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PREAMBLE

Definition: gene therapy n : the insertion of normal or genetically altered genes
into cells usually to replace defective genes especially in the treatment of genetic
disorders. Webster’s New Complete Medical Dictionary. Smithmark publishers,
New York, 1996.

The first scientific article ever published containing the catchphrase “gene
therapy” was the article, “DNA and gene therapy: uncoating of polyoma
pseudovirus in mouse embryo cells”, written by Osterman JV, Waddell A,
Aposhian HV and published in September 1970 in the journal Proceedings of the
National Academy of Science of the United States of America; 67(1):37-40. It
speculated on the use of a pseudovirus, manipulated to contain therapeutic genes
for insertion into target cells. Slowly, over the next 10 years to 1980 about 50
other scientific articles would be published containing the phrase in the title or the
abstract, and about 600 more in the following ten years to 1990. However the
exponential growth seen here was nothing compared to the 1990’s, where
significant breakthroughs in vector and genetic technologies emerged increasing
the feasibility of the modality for the treatment of disease. This led to higher
medical research funding for the field, expansion of facilities, and most
importantly increased knowledge. Almost 15,000 scientific articles were published
during this period. Moreover, in just the last two and a half years since the
millennium shift (2000), the arbitrary year separating our humble days of
phlebotomy as a form of treatment for many diseases, to the new age of gene and
cell therapies, over 7,500 articles have been published. From its inception, to its
first successful clinical trial, to today, all the articles ever published are readily
available to anyone through Pubmed’s medical index WebPages. With such vast
and detailed knowledge gained in the field of gene therapy and all that it
encompasses, from the genetic basis of diseases, gene transfer technology, stem
cell culturing and transplantation, the success of gene therapy in the clinical
setting is imminent.

But not only as originally thought...

Advances in cell biology sciences such as the expansion of hematopoietic stem
cells and differentiation of ES cells combined with the ability to perform nuclear
transfer into ES cells (technology used for cloning of sheep, e.g. Dolly) have
opened new and exciting avenues for the treatment of disease. While these new
techniques are still in their infancy, together with techniques developed in the field
of gene therapy, more diseases are potentially curable than ever before. In this
thesis, I hope to show you what the latest advances in gene therapy of the
hematopoietic system are while leaving you with a taste of what is to come when
cell therapy and gene therapy converge in the near future.



Transduction and Transgene Expression in Embryonic Stem Cells

Transduction of Hematopoietic Progenitors
Transduction of Murine Hematopoietic Progenitors
Transduction of Human Hematopoietic Stem Cells
Transduction of Human CD34* CD38" SRC
Multiple Vector Copy Integration into SRC
Insertional Mutagenesis

Lentiviral Vector Transgene Expression in Hematopoietic Cells
Tissue-Specific and Regulated Transgene Expression

Conclusions
Paper I
Paper 11
Paper 11
Paper IV

Gene Therapy Successes

Future Studies
Optimization of Transduction to Reduce Multiple Vector Copies
Identification of Candidate Diseases for Gene Therapy
Generation of Animal Models of Disease
Vector Improvements

In Vivo Selection of Modified Cells
Merging Gene Therapy with Cell Therapy

Concluding Remarks
Acknowledgments
Total List of Papers Published by Niels-Bjarne Woods

References

31

33
33
34
38
38
40

42
45

46
46
46
47
47

48

49
49
49
50
50

51
52

53

55

56

58



TABLE OF CONTENTS

Abbreviations

List of papers

Introduction
Stem cells

Embryonic Stem Cells
Embryonic Stem Cell Self-Renewal
ES Cell Differentiation to Hematopoietic Cells

Hematopoietic Stem Cells
Models for Assaying Adult Hematopoiesis
Hematopoietic Stem Cell Self-Renewal
Hematopoietic Stem Cell Trafficking and Engraftment
Cell-Cycle Status of Hematopoietic Stem Cells

Retrovirus Based Vectors
Oncoretrovirus Based Vectors

Separation of Cis and Trans Elements
Receptor Binding and the Envelope

Requirement for Cell Division for Oncoretrovirus Integration

Transgene Expression
Lentivirus Based Vectors
Lentiviral Vector Packaging

The Ability to Infect Non-Dividing Cells
Lentiviral Vector Design and Safety

Present Investigation
Specific Aims

Transduction of Stem Cells

10
11
12

13
15
17
19
20

21
22
22
24
24

25
25

26
27

30

31



ABBREVIATIONS

AIDS acquired immune deficiency
syndrome

BFU-E burst forming unit, erythroid

BM bone marrow

BRCALI breast cancer 1 gene

CB umbilical cord blood

CD34 CD38 cluster of differentiation
34,38

CID chemical inducer of dimerization

CFC colony forming cell

CFU-GM colony forming unit -
granulocyte and macrophage

DNA deoxyribonucleic acid
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ES embryonic stem
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IL-3, -6 interleukin-3, -6
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LTC-IC long-term culture, initiating
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MESYV murine embryonic stem cell
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MFU mean fluorescence units

MOI multiplicity of infection

MMVLYV Moloney murine leukemia virus

MPB mobilized peripheral blood

MSCV murine stem cell virus
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RNA ribonucleic acid

SCID severe combined immune
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SRC SCID repopulating cells

SCF stem cell factor
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TE transduction efficiency

TPO thrombopoietin (bioactively
equivalent to MGDF)

VSV-G vesicular stomatitis virus
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INTRODUCTION

Corrective-gene transfer into hematopoietic stem cells is an attractive concept for the
treatment of a host of inherited or acquired diseases of the hematopoietic system. Since
a genetically modified hematopoietic stem cell would have the potential to give rise to
corrected cells of all hematopoietic lineages, and would have the ability to self-renew,
it has been theorized that life-long cures for some diseases would be possible. The
finite lifetime of more mature hematopoietic cells of most hematopoietic lineages
precludes them from their use for life-long treatments and makes the hematopoietic
stem cell the appropriate target for genetic correction. The benefits of such a treatment
would include normalcy of life for the patient, minimal doctor patient interventions
after initial treatment, and little cost to society after the initial treatment. The routine
clinical procedure with which hematopoietic stem cells are harvested from a patient or
donor and the innate ability of the stem cells to return to their niche in the bone
marrow after transplantation (homing) provides for the practical basis of the therapy.
This allows the harvested cells to be genetically manipulated in vitro prior to their
transplantation back into a patient; known as ex vivo manipulation.

Since hematopoietic stem cells possess enormous proliferative potential, methods for
permanently integrating genes into its genomes are required to maintain the presence
of the gene in the progeny cells. The murine oncoretrovirus based vectors have been
developed for this purpose and have been successfully used to genetically modify
murine and human hematopoietic progenitor cells in both in vitro and in vivo assays
(36, 62, 251, 256, 260). However, the efficiency of transduction by the oncoretroviral
based vectors of hematopoietic stem cells capable of reconstitution in patients and
large animals has been disappointingly low (68, 132, 221). The low efficiency of
transduction into hematopoietic stem cells has been attributed to the fact that standard
oncoretroviral vectors require the collapse of the nuclear membrane during mitosis in
order to gain access to the target cell's genome prior to integration (160, 208). Attempts
at stimulating primitive hematopoietic cells to divide in vitro during vector
transduction have been complicated by the fact that stimulation reduces the
repopulating potential of stem cells (55, 60, 267). Recently, advances in transduction
conditions have significantly improved gene marking efficiencies in non-human
primates to a respectable 10-15% (129, 136). However, the conflict between
stimulation and loss of repopulating ability persists. This conflict was the impetus for
the development of a relatively new vector, derived on the human immunodeficiency
virus (HIV) type 1, based on HIV’s ability to infect non-dividing cells (142, 257). This
vector, known as a lentiviral vector, has demonstrated an ability to transduce numerous
non-dividing cell types, as well non-dividing cells of the hematopoietic system (4, 34,
199, 248). Therefore, we sought to test the vector’s efficiency of transducing human
hematopoietic stem cells.



Prior to using lentiviral vectors in clinical protocols, basic preclinical research must
first be performed to characterize hematopoietic stem cell’s permissiveness to
lentiviral vector transduction. Thanks to the efforts over the last 20 years to define the
in vitro conditions for efficient transduction using oncoretroviral vectors, much of this
knowledge can be applied to help determine the optimal conditions for efficient
lentiviral vector gene transfer into hematopoietic stem cells. Although lentiviral
vectors can transduce numerous types of non-dividing cells, it must be determined if
the quiescent cells of the hematopoietic system are also susceptible to infection. If
stimulation is required, this must then be balanced with the optimal conditions for
transduction and the maintenance of the properties of stem cells; namely their
repopulating and self-renewal abilities.

In addition to being required to efficiently transduce hematopoietic stem cells,
lentiviral vectors must demonstrate an ability to maintain transgene expression
throughout hematopoietic differentiation, and possibly even enable tissue-specific
expression of the corrective gene. Therefore, preclinical studies assaying transduction
efficiency and transgene expression of vectors must adequately simulate the
development of human hematopoietic stem cells into their mature progeny as it would
in a patient. While this can be effectively achieved using transplantation studies into
murine models of hematopoiesis such as the C57B6 mouse, or the xenotransplant
NOD/SCID mouse, the use of embryonic stem cells lines, which can differentiated into
hematopoietic cells in vitro, is an quick and effective means of studying transgene
expression throughout hematopoietic differentiation. Issues such as expression per
vector copy and the effects of variegation can be addressed using this system.
Intriguingly, should lentiviral vectors prove to be effective a transducing and
maintaining expression in ES cells, new genetically modified tissues could potentially
be generated from the ES cells, including the generation of modified hematopoietic
stem cells themselves, posing new avenues for treatment of disease.

STEM CELLS

Embryonic Stem Cells

The pluripotentiality of embryonic stem (ES) cells makes them an interesting target for
genetic manipulation as corrective tissues could potentially be generated for patients
with as yet incurable diseases. ES cells are derived from the inner cell mass of a
developing preimplantation embryo at the blastocyst stage (64). Given the correct
conditions, ES cells are capable of differentiating into a new organism with normal
reproductive capability. This pluripotency of the ES cells is the basis for the
assumption that any desired tissue could be differentiated in vitro from these cells.
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Evidence that ES cells could to be maintained (and manipulated) in vitro and
subsequently reintroduced into a blastocyst to generate a transgenic animal was first
presented in 1981 (74, 109). However, ES cells can also be induced to differentiated in
vitro into cell types such as neurons, glial cells, cardiac myocytes, hematopoietic cells,
skeletal myocytes, and insulin secreting islet-like cells, to name a few (24, 29, 148, 209,
264, 266). The in vitro differentiation of cells from early embryos has enabled insights
to be gained on the complex biological mechanisms regulating differentiation and
development. However, now this knowledge is being used to develop ES cells to
generate tissues for treatment of disease, as is exemplified in the curing of an
immunodeficient mouse by Rideout ef al. (204). To this end, it could be advantageous
to determine the ability of novel vectors to mediated genetic modification of ES cells.
Furthermore, as is described in Paper I of this thesis, ES cells can be used to address
gene therapy related issues, such as the capability of vectors for transgene expression
throughout differentiation. ES cells have been generated from mice, non-human
primates, and more recently humans (91, 150, 202, 235, 241, 242). Some features of
interest of ES cells are their high telomerase activity, and low level of methylated
DNA (64, 176). The great potential of the ES cell to be cultured in vitro indefinitely
followed by induction of differentiation into a specific tissue upon demand has far-
reaching medical applications.

ES Cell Self-Renewal

ES cells, as all stem cells, have the ability to self-renew, however, the genetic
mechanisms of this ability are poorly understood. Under the correct conditions, an ES
cell is able to divide into 2 daughter cells, where each has the same undifferentiated
state as the original and without loosing its differentiation potential. This means that
once ES cells are isolated, it may be possible to expand them indefinitely in culture in
an undifferentiated state (to generate an ES cell line), and induce their differentiation
into specific tissues whenever needed (64). Multiple ES cell lines have been generated
and show a maintained karyotype and ability to self-renew if cultured under the correct
conditions. In order to maintain most ES cell lines, a stroma cell feeder layer is
required, which provides certain mostly unknown stimuli either by direct contact with
signal transducing molecules or by their secretion of soluble factors (64, 176). The
soluble cytokine leukemia inhibitory factor (LIF) is always required for the
preservation of primitivity of the cells in these cultures. The primitivity of ES cells is
maintained largely through the signal transduction through the LIF receptor complex,
of which the glycoprotein GP130 is a component (282). Downstream in this signaling
pathway is the activation of the signal transducer and activation of transcription
(STAT)-3 (172). Another molecule that appears to be necessary for the maintenance of
ES cell primitivity is the POU transcription factor Oct4 gene product, which in present
in high-levels in undifferentiated ES cells and decreases upon differentiation (170,
173).
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ES Cell Differentiation to Hematopoietic Cells

During embryogenesis in the mouse, the first sign of blood is concurrent with the
appearance of endothelial cells at 7.5 days post coitum (7.5 p.c.) in the yolk sac blood
islands (96). The hematopoietic cells arise from the mesoderm germ layer and appear
to require contact from the adjacent visceral endoderm for their generation (75). The
hematopoietic cells of the yolk sac are mainly of the erythroid lineage and contain fetal
hemoglobin, and these cells are capable of forming colonies when grown in semi-solid
medium (271). However, they are not capable of lymphomyeloid repopulation in an
adult organism if transplanted (167). ES cells differentiated in vitro can also generate
hematopoietic progenitor cells (176, 265). Upon induction of differentiation of an ES
cell, development of a cluster of cells known as EB bodies will occur. The induction of
differentiation is performed simply by the removal of LIF or the feeder layer, or by
letting the ES cells grow in close proximity to each other, in a hanging drop, or
confluent plate. EB bodies are so named for their likeness with embryos generated in
vivo having progeny cells from the three germ layers present, however, the
disorganized manner of this body prevents its development into an organism (176).
During the differentiation of the embryoid body, areas of primitive hematopoiesis,
similar to blood islands of the yolk sac of a precirculation embryo, can been seen. The
cells of an EB body can be dissociated and plated in semi-solid medium containing
hematopoietic growth factors for hematopoietic cell proliferation and differentiation
into colonies of the erythroid, macrophage, mast cell, and occasionally neutrophil
lineages (266).

The development of hematopoietic stem cells is not normally seen at the early stages
of hematopoiesis in either the embryo proper or in in vitro derived embryoid bodies.
The first day that hematopoietic cells from an embryo can engraft in a lethally
irradiated adult recipient is not until day 10. These cells capable of adult hematopoiesis
are present in the aorto-gonad-mesonephros (AGM) region of the embryo (156). It was
later found by Matsuoka et al. that day 8 fetal blood cells from the yolk sac or para-
aortic splanchnopleures, which are normally unable to engraft in adult recipients,
could engraft if cultured (or “educated”) in vitro for 4 days on an AGM based
endothelial cell line prior to transplantation (153). Furthermore, as growth on the cell
line continued, the numbers of colony forming cells (CFC) decreased while the
numbers of hematopoietic stem cells and colony forming unit-spleen (CFU-S) cells
increased. These results suggest that particular cells from the AGM region provide
signals required for the development of fetal blood cells into hematopoietic stem cells.
Interestingly, these results also suggest that hematopoietic precursors capable of
developing into hematopoietic stem cells can originate from two distinct sites of
hematopoiesis (intra- and extra embryonic). However, it is unclear which site (if not
both) is the source of hematopoietic stem cells in vivo. In fact, controversy over the
origin of embryonic hematopoietic precursors that mature into hematopoietic stem
cells has existed for some time (280, 87). Regardless of their origin, hematopoietic
progenitor and stem cells migrate to the fetal liver, which is the primary site of
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hematopoiesis in the fetus. From there, they migrate further to the bone marrow of the
developing fetus where they contribute to hematopoiesis for the life of the organism
(46).

Although the generation of hematopoietic stem cells in in vitro culture systems of ES
cells has not been possible, it was recently found that the over expression of HoxB4
during EB differentiation up to day 6 or in yolk sac derived blood cells from embryos,
followed by growth on the OP9 feeder layer could generate hematopoietic stem cells
(137). These hematopoietic stem cells showed lymphoid and myeloid repopulating
ability in mice and demonstrated for the first time that hematopoietic stem cells could
be generated in vitro from ES cell lines. These results may prove to have clinical
relevance as genetically modified hematopoietic stem cells could be generated on
demand.

Hematopoietic Stem Cells

The defining features of hematopoietic stem cells are their ability to self-renew, and to
differentiate into all hematopoietic lineages of the hematopoietic system (Figure 1).
The mechanisms for hematopoietic cell differentiation into the mature cells of the
varying lineages are not fully understood, as they are complex and unique for each
lineage. However, considerable progress to understanding these mechanisms as they
relate to cytokines and transcription factors have been achieved, as has been reviewed
in part by Orkin and by Wiessman (177, 263). A functional feature of hematopoietic
stem cells is their ability to repopulate the hematopoietic system of a myeloablated
organism. This is achieved by the inherent ability of the stem cells to home to their
niche in the bone marrow microenvironment, to self-renew, and to differentiate into all
hematopoietic lineages of the hematopoietic system.

Adult human hematopoietic stem cells, which have the ability to home to the bone
marrow and reconstitute the hematopoietic system of a myeloablated patient, can
currently be obtained from three sources. Hematopoietic stem cells can be directly
aspirated from the bone marrow (BM) microenvironment where they normally reside,
or can be mobilized using cytokines or adhesion molecules into the peripheral blood
(MPB) (135). MBP is the most common source hematopoietic stem cells for
transplantation into patients due to the rapid hematological recovery after
myeloablation and the relative ease of stem cell extraction from the peripheral blood of
the donor (14). The third source of hematopoietic stem cells is from the usually
discarded umbilical cord of newborn babies. Unfractionated umbilical cord blood (CB)
cells have the highest frequency of cells capable of reconstituting the hematopoietic
system of immune compromised mice, with 3 times more repopulating cells than BM,
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and 6 times more than MPB (261). However, the low total stem cell number obtained
from a single cord blood extraction, and the lack of banking systems, continues to limit
their practical use in adult stem cell transplantations.

B lymphocytes

T lymphocytes

\ Basophils

Common Common
Iymph0|d myeloid
progenitor progenltor

. Neutrophils

" Monocytes

Platelets

* Red blood cells

Figure 1. How hematopoietic cells develop from hematopoietic stem cells. This
model implies that hematopoietic stem cells can develop into all hematopoietic
lineages, both lymphoid and myeloid. Hematopoietic stem cells also possess the
ability to self-renew.

Hematopoetic
Stem Cell

Although hematopoietic stem cells are present within the extracts of the stem cell
sources mentioned above, it is not as yet possible to isolate individual human
hematopoietic stem cells. In contrast to the human setting, hematopoietic cells from
murine BM and MPB can be highly enriched for stem cells by selection of key
phenotypic cell surface markers. Enrichment of murine hematopoietic stem cells can
be achieved by antibody selection for the tyrosine kinase receptors c-kit and Sca-1,
while depleting the progenitor and mature cell lineages possessing lymphoid and
myeloid markers. These purified cells are known as lineage negative (Lin’) c-kit" Sca-
1* cells. Further selection of these cells by excluding cells possessing the sialomucin
surface adhesion molecule, CD34, from steady state BM cells, enables the isolation of
individual hematopoietic stem cells, each capable of reconstituting the hematopoietic
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system of a mouse (179). Interestingly, murine stem cells present in MPB show the
reciprocal (i.e. CD34") phenotype, however, the CD34" phenotype returns to the stem
cells after returning to steady state conditions in the BM following transplantation
(240). The results of this study suggest that in mice the presence of the CD34 receptor
is a marker of activated hematopoietic stem cells (i.e. activated from the stimulation of
the mobilization procedure). Closely linked to the surface expression of CD34 is the
expression of the glycoprotein CD38, which is expressed in stem cells in a precisely
reciprocal manner to the CD34 marker, i.e. stem cells are either CD34* CD38" or
CD34 CD38".

Human hematopoietic stem cell purifications based on the findings of the murine
system have been attempted, however, isolation of single stem cells has not been
achieved. Selection for CD34" cells from human BM and MPB and CB mononuclear
cells has been shown to enrich human hematopoietic stem cells (16), however, the
population of enriched cells predominantly contains cells of less primitive potential.
Human hematopoietic stem cell populations can be further purified by selecting for the
CD38 lowest expressing cells (CD38") (45), however, assays in immune compromised
mice show that only 1/617 CD34* CD38" cells from BM transplanted is capable of
reconstituting the hematopoietic system of the mouse (22). Interstingly, it has been
recently demonstrated that an extremely low proportion of human CD34" mononuclear
cells have repopulating ability. This suggests that purifying stem cells by CD34" cell
selection may be removing some of the more primitive cells with repopulating ability
(21, 53, 94). The ability to isolate single human hematopoietic stem cells would greatly
facilitate preclinical studies of the fate and function of hematopoietic stem cells (263).

Models for Assaying Adult Hematopoiesis

In vitro models of hematopoiesis such as the colony forming unit (CFU) assay used to
assay clonogenic progenitors such as CFU-GEMM (11), or the long-term culture-
initiating cell (LTC-IC) assay (236) and cobble-stone area forming cell (CAFC) assay
(191) used to assay more primitive cells in culture for up to 12 weeks, have long been
used for assaying both human and murine primitive hematopoietic cell differentiation
of the myeloid lineage. By varying the growth conditions, most notably the cytokines
used during culturing, the assays could be used to direct hematopoiesis of macrophage,
granulocyte, erythrocyte, and megakaryocyte lineages. More recently, in vitro
culturing of primitive human cells has enabled the differentiation of the lymphoid
lineages (natural killer (NK) cells, B-cells and T-cells) as well as the myeloid lineages,
enabling studies of multipotent hematopoietic cells with both lymphoid and myeloid
differentiation ability (15, 101, 196). However, these in vitro assays may not be able to
assay the true hematopoietic stem cell compartment adequately. When cells capable of
long-term expansion in vitro in a an LTC-IC assay were compared to cells capable of
reconstituting the hematopoietic system in vivo in a murine xenotransplant model of
hematopoiesis, it was found that the cells with repopulating ability were different in
terms of their frequency, phenotype, multilineage differentiation potential, and their
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ability to be maintained in culture, compared to cells capable of expanding in vitro (20,
22, 58, 61, 80, 140). In vivo models of hematopoiesis are considered superior as they
require the assayed cells to home and anchor to the site of hematopoiesis where they
differentiate and self-renew to reconstitute the animal’s hematopoietic system, as they
would be required to do in a patient.

While there are several murine xenotransplant models available, such as Beige-Nude-
Xid (BNX) mice (174) or Rag-2 mice (223), the most commonly used is the non-obese
diabetic severe combined immunodeficiency (NOD/SCID) mouse, which yields the
highest level of engraftment per transplanted human hematopoietic cell of the immune
compromised mouse models (35). It was first used to assay human cell reconstitution
by Lapidot et al. (139), and is used for assays of human hematopoietic stem cell
biology, including hematopoietic stem cell homing and self-renewal ability, as well as
studies of in vivo stem cell differentiation (54). Within the field of gene therapy, the
NOD/SCID mouse is an invaluable tool for assaying the efficiency of viral vector
mediated transduction of hematopoietic stem cells. Following intravenous
transplantation of human hematopoietic stem cells into sub-lethally irradiated recipient
mice, repopulation the hematopoietic system with a fraction of human cells occurs.
These cells capable of reconstitution are known as SCID repopulating cell (SRC).
There is no rejection of the transplanted human cells since the mice possess multiple
defects in both adaptive and innate immunological function. They lack both functional
B- and T-cells (220). In addition, they have impaired NK cell and macrophage cell
function, and lack complement activity (224). The inability of the immune-
compromised mouse to mount a host versus graft response, and the inability for the
transplanted cells to mount a graft versus host response results in the stable human
hematopoietic development within the mouse.

A limitation of the assay, which is based in part on the mouse's immune deficiency, is
that it is unable to support human hematopoiesis of all the hematopoietic lineages. The
lack of the ability to generate the human T-cells precludes it from many studies of the
immune cell function. Moreover, the fact that the assay is a xenotransplant assay and
that there are inherent differences between mouse and human hematopoiesis, results
in, for example, the inability for human erythroid progenitor cell maturation to mature
enucleated erythrocytes even in the presence of the human cytokine erythropoietin
(35). Furthermore, there is no clinical evidence to suggest that the cells that are capable
of reconstituting a NOD/SCID mouse are the same cells capable of long-term
reconstituting in a patient. In fact, the relatively short life span of the mice limits
assaying of transplanted hematopoietic cells to a maximum of several months, and
hence limits the analyses to human stem cells with short-term repopulating ability. The
length of study of hematopoiesis can be prolonged by serially transplanting bone
marrow cells into secondary and tertiary recipients, as was performed in Paper III and
by Lewis et al. (141). However, the poor seeding efficiency in the subsequent
recipients is low (5-10%) and prevents the practical evaluation of long-term
repopulating cells.
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To circumvent the NOD/SCID mouse model’s inability to support the full
differentiation of all hematopoietic lineages, and to be able to perform long-term
studies of hematopoiesis, other models can be used. Immune competent animals, such
as the C57B6 mouse serve as excellent models for the study of hematopoiesis of the
murine system (238). Here differentiation of all lineages, following transplantation of
the murine stem cells, can be studied for up to 2 years (the approximate life span of the
mouse). The other advantage is that all hematopoietic lineages can be assayed as they
have functional immune systems. Other animal models involving larger animals, such
as dogs (169) or non-human primates (69, 258) have very similar hematopoietic
systems to humans and hence have been used for assaying aspects of hematopoiesis in
autologous transplant settings. A large animal model that allows for the assaying of
human hematopoietic progenitors is the xenograft preimmune sheep model, where
human stem cells are transplanted in utero, prior to immune development, to permit
the recognition of the human cells as self (45, 222, 285).

Hematopoietic Stem Cell Self-Renewal

The ability of transplanted hematopoietic stem cells to self-renew within a patient is a
critical feature for transplantation therapies. In vivo competitive repopulation studies
of bone marrow and fetal liver in mice estimate that there is a 15 to 150 fold expansion
of repopulating units following transplantation, respectively (184). However,
expanding hematopoietic stem cells in vitro has been more problematic. Having the
ability to expand human hematopoietic stem cells in vitro would be an invaluable
means of circumventing risks to the patient/donor of large scale stem cell extractions
and the limiting quantities of hematopoietic stem cells obtained from umbilical cord
blood harvests. The ability to culture stem cells in vitro is also a requirement for
oncoretroviral vector mediated transduction of hematopoietic stem cells as will be
discussed later. In vitro self-renewal divisions of short-term cultured human
hematopoietic cells capable of repopulating NOD/SCID mice has been demonstrated
(84), however, the majority of short-term culturing conditions result in the
maintenance of, or the marginal increase in the total number of repopulating cells.

The cytokine combination used during the culturing of human hematopoietic stem
cells and the duration of the culture has major effects on the expansion of stem cells.
The cytokine thrombopoietin (TPO) when present in culture alone has been shown to
be able to maintain the viability of primitive human bone marrow LTC-IC without
inducing cell-division (26, 111). However, when TPO is used in combination with
other cytokines, such as stem cell factor (SCF) and fetal liver tyrosine kinase ligand
(FL), it acts synergistically to induce a potent proliferative signal to primitive
hematopoietic cells (147, 168). In a study by Luens et al., despite the 5-fold expansion
of total cells during the 6 days of culture, there is only the maintenance of the number
of cells capable of repopulating NOD/SCID mice. Such studies suggest that
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hematopoietic stem cell self-renewal in vitro is the result of asymmetric divisions
where one daughter cell may begin differentiating to a particular lineage while the
other daughter cell maintains its primitivity. Other studies have shown the
maintenance or marginal expansion (2-4 fold) of human bone marrow and umbilical
cord blood NOD/SCID repopulating cells (47, 131, 175). Bhatia et al. found that cord
blood CD34* CD38" cells, although showing an initial 4 fold increase in SRC number
after 4 days in culture, end up the total loss of repopulating ability if culture is
continued past 9 days (20). While these studies contain various combinations of the
cytokine TPO, SCF, FL, interleukin-3 (IL-3), IL-6, granulocyte-colony stimulating
factor (G-CSF), there is mounting evidence that the use of the cytokine IL-3 has
negative effects on the maintenance of repopulating ability after culturing(147, 281).
However, evidence contesting this has also recently been provided in a large animal
model study where a marginal improvement in the level of reconstitution from cells
that had divided in vitro was seen using TPO, SCF, FL, IL-6 compared to IL-3, 6, SCF
in the long-term, but that the combination with TPO, SCF, FL, IL-6 resulted in faster
repopulation by short-term repopulating cells (136). These findings are in agreement
with studies showing that TPO SCF and FL are capable of rapidly inducing cell-
division of primitive cells compared to IL-3, IL-6, and SCF (147, 168). Interestingly,
one particular study showed that human umbilical cord blood CD34" cells could be
culture in vitro using TPO, SCF, FL, and IL-6 for 4 weeks and longer and significantly
increase the total number of SRC by up to 70 fold (190). Unfortunately, long-term
culturing of patient cells is not practically feasible within the clinical setting, and the
modest repopulating cell expansions of the short-term culture of the other studies,
while showing statistically significant increases, is not significant enough to warrant
change in the established clinical protocols.

Other attempts at expanding hematopoietic stem cells by constitutively over
expressing genes involved in signaling hematopoietic proliferation, such as the c-mpl
gene has been tested (119, 253). The liquid soluble sonic hedgehog protein has also
been tested ex vivo on human BM cells (19). However, significant expansion of
hematopoietic stem cells has not been achieved. Notchl overexpression was shown to
result in hematopoietic repopulating cell expansion in vitro, from an immortalized
blast-like cell (253). Interestingly, the transcription factor homeobox gene (HOXB4)
has been shown to be able to expand hematopoietic stem cells 1000 fold in vivo and 40
fold in vitro without affecting hematopoietic lineage differentiation or transforming
cells (9, 10, 33, 212, 243). HOXB4 is one of the member of a group of homeotic selector
genes originally found 80 years ago that when mutated were able to affect the anterior
and posterior patterning of Drosophila (antennipedia). Interestingly, HoxB4 knockout
mice show only minor reductions in steady state endogenous hematopoiesis, and
transplantable repopulating cells showed a resistance to 5-FU myeloablation probably
due to a lower stem cell cycling characteristics of the knockout mice (23). It was only
under conditions where rapid proliferation was required or induced that the effects of
the deficiency were detectable, i.e. a reduced ability to proliferate in vivo following
transplantation or in vitro under strong cytokine stimulation.
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Hematopoietic Stem Cell Trafficking and Engraftment

Although adult hematopoietic stem cells are found predominantly in the bone marrow,
it has long been known that a small fraction of these primitive cells is regularly found
in the peripheral blood. It is therefore believed that stem cells periodically migrate
from their niche in the bone marrow only later to return to a new site in the bone
marrow (65, 272). Presumably some of the mechanisms that regulate stem cell
trafficking in this event are the same that regulate homing and lodging of
hematopoietic stem cells during stem cell transplantations. The key structures found on
hematopoietic progenitor cells that have been proposed to be involved in stem cell
homing and lodging to the bone marrow micro-environment are known as adhesion
molecules. Based on their structure and function they can be divided into integrins,
selectins, and chemokine receptors, among others (195). Recently, some adhesion
molecules have revealed that in addition to aiding in homing and lodgment, they play a
significant role in hematopoietic stem cell proliferation and survival.

The concept of homing was first described in leukocyte migration to a site of infection,
where the process of leukocyte extravasation is initiated by selectin mediated capture
and rolling along activated endothelia. Following rolling, the leukocytes establish firm
adhesion through interactions between 31 or 32 integrins and corresponding adhesion
molecules on the endothelial cells to enable extravasation (123, 228). It has been
hypothesized that hematopoietic stem cell homing to the bone marrow could mirror
this process (229). Direct involvement of adhesion molecules in the homing of
hematopoietic progenitors has been demonstrated. The a4f1 integrin (also known as
very late antigen 4 (VLA-4)) was shown to bind to its receptor, fibronectin (an extra
cellular matrix protein in the bone marrow), to elicit homing and engraftment of adult
bone marrow cells in transplanted fetal sheep (284). The same study revealed that
migration of transplanted cells to the bone marrow could be modulated using anti 1
integrin antibodies. Interestingly, in addition to integrin being a requirement for
efficient engraftment in vivo, it was also found that in vitro culturing of CD34" cells on
the carboxyl (COOH) terminal domain of the fibronectin (FN) (CH-296), could better
maintain the in vivo repopulating potential of the cells in NOD/SCID mice (52).
Furthermore, that fibronectin binding to hematopoietic stem cells during short-term
culturing could mediate a P1-integrin induced prevention of apoptosis (63), and
increased production of a cell-cycle inhibitor (117). The 31-integrins and their ligands
(VCAM-1 and fibronectin) have also been implicated in the mobilization of
hematopoietic progenitors from the bone marrow into the peripheral blood (181, 182).
Moreover, the FN fragment has been shown to increase oncoretroviral vector
transduction efficiency into hematopoietic progenitors, through the colocalization of
the viral particle to the target cell (63, 100, 164).
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Hematopoietic progenitor cell migration to the bone marrow has also been suggested
to be modulated by chemoattractants, such as stroma cell derived factor-1 (SDF-1),
produced by stroma cells (3). The chemokine receptor for SDF-1, CXCR4, is found on
a subset of primitive hematopoietic cells, and in a study using antibodies which
inhibited CXCR4 receptor binding to SDF-1, an inhibition of engraftment in
NOD/SCID mice was noted (187). However, another study found that CXCR4 receptor
binding was not required for stem cell engraftment in the same mice (210). While the
precise role of CXCR4 and SDF in stem cell homing and engraftment remains to be
elucidated, CXCR4 signaling was recently found to block entry of the S phase of the
cell-cycle in short-term incubated CD34" cells. Thus, CXCR4 signaling may
contribute to the quiescent nature of the stem cell compartment (86).

Cell-cycle Status of Hematopoietic Stem Cells and Effects on Repopulating
Potential

Intimately related to the engrafting ability of hematopoietic stem cells is their cell-
cycle status. Despite the high proliferative potential of the hematopoietic stem cell,
these cells usually lie quiescent in the bone marrow until they are either summoned to
proliferate based on a need for more mature cells, or alternatively periodically
proliferate only to have their progeny regulated by signals for continued proliferation
or to undergo apoptosis. Primitive human hematopoietic cell isolates such as CD34*
cells from the three main sources of adult hematopoietic cells, BM, MPB, and CB,
have distinct cell-cycle characteristics. The percentage of actively cycling CD34" cells
(S/G,/M) is low from MPB and CB (< 3 %) and may be up to 15 % in CD34" cells
derived from the BM (92, 247, 270). The percentage of CD34" cells residing in G, also
varies between the cell sources with the lowest percentage in BM and MPB at around
50-60% and CB cells having approximately 60-70% (108, 270). Interestingly, although
the proportion of G, cells from BM and MPB are similar for the CD34" fraction of
cells, the more primitive fraction (CD34* CD38") show significant differences, with
MPB having 2.5 fold more cells residing in G, than BM (108), suggesting an activated
state of the more primitive cells of MPB (108).

The most primitive hematopoietic cells capable of reconstituting the hematopoietic
system are non-dividing. Both human BM and MPB derived SRC reside almost
exclusively in the G, stage of the cell-cycle (22, 92). Similarly, in vitro culturing of the
MPB CD34" cells under cytokine conditions that stimulate cell-cycle progression of
G, cells into G,, such as in the presence of interleukin-3 (IL-3) and IL-6 and stem cell
factor or TPO, SCF, and FL also show that cells in the G, stage of the cell-cycle have a
virtually no repopulating potential (92). In contrast to these findings in BM and MPB,
human umbilical cord blood CD34" cells have a similar engraftment potential in the G,
and G, subfractions (270) which likely has to do with its ontogeny and requirement for
extensive self-renewal divisions in the developing organism (269).
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Repopulating cells, while being able to self-renew in vitro (84), are required to be in a
non-dividing state in order to repopulate a transplanted animal. Therefore, mechanisms
must exist that diminish the repopulating ability of dividing stem cells. In the murine
setting, it has been proposed that since in vitro induced cell-cycling lowers the
expression of the integrin VLA-4 on the hematopoietic progenitor cell surfaces, that
may be the mechanism of reduced engrafting ability of dividing cells (13, 18).
However, this is not the case in human hematopoietic progenitor cells. CB cells
incubated in vitro for 5 days and then sorted for the S/G,/M phase of the cell-cycle
showed an inability to engraft despite there being no differences in VLA-4, -5, or
CXCRA expression compared to G, cells (85). Moreover, bone marrow CD34" cells in
S/G,/M were found to have a higher VLA-4 expression than G,/G, cells (276). An
increased expression of several adhesion molecules has also been seen on the primitive
CD34* Thy-1" cells from MPB after 5 days of culturing (283). Findings by Jetmore et
al. may provide clues as to why these cycling stem cells do not repopulate mice. They
suggest that, although homing of cycling and non-cycling cells to the bone marrow is
equal within the first 40 hours after transplantation, the cycling cells are more prone to
undergo bone marrow micro-environment mediated apoptosis (115). Recently, it was
found that by inhibiting hematopoietic stem cell-cycle progression following ex vivo
expansion and prior to transplantation, that it was possible to refurbish the
repopulating potential of the activated cells. In this study, stroma derived growth
factor-1 (SDF-1), which has been shown to block entry to the S phase of the cell-cycle,
resulted in the doubling of SRC numbers with its use (86).

RETROVIRUS BASED VECTORS

Oncoretroviral Based Vectors

Retrovirus particles contain two copies of their single stranded RNA genome (7-10 kb
long) consisting of the 3 genes, gag, pol, and env (70). The genome pair is packaged
around a nucleocapsid made of viral proteins, from the gag gene, which in turn is
surrounded by an envelope derived from the cytoplasmic membrane of the cell from
which the virus was produced (57). The envelope contains viral glycoproteins,
produced from the env gene, which act as receptor binding domains for the virus to
adhere to the target cell. Within the viral nucleocapsid are proteins required for reverse
transcription of the RNA genome into double stranded DNA, and for integration of the
newly formed DNA into the target cell’s genome (89). These proteins are produced
from the pol gene. Evolution has enabled the retrovirus to be efficient at integrating its
DNA into a target cell’s genome for the purpose of producing new viral particles.
Retroviruses can be modified to maintain their ability to transfer genes into target cells
without being able to replicate and produce new virus in the target cell (151). The
modified viruses are known as vectors, of which the most commonly used today are
based on the Moloney murine leukemia virus (MMLYV) (38).
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Separation of Cis and Trans Elements

It is the ability to separate the cis and trans elements for transduction that has enabled
the development of vectors for clinical purposes, i.e. to be able to insert therapeutic
genes into patients’ cells without generating replication competent retrovirus.
Numerous oncoretroviral based vectors, have been successfully developed and contain
only the sequences required in cis for function of the vector. Examples of permanent
cell lines used to produce such vectors are the -2, y-am, PA12, PA317, PE 501, -
cre, P-crip cell lines (38, 50, 106). The sequences required on the transfer vector itself
for the efficient transduction of the target cell are, the long terminal repeats (LTR), the
packaging signal, the polypurine tract, and the primer binding site (194). All genes and
additional sequences can be removed from the vector and are only needed to be
expressed in trans to generate the structural and functional proteins of the virus. Thus,
the vector itself has none of the genes required for its replication. These genes only
need be expressed in a producer cell line. The newer packaging cell lines are "split"
packaging cells, i.e. the gag-pol and the env genes are coded by separate plasmids
which are integrated in separate locations in the genome (for example the GP+Am12
cells). The removal of all genes in the vector itself ensures that no new viral particles
can be produced, but also that no potentially immunogenic viral proteins can be
expressed in the target cell. This should prevent an immunological rejection of the
transduced cells in a patient. The ultimate separation of cis and trans is illustrated in
the third-generation lentiviral vector 4-plasmid system shown in Figure 2, where the
transfer vector is present on one plasmid and the genes required for assembly and
function are separately located on three additional plasmids (67).

Receptor Binding and the Envelope

The first step in transduction for a virus particle involves the binding of its envelope
proteins to a receptor on the cell membrane of the target cell. Therefore, the receptor
binding protein present on the virus envelope must be encoded in the producer cell for
efficient transduction. As the isolation of individual hematopoietic stem cells is still, as
yet, impossible, it is difficult to be sure that the receptor is in fact present. The receptor
binding protein is usually a surface glycoprotein and can be changed to enable the
vector to specifically infect a particular cell type. The process of substituting the
endogenous envelope glycoprotein of the virus for that of another virus is called
pseudotyping. Oncoretroviral vectors have been successfully pseudotyped with several
envelopes. The most commonly used are the wild-type amphotropic and the gibbon
ape leukemia virus envelopes, which bind to the sodium dependent phosphate
transporters Pit-1 and Pit-2 respectively (124, 186). Pseudotyping can also confer new
characteristics to the virion particle. For example, the pseudotyping retroviruses with
the vesicular stomatitis virus-glycoprotein (VSV-G), or the envelope protein from a
feline endogenous retrovirus, RD114, increases the mechanical stability of the vector
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particles, enabling ultra-centrifugation for concentration of the virus, and repeated
freeze thaw cycles without loss of viral titer (32, 88, 125, 178).
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Figure 2. A retroviral based vector production system with separation of cis and trans
elements. The figure shows four constructs used to produce third-generation lentiviral
vectors. There are two packaging constructs, one expressing the gag and pol genes
and another expressing the rev gene. A third plasmid expresses the VSV-G envelope
protein. The vector plasmid contains a chimeric LTR, consisting mostly of the Rous
sarcoma virus (RSV) LTR fused to the U5 region of the HIV LTR. The vector
contains the W packaging signal that is absent in the packaging constructs (to
prevent packaging the RNA of the packaging constructs into vector particles), and
the rev responsive element, a promoter (P) and the transgene. These four constructs
are transiently transfected into 293-T cells and the supernatant is harvested after
approximately 48 hours. The supernatant can be concentrated 100-1000 fold by
spinning in an ultracentrifuge. SD indicates splice donor, SA splice acceptor and
CMV indicates the promoter/enhancer from cytomegalovirus.
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Requirement for Cell-Division for Oncoretroviral Vector Integration

Following receptor binding, endocytosis or fusion occurs depending on which
glycoprotein is encoded by the env gene, which leads to the eventual release of the
contents of the capsid into the cytoplasm. It is in the cytoplasm that the reverse
transcription and conversion of the RNA genome into double stranded DNA occurs.
Once the vector has undergone reverse transcription, the preintegration complex (PIC)
awaits for the access to the target cell’s genome. Oncoretroviral vectors require the
collapse of the nuclear membrane during mitosis in order to gain access to the target
cell's genome and integrate (160, 208). Integration is mediated by the Integrase protein
and is believed to result in integration in random sites within the genome (107). The
requirement for cell-division to occur for successful integration has particular
significance since, as previously stated, most hematopoietic stem cells at any given
point in time are non-dividing.

Transgene Expression

Oncoretroviral vectors have been designed to transfer genes into the target cells of
interest, namely primitive hematopoietic cells. The deletion of gag, pol, and env genes
from the vector leaves space for the insert of therapeutic genes up to about 7-8 kb.
However, in preclinical research often it is useful to express a marker gene which
enables the screening for infected cells, e.g. the gene for the green fluorescence protein
(GFP) from the jelly fish Aequorea Victoria (39, 43, 188). Other selectable marker
genes include truncated receptors whose intracellular signaling domains have been
removed and the extracellular domain is able to bind to antibodies conjugated to
fluorochromes which can be detected by fluorescence microscopy or by flow
cytometry, e.g. the clinically used LNGFR neurotropic growth factor receptor (25).
Genes which confer resistance to cytotoxic substances have also been used as
selectable markers. If the desired outcome is the expression of more than one gene, for
example, a therapeutic gene and a marker gene, then dual gene expression vectors
must be used. One method of obtaining expression from of two genes within the
retroviral vector containing a single promoter is to use the internal ribosomal entry site
(IRES) sequence from a virus such as the encephalomyocarditis virus (113, 114). This
allows the translation of two separate proteins from a single mRNA, as in the MGIN
vector, which drives expression of the GFP and the neomycin resistance gene as
described by Cheng et al. (42).

The level of transgene expression is dependent on the efficiency of the promoter to
drive transcription of the transgene in the target cell. In MMLV based vectors,
transgene expression is driven from the U3 promoter and enhancer region of the LTR.
However, MMLV LTR expression has been shown to be sensitive to transcriptional
inactivation shortly after transduction in both murine ES cells and primitive
hematopoietic progenitors (40, 233). The transcriptional inactivation has been
attributed to de novo methylation and trans-acting factors (180, 227, 279). In order to
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overcome this limitation, Ostertag’s group developed a recombinant oncoretroviral
vector based on a mutated myeloproliferative sarcoma virus (MPSV). This new virus
showed an ability to maintain expression of the transgene in ES cells, and hence was
named the murine embryonic stem cell virus (MESV) (77, 93). The MESV based
vector was then further modified by Hawley et al. to increase titers, and renamed it as
the murine stem cell virus (MSCV) (103). Most of the oncoretroviral vector used today
are derived from MSCV vectors, such as the MGIN and the MGirL22Y vectors used
in Papers I, II, and II1.

Lentivirus Based Vectors

The most common lentiviral vector used in preclinical research for gene therapy
applications has its origins from the human immunodeficiency virus-type 1 (HIV-1).
HIV like the MMLYV is a member of the retrovirus family of viruses. The subclass of
the retrovirus family, “Lenti” virus (Latin for slow, referring to slow and persistent
rate of infection). Other members of the subclass of lentiviruses include the simian
immunodeficiency virus (SIV), the bovine immunodeficiency virus (BIV), the feline
immunodeficiency virus (FIV), and the equine infectious anemia virus (E1IAV). HIV-1
from which the lentiviral vector discussed in this thesis is based, is considered to have
a complex genome since in addition to the gag, pol, and env genes of standard
retroviruses, it contains 6 accessory genes; tat, rev, nef, vpr, vpu, and vif. These
accessory genes have been implicated in the virus’ pathogenicity (72, 244). However, it
is the ability of lentiviral vectors to integrate into the genomes of non-dividing cells
that has brought it to the attention of the field of gene therapy of the hematopoietic
system.

Lentiviral Vector Packaging

The lentiviral vectors used today, although having their origins in HIV, have few HIV
genomic sequences remaining. As in the MMLYV based vectors, the LTR, the truncated
gag gene containing the packaging signal, and the primer binding site are required for
function of the vector. The packaging genes are separated from vector sequences as in
the MMLV based vectors. They contain the HIV sequences necessary for the
packaging of the transfer vector into the functional virion particle, namely the gag and
pol genes. Four of the six accessory genes can be removed from the packaging
construct (nef, vpr, vpu, vif) as their deletion has little effect on the virus’ ability to
infect cells, leaving only the rev and fat accessory genes. The rev protein is necessary
to prevent splicing of the transfer vector RNA in the producer cell by efficiently
exporting it out of the nucleus during viral production. This enables the full-length
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vector RNA to be package into a virion particle. The Tat protein is a transcription
factor, which binds to the far element in the HIV LTR, necessary for the activation of
the LTR promoter (244). The envelope protein used for most lentiviral vectors is the
VSV-G, first shown to be successful in pseudotyping oncoretroviral vectors (4, 32).
The VSV-G binds to an as yet uncharacterized receptor in the phospholipid bilayer of
the cytoplasmic membrane in both vertebrates and invertebrates, and thus has a very
broad host range (152). As wild-type HIV-1 enters a CD4" cell by fusion (231), and the
VSV enters its target cell through endocytosis (207), a VSV-G pseudotyped lentiviral
vector particle undergoes a slight change in the normal mechanism of entry, but to
seemingly no serious consequence. Since the majority of accessory genes have been
removed, and the envelope replaced to that of another viruses, there is no chance that
the lentiviral vector will ever be able to form the wild-type HIV from which is was
derived. That and other safety features of the vector (described in the safety issues
section ahead) make lentiviral vectors a theoretically safe means of transducing cells.

The Ability to Infect Non-Dividing Cells

After viral entry and reverse transcription in the cytoplasm of the target cell, the
preintegration complex (PIC) localizes to the nucleus, where by active transport
through a nuclear pore, the viral genome enters the nucleus of a non-dividing cell (31,
72, 79). The Vpr accessory protein, the Integrase protein, and the gag encoded Matrix
protein play both additive and redundant roles in this by connecting the PIC with the
cellular nuclear import machinery (30, 78, 104). Once in the nucleus, the viral genome
can integrate into target cell’s genome via the viral Integrase protein. Despite the
removal of the accessory gene vpr in the lentiviral vector, the lentiviral vector is still
capable of entering the nucleus of the non-dividing cell with only slight disadvantage
compared to its wild-type counterpart (171). The maintenance of the Matrix and
Integrase proteins is the presumable reason for the maintained capability for infection
of non-dividing cells (244). This can be achieved independently of mitosis, giving it an
advantage over MMLYV based vectors in the transduction of non-dividing cells. The
non-dividing (or rarely dividing) cell types that have been shown to be pervious to
infection by lentiviral vectors are neurons, myocytes, hepatocytes, retinal cells,
corneal, cochlear, and pancreatic islet cells (83, 99, 121, 163, 252, 262, 290). Of
particular interest is the ability to transduce the non-dividing cells of the hematopoietic
system (as will be discussed in length in the section for Transduction of Hematopoietic
Stem Cells.)

An interesting feature of wild-type HIV-1 is that following the release of the contents
of the HIV-1 into cytoplasm of a quiescent T-cell, the unintegrated PIC is surprisingly
stable. A PIC can remain unintegrated for as long as 3 weeks in a quiescent T-cell
before integrating upon cell activation (232). In contrast, a PIC from an oncoretroviral
vector is stable only for a matter of hours (8), suggesting an advantage for transduction
of quiescent cells using lentiviral vector as the PIC could potentially wait for the
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conditions for transduction to arise. Another interesting feature of HIV-1 is that the
concentration of ANTP in the cytoplasm appears to play a role in the efficiency of the
virus replication and likely increasing the efficiency of reverse transcription (133, 159).
Therefore, by modulating the dNTP during lentiviral vector transduction may increase
gene transfer efficiency in some cell types.

Lentiviral Vector Design and Safety

The great potential of lentiviral vectors as a tool for gene therapy applications may be
hampered by certain issues of safety which need addressing prior to their use in
clinical protocols. Most lentiviral vectors used to date for the transduction of
hematopoietic stem cells have been produced by transiently transfecting packaging
constructs and the transfer vector into a producer cell line. This technique for
production has an increased likelihood for recombination that could potentially cause
the production of replication competent vectors, compared to production from cell
lines where the constructs are stably integrated into the producer cell's genome. Stably
integrated vector systems have long been used in the generation of oncoretroviral
vectors (38, 151). Although the formation of replication competent vectors has rarely
been reported for modern vectors produced, by either transiently generated or stable
integrated producer cells, it is the general opinion that methods of reducing the risk are
warranted. In order to reduce the chances of recombination potentially capable of
forming replication competent lentiviral vector, second- and third-generation vectors
have been generated, which include a self-inactivating (SIN) deletion of the LTR (67,
161, 289). In these vector systems the envelope gene, the packaging genes, and the
transfer vector are on separate plasmids. Only tens of base pairs of overlapping
sequences with the other plasmids are present. The third-generation vector in addition
to the above features, separates the accessory gene rev onto a fourth plasmid further
reducing the likelihood of generation of replication competent recombinants (67).

A second concern with the lentiviral vectors is that they share sequence homology
with wild type HIV-1. While this poses a threat only if the patient contracts HIV-1
after the gene therapy treatment and the HIV recombines with the vector to form a
hybrid unknown vector, it may also complicate the patient’s life as HIV vectors may
cause the positive scoring of HIV in common tests without the person having been
infected with HIV-1. It has been shown to be relatively common that the two copy
genome in the virus particle recombines, suggesting if two heterogeneous copies were
packaged into the virion (i.e. one vector genome and one wild type HIV genome) a
new viral species could emerge (116). Oncoretroviral based vectors based on viruses,
such as the MMLV, which do not infect human cells, do not pose the same risks and
therefore may be theoretically safer than traditional lentiviral vectors. The
development of second- and third-generation lentiviral vectors has dramatically
improved the safety of the vector as four of the six accessory genes present on the
vector have been removed in the second-generation and all but one removed from the
packaging construct in the third-generation vector. The third-generation vector also
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has the replacement of the Tat dependant 5'LTR promoter U3 region with the rous
sarcoma virus (RSV) promoter, which further reduces sequence homology with the
wild-type virus and removes the requirement for the rat gene in the packaging
construct (67). The transfer vector only contains the minimum sequences for
functionality of the vector namely portions of the LTR (required for reverse
transcription, poly-adenylation and integration), and a portion of the gag gene which
contains the packaging signal. The 180 bp central polypurine tract (cPPT) was
returned to the transfer vector in the third-generation vector, after having been
removed in the second-generation vector, as it was shown to improve the efficiency of
PIC nuclear import (76, 286).

The development of self-inactivating (SIN) lentiviral vectors further reduces sequence
homology with the wild-type virus, but more importantly has the feature which renders
an integrated vector incapable of mRNA transcription from the LTR. It is a 400 bp
deletion in the 3' LTR promoter region, which removes the LTR promoter in the 5'
position following reverse transcription, and therefore prevents full length vector
transcription when integrated in the target cell’s genome (67, 95, 110, 161, 289). This
has implications for safety as without the transcription from the LTR there can be no
generation of virus genome capable of being packaged into a virus particle.
Furthermore, since lentiviral vectors may, by chance, integrate into genes in the target
cell's genomes, the removal of LTR promoters ensures they will not activate genes
which may be potentially dangerous for the patient, such as proto-oncogenes. Two
recently developed lentiviral vector packaging systems capable of being producing
virus from a stable integrated packaging cell line (i.e. eliminating the need for transient
transfection of packaging and transfer vector constructs) have recently been developed
(Figure 3). However, their efficacies have yet to be assessed (127, 273).

From the standpoint of biosafety, since vectors based on HIV are derived from a virus
that infects humans, it has been proposed that there may be increased risks associated
with their use in patients. In lieu of this, alternative lentiviral vectors derived from
viruses that infect other species have been developed. These viruses have been based
on SIV (218), BIV (17), FIV (193), and EIAV (275), and have also demonstrated the
ability to transduce non-dividing cells. However, as proposed by Trono, there are
several factors that make HIV based vectors theoretically the safer than non-human
derived lentiviral vectors (245). 1) Since HIV based vectors are derived from a virus
which infects human cells, it is conceivable that the HIV based virus will be more
efficient at transducing human cells compared to animal derived vectors. 2) The
complexity of the HIV genome is far greater than that of most other lentiviruses (nine
genes in HIV instead of six in other lentiviruses) and since all lentiviral vectors require
at least three genes (gag, pol, and rev), HIV would be the most distally removed vector
from its parental virus. 3) Experience has revealed that infection of one species with
the pathogen from another is largely unpredictable (158). Moreover, millions of people
worldwide have been screened for HIV-related illnesses, and mutations in HIV have
been shown to be able to be carried by humans without causing pathogenicity.
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Furthermore, some of these non-pathogenic mutant HIV strains share significantly
more sequence homology with wild-type HIV than the third-generation lentiviral
vectors.
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Figure 3. Production of a permanent packaging cell for HIV-1 based vectors. In the
first step the vector, packaging constructs and the VSV-G envelope construct are
transfected into 293 cells, as explained in Figure 2, to produce a cell line that can
express the rev protein and the envelope and gag-pol proteins. The packaging cell
line that is created in step 1 contains chromosome integrated constructs that express
the VSV-G and rev genes by a tetracycline regulated promoter and the tTA
transactivator, and gag-pol genes are expressed by constitutive promoters. The gag-
pol construct is shown in Figure 2. The gag-pol transcripts are quickly degraded in
the nucleus without the rev posttranscriptional regulator. Therefore, the gag-pol
transcripts are stabilized upon rev induction. The expression of the VSV-G gene must
be regulated since its permanent expression would lead to cell death. This cell line is
now repeatedly transduced by a vector from transiently transfected 293-T cells in
order to generate multiple vector integration sites and as a consequence, high titer
producers that can upon induction produce the viral proteins and the vector RNA
(step 2 to 3). In order to suppress expression of the cytotoxic viral proteins the cells
are grown in medium containing doxycycline while the cells are maintained. To
produce vectors, the viral proteins are induced in the absence of doxycycline. This
figure is modified from Klages et al. where a description of the generation of the LVG
packaging line was made.
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PRESENT INVESTIGATION
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Specific Aims

To determine the utility of lentiviral vectors in gene therapy treatment of
hematological disorders as assessed by the ability of lentiviral vectors to efficiently
transduce human hematopoietic repopulating cells capable of both myeloid and
lymphoid reconstitution.

To determine the ability of lentiviral vectors to transduced repopulating cells under
conditions that do not stimulate cell-division, and hence preserve the stem cell
repopulating and differentiation potential.

To determine the ability of lentiviral vectors to transduce primitive murine
hematopoietic cells and use this system to define the optimal conditions for
transduction of primitive hematopoietic progenitor cells, for the ultimate goal of
testing gene therapy based treatments in murine models of human diseases.

To define the optimal conditions for efficient transduction of primitive
hematopoietic progenitors, with respect to cytokine stimulation and cell-cycle
status of the cells in hematopoietic progenitors.

To determine the ability of lentiviral vectors to efficiently transduce embryonic
stem cells and use this system to study the lentiviral vector transgene expression
throughout differentiation to hematopoietic progenitor cells.

To optimize lentiviral vector design for efficient transgene expression in the
progeny of repopulating cells, using regulatory elements capable of delivering
high-level expression with minimal variegation effects.

To address issues of safety for lentiviral vector transduction of hematopoietic stem
cells with regards to vector design and insertional mutagenesis.



TRANSDUCTION OF STEM CELLS

Transduction and Transgene Expression in Embryonic Stem Cells

With the enormous clinical potential of embryonic stem cells, based on its
differentiation potential and ability to self-renew in culture, the ES cell is an ideal
target for vector mediated genetic modification. Moreover, the ability for ES cells to
differentiate in vitro to hematopoietic progenitor allows it to be used to assay vector
transgene expression throughout hematopoietic differentiation. Oncoretroviral vector
transduction of ES cells undergoing self-renewal divisions in culture is efficient.
However, the oncoretroviral vector’s ability to maintain transgene expression after
differentiation to hematopoietic progenitor or other tissues, including the entire
organism itself, is hampered by the silencing of the LTR promoter (44, 112, 138).
Hence, as part of the study in Paper I of this thesis, the lentiviral vector system was
tested in the context of transduction of and expression in ES cells differentiated to
embryoid bodies and then further to hematopoietic cells. The results using a lentiviral
vector driving GFP expression from an internal murine phosphoglycerate kinase
(muPGK) promoter, were compared with results using two oncoretroviral vectors; the
MSCV based oncoretroviral vector, and an LTR-independent vector driving
expression from an internal muPGK promoter.

We compared the transduction efficiency and transgene expression characteristics of
the three vectors described above possessing different envelopes at varying MOI,
followed by ES cell differentiation to EB bodies and subsequently to hematopoietic
cells. We found that the VSV-G envelope yielded higher transduction efficiencies at
similar MOI compared to the same vector pseudotyped with an ecotropic envelope
(GP+E-86), suggesting a greater abundance of VSV-G receptor than ecotropic receptor
on ES cells. We also found that using the same MOI, lentiviral vectors could transduce
the ES cells slightly more efficiently than oncoretroviral vectors with the same
envelope, with a near 100% TE at an MOI of 59 TU/cell compared to the MOI of 590
TU/cell required to achieve the same level of transduction by the oncoretroviral vector.
The difference in MOI required to achieve the same transduction efficiency is likely
due to inherent differences between the vectors in terms of their mechanisms of
transduction, and the difference in proliferation kinetics of the ES cells and the cells in
which the viral preps were titered.

The ES cell’s ability to be clonally expanded enables vector copy number analysis to
be performed. It was found that using a high MOI, most of the cells contained multiple
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vector copies integrated, as determined by southern blot analysis of digested genomic
DNA from individually expanded ES clones. Up to twelve (12) integrations per ES
clone were seen using the lentiviral vector, and six (6) using the oncoretroviral vector.
The results of our study also demonstrated that the transgene expression correlated
with the number of lentiviral vector copies in the ES cell expanded clones, whereas the
expression from the oncoretrovirus did not. GFP expression from the lentiviral vector
was found to be directly proportional to the vector copy number, with approximately
50 mean fluorescence units (MFU) per vector copy. The GFP expression levels from
ES clones transduced with the oncoretroviral vectors was not proportional to copy
number with great variation in the expression, suggesting greater position dependent
expression from the LTR dependant oncoretroviral vector. Furthermore, when ES cell
clones were allowed to proceed with differentiation into EB bodies (day 6) by the
removal of LIF, expression was significantly reduced when the transgene was driven
by either the LTR promoter or the internal promoter in the oncoretroviral vector, and
expression was only slightly reduced for the lentiviral vector driving expression from
the internal promoter. Moreover, the expression after differentiation of the EB to
hematopoietic colony was only possible with the lentiviral vector where some
expression was lost. The study also revealed that the HIV LTR promoter is
transcriptionally inactive in ES cells as only mRNA produced from the internal
muPGK promoter could be detected. These results suggest that lentiviral vectors are
relatively resistant to position-effect variegation and other types of transcriptional
downregulation compared to oncoretroviral vectors.

In this study, we demonstrate for the first time the ability of lentiviral vectors to
efficiently transduce ES cells, and to maintain their capability for transgene expression
throughout differentiation to hematopoietic progenitors. Since these studies, several
other studies from other labs have demonstrated that following transduction of ES
cells, a transgenic mouse could be generated with virtually all transduced cells of the
mouse expressing the transgene (145, 189). The vector transduction of ES cells
circumvents the need for the largely inefficient genetic manipulation by homologous
recombination for the generation of such mice. The transgenic mice could be
generated by two methods 1) by the injection of transduced ES cells into a developing
embryo at the blastocyst stage followed by transplantation into a pseudopregnant
recipient mouse. 2) by infection of early stage embryos either at the single cell stage or
at the morula stage (8-16 cells) having had the zona pelucida removed (or alternatively
by injection of the virus directly into the perivitelline space of the embryo) followed
by transplantation into pseudopregnant recipients. Mating of the generated offspring
with other mice and the ability to visibly score the transgene in the progeny revealed
that the transgene was transmitted through the germ line (145, 189). By driving the
transgene expression from tissue-specific promoters, Lois et al. were able to derive
mice with transgene expression in either myocytes or T-cells exclusively.
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Transduction of Hematopoietic Progenitors

Transduction of Murine Hematopoietic Progenitors

The extensive knowledge of the murine hematopoietic system and the effectiveness of
the assays used to assess hematopoiesis make the murine model an ideal tool for the
study of factors involved in efficient lentiviral vector transduction. Moreover to be
able to define efficient conditions for transduction of the hematopoietic cells of the
murine system would enable the testing of the feasibility of lentiviral vector mediated
gene therapy of human disease in murine models. Lentiviral vectors had not previously
been used for the transduction of hematopoietic cells from species other than humans
adding novelty to lentiviral vector transduction of murine progenitor cells. As
described in Paper II, we transduced primitive hematopoietic Lin-, c-kit", Sca-1%, cells
derived from mouse bone marrow under variable conditions using lentiviral vectors
and assayed for the transduction efficiency using in vitro suspension and CFC assays
by flow assisted cytometry (FACS) or by polymerase chain reaction (PCR) and
microscopy on individual CFU-GM colonies. Following transduction of the murine
hematopoietic progenitors and scoring of individual CFU-GM colonies by microscopy,
it was apparent that although a colony may have contained a significant portion of
GFP" cells, there was a significant portion of cells within the colony that were not
expressing GFP. In order to ascertain if this was the result of silencing of the vector
expression, or a true lack of vector presence in those cells (despite all cells in the
colony originating from a single cell) secondary plating of individual colonies was
performed. PCR on the secondary colonies revealed that, although all the colonies in
the plate originated from a single cell, only a subset of the colonies contained the
vector, indicating that the originating primary colony was a genetic mosaic of cells
containing and not containing the integrated vector. Since only part of the primary
colony contained the vector, but all cells from the colony originated from a single cell,
suggested that the vector integrated after the originating colony forming cell had
divided. We therefore proposed that there was a delay in the lentiviral vector
integration in murine progenitor cells. This was supported by the finding that increased
cytokine stimulation after the 20-hour transduction period resulted in a decreased
percentage of total cells expressing GFP. The highest form of stimulation resulted in
the lowest percentage of transduced cells compared to if the cells had been culture in
low stimulation conditions.

These results demonstrated that the high stimulatory conditions used during or
immediately after the transduction, resulted in rapid cell-division, which diluted the
vector and reduced its integration into the target cell. They also revealed that lentiviral
vector integration into murine hematopoietic progenitors was not immediate; that at
some stage in the life-cycle after receptor binding, a minimum amount of time was
required to complete the integration. These results were further supported when the
number of cells expressing GFP per colony was increased by delaying the length of
time after transduction prior to plating in methylcellulose by up to three days. A
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second viral hit also increased the percentage of GFP* cells, presumably because more
viral particles were able to infect the target cell, but also because of the additional 20-
hour incubation required for the double-hit prior to plating. We also assessed the effect
of adding dANTP to the medium during the transduction as it had been previously
shown that wild-type HIV-1 was limited in its ability to reverse transcribe its genome
in quiescent lymphocytes due to a shortage of ANTP in those cells (133). Interestingly,
the addition of ANTP had a positive effect on the transduction efficiency. Although the
percentage of colonies that contained GFP cells did not change, the percentage of cells
that were GFP* within each colony increased, indicating that a major rate limiting step
in the transduction of murine hematopoietic progenitors lies in the reverse
transcription step of the virus life-cycle.

A second component of the study was to perform the transductions using variable
cytokine stimulation. It was found that increasing the cytokine stimulation (from no
cytokines to SCF alone, or further to SCF, IL-3 and IL-6) during the 20-hour
transduction period increased the percentage of colonies expressing GFP cells. These
results are in keeping with the previous findings where lentiviral vectors were shown
to be more efficient at transducing human hematopoietic progenitors that resided in the
G, or S/G,/M stage of the cell-cycle compared to quiescent cells (237). It was also
observed that only the highest form of stimulation yielded any significant level of
transduction using the control oncoretroviral vector MGIN, as expected (248).

Since our studies defining the optimal conditions for lentiviral vector transduction of
murine hematopoietic progenitors, several additional studies have been performed on
murine hematopoietic stem cells demonstrating long-term reconstitution of the
irradiated recipient mice (41, 239). Furthermore, lentiviral vector transduction of
hematopoietic stem cells from murine models of human diseases have demonstrated
the ability of the lentiviral vector to correct genetic deficiencies in the murine
hematopoietic systems. These will be discussed later in more detail.

Transduction of Human Hematopoietic Stem Cells

Although oncoretroviral vector transduction of murine hematopoietic stem cells is
efficient, only recently have the advances in transduction protocols allowed for
efficient oncoretroviral vector transduction of stem cells capable of reconstitution in
the NOD/SCID xenotransplant model or the non-human primate autologous transplant
model (105, 129, 136, 215). These optimized transduction conditions usually contain
combinations of cytokines, such as FL, TPO, and SCF, capable of rapidly inducing
cell-division of primitive cells, compared to the older methods usually containing 1L-3,
IL-6, and SCF (147, 168). However, these conditions continue to push cells to enter the
S/G,/M stage of the cell-cycle, which can be detrimental to the engraftment of
hematopoietic stem cells as described earlier (20, 51, 267), and may cause the loss of
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potential of the true hematopoietic stem cells required for effective engraftment in
patients.

Several in vitro transduction studies using lentiviral vectors on freshly isolated human
hematopoietic progenitors demonstrated efficient transduction of cells that had
previously been resistant to transduction by oncoretroviral vectors (34, 237, 248). These
studies revealed that populations of largely non-dividing cells could be efficiently
transduced without prior stimulation and without cytokines. From these findings it
became apparent that there was potential for gene therapy based treatment of disease
using lentiviral vectors as they allowed for the transduction of primitive non-dividing
hematopoietic cells to be achieved. This ability is based on the lentiviral vector's
karyophillic pre-integration complex, which allows for active vector transport into the
nucleus independently of mitosis. However, the precise requirements for transduction
of these primitive cells remained to be defined. Although stable transduction of
primitive human hematopoietic cells has been achieved in vitro, the maximum
transduction efficiencies achieved rarely exceed 70% (66, 73, 237, 248). Moreover, the
most primitive mitotically inactive portion of these cells remained largely
untransduced (< 15 % GFP") (34), suggesting that stimulation of the cells during
transduction may play an important role in achieving higher transduction efficiencies.

With the efficient in vitro transduction of both human and murine hematopoietic
progenitors using lentiviral vectors being achieved, we then wanted to address the
efficiency of lentiviral vector transduction of more primitive and more clinically
relevant human hematopoietic repopulating cell. Thus the efficiency of transduction of
primitive human hematopoietic repopulating cells was determined using the
NOD/SCID mouse xenotransplant assay, as described in Paper III. A study performed
just prior to our study by Miyoshi et al. demonstrated that lentiviral vectors could
transduce human NOD/SCID repopulating cells from umbilical cord blood using a 5-
hour transduction protocol with no cytokine stimulation (162). They achieved a
respectable transduction efficiency into repopulating cells of about 35%. However,
other studies performed in vitro have shown that wild-type HIV-1 infection requires
the traverse of cell to the G, stage of the cell-cycle stage (G,, is defined by an
increased level of RNA within the cell compared to G,, and G, cells) (134).
Furthermore, another study revealed that lentiviral vectors, while being capable of
transducing quiescent cells, preferentially transduced cells that resided in the G, stage
of the cell-cycle as opposed to G, (237). This suggests that it might be possible to
further increase lentiviral transduction efficiency of human hematopoietic stem cells
by some limited cytokine stimulation from G, to G,, but not further to S/G,/M, during
transduction, with minimal loss of repopulating capacity or self-renewal capacity of
hematopoietic stem cells (85, 270). It had also been documented that while the cytokine
TPO alone does not stimulate cell-division, it does contribute to the maintenance of
cell viability (26, 111). Therefore, we transduced human umbilical cord blood CD34*
cells using weak stimulatory conditions (TPO in serum free medium), in order to
maximize transduction efficiency while minimizing the loss of repopulating ability.
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Using a high resolution cell-cycle analysis technique previously described by Jordan et
al. (120), we saw that the overnight transduction protocol using the single cytokine
TPO in serum free medium on a fibronectin coated well did not stimulate the cells to
enter into the S/G,/M phases of the cell-cycle (<3%), and slightly increased the
population of G, cells from G, compared to fresh control cells (62% to 77%). The
transduced CD34" cells were subsequently transplanted into NOD/SCID mice to
assess the transduction efficiency into primitive human repopulating cells.

Six weeks after the transplantation of the transduced cells into the NOD/SCID mice,
the bone marrow was harvested and analyzed by FACS or by methyl cellulose CFC
assay. The average transduction efficiency of the repopulating cells as determined by
PCR for the vector on individually picked CFC was 48+23%, demonstrating efficient
transduction of NOD/SCID repopulating cells. When the bone marrow of the mouse
was then transplanted into a secondary transplant recipient and bone marrow harvested
another six weeks later, CFC colonies analysis revealed 64+13% vector positivity. No
statistically significant difference was seen between primary and secondary recipients.
When FACS analysis was used to assay the bone marrow of these mice GFP
expression could be detected in both the lymphoid and myeloid lineages, as well as
CD34* population of progenitors, and CD38" mature progenitors, in similar levels in
all lineages. These results suggest lentiviral vectors are capable of efficient
transduction of NOD/SCID repopulating cells with both lymphoid and myeloid lineage
reconstituting capabilities, as well as the even more primitive progenitors capable of
both myeloid and lymphoid reconstitution in secondary transplant recipient mice.

In order to verify that the transduced repopulating cell was capable of both lymphoid
and myeloid repopulation we transplanted mice in cell-dose limiting dilution to
generate mice repopulated by single stem cells. The concept of the cell-dose limiting
dilution assay was first described by Szilvassy et al. as a means of assaying the
quantity of stem cells within a population as well as the stem cell lymphoid-myeloid
cell repopulating ability (238). Poisson statistics can be used to define the situation
where if the majority of animals are negative for human engraftment, the animals that
are positive are so by virtue of a single repopulating cell. (In fact, 63% of the animals
must be negative in order for the 37% positive mice to have been repopulated by a
single cell 95% of the time.) In our study, NOD/SCID mice were transplanted with cell
doses of 400 000, 100 000, 35 000, 12 500, and 5 000 of lentiviral vector transduced
CD34" cells, and as expected the engraftment level was found to correlate to the cell
dose. One particular mouse, transplanted with 35,000 cells, was found to have a low
level of engraftment (3.8%), however, virtually all of the human reconstituting cells
expressed GFP, suggesting it may have been reconstituted by a single transduced
repopulating cell. In addition, similar high-levels of GFP were found in both the
lymphoid and myeloid cells, further confirming lentiviral vectors are capable of
transducing primitive human repopulating cells with lymphoid and myeloid potential
under minimal stimulatory conditions.
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A further component of this study was to develop a vector integration site assay based
on inverse PCR protocol. The purpose of the assay was originally intended to aid in
the tracking of integration for the assessment of common integrants in both lymphoid
and myeloid compartments, as well as common integrants in the primary and
secondary mice. Unfortunately, the inverse PCR technique was not sensitive enough
for this analysis, but did confirm the ability of the lentiviral vector to integrate into
genomes of repopulating cells.

Since these initial studies of lentiviral transduction of CB derived SRC, numerous
other studies have been performed, however, the majority of these studies have been
performed using lentiviral vectors containing the previously mentioned central
polypurine tract (cPPT) (76, 214, 225, 226). In these experiments similar or higher
efficiency transduction of SRC have been obtained with up to 70 % of the cells
expressing GFP (76, 226). While it has been clearly demonstrated that the cPPT
increases the efficiency of lentiviral vector transduction in permissive cells, it has not
been addressed whether the element can actually enable the transduction of SRC not
normally permissive to transduction using non-cPPT vectors. However, recently
Scherr et al. demonstrated using a cPPT vector, that the transduction of SRC from
MPB were transduced at a high efficiency (40 %) with a 36-hour transduction protocol
with cytokines TPO, SCF, FL and IL-6. This is considered efficient since the cells
capable of long-term reconstitution are known to be in G, (92). Future experiments
describing the transduction of primitive repopulating cells from MPB and BM is
required as these will likely be the sources of hematopoietic stem cells for
transplantation into patients. Comparisons of cell-cycle status of MBP and BM show
that the mobilization using the cytokine G-CSF results in the primitive CD34* CD38"
fraction to enter the G, stage of the cell-cycle, and that these cells contribute to the
rapid short-term repopulation in (92, 108). However, the long-term repopulating cells
are likely to remain in G, thus transduction conditions must be designed accordingly
(92).

The high efficiencies of transduction of SRC achieved using lentiviral vectors have
rarely been achieved using oncoretroviral vectors (94, 105, 201, 215). This is
particularly relevant since in addition to transducing at superior efficiencies, lentiviral
vectors can do so using lower stimulatory conditions. Although the efficiencies of
transduction achieved using oncoretroviral vector is a respectable 10-45%, the
transduction conditions to achieve this are a minimum of 3 days with the cytokines
TPO SCF, and FL, and this has consequences on the level of engraftment achieved (94,
105, 201, 215). While the total number of repopulating cells during culturing for
oncoretroviral vector transduction can be maintain or marginally increased, the results
of one study demonstrates that the proliferative potential of the cycled cells is
diminished (201).
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Transduction of Human CD34* CD38" Repopulating Cells

We then wanted to assess lentiviral vector transduction of the more primitive CD34*
CD38" fraction of CB cells in NOD/SCID mice. Therefore, we transduced our target
cell using the same transduction protocol as in Paper III. The average transduction
efficiency achieved was approximately 25%, as determined by FACS for GFP in BM
from NOD/SCID mice and by PCR on individually picked CFU-GM colonies from the
mice. This is comparable to percentages achieved in NOD/SCID mice in another study
of transduced CD34* CD38" cells where 23+7.2% of human cells was achieved in the
NOD/SCID mice (95). However, studies of lentiviral vector transduction of CD34"
SRC demonstrate transduction efficiencies of 30-70% (76, 81, 162, 214), suggesting
that repopulating cells present in the CD34* CD38" population are slightly less
susceptible to transduction. There are two possible explanations for the CD34* CD38"
cells having lower susceptibility of transduction. One possibility is that the CD34"
CD38" cells are more easily transduced when surrounded by CD34* CD38* cells
during the transduction conditions (involving some sort of stimulation of the
repopulation cells by the more differentiated CD34* CD38* cells). The second and
more probable explanation is that the stringent sorting of the CD34* CD38" population
(lowest 6 %) excludes some of the CD34* CD38™" ¥ cells also capable of
repopulation in NOD/SCID mouse (22). These CD34* CD38™™ ' cells may be slightly
more susceptible to lentiviral vector transduction given the short culture conditions.
The preferential transduction of CD34* repopulating cells over CD34* CD38"
repopulating cells has been seen before in an oncoretroviral vectors study in Beige-
Nude-Xid mice but with more dramatic effects. In that study, CD34* CD38" cells were
impervious to transduction by 4 days of culture, although some repopulating activity
was maintained (55). Similarly, in a lentiviral transduction study of repopulating cells,
transduction was more efficiently when more stimulatory cytokines were used during
the 24 hour transduction protocol than when TPO alone was used (76, 226). However,
the use of high stimulatory conditions during transduction may have negative effects
on the clinically relevant long-term repopulating ability of stem cells despite the
encouraging results in the NOD/SCID mouse.

Multiple Vector Copy Integration into SRC

Optimization studies on lentiviral vector transduction have demonstrated that in order
to achieve a maximum transduction efficiency into primitive hematopoietic cells, a
high multiplicity of infection (MOI) is required (97, 211). Hence, most lentiviral vector
transductions performed on hematopoietic cells, including those described within the
context of this thesis, have used viral titers well in excess of the cell number being
transduced. However, even at MOI as high as 500-1000 TU/cell and viral
concentrations exceeding 10’ TU/mL, transduction of all primitive hematopoietic cells
without stimulation remains an elusive goal (76, 226). Moreover, the consequence of
the high concentration of virus on the fraction of cells permissive to transduction has
not been addressed, with regards to the integrated vector copy number per transduced
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cell. Lentiviral vector transduction and transgene expression analyses in hematopoietic
cells have assumed single (or very few) vector copies per cell, based on single
oncoretroviral vector copies found in murine hematopoietic clones derived from
Beige-Nude-Xid mice (56).

However, as demonstrated in Paper 1, lentiviral vector transduction of murine
embryonic stem cells could result in as many as 12 copies per cell by increasing the
MOI used during infection. To address whether multiple vector copy integration
occurred during transduction of primitive human hematopoietic cells, we decided to
measure the transduction efficiency into SRC using semi-quantitative PCR analysis on
the total bone marrow from transplanted NOD/SCID mice as described in Paper I'V.

Semi-quantitative PCR was used to quantitate the amount of vector DNA normalized
to the amount of human genomic DNA. Using the percentage of GFP expressing cells,
one could then determine the average vector copy number per human cell.
Surprisingly, an average of 5.6+3.3 (n=12) copies per transduced hematopoietic cell
were detected in the transduced progeny of the SRC. To confirm this result, individual
CFU-GM colonies derived from a transplanted NOD/SCID mouse were analyzed by
linear amplification mediate (LAM) PCR, a highly sensitive PCR technique that
allows for discrimination of single vector integrants in the complex mixtures of DNA
(216, 217). The mouse used for the analysis was the mouse 7.23 from Paper III that was
hypothesized to have been transplanted with a single repopulating cell. The results of
the analysis reveal that five distinct vector integration sites were detected in the CFU-
GM colonies. The fact that all five integration bands could be seen in a single colony
confirms that the repopulating cell that gave rise to the colony also had five vector
integration sites, confirming the ability of the lentiviral vector for multiple vector copy
integration. Furthermore, analysis of more colonies revealed that all contained the
same five integration sites and that no additional sites were detected in the in the total
bone marrow when analyzed in the same manner. These results confirmed,
molecularly, the hypothesis that the mouse 7.23 had been repopulated by a single SRC
further demonstrating the ability of the lentiviral vector to transduced human
repopulating cells with both lymphoid and myeloid potential. Therefore, we propose
that the subset of SRC permissive to lentiviral vector transduction is susceptible to
multiple vector copy integration into the genomes of each cell. Furthermore, since this
study was performed on many of the same mice as for the transgene expression
analysis study mentioned ahead, we hypothesized that the high-level of transgene
expression achieved was in part due to the multiple vector copies contributing to the
expression.

To further characterize the multiple vector copy events seen we decided to sequence
the individual integration sites in mouse 7.23. This enabled the determination of the
precise location of the vector within the human genome. Interestingly, one of the
integration sites was found to be located in intron 17 of the known tumor suppressor

39



gene, breast cancer 1 (BRCAL1), as depicted in Figure 4. The insertion of the vector
into the gene would most probably cause the malfunction of the gene, which mutations
therein are associated with the increase likelihood of development of breast and
ovarian cancer, but also in impaired double stranded DNA repair. While multiple
vector copy integration into human NOD/SCID repopulating cells is efficient in terms
of gene transfer and gene expression, multiple copy integrations of lentiviral vectors in
hematopoietic cells may increase the risk for insertional mutagenesis (219).

Insertional Mutagenesis

Vector mediated gene therapy for treatment of disease has, since its inception, been
associated with its theoretical risk for insertional mutagenesis. This may have
implications for the safety of the patient. Although the theoretical chances of
activation of a proto-oncogene are small (107) (234), the repetitive infections of cells
from a wild-type virus infection in an organism eventually lead to the undesirable
mutation event. In fact, MMLYV infections in the rats have shown some areas of the
genome are particularly prone to the development of tumors from insertional
mutagenesis. They are the genes c-erbB, rat c- myc, and a rat locus dsi-1 (230, 254,
255). Interestingly, only one example of insertional mutagenesis from an
oncoretrovirus based vector has ever been reported (143). It was the result of the
activation of the Evi-1 proto-oncogene by both the viral LTR upstream of the gene,
which in combination of transgene could induce leukemia. The fact that only a single
reporting of an insertional mutagenesis event by a vector may demonstrate the
complications with determining such an event. As described in by Li ef al., a leukemia
inducing mutagenesis event may not cause a lethal phenotype in a primary transplant
recipient. Therefore, unless serial transplantation into secondary and tertiary recipients
was part of the experiment the phenotype might remain invisible. Furthermore,
thorough analyses of all animals that have ever died in gene marking studies have not
been performed, and nor have there been adequately sensitive techniques available to
scientists for the determination of the integration site of the vector, until now (i.e.
LAM PCR). The fact that the Evil proto-oncogene was only able to induce the
leukemia only in combination with the marker gene used in this vector is no evidence
of the rarity of the risk, especially since the genomes of patients in a wide population
would also contain mutations of unknown genes that together could elicit an
undesirable phenotype.
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Figure 4. Schematic of lentiviral vector integration into the 17" intron of the known
tumor suppressor gene, BRCA1. The vector integration into the intron would likely
result in the disturbed function of the BRCA1 protein by premature transcription
termination or by aberrant splicing on the RNA level. It is unclear whether the
integration by lentiviral vectors into genes is a purely random event, however, wild
type HIV-1 has recently been shown to preferentially integrate into active genes.

The BRCA-1 gene, into which the lentiviral vector integrated, as described in Paper
IV, is involved in DNA damage repair (166) and associated with hypersensitivity to
double stranded DNA damage in Fanconi anemia patient cells (277). Although no
unusual phenotype was apparent in the mouse at the time of sacrifice, most leukemias
require a minimum time for a leukemic phenotype to develop, well in of excess of the
6 weeks as performed here. It is highly probable that the vector integration into the
BRCA-1 gene would disrupt normal function of the gene product as a result of
changes incurred in the C-terminus domain. Truncations of the BRCA1 C-terminus
domain have been associated with the reduced protein stability and loss of tumor
suppressing function (71, 250). However, the role of BRCA-1 and its pro-apoptotic
features as defined in other tissues is still unknown within the hematopoietic system.
In addition, in order for its oncogenic properties to be manifested, BRCA-1 must also
be accompanied by at least one other mutation. It is postulated that a non-functional
BRCA-1 gene yielding the inability to repair damaged double stranded DNA would
require a mutation, for example, in the p53 signaling pathway rendering the cell unable
to evaluate completion of the S to G,M cell-cycle checkpoint, and hence have
abnormal determination if a damaged cell should proceed to the next stage of the cell-
cycle or undergo apoptosis (27). The fact that, of the few integration sites sequenced in
our laboratory, one of them is located in a known tumor suppressor gene, begs the
question of how rare this event actually was. Only recently, Schroder et al.
demonstrated that wild-type HIV-1 integrates preferentially into active genes (219).
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Further analyses to determine whether this ability of HIV-1 is maintained in lentiviral
vectors remains to be performed.

Lentiviral Vector Transgene Expression in Hematopoietic Cells

While the ability of viral vectors to stably integrate into a significant number of
primitive hematopoietic cells is a requirement for the success of gene therapy of
hematopoietic diseases, so too is the vector’s ability to express the transgene long-term
in the progeny of the stem cells. Although oncoretroviral vectors have demonstrated
high-level, ubiquitous transgene expression in all hematopoietic lineages from the
MESV LTR promoter, some studies suggest that vector silencing during hematopoietic
stem cell differentiation to mature progeny occurs (94, 128, 165). There is a concern
that expression may not persist for extended periods in patients due to oncoretroviral
vector LTR transcriptional inactivation. As demonstrated in Paper I, oncoretroviral
vector expression was severely diminished following transduced ES cell
differentiation into EB bodies and further to hematopoietic progenitors. In stark
contrast, the lentiviral vector driving expression from the internal muPGK promoter
yielded more consistent expression throughout differentiation. Moreover, transgene
expression correlated highly with the vector copy number. However, one of the
problems of lentiviral vectors has been the low-level of transgene expression in
transduced hematopoietic cells. In fact, it is theorized that for many gene therapy
applications, the level of expression is too low to elicit a therapeutic response should
these vectors be used in clinical protocols. Disease where high-level expression of a
transgene is required or desirable in as many cell types as possible, or disease where
transgene expression is necessary at an early progenitor cell level will require high-
level ubiquitously expressing promoters driving transgene expression.

When the study in Paper II was initiated, other lentiviral vector transduction studies in
hematopoietic cells were driving transgene expression driven from the CMV or
muPGK internal promoters (7, 12, 162), or HIV LTR based promoters (that are likely to
be incompatible with the clinic trials for safety reasons) (4, 82). The expression study
performed in Paper II was the first expression study performed in the context of the
lentiviral vector system, not driving transgene expression from the wild-type HIV
LTR. In order to improve the transgene expression we tested vector containing several
additional ubiquitously expressing promoters (Figure 5) in murine Lin™ c-kit" Sca-1*
cells for high-level expression as determined by FACS analysis 3 days following
transduction. In addition to the CMV and muPGK, we tested the elongation-1a (EF-
la) and the hybrid CMV/chicken actin (CAG) promoters. The intron containing EF-
la promoter drives expression of an elongation factor required for GTP-dependent
catalysis of the binding of aminoacyl-tRNA to the ribosome during protein translation.
This enzyme is one of the most abundant proteins found in eukaryotic cells. When the
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EF-1a promoter was used to drive expression of other genes, high efficiency gene
expression was seen in multiple cell types both in vitro and in vivo (126, 249, 278). The
results of this study showed the superiority of the EF-1a intron-containing promoter to
express in the lentiviral vector when compared to the vectors containing the muPGK,
CMYV and CAG promoters by 3-4 fold.

—> —
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Figure 5. Lentivirus gene transfer vectors tested for high-level transgene expression
in hematopoietic progenitor cells. The five internal promoters tested are shown. The
woodchuck posttranscriptional regulatory element (WPRE) was added to the vectors
containing the EF-1a, PGK and CAG promoters. The self-inactivating (SIN)
configuration was tested on vectors containing the PGK CMV and EF-1a promoter.
The MESV LTR promoter was tested within the context of the lentiviral vector as an
internal promoter as well as a promoter from within the HIV LTR. The cPPT, which is
required to be located centrally in the vector as shown, was not present in the vectors
of the expression study.

Our experiments in murine hematopoietic cells showing high-level lentiviral vector
transgene expression from the EF-la promoter were confirmed in human
hematopoietic cells (198, 211). In addition to the other promoters tested, the murine
stem cell virus LTR promoter (MSCV U3), and the gibbon ape leukemia promoter
(GALV U3) were tested, but shown not to express at as high a level as the EF-1a
promoter. Although these transgene expression studies were performed on human
CD34* cells in vitro and showed expression for up to five weeks in differentiated cells,
they did not address whether expression was maintained after hematopoietic stem cell
differentiation to mature progeny. Therefore, we initiated an in vivo transgene
expression study whereby the lentiviral vector transgene expression was measured in
the in the progeny of NOD/SCID repopulating cells.

As performed in mouse cells in Paper II, vectors driving expression from the muPGK
and CMV internal promoters were compared with vectors driving expression from the
EF-1a promoter. In addition, two vectors driving expression from the MESV LTR
promoter placed either internally of the lentiviral vector or substituting the U3 portion
of the HIV LTR in the vector as well as vectors containing the woodchuck
posttranscriptional regulatory element (WPRE) (288) and the self-inactivating (SIN)
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deletion (289) were compared (vector design shown in Figure 5). As in the mouse and
human in vitro studies, the EF-1a promoter yielded significantly higher levels of
transgene expression in vivo than the vectors driving expression from any of the other
promoters tested. Surprisingly, the WPRE, which served to increase the level of
expression when placed in the context of the lower expressing vectors in vitro, did not
increase the expression level from the EF-1a vector in vivo. However, the SIN
deletion more than doubled the expression level in compared to the non-SIN vectors
for both the EF-1a vector and the CMV vector in the human cells. The MESV LTR
promoter replacing the HIV LTR promoter also yielded high-level expression,
however, with great variability among the cells. The EF-1a SIN vector expressed as
our best vector in the progeny of human hematopoietic stem cells, at levels 8-fold
higher levels compared to the standard muPGK vector used in Papers I, 11, and III. The
lineage analysis of expression from EF-la SIN vector in the NOD/SCID mice
revealed that both the myeloid and lymphoid cells expressed similar high-levels. An in
vivo expression study recently performed by Sirven et al. demonstrated expression
from an EF-1a promoter having had the intron removed. However, expression from
that vector was not substantially higher than that of the control CMV vector (226).
Recently, an alternative promoter derived from the spleen focus forming virus has
shown high-level expression in the progeny of NOD/SCID mice. However, direct
comparisons with EF-1a vector have not been performed (59, 274).

The finding that the self-inactivating EF-1a and CMV vectors resulted in higher
transgene expression than their non-SIN variants is important as it demonstrates the
ability for high-level transgene expressing lentiviral vectors to be developed
possessing safety features possibly acceptable for use in the gene therapy clinic. One
possible explanation for the increased transgene expression found using the SIN
vectors may be that the intron containing EF-1oa promoter/enhancer and the full length
U3-LTR from the vector both contain multiple SP1 binding sites, and hence may
compete with each other for the SP1 transcription factor (102, 259). The SIN vector, in
which the LTR promoter and a total of six SP1 sites are removed, may free up the SP1
transcription factor in the vicinity of the EF-la promoter allowing the EF-la
promoter, which possesses five SP1 binding sites, to express more optimally (249).
Just recently, the CMV promoter including its enhancer has also been shown to harbor
SP1 binding sites (149, 157).

Interestingly, in cases where transgene expression is low, such as the expression from
the muPGK, CMV, or CAG promoters, the WPRE increases the expression in human
cells (211). There is new evidence that suggests that the influence on expression by the
WPRE is also context dependent; i.e. dependent on the particular transgene being
expressed (213). Therefore, lentiviral vector expression of a therapeutic gene regulated
by the EF-1a promoter, may in fact be further increased using the WPRE, although the
WPRE yields no increase in GFP expression here. The precise mechanisms that
determine the expression in the context of WPRE remain to be elucidated.

44



The position of the promoter within the vector also played a role in the expression
potential in the progeny of hematopoietic stem cells differentiated in vivo. The MESV
LTR promoter when replacing the U3 portion of the HIV LTR expressed significantly
higher levels than the same promoter placed internally. This study comparing
expression of multiple vectors in vivo demonstrates for the first time a lentiviral vector
generating high-level transgene expression in hematopoietic cells capable of being
generated by a stable packaging cell line. The generation of the stable packaging
system for the vector enables high titers to be generated with a reduced likelihood of
generating replication competent viral particles.

Interestingly, all the vectors tested lead to similar proportions of GFP positive cells
within the lymphoid and myeloid progeny of the transduced repopulating cells. This
suggests that on average, the transduced SRC have an equal lymphoid and myeloid
repopulating ability and that both promoters continue to express throughout
differentiation into both lineages with similar efficiency. The results of the study in
paper IV demonstrate that high-level, multilineage transgene expression from lentiviral
vectors is achievable in the progeny of NOD/SCID repopulating cells.

Tissue-Specific and Regulated Transgene Expression

The correction of P-thalassemia in a murine model of human disease has been
demonstrated following transplantation of lentiviral vector transduced hematopoietic
stem cells (154). The vector contained the corrective f3-globin gene under the
regulation of the erythroid specific locus control region modified from the endogenous
pB-globin gene locus control region which expands 40 kb. The functionally critical
elements of the locus control region have been identified and sequences between them
removed to enable placement within insert size constraints of the vector. However, the
splicing signals had to be maintained to preserve the high-level erythroid specific
expression, and therefore the expression cassette was placed within the lentiviral
vector in the reverse orientation. Using the same locus control region Pawliuk et al.
were able to demonstrate the correction of two sickle cell anemia mouse models (185).
Interestingly, previous attempts at expressing f3-globin from within oncoretroviral
vectors resulted in low-level expression that lasted only short-term in vivo (206). The
successful results of the lentiviral vector expression suggest an intrinsic advantage to
using lentiviral vectors as expression at high-levels can be maintained long-term after
transplantation.

Other studies have been performed where tissue-specific promoters have resulted in
specific expression in the target cell. For example, a T-lymphocyte-specific proximal
lck promoter has succeeded in driving expressing only in the thymus, similarly the
myogenin promoter resulted in expression exclusively in muscle cells (145). Transgene
expression specific to antigen presenting cells has also been demonstrated in in vivo
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experiments in the progeny of SRC were lentiviral vector transduced repopulating
cells were into NOD/SCID mice (49).

In addition to tissue-specific expression, regulated transgene expression has also been
proposed as a requirement for some disease therapies, whereby patient having
undergone gene therapy can be administered a drug and regulate the expression of the
transgene in a controllable manner. For example, the a tetracycline (Tet)-regulated
promoter within a lentiviral vector has been demonstrated to be able to regulate GFP
expression in vivo in rat brains by feeding rats with tetracycline in their water (90, 122).

CONCLUSIONS

Paper 1
Lentivirus Vector Gene Expression during ES Cell-Derived Hematopoietic
Development In Vitro

The results generated in this study demonstrate for the first time the ability for
lentiviral vectors to efficiently transduced ES cells and to maintain their capability for
transgene expression throughout differentiation to hematopoietic cell. Although both
the lentiviral vector and oncoretroviral vectors tested underwent some degree of
transcriptional inactivation after differentiation, transgene expression was significantly
better maintained in the lentiviral vector transduced cells. These results also
demonstrate that using a high MOI resulted in high vector copy number in ES cell
clones. The efficiency of the ES cell transduction and expression allows for the easy
assessment of efficiency of novel expression cassettes throughout differentiation. In
addition, it opens possibilities for the creation of animal models of disease or the
creation of gain of function animal models as ES cells could be used to generate viable
organisms. It also opens new possibilities for the gene therapy as, theoretically, any
desired tissue could be derived from the primitive cells and that tissue could contain
the relevant gene for the correction of a disease.

Paper 11

Lentivirus Gene Transfer in Murine Hematopoietic Progenitor Cells is Compromised
by a Delay in Proviral Integration and Results in Transduction Mosaicism and
Heterogeneous Gene Expression in Progeny Cells

46



The results from this study reveal that lentiviral vectors can efficiently transduce
primitive murine hematopoietic progenitors (Lin- c-kit+ Sca-14) under a range of
stimulatory conditions. It was also demonstrated that there was delay in the lentiviral
vector integration in these cells that can be overcome by the addition of dANTP or
increased cytokine stimulation during, but not after, the transduction. In addition, it
was found that the transduction efficiency was dependant on the ability of the virus to
integrate prior to cell-division, and therefore strategies of minimal stimulation
immediately following transduction may prove to be the most efficient conditions for
maximal transduction. From these data, the it may be possible to define the conditions
for the efficient transduction murine hematopoietic stem cells to test gene therapy as
modality for the treatment of disease in murine models of human disease.

Paper 111
Efficient Lentiviral Vector Transduction of Human Hematopoietic Candidate Stem
Cells

These results demonstrate that lentiviral vectors efficiently transduce NOD/SCID
repopulating cells capable of reconstituting both the lymphoid and myeloid
compartments in primary and secondary transplant recipient mice. These efficient
transduction results could be achieved under minimal stimulatory conditions without
the loss of repopulating potential. The ability of the lentiviral vector to transduce
human repopulating cells with both lymphomyeloid repopulating ability was
demonstrated by limiting cell dose analysis, which was then confirmed molecularly
using LAM-PCR as described in Paper IV. These results suggest a positive role for
lentiviral vectors in the transduction of human hematopoietic stem cells in clinical
protocols.

Paper IV

High-Level Lentiviral Vector Transgene Expression Requires Optimal Vector Design
and Multiple Vector Copy Integration into Repopulating Cells: Risk for Insertional
Mutagenesis

The results of this study demonstrate that ubiquitous high-level transgene expression
can be achieved using lentiviral vectors driving expression from the EF-1o promoter
within the context of the theoretically safer SIN vector. However, the finding that
lentiviral vectors regularly transduce multiple vector copies into primitive human
repopulating cells increases the risk of insertional mutagenesis. This was demonstrated
by the integration of a vector integrant into the known tumor suppressor gene BRCAL.
The high MOI used during the transductions is a possible cause for the high copy
numbers achieved. The development of transduction conditions that result in fewer
copies per transduced cell is warranted, however, a loss in transgene expression level
is predicted.
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GENE THERAPY SUCCESSES

Recently, there have been two successful gene therapy clinical trials where patients
have undergone correction of deficiencies of the hematopoietic system. These clinical
trials have been carried out on patients with either the X-linked or adenosine
deaminase (ADA) form of severe combined immune deficiency (SCID), and now after
autologous transplantation of oncoretroviral vector modified stem cells, all treated
patients have shown near complete normalization of immune function (1, 37). X-linked
SCID results in immune deficiency due to a mutation in the gamma chain gene
required for the interleukin (IL) receptors -2, -4, -7, -15, and —21, for immune cell
proliferation, differentiation, and response. Because the IL receptors are required for
differentiation and activation of early and late lymphoid cells, when the transduced y-
chain gene is expressed modified lymphoid cells proliferate and differentiate, while the
unmodified cells are left unable to do so. This was demonstrated by the fact that in the
patients, while virtually all of the lymphoid cells contained the corrected gene, only a
small fraction of the myeloid cells contained the gene. Therefore, there was selective
growth advantage for modified cells of the lymphoid lineage, which resulted in the
ability for correcting the disease phenotypes despite the low-level transduction of stem
cells (as determined by the low frequency of modified myeloid cells).

ADA SCID is a metabolic disorder, which results in the accumulation of toxic
metabolites that primarily effect lymphoid cell differentiation and function, however
also results in non-immunological abnormalities. Hematopoietic stem cell correction
has been demonstrated to successfully reverse the disease phenotype with full
restoration of the immunological function. The selective advantage for the transduced
cells is based on the ability to prevent the accumulation of toxic substances that cause
the death of unmodified cells. The selective advantage of the corrected cells is thought
to be weaker in ADA SCID compared to X-linked SCID, which was the reason for the
weak non-myeloablative treatment of the patients with low-dose busulfan prior to stem
cell transplantation; to give a further advantage to the transplanted cells. The stem cell
ablation was not required in the treatment of X-linked SCID to achieve the therapeutic
benefit. As in X-linked SCID, there appeared to be a selective advantage for ADA
corrected cells of the lymphoid lineage. However, the analysis of the blood levels of
ADA SCID have shown increased levels of non-transduced myeloid cells likely as a
result of the systemic detoxification by the corrected cells. Moreover, the
normalization of erythrocytic and other non-lymphoid lineages were achieved due to
the correction of the multipotent hematopoietic stem cell. Previous gene therapy trials
for ADA SCID may have failed due to the simultaneous use of the drug PEG-ADA,
which corrects the deficiency in patients and thereby removes the selective advantage
of the corrected cells. The patients mentioned in the above studies have been treated
successfully and lead relatively normal lives free from immune isolation. This is as a
testament to the potential of hematopoietic stem cell mediated gene therapy for
hematological disorders.
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FUTURE STUDIES

Optimization of Transduction Conditions to Reduce Multiple Vector Copies per
Cell

The results described in Paper IV demonstrate that a potential risk for insertional
mutagenesis exists using lentiviral vector mediated genetic correction in hematopoietic
stem cells. Based on these findings further optimization of transduction conditions to
reduce the vector copy number integrated per cell is warranted. It may be possible to
reduce the lentiviral vector copy number without compromising the percentage of
vector containing cells simply by lowering the MOI. In the recent study by Lois et al.
the number of vector copies integrated into single cell embryos could be reduced by
the lowering of virus titer used during transduction (145). Furthermore, recently studies
in NOD/SCID using low MOI of 5-10 TU/cell could efficiently transduce SRC (25-
40%) (82, 214). These results suggest that the transduction efficiency may not be
severely hampered by the reduced MOI. However, we expect that the transgene
expression level will be diminished as the copy number is decreased. In comparison,
thorough analysis of retroviral vector integration has shown usually only one vector
integration event per cell. However, these analyses should now be repeated using more
sensitive integration site determination techniques based on LAM-PCR.

Identification of Candidate Diseases for Gene Therapy

Identification of suitable target disorders for hematopoietic stem cell gene therapy is
critical to the success of gene therapy. Life threatening diseases, that would potentially
be cured by the insertion of a single or very few corrective genes, and where no other
medical treatments exist, would be ideal candidates. Moreover, diseases where there is
a near complete molecular understanding of the mechanisms of pathogenicity should
be considered. The genetic mutations causing the disease cannot possess dominant
negative effects that would compete out the newly inserted correcting gene, since the
original mutant gene would remain. Furthermore, as there is a limitation in the insert
size in the vectors the transcription regulatory elements and the transgene would need
to be less than 7 kb long. Ideal candidate disease would also result in the selective
survival advantage of the corrected cells, with particular emphasis on the survival of
the stem cell. This is necessary to overcome the low efficiency of transduction
currently seen in human stem cells. The candidate diseases proposed to be clinically
applicable for gene therapy trials thus far are relatively rare in the population, e.g.
SCID, lysozomal storage disorders, Diamond-Blackfan anemia, Fanconi anemia,
Fabry disease to name a few (68) (197) (205) (98) (2), however, continued research is
making new disease candidates available.
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Generation of Animal Models of Disease

The development of animal models of human disease will play a critical role to
determine the feasibility of the gene therapy strategies for correction of hematological
disorders. In generated models of disease, issues regarding the levels and specificity of
the therapeutic gene expression within a particular hematopoietic lineage can be
assessed. In addition, the levels of engrafting cells, and the efficiency of transduction
of engrafting cells required to generate the therapeutic response in a patient can be
estimated from the models. One excellent example of the use of an animal model for
this purpose is by Pawliuk et al. where they use two sickle cell anemia mouse models,
BERK (183), and SAD (246) to test the feasibility to cure the disease using lentiviral
vectors encoding a modified human f-globin gene (185). Both the Berkley and SAD
models showed reductions in the numbers of sickle celled erythrocytes after over
expression of a f-globin mutant gene whose product is more likely to be incorporated
in to the hemoglobin structure than the sickling form. The reduction in sickle cell
counts in the peripheral blood is the direct result of the high expression tissue-specific
PB-globin gene expression from within the lentiviral vector. The expression resulted in
that the symptoms of the disease in those mice could be virtually eliminated,
demonstrating the high likelihood of curing sickle cell anemia in patients, provided
that sufficient engraftment of transduced stem cells could be achieved.

Vector Improvements

While the generation of lentiviral vector with tissue-specific promoters is critical to the
successful treatment of many diseases, so too is the ability to express multiple
transgenes within the vector. Many diseases may prove to require multiple transgenes
to be expressed in order to elicit the desired therapeutic effect. However, very few of
such lentiviral vectors have been generated. Attempts at using the internal ribosomal
entry site (IRES) sequences for the generation of bicistronic lentiviral vectors, as
commonly used in oncoretroviral vectors, have yielded very low expression levels of
the downstream gene, which may be problematic for treatment of many candidate
diseases. Therefore, novel multiple gene expression systems will need to be devised
and tested within the context of the target cell, and may contain such features as dual
promoters, E2A protease, and novel splicing features(122, 130, 146, 200, 287).
Furthermore, dual gene vectors will be required for therapies in which an induced
selective advantage for the corrected cells is desirable, such that a gene inferring a
selectable advantage as well as the therapeutic gene are expressed, as described in
Figure 6.
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Figure 6. Examples of vectors (shown as integrated proviruses) expressing two
genes, for example a therapeutic gene and a selectable marker gene. A) A self-
inactivating (SIN) vector where most of the U3 region of the LTR has been deleted.
An internal promoter (P) drives the expression of two genes, 1 and 2. The advantage
with this design is that the SIN design offers increased safety, but the disadvantage
is that the expression of gene 2 is going to be reduced since it is placed downstream
of an internal ribosomal entry site (IRES) which allows the translation of the second
gene from the bicistronic mMRNA. The SIN vector cannot be produced in the
permanent packaging cell line shown in Figure 3. B). This vector contains two
promoters, one within the LTR (not the HIV-1 promoter for safety reasons) and
another promoter (P2) internally. The advantage with this design is that the
expression level will be as high as expected from the two individual promoters and
here the vector can be produced in the permanent packaging cell line shown in
Figure 3. Since the LTR contains an active promoter, there is increased risk from
insertional mutagenesis compared with the construct in A).

In vivo Selection of Modified cells

As was demonstrated in the study by Cavazzana-Calvo et al. in the successful curing
of patients with X-linked SCID (37), although the transduction efficiency into
hematopoietic stem cells was very low, the there was the possibility for the success of
the treatment. This was based on the selective advantage of the genetically corrected
cells compared to non-transduced cells. Therefore, there have been attempts made to
artificially induce a survival or proliferative advantage to the transduced cells. One
study has attempted to provide an inducible proliferative advantage to the transduced
cells by coupling the intracytoplasmic domain of the c-mpl receptor to a mutated
FKBP12 protein capable of dimerization and c-mpl signal transduction upon induction
with an inert chemical. The results of their numerous studies showed a predominant
myeloid cell expansion in human cells and no detectable expansion of stem cells in
vivo (118, 119, 144, 169, 203). However, other signaling molecules that require
dimerization for activation could be used within this system, and may prove more
successful at expanding stem cells.

Another strategy for the selective expansion of transduced hematopoietic stem cells
could be to overexpress the HOXB4 transcription factor. As previously described
oncoretroviral vector driven HOXB4 overexpression in hematopoietic stem cells is
able to expand the hematopoietic stem cell compartment in vitro and in vivo without
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apparent deleterious effects on their subsequent differentiation or regulation of mature
progeny output (10, 33, 243). However, high-level HOXB4 expression has been
demonstrated to induce myeloid cell differentiation in vitro and have negative effects
on lymphoid reconstitution in vivo (28, 137, 204), and therefore it may be desirable to
design therapeutic vectors with regulated HOXB4 expression, using for example the
tetracycline regulated expression system from within the lentiviral vector (90, 122).

Other strategies of providing selective advantage to the transduced cell population are
based on providing transduced cells with a gene for resistance to a cytotoxic drug. For
example vectors containing dihydrofolate reductase (6, 48), p-glycoprotein pumps
(such as multidrug resistance 1 (MDR1)) (192, 215, 221), or MGMT (5, 155), among
others have been tested. However, none of these systems has provided consistent
evidence for stem cell survival advantage.

Merging Gene Therapies and Cell therapies

A new avenue and as yet still theoretical means of treatment of disease is derived from
the ability to differentiate genetically corrected embryonic stem (ES) cells into cells of
the desired lineage and transfer these into the patient. Since ES cells can differentiate
into all tissues of the organism, virtually any tissue would be theoretically possible to
generate in vitro and be able to be applied to the a patient. This includes the generation
of hematopoietic stem cells as recently described by Kyba et al. (137) by over
expression of the HOXB4 transcription factor during ES cell differentiation in vitro. If
the technology of nuclear transfer (268) from a patient cell into an ES cell
demonstrates to be a viable means of generating new tissue from the patient itself, then
new tissue will be immunologically recognized as self and not undergo rejection by
the patient. While the proof of principle has been demonstrated in the genetic
correction of immune compromised Rag-2 deficient mice (204), obstacles must first be
surpassed. For example, the low level of MHC class 1 found on hematopoietic cells
derived from the ES cells is low and causes an NK cell mediated immune response
against the corrected cells. While this, the ultimate form of Gene Therapy just
described, could result in the ability to correct defective genes in virtually any tissue
and, therefore, result in potential cures for many diseases in patients, there is still much
work to be done. The infancy of this field also suggests that for the near future,
successes in gene therapy will be the result of gene transfer into adult hematopoietic
stem cells.
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CONCLUDING REMARKS

Although the high transduction efficiencies regularly achieved using the lentiviral
vectors on primitive repopulating cells of NOD/SCID mice are occasionally reported
using oncoretroviral vectors, the ability to efficiently transduce SRC using lentiviral
vectors under conditions that are significantly shorter than those required for
oncoretroviral vector transduction suggest that the repopulating potential of these cells
will be better maintained. In addition, integrated lentiviral vectors are relatively
insensitivity to transcriptional inactivation in comparison to oncoretroviral based
vectors, and hence have the propensity for long-term transgene expression in the
progeny of the transduced cells. However, the true efficacy of the vectors to
transduced true human stem cells capable of long-term reconstitution in a patient can
only be determined in the clinical setting. Unfortunately, the issue raised in the Paper
IV with regards to the multiple copy integration suggests that for the moment lentiviral
vectors should not advance to the clinic. However, we (unpublished data) and others
have demonstrated that high efficiency transduction of hematopoietic repopulating
cells can be achieved using significantly lower MOI, suggesting that the problem of
multiple copy integration can be overcome. This combined with advances in
transduction protocols, tissue-specific and regulated expression, selective expansion of
transduced cells, the molecular understandings of disease, all suggest the success of
gene therapy is of the hematopoietic system is imminent. Furthermore the new
advances in ES cell differentiation and modification will add a new and exciting
component to treating disease, with more diseases potentially curable than ever before.
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