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- ABSTRACT

Hematopoietic stem cell transplantation (HSCT) i‘s used to treat a wide range of
hematologic and non-hematologic disorders. Recently, interest has groWn in the
potential oflautolo,gous HSCT coupled to gene therapy for the. tréatment of genetic
blood disorders as a way of avoiding the severe immunologic reactions associatéd with
allogeneic HSCT. However, the remaining risks in using myeloablative conditioning
regimens to aIIow' reIatiVer émall numbers .of transplanted HSCs to be transplanted
greatly Iir_nit the applicability of this appréach. Nonmyeloablative regimens would be an

appealing alternative but necessitate the generation of large numbers of genetically

- corrected HSCs to achieve therapeutic levels of chimerism. In this thesis | have

explored t'he potential of forced overexpreésion of homeobox .genes as a strategy to
obtain the degree of HSC expansion required. In a firét series of experiments, | foUnd
that HOXB4 and NUPHOX trahsduced and expanded HSCs maintain the ability of
fresh HSCs to produce sustained, high level, polyclonal, Iympho-myeloid chimerism
when transplanted into mice given 2-2.5 Gy. | then tested the therapeutic efficacy of ex
vivo expanded HSCs in nonmyeloablated mice with severe B-thaléssemia caused by
the homozygous deletion of the B-major globin gene (B-MDD). The results of these

experiments showed that this approach could produce a dramatic improvement in the

rhemétocrit, hemoglobin and RBC morphology and ultimately the cure of the -

thalassemic phenotype that was not achievable in recipients of equivalent numbers of
unmanipulated BM cells or of cells transplanted immediately after transduction. Again,

the cured mice displayed a sustained, high level of polyclonal chimerism. Together

these data provide “proof of prinéiple” of the.curative potential of ex vivo expanded



HSCs in a preclinical model of B-thalassemia treated with nonmyeidabl_ative

conditioning. -
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CHAPTER1 INTRODUCTION

1.1 Thesis overview

The work presented in this thesis is directed at the goal of improving the safety
and efficacy of.hematopoietic stem cell transplantation for treating malignant and non-
malignant blood disorders. Currently, the transpiéntation of bone marrow (BM) or other |
~ sources of normal hematopoietic stem cells (HSCs) is the only therapeutic option for
aohieving cures for many disorders affecting the hematopoietio system. These include
both hematopoietic malignancies and inherited genetic blood disorders. The curative
potential of hematopoietic stem cell transplants relies on their ability to reestablish a
normal functioning hematopoietic system in affected patients. This is accomplished by
the proliferation of a very primitive population of muItipoteni hematopoietic cells present
within the BM, the HSCs, which are capable to reconstitute a nei/v HSC population as
well as the other derivative components of the hematopoietic systém as a whole.
- Despite the curative potential of HSCT, this modality is associated with significant
\r‘norbidity and mortality due to the intense patient conditioning regimens used, as. well
as poorly understood problems of delayed myeloid reoovery or immune reactions
caused by disoarities between the host and the graft. Moreover, in} many instances, a
source of donor cells with an édequate number of HSCs or appropriatély matched to
| 4the recipient may vnot be available. One promising straiegy to overcome many of these
“problems is to develop methods for significant expansion of the number of HSCs prior

to transplantation. This would, in principle, enable the use of HSC sources that may be

limiting in the number of HSCs they can provide, as for example, might be the case

after a specific clinical genetic manipulation strategy or if the use of cord blood HSCs




for treating adult patients were planned. The availability of ihcreased numbers of HSCs.
for transplant could also make it feasible to use less toxic, nonmyeloablétive
“conditioning regiméns if sufficiently large numbers of donor HSCs cquld be generated
to “out-c_ompete” the residual host HSCs, still present in the host. This latter possibility
is p_articularly attractive in the context of transplant based treatments for genetic blood
disorders where nonmyeloablative conditioning and transplantéti_on of normal matched
donor HSCs or génetically modified patient HSCs (autologous transplantation) could be
very effective.

The work described‘in this thesis was aimed at addressing these challenges in a
‘mouse model. The major goél was to develop and test strategies to expand HSCs in
vitro for clinical applications that could Iéad to é safe and useful extension of HSC-
based therabies, such as HSCT and_géne therapy of genetic blood disorders. The
foIIowing.sections provide a background on key aspects of the biology and regulation of
HSCs with particular emphasis on possible approaches to enhance their self-renewal
as well as a survey of evolving appréaches to i_mprove the safety and broaden the

- clinical applications of HSC therapies.

1.2 Hematopoiesis and the importance’ of HSCs

1.21 DeVeIopmentaI organization of hematopoiesis

Hematopoiesis is the process by which mature blood cells are produced from
immature multipotent stem cells. This deVeIopmental process is called monophyletic,

which means that a single stem cell, the HSC, can give rise to all the mature blood cell

types in the body. The monophyietic theory of hematopoiesis states that multipotent




HSCs multiply to' produce more-rhultipotent HSCs, thus ensuring that théir numbers are
maintained at steady and adequate numbers throughout life. Upon cell division, HSCs
can self-renew and maintain their multipotency by symmetric cell division or undergo
asymmetric cell division. In the first case, both daughter cells are essentially
| functionally equivalent to the cell that gene>rated them. In the latter case, one cell,
remains multipotent and the other one is fatéd to terminally differentiate. Alternatively,
both daughter célls lose multibotency and begin to differentiate.

The generation of multiple hematopoietic precursors and lineages occurs
through a series of steps that are referred to as intermediate progenitors. Current
evidence supports a “roadmap” of hematopoietic lineage development as schematically
.depicted in Figure 1.1. Majbr bifurcations include the choice between lymphoid versus
myeloid developmeht and subsequéntv restrictions to major lineages. Example of these
éarly developmental stages are the common Iymphqid progenitors (CLPs), which can
generate'only B, T and NK cells, and common myeloid progenitofs (CMPs), which can
generate only red éells, platelets, granulocytes and mo’nocytes (Akashi et al., 2000;
Kondo et al., 1997). However, recent evidence suggests that the HSC companmeﬁt is
"more heterogeneous than previously thought and may be composed of distinct subsets |
of cells that are multipotent but have different pre-determfned propensities to
differentiate into various types of myeloid versus lymphoid cells (Adolfsson et al., 2005)
Dykstra et al. submitted).. The p.roduction of terminally differentiated cells. that cannot
proliferate anymore and die after a period of time that ranges from hours (for
neutrophils) to decades (for some lymphocytes) (Smi‘fh, 2003) marks the end of this
developmental process. |

The proliferative capacity of HSCs is such that a‘relativel‘y small number of these

cells can produce billions of new cells daily to replace hematopoietic cells lost to normal
L




cell turnover processes as well as to illness or trauma. HSCs can be transplantable,
proliferate to regenerate multilineage hematopoiesis, and can robustly sustain the
hematopoietic system (Smith and Storms, 2000). In the mouse, a single HSC can
reconstifute the entire hematopoietic system for the natural lifespan of the animal

(Osawa et al., 1996)

Multipotent progenitor cell

Seif-renewal

precurs or
cells

Lineage
committed J

Monocytes yoytrophils Tecells

Platelets and Eosinophils
Erythrocytes Basophils

Figure 1.1 Schematic representation of hematopoietic cell development. Adapted
from (Kaushansky, 2006). CLP, common lymphoid progenitor; CMP common myeloid progenitor; MEP,
megakaryocyte/erythrocyte precursor; GM, granulocyte/macrophage precursor; TNK, T cells and natural
killer cells precursor; BCP, B-cell precursor; Mk, megakaryocytes.

Growth and development of HSC‘s_ into terminally differentiated cells is governed

by a complex ihterplay between HSCs and progenitors and various environmental

4




factors. These include cytokines, chemokines, extracellular matrix components, other

molecules presented on the surface of hematopoietic and non hematopoietic cells.

1.2.2 Proof of the existence of HSCs

“The drive to understand the foundation of the hematopoietic system came in

response to the‘clinica_l need for cells capable of rescuing the hematopoietic system of
individuals sufféring from radiationvaccidents. These studies began more than 50 years
ago with the observation by Jacobsdh et al. (Jacobson et al., 1949) that mice receiving
lethal doses of radiation were able to survive when they had iheir spleen shielded
‘which was followed by the report by Lorenz et al. (Lorenz et al., 1951) that lethally
irradiated mice could also be protected by an infusion of spleen or marrow cells.
Subsequently it was shown by Ford et al. (Ford'et al., 1956) that Iethéliy irradiated mice
protected by ii'ifused' marrow had their hematopoietic tissue colonized by
cytogen_eticaliy distinguishable cells cierived from the donor.

In 1961, Till and McCulloch described the formation of colonies in the spleen of
lethally irradiated animals 10 days after they had béen infused with a relatively small
number of marrow cells (Till and Mc Culloch, 1961). The cells from which these
colonies arosé were called colony-forming units spleen (CFU-S). Because these CFU-
S were shown to possess extensive proliferation capacity and be capable of
multilineage differentiation and self—rehewal, they were thought to be HSCs (Till et al.;
1964). To test the long-term performance of these cells, Hodgson et al. tested thé
regene.ratioh of CFU-S in serial transplants (Hodg‘son and Bradley, 1979). From these
stud.ies, they inferred that CFU-S mighi only be capable of short-term repopulation and

that there existed a more primitive population of cells to account for the long term

5




repopulating function (Ploemacher and Brons, 1989). In addition, aithough_CFU-S
colonies often contain multiple cell tybes, the presence of iymphoid cells could not be
reproducibly demonstrated, leading to the hypothesis that they represent a cell with
myeloid-_resticted differentiation potential (Schofield, 1978).

}CeII :separation techniques were instrumental in leading to the discovery of a
fraction of BM cells that was highiy depleted of CFU-S but still capable of susteining |
long-term hematopoiesis in vivo (Jones et al., 1989; Jones et al., 1990). Further studies |
using physically separated cell types confirmed that CFU-S have limited short-term
- repopulating capacity and are disfinet from more primitive cells capable of multilineage
repopUIatio’n for extended (> 2 months) period of times (Morrison and Weissman, 1994,
Szilvassy et al., 1989; van der Loo et al., 1994)

Definitive evidence of the existence of multipotent HSCs with lifelong lympho-
myeloid repopulating activity came from clonal tracking studies. These were i‘nitially
based on | the use of radiation-induced chromosomal markers and later random
genomic-integration sites of retroviral vectors. This allowed unigue marking of individual
HSCs with a genetic signature and visualization of the A'proge'ny derived from them.
Furthermore, it allowed defining the relationship of various cells in the hematopoietic_:
hierarchy (Dick et al., 1985). Proviral marking studies also proved powerful to
distinguish cells with different repopulatihg potential, detecting those capable of
completely repopulating all lineages in the hematopoietic system and those capable of
~ repopulating only certain lineages (Lemischka et al., 1986). More recently, the features
of HSCs have been provided by tracking the progeny generated in reeipienfs of highly
purified single cells. These studies definitely showed that a single cell was capable of

substantial reconsitution of all elements of the hematopoietic system’ of lethally

irradiated mice for extensive periods of time (Osawa et al., 1996).




1.2.3 Phenotypic and functional characterization of HSCs

HSCs from multiple sources can be identified and quantified by specific
functional assayé that detect thei.rilong term repopulating ability in vivo (Szilvassy et al.,
2002). They can also be phenotypically distinguished from other céll types by a unique
profile of expression of spécific cell surface molecules and dye exclusion properties,
although most of these are not_stable with HSC activation status (Eaves, 2002).

In mice there are two main assays used to detect and quantify HSC activity. The
first was developed by Harrison (Harrison, 1980) ar_id it measures the competitive
repopulating activity of a test population by competing it against an equal number of
cells from a genetically distinct (but immunologically compatibie) population containing
a large numbei' of HSCs (to minimize the variance). The test population is then shown
to be similar, more competitive or less competitive than the controi population based on
the proportional contribution to the RBCs and/or WBCs several months later. These
values can also. be used to derive quantitative differences in HSC frequencies if it is '
assumed that the average repopulat_in.g activity of each HSC in the test population is
the same as in the control population (Harrison et al., 1993). This can prove a possible
limitation where this assumption can be. called into question (e.g. when ,using_
genetically modified cells). |

A second wideiy_ used assay for quantitating I-iSCs is based on use of limit
dilution principles in combination with competitive repopulation. The limit dilution assay
initially described by Szilvassy et al. (Szilvassy et al., 1990), was performed by
transplanting limiting numbers of male “test” cells of unknown HSC content into lethally

irradiated syngeneic female Trecipients together with a radioprotective dose of

compromised competitor cells (1-2X10°). Hematopoietic tissues of recipient mice were



analyzed by Southern blot 5 or more weeks post transplantation and had to contain
>5% cells of male origin in order to be considered reconstituted by a primitive cell. The
dilution dose of the test cells that was able to give long-term lymphomyeloid
repopulation in this competitive .setting in 63% of the transplanted mice was assumed
on the basis of Poisson statistics to contain at least one so called competitive
repopuléting unit (CRU). In recent years congenic mice that differ at the LyS locus have
been introduced to distinguish between donor and Competitor cells and this has allowed
for the more sensitive and feady detection of donor cells in various tissue suspensions
(BM, Thymus, spléen and PB) by staining with antibodies conjugated with fluorescent
markers and analysis b'y flow cytometry. With this method of detection, the current
criteria for establishing the repopulation from a CRU requires that >1% of donor derived
cells are détected in recipients in both myeloid and lymphoid lineages at 16 or more
weeks post-transplkarit. Identical proviral integrations found in lymphoid and myeloid
lineages in mice transplanted at limit dilution, confirmed that these cells were derived
from the same original HSC. Another version of this assay makes use of sublethally
irradiated W*'/W*' congenic recipients. These mice are compromised .in their HSC
‘content due to a mutation in the c-Kit receptor gene. The sublethal radiation spares
.enough.endogenods cells to allow the rec:ipients to survive in case the test Sample
does not contain any long-term repopulating cells (Antonchuk et al., 2002; Miller and
Eaves, 1997). |

In normal adult mouse BM, murine HSCs are small cells with minimal cytoplasm.
They also express high levels of the multidrug resistance proteins (PGP and

BCRP1/ABCG2) (Jones et al., 1996; Uchida et al., 2004). These cells tend not to

express surface markers seen on mature hematopoietic cells (lineage markers) but can




express low levels of the Thy-1 surface protein and relatively high levels of the Sca-1
surface mari(er (Spangrude et al.v, 1995;-Weissman, 2000). When single celis from the
Thy1°" Sca1* Lin- population were injectéd intravenously, 1 out of 20 engrafted but the |
majority of clones gave rise to transient reconstitution and only a quarter gave rise to
long-term repopulation (Mor'rison et al., 1995b). Furthermore, the Thy1°" Sca1* Lin-
population was divided according to the reténtion of the fluorescent dye Rhodamine
123 (Rh-123) and it was shown that only the Rh-123"" subset of the Thy1'®" Sca1” Lin-
population Was multipotential (Spangrude'and Johnson, 1990), with a minimum of 1 in
40 Scal” Lin- Rh-123° cells or 5 Thy1'®" Sca1* Lin- Rh-123"" capable to engraft
Iethally irradiated recipients for up to 19 weeks and 24 weeks, respectively (Li and
Johnéon, 1992; Spangfude etal, 1995).‘ More recently Hoéchst 33342 dye was used to
purify HSCs and stem cell activity was demonstrated in the population of cells that has
the Ihighest efflux capacity of this dye (Goodell et al., 1996). This subset of cells in
conjunction with _Rh-123'°‘f” Lin- cells was determined to be highly enriched for HSCs,
with a HSC frequency of 1 in 2.5-3 cells (Uchida et al., 2003).

The two most recent strategies make use of SLAM (Signaling Lymphdcyte
Activation Molecule) (Kiel et al., 2005) 'and of EPCR (Endothelial Protein C Receptor)
(Balazs et al., 2006) expression to purify HSCS. SLAM pfoteins such as CD150, CD48
and CD244 are adhesion and signaling receptors that are not essential for HSC
function but are now proving to be very powerful for distinquishing a diversity of
primitive hematopoietic cells (Wagers, 2005). Almost half of the cells (45%) that -
express CD150 but do not express CD48 and the megakaryocytic markér CD41 are
capable bf long-term multilineage -reconstitution of lethally irradiated recipients (Kiel et

al., 2005). While a number of purificiation strategies have been effective for identifying

adult HSCs, unfortunately many of the markers have proven not to be stable in actively
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cycling. (Zhang and Lodish, 2005) and/or in HSCs at other stages of ontogeny (fetal
HSCs) (Morrison et al., 1995a; Rebel et al., 1996) Interestingly, SLAM‘ markers have
been recently demonstrated to be stable and the SLAM purification strategy is therefore
the only strategy that is so far consistent in the identification of HSCs and progenitors in
adult BM and fetal liver (Kim et al., 2006). |
There have also been rﬁajor advances in enrichment and phenotyping of human
HSCs with the development of powerful transplantation methods based on use of
immune compromised mice and fe'tal. sheép (McCune, 1996; Zanjani et al., 1994).
Some understanding of human HSCs have also come from the transplantation of
purified populations of aUtoIogous cells back into large animals, such as non-human
primates (Berenson et al., 1988). Phenotypically human HSCs 'and progenitors have
been. reported to be small quiescent cells that express high Ievelé of the surface
glycoprotein CD34 and do not express the differentiation marker CD38 (Bhatia et al.,
1997b). In addition, they dQ not express lineage commitment markers and express low
levels of Thy-1 (Smith, 2003) and can be p'urified in fetal human BM (Baum et él., 1992‘),
adult BM (Murray et al., 1994) and mobilized peripheral blood (Murray et al., 1995) as
CD34+ Thy-1+ Lin- population. Recent studies indicate that some HSCs and
progenitbrs do not express CD34 (Bhatia et al., 1998). As fdund for murine HSCs,
human HSCs are enriched in a population 6f cells that have low retention of the dye
Rh-123 (McKenzie et val.,.2007). As for murine HSCs, these phenotypic properties of
human HSCs are not stéble and can be modified by cell cycle p‘rogression (Dorrell et
al., 2000), ex vivo culture (Danet et al., 2001) and transplantation (Dao et al., 2003).
Human HSCs are also known to diffe_r from moré mature types of hematopoiétic cells in

their high expression of aldehyde dehydrogehase (ALDH) which allows their selective
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isolation by treatment with cyclophosphamide derivatives (Hess et al., 2004;

~ Udomsakdi et al., 1992).

1.2.4 Different sources of HSC

HSCs are found during embryogenesis in different anatomical sites such as the
yolk sac, the aorta-gonad mesonephros, the placenta and the fetal liver. After birth
- HSCs colonize the BM (Mikkola and Orkin, 2006) and t_hrothout adulthood they are
primarily found .in the BM but can also be located in extramedullary sites such as the
liver and the spleen (Taniguchi et él., 1996). HSCs are also present _in other tissues
including PB (Wright et al., 2001), umbilical cord blood (UCB) (Holyoake et al., 1999)
and placenta. In clinical 'practice today, three sources of cells are used for clinical
HSCTs: BM harvests, growth factor-mobilize-d PB collections and UCB cells.
| BM for transplantation is usually obtained from the donor's :':mteric)r and postérior
iliac crests with the donor under spinal or general anesthesia. Over'the past decade,
primitive HSé mobilized into the peripheral blood have gradually replaced BM
- harvesting from the iliac crest as the preferred HSC source for autqlogous and
allogeneic transplantation. Obtaining large numbers of primitive cells from mobilized PB |
is easier, less invasive and it allows}more rapid neutrophil, platelet recovery and faster
immune reconstitution .(Appelbaum,,2003; Arai and KIingeman.n, 2003).

Cord blood, which is the blood thaf remains in the umbilical cord and placenta
following birth, offeré su.bstantial logistic and clinical advantages, such as the relative
ease of procurement and availability, the absence of risk forv‘mothers and donors, the
reduced likelihood of_ transmitting infections, potential reduced risk of graft versus host

disease (GVHD) and less stringent criteria for donor-recipient matching and selection
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(with the potential of finding donors for minbrity populations) (Roché and Gluckman,
2006). Due to thellimited number of HSCs that can be collected, UCB transplantation is
difficult to use for treating adult patients and it has generally been limited to pediatric
patients. It is likely that expanding UCB HSCs will lead to more rapid engraftment and
less transplant-related complications even with highly mismatched donors. Indeed the
promise of UCB but limitations in their number is a major impetus for the development

of HSC expansion strategies such as described in subsequent sections.

1.3 HSCT

HSCs play a critical role in the outcome of HSCT, now increasingly used as a
powerful treatment option in a range of life-threatening blood, immune system or
genetic disorders. Transplantation of BM cells in-humans was pioneered in the 1960's
by E. Donnall Thomas whose work showed that BM cells infused intravenously could
repopulate the BM of irradiated patients affeéted by malignant blood disorders and
rescue the hematopoietic system (Thomas, 1999a; Thomas, 1999b; Thomas et al.,
1959; Thomas et al., 1957). This was later explained by the presence in the infused BM
of a population of human HSCs, capable of giving rise to all the differentiated cells of
the hematopoietic system. CUrrentIy, around 45,000 patients eaCh year are treated by
HSCT, a number tﬁat haé been incre.asing in the past decade. Although most of these
cases have involved patients with. hematological malignancies — such as lymphoma,
myeloma and leukemia — there is growing interest in using H.SCT to treat solid tumours
and non-malignant diseases such as B-thalassemia and Sickle Cell anemia (Sorrentino,

2004).
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- 1.3.1 HSCT and Gene therapy

-There are th‘rée types of HSCT: In autologous transplants, the infused cells are
taken from the patient. In syngeneic'_transplants, patients receivé cells from an id.entical '
twin. ln'allogeneic transplants, the cellé are from a different individual, usually an HLA-
matched brother or sister, or haploidentical pérent (related don’ors). However,
increasingly, cells from matéhed but unrelated donors (MUDs) are being used. When
allogeneic transplah_ts are performed, the recipient requires immunosuppressive
medications to minimize severe irﬁmunologic reactions between the donor and the
recipient. Allogeneic BMT is often the only option -for patients affected by inherited
blood disorderé but because of the associated morbidity, it is only performed in extreme
cases. To .overcor_ne this pro_bblem, gene therapy strategies to treat and cure these
disorders by corret:ting the patients’ own cells are a very attractive option and have
been intensively pursued for the last 15 yéars (Anderson, 1992; Mulligan, 1993). Since
many of these disorders are mohogenic ahd the mutation in thé gene has been

characterized, the approach is to remove HSCs from the affected individual, transfer

“the wild type functional gene in to the HSCs ex vivo with a vector and subsequently

reintroduce the modified cells back into the patient (Figure 1.2).
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Figure 1.2 Schematic of gene-therapy protocols in humans. Harvested HSCs are
cultured with fibronectin, cytokines and retroviral supernatant for one to four days. Autologously
transplanted cells migrate to the marrow and initiate hematopoiesis with corrected HSCs.

Conventional allogeneic and autologous HSCT are associated with serious
morbidity and even mortality due to the toxic conditioning regimens; in the case of
allogeneic transplants there is also a risk of GVHD; and with autologous HSCT coupled
to gene therapy there are significant problems associated with very poor recovery of
corrected HSCs. Two related approaches to address and solve these issues are the

use of sublethal conditioning and strategies to achieve HSC expansion.

1.3.2 Movement towards nonmyeloablative conditioning

In conventional HSCT, the hematopoietic system of the host is totally eliminated
by intensive cytotoxic therapy and subsequently replaced by the infusion of donor
hematopoietic cells that lead to the reconstitution of the whole hematopoietic system.
The pre-transplantation conditioning is aimed at eliminating malignant cells and, in the
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case of allograft, host immune cells that mediate rejection. However, in congenital
blood disorders there is no need to eradicate a malignant population of cells from the
BM and a rhinimal PB chimerism would be sufficient to arﬁeliorate the disease
- phenotype.

Conventional myeloablative allogeneic BMT has relied upon administration ofA -
supralethal doses of total body irradiation (TBI) and/or cytotoxic c}\emotherapeutic
agents. Given their intensity, myeloablétive conditioning regimens have been
associated with significant toxicity, which has limited their use to otherwise healthy,
relatively young patients. To extend the use of a|logeneiq HSCT to include oider
 patients and those with comorbid conditions, reduced intensity or truly
nonmyeloablative ' conditioning regimens have been introduced. Nonmyeloablative
regimens have been based on minimal TBI'aloné (2 Gy) or minimal TBI combined with
different doses of FIudarabin_e'and' Busulfan. Orél administration of Busulfan has been
associated with unpredictable absorptjon and relatively large inter- and intrapatient
variability. Recently an intravenous formulation of busulfan has become available and
~has been shown to provide greater predictability in blood levels. However, this
approach requires further dose escalation studies to determine the acceptable level of
toxicity and allow sufficient engraftment of genetically modified cells (Kahl et al., 2006;
Kang et al., 2006). In general, nonmyéloablative regimens have had few toxicities, have
.produc_ed only mild myelosuppression, and have been associatéd with a low incidence
of mortality, even in elderly patient_s'and those with comorbid conditions (Baron and
Storb, 2006). |

These reduced intensity regimens minimize morbidity and mortality associate‘d

with HSCT-based therapies. From the o.utcome of growing clinical trials for hematologic

malignancies treatéd with reduced conditioning regimens, it has emerged that they can
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produce mixed to full donor chimerism. Mixed chimerism would.be highly suitable for
the treatment of genetic blood disorders where a minimal P.B chimerism would
| ameliorate the disease phenotype. However, it also émerged that when
nonmyeloablative conditioning regimens are used, significant chimerism and hence
better outcome is achieved only when large transplant doées are used. For this reason,
strategies to enrich for HSCs would have a majqr impacf on the success of

nonmyeloablative HSCT.

1.3.3 Nonmyeloablative BMT: lessons from studies of mice

Ini‘tiaIIy it was thought that intravenously injected HSCs could reconstitute the
hematopoietic, system only if a suitable “niche” was made available in the BM cavity
(Schofield, 1978) through myeloablative treatments such as TBI. Once the space was
created, donor cells could home there, start proliferating and reconstitute the
hematopoietic system of the host. This concept, however, was challenged by reports of
the 'successful transplantation of marrow into submyeloablated or even
nonmyeloablated murine hosts where supposedly part or all of these niches were
| already occupied by endogenous HSCs. |

| The first report which suggested that engraftment in the absence of
myeloablation was possible came from Micklem in 196v8 (Micklem et al., 1968). He
showed that reconstitution of up to 8.5% of the hemafoﬁoietic system with donor cells
could be obtained in normal unconditioned recipients transplanted with 2X_107 cells
three months post transplant. A similar phenomenon was reported by Brecher in 1982
when his group showed.that 16-25% donor-derived hematopoiesis could be achieved

in normal unbonditioned recipients of 4X10" BM cells per day for 5 consecutive days,
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indicating that “niche availability” was not a Iimitiation to eliciting the repopulating
activity of injected H}SCs. (Brecher et al., 1982). Similar levels of repopulation (between
0 and16%) were also achieved by Saxe who transplanted 10°-10° cells per mouse -
(Saxe et al., 1984). In recent years, Stewart et al. showed persistent donor-derived
hematopoiesis in unconditioned recipients for up to 2 years after the transpiahtation of
4X10" cells on each of 5 éonsecutive days (Stewart et al., 1993).

The amount of cells transplanted in these studies is massive, reaching the
equivalent of almost half of the BM of a mouse. It is important to note that in
myeloablated mice the same dose of cells and even a minimal dose of 10*-10° cells
would prbduce 60-100% donor PB chimerism. However in nonmyeloablated recipients,
transplanted' cells have to compete with -the endogenous surviving BM cells for

appropriate conditions of stimulation (Figure 1.3).'

17




100

)=
[(h]
5
© 75
(@)]
Q
o 50
(&)
o
5
D 25_
3

Cell dose X108

___-_

HSC content

Figure 1.3 Cell dose and engraftment in minimally irradiated recipients. Marrow cells
in doses of 2, 2.5, 10, 20 or 40 million cells were infused into recipients treated with 0, 1, 3 and 7 Gy, and
the percentage of engraftment was determined 2 months and 6 months post transplantation. The results
show that donor cell readout in hosts after transplant is related to cell dose and irradiation dose to
recipient animals. Modified from (Stewart et al., 1998) and (Goebel et al., 2002).

What really determines the final chimerism in minimally ablated or
nonmyeloablated mice is still a matter of debate. Recently it was shown by using
parabiotic mice that HSCs can be found at constant rates in the PB at any given time
(Wright et al., 2001), implying that there is a constant exodus of HSCs from the BM or
extramedullary sites into the PB circulation (and vice versa). This finding was
complemented by the demonstration that in unconditioned recipients 0.1% to 1% of
HSCs exit or enter the circulation at any given time point. This finding was interpreted
as indicating that this is the number of niches available for engraftment in a normal

adult mouse which thus accounted for the ability of a very large number of injected
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HSCs to eventually compete for}blood cell output (Bhattacharya et al., 2006). In support
of this hypothesis was the obéervétion that transplanting th'e cells repetitively over a
period of time produced higher levels of contribution than tréhsplanting a singlé high
dose of cells. Moreover, it turns out that in nonmyeloablated recipients the level of
chimeris.m achieQed is mathematically predicted by the ratio of the number of cells (and
hence HSCs) in the host relative to the‘ nﬁmber of cells (an_d‘hence HSCs) transplanted.
'fhus the transplantation of 4X107 cells into normal adult mice that have a BM cellularity
of roughly 5.3X108 cells lead to donor 7% chimerism (Quesenberry et al., 2005). Based
on these studies, it appears that it'is the raﬁo of host.to donor HSCs rather than

availability of niches that is critical (Colvin et al., 2004; Rao et al., 1997; Stewart et al.,

1998). If this model is correct, then a treatment of 1 Gy that kills more than 85% of .

HSCs (Stewart et al., 2001) should increase the donor-to-host HSC ratio of a set graft
and thus lead to a dramatic increase in fiﬁal donor chimerism. In fact, transplantafion of
4X10" cells in mice fhat received 1 Gy as their conditioning regimen resulted in the
predicted 60 to 80% chimerism. |

Addiﬁonal issues come to light in considéring non-abl'ati.ve transplants for gene
therapy. in gene therapy.protocols cells are usually. prestimulated and then kept in
cytokine cocktails to enhance viral-mediate’d gene insertion. This cytokine treatment
leads to better rates of genetic transduction but also triggers cell cycle progression.
This has been shown to be detrimental to HSC behavior because, after entering the
cell cycle, these cells show loss of repopﬁlating poténtial in both myeloablated and:
| nonmyeloablated mice (Kittler et al., 1997; Peters et al., 1996). This engraftment defect
is also reported for célls.treatedwith 5-fluorouracil (5-FU), which is a drug widely used

to allow for the transduction of mice, primates and human HSC. HSCs are usually

stimulated into cell cycle by the intravenous injection of the drug 5-FU. This treatment
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results in HSC function impairment and in defective long-term repopulating capability in
nonmyeloablated hosts (Ramshaw et al., 1995). Recently Goebel et al. compared the
-reconstjtuting capability of fresh BM, 5-FU treated BM and 5-FU treated BM transduced
with retroviral vectors 'in minimélly conditioned mice. This study showed that the
competiﬁve repopulating éctivity for marrow treated with a retrovirél-mediated gene
transfer profocol that in"cluded 5-FU treatment was similar to 5-FU-treated BM but
subsequent ex vivo culture resulted in decreased overall activity in 1.6 'Gy-irradiated
hosts as compared to transplants of fresh BM, due to the decreased HSC content

found at th e end of the /n vitro culture (Goebel et al., 2002).

1.3.4 B-thalassemia and Sickle cell disease in humans

Hemoglobins are the major oxygén-carrying molecules of the body. They are
packaged into RBCs in q‘uantities sufficient to carry enough oxygen from the lungs to
the tissues to meet the needs bf cells for.oxidative metabolism. These quantities ére
enormous, nearly two pounds of hemoglobin is present in the body of a reasonably
sized man at any given time. Defective synthesis of the B chains of adult hemoglobin A
leads to an imbalance in chain production with the accumulation of free a chains in
RBC precursors and RBCs. Thié accumulation causes intramedullary destruction of
RBC precursors and mark'édly ineffectilve erythropoiesis that results in severe hemolytic

anemia.
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1.3.5 B-thalassemia

The .B-thalassemias and Sickle cell disease (SCD) are severe congenital
anemias that result from a mutation that cadses the deficient or altered synthesis of the
B chain of hemoglobin. Both are commonly inherited in an autosomal recessive manner
and according to the World Health Organization, approximatelyr180 million people are
heterozygous for one of the several forms of genetic disorders of hemoglobin synthesis
(Lucarelli and Clift, 2004) |

' B-thalassemia resulte from a mutation of the -globin gene that reduces (B*-
_'thaIaSSemia) or eliminates (B°-thalassemia) B-globin chain synthesis and hence
compromises hemoglobin productien. Nearly 200 different mutations have been
described in patients with B-thalassemia and related disorders. The majority are point |
| mutations in the B-globin gene end-occasionally deletions. B-thalassemia is the most
- common monogenic disorder worldwide, with an estimated 365;000 affected infants
born each year. |

The clinical B-thalassemia pheriotypes are subdivided into three broad
categories. One extreme is B-thalassemia major (also known as Cooley’s anemia),
~where individuals have severe anemia and are dependent dn RBC tranlsfusions'for
survival. The opposite extreme is B-th'alassemia minor, where individuals- are
asyinptomatic. Any phenotype that falls in betwee'nl-is classified as P-thalassemia
intermedia (Urbinati et »al., 2006). Infants wiih thalassemia major who receive no
' freatment die in early infancy from congestive heart failure or other complications of

severe anemia.
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1.3.6 Sickle cell disease

In SCD, a single nucleotide subetitution in the B-globin gene results in the
substitution of valine for glutamic acid on the surface of the variant B-globin chain. The
resulting hemoglobin polymerizes in the RBCs when deoxygenated and the ﬁBCs
assume the shape of a sickle, beeome dehydrated and rigid, and adhere to the
vascular endothelium. This polymerization of SCD RBCs causes accelerated RBC
destruction, erythroid hyperplasia and vaso-occlusion. Vaso-occlusion leads to the
damage of man.y organs, eventually causing long-term disabi‘lities (Sadelain, 2006).
The carrier states of the thalassemia syndromes and SCD are profective against
malarial infections and thus‘ the highest prevalence of these diseases is seen in the

Mediterranean areas, Asia, the Middle East and Africa (Urbinati et al., 2006).

1.3.7 Conventional management of p-thalassemia and SCD

For both B-thalassemia and SCD, transfusion therapy is }Ii‘fe-saving and aims to
correct the anemia, suppress the  massive ineffective erythropoiesis, and inhibit
inereased gastrointestinal absorption of iron. However, transfusion therapy leads to iron
ov.erload, which is lethal if untre.ated. The prevention and treatment of iron overload are
the major goals of current patient management.

Currently the only a\)ailable curative treatment for these _hemoglobinopafhies is
allogeneic HSCT. Over 2000 patients have received HSCT for B-thalassemia major
worldwide and outcome has proven to be highly dependent on the health status of the
recipient at the time of transplantatfon. In relatively healfhy recipients, the probability of
cure and survival was 87%, but in patients with more advanced disease, the mortality

rate was as high as 47% (Gaziev and Lucarelli, 2005). These figures appeared to be
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even worse when matched unrelated donor BM was used. Due to the.high morbidity
and mortality associated with highly toxic myeloablative regimens, HSCT has been so
far a suitable option for only a small proportion of affected patients.

Fewer patients with SCD (~200) havé been treated with HSCT (Gaziev and
Lucarelli, 2005). The mortality rate after the procedure has been reported to be 8-10%
and the significant 'toxicity of myeloablative BMT has restricted its application to
patients who have already expérienced severe and irreversible complicaﬁons. However,
one report of the outcome of‘HSCT of asymptomatic patients has éuggested that better
rates of overall cure and survival (93%) may be obtainable (Vermylen et al., 1998). Late
complicationé such as growth disturbances, endocrine complications and infertility are
issues to ponder when considering conventional HSCT for the treatment of
hemoglobinopathies.

Nonmyeloablétive HSCT is a safer option due to the minimal toxicity of
preparative regimens and is being considered for the treatrhent of a wider variety of
patients, although the possibility of inadequéte chimerism leading to lack of cures and

recurrence of sickle cell crises remains a concern.

1.3.8 Genetic treatment of B-thalassemia

Allogeneic BMT is curative but not devoid of complications. Safe transplantation
requires the identification of histocompatible donors to minimize the risks of graﬁ
rejection and GVHD. In the absence of a suitable donor, the genetic correction of
autologous HSCs represents a highlnyv' attractive alternative to achieve a cure. This
approach at once resolves the search for a donor and eliminates the risks of GVHD

and graft rejection associated with allogeneic HSCT. In order to successfully treat -
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thalassemia using gene therapy, it is necessary to permanently transfer one or more
copies of fhe B;globin gene into HSCs, with appropriate timing and levels of expressioh
of the transduced gene exclusively in the RBC precursors they ggnerate. Achieving
therapeutic' B-globin expreséion has represented a tremendous obéiacle for over a
decade, but recent studies indicate that therapeutic levels of hemoglobin syn’t.hesis can
be achieved in the progeny of virally transduced HSCs under m'yeloablativé
conditioning (Sadélain, 2006). With a lentiviral vector carrying extended sequences of
~the locus control region and a B-globin gene; May et al. demonstrated the production of
the transduced B-giobin gene in 17 to 24% of the total hemoglobin tetramers in red
cells derived from transduced HSCs. This level of B-globin\production. was sufficient to
amelioréte the anemia and the réd cell morphology of mice affectéd by B-thalassemia
that were transplanted with B-globin transducéd HSCs (May et al., 2000). Similarly, in a
transgenic mouse model of SCD, Pawliuk et al. demonstrated,' after lentiviral
transduction of HSCs, the production of a B-globin variant that prevents sickling in 99%
of circulating red blood cells, contributing to up to 52% of _the total hemoglobin
tetramers. This high level of B-gllobin' production led to subsequent prompt correction of
the hematological ‘para'meters of the. SCD affécted mice (Pawliﬁk et al.,, 2001).
Additionally, Imren et al. demonstrated, with an optimized lentiviral vector, the
transdubtion of virtually all of the HSCs in the graft. This led to the sustai.ned
contribution of the transduced B-globin to ~32% of total_ B-globin chains in ~95% of the
red blood cells with sﬁbsequent correction of the thalassemi'c’phenotype (Imren et al.,
2002). Since in myeloablative conditions, a therapeutic effect can be achieved even if

only a minority of HSCs are genetically modified, the remaining challenge is to achieve
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high-level and permanent hematopoietic reconstitution by genetically modified cells.

when a nonmyeloablative less toxic regimen is used.

1.3.9 A murine model of B-thalassemia major

This rﬁodel was deseribed by Skow et al. in 1983 and is characterized at the
molecular Ievel by a spontaneous 3.7Kb deletioh encompassing the entire ™" locus
including 5’ (and 3 sequedces (Gdldberg et al., 1986; Skow et al., 1983). B-globin
genes in mice are encoded by a multigene cluster located on chromosome 7 There are
four functional genes in the mouse B-globin gene cluster: bh1, an early embryonic
glebin gene expressed primarily in yolk sae-derived cells from 9.5 to 12.5 déys of
gestation; y, a late embryonic globin gene expressed primarily in fetal liver-derived cells
from 11.5 to 16.5 days of gestation; b1 (B™°") and b2 (B™""), adult globin genes first
expressed at 9.5 days ef gestaﬁon in yolk sac-dedved cells, then expressed in RBCs
produced in the fetal liver and spleen and thereafter in the BM. In the mouse, the pmaler
gene is responsible for 80% of B-globin in adult RBCs and B™" for the remaining 20%
(Shehee et al., 1993).

In the'-model of B-thalassemia described by Skow, most mice horhozygous for
the B™@°" gene deletion survive to adulthood and rep'roduce but they are smaller at birth
than their littermates and ex.hibit a hypochromic. (reduced RBC hemoglobin), microcytic
(reduced RBC size) anemia with severe anisocytosis (irregular size), poikilocytosis
- (irregular shape), reticulocytosis and inclusion bodies in-a high propdrtion of circulating

RBCs. All of these features are comparable to-those seen in the human B—thalassemiés

and make this an attractive mode! for studies of curative strategies (Imren et al., 2002).
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1.4 Approaches to achiev'ing'HSC selection and expansion

. Retroviral transduction pro_tosols are widely used for gene therapy applicetions
but major drawbacks of this promising approach are the rapid Ioss of HSCs in vitro and
the reCovery Qf minimally cerrected HSCs at the end of the manipulation. Therefore, in
this field there is a compelling need to find ways to preserve or increase HSC function
during and after their ex vivo manipulation to allow the application of such treatments to
- be usefully extended to patients given a safer, nonmy_eioeblative preparative regimen.
In order to accomplish this, much effort has been aimed at elucidating the. mechanisms
invelved in the regulation of HSC self-renewal in: order to be able to manipulate the fafe
of these cells in vitro with preservation of their subsequent in vivo functional activity.
These includ.e various stretegies to enable the transplanted HSCs to ou_tcompete the
large numbers of surviving endogenous HSCs in nonmyeloablated recipients by
expansion of the transduced HSCs before transplantation or by enabling their selective
growth after transplantation, as summarized below.

HSCs are able to ‘perpetuate themselves through self—re‘newal divisions.
Understanding the mechanisms behind the decision of' a HSC to self-renew or
differentiate might allow for the manipulation of these pathways to preserve the
stemness of HSCs after cell division and uItimater for HSC expansion.

The fate of HSCs appears to be the consequence of a complex and siill poorly
understood interplay between intrinsic and extrinsic regulators. These regu.lators
influence the behavior of HSCs by ultimately triggering processes like proliferation,
survival, apoptosis, seif—renewalvor differentiation. All of these processes are executed
and regulated by a complex hetwork of gene products that interact both intrinsically

within the HSCs and between the HSCs and various cytokines, extracellular matrix
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components and molecules released by or eXpressed_ by surrounding cells in their
environment. In the next paragraphs, some of the extrinsic and intrinsic regulators that
have been identified so far, will be described. In addition, strategies to expand or

selectively promote the self-renewal and therefore expansion of genetically modified

HSCs for gene therapy purposes will also be summarized.

1.4.1 HSCs in vivo selection strategies

Approaches to achieve the in vivo selection of transduced HSCs expressing a
therapeutic gene relyvon the selective elimination of untransduced cells by specific
drugs and subsequent selective survival and growth of transduced cells that Co-express
a therapeutic gene and a drug-resistance gene. A number of genes encoding drug-
resistance molecules Iare currently under investigation; . such as the human
dehydrofolate reductase (DHFR), multi-drug resistance 1 (MDR1/ABCB1), and
methylguanine metyltransferase (MGMT) drug-resistance genes.

DHFR was first tested for its ability to protect BM cells in vivo.‘ HSCs transduced
with DHFR variants become resistant to antifolate agents, such as methotrexate and
trimetrexate (Li et al., 1994; Spencer et al., 1996), and can be positively selected both
in vitro and in vivo. DHFR naturally functions to generate tetrahydrofolate, which is
necessary for'the de novo synthesis of pyrimidines and purines. Antifolete drugs act by
binding tightly to the active site of the enzyme, thereby inhibiting de novo nucleotide
biosynthesis. Single amino acid substitutions in the enzyme active site can result in
decreased binding efficiencies for antifolate drugs, thereby,preserving the ability of the

enzyme to generate sufficient tetrahydrofolate (Sorrentino, 2002).
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: MDR1/ABCB1 encodes p-glycoprotein (PGP), a m'embrane pump that effluxes a
variety of small molecues in an ATP-dependent fashion. Overexpressibn of PGP
confers resistance to a variety of chemotherapeutic agents including vinblastine,
colchicine, doxorubicin and paclitaxel. Co-expression bf MDR1 with a therapeutic gene
allows for enrichment of genetically modified cells and provides a strategy for
increasing the nijber of corrected cells since the untransduced cells would be killed
by the drug treatment. La'rge-animal' studies and clinical trials using MDR1 as a
selectablé marker dembnstrated overall disappointing results. Among the pr_oblems
obsérved were excessive toxicity, Io'w initial marking and moderate and/or transient
selection after drug administratioh (Neff et al., 2006).

MGMT is a gene that encodes a DNA répair ehzyme that protects cells from
DNA-damaging agents, such as nitrosourea and DNA-methylating agents.. These drugs
are potent stem cell to*ins that cause sévere and progressive BM suppression by
inducing'apoptosis. The mechanism of action of these drugs is to modify cellular DNA
through the addition of alkyl adducts at the O®-position of guanine. The MGMT protein

‘re'pa'irs th_ese}adducts by directly removing the alkyl residue. The co-expression of a
therapeutic gene andviMGMT variants allows selective resistance to-alkylating agents
and benzylguaniné (Chinna_samy et al., 1998; Davis et al., 2000; Hickson et al., 1998;
Persons et al.,, 2003; Sawai et al., 2001). The variant MGMT is the most powerful
selective drug resistance gene defined so far, and it provides a survival advantage to
the transduced HSCs and their extensive selection, even when limited numbers of
transgene-carrying cells are tranSpIanted in recipiehts given a nonmyeloablative
conditioning regimen (Budak-Alpdogan et al., 2005). Using MGMT selection, long-term
maintenance of 50% of the total blood cell output from transduced cells could be

attained in large animal models (Trobridge et ai., 2005).

28




Drug resistance genes .are the only proven system for in vivo selection of
transduced 'HSCs but these strategiés also raise concerns about the high toxicity of the
drug treatments required for édequate‘ sélection. Furthérmore recent discovery of
molecules that are able to influence HSC self-renewal in vitro offer another promising
approach to achieve HSC éxpansion pre-transplantation and avoid the toxicity

associated with strategies that require in vivo drug selection.

1.4.2 Extrinsic regulators of HSC self-renewal

"Numerous cytokines havé been identified as important extracellular regulators of
hematopoiesis. These include steel factor (SF, also knrown as stém cell factor [SCF]),
F.It3-ligand (FL), Thrombopoietin (TPO) and cytokines from the family that signal
through gp130. The combination of int'erleukin-11‘(IL-1_1), SF, and FL, has been found
to stimulate self-renewal of adult mouse HSCs to produce an amplification in vitro of 3
- to 4 fold (Audet et al., 2001; Miller and Eaves, 1997). IL-6 in concert with FL, SF, IL-3,
and ,G-CSF has been shown to support the expansion‘in vitro of human cord blood
HSC (Bhatia et al.,, 1997a; Conneally et él.-, 1997). In gene therapy applications,
cytokines that are cabable of haintéining stem cell function in culture during retrovirus—
mediated gene transfer aré IL-3 and IL-G for murine HSCs (Bodine et al., 1989) and IL-
3, IL-8, TPO, SCF, FL and G-CSF for large animal HSCs (Trobridge et al., 2005).

Nakauchi et al. quantitatively assessed the self-renewal capacity of HSCs at a
clonal level in vitro by e*amining the effect of various cytokines oh purified CD34- cKit+
Scal+ Lin- cells from adult }mice marrow and whiéh represént ~20% pure HSCs.
Among the cytokines examinéd, SCF. and TPO were the minimum cytokines to most

efficiently induce self—fenewal cell divisions. In contrast, SCF + IL-3, SCF + IL-6, and
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SCF + IL-11 + FL appeared to be less effective (Na.kaUChi et al., 2001). On the other -
hand, Uchida et al. using purified Lin-Rho-SP+ cells, showed that the combination of
SCF + IL-11 + FL was superior to TPO+SCF in maintaining HSC activity in vitro
(Uchida et al., 2003). |

More .recently Lodish’s group identified additional factors that, together with
other growth factors, were found to sustain the ex vivo expansion of long. term
repopulating célls (8 to 30 fold). These factors are the insulin-like growth factor 2 (IGF-
2) (Zhang and Lodish, 2004) and angiopoietin-like proteins (Zhang et al., 2006a).

In addition, the extracellular matrix contaiﬁs various ligands that activate
receptors ihpliqated ina Widevrange of developmental processes and these have also
been found to be important for the regulation of HSC self-renewal. The pathways
activatéd by these soluble, 5ut matrix-'bound ligands or by transmembrane ligands
present on adjacent cells, include _the Notch pathway, the Wnt pathway and the Sonic |
Hedgehog pathway (Akala and Clarke, 2006; Naka'no, 2003). o

Hints of the involvement of Notch signaling: in hematopoiesi.s came from
overexpression of the Notch1 receptor. This study shbwed that immortalized HSCs
capable of differentiating into both |y‘mphoid ahd myeloid cells after transplantation
could be produced with the overexpression of an active form of the Notch1 receptor
(Varnum-Finney et al., 2000). The involvement of the Wnt 'pathway in hematopoiesis
was confirmed by varioué studies wifh Wnt Iigaﬁds. One study that linked the effect of a
Wnt ligand with pfimitive human cell self-renewal, made use of Wntda. The
administratioh of Wnt5a to mice Was shown to induce the increased repopulation of
human HSCs in NOD/SCID mice and lead to primitive hematopoietic development of

human blood stem cells in vivo (Murdoch et al., 2003). A study from the same group

also demonstrated the involvement of the Sonic Hedgehog pathway in hematopoiesis.
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By addition of solublé forms of Sonic Hedgehog to cultures of human cord blood cells,
they Showed an increase in the number of cells with multipotent repopulating capacity
in NOD/SCID mice (Bhardwaj et al., 2001). Similarly to’ nonhematopoietic systems
where different signaling pathways' have been shown to cross-talk, in the hematopoietic
system as well multiple interactions between different pathways exist (Duncan. et al.,
20055 and they could be reSponsible, to'gether with cytokine signaling, for the fine
tuning of HSCs self-reneWaI.

Use' of growth factoré for stimulation of HSC sélf—r‘enewal is av promising
approach to maintain or increase HSCs in vitro but in order to achieve . greater
expansion, mljch attention has recently been directed at harnessing intrinsic regulators

that could influence HSC fate. These are described in the following secﬁon.

1.4.3 Intrinsic regulators of HSC self-renewal

The expression and repression of speéific genes are believed to ultimately
determine the. deVeIopmental fate ‘of stem cells. Genetic programs establish the HSC
pool early on during development and subsequently mediate decisions between
.proli}feration and quiescence, self-renewal ‘and differentiation; and specific lineage
restriction eveﬁts. This way the numbers and types of. blood cells produced is balanced
throughout é I‘ifetime._

‘Many of the genes involved in hematopoiesis and HSC regulation were first
discovered because of their involvement in Ieukemic transformation. Using genetic
approaches, such as loss-of-function or gain-of-function moﬁse models and conditional

gene targeting strategies, their role was further confirmed in normal HSC development

and Iin'eage differentiation (Teitell and Mikkola, 2006). A major proportion of these
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genes encode tra'n'scription factors (TFs). TFs are sequence-specific DNA-binding
broteins that regulate gene expression and hence control proliferation and mahy
~differentiation processes like embryogenesis, organogenesis and also hematopoiesis,
| due to their ability to activate and coordinate expression of Iinea'ge-specific genes_’.
Somé of these TFs appear to be feduired for the establishment of HSCs early in
development, others for the maintenance of HSCs throughout life and others for the
amplification and self-renewal of HSCs. For example, SCL/taH (Stem Cell Leukemia) is
a TF that was‘initially identified by its association with human mixed iineage leukemias
and then later shown to Have a vital role in the establishment of HSCs during
embryonic developmeht. This TF is necéssary for the specification of HSC fate in early
embryos (Shivdasani et al., 1995) but is dispensable for HSC engraftment, self—reneWaI

and multi lineage differentiation in the adult (Mikkola et al., 2003).

1.4.3.1 Homéobox transcription factors

A major class of TFs that come in to play in the adult is the homeobox farriily of |
TFs\encoded by HOX genes. HOX proteins are an evolutionary conserved farﬁily
characterized by a 60 amino aci.d sequence that specifies a helix-turn-helix DNA-
binding - domain called the homeodomain. Regions outside the homeobox in the
variable domain providé binding specificity to homeoproteins for specific DNA
sequences thro_ugh cooperative bin.ding to other regulatory proteins. Mammalian Hox
genes are organized in four genomic clusters (A, B, C and D) that are localized on four
different chromosomes (7, 17, 12 and 2, respectively in humans) (Figure 1.4).. During
émbrydgenesis, they exhibit a site and time-specific pattérn of expfession along the

anterior-posterior axis of the embryo' that correlates with their relative chromosomal
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position, meaning that the expression order is colinear with the 3’-5’ organization of

Hox genes on the chromosomes (van Oostveen et al., 1999).

Co-Factors:
Meis-1
Pbx-1
Maintenance genes:
Upstream regulators: Polycomb proteins (e.g. BMI1)
Retinoic acid receptor Trithorax proteins (e.g. MLL)

\ PARALOGS /

1. 2 3 4 S8 T B 9 10 1 12 13

Chr7 HOXA

Chr17 HOXB

CLUSTERS
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Chr2 HOXD

Target genes:
?

Figure 1.4 Schematic representations of human HOX gene clusters and the
factors that regulate their expression or interact with their protein products.

HOX TFs were first implicated in regulating hematopoiesis as a result of studies
describing their expression in human and murine hematopoietic cell lines and by
evidence of their involvement and aberrant expression in hematological malignancies
(Lawrence and Largman, 1992). In the hematopoietic system, Hox gene expression
was first reported by Adams and co-workers (Kongsuwan et al., 1988), who showed the

presence of several Hox transcripts in hematopoietic cells with some being specific to
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particular subsets of hematopoietic cells. HOX gene expression was also assessed in
primary human BM cells and it was found that the méjority of A and B cluster genes
were prefe_rentia_lvly expressed in primitive subpopulations (Sauvageaiu et al.,, 2004).
However, knockout studies of Hox genes of the B cluster including combined deletion
of Hoxb1 through Hoxb9, have not revealed majbr hematopoietic defects (ijrnsson et
al., 2003) (Brun et al., 2004) likely because of redundancies amongst Hox family
members (Bijl et al., 2006). In contrast, ove_rexpression studies of many HOX genes,
including HOXB3, HOXB4, Hoxa9 and HOXA10 have shown major effects on HSC
self-renewal and diifere_ntiation, demonst_rating the possibility of a substantial
involvement in regulating hematopoietic cell development and homeostasis
(Sauvageau et al., 1995; Sauvagead et al., 1997; Thor_stéinsdottir et al., 2002;

Thorsteinsdottir et al., 1997).

1.4.3.2 Additional HSC regulators

Other related genes (see Figure 1.4 mentioned above) that have emerged as
important HSC regulators are Cdx4 (Davidson et al., 2003), Ml (Ernst et al., 2004a)
and HOX cofactors such as Meis1 (Hisa et al., 2004) and Pbx1 (DiMartino et al., 2001).
The knockouts of these genes showed profound hematological abnormalities. Cdx4 is
also a TF, while MLL belongs to the Trithorax-group of chromatin regulators that are
involved in gene activation. Both these proteinslactivate the eXpression of different Hox
genes that have a role in the prdl‘iferat_idn of leukemic as well as normal hematopoietic
cells (Ernst et al., 2004b; Wang et al., 2005). Not ‘s.urprisingiy, TFs that appear to be

major players in regulating HSC specification and self-renewal have been extensively
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| investigated as potential candidates for enhancing HSC self-renewal in overexpression
studies.

HSC self-renewal and maintenahce can also be accomplished by the
transcriptional repression of genes. Polycomb group proteins are a family of TFs
responsible for chromatin remodeling énd ma‘intenance of gene silencing. Some of the
proteins that are part of the quycorhb Repression Compléx 1, such as Bmi1, Mel18
an.d Rae28 have been implicated in the regulation of HSC self-renewal and lineage
restriction (Akala Aand Clarke, 2606). Stﬁdies of BMI-1 have shown that loss of
expression of this gene leads to a decrease in the number of HSCs present in the adljlt
and, | in competitive repopﬁlation experiments, these cells also ‘fail to sustain
lymphomyeloid hematopoiesis long term (Park et al., 2003). This major effect on HSCs
‘has been studied also in leukemic cells where the loss of expression of BMI-1 leads to
compromised survival of leukemic stem and‘progenitor celis. Eventually these BMI-
deficient cells undergo prdliferation arrest,‘ differentiation and apoptosis (Lessard and
Sauvageau, 2003). A direct link between BMI-71 and HSC self-renewal came from
overexpression studies in purified HSCs (Ilwama et al., 2004). Analysis of the pqten_tial
of daughter cells derived from single BM/-1-overexpréssing HSCs showed that this
promoted HSC self—reneV\-/a'I and enhanced their ability to execute symmetrical divisions
resulting in a 3-fold increase in clonogenic progenitors with high proliferative potential
compared to co'htrol_j however, the magnitude of HSC expansion after 10 days .in vitro
was not assessed. | | |

In addition tb genes involved in transcriptional activatibn or repression, genes
that reguiate_apoptos'is and _céll cycle progreSéion ha';/e also been found to influence

HSC survival and self-renewal. For example, transgenic mice overexpreséing BCL-2, a

' gene encoding an anti-apoptotic protein, have been shown to have 2.4 fold increase in
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HSC numbers /n vivo (measured by pvhenotyp:e) and their marrow cells display a higher
competitive repopulation ability in lethally conditioned mice as compared to marrow
cells from wild type mice. However, this study did not discriminate as to whether the
greater competitiveness was simply .dl'Je to an increase in the number of HSCs
transplanted from the BCL-2 .transgenic BM or whether the BCL-2 overexpressing
- HSCs alse were able to generate‘ more differentiated cells (Domen et al., 2000).

An example of a cell cycle regulator found to play an important role in the
maintenance and self-renewal of HSCs is p21. P21 is a cell cycle inihibitor and its
suppressed expression leads to a 2-fold increase in HSC numbers in the BM of
otherwise unperturbed adulf mice by promoting HSCs to continue to enter the cell cycle
and execute symmetric divisions resulting in tvheir initial accqmulation. However, this
deregulation of quiescence is. associated with early exhaustion of their self-renewal
activity, as demonstrated - by their inability to self-renew end reconstitute serially
transplanted animals (Chehg et al., 2000).

These genes represent just a few of the many genes now shown to be involved
in the establishment, maihtenance and regulation. of HSCs. Nevertheless, how these
interact remains.largely»unknown as does the likely involvement of other genes,

proteins and epigenetic changes.

'1.4.4 HSC in vitro expansion strategies

HOXB4 is one of the TFs that has emerged as haying a potent ability to
stimulate the self-renewal and expansion of HSCs in vitro. HOXB4 is a 361 amino acid
human protein in which only 9 amino acids are divergent from the mouse protein and

none of these occur in the homeodomain. HOXB4 is expressed in primitive
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hematopoietic cells of both species and is downregulated in their more mature
progenitors and differentiated blood cells (Pineault et al., 2002; Sauvageau et al., 1994).
Initial studies that led to the discovery of an effect of HOXB4 on HSC activity made use
of retroviral vectors to genetically engineer the overexpression of this gene in a_dult'
murine BM cells.‘When cells that had been transduced . with a control vector were
transplanted into Iethelly irradiated mice, HSC numbers in the BM regenerated to only
5-10% of normal Ievels (a 20-fold expansion), whereas cells that had been transduced
with a retroviral vector encoding HOXB4 reconstituted the HSC compartment to the
-size present in normal mice, i.e., a total expansion of 1000-fold and ~50 times more
than that obtained from the control HSCs. In addition, proviral integration analysis of
the cells regenerated in secondary transplan_ts of the HOXB#-transduced'cells showed
that enhanced se.lf-renewal was the mechanism responsible for their increased
amplification in vivo (Sauvageau et al., 1995; Thorsteinsdottir et al., 1999).
| Further studies demonstrated that HOXB4 could also induce the expansion of
meu'se HSCs in vitro. Usually, vwhen BM cells are cultured in the presence of cytokines,
HSCs are rapidly lost. However, when mosze HSCs were transduced with HOXB4 and
then cultured for 10. days, there was a net 40-fold increase in the number of HSCs
detectable which were by that time ~1-,000-fo|d higher than the number of HSCs
detectable» in cultures of HSCs that had been transduced with a control vector. This
was measured by a limit dilution competitive repopulation assay (Anton.chuk et al,
2002).
In attempts to understand the mechanism of action of HOXB4 and possibly
further increase the expansion of HSCs in vitro, it Was observed that cells engineered

to overexpress HOXB4 become 20-fold more competitive if PBX1, a HOX co-factor and

homeobox containing protein, was knocked down (Krosl et al., 2003b). Similarly,
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abolition of p21 expression significantly enhanced the regenerative activity of HOXB4-
transduced BM cells (Miyake et al., 2006). |

| Overexpression stud.ies using hﬁmén cord blood (CB) cells and nonhuman
primate BM cells Havé also demonstrated an effect of HOXB4 on primitive populations
capable of long-term repopulation in transplantation assays, although the magnitude of
the expansion was much Iess‘ than has been demonstrated for murine HSCs. In the
experiments with human CB cells, CRUs assayed in a NOD/SCID xenograft model
were shown to be amplified 4-fold (Buske et al., 2002). In non-human primates co-
transplanted with equal numbers of HOXB4 and control cells, é 5-fold greater
contribution of the HOXB4 overexpressing cells compa4réd to the control cells was seen
at 6 months post-transplant (Zhang et al., 2006b).

Subsequent studies showed that the effects obtained using'retroviral. vectors to
raise intracellular levels of HOXB4 could also be obtained using a HOXB4 fusion
protein that contained a plasma-mémbrane permeabilization sequence to facilitate cell
éntry (Krosl et al., 2003a). Similarly, hu‘man} cells cultured on stromal cells engineered
to secrete HOXB4 were found to display enhanéed HSC activity (Amsellem et al.,
2003).

Homeobox TFs are knowh fo act during development in gradi.ents resulting -in
different quantities eliciting different effects. In thé last few years, several studies have
shown that t_his ié likely also the case for HOXB4 effects on hematopoietic cells (Klump |
et al., 2005). An extremely high concentration of HOXB4 wés shown to lead to .
enhanced regener_atioﬁ of human CD34+ cells in the BM of NOD/SCID mice but also to
severely. impair their lymphomyeloid differentiation in vivo (Schiedlfneier et al., 2003).

On the other hand,v a study that used adenoviral vectors to achieve the transient

enforced expression of HOXB4 in primitive populations of CB cells did not observe
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increased prQI'iferatioh of primitive progenitors but instead it showed a significant:
increase in myeloid differehtiation in vitro (Brun et al., 2003'). Recently, another study |
demonstrated that very high overexpreséion of HOXB4 inhibited the differentiation of
primary murine BM éells in vitro 'by'reducing‘ _the rafe of commitment (Milsom et al.‘,
2005.)f Another study cé)mpéring the,fypes and extenf of lineage odtputs obtained in
vivo from embryonic stém ceII-derivéd hematopoietic cells and adult hematopoietic
cells overexpressing HOXB4 de‘monstra‘ted th;':lt myeloid cell production was increased
and T lymphoid development was suppressed over a wide range of expression levels
but that very higﬁ HOXB4 expression interfered with RBC qutbut (Pilat et al., 2005).
" Altogether, these studies point to the idea that the fate of HOXBA4-transduced
| hematopoietic cells may depend both on the absolufe level of HOXB4 expression
obtained and on thé stagé of differentiation of the cells transduced. To take advantage
of the effects of increasing HOXB4 Iéveis in HSCs for clinical applications, it will clearly
be critical to more fully understand how these méy affect hematopoietic cell growth and
differentiation and design strategies Athat retain HSC expansion effects ‘without
impairing the normal output 6f any mature blood cells.

Recent studies have suggested that the ability to induce a significant expansion
of HSCs may extend to other HOX genes, which have been identified for their role in
leukemogenesis. For exémple, HOXA9, which has been implicated in acute myeloid
Ieukemié, is preferentiallly expressed in primitive cells. In addition, Hoxa9" mice have
impaired HSCs behaviour and numbers (Lawrence et al., 2005; Sauvageau et al.,
1994) suggesting that this gene is an important regu.lator of primitive hematopoietic
cells. Not surprisingly, overeXpression of Hoxa9 in murine BM _cells leads to a 15-fold
increase in HSC frequency in vivo in secondary transplantation assays (Thdrsteinsdottir

et al., 2002).
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NUP98-HOX fusion proteins have also emerged as potent HSC expanding
factors. The NUP98 protein is a component of the nuclear pore complex, involved in
transport of RNA and protein across the nuclear membrane (Slape and Aplan, 2004).
All NUP98-HOX fusions reported to date that have been found in patients affected by
leukemia include the N-terminus of NUP98, which contains a region of multiple
phenylalanine-glycine repeats that may act as a transcriptional co-activator through
binding to CBP/p300 (Kasper et al., 1999) and the C-terminus of the HOX gene product,
including the intact homeodomain and a variable portion of the flanking amino acids
(Lam and Aplan, 2001) (Figure 1.5).

HOXB4  NH2 COOH

HOXA10 NH2

COOH

NUPS98  NH2

NUP98-HOXA10 NH2

COOH

NUP98-HOXB4 NH2

NUP98-HOXA10HD NH2

Figure 1.5 Schematic representations of HOX and NUP98-HOX fusion proteins.
PBX is the PBX co-factor binding domain, HD is the Homeodomain, FG is a sequence
of repeated Glycine and Phenylalanine, GLEBS is a binding site for RAE1 which is an
mRNA-specific carrier, NLS is a nuclear localization signal, RNP is a binding domain
that likely facilitates transport of mMRNA through the nuclear pore.
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In a previous study from our Iaborat'ory.(PineauIt et al., 2004), the effects of an
- engineered fusion of NUP98 with HOXB4 or HOXA10 were reported. BM cells
transduced with retroviral vectors encoding either of these fusion proteins were found
to produce a markedly higher number of CFU-S after a few days of culture.
Furthermbre, overexpression of the NUP98-HOXA10 fusion gene appeared to block
terminal differentiation leading to a sustained output of cells with a “primitive”
phenotype. .In light of thése data, Ohta et al. studiéd the effect of the overexpression of
. these fusion genes on HSC expansion after a more.prolong_ed'period of culfure. The
average magnitude of the HSC expansion achieved by overexpression of the NUP98-
HOXB4 fus_io‘n gene was ~300 fold while using thé NUPQS-HOXA10 fusion it was
possible to achieve an expansion of HSC.numbers of more than’2000 fold. Mice
transplanted with the latter cells ultimately develop leukemia after a long latency
suggesting that other hits are required for _this Ieukemogenic' effect. An additional
important finding of this study was the ability of the HOXA10 homeodomain denuded of
all adjacent sequences to mimic the effects of the compiete exon 2 of HOXA10 when
~ incorporated into a fusion protein with the same NUP98 sequences (Ohta et al., 2007).
Interestingly, mice transplanted with cells overexpressing this fuéion protein didn’t
| develop leukemia. This is the first time that svuch high 'Ievels of expansion of functionally
verifi'ed HSCs have ever been achieved in vitro.

NUP98-HOX fus.ion proteins havé a strong effect.on the proliferation andA self-
renewal of primitive populations of the blood and they have differential intrinsic potential
to cause overt Ieukerhia: Additionally, some of these fusion proteins in order to become
leukemogenic require the interaction with co-factors'('e.g. meis1). Due to their major
impact on early populations of the blood they are ’g'ood candidateé to test and exploit

for ex vivo HSC expansion. -
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1.5 B-thalassemia and SCD as a model to test the potential of HSC expansion and .

nonmyeloablative conditioning

An important application of in vitro HSC expansion strategies is for gene-fherapy, ,
where the HOXB4 gene or NUP98-HOX fusion genes might be considered for their
ability to produce a sé|ecti_ve expansion of genetically corrected‘ HSCs. As élready
noted, an important limitation of current gene-therapy protocols is the relatively
inefficient transduction of hUman HSCs achievable, which in many cases would result
in-an inadeduate proportion of transduced blood cells producing inadequate levels of
the therapeutic proteih \to achieve a curative effect. If the HSCs were transduced with
vectors carrying a therapeutic gene and an additional gene such as HOXB4 or a
NUP98-HOX fusion gene, then preferential expansion of the subpopulation of
genetically modifiéd HSCs might occur, leading to therapeutic levels of “corrected” cells.
In th‘eory, such a strategy could be applied to any genetic disease in which_corrected
HSCs would not per se have acquired a survival ad‘v.antage, for example, as is thé case
in SCD and thalassemia (Sorrentino, 2004). |

From prévious'studies of different mouse models of B-thalassemia or SCD, it
has been found that the corrected RBCs have a sﬁrvival advantage compared to the
originaI}RB'Cs, but this phenomehon does not extend to any growth or survival
differeﬁcé at the Iével of the HSCs. In a transplantation model of B-thalassemia it was
observed that despite the ‘amplification of the genetically normal erythroid component
‘and the improverhent of the anemic phenotype with 10 to 20% engraftment of

genetically normal HSCs, 50% HSCs ‘engraftment' is necessary to bring the

Hemoglobin (Hb) concentration in the PB within a normal range (Persons et al., 2001).




In-gene therapy applications, the efficacy of the treatment would depend also on
the level of expression of the transduced gene and on the gene transfer efficiency. In
- the same study, usmg thalassemic mice crossed with transgenic mice expressmg
different amounts of a y-globin gene (the fetal counterpart of the B- globln gene),
Persons et al. (Persons et al., 2001) showed that clinical lmprovement of a m|Id form of |
thalassemia could be achieved if 20% of the HSCs contained a therapeutic gene that,
in the erythroid lineage, was expressed at 15% or more of the level of the normal a- or
B-globin genes.' In a mouse model of BM transplantation for SCD, it was similarly
'shown that a 25% normal myeloid. chlmerlsm resulted in more than 90% normal Hb in
the blood, but to cure the anemia, levels of chimerism as hlgh as 70% were necessary
' _(Ianr]one et al., 2001). Mo_reover, it was necessary to achiéve a Ieyel of chimerism in
the HSC compartment of at least 50% (which leads to 100% replacement of sickie cells
in the PB) to correct all sickle-mediated organ pathologies (Kean et al., 2003). This
implies that mixed chimerism can ameliorate SCD but the comp‘lete elimination of the
abnormal Hb from the blood is only possible with a very high HSC contribution. HSC
.expanS|on strategles might thus be critical to achieve the reqwred level of HSC
chimerism to obtain cures in patients with these genetic diseases. The same strategies
might also allow the establishment of sufficient chimerism in patients conditioned with

nonmyeloablative regimens.

1.6 Thesis objectives

HSCT is the only curative option for people affected by malignant and non-
malignant blood diseases. When this procedure was developed, it was thought that a
myeloablative treatment was necessary to create space in the BM of the recipient and

allow the transplanted cells to engraft. However, myeloablative regimens carry a
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significant risk of severe morbidity and mortality that rest.rict the usé of the proce_dure._
To reduce these problems, less intensive preparative regimens, which are associated
with minimal toxicities, are now being investigated clinically. Recent clinical trials
corroborated by experimental data in mouse models suggest that the HSC content of
the graft may be critiéal for success in this setting.

Accordingly, the first aim of my thesis was to ascertain if strategies to expand
HSCs ex vivo would affect and improve the outcorﬁe of nonmyeloablative HSCT and to
determine if the quality and quantity of the expanded HSCs would be beneficial in this
setting. To this end, HOXB4 and NUP98-HOX fusion genes were tested for their ability |
to promote suffibient. HSC. expansion ex vivo to achieve high levels of chimerism in
‘ nonmyelo‘ablated recipients. |
| The sécond aim wés to determine if the same type of HSCs expansion
* strategies would be useful for the treatment and therapy of a murine model of (-
thalassemia using a nonmyelbéblative conditioning regimen to ‘treat the recipient. In
order to do this, HOXB4 and NUP98-HOX—expandéd HSCs were transplanted into
nonmyeloablated B-thalasserﬁic mice and their hematological parameters were then

monitored to follow the effect on their. disease status long term.
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CHAPTER 2 MATERIAL AND METHODS
- 2.1 Retroviral vectors

The retroviral constructs uséd in this project are Murine .Stem Cell Virus (MSCV) based
oncoretroviral vectors. The MSCV 2.1 (Hawley et al., 1994) vector was first modified by
replacing the PGK-neo cassette with a sequence containing the internal ribosomal
entry site (IRES) sequence derived from the encephalomyocarditis virus and t‘he gene
for enhanced green fluorescent protein (GFP). This MSCV IRES GFP vector (GFP
vector) se_rVed as a‘control and backbone for cloning of a HOXB4 QDNA upstream of
the IRES, to create MSCV HOXB4 IRES GFP (HOXB4-GF.P vector). In the same way,
retroviral vectors containing the fusion gene of NUP98 and the second exon of HOXB4
or HOXA10 or the hbmeodohain coding sequence of HOXA10 were created. The
cDNA construction of these fusion genes was previously described: (Pineault et al.,

2004).

2.2 Generation of retrovirus

Producfion of helper-free retrovfrus was carried out by standard procedures
(Pawliuk et al.,, 1994), using virus-containing supernatants  from transfected'
amphotropic Phoenix packaging cells (Kinsella and Nolan, 1996) to infect the ecotropic
packagiﬁg cell line GP*E86 (Markowitz et al., 1988)}. The retroviral titers of the GFP and
HOXB4-GFP producer cells were 1 x 10%/mL and 4 x 10%/mL respectively, as assessed
by transfer‘of GFP expréssion to NIH-3T3 cells. Absence of helper-virus generation in
the GFP and HOXB4-GFP producer cells was verified by failure to serially transfer

virus-conferring GFP expression to NIH-3T3 cells.
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2.3 Mice

Pafental stréin mouse'breeders were originally purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and subsequently bred and maintained at the British
Columbia Cancer Research Centre animal facility. They were housed in microisolator
units and provided with sterilized food, watef, and'bed_ding. Irradiated animals .were
additionally provided with acidified water (pH 3.0). Strains used as bone marrow
transplant donors Were either C57BI6/Ly-Pep3b (Pep3b) or 'the ‘F1 hybrid of
(C57BI/6Ly-Pep3b x C3H/HeJ) ([PepC3] r1). Recipients were C57BI6, C57BI/6JV4 4!
(w4‘), the F1 hybrid of (C57BI/6J x C3H/HeJ) ([B6C3+) and mice affected by B-
thalassemia (B-MDD) (C57BL/6 Hbb™'/Hbb™"). The identity Bf homozygous B-MDD
mice was confirmed by isoelectric focusing analysis of RBC lysates to detect
characteristic single, slow-migrating Hb tetramers consisting of two murine a and two
murine B minor globin chains and by restriction digestion analysis on genomic DNA
followed by Southern blot.

Donor and recipient strains are phenotypically distinguishable on the basis of
allelic differences at the Ly5 locus: donor Pep3b are Ly5.1 hbmozygous and donor
[PepC3] ¢+ are Ly5.1/5.2 heterozygous, whereas recipient C57BI/6 and [B6C3]r¢ are

Ly5.2 homozygous.

2.4 Transduction of primary murine bone marrow cells, in vitro culture of

hematopoietic cells and transplantation

‘Primary’ mouse bone marrow cells were transduced as previously described
(Kalberer et al., 2000; Sauvageau et al., 1995). Briefly, bone marrow cells were
extracted from mice treated 4 days previously with 150 mg/kg 5-fluorouracil (Faulding)

and cultured for 48 hours in Dulbecco's modified eagle's medium (DMEM)
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supplemented with 15% fetal bovine serum (FBS), 10 ng/mL hiL-6, 6 ng/mL mIL-3, and
.100 ng/mL mSCF. Media, serum and growth factors were purchased from StemCell
Technologies (Vancouver, BC, Canada). The cells were then harvested and co-
cultured with irradiatéd (40 Gy x-ray) GP'E86 viral producer cells for 48 houré in the
same medium with the addition of 5 pug/mL protamine sulfate (Sigma, Cakville, ON;
Canada). Lc_)osely adherent and nonadherent célls were recovered from the co-cultures
and incubated for an additional 7 or 10 days under the same conditions. Cells were
split whenever. cultures reached confluency. Retrovirally transduced bone marrow cells
were monitored based on GFP expression using a FACSCaIibuf (Becton-Dickinson,
Mississauga, ON, Canada). Total cell numbers were evaluated using a
“hematocytometer. 7-10 days after transduction, normal re‘cipients were prepared by
treatment with 2.5-2 Gy of whole body irradiation using a '’Cs oran X ray irradiator. B-
MDD recipients were treated with l2 Gy. Irradiated normal mice or 3-MDD mice were
transplanted with proportions of the culture within 12 to 24 hours after irradiation by tail

vein injection.

2.5 In vivo repopulation

Peripheral blood cell progeny of transdﬁuced cells were tracked at various intervals
posttransplant by expression of ‘GFP and Ly5.1. One hundred pL of blood was
extracted from the tail vein, and the erythrocytes werellysed with ammonium chloride
(StemCell Technologies). Leukoéyte samples suspended in Phosphate Buffer Saline
solution (PBS, StemCell Technologies) with 2% FBS were incubated sequential'ly on
ice with lbiotinyléted anti-Ly5.1 together with phycoefythrin (PE) — labled anti B220 or
anti CD4 and anti CDS8, dr anti Gr1 (Ly6G)'and anti Mac1 (CD11b). Samples were

subsequently stained with APC-labeled streptavidin (SA) (Becton Dickinson). Al
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samples were washed with PBS and 1 ug/mL propidium iodide (PI; Sigfna) prior to
analysis on FACScaliburi (Becton-Dickinson) flow cytdmetry machines. Expression of
Ly5.1 identified donor-derived cells, and expression of GFP idehtified retrovirally
transduced cells. At the time of animal sacrifice, BM samples were analyzed by flow

cytometry in thé same manner.

2.5 CFC assay, in vitro expansion of myeloid colonies and clonality analysis

To generate clonal myeloid cell populations, GFP+ BM cells weré plated at low
density in.methylcellulose medium (M3434, StemCell Technologies_) containing 3 U/mL
erythropoietin, 50 ng/mL mSF, 10 ng/mL hiL-6, and 10 ng/mL mlL-3. Well isolated
myeloid colonies were plucked 10 déys later and transferred into liquid cultures and
expanded for 7-14 days in DMEM, supplemented with 15% FBS (6250 STI), miL-3 (6 \
ng/ml), hiL-6 (10 ng/ml), mSCF (100 ng/ml), in order to provide sufficient genomic DNA
for clonality analysis. Genomic DNA was isolated using DNAzol reagent (Invitrogen,
Burlington O‘N, Canada) per the manufacturer's recommendations. Southern blot
analysis was performed as previously described (Sauvageau et al., 1994). Unique
provifal integrations were identified by digestion of DNA with Hindlll, which cleaves
once within the provirus. Digested DNA was then separated in 1% agarose gel by
ele.ctrophoresi‘s and trénsferred to zeta-probe membranes (Bio-Rad, Mississauga, ON,
Canada) (Sambrook et al., 1989). Membranes were probed with a*P-dCTP-labeled

GFP sequence.

2.6 CRU assay

HSCs were detected and enumerated using a limit-dilution transplantation-based

assay fof cells with competitive, long-term, Iym'p'ho-myeloid repopulation function. The
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basic procedure (Szilvassy et al., 1990), and a modification employing sublethally
irradiated W*'/W*! recipients (4.5 Gy "*'Cs y-radiation) as a source of endogenous
competitorvcells (Miller and Eaves, 1997), have been described in detail previOusIAy.
Briefly, irradiated W*'/W*' recipients were injected with 10 to 2 x 10° cells, and the
blood obtained by tail \)ein bleeding of these mice was analyzed by flow cytometry a
minimum of 12 weeks‘ posttransplant for evidence of lympho-myeloid repopulation.
Mice that had greater than 1% donor-derived (GFP") cells in both lymphoid (SsSc,
FSC®") and myeloid (sscM, Fsc™ éubpopulations were considered to be repopulated.
‘with transduced cells. biscrimination by flow cytometry of myeloid and lymphoid cells
was confirmed using cell-surface staining to detect lineage-specific markers (Gr-1,
Mac-1, B220, CD4 and CD8). CRU frequencies- in the test bone marrow sample were
~ calculated by applying Poisson statistics to the proportion of ne'gative recipients at
 different dilutions using Lirﬁit Dilution Analysis (StemCeII Technologies) software.
2.7 Hematologic paraheters
BIon ;‘rom-the tail vein was used to analyze red blood cell (RBC) indices and
reticulocyte counts usihg the Sysmex SE 9500 system (Sysmex Corp of America, Long
| Grove,v IL). Blood smears were stained with methylene blue -for mahua_l reticulocyte
counts to validate the Sysmex reticulocyte counts in the majority of cases and these
| nljmbers correlated well. Blood smears were also stained with Wright-Giemsa using an

automatic stainer. Smears were reviewed blinded by 2 independent hematologists.

2.8 Identification of retrovirél integration sites

This protocol was adapted from the method previously reported by (Riley et al.,

1990). Genomic DNA (1ug) from myeloid colonies expanded in vitro (described in
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section 2.5 above) was digested with Pst/ and the fragments were ligated overnight at

room temperature to a double stranded  bubble linker (Pst/ -linker Top 35'-

CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTCCTG

CA- 3 and Pstl linker bottom 5.

' AAGGAGAGGACGCTGTCTGTCGAAGGGTAAGGAACGGACGAGAGAAGGGAGAG-
3’). The Bubble linker contains a 29-nucleotide non-homologous sequénce (underlined)
that préve_nts binding Qf the linker pr_imer in the absence of minus strand generated by
the GFP- spécific primer corresponding to the GFP} sequence withinv the MSCV
retroviral vecior. Nested PCR was peﬁormed on one tenth of the ligation products.
"PCR-A used a linker specific primer (Vectorette primer 224 5'-
CGAATCGTAACCGTTCGTACGAGAATCGCT-B’) and a GFP-specific primer (GFP-A
5’-ACTTCAAGATCCGCCACAAC-3’) under the following conditions: one cycle of 94°C
for 2 minutes, 30 cycles of :94°C for 30 séconds, 65°C for 30 seconds, 7'2°C‘for 2
minutes, and 1 cycle of 72°C for 2 minutes. A 1ul aliquot of PCR-A reaction prbduct
(one twenty-fifth) was used as a template for the second nested PCR (PCR-B) using
Nested Linkef Primer B (5'-TACGAGAATCGCTGTCCTCTCCTT-3’) and a GFP-
specific primer (GFP-C 5-ACATGGTCCTGCTGGAGTTC-3) under t'he same
' conditiohs described for PCR-A. The products of PCR-B were separated by gel
- electrophoresis on a 1.5% Agarose/TAE gel. Individual bands > 550 base pairs were
exci_sec_l and pufified using the Qiaex Il Gel Extraction Kit (QIAGEN) then subcloned
into the PCR2.1 vector using the PCR2.1 TOPO TA Cloning Kit (Invitrogen) according
to the manufacturer’s’ protocol. The TOPO ligation product was transformed with 25pl
TOP10 Chemically Competent Cells. DNA wa‘s" extracted from Ampicillin resistant

colonies by standard procédures and digested with Kpnl and EcoRl to select for LTR

containing clones. Positive clones were sequenced with an LTR-specific primer (5'-
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TCCGATAGACTGCGTCGC-3'). Sequence results that contained both the Pst! linker
sequence and the MSCV 3'LTR were believed to contain captured genomic DNA
sequence which was further analysed .by BLAT Search using the UCSC Mouse

Database (http://www.genome.ucsc.edu/ ass'émbly of March 2006). The same assay

was performed using Ast!/ instead of Pstl.

2.9 Western blot analysis

Protein extracts from primary BM cells or spleen éells from mice treated with 2
Gy and transplanted with HOXB4 or NUP98-HOXA10hd expanded cells were analysed
by westérn blot using the 112 anti-HoxB4 monoclonal antibody (Gould et al., 1997) or
the L205 anti-NUP98 polyclonal antibody (Cell Signaling Technology #2288, (Fontoura
ef al., 1999)) respectively. As a control, protein e*tracts from primary BM cells from
| Pep3B mice or from cell lines (PG13HOXB4 or 293T) were used. Protein extracts were
electropho‘resed on NUPAGE 4-12% ‘Bis-Tris gel (Invitrbgen cat no. NP0321BOX) and
blotted to PVDF membranes ('Millipore Imm‘obilon-P transfer membrane). For
evaluétion of HOXB4, blofs were probed with a 1:250 dilution of hybridoma supernatant
in TBS, 3% BSA,.0.001'% Tween-20 and visualized with HRP-conj:ugated donkey-anti-
rat secondary antibody (Jackson ImmunoResearch Laboratories, Inc.). For NUP98-
HOXA10hd testing, blofs were probed With a 1:500 dilution of antibody supernatant in
5% ékim milk powdér and TBS and visuali-zed with HRP-chjugated goat-anti-rabbit
secondary anti.body (Jackson ImmunoResearch Laboratories, Inc.). Protein expression
was detected with Western Lightning Chemiluminescenée Reagent Plus (Perk'in Elmer,

Boston MA).
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CHAPTER3 - ENHANCED REPOPULATION - OF
SUBLETHALLY CONDITIONED MICE USING EX VIVO EXPANDED

HOXB4-TRANSDUCED HEMATOPOIETIC STEM CELLS

The matérial in this chapter has been prepared for bublication with the title “High
Level Polyclonal Reconstitution of Nonmyeloablated Mice with expanded HOXB4-
transduced Hematopdietic Stem Cells” and is co-authored by H. Ohta, who contributed
with the transduction of the cells and performed some of the CRU assays, S. Imren,
who contributed with the analysis and diaghosis of the thalassemic mice and with the
preparation of the manuscript, B. Cavilla, who provided the data on the ceII. dose
response r'elationshi‘p ih nonmyeloablated mice, C.J. Eaves and R.K. Humphries, who
contributed with designing the experiments, with thé critical analysis of the data and

with the preparation of the manuscript..
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3.1 Introduction

HSCT is the only cure for some genetic disorders such as SCD and thalassemia,
but tha morbidity and mortality associated with conventional myeloablative preparative
regimens has limited its use to only a minority of the affected patients (Kean et al.,
2003; Roberts et al., 2005). Reduced intensity regimens prior to BMT could minimize
morbidity and mortality associated with stem cell transplantation-based therapies but
require large transplant doses to achieve significant chimerism. Clinical trials have
shown that patients with hemoglobinopathies who ca.n achieve stable 20-30% mixed
chimerism after transplantatioh, lead a normal life without any further blood
transquions hbwever reaching this Ievei of chimerism in nonmyeloablative conditions
has been challenging. Several studies in animal models have shown that with no pre-
conditioning or under nonmyeloablative Cohditioning extrerhely high transplant doses of
‘ ce_lls.are required in order to achieve detectable chimerism (Brecher et al., 1982; Kittler
et al., 1997; Micklem et aI.,‘1’968; Saxe et al., 1984; Stewart et al., 1993; Stewart et al.,
1998; Wu and Keating, 1993). This problem is further exacerbated in gene therapy
settings of autologous BMT where there is massive loss of HSC resulting from several
fnanipulations needed for gene transfer of a thevrapeutic gene. Thus the number of
corrected HSCs at the end of .e'x vivo. manipulations ivs‘ generally not sufficient to out-
compete the remaining host HSCs in nonrhyeloablative settings. One apprbach to
‘overcome the requirements of massive transplant doses is to confer a selactable
advantage to HSCs. This has been achieved by genes/factors that could confer on
HSCs a growth advantage or would allow for their in vivo aeléction. A number of genes
encoding drug-resistance mvolecules are currently‘under_investigation, such bas the

human dehydrofolate reductase (DHFR), multi-drug resistance 1 (MDR1), and
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methylguanine metyltransferase (MGMT) drug-resistance genes (Allay et al., 1998;
Chihnasamy et al.,, 1998; Davis et al., 2000; Hickson et al., 1998; Li et al., 1994;
Persons et al., 2003‘; Sawai et al., 200-1; Spencer et al., 1996). A side effect to this
strategy is the high toxi'ci,tyu of the selective drugs. An alternative and perhaps
complementary approach is to use methods to expand HSC before transplantation.
Until recently fhis option wés difficult to expldre since methods for substantial HSC
expansion ex vivo were not available.-Based on the ability of forced human HOXB4
expression to increase HSCs (40-fold) within 10 days in vitro (Antonchuk et al., 2002),‘
we have investigated the applicability of using HOXB4 expanded HSCs in recipients
given reduced intensity preparative reg'imens. Retroviral transduction and use of 5-
fluorouracil (5-FU) treated BM have been shown to adversely affect engraftment in
unconditioned récipients. Goebel et al. showed that the cofnpetiﬁve repopulating
activity for marrow treéted with a retroviral-mediated gene transfer protocol that
included 5-FU treatment and subsequent ex vivo culture resulted in decreased oVeralI
engraftment in 1.6 Gy-irrédiated hosts compared to fresh marrow (Goebel et al., 2002).
Since our protocol include retroviral transduction of cells and treatment with 5-FU we
therefore investigated whether these HOXB4 ex vivo expanded.HSC are still as
competitive as fresh BM.ceIIs and are achieved in sufficient numbers to be useful in a
nonmyeloablative BMT. In particular, we monitored the capacity of these HSCs to
engraft, to give rise to normal lymphomyeloid progeny and to sustain long-term

hematopdiesis in nonmyeloablated recipients.
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3.2 Results

3.21 Donor chimerism and transplant cell dose in recipients given .

nonmyeloablative conditioning and unmanipulated BM cells

To establish the baseline for comparison to ex vivo expanded HSC, we first
assessed the relationship between transplantation dose with fresh BM cells and
chimerism achieved in recipients given 2 Gy TBI. 'As shown in Figure 3.1, at least 5 X
10° cells are needed to achieve chimerism above 3%. With increasing transplant doses,
we observed a strong correlation between the level of donor chimerism and transplant
cell dose abhieving a maximum of 55% with _the transplantation dose of 1 X 108 cells,

which roughly is equivalent to the whole BM of a mouse (Figure 3.1).
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Figure 3.1 Cell dose response of average BM engraftment in minimally ablated
hosts. BM was harvested from 18 donors and was transplanted into 31 recipients over
the dose range 1 X 10* to 1 X 108 cells. Three mice were transplanted at each cell -
dose, with the exception of 5 X 10* and 1 X 10° where only two mice were transplanted.
Recipient mice were given 2 Gy of preparative radiation prior to transplantation.
Engraftment levels were assessed 2 months after transplantation on the basis of WBC
chimerism. Each point is the average of three mice and error bars represent the
standard deviation of the mean. In cases where error bars are not apparent, they are
smaller than the size of the marker. The data shown in this graph was generated by
Ben Cavilla. ' '

3.2.2 Transplantation of in vitro expanded HOXB4-transduced HSCs following

nonmeyloabative conditioning yields sustained, high level donor chimerism
We then tested whether HOXB4 could be used to stimulate ex vivo expansion of

HSCs that could be obtained in sufficient numbers and with retention of sufficient

repopulating ability to achieve robust levels of chimerism under nonablative conditions.
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BM cells from mice treate.d with 5-FU 4 days previously .were prestimulated for 2 days, |
transduced with GFP alone or HOXB4 and GFP for 2 days and theﬁ cultured for an
'additional 7 days. Transduction efficiencies as assessed at the end of the culture
period were essentially identical for both arms (35% and 25% for GFP versus HOXB4
arms respectively). ‘The ability to contribute to chimerism was compared for GFP-
versus HOXB4-transduced cells in mice t‘i'ansplanted immediately after transduction
and after the further 7 day culture périod to allow for HSC expansion. As shown in
Figure 3.2A, in mice conditioned with 2.5 Gy, equivalent levels o/f‘ chimerism were
obtained w_heh equal numb.ers o.f HOXB4; or control GFP-transduced cells (progeny of
260,000 starting cells or ~ 50 QRU) were transplanted immediately after termination of
th'e. iﬁfection pefiod (cﬁimerism of 13% + 7% for HOXB4 and 13% + 6% for GFP). This
was consistent with the antibipéted.HSC yiéld and the absence of an in vivo
-competitive advantage of HOXB4-trénéduce.d cells in sublethally conditioned mice.
When trahsp_lants were carried out 7 days after infection, chimverism levels for control
GFP-transduced cells were diminished, reaching stable levels of only ‘6‘%@4; 2%
consistent With a further decline ih HSC numbers with culture. In contrast, HOXB4-
transduced cel]s transplanted 7 days after transduction yielded dramatically higher
levels of chimerism (48% 10%) than achieved with cells transplanted inﬁmediately
after infection consistent with af least an 80-fold expansion in HSC number in vitro and
retention of repopulating pdtential (Figure 3.28).vThis HSC expansion quantification
was extrapolated from the dose response curve of unrhanipulated cells in
nonmyeloablated mice showh in Figure 31 Importantly, chimerism aChieyed With
HOXB4 expanded HSC was lymphomyeloid (Figure 3.2C). Consistent with significant

ex vivo HSC expansion and retention of robust repopUIating function, substantial levels

of chimerism (8% +3% at 7 months post transplantation) were also achieved with even
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a 10-fold lower transplant dose of cultured HOXB4-transduced cell (26,000 starting cell
equivalents or~ 5 starting HSCs). In contrast, with this low dose of cells essentially no

chimerism was detected for mice transplanted with GFP- transduced cells (Figure 3.2B).
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Figure 3.2 (A) Experimental design and comparison of chimerism for transduced
cells transplanted before or after extended ex vivo Eulture. 5-FU BM was
harvested and prestimulated for 2 days in a cocktail of cytokines containing 100 ng/ml
mSF, 10 ng/mL hIL-6, 6 ng/mL miIL-3. BM cells were then transduced for 2 days with
oncoretroviral vectors (MSCV-IRES-GFP and MSCV-HOXB4-IRES-GFP) and then
either transplanted in to mice immediately after infection or after an additional 7 days in
culture. Recipient mice were conditioned with 2.5 Gy. Chimerism was assessed by
measuring GFP+ cells in thé WBC at 7 months post transplantation by flow cytometry
analysis. Mice were transplanted withlthe progeny of 260,000 orig_inél 5-FU BM cells.
(B) Kinetics of engraftment in mice transplanted with transduced cells after
extended culture. Cells were transduced with GFP or HOXB4. Mice were transplanted
with 2 doses of cells: the progeny of 26,000 or 260,000 originai 5-FU cells. Chimerism
was assessed by measuring the GFP+ proportion in the WBC population at 2, 7 and 14
months poét transplantation by flow cytometry analysis. Each data point represents the
average of 4 to 5 mice and error bars represent the standard deviation from the mean.
(C) Lineage distribution in the WBC compartment of a mouse transplanted with
cells transduced with HOXB4 and cultured for an additional 7 days. The lineage
distribution was assessed at 2 months post transplantation (data not shown), at 7 and
14 months post transplantation by flow cytometry analyéis. WBC were stained with
antibodies that detect B lymphoid cells (anti-B220PE) T Iymp'hoid cells (anti-CD5PE or
anti-CD4CD8PE) and myeloid cells (anti-Gr1PE and/or anti-Mac1PE). The abscissa
indicates the GFP fluorescence intensity and the ordinate indicates levels of detected
expression for a particular cell surface lineage marker, B220 and CD5/CD4CDS8 for
lymphoid cells, Gr1 and Mac1 for myeloid cells.
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These findings were c.onfirmed and extended in 2 additional experiments in
~ which mice were transplanted with expanded progeny of a lower range of starting cells,
erm 8,000 to 80,000 or an estimated 1-2 to 15 starting HSCs and transplanted into
mice receiving reduced Conditioning of 2 Gy. Figure 3.3A shovi/s the combined data
from 2 ex‘periments. At 4 (exberiment 1) andv6 months (experiment 2) post-iranspiant,
extremely low levels of donor-derived cells wére present in recipients of either dose of _
control GFP-transduced and expanded cells. In contraét, chimerism as high as 35%
(mean=27%, n=5) was reached following the transplantation of the expanded progeny
of 80,000 HOXB4-transduced cells and up to 22% with the smaller transplant dose
(rnean=7.6%, n=6). The level of chimerism acnieved for the éxpanded progeny of |
80,000 HOXB4—transdu¢ed cells is equivalent to that previously documented upon
transplantation of 1 x 107 unmanipulated fresh BM cells and thus equivalent to ai
transplant dose of ~ 1,000 HSCs (see Figure 3.1). Measurement of the HSC content in
the BM cultures transduced with HOXB4 or with GFP by limit dilution assay for CRU
confirmed that the Iei/el of expansion achieved in the HOXB4 arm ranged from 23- to
80- fold and thus resulting in an HSC content in the transplant of 360 or 1,000 HSC
respectively (Figure 3.3B and Table 3.1). This data shows that.the tran_splantation of
the progeny of a minimal number of siarting HSCs expanded in vitro lead to the
achievement of significant level of chimerism in nonmyeloablated mice. This level of

chimerism would never be achievable with the transplantation of the same number of

HSCs before expansion or more importantly with unmanipulated HSCs.
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Figure 3.3 Significant chimerism achieved with HOXB4 expanded HSC.

(A) The chimerism is determined by the GFP proportion of cells in the WBC compartment. Data from one
experiment was collected at 4 months post transplantation while data from the second experiment was
collected at 7 months post transplantation. The transduction protocol is as described in chapter 2. At the
end of the infection, cells were kept in culture for an additional 7 days and then transplanted into' mice
that were pre-conditioned with 2 Gy. Two doses of cells were. transplanted: the progeny of 8,000 or
80,000 original 5-FU cells. Each data point corresponds to a mouse. Each arm has a total of 5 to 6 mice.
The solid horizontal bar indicates the average chimerism in the different arms of the experiment.

(B) Comparison of CRU content between starting cultures (day0) and after in vitro culture (day10).
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Table 3.1

CRU FREQUENCY ('!'/- S.E.)
EXP1 (24 weeks PT) EXP2 (16 weeks PT)
Day of harvest 16114 1/ 5040
(1/9739 - 1/3838) (1/8848 - 1/2871)
Do 1/46969 11319395
ay10GFP (11103897-1/21233) (1/860000 -1/118620)
| e 11218
Day 10 HOXB4 (11139 - 1/41) (11444 - 1/107)
FOLD EXPANSION ' 80X 23X

- 3.23 Highly polyclonal donor chimerism in mice transplanted with expanded
HOXB4-transduced HSCs following nonmeyloabative conditioning.

_The h‘igh.lle.vels of chimerism achieved by transplantation of HOXB4-transduced
cells after in vitro culture are consistent with significant ex vivo expansio‘n‘ of HSCs.
Previous studies carried out with transplahté in lethally conditioned recipients have
shown that HOXB4 induced expansion of HSC in vitro is highly polyclonal, consistent
with the ability of HOXB4 to enhance thé self-renewal 6f a broad spectrum, perhaps all,
successfully transduced HSCs. However, concerns have been raised due to the
potential risk of random iﬁsertion of the retroviral vectors in sequences with oncogenic
potential and subsequentvmalignant transformation of few transduced HSC clones. To
confirm that the high level don‘or chimerism observed in the setting of nonmyeloablative
conditioning was a result of the contribution of many HOXB4—transduced HSCs
expanded in culture rather than clonal dominance of few transduced HSCs, we

harvested BM cells from 3 primary recipients presented in Figure 3.2B, 19 months post
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transplantation for clohal analysis of the individual transduced HSCs contributing to
host hematopoiesis' (Figure 3.4). Two of these mice (mouse a and b) wére transplanted
with the_’ expanded progeny of 260,000 and the 3™ one (mquse c¢) with the expanded
progeny of 26,000 HOXB4-transduced cells.. To gain a measure of number of HSCs
contributing to hematopoiesis at the time of anélysis, DNA was isolated from CFC-
derived myeloid colonies generated ex vivo as described in Materials and Methods.
| FACS-selected GFP+ bone marrow celis were used to assure the donor origin of the
coloni'es generated. Southern blot analysis was performed on DNA from a total of 120
~myeloid colonies from these 3 mice (n=36 for mouse.a, 45 for mouse b and 39 for
mouse c). A 'uniqu'e integration pattern}, which corresponds to a CFC clone derived from
a dhique HSC, was observed in 51 out of the 120 cqlonies (23 of 36 colonies, 18 of 45
colonies and 10 of 39 colonies for mouse a, b and c respectively). Each integration
pattern identifies the uniqueness of‘ every HSC clone ffom which CFC colonies were
generated and each unique pattern was found from 1to multiple times. The summary
of the data is presented in Figure 3.4. Interestingly, there was no overlap of integration
patterns between the 3 mice, and the majority of these integration patterns,
representing the unique clonal signature of a tranduced HSC were observed once (36
of 51, of 71%). The presence qf. multiple uniquely marked colonies in each mouse
indicates a high degree of polyclonal reconstitution consistent both with high level
polyclonal HSC expansion ex vivo and an absence of significant clonal dominance in
vivo. Moreover ‘the mean number of proviral integrations per HOXB4-transduced HSC
was 2.2+1.8 (range: 1-4), The average number of integrations was equivalent for
clones detected once versus more than once. This further‘ reinf_orces 'th.e conclusion

that there was no dominance of those clones that carried multiple integrations and thus

had a potentially increased risk for integrationl into genes conferring a growth
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- advantage. Furthermore, this data also demonstrated Iifé long persistence, up to 19
months, of many expanded HOXB4-transduced HSCs under nonmyeloablative

conditions.
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Figure 3.4 Assessment of the degree of polyclonal chimerism from ex vivo
expanded HSC.

(A) and (B). Flow cytometry profiles documenting chimerism in PB at 14 months post
transplantation and for BM at 19 months post transplantation for the three mice used to
assess the clonality of transduced HSCs.

Mouse a and b received the progeny of 260,000 original 5-FU BM cells; mouse c
received the progeny of 26,000 original 5-FU BM cells.

(C) Schematic diagram of the method used to carry out proviral integration analysis on
clonally expanded CFC isolated from BM of mice at the time of sacrifice (19 months
post transplantation).

(D) Graphs showing the summary of the data for each of the three mice analyzed. The
abscissa shows how many times a specific pattern was found. The ordinate displays
what percentage of the clones appeared with the frequency specified on the abscissa.
Representative patterns obtained by Southern blot are shown for each of the three
mice.




3.2.4 Expanded HSCs contribute to high level chimerism in the BM in addition to

the PB

The above studies document that high level chimerism can be achieved in the
mature peripheral blood cell compartment and tn unéeparat/ed BM cells of sublethally
conditioned mice transplanted' with ex vivo expanded HOXB4-transduced cells. To
aesess whether_ the measured level of chimerism extended to more primitive
hematopoietic cells and, importantly, to the HSC compartment, BM was harvested from
two primary recipients at 12 or 15 months post transplant. The recipient saerificed at 12
months had been initiatly transplanted with 1000 HSCs post expansion (corresponding
to an estimated 15 starting HSCs). The second recipient sacrificed at 15 months had
been transplanted with 100 HSCs post expanston (corresponding to an estimated 1 to
2 starting HSCs) (Figure 3.5). For both mice, BM cells were analysed by flow cytometry
to measure chimerism and by limit dilution transplantation assay in secondary lethally
irradiated recipients to assess the level of HOXB4-transduced HSCs recovered. The
flow cytometry profiles revealed 60% HOXB4-transduced cells in the BM of the mouse
that received the highest transp.tant dose and 10% HOXB4-transduced cells in the BM
- of .the mouse that received the lower transplant dose. Subsequent quantita‘.tion of HSC
numbers in these recipients demonstrated that the mouse initially transplanted with
1,000 HOXB4 expanded HSCe, had regenerated transduced HSC numbers to 22,000
(estimated range of 11,500 to 24,200) at the time of s’aerifice, or essentially to normal
numbers of HSCs seen in unmanipulated normal mice. In the mouse Iinitially
transplanted withv100 HOXB4 expanded HSCs the number of HSCs had recovered to

an estimated 1,200 at the time of sacrifice or approximately 10% of normal HSC

66




numbers. The levels of HSC regeneration are thus highly concordant with the levels of

chimerism achieved in the BM.
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Figure 3.5 HSC contribution to chimerism in the bone marrow. Two primary recipients
from the experiments described in Figure 3.4 were sacrificed at 12 months and 15 months post
transplantation. Flow cytometry analysis was performed on the BM to assess the proportion of GFP+
cells. Furthermore BM cells were transplanted in I|m|t dilution assay in secondary recipients with the
transplantation doses ranging from 1 x 10%to 1 x 10° primary mouse BM cells per secondary recipient. All
secondary recipients were analyzed at 6 months post transplantation.

3.3 Discussion

Many HSC-based therapies would benefit from having protocols to expand

HSCs. Up to now expanding HSCs was a difficult task but with newly discovered

factors, it is becoming a reality within reach. With the data reported here, we provide
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~ evidence of the value. and the applicability of HSC expansion strategies for an
important clinical application such as nonmyeloablative BMT (Baron and Storb, 2006).
HOXB4 has emerged as a powerful HSC expanding factor, -therefore we tested
HOXB4-trahsduced and expanded HSCs in novnm'yeloablated recipients. The protocol
we used for this study to attain HSC expansion requires treatment of BM ceIIs_with 5-
FU, transduction with a retroviral ve}ctor'and extended ex vivo culture of genetically
modified cells. These ex vivo manipulations hold the possible risk of modifying some
important features of HSCs and affecting the pathw?ys that are normally activated in
fresh HSCs, making them less competitive than unmanipulated HSCs. Goebel et al.
studied the chimerism achieved after transplantatioh of retrovirally transduced BM cells
(Goebel et al., 2002). They found that BM cells stimulated into cycle by 5-FU and
ltransduced with a retvroviral vector had decreased engraftment capacity compared to
fresh BM cells. In contrast, our data reveals that HOXB4 ex vivo expanded HSCs rétain
the features of fresh unmanipulated cells as manifested by sustained BM and PB
chimefism of nonmyeloabbted mice. We tested different_proportions of the expanded
culture at the end of 7 days i.n mice that received nonmyeloablativé conditioning of 200-
25 Gy. In different experiments, starting from very ljmited numbers of HSCs.we were
able to achieve significant engraftment, up to 50% starting with 40-80 HSCs and up to
25-30% starting with 10-20 HSCs. Importantly the chimerism was measured at different
time points and it was stable up to 19 months post transplantation. ‘Thes"e data show
that chimerism levels achieved with thé transplantation of expanded HSCs is consistént
with the chimerism that would be achieved with the transplantation of the estimated
numbers of HSCs recovered after expansion, but unmanipulated. This concordant

chimerism cbnﬁrms that expanded HSCs behave like fresh unmanipulated HSCs and

that the competitiveness of these manipulated cells is preserved. Moreover, when
68




HOXB4—trénsduced cellsv weré transplanted at the end of the transduction, they
behaved exactly-like the control-transduced cells, demonstrating that HOXB4 does not
alter the in vivo growth properties of these cells. On the other hand, when HOXB4-
tranéduced HSCé were transplanted after 7 days of culture, the engraftment achieved
in the con‘frol arm was very poor‘while_ HOXB4 expanded HSCs performed dramatiéally
better, giVing rise to robust ahd sustained -Iymphomyéloid cHimerism. This dramatic
difference in engraftment between expanded and non expanded HSCs confirms that
the final chimerism achieved in nonmyeloablated mice strictly depends on the actual
amount of HSCs that is transplanted and not on} hypothetical 'properties imparted by
HOXB4. Previously published reports sdggested that the fina‘i perce.ntage of ,donoAr
chimerism in nonhyeloablated mice is determined by the ratio of host to donor stem
celis (Colvin et'_al., 2004; Rao et al., 1997) and our data confirms fhat the final 'percent
donor chimerism is contributed b‘y the amoUnt of HSCs transplanted. Knowing that this
is the relationship fuling the outcome of the PB.chimerism then the winning strategy for
achieving therépeutic range of chimerism aftér nonmyeloablative BMT is to out-
compete at the stem cell Jevel.

“In previous studies of HOXB4 it was/shown that when transduced HSCé are
trénsplanted in lethally irradiated mice, these ére capable fo expand in vivo until HSC
numbers are restored to the normal range, even when relatively small HOXB4-
tra.nsduced_'cells are trahsplanted. At this point,'these HSCs sense feedback signals
from the environment and stop expanding (Sauvageau et al., 1995; _Thorsteinsdottir et
al., 1999). In light of this finding, we analyzed the behaviour of HOXB4-transduced cells
in vivo in nonmyeloablatedAmice and monitored if in this setting in vitro expanded HSCs

are also still responsive to'regulation in vivo that control the HSC compartment size.

The data présented in this chapter demonstvrate that transduced HSCs are still subjecitg
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to regu.lation from the environment. These expanded HSCs show an extremely, high
proliferative potential and are capable of expanding almost 2 logs in vitro and an
additional 1 log in vivo.. Nonetheless, in the mouse that received the highest dose of
expanded cells, HSC numbers were found to be within the normal ‘range, indicating that
in thev nonmyeloeblative setting as well, HOXB4-transduced cells sense the signals
from the environment. Although We have not qqantified tHe proportion of HSCs that are
spared after a 2 Gy radiation it has been reported that a radiation of 1 Gy is toxic at the
stem cell level (Stewart et al., 2001)" therefore it is not likely that the totel of HSCs in
this recipient is above the normal range. On the other hand, in the mouse that received |
the lower dose of expanded cells, transduced HSCs were only contributing to 10% of
the normal range. This could be attributed to the fact that these cells, after expanding 2
logs in vitro and 1 log in vivo, rhight ha‘ve reached the limit of their proliferation potential
or alternatively might lack the proliferative stimulus from the cytokine storm that is
norhally triggered in lethally conditioned mice and is responsible for the early HSC
regenerative phase. To elucidate if they stopped proliferating because of environmental
signaling or because Qf proliferation exhaustion, these cells should be further tested in
lethally conditioned recipients.

The protocol used to achieve HSC expansion is based on genetic manipuletioﬁ
of BM cells with retroviral vectors. Concerns are raised due to the possibility of creating
malignant HSC clones by insertion of the HOXB4 transgene near host genes with
oncogenic potential (Baum et aI'., 2003; Suzuki et al., 2602; Wu et al., 2003). This
would lead to repopulation of the recipients by a mono/oligoclonal population of HSCs
bouhd fo trigger malignant transformation. In order to exclude this possibility, we

‘analysed the composition of the HSC pool contributing to the high PB chimerism of

these nonmyeloablated mice at very late time points post transplantation (19 months).
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We showed through genomic proviral integration analysis of the DNA .of progenitor cells
derived from HSCs that the contribution to the HSC pool is from a highly polyclonal
population of HSCs. This is in accordance with -previous data in lethally conditioned
mice where it was shown that the majority of the HSCs in the bulk BM culture are
targeted by the retroviral vector carrying HOXB4 and are subsequently qxpanded with
no preference (Antonchuk et al., 2002; Thorsteinsdottir et al., 1999).

Although polyclonal hematopoiesis was documented,' .the risk of occurrence of
malignant clohes associated with this transductioh,procedure remains. In order for this
strategy fo be safely'used in clinical settings, it would be recommended to transiently
express the gene or to have the protein prbduct delivered to the cells as a soluble
factor over a defihed >period of time. To circumvent the retroviral integration approach,
Krosl et al. ‘tested recombihant human TAT;HOXB4 protein carrying the protein
transduction domaih‘_"of the HIV transactivating protein (TAT) as a potential growth
factor for stem cells (Krosl et al., 2003a). Experiments are in progress to test different
systems to achieve transient expression of HOXB4.

From the experiments presented in this chapter we can conclude thatl the
behavior of HSCs expanded in vitro by HOXB4 is equal to fresh unmanipulated cells
and that the yield of HSCs is highly beneficial for pre-clinical applications such as

nonmyeloablative HSCT.
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CHAPTER 4 ENHANCED EX VIVO EXPANSON OF HSCs
~ AND IMPROVED CHIMERISM IN NONMYELOABLATED MICE USING

NUP98-HOX FUSION GENES.

4.1 Introductioh

In the previous chapter HOXB4 was shown to provide an effective strategy for
the ex vivo expansion of HSCs to achieve enhanced levels of chimerism in
nonmyeloablated mice. As reported in the literature and confirmed in the studies
describéd in Chapter 3, HOXB4 overexpression can yield ex vivo expénsion of
transduced HSCs to the order of 15 to 80-fold after 7 days ex vivo culture. Recent
findings as reviewed in Chapter 1, section 1.4.4 now indicate‘ that even greater levels of
ex vivo HSC expansion can be obtained using the combined overexpression of HOXB4
and knockddwn of the Hox cofactor PBX1 (Krosl et al., 2003b) or the engineered
expression of novel fusion proteins of Nucleoporin 98 and HOXB4 or HOXA10 (Ohta et
al.,, 2007; Pineault et al., 2004). Inde_ed' With both of these strategies, expansions of
greater than 1,000-fold in 6 days are possible. In the studies reported in this chapter,
the promising" NUP98-HOX fusion genes were tested for their improved potency and
utility in the context of ex vivo HSC expanéion and transplantation in nonmyeloablated

recipients.
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4.2 Results

4.21 Ex vivo expansion of HSCs using NUP98-HOXB4 or NUP98-HOXA10 for

transplantation in nonmyeloablated recipients

A ‘In order to defermine the outcome of HSCT in nonmyeloablative conditions
using more.powerful HSC expanding factors, fusion gehes of NUP98} and HOXB4 or
HOXA10 (termed NUPQB-‘HOXB4 or NUP98-HOXA10, respéctively; see Figure 1.5)
were introduced into primary murine BM using an MSCV-based retrovirus carrying the
fusi'on gene cDNA upstream of én IRES-linked GFP seleptable marker. Both fusions
encode the N-terminal domain of NUP98 and the 60 arhino acid homeodomain and
limited flanking sequence as contained in the ée‘covnd exon (Lam and Aplan, 2001;
Moore, 2005; Pineault et al., 2004). Two separate experiments were perforrhed using
the éame conditions. After the'4 day transduction procedure, the cells wére kept in
* culture for an additional 6 days at which point the HSC'content Was assessed by limit
dilution aséay for CRU. The results' of fhe measurements of HSC (CRU) frequency
before and after the elapsed 10 days in .culture and the estimated Ievéls of HSC

expansion achieved are shown in table 4.1.
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Table 4.1

CRU FREQUENCY (+/-S.E.)

EXP1 (24 weeks PT)

EXP2 (16 weeks PT)

Day of harvest

Day 10 GFP

Day 10 NUPB4

FOLD EXPANSION

Day 10 NUPA10

FOLD EXPANSION

1/ 6114
(1/9739 - 1/3838)

1/46969
(1/103897-1/21233)

18
(116 - 1/4)

769X

>1/3
>(118 - 111)

>2000X

1/ 5040
(1/8848 - 1/2871)

< 1/319395
< (1/860000 -1/118620)

1/47
(1/96 - 1/23)

106X

1/5
(110 - 1/2)

1000X

The CRU assay confirmed that the HSC expansion achieved in vitro was higher than

achieved with HOXB4, reaching up to 700 fold or 2000 fold in cultures of NUP98-

' HOXB4- or NUP98-HOXA10-transduced cells, respectively. On day 11, cultured cells

were also transplanted into nonmyeloablated mice. Mice were treated with 2 Gy TBI

and transplanted with the progeny of 8,000 or 80,000 starting cells. The PB chimerism

was monitored for 4 months in one experiment and for 7 months in a second

experiment. The pooled data are shown in Figure 4.1.
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Figure 4.1 Enhanced PB chimerism achieved using different fusion genes.

(A) Representative flow cytometry profile of GFP chimerism in the WBC compartment. Data from one
experiment was collected at 4 months post transplantation (open squares) while data from the second
experiment was collected at 7 months post transplantation (red squares). In these two experiments 5-FU
BM cells were prestimulated in cytokines for 2 days and transduced with oncoretroviral vectors for 2 days.
At the end of the infection cells were kept in culture for an additional 7 days -and then transplanted in
mice that were pre conditioned with 2 Gy. The vectors used for transduction were NUP98-HOXB4
(MSCV NUP98-HOXB4 ires GFP) and NUP98-HOXA10 (MSCV NUP98-HOXA10 ires GFP). In both
experiments 2 doses of cells were transplanted: the progeny of 8,000 or 80,000 original 5-FU cells. Each
square corresponds to a mouse. Each arm has a total of 5 to 6 mice. The solid horizontal lines indicate

the average chimerism in the different arms of the experiment. (B) Two representative flow cytometry
- profiles of RBC showing GFP chimerism from mice transplanted with the higher dose of NUP98-HOXB4-
and NUP98-HOXA 10-transduced and expanded cells are shown at the bottom of the figure.
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Mice transplanted with the lower dose of NUP98—HOXB4— and NUP98-HOXA10-
>transduced and expandéd cells, attained chimerism levels of 25% (+16%) and 63%
(£19%) respectively. Mice transplanted with the higher dose of NUP98-HOXB4- and
NUP98-HOXA10-transduced and expanded cells, reached even higher levels of
chimerism (52%. + 9%: and 82% * 13% respectively). The higher level of chimerism
échieved with NUPQS-HOXA10—transduced cells at both transplant doses is consistent
with the higher magnitude of ex vivo HSC expansion-documented for NUP98-HOXA1O
compared to NUP98-HOXB4. Moreover, both fusion genes enabled higher levels of
chimerism compared to previous results with HOXB4, again consistent with the

superior ability of either fusion to stimulate ex vivo HSC expansion (Figure 4.2).
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Figure 4.2 Comparison between the chimerism achieved with grafts containing
HSCs expanded by fusion genes and unmanipulated cells _
Red squares identify the engraftment achieved in mice transplanted with NUP98-
HOXA10 expanded cells; yellow squares identify the engraftment achieved in mice
transplanted with NUP98-HOXB4 expanded cells. Diamonds represent the cell dose
response of average BM engraftment in minimally ablated hosts as described in Figure
3.1. : - '

4.2.2 Assessment of the HSC expanding potential of a fusion of NUP98 and only

the homeodomain of HOXA10

A fusion protein of NUP98 with only the homeodomain (hd) of HOXA10 was
testéd in Iirﬁit dilﬁtion assays and it was demonstrated that the hd'_by itself fused to
NUP98 is suffi¢ient to trigger high levels of HSC expansion, as high as 1000-f§|d (Ohta
et al., 2007). This fusion protein seems to be non-leukemogenic and has no apparent
irhpact on in vivo lineage differentiation. | therefore tested this fusion protein in

nonmyeloablated mice to prove that in addition to a dramatic increase in the quantity of
HSCs ih culture, it was also capable of preserving their quality for use .in

nonmyeloablative settings.
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In accordance with previous experiments, BM cells from mice previously treated
witlh 5-FU were transduced with oncoretroviral vectors carrying the NUP98-HOXA10 or
NUP98-HOXA10hd fusion genes or a GFP control gene. After transduction cells were
kept in culture for an additionai 6 days at the end of which small portions of the culture
.were transplanted in nonmyeloablated mice that were treated with 2 Gy TBI. As in the
experiments described in the previous paragraphs, the progeny of 8,0‘OOY or 80,000
starting cells was transplahted. Mice were analysed at 3 months PT. The PB chimerism
achieved for both NUP98-HOXA10 and NUP-HOXA10hd was extremely high while
mice tra'nspla‘nted with GFP-transduced cells did not show any chimerism.

A major difference- observed in this experiment, was the better contribution of
transduced cells to the RBC chimerism in mice transplanted with NUP98-HOXA10hd
expanded cells compared to mice transplanted with NUP98-HOXA10 expanded cells
(Figure 4.3A). AII the Iineages were represented in the peripheral blood although there
was some skewing of transduced cells towards myeloid differentiation (Figure 4.3B).

| To confirm that the chimerism achieved with this fusion gene was superior to
that achieved when HOXB4-transduced and expanded cells were used, the experiment
was performed us‘ing the same experimental design but testing at the same time GFP-,

HOXB4- or NUP98-HOXA 10hd-transduced cells.
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Figure 4.3 (A) PB chimerism of mice transplanted with NUP98-HOXA10- or

NUP98-HOXA10hd-transduced cells after ex vivo expansion.

The chimerism is determined by the donor derived (Ly5.1+) GFP proportion of cells in the WBC
compartment. Data was collected at 3 months post transplantation. 5-FU BM cells were prestimulated in
cytokines for 2 days and transduced with oncoretroviral vectors for 2 days. At the end of the infection
cells were kept in culture for an additional 7 days and then transplanted in mice that were pre
conditioned with 2 Gy. In both experiments 2 doses of cells were transplanted. Five mice per arm
received the progeny of 8,000 and three mice per arm received 80,000 original 5-FU cells. Red bars
represent the GFP+ cells in the RBC compartment. Yellow bars represent the GFP+ cells in the WBC
compartment. Mean engraftment and SD are shown.

(B) Lineage distribution in the WBC compartment. The lineage distribution was assessed
at 3 months post transplantation by flow cytometry analysis. WBC were stained with antibodies that
detect B lymphoid cells (anti-B220PE) T lymphoid cells (anti-CD4CD8PE) and myeloid cells (anti-Gr1PE
and anti-Mac1PE). The Y axis measures the proportion of lymphoid and myeloid cells in the whole or in
the GFP+ proportion of the PB.
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In Figure 4.4 the outcome of this comparison is shown. The engraftment achieved with
the transplantation of the progeny of 80,000 starting cells was 17% + 0.4% and 52% %
3% for HOXB4 and NUP98-HOXA10hd transplanted mice respectively and the
engraftment achieved with the transplantation of the progeny of 260,000 starting cells
was 24% + 2% and 73% + 2%. To confirm that the transduced cells were expressing
the HOXB4 and NUP98-HOXA10hd proteins, western blot analysis was performed on
BM cells and spleen cells of randomly selected mice from this experiment as shown in

Figure 4.5 and 4.11.
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Figure 4.4 Comparison of PB chimerism of mice transplanted with GFP-, HOXB4-

or NUPA10hd-transduced cells. The chimerism is determined by the donor derived (Ly5.2+)
GFP proportion of cells in the WBC compartment. Data was collected at 6 months PT. 5-FU BM cells
transduced with oncoretroviral vectors for 2 days and kept in culture for an additional 7 days. Cells were
then transplanted in mice treated with 2 Gy. Three doses of cells were transplanted. Three mice per arm
received the progeny of 8,000, 80,000 and 260,000 original 5-FU cells. Mean engraftment and SD are
shown.
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Figure 4.5 HOXB4 expression by BM cells of nonmyeloablated chimeric mice.
Representative western blot analysis documenting HOXB4 expression in BM cells of nonmyeloablated
mice transplanted with the progeny of 260,000 starting cells transduced with HOXB4 and expanded in
culture. Controls are HOXB4 virus producer cells (PG13B4).

In general, the engraftment achieved in mice transplanted with NUP98-
HOXA10hd expanded cells is significantly higher than the engraftment achieved in
mice tranSpIanted with HOXB4 expanded cells and this difference correlates with the
different HSC expansion potential of these two genes. These findings were confirmed
in two separate experiments. In one of these experiments a comparison between the
engraftment achieved with non expanded and expanded cells transduced with HOXB4
or NUP98-HOXA 10hd demonstrated that the higher engraftment achieved at the end of
the in vitro culture is due to the enrichment in HSCs since the engraftment before

expansion was minimal for both HOXB4 and NUP98-HOXA10hd (Figure 4.6)
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Figure 4.6 Comparisdn of engraftment achieved with non expanded and
expanded cells. ' ’ ’

4.2.3 The progeny of I_imiting'numbers of NUP98-HOXA10hd-transduced HSCs

subjected to ex vivo expansion can reconstitute a nonmyeloablated mouse

NUP98-HOXA10hd can stimulate over a three log expansibn of HSC in culture
and these cells can contribute to high level chimerism in nonmyeloablafed'recipients.
As a fuﬁher test of the potency of NUP98-HOXA10hd to sﬁmulate HSC expansion and
of the quality of eXpanded HSCs, additibnal experiments were conducted in which BM
cultures were initiated at Iimit dilution for HSC content and subjécted to transduction.
After the expansion, the progeny of these transduced and' expanded HSCs were tested
in both myeloablated ahd nonmyeloablatéd mice. In Figure 4.7 the expeﬁmental ‘
strategy is shown. In brief, 5,000 BM cells from mice previously treated with 5-FU were
plated in a 96 Well plate (estimated HSC content, 1-2 HSC/well), transduced with GFP
or NUP98-HOXA10hd and kept in culture for an_addi.tiona_l 10 days. At day 14, half-well
content of two randdmly selected wells was transplanted into nonmyeloablated mice
while the rest of the cells were transplanted into myeloablated mice in limit dilution

assay to measure the HSC content of the well at the time of transplant.
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Figure 4.7 Experimental strategy used to achieve the transduction of one or two

HSCs in wells containing limited numbers of 5-FU treated cells.

5,000 starting cells were inoculated into a single well of a 96 well plate, pre-stimulated for 2 days with
cytokines and transduced with NUP98-HOXA10hd or GFP. At the end of 10 days culture, 2 wells were
randomly chosen and half of each well transplanted in 2 Gy treated mice. The rest of the cells were
transplanted in different proportions into lethally conditioned mice to assess the level of HSC expansion
achieved during 10 days of culture.

In Figure 4.8 the PB GFP chimerism achieved in nonmyeloablated recipients is
shown. As indicated, the progeny of limiting numbers of HSC transduced with NUP98-
HOXA10hd were capable of giving high-level Iympﬁo-myeloid chimerism in the PB of
nonmyeloablated mice (40% and 35% at 6 months post transplantation respectively)
(Yellow dots in Figure 4.8). These levels of chimerism are consistent with the high HSC
content of wells documented by limit dilution assay (over 2,000 HSCs per well) (Red

dots in Figure 4.8). Importantly, control GFP-transduced cultures started with 100,000
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cells and mice transplanted with proportions of these cultures, did not achieve

significant chimerism (1-3%).
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Figure 4.8 PB chimerism of mice transplanted with the progeny of one or two

NUPA10hd-transduced cell. (A) Flow cytometry profiles of the WBC and RBC compartment of
mice treated with 2 Gy and transplanted with 2,500 starting cells transduced with NUPA10hd and
expanded in vitro for 10 days. (B) Summary of the PB WBC chimerism in nonmyeloablated and
myeloablated mice. The graph represents the GFP chimerism in the WBC compartment. Data was
collected at 6 months post transplantation.
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The reconstitution of the nonmyeloablated mice represented in Figure 4.8 was
lymphomyeloid and representative flow cytometry profiles of the lineage distribution in
the PB is shown in Figure 4.9.

WELL #1 WELL #2

B220PE

CD4CDSPE

Ly6GPEMac1PE

GFP

Figure 4.9 Lineage distribution in the PB of mice transplanted with the progeny
of few HSCs transduced with NUPA10hd.
WBC were stained with antibodies that detect B lymphoid cells (anti-B220PE) T

lymphoid cells (anti-CD4CD8PE) and myeloid cells (anti-Gr1PE and/or anti-Mac1PE).
The abscissa indicates the GFP fluorescence intensity and the ordinate indicates levels
of detected expression for a particular cell surface lineage marker, B220 and CD4CD8
for lymphoid cells,'Gr1 (Ly6G) and Mac1 for myeloid cells. Data was collected at 6

months post transplantation.
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BM was aspirated from one mouse at 7 months PT and plated in CFC
methylcellulose assay. Twelve days later, colonies were visualized, plucked and put in
culture for expansion. DNA was extracted from expanded clones and Southern blot
analysis carried out to visualize the pattern of integration of the virus. Altogether DNA
from 23 colonies was collected and analysed and five unique patterns identified (Figure
4.10). However, from careful observation of the size of the bands detected it seems
that there are only two major patterns that acquired subsequent viral integrations
arguing that the engraftment was contributed by at most two original HSCs. The results
of western blot analysis performed on spleen cells from primary recipients additionally

confirmed the expression of the integrated NUP98-HOXA10hd (Figure 4.11).

mw 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 4.10 Composition of the HSC pool of a mouse transplanted with the

progeny of few starting HSCs. Southern blot analysis of genomic DNA from CFC colonies
derived from the BM of a mouse treated with 2 Gy and transplanted with the progeny of 2,500 starting
cells. BM was aspirated from the primary recipient (Well #2, 2,500 starting cells, Figure 4.8), 7 months
post transplantation. The bands visualized in the figure represent specific integrations of the retroviral
vector. The numbers at the bottom of the red squares represent the frequency of appearance of a
particular pattern of integration of the virus amongst the total of colonies/patterns analyzed.
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NUPA10hd
Flag #30 #31 #34 #75

56KDa

WB o-NUP98

Figure 4.11 NUPA10hd fusion protein expressed by the progeny of transduced

cells. Representative WB to assess the protein expression from spleen cells of mice transplanted with
NUPA10hd-transduced and expanded cells. Recipient mice 30, 31 were myeloablated with 9 Gy and
transplanted with the progeny of 25 starting cells (well #1, Figure 4.8). Mouse 34 and 75 were treated
with 2 Gy and received the progeny of 2,500 starting cells (well #2, Figure 4.8) and 260,000 starting cells
(Figure 4.4) respectively.

Southern blot analysis from whole BM of lethally irradiated mice collected at 7
months PT confirmed that mainly two clones contributed the reconstitution of these

mice transplanted at limit dilution (Figure 4.12).

87




@)
£5 gy o
90 v v © Yo
+80mf§‘ 900cGy 2 | 900cGy N N N
O -~
d 7018 g
o N e hd N
Be ®
Q 40 +o L]
g L ® . o
20 ®
10
0

STARTING 2500250 25 25 25 25250025 25 25
CELLS

PORTION
OF THE 12 120 1200 12000 1/2 1/200 1/2000

WELL

Figure 4.12 Analysis of the composition of the HSC pool in the BM of lethally

conditioned mice. Southern blot analysis visualizing the viral integrations in BM cells of recipients
treated with 9 Gy and transplanted with small proportions of well #2 (the progeny of 25 and 2.5 starting
cells) is shown. BM was collected 7 months PT. Whole BM from a nonmyeloablated mouse recipient of
the progeny of 2,500 starting cells from the same well is also shown. BM from this mouse was collected
11 months PT. BM from this mouse collected at 7 months PT was used in clonogenic progenitor assay to
produce the CFC colonies shown in Figure 4.10.

4.3 Discussion

Results presented in the previous chapter based on engineered overexpression
of HOXB4 provide proof of principle evidence that methods to expand HSCs in vitro are
a potentially powerful strategy for increasing chimerism in nonmyeloablated tranéplant
recipients. Findings reported in this chapter confirm and extend these conclusions
through the demonstration of the remarkable potency of various NUP98-HOX fusions to
stimulate even higher levels of ex vivo expansion compared to HOXB4 with attendant
improvements in chimerism. HOXB4- and NUP98-HOX-transduced cells performed

equivalently (and to GFP control transduced cells) when transplanted immediately after
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infection (i.e. without extended culture)'thus arguing that their beneficial effect in the
nonmyél_oablaﬁve setting is dependent on exte_nded culture add attendant ex vivo HSC
expansion. This is further argued by the strong correlation bef\Neen the demenstrated
magnitudes of HSC expansion in vitro and resultant chimerism levels following
| transplantation of cultured cells. Such findings add. to the eyidence that chimerism
levels in nonmyeloablative recipientls is largely the result of the quantitative competition
between transplanted HSCs and the.v endogenods sdrviving HSCs and further
encourages the optimization and application of ex vivo HSC expansion strategies.

In this Iight,'the additiohal findings obtained using a NUP98-HOX fusion
restricted to.the 60 amino acid homeodomain of HOXA10 are of interest. NUF’98-
HOXA10hd retains the potency of NUP98-HOXA10 which has additional sequences
flanking the homeodomain. The petency of NUP98-HOXA10hd is dramatically
illustrated by the demonstration of high level chimerism achievable with the progeny of
cultdres set up at or near limit dilution for HSCs. Moreover, for reasons not yet
understood, in both the studies reported here and in previous studies in the ablated
setting (Ohta et al.,, 2007), 'NUP98-HOXA10hd-transduced HSC have improved
functional characteristics as evidenced by heightened contribution to red blood cell
production. In our studies, again consistent with previous analyses, NUP98—I
HOXA10hd—transduced cells, either wit_heut,or following ex vivo expansion did not
manifest any leukemogenic potential. |

Together these findings encourage further optimization and application of HSC
expansion methods building on the potent properties of NUP98-HOXA10hd. In this
regard the recent develophent of protein delivery methods to achieve HSC expansion

with HOXB4 (e.g. by production of TAT-HOXB4 fusions) suggest that tests of TAT-

NUP98-HOXA10hd fusion proteins will be of. interest as a way to avoid genetic
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manipulation of target cells. The current results also should >stimulate efforts to test

such molecules on human hematopoietic stem cells.
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CHAPTERS EX VIVO EXPANDED HSCs IN THE TREATMENT
OF BETA THALASSEMIA IN NONMYELOABLATIVE CONDITIONS

- 5.1 Introduction

Thalassemia and Sickle Cell DiSeése (SCD) are widespread genetic blood
disorders that are. life threatening if not t'reated. Thé most used life-saving treatment for
such pathologies is RBC transfusions that allow for the replacement of malfunctioning
- RBC with healthy ones. This is a life-long treatment that has to be performed
repeatedly because the HSCs that carry the genetic mutation keep replenishihg the PB
with defective RBC. Blood transfusions carry the undeéired side effect of iron overload
that require further treatment of the patient with iron chelating therapfes. Since HSCs
are responsible for perpetuating the diéease, a treatmeht that allows for the
feplaceme‘nt of such pluripotent cells with healthy ones, would allow for the ultimate
‘cure of affected patients. The only curative treatment currently available is allogeneic
‘HSCT, but the suc_:ce'ssful outcome of this procedure highly depends on the age and
general medical condition of'the patient and én adequate histocompatibility match
between the donor and the recipient. Unfoftunately,' only ~30% of pétients have a
suitable family donor of _HSCs and for unrelated donors‘ the disease free survival has
been reported to be 69% (Schrier and ‘Angelucci, 2005). Furthe'rmore,'ma'ny people
affected by B-thalassemia or SCD are not suitable candidates for myéloablative
transplantation bécause of the advanced. status of the disease an.d because of the
related morbidity and mortality associated with myeloablation. Reports on the outcome
of conventional ‘myeloablative transplantation on thalassemic and SCD patients
showed that some patients developed mixed chimerism (simultaneous presence in the

BM of cells of donor and host origin) with some patients having only 20% donor cells.
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Although mixed chimerism after HSCT is a risk factor for rejection, it was however
sufficient to resolve the thalassemic and SCD manifestations (Andreani et al., 2000;
Walters et al., 2001). Consequently‘ this obsewation led to the realization that even a
less toxic conditioning regimen might be sufficient to achieve minimal engraftment
decreasing the transplant relat’ed morbidity and mortality aésociatéd with nﬁyeloablative.
transplantation (Gaziev and Lucarélli, 2005). The challenge in a nonmyeloablative
transplantation setting is that HSCs from the donor have to outcompete the |
endogenous surviving population of HSCs of the recipient and to be able t'o‘ achiéve
higher levels of mixed chimeris.m, the ratio Qf donor to host HSCs should be increésed.
Theréfore, methods to achieve expansion of donor HSCs Would be extremely beneficial
in this setting. |

.Over the pést decade, many of the.mutations causing blood disorders have
been characterized at the molecular level. This has allowed for the development of
'gene therapy strategies by which a functional gene is transferred with viral vectors into
the genome of HSCs from affected patients. These corrected HSCs are subsequently
transplanted back to the patienté, are capable of giving rise to the differentiated cells in
the PB and are afterward potentially functional (Klein and Baum, 2004). Th‘erefore
another attractive treatment po‘ss'ibility}for thalassemia and SCD would be autologous
transplantation of genetically c'orrected HSCs, which would avoid the complications
éssociated with histocompatibility mismatches between donors and recipients. This}
genetic approach has been con‘sidered since the early 1990s t0/.treat blood genetic
disorders such ‘as severe combined immunodeficienciés (SCID)‘ and metabolic
diseases such as chronib granulomatous disease (Bordignon et al., 1995; Cavazzana-

Calvo et al., 2000; Ott et al., 2006) and is now increasingly considered for the treatment

of hemoglobinopathies. The success of this genetic approach has been hampered by
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technical difficulties. Amongst these is the difficulty to achieve sufficient gene transfer
levels in HSCs, to achieve the appropriate ré_gulation of the expression of the
transferred gene, especially ih the field of globin gene transfer (Sadelain, 2006) and the
undesired integratio’n of the transferred gene in or near oncogenic sequences leading
to thé development of malignant transformation (Hacein-Bey-Abina et al., 2003).
Another major hurdle -of gene therapy épplication's is the massive loss of HSCs caused
by extended ex vivo culture required for the genetié modification. Nevertheless, there
has been in recent years considerable progress in this field. Many stiidies in mouse
mddels of B-thalassemia and SCD have now demonstrated, after mariy years of
struggles with the optimization of viral vectors, the feasibility of permanently transferring
a functional B-globin gene into the genome of HSCs of affected mice and stably
expressing hemoglobin at a therapeutic Iei/el_in RBC of reconstituted mice (Imren et al.,
2002; May et al., 2000; Pawiiuk' et al., 2001). T.he number of cells transplanted in these
mice was quite low }but the amount of corrected HSCs retrieved at the end of the
genetic manipulation was sufficient to achieve a therapeutic level of Hemoglobin A
pioduction in RBC and correction of the thalassemic or:SCD phenotype. This was
’poésible because a myeloablative treatment before HSCT was used. Unfortunately, if
real patients affected by the same disdrders were se,lected.for gené therapy pre-clinical
trials, very few would be eligible_for conventional myeloablative HSCT. This IS mainly
because many 6f the patients affected‘ by hémoglobinopathies are older patients and
suffer from many of the devastating effects of the disease such as treatment-related
organ damage due to prolonged exposure to iron overload (Gaziev and Lucarelli, 2005).
In order for these patients to benefit from gene therapy applied to autologoué HSCT,

milder conditioning regimens have to be used but in such a setting, ihe major problem

is that the modified population of HSCs have to out-compete the large endogenous
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HSC population that is spared by the nonmyeloablative treatment. Therefore, methods
“to expand corrected HSCs after the in vitro manipulation would have a major impact
and benefit in this field. As éhown in the previous chapters, engineered overexpression
of HOXB4 or NUPHOX fusion proteins offer a powerful strategy for expanding HSCs ex
vivo and would offer major advantages in the recovery of HSCs if coupled to gene
- therapy protocols. In bthis chapter | have tested whether this approach would enable
HSCs to be obtained in sufficient numbers and with retention of sufficient repopulating
ability to obtain cures in nonrﬁyeloablated mice with sevére B-thalassemia caused by
the homozygous deletion of the B-major globin gene (Goldberg et al., 1986; Skow etal.,

1983).

5.2 Results

5.21 HOXB4 expanded HSCs contribute to high Iével chimerism and
improvement of hematological pafam‘eters in the PB of nonmyeloablated B-MDD
mice

Autologous transplantation | of  genetically corrected HSCs  using
nonmyeloablative cdnditioning holds great promise for safely treating patients with
hemoglobinopathies. This -approach, however, is challénged by the large doses of
HSCs required to achieve therapeutic levels of chimerism. Engineered overexpression
of HOXBzi offers a powerful strategy for expanding HSCs ex vivo. In these experiments,
‘to model genetically corrected cells, day 4 5-FU BM cells were harvested from
congenic healthy donors and transdu}ced with an MSCV-HOXB4-IRES-GFP virus. Cells

were cultured for 10 days following transduction and the progeny of 200,000 starting
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cells were transplanted into 3 B-thalassemic (B-MDD) and 4 normal recipients

~ previously given 2 Gy. Figure 5.1 shows a schematic of the experimental design.

| DAY 0 INFECTION  Transplant
5-FU BM harvest with o ; '
\ &  HOXB4 X
(X 44 Cx 5 _, ExpaND | W
@ =®) 24 Tememexes] 2d 10DAYS ‘
Pep3B o> 10 ng/m! hiL-6, 200cGy
T ¢ MDD 3 mice
C57 4 mice 9 200K starting cells,
'with HOXB4
500K SC day4 5-FU cells tra"Sdé’;?imitc L B
‘ 200K starting cells, .
% ' _ transduced with HOXB4

200 cGy _ o _
| ' - A
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1000SC 4mice
CRU ASSAY 500SC 4mice
100SC 4mice

Figure 5.1 Experimental’ stratégy used to transplént B-MDD mice with HOXB4
expanded HSC. '

As a control, 500,000 freshly harvested day 4 5-FU BM Cells were transplanted
into 4 similarly conditioned normal mice. Significant chimerism was not achieved in
. these mice (1-3°A> Ly5.1+ in WBC at 5 months). In contrast, all 4 normal recipients of ex
vivo expanded HOXB4-transduced cells exhibited Stable, high level chimerism (21 6%
GFP+ WBC.at 5 months). Significant chimerism wés alsb achieved in all 3 B-MDD
recipients (18-77% GFP+ RBCs at 10 weeks) (Figure 5.2) and, in 1 of these, the

chimerism was sustained at a high level at 5 months PT (34% GFP+ WBCs and 52%
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GFP+ RBCs). The sustained donor derived PB chimerism at 5 months post transplant
was also associated with substantial improvement in the hematocrit level (36% versus

23% in untreated B-MDD) and hemoglobin production (10.5 g/dl versus 5 g/dl) (Figure

5.3).
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Figure 5.2 RBC GFP chimerism in B-MDD mice receiving HOXB4-transduced and
expanded HSCs.

Analysis of the PB was performed at 5 (left side of the figure) and 10 weeks (right side
of the figure) PT. Flow cytometry profiles in the top section of this figure show the
proportion of GFP+ transduced cells in the PB.

In the bottom side of this figure RBC numbers and hematocrit level is represented.
Values shown are of a WT mouse, an unmanipulated -MDD mouse and of the three
mice transplanted with HOXB4-transduced and expanded HSCs. The asterisks indicate
that the hematocrit values and RBC numbers are within normal range.
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Figure 5.3 B-MDDs PB chimerism, phenotype and hematological parameters
contributed by HOXB4-transduced and expanded HSCs.
B-MDD mice were transplanted with 200K starting cells HOXB4-transduced and
expanded. This graph shows the chimerism and phenotype of the PB at 5 months post
transplantation. The values for a WT mouse are also shown for comparison.
Furthermore, correction of hematological parameters was evidenced by a
significant elevation in RBC numbers as well as a dramatic reduction in reticulocyte
numbers (down to 4 % from 25%). Morphologic examination of blood smears from this
recipient showed a marked improvement in RBC anisocytosis (irregular size),
poikilocytosis (irregular shape), and polychromasia (variation of the hemoglobin content

of erythrocytes) and showed that more than 80% of the RBCs were normochromic

(normal color) and normocytic (normal size and shape) (Figure 5.3).
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5.2.2 PB chimerism in B-MDD mice is contributed by a polyclonal population of

HSCs

When dealing with oncoretroviral transduction, insertion of the transgene in
sequences with oncogenic potential could lead to the emergence of HSC clones with
hyperproliferative capacity and to risk of malignant transformation. In the protocol that
was used for the experiments described in this and the previous chapters, clones that
have potentially acquired hyperproliferative capacity, could take over during the ex vivo
culture of transduced cells or in vivo, after transplantation. This would result in
hematopoiesis derived from only one or few clones expanded in vitro. In order to
determine the composition of the HSC pool expanded in vitro and demonstrate the
safety of this approach, we performed proviral integration analysis on individual
methylcellulose progenitor colonies derived from the BM of the B-MDD recipient that

had the highest chimerism throughout the experiment (Figure 5.4).

50% || BM
Chimeric | .| &
recipient at EEIEE
12 weeks PT GFF  Methylcellulose 1colony/ well Proviral
wdirbso M integration
M —,— = analysis

on individual CFC

Figure 5.4 Experimental strategy used to assess proviral integrations in CFC
colonies.

BM of the chimeric B-MDD recipient was aspirated at 12 weeks post transplantation
and plated in methylcellulose CFC assay. Genomic DNA derived from CFC colonies
was processed as described in material and methods and analysed for proviral
integrations through Southern blot analysis.

At the time of aspiration (12 weeks post transplantation) the chimerism in the BM of this
mouse was 50%. DNA was extracted from expanded clones and Southern blot analysis

allowed us to establish the presence of a polyclonal population of HSC through the
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visualization of different patterns of integration of the virus in different clonogenic
progenitors derived from unique HSC clones. Figure 5.5 shows a representative

Southern blot showing different specific patterns of integration corresponding to

different unique clones.

17 unique patterns / 53 total patterns

% of clones

frequency of appearance

Figure 5.5 Chimerism in B-MDD mice receiving HOXB4-transduced and expanded
cells is contributed by a polyclonal population of HSCs.

In the top panel of this picture is a representative southern blot showing unique
patterns of proviral integration. The bottom graph shows a summary of the frequency of
appearance of different clones.

Altogether we identified 17 unique patterns/clones out of 53 colonies analyzed.
The graph in the bottom part of Figure 5.5 shows a summary of the frequency of

appearance of different clones. Only 7 clones were found more than once, while the
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majority (10 clones) was found only once. This indicates that the populaﬁon of HSCs
contributing to the hematopoiesis was polyclonal and that multipie transduced HSCs
were expanded in the culture with similar probabilities with few clones expanded with

higher rate.

5.2.3 Retroviral integration site analysis confirm the uniqueness of HSCs clones

To further confirm that different bands visualized in the Southern blot
corresponded to specific integrations in different sites of the genome and to identify the
sequences in the gendme whére they integrated, linker mediated amplification of
retroviral integration sites was performed by Patricia Rosten, as described in chapter 2.
This technique allbws identification of specific sites of integration of the retroviral vector
in the genome. This analysis allowed us to identify 21 unique integations from 14

clones (Figure 5.6).
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Identity of MSCV HOXB4 IRES GFP integration sites

Accession n. Chromosomal Ref Seq gene Proposed Site of Proviral
band name function integration (bp) integration®
= 11gE2 intergenic 5 119,742,337 - A
NM_013672 15qF3 **Promoter of Sp1 TE 102,232,889 R B
NM_029640.1  15qD3 Nl"’; :sK§ o(xga) z:‘;zﬁg' 72,799,478 R (03
NM_008845.2 2gA3 Pip5k2a Kinase 18,880,992 R C
- 139A4 intergenic - 43,202,242 = C
- 3qC mRNA AK042136 unknown 51,468,061 F D
- 15qD1 intergenic - 63,448,410 - D
NM_026353.2 15gF1 4930570C03Rik  unknown 97,615,464 R E
NM_027900.3 10gD3 R3hdm2 Nucleic acid 126,885,153 E E
NM_028356.1 12qC3 Zbth25 binding 77,285,581 F E
NM_008494.2 5qG2 **Promoter of Lnfg Transferase 140,850,726 = F
NM_011295 10gA3 **Promoter of Rps12 Rb pt 23,478,146 F k.
- 2qH1 intergenic - 157,852,628 = L
NM_013632 14qC1  **Promoter of Pnp Transferase 49,865,995 F H
NM_021419 17qA3.3 Rnf8 ligase 29,123,276 F M
NM_008112.4 13gA1 **Promoter of Gdi2  inhibitor 3,536,981 F 0
- 2qE1 intergenic . 90,413,818 s P
NM_001033279 179A3.3 D17Wsu92e unknown 27,512,018 R Q
= 20A3 intergenic - 24,986,913 - R
NM_026350 8qC3 **Promoter of Ccdc130 unknown 87,164,202 F R
- 6qG1 intergenic - 136,864,925 - S

*With respect to transcriptional direction of the gene (F) Forward (R) Reverse
**Integration happened up to 10Kb upstream of a gene

Figure 5.6 Identity of the sites of integration of the MSCV HOXB4 IRES GFP
vector

The top panel shows the Southern blot and the clones that have been selected for
proviral integration site analysis in red boxes. Each clone is also identified with a letter.
The bottom table shows the exact location of the site of integration in the genome.

101




Roughly, 30% of the integrations were intergenic, 30% .were in introns of genes and
30% were in promoter regions (these included integrations up to 10Kb upstream of a
gene). (Sf the genes jn which the integration occurred, 6nly 5 had known functions,
while the others aré still uncharacterized. The integration of the vector in different sites
of the genome confirms that the 6himerism is contributed by a polyclonal population of

cells.

5.2.4 NUP98-HOX expanded HSCs contribute to high level chimerism and cure of

nonmyeloablated MDD mice

As a further test of the utility of ex vivo expanded_HSCs, another experiment was
carriéd out using the more potent NUP98-HOXA10hd gene to stimulate high level
expansion prio}r to'trans‘plantation. Day 4 5-FU BM cells were harvested from congenic
healthy donors and transduced with an MSCV-NUPA10hd-IRES-GFP virus. Cells were
cultured for 7 days fdllowing transduction and the progeny of 300,000 starting cells
were transplanted into 2 B-MDD and 4 normal recipients previously given 2 Gy. As a
control, 500,000 freshly harvested day 4 5-FU BM cells were transplénted into 4
similarly conditioned normal mice and thes‘e. mice as in the previous experiment, did not
achieve significant chimerism (2%+1% Ly5.1+ in WBC at 5 weeks post transplantatidn).
In contrast, all 4 normal recipients of ex vivo expanded NUP98-HOXA 10hd -transduced
_celis exhibited stable, high level chimerism (50+4% GFP+ WBC at 5 weeks). Significant
chimerism was also achieved in 2 B-MDD recipients (84-82% GFP+ RBCs at 5 weeks)
and, in both of these, the high chimerism resulted in cure of the thalassemic phenotype
and in the correction of hématologic parameters to normal range (Figure 5.7). Limit

dilution assay quantification of HSCs at 14 weeks post transplantation, confirmed that
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there was a 700-fold increase in HSCs in the culture after 10 days of ex vivo expansion

and the HSC frequency on day 10 was 1 in 7 with a range of 1/14-1/4.
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Figure 5.7 B-MDDs PB chimerism, phenotype and hematological parameters
contributed by NUPA10hd-transduced and expanded HSCs.

B-MDD mice were transplanted with 300K starting cells NUPA10hd transduced and
expanded. This graph shows the chimerism and phenotype of the PB at 5 weeks post
transplantation. The values for a WT and a B-MDD mouse are also shown for
comparison. The asterisks indicate that the hematological parameters of the two
treated mice are within normal range.

5.3 Discussion

The data presented in this chapter provides proof of principle evidence that
expansion of HSCs in vitro is a powerful strategy that can be coupled to gene therapy
protocols for the treatment of inherited blood disorders.

To model the situation of a minimal number of genetically corrected cells
retrieved at the end of genetic manipulations, congenic cells from healthy donors were

used and transduced with HOXB4 or NUP98-HOXA10hd, expanded in culture for 10-11
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days and then the progeny of a small number of starting cells transplanted into
nonmyeloablated thalassemic recipients. This initial amount of HSCs used i'n these |
experiments is comparable to that retrieved in the end of gene therapy related
‘manipulations therefore this study potentially shows the benefit of inducing HSC
expansion in vitro to achieve sustained stable mixed chimerism in vivo in
nonmyeloablated recipients. We expanded 200,000 and 300,000 starting cells, which
roughly contains 40 and 60 HSCs before the expansion. From fhe curve shown in
Figure 3.1 it is evident that this amounf of HSCs would produce very minimal chimerism
in mice that received 2 Gy TBI pre-transplantation. Instead, our experiments showed
that WBC chimerism as high as 34% and RBC chimerism as high as 52% could be
achieved in mice trensplan'ted with the progeny of 200,000 starting cells
overexpressing HOXB4\ and as high as 48% and 80% WBC chimerism and RBC
chimerism respectively with the transplantation of the progeny of 300,000 starting cells
_overexpressing NUP98-HOXA10hd. In both experiments this high PB chimerism
produced dramatic improvement of the hematologic parameters and in the case of
. NUP98-HOXA10hd cure of the thalassemic phenotype. This is likely a reflection of the
higher HSC expansion obtained with NUP98-HOXA10hd as opposed to HOXBA4.

In the study presented in this chapter and in gene therapy manipulations as well,_
retroviral'vectorsvare generally used for the delivery of genes. Oncoretroviral vectors
carry the risk to integrate near or within important cellular regulatory genes that might
give them a selective growth advantage (Hematti et al., 2004; Kustikova et al., 2005).
During the ex vivo culture these clones might outcompete the other HSC clones Ieading‘

to a monoclonal reconstitution in vivo. In order to demonstrate that in the thalassemic

‘mouse treated with HOXB4 overexpressing cells there is not such an occurrence and

the HSC pool is polyclonal we analysed the pattern of integration of the virus in
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cionogenic progenitor cells derived from different HSCs. We were able to identify 17
unique patterns out of 53 colonies analysed meaning that the chimerism at 1‘2 weeks
post transplantation, was contributed by at least 17 unique HSC clones.

Recently it has also been shoWn in patients of X-linked chronic granulomatous
disease treated by gene therapy and non myeloablative HSCT that the chimerism
achieved i)vas contributed by clones that preferentially proliferated dije to activating
intégrations in genes (Ott et al.,, 2006). In orde.r to confirm that the cure of the
thalassemic mouse tra.nspleinted with HOXB4 overexpres;sing cells was not influenced
by fortuitous integrations in genes that affect cell proliferation, we performed linker-
mediated amplificétion of retroviral integration sites_(seé material and methods for
details) which allowed us to determine the identity of the site of integration of the vector.
Among the 21 unique sites identified, one third were intergenic, one third were in
promoter regions and one third were intragenic SeqUences. None of the genes in which
the vector integrated have been implicated in malignant transformation according to
published repqrts, although it is interesting to notice that one clone that was found with
high frequency carried an integration in the‘upstream region of the gene coding for the
TF Sp1 (Du et al., 2005; Suzuki et al., 2002). |

Altogether, these data demonstrate the curative potentiall of ex vivo expanded
HSCs in a preclinical model of pB-thalassemia tr'eated. with nonmyeloablativé

conditioning. They also underscore the potential of HOXB4 and NUPHOXA10hd as

potent tools to achieve the HSC expansion required.
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CHAPTER 6 DISCUSSION

- BMT is a procedure that allows for the treatment and cure of a variety of blood
disorders ranging from malignant to inherited blood disorders. It.was pioneered in the
fifties by E. Donnal Thomas (Thomas et al., 1959) and relies on the replacement Qf
abnormal blood forming cells of the affected p.atient with ones from healthy donors. Its

clinical use has become increasingly more widespread in the last few decades due to
better uneerstanding and management of the complications associated with it, to
increased availability of screenin'g techniques for matching donors and recipients and
to better understanding of\-the population of cells responsible for the reconstitution of
‘the whole hematopoietic system, the HSCs. Curre.ntly, the major complications
associated with BMT are the immune histocompatibility differences between the donor
and the recip‘ient of the graft that can lead to fatal GVHD reaetions or engraftment
| faiIUre, end' vthe regimen related morbidity and mortality. Conventional BMT is
associated with elevated toxicity because of the intense myeloablative chemotherapy
and/or radietherapyv conditioning given to patients before the procedure. These
regimens lead to the depletion of the hematopoietic system and create space for the
transplanted cells to engraft but ean produce several undesired side effects, such as
infertility, neurodevelopmental effects, impaired growth, endocrine dysfunction and
secondary malignancy. To decrease‘ the toxicity and broaden the applicability of this
procedure to older patients end thoee whose health is comprorhised by comorbid
conditions, mildly ablative or nonmyeloabletive regimens have been tested for their
potential and applicability (Baron and Storb, 2006). Frem studies in miee, large animals
and humans it emerged that because of the competition provided by the cells spared in

the recipient, engraftment from donor cells would be possible only if the ratio of donor
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to recipient cells was increased. In particular, it Was observed that by increasing the
number of HSCs transplanted, the cHimerism in the PB of patients would consequently
improve, the recovery time would be faster and the chances of a successful outcome
would be higher. O‘btainving éubstantial nuhbers of HSCs from donors is not always an
easy task; conéequently ways to achieve HSC expansion would be highly beneficial. In
this thesis, | present data on the applicability of HSCs expansion strategies in a mbuse :
- model of nonm}yeloabla.tive‘ BMT. | evaluate th‘e potential of HSCs expénded in vitro by
the overexpression of HOXB4 or NUP98-HOX fusion proteins to maintain thé capacity
to iong-term engréft nonmyeloablated mice ahd to properly differentiate into Iin"eages
with lymphoid and myeloid features. Additionally | present findings on the treatment and

cure of an important mode! of a genetic blood disorder in nonmyeloablative conditions -

with such expanded HSCs.

6.1 HOXB4 HSCs induced in vitro expansion for nonmyeloablative HSCT

As of today, many strategies have been attempted to achieve HSC expansion in
vitro for clinical applications. These rely on two main approaches. One is the
manipulation of the envirohment by addition of different cytokines énd the second ié to
genetically 'man.ivpulate cells by inseﬁion of genes. Both stra_tégies aim at.triggering
maintenance of étemness and seif—fenewal after cell division. While the former strategy
| has been shown to lead to only _modeSt expansion, strategies thatv make use of
retroviral vectors for the genetic manipulation of HSC have been more successful. One
6f the genes tested is the human HOXB4 (Sauvageau et al., 1995). HOXB4 is a TF that
" plays an important role during de\)eloprﬁent but is also involved in HSC regéneration in
situations of stress. It has been shown to trigger in vitro up to 40 fold expan_sion when

overexpresSed in HSC without impairing. normal proliferation and differentiation
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(Antonchuk et al, 2002). These features make it a good candidate to test. in
nonmyeloablative HSCT where the prediction is that transplantation of graﬁs containing -
increased numbers of HSCs will achieve better chimerism in the nonmyeloablated
recipients (Rao et al., 1997). The questions that | addressed in this thesis are about the‘
quality and the quantity achieved after expansion. Due _to the extensive in vitro
vmanipulat_ions, it was conceivable that expanded HSCs would not behave like fresh
HSC and this would correlate with poor competition with the endogeneus HSCs spared
in the nonmyeloablated recipientf Additionally, in conventional myeioabiative BMT,
different inflammatory cytokines are released as a response to the irradiation stress
and tissue damage and these might help the transplanted HSCs to proliferate and find
their way to tne BM while in nonmyeloablative HSCT this cytokine storm would not take
place. In the experiments presented in this thesis, | show that the transplantation of the
expanded progeny of limited numbers of ‘initial HSCs leads to signifieantly greater level
of chimerism than would be achieved with the original non ekpanded cells. From
pre\)ious experiments conducted by Ben Cavilla, it emerges that in order to detect any
chimerism in mice that received a nonmyeloablative radia_tion of 2 Gy, 500,000 fresh
BM ceils (fhat contain roughly 50 HSCs) have to be transplanted. By contrast, in one of
my experiments, | was able to achieve up to 50% chimerism with the in vitro expanded
progeny of 50 starting HSCs. The reconstitution was lymphomyeloid and sustained for
up to 19 months. This finding was confirmed in multiple experiments and it established
that the quality of expanded HSC was preserved and the quantity acnieved after the
expansion was highly beneficial.

~ When dealing with high-level in vitro HSC expansion, a possibility exists that few

original clones are aberrantly transformed and are taking over the whole HSC culture

because of acquired mutations and consequent aberrant proliferation. This could be
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partly due to the insertion of the oncoretroviral vector in oncogenic sequences that lead
to deregulated proliferation. To exclude this possibility, | assessed the constitution of
fhe HSC pool in chimeric animals that received a nonmyeloablative irradiation dose of 2
Gy by analyzing the patterns of iﬁtegration' of the oncoretroviral vector in progenitor
cells clonally derived from HSCs. Different HSCs will carry different integrations of the
virus in _specific sites of the genome and since this integration pattern is unique for each
HSC clone, the variety of patterns of integrations indicates how many HSC contributed
to the chimerism. | performed this analysis in three different recipients at 19 months
post-transplantation and found that in all three cases the population of HSC
contributing to the PB chimerism was highly polyclonal excluding the possibiAIity of a
pre-Ieukemic transformation in few selectively expanded HSC clones.

HOXB4 overexpression has also been reported to have an effect on HSC in vivo
in myeloablated mice, by‘ restructuring the HSC pool te normal numbers after
transplantation while normal HSC are capable to reconstitute only 10% of the normal
'HSC pool of a mouse (Thorsteinsdottir et al., 1999). There are no previous reports on
the in vivo effect of HOXB4 overexpression in nonmyeloablated mice and | therefore
assessed if in this setting a further HSC expahsion was possible. Two of the primary
| recipients were assessed for their donor HSC content 12 to 15 times post
transplantation and by limit dilution assay it was possible to show that in addition to the
almost 2 logs expansion in vitro, these cells expanded also 1 log in vivo. Of great
interest was the observation that th.e contribution from donor HSC to the HSC pool
correlated- with the_denor chimerism in the PB. Additionally, while one of the two
analyzed recipiehts had the donor HSC cohtributing to half of the HSC pool of the

recipient mouse, the second mouse that received the lower dose of HSC had the donor

- HSC contributing to 10% of the HSC pool. The fact that in this recipient HSCs did not
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proliferate to reach the normal HSC range could be_beC’ause of three different
situations. One is that the HSCs have finally exhausted their expansion potential and
can not proliferate any further. The second is that there are some feedback signals
from thé BM énvironment of nonmyeloablated mice that block the further proliferation of
these HSCs a.nd_ a third related reason is that the HSC niches of the recipient are
océupied by recipient HSCs therefore there is no need for furthér prblife_ration from
‘donor HSCs. Although none of ‘these issues were investigated, the first hypothésis ‘
could be addressed by transplantation of these expanded HSCs into myeloabléted
- secondary recipients. SinCé it is known that HOXB4 overexpressing cells are capable
to restore the HSC cqmpartment of myeloablated mice to normal numbers, if donor
HSCs still have proliferative potential. then in this setting they would be able to manifest
it. The third hypothesis could be addressed by quantifying the recipient HSCs in
secondary récipients,with_a limit diIution assay.

Aitdgether this data confirmed that HOXB4 expanded cells maintains features of
fresh HSCs énd are a useful tool for achieving high levels of PB chimerism in

nonmyeloablative BMT/HSCT.

6..2 Expanded HSCs for the treatment of B-Thalassemia in nonmyeloablative
conditions

Many patients affected by genetic blood disorders such as hemoglobinopathies
suffer many health complications associated wi‘th long-term transfusion treatments and
organ damage. T}hese patienis affected by multiple comorbid conditibns have a high
risk of mortality if they are put through conventional myeloablative BMT.
~Nonmyeloablative HSCT is a safer alternative for these patien'ts but requires the

transplantation of high_er‘ HSC numbers, therefore HSC expansion strategies would be
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highly beneficial for the treatment of these diseases in nhon myeloablative conditions.
Additionally, HSCT is the only curative‘option for mény inherited blood disordérs but
déspite‘the world registry network, which includes more than 3 million volunteers
characterized for their histocompatibility markers, about 40% of patierits still fail to find
a suita_bly matched donor. This fhakes allogeneic HSCT a risky procedure with high
chances of immune corhblications and potential rejection of the graft. Autologoué HSCT
coupled to gene therapy protocols is a safer option since it relies on the transplantation
.of patient's own HSCs that have been genetically modified to correct the original
genetic defect. 'However, the recovery of corrected HSCs expressing sufficient Ie\/els of
the therapeutic protein in the end of the transduction protocol is mih_imal and"definitely
hot Sufficienf for- transplantation in nonmyeloéblated recipients. Hence, the
transplantation of HSCs expressing a therapéutic g;ane and expanded by the
overe;(pression 6f HOXB4 would be greatly beneficial. In the experiment.presented in
this thesis, to model genetically corrected cells, healthy donor cells were transduced
with HOXB4, expandéd in vitrb and transplanted in nonmyeloablated mice with severe
B-thalassemia caused by the homozygous deletion of the B-major élobin gene. With
this. system, we were able to demonstrate fhat HSC expansion strategies could lead to
the improvement of the phenotype of sick mice by increasing the contribution by
healthy cells to the PB chimerism. |

To exclude the possibility that._the contribution was from a clone that was
transformed and hypéfproliferative | ahalyze_d the BM of a mouse that exhibited high
PB chimerism and through the visualization of unique patterns of integrations in
- clonogenic progenitors demonstrated that the high PB chimerism was contributed by a

polyclonal pool of expanded HSCs. -
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Recently, in two patients who received gene therapy for the treatment of X-
linked chronic grariulomvatous disease coupled to nonmyeloablative bone marrow
conditioning, it was found that the therapeutic effect was enferced by the integration of
the retroviral vector in genes that gave a proliferative advantage to the corrected cells
(Oftt et al.,.2006). Although this did not lead to overt malignant transformatien; concerns‘
were faised about the safety of this procedu‘re. Therefore, to investigate if the same
.situation applied to our nonmyeloablated mice, we analyéed the different sites in the
genome where the retroviral vector integrated. We were able to ieentify 21 unique
integrations from 14 different clones. Of these, roughly one third were in promoter
regioris, one third were intergenic and one third were in introns of genes. Many of these
genes are not charecterized yet and the ones that are, have not been reported to be
implicated in malignant transformations (Kustikove et al., 2006). Independently of the
results | achieved in ihese experiments it would be safer to avoid the genetic
manipulations, therefore studies are e_ngoing to optimize transient delivery of HSC

expanding factors.

6.3 NUP-HOX fusion genes to achieve higher levels of HSC expansion in vitro

~ Despite the striking HSC expansion obtained with HOXB4, many studies are
ongoirig to understand the mechanism of HSC Self-renewal to furtheridentify the genes
that are respohsible for triggering this process. Some of the genes so far implicated
“have been identified in part from for their involvement in leukemic transformation.
Recently Pineault et al. characterized the biologic effect of some fusion proteins
composed by the N-terininai portion of .the Nucleoporin 98 and the C terminal portion of

HOX proteins (HOXA10 or HOXB4) in hematopoietic cells and he observed that they

were capable to expand short term repopulating ‘cells and block differentiation (Pineault
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et al.., 2004).v Subsequently, Ohta ét al. tested these same fusion proteins for their HSC
expahsion potential and observed up to 1000-fo|d HSC amplification when these fusion
proteins were‘overexpressed in HSCs. Since from different studies performed in
nonmyeloablated mice in the last few decades it has emerged that the higher the
amount of HSC transplanted, the higher the chimerism achieved, we tested HSCs
expanded by these genes for their repopulation capacity in nonmyeloablated recipients.
With these genes we were able to explore a wider range of HSC expansion and
transplantation doses for nonm’yeloablative HSCT; in the experiments présented in this
thesis | wés able to show that further expansion of HSCs gave rise to a Significantly _
higher PB chimerism. The-reconstitution in all mice tesfed was lymphomyeloid and
sustained for up to 15 months PT. Of great interest was the observation that HSCs
expanded clonally from few starting HSCs by a fusion gene carrying NUP98 and the
“homeodomain 'only of the HOXA10 gene were capable of significantly contfibuting to
the PB chimerism of nonmyeloablated mice. This wo.uld lead to major clinical benefit
when using genetically mo'difiéd HSCs since it would allow for pre-screening of. clones
‘and identification of those that have safe genetic integrations.

With the availability of suc_:h powerful HSC expandi}ng factors, | further assessed
if the im~proved chim'erfsm in nonmyeloablated mice would help the prompt recovery
and cure of mice affected by a genetic blood disorder such as B-thalassemia.

As mentioned above, in gene therapy applications,coupled to autologous HSCT there
is'fhe urgency to expand borrected HSCs prior to tran‘splantation. The remarkable HSC
expansion achieved with NUP98-HOX fusion genes allowed us to obtain prompt
therapy and cure of two nonmyeloablated thalassemic mice which had all the

hematologic parameters within normal range.
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6.4 Unanswered questions and future directions

The findings presented in this thesis add evidence in support of the hypothesis
“that the final chimerism in a nonmyeloablated recipient highly depends on ‘th_e ratio of
donor to reCipient HSCs.\The experiments deScribéd in this thesis were conducted in a
~murine systerﬁ and no reports are évailable at this point on the effect of HSC expansion -
-strétegiesv |n non-human large animal models in nonmyeloablative conditions.
Therefore studies are needed to confirm the findings in mice to higher models closer to
the human system. |

To confirm and extend the findings in mice on HOXB4 mediated HSC expansion
to the human system for possible future clinical applications, HOXB4 is under intense
study in human and in nonhuman primate models. Current evidence indicates that the
ability of HOXB4 to promote expansion of HSC extends to human, dog and’ non human:
primates. While the levels of expénsion so far achieved appear to be somewhat less
than observed in the murine model, the findings encourage further testing and
optimization of HOXB4 and even -mor.e potent molecules such as NUP98-HOXA10hd
as vdescribed here. In gene therapy applicati‘ons the use of retroviral vectors for the
delivery of genes has emerged as an unsafe procedure with the associated risk of |
insertional mutagenesis. Furthermore, it is not.clear‘what the lohg-term effect on HSC
could be, especially of genes that trigger HSC proliferation. For this reason, better
methods for vthe transient expression of Qenes or for the transient delivery of proteins
have to be» engineer’ed. To .this end, a fusion_proteih of HOXB4 wi-th'tn\he protein
transduction domain of the HIV transactivating protein (TAT) has been produced and

tested as a potential growth factor for stem cells (Krosl et al., 2003a). This strategy has

avoided the potential risk of insertional mutagenesis but the effect documénted on
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murine HSCs was low. Work is in p_rbgress to improve the stability of this protein and
efficacy of tﬁis del‘ivery system. Furthe‘rmore the TAT fusion with NUP98-HOXA10hd is
also being produced and shortly will be tested in o.ur laboratory for its biologic effect on
hematbpoietic cells. | | |

It is my hope ’that the findings deécribed in this thesis help further the
understanding of thé dynamic of engraftment in nonmyeloablafive HSCT. Thé efforts
put into finding HSC strategies for future clinical apblications will aliow for better use of
différent HSC sources such as UCB and will hopefully lead to safer HSC therapies for

the treatment of inherited blood disorders.
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