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ABSTRACT

Retroviral vectors based on Amphotropic Murine Leukaemia Virus (A-MLV) are widely
used for gene transfer into human haemopoietic stem cells (HSCs) as they can stably
integrate the gene of interest into the genome of the target cell, resulting in transfer of
the gene to all the progeny of that cell. Unfortunately, the efficiency of gene transfer
(assessed by long term reconstitution with transduced cells) has been very low -
typically <1%. The cell-surface receptor, Glvr2, is an essential requirement for the
binding and entry of A-MLV, and previous studies suggest that it may have an

important role in determining transduction efficiency.

In order to test the hypothesis that Glvr2 expression is a key limiting factor in the
transduction of human HSCs with A-MLV-based vectors, 1t was necessary to set up a
number of assays and experimental systems. A virus binding assay, which gave an
indirect measure of receptor number, showed that the level of binding to CD34+ cells
was low and difficult to upregulate. We then developed a system in Chinese Hamster
Ovary cells in which receptor number could be manipulated independently of other
factors. Transduction efficiency proved to be dependent on receptor number and
comparison of the level of virus binding to the CHO system clones and peripheral
blood-derived CD34+ cells allowed us to infer that a viral vector with a titre of 10°
infectious units per ml would, when used to transduce CD34+ cells, have an effective

titre of <10” infectious units per ml.

The conclusion that Glvr2 expression is likely to be a major limiting factor in this
context has important implications for the design of future gene therapy protocols. This
limitation could be circumvented by improved vector design either through increasing
vector titre or by engineering vectors to make use of cell-surface receptors other than
Glvr2.
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1.0 INTRODUCTION

Advances in molecular genetics over the past 30-40 years have provided ever deeper
insights into the molecular mechanisms of disease and resulted in many new therapeutic
strategies. The term Gene Therapy is used to describe approaches which aim to
achieve a clinically therapeutic effect by the transfer of a gene or genes into a target cell,
tissue or organ.

Haemopoietic stem cells (HSCs) are good targets for gene therapy experiments for a
number of reasons. Firstly, they are long lived so that successful gene transfer could in
theory result in expression of the protein of interest for the lifetime of the individual.
Secondly, since HSCs have the potential to differentiate into many different lineages, a
wide variety of disorders could be treated by gene transfer into this population of cells.
Finally, bone marrow and blood stem cell transplantation is already well established
clinically and techniques for ex-vivo enrichment of stem cell populations have been

developed providing a ready opportunity for clinical gene transfer experiments.

The encouraging results obtained in murine studies using disabled retroviral vectors led
to a number of clinical studies of gene transfer in humans. Early studies used the
transgene as a marker to answer questions about the biology of haemopoiesis and bone
marrow transplantation whilst subsequent ones targeted single gene defects or aimed to
modulate cellular function to assist in the treatment of infectious disease or cancer. The
initial results in humans have been very disappointing however, prompting Harold
Varmus of the US National Institutes of Health (NIH) to propose that, “.... greater
focus on basic aspects of gene transfer and gene expression within the context of gene
transfer approaches, is required ... to address important biological questions and

2

provide a basis for the discovery of alternative treatment modalities ...”. Despite initial

setbacks, they still acknowledge that, *“ Somatic gene therapy ... offers extraordinary

potential, in the long term, for the management and correction of human disease ...
(Orkin & Motulsky, 1995).

It is clear that the inefficiency of gene transfer observed in these early clinical studies is
related to the biology of both the gene transfer vectors and the target cells of the
haemopoietic system. The work described in this thesis explores the first step in gene
transfer using these agents, that of retroviral binding to target cells. This introductory

chapter will outline the biology of the haemopoietic system and of gene transfer vectors.



1.1 THE HAEMOPOIETIC SYSTEM AS A TARGET FOR GENE
THERAPY

1.1.1 The biology of haemopoiesis

Haemopoiesis is the term used to describe the process by which the many different
types of blood cells are produced from an unknown number of pluripotent, self-
renewing ‘stem cells’. In adult humans, these cells are located mainly in the bone
marrow which is also the site of much of haemopoiesis. Production of differentiated,
mature cells requires that the progeny of stem cells become more irreversibly committed
to specific lineages with each division (Metcalf, 1989). The first major step is
commitment to either the myeloid or the lymphoid lineage (see Fig 1.1). Cells are more
readily identified by their morphology, the further along the differentiation pathway
they progress and the more mature they become. They can also be identified by virtue
of their biochemistry, functional capability and the presence or absence of a number of
marker molecules from the CD series (cluster of differentiation). The subset of cells

bearing the CD34 marker is thought to contain stem cells (see discussion below).

The differentiation and proliferation of haemopoietic cells is regulated - at least in part -
by a group of molecules known as haemopoietic growth factors (HGFs). These
stimulate the proliferation of progenitors and initiate the maturation events necessary to
produce fully mature cells. Whether growth factors alone can inititiate the process of
differentiation or merely act in support once commitment has been made remains a
contentious issue (Kaushansky, 1998). HGFs interact specifically with receptors
expressed on target cells thereby influencing a number of cellular processes including
survival, proliferation, differentiation and activation of mature cells. HGFs are
produced by various haemopoietic cells and other cell types, including stromal cells and
epithelial cells. A combination of Interleukin-3 (IL-3), Interleukin-6 (IL-6) and Stem
Cell Factor (SCF) has been found by several groups to induce cycling in a proportion
of peripheral blood-derived CD34+ cells (Leary et al., 1992; Williams et al., 1997).

1.1.2 Assays of haemopoietic cells including stem cells

Many assays are available for measuring different but overlapping haemopoietic cell
populations at different stages of the differentiation pathway (Fig 1.2) (Linch & Watts,
1996). Allin vitro assays, however, measure committed progenitor cells which are at
best only surrogate markers of the stem cell. If the aim is to directly assay stem cells or
gene transfer into this population, in vivo assays are required since stem cells are

defined by their ability to repopulate and produce cells of all haemopoietic lineages in
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their host in the long term. Immune-deficient mice with severe combined immune
deficiency (SCID) or nonobese diabetic/SCID mice (NOD/SCID) (Shultz et al., 1995)
provide such a system for measuring the repopulating capacity of human stem cells and
are invaluable for measuring the efficiency of gene transfer into human haemopoietic
stem cells.

LTRC
CAFC/LTCIC/PA3

HPP-CFC.BL-CF/CFU-S

B
CFU-Mix I

BFU-E

——

GM-CEFC

GM -Clusters
Stem Cell/Progenitor Cell Hierarchy —l

CFU-E

—

Figure 1.2 LTRC=long term repopulating cell (in vivo); CAFC=cobble stone area
forming cell; LTCIC-long term culture initiating cell; PAs (delta assay)=plastic adherent
cels giving rise t CFC; HPP-CFC=high proliferation potential-colony forming cell; BL-
CFC=blast cell-colony forming cell; CFU-S=spleen-colony forming unit (in vivo);
CFU-Mix=colony forming unit-mixed lineage; BFU-E=burst forming unit-erythroid;
GM-CFC=granulocyte/monocyte-colony forming cells; GM-clusters =
granulocyte/monocyte clusters; CFU-E=colony forming units-erythroid. Taken from
(Linch & Watts, 1996).

1.1.3 The identity of the stem cell

Although a cell surface marker unique to stem cells has yet to be discovered, there are
markers that are shared by stem cells and more committed progenitor cells. The most
widely studied is the CD34 antigen which is present on 1-3% of bone marrow cells and
is detected in vitro on primitive progenitors such as LTC-IC and HPP-CFC (Civin ez
al., 1984). Cells selected from bone marrow with an anti-CD34 monoclonal antibody
are capable of rescuing lethally irradiated baboons (Berenson et al., 1988). In humans,
both autologous and allogeneic stem cell transplant procedures are regularly performed
using purified CD34+ cells and result in engraftment identical to unfractionated
products (Watts et al., 1995). The CD34+ CD38- fraction, which accounts for <5% of
CD34+ cells, is capable of long term, multilineage engraftment in NOD/SCID mice
(Dick et al., 1997).



Recent studies have identified a CD34 negative, lineage negative (Lin-) population
which 1s also capable of long term, multilineage engraftment in NOD/SCID mice
(Bhatia et al., 1997). The CD34-Lin- cord blood cells gave rise to both T and B cells as
well as all myeloid lineages. The presence of human T-cells is unique to CD34- Lin-
cells and was not detected in mice transplanted with CD34+ CD38- cells. Cell surface
analysis revealed that these cells are HLA-DR/Thy-1 negative and heterogeneous for
CD38 and c-kit expression. Similar results have been obtained using the human/sheep
xenograft model (Zanjani et al., 1997). CD34+ cells and multilineage engraftment were
detected in animals transplanted with CD34- cells suggesting that this fraction contains a

population of cells capable of giving rise to CD34+ cells in vivo.
1.1.4 Sources and purification of stem cells

Stem cells can be 1solated from bone marrow (BM), peripheral blood (PB) or umbilical
cord blood (UCB). The CD34+ fraction - the subset that contains stem cells - is
isolated using a monoclonal antibody that recognises the CD34 antigen. The antibody
may be attached to small magnetic beads allowing purification of the target population
with a magnet or conjugated to biotin, allowing affinity-purification on a streptavidin
column. This procedure is performed during gene therapy protocols to reduce the
number of cells in the target population and in some cases to lower the risk of gene

transfer to contaminating tumour cells.

The frequency of haemopoietic stem cells is greatest in UCB, lower in normal BM and
lower still in mobilised PB from normal donors (Wang et al., 1997). NOD/SCID
models show that there is approximately 1 human SCID repopulating cell (SRC) in 10°
UCB cells, 1 in 3x10° BM cells and 1 in 6x10° PB cells. These frequencies are much
lower than those estimated by the LTC-IC and CAFC assays demonstrating that
different assays measure different populations and that even stem cells may be part of a

heterogeneous compartment of cells.
1.1.5 Theoretical aspects of HSCs as targets for gene therapy

The process by which haemopoietic stem cells (HSCs) self-renew and proliferate has
important implications for gene therapy. Gene transfer with retroviral vectors requires
that the target cells be actively cycling. Absolute figures regarding the frequency at
which individual human HSCs divide are not available, however it is generally accepted
that the majority of HSC have a very low turnover rate and/or extended G, cycle phase.
The results of computer modelling based on feline transplantation studies indicate an

interval of 21 days between divisions in feline HSCs in vivo (Abkowitz et al., 1990).
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CD34+ cells from mobilised human peripheral blood are found to be in the G, phase of
the cell cycle when isolated but can be driven into cycle by addition of growth factors
invitro (Williams et al., 1997). A proportion of cells in liquid culture had entered G,
within 8 hours of the addition of IL-3, IL-6 and SCF (10ng/ml) and S-phase within
about 48 hours.

Another important consideration is what proportion of HSCs are contributing to
haemopoiesis at a given time, particularly if, as at present, it is only possible to
transduce a small percentage of the target cell population. Evidence from large animal
transplantation studies suggests that haemopoiesis 1s maintained by the sequential
activation of stem cell clones and at any given time, that there is a large reserve
compartment that does not contribute (Abkowitz et al., 1990). Computer gene transfer
simulation studies that modelled cat haemopoiesis over 100 weeks using parameters
gained from experimental studies and assuming that haemopoiesis is a stochastic
process (Abkowitz et al., 1997) enabled 3 main predictions to be made:

1. When <30 HSCs were transplanted, stochastic differentiation resulted in an
inconsistent contribution of marked clones over time.

2. Larger numbers of HSCs (which would be more difficult to transduce with high
efficiency) resulted in intermittent and low-level transduction.

3. If gene transfer gave the HSC a greater than 2-fold survival or proliferation
advantage, haemopoiesis was eventually dominated by marked clones in most

experiments.

The second prediction is consistent with observed results but the other two have yet to
be tested. These data suggest that gene transfer to as high a proportion of HSCs as
possible is essential.

1.1.6 Haemopoietic stem cells as targets for gene transfer

The haemopoietic stem cell is thus, in many ways, an attractive target for gene therapy
for the reasons outlined above, notably that it is long-lived, pluripotent and relatively
accessible. A number of clinical trials have already been conducted in this field and
these fall into three main categories: marking studies, correction of inherited defects and

attempts to modulate cell function.



(1) Marking studies

Gene transfer has been used for gene-marking studies which have allowed a number of
biological issues in bone marrow transplantation to be addressed. Studies on the source
of relapse after autologous stem cell transplantation for AML (acute myeloid leukaemia)
and CML (chronic myeloid leukaemia) have definitively shown that marrow harvested
in apparent clinical remission can contribute to disease relapse (Brenner et al., 1993,
Deisseroth et al., 1994). Gene marking has also been used to demonstrate that
peripheral blood stem cells can contribute to long term recovery after high dose therapy
for myeloma (Dunbar et al., 1995).

(i) Correction of inherited defects

Conditions that result from single gene defects are obvious candidates for gene therapy
and include Adenosine Deaminase (ADA) deficiency, Gaucher’s disease, Fanconi’s
anaemia, Hurler’s syndrome and chronic granulomatous disease (CGD), which are all
caused by the absence of specific enzymes. In addition, gene transfer of globin
products has the potential for correcting the defects in sickle cell disease and beta
thalassemia. Successful gene transfer into a sufficient number of stem cells could
theoretically result in life-long expression of the transferred gene in a significant
proportion of blood cells. Restoration of wildtype levels of expression is not
necessarily required for a therapeutic cffect. The use of heterologous promoters may

also allow expression of the gene of interest to be restricted to a given cell.

(1i1) Modulation of cell function in cancer and infectious disease

There are several ways in which gene transfer might be used in cancer therapy. Genes
can be introduced into cancer cells either to facilitate their killing or to normalise their
growth. In addition, genes can be added to tumour cells in an attempt to enhance the
immune response to them. Alternatively, drug resistance genes can be added to bone
marrow cells to allow higher doses of chemotoxic drugs to be used without
myelotoxicity.

The approaches being used to kill tumour cells include adding genes that (a) are tumour
suppressor genes (b) encode anti-sense or ribozymes to oncogenes (c¢) induce drug

sensitivity in tumours and (d) improve the immune response to tumours.

For example, addition of the tumour suppressor genes p53 and retinoblastoma (Rb) to
tumour cells in culture can reverse the malignant phenotype (Demers et al., 1998; Ko et
al., 1996). The effects of oncogene products such as ber-abl (associated with chronic
myelogenous leukaemia) and bcl-2 (lymphoma) can be inhibited in culture by addition

of anti-sense oligonucleotides or ribozymes (Mackana et al., 1995). Anti-sense

2



molecules work by preventing RNA translation whilst ribozymes destroy the targeted
RNA molecules. Another approach is the use of suicide genes. These make tumour
cells sensitive to killing by subsequent administration of a prodrug. An example is the
herpes virus thymidine kinase (HSVTK) gene which converts the prodrug gancyclovir
into a cytotoxic product. Attempts to generate an enhanced immune response to
tumours include transfer of cytokine genes and genes for co-stimulatory molecules such
as B7.1 into tumour cells (Colombo & Farni, 1994). Such ‘tumour vaccines’ have
successfully eradicated existing tumours in mouse models and several human clinical

trials using this approach are underway.

Gene transfer can also be used to protect haemopoietic progenitors in the bone marrow
from the toxic effects of chemotherapy. The human multiple drug resistance (MDR)
gene has been widely used for this purpose and its product - P-glycoprotein - confers
resistance to several classes of chemotherapeutic agents including anthracyclines, vinca
alkaloids, podophyllins, and taxol and its derivatives (Richardson et al., 1995). Murine
haemopoietic cells expressing human MDR can be positively selected with post-
transplant taxol (Sorrentino et al., 1992) indicating that the proportion of cells carrying
the transgene can be increased by drug treatment. A number of other drug resistance
genes such as dihydrofolate reductase (Flasshove er al., 1998) and methylguanine
methyltransferase (Rafferty et al., 1996) have also been used.

Current gene therapy protocols for HIV (Human Immunodeficiency Virus) infection
involve retrovirus-mediated transfer of anti-retroviral genes into CD34+ haemopoietic
progenitor cells ex vivo and aim to reconstitute the immune system with cells that resist
HIV infection. The antiviral genes used are antisense molecules (prevent translation of
target RNA) and ribozymes (cleave specific sites in target RNA). Retroviral-mediated
transfer of ribozymes targeting the LTR and env genes of HIV to Rhesus macaque cord
blood-derived CD34+ cells conferred viral resistance to both the T cells and

macrophage progenies (Poeschla et al., 1996).



1.2 GENE DELIVERY SYSTEMS

1.2.1 Introduction

Getting DNA into a cell is relatively easy, but introducing DNA 1n a stable, inheritable
form, from which controlled expression can be achieved without damaging the target
cell is not so easy. Table 1.1 gives a summary of the currently available methods for

gene delivery.

e S

Type of Method ~ Method
Chemical " calcium phosphate
Physical electroporation
micro-injection
ballistic
Biological liposomes
artificial chromosomes
Viral retroviruses

DNA viruses

SRR AR S R

Table 1.1 Methods of gene delivery.

All these methods, with the exception of viral vectors, are principally effective in cell
lines. Primary cells, particularly primary haemopoietic cells, cannot be transfected to
any useful degree using currently available, non-viral methods. The only two methods
that have the potential to integrate the DNA into the host genome are retroviruses and
adeno-associated viruses (AAVs). Retroviral vectors based on Moloney Murine
Leukaemia Virus (MoMLV) are the best characterised and most widely used currently
for gene transfer into HSCs. The chemical and physical methods are used for research
purposes but cause too much damage to cells to be useful in a clinical setting. Gene
transfer to epithelial airway cells has been achieved with DNA-liposome complexes but
expression has been disappointingly short-lived. Human artificial chromosomes are
still under development.

1.2.2 Viral vectors
(1) The properties of viral vectors

Viral vectors, in which a recombinant genome replaces the viral structural genes, are the

most widely used delivery systems at present. Table 1.2 shows the properties of



different viral vector types. Depending on the application, some vectors will be better

suited than others. Vector integration allows the transgene to be stably inherited and

passed on to all the progeny of transduced cells. Capacity is important for large cDNA

molecules and when internal promoter regions are to be included in the vector.

The

requirement, of some vectors, for cell proliferation is prohibitive if the target population

is quiescent. Deletion of structural genes necessitates the use of helper packaging cells,

and the issues of helper virus contamination and pathogenicity are important when

designing clinical protocols.

efficiency of gene delivery in vivo and the persistence of transgene expression.

“"Murine Adeno-
retrovirus Associated

Property (MLV) virus (AAV)
Titre/ml 10°-10’ 10°-10"
Genome RNA ssDNA
Integration Yes Sometimes
Insert size/kb 6-7 2-4.5
Cell Requires Prefers
Proliferation mitosis S phase
Helper virus Rare Common
contamination
Wildtype Potentially  Not
virus dangerous  pathogenic
pathogenicity
Host Minimal ?
response

AL

R T R T U R S

Table 1.2 Properties of viral vectors.

R T, SR R AR e FELT I A T N

Finally, the host immune response can determine the

Adenovirus ~ Herpesvirus HIV-1

10"-10" 10%-10"° 10%-10°

dsDNA dsDNA RNA

No No Yes

7-36 10-100 ?

Not required  Notrequired  Not
required

No Varies ?

Mild Varies Danger

pathogen ous

Immunogenic  ?(latency) ?

&

inflammatory

(Abbreviations: ss=single-stranded; ds=double-stranded)
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The ideal vector for haemopoietic stem cells would have a high titre, integrate
efficiently, package large inserts, infect non-dividing cells, produce no helper virus,
and elude the host immune response. Reference to Table 1.2 shows that none of the
presently available vectors fulfils all these criteria. The crucial property is integration,
so that the transgene is passed on to all progeny cells. Only MLV, AAV and HIV-1 are
able to efficiently and reliably integrate into the host cell genome. At present, vectors
based on Moloney MLVs are the best characterised and most widely used in clinical
studies. These are the focus of this thesis and the biology of MLVs and MLV-based

vectors will now be covered in detail.

1.2.3 Murine Leukaemia Viruses

(1) Classification of retroviruses

Historically, retroviruses were usually divided into three subfamilies based on their
pathogenicity: the Oncovirinae, the Lentivirinae and the Spumavirinae (see Table 1.3).
They can also be classified further on the basis of other properties such as virion
structure (types A-D) or utilisation of a particular receptor (Coffin, 1990). On the basis
of sequence analysis however, it has recently been proposed that the three subfamilies
be abolished, since the genera within the Oncovirinac are no more closely related to
each other than they are to the Lentiviruses or the Foamy viruses.

SubTamily T G amte
Oncovirinae ~ Avian leukosis-sarcoma  Rous sarcoma virus
Mammalian C-type Moloney murine leukaemia
virus (MoMuL V)
B-type viruses Mouse mammary tumour
virus (MMTV)
D-type viruses Mason-Pfizer monkey
virus (MPMYV)
HTLV-BLV group Human T-cell leukaemia
virus (HTLV)
Lentivirinae Lentiviruses Human immunodeficiency
virus (HIV)
Spumavirinae Foamy viruses Simian foamy virus (SFV)

B R P L oaerd e L i ST SIS S e S e et aL T e

Tablel.3 Classification of retroviruses



Viruses originally isolated as tumour-inducing agents are placed in the subfamily
Oncovirinae, which contains 5 groups that are not closely related to one another. The viral
gene transfer vectors that are most widely used at present are based on Moloney murine
leukaemia virus (MoMuLV), a mammalian C-type retrovirus that causes T-cell lymhoma in
mice. This group has a simple genome that contains only the gag, pol and env genes, and
many oncogene-containing isolates are known. The human genome contains related,
defective endogenous proviral sequences, however no replicating human viruses of this

type have been isolated.

The different classes of murine viruses enter cells via specific receptors and can be
classified on the basis of the species distribution of these receptors; amphotropic and
polytropic virus receptors are found on both murine and non-murine cells (including
human cells), ecotropic virus receptors are found only on murine cells (and rat cells) and

xenotropic virus receptors are found on the cells of most species except mice.

Cells infected by retroviruses are almost completely resistant to infection by viruses that use
the same receptor as the original infecting virus, but are completely susceptible to infection
by viruses using a different receptor: a phenomenon known as inferference. This is
thought to be due to an interaction between the env protein of the original virus and the
receptor. The level at which this interaction occurs is unknown. It is this phenomenon that
has permitted the classification of the murine retroviruses by receptor usage, as outlined
above. Assignment of the polytropic and amphotropic viruses to different groups despite
their identical host range is based on their failure to interfere with one another which

implies that they use distinct receptors.

The subfamily Lentivirinae contains viruses responsible for a variety of neurological and
immunological diseases. Human Immunodeficiency Virus (HIV) and related viruses belong
to this group. The genomes of these viruses contain a complex combination of genes in

addition to gag, pol and env.

The foamy viruses are the least well characterised of the retroviruses and they are not
associated with any known diseases at present.

(i1) Virion structure

The structural organisation of retroviruses was elucidated with the aid of electron
microscopy. Each viral particle has at its centre an icosahedral core which contains the
double-stranded RNA genome plus viral enzymes (reverse transcriptase, integrase and
protease) and is surrounded by a capsid. The core is enclosed by the envelope - a

phospholipid bilayer the surface of which is coated with proteins that mediate the
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interaction between each virion and its target cell. Complete intracellular forms of c-
type retroviruses are not typically observed. Budding and assembly seem to occur
simultaneously and the first visible forms are crescent-shaped patches at the site of
budding. Freshly budded forms have hollow nucleocapsids whereas mature forms

have a central, electron-dense structure which results from condensation of the core.

Genome organisation

Retroviruses have a diploid , dimeric RNA genome which includes the following, from
5 to 3: the m’ Gppp capping group, the primer tRNA, the coding regions, the m,A
residues and the 3 poly(A) sequence (Fig 1.3). Two RNA molecules of identical
sequence are associated at numerous points along their length. The capping group is
added to the 5§ end during synthesis by the cellular transcription machinery and is
thought to be important for translation. All retrovirus genomes contain a run of about
200 A residues at their 3 end. It is unclear however whether poly(A) addition is a
necessary feature of retroviral genomes or simply reflects their mode of synthesis. A
sequence located 100-500 bases from the 5’ end of the genome acts as a binding site for
a single molecule of tRNA (Pro or Glu for mammalian c-type retroviruses). This tRNA
molecule is the primer which the viral reverse transcriptase uses to initiate DNA
synthesis.

Cis-acting regions

Almost all of the non-coding regions in retroviral genomes are located in the terminal
regions (Fig 1.4). The primary internal ones are the splice acceptor sites used to form
the different mRNAs. Copies of the R sequence are found at both the 5° and 3’  ends of
the molecule and are involved in reverse transcription. The US5 region is the first to be
copied during RT and becomes the 3 end of the LTR. It is thought to have roles in
several processes including initiation of RT, integration and packaging of viral RNA.
The primer binding site (PB) is 18 nucleotides long and binds the tRNA that initiates
DNA synthesis during RT.

The leader sequence is an untranslated region between PB and the start of gag. It
contains the donor site for generation of spliced subgenomic mRNAs as well as a
packaging signal (W) which specifies incorporation of the genome RNA into virions.
After a short 3’ untranslated region is the polypurine tract. This consists of a run of at
least 9 A and G residues and contains the initiation site for synthesis of the positive
strand of viral DNA. The U3 region lies between this and the 5 copy of R. It forms
the § portion of the LTR and in the DNA form contains several signals required for
virus replication. At the 3 end is a signal recognised by the integration machinery as

well as canonical consensus sequences that are similar to eukaryotic promoters. U3
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Figl.3 The retrovirus genome. The dimeric RNA genome
includes the following , from 5' to 3": the m7Gppp capping group,

the primer tRNA, the coding regions, the m6A residues (m) and
the 3' poly(A) sequence.



ends up at the 5’ end of the provirus, and contains signals recognised by the cellular

transcriptional machinery that are responsible for transcriptional control.

R US PB Leader PP U3 R
\ ’// gag pol env | //
11l
m7GpppGm +—1— } } H-4—A

AAAA.

Fig 1.4 Organisation of the coding and non-coding regions of the retrovirus genome.

Coding regions

The c-type group of retroviruses require only the gag, pro, pol and env genes and their
products to perform all the virus encoded roles necessary for replication. At the 5’ end of
the coding region is the gag gene. This codes for a polyprotein that is subsequently cleaved
to yield 3-5 capsid proteins. The 3 invariant proteins are the matrix (MA), the capsid (CA)
and the nucleic-acid-binding (NC) proteins. C-type viruses have 2 additional cleavage
products, pl0 and pl2, of unknown function. The pro gene encodes the protease (PR)
responsible for cleavage of the gag and pol polyproteins and is in the pol frame. The pol
gene encodes two activities needed early in the infection process: the reverse transcriptase
(RT) and the integrase (IN) required to insert viral DNA into the host genome. Both pol
and pro are not strictly distinct genes. They are translated only when occasional slips of the
translation machinery cause the preceeding gag termination codon to be bypassed. The
env gene encodes a precursor molecule that is cleaved to give the two envelope
glycoproteins. The surface protein (SU) is responsible for recognition of cell surface

receptors and the transmembrane protein (TM) anchors the complex to the viral envelope.

The capsid

The structure of the capsid is not fully determined. It contains the RNA, the NC protein,
some of the RT activity and the CA protein. The NC protein is associated with the RNA
and contains a motif resembling the zinc-finger domains found in several DNA-binding
proteins. The CA protein is hydrophobic and forms the core shell of the virion. The MA

protein is linked to the internal face of the viral envelope via a terminal fatty acid group.

Virion enzymes
The enzymatic activities in virions are the products of the pro and pol regions. The pol
product is cleaved by the virion protease to give the amino-terminal RT peptide and the

carboxy-terminal integrase (IN) protein. RT contains the activities necessary for DNA
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synthesis (including RNA and DNA-directed DNA polymerase and ribonuclease H). In
MLV these are present in separate, non-overlapping domains. The polymerase uses a
tRNA molecule as primer for synthesis of the first (negative) strand and a nick in the
polypurine tract for the second (positive) strand. The Rnase H activity selectively
degrades the RNA from an RNA-DNA hybrid molecule as DNA synthesis proceeds.
The MLV IN protein binds specifically to the att site at the end of linear viral DNA and
is likely to be involved in the integration step of the viral lifecycle. Mutations affecting
its structure block viral replication. The PR protein is responsible for the cleavages that
separate gag and pol from one another and is probably a dimer in its active form.
Specific sites of cleavage are defined by both primary sequence and other structural

conditions.

The envelope

The envelope is composed of two polypeptide chains which are initially expressed as a
precursor. This undergoes extensive processing during transport to the cell surface
including cleavage of the signal peptide, addition of N- and O-linked glycans and
cleavage by a cellular protease. The two components are held together by disulphide
bonds and non-covalent interactions (Fig 1.5A) and there is good evidence that env
exists as a trimer at the virion surface (Fass & Kim, 1995). The larger SU (gp70)
protein contains the receptor binding function (Heard & Danos, 1991) and is heavily
glycosylated with both N- and O-linked polysaccharides. The smaller transmembrane
(TM or p15E) protein serves to anchor SU in the membrane. The association between
the subunits is tenuous and loss of SU, particularly during purification is common. An
SU N-linked glycan known as gs4 has been shown to be important for the stable
interaction of SU with TM in the post-cleavage Env complex (Li et al., 1997).

TM has 3 domains. It is attached to SU via an external domain that has at its amino
terminus a hydrophobic region termed the fusogenic peptide that is probably
responsible for fusion (Jones & Risser, 1992). Another significant feature is a leucine
zipper-like motif located next to the C-terminus of the fusion peptide. This permits
homomeric interactions between TM molecules which can be abolished by introduction
of mutations (Li et al., 1996). Mutations within the eqivalent region of HIV typel
disrupted fusion during viral entry suggesting that TM may bring multiple fusion
peptides together to form fusogenic structures (Dubay et al., 1992). A string of 20-25
exclusively hydrophobic amino acids spans the membrane and is followed by a short
cytoplasmic domain. After virus particles are released from cells, the last 16 residues of
this domain (the R peptide) are removed by the viral protease. When cells expressing
truncation mutants of Env are co-cultivated with NIH3T3 cells they cause membrane

fusion and mutant virions in which the R peptide cleavage site has been destroyed have

29



N

N
/" $39 1
l "
3 M>E
(?
4 6
$% % &:

+@ @9

[ A



very low specific infectivity (Rein et al., 1994). These observations suggest that the R
peptide inhibits the fusion activity of env until the virus has left the cell. The C-terminal
half of SU is also involved in fusion (Nussbaum et al., 1993) as is the proline-rich
‘hinge’. Mutations in the proline-rich region hinder ~ fusion, most likely through altered
glycosylation (Andersen, 1994).

The current model of retroviral entry proposes a steric protection of TM by gp70. On
interaction of SU with the receptor, a conformational change is triggered in the

associated TM domain that leads to the adoption of a fusogenic conformation.

The surface glycoprotein (SU) can be divided into a variable N-terminal end and a
conserved C-terminal end linked by a variable proline-rich and probably flexible region.
Functional dissection of SU using substitution and truncation mutants has allowed
identification of the domain(s) responsible for receptor recognition (Fig 1.5B).
Construction of modified envelopes has proven difficult suggesting that the entire
gp70/TM structure is very sensitive and will only allow alterations that maintain a
relatively precise tertiary structure. Even envelope proteins that are very similar have a
limited ability to exchange sequences and chimeric envelopes are often deficient in
processing (cleavage of the precursor gPrEnv into the two subunits), transport of
gPrEnv from the ER to the Golgi Apparatus or association with cellular membranes.
The interaction of MuLV particles with subgroup specific receptors depends primarily
on two variable regions (VRA and VRB). VRA has been shown to have the dominant
role in receptor choice whilst VRB has an accessory role (Battini et al., 1992; Morgan et
al., 1993; Ott & Rein, 1992). Battini et al used specific restriction sites to make
chimeras among amphotropic, xenotropic and polytropic envelope proteins. Ott and
Rein used a similar strategy with chimeras composed of amphotropic, 10A1 and
xenotropic envelope proteins. A more detailed study, aimed at identifying the minimal
receptor binding domains, in which 6-15aa segments of VRA and VRB were replaced
with an 11aa tagging epitope (from the VSV-G protein) identified a 14aa stretch within
VRA that appears to be the main determinant of receptor interaction. Interference
assays, binding studies and infection of target cells indicated that this potential loop-
forming structure is essential for receptor recognition and is likely to contact receptor
molecules directly (Battini et al., 1998).
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incoming viral systems but once integration is complete, the remaining steps are
performed by cellular machinery.

Retrovirus receptors

Murine c-type retroviruses can be classified on the basis of the species they infect :
ecotropic viruses can infect only rodent cells, xenotropic viruses can infect the cells of
most species except mice and amphotropic viruses can infect murine and non-murine
cells including human cells. Each group uses a distinct cell surface receptor for
recognition and entry and the species distribution of these receptors determines the host
range of each group. The specificity of receptor use is a result of the specific interaction

between each viral envelope protein and its cognate receptor.

Human cells have been characterised as having at least eight distinct receptors for
retroviruses (Sommerfelt & Weiss, 1990). Of these, three have now been cloned : the
receptor for human immunodeficiency virus (HIV), a lentivirus (Maddon et al., 1986),
as well as the receptors for gibbon ape leukaemia virus (GALV) and amphotropic
Moloney murine leukaemia virus (MoMuL.V), both c-type retroviruses (O Hara et al.,
1989; van Zeijl et al., 1994).

The receptors for amphotropic MoMuLV (the human and rat forms are known
respectively as Glvr2 and Ram-1) and GALV (Glvr-1) are part of a family of retrovirus
receptors whose normal function is as sodium-dependent phosphate transporters. Each
was 1solated by virtue of its ability to permit infection of otherwise nonpermissive cells
by the appropriate virus (Miller et al., 1994; O Hara et al., 1989; van Zeijl et al., 1994).
Their function was discovered because of their homology to pho-4+, a phosphate
permease of Neurospora crassa (Johann et al., 1992). The gene family is widely
distributed in many tissues including brain, kidney heart, liver, muscle and bone

marrow.

The receptor for ecotropic MoMuLV (Recl, also known as EcoR, MCAT, ATRCI1 and
CAT1) appears to be distinct from this family as it has no obvious sequence homology

at the amino acid level and functions as a cationic amino acid transporter (Albritton et
al., 1989).

The receptor used by HIV, the CD4 antigen, is similar to that used by a number of other
viruses in that it is a member of the immunoglobulin superfamily. Human CD4 is
sufficient for binding HIV-1 to cells but not for viral fusion and entry. A family of

seven-transmembrane domain chemokine receptors including CCRS and CXCR4 have



been shown to act as accessory factors to allow productive infection (Deng et al., 1996;
Dragic et al., 1996). The structural resemblance between the HIV-1 co-receptors and

the Glvr2 receptor family may be of functional significance.

Glvr2: the human receptor for amphotropic MLV

The ¢cDNA for the human amphotropic MLV receptor was isolated by virtue of its
ability to permit entry of A-MLV into otherwise non-permissive cells (van Zeijl et al.,
1994). The receptor was named Glvr2 (Gibbon ape leukaemia virus receptor 2)
because of its homology to Glvr-1, the cellular receptor for GALV. It is also known as
PiT-2 (phosphate transporter) (Chien et al., 1997). The Glvr2 open reading frame
encodes a 652 amino acid protein that shows 92% homology to rat Ram-1 and 62%
homology to Glvr-1. Analysis of hydropathy plots suggests that Glvr-1 and Glvr2 have
10 transmembrane domains, 5 small extracellular loops and a large hydrophilic domain
(Figl.7). The intracellular location of the latter has recently been demonstrated by
antibody studies (Chien et al., 1997).

The location and nature of the virus binding site on Glvr2 have proved difficult to
determine and it is likely that the virus-receptor interaction is complex and involves
multiple interactions, some of which are redundant. Chimeric receptors produced by
exchange of regions between Glvr-1 and Glvr2 have been used to determine which
regions control receptor specificity i.e. form part of the virus binding site or are
accessory to it (Pedersen et al., 1995). Glvr-1 and Glvr2 are 62% identical at the
protein level with clusters of differences in several extracellular loops but the highest
degree of divergence in the 4th extracellular loop (Fig 1.7). A stretch of 9 aa (550-558)
in the C-terminal part of this (Region A) has been shown to be critical for Glvr-1
receptor function (Johann et al., 1993). The equivalent region in Glvr2 is at position
522-530. Residues 550-558 from Glvr-1 were sufficient to allow Glvr2 to act as a
receptor for GALV. Infact, substitution of a single lysine residue at position 522 of
Glvr2 with glutamic acid was sufficient to permit GALV entry (Eiden et al., 1996).
Additional N- or C-terminal sequences are required to enable Glvr2 to function as a
receptor for FeLLV-B (Feline leukaemia Virus-Subgroup B) indicating that determinants

for receptor specificity may be located in more than one region.

Similarly, the regions of Glvr2 controlling specificity for A-MLV cannot be mapped to
a single critical region (Pedersen et al., 1995). While introduction of Glvr2 Region A
into Glvr-1 did increase infectability by A-MLV to 8% of that obtained with Glvr2, a
similar result was found with a chimera encoding the C-terminal third of Glvr2 but with

the Glvr-1 Region A. The presence of the entire C-terminal third of Glvr2 (including
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Region A) in Glvr-1 increased infectivity to close to the wildtype level. The converse
chimera, consisting of the N-terminal two-thirds of Glvr2 and the C-terminal third of
Glvr-1, showed wildtype levels of infectivity. More recently, similar domain exchange
studies with Glvr-1 and Glvr2 have demonstrated a role for the putative second
extracellular domain of Glvr2 in A-MLV receptor function (Leverett et al., 1998). The
high degree of tolerance for mutations within the domain suggests that an element of
secondary structure within this region plays a critical role in the interaction of the
receptor with A-MLV.

Glvr-1 NDVSNAIGPLVAL YLVYDTGDVSSKV

Glvr-2 NDVSNAIGPLVAL WLIYKOGGVTOEA
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Fig 1.7 Topological map of Glvr-1 and Glvr2. Region A (underlined) is a stretch of
nine amino acids in the predicted fourth extracellular domain and the location of the
putative binding site in Glvr-1. The entire sequences of the fourth extracellular loop in
Glvr-1 and Glvr2 are shown above the topological map. Identical residues are shown
in bold. Region A falls within the C-terminal third of Glvr2.

The virus binding sites of a number of other retroviral receptors share a common motif
consisting of an acidic amino acid located near to a hydrophobic amino acid (Malhotra et
al., 1996) but this does not seem to be present in Glvr2. In the murine receptor for
Ecotropic MLV these are tyrosine 235 and glutamic acid 237 which are the principal
determinants of ecotropic host range between mice and humans. It is likely that these
interact with a complementary site on the viral envelope to form salt bridge(s) lying
within a hydrophobic domain. Similar motifs have been found in the virus binding
sites of the Avian Leukosis Virus-A receptor (Asp46-Glud7-Trp48) (Zingler et al.,
1995) and the GALV receptor (Asp550 or Glu550 and Val554) (Tailor et al., 1993).
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Penetration and uncoating

The mechanism by which MLV enters cells 1s poorly understood. Entry of influenza
virus occurs via receptor mediated endocytosis and is pH-dependent (Doms et al.,
1985). The acidic environment of the endosome induces conformational changes in the
envelope glycoprotein and exposure of a hydrophobic domain in the haemagglutinin
molecule leading to fusion of the viral and cellular membranes and release of the virion
core into the cytoplasm. Weak bases such as NH,Cl can be used to prevent
acidification of the endosome and test the pH dependence of viral entry. Amphotropic
MLV entry is pH-independent so fusion could occur at the cell surface or in the
endosome (McClure et al., 1990). Generalisations about the route of entry cannot be
made for c-type retroviruses as ecotropic MLV has pH-dependent fusion properties. A
hydrophobic fusion domain located at the amino terminus of the viral envelope TM

polypeptide mediates fusion (see section on the viral envelope).

Reverse transcription and integration

Reverse transcription takes place in a structure derived from the capsid and is catalysed
by the viral protein RT. After viral DNA synthesis which takes place asynchronously
in the first 4-8 hours after infection, the core structure containing linear DNA and the
CA and IN proteins (and possibly the RT and NC proteins) enters the nucleus.
Integration cannot occur without mitosis as nuclear membrane breakdown is essential

for entry of the pre-integration complex (Roe et al., 1993).

The following model for the mechanism of integration is consistent with all available
data but should be considered hypothetical. The IN protein removes the 3’ terminal two
bases leaving a 3’OH end. A concerted reaction then introduces a staggered cut in the
target DNA with 4-6 bases of overhanging 5° phosphorylated end and joins it to the 3
ends of the viral DNA. A cellular DNA repair system fills in the resulting gap in the
molecule, displacing the two mismatched bases at the 5° end of the provirus and ligating
the remaining ends (Coffin, 1990).

The resulting integrated provirus contains the viral genes in the order found in the
genome flanked by the LTRs (long terminal repeats). The site of integration appears to
be random, however MLV proviruses cloned from MLV-infected cells are often found
in the vicinity of DNase sensitive i.e. transcriptionally active sites (Rohdewohld ez al.,
1987).

Expression of the provirus and virus assembly and budding

The post-integration steps of the replicative cycle are dependent on cellular systems.
Transcription of the provirus by RNA polymerase 11 is initiated at the cap site at the U3-
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through pro and pol are also incorporated into the virion and cleaved into the separate
proteins by PR after assembly. Env is incorporated by an interaction with MA, the
membrane association of which is dependent upon an amino-terminal myristilation.
Cleavage of the env precursor into the SU and TM subunits is catalysed by a cellular

enzyme after budding.

The principal determinant of packaging on the genome is termed ¥ (or Psi) and in MLV
is found downstream of U5 between the splice donor (SO) and the splice acceptor
(SA). Detailed analysis using a series of viral vectors to examine the effects of
deletions between SD and SA on packaging and transduction efficiencies has defined at
least 3 important regions (Kim et al., 1998). Mutants with a deletion in ¥ (position
228-371) are not packaged at all. Deletions between positions 377-527 produced a
twofold decrease in packaging indicating that this region is not essential but is necessary
for maximum efficiency. Deletions in a third region (739-1016) resulted in a twofold
increase in packaging efficiency suggesting that this sequence is inhibitory. Previous
data had suggested that the packaging sequence extends into the gag coding region

(Bender et al., 1987), but deletion of gag had no effect on packaging in this case.
1.2.4 MLV-based retroviral vectors

Retroviruses can be engineered to act as vehicles for delivery, stable integration and
expression of cloned genes in a wide variety of mammalian cells. The simplicity of the
MLV genome has made it the most widely used for the construction of replication
defective retroviral vectors i.e. vectors capable of delivering genes to target cells
without further replicative spread. To produce retroviral vector constructs, the protein
coding sequences of the viral genome (gag , pol and env ) are discarded and replaced
with the coding sequence of the gene of interest. Certain additional sequences that are

required in cis for reverse transcription and integration must be retained. These are:

The packaging signal (¥)which ensures encapsidation of vector RNA into virions.
2. Elements essential for reverse transcription. (i) The primer binding site (PBS). (ii)
The terminal repeat sequences (R). (ii1) The polypurine tract.
3. Sequences near the ends of the LTRs necessary for integration of vector DNA into
host DNA.

The size limit of MLV-based vectors is 8 kbp of foreign sequence. RNA transcripts

larger than this are not packaged efficiently into retroviral particles.
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The helper functions (namely the gag, pol and env proteins) that have been deleted
from the vector genome are provided in trans by a packaging cell line (Fig 1.9). These
functions are stably expressed in the packaging cells from one or more plasmids whose
transcripts are not packaged because they lack a packaging signal. In the absence of a
vector construct, packaging cell lines constitutively produce ‘empty’ retroviral particles
lacking an RNA genome. When the vector genome is transfected into the packaging
cells, the viral gag proteins recognise the vector RNA genome by virtue of its packaging

signal and package it into viral particles which are released into the culture supernatant.

Ongoing work, the aim of which is to improve the design of vectors and packaging
systems will now be discussed. The areas that will be covered are: design of the vector
construct, strategies to minimise the risk of replication-competent retrovirus (RCR)
production, the risk of insertional mutagenesis, targeted integration and tissue-specific

expression, targeted attachment, complement resistance and reporter genes.

(1) Design of the Vector Construct

Existing vectors fall into a number of classes. The simplest type carry a single gene
under the control of the viral LTR or an internal promoter. Bicistronic, dual expression
vectors can transfer and express two genes, the first of which is expressed from the 3
LTR and the second from an internal promoter (such as the HSV thymidine kinase
promoter or the SV40 early promoter) or a spliced mRNA. A direct comparison
between a vector construct bearing a single gene with an extended packaging sequence
and a more complex two-gene construct showed the first to have the higher titre
(Russell, 1991). A third kind of dual expression vector exists in which sequences
derived from picornavirus, known as Internal Ribosome Entry Sites (IRES) can be
used to direct translation of LTR-driven polycistronic RNA transcripts (Adam et al.,

1991) making it possible to express two (or more) genes from the same promoter.

In addition to the gene of interest, bicistronic vectors frequently carry a selectable
marker gene. This facilitates isolation of or selection for transduced cells. The bacterial
neomycin phosphotransferase gene (neo), which confers resistance to the antibiotic
analogue G418, is the most widely used, but genes coding for resistance to other drugs
(e.g. the human multi-drug resistance gene, MDR-1 (Kane ef al., 1989)) or for cell
surface markers (e.g. the truncated nerve growth factor receptor gene (Robbins et al.,
1997)) are also used. Unfortunately, selection for neo expression often results in
suppression of the other gene, regardless of the positions of the genes relative to each
other (Olsen er al., 1993). This suppressive effect is stable, even when cells are
removed from selection. Recently however, it has been found that excision of the entire

Neo expression unit from the integrated retroviral vector results in a significant increase
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in LTR-driven transcription indicating that the process is not irreversible (Fernex et al.,
1997). Excision of the selectable cassette was mediated by the Cre/loxP recombination
system which enables sequences flanked by loxP sites to be excised by Cre
recombinase. The use of IRES sequences also allows both genes to be expressed more

predictably as it avoids promoter interference and gene suppression after selection.

(i1) Strategies to minimise the risk of RCR production

One of the principal concerns relating to the use of retroviral vectors is the risk of
producing replication competent retrovirus (RCR). The consequences of exposure to
RCR-contaminated vector are unknown, therefore all stocks of vectors intended for
human use should be tested for RCR. Monkeys exposed to high levels of replicating
MLYV showed no signs of malignancy even after seven years follow up (Cornetta et al.,
1991). However, of monkeys transplanted with bone marrow exposed to RCR-
contaminated vector, 3 out of 10 became viraemic and developed aggressive T cell

lymphomas (Donahue ef al., 1992).

Between them, the helper and vector sequences in the packaging cell line contain all the
sequences required to reconstitute a wildtype viral genome. The greater the sequence
homology between the two, the higher the risk that they will align and undergo
homologous recombination. RCR was common in first generation vectors where
helper functions were deleted only in the Psi packaging signal (Mann et al., 1983). Psi-
helper RNA transcripts were packaged with Psi+ vector RNA and RCR produced by

recombination during reverse transcription.

The strategies used to minimise RCR have been to delete helper plasmids more
extensively and to split them on to multiple plasmids. In this way an increased number
of helper-vector recombinations are required to generate wildtype viral genome. In
second generation packaging lines such as PA317, the 3 LTR and the polypurine tract
were deleted from the helper plasmid, as well as the packaging sequence, and replaced
by an SV40 polyadenylation sequence (Miller & Buttimore, 1986). Two recombination
events would be required to generate RCR in the PA317 line. Third generation
packaging lines such as GP+E-86 separate the gag-pol and env transcription units on
to two different plasmids and have additional parts of viral sequence deleted (Markowitz
et al., 1988). In this system, two genome constructs cannot co-package and recombine
because the viral genome is split three ways - onto a vector construct and two helper

constructs. Three or more recombination events are required to generate RCR.

It has now also become apparent that packaging cell lines may package and transfer

endogenous murine viral genomes. An RCR detected in a third generation, split-
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function packaging cell line (Chong & Vile, 1996) was found to be generated by
recombination events between the vector, one of the packaging constructs and
endogenous murine retroviral sequences (Chong et al., 1998). One solution may be to
generate packaging lines based on human cell lines. For example, the MLV packaging
lines FLYA13 and FLYRD18 are derived from human fibrosarcoma HT1080 cells, in
which no expression of any type-c retroviruses could be detected (Cosset et al., 1995b).

The measures employed to avoid production of RCR can compromise viral titre thereby
reducing transduction efficiency significantly. Retrovirus titre is limited by the rate at
which virions are released from producer cells and the rate at which they become
inactivated (t,, = 8h). Particle release by the packaging cell can be maximised by having
strong promoters on both the gag-pol and the env constructs. Ping-ponging is a
technique used to increase the abundance of packageable transcripts and thereby the viral
titre by co-culturing producer cells of different tropisms. Virions produced from the first
producer cell line infect producer cells of the second and vice versa so that the number of
proviruses per cell is progressively increased (Bestwick et al., 1988). The process of

ping-ponging itself however, can increase the likelihood of RCR production.

Other strategies involving LTR deletion have been developed that are designed to both
minimise the risk of RCR production and prevent insertional activation of cellular genes
by the viral LTR. The U3 region of the MLV LTR has been shown to contain a
trans activator which activates certain cellular genes including MHC ClassI (Choi et al.,
1997).

Self-inactivation (SIN) vectors contain a deletion in the 3’LTR promoter-enhancer region
of the cloned vector that is duplicated into the S’LTR during viral replication in the host
cell, leaving the vector with no LTR enhancers. The transferred gene then relies on an
internal promoter for expression (Yu et al., 1986). This change however, resulted in a

drastic reduction in viral titre.

An alternative approach has been to replace regions encoding indispensible viral
functions with heterologous sequences which perform the same function. In this way,
the risk of RCR formation is minimised without compromising titre. Almost the entire
U3 region of the retroviral vector MFG was replaced with the human cytomegalovirus
immediate-early promoter without deleterious effects (Kim et al., 1998). The activity of
the LTR is often downregulated in mammalian cells and can also affect expression from

internal promoters (Emerman & Temin, 1984) so such modifications to vectors can
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improve long term expression of the transgene and allow therapeutic genes to be

regulated by their natural promoters.

The P1 phage site-specific recombinase (Cre) has also been used to inactivate retroviral
vectors (Russ ef al., 1996), as has a strategy that uses direct repeat deletion to delete
MLV v during reverse transcription (Delviks er al., 1997). Another safety measure
involves the use of tetracycline-responsive regulatory elements to control the transgene
so that expression can be shut off if necessary by addition of tetracycline. A provirus
bearing such a system has been shown to have a stable expression pattern in vitro for

up to 8 months (Hwang et al., 1996).

(ii1) The risk of insertional mutagenesis

Another possible risk of retroviral vectors is that they may be capable of causing
neoplastic transformation of target cells by insertional mutagenesis. This could
theoretically happen in two ways: by activation of a proto-oncogene or by inactivation

of a tumour suppressor gene.

Nondefective retroviruses lacking oncogenes cannot transform cells in culture but can
induce a variety of malignancies. For example, avian leukosis virus can cause B-cell
lymphoma when inoculated into young chickens (Hayward ez al., 1981). This is due to
the coding regions of the proto-oncogene, c-myc , being brought under the control of
the viral 3’LTR, resulting in an elevated level of c-myc expression (activation of a
proto-oncogene). This mechanism is termed promoter insertion. Other possible
mechanisms of insertional activation by a provirus include enhancer insertion, leader
insertion and terminator insertion, which would all result in deregulated expression of

the gene in question.

Insertional inactivation of a tumour suppressor gene could also result in malignant
transformation. The likelihood of this is predicted to be lower since the probability of

insertion into the two copies of a gene at the same time is very small.

No evidence of insertional mutagenesis has been observed to date in numerous animal

and human trials using retroviral vectors.

(1v) Targeted integration and tissue-specific expression

Aside from the theoretical risk of insertional mutagenesis, the main problem resulting
from the lack of site-specific integration of MLV vectors is variable transgene
expression. At present, site-specific integration is an elusive goal in MLV-based

vectors, however it has been achieved in HIV-1-based vectors by fusion of the
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retroviral integrase with a sequence-specific DNA binding protein (Goulaouic & Chow,
1996). It is possible that the problem of position effects may be overcome by inclusion
of tissue-specific locus control regions (LCRs) which make gene expression
independent of position by establishing and maintaining an open chromatin

configuration (Festenstein et al., 1996).

The use of viral promoters to drive the expression of transgenes is associated with two
main problems. Firstly, viral promoters including those from MLV, SV40 and CMV
are frequently silenced in vivo and secondly, expression is not cell type-specific.
Partial restriction of transcription has been achieved by use of tissue/tumour-specific
promoters as internal promoters.  Erythroid-specific and myelo-monocyte-specific
expression have been achieved after retroviral transduction of haemopoietic progenitor
cells with genes under the control of regulatory elements from the B-globin and CD11b
genes respectively (Dzierzak et al., 1988; Malik ef al., 1995). However interference
from promoter/enhancer elements in U3 of the viral LTR has prevented complete tissue-
specific regulation.

An alternative strategy is replacement of the 3> U3 region in the retroviral vector with a
heterologous promoter. During reverse transcription of the viral genome, the 3 U3
region is duplicated and copied to the 5° LTR so this will result in an integrated provirus

with the transgene under the control of the heterologous promoter. Replacement of the
entire U3 with heterologous promoters has proved difficult and can cause instability and
poor titres. However, it has been possible and results in much tighter, tissue-specific
expression. Replacement of all MLV U3 sequences except the inverted repeat (IR) at
the Send (required for integration) with those of MMTV (mouse mammary tumour
virus) led to preferential expression in mammary gland cells in vitro and inducible
expression with the synthetic glucocorticoid hormone dexamethasone (Saller et al.,
1998). Similarly, replacement of the viral enhancer elements with regulatory sequences
from the human tyrosinase gene (a 380bp fragment from the promoter and the
tyrosinase distal element from the enhancer) gave tight, tissue-specific regulation in
melanoma cells, as well as a good viral titre (Diaz et al., 1998). Experience has shown
that the main task is to identify all the sequences that determine the restricted expression
of the given gene, some of which may be situated as remotely as 20kb up or

downstream from the coding sequence.

(v) Targeted Attachment
The utility of retroviral vectors is limited by the host range of the virus from which they
were derived. Amphotropic MLV infects most human cell types whilst ecotropic MLV

does not infect human cells at all. Many in vivo applications demand that retrovirus is
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targeted to a specified cell type only and it is important that infection of non-target cells
should be avoided e.g. in the context of transfer of a ‘suicide gene’ to malignant cells.

Strategies to redirect the tropism of retroviral vectors fall into 3 main groups:

1. Pseudotyping/exchange of env sequences between closely related viruses.
2. Coupling agents to the end of the viral envelope SU domain.

3. Genetic modification of env itself.

Pseudotyping describes the process whereby the envelope protein of a related virus is
incorporated into virions in place of wildtype envelope. Pseudotyping of A-MLV with
the vesicular stomatitis virus G protein (VSV-G) broadens its host range and also
allows virus stocks to be concentrated up to 1000X by ultracentrifugation. Due to the
toxicity of VSV-G to most mammalian cells, large scale production of VSV-G
pseudotyped vectors has only recently become possible. This is the result of
production systems where expression of the env transcriptional unit is inducible, such
as one in which expression of VSV-G only occurs on addition of Cre recombinase
which excises loxP -flanked intervening sequence to bring the env gene into the
proximity of its promoter (Arai et al., 1998). Simple exchange of regions between the
envelopes of related viruses can also alter their tropism and has allowed the regions

responsible for receptor binding to be determined (Ott & Rein, 1992).

Coupling agents to the viral envelope has met with varied results. An attempt to target
E-MLV to human cells via the MHC Classl and II molecules using biotinylated
monoclonal antibodies cross-linked with a streptavidin bridge, resulted in binding and
internalisation but not the establishment of the proviral state (Roux et al., 1989). In
contrast, chemical modification of the E-MLYV envelope by addition of lactose facilitated
specific entry into human HepG2 cells via the asialoglycoprotein receptor and resulted
in a high efficiency of transduction (Neda et al., 1991).

Redirecting tropism by engineering non-viral sequences into the envelope protein has
proved difficult. The envelope protein is responsible for both binding and fusion
events and attempts to alter the first have frequently disrupted the second. The products
of chimeric envelope constructs are often not packaged into virions suggesting that the

envelope protein is very sensitive to changes in secondary or tertiary structure.

Although modifications have been made to only a limited region at the N-terminus of
SU, it has been possible to redirect binding and infection. Redirected binding without
fusion has been achieved with ecotropic envelope-antibody fragment chimeras (Russell
et al., 1993) and by N-terminal insertion of 53aa of EGF (epidermal growth factor) into
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the E-MLYV envelope (Cosset ef al., 1995a). N-terminal insertion of 208aa of A-MLV
envelope into the E-MLV envelope allowed infection as well as specific binding to the
A-MLV receptor Ram-1 (Cosset et al., 1995a). The reduced transduction efficiency
which was due to a postbinding block was partially overcome by the introduction of
spacers of various sizes between the Ram-1 binding domain and E-MLV SU
(Valsesiawittmann ef al., 1996), however the transduction efficiency seen with wildtype
envelope could not be equalled. A chimeric envelope made up of the E-MLV envelope
and a single chain antibody fragment (ScFv) against MHCI permitted infection of
human cells but still retained its wildtype specificity i.e. recognised and infected mouse
cells (Marin et al., 1996).

A possible solution to allow entry of redirected vectors that bind but do not infect has
been to engineer a cleavage site into the chimeric envelope. A vector bearing a chimeric
envelope with EGF linked to the A-MLV envelope via a factor Xa protease cleavage
site, bound specifically to EGF receptors and infected cells via the A-MLV receptor on
addition of the protease (Nilson et al., 1996).

It is clear that special care is needed in the selection of target proteins to act as surrogate
receptors - the intracellular fate of internalised molecules is likely to be important. In
addition, ligands such as growth factors or hormones may act as agonists for the
targeted receptor and induce inappropriate responses in target cells.

(vi) Complement Resistance

One of the main barriers to the use of ML'V-based vectors for in vivo gene therapy has
been that such vectors are rapidly inactivated by human complement. The sensitivity to
human complement of vectors produced by non-human packaging lines is due to the
presence of a specific carbohydrate moiety (Gal («1-3) Gal) on the viral envelope.
Humans lack a functional («l-3) galactosyltransferase gene and have naturally
occurring antibodies directed against the carbohydrate that its activity would normally
produce. Undoubtedly, this has evolved as a defense against animal viruses. As
predicted, retroviral vectors produced in human packaging cell lines are complement
resistant and therefore suitable for in vivo gene delivery (Cosset et al., 1995b;
Takeuchi et al., 1996). In vivo gene transfer into haemopoietic cells would avoid the
risks associated with bone marrow transplantation and prevent undesired alterations to
stem cell character which may occur ex vivo. Targeted attachment and/or expression
would be essential in this context to avoid gene transfer to non-target cells. In
addition, stem cells on stroma may be better targets for retroviral gene transfer. In vivo

retroviral-mediated gene transfer into multiple haematopoietic lineages has been
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documented in rabbits (Nelson et al., 1997). Injection of irradiated producer cells into the
femoral cavity resulted in the transduction of up to 1% of peripheral blood cells for up to 20
months. This co-cultivation technique however risks the formation of RCR and could not
be used in humans.

(vil) Reporter Genes

Non-clinical studies designed to optimise transduction protocols make use of reporter genes
to simplify experimental read-outs. The choice of gene for use as a reporter molecule is
important and depends on the analyses required post-transduction. Transgenes can be
detected by PCR using specific primers, however detection of transgene expression at the
protein level is necessary to confirm that the gene is transcriptionally active. The genes
encoding the enzymes luciferase and p-galactosidase can be detected by colorimetric
methods. Cell surface markers such as the truncated nerve growth factor receptor (Robbins
et al., 1997) have the advantage that they permit phenotypic analysis of the target
population post-transduction by flow cytometry and fluorescence activated cell sorting of
transduced cells (however it is important that they must not be biologically active in the
target cell type). Reporter genes encoding the green fluorescent protein (GFP) are
particularly useful as GFP is autofluorescent and can be detected easily without extra
manipulation by fluorescent microscopy and flow cytometry (Ramiro et al., 1998).

1.3 GENE TRANSFER INTO HSCS USING MLV-BASED VECTORS

Retroviral vectors based on Moloney MLVs were the first to be developed and are now
well characterised. In some respects they are well suited for the transduction of
haemopoietic stem cells. The vector genome efficiently integrates into the host
chromosome, the insert size is large enough to accommodate most cDNAs and advances in
the design of vector constructs and packaging cell lines have virtually eliminated helper
virus contamination (Kim et al., 1998). Vectors produced in human packaging lines are
not inactivated by complement and since vectors do not express any viral proteins they

evade the host immune system (Cosset et al., 1995b).

1.3.1 Results of in vitro studies, mouse models and human clinical trials
The results of in vitro and mouse studies of haemopoietic stem cell transduction with MLV-
based vectors were promising, however this success has not been repeated in human

studies. Murine stem cell transduction rates are approximately 50 times better than the 0.1-

1% typically obtained in primates (Dunbar et al., 1995; Podda et al.,
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1992). For example, the human multiple drug resistance gene (MDR-1) has been used
in several clinical trials with the aim of protecting haemopoietic progenitors in the bone
marrow from the toxic effects of chemotherapy. It confers resistance to several classes
of chemotherapeutic agents including anthracyclines, vinca alkaloids, podophyliins, and
taxol and its derivatives (Richardson et al., 1995). Gene transfer into up to 14% of
granulocytes was achieved in a mouse model by co-culture of murine bone marrow
with retroviral producer cells (Podda ef al., 1992). In addition, it proved possible to
select for MDR-positive cells, thereby increasing their frequency. Several mice that
were initially positive for the MDR ¢cDNA by PCR and subsequently negative became
positive again after exposure to taxol post-transplant. Ex vivo studies of transfer into
human, peripheral blood derived CD34+ cells gave similarly encouraging results (Ward
et al., 1996). Cells were exposed to viral supernatant on fibronectin-coated plates and
gene transfer to progenitors (BFU-E and CFU-GM) assessed after a 15-18d clonogenic
assay. An average of 64.7% of BFU-E and 57.3% of CFU-GM were PCR-positive
when cells were pre-incubated in growth factors (IL-3, IL-6 and SCF at 50ng/ml) for
48h and growth factors were included in the transduction step. In the absence of pre-
incubation and growth factors, the transgene was detected in 5.7% of BFU-E and
10.0% of CFU-GM colonies.

The results of human transplantation studies with amphotropic MDR-1-carrying vectors
have been disappointing, however. When the CD34+ cells of patients undergoing
CD34-selected peripheral blood stem cell transplant procedures for lymphoma were
exposed to viral supernatant in the absence of growth factors, analysis of bone marrow
and peripheral blood after transplant showed no evidence of gene transfer (Devereux et
al., 1998). PCR of the pre-transplant cells did demonstrate that low level gene transfer
had been achieved initially.

A similar pattern has been observed in other contexts where initial mouse model data
was very promusing. In a clinical trial aimed at treating CGD by ex vivo transfer of the
normal p47°™* gene into autologous CD34+ cells using a retroviral vector, corrected
granulocytes were detected for up to 6 months after infusion (Malech et al., 1997). The
level of correction was low however - peak correction occurred at 3-6 weeks and
ranged from 0.004% to 0.05% of total peripheral blood granulocytes. The first attempt
at correction of ADA-deficiency in vivo involved return of retrovirally exposed
lymphocytes to patients every 6-8 weeks (Blaese et al., 1995). Although patients had
evidence of improved immune parameters, assessment of the extent to which the
transferred gene contributed to ADA production, was complicated by the fact that
patients were also receiving synthetic ADA - the standard therapy. There is some

evidence for a selective advantage for transduced cells in vivo however. A selective

48



accumulation of ADA-gene transduced T-lymphocytes was observed on PEG-ADA
dose reduction after gene therapy with transduced umbilical cord blood cells in humans
(Kohn et al., 1998).

1.3.2 Possible explanations for the low level of gene transfer in human
studies

It 1s apparent that transduction of murine bone marrow with ecotropic viral vectors
followed by transplantation into mice, was not a good predictor of the results of human
studies using amphotropic retroviral vectors. Possible reasons for the poor overall
transduction efficiencies observed when using MLV-based vectors for gene transfer

into human HSCs relate to the biology of both vector and target cell and include:

1. Cell cycle status of the target cell.
2. The virus binding and entry step.

3. Other factors such as the rate of reverse transcription and the titre of the viral vector.

The absolute contribution of each of these factors in this context is not known, however
there is evidence that each is important. This evidence, and strategies to overcome these
problems will now be discussed.

(1) Cell cycle status of the target cell

The main drawback of MLV-based vectors is that haemopoietic stem cells divide only
infrequently (Abkowitz et al., 1990) yet these vectors require passage through mitosis
to integrate. This is because the viral pre-integration complex can only gain access to
the host’s genetic material after nuclear membrane breakdown, which follows DNA
synthesis. The relative rates of cycling of murine and human stem cells could explain
the poor results achieved in humans compared to mouse models. If murine stem cells
pass through the cell cycle more frequently than primate stem cells, at any given time a
higher proportion of them would be in the correct stage of the cell cycle for integration

to occur.

Many investigators have tried to maximise stem cell division - and hence transduction -
before, during and after the transduction period with combinations of growth factors.
Treatment of bone marrow with growth factors augments progenitor cell numbers and
improves gene transfer efficiency, however this is not reflected in long term gene
expression in vivo (Bodine et al., 1994). A possible explanation is that growth factors
intended simply to induce cycling of stem cells also induce differentiation and loss of

self-renewal capacity. Alternatively, stem cells that have been induced to cycle may fail
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to engraft (Peters et al., 1996). More efficient transduction may be achieved if
advances in the area of stem cell biology permit reliable ex vivo amplification without
lineage commitment or differentiation, and return of the cells to an engraftment-
competent state. Another option is the use of HIV-1 based vectors which can infect
non-dividing cells (Reiser et al., 1996), however stable packaging cell lines for these

have only recently been developed and studies using them are in their infancy.

(i1) The virus binding and entry step

The amphotropic retroviral receptor Glvr2 is an absolute requirement for the entry of
amphotropic viruses under normal conditions (van Zeijl et al., 1994). There are several
lines of evidence that the virus binding step may limit the overall rate of transduction,
because of a deficiency in the number of receptor molecules at the cell surface (see
section 1.3.3 (i1)). The virus binding step occupies a pivotal position at the beginning
of the pathway of retrovirus infection and a restriction at this point might be expected to

have a significant impact on transduction efficiency.

Usage of a different receptor may well account for the differences in transduction
efficiency between humans and mouse models. Ecotropic viral vectors were used for
the murine studies. The host range of this virus is restricted to murine cells and is
determined by the distribution of its specific receptor (EcoR or CAT1) which is only
found in mice and rats. For gene transfer into human cells it has been necessary to use
amphotropic vectors, which enter via a different receptor, and can infect both human
and murine cells. Receptor number may be limiting in the context of the transduction of
human stem cells with amphotropic MLV-based vectors but not in the context of
transduction of murine stem cells with ecotropic MLV-based vectors. There are several

lines of evidence that this is the case (see section 1.3.3 (ii)).

Attempts to overcome the problem of limiting amphotropic retrovirus receptor number
on HSCs fall into two categories: (1) pseudotyping the vector so that it enters via an
alternative receptor and (2) upregulating the expression of Glvr2 so that it is no longer
limiting. The expression and role of the amphotropic retroviral receptor Glvr2 are the
subject of this thesis and will be discussed in detail in the next section after a brief

review of vector pseudotyping.

The design of MLV-based vectors means that it is relatively simple to pseudotype MLV
vectors with alternative envelope proteins. The retroviral envelope proteins used in the
production of MLV vectors include those from 10A1 MLV, gibbon ape leukaemia virus
(GALV) and vesicular stomatitis virus (VSV).  GALV pseudotypes transduce

haemopoietic progenitors more efficiently than amphotropic vectors (von Kalle et al.,



1994) and analysis of the levels of receptor in bone marrow mRNA showed that the
GALV receptor message was more abundant than the A-MLV receptor message
(Kavanaugh et al., 1994). Primate transplantation data has not been published

however.

The VSV-G envelope uses the common membrane component phosphatidylserine
rather than a specific protein as a receptor resulting in an expanded host range. It is also
more stable than A-MLV envelope allowing particles to be concentrated by
centrifugation. Packaging cells are available that express the otherwise toxic VSV-G
protein inducibly permitting production of VSV-G pseudotyped MLV vectors (Ory et
al., 1996). Such vectors were able to mediate efficient gene transfer into human
CD34+ cells that went on to develop into thymocytes in SCID mice (Koyanagi & Zhou,
1997). Direct comparisons of VSV-G pseudotyped and A-MLV vectors have not been
published.

(iii) Other factors

Several other variables are known to influence gene transfer efficiency and must be
considered if optimal efficency is to be achieved. The modifications required to ensure
the safety of retroviral vectors result in titres significantly lower than those of wildtype
viruses. Pseudotyping a vector with the VSV-G protein, as described above, allows
concentration of the supernatant. Attempts to concentrate viruses with other envelopes
by centrifugation have generally produced inactive vector preparations due to shedding
of the SU component of the viral envelope.

The reverse transcription reaction may also be sub-optimal under normal conditions as
loading retroviral vectors with dNTPs increases the efficiency of gene transfer (Zhang
et al., 1995). In addition, reverse transcribed viral DNA could be detected immediately
after retroviral gene transfer into non-cycling CD34+ cells but not in CD34+CD38-
cells, suggesting that there may be blocks to reverse transcription in certain subsets of

HPCs, in addition to a lack of mitotic activity (Agrawal et al., 1996).

1.3.3 Expression, distribution and role of Glvr2

The gene encoding the amphotropic MLV receptor lies on chromosome 8 in rats, mice
and humans. The human gene (Glvr2 or PiT-2) was isolated on the basis of its
similarity to the gene encoding the receptor for Gibbon Ape Leukaemia Virus, Glvr-1,
and the ability of its product to permit entry of A-MLV vectors into target cells (van
Zeijl et al., 1994).

51



(1) Estimation of absolute receptor number

Purified envelope protein has been used to estimate the number of Glvr2 molecules on
various cell lines. 3T3 cells and CCL64 cells are estimated to have 4x10° ecotropic
receptors and 1-5x10° amphotropic receptors respectively (Bishayee et al., 1978;
Maldow et al., 1979). Similar measurements made with a 208aa amino terminal
fragment of the amphotropic envelope (AS208) estimated the number of binding sites
on several cell lines to be in the range of 7x10* to 17x10” per cell (Battini et al., 1996).

(ii) Distribution and expression of Glvr2

The distribution and level of expression of Glvr2 mRNA and protein has been studied
in a range of cell types using a number of methods. mRNA level can be assessed by
Northern Blot or quantitative RT-PCR. Protein level can be measured indirectly via the
binding of intact virus or purified envelope fragments or with an antibody if one is
available. Since the possibility of post-transcriptional regulation of Glvr2 expression
cannot be ruled out however, data obtained by RT-PCR should be accompanied by

measurements of protein levels where possible.

When the tissue distributions of Glvr-1 and Glvr2 mRNAs were examined by Northern
Blot in rats, both were found in many tissues including kidney, brain, heart, liver,
muscle and bone marrow (Kavanaugh & Kabat, 1996). The level of Glvr2 mRNA
expression varied and was found to be particularly high in heart and particularly low in
bone marrow in comparison to Glvr-1 mRNA. Amphotropic retroviral receptors are
found in varying amounts on the cells of a wide range of species including mice, rats
and humans. Chinese Hamster Ovary cells (CHO) are one of the few mammalian cell
types that do not express functional A-MLV (Miller & Miller, 1992). CHO cells

therefore provide a useful model for the study of receptor function (Chapter 3).

The level of expression of Glvr2, relative to that of house-keeping genes such as B2-
microglobulin, is very variable. Studies have shown that levels vary between cell types
(both cell lines and primary cells) and for a given cell type under different conditions.
For example, both phosphate depletion and exogenous growth factors can modulate
receptor expression. Some studies have also demonstrated a correlation between Glvr2
expression and the efficiency of transduction with A-MLVs. The data from these will

now be discussed in detail.

A study of Glvr2 expression by RT-PCR in a number of haemopoietic cell lines
revealed that the level of receptor expression was relatively low in HL60s (myeloid
leukaemia), higher in Jurkat cells (T-cell lymphoma) and higher still in K562 cells
(erythroid leukaemia) (Sabatino er al., 1997). Treatment of HL60 cells with phorbol
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myristate acetate (PMA) or interleukin-lo (IL-la), which induce maturation and
differentation into monocytic cells, resulted in elevated levels of Glvr2 mRNA. In all
cases, the levels of Glvr2 mRNA correlated with virus binding and with A-MLV
transduction efficiency.

Glvr2 usually functions as a sodium-phosphate transporter and there are several lines of
evidence to suggest that depletion of extracellular inorganic phosphate upregulates
Glvr2 expression in some, but not all, cell types. Both Glvr-1 and Glvr2 mRNA levels
increased 3-5 fold (Northern Blot) in rat 208F fibroblasts after 24h without inorganic
phosphate (Kavanaugh er al., 1994). A concomitant increase in phosphate uptake was
also measured. Induction of Glvr2 by phosphate withdrawal was also documented in
two human osteosarcoma cell lines - 143B and HOS- but not in HeLla cells (cervical
carcinoma) or U937 cells (monocytic) (Chien et al., 1997). In this study, the increase
in mRNA level measured by Northern Blot was also seen at the protein level using a

newly developed, anti-Glvr2 polyclonal antibody in Western Blots.

Variable levels of Glvr2 expression have also been documented in a number of primary
cell types, as has a correlation between receptor number and transduction efficiency. A
number of reports have compared Glvr2 expression on CD34+ haemopoietic progenitor
cells from different sources and on subsets of CD34+ cells. The pattern of receptor
expression on CD34+ cells from different sources in humans is as follows: cord
blood>mobilised peripheral blood>bone marow (Orlic er al., 1998). The subset of
human cord blood cells identified as Lin-CD34+CD38- has particularly high levels of
Glvr2 mRNA and cryopreserved cells were found to express 12 times as much mRNA
as freshly isolated cells. Certain subsets of murine HSCs have relatively high levels of
Glvr2 mRNA and it has been shown that HSC isolated from the bone marrow of mice
treated with growth factors (SCF and G-CSF) have 3-8 fold higher mRNA levels than
untreated controls (Orlic et al., 1998).

A correlation between receptor expression and transduction efficiency has been
observed in human peripheral blood lymphocytes, mouse fetal liver cells (FLCs),
human peripheral blood-derived CD34+ cells and between subsets of murine bone
marrow HSCs. Phosphate depletion increases the efficiency of gene transfer into PB
lymphocytes (Bunnell et al., 1995) and allows gene transfer into a previously non-
permissive, immature subset of murine FLCs (Richardson & Bank, 1996). In the latter
study, Glvr2 expression was measured by quantitative RT-PCR. Pre-stimulation of
human peripheral blood CD34+ cells with growth factors (IL-3, IL-6 and SCF) for 4
days led to a 2.7-fold increase in receptor expression (measured by virus binding) and a

concomitant increase in transduction efficiency (Crooks & Kohn, 1993). Another
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study using quantitative RT-PCR has identified a subpopulation of mouse HSCs that
expresses 7-fold higher levels of Glvr2 mRNA and is transduced 30-fold more efficiently
than the total HSC population (Bodine et al., 1998).

The data summarised above demonstrate a correlation between Glvr2 expression and
transduction efficiency with amphotropic MLV-based vectors in a number of systems.
Most of the studies assessed Glvr2 expression at the mRNA level. However they do not
prove conclusively that increases in receptor number improve transduction efficiency. The
process by which a retrovirus infects a cell consists of multiple steps, and factors which
modulate receptor number could also influence other steps in the pathway to productive
infection. For example, since pre-stimulation with growth factors also induces cycling in
CD34+ cells and MLV-based vectors require cell division before integration can occur, it
will also affect the efficiency of the integration step. In this case, it would not be possible to
calculate the relative contributions of increased receptor expression and improved efficiency
of integration to the observed rise in transduction efficiency. Similarly, phosphate
depletion could influence not only the virus binding step but other steps as well.
Correlation of receptor expression and transduction efficiency between different cell types
or subpopulations of a given type of primary cell is therefore complicated because of
inherent differences between cell types. These differences could influence multiple steps of

the pathway by which A-MLYV infects target cells.

A number of investigators have attempted to study the relationship between receptor
number and transduction efficiency in the absence of confounding factors. Several

different systems have been used with conflicting results.

Modulating receptor number independently of other factors within a given system is one
approach. Stepwise improvements in transduction efficiency (4-30%) were observed
when an adenoviral vector was used at several MOIs to transfer differing amounts of Glvr2
cDNA to HeLa cells (Yamaguchi et al., 1995). An upper threshold was observed above
which increasing receptor number had no further effect on transduction efficiency. A
similar threshold was observed in a study of infection via the ecotropic MLV receptor Rec-
1 and it was proposed that Rec-1 may require a limiting second cellular component to
permit viral entry (Wang et al., 1991b). In this study, receptor number was measured with
purified ecotropic gp70 protein, which was detected with a goat antiserum against gp70
and a fluorescein-conjugated secondary antibody.

Different results were produced in a study of the infectability of CHO-K1 clones with
various copy numbers of Ram-1 c¢cDNA (Ram-1 is the rat homologue of Glvr2).

Susceptibility to infection appeared to be independent of receptor number, which was
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measured using a biotinylated purified envelope fragment (Battini et al., 1996). The
discrepancy between these reports could be due to the different methods used to
measure receptor number - the actual range of expression could be different in each
case. Another explanation could be the heterogeneity of binding sites with respect to

their ability to permit infection.

A second approach has been to study the transduction efficiency of a given target cell
type with a given vector but via different receptors. This has been achieved by using
identical vectors pseudotyped with different envelopes. Amphotropic-MLV vectors
infect the actively dividing, immature, murine stem cell line FDCP-Mix poorly,
however the same vector pseudotyped with a VSV-G envelope infects efficiently (von
Laer er al., 1998) suggesting that the block to infection in this case is at the receptor
level and not at the level of integration. Studies have also shown that trandsuction of
mouse HSCs with E-MLYV via the ecotropic receptor Rec-1 is much more efficient than
with A-MLV via the amphotropic receptor mRam-1 (Orlic et al., 1996). Similar data
was produced in a baboon transplantation model. Gene transfer into baboon BM cells
with an amphotropic vector pseudotyped with the gibbon ape leukaemia virus envelope
(which infects via the receptor Glvr-1) was much more efficient than with an

amphotropic vector of equivalent titre (Kiem et al., 1997).

(11) Affinity of the receptor for its ligand and kinetics of virus binding

There are several lines of evidence that the interaction between amphotropic envelope
and its receptor is more complicated than a bimolecular, two-order, reversible reaction.
Quantitative analysis of binding with the envelope fragment AS208 revealed either that
binding sites are heterogeneous with regard to ligand binding affinity or that
cooperativity exists between receptors (Battini et al., 1996). Scatchard plots of the
AS208 interaction with binding sites were curvilinear with a downward concavity
suggesting that sites have several classes of order differing in binding affinity. It is also
consistent with the hypothesis of positive cooperativity between receptors. It is
therefore possible that only a fraction of envelope-binding sites can actually function as

retrovirus receptors.

Purified preparations of the viral envelope glycoprotein gp70 and intact virus have been
used to study the kinetics of the interaction between both amphotropic and ecotropic

envelope proteins and their respective receptors.
Amphotropic gp70 bound only weakly to wildtype CHO-K1 cells but CHO-K1 cells

expressing ratRam-1 had novel, high-affinity binding sites (Kozak er al., 1995).
Binding to ratRam-1 molecules was rapid, but after attachment, adsorbed gp70 at the
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cell surface had a half life of greater than 6 hours. The authors proposed therefore, that
ratRam-1 does not mediate rapid endocytosis but that infection occurs by fusion of
virion and cell surface membranes. An alternative explanation could be that most of the
gp70 binding sites are not functional receptors. In addition, fusion events are unlikely

to occur in the absence of the TM subunit which contains the fusion domain.

Studies with an intact ecotropic virus (purified on a sucrose gradient to remove free
gp70) have shown that binding to cells is a rapid event (Yu et al., 1995). At 37°C,
binding is half maximal after 3 minutes and maximal after 30 minutes. At lower
temperatures , binding is slower. In contrast to data obtained with an amphotropic
envelope fragment (Battini et al., 1996), this and other studies (Kalyanaraman et al.,
1978) showed that binding of virus to target cells is a simple, bimolecular,
noncooperative and saturable process that is dependent on the concentrations of both
receptors (cells) and virus, as well as on temperature and pH. The kinetics of binding

of envelope fragments are apparently quite different to those of intact virus.

1.7 AIMS OF THE STUDY

This study has focused on the interaction between amphotropic MLV and its receptor
Glvr2, with the overall aim of maximising gene transfer into human haemopoietic stem
cells. We wished to determine whether, and to what extent, the low level of binding of
amphotropic retrovirus to CD34+ haemopoietic cells contributes to the inefficiency of
gene transfer into this target. With this in mind, I developed a number of reagents and
model systems. In order to assay Glvr2 expression, [ developed and optimised a flow
cytometry method for measuring virus binding (Chapter 4) and an attempt was made to
generate polyclonal antibodies against Glvr2 (Chapter 5). The receptor cDNA was
cloned and transfected into CHO-K1 cells to provide a model system for studying
receptor function (Chapter 3). In addition, the receptor cDNA was also expressed in an
inducible expression system, in order to investigate the relationship between receptor

expression and transduction efficiency (Chapter 6).
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-- CHAPTER 2 --

GENERAL METHODS
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2.1  Cell Culture and Manipulation
Materials

All obtained from GibcoBRL (Paisley, UK) unless otherwise indicated. Tissue-culture
disposables were from Costar (Cambridge, UK).

e Dulbecco's phosphate buffered saline (without Ca and Mg).

e Dulbecco's Modified Eagle Medium (DMEM).

e Dulbecco's MEM/Nutrient Mix F12 (1:1).

e Iscove's Modified Dulbecco's Medium with L-Glutamine.

e RPMI 1640 medium.

e Foetal Calf Serum. Heat inactivated for 30 minutes at 55°C.

e Trypsin EDTA solution.

e Trypan Blue (Sigma, Irvine, UK).

e Penicillin/Streptomycin solution (5000 units/5000ug per ml).

e Xanthine, Hypoxanthine, Mycophenolic Acid (Sigma).

e Recombinant human GM-CSF donated by Behringwerke, Germany.
e [L-3 and IL-6 donated by Sandoz, Basel, Switzerland.

e SCF (Biosource International, Camarillo, CA).

¢ Human G-CSF donated by Chugai Pharma, UK.

e Terry Fox Medium (Stem Cell Technologies, Vancouver, Canada).

Methods

2.1.1 General methods

Cells were cultured in sterile plastic tissue culture flasks or flat bottomed dishes (Becton
Dickinson Ltd, Oxford, UK) in a humidified incubator with 5% CO, at 37°C.
Adherent cells were split by incubation with Trypsin.EDTA for 5 minutes. After
neutralisation with medium plus serum, cells were centrifuged at 1200rpm for 5
minutes to wash and resuspended in medium at the appropriate density. Adherent cells
were not permitted to reach 100% confluence to avoid contact inhibition of growth. To
freeze, cells were chilled and resuspended dropwise in chilled medium with 20% FCS
and 20% DMSO (dimethyl sulphoxide). Vials were placed at -80°C in a controlled rate
freezing device which cools at a rate of 1°C per minute. For long term storage, cells
were transferred to liquid nitrogen. Cells were defrosted at 37°C, resuspended
dropwise in pre-warmed complete medium, centrifuged at 1200rpm for 5 minutes then
resuspended in complete medium.
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2.1.2 Conditions for individual cell types

CHO-K1 An epithelial Chinese Hamster Ovary Cell Line obtained from the
National Tissue Culture Collection at Porton Down (Puck et al., 1958). Seed at
4.5x10* cells/cm’® for 50% confluence in HamsF-12, 10% FCS, PS. Split 2-3
times weekly.

NIH3T3 Mouse Fibroblasts obtained from the Cell Production Unit - Imperial
Cancer Research Fund(Jainchill et al., 1969). Seed at 2x10* cells/cm?® for 50%
confluence in DMEM, 10% FCS, PS.

Hel.a A human cervix epitheloid carcinoma cell line obtained from the ECACC
(European Collection of Cell Cultures)(Gey et al., 1952). Seed at 7x10* cells/cm’
for 50% confluence in DMEM, 10% FCS, PS.

TF-1 An erythroleukemia-derived cell line obtained from the National Institute for
Biological Standards Control (Kitamura ef al., 1989). Grow at a density of 1-5x10°
cells/ml in RPMI, 10% FCS, PS and 5Sng/ml GM-CSF. Split twice weekly.

COS7 An SV40 transformed fibroblast cell line derived from African Green
Monkey Kidney obtained from the ECACC (Gluzman, 1981). Seed at 2x10°
cells/cm’ for 50% confluence in DMEM, 10% FCS, PS.

A12M1 An amphotropic viral vector producer cell line carrying the gene for MDR-
1 (human multidrug resistance protein) donated by Arthur Bank (Ward et al.,
1994). Culture in HXM medium: DMEM, 10% FCS, PS, 15ug/ml hypoxanthine,
250pg/ml xanthine, 251g/ml mycophenolic acid.

FLY-A4LacZ3 An amphotropic viral vector producer cell line carrying the
reporter gene LacZ donated by Mary Collins (Cosset et al., 1995b). Culture in
DMEM, 10% FCS, PS with 4ug/ml Blasticidin S and 10 pg/ml Phleomycin. To
collect virus, seed at 3x10° cells per 175cm’ flask and grow to confluence in
selection. Split 1:2, maintain without selection for 24 hours then collect virus.
CD34+ Primary human haemopoietic progenitor cells derived from peripheral
blood by immunological methods. Culture at 1-5x10° cells/ml in IMDM (Iscove’s),
10% FCS, PS plus 10pg/ml each IL-3, IL-6 and SCF. For haemopoietic Colony
Forming Cell Assays, CD34+ cells were grown in semi-solid culture. Cells were
seeded at a density of 5x104 cells/ml in Terry Fox methyl cellulose medium (Stem
Cell Technologies) supplemented with 25ng/ml each GM-CSF and G-CSF,
30ng/ml IL-3 and 10ng/ml SCF. 250ul was plated per well in a 24-well plate.
Surrounding wells were irrigated with sterile PBS. Plates were incubated in a
humidified incubator with 4% CO, at 37°C for 14 days then scored for the number
of GM-CFC (Granulocyte/Monocyte) and BFU-E (Burst Forming Units - Erythroid
origin).



2.1.3 Transfection and Cloning of Mammalian Cells

Transient transfection of COS7 cells

Cells were cultured to 100% confluency then split 1:4. After 24h, cells were
trypsinised, washed in PBS (without Ca and Mg) and resuspended in PBS at a density
of 5x10° cells per 0.8ml. 10-20ug of plasmid DNA was added in a volume of <50l
and the mixture kept on ice for 15 minutes. Cells were electroporated in a 0.4cm
electrode gap cuvette (BioRad) at SOOuFD and 0.4kV. The time constant should be
between 8 and 10. The cuvette was kept on ice for 15 minutes then its contents added

to pre-warmed complete medium.

Stable transfection

Adherent cell lines were stably transfected using the Calcium Phosphate Transfection
System (GibcoBRL, Paisley, UK) as per manufacturer’s instructions. Briefly, target
cells were plated at a density of 5-10x10° cells per 100mm tissue culture dish 24h
before transfection. Cells were fed with fresh, complete medium 3h before
transfection. 5-10ug of plasmid DNA (amount X) plus 20-X pg salmon sperm carrier
DNA were precipitated with calcium phosphate. The precipitate was vortexed and 1ml
of suspension added to the target cells. After 30 minutes, 10ml complete medium was
added and after 24h this was replaced again with fresh medium. Stable transfectants
were selected by growth in the appropriate selective medium for 2-3 weeks. The dose
of individual selective agents was determined for each cell type prior to transfection by
plating actively dividing cells in a range of doses of the selective agent. The following
doses were chosen on the basis that they resulted in the death of 100% of

unmanipulated cells within 7-10 days:

Selective Agent CHO-K1 Hela

G418/Geneticin 600Lg/ml -

Hygromycin B 200pg/ml -
Puromycin 10pg/ml -
Colchicine 250ng/ml 5 ng/ml

Cloning

Clones were isolated from populations of stable transfectants either by plating at a
density of 0.3 cells per well in a flat-bottomed 96-well plate or by plating at very low
density in 100mm tissue culture dishes and using cloning rings (Sigma, Poole, UK).
In the first method, wells were examined after 2-3 days in order to exclude those in

which more than one clone was growing.
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2.2 Isolation of Peripheral Blood Progenitor Cells
Materials

e Ceprate SC® stem cell concentration system (CellPro, Seattle, USA).
e Variomacs™ System (Miltenyi Biotech, Camberly, UK).

e Ficoll-Hypaque (Pharmacia, NJ, USA).

e Cryopreservation vials (Nalgene, NY, USA).

e Conrolled rate freezing device (Nalgene).

e Freezing Mix : PBS, 15% DMSO, 8% human serum albumin.

Methods

Patients with haematological malignancies were mobilised with either
cyclophosphamide (1.5g/m?) and G-CSF (263 pg daily) or ESHAP chemotherapy
(etoposide 40mg/m? for 4d, cis-platin 25mg/m? over 4d, cytarabine 2g/m? over 4d and
methylprednisolone 500mg daily) and G-CSF. CD34+ cells were then isolated from
the leukopheresis product by one of two methods. In some cases, the entire harvest
product was positively selected using the Ceprate SC® stem cell concentration system
and the 12.8 biotinylated anti-CD34 antibody as previously described (Watts et al.,
1996). Alternatively, a small aliquot of the leukopheresis product was removed and the
CD34+ cells were positively selected using the Variomacs™ System (Miltenyi Biotech)
as per manufacturer’s instructions. Briefly, mononuclear cells were isolated by Ficoll-
Hypaque density centrifugation. The cells from the interface were washed and
incubated with 100l of multisort magnetic beads conjugated to the anti-CD34
monoclonal antibody Q-BEND/10 for 30 minutes on ice then selected on a Variomacs
column. Cells were cryopreserved in PBS, [5% DMSO and 8% human serum
albumin. Vials were transferred to -80°C in a controlled rate freezing device. Vials to
be stored for longer than 1 week were transferred to liquid nitrogen. Product purity
was determined by APAAP (alkaline phosphatase anti-alkaline phosphatase) for the
CD34 antigen on cytospins as previously described (Watts et al., 1997).



2.3 Viral Harvesting, Titration and Infections
Materials

e General cell culture reagents (see section 2.1).

e 0.45um sterile filters (Sartorius, Gottingen, Germany).

e Multi-well tissue culture plates (Costar, Cambridge, MA, USA).

e Protamine sulphate. Stock at 1 mg/ml (Evans Medical Ltd, Horsham, UK).

e Reagents for X-Gal staining (see secton 2.7).
Methods

Virus production

Adherent viral producer cell lines were cultured to 100% confluency then split 1:2.
After 16h, viral supernatant was collected in 10ml medium per 30 million cells for 6 or
16h at 32°C or 37°C. Supernatant was spun at 1200rpm in a tabletop centrifuge to
pellet contaminating cells, filtered through a 0.45um filter and transferred immediately

to storage at -80°C.

Determination of viral titre

Viral titre was determined by the end-point dilution method which involves inoculation
of multiple cultures with different dilutions of the virus and estimation of the dilution of
virus that would infect 50% of the cultures (the end-point dilution). This quantity of
virus is known as the 50% tissue-culture infectious dose (TCID50) and viral titres
determined in this manner can be expressed as TCID50/ml or converted to infectious
units/ml (iu/ml). Target cells were plated at 1x10% per well in a 24-well plate with 12
wells per dilution. After 24h, wells were exposed to 100yl of the appropriate dilution
of virus (carrying the LacZ reporter gene) in the presence of protamine sulphate (5
ng/ml) for 2h at 37°C. Viral supernatant was replaced with standard medium and cells
fixed and stained for LacZ expression after 48h. Wells were scored for the presence or
absence of transduced cells under an inverted microscope. The method of Reed and
Munch (Reed & Munch, 1938) was then used to calculate the number of infectious

units per ml (iu/ml). The value of iu was calculated using the formula
iu=TCID50 x 0.69

Target cells were exposed to neat viral supernatant at a ratio of 0.2-0.5 x 10° cells per

ml of supernatant, in the presence of protamine sulphate at 5 ng/ml. Incubations were
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for 2, 6 or 16h in a humidified incubator at 37°C with 5% CO, Adherent cells were
rocked and non-adherent cells shaken every 15 minutes. On removal from storage at -
80°C, viral supernatant was transferred immediately to 37°C to defrost and used
without delay.

Method for calculation of viral titre

Taken from Baculovirus Expression Vectors - A Laboratory Manual (O'Reilly et al.,
1994).

The determination of viral titre by end-point dilution involves the inoculation of multiple
cultures with different dilutions of virus and estimation of the dilution of virus that
would infect 50% of the cultures (the end-point dilution). This quantity of virus is
known as the 50% tissue-culture infectious dose (TCID50). Virus titres determined in
this manner can be expressed as TCID50/ml or converted to infectious units/ml(iv/ml).
To get an accurate estimate of viral titre it iS necessary to have several dilutions that
infect some but not all of the cultures. The most widely used method for calculation of
the TCIDS0 is that of Reed & Munch (Reed & Munch, 1938). The basic principle is to
assume that all cultures infected at a particular dilution would have been infected at all
lower dilutions, and conversely, that all cultures uninfected at that dilution would have

been uninfected at all higher dilutions. Consider the following example:

Dilution Infected Wells Uninfected Wells
10-5 12 0
10-6 8 4
10-7 1 11
10-8 0 12

Making the assumptions described above:

Dilution Infected Uninfected Y% Infected
10-5 21 0 100.0
10-6 9 4 69.2
10-7 1 15 6.3
10-8 0 27 0.0

The dilution that would have given 50% infection lies between 10-6 and 10-7. This
dilution is calculated by linear interpolation between the infection rates observed at these

dilutions.
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First, the proportionate distance (PD) of a 50% response from the response above 50%

is calculated using the following formula:
PD = (A-50) / (A-B)

where A is the % response above 50%, and B is the % response below 50%. In this

example

PD = (69.2-50) / (69.2-6.3) = 0.305
The TCIDSO is then calculated using the following formula

Log TCIDS50 = Log of the dilution giving a response greater than 50% - PD
Thus Log TCID50 = -6 - 0.305
Therefore TCID50 = 10-6-305
The titre of the virus is the reciprocal of this
titre = 2.02 x 106 (per 10ul)
= 2.02 x 108/ml

This can be converted to iu/ml using the relationship iu = TCID50 x 0.69

Therefore titre = 1.4 x 108 iu/ml



2.4  General Molecular Biology
Many of the following protocols were adapted from ‘“Molecular Cloning - A Laboratory
Manual” (Sambrook et al., 1989).

General Reagents

e Agarose (Sigma, Poole, UK).
e TE Buffer: 10mM Tris-HCI pH8.0, ImM EDTA pHS&.0.
e TBE Buffer : 90mM Tris-Borate, 2mM EDTA.

Methods

2.4.1 Total DNA Extraction

e Proteinase K (Promega, Madison, USA).

1x10* cells were washed twice in PBS then resuspended in 50ul reaction buffer (50mM
KCI, 10mM Tris-HCI pHS8.3, 2.5mM MgCl,, 0.34% NP40, 0.45% Tween 20).
Samples were overlayed with mineral oil, one unit of proteinase K added per tube and
the reaction allowed to proceed for one hour at 55°C. The enzyme was heat inactivated
at 95°C for 5 minutes. Sl of product was then used as a template for PCR.

24.2 RT-PCR

e AMV Reverse Transcriptase (Promega, Madison, USA).

e Taq DNA Polymerase (Promega, Madison, USA).

AMV reverse transcriptase (Promega) was used to reverse transcribe from template
RNA with an Oligo dT primer (12.5mg/ml) in a 20} volume. The reaction was carried
out in Taq buffer with 5.25mM MgCl,, 50mM KCI, 10mM Tris-HCI pH9.0, 0.1%
Triton X-100, ImM dNTP, 15U ribonuclease inhibitor and 4U AMYV per reaction. The
reaction was incubated at 42°C for | hour followed by 99°C for 5 minutes. A hot start
was sometimes included to remove remnants of RNA secondary structure and improve
the efficiency of the reaction. RNA, primers and water were incubated at 60°C for 5
minutes and after 10 minutes at 42°C the reaction allowed to proceed. 4ul of the RT
product was used in a 20l PCR reaction to amplify the fragment of interest. 2.5U
each of Taq polymerase and Taq Extender (Stratagene) were used in Taq buffer
(2.5mM MgCl,, 50mM KCl, 10mM Tris-HCI pH9.0 and 0.1% Triton X-100). Taq
and Taq Extender were added at 85°C after a hot start at 95°C for 5 minutes. Tubes

were transferred to a Hybaid thermocycler for 25-35 cycles as follows:

Step Temperature /°C Duration
Denaturation 95 30s
Annealing 55-72 30s

Extension 72 1-6mins



followed by a final entension step for 5 minutes at 72°C. The annealing temperature for

primers was calculated using the following formula

T(°C)= 2(nA+nT) + 4(nG+nC)

where n is the number of adenine (A), thymidine (T), guanidine (G) and cytosine (C)
bases in the primer. A number of other factors were taken into consideration when
designing primers including propensity to form hairpins (undesirable) and total GC
content (should be greater than 50%).

2.4.3 Cloning

Cloning PCR products

PCR products were cloned directly into the pCRII™ vector via their TA overhangs
using the TA Cloning Kit (Invitrogen, San Diego, USA). The method was exactly as
in the manufacturer’s instructions. Fragments were then subcloned from pCRII™ into

the appropriate vector.

Restriction Digests

1-15 units of enzyme (New England Biolabs, Hitchin, UK) were used to digest 1ug
substrate DNA in the appropriate buffer at the appropriate temperature for 2-16h. A 5-
fold excess of enzyme was used and the reaction performed in a volume at least 20x that
of enzyme used to prevent inhibition by glycerol in the storage buffer. BSA at a final
concentration of 100pg/ml was required for certain enzymes.

T4 DNA Polymerase (Promega, Madison, USA)

This was used to fill § protruding ends and to generate blunt ends from DNA
molecules with 3” overhangs. 5 units of enzyme were added per g DNA plus 100um
of each dNTP in reaction buffer (33mM Tris-acetate pH7.9, 66mM potassium acetate,
10mM magnesium acetate, 0.5mM DTT and 0.lmg/ml BSA). The reaction was
allowed to proceed for 5 minutes at 37°C then was stopped by heating at 75°C for 10
minutes. When removing a 3 overhang it is essential that the ANTPs do not become
exhausted in order to limit the exonuclease activity of T4 DNA polymerase to ensure
that DNA degradation stops at the duplex DNA.



Shrimp Alkaline Phosphatase (Promega, Madison, USA)
This was used to remove the terminal 5 phosphate from double-stranded DNA. 0.1-
0.5 units of enzyme were required per pmol of termini depending on the nature of the

termini. The reaction was allowed to proceed in 1x reaction buffer (20mM Tris.HCI
pH&8.0, 10mM MgCl,) for 2h at 37°C then stopped by heating at 65°C for 15 minutes.

T4 Polynucleotide Kinase (Promega, Madison, USA)

Catalyses the transfer of the y-phosphate from ATP to the 5’-terminus of polynucleotide
fragments for the phoshorylation of insert DNA from PCR products. 10-20 units of
enzyme were required per 250ng target DNA. Enzyme plus target DNA were incubated
in reaction buffer (70mM Tris-HCl pH7.6, 10mM MgCl,, 5SmM DTT) in the presence
of ImM ATP at 37°C for 30 minutes. The reaction was stopped by adding 25mM
EDTA and the products purified by ethanol precipitation. To precipitate DNA, sodium
acetate was added to a final concentration of 0.3M followed by 2 volumes of ice-cold
ethanol. The sample was spun in a table-top centrifuge at 12000rpm then washed twice
with 70% ethanol, dried and resuspended in DDW or TE (pH8.0) as required.

Gel Extraction

DNA fragments were purified from 0.5-3.0% low melting point agarose gels using the
QIAquick Gel Extraction Kit (Qiagen, Dorking, UK) as per manufacturer’s instructions
after excision from the gel with a sterile scalpel. If the product was required for blunt-
end ligation, the QIAquick column was left to stand for 5 minutes before centrifugation.
At the end of the procedure, DNA was eluted into TE or DDW as required.

Ligation

A total of 100ng DNA was used per reaction with 1:1, 1:3 and 3:1 molar ratios of
vector:insert DNA used. 0.1-1.0 units of T4 DNA ligase (Promega, Madison, USA)
were used per reaction in 1x buffer (30mM Tris.HCl pH7.8, 10mM MgCl,, 10mM
DTT and 0.5mM ATP). The reaction was allowed to proceed for 16h at 15°C. A
vector only control was always included to check for recircularised vector as well as a

vector without ligase control to check for uncut vector.

Generation of competent bacteria

e Solution RF-1 : 100mM RbCl, 50mM MnCl,.4H,0, 30mM potassium acetate,
10mM CacCl,.2H,0, 15% (w/v) glycerol, adjust pH to 5.8 with 0.2M acetic acid.

e Solution RF-2 : 10mM MOPS, 10mM RbCl, 75mM CaCl,.2H,0, 15% (w/v)
glycerol, adjust pH to 6.8 with NaOH.



A starter culture of a colony from a freshly streaked plate in 10ml SOB medium was
used to inoculate 100ml SOB medium in a 2-litre Erlenmeyer flask. The culture was
incubated at 37°C with moderate agitation until the density reached 5x10’ viable
cells/ml. It was then collected into 50ml tubes, chilled on ice for 15 minutes then
pelleted by centrifugation at 750g for 15 minutes at 4°C. The pellet was resuspended in
33ml solution RF-1 and chilled on ice for 15 minutes. The cells were pelleted again and
resuspended in 8ml solution RF-2. After a further 15 minutes on ice, aliquots were
distributed to 1.5ml tubes, flash frozen in a solid CO,/alcohol bath and placed at -80°C
for storage. (Method of Hanahan) (Glover, 1991).

Transformation of competent bacteria

e SOC Medium : 2% Bacto tryptone, 0.5% yeast extract, |0mM NaCl, 2.5mM KCl,
10mM MgCl,, 10mM MgSO,, 20mM glucose.

e LB medium : 1% Bactotryptone, 0.5% yeast extract, 1% NaCl.

e LB plates : LB medium plus 1.5% bactoagar.

Cells were thawed in air at room temperature then placed on ice. 0.1-50ng plasmid

DNA in <20ul was added, mixed and the tube left on ice for 30 minutes. Tubes were

heat shocked (in Falcon 2059 tubes) by placing in a 42°C water bath for 90 seconds,

then returned to ice for 2 minutes. 800l pre-warmed SOC medium was added and

tubes were incubated at 37°C for 1 hour with moderate agitation then various dilutions

plated onto LB plates wth the appropriate antibiotic (usually ampicillin at 50 pg/ml).

(Method of Hanahan) (Glover, 1991).

Transformation of Epicurian Coli ™ XL-1 Blue Supercompetent Cells
e Epicurian Coli XL-1 Blue Competent Cells (Stratagene, Cambridge, UK).

The method for transformation of these competent cells (Stratagene) was as above
except for the following: cells were thawed on ice and B-mercaptoethanol (to a final
concentration of 25mM) was added to the cells after thawing. Tubes were heat shocked
for 30 rather than 90 seconds.

Small scale plasmid DNA preparation

1-10 pug plasmid DNA was prepared using the Wizard™ Minipreps DNA Purification
System (Promega, Madison, UK) as per manufacturer’s instructions. 1.5ml of
overnight bacterial culture was pelleted and resuspended in 200ul Cell Resuspension
Solution (50mM Tris-HCl pH7.5, 10mM EDTA, 100ug/ml RNase A). After adding
200ul Lysis Solution (0.2M NaOH, 1% SDS), each tube was inverted until the
suspension cleared. 200ul Neutralisation Solution (1.32M Potassium Acetate) was

added, then the tubes mixed by inversion and spun at top speed in a microcentrifuge for



5 minutes. The supernatants were processed using the Vac-Man Laboratory Vacuum
Manifold. Each supernatant was mixed with Iml Purification Resin and applied to a
minicolumn. The column was then washed with 2ml Column Wash Solution (85mM
NaCl, 8mM Tris-HCI pH7.5, 2mM EDTA, 55% ethanol). Residual Column Wash
Solution was removed by spinning the column at top speed in a microcentrifuge for 20
seconds. DNA was eluted in S0ul of TE buffer or water heated to 65-70°C. Plasmid
DNA was stored at -20°C.

Large scale plasmid DNA preparation

Up to 1mg plasmid DNA was purified from cultures of 250-500ml using the Wizard™
Maxiprep DNA Purification System (Promega, Madison, UK). Method was as per
manufacturer’s instructions and was essentially as for small scale plasmid preparation
but on a larger scale. DNA was quantified by comparison with known standards of
similar size on an agarose gel or by spectrophotometry. Sample optical density was
measured at 260 and 280nm, and the concentration calculated with the following

formula:

DNA concentration (ug/ml) = O.D. ., X dilution factor x 50

The O.D at 280nm gives a measure of the amount of protein in the sample. The ratio of
0.D. 260:280 should be >1.6. Values below this indicate that the DNA preparation is

contaminated with protein.

Sequencing (Manual)

The Sequenase™ Version 2.0 Kit (USB, Cleveland, USA) was used to sequence
plasmid DNA by the di-deoxy chain termination method as described in the ‘step-by-
step protocols” booklet. Double-stranded DNA template was prepared by alkaline-
denaturation with 0.2M NaOH and 0.2mM EDTA at room temperature for 5 minutes.
DNA was then purified by spinning through a column of glass beads (400-500pum
diameter) and Sepharose CL-4B slurry (Sigma) in TE buffer. To anneal the primer,
DNA and primer were heated together in reaction buffer to 65°C for 3 minutes, allowed
to cool slowly then kept on ice. All sequencing was by incorporation of a*’S dATP
(Amersham, Amersham, UK). The labelling and termination reactions were performed
as recommended. Samples were run in adjacent lanes in the order GATC on 0.2-
0.4mm, 6% polyacrylamide denaturing gels (113ml gel: 51.75g urea, 11.25ml
I0xTBE, 16.88ml 40% acrylamide, 195ul each TEMED and 25% ammonium
persulphate). Gels were pre-run in 1XTBE at 40W for 60 minutes. Samples were
denatured by heating to 95°C for 2 minutes then loaded rapidly and the gel run at 40W



for between 2 and 8 hours. To remove the urea, gels were soaked in 5% acetic acid,
15% methanol for 15 minutes then transferred to Whatman 3MM filter paper and dried
under vacuum at 80°C for one hour. Gels were processed by autoradiography using
Kodak XAR-5 film.

Sequencing (Automated)

Plasmid DNA was also sequenced by the cycle sequencing method with the ABI
PRISM™ Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer, Foster
City, USA). Method was exactly as in handbook with 0.4ug double-stranded plasmid
DNA as template and 3.2 pmole of primer per reaction. The product was purified by
ethanol precipitation, resuspended in loading buffer and sequenced on an automated
sequencer (model ABI 373).
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2.5 Protein Methods

2.5.1 Sample Preparation

Materials & Reagents

e Nonidet-40 (NP-40) (Sigma, Poole, UK).

e Phenylmethylsulfonylfluoride (PMSF) (Sigma).
e Aprotinin, Pepstatin, Leupeptin (Sigma).

e Protein A Sepharose (Sigma).

e 1x Lysis Buffer :

NaCl 137mM B-glycerophosphate 1mM
Tris pH8 20mM NaF IlmM
MgCl, ImM pyrophosphate SmM
CaCl, ImM EDTA 2mM
NP-40 1% PMSF ImM
glycerol 10% aprotinin 10pg/ml
Na orthovanadate ImM leupeptin 10pg/ml
pepstatin 10pg/ml

e 2x Laemlli Sample Buffer (Reducing) :

TrisHCI 0.5M pH6.8 100mM
10%SDS 4%
Glycerol (neat) 20%
0.05% BPB (in DDW)

DTT (IM)* 200mM

*Dissolve 3.09g DTT in 20ml 0.01M sodium acetate (pHS5.2).

filtration.
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Method

Sample preparation was carried out in a cold room at 4°C on ice. Whole cell lysates
were prepared by detergent lysis. Non-adherent cells were washed and incubated in
Iml ice-cold Ix lysis buffer plus protease inhibitors for 30 minutes. Adherent cells
were grown on 96mm diameter tissue culture dishes and removed using a sterile cell
scraper into lysis buffer. Samples were centifuged in a bench-top centrifuge for 10
minutes at 12000rpm and the supernatant was mixed with 2x Laemlli Sample Buffer.
After heating to 95°C for 5 minutes, samples were transferred to -20°C for storage.
Sample protein concentration was determined using a Detergent-Compatible Protein
Assay (BioRad, CA, USA) as per manufacturer’s instructions by comparison with a set

of protein standards. The assay is based on the Lowry Test.
2.5.2 SDS-Polyacrylamide Gel Electrophoresis and Western Blotting
Materials

e Acrylamide/N'N'-bis-methylene (bis)-acrylamide ratio of 37.5:1 (Boehringer,
Mannheim, Germany).

e N'N'N'N'-Tetra-methylethylenediamine (TEMED) (BioRad, CA, USA).

e Ammonium persulphate (Sigma).

e Prestained molecular weight protein markers (Amersham, UK).

¢ Hybond-C Extra nitrocellulose membrane (Amersham, UK).

e Non-fat dried milk (Marvel).

e Peroxidase-conjugated antisera (Dako Ltd, High Wycombe, UK).

e Anti-NPTII (Sigma Immunochemicals).

e Anti-actin (Serotec, Oxford, UK).

e Anti-B-tubulin (Serotec, Oxford, UK).

e Enhanced chemiluminescence kit (Amersham, UK).

e Hyperfilm-MP (Amersham, UK).

e Phosphate-Buffered Saline (PBS) (Oxoid Ltd, Basingstoke, UK).

e 1x Running Buffer : Tris 25mM, Glycine 200mM, SDS 0.1%.

e 1x Western Blot Transfer Buffer : Tris 25mM, Glycine 200mM, Methanol 20%.

e 1x Methanol-Free Transfer Buffer : Tris 25mM, Glycine 200mM.

o 4% Stacking Gel : 6.1ml DDW, 2.5ml 0.5M Tris.HCI pH6.8, 100ul 10% SDS,
1.3ml acrylamide/bis 30%, 75ul 10% ammonium persulphate, 15ul TEMED.

e 7% Running Gel : 5ml DDW, 2.5ml 0.5M TrisHCl pH8.8, 100ul 10% SDS,
2.35ml acrylamide/bis 30%, 751l 10% ammonium persulphate, 7.5u1 TEMED.

/2



Methods

The separating gel was made and poured into a minigel apparatus (Mini-Protean II,
BioRad, CA, USA), overlayed with water-saturated butanol and allowed to set at room
temperature. The butanol was washed off before the stacking gel was poured on top of
the separating gel and allowed to set with a 10-well comb in place. After rinsing with
1x running buffer, 10-20ul sample was loaded per lane (samples were heated to 95°C
for 5 minutes prior to loading). The gel was electrophoresed at a constant voltage of
120V for between 1 and 2 hours. Proteins were transferred to a nitrocellulose
membrane in a semi-dry Western Blotting Apparatus (Millipore, Watford, UK) at a
constant current of 0.4A for 50 minutes. For temperature-sensitive protein transfer,
wet transfer was performed at 4°C using a methanol-free transfer buffer in a Flowgen
(UK) apparatus. Proteins were transferred for 8-16h at a constant current of 0.2A.
Non-specific binding sites were blocked by incubation with PBS 5% Marvel for 1h at
room temperature or 16h at 4°C. The blot was then probed with the relevant antiserum,
each with its own optimal diluent for 4h at room temperature or 16h at 4°C. Blots were
washed 3x in PBS 0.05% Tween 20 then incubated with secondary antibody for 1h at
room temperature. Goat anti-mouse or goat anti-rabbit horseraddish peroxidase-
conjugated antibodies were used at a dilution of 1:2000 in 3% BSA. After a further 3
washes, blots were developed by ECL (enhanced chemiluminescence) and analysed by
autoradiography.

2.6 Flow Cytometry Methods

Materials

¢ Polyclonal anti-gp70 antibody (donated by Mary Collins, UCL, London, UK).

e Monoclonal 83A25 antibody (provided by Leonard Evans) (Evans et al., 1990).

e PBA: PBS (without Ca and Mg), 2% FCS, 0.1% azide, ice-cold.

¢ Mouse anti-goat antibody (FITC-conjugated) from Dako, Denmark.

e Goat anti-rat F(ab)2 fragment (Immunotech, Maine, USA).

e Anti-CD34+ (PE-conjugated) and mouse IgG1 isotype control (Beckton Dickinson,
San Jose, USA).

¢ DNase-free RNase (Sigma, Poole, UK): Should be made up at 10mg/ml in Tris-
HCI pH7.5 and 15mM NaCl, passed through a 0.22um filter then heated to 100°C
for 15 minutes. Aliquots should be stored at -20°C.

o Cell Dissociation Solution (Sigma, Poole, UK).
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2.6.1 Virus Binding Assays

Assay 1 : binding of virus to target cells was measured with a goat polyclonal antibody
to the viral envelope glycoprotein gp70. The antibody was raised against the Raus
Sarcoma Virus gp70 and donated by Mary Collins. Cells were simultaneously stained
for the CD34 marker if necessary and also for viability. All staining and washing was
performed at 4°C and cells were washed twice between each step. Adherent cells were
released with Cell Dissociation Solution (Sigma) by incubation at 4°C for 10-15
minutes followed by two washes in complete medium. 1-10x103 cells were incubated
with 5-10ml of amphotropic viral vector supernatant or plain medium for one hour at
37°C in the presence of 5 ug/ml protamine sulphate. Cells were washed twice in ice-
cold PBA then incubated with 50ul of 1:200 primary antibody for one hour. Cells were
then incubated with 50ul 1:30 secondary antibody (mouse anti-goat conjugated to
FITC) and 5ul anti-CD34 antibody or isotype control for 45 minutes. After two final
washes, cells were resuspended in 500ul PBA with TO-PRO-3 as a viability stain.
Flow cytometry was performed on an 'Epics’ machine (Coulter, Luton, UK) using two
lasers - an Argon Ion laser (emits at 488nm) and a Helium-Neon laser (emits at
633nm). FITC, PE and TO-PRO-3 were detected on PMT2, 3 and 4 respectively.
Unstained and singly stained samples were included to set up compensation as required
(due to leakage of the FITC signal into the PE detector (Fig.2.1). The CD34+ gate was
set at the level where cells stained with the matched isotype control read 5% positive.
Values for specific amphotropic virus binding were calculated by two methods
depending on context. Either the logMCF (Mean Channel Fluorescence) of the no virus
control was subtracted from the logMCF of the amphotropic signal or the latter was

expressed as a % of the former.

Assay 2 : a similar assay was performed using the 83A25 monoclonal antibody which
also recognises the gp70 envelope glycoprotein (Evans et al., 1990). Method was as
above, with the exception that primary antibody was used neat and the secondary
antibody was goat anti-rat F(ab)2 fragment conjugated to FITC and was used at a
dilution of 1:100. To harvest antibody, the hybridoma 83A25 was grown to cell death
in serum-free hybridoma medium. The medium was spun at 1000g for 10 minutes to
remove cells then put through a 0.45um filter to remove debris. A 1/20 volume of 1M
Tris-HCI pH8.0 was added and 1ml aliquots stored at -20°C.
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2.6.2 Cell Cycle Analysis

Up to one million cells were fixed in Iml chilled 70% ethanol (kept at -20°C) for 30
minutes at -20°C. The supernatant was discarded after spinning at 400g for 10 minutes
then cells resuspended in staining mix (PBS, propidium iodide 20pg/ml, DNAse-free
RNAse 500pg/ml) and left at room temperature for 30 minutes. Cells were analysed by
flow cytometry using the 488nm laser and the PMT3 detector. Linear gates were used
to determine the proportion of cells in the G,/G,, S and G,/M phases of the cell cycle.

2.7 Methods for Detection of Transgenes
Materials

e X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside) Sigma.
e [-Galactosidase Spectrophotometric Assay Kit (Promega, Madison, USA).
e FluoReporter® lacZ Flow Cytometry Kit (Molecular Probes, Oregon, USA).

Methods

X-Gal staining

Cells were washed twice with PBS (without Ca and Mg) and fixed with 0.5%
glutaraldehyde in PBS for 15 minutes at room temperature. After two further washes,
cells were incubated with warmed X-Gal staining solution (0.01% Na deoxycholate,
0.02% NP-40, 2mM MgCl,, 5SmM K ferricyanide, SmM K ferrocyanide, 1mg/ml X-
Gal) for 1-6 hours at 37°C. Staining solution was replaced with PBS and transduction
efficiency calculated by counting the number of blue cells in at least 20 randomly

selected fields as well as the average total number of cells per field.

B-Galactosidase Spectrophotometric Assay

Enzyme activity was assayed using the -Gal spectrophotometric assay kit (Promega)
as per manufacturer's instructions. The substrate ONPG (o-nitrophenyl-f-D-
galactopyranoside) is hydrolysed by B-Gal to o-nitrophenol which is yellow. Briefly,
cells were incubated with lysis buffer for 15 minutes on ice, spun at top speed in a

microcentrifuge for 2 minutes and the supernatant assayed immediately or stored at -
70°C. Typically, 100pl lysate was assayed alongside a set of standards containing 0-6
milliunits of B-Galactosidase activity. The reaction was allowed to proceed for 30
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minutes or until a faint yellow colour had developed then stopped by addition of sodium

carbonate to a final concentration of 150mM. Absorbance was read at 420nm.

LacZ Flow Detection Method

The FluoReporter® lacZ Flow Cytometry Kit (Molecular Probes) employs the
fluorogenic substrate fluorescein di-f-D-galactopyranoside (FDG) in a fluorescence-
based assay of B-Gal activity. The substrate, 2mM FDG, was loaded into the cells by
hypotonic shock at 37°C for one minute. Loading was stopped by adding ice-cold
staining medium (membranes are 200-fold less permeable to fluorescein at 4°C than at
37°C). lug/ml propidium iodide was added to allow exclusion of non-viable cells.
The reaction was allowed to proceed on ice for 10-60 minutes then terminated with
ImM PETG (phenylethyl B-D thiogalactopyranoside) - a competitive inhibitor.
Samples were stored on ice and analysed on an 'Epics’ Flow Cytometer (Coulter,
Luton, UK) with the Argon Ion laser (488nm) and the PMT?2 detector.
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-- CHAPTER 3 --

Cloning, expression and demonstration of
functionality of the amphotropic retroviral

receptor cDNA
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3.1 Introduction

The cDNA for the human amphotropic retrovirus receptor (Glvr2, also known as PiT2)
was originally isolated from an HL-60 cDNA library on the basis of its ability to confer
susceptibilty to infection by amphotropic MLV-based vectors, its position on
chromosome 8 and its homology to Glvr! (van Zeijl et al., 1994). At 2.3kb in size, the
receptor cDNA is within the range that could be obtained by RT-PCR from the total
cellular RNA of cell types that express the receptor. In order to study the relationship
between virus binding and transduction, we aimed to express the Glvr2 gene in CHO-
K1 cells, which are non-permissive to infection by amphotropic retrovirus. The
resulting stable transfectants would be valuable in validating virus binding assays of
relative receptor number (see Chapter 4) and in screening candidate anti-Glvr2 antisera
(see Chapter 5).

The Chinese Hamster Ovary (CHO) cell type is ideal for this purpose because it is one
of the few mammalian cell types that is resistant to infection by amphotropic MLV-
based vectors (Miller & Miller, 1992) (amphotropic MLVs have a broad tropism). The
exact nature of the block to infection in CHO-KT1 cells 1s unclear but evidence suggests
that it acts at the level of virus penetration (Miller & Miller, 1992). RNA blot analysis
has shown that CHO-K1 cells and susceptible NIH3T3 cells contain similar amounts of
amphotropic retroviral receptor mRNA (Miller et al., 1994), suggesting that there is a
post-transcriptional block to receptor expression or function.

The block can be partially overcome by treating cells with tunicamycin (an inhibitor of
glycosylation) suggesting that it is glycosylation-dependent. There is evidence for
glycosylation dependence in other retroviral receptors. It has been shown that N-linked
glycosylation of the CAT-1 protein of hamsters, the receptor for ecotropic-MLV,
occludes a potentially functional virus-binding site in the third extracellular loop, thus
contributing to resistance to infection by E-MLV (Wang et al., 1996). Two residues in
loop 3 are glycosylated and contain oligosaccharides with diverse sizes (Kim &
Cunningham, 1993). Elimination of the glycosylation sites by mutagenesis of an
mCAT-1 cDNA clone doubled the number of available gp70 binding sites on
transfected cells. Interestingly, the normal function of CAT-1 as a transporter for

cationic amino acids was not affected by these changes.

Another proposed mechanism of resistance to retroviral infection in CHO-K1 cells is
the production of soluble inhibitors. Hamster serum has been shown to contain an
inhibitor of retroviral infection, the proposed identity of which is non-functional

retroviral envelope proteins synthesised from endogenous hamster proviruses (Miller &

~
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Miller, 1993). That non-functional env proteins can inhibit infection is confirmed by
experiments in which serum from transgenic mice expressing a murine retroviral
envelope transgene (Fv4) block infection in vitro, due to the presence of soluble Fv4
gp70°™ (Nihrane et al., 1996).

These mechanisms seem to be specific to the endogenous hamster protein however,
since expression of the human A-MLV receptor cDNA permits infection, even in the
absence of tunicamycin. Thus, CHO cells can be used as a model system for the study

of receptor function and interactions between virus and receptor.

The amphotropic receptor cDNA was obtained by a reverse-transcription-polymerase
chain reaction (RT-PCR) using RNA from the human erythroleukemic cell line TF-1
(Kitamura et al., 1989) and cloned into a eukaryotic expression vector. After
confirmation of identity by restriction digests and sequencing, Glvr2 cDNA was stably
tranfected into CHO-K1 cells. The stably introduced construct was shown to produce
functional receptor by exposing wild-type and stably transfected CHO-K1 cells to
amphotropic retroviral vectors carrying either the LacZ reporter gene or the cDNA of the
human MDRI1 gene. The product of the LacZ gene (the enzyme B-galactosidase) turns
transduced cells blue on addition of the substrate X-Gal. The product of the human
MDRI gene (the P-glycoprotein) is a membrane pump that effluxes selected toxins -
including colchicine - out of cells. Transduced cells are therefore selectable on the basis
of their colchicine resistance. The Glvr2 cDNA was shown to be essential for entry of
amphotropic MLVs into target cells. This model system was then used to validate
assays of receptor expression based on virus binding (Chapter 4) and to screen

candidate polyclonal antisera for specific anti-Glvr2 antibodies (see Chapter 5).
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3.2 Methods
3.2.1 Synthesis of receptor cDNA by RT-PCR

We were unable to obtain plasmids from the group that originally isolated the receptor
cDNA (van Zeijl et al, 1994) and therefore chose to obtain the cDNA by RT-PCR.
Receptor cDNA was synthesised using TF-1 RNA as template, by a reverse transcription-

polymerase chain reaction (RT-PCR). Total cellular RNA was prepared with the Trizol®

reagent (GibcoBRL) according to the manufacturer’s protocol. The relatively large size of
Glvr2 cDNA (2.29 kbp) meant that careful optimisation of these reactions was required.

AMV reverse transcriptase (Promega) was used to reverse transcribe from 2ug TF-1 RNA
with an Oligo dT primer (12.5ug/ml) in a 20ul volume. The reaction was carried out in
Taq buffer with 5.25mM MgCl,, 50mM KCl, 10mM Tris-HCI pH9.0, 0.1% Triton x-
100, ImM dNTP, 15U ribonuclease inhibitor and 4U AMYV per reaction. The reaction was
incubated at 42°C for 1 hour followed by 99°C for 5 minutes. A hot start was sometimes
included to remove remnants of RNA secondary structure and improve the efficiency of the
reaction. RNA, primers and water were incubated at 60°C for 5 minutes and after 10
minutes at 42°C the remaining components were added and the reaction allowed to proceed.

Two enzymes were used for PCR: standard Taq polymerase (Promega) and the cloned
version of the high-fidelity proofreading polymerase Pfu (Stratagene). We initially tried to
amplify the cDNA with Pfu, with the aim of obtaining maximum fidelity. However, it did
not prove possible to amplify the cDNA with Pfu and we thus used Taq polymerase
instead. 4ul of the RT reaction were used in a 20ul PCR to selectively amplify Glvr2
cDNA. Primers (CCGCTGACTGAACACAACCA and CTCGTGCCGCACATACACAT)
were designed with reference to the published sequence of Glvr2 (van Zeijl et al., 1994)
(Genbank Accession No L20852) to produce a fragment of 2289 base pairs. For the Taq
reaction, 2.5 units of Taq polymerase were used in magnesium-free buffer: 50mM KCl,
10mM Tris-HCl pH9.0 and 0.1% Triton X-100, supplemented with MgCl, to a final
concentration of 2.0mM, plus 40 or 80ng of each primer. dNTPs were carried over from
the RT reaction - final concentration 100-200uM. The procedure was optimised by varying
the concentration of primers and magnesium and the annealing temperature. Taq was added
at 85°C after a hot start at 95°C for 5 minutes. Tubes were transferred to a thermocycler
for 30 cycles of 95°C for 30 seconds, 62°C for 30 seconds and 72°C for 2 minutes. 30
cycles were chosen as an attempt to minimise Taq errors. For the Pfu reaction, the RT
product was precipitated and resuspended in Pfu reaction buffer: 20mM Tris-HCI (pH8.8),
2mM MgSO,, 10mM KCI, 10mM (NH,),SO,, 0.1% Triton X-100, 100ug/ml nuclease-
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free BSA, with one unit of Pfu per reaction. dNTPs were carried over from the RT and
primers were added at 40 or 80ng per 20ul reaction. Thermocycling was as for Taq except
that the extension time was raised to between 3 and 5 minutes. Pfu polymerase extends at a
rate of 0.5kb/minute whilst Taq polymerase covers 2kb/minute. Attempts to optimise the
reaction involved varying the extension time, and the primer and dNTP concentrations. An
important consideration was that Pfu functions as a 3’ - 5° exonuclease if ANTPs become

limiting but high levels of dNTPs reduce the fidelity of the reaction.
3.2.2 Cloning of receptor cDNA into a eukaryotic expression vector

The Taq PCR product was cloned directly into the PCRII ™ vector via its 3’
deoxyadenosine overhangs, using the TA cloning kit (InVitrogen) (Fig 3.1). Taq
polymerase has a terminal transferase activity with a preference for A and the vector has
complementary 3’ T overhangs. For details of methods refer to section 2.4.3 of Chapter 2.
The PCRII vector and the PCR product were mixed at molar ratios of 1:1 and 1:3 with a
total of 100ng DNA in a ligation reaction. Ligation products were transformed into
Epicurian Coli XL-1 Blue cells (Stratagene). Plasmid DNA was prepared using the
Promega 'Wizard' minipreps system. Transformants were grown on plates with ampicillin
(50pug/ml), plus IPTG (10ul of lmg/ml) and X-Gal (20pl of 50pg/ml) to allow
transformants bearing re-circularised vector to be identified. Re-circularisation produces a
functional LacZ gene, the product of which turns X-Gal blue. Tranformants bearing a
construct with an insert are white. The identity and orientation of the cDNA was confirmed
by restriction enzyme digests using Pstl and HindIII. Vector-insert junctions were
sequenced using primers Sp6 and T7 by the di-deoxy chain termination method using the
Sequenase kit (USB).

The cDNA was subcloned into the eukaryotic expression vector pcDNA3 (InVitrogen) via
HindIII and Xbal sites to give a construct 7655bp in size (pcDNA3 = 5400bp, insert =
2255bp) (Fig 3.1). PCRII was digested with Xba I and Hind III and the insert purified
from a 0.5% agarose gel with the Qiaquick gel extraction kit. A total of 100ng DNA was
included in the ligation reaction with vector:insert molar ratios of 1:1 and 1:3. Ligation
products were transformed into E.Coli XL-1 Blue competent bacteria (Stratagene), grown
on LB plates plus ampicillin (50 pg/ml) and plasmid DNA was prepared using Wizard
minipreps (Promega). Transformants were screened with PstI to identify those bearing a
construct containing an insert. The identity of the insert was confirmed by multiple
restriction enzyme digests (Pvul, Apal, Kpnl, BamHI and BgllIl) and by sequencing of the
vector-insert junctions using Sp6 and T7 primers as before. Large scale plasmid

production was with Promega maxipreps.
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3.2.3 Transfection of the receptor construct into CHO-K1 cells and test of functionality

The receptor-pcDNA3 construct was transfected into CHO-K1 cells by two methods:
calcium phosphate precipitation and electroporation. The two methods were employed
simultaneously to maximise the chances of producing transfectants quickly. For calcium
phosphate precipitation, 5pug of Scal-linearised construct plus 15ug of carrier DNA
(salmon sperm DNA) were precipitated and added to target cells plated at 1x10° cells per
95mm plate. Cells were grown under selection in G418 at 600ug/ml for 3 weeks. For
electroporation, 5x10° cells were resuspended in 0.8ml PBS, mixed with 0.5-10ug DNA
in a 0.4cm cuvette and chilled on ice for 10 minutes. Two sets of conditions were used (1)
0.5ug DNA with a capacitance of 25UF and a voltage of 1.3kV and (2) 10ug DNA with a
capacitance of 960 UF and a voltage of 0.3kV. After electroporation, cells were left on ice
for 10 minutes then added to warmed, complete medium. Selection was added after 48h.
In each experiment, a water control was included to check that selection was operative.
Previous experiments using a range of G418 concentrations (0-1200pg/ml) had established
the concentration needed to kill CHO-K1 cells within 14 days (600 pg/ml).

The G418-resistant populations were tested for expression of functional receptor i.e. the
ability to permit entry of amphotropic-MLV-based vectors. CHO-K1 wild-type cells
(negative control), Hela cells (positive control), CHO-K1 cells transfected with the
receptor construct and CHO-K1 cells transfected with vector alone were plated at 5x104
cells per plate on 95mm plates. Plates were infected with 1ml A ,M;-MDR1 vector
supernatant each (Ward et al., 1994), in the presence of 5 pg/ml protamine sulphate for 2h
at 37°C then virus replaced with complete medium. After 48h, colchicine was added at
250ng/ml to select for transduced cells. Non-transduced controls were grown in the
presence and absence of colchicine. Colonies surviving at 3 weeks were scored as
transduced. Again, previous experiments using a range of colchicine concentrations (0-500
ng/ml) had established the concentration needed to kill CHO-K1 cells within 14 days (250
ng/ml).

3.2.4 Testing individual clones for the presence of functional receptor

Clones were obtained from polyclonal populations by seeding cells at a density of 0.3
cells/well in a 96-well plate. Wells were examined under a light microscope after 4-6 days
to identify wells containing single clones only. Clones were trypsinised after 14 days,
bulked up and frozen. Screening of individual clones is necessary as spontaneous G418-

resistant clones can arise or clones might express the neomycin resistance gene but not the
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amphotropic receptor cDNA. Clones were screened for functional receptor using both the
A,M,-MDRI1 vector and an amphotropic vector carrying the LacZ reporter gene. The
presence of MDR1 cDNA was assessed by PCR on cellular DNA isolated using proteinase
K (see section 2.4.1). Sul of the product was used as template for a 20pl PCR reaction
with standard conditions. The primer set used produces two bands - a 685bp band from
genomic DNA (includes two introns) and a 401bp band from the cDNA transgene. Cells
bearing the LacZ transgene were identified by the X-Gal staining method (see section 2.7).

3.3 Results
3.3.1 Synthesis of receptor cDNA by RT-PCR

Attempts to amplify Glvr2 cDNA with the high-fidelity Pfu polymerase were unsuccessful.
Neither varying the extension time between 3-5 minutes, nor raising the concentration of
primers (from 40 to 80ng) or dNTPs resulted in a detectable product. The extension time
must be sufficient to allow extension but not prolonged as the Pfu exonuclease activity
could degrade products. Raising the concentration of primers and dNTPs should make the
reaction more efficient but at the expense of fidelity. A relatively high concentration of
primers is necessary because of the 3’-5” exonuclease activity of Pfu. Raising the number
of cycles to improve yield was not an option since this increases the proportion of

molecules containing errors in the product.

Receptor cDNA was successfully synthesised using Taq polymerase. However, although
one band of 2300bp was expected, the PCR reaction consistently produced 3 bands of
sizes 1700, 1800 and 2300 bp. These could have been due to non-specific priming,
attenuated versions of the receptor with untranscribed regions due to secondary structure in
the RNA or possibly splice variants. A 'hot start' to the RT designed to remove residual
secondary RNA structure did not abolish these bands (Fig 3.2A). Attempts to increase the
specificity of the PCR also failed to abolish the bands. The primer concentration was
halved. The annealing temperature was raised from 62°C in increments of 2°C until the
signal disappeared at 72°C. A representative gel shows the signal produced with annealing
temperatures of 62°C and 64°C (Fig 3.2B). Titration of the magnesium concentration in the
range 1.5-3.5mM showed that the signal disappeared at concentrations above 2.4mM but
that when there was a signal, all 3 bands were present (Fig 3.2C). The continued presence
of the smaller bands suggested that they might be splice variants (see section 3.4), however
since study of receptor isoforms was not the object of this project they were not
investigated further. The cDNA sequence was not examined for potential cryptic splice

sites.
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3.3.2 Cloning of receptor cDNA into a eukaryotic expression vector

Of 24 minipreps from the ligation of the PCR product into pCRII, 2 contained insert in the
positive orientation, 2 contained insert in the negative orientation and the remainder
contained re-circularised vector (Fig 3.3A). The constructs bearing insert in the positive
orientation were produced by the ligation with a 1:1 ratio of vector:insert DNA. The
expected digest patterns for constructs bearing the 2300 bp PCR product were as follows

(size of bands in bp):
Enzyme +ve orientation -ve orientation vector only
Pst I 619 1167 1167
1167 1664 2733
4368 3323
HindIII 44 2298 3900
6111 3857

Sequencing of approximately 200bp of the insert ends confirmed the identity of the insert.
Of 24 minipreps from the subcloning of receptor cDNA from pCRII into pcDNA3, 14
contained the insert in the correct orientation (the remainder contained no insert). Equal
numbers were produced from the ligations with 1:1 and 3:1 ratios of vector:insert DNA.
Restriction enzyme digest data supported the conclusion that the R-pcDNA3 construct
chosen for further study contained the receptor cDNA in the correct orientation. The
construct was digested with a panel of restriction enzymes (see table below for predicted

pattern) and the pattern produced was exactly as expected (Fig 3.3 BandC).

E?zyme Insert (+ve orientation) no insert
Pstl 565, 1419, 5623 1385, 4015
Pvul 3096, 4425 5400
Apal 925, 6596 5400
Kpnl 7521 5400

BamHI 7521 5400
Bglll 1977, 5544 5400

Sequencing of the vector insert boundaries confirmed the identity of the insert.
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3.3.3 Transfection of the receptor construct into CHO-K1 cells and test of functionality

G418-resistant cells were produced by two of the three transfection protocols: calcium
phosphate precipitation and the second set of electroporation conditions (10ug DNA,
960uF, 0.3kV). Exposure of the polyclonal populations of transfectants and various
control cell types to an amphotropic MDR1 virus followed by colchicine selection gave the

following results:

Presence of G418-resistant cells after transduction and selection with colchicine.

Cell ﬁzpe Transduced Mock-Transduced
CHO-K1 X %
CHO-KI1+pcDNA3 % %
CHO-K1+4+pcDNA3+R N %
HeLa N X

This demonstrates that the receptor cDNA cloned into pcDNA3 and stably transfected into
CHO-K1 cells, allows transduction of these previously non-permissive cells. HeLa cells
are a human cervical carcinoma cell line that serve as a positive control. CHO-KI1 cells
transfected with empty expression vector (p)cDNA3) were not susceptible to infection.

3.3.4 Testing individual clones for the presence of functional receptor

Wildtype CHO-K1 cells, HeLa cells and 3 stable tranfectant clones carrying the R-pcDNA3
construct were exposed to MDR1 virus and tested for the presence of the transgene by PCR
(Fig 3.4). The 685bp genomic signal was present in all cell types (primers designed to
amplify the human MDR1 sequence may also anneal to homologous hamster sequences).
However, there was no amplification in Lane 7. The lack of amplification and the presence
of a smear in Lane 7 may indicate the presence of excessive amounts of genomic DNA in
this reaction. The 401bp signal derived from the transgene was present in HeLa cells and
the 3 stable transfectants but not in wildtype CHO-K1 cells, indicating that the receptor was
functional in all 3 clones and confirming that wildtype CHO-K1 cells are indeed non-
permissive to infection. The same cell types were also exposed to amphotropic and
ecotropic viral vectors carrying the LacZ reporter gene. Staining with the substrate X-Gal

allowed transduced cells to be visualised by virtue of their blue colour (Fig 3.5). No blue
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isolated from the polyclonal, G418-resistant population and of these, 11 expressed

functional receptor.
3.4 Discussion

CHO-KI cells are non-permissive to infection by amphotropic MLV-based retroviral
vectors. Here, the cDNA for the human amphotropic retroviral receptor (Glvr2) has
been synthesised by RT-PCR, expressed in CHO-K1 cells and shown to be an absolute
requirement for susceptibility to infection by this type of retroviral vector. This
confirms the findings of the investigators who originally isolated the receptor cDNA
(van Zeyjl et al., 1994). This cell line bearing the receptor construct forms the basis of a
model system whereby receptor function can be studied in an otherwise non-permissive

cell line.

The attempt to amplify Glvr2 cDNA with the high-fidelity, proof-reading polymerase
Pfu was not successful. Pfu was isolated from Pyrococcus furiosus and exhibits the
lowest error rate of any thermostable DNA polymerase studied. Changes likely to
improve the efficiency of the reaction were also likely to compromise fidelity.
However, despite making several such changes - increasing the amounts of primer and
dNTPs and raising the extension time - it did not prove possible to amplify the cDNA.
The probable explanation is the 3 - 5 exonuclease activity that Pfu possesses in
addition to its polymerase activity. This may cause degradation - primarily of the
primers, but also of template DNA.

Although the predicted size for the Glvr2 cDNA PCR product was 2300bp, the PCR
reaction consistently produced 3 bands of sizes 1700, 1800 and 2300bp. These could
have been non-specific PCR products, shortened ¢cDNA copies generated by residual
secondary RNA structure during reverse transcription or possibly splice variants. The
two smaller bands were not abolished by including a hot start in the RT reaction (to
remove residual secondary structure) or by measures designed to improve the

specificity of the PCR, suggesting that the smaller bands may be splice variants.

CHO-K1 cells proved to be simple to stably transfect, both by electroporation and
calcium phosphate precipitation, and no optimisation of transfection procedures was
required. Tests of the susceptibility of the various cell types to transduction by
amphotropic ML.V-based vectors confirmed that CHO-K1 cells are completely resistant
to infection. Of 30 G418-resistant clones resulting from the transfection of CHO-K1
cells with Glvr2 cDNA in the expression vector pcDNA3, 11 contained functional
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cells were present in mock-transduced populations or in wildtype CHO-K1 cells or in cells
exposed to ecotropic virus. 30 clones were isolated from the polyclonal, G418-resistant

population and of these, 11 expressed functional receptor.
3.4 Discussion

CHO-KI1 cells are non-permissive to infection by amphotropic MLV-based retroviral
vectors. Here, the cDNA for the human amphotropic retroviral receptor (Glvr2) has been
synthesised by RT-PCR, expressed in CHO-K1 cells and shown to be an absolute
requirement for susceptibility to infection by this type of retroviral vector. This confirms
the findings of the investigators who originally isolated the receptor cDNA (van Zeijl et al.,
1994). This cell line bearing the receptor construct forms the basis of a model system

whereby receptor function can be studied in an otherwise non-permissive cell line.

The attempt to amplify Glvr2 cDNA with the high-fidelity, proof-reading polymerase Pfu
was not successful. Pfu was isolated from Pyrococcus furiosus and exhibits the lowest
error rate of any thermostable DNA polymerase studied. Changes likely to improve the
efficiency of the reaction were also likely to compromise fidelity. However, despite
making several such changes - increasing the amounts of primer and dNTPs and raising the
extension time - it did not prove possible to amplify the cDNA. The probable explanation
is the 3’ - 5 exonuclease activity that Pfu possesses in addition to its polymerase activity.

This may cause degradation - primarily of the primers, but also of template DNA.

Although the predicted size for the Glvi2 ¢cDNA PCR product was 2300bp, the PCR
reaction consistently produced 3 bands of sizes 1700, 1800 and 2300bp. These could have
been non-specific PCR products, shortened cDNA copies generated by residual secondary
RNA structure during reverse transcription or possibly splice variants. The two smaller
bands were not abolished by including a hot start in the RT reaction (to remove residual
secondary structure) or by measures designed to improve the specificity of the PCR,
suggesting that the smaller bands may be splice variants.

CHO-K1 cells proved to be simple to stably transfect, both by electroporation and calcium
phosphate precipitation, and no optimisation of transfection procedures was required.
Tests of the susceptibility of the various cell types to transduction by amphotropic MLV-
based vectors confirmed that CHO-K1 cells are completely resistant to infection. Of 30
G418-resistant clones resulting from the transfection of CHO-K1 cells with Glvr2 cDNA in

the expression vector pcDNA3, 11 contained functional receptor.
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A number of explanations could account for the fact that two-thirds of the clones were
resistant to G418 but did not express functional Glvr2, (1) spontaneous G418 resistance,
(2) rearrangement of the construct resulting in removal of the Glvr2 cDNA, and (3) lack of
expression from the integrated Glvr2 cDNA. A Southern Blot using a probe for the Glvr2
c¢DNA would permit detection of receptor cDNA. Northern Blot or RT-PCR could be used
to detect inactivation at the level of transcription in the event that the receptor cDNA was
present. The block could also be at or post-translation.

We have thus confirmed that the amphotropic receptor Glvr2 is an essential cellular
requirement for infection by amphotropic MLVs and that transfection of the cDNA into
CHO-K1 cells overcomes the block to infection that exists in these cells. Possible Glvr2
isoforms have been identified, but not further characterised. The stably transfected cell line
provides a model which could be used for validating measures of receptor number that rely
on virus binding (Chapter 4), for screening candidate antisera to the receptor (Chapter 5)

and for studies of receptor function.
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-- CHAPTER 4 --

Binding of amphotropic retrovirus to CD34+ cells
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4.1 Introduction

The interaction between the envelope protein and its cellular receptor is the first step in gene
transfer using amphotropic MLV-based vectors. Regardless of factors influencing other
steps in the transduction pathway, optimisation of this step is crucial to the design of

protocols for gene transfer using these agents.

Previous studies have suggested that amphotropic retrovirus receptor expression on
primitive haemopoietic cells is low, however the extent to which this limits transduction of
these cells is uncertain, since other factors such as cell cycle status are also important in

these cells.

Examination of mRNA expression in rat tissues by Northern blot showed the level of
Glvr2 mRNA to be particularly low in bone marrow compared to other tissues and in
comparison to the level of Glvrl mRNA (Kavanaugh & Kabat, 1996). Glvrl is the cellular
receptor for Gibbon Ape Leukaemia Virus. Studies of the infection of HSCs via different
receptors with a given MLV-based vector, have suggested that Glvr2 expression can limit
transduction efficiency. Amphotropic-MLV vectors infect the actively dividing, immature,
murine stem cell line FDCP-Mix poorly, however the same vector pseudotyped with a
VSV-G envelope infects efficiently (von Laer e al., 1998) suggesting that the block to
infection in this case is at the receptor level. Studies have also shown that trandsuction of
mouse HSCs with E-MLV via the ecotropic receptor Rec-1 is much more efficient than
with A-MLYV via the amphotropic receptor mRam-1 (Orlic et al., 1996). Similar data was
produced in a baboon transplantation model. Gene transfer into baboon BM cells with an
amphotropic vector pseudotyped with the gibbon ape leukaemia virus envelope (which
infects via the receptor Glvr-1) was much more efficient than with an amphotropic vector of

equivalent titre (Kiem et al., 1997).

Strategies to upregulate receptor expression aimed at improving transduction efficiency
have included phosphate depletion and the use of exogenous haemopoietic growth factors
to induce cycling in CD34+ cells. Glvr2, the cellular receptor for A-MLYV, also functions
as a sodium-phosphate transporter so its expression might be expected to rise in response

to depletion of extracellular phosphate.
It has been demonstrated that phosphate depletion allows gene transfer into a previously

non-permissive, immature subset of murine FLCs (Richardson & Bank, 1996). Glvr2
expression was measured by quantitative RT-PCR in this case. Pre-stimulation of human
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