plasmids. A codon-optimised gagpol construct in
combination with individual expression plasmids for Tat and Rev, was shown to be
significantly better from a safety perspective (see section 4.3.7) than pCMVARnr which
expresses GagPol, Tat, Rev, Nef and Vpu. Further improvements in safety were obtained by
expressing the GagPolfusion polyprotein and Gag protein separately. The price paid for the
increase in safety was a reduction in viral titre. If remains to be seen why this is so and if it
can be overcome.

A series of HIV-1 derived vector constructs were made to evaluate the effect of cis
sequences on vector performance. Whilst some sequences clearly increased the viral titre,
the exact role of such sequences has not been elucidated. There also appears to be a fair
degree of redundancy, as similar virus titres can be achieved with different sequence
elements. The observation that individual sequence elements on their own did increase titre
but such effects were not additive, suggests that other factors may be limiting. For example,
one or more of the frans virus functions may be exhausted or the virus production system
may be operating at saturation for any number of (unknown) reasons. Until the way in
which many of the cis elements of HIV-1 exert their effects on virus titre is defined, perhaps
the most beneficial rationale for a vector at this present time would be one of safety. Design
of vectors for gene therapy will almost invariably involve compromises between the (usually
conflicting) aims of maximal safety and maximal efficiency. The evaluation of cis sequence
clements in this thesis does not pretend to define what may be considered an optimal vector
design but shows that there are a number of sequences in pHIV-YU2 that effect the
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gﬁciency of virus production. At least some of these sequences could be incorporated into
a vector design without compromising the safety of the vector system to an unacceptable
degree. This could be evaluated by marrying together several different vector constructs
developed in Chapter five with the helper systems developed in Chapter four and making a
safety assessment using the “gag” and “gagpol ” transfer assays (section 4.3.7).

It is conceivable, that all the modifications made to the frans and cis functions of
HIV-1 in the design of helper plasmids and vectors have altered the phenotype of the virus
such that it no longer infects non-dividing cells. This is however, unlikely because the
karyophilic determinants provided by the gag derived matrix antigen and Vpr are believed to
be redundant (von Schwedler et al., 1994). The matrix protcin alone is an efficient nuclear
localisation signal and this remains unaltered in the virus production system. In the final
assessment of the HIV-1 gene transfer systern developed in this thesis, transduction of non-
dividing cells needs to be addresscd. Simple in vitro transduction of non-dividing cells can
be measured by treating target cells with aphidicolin which will growth arrest cells at the G-
S boundary of the cell cycle (Huberman, 1981). Target cells can also be growth arrested at
the G; phasc by gamma irradiation (Kastan et al., 1992). The ultimate test for the HIV-1
gene transfer system to successfully transduce a non-dividing cell population would be a
biological cell that exhibits low or no mitotic activity. Such a cell is thc haematopoietic
stem cell (HSC). HSCs in the bone marrow have long been considered an ideal target for
gene therapy, particularly in the interests of treating lysosomal storage disorders. This is due
to their ability for self-renewal as well as expansion and differentiation into the cell lineages
of the haematopoietic system. Revisiting the initial construction of an HIV-1 derived vector
to transfer the lysosomal enzyme p-glucuronidase to MPS VII fibroblasts outlined in
Chapter threc would be the next appropriate step in the evolution of this HIV-1 vector
system. If in vitro evaluation in MPS VII fibroblasts was successful, transduction of bone
marrow could then be tried in an animal model of MPS VII (Birkenmeier et al., 1989). The
outcome of such an experiment would be a true indication of the success of the HIV-1 genc
transfer system described in this thesis. The use of HIV-1 vectors provides a previously
unexplored basis for the study of human gene therapy with the use of HSCs. The use of an
HIV-1 derived vector to directly transduce neurons, has already led to the reversal of the

pathology in the brain of MPS VII mice (Bosch et al., 2000).
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6.2 PHILOSOPHICAL CONSIDERATIONS

If HIV-1 derived vectors are to be considered for human gene therapy it is
imperative that the possibility of unintended generation of replication competent virus is
eliminated. Since the majority of HIV-1 vector systems have been produced via transient
transfection of the relevant plasmids into 293T cells, then homologous recombination
among these plasmids during transfection i1s the most likely way to generate unwanted
replication competent virus. The crux of the safety issue resides in eliminating those viral
genetic elements involved in the generation of replication competent virus without
mmpairing the production ol vector particles. Furthermore, removing genes that are not
absolutely required for vector production and viral infectivity will facilitate the
development of stable packaging cell lines for HIV-1 vectors.

To test the safety of an HIV-1 based vector production system presented here, as
well as any other approach rests solely on the ability for the unitary detection of replication
competent virus. Perhaps a more progressive approach would be the development of
systems capable of detecting precursors to the formation of replication competent virus. It
is important that such techniques make as few assumptions as possible as to the speculated
phenotype of replication competent virus. In this regard assays for HIV-1 replication are
probably unsuitable. Currently the method most frequently cited for evaluating the
existence of replication competent virus is for the transfer of Gag expression to transduced
cells by p24. Random batches of virus produced by the helper systems described in this
thesis have been assayed for the transfer of p24 to transduced cells by ELISA, with
consistently negative results (data not shown). However the fact that the more complete
proviral packaging construct pPCMVARnr (Kafti et al., 1997) also gave negative results
suggests that this approach is inappropriate for comparative assessment of the safety of
different virus production systems. The assay described by Wu et al. (2000) that detects
recombinant lentiviral DNA mobilisation exemplifies the typc of test required. However,
because their method relies on the Gag and Tat reading frames being linked it is unsuited
for assessing the safety of the approach outlined in this thesis. The “gag” and “gagpol”
transfer assays described in scction 4.3.7 appear to be more sensitive. Using this assay 18
was possible to compare the difference in transfer of sequences capable of substituting for
GagPol for different helper systems. However, the sensitivity and appropriateness of this
assay to measure bio-safety for HIV-1 derived vector systems still needs to be evaluated
before the clinical use of such systems is considered.

Once the safety issues of an HIV-1 vector system have beén fully resolved there
still remains a catechism. Stable packaging systems are clearly needed for HIV-1 vectors
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and as yet are unavailable. The problems associated with transient transfections have
already been alluded to and the clinical use of HIV-1 gene therapy protocols will be
restricted until stable helper cell lines like those available for MLV are developed. As
stated above, stable packaging cell lines also present significant safety advantages. In
order to obtain high-titre virus stocks high degrees of (volume) concentration are required
which can result in noticeable toxicity on some cell types after prolonged exposure. This
indicates that more refined virus purification methods are needed for the preparation of
high-titre virus stocks for some applications.

The public perception of the stigma associated with using HIV-1 as a treatment
modality cannot be ignored. The “science” versus “emotive” debate will continue to be
deliberated. A congenital disecase with a poor prognosis may very well be amenable to a
potential treatment that carries a risk and such instances are probably best decided by
individual choice. The ethics of such a scenario will argue the risk/benefit dilemma a
patient contemplating the treatment will face. Science will continue to go forward to
present the facts, and hopefully the ethics and emotions involved will become easier as a
result. HIV-1 contains a perceived safety risk, but more so than using another retrovirus?
Does the entire safety issue rest with the generation of replication competent virus?
Recombination events occurring within the virus production system would not produce
wild-type HIV-1 because of the codon-optimised gagpol sequence and the VSV-G
envelope. As mentioned, other lentiviral species that are non-pathogenic in humans are
also being developed. Nonetheless, given the lack of understanding of these viruses,
especially in regard to why they cannot infect human cells, it could be argued as to
whether or not their development is really worth while. With all this in mind, one can
continue to live in hope that with technological advances, gene therapy for treating a wide

variety of diseases will become a reality within the early part of this century.
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