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Abstract

Viral vectors based on lentiviruses exhibit distinct advantages over other retroviral 

vectors because of their ability to transduce non-dividing cells. The use of lentiviral 

vectors for gene delivery of antigens and immuno-modulatory factors to human 

antigen presenting cells will allow initiation and modulation of clinically relevant 

immune responses. To this end we have explored the use of vectors based on the 

human immunodeficiency virus type 1 (HIV-1) to transduce human macrophages and 

dendritic cells.

Human peripheral blood monocytes were susceptible to HIV vector transduction only 

after maturation into macrophages following 5 days culture. This maturation- 

dependence of infection was observed with vectors carrying HIV-1 accessory proteins 

and with transgene expression driven by 4 different promoters. Analysis of reverse 

transcription in fi*eshly isolated monocytes and differentiated macrophages infected 

with HIV-based vectors showed that levels of viral DNA synthesis were equivalent. 

However nuclear viral DNA could only be detected in differentiated macrophages. 

Moreover, wild-type HIV-1 virions carrying the envelope of VSV-G also exhibited 

this pattern of differentiation-dependent transduction. Taken together these results 

demonstrate a differentiation-regulated restriction to HIV-1 in primary human 

monocytes.

However, monocytes differentiated into dendritic cells in the presence of the 

cytokines IL-4 and GMCSF were susceptible to transduction at all stages of culture. 

Infection in freshly isolated monocytes could be rescued by subsequent dendritic cell 

differentiation, an effect that was shown to be due to culture of the cells in foetal calf 

serum.

These results are of importance in the design of protocols for the infection of human 

antigen presenting cells by lentiviral vectors. They also provide evidence for a post

entry block to HIV-1 infection in freshly isolated human monocytes.
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Chapter 1 

Introduction

1.1 Lentiviruses

The Lentivirinae form a sub-group of the Retroviridae (252). Like all retroviruses 

their genome consists of two copies of a single-stranded RNA molecule of positive 

polarity. Upon infection of a target cell, virally encoded enzymes catalyse the 

synthesis of a double-stranded DNA copy of this RNA genome and its subsequent 

integration into the chromosome of the host. From here the virus behaves ostensibly 

like a cellular gene. Expression leads to production of progeny virions and horizontal 

transmission. However, by virtue of its chromosomal integration, the virus may also 

be subject to classical Mendelian inheritance if it infects cells of the germ line. Unlike 

the simpler oncoretroviruses, lentiviruses are able to infect non-dividing cells (135). 

These features have led to considerable interest in the use of these viruses as vectors 

for gene therapy (250).

1.1.1 Lentiviruses are complex mammalian retroviruses

All hitherto discovered lentiviruses infect mammalian hosts. Their name derives from 

their propensity to cause slow-progressive diseases that can be broadly divided into 

immunodeficiencies and chronic wasting diseases (see table 1) (69, 110). The most 

infamous members of the family, the human immunodeficiency viruses types 1 and 2 

(HIV-1 and HIV-2) are the aetiological agents of acquired immunodeficiency 

syndrome (AIDS). Related viruses that cause similar diseases in other primates 

(simian immunodeficiency viruses (SIVs)), cats (feline immunodeficiency virus - 

FIV) and cattle (bovine immunodeficiency virus - BIV) have been characterised. 

Chronic wasting diseases of livestock such as equine infectious anaemia, caprine 

arthritis and encephalitis, and maedi visna, all have lentiviral aetiology (EIAV, CAEV 

and M W  respectively). By the nature of the retroviral replication strategy, all these 

infections are essentially incurable once established, however, in the case of HIV-1,
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multi-drug therapies targeted at essential stages of viral replication can delay the onset 

of symptoms indefinitely.

Virus Host Accessory genes Disease

Association

Vector System

human

immunodeficiency 

virus type 1 (HIV-1)

Human tat, rev, vif, 

vpr, vpu, n e f

AIDS Yes (164)

human

immunodeficiency 

virus type 2 (HIV-2)

Human tat, rev, v if  

vpu, vpx, n e f

AIDS Yes (174b)

feline

immunodeficiency 

vims (FIV)

Cat 0RF2, rev, v if Immunodeficiency Yes (174)

simian

immunodeficiency

vims

Chimpanzee 

Sooty 

Mangabey 

African Green 

Monkey

tat, rev, v i f  vpx or

vpr, vpu 1 siVcpz ’ 
ne f

Immunodeficiency Yes

(262)

equine infectious

anaemia

vims (EIAV)

Horse tat, rev, S2 Anaemia 

Chronic Wasting

Yes

(167)

bovine

immunodeficiency 

vims (BIV)

Cattle tat, rev, v if None No

caprine arthritis 

ancephalitis vims 

(CAEV)

Goat/Sheep tat, rev, v if Arthritis, 

encephalitis, 

anaemia, wasting

Yes

(160)

visna maedi vims 

(VMV)

Sheep tat, rev, v if Encephalitis,

Wasting

Yes (18)

Jembrana disease 

vims (JDV) 

(41,42)

Indonesian

Cattle

tat, rev, vif? Acute disease 

syndrome

Yes (150)

Table 1 Mammalian lentiviruses are listed here with their host species and disease 

associations in these species (adapted from 110, 253). Also shown for each of these viruses 

are the known accessory genes that these viruses encode in addition to the gag, pol and env 

common to all retroviruses. Gene transfer vector systems based on these viruses are listed in 

the right hand column. The references shown are those in which the vector system was first 

described.



Lentiviral diseases are often associated with the infection of terminally differentiated 

cells of the immune system (69), an observation that suggested that, unlike other 

retroviral genera, lentiviruses could infect non-dividing cells. Indeed, HIV-1 has been 

shown to infect efficiently cells in the absence of mitosis (135), and the development 

of other lentiviral vector systems has confirmed that the same is true for other 

lentiviruses (Table 1 for references).

1.1.2 Lentiviral Particle Structure

Lentiviral particles are roughly spherical, around lOOnm in diameter (reviewed in 

(75, 253)). As with all retroviruses, the viral RNA is packaged complexed to the viral 

nucleocapsid protein (NC) within a toroidal protein core comprised of multiple copies 

of the viral capsid protein (CA). Surrounding this is a layer of matrix protein (MA). A 

small species of structural protein is also associated with the core. Of variable size 

(e.g. p6 in HIV-1 or p9 in EIAV) this protein has a less defined role in virion 

stmcture.

Lentiviruses are enveloped viruses, surrounded by a lipid bilayer derived from their 

host cell and acquired during the budding of nascent virions from these cells. 

Embedded within the lipid envelope are 100 to 200 copies of the envelope (Env) 

glycoprotein. This consists of a surface subunit (SU) and a transmembrane (TM) 

protein. Arranged as trimeric spikes, the Env protein mediates viral cell entry via 

receptor binding by SU and membrane fusion via TM.

Within the lentiviral virion, associated with the core, are the viral replicative enzymes, 

reverse transcriptase (RT), integrase (IN), RNase H and, in some lentiviruses, 

dUTPase. These enzymes are required by the virus during infection to catalyse the 

generation of a dsDNA copy of its RNA genome and subsequently integrate it into the 

host chromosome. Another viral enzyme, protease (PR), is found within particles and 

is essential for particle morphogenesis.
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Lipid envelope derived 
from host cell

Vpr

Matrix
(pl7) V

TM envelope 
protein gp41

SU envelope 
protein gp l20

P6 Gag 
protein

Capsid (p24)

Genomic RNA 
dimer 
complexed 
to NC protein
P7

Reverse transcriptase 
complex (heterodimer 
of RT and RT:RNase H) 
and integrase

Figure 1.1 Schematic structure o f  an HIV-1 virion. The virion is bound by a lipid 
membrane, derived from the host cell, in which are embedded trimeric envelope 
glycoproteins. A layer o f matrix protein surrounds a toroidal core o f  capsid proteins.
A diploid single-stranded RNA genome is packaged as a dimer within the capsid, 
complexed to nucleocapsid proteins (NC). The viral enzymes required for replication, 
the reverse transcriptase complex and integrase, are also packaged within the capsid, as 
are the accessory protein Vpr and the Gag p6. Other viral accessory proteins, V if and 
N ef have also been detected in particles but their localisation is unclear. Adapted from 
(253)
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Lentiviruses encode a variable number of accessory proteins that are absent from 

other retroviral groups, some of which are virion associated. For example HIV-1 

packages its Nef, Vpr and Vif accessory gene products at lower levels. The role of 

these proteins will be discussed in detail with respect to HIV-1 replication.

HIV-1 has also been reported to package a variety of host cell proteins within its 

virions. The proline isomerase cyclophilin A is actively incorporated into viral 

particles and appears to have a role in infection due to the sensitivity of viral 

replication in some cell types to the inhibitory drug, cyclosporin (237). Host surface 

glycoproteins can also be detected in the viral lipid envelope. The criteria by which 

certain proteins are packaged are unclear, but the acquisition of major 

histocompatibility antigens class I and II (MHC I and II) have led to speculation that 

these may have a role in viral immune evasion (11, 36, 37).

Lentiviral particle structure is summarised in Figure 1.1

1.1.3 Lentiviral Genetic Structure

The lentiviral genome consists of two copies of a positive sense RNA molecule 

(reviewed in (253)). This molecule, transcribed as a cellular messenger RNA 

(mRNA), has a 5’ methylated cap structure and a 3’ polyadenine (polyA) tail. 

Lentiviral genomes are approximately 9 to 10 kilobases (Kb) in length.

The overall structure of a retroviral RNA is shown in Figure 1.2A. At the 5’ end is a 

region corresponding to the start site of transcription, R, whose function in relation to 

the regulation of lentiviral gene expression will be described later. U5, another 

regulatory sequence is followed by 5’ untranslated region within which are sequences

required for the initiation of reverse transcription fthe primer binding site - PBS) and
the packaging signal w

packaging of genomic RNA into new virions (ij/). All retroviruses have three major 

protein coding regions, gag, pol and env. Gag, or group specific antigen, encodes the 

structural proteins of the virion core, MA, CA, and NC. Pol encodes the viral 

replicative enzymes RT, IN and RNase H. Between these units is the coding region 

for the protease (PR), which, depending the virus can be in frame with either gag or

15



Figure 1,2 Overall retroviral genetic structure. (A) A general schematic of a retroviral 

genomic RNA molecule indicating the locations of the major protein coding regions, gag, 

pol and env and the functional proteins which are derived from them (red). Pbs (primer 

binding site from which reverse transcription is initiated), Psi (the major packaging signal 

involved in the recognition and incorporation of the genome into virions), ppt (a polypurihe 

tract important for priming second strand synthesis during reverse transcription). (B) A 

representation of (A) after reverse transcription to a double-stranded DNA provirus. Note 

the duplication of the terminal sequences U3, R and U5 to generate the long terminal repeats 

(LTRs) that contain the promoter for viral gene expression as well transcriptional 

termination sites in the 3’ U3 region.
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pol (in HIV-1 it is in frame with pol). Both these units can be translated from full 

length viral RNA via a ribosomal frame shift which will be described later. Env, 

encoding the envelope protein of the virus, is expressed from a spliced mRNA as are 

the viral accessory gene products (the complexity o f the HIV-1 genome can be seen in 

figure 1.3).

During reverse transcription, viral RNA is converted into dsDNA (236). During this 

event, sequences at the 5’ and 3’ ends of the genome (R, U5 and U3) become 

duplicated to generate, in the DNA provirus, long terminal repeats (LTRs) which 

flank the coding sequences (Figure 1.2B). The 5’ LTR forms the viral promoter to 

direct transcription of viral RNAs, whilst the 3’ LTR functions to terminate 

transcription and as a site for polyA processing of viral RNAs. It is important to note 

that these viral DNA sequences can only act when integrated into the host genome. 

The extreme ends of the LTRs act as substrates for the viral IN protein to catalyse the 

integration event (27).

A: General retroviral RNA genome

R U5 pbs psi gag p ro-pol env ppt R

5’ 0
jMA*^ CAlNCjj

B : General retroviral proviral (DNA) genom e

U3 R U5 gag pro-pol env U3 R US

LTR

Figure 1.2 Overall retroviral genetic structure. (A) A general schematic of a retroviral RNA 

genome indicating the locations of the major protein coding regions (red) and terminal 

sequences. Pbs (primer binding site), Psi (\|/) (the major packaging signal), ppt (polypurine 

tract). (B) a representation of (A) after reverse transcription to a DNA pro virus. Note the 

duplication of the terminal sequences to generate the long terminal repeats (LTRs). Adapted 

from (253)
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Figure 1.3. The genome complexity of HIV-1. A schematic of the proviral HIV-1 DNA 

genome is shown with the locations of the protein-coding regions. A promoter located in the 

5’ U3 region controls transcription and RNA synthesis is initiated at the U3/R boundary. In 

the presence of the viral Tat protein, elongation efficiently proceeds to a termination poly

adenine addition site located in 3’ U3 region. The result is a full-length genomic RNA 

transcript that can also serve as message for the synthesis of Gag and Gag-Pol poly-proteins. 

This message can also be multiply spliced by the host to produce mRNAs encoding for each 

viral protein. The relative cytosolic concentrations of these mRNAs is controlled by the viral 

"Rev protein, acting through a cis-acting sequence located within env, the RRE, that 

promotes the nuclear export of unspliced and singly-spliced mRNA species. Thus there is a 

temporal control between the expression of “early” regulatory proteins (Tat, Rev and Nef) 

and “late” structural proteins such as Gag and Env. Note that all sphced species of mRNA 

lose the packaging sequence V|/, excluding them from nascent viral particles. Adapted from 

(110).
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Figure 1.3 Genome complexity of HIV-1. A schematic representation of the HIV-1 proviral DNA 
is shown with the location of the open reading frames. Below, the major spliced mRNA species 
derived from the full length genomic transcript are represented with the HlV-1 protein that they 
encode. Adapted from (110)



1.2 The molecular replication of HIV-1

The best characterised of all lentiviruses also happens to be the most genetically 

complex (110). Human immunodeficiency virus type 1 (HIV-1) is responsible for 

>90% of the incidence of human AIDS (69). The global pandemic that this virus has 

caused has led it to be one of the most studied human pathogens.

The complexity of the HIV-1 genome is shown in figure 1.3. In addition to the viral 

proteins described above which are common to all retroviruses, two other regulatory 

proteins are encoded by all lentiviruses, Tat and Rev (110). Lentiviruses also encode 

one or more accessory genes. HIV-1 encodes four accessory genes, vif, vpr, vpu and 

nef whose function will be described later. This section will describe the molecular 

replication of HIV-1 with special reference to those features that are important for its 

use as a gene delivery vehicle.

Figure 1.4 shows an overview of the stages of retroviral replication and will be 

discussed in the context of HIV-1.

1.2.1 Viral Cell Entry

The envelope protein of the virus largely determines the target cell that HIV-1 infects

(47). HIV-1 induced AIDS is characterised by a progressive loss of helper T cells to a 

critical level where there are too few to mobilise effectively a cell-mediated and 

humoral immune response against an opportunistic pathogen (69). The major defining 

surface marker for these cells is the co-activatory adhesion molecule CD4. Certain 

antibodies against CD4 were shown to block HIV-1 infection in permissive cells and 

led to the discovery that CD4 was the primary receptor for HIV-1 (52). CD4 is present 

not only on helper T cells, but also mononuclear phagocytes (monocytes, 

macrophages and dendritic cells) and their neuronal equivalents (144). As such these 

cells are also found to be infected in HIV-1+ individuals (69).
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Figure 1.4 Overview of the retroviral replication cycle. Interactions between viral envelope 

proteins and a cell surface receptor mediate attachment, fusion and entry of the virus into the 

cell. The viral core undergoes partial uncoating in the cytoplasm during which viral reverse 

transcriptase catalyses the conversion of viral genomic RNA into a double-stranded DNA 

form. Complexes containing proviral DNA are imported into the nucleus where either the 

viral integrase enzyme catalyses the integration of the provirus into the host chromosome, or 

alternatively, host cell ligases circularise the genome into various non-replicative forms. The 

integrated provirus is transcribed into a full length genomic RNA copy by the host and 

variously spliced to produce mRNAs encoding all viral proteins. These mRNAs are 

translated by host ribosomes: mRNAs encoding the structural and enzymic proteins. Gag 

and Pol (yellow), and regulatory proteins such as Tat and Rev in the case of HIV-1, are 

translated in the cytoplasm; viral envelope proteins (blue) are synthesised by ribosomes 

targeted to the endoplasmic reticulum and reach the surface via the secretory pathway. The 

structural elements of the viral core are targeted to the plasma membrane: Gag molecules 

bind viral genomic RNAs and package two copies within assembling viral cores, which then 

bud through the plasma membrane acquiring envelope proteins as they go. During release, 

the viral core undergoes structural rearrangements catalysed by the viral protease that results 

in the formation of a fully infectious virion. This figure is derived from (252) and the 

processes above are described in detail in the text.



Fusion 
and entry

Attachment 
to cellular receptor

Uncoating

Reverse 
transcription

Budding and release

t
^   ̂ Assembly

JU  packaging

Nuclear export

Nuclear Import

CYTOPLASM

Translation

Integration Splicing

Transcription

Genome circulorisation 
(non-replicative)

NUCLEUS

Figure 1.4 Overview o f the retroviral replication cycle. The major events o f 
retroviral replication are indicated with their known sub-cellular localisation. This 

figure is derived from (252). All the steps annotated are described in detail 
in the text for HIV-1. Note that viral structural proteins (yellow) are synthesised in the 

cytoplasm whilst viral envelope proteins (blue) are synthesised by ribosomes 
targeted to the endoplasmic reticulum. Envelope proteins reach the cell surface 

via the secretory pathway (see text for details).
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CD4, however, was not the whole story regarding HIV-1 tropism. Transfection of 

human CD4 into murine cells did not render these cells permissive for HIV-1 

infection (144). Also, strains of HIV-1 isolated from individuals could be classed as 

macrophage-tropic (M-tropic or non-syncitium inducing - NSI) and T cell line tropic 

(T-tropic or syncitium inducing - SI) based on their ability to replicate in primary 

macrophages or T cell lines (reviewed in (69). Broadly speaking, NSI strains 

predominate early in an infected individual and are the strains that are most 

commonly passed horizontally. SI strains emerge later in infection and are associated 

with symptomatic onset of AIDS (207). The determinants of this tropism are defined 

by motifs within the structure of the HIV-1 SU protein gpl20 (47).

The clue to the reason for this tropism variation came from studies which showed that 

a factor released by activated cytotoxic T cells could inhibit HIV-1 replication in 

macrophages. This factor was identified as one of three chemotactic cytokines (or 

chemokines) known as RANTES (restricted on activation normal T cell expressed and 

secreted), M IP-la and MIP-ip (Macrophage Inflammatory Proteins alpha and beta)

(48). These proteins function as chemotactic factors, regulating the recruitment of 

leukocyte subsets to a site of inflammation and the homeostatic structure of lymphoid 

tissue (14). Receptors for chemokines are seven-transmembrane spanning G-protein- 

coupled glycoproteins (105). The first chemokine receptor identified as an HIV-1 co

receptor was CXCR4 (fusin or LESTR) and was shown to be the major determinant of 

tropism for SI strains (70). Several groups showed that the corresponding co-receptor 

for NSI strains was CCR5, the receptor for RANTES, M IP-la and MIP- 

ip  (5, 55, 59). Dual tropic strains of HIV-1 isolated were shown to be able to use both 

SI and NSI co-receptors (57). While other chemokine receptors and relatives have 

been shown to act as co-receptors to a greater or lesser extent for some strains of HFV- 

1, HIV-2 and SIVs, the predominant co-receptors for HIV-1 are CXCR4 and CCR5 

(47).

The entrance of enveloped viruses into cells can be broadly divided into those viruses 

which enter by endocytosis, using endosomal pH to activate the membrane fusion 

process, and those which fuse at the cell surface at neutral pH (264). Retroviruses in 

general fit into the latter category (Si8), however there may be caveats to this. The
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envelope of avian leucosis virus (ALV) has been recently re-investigated and shown 

to have two distinct states during entry: a pH independent conformational change 

upon receptor binding that induces a pH sensitive fusion activation (159). The model 

for retroviral cell entry is as follows (106). The virus initially binds to a specific 

cellular receptor via motifs within the SU portion of Env. This binding is proposed to 

result in a conformational change within the SU protein such that the TM protein is 

exposed. The major structural motif of most viral fusion proteins crystallised is a 

coiled-coil of two antiparallel helices arranged in trimer (216). For HIV-1, a trimer of 

the TM protein, gp41, forms such a structure. At the N-terminus of the bundle is the 

fusion peptide, a hydrophobic chain of undefined structure that normally resides 

within the centre of the Env trimer (216).

Upon binding of gpl20 to CD4, an induced conformational change occurs such that 

the binding domain for the chemokine receptor is revealed (reviewed in (104)). Such 

CD4 induced epitopes are sensitive to neutralising antibodies and provide an 

explanation as to why a receptor/co-receptor strategy is used by HIV-1. The binding 

of these epitopes to the co-receptor exposes the TM protein. The hydrophobic fusion 

peptide becomes associated with the cell membrane, and other conformational 

changes are proposed to bring it into proximity to the C-terminus of TM (216). This 

change induces mixing of the cell and viral lipid membranes allowing fusion and 

entry of the viral core into the cell’s cytosol.

The use of CD4 and chemokine receptors by HIV-1 has led to speculation as to 

whether the signalling function of these receptors has a role during viral infection 

(178). Evidence is now accumulating to suggest that these proteins localise in lipid 

rafts of the cell associated with other signalling molecules. Signalling through CD4 

and CCR5 by gpl20 has indeed been demonstrated (10, 25, 53, 141, 177, 261), the 

major targets of which appear to be members of the mitogen-activated protein kinases 

(MAPKs) including JNK, p38 and ERK-1 (177). The role of this in viral infection is 

unclear, however inhibition of CCR5 signalling by cholera toxin has been shown to 

inhibit macrophage entry by HIV-1 strains (4).
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1.2.2 Uncoating and reverse transcription.

The entry of the HIV-1 core into the cytoplasm initiates the process of reverse 

transcription, although a small proportion of virions have been shown to contain 

partial DNA reverse transcripts presumably initiated during exit from the previous cell 

(242). Unlike other viral families whose genome is a positive sense RNA, the 

retroviral genome does not act as an mRNA upon cell entry. The model proposed for 

the generation of a dsDNA proviral genome from a linear RNA template is essentially 

the same for all retroviruses (reviewed in (236)) and is overviewed in Figure 1.5.

Like DNA-dependent DNA polymerases, RT requires an RNA primer to initiate the 

synthesis of DNA. The source of this is a cellular tRNA molecule, partially unwound, 

and base-paired to a complementary region downstream of the U5 region, the primer- 

binding site (PBS). This tRNA is co-packaged with the genome and the choice of 

tRNA is restricted. For HIV-1, the tRNA of choice is a lysine anticodon containing 

subtype, tRNA'̂ ®̂ . The terminal 3’ hydroxyl group of this molecule acts as a substrate 

for the addition of the first deoxynucleotide (dNTP) residue by RT.

As has been alluded to earlier, the pol gene of retroviruses encodes several enzymic 

functions, RT, RNase H and IN, which are initially translated as a polyprotein which 

is subsequently cleaved by the viral protease. Functional RT is a dimer of an RT 

subunit and an RTiRNase H fusion, with both function required for genome synthesis. 

While RT catalyses the synthesis of DNA, RNase H specifically degrades RNA in 

RNA:DNA hybrids.

The first step in reverse transcription is the synthesis of negative sense strong-stop 

DNA (-sssDNA). Although RT only functions efficiently upon cell entry, -sssDNA 

can be detected within virions indicating a low level of RT initiation either in particle 

or during budding. For the spumavirinae group, this initiation appears much more 

efficient with a large number of virions packaging proviral DNA (157, 270). The - 

sssDNA species is formed from DNA synthesis from the PBS to the 5’ end of the 

RNA R region, where the polymerase halts. It is at this point that post-entry blocks 

occur in primary quiescent T cells due to low cytoplasmic dNTP concentrations and
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Figure 1.5 Overview of the molecular mechanism of retroviral reverse transcription. The 

conversion o f genomic retroviral RNA to a double stranded DNA provirus is catalysed by 

the viral reverse transcriptase in the proposed stepwise model. A tRNA molecule base- 

paired to the primer binding site (PBS) serves as primer for negative strand strong stop DNA  

synthesis (-sssDNA) and RNase H degrades the copied RNA. The -sssD N A  is transferred to 

the 3 ’ end o f the genome and synthesis proceeds to the PBS co-ordinately with RNase H 

cleavage. The polypurine tract, however, remains uncleaved and serves as a primer for 

positive (+) strand synthesis. A second strand transfer is promoted by displacement of the 

tRNA primer, and base pairing at the uncleaved PBS. Completion o f synthesis results in the 

duplication o f the viral terminal sequences to generate the long terminal repeats (LTRs). The 

molecular mechanisms of these annotated events are described in detail in the text. Adapted 

from “Retroviruses -  a tutorial” published by Leicester University. Available at 
www.micro.msb.ie.ac.uk/335/Retroviruses.htmI

http://www.micro.msb.ie.ac.uk/335/Retroviruses.htmI
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Figure 1.5 Overview of the molecular mechanism of retroviral reverse 
transcription. The conversion of genomic retroviral RNA to a double 

stranded DNA provirus is catalysed by the viral reverse transcriptase in the 
proposed stepwise model. The major events annotated on the right are 

described in the text for HIV-1. Adapted from “Retroviruses -  a tutorial” 
published by Leicester University. Available at www- 

micro.msb.le.ac.uk/335/Retroviruses.html
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lack of cellular activation. During -sssDNA synthesis, the RNase H subunit of RT 

degrades the RNA template reverse transcribed.

Further DNA synthesis now requires a transfer of -sssDNA species to base pair to the 

3’ R region of the RNA genome. This first strand transfer leads to the fusion U3 to R- 

U5, the first step in generating the viral LTRs. DNA synthesis thus processes 5’ to 3’ 

until the PBS is reached. The RNA template is degraded by RNase H except for a 

relatively resistant area, 5’ of the U3 region, the polypurine tract (PPT) which 

provides a 3’-OH for the initiation of the positive strand synthesis. Positive strand 

DNA synthesis proceeds until the PBS of the genomic RNA is reached creating a 

+sssDNA species. At this point RNase H degrades the original tRNA primer which is 

now base paired to a complementary DNA copy. In HIV-1 a second central PPT 

(cPPT) localised within the pol gene can act as an alternative initiation site for 

positive strand synthesis, predicted to result in an overlapping DNA flap (43, 44). 

This sequence has been reported to be essential for viral replication and its proposed 

role will be discussed later.

A proposed second strand transfer occurs through the complementary base-pairing 

between the PBS sequences in the - and + strands. As such -ve strand synthesis now 

has a primer to complete 5’ LTR and +ve strand synthesis continues until terminating 

at the synthesis of the 3’ LTR. The linear proviral DNA is now complete and is ready 

for nuclear localisation and integration.

The subcellular localisation of the processes outlined above is unclear apart from that 

it occurs in the cytoplasm. Viral DNA synthesis requires the formation of a 

preintegration complex (PIC). The composition of the PIC has been extremely 

difficult to analyse, mainly because of the ratio of particles to infectious units in a 

viral supernatant (between 100 and 1000:1) means that the vast majority of 

intracellular viral components are uninfectious (236). In quiescent cells where dNTP 

pools are low, the complex seems stable and can be rescued by subsequent cellular 

activation at a later time (223, 272). For HIV-1, PICs have been reported to lose CA 

but retain MA as well as RT and IN (33). Vpr is also part of the PIC (179). For MLV 

there are defined mutants in CA and MA that, while producing wild type levels of
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particles, are restricted in reverse transcription in infected cells (186). Detergent 

treated particles however are competent for reverse transcription, implying that these 

mutants fail to disassemble properly in infected cells. A similar line of evidence in 

HIV-1 comes from the CA cyclophilin A interaction. Inhibition of cyclophilin by the 

specific drug FK506 blocks early reverse transcription and may be involved in the 

formation of the PIC (237). The point at which NC is lost from the PIC is not known. 

The HIV-1 accessory protein Nef, also a particle associated protein may have a role in 

stimulating reverse transcription, but the mechanism for this is unknown (210).

1.2.3 Nuclear entry and integration

The defining feature that differentiates lentiviruses from other retroviruses is the 

ability of these viruses to infect non-dividing cells. Oncoretroviruses such as the 

murine leukaemia viruses (MLVs) are restricted in infection of growth-arrested cells 

because their PICs cannot traverse the nuclear membrane; they require the breakdown 

of this at mitosis to enter the nucleus (194). Lentiviruses, by contrast, can deliver their 

PICs across the nuclear envelope in the absence of mitosis (135). This trait is a major 

research goal in HIV-1 virology, but its molecular mechanism remains ill defined.

All cellular proteins are translated in the cytosol and thus, those required for processes 

in the nucleus must be imported across the nuclear membrane (reviewed in (162)). 

The nuclear membrane is studded with pores gated with a multi-protein complex that 

restricts macromolecule access/egress to and from the nucleus. Most work has focused 

on nuclear localising signals (NLSs) present in candidate nuclear proteins that mediate 

entry. The classical NLS is a basic motif whose consensus was defined in the SV40 T 

antigen. This sequence acts as a binding site for a cytosolic protein, importin-a, 

whose binding recruits its partner importin-p. This complex associates with the 

nuclear pore complex (NPC) with a low-molecular weight GTPase, Ran. Binding of 

GTP to Ran and its hydrolysis to GDP is dependent of binding an importin complex 

and Ran specific guanine nucleotide exchange factors. The energy released from the 

phosphodiester hydrolysis is used to induce the NPC to import the complex. Once in 

the nucleus, the protein is released and Ran and the importins are exported to the
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cytosol. Other nuclear import mechanisms have been described, however they are as 

yet less well defined.

Investigations into the molecular mechanisms for the nuclear import of the HIV-1 PIC 

have defined a number of viral proteins that may have a role in this event. It should be 

noted first, however, that subcellular localisation of reverse transcription and the 

transit of the PIC to the nuclear membrane will also affect nuclear entry, and as such 

the proposed proteins could also be implicated in this. Cytoskeletal components have 

been implicated as essential in HIV-1 early events (28), and the ability of PICs to roll 

along microtubules is being investigated.

The Vpr protein of HIV-1 contains a non-classical NLS and accumulates in the nuclei 

of cells (227). Deletion of Vpr restricts viral replication in macrophages and has led to 

the speculation that Vpr may function in targeting of the PIC to the nucleus (101). Vpr 

is a virion-associated protein and appears to localise within the PIC (179). However 

other reports suggest that the role of Vpr has been exaggerated. As will be described 

later, deletion of Vpr from HIV-1 based vectors has very little effect on the delivery of 

genes to non-dividing cells including macrophages (250), and it has other functions in 

the cell which may require nuclear entry of the protein (see below). Also non-primate 

lentiviruses lack a Vpr homologue, but still infect non-dividing cells (110).

The MA protein has been implicated in PIC nuclear entry. Bukrinsky et al originally 

described a NLS within matrix, which, when deleted, affected viral nuclear entry (31). 

This was shown to interact with the importin pathway (83). Another report shows that 

a small proportion of MA proteins become tyrosine phosphorylated at their C- 

terminus, and it is this that governs nuclear entry through an interaction with integrase 

(a protein which itself contains an importin dependent NLS) (84, 85). MA contains a 

membrane associating (M) domain, and phosphorylation has been proposed to release 

this binding (84). Several groups tried to replicate the nuclear localisation of MA, but 

could not (73, 78). One went as far as showing that HIV-1 deleted of MA could still 

replicate efficiently (187). A matrix/Vpr interplay has been suggested in macrophages, 

where defects in Vpr function could be rescued by deletions in MA (179). However 

their implications for nuclear entry are unclear, with other groups failing to replicate
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this (124). Another group has postulated that MA can shuttle between the nucleus and 

cytosol (61). Since the majority of these experiments have been performed in highly 

transformed cell lines, the relevance and cell type specificity for MA has yet to be 

demonstrated convincingly in primary cells.

An NLS within integrase has been demonstrated to be importin dependent and as such 

has been implicated in PIC nuclear entry (82). Again the functional importance of this 

for genome entry is unclear. The IN NLS can be deleted from wild type virus without 

affecting viral infection (244).

A sequence identified with in the RNA of the pol region has been shown to act as a 

second primer-binding site during reverse transcription (43, 44). Deletion of this 

central poly-purine tract (cPPT) restricts viral replication. It has been reported that 

cPPT deleted viruses are deficient in nuclear transport (274). RT priming from the 

cPPT has been proposed to lead to the formation of a triple-helical flap in a subset of 

proviruses which regulates nuclear entry (274). The mechanism for this is undefined, 

and while inclusion of this sequence in lentiviral vectors improves transduction of 

non-dividing cells, this appears only to be of the order of five-fold (71, 274), a point 

which the authors ascribe to an effect of genome size (274). However cPPT function 

may also relate to stability of cytosolic genome or the fidelity/rate of reverse 

transcription, either of which will conceivably raise the pool of proviral DNA copies 

available for nuclear entry.

Once the proviral DNA enters the nucleus, the IN protein catalyses the integration 

(reviewed in (27)). At some point prior to nuclear entry, the terminal two nucleotides 

of the 3’ proviral DNA are cleaved to give a staggered 3’OH at either end of the 

molecule. In the nucleus these ends are required to initiate breakage of the host 

chromosomal DNA.

The mechanism of integration is essentially the same for all retroviruses and strongly 

resembles that of bacterial transposons and transposable bacteriophage. The 

positioning of the 3’OH groups in the PIC allows them to attack the backbone 

phosphodiester bonds of the target DNA sequence. HIV-1 targets a 5 base pair
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sequence, the length of which is believed to correspond to the most exposed bonds of 

nucleosome associated DNA. The INiDNA complex catalyses a 5 base staggered 

cleavage of the target sequence and the strand transfer of the 3’OH groups onto the 

chromosomal DNA. Repair of the gaps at either 5’ end of the provirus lead to 

duplication of the target sequence flanking the now fully integrated provirus.

The choice of target sequence by HIV-1 (and other retroviruses) is complex. 

Integration is far more efficient in nucleosomal rather than naked DNA, reflecting that 

the phosphodiester bonds of the target backbone are more exposed when wound 

around a nucleosome complex. Interactions between the PIC and the transcriptional 

regulatory protein SNF5 (INI-1) (112) and high mobility group (HMG) (68, 103, 136) 

proteins within nucleus may also help target HIV-1 pro viruses to areas of DNA that 

are transcriptionally active and participate in the enzymic events of integration.

Integration serves two important functions for the virus. Firstly, the promoter and 

enhancer sequences within the LTR that direct transcription of viral RNA are only 

active when integrated. Secondly, the process is to most extents irreversible. Thus the 

viral DNA becomes part of the cell’s genome and is protected and replicated by the 

same mechanisms that are used by the cell during division. Proviral DNAs that fail to 

integrate are degraded, but the rate at which this occurs can depend on the cell type. 

Since the provirus has repeat elements at either end, free viral DNA can serve as a 

substrate for recombination or ligation into circular forms (27). Most notably, ligation 

of the proviral ends in the nucleus results in circle containing two adjacent LTRs (2 

LTR circles). Once thought to be precursors of integration, these circles are now 

believed to be non-functional genomes (30). However, since they are only found in 

the nucleus, they can serve as an indirect measure of viral nuclear entry.

1.2.4 Transcription of HIV-1 RNA

Figure 1.3 illustrates the complexity of the HIV-1 genome and the species of mRNAs 

that encode its component proteins. As with all retroviruses (with the exception of 

foamy viruses), all transcription of viral RNAs is initiated from the 5’ LTR and 

terminates at the poly (A) addition sequence in the 3’ LTR R region (reviewed in
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(183)). The generation of all subsequent RNAs results from differential splicing of 

this full length message, which itself serves as message for Gag and Pol proteins as 

well as genomic RNA for packaging. Interestingly, use of the 5’ LTR as a promoter 

appears to inhibit the promoter function of the 3’ LTR.

The U3 region of HIV-1 contains binding sites for various transcriptional regulatory 

proteins (234). A classical TATA box upstream of the U3R boundary serves as a 

recruitment site for the basal RNA polymerase II complex. Transcription of the HIV-1 

pro virus is upregulated by activation of infected T cells. Within the U3 of HIV-1 are 

binding sites for transcriptional activators such as NFkB, AP-2 and NFAT, all of 

whose functions are regulated by cellular activation. The replication of HIV-1 within 

infected T cells and monocytoid cells can thus be affected by cytokines both 

positively and negatively. This may have an important role in the pathogenesis of the 

virus in different tissues.

The early RNA products detected in HIV-1 infected cells are multiply spliced species, 

encoding Tat, Rev or Nef (Figure 1.3). Mutations within Tat show that this protein is 

essential for the transactivation of the HIV-1 LTR (reviewed in (234)). Deletion 

analysis of the LTR revealed that the site with which Tat interacts lies upstream of the 

transcriptional start site within the transcribed R region of the RNA. This Tat 

activating region (TAR) forms a stable stem loop. All lentiviruses encode a Tat 

protein and a TAR sequence (110). The TAR region binds Tat at bulge in the loop, 

mutation of which abrogates Tat function. A variety of cellular proteins also bind to 

Tat and the TatiTAR complex, the most important of which appears to be Cyclin T1 

(259). The fact the murine cyclin T1 fails to bind HIV-1 Tat is a major reason why 

HIV-1 cannot replicate efficiently in murine cells (20).

The function of the Tat:TAR in HIV-1 transcription is to stabilise the RNA 

polymerase II complex and promote elongation of the nascent RNA by acting as an 

antiterminator reviewed in (235)). In the absence of Tat, nuclear run-on experiments 

show that transcription halts prematurely. The binding of Tat to TAR recruits cellular 

proteins such as cyclin T1 to the complex and restores processivity of the transcription 

complex by recruiting the positive transcriptional regulator complex (P-TEF) (21).
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One important function associated with this is the phosphorylation of the CTD tail of 

RNA polymerase II by the recruitment of TFIIH kinase to the complex (276). This 

regulates RNA polymerse II function, increasing processivity and stability of the 

holoenzyme. The complex interplay between Tat and proteins associated with 

transcriptional regulation also reflects other effects of Tat. Tat can be purified from 

RNA pol II complexes in the absence of TAR and this may explain the functions of 

Tat which allow the trans-activation of other cellular genes (183). Given that initially, 

cellular concentrations of Tat are extremely low, this protein must be an extremely 

potent transactivator.

1.2.5 Processing of Viral RNA and the function of Rev

As with the majority of cellular mRNAs, HIV-1 RNA species are processed after 

transcription (183). All viral RNAs contain a methylated guanyl cap at their 5’ end. 

Termination of transcription occurs at the RU5 boundary in the 3’ LTR where an 

AAUAA signal directes the non-templated addition of dATP residues to create a 

poly(A) tail of between 200 and 300 bases, the function of which stabilises the RNA 

and promotes its nuclear export.

HIV-1 gene expression is regulated at the post-transcriptional level. To generate 

mRNAs for different viral proteins, the full length genomic RNA must be 

differentially spliced using the cellular splicing machinery (183). The differential use 

of a number of splice donor and acceptor sites in the viral RNA gives rise to these 

mRNAs. At early times the major species of cytoplamsic RNAs detected are the 

multiply splice variants encoding. Tat, Rev and Nef. As viral replication progresses, 

the singly spliced transcripts encoding Vif, Vpr, Vpu or Env, and unspliced genomic 

RNA encoding Gag-Pol accumulate cytoplasmically. The temporal regulation of this 

RNA expression is due to the action of the Rev protein, an essential factor encoded by 

all lentiviruses (76, 110).

Viruses deleted for Rev fail to replicate (183). Analysis of viral RNA species reveals 

that only multiply spliced molecules accumulate in the cytoplasm, whereas unspliced
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and singly spliced RNAs are only detectable in the nucleus. Like Tat, Rev is an RNA- 

binding protein. Its target, the Rev Responsive Element (RRE) is a 234 nucleotide 

complex stem-loop within the env coding region of the RNA. Multiple copies of Rev 

bind to the RRE, starting at a single nucléation site, and then building up around the 

structure.

The mechanism of Rev function appears to be at least two-fold (reviewed in (51)). 

Firstly, binding of Rev to the RRE inhibits and/or regulates splicing of transcripts 

containing it by interaction with the cellular splicing machinery, the spliceosome. 

Secondly, Rev promotes the nuclear-cytoplasmic transport of these transcripts. Rev 

contains both an NLS and a leucine rich nuclear export signal (NES) through which it 

can be observed to shuttle between the cytoplasm and nucleus in the presence of RRE 

containing RNAs. Cellular mRNAs exit the nucleus through the nuclear pores 

associated with a nucleoprotein complex. This export is tightly linked to the splicing 

and processing of these RNAs such that unspliced and un-polyadenylated transcripts 

are retained in the nucleus and degraded. The binding of Rev to the RRE, localised to 

the nucleus via an NLS, causes a conformational change in Rev such that the NLS is 

masked and NES is exposed. Rev-bound transcripts recruit cellular factors such as 

hRNPs and are exported through the action of a major transport protein CRM-1 

(Exportin 1) (72, 79). Inhibition of this nuclear export system by the CRM-1 specific 

drug leptomycin B abolishes Rev-mediated gene-expression (265).

1.2.6 Translation of HIV-1 proteins

HIV-1 mRNAs are all translated by cellular ribosomes. As has been alluded to above, 

all HIV-1 proteins except for Gag and Pol are translated from spliced RNAs which, 

with the exception of the Vpu-Env mRNA, are monocistronic.

The expression of Gag and Pol proteins is regulated at the translational level in all 

retroviruses (reviewed in (232)). Pol is initially expressed only as a Gag-Pol fusion 

protein. In infected cells the ratio of Gag to Gag-Pol is around 20:1. The fusion occurs 

in the majority of retroviruses through suppression of the Gag stop-codon by a 

ffameshiff slippage of the translating ribosome. For HIV-1 a seven-nucleotide
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“slippage” sequence at the Gag termination site, coupled to a downstream hairpin 

stem loop causes the translating ribosome to slip -1 nucleotides into the Pro-Pol open 

reading frame. Translation proceeds then to the termination codon of Pol.

The Env protein requires expression at the cell surface (232). Translation of the env 

mRNA occurs on endoplasmic reticulum (ER) via interaction of a classical N-terminal 

signal peptide at the start of gpl20 with the cell’s protein translocation apparatus. Env 

is a type I membrane protein. Nascent Env proteins are co-translationally fed through 

ER SEC complexes until the hydrophobic membrane anchoring sequence in TM is 

reached, the folding of which stops peptide transfer by the formation of an a-helix. 

Once membrane anchored, the nascent envelope proteins interact with ER chaperones 

which facilitate folding, disulphide bond formation and the addition of N and O- 

linked glycans to the structure. Glycosylation is essential for further env processing 

and function, and may be involved in masking antigenic sites and immune-evasion.

Folded Env proteins trimerise, and are transported to the cell surface via the secretory 

pathway. Further glycan processing occurs in the Golgi. It is also here that furin or a 

related protease cleaves the Env protein at the SU/TM junction (232). This cleavage 

gives rise to the mature Env dimer of gpl20(SU) and gp41(TM) and generates the 

fiision peptide at the N-terminus of gp41.

1.2.7 Assembly, RNA packaging and release of new virions

The assembly and release of retroviral particles is a highly ordered process (reviewed 

in (232)). For lentiviruses nascent Gag and Gag-Pol proteins localise at the plasma 

membrane where they interact with the cytoplasmic tails of surface Env proteins. 

RNA-binding motifs within the NC portion of Gag package two copies of viral 

genomic RNA and the virus buds from the cell surface. During the final release of the 

particle, morphological changes occur within the core resulting in the appearance of 

the characteristic toroid shaped capsid (232, 253).

The Gag protein of all retroviruses tested when expressed on its own is capable of 

budding and forming immature particles. Gag and Gag-Pol localisation is mediated by
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the addition of a fatty myristilate residue to the terminal glycine of MA (the 

methionine having been removed during translation). Myristilation mutants of HIV-1 

Gag accumulate in the cytoplasm and fail to localise at the membrane, as result of 

which no progeny virions are released. Gag is phosphorylated, most notably by 

protein kinase C, but the significance of this is unclear apart from the evidence that 

tyrosine phosphorylation of MA is implicated in nuclear entry (84), as described 

earlier.

Physical interaction between MA and gp41 has been described (232). Mutation within 

this interacting motif leads to a reduced envelope incorporation. Truncation of the 

cytoplasmic tail of gp41, however can rescue this mutant. Endocytotic sequences 

within the TM tail allow a constant cycling of Env to and from the surface, a 

mechanism that keeps the envelope protein at constant surface concentration. 

Interaction with MA may lock these molecules into the budding virion.

The packaging of viral genomic RNA requires recognition of a packaging sequence 

by the Gag precursor molecules. For HIV-1 the packaging sequence (T^ is located 

between the major 5’ splice donor and the translational start of gag (133). As such this 

sequence is spliced out of all viral RNAs except the full length genomic RNA. This is 

important because, unlike many other viruses, retroviruses do not shut down 

transcription and host protein synthesis (183). Genomic RNA represents around 1% of 

total cytoplasmic mRNA and therefore the virus must ensure only it is packaged 

within new virions. Y forms a complex stem loop structure (100) which has been 

shown to act as a nucléation site for NC binding of genomic RNA (273). Initial 

binding facilitates further NC binding along the structure of the RNA. The point at 

which this occurs and how the switch between translation and packaging is regulated 

is unclear. However there is evidence that in HIV-2, and to some extent HIV-1, viral 

RNA is packaged co-translationally (58, 116, 117). The mechanism by which the 

virus ensures that two genome copies are packaged is not known, however the 

genomes do dimerise at a “kissing loop” sequence near the primer binding site (232). 

It is thought that retroviruses package a diploid genome because reverse transcription 

is more efficient if interstrand transfers can occur, plus diploid genomes allow 

recombination and thus additional mechanisms of viral evolution (232). The
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packaging of the tRNA primer is related to the Gag-Pol precursor (232). Partial 

unwinding of the tRNA by NC allows the primer to anneal to the PBS. Specificity for 

tRNA’̂®̂ is also determined by recognition by HIV-1 RT.

The physical interaction between Gag and Gag-Pol proteins is predominantly through 

NC:NC binding (232). A conserved domain (I) is present in NC, the content of which 

has been proposed to be a stretch of 3 basic residues. The I domain in HIV-1 NC 

exists in two copies and the interaction between these domains has been shown to be 

dependent on RNA binding. Other NC and CA interactions have been described for 

retroviruses in the absence of RNA binding.

The recruitment of all these components to the plasma membrane initiates budding, 

the mechanism for which is ill defined (232). Budding appears to be independent of 

cleavage of Gag into its constituent components, as expression of Gag alone results in 

immature particle release. The L domain of retroviral Gag proteins is essential for 

budding. Deletion results in a block late (L) in budding, often characterised as a stalk 

mutant. Budding virions are visualised attached to cells by a thin cord of membrane 

and cannot be released from the cell surface. The L domain in HIV-1 resides in the p6 

protein at the C-terminus of Gag. The L domain is proline rich motif that has recently 

been shown to recruit ubiquitin ligases to the site of budding (169, 206, 226). The role 

of ubiquitination in the final stages of budding is essential, but as yet the mechanistic 

details of its function are unknown. Evidence from these studies however shows that 

this proposed L domain function may exist in all budding viruses and is related to the 

process of clathrin mediated endocytosis, a “reverse budding” event (254).

As the particle buds and releases, the morphology of the virion changes (232). The 

electro-lucent core gradually changes to an electron-dense toroid. This maturation of 

the particle is essential for infectivity and is a function of the viral protease (PR)

(232). PR is an aspartic proteinase that recognises target sequences at the boundaries 

between the subunits of Gag and Gag-Pol. The mechanism of activation is unknown 

but may be related to Gag:Gag interactions. Activation of PR, which resides at the 

junction of Gag and Pol, leads to the ordered cleavage of Gag and Gag-Pol into their 

constituent subunits. As each component is released, the position in the virion is
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rearranged to produce the mature morphology. Inhibition of PR by drugs is now a 

component of anti-HIV multi-drug therapies (63).

1.2.8 The role of accessory proteins

Some of the functions of the HIV-1 accessory proteins have been described above. All 

four HIV-1 accessory genes are dispensable for replication in culture. In this section 

the known and proposed functions of these proteins will be briefly reviewed.

1.2.8.1 Vif

The viral infectivity factor (Vif) is a 23KDa protein found associated with the 

membranes of infected cells and is packaged within virions (34, 75). Vif mutants 

replicate in monocytoid cells but the progeny virions from infected cells are 

uninfectious themselves (81). This requirement for Vif is not absolute, with many cell 

lines able to compensate in some way for lack of Vif (80). The mechanism of Vif 

action is unknown (196). It has been shown to increase envelope incorporation Vif 

mutants in some cell lines form aberrant particle morphologies associated with 

incomplete Gag processing (24). Other reports indicate that the inefficient reverse 

transcription observed in non-permissive cells by Vif- viruses may be a result of a 

defect in particle disassembly (166). Vif also associates with cytoskeletal components, 

and may have a role in cytoplasmic transport of viral components (113).

1.2.8.2 Vpr

As described earlier, the Vpr protein is a packaged in particles and may be a 

component of the PIC. Its N-terminal NLS has lead to speculation that this is involved 

in PIC nuclear entry, however the results of this are contradictory. The other Vpr 

function of note is its ability to arrest cells at the G2/M stage of the cell cycle by 

inhibiting the activation of cyclin-dependent kinases such as p34cdc2 (reviewed in 

(29)). Transcription from the viral LTR appears to be up-regulated in G2 and so Vpr 

may arrest the cell at this stage to increase viral gene expression. How this functions 

in primary non-dividing cells such as macrophages is not known.
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1.2.8.3 Vpu

Vpu is a membrane protein translated from the same mRNA as Env using an 

inefficient start codon (232). Vpu is unique to HIV-1 and its closest relative, the 

chimpanzee strain of SIV (232), It functions as an enhancer of virion release by an 

uncharacterised mechanism (91). Its other function is to prevent association of nascent 

Env proteins with CD4 in the ER. This function depends on phosphorylation of Vpu 

and leads to degradation of CD4 (263). Vpu forms a cationic membrane channel, 

similar to the influenza A virus M2 protein, but the role of this is unknown (65).

1.2.8.4 Nef

Nef was originally described as negative regulator of viral replication, a role that has 

subsequently been shown to be untrue (232). However, it does appear to have multiple 

roles in viral replication and pathogenesis. Nef down-regulates both CD4 (2) and 

MHC I (212) molecules from the cell surface, presumably to facilitate viral release 

and immune evasion and to avoid superinfection. The mechanisms of this down 

regulation are distinct (145). Nef recruits adaptor proteins to the CD4 tail and 

stimulates its endocytosis (170). Then through direct interaction with p-COP vesicle 

coats, facilitates its retrograde transport to lysosomes for destruction (171). MHC I 

molecules are routed back to the ER involving the cellular protein PACS (172).

Nef stimulates viral DNA synthesis and is packaged in particles where it may be a PR 

substrate (236). Nef has been shown to associate with the GTPases Rac-1 and CDC42 

(142). Expression of Nef leads to the activity of p21 associated kinases (PAKs) (9, 66, 

189) and the activation of kinases such as Vav (67), all of which may play a role in 

viral infection and assembly by effects on cytoskeletal structure. Nef has also been 

reported to associate with lipid rafts in the plasma membrane, a function which may 

be related to the down regulation of cellular receptors and cellular activation (258).

Nef is also the second viral protein (the first being envelope) that can be ascribed a 

critical role in viral pathogenicity. Nef- viruses are variably attenuated in primate
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models (69). Recently, Nef expression in infected macrophages and dendritic cells 

was shown to stimulate the production of T cell attracting chemokines which may 

facilitate viral spread form the site of infection to T cell zones of the lymphoid tissue

(233). Finally, transgenic expression of Nef in mice from a CD4 promoter leads to a 

pathology closely resembling paediatric AIDS (99). CD4+ T cells are depleted, there 

are gross abnormalities in the lymphoid tissue, and CD4+ cells exhibit hyper-tyrosine 

phosphorylation (99).

Nef is a multifunctional protein whose role in HIV-1 replication is a major research 

goal. Further investigations will help delineate its function in early events in viral 

infection and as such, potential targets for anti-retroviral therapies as well as further 

developments in lentiviral vector design.
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1.3 Lentiviral Vectors

The advent of recombinant DNA technology and the identification of human diseases 

resulting from genetic defects led to the possibility that replacement of such defective 

genetic elements would lead to long term therapeutic benefit for diseases untreatable 

by other means (8). For such gene therapy strategies, a means of delivering the gene 

to the desired cell type is required. Viruses, by their nature as obligate intracellular 

parasites, offer opportunities to harness their infection strategies to deliver genes to 

cells (8).

The most commonly used vectors in current clinical gene delivery protocols are based 

on retroviruses (reviewed in (151)). The separation of viral protein coding regions 

from the cw-acting sequences involved in gene-expression and packaging means that 

all viral coding regions can be deleted from a vector genome and supplied in trans in a 

packaging cell line to make particles capable of transducing a gene. The gene of 

interest can thus be inserted into the vectors under control of a heterologous promoter 

or the viral LTR. Finally a third component, an expression plasmid encoding an 

envelope protein can be expressed in the packaging cell, rendering the vector 

infectious. The vector particle produced can bind to a cell, enter, reverse transcribe 

and integrate. The transgene is thus stably integrated into the host and is passed on to 

any progeny of these cells. Most retroviral vectors used in these clinical studies have 

been based on MLV. However, these vectors are limited in their ability to transduce 

non-dividing cells. This has led to the development of vectors based on lentiviruses as 

means of enhanced retroviral gene delivery to non-dividing cells.

1.3.1 Vectors based on HIV-1

The first successful vector system designed for in vivo gene delivery was described by 

Naldini et al and was based on HIV-1 (164). The vector system was based on a three- 

plasmid transient expression strategy. A molecular clone of HIV-1, R7, was deleted 

for envelope, packaging sequence and much of the upstream untranslated region 

including the LTR. The expression of the viral structural genes was placed under 

control of a minimal cytomegalovirus immediate early promoter (CMV) to remove
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the requirement for Tat on viral protein expression. The RRE was maintained to 

confer Rev responsive expression of mRNAs encoding gag and pol. This packaging 

plasmid was termed pCMVAR8.2. The vector genome was bounded by viral LTRs, 

and contained a packaging sequence. All viral genes were deleted from this construct, 

in whose place a CMV-driven cassette encoding a reporter transgene (such as p- 

galjctosidase (lacZ) or enhanced green fluorescent protein (eGFP)). A third plasmid 

encoding the envelope glycoprotein of the rhabdovirus vesicular stomatitis virus 

(VSV-G) was constructed. Co-transfection of these plasmids into 293T cells led to 

transient expression and the production of HIV-1 particles pseudotyped with VSV-G 

and carrying the vector genome. By virtue of the VSV-G protein, these particles could 

enter most mammalian cells and lead to high level transduction of primary, non

dividing cells such as human macrophages and rat neurones, cells previously un- 

transducible with other retroviral vectors (163, 164).

Subsequent studies showed that all accessory gene products could be deleted from the 

packaging construct with no effect on viral titre or the transduction of model non

dividing cells (280). A third generation vector system, where the U3 of the 5’ LTR of 

the vector genome was replaced by a heterologous promoter allowed tat to be deleted 

from the packaging plasmid (60). Rev was also removed and supplied in trans (60) 

(however other vector systems have replaced the RRE in the vector with a constitutive 

transport element - GTE - from MPMV (119)). All these features helped reduce the 

possibility of recombination to generate replication competent retroviruses (RCRs). 

Another safety feature was to develop self-inactivated vectors (155, 279). In this case, 

the promoter region of the 3’ U3 was deleted. While these vectors were fully 

infectious, they failed generate a full LTR during reverse transcription. Thus no RNA 

expression is possible from the LTR in the transduced cell and vector pro virus cannot 

be mobilised by an RCR.

Other groups have published variants of HIV-1 based vectors (119, 129), but none 

have been shown to offer any advantage over those described. Chimaeric vectors, 

constructed from SIV and HIV components, may reduce residual risk of recombinant 

virus generation (262). The construction of stable producer cell lines for HIV vectors 

has proved problematical. Stable expression of Gag is toxic in the long term so stable
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packaging cell lines have been generated with inducible promoters (111, 115, 122). 

These cell lines, while not giving higher titres of vectors, allow easier and more 

controlled production of vector for clinical purposes.

1.3.2 Lentiviral vectors based on non-human lentiviruses

The fact that the HIV-1 is a human pathogen has led to the generation of vectors based 

on non-human lentiviruses in the hope that these may be theoretically safer for clinical 

gene delivery. To date vector systems based on SIV (262), FIV (174), EIAV (154, 

167) and CAEV (160) have all been described. In principle they are the same as those 

based on HIV-1 and can transduce human non-dividing cells. The use of non-primate 

lentiviruses as vectors is argued for since these viruses do not replicate in human cells 

(250). However studies on EIAV indicate that it is not as efficient at transducing 

human cells as HIV-based vectors (Y Ikeda, unpublished).

1.3.3 Improvements for enhanced lentiviral vector transduction

Most gene delivery by retroviruses in a clinical setting is performed ex vivo. As the

target cells (e.g. haemopoetic stem cells) often show a loss of efficacy over prolonged

culture (54), much ongoing research has been devoted to improving the titres and

level of expression of the transgene by lentiviral vectors such that ex vivo culture can

be minimised.
+

in terms of their ability to repopulate mouse bone marrow.

The woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) is an 

RNA sequence found in the hepadnavirus after which it is named. The mode of action 

of the WPRE is unclear, however it does lead to an increase in the cytoplamsic level 

of mRNAs in which it is encoded (56). It does not appear to function like an RRE or 

CTE, and may be involved in mRNA stability. This element has been introduced into 

HIV based vectors (278). The result is that vector genomes with a WPRE accumulate 

to a greater extent in the cytosol of the producer cells, and thus leads a higher degree 

of vector packaging and titre. The WPRE also has a role in the transduced cell. 

Transgene expression is several-fold higher from vectors with a WPRE (278) and this
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improves gene marking of primary cells, notably lineages of haematological cells 

derived from transduced CD34+ stem cells and engrafted into NOD/SCID mice (199).

The central polypurine tract (cPPT) referred to earlier has been inserted into HIV- 

vectors (71,274). This led to an increase in titre of up to 5-fold in some primary cells. 

While its mode of action is controversial, the inclusion in vectors has been shown to 

improve vector transduction efficiency.

The development of lentiviral vectors by inclusion of tissue specific promoters will 

allow expression of transgene to the desired cell lineage (250). The relative weakness 

of lentiviral enhancer elements in the LTR compared to those of oncoretroviruses has 

been proposed to be an advantage in the long-term transgene expression from 

heterogeneous promoters within the vector (250).

1.3.4 Pseudotyping and targeting lentiviral vectors

The ability to separate coding ftmctions from retroviral vectors allows heterologous 

envelope proteins to be expressed with a view to modify vector cell tropism (151). 

This technique, called pseudotyping has been explored extensively for MLV vectors. 

All retroviral vectors can be pseudotyped with VSV-G, thus rendering most cells 

susceptible to vector entry. For MLV, the use of related retroviral envelopes has been 

explored. The amphotropic MLV envelope protein is permissive for most mammalian 

cells through the use of a conserved phosphate transporter, Pit-2, as receptor (218). 

Similarly, the envelope of the highly related Gibbon/Ape Leukaemia Virus (GALV - a 

zoonotic MLV isolated from captive primates), which uses the Pit-1 phosphate 

transporter as receptor, efficiently pseudotype MLV vectors (152).

Pseudotyping of lentiviral vectors is in its infancy. Most studies use VSV-G 

pseudotypes as means to transduce any cell. MLV-A has been shown to pseudotype 

HIV vectors, however the efficiency is 1 to 2 orders of magnitude lower (164). The 

relative toxicity of VSV-G may preclude its use in some more fragile primary cell 

types. CD34+ cell types, for example, have been shown to be more susceptible to 

MLV vectors pseudotyped with GALV (255) or the feline endogenous retrovirus
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envelope RD114 (118). Pseudotyping studies are currently in progress to define 

parameters that will allow lentiviruses to be modified in the same way. GALV and the 

MLV envelope lOAl will pseudotype HIV vectors (224), but in the case of GALV 

modifications within the C terminus of TM such that is a substrate for PR cleavage
C2W

must be made (Stitz, unpublished), an essential step in type C retroviral 

morphogenesis \ 2831.

A highly desirable goal in gene therapy is the ability to target vectors to specific cells 

in vivo (reviewed in (195)). While transcripional targeting by the incorporation of 

tissue specific promoters in retroviral vectors restricts gene expression to the target 

cell, it does not preclude transduction. Engineering of heterologous viral envelope 

proteins to restrict tropism to a target cell has been of interest in recent years. Most 

strategies involve the addition of a ligand or single chain antibody (ScFv) to the N- 

terminus of a retroviral envelope or influenza A HA molecule to redirect infection. 

The most successful to date has been the engineering of an MLV-A envelope with an 

ScFv against a highly expressed antigen, HMWMAA, on human melanoma cells 

(148). A proline rich linker between the ScFv and MLV-A molecule redirected 

binding of pseudotyped MLV vectors to antigen positive melanoma cells, whilst 

blocking MLV-A binding to Pit-2. A consensus matrix metalloprotease (MMP) 

cleavage site inserted at the C terminus of this linker allowed MMP-mediated 

activation of the targeted envelope at the surface of the melanoma cell and infection 

via Pit-2. This envelope was shown to give at least four orders of magnitude of 

selectivity for HMWMAA expressing cells, and specifically infect target cells in 

mixed cell cultures. However, since the growth of cancer cells in vivo can be far 

slower, targeted lentiviruses pseudotyped with such targeted envelopes will be 

required for efficient in vivo delivery.

1.3.5 Practical applications of lentiviral vectors

The advantages of retroviral vectors combined with ability to transduce non-dividing 

cells make lentiviruses an attractive new option for clinical gene delivery (250). To 

date lentiviral vectors have been shown to transduce a variety of clinically relevant 

cell types (250). HIV, FIV and EIAV vectors transduce rat neurones, opening
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possibilities to correct neurodegenerative disorders (154, 163, 174). Recently HIV- 

mediated correction of an animal model of Parkinson’s disease has been reported
I

(126). FIV mediated delivery of CFTR to rabbit airway epithelium reduces symptoms 

in a model of human cystic fibrosis (257).

The most successful application of retroviral vectors and gene therapy in general has 

been the correction of X-linked human severe combined immunodeficiency (X- 

SCID). Of five treated infants, four have an almost completely restored immune 

system by delivery of the gamma chain common to many haematopoetic cytokines to 

CD34+ haematopoetic stem cells (HSCs) (40). The harvest of these cells from patients 

allows modification in vitro and re-population of the host bone marrow. Because 

lentiviruses do not require division for infection, the efficiency of transduction and 

maintenance of re-populating activity of human HSCs in animal models has shown 

them to be advantageous over MLV vectors (156). HSCs still require cytokine 

stimulation in vitro because, in common with quiescent T cells, resting HSCs do not 

support reverse transcription and require being in G1 phase (231). However efficient 

transduction can be achieved over 24 hour culture (98), rather than 72 hours for MLV, 

which has been shown to decrease the re-populating activity of these cells (54).

Delivery to haematopoetic cells will allow correction of many congenic blood 

disorders by relatively non-invasive methods. Lethal immunodeficiencies and 

thalassaemias (149) have been corrected by lentiviruses in animal models. Gene 

delivery to non-dividing cells of the immune system will allow induction or 

modification of desired immune responses. The use of lentiviral vectors to deliver 

competitive sequences and dominant negative viral proteins has been shown to inhibit 

HIV-1 replication in chronically infected cells (173). Ironically, lentiviral vectors may 

become of use in the treatment of lentiviral diseases.
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1.4 Antigen Presenting Cells

The generation of adaptive immune responses to pathogen associated antigens 

requires that the immune system recognises these antigens as foreign and a danger, 

thenpassesthis information to specifically reactive cells which perform the effector 

function (108). Central to this process is the antigen-presenting cell (APCs) whose 

role is to capture, process antigens and present them to T cells (108). An overview of 

these functions is presented in Figure 1.6.

1.4.1 Dendritic Cells

The most potent APC in the immune system is the dendritic cell (DC), so called 

because of its extensive cellular processes with which it interacts with T cells in 

lymphatic tissue (reviewed in (15, 16)). DCs develop from blood precursor cells, and 

in vitro DCs of both myeloid and lymphoid derivation have been identified, although 

what difference this makes to their role in immunity is unclear (241).

1.4.2 Antigen capture

Immature DCs migrate and reside in peripheral tissues (15). For example, immature 

DCs in the skin, Langerhans cells, reside at the dermal/epidermal junction. Here, the 

DC is highly phagocytotic, sampling debris and the extracellular milieu (15). These 

DCs act as an interactor between the innate and adaptive immune responses. APCs 

express pattern recognition receptors that have evolved to recognise the “pattern” of 

potential pathogens (15). Many pathogens, such as bacteria, yeasts or viruses have 

glycosylation patterns and lipids rarely found in their hosts. Expressions of general 

receptors for these molecules allow APCs to recognise and phagocytose potential 

pathogens. Pattern recognition receptors include those which recognise aberrant
A "

glycoproteins bearing oligosaccharides terminating in mannose, fucose or glucose 

(mannose receptors such as DEC-205 (109)) and those, which recognise bacterial cell 

wall components such as the EPS receptor, CD 14, and its partner, the Toll-like 

receptor 2 (TLR2) (267). Proinflammatory stimuli such as cytokine release and tissue
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damage down-regulate this antigen capture, signalling to the APC that the host is 

under attack by a pathogen.

1.4.3 Processing and presentation

T cells recognise antigen processed and presented as short peptides bound to MHC 

molecules on the cell surface (108). CD8+ cytotoxic T cells recognise antigen 

presented on Class I MHC molecules via interaction with an antigen specific T cell 

receptor (TCR), whereas the TCR of CD4+ helper T cells recognises antigen 

presented on Class II MHC expressed only on APCs. Processing of antigens for these 

pathways is spatially distinct in cells (Figure 1.6).

Peptides for class I presentation are derived from cytosolic proteins that are 

proteolytically cleaved by the cellular prote^gome complex (108). Proteosome- 

processed peptides are transported via a transporter associated with antigen 

presentation (TAP) into the ER lumen where they are loaded into the peptide binding 

grooves of MHC class I molecules. These molecules are transported to the cell surface 

to be presented to CD8+ T cells. This process occurs in all metabolically active cells 

and is the basis for CD8+ cell recognition and killing of virally infected cells.

For class II presentation, extracellular proteins taken up by APCs are degraded in 

endosomes by host cell proteases into peptide lengths (15). MHC II molecules within 

part of the endosomal complex are loaded with these peptides, a process which 

releases them to the cell surface to interact with CD4+ T cell.

A corollary to these forms of antigen presentation is performed by DCs. Extracellular 

proteins can be processed for Class I presentation in a proteosome dependent manner 

(193). The DC is the only known APC that can perform this function and as a result 

can activate both naïve CD4 and CD8 T cells.

Proinflammatory stimuli cause DCs to migrate from the peripheral tissue to the T cell 

zones of lymphatic organs (15, 16). During this journey, antigen capture is reduced 

and processing and presentation is up-regulated. For efficient T cell activation, not
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Figure 1.6 Overview of the spatial separation of Class I and Class II MHC antigen 

presenting pathways. Cytosolic proteins are targeted for proteasomal degradation by 

ubiquitination. Peptides 9 - 1 2  amino acids in length are transported into the endoplasmic 

reticulum by via the TAP transporter complex and loaded into the peptide binding grooves 

of nascent MHC I molecules which are thqt transported to the cell surface. Exogenous 

antigens are taken up by APCs by endocytosis and processed into peptides in the lysosomal 

compartment. Fusion with vesicles containing empty MHC II molecules allows loading of 

the peptide before routing back to the cell surface. Reviewed in (108).
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1*  DCl and DC2 in this case reflect the ability of these dendritic cells to activate CD4+ TH cells to 

a THl or TH2 phenotype. This division of TH cells is based on their cytokine release profile and 

their ability to initiate cell mediated (THl) or humoral (TH2) immune responses.



only must TCR antigen recognition occur, but the T cell must receive co-stimulatory 

signals induced by a number of APC expressed adhesion molecules and cytokines 

(108). DC maturation leads to the upregulation of proteins such as B7-1 and B7-2, 

CD40 and the integrin subunit CD 11c (15, 16).

Once in the lymphoid tissue, DCs interact with naïve CD4+ T cells. Antigen 

recognition and co-stimulation activate the T cell to either a THl or TH2 phenotype 

(108), which regulate the generation of cell mediated and antibody dependent 

responses respectively.^It has been demonstrated that the DC, itself displaying a DCl 

or DC2-like phenotype, may regulate this (192). The control of this may be related to 

the circumstances under which the DC became activated in periphery.

CD40 interaction with CD40 ligand on the CD4+ T cell has been shown to elicit a co

stimulatory effect on the DC (17, 191, 204). This interaction licenses the DC to seek 

out naïve CD8+ T cells within the lymphatic organ and present Class I bound antigen 

to them (191). This presentation results in the generation of antigen specific CTL 

capable of killing target cells expressing that antigen. That the DC is not killed by 

these CTL implies that a killing inhibitory signal is also supplied during this 

presentation. DC activation under certain circumstances, such as direct viral infection 

of the DC, can lead to CTL activation in absence of CD4+ T cell help (191). These 

helper independent antigens bypass the requirement for CD40/CD40L interactions.

1.4.4 Macrophages

The other professional APC found in the immune system is the macrophage (reviewed 

in (108)). Macrophages are found in all tissues and develop from blood monocyte 

precursors. In tissue, the macrophage functions as a local effector of the innate 

immune system. As with immature DCs, macrophages express scavenging receptors 

and phagocytose pathogens that are subsequently killed by production of reactive 

oxygen species within the endosomal compartment. Expression of receptors for the Fc 

portion of immunoglobulin molecules allows these cells to be reactive to specific 

conformational antigens, allowing specific endocytosis and antigen dependent killing 

of pathogens and infected cells.
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Pro-inflammatory activation of macrophages induces the production of cytokines and 

chemokines, attracting a variety of leukocyte subsets to a site of inflammation (108). 

Production of cytokines such as IL-12 and TNFa influence the action of immature 

DCs in the vicinity and help to induce a THl type T cell response (108).

Activation of macrophages is involved in wound healing and the production of 

angiogenic factors such as VEGF and IL-8 (229). As such they may be important 

targets for disruption of hypoxia-induced angiogenesis in solid tumours. In other 

tissues, macrophage-like cells control various homeostatic functions. Kuppfer cells in 

the liver remove proteinaceous debris and erythrocytes from the blood, and osteoclasts 

help bone formation (108).

Activated macrophages can also migrate to lymphoid tissue and present antigen to T 

cells (108). However, they lack the potency of DCs and cannot directly activate CTLs, 

and maybe involved in the local potentiation of T cell responses. The functional 

relationship between DCs and macrophages in vivo is not well understood. It is 

thought that some tissue macrophages can differentiate into DCs and vice versa, but 

the mechanisms for this are unclear. Recent studies show that the presence of 

endothelial and stromal cells can regulate monocyte transition to either macrophages 

or DCs (184). Commited DCs can revert to macrophages in the presence of IL-6 (46).

1.4.5 Semi-professional antigen presentation

Naïve B cells express membrane immunoglobulin molecules. When these cells bind 

to their specific antigen, it can be endocytosed and presented to CD4+ T cells on 

Class II MHC (108). Such recognition can lead to concomitant activation of the T cell 

and the B cell in a CD40/CD40L dependent manner. The B cell activation eventually 

leads to the generation of antibody secreting plasma cells.

1.4.6 Culture of APCs

Human macrophages and DCs can be readily isolated and differentiated jfrom whole 

blood (158, 198). Peripheral blood mononuclear cells (PBMCs) can be isolated be
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centrifugation of whole blood on synthetic density gradients. Plating of this cell 

fraction onto non-tissue culture treated plates allows monocytes to adhere and 

contaminating lymphocytes to be washed away. Extra purity can be achieved by 

depleting the cultures of cell bearing T and B cell markers by immuno-magnetic 

methods and the purity assessed by the percentage of CD 14+ cells in the culture.

Macrophages can be differentiated from adherent monocytes by culture in medium 

containing human serum (methods described in (158)). The cells increase in size over 

5 to 7 days and become morphologically heterogeneous due to autocrine production of 

macrophage colony-stimulating factor (M-CSF). They acquire the ability to 

phagocytose antigen and inflammatory stimulus activates their ability to produce 

cytokines such as TNFa. Exogenous MCSF can be used in differentiation but is not 

essential. The use of foetal calf serum has been reported to be toxic or lead to 

unspecified activation, depending on the batch, and is therefore rarely used for 

macrophage cultivation.

DCs can be differentiated from adherent monocytes by culture in the presence of the 

cytokines IL-4 and granulocyte macrophage colony stimulating factor (GM-CSF) 

(198, 275). 6 to 7 days’ culture differentiates these cells into non-adherent immature 

DCs. These cells express surface markers such as CD la  (a langerhans cell marker). 

Class I and II MHCs, and co-stimulatory molecules, and are capable of antigen 

capture. Pro-inflammatory stimulation or further culture causes DC maturation, up

regulation of presenting and co-stimulatory molecules, and the ability to activate T 

cell proliferation (197, 198). DCs can be produced both in FCS and HS, and 

differentiation has been shown to be independent of cell division (92). DCs can also 

be differentiated from CD34+ haematopoeitic stem cells in vitro (209).
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1.5 APCs and HIV-1 infection

1.5.1 Macrophages and HIV-1

Cells of the monocyte lineage are the major tissue resevoir for HIV-1 replication (69). 

NSI strains replicate in macrophages in vitro (88, 181, 190, 208) and these viruses are 

responsible for the majority of horizontal transmission (69). The presence of these 

cells at the mucosal surfaces where the virus first contacts the host has led to these 

cells being proposed as a primary target cell of the virus (69).

Macrophages express CD4, CCR5 and low levels of CXCR4 (201, 245). The increase 

in CCR5 expression during monocyte to macrophage transition correlates with the 

susceptibility of these cells to NSI strains of HIV-1 (245). Macrophage infection by SI 

strains was originally reported to result in post-entry block (201). However, later 

studies have demonstrated that some SI strains and dual-tropic strains can 

productively infect macrophages through entry via CXCR4 (215, 249, 269). The 

reduction in CXCR4 expression during monocyte to macrophage differentiation may 

reflect a differential sensitivity to CXCR4 using strains (249). Infected monocytes are 

rare in peripheral blood (69).

The level of cellular activation mav influence susceptibility to infection. Blocking of
macrophages

Gib cell cycle progression in mature mnioits viral reverse transcription. HIV-1 based 

vector transduction of mature macrophages exceeds the number of cells reported in 

culture to be dividing, arguing against a requirement for cell division, but rather, as 

has been reported for quiescent T cells, this stage of the cell cycle is needed for 

efficient infection.

The replication of HIV-1 in macrophages is low, but persistant, with little toxicity to 

the cell (88). The predominance of Reusing viruses during transmission and latent 

infection has been taken to imply that targeting of monocytoid cells is essential for the 

establishment of a productive infection (69). Expression of HIV-1 Nef in 

macrophages activates the expression of T cell chemokines, and induces activated T 

cell migration to the infected cell (233). This result suggests one mode by which the
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virus can spread from the initial site of infection in the genital mucosa to the systemic 

lymph.

1.5.2 Dendritic Ceils and HIV-1

The role of the dendritic cell in viral infection and transmission has been the focus of 

much research in recent years. Immature DCs have been shown to be susceptible to 

R5 using viruses (13, 22, 35, 243, 260), while mature DCs with increased CXCR4 

expression are more sensitive to X4jusing strains (92). Experiments on ex vivo skin 

cultures has shown that abrasion followed by exposure of the epidermis to R5, but not 

X4, strains leads to migration of infected Langerhans cells into the dermis an out of 

the skin (185). Results such as this, and the observation that there is high degree of 

Langerhans cell infection in the genital mucosa (221), suggest an important role of 

systemic viral spread.

Infection of quiescent T cells can be increased by the presence of DCs (93). However 

the DC does not itself need to be infected. A recently identified DC surface molecule, 

a ligand for the integrin receptor ICAM-3, has been described as a T cell 

costimulatory factor (87). DC-SIGN, as it is known, binds specifically to HIV-1 

virions. While not necessarily permitting infection of the DC, this viral binding 

increases the ability of these viruses to enter T cells (86). It has been proposed that 

HIV-1 virions can exploit the DC lifecycle by hitching a ride on the surface of 

migrating cells from the periphery into the T cell zones of the lymphatic organs. 

Establishment of infection in the lymphoid organs is essential for persistence of the 

virus.

Recently it has been shown that HIV infection of DCs can induce similar chemokine 

expression as described for macrophages (139). The modulation of APC function may 

therefore be essential for establishment of persistent infection within the lymphatic 

network.
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1.6 APCs and as gene therapy targets

The modulation of APCs to express antigens or immunomodulatory genes will allow 

the induction or regulation of clinically relevant immune responses. Targeting an 

antigen to DCs is ultimately desired for the induction of immune responses against 

pathogens, but may also be harnessed to generate immune responses against tumours.

1.6.1 DCs and tumour immunity

The aberrant expression of proteins, mutated proteins and viral antigens present in 

human malignancies leads to many tumours inducing immune responses (reviewed in 

(23)). However in clinical disease, anti-tumour immune responses have been shown to 

be anergised. The presence of anti-tumour immune responses against defined tumour 

antigens has led to investigations in the use of modified DCs to break tolerance and 

induce immune-mediated tumour destruction. The model disease for most of these 

studies has been malignant melanoma.

A variety of tumour antigens have been identified as T cell epitopes in human 

melanomas (23), broadly divided into proteins that are developmentally restricted or 

specific to the melanocyte lineage. Vaccination studies with irradiated tumour cells 

expressing immunostimulatory cytokines have shown that anti-tumour T cell 

responses can be boosted in patients with metastatic disease (168). Several clinical 

trials using patient DCs pulsed with peptide antigen or tumour lysates have shown 

similar results raising the possibility that DC-based vaccines may allow the 

development of effective therapies against melanoma and other cancers (238).

In murine studies, DCs transduced ex vivo by retroviruses encoding a model tumour 

antigen (p-galactosidase) have been shown to generate potent responses against 

tumours expressing the antigen (222). A recent study has shown that adenoviral vector 

transduced DCs expressing ovalbumin give more effective long-term immunity to 

challenge than those pulsed with protein antigen (123).
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DCs are non-dividing cells. Delivery of genes by adenoviral-based vectors has been 

demonstrated (220), but the high antigenicity of these vectors will preclude their use 

in this situation. Lentiviral transduced CD34+ HSCs can be differentiated into 

transgene positive DCs (94, 137), and transduction of differentiated monocyte-derived 

DCs has just been published (45, 146, 205). Transduced cells maintain T-cell 

stimulatory activity, but antigen specific responses have yet to be demonstrated.

The observation that the high potency of DNA-based vaccines for the induction of 

CTL responses has been taken to imply that direct plasmid uptake by tissue DCs 

occurs at a low level (reviewed (214)). Protection against viral and tumour challenge 

by plasmid-based vaccines in animal models has led studies to develop such vaccines 

for increased DC uptake (conjugation to pattern receptor ligands) and presentation 

(mechanism of proteogome targeting). Comparisons between these systems and DC 

gene modification have yet to be published.

1.6.2 Macrophages and gene delivery

Gene delivery to macrophages may be of advantage for treatment of more localised 

pathologies. Expression of anti-angiogenic factors by macrophages in the vicinity of a 

solid tumour may allow disruption of blood vessel formation and oxygenation of it, an 

essential factor in tumour growth and spread (229). The migration of macrophages to 

areas of hypoxic stress could also allow delivery of tumour-toxic factors into the 

tumour mass.
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Aims of thesis

The aims of this thesis were to explore the use of lentiviral vectors based on HIV-1 to 

transduce efficiently human macrophages and dendritic cells and to analyse the effect 

of cellular differentiation and culture conditions of human APCs on their permissivity 

for transduction. Studies such as these will allow development of efficient lentiviral- 

mediated gene modification protocols for human APCs. Also these studies may reveal 

areas of further investigation with respect to the mechanisms by which lentiviruses 

infect terminally differentiated non-dividing cells.
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Chapter 2 

Materials and Methods

2.1 General Molecular Biology Techniques

2.1.1 Plasmids

HIV-1 based plasmids were kindly provided by D Trono (Geneva, Switzerland) and 

are described in chapter 3. The packaging plasmids pCMVAR8.2 and pCMVAR8.9 

encode gag, pol, tat and rev and p 8 . 2  also encodes the accessory genes vif, vpr, vpu 

and nef (280). The vector plasmid pHR’-CMV-eGFP contains a cytomegalovirus 

(CMV) driver enhanced green fluorescent protein (eGFP) expression cassette and 

pMDG encodes the vesicular stomatitis virus (VSV) G protein (164). Murine 

leukaemia virus (MLV) vectors based on the pHlT system (219) (pHlT60 encoding 

MLV gag-pol, pCNCG vector genome encoding a CMV driven eGFP, and pHlT456 

encoding the amphotropic MLV envelope) were kindly provided by Oxford 

Biomedica (Oxford, UK). pHR’ plasmids containing Rous sarcoma virus (RSV), 

human elongation factor l a  (EFla) or human P-actin promoters in place of CMV 

were constructed by Y Ikeda (unpublished) and the pHR’-cPPT-CMV-eGFP vector 

containing the central polypurine tract was constructed as described previously (274). 

The envelope defective HlV-1 clone NL4-3 harbouring GFP in place of nef was 

obtained from P. Clapham (London, UK).

2.1.2 Preparation of Heat Shock Competent Æ coli

1ml of an overnight culture of E coli HBlOl was subcultured into 100ml of fresh 

Terrific Broth (TB -  GibCo) and cultured for 2 hours on a shaker at 37°C. The culture 

was then cooled on ice for 10 min and pelleted at 4 °C and the supernatant then 

discarded. The pellet was resuspended in 30ml ice-cold transformation buffer (3.0g 

PIPES, 2.2g CaCl2 . 2  HgO, 18.6g KCl dissolved in 250ml H2 O, pH adjusted to 6.7 

using KOH, 10.9g MnCl2 - 4  H2 O added and the volume adjusted to 11 in H2 O). The
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bacteria were pelleted and resuspended in 1 0 ml cold transformation buffer containing 

10% DMSO and frozen at -80°C in 200pl aliquots.

2.1.3 Introduction of plasmid DNA into E coli

10 - 50ng of plasmid were mixed with 50pl of heat shock competent E coli HBlOl 

and incubated on ice for 10 min. The cells were then heat-shocked for 90s at 42°C, 

cooled on ice and pelleted. Pellets were resuspended in lOOpl of TB and plated on 

LB-agar + 50pg/ml ampicillin and incubated overnight at 37°C.

2.1.4 Plasmid DNA maxi-preps for transfection

Plasmid DNA for transfection was prepared by polyethylene glycol extraction as 

described (200). Single colonies of E coli HBlOl carrying the desired plasmid were 

picked into 5 ml of TB supplemented with 50pg/ml ampicillin (Sigma) and agitated at 

37°C for 8  to 10 hours. 500pl of bacteria was subcultured into 500 ml TB + ampicillin 

and shaken at 37°C for 16 hrs. Bacteria were then harvested by centrifugation (15 

mins at 4000g), washed once in STE and resuspended in 10 ml of ice cold Solution I 

(50 mM glucose, ImM EDTA, 10 mM Tris-HCL-pH 8.0)

(sodium dodecyl sulphate)

20ml of Solution II (0.2N NaOH, 1% SDS) was added, and the cells inverted and left 
; (room temperature)

lyse for 5 mm at K 1 . I he rhixture was neutralised by adding 15 ml of Solution III 

(3M Sodium Acetate buffer pH 6.0) and left on ice for 15 min. Protein/SDS 

precipitates were removed by centrifugation at lOOOOg for 15 min at 4°C and 

supernatants were filtered through tissue paper.

Crude nucleic acid preparations were isolated by adding 0.6 x volumes of isopropanol 

and centrifugation at lOOOOg for 15 min at 4°C. Pellets were washed once in 70% 

ethanol and re-suspended in 3 ml of TE (pH 8.0).

An equal volume of cold 5M LiCl was added to precipitate RNA, centrifuged as 

above and the supernatant transferred to an equal volume of isopropanol and the 

resulting precipitate harvested and washed as previously. The pellet was resuspended
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in 0.5 ml of TE pH 8.0 + 20pg/ml RNase (Sigma) and incubated at RT for 30 mins.

Supercoiled plasmid DNA was precipitated by the addition of an equal volume of 
I polyethylene glycol

1.6M NaCl, 20yo t 't iu  8000 (Sigma) solution and harvested bv microfuge
Tris-EDTA buffer

centrifugation. PEG pellets were resuspended in 500pl TE pH 8.0, double 

phenohchloroform extracted, ethanol precipitated and resuspended in TE. DNA purity 

was assessed by the ratio of optical densities at 260 and 280 nm and was typically 

>1.75. Plasmids were checked by restriction digest, and aliquots diluted to 1 mg/ml 

and stored at -20°C.

2.1.5 Plasmid DNA mini-preps

Mini preps of plasmid DNA were produced from 5 ml overnight cultures of 

transformed bacteria and isolated using a Concert™ Rapid plasmid DNA Mini-prep 

kit (GibCo) as per the manufacturer’s instruction.

2.1.6 Restriction enzyme digests

All restriction enzymes were purchased from Promega. 5 -  lOpg of plasmid DNA

was mixed with 3 pi of the appropriate enzyme buffer and 1 pi of enzyme and diluted
applied to

to 30pl in water. Digests were performed at 37°C for 1 -  2 hr and 10 pi loaded on a 

1% TAEAgarose SeaKem) gel mixed 6:1 with Orange G loading buffer. Gels were 

run at 90 mA and observed under UV on a Syngene gel documentation system.

2.1.7 Isolation of DNA restriction fragments

DNA fragments were isolated from bands cut from TAE/agarose gels using a 

Concert™ Rapid DNA fragment gel purification kit (GibCo) as per the manufacturer’s 

instructions.

2.1.8 Sub-cloning of DNA fragments

Isolated fragments were mixed at a ratio of 3:1 with restriction enzyme cut vectors. 

Vector:insert was mixed 1:1 with Takara DNA ligase solution and incubated at 15°C
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for 30 min (sticky-end ligation) or 1 hour (blunt-end ligation). Ligation soloutions 

were transformed by beat shock into E coli HBlOl and plated onto LB-agar + 

ampicillin. Mini prep DNA from resultant colonies was screened for insert and orientation by 

restriction digest,

2.1.9 PCR cloning

lOng of plasmid DNA was mixed with Ix Pfu buffer (Statagene) plus Ipl of each 

primer (from lOpM stock) and 2.5mM dNTPs in a final volume of 50 pi. PCR was 

performed for 30 cycles using 1.5 U of Pfu TURBO polymerase (Stratagene) (30s 

92°C, Imin 55°C, and 1 min/kb extension at 72°C). PCR products were gel-purified 

and processed for cloning as above.
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2.2 Cell Culture

All adherent cell lines used were maintained in Dulbecco’s Modified Eagle Medium 

(GibCo) supplemented with 10% Foetal Calf Serum (FCS), Penicillin and 

Streptomycin. Cells used in this study are listed in Table 2.

Cells were grown at 37°C in a humidified incubator at 10% COj. Upon confluence, 

cells were washed in PBS and detached in a minimal volume of Typsin-BDTA 

(GibCo) and replated at a concentration of 1:4 to 1:10 or at the desired density for 

transfection or infection. All tissue culture ware was purchased from Nunc.

Cell Line Origin Source

293T Human Embryonic Kidney 

expressing the SV40 large T 

antigen

D. Baltimore, Columbia 

University, NY

TE671 Human Rhabdomyosarcoma CRL-8803; American Tissue 

Culture Collection

A375m Human Melanoma CRL-1619; American Tissue 

Culture Collection

HT 1080 Human Fibrosarcoma CCL-121; American Tissue 

Culture Collection

NP2 Human Neuroblastoma

Inc. variants transfected to

express CD4 and CCR5

H. Honshino, Gunma 

Japan

CrFK Feline Kidney CCL-94; American Tissue 

Culture Collection

D17 Canine Kidney CRL-8468; American Tissue 

Culture Collection

NIH 3T3 Murine Fibroblast CRL-6361 ; American T issue 

Culture Collection

Table 2 Cell lines used in this study
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2.3 Production of Lentiviral vectors

2.3.1 Calcium phosphate transfection

This method of production is essentially the same as that described (219, 164). 293T 

cells were seeded at 4 x 10  ̂ per 10 cm plate and grown overnight. 1 hour prior to 

transfection, the cells were washed and given 5ml of fresh medium. For both HIV and 

MLV based vectors, 15pg of vector genome plasmid, lOpg of packaging plasmid and 

5 to lOpg of envelope plasmids were mixed together with 60pl of 2.5M calcium 

chloride and the volume increased to 250pl with PBS. An equal volume of Hepes 

buffered saline (HeBS) pH7.5 was added and air bubbled through using a pipette gun. 

The mixture was incubated at RT for 10 min. Plasmid precipitates were then added 

dropwise to the cells and incubated overnight. Cells were then washed and the 

medium replaced.

2.3.2 Polyethylenimine mediated transfection

This method was obtained from Genethon, France (G Towers, personal 

communication). 293T cells were seeded and prepared as above. Plasmids were mixed 

in the proportions described above and the volume adjusted to 700pl with ISOmM 

NaCl. Polyethylenimine (PEI, Sigma) was diluted to ImM with respect to nitrogen 

and lOOpl mixed with 600pl of NaCl, then this solution was added to the plasmid mix 

and incubated at RT for 15 min. PEI complexed DNA was then added dropwise to the 

cells. The cells were then incubated at 37°C/5% COj for 5 to 6  hours, washed and 

given new medium. Transfected cells were grown at 10% CO2  after transfection.

2.3.3 Liposome mediated transfection

This method was conducted using LipoFectamine (GibCo) and the method is 

essentially as described in the manufacturer’s instructions. 293T cells were seeded as 

before and the medium replaced by 5ml of OptiMEM (GibCo) prior to transfection. 

Plasmids were diluted in water to the following concentrations: Vector -  ISOng/pl,

60



Packaging - 100 ng/pl, and envelope - 50ng/pl. For a 10cm plate 27pl of each plasmid 

was mixed together to preserve to 3:2:1 weight ratio. 50pl of OptiMEM and 30pl of 

LipoFectamine were added to the plasmid mix and incubated at RT for 25 min. The 

volume was adjusted to 1ml in OptiMEM and added dropwise to the cells. The cells 

were then incubated for 6  hours, washed and given fresh medium as before.

2.3.4 Virus harvesting

Transfected cells were grovm for 48 hours at 37°C. The medium was then harvested 

and passed through a 0.45pm filter, and 1 ml reserved for viral titration. Fresh 

medium was added to the plates and they were further incubated at 32°C for 

subsequent harvesting.

2.3.5 Virus concentration

Viral supernatants were concentrated prior to use by either slow or high-speed 

centrifugation. VSV-G pseudotyped vectors were concentrated by centrifugation at 

lOOOOOxg on a Beckman SW41 swing-out rotor for 90 min at 4°C. The supernatant 

was discarded and the viral pellet resuspended in 1/20 volume of ice-cold OptiMEM, 

titred and stored frozen at -80°C. For large volumes of vector supernatants and all 

vectors/virus pseudotyped with retroviral envelope proteins, concentration was 

performed by slow-speed centrifugation. Supernatants were centrifuged at 4°C in a 

Beckman J-2 rotor at lOOOOxg for 8  -  12 hours. Supernatants were then drained and 

pellets resuspended in 1/20 volume of ice-cold OptiMEM, titred and stored at -80°C.

2.3.6 Vector titration

4x10"* of the desired cell type were seeded per well of a 24-well plate and grown 

overnight. Viral supernatants were serially diluted in OptiMEM and added to the 

wells, and the cells incubated for 6  hours. The virus was then washed away and the 

cells re-fed and cultured for 48-72 hours. The cells were then removed in Versene and 

eGFP expression in the transduced cells was analysed by FACS. Transgene 

expression and viral titre have been shown to be linear when the percentage 

transduction is between 5 and 10% (180). The viral dilution that gave between 5 and
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10% transduction was analysed, and the absolute titre in infectious units/ml was 

calculated from the number of cells per well on the day of infection.

2.3.7 Titration of NL4-3 pseudotypes

HIV NL4-3 pseudotypes were titrated on cells as described above. 72 hours after 

infection, cells were fixed in methanol/acetone and washed in PBS. The cells were 

then incubated at RT for 1 hour with a monoclonal anti-p24 capsid antibody 

(EVA365/66 NIBSC, UK) diluted 1:40 in PBS + 3%FCS. Cells were then washed 

thoroughly and incubated for a further hour with a goat anti-mouse IgG conjugated to 

p-Galactosidase obtained from Southern Technical Asso. (Al, USA). After washing, 

the cells were developed using X-Gal (0.4mg/ml 5-bromo-4-Chloro-3-indolyl-P-D- 

galactoside in PBS containing 4mM K3 pe(CN)6 » 4mM K2 pe(CN)g and 2mM MgClj) at 

37 °C. The percentage of blue cells expressing p24 was then counted and the titre 

calculated.

2.3.8 Infection of growth arrested cells

TE671 cells were plated for transduction as before. After overnight culture, the cells 

were either given fresh medium containing Spg/ml aphidicolin (Sigma), a drug which 

inhibits Gl/S transition by inhibiting DNA polymerase, or irradiated with 80Gy to 

arrest the cells in G2. 24 hours later, the cells were infected as before. Sample wells 

were stained for DNA content. Briefly, versene detached cells were washed and fixed 

in PBS + 35% ethanol. Fixed cells were incubated for 30 min in PBS + lOpg/ml 

RNase (Sigma) and 50 pg/ml propidium iodide, which binds nucleic acids. DNA 

content was analysed by acquisition of linear FL2 fluorescent data by FACS.

62



2.4 Isolation and culture of human monocytes, macrophages and 

dendritic cells

2.4.1 Isolation of human monocytes and monocyte-derived macrophages

This method is essentially as described (158). 120ml of venous blood was drawn from 

healthy volunteers into heparinised syringes. Blood was diluted 1:1 with Hanks 

Balanced Salt Solution (HBSS -  GiBco) without Ca^ /̂Mg^  ̂and layered onto 15ml of 

Lymphoprep (Nycomed-Amersham) in 50ml centrifuge tubes. The blood was then 

centrifuged at 700xg for 30 minutes at room temperature without braking. The 

mononuclear cell fraction was removed, washed 3 times in HBSS and plated on 15cm 

bacterial petri dishes (10* cells per dish) in RPMI supplemented with 10% human AB 

serum (Harlan, UK). After 2 hours incubation at 37 °C at 5% COj, the non-adherent 

cells were washed off and the medium was replaced. The adherent cells were detached 

in versene, washed and replated, and allowed to differentiate in RPMI + humans 

serum for up to 14 days prior to use. Using this method, cultured cells were >92% 

CD 14 positive.

2.4.2 Isolation and differentiation of human Dendritic Ceils.

This method is as described in (198). Adherent PBMCs were prepared as above but 

were placed in 6-well dishes. RPMI + 10% FCS was supplemented by lOOOU/ml IL-4 

and GM-CSF (Peprotech) and cells were cultured for 4 to 7 days. Live suspension 

cells were then isolated on lymphoprep and incubated with monoclonal antibodies 

against CD2, CD8 and CD 19 (provided by B Chain) and contaminating T and B cells 

depleted by incubating with goat-anti-mouse conjugated Dynabeads and magnetic 

sorting.

2.4.3 Flow Cytometry

All antibodies for cell surface markers were obtained a direct phycoerythrin- 

conjugated mouse IgGs from Harlan, UK, with their appropriate isotype controls. 1 x 

10̂  APCs were detached in versene, washed and resuspended in 200pl FACs Buffer
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(PBS + 3%BSA + 0.1% Sodium Azide). The required volume of antibody as 

stipulated by the company was added to the cells, and incubated on ice for 1 hour with 

several agitations. The cells were washed three times in FACs buffer and resuspended 

in 200pl of cold PBS. The cells were then passed through a FACscan (Beckton 

Dickinson) and fluorescence acquired on FL2. For eGFP expressing cells appropriate 

compensation was applied to prevent FLl influencing the FL2. Data was analysed by 

the Cellquest software.

2.4.4 Transduction of APCs by viral vectors

On the desired day post-isolation, monocytes, MDMs or DCs were washed and 

exposed to virus or vector at the required multiplicity of infection (MCI, as 

standardised on 293T cells) for 12h. We have observed that eGFP in viral 

supernatants can lead to pseudotransduction of phagocytic cells, with cells displaying 

punctate staining due to phagocytosed eGFP for up to 3 days (see chapter 4). 

Therefore cells were cultured for 7 days post infection, until infected cells displayed 

uniform cytoplasmic eGFP. Percentage cells infection was then determined by 

FACScan, analysed by the Cellquest software. Infected MDMs were stained with anti

human CD14-PE and infected DCs with anti-human CDla-PE or HLA-DR-PE, all 

obtained from Harlan UK. NL4-3 pseudotyped viruses were titred in the same way; 

infection was detected by in situ p24 capsid expression.

2.4.5 PCR of reverse transcription intermediates

2x10^ cells were infected to detect reverse transcription intermediates and 1x10^ cells 

were infected for 2 LTR circle detection. Viral stocks were treated with 20U/ml 

DNase I at 37°C for Ih to remove contaminating plasmid DNA. Cells were then 

infected at an MOI of 10, 5 or 1 and harvested at 2 hourly intervals post infection. 

Cells were washed and resuspended in Ix PCR buffer containing 5mM MgClj, 0.5% 

Tween-20, 0.5% NP40, 0.1% gelatin and lOOpg/ml proteinase K and incubated at 

56°C for at least 2h, then heated to 95°C for 10 minutes. 25pi of lysate, or a dilution, 

was used for PCR reactions and mixed 1:1 with Ix PCR buffer containing ImM 

dNTPs, Ipl of each primer (lOmM stock) and 1.5U*taq polymerase (Promega).
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Primers (Sigma, UK) were: eGFP, Beta-actin, primers for LTRYgag and 2LTR circles 

have been described elsewhere (201). PCR reaction conditions were as follows: eGFP 

and 2LTR (94°C 30s, 62°C Imin, 72°C 45s for 35 cycles), LTR/gag (94°C 30s, 57°C 

Imin, 72°C 45s for 35 cycles) and p-actin (94°C 30s, 68°C Imin, IT C  30s for 35 

cycles).

2.5 Primers

All primers were purchased from Oswel, UK or Sigma-Genosys, UK 

EGFP -  Detects 700 bp fragment of the eGFP coding sequence 

Forward - GGTGAGCAAGGGCGAGG 

Reverse - CCCGGCGGCGGTCACG

LTR/gag -  Detects +strand HIV-1 reverse transcription products after the 2"̂  strand 

transfer.

Forward (U3) - CACATATCCACTGACCTTTGG

Reverse {gag start) - GCTTAATACTGACGCTCTCGCA

2 LTR- Detects ligated 2 LTR HIV genomes

Forward (U5) - GCCTCAATAAAGCTTGCCTTG

Reverse (R) - TCCCAGGCTCAGATCTGGTCTAAC

p-actin -  Detects a 600 bp fragment of the human p-actin gene

Forward - GACGAGGCCCAGAGCAAGAGAGG

Reverse - GATCCACATCTGTGGAAGGTGGAC

Central PPT- for subcloning cPPT into pHR’CMVeGFP

Forward - GCGCCCGGTCTAGAGGCAGTATTCATCCACAA 
Hpall Xbal

Reverse - GCGCTCTAGACCGGCCCTCTAATAAACCCGAA 
Xbal Hpall
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Chapter 3 

Methods of Production of Lentiviral vectors

3.1 Introduction

Retroviral vectors can be produced either from stable producer cell lines or by 

transient transfection of vector encoding plasmids, most commonly into the human 

embryonic kidney cell line 293T (151). In the case of lentiviral vectors, stable 

expression of the packaging plasmid that encodes the viral gag and pol genes has 

proved difficult as long-term gag expression has proved toxic to cells. While inducible 

gag expression constructs exist for stable producer cell lines (111), the majority of 

lentiviral vectors are produced by transient transfection.

The HIV vectors used in this chapter were originally constructed by Naldini and 

colleagues (164, 280). The plasmids used for production of the vectors are described 

in Figure 3.1. The packaging plasmids pCMVAR8.2 and pCMVAR8.9 encode the gag 

and pol genes of the R7 molecular clone of HIV-1 (a chimaeric molecular clone, the 

majority of which is NL4-3, but whose LTRs and 5’ region up to the MA:CA junction 

is derived from HXB2) as well as the essential genes tat and rev. In addition the 

accessory genes, vif, vpr, vpu and nef remain intact in 8.2. The expression of these 

constructs is driven from a CMV promoter. The packaging sequence upstream of gag 

has been removed to prevent the construct being incorporated into viral particles. The 

vector plasmid, pHR’CMVeGFP (163), encodes the packageable vector genome. 

Bound by HIV-1 HXB2 LTRs, the expression of the marker gene, eGFP, is driven by 

a minimal CMV promoter. Upstream of the CMV promoter, a Rev responsive element 

(RRE) allows efficient cytoplasmic transport of genomic transcripts derived from the 

LTR. Between the LTR and RRE are the HIV-1 KDCB2 packaging sequence (T) and 

400 base pairs of the gag gene (ATG mutated) that allows stabilisation of the 

packaging sequence. The envelope plasmid, pMD-G (163), encodes the VSV-G 

protein under control of a CMV promoter. A beta-globin intron allows high 

expression of the VSV-G
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Figure 3.1 Summary of HIV vector component plasmids. The coding contents of the 

plasmids used for rescue of HIV-based vectors are shown above. (A) The packaging 

constructs pCMVAR8.2 and pCMVAR8.9 encode the essential viral proteins Gag, Pol, Tat 

and Rev under transcriptional control of a minimal CMV promoter. The pCMVAR8.2 

plasmid additionally encodes the accessory proteins Vif, Vpr, Vpu and Nef deleted from 

pCMVAR8.9. A Rev responsive element (RRE) promotes cytoplasmic transport of 

unspliced. Gag encoding messages, and deletion of the packaging signal (\j/) prevents 

packaging of these mRNAs into nascent virions. (B) The vector genome plasmid, 

pHR’CMVeGFP encodes the reporter gene eGFP under control of a CMV promoter. This 

minimal genome is bound by HIV-1 LTRs. Transcription from 5’ LTR generates a 

packagable genome. The inclusion of an RRE again ensures cytoplasmic localisation of this 

genome. The maintenance of 400bp of Gag in the construct stabilises the structure of the 

packaging signal, \|/. (C) The envelope proteins pMD-G and pHIT 456 encode VSV-G and 

the 4070A amphotropic MLV envelope proteins respectively again under control of a CMV 

promoter. All plasmids have an SV40 origin of replication to give high copy numbers after 

transfection into 293T cells. Details of construction of the packaging and vector plasmids 

are described in (250) and pHIT456 in (219).



A: HlV-1 packaging constructs inserted in a pUC19 backbone

pCMVAR8.2 (13.4 K b)
r A

-gag- pol

Accessory gene point mutation 
and deletion

pCMVAR8.9 (12.1 K b)

-gm -

B: H lV -vector genome pH R ’CM VeGFP

envA

LTR

envA

LTR 1 1 RRE CMV eGFP LTR

400bp
gag 

(ATGA)

C: Envelope expression plasmids 

pMD-G pHIT 456

B-globin intron

CMV VSV-G CMV 4070A (amphotropic MLV)

F igure  3.1 Summary o f  HIV vector component plasmids (250).
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message. As a control for ail experiments, a transient MLV vector system based on 

the HIT plasmids was used (219). Again a packaging plasmid, pHIT60, encodes the 

MLV gag/pol. The vector genome, pCNCG (Oxford Biomedica, unpublished 

derivative of pH IT lll), encodes a CMV driven eGFP gene. The vector is 

pseudotyped either with the amphotropic MLV envelope, encoded by pHIT456, or 

VSV-G. All plasmids described have a Simian Virus 40 (SV40) origin of replication. 

293T cells stably express the SV40 large T antigen, which binds the SV40 ori and 

recruits DNA polymerases, thus increasing the plasmid copy number in the 

transfected cell.

Transient transfection methods used for vector production have generally used 

calcium phosphate precipitation of plasmid (12, 164, 219). After transfection the cells 

are incubated for 48 hours, when the cell supernatant is harvested and filtered. Other 

methods of transfection might be more efficient and less toxic, and allow a greater 

number of harvests per transfection. Titres of both HIV-based vectors, pseudo typed 

with VSV-G, have been reported to be between 10̂  and 10  ̂ infectious units per 

millilitre of neat supernatant (164). Retroviral vector titres are low compared with 

other vectors such as those based on adenoviruses (151). Thus, vector supernatants 

often require concentration. VSV-G pseudotypes can be concentrated by ultra

centrifugation (164). However, retroviral envelopes are sensitive to this method. 

Slow-speed centrifugation methods can allow efficient concentration of these 

pseudotypes, and also allows handling of larger volumes of viral supemantants (182).

In this chapter, methods of HlV-vector production are compared. Methods of 

transfection are assessed for their production of vector as well as the ability to re

harvest the producer cells. Titres of vectors are shown to be comparable with those 

published. Concentration methods are compared and shown to be equivalent. Finally, 

HIV vectors are shown to infect growth-arrested cells.
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3.2 Results

3.2.1 Comparison of transfection method for HIV-vector production.

Various methods of transient transfection are available for the introduction of DNA 

into cultured cells. Most published methods for the production of retroviruses by 

transient transfection use calcium phosphate. Therefore this method was compared 

with another chemical transfection, complexing the DNA to the polyanion 

polyethylenimine (PEI) and the commercial cationic liposome, Lipofectamine. PEI 

complexes have been reported to traffic directly to the nucleus (90) and as such are of 

interest as non-viral carriers for targeted gene delivery (89). Cationic liposomes have 

relatively low toxicity (114), which may allow longer expression of viral gene 

products and thus more efficient viral production. For all transient transfections the 

health of the 293T cells and purity of the DNA are paramount for high-level 

transfection. All plasmid was prepared by polyethylene glycol purification with a 

typical OD ratio purity of 1.8. 293T cells were seeded from subconfluent, 

exponentially growing monolayers with minimal exposure to trypsin 1 2 - 1 6  hours 

prior to transfection. The different methods for transfections are described in Chapter 

2 .

Figure 3.2 shows that all transfection methods gave levels of viral rescue in excess of 

10̂  iu/ml on human 293T cells. However, cells transfected by calcium phosphate 

appeared notably less healthy than those by other methods. Lipofectamine transfected 

cells remained the healthier monolayers and since this method also required 5 to 10 

fold less plasmid, it was used in preference to other methods.

For some practical applications, the use of FCS in production of vectors is 

undesirable. To assess whether serum free medium affected vector titre, lipofectamine 

transfected cells were incubated for 48 hours in DMEM/FCS or OptiMEM. Figure 3.3 

shows that the titre of vector was not affected significantly by production in serum- 

free medium, and thus FCS could be eliminated from vector stocks.
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Figure 3.2 A 293T cells transfected with CMVAR8.9 packaged pHR’CMVeGFP vectors.
FACS profiles of eGFP expression in untransfected (red) and calcium phosphate transfected 
(white) 293T cells. B Transduction of A375 cells with different volumes of neat CMVAR8.9 
packaged pHR’ vector supernatants. Cells were analysed for eGFP expression after 72 hours. 
Uninfected cells shown in red. C Comparison of transfection method on vector titre on 293T cells. 
Data expressed as mean infectious units/ml +/- SE for 3 experiments
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Due to its pH dependent fusiogenicity (256), VSV-G is toxic to cells by the formation 

of syncitia as well as fusion of internal structures. Incubation of producer cells at 32°C 

has been shown to reduce VSV-G mediated toxicity for MLV vector production in a 

stable cell line (Oxford Biomedica, unpublished). Lipofectamine transfected cells 

were therefore incubated either at 32°C or 37°C for 48 hours. Vector produced at 32°C 

had a reduced titre compared to that at 37°C, indicating that in the transient system a 

lower temperature after transfection reduces viral titre (Figure 3.3). All primary 

harvests were subsequently performed at 37°C. For second harvests, 32°C incubation 

was used to prevent overgrowth and detachment of the cells (see below).

3.2.2 Titration on a range of host ceils

The transduction efficiency of CMVAR8.9(VSV-G) packaged pHR’ vectors was 

compared on mammalian cells as shown below. 1x10^ cells were infected with serial 

dilutions of vector stocks. After 2 to 3 days, the percentage of eGFP positive cells was 

determined by FACs (Figure 3.1 B). Transgene positivity and titre has been shown to 

be linear below 10% infection (180). Therefore the vector dilution that gave 5 to 10% 

infection was used to calculate the number of cells infected and thus the infectious 

units per millilitre. The titre is a mean +/- standard error (SE) of two primary harvest 

titrations.
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Table 3 CMVAR8.9(VSV-G) packaged pHR’CMVeGFP vector titres on a variety of 

cell lines

Cell Line Species/origin Titre iu/ml

293T Human embryonic kidney 4.1+/- 0.3x10(6)

TE671 Human rhabdomyosarcoma 9.0+/-1.2x10(5)

HT 1080 Human Fibrosarcoma 5.3 +/- 0.2 X 10(5)

NP2 Human Glioma 6.5 +/- 0.8 X 10(6)

HeLa Human Cervical 

Carcinoma

5.1+/- 0.1x10(6)

A375m Human Melanoma 5.4 +/-0.4 X 10(6)

CrFK Feline Kidney 2.0 +/- 0.3x 10(6)

NIH3T3 Murine fibroblast 1.8+/- 0.2 X 10(4)

D17 Canine fibroblast 5.0+/- 0.3 X 10(5)

The vectors infected all human cells tested with similar efficiencies, confirming that 

the VSV-G receptor is expressed on most human tissue, as well as that of other 

mammals including dog and cat. The relatively low infection on murine cells is 

probably due to post-entry inhibition of viral expression (Y. Ikeda unpublished). Since 

this thesis is concerned with the transduction of primary human cells, all viral harvests 

were subsequently titred on human cells. Unless otherwise stated, multiplicities of 

infection (MOIs) were determined by viral titre on 293T cells (see chapter 4 on HIV 

envelope pseudo types).

3.2.3 Pseudotyping with other retroviral envelopes

Due to the tripartite nature of retroviral/lentiviral packaging systems, heterologous 

viral envelope proteins can be expressed in the producer cell line with a view to 

broaden/restrict the tropism of the virus. The VSV-G protein is of use because of its 

extremely broad tropism and ease of concentration (see below). However it is toxic 

and thus is unsuitable for stable expression. Also, engineering VSV-G to restrict its 

tropism to desired target cells has thus far proved unsuccessful. The majority of 

envelope-targeting strategies are based on the envelopes of MLV. Therefore 

CMVAR8.9(MLV-A) pseudotypes were produced by lipofectamine transfection and
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Figure 3.3 Comparison of CMVAR8.9 packaged pHR’CMVeGFP vector titre in the 
presence of serum and harvest at different temperatures. Lipofectamine transfected cells 
were grown for48 hours in DMEM/FCS or serum-free OptiMEM at either 37®C or 32®C. 
Vector supernatants were titred on 293T cells. Mean titres are shown +/- SE for 
3 separate transfections
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were titred on 293T cells (figure 3.4A). Typically titres were between one and two 

orders of magnitude lower than CMVAR8.9(VSV-G), which are in broad agreement 

with those achieved by other groups (280).

3.2.4 Methods of concentration

For the transduction of primary cells, the highest practical multiplicity of infection 

(MOI) is often needed. As such, vector supernatants require concentration to the 

desired titre. For VSV-G pseudotyped vectors, the use of ultra centrifugation to pellet 

the vector has been shown to be an effective method of concentration (188). For 

vectors pseudotyped with retroviral envelope proteins, the use of such methods results 

in a loss of titre, probably due to the labile dimeric structure of the envelope proteins 

themselves. These vectors can be concentrated by slow speed centrifugation for longer 

periods of time, or by ultra filtration procedures (182, 188). Another advantage to low 

speed centrifugation is that it allows larger volumes of supernatant to be concentrated 

at a time than using an SW41 rotor (66 ml maximum). We used a Beckman J-2 

centrifuge capable of handling up to 1500 ml in a single run.

Figure 3.5 shows a comparison of these two concentration methods for VSV-G 

pseudotyped CMVAR8.9 or MLV vectors. Virus was produced by lipofectamine 

transfection and the primary harvest was concentrated either at lOOOOOg in an SW41 

rotor for 90 minutes or in a Beckman J-2 for 7 to 8 hours at 4000g, both at 4°C. 

Concentrated supernatants were re-suspended in 1/20 of the starting volume and titred 

on 293T cells. Both methods concentrated the virus to a similar extent and the 

recovery was between 50 and 60% of the starting titre. Since both methods worked 

equally well, vectors were concentrated by either depending of the volume of the neat 

supernatant required to be concentrated. All concentrated supernatants were stored in 

OptiMEM at -80°C until required.
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Figure 3.5 Comparison of high and low speed concentration methods for VSV-G pseudotyped 
vectors. CMVAR8.9 packaged pHR’CMVeGFP and MLV CNCG vectors were produced by 
lipofectamine transfection and harvested 48 hours later. Filtered supernatants were titred on 293T 
cells and then centrifuged at high speed (lOOOOOg) for 90 minutes, or at low speed (4000g) for 7 
to 8 hours. Both centrifugations were done at 4®C. Vector stocks were re-suspended in 1/20 
volume of ice cold OptiMEM and titred on 293T cells. Mean titres are shown +/-SE for 3 
separate transfections.
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3.2.5 Transfection methods and harvest number

Since transient production of vector is labour intensive, the methods of transfection 

described above were assessed for the ability to re-harvest the producer cells for 

vector. Transfected cells were harvested at 48 hours. To restrict the subsequent growth 

of the producer cells and minimise the toxicity of the VSV-G protein, the medium was 

then replaced with the serum-free OptiMEM and the cells incubated at 32°C. The 

supernatants were then harvested every 48 hours and titred on 293T cells (Figure 3.6)

All methods gave initial titres of between 2 and 4 x 10̂  lU/ml. However the titre of 

the second harvest for Calcium Phosphate reduced dramatically and the cells were 

dead after 72 hours. PEI transfections appeared healthier and a second harvest was 

only 2-fold down on the primary. However, the third harvest titre had reduced 

dramatically. By contrast 3 high-titre harvests were achievable from Lipofectamine- 

transfected cells. These cells were notably healthier than those transfected by the other 

methods. This may well be due to the comparatively low amount of DNA required for 

this method or lower toxicity of the lipofectamine itself. This method was used for all 

subsequent vector productions. While being more expensive than the other methods, 

by maximising the vector production with lower amounts of plasmid, the 

lipofectamine allowed less labour intensive production.

3.2.6 Infection of growth arrested target cells.

of-
Lentiviral vectors are of interest because Uf the virus’ ability to infect non-dividing 

cells (250). To check that the HIV-vectors produced could infect non-dividing cells, 

TE671 were arrested either at the Gl/S or the G2/M stage of the cell cycle. The DNA 

polymerase inhibitor aphidicjolin, inhibits Gl/S progression. Cells were treated for 

24 hours before infection with 5 pg/ml. G2/M progression was inhibited by X- 

irradiating cell monolayers 24 hours prior to infection with 80Gy.

Figure 3.7A shows that HIV-based vectors transduce both G1 and G2 arrested cells 

efficiently. The cell cycle arrest was confirmed by DNA content staining with
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Figure 3.7 (A) HIV-based vectors infect growth arrested TE671 cells. 10  ̂TE671 
were arrested in G1 (aphidicolin for 24 hours prior to infection) or G2 (80Gy 
irradiation 24 hours prior to infection) and infected with CMVAR8.9 packaged 
pHR’CMVeGFP vectors at an MOI o f 10. Images were acquired on a Bio-Rad MRC 
1064 confocal microscope (x200) 2 days post infection. MLV(VSV-G) did not infect 
the arrested cells efficiently (not shown.). Cell cycle arrest was confirmed by DNA 
content staining at the time o f infection (B).
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propidium iodide on the day of infection (3.7B). Cells in G1 contain a 2N 

chromosomal content, corresponding to a single peak, cycling cells show 2N (Gl) and 

4N (G2) peaks with an intermediate S phase shoulder where cells are in the process of 

DNA synthesis. G2 arrested cells, having completed S phase, have a single 4N peak.

The transduction of growth arrested cells confirms that HIV-based vectors have no 

requirement for mitosis. In contrast MLV vectors could not transduce either arrested 

cell efficiently (not shown).

3.3 Conclusion

• The methods of production of HIV-vectors were investigated. The titres 

achieved for these vectors were comparable to those published (280). The 

method of transfection and culture of the producer cells was investigated. 

While all methods were shown to give similar initial titres, the use of the 

commercial reagent lipofectamine allowed the use of 5 to 10 fold less plasmid 

per transfection, thus reducing the amount of plasmid production required. The 

lipofectamine method was also less toxic for the cells, allowing up to 3 high 

titre harvests from transfected cells.

• Pseudotyping of HIV vectors with MLV envelopes gave titres comparable to 

those published (164).

• Concentration by slow-speed or high-speed centrifugation was compared for 

VSV-G pseudotyped HIV vectors. All methods achieved similar levels of 

concentration efficiency. However, low-speed allowed the handling of larger 

volumes of viral supernatants at a time. Slow-speed centrifugation can also be 

used for retroviral envelope pseudotypes.

• Finally, the ability of HIV vectors to transduce growth-arrested cells was 

confirmed.

In subsequent chapters, all vector stocks were produced by lipofectamine transfection 

of 293T cells, which were harvested multiple times in OptiMEM. Virus was 

concentrated by either low or high-speed centrifugation depending of the volume of 

supernatant harvested. All concentrated vectors were stored in OptiMEM at -80°C.
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Chapter 4 

Maturation-dependent transduction of human monocyte-derived 

macrophages

4.1 Introduction

Modification of human antigen presenting cells with genes encoding antigens or 

immuno-modulatory proteins will allow the generation and augmentation of clinically 

relevant immune responses. As these cells are non-dividing or slowly dividing, the 

use of lentiviral vectors may allow such modifications. The primary targets in HIV-1 

transmission are cells of the monocyte/macrophage lineage (77, 221, 277). The ability 

of these cells to be transduced by HIV-based vectors was therefore explored.

Macrophage-tropic strains of HIV-1 infect human macrophages, predominantly via 

the co-receptor CCR5 (266). It has been shown previously that the susceptibility of 

the cells to these strains increases during monocyte to macrophage differentiation 

(190). This has been shown to correlate with the expression of CCR5, which increases 

over this period (245). T-cell tropic and dual-tropic strains have been shown to infect 

macrophages via CXCR4 (249, 269), which is also expressed on monocytes (131). 

However other reports suggest a block to infection of macrophages via CXCR4 at the 

level of reverse transcription (201).

HIV-based vectors have been shown to transduce mature human macrophages at high 

multiplicity of infection (in excess of 500 -  1000) (280). Deletion of the viral 

accessory genes did not affect this level of transduction (280). However, other reports 

suggest an essential role for Vpr in conjunction with MA in HIV-1 infection of 

macrophages (49, 101). This discrepancy is yet to be explained.

o(-
For clinical applications, the amount in vitro culture of the cells to be modified should 

be kept to a minimum for logistical reasons. For example, prolonged culture may 

impair APC function or ability to home to lymphoid organs, a process essential for the
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induction of T cell responses (15). Therefore, the ability of VSV-G pseudotyped HIV- 

vectors to transduce human macrophages at early stages of culture was explored.

Macrophages can be differentiated from adherent monocytes as described (158). 

Peripheral blood mononuclear cells (PBMCs) are isolated on a Ficoll gradient and 

allowed to adhere to non-tissue culture treated plates. The cells can then washed 

extensively to remove contaminating lymphocytes and then cultured in human serum 

for at least 5 days. During this time, monocytes undergo a morphological change into 

larger, flatter and more elongated macrophages. These cells are able to phagocytose 

particles via scavenging receptors, and upon activation by stimuli, such as 

lipopolysaccharide, these cells present antigen to CD4 positive T cells and secrete 

proinflammatory cytokines such as TNFa and Thl promoting factors such as IL-12.

4.2 Results

4.2.1 EGFP in viral supernatants leads to pseudotransduction of phagocytes

Initial experiments with monocytes and macrophages were conducted similarly to 

those described for cell lines. Cells were incubated for 48 hours post-infection and the 

percentage/eGFP positive cells were analysed by FACS. These initial experiments 

showed that low MOI vector infection of macrophages lead to a complete peak shift in 

the cell population, ostensibly indicating that 100% of the cells were eGFP positive 

and therefore infected. However examination of the cells by fluorescent microscopy 

revealed that the cells showed a punctate staining whereas eGFP expression from true 

transduction would be expected to give uniformly green cells since eGFP has no 

subcellular localising sequences.

We concluded that this was pseudotransduction, probably by phagocytosis of eGFP in 

the viral supemantants, shown in Figure 4.1. Pseudotransduction by retroviral vectors 

has been described before in hepatocytes (140). CMVAR8.9(VSV-G) packaged vector 

was used to infect day 5 macrophages at an MOI of 10. Images of the cells were 

acquired at 2 hours, 5 hours, 1, 2 and 3 days post-infection (figure 4.1 A). As can be 

seen, eGFP in the supernatant rapidly becomes associated with the cells and remains
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Figure 4.1 Pseudotransduction of eGFP in macrophages by HIV-vectors. A Day 5 
macrophages exposed to CMVAR8.9(VSV-G) packaae^H R’CMVeGFP vectors 
and images acquired at the stated time. B FACS profiles|he day], 2 and 3 images.
Blaek -  vector MOI 10, Green -  vector in the presence of anti-VSV-G neutralising 
antibody. C (overleaf) Day 5 macrophages infected with the same vector at an MOI of 
10 and images aequired 7 days post infection. The right hand panel shows a transmission field 
of the left. Compare the uniform eGFP expression to A. All images acquired on a 
Bio-Rad MRC 1064 at magnification of x200.
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associated for at least 3 days before finally disappearing. This should be compared 

with panel C which shows day 5 macrophages infected with CMVAR8.9(VSV-G) and 

imaged after 7 days where eGFP is evenly distributed through the cytoplasm. Figure 

4, IB shows that while the pseudotransduced cells are not expressing eGFP from the 

vector, they appear positive by FACs. As the eGFP disappears, the peak shift of the 

cells reduces until barely fluorescence is undetectable. Interestingly, neutralisation 

with an anti-VSV-G polyclonal goat serum (P Clapham, UK) reduced the level of 

pseudotransduction observed. This may imply that much of the pseudotransduction is 

particle or vesicle associated.

This pseudotransduction must be recognised if  infection data of phagocytotic cells is 

to be interpreted. For example, the original paper on the second generation HTV 

vectors describes macrophage transduction with a luciferase reporter, and the level of 

transduction is based on the level of enzyme activity in the cell lysates (280). Similar 

problems exist with recent dendritic cell publications (see chapter 6 discussion). 

Pseudotransduction by luciferase will therefore lead to overestimation of the true titre 

on these cells. In the following experiments, cells were cultured for 7 days post 

infection and monitored by microscopy to ensure that background and 

pseudotransduction was minimal at the time of analysis.

4.2.2 Transduction of human monocyte-derived macrophages by VSV-G 

pseudotyped HIV vectors is maturation dependent

While it has been shown that HIV vectors will transduce human macrophages in 

culture, the MOI in these experiments was extremely high (in excess of 500 to 1000) 

(280). Given the level of pseudotransduction that we observed above, we wanted to 

retest the permissivity of MDMs to transduction by different vectors.

MDMs were prepared from adherent PBMCs, plated at the desired density and 

cultured in medium containing 10% human serum. Cells were then infected with 

various MOIs of CMVAR8.2(VSV-G), CMVAR8.9(VSV-G) and MLV(VSV-G) 

packaged pHR’CMVeGFP vectors on days 1, 3, 5, 7, 9 or 14 post isolation and
7

analysed seven days later by FACs. Figure 4.2 summarises the level of transduction
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Figure 4.2 Maturation dependent transduction of monocyte-derived 
macrophages by HIV-based vectors. MDMs were infected on the day 
indicated with CMVA8.2(VSV-G) (8.2-G), CMVA8.9(VSV-G) (8.9-G), 
8.9(MLV-A) or MLV-G vectors. 7 days post-infection, the percentage eGFP+ 
cells was determined by FACS. Results are shown as the mean transduction 
+/- SEM for 3 separate experiments

85



of MDMs at various stages of culture with a vector MOI of 10. As can be seen, the 

susceptibility of the cells increased over culture time. Day 1 monocytes were 

refractory to transduction by HIV-based vectors (less than 0.5% transduction). By day 

5 of culture, the cells acquire the morphology of mature macrophages. At this point 

they became transduced by vector, and this susceptibility increased over subsequent 

days. The similarity in transduction efficiency between 8.2 and 8.9 vectors 

demonstrates that the expression of accessory gene products in the producer cells had 

no effect on the transduction of MDMs, this is consistent with Zufferey et al (280) 

who describe similar efficiencies of transduction of mature macrophages with 8.2 and 

8.9 vectors, albeit with far higher MOIs. As expected, VSV-G pseudotyped MLV 

vectors failed to transduce MDMs at any stage of differentiation, consistent with these 

cells not dividing (Fig 4.2).

To show that the transduced cells were of the monocyte/macrophage lineage, 

transduced cells were stained for the expression of the lipopolysaccaride receptor 

CD 14 using a phycoerythrin conjugated antibody. This molecule is not expressed on 

T or B cells, the likely contaminating cells. Figure 4.3 shows that > 92% of the cells 

analysed were CD 14 positive. This figure shows an analysis of MDMs infected on 

day 7 of culture. As shown, the eGFP positive cells had a macrophage phenotype.

^.2.3 The route of entry has no effect on maturation dependent transduction of 

MDMs

The receptor for VSV-G, probably a phospholipid component of the cell membrane, is 

present on virtually all mammalian cells in culture (256). Thus it was unlikely that 

cellular entry was a problem for the vectors. The VSV-G envelope mediates cellular 

entry by pH*-dependent fusion in endosomes (256), and since monocytes and 

macrophages are highly phagocytotic, VSV-G mediated entry should be very 

efficient. To assess whether entry route could influence the susceptibility of MDMs to 

HIV-vectors, vectors were pseudotyped with the amphotropic MLV envelope protein. 

This envelope fuses at neutral pH at the cell surface by interaction with its receptor, 

the phosphate transporter Pit2, which is expressed on most mammalian cells including 

human haematopoetic cells (218). CMVAR8.9(MLV-A) vectors also showed distinct
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Figure 4.3 Macrophages transduced on day 7 o f culture were stained 
with a phycoerythrin conjugated antibody against the human monocyte 
and macrophage marker, the LPS binding receptor CD 14. Cells were then 
analysed by FACS for eGFP (FL l) versus CD 14 (FL2) staining.
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maturation dependence in MDMs, similar to that of VSV-G pseudotypes (Fig 4.2). 

This result indicated that the route of entry had no effect on the maturation dependent 

transduction of MDMs.

4.2.4 VSV-G pseudotyped envelope defective HIV-1 also shows maturation 

dependent infection of MDMs

To determine whether viral sequences present in HIV-1 that have been deleted from 

the vector genome had a role in infection of MDMs, envelope defective HIV-1 NL4-3 

pseudotyped with VSV-G was generated. Virus was titred on MDM cultures as above. 

Infection was scored by in situ p24 immunoassay 5 days after infection. As with the 

vector, pseudotyped HIV-1 showed maturation dependence on infection (figure 4.4). 

As a control, vims pseudotyped with the M-tropic envelope YU2 was used. This 

showed a similar pattern of infection to that of VSV-G. However this is more likely to 

due to the level of CCR5 expression, which has been shown to increase during 

macrophage differentiation and correlate with susceptibility to M-tropic HIV-1 

infection (245).

4.2.5 The cPPT fails to rescue transduction of monocytes

A polypurine tract sequence in the pol gene of HIV-1 acts as a second primer-binding 

site during reverse transcription (43). Deletion of this sequence restricts viral 

replication in non-dividing cells. It has been proposed that this sequence allows the 

formation of a triple stranded DNA “flap” in the proviral DNA that regulates nuclear 

entry in non-dividing cells (274). Inclusion of this sequence in HIV vector genomes 

can boost titre up to five-fold in some non-dividing cells including mature 

macrophages (71).

The cPPT was therefore cloned into pHR’CMVeGFP and VSV-G pseudotyped 

vectors generated. Vectors with or without the cPPT were compared on MDMs as 

before. To control for the level of input virions, the level pf p24 in the viral 

supernatants was determined by ELISA and was approximately equivalent 

(120ng/ml). Therefore an equal volume (lOOpl) was used. The level of transduction in
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Figure 4.4 Maturation dependent infection of MDMs by VSV-G pseudotyped 
HIV-1 NL4-3. Cell were infected on the day indicated with NL4-3(VSV-G) or 
NL4-3 pseudotyped with the M-tropic envelope YU2, at MOI 10 standardised 
on NP2/CD4/CCR5. 5 days post-infection, cells were stained for in situ p24 
capsid expression.
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mature macrophages was increased by inclusion of the cPPT, consistent with previous 

reports (71). However, the cPPT failed to rescue vector transduction in monocytes 

(Fig 4.5). This is consistent with the result with the NL4-3 virus pseudotypes that 

obviously have the cPPT. This result demonstrates that the cPPT has no role in 

maturation dependent infection of monocyte/macrophages.

4.2.6 Vectors encoding eGFP driven from alternative promoters also exhibit 

maturation dependent transduction

The eGFP gene in the vectors describe thus far is expressed from a CMV promoter. 

To assess whether the CMV promoter was permanently silenced in monocytes, 

vectors were generated with eGFP expression regulated from the human p-actin, the 

human elongation factor 1 alpha (EFla) promoters or the Rous Sarcoma Virus (RSV) 

LTR (Y Ikeda, unpublished). While eGFP expression level varied between vectors, 

figure 4.6 shows that none of these promoters effects maturation dependent 

transduction of MDMs. Since two of these promoters are constitutive housekeeping 

promoters, and thus should be active at all stages of MDM differentiation, the failure 

of the vectors to transduce monocytes led us to infer that the block to vector 

transduction was prior to the expression of the pro virus.

4.2.7 Treatment of vectors with dNTPs fails to rescue transduction of monocytes.

It has been demonstrated that in some resting cell types, the level of dNTPs in the 

cytoplasm of the cell is too low to support efficient viral reverse transcription (127). 

HIV-vector transduction in primary rat neurones was improved by pre-treating vector 

stocks with dNTPs, presumably because dNTPs can enter the ; permeabilised virus i, 

raising the pools of available nucleotides for reverse transcription (163). To assess 

whether this technique could affect vector transduction of monocytes, 

CMVAR8.9(VSV-G) and MLV(VSV-G) vectors were treated for 1 hour prior to 

infection with dNTPs ranging from 0 to 20pM (as described in (163)). The level of 

transduction of mature macrophages could be improved by higher concentrations of 

dNTPs (Fig 4.7). However monocytes were still refractory to transduction, even at the

90



LTR Y  GA RRE CMV eGFP LTR

/ \

B

cPPT

û .  25 -1
Ll.
Os  2 0 -

c
.2 15 -"W
O

■ o  1 0  - 
V)
c
2  5

H

3 91 5 7

CPPT-
CPPT+

Days post-isolation

Figure 4.5 Effect of the cPPT on maturation dependent transduction of MDMs.
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highest dNTP concentration. As expected, MLV vectors failed to transduce the cells at 

any stage of cell differentiation.

4.3 Discussion

In this chapter it was demonstrated that transduction of human monocyte-derived 

macrophages by HIV-based vectors is dependent on the differentiation of the cell. 

Freshly isolated monocytes were refractory to transduction, but as the culture time 

increased so did the susceptibility to vector. This correlated with morphological 

changes associated with monocyte to macrophage differentiation (158).

The dependence on macrophage maturation has been demonstrated for M-tropic 

strains (190). Earlier publications suggested that in monocytes, these strains were 

blocked in reverse transcription, and that infection was restricted to a proportion of 

dividing cells in the culture (208). However, more recent publications after the 

discovery of the role of the co-receptor CCR5, has suggested that the dependence on 

maturation is associated with the expression of CCR5 that increases (245). This is 

reiterated by the NL4-3(YU2) virus exhibiting a similar maturation dependence. 

However CCR5 expression is not absent on monocytes, the level varying between 

donors (131, 245). As such the maturation dependence of the YU2 pseudotyped virus 

cannot be concluded simply to be at the level of entry. The role of envelope mediated 

signalling will be discussed in later chapters.

The VSV-G protein is a pH-dependent viral envelope whose receptor, probably a 

phospholipid, is expressed on most mammalian cells (256). Thus it is unlikely that the 

vectors cannot enter monocytes. Vectors pseudotyped with the MLV-A envelope 

exhibited a similar pattern of transduction. The receptor, a phosphate transporter Pit-2, 

is also ubiquitously expressed on mammalian cells (218). That this envelope behaves 

similarly, and given the ubiquitous nature of the receptors for both envelopes, the 

most likely explanation is that viral entry is not impaired, and surface fusion (MLV- 

A) or endosomal fusion (VSV-G) does not affect the maturation dependence of 

transduction. Reverse transcription analysis presented in the next chapter shows that 

VSV-G pseudotyped vectors enter monocytes.
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^  It should also be noted that human CMV replicates in differentiated macrophages but not 

monocytes (284). CMV immediate early promoters are repressed in monocytes but are active in 

macrophages (285). Thus, had the vector integrated after entry into the monocyte, expression of 

eGFP would have been expected upon macrophage differentiation.



The role of accessory proteins in infection of non-dividing cells remains controversial. 

While the Vpr protein has been reported to mediate nuclear entry in macrophages 

(101), deletion of Vpr and the matrix nuclear localisation sequences has been shown 

not to impair replication in macrophages (124). Published data on HIV-vectors has 

shown little difference in the level of mature macrophage transduction using 8.2 or 8.9 

vectors (279, 281). The results presented here confirm this, but also show that the 

level of maturation dependent transduction is also not affected by accessory gene 

expression. The role of accessory gene products, especially Vpr, needs further 

investigation to explain these discrepancies.

A recently identified sequence within the pol gene of HIV-1, the cPPT, has been 

suggested to have a role in nuclear import of proviral DNA in non-dividing cells 

(274). Inclusion of this sequence in vector genomes hasshow n to increase 

transduction of several primary cell types, including mature macrophages, by up to 

five-fold (71). Inclusion of a cPPT in the vector genome in our system failed to rescue 

vector transduction in monocytes, although transduction in macrophages was 

increased by up to two-fold. This result is also confirmed by the NL4-3(VSV-G) 

pseudotyped that also exhibited a restriction in the infection of monocytes. This virus, 

defective in envelope and nef sequences, has an intact cPPT. The role of the cPPT in 

infection of non-dividing cells is unclear. While mutation of this sequence in 

infectious virus severely impairs viral replication (274), vectors including the cPPT 

only show 5-fold increases in titre on primary cells (71). It has been suggested that the 

formation of a triple-stranded DNA flap from the primer-binding site function of the 

cPPT may influence nuclear import and that shorter vector genomes have less need of 

it (274). However assays used to describe its function in vectors do not exclude the 

possibility that it enhances the rate of reverse transcription or stabilises the 

intermediate products. Either of these effects could increase the amount of available 

genome for nuclear entry and hence the rate of accumulation of nuclear DNA.

A possible explanation of our results with VSV-G pseudotyped HIV-vectors was that 

the CMV promoter did not function in monocytes. If this was true and transduction 

was not impaired in these cells then such an effect on the promoter would have to be 

permanent since maturation of infected monocytes did not result in expression of the
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transgene. Vectors using alternative promoters (RSV, E F la  and P-actin) also showed 

the same pattern of transduction as the CMV vector. In the case of E F la  and p-actin, 

these promoters control expression of products required for a housekeeping function 

(translation) and cytoskeletal structure (actin) (134), both of which would be required 

during monocyte to macrophage differentiation. That all promoters tested in this 

system behaved similarly indicated that transduction in monocytes was most likely 

blocked prior to the expression of the integrated provirus in the host genome.

It has been shown for resting T cells that one reason for the failure of HIV-1 infection 

is the lack of a sufficient dNTP pool for reverse transcription (127). Pre-treatment of 

vector stocks with dNTPs has been shown to increase the level of transduction in 

primary rat neurones (163). Such a technique failed to rescue vector transduction in 

monocytes. Exogenous manipulation of dNTP pools in resting T cells also fails to 

rescue HIV-1 infection. Reverse transcription requires the cells to progress to G ib of 

the cell cycle (128). Providing the vector entered the monocytes, the ability of these 

cells to support RT may be indicative of the reason for the maturation dependence 

observed. This is investigated in the next chapter.
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Chapter 5 

Analysis of vector reverse transcription in monocyte-derived 

macrophages

5.1 Introduction

Following entry into the host cell, the HIV-1 genome undergoes reverse transcription, 

using the genomic RNA as a template for the synthesis of double stranded proviral 

DNA (236). This process has been described in more detail in Chapter 1, however in 

primary cells there are further difficulties for the virus to surmount.

In quiescent cells, the pool of dNTPs in the cell may not be sufficient to support 

reverse transcription. This has been demonstrated for resting T cells, where T-tropic 

strains can enter the cells but reverse transcription is blocked during the first strand 

synthesis (127). Permissivity for infection has been shown to correlate with activatory 

stimuli (cytokines, co-stimulation etc.) (247) that allow the cell to enter G ib of the 

cell cycle (defined by an increase in cellular RNA content with no increase in DNA 

replication (239)). Similar requirements have been demonstrated for T cell 

transduction by HIV-based vectors (50, 248). However the shift into G ib is more 

complicated than just an increase in the dNTP pool sufficient for reverse transcription. 

Artificial manipulation of cells by treatment with deoxynucleosides to raise 

intracellular dNTP concentrations increases reverse transcription but fails rescue HIV- 

1 infection in T cells; some further activation is required which regulates viral 

infection (127, 128).

Activation of macrophages has been shown to influence HIV-1 infection. Classical 

activation by lipopolysaccharide (LPS), a bacterial cell wall component has been 

shown to inhibit M-tropic HIV-1 replication (282), however the levels of action of 

LPS are multiple. LPS induced down-regulation of CCR5 (74) has been reported, as 

has the inhibition of nuclear accumulation of viral DNA, an effect partially reversed
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by inhibition of the mitogen activated protein kinase (MAPK) p38 (282). The 

implications of this appear unclear.

In this chapter, the fate of the vector genome in monocytes is investigated by PCR. It 

is shown that the vectors undergo reverse transcription in monocytes, but, in contrast, 

nuclear DNA fails to accumulate in these cells. These results imply that a stage 

required for HIV-1 nuclear localisation in monocytes is deficient and is regulated 

during macrophage differentiation.

5.2 Results

In the previous chapter it was demonstrated that cells of the monocyte/macrophage 

lineage were only permissive for transduction by VSV-G pseudotyped HIV based 

vectors after maturation for at least 5 days in culture. This block to infection was not 

rescued by alternative promoter use, route of entry (MLV-A), viral accessory gene 

products or dNTP priming. Since it has been shown for resting T cells that the dNTP 

pool is too low to support reverse transcription and that the cells require activation to 

G ib of the cell cycle (127, 128), the ability of the vectors to undergo RT in 

monocytes versus macrophages was investigated by PCR.

Figure 5.1 adapted from (202) shows the strategy for detection of different 

intermediates of reverse transcription. Primers specific for eGFP sequences should 

detect all products from intermediate single stranded reverse transcripts to complete 

proviral genomes. LTR/gag primers are specific for all products synthesised after the 

second strand transfer. Finally the 2 LTR primers can detect co-valently closed 

circular pro viruses. While these circles are presumed to be non-functional for 

integration, the ligases that generate them are expressed only in the nucleus. As such, 

they are often used as a method of measuring the entry of proviral DNA into nucleus 

(27).
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Figure 5.1 Overview of HlV-vector reverse transcription with illustration of primers 

used to detect intermediates. Adapted from (202).

5.2.1 Monocytes and macrophages support reverse transcription

2.5 X 10̂  Monocytes (day I) or macrophages (day 9) were infected with an MCI 10 of 

CMVAR8.9(VSV-G) packaged pHR’CMVeGFP vectors that had previously been 

treated with 40U/ml of DNase to remove any traces of plasmid DNA. At 2-hour time 

points post infection, the cells were harvested and lysed. PCR was then performed on 

duplicate time points for eGFP and LTR/gag containing reverse transcripts.

Intermediate reverse transcripts (eGFP) could be detected at 2 hours post infection 

and these increased over time in both monocytes and macrophages (Fig 5.2A). This 

indicated that the initiation and synthesis of the first strand of proviral DNA was not 

impaired in monocytes, and thus, neither was viral entry. PCR was performed on an
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The AZT concentrations used did not affect the PCR of eGFP from plasmid, indicating the lack 

of eGFP product in the AZT treated cells was not due to inhibition of the PCR reaction itself (not 

shown).



equivalent volume of vector supernatant to assess the level of DNA contamination. 

This was negative and indicated that the product detected was generated by de novo 

synthesis.

Transcripts generated following the second strand transfer were detected using the 

LTR/gag primers on the same sample as above. Again PCR product in both 

monocytes and macrophages could be detected only after 2 hours and increased over 

the subsequent time course (Fig 5.2B). This suggested that monocytes were able to 

support reverse transcription at least as far as the second strand transfer. The vector 

stocks were again negative by PCR, indicating that this was de novo synthesis.

The level of cellular DNA in the above experiments was controlled by detection of the 

cellular P-actin gene by PCR (fig 5.3C). Serial 5-fold dilutions of each time point 

sample were used to amplify p-actin sequences. The level of these products diluted 

out to an equivalent level and demonstrated that an equivalent cell number had been 

loaded in each experiment.

As described in chapter 4, monocytes were resistant to infection whereas maturation 

to macrophages permitted vector transduction. To assess whether the level of reverse 

transcription was equivalent in monocytes and macrophages, serial 2-fold dilutions of 

the 8-hour time point were used to detect eGFP and LTR/gag products. Figure 5.3D 

shows that the level of each product in monocytes and macrophages diluted out to a 

similar level. This indicated that not only could monocytes support reverse 

transcription, but also the level of reverse transcription was similar to that observed in 

macrophages that were permissive for vector transduction. Since these cells were not 

infectable, the data above suggested that the block to infection was post reverse 

transcription.

Finally to demonstrate that the above data truly represented de novo viral DNA 

synthesis in monocytes, these cells were infected with vector in the presence or 

absence of the reverse transcriptase inhibitor AZT. As shown in figure 5.2E, detection 

of eGFP product was almost completely inhibited after 14 hours in the presence of 

lOOmM AZT, again demonstrating de novo synthesis in monocytes. This high
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Figure 5.2 Analysis of reverse transcription in monocytes (day 1) or mature macrophages (day 9).
2.5 X 10  ̂cells were harvested at 2 hourly intervals after infection with 8.9(VSV-G) vectors at MOI 10.
PCR was then performed for intermediate transcripts containing eGFP sequences (A), second strand transfer 
products containing LTR/gag sequences (B), and serial 2-fold dilutions were used to PCR cellular P-actin 
for a loading control (C ). Serial 2 fold dilutions of the 8 hour time point were used to estimate the relative 
amounts of eGFP and LTR/gag transcripts (D). The reverse transcriptase inhibitor AZT was added at the 
concentrations shown shown to day 1 cells infected as above. After 14 hours, PCR was performed to detect 
eGFP transcripts (E).

The sensitivity of both the GF? and LTR/gag PCR reactions was standardised on 

pHR'CMVeGFP. The minimum detection was between 1 and 0.1 femtograms of plasmid, 

approximately equivalent to between 100 and 10 copies in 10"̂  cells (not shown).



concentration was chosen, as it was 10 fold higher than an inhibitory concentration for 

viral replication (not shown).

5.2.2 Nuclear 2 LTR circles are only detected In macrophages

After the completion of reverse transcription, the viral preintegration complex (PIC) 

traverses the cell and mediates the transfer of the viral DNA into the nucleus and its 

subsequent integration into the host chromosome (27). Nuclear ligases can covalently 

circularise proviral DNA in various forms. Circles containing 2 LTRs in tandem are 

often generated and, while non-ftmctional, can serve as a measure of nuclear entry 

(228).

To investigate whether vector transduction of monocytes was defective at the level of 

nuclear entry, 1x10* monocytes or macrophages were infected with either 

CMVAR8.2(VSV-G) or CMVAR8.9(VSV-G) at MOIs of 5 and 1. Envelope defective 

vector and MLV(VSV-G) were used as controls. 48 hours post infection, the cells 

were lysed as before and PCR performed to detect 2 LTR circles. Figure 5.3 shows 

that the 680 base pair product corresponding to 2 LTR circles was only detectable in 

macrophages infected with vector. A slight smaller band is visible in both the 

monocytes and macrophages, however as this is the wrong size it may represent non

specific priming. As expected, envelope defective virus showed no product in either 

cell type. This result indicates that in monocytes, the preintegration complex cannot 

enter the nucleus. In addition, no difference was observed between 8.2 and 8.9 

vectors, suggesting that in this system there appears to be no role for the viral 

accessory gene products as observed in chapter 4.

Taken together the results above demonstrate that VSV-G pseudotyped HIV vectors 

can enter monocytes and macrophages and undergo reverse transcription with similar 

efficiencies. In monocytes, however the lack of 2 LTR circles suggests there is a block 

to infection somewhere between the completion of reverse transcription and entry to 

the nucleus. While the assays above cannot pinpoint the block further than that, they 

do demonstrate that this block is regulated during monocyte to macrophage 

differentiation and is not dependent on viral accessory genes.
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Figure 5.3 Detection o f nuclear 2 LTR circles in monocytes (day 1) or mature macrophages (day 9). 1 x10^  
cells were infected with 8.2(VSV-G) or 8.9(VSV-G) at an MOI o f 5 or 10. Cells were harvested and lysed 48 
hours later and PCR performed a 680 bp fragment spanning the ligated LTRs o f 2 LTR circular viral DNA. 
Uninfected (U), envelope-defective virions (E-) and MLV(VSV-G) were used as controls.

The 2 LTR circle PCR was standardised on lysed 293T cells transduced with CMVAR8.9(VSV- 

G) packaged pHR'CMVeGFP vectors 24 hours post infection. The limit of detection was 

between 200 and 50 infected cells per 10"̂  cells (not shown).



5.3 Discussion

Susceptibility to transduction by HIV-vectors increases as monocytes differentiate 

into macrophages. As shown in chapter 4, accessory genes, cPPT, promoter use and 

exogenous nucleotide treatment had no effect on this maturation dependence. Since 

both VSV-G and MLV-A are highly promiscuous envelopes and mediate entry to 

most mammalian cells, we reasoned that the block to infection was between entry and 

expression in monocytes. Reverse transcription was therefore analysed in monocytes 

and macrophages. The results presented above suggest that both monocytes and 

macrophages support reverse transcription of the vector genome to a similar extent. 

AZT could block reverse transcription in monocytes. Also, as alluded to in the 

previous chapter, the de novo synthesis of vector DNA showed that entry of the virion 

was not impaired in these cells. The assays presented are limited in that the latest 

reverse transcription intermediate detected was after the second strand transfer. Thus 

the completion of proviral DNA synthesis is not measured directly. However, since 

both monocytes and macrophages reverse transcribe at the same level, it would appear 

likely that there is no block to reverse transcription in monocytes.

After the completion of reverse transcription, proviral DNA enters the nucleus and is 

integrated into the host chromosome. Unintegrated DNA can serve as substrate for 

recombination and ligation by nuclear enzymes. One by-product, presumed non

functional, are 2 LTR circles. PCR of these products revealed that while 8.2 and 8.9 

vectors accumulated 2 LTR circles in macrophages, these products were undetectable 

in monocytes. This indicated that vector genome did not enter the nucleus in 

monocytes and that this block was relieved after macrophage differentiation. As 

predicted from results in chapter 4, accessory gene products did not affect this. From 

this result, we inferred that a block to infection in monocytes existed somewhere 

between the end of reverse transcription and nuclear entry. This step was independent 

of viral accessory gene products and thus was likely to be controlled by host factors.

The permissiveness of primary cells to HIV-1 infection has revealed several essential 

levels for efficient infection. In quiescent T cells, while entry of T tropic strains is not 

impaired, reverse transcription is (127). Exogenous manipulation of dNTP
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concentration fails to rescue infection even though reverse transcription is increased. 

Various reports show that T cell activatory stimuli (cytokine, TCR co-stimulation etc.) 

rescue this infection in freshly activated T cells (247), and that reverse transcription 

appears to correlate with a shift in the cell cycle from GO to Gib, based on relative 

RNA'.DNA content in these cells (128). One report suggests that activation of NFATc 

by these mechanisms is responsible for this rescue (120). Similar results have been 

shown for vector transduction of T cells and CD34+ stem cells.

In macrophages, M-tropic strains of HIV-1 have been reported to require proliferation 

for efficient infection (125, 208) but other reports refute this (203). However, the 

level of proliferation in macrophage cultures has been reported to be low, between 1 

and 3% over 7 days, and HIV-vector transduction of these cells greatly exceeds this 

(280). Inhibition of Gib progression impairs early HIV-1 reverse transcription in 

macrophages (125). However, the results presented above indicate that the failure of 

vectors to transduce fresh monocytes is not due to a block in reverse transcription, 

thus, in our system, monocytes do not appear to be in the same state as quiescent T 

cells. In addition to this DNA:RNA content analyses of PBMCs reveals a substantial 

proportion of cells in what is termed Gib (239). However, accumulation of nuclear 

DNA is impaired in these cells. Thus, it would seem that nuclear entry of the vector 

provirus (and given the results presented in chapter 4, VSV-G pseudotyped HIV-1) is 

dependent on differentiation of the monocytes.

The viral gene products implicated in nuclear entry are a source of controversy. Vpr 

was identified as a nuclear localising factor and has been reported to be essential for 

replication in macrophages (101). However, deletion of Vpr from the packaging 

construct of HIV-vectors has no effect on the transduction efficiency in primary cells 

tested (reviewed in (250)), and, as shown in chapter 4, does not affect monocyte 

transduction by vector. NLSs in MA and/or C-terminal matrix phosphorylation have 

been implicated in nuclear traffic of the provirus (32, 84, 85), but other reports 

describe viral replication in the absence of a functional MA protein (187). An NLS in 

integrase, a protein that remains associated with the proviral DNA, has been shown to 

interact with the importin complex (82). The cPPT’s role in nuclear entry has been
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postulated (274), but on its own it does not overcome the block to transduction in 

monocytes.

That monocytes maturation regulates nuclear accumulation of viral DNA may suggest 

a role for cellular signalling pathways in this process. Requirements for cell signalling 

in HIV-1 infection have been investigated, mainly in T cells. The receptors for the 

HIV envelope protein are themselves signalling receptors. Engagement of gpl20 with 

CD4 (25, 26), CCR5 (10, 141, 261) and CXCR4 (53) has been shown to trigger 

signalling events in T cells and macrophages, leading to tyrosine kinases p56ICK and 

Pyk2 activation, and ultimately MAP kinases ERKl, INK, p38 (178). The

significance of these envelope mediated signalling events is unclear. One interesting 

report, however, has shown differences in infection of T cells by X4 and R5 using 

viruses (176). Activation of ERK is required for nuclear translocation of X4-viral 

DNA but not R5 viruses. The role of these signalling pathways should be investigated 

in relation to monocytes to macrophage differentiation and the concomitant 

permissiveness to HIV-1 strains.

This system using VSV-G pseudotyped vectors may prove a useful tool in dissecting 

some of the requirements for nuclear entry in cells of the monocyte/macrophage 

lineage. From a practical gene therapy point of view, gene delivery using the current 

generations of HIV-vectors appears to be restricted in monocytes at the level of 

nuclear entry. Thus protocols for in vitro modification of macrophages for clinical use 

must take this into account.
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Chapter 6 

Transduction of human monocyte-derived dendritic cells: 

comparisons with macrophage transduction.

6.1 Introduction

The dendritic cell is the most potent of all antigen-presenting cells and is capable of 

activating both CD4 and CDS positive T cell subsets (15). The ability of these cells to 

capture antigen in the peripheral tissue, and upon pro-inflammatory stimuli, transport 

this antigen and present it to T cells in lymphatic tissue is essential for the efficient 

generation of cell-mediated immune responses.

The modification of dendritic cells is currently of great interest for the treatment of 

human disease. DCs pulsed with tumour lysates or peptide antigens are potent 

stimulators of anti-tumour immune responses in vitro and in vivo, and results have 

been encouraging in human clinical trials (238). The DC is also probably the prime 

target of DNA-based vaccines (15). Virally transduced mouse DCs expressing tumour 

antigens have been shown to lead to T cell mediated tumour destruction when re

introduced into the animal (220, 222). Furthermore, comparisons between virally 

transduced DCs and antigen-pulsed DCs have indicated that DCs expressing antigen 

are capable of generating longer lasting immune responses (123).

Human DCs can be differentiated from peripheral blood monocytes in the presence of 

IL-4 and GM-CSF (198). 6 to 7 days of differentiation under these conditions produce 

cells morphologically similar to immature DCs. They express the Langerhans cell 

marker CD la, a non-classical MHC molecule, as well as class I and II MHC and co

stimulatory molecules such as CD 11c, B7-1, B7-2 and CD40. At this stage cells can 

phagocytose antigen and and process it (197). Further culture or proinflammatory 

stimulus (LPS, TNF etc.) reduces antigen capture and upregulates presentation and 

co-stimulatory molecules. The cells display a more dendritic morphology and become 

partially adherent. In this form the cells are able to stimulate T cells in culture (198).
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The functional relationship between monocytes, macrophages and DCs is not well 

understood. DCs can also be differentiated from bone marrow stem cells (15).

The generation of DCs from monocytes in culture has been shown to be independent 

of cell division (92). High transduction efficiencies have been achieved with 

adenoviral vectors (220), but the antigenicity of adenoviral proteins will preclude their 

use. Several recent reports have shown that lentiviral vectors can transduce human 

immature DCs and that these cells retain T cell activation function (45, 146, 205). 

Bone marrow-derived stem cells transduced with lentiviral vectors can also be 

differentiated into transgene positive DCs (94, 137).

In this chapter the transduction of human monocyte-derived DCs was investigated. In 

contrast to macrophages, it was found that DC differentiation was not maturation 

dependent. Monocyte transduction could be rescued by DC differentiation and the 

factor responsible for this rescue was a component of foetal calf serum.

6.2 Results

6.2.1 Isolation of Human monocyte-derived dendritic cells

Dendritic cells were isolated from adherent peripheral blood monocytes (Fig 6.1). The 

monocytes were cultured in RPMI supplemented with PCS and lOOOU/ml of 

interleukin 4 (IL-4) and granulocyte/macrophage colony stimulating factor (GM-CSF) 

for seven days. On day 4, the dead cells were removed by ficoll gradient 

centrifugation and T and B cells were depleted by negative immuno-magnetic 

selection using antibodies against CD2, CD3 and CD19. The number of DCs isolated 

from 120 ml of whole blood ranged between 1 xlO^ to 4 x 10̂  depending on the 

donor. Immature DCs were identified from residual T and B cell contamination by 

cell size and expression of the Langerhans cell marker CD la, the Class II MHC 

subset, HLA-DR and reduced expression of the macrophage marker CD 14. Purified
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120 ml blood drawn from healthy volunteers and layered onto
lymphoprep

i
Isolation o f mononuclear 
Cell fraction.

PBMCs isolated by adherence for 2hours Vector transduction
Followed be extensive washing

;
Culture for 4 days in RPMI + 10% PCS + 

IL-4 and GM-CSF

;
Depletion o f contaminating B and T cells by magnetic removal

O f cells expressing CD2, CD3 and CD 19 Vector transduction

i
Further culture in cytokine Vector transduction

Figure 6.1 Isolation of human DCs from whole blood. The procedure for DC differentiation 

IS described above. The points at which cells were exposed to HIV-based vectors are 

highlighted. The level of transduction was assessed by FACS 7 days post-infection.
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cells were maintained in cytokine to prevent reversion to a macrophage-like 

phenotype.

6.2.2 Dendritic Cells can be transduced by HIV-vectors at all stages of 

differentiation.

Dendritic cells can be differentiated from adherent monocytes, the same precursor 

cells from which macrophages can be differentiated in RPMI supplemented with 

human serum. DC cultures were exposed to CMVAR8.2(VSV-G) and 

CMVAR8.9(VSV-G) packaged pHR’CMVeGFP vectors at an MOI of 10 on days 1, 

4, 7 and 11 post isolation (n.b. cells were purified as described above on day 4, 

therefore the MOI on day 1 was doubled to control for the cell number in the 

unpurified cultures). Again cells were cultured for 6 to 7 days after infection to 

minimise pseudotransduction.

Figure 6.2 shows that DCs, in contrast to monocytes and macrophages, were 

susceptible to transduction on all days of differentiation tested. Day 1 DC cultures 

transduced with vectors at MOI 10 resulted in up to 10% eGFP positive cells. These 

cells were positive for CD la  and HLA-DR, identifying them as DCs (Figure 6.3). 

CMVAR8.2(VSV-G) vectors did not significantly increase transduction indicating 

that, as with macrophages, viral accessory gene products did not affect DC 

transduction. As expected MLV(VSV-G) vectors failed to transduce any DCs, 

demonstrating that cell division was not required for transduction. DCs transduced 11 

days after isolation showed a significant reduction in transduction efficiency. This 

agrees with a recent report that showed that DC transduction by HIV vectors was less 

efficient after 8 days in culture (205).

6.2.3 The effect of transgene promoter on eGFP expression in DCs

To determine whether transgene promoter affected DC transduction and eGFP 

expression, cells were infected on different days post isolation with CMVAR8.91 

packaged vectors encoding eGFP under control of CMV, RSV, E F la  and p-actin
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Figure 6.2 Transduction of human monocyte-derived dendritic cells.
DCs were transduced by CMVAR8.2(VSV-G), CMVAR8.91 (VSV-G) 
or MLV(VSV-G) packaged CNCG vectors at an MOI of 10 on the days indicated 
post-isolation as blood monocytes. Cells were analysed by FACS 7 days 
after transduction. Bars indicate mean transduction +/- SEM for 
3 experiments.
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promoters at an MOI of 10. The level of transduction and the mean fluorescence of 

the eGFP positive DCs was measured by FACS seven days post infection.

Figure 6.4 shows that all promoters expressed eGFP in transduced DCs. The p-actin 

vector was almost 2-fold more efficient than the other vectors.

The mean fluorescence of the eGFP positive DCs was also measured and shown in 

figure 6.5. As can be seen, the level of eGFP expression in the transduced cells varied 

slightly depending on the promoter. At later time points, both p-actin and CMV 

promoters gave the higher level of expression, whereas the RSV and E F la  promoters 

gave a lower mean fluorescence expression. Given the extensive and complex 

cytoskeletal structures of DCs, the efficiency of the actin promoter is unsurprising. 

The higher level of eGFP expression in cells infected on day 7 may be explained by 

the state of the cells in these cultures. As DCs mature beyond day 7, they begin to 

activate during which they down-regulate antigen processing and up-regulate antigen 

presentation (197, 198). As such this may lead to a reduction in protein turnover and 

therefore a higher apparent expression with all promoters tested

6.2.4 Transduction of monocytes can be rescued by DC differentiation

As described above, human DCs are susceptible to HlV-vector transduction at all time 

points during differentiation. Thus the block to transduction in monocytes is relieved 

much earlier by DC differentiation than macrophage differentiation. To see if 

transduction of day 1 monocytes could be rescued by DC differentiation, fresh 

monocytes were allowed to adhere and infected for 6 hours with CMVAR8.9(VSV-G) 

or MLV(VSV-G) at an MOI of 10. The cells were then washed and either cultured in 

macrophage medium (RPMI + 10% human serum) or DC medium (RPMI, 10%FCS, 

lL-4 and GM-CSF). Figure 6.6 shows that cells cultured in macrophage medium were, 

as expected, resistant to transduction by either vector. By contrast, cells cultured post

infection in DC medium were able to rescue CMVAR8.9(VSV-G) transduction but, as 

expected, not MLV(VSV-G). This result demonstrates that DC differentiation can 

relieve the block to HlV-vector transduction in monocytes described in chapter 4. It 

also reiterates that cellular entry is not a problem in these cells, but that some cellular
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Figure 6.6 HIV vector transduction of monocytes can be rescued by dendritic cell 
differentiation. Day 1 monocytes were infected for 6 hours with CMVAR8.9(VSV-G) 
packaged pHR’CMVeGFP vectors or MLV(VSV-G) vectors at an MOI of 10.
The medium of the cells was then replaced either for macrophage differentiation 
(human serum) or DC differentiation (FCS + IL-4 + GM-CSF). After seven days the 
cells were analysed by fluorescent microscopy (BioRad MRC 1064 confocal 
microscope at x200 magnification) and FACs. Macrophages were stained for CD 14 
and DCs for CD la  with PE conjugated antibodies as previously described.
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activation caused by DC differentiation medium and, to slower extent, macrophage 

differentiation is required for efficient transduction.

6.2.5 FCS rescues vector transduction in monocytes

To assess which component of the dendritic cell differentiation medium was 

responsible for the rescue of HIV-vector transduction, the various components were 

tested for vector rescue. Freshly isolated monocytes were transduced with 

CMVAR8.9(VSV-G) packaged vectors at an MOI of 10 for 6 hours. Cells were then 

washed and re-plated in RPMI containing human serum or foetal calf serum with or 

without one or both of the differentiation promoting cytokines, IL-4 and GM-CSF.

Cells were analysed 7 days after infection (Figure 6.7). Surprisingly, medium 

containing FCS was sufficient to rescue up to 10% cell transductiom There was little 

effect of either IL-4 or GM-CSF on the level of transduction in medium containing 

either serum. This indicated that a constituent of FCS was sufficient to activate an 

intracellular event in these cells that would result in nuclear entry of the pro virus.

While both sera maintained the cells without any apparent toxicity, monocytes 

cultured in FCS alone showed a slightly higher CD 14 expression than those cultured 

in HS (not shown). DCs differentiated in HS plus IL-4 and GM-CSF still expressed 

CD la and HLA-DR markers.

The effect of FCS on the susceptibility of monocytes to HIV vectors was used to test 

whether HS culture of DCs gave a maturation dependence akin to that observed for 

monocyte to macrophage differentiation. DC cultures containing HS or FCS were 

infected on days 1, 4 and 7 after isolation with vector at MOI 10. As shown in Figure 

6.8, DC culture in HS causes these cells to be maturation dependent, transduction 

levels increasing to almost 10% on day 7. As before, FCS cultures could be 

transduced with similar efficiencies on all days tested.

t
It should also be noted that the effect of FCS was positive on vector rescue. Monocytes in

medium containing HS became permissive for vector transduction if FCS was also added to the
medium (not shown).
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Figure 6.7 FCS is sufficient to rescue vector transduction in 
monocytes. Freshly isolated monocytes were transduced by 
CMVAR8.91(VSV-G) packaged vectors at an MOI o f 10 for 
6 hours. Cells were washed and re-plated in medium containing 
foetal calf serum (FCS) or human serum (HS) supplemented with 
one or both o f the dendritie cell differentiation promoting cytokines 
IL-4 and GM-CSF. Percentage transduction was analysed 7 days 
post infection.
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Figure 6.8 Transduction of dendritic cells differentiated in human 
serum is maturation dependent. Cells were differentiated in 10% 
foetal calf serum (FCS) or human serum (HS) and transduced with 
CMVAR8.91(VSV-G) packaged pHR’CMVeGFP vectors at an MOI 
of 10 on the days shown post isolation as blood monocytes. Cells were 
analysed 7 days post infection.
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6.2.6 FCS treatment of monocytes rescues nuclear entry of viral DNA

In chapter 5 it was shown that monocytes infected with HIV vectors could undergo 

reverse transcription but failed to accumulate nuclear 2 LTR circles. To test whether 

the FCS effect described above was responsible for nuclear entry, monocytes 

transduced with DNase-treated vector at MOI 10 was re-plated as before in RPMI 

containing HS or FCS. 24 hours after re-plating, cells were lysed and PCR performed 

(Figure 6.9A). As expected cells transduced with vector showed LTR/gag PCR 

products indicating that reverse transcription took place in these cells. However post

infection treatment of the cells with FCS containing medium was sufficient to give 2 

LTR products, indicative of viral nuclear entry (Figure 6.9B). As expected, HS 

cultured cells showed no 2 LTR products. These PCR data correlated with the DC 

transduction data presented above and indicated that FCS, but not HS, can stimulate 

nuclear localisation of viral DNA in monocytes, an effect that requires several days 

differentiation in HS cultured cells.

6.3 Discussion

Modulation of dendritic cells by viral vectors to express tumour antigens has been 

shown to induce anti-tumour immune responses in animal models, and is thus of 

interest for the treatment of human disease (238). To this end the HIV vector 

transduction of human DCs differentiated in culture from peripheral blood monocytes 

was investigated. Unlike the results described in chapter 4 for monocytes and 

macrophages, DCs could be transduced on all days of differentiation and that the level 

of transduction varied little between cells infected as monocytes (day 1) or as 

immature DCs (day 7). Comparison of different transgene promoters showed that all 

those tested gave similar levels of transduction and expression, with the P-actin 

promoter giving slightly more expression of eGFP in mature DCs.

These results are in agreement with recently published reports that show that 

immature DCs (day 4 to day 7) are permissive for transduction by lentiviral vectors, 

but this permissivity is reduced after day 8 in culture (45, 205). In these studies, while 

they demonstrate DC transduction, the level of transduction reported takes no account
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Figure 6.9 FCS treatment rescues 2 LTR circle formation in monocytes. 1x10^  
Day 1 monocytes were infected with an MOI o f 10 with CMVAR8.91(VSV-G) 
packaged H R ’ vectors for 6 hours and PCR performed for second strand reverse 
transcription products on one sample A. Cells were washed and re-plated in medium 
containing FCS or HS. 48 hours later cells were lysed and PCR performed 
for 2 LTR nuclear DNA B, and a 1:50 and 1:250 dilution for (3-actin as a 
loading control, C.
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of potential pseudotransduction. Chinnasamy et al show lentiviral transduction of 

90% 3 days post infection, a peak shift that resembles those shown in chapter 4. 

Integration is demonstrated by PCR, but quantitation was not determined (45). 

Lentivirus transduced DCs have been shown to maintain the ability to allo-stimulate T 

cell proliferation, indicating that transduced cell functions were unaffected by the 

vector (45, 146, 205). However lentiviral mediated gene transfer to human monocyte- 

derived DCs has yet to be shown to initiate antigen-specific responses. Lentiviral 

transduction of human haematopoetic stem cells and their subsequent differentiation 

into DCs has been previously reported, with the DCs maintaining T cell stimulatory 

functions (94, 137). Isolation of DCs from peripheral blood is technically easier and 

thus cheaper. Therefore transduced DCs isolated by different methods needs to be 

investigated.

The ability to transduce DCs as monocytes on the day of isolation from blood means 

that efficient protocols can be designed to minimise the ex-vivo culture of these cells. 

DC transduction could be maximised by multiple rounds of infection with higher 

MOIs and optimised vectors containing a cPPT. Such studies will allow the 

development of efficient DC modification methods that could apply to clinical 

situations.

As shown in previous chapters, monocytes isolated from peripheral blood and 

cultured to develop into macrophages were not susceptible to HIV vector 

transduction, the block to infection was at the level of nuclear localisation of the 

pro virus. The transduction of monocytes when cultured for DC differentiation 

suggested that the block to transduction was relieved more quickly in these cells. Also 

monocytes transduction with vectors in human serum could be subsequently rescued 

by DC differentiation, implying that the block to infection could be relieved after the 

virus had entered the cell. The factor responsible for this rescue was found to be FCS, 

and this was capable of rescuing the appearance of 2 LTR circle in these cells.

The ability of FCS to rescue this infection may imply that activation of certain 

signalling pathways in the monocyte is required for entry of the provirus into the 

nucleus. Culture of macrophages in FCS can lead to activation of the cells and is

124



therefore not normally used to culture these cells (158). The signal that allows 

efficient infection of T cells by HIV-1 has been shown to be in part due to the 

activation of NFATc (120). It will be of interest to see if a similar requirement exists 

in monocytes and whether FCS can provide this stimulation. Interestingly, neither IL- 

4, GM-CSF, nor a combination of both were able to rescue vector transduction in 

monocytes, implying that the actions of these cytokines on monocytes did not regulate 

the factor that was responsible for preventing viral nuclear accumulation.

Cellular signalling could be envisaged to affect viral infection at various levels. Such 

signals could lead to the expression of genes whose products are required for viral 

post entry events (or alternatively the repression of genes whose products inhibit 

them). From studies in T cells and some evidence in mature macrophages, the factors 

involved in efficient viral infection are regulated by cell cycle progression in resting 

cells (125, 127, 128). Thus serum activation of signalling pathways such the MAPK 

cascades should be investigated for their ability to regulate viral infection in 

monocytes and macrophages. Alternatively, a signalling event may directly regulate 

viral nuclear entry through effects on cytoskeletal structure and cellular traffic that the 

PIC may require for infection to proceed. The infection of HIV-1 has been shown to 

be dependent on intact cytoskeletal structures for nuclear localisation of the PIC (28). 

It will be of interest to assess the roles of these factors in transduction of permissive 

and non-permissive cells. Finally, activation of a cell signalling event may have a 

direct effect on the incoming virus. Little is known about the disassembly of the core 

during and after reverse transcription (236). Phosphorylation and dephosphorylation 

of viral proteins may be required early in infection for functionality of the PIC. 

Isolation and analyses of PICs from permissive and non-permissive cells will allow 

investigations into this.

Lentiviral vectors appear to be a promising tool for the transduction of human DCs. 

However the culture conditions as described above can radically affect the 

transduction of these cells at the level of viral nuclear translocation. These studies will 

help to design protocols for lentiviral-mediated DC manipulation for maximum 

transduction and preservation of DC function. The effect of FCS on the transduction 

efficiency of peripheral blood monocytes will allow investigations into pathways
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involved in post-entry events in HIV-1 replication to be dissected in primary 

mononuclear cells and comparisons to the work done in T cells. Ultimately, such 

knowledge will be of use for further improvements of lentiviral vector-mediated 

transduction of primary cell types.
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Chapter 7 

Discussion

Lentiviral vectors are likely to become the vector choice for many gene therapy 

applications. The combination of retroviral mediated gene delivery with the ability to 

transduce primary non-dividing cells has already been shown to be an excellent tool in 

animal models (reviewed in (250)). Recent corrections of primate models of 

Parkinson’s disease (126) and the high efficiency of stem cell gene transfer by these 

vectors (6, 38, 95, 97, 246) suggest a promising future for clinical applications. 

However, the molecular mechanisms that govern the infection of non-dividing cells 

are also one of the most poorly understood areas of lentivirology. The advent of the 

development of vectors based on these viruses is thus providing an impetus for the 

further study of viral nuclear entry.

The aim of this study was to define the parameters that would allow efficient lentiviral 

mediated transduction of human antigen presenting cells such as dendritic cells and 

macrophages. These techniques should allow generation and modulation of clinically 

relevant immune responses. While transduction of these cells has been recently 

demonstrated (45, 165, 205), the ex vivo culture of APCs is practically expensive. 

Thus, alternative transduction protocols were assessed to define the minimum culture 

time required for efficient transduction. Nothing as yet is known about how much ex 

vivo culture affects AFC function upon re-introduction to the host. Also given the 

pseudotransduction of eGFP demonstrated in macrophages, the true level of 

transduction of macrophages and DCs in several reports may need re-evaluating 

(45,280). Finally, these investigations will allow comparison of DC 

transduction/transfection methods with lentiviral mediated gene delivery to assess the 

most efficient method for the clinical setting.

In the preceding chapters, it was shown that peripheral blood monocytes could 

support entry and reverse transcription of VSV-G pseudotyped HIV vectors, but 

nuclear localisation of the viral genome was inhibited. Differentiation of these cells to 

macrophages relieved this block. However, monocyte transduction could be rescued
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by subsequent differentiation into dendritic cells, the effect was due to the culture of 

cells in foetal calf serum rather than human serum. The positive action of FCS would 

suggest an activation of a nuclear import pathway at a level distinct from viral reverse 

transcription. As such, this system may allow an inducible method of for studying the 

role of various intracellular factors in viral nuclear entry in a relevant primary cell.

7.1 Viral proteins and nuclear entry

The requirements for HIV-1 nuclear entry are controversial. The Vpr accessory 

protein has a non-classical NLS (227) and remains as part of the PIC (179). However, 

while some reports suggest an essential role in PIC nuclear entry (101, 179, 251), 

deletion of Vpr from vectors is some studies does not seem to affect transduction of a 

variety of primary cells such as macrophages (280), neurones (280) and stem cells 

(95, 97), and here shown for monocytes and DCs. This has been explained as Vpr 

functioning when the virus is at low MOI (251), although in our system there was no 

difference between accessory gene positive and negative vectors in macrophages at 

MOIs of 1 or less (not shown). Vpr has other important functions in viral replication 

such as cell cycle modulation (29), and it may be these that restrict Vpr- viruses in 

primary cultures. The roles of MA NLSs and tyrosine phosphorylation in entry (31, 84, 85) 

has been contradicted by MA deletion results by other researchers (73, 78). One 

report showed that HIV-1 could infect non-dividing cells when MA had been 

completely deleted (187) and mutations in both MA and Vpr does not inhibit 

macrophage infection (124). The cPPT also remains controversial. Mutating the cPPT 

in the virus markedly inhibits replication (274). However, although its inclusion does 

boost vector titres, the requirement is not absolute and transduction of primary cells 

such as macrophages and haematopoietic stem cells is increased 4 to 5-fold (71). IN, 

as an essential component of the PIC may represent another candidate and has been 

shown to have an importin regulated NLS (82), although one recent report shows that 

deletion of IN NLS components does not affect nuclear entry (244). All these studies 

raise the question of what viral proteins are fundamentally required for nuclear entry, 

how much redundancy there is in the system, and whether there is any cell type 

specificity to the functions described. The majority of the experiments investigating 

the role of viral proteins in nuclear entry have been determined in growth arrested.
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transformed cell lines. How much these results can therefore be extrapolated to 

primary non-dividing targets of HIV-1 is unknown.

7.2 Activation state and HIV-1 infection of primary cells

Much of the work on HIV-1 infection in primary cells has been with quiescent T cells. 

Infection of these cells reveals that reverse transcription is blocked (223). While 

exogenous manipulation of cellular dNTP concentrations restores some reverse 

transcription, viral replication is still blocked at a pre-integration level (127). T cell 

activation by cytokines or co-stimulation can rescue viral infection (247), in part due 

to the activation of the transcription factor NFATc (120). Cell cycle analyses in T 

cells (128) and macrophages (125) and stem cells (38, 64) indicate a requirement for 

G1 progression for viral infection in at least two levels. Efficient reverse transcription 

occurs when the cells are in G ib (based on an increase in RNA content from resting 

cells), but something else is required for viral nuclear entry and integration (125, 127, 

128). In the previous chapters, it was demonstrated that in our system, peripheral 

blood monocytes exist in a “half-way house” state in which the Gib requirement for 

reverse transcription is fulfilled, but the nuclear accumulation of genome is inhibited. 

Exposure to an FCS component rescues infection. The lack of rescue during 

macrophage differentiation would suggest that, cytoplasmic PICs are degraded. The 

difference in transduction of day 3 compared to day 5 cultures implies that most of the 

PICs are destroyed after 48 hours. Reports describing the rescue of virus in T cells up 

to 2 weeks after infection (271, 272) argue that the state of the PIC in quiescent T 

cells and monocytes is different. The role of the proteosome in this can be readily 

investigated. APCs, by their very nature, have highly active proteosomes (15), and 

inhibition of proteosome degradation has been shovm to increase HlV-1 infectivity in 

some cells (211).

7.3 Cell Signalling pathways and HIV-1 infection

The action of FCS suggests that activation of some signalling pathway regulates viral 

nuclear accumulation. FCS is rich in both protein and non-protein mitogens and has 

been shown to lead to uncharacterised activations of peripheral blood mononuclear
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cells (158). The cytokine rescue of T cell infection also implies signal pathway 

activation in HIV-1 nuclear entry (247). The role of MAPK pathways in viral 

infection has been speculated. Activation of ERK in T cells was associated with X4 

but not R5 virus infection (176). EPS stimulation of p38 MAPK has been reported to 

have a negative effect on nuclear entry in macrophages (282), but is confused by the 

ability of EPS also to downregulate CCR5 on these cells (74). The central role of 

these signalling pathways in mitogenic stimulation coupled to the requirement for 

some degree of cell cycle progression for HIV-1 infection suggests that these 

pathways could regulate multiple post-entry steps in HIV replication (178).

Cellular activation stimuli can be envisaged to operate at several levels in the 

promotion of viral nuclear entry. Apart from the regulation of reverse transcription, 

almost nothing is known about the disassembly of the viral core and formation of the 

PIC. Recent studies on Vif defective viruses show that virus grown in non-permissive 

cells require a degree of detergent solubilisation to allow reverse transcription to 

occur, implying that core disassembly is compromised in the absence of Vif (166). 

Virus produced from transformed cells such as 293T does not require Vif to be 

infectious (196), however further disassembly of the viral core during and after 

reverse transcription may be required for nuclear entry. It will be of interest to 

investigate whether maturation of macrophages or FCS treatment affects the structure 

of the PICs in infected monocytes, and whether any signalling pathways can be 

implicated in this.

The cell cycle dependence observed for infection of primary cell types may reflect the 

nuclear import of proviral DNA is directly regulated by cell cycle transition. The 

regulated nuclear entry of proteins required for cell division has been demonstrated 

for a variety of cellular proteins (reviewed in (162)). NES unmasking by 

phosphorylation has been proposed as a mechanism for such regulated nuclear entry. 

In addition, subtypes of the importin family are expressed differentially during the cell 

cycle. While MA phosphorylation has been proposed to regulate PIC nuclear entry 

(84, 85), several studies refute this (73, 78). It will be of interest to see if the PIC 

interaction occurs with particular import pathways that are sensitive to cell cycle 

regulation.
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7.4 Role of cytoskeleton in HIV-1 infection

The role of cytoskeletal components in retroviral infection has been increasingly 

recognised as important. Disruption of actin and tubulin networks has been shown to 

reduce HIV-1 infection (28). Binding of other retroviruses to cellular receptors has 

been shown to induce cytoskeletal rearrangements (121). The HIV-1 Nef protein 

interacts with cellular Rac-1 and cdc42 to activate PAKs, kinases involved in 

cytoskeletal functions (9, 66, 142, 147, 189). Cellular traffic is regulated by 

cytoskeletal interactions, and has been shown to be important for nuclear localisation 

of other nuclear replicating viruses such as adenoviruses (230) and herpesviruses 

(62, 217). Recent unpublished data, using a Vpr-GFP fusion incorporated into viral 

particles suggests that PICs travel along microtubules (T. Hope, unpublished). 

Macrophages and DCs require extensive cytoskeletal structures to carry out their 

normal physiologic functions (15). Activation induced rearrangements by FCS or 

during cellular maturation may represent an increase in permissivity to HIV-1 

infection, facilitating PIC cytoplasmic transit. As such, investigations into the role of 

these components in primary cells, especially regarding similarities with other viral 

systems will be of particular interest.

7.5 Genetic determinants of resistance to retroviruses

Genetic determinants that confer post-entry susceptibility have been known for many 

years in retrovirology. Most notable is the mouse Fvl gene that confers resistance to 

different strains of wild type MLV in inbred mice (225). Cloning of Fvl showed it to 

be an endogenous retroviral Gag protein, the low level expression of which prevented 

nuclear accumulation of viral DNA without affecting reverse transcription (19). The 

action of Fvl was related to a single amino acid change within the MLV CA protein 

(130), and demonstrated that even in oncoretroviral nuclear entry there were levels of 

regulation; infection was not as simple as passive diffusion into a mitotic nucleus. 

Recent studies have shown Fv7-like restrictions to MLVs in non-murine cells that 

have no identifiable Fvl homologue (240). It will be of interest to see if these 

restrictions are related to factors required by HIV-1 in non-permissive cells that give a 

similar phenotype, such as that presented in chapter 5 for monocytes.
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7.6 Cellular Factors that bind to HIV-1 PICs

Factors that directly interact with the PIC and affect HIV-1 infection are of great 

interest, not only for understanding of early events in lentiviral replication, but also as 

potential new drug targets. The chromatin-regulating factor SNF5 was cloned as an 

integrase interacting factor, INI-1 (112). It has been proposed that INI-1 along with 

several HMG family members are involved in the targeting of the PIC to 

transcriptionally active DNA (68, 102). Where the INI-1/IN interaction takes place is 

unknown, but a current theory is that HIV infection induces INI-1 egress from the 

nucleus, binding to IN and re-importation (D Trono, unpublished results presented at 

the European Society of Gene Therapy Conference, Stockholm, October 2000). 

Another recently cloned protein, VAN, was isolated as a MA-binding protein in a 

two-hybrid screen (96). This nucleocytoplasmic shuttling protein was shown package 

within viral particles and affect viral replication in a dose dependent manner. The role, 

if any, this protein has on viral infection is unknown. The requirement for such 

nucleocytoplasmic shuttling proteins for HIV-1 infection in primary cells can be 

investigated in our system.

7.7 Effect of producer cell of viral infectivity

One area that requires further investigation is the effect of the producer cell on viral 

infectivity, especially between virus/vector produced from transfected transformed 

cells such as 293T, and virions produced from chronically infected cells. The role of 

Vif has been described earlier, but other cellular factors may influence viral 

infectivity. Increasing ERK activity in producer cells has been shown to increase viral 

infectivity (268), and activated ERK was shown to be packaged into virions (107). 

Whether this is an artefact of overexpression in a transformed cell or functionally 

relevant remains to be determined. As with Vif, it may be that some cell types can 

also compensate for other accessory gene functions. The role of Vpr has been 

questioned in the light of its deletion from HIV-vectors, but one recent study 

suggested that cellular Hsp-70s could substitute for Vpr function and are highly 

expressed in transformed cells (1).
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7.8 Envelope mediated signalling and HIV-1 tropism

Monocytes have been shown to be susceptible to X4-using viruses in some in vivo 

studies however the number of infected monocytes in peripheral blood is low 

compared to that of CD4+ T cells (69). Monocytes express CXCR4, the level of 

which decreases during macrophage differentiation (249); concomitantly CCR5 

expression increases (245). Macrophages have been shown to be susceptible to R5 (5, 

55, 59), X4 (215, 249) and dual-tropic strains (269) by some groups, however others 

report post entry blocks to X4 replication (201). It will be of interest to assess if 

infection of monocytes by different HIV strains is also maturation dependent. In 

chapter 4 it was shown that YU2 (an R5 tropic envelope) pseudotyped NL4-3 virions 

displayed maturation dependence in monocyte infection, however reverse 

transcription of this vims was not assessed in monocytes. While monocytes express 

lower levels of CCR5 than macrophages, one interesting report showed that 

monocytes could fuse with NSI envelope expressing target cells, implying enough 

CCR5 was present to allow viral entry (131). However, viral replication in monocytes 

was not assessed. One attractive line of investigation would be to see what effect 

envelope-induced signalling has on HIV infection in monocytes and macrophages. 

Envelope-induced affects on target cells have been described for type C retrovimses. 

In MLV, for example, soluble envelope fragments can rescue a fusion mutant of 

MLV-A by pretreatment of target cells (132). Interestingly a similar mechanism 

induces T-tropism of Feline Leukaemia Vims through the action of a soluble envelope 

fragment of an endogenous vims (7).

The role of HIV-1 envelope-induced signalling is controversial. Gpl20 binding can 

initiate signalling from both CD4 (25, 175) and chemokine receptors (10, 53, 141) 

with the activation of ERKs, INK and p38 being reported (177). A primary target of 

gpl20 mediated signalling is the tyrosine kinase Pyk2, an upstream activator of 

MAPKs and INK from G-protein coupled receptors (53). However it has yet to be 

demonstrated whether this is functionally significant in viral infection. One interesting 

report showed that activation of MAPKs in T cells was involved in nuclear 

accumulation of X4-using vimses but not R5-using vimses (176). It will be of interest 

to investigate whether different viral strains induce signalling during entry into
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monocytes or macrophages, and what bearing any such signalling has on the 

permissivity of these cells to translocate the provirus to the nucleus. Studies such as 

these will be useful in the study of HIV-1 horizontal transmission of which 

predominantly occurs by NSI strains (69). Any studies of these mechanisms should 

also be applied to the role of Nef in this process. Nef regulates efficient Env 

incorporation (213) (but not for VSV-G interestingly (3)) and is packaged in virions. 

The role of Nef as a signal transducing protein, which can induce cytoskeletal 

rearrangements (see above), may have a role in potentiating local signalling events 

during viral entry. It should be noted that although VSV-G enters via endocytosis, this 

does not preclude signal activation by this protein. VSV, as well as HSV-1 has been 

shown to bind mannose receptors on APCs, mediating cellular activation and 

endocytosis, and implying pattern recognition receptors on APCs may be activated by 

viral glycosylation patterns (153). Studies on this area of virus/APC interactions may 

reveal common elements of subversion of APC function by monocytotropic vimses.

7.9 Applications of lentiviral-transduced APCs

For practical purposes, the results presented in previous chapters suggest more 

efficient methods for the transduction of human DCs. Promising results in clinical 

trials of DC-based vaccines have provided evidence that antigen modified DCs can be 

used to break tolerance against immunogenic tumours (143, 161). Should DC 

modification by viral vectors prove efficacious in clinical trials, the less culture of 

patient DCs that is required ex vivo the better. Efficient delivery to monocytes and 

subsequent DC differentiation will allow studies in to the state of differentiation that 

gives the highest in vivo responses. Also a combination of improved vectors 

containing a cPPT and WPRE with several rounds of transduction should allow even 

more efficient transduction with low MOIs of vector to minimise toxicity.

The long-term expression of lentiviral-encoded transgenes may be a distinct 

advantage in the generation and maintenance of long lived immune responses against 

tumour cells. It has already been demonstrated the virally transduced DCs are more 

potent generators of anti-tumour immunity than peptide-pulsed DCs (123). It will be 

of interest to compare lentiviral transduced DCs with those transduced by other
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vectors (e.g. adenoviral, adeno-associtated and herpesviral vectors), and also with 

naked DNA and RNA transfection (238), to see which methods of transduction are 

relevant for different clinical situations.
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List of Abbreviations

AIDS -  acquired immunodeficiency syndrome

APC -  antigen presenting cell

ATP -  adenosine triphosphate

CA -  retroviral capsid protein

CCR -  CC Chemokine Receptor

CD -  cluster of differentiation

CMV -  Cytomegalovirus

cPPT -  central polypurine tract

CTL -  cytotoxic T lymphocyte

CXCR -  CXC Chemokine Receptor

DC -  dendritic cell

DMEM -  Dulbecco’s modified Eagle medium

DNA -  deoxyribonucleic acid

DNase - deoxyribonuclease

dNTP -  deoxynucleotide

EFla - elongation factor 1 alpha

eGFP -  enhanced green fluorescent protein

ER -  Endoplasmic Reticulum

FACS -  fluorescent activated cell sorting

FCS -  foetal calf serum

gag -  retroviral group specific antigen gene

GDP -  Guanosine Diphosphate

GM-CSF -  granulocyte/macrophage colony

stimulating factor

GTP -  Guanosine Triphosphate

Gy -  Gray

HBSS -  Hanks buffered saline solution

HTV-l -  human immunodeficiency virus type 1

HTV-2 - human immunodeficiency virus type 2

HS -  human serum

IL - interleukin

IN - integrase

Kb - kilobase

KDa -  kilodaltons

LB- Luria broth

LTR -  long terminal repeat

MA -  retroviral matrix protein

MAPK -  Mitogen Activated Protein Kinase

MDM -  Monocyte-derived macrophage 

MHC -  Major Histocompatibility Complex 

MlPl-ct/P - Macrophage Inflammatory Protein 1 
alpha/beta

MLV -  murine leukaemia virus 

mRNA -  messenger RNA

M-tropic HTV-l -  a strain of HTV-l that replicates in 

macrophages

NC -  retroviral nucleocapsid protein

NFATc -  Nuclear Factor of Activated T cells

NLS -  nuclear localisation sequence

NPC -  Nuclear Pore Complex

NSl -  Non-syncytium inducing

PBMC - peripheral blood mononuclear cell

PBS -  Phosphate Buffered Saline

PCR -  polymerase chain reaction

PEG 8000 -  polyethylene glycol with an average

molecular weight of 8000 daltons

PEI - Polyethylenimine

PIC -  preintegration complex

pol -  retroviral polymerase gene

PR -  retroviral protease

Psi (v) -  retroviral packaging sequence

R5 -  a strain of HTV-l that utilises CCR5 as its major

co-receptor.

RANTES - Restricted on Activation Normal T Cell

Expressed and Secreted

RNA -  ribonucleic acid

RNase - ribonuclease

RPMl -  Roswell Park Memorial Institute

RRE -  Rev responsive element

RSV- Rous Sarcoma Virus

RT -  reverse transcriptase or room temperature in the 

context of describing experimental procedures.

SDS- sodium dodecyl sulphate 

SEM -  standard error of the mean 

SI - syncytium inducing

SU -  surface subunit of a retroviral envelope protein 

SV40 -  Simian Vacuolating Virus 40 

TAE -  Tris-Acetic Acid-EDTA buffer



TAP -  transporter associated with antigen 

presentation

TAR -  Tat Activating Region 

TB -  Terrific broth 

TE-Tris-EDTA buffer

TM -  transmembrane subunit of a retroviral envelope 

protein

tRNA'̂ ® -  transfer RNA molecule specifying for the

amino acid lysine

Vif -  Viral Infectivity Factor

Vpr -  Viral Protein R

Vpu - Viral protein U

VSV-G -  surface glycoprotein of vesicular stomatitis 

virus

WPRE -  woodchuck hepatitis virus post- 

transcriptional regulatory element 

X4 -  a strain of HIV-1 that utilises CXCR4 as its 

major co-receptor


