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Summai‘y

A major problem limiting hematopoietic stem cell (HSC) gene therapy is the low
effictency of gene transfer into human HSCs using retroviral vectors. Strategies, which
would allow in vivo expansion of gene-modified hematopoietic cells, could circumvent
the problem. To this end, we developed a selective amplifier gene (SAG) consisﬁng of a
chimeric gene composed of the granulocyte colony-stimulating factor (G-CSF) receptor
gene and the estrogen receptor gene hormone-binding domain. We have previously
demonstrated that primary bone marrow progenitor cells transduced with the SAG could
be expanded in response to estrogen in vifro. In the present study, we evaluated the
efficacy of the SAG in the setting of a clinically-applicable cynomolgus monkey
transplantation protocol. Cynomolgus bone marrow CD34" cells were transduced with
retroviral vectors encoding the SAG and reinfused into each myeloablated monkey.
Three of the six monkeys that received SAG transduced HSCs showed an increase in
the levgls of circulating progeny containing the provirus in vivo following
administration of estrogen or tamoxifen without any serious adverse effects. In one
monkey examined in detail, transduced hematopoietic progenitor cells were increased
by several-fold {from 5% to 30%). Retroviral integration site analysis revealed that this
observed increase was polyclonal and no outgrowth of a dominant single clonal
population was observed. These results demonstrate that the inclusion of our SAG in the
retroviral construct allows selective in vivo expansion of genetically modified cells by a

non-toxic hormone treatment.
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Introduction

Hematopoietic stem cells (HSCs) are desirable targets for gene therapy based
upon their self-renewal and multilineage differentiation abilities and retroviral vectors
are the most extensively employed for HSC gene therapy applications. However, gene
transfer efficiency into HSCs using retroviral vectors has been disappointingly low.’
The quiescent nature of human HSCs along with the low density of retroviral receptors
on their surface has hindered the efficiency of gene transfer with retroviral vectors.?
Many efforts have been made to improve upon the gene transfer efficiency into HSCs
using nonhuman primate models.® One promising strategy to overcome these limitations
is to expand gene-modified hematopoietic cells in vivo after transplantation. Should in
vivo expansion be feasible, clinically relevant gene transfer levels could theoretically be
achieved even with very low initial engraftment levels of successfully genetically
modified cells.

To this end, several investigators have explored strategies designed to confer
chemotherapeutic drug resistance to HSCs by the introduction of the multidrug
resistance (MDR)-1 gene allowing selection and expansion of transduced HSCs in vivo
after transplantation by administration of an MDR-pumped drug such as Ataxol."'8
Although in vive selection of transduced cells with the MDR-1 gene appeared feasible
in mice,® it has been difficult to roument such selection in nonhuman primates or
humans.>® In vivo selection with the MDR-1 gene may have resulted from selection at

the level of relatively mature precursor cells, not at the level of HSCs, since HSCs
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express the MDR-1 gene.”!! In addition, aberrant splicing of the vector-derived MDR-1
transcript has been shown in human hematopoietic cells, which lead to the generation of
nonfunctional, truncated MDR-1 gene product.'? Furthermore, mice transplanted with
ex vivo expanded MDRI1-transduced HSCs developed a myeloproliferative disorder,
raising concerns about this approach and questioning the nature of the selection
observed in earlier studies.”® Several alternative drug resistance genes have been studied
in vitro, including O°%-alkylguanine-DNA-alkyltransferase, which confers protection to

1415 and mutant dihydrofolate reductase.'®'” Although the

some alkylating agents
strategy using the mutant dihydrofolate reductase has proven feasible in vivo in mice,"’
confirmatory studies in nonhuman primates or humans have not yet been reported. An
alternative strategy for in vivo expansion of transduced cells is to confer a direct
proliferative advantage to the gene-modified cells relative to their nontransduced
counterparts. Some groups developed selective amplifier genes or cell growth switches,
which are chimeric genes expressing a fusion protein composed of a growth factor
receptor signaling domain and its specific molecular switch.'*'® Blau ef al. developed
cell growth switches that are cytokine receptor-FK506 binding protein (FKBP) fusion
genes to confer inducible proliferation to transduced cells."” In their system, cytokine
receptor signaling is turned on by treatment with a synthetic dimerizer FK1012 or its
derivatives. Although the original FK1012 is complicated by its potential interactions

with endogenous FKBPs leading to immunosuppression of recipients, its derivatives

(AP1903, AP20187 et al.) have been designed to reduce this interaction.?! Successful in
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vivo expansion of gene-modified hematopoietic cells was obtained using the cell growth
switch composed of the intracellular part of Mpl and FKBP in a murine model %

We previously developed a chimeric selective amplifier gene (SAG) composed
of the signalling domain of the granulocyte colony-stimulating factor (G-CSF) receptor
and the estrogen receptor hormone-binding domain, and demonstrated that primary
bone marrow progenitor cells transduced with the SAG could be expanded in response
to estrogen or tamoxifen in vitro.'***** The estrogen receptor-mediated dimerization of
the chimeric gene product is assumed to be critical for the activation of the G-CSF
receptor signaling*> We have further shown that ir vivo expansion of transduced cells
with the SAG is feasible in a murine transplantation model.*® Adaptation of this in vivo
selection system for use in nonhuman primates should determine its clinical feasibility.

In this study, we evaluated efficacy of the SAG in the setting of a clinically-applicable

nonhuman primate (cynomolgus monkey) transplantation protocol.
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Results

Construct of retroviral veciors.

The selective amplifier gene (SAG) is a chimeric gene composed of the G-CSF
receptor gene and the estrogen receptor gene hormone-binding domain (Fig. 1)."® To
abolish responsiveness to G-CSF, the G-CSF-binding domain was deleted from the
chimeric gene. Thus, G-CSF signaling can be generated by treatment with estrogen but
no longer with G-CSF. The G-CSF receptor transmits‘two signals; proliferation and
differentiation. The differentiation signal was undesirable for the purpose of ‘expansi'on
of transduced cells. To abolish the differentiation signal, tyrosine 703 was replaced by
phenylalanine (Y703F), as this residue is reported to be involved in the differentiation
signaling.”” We previously demonstrated that this SAG (estrogen-responsive SAG, or
designated GCRER) product predominantly transmits a proliferation signal by treatment
with estrogen in vitro® We constructed a further modified SAG in which a point
mutation (G525R) was introduced into the estrogen receptor moiety of the GCRER (Fig.
1).2*® This SAG product (tamoxifen-responsive SAG, or designated GCRTmR) no
longer reacts to endogenous estrogen but reacts to synthetic hormones such as
tamoxifen (Tm).*

To facilitate monitoring in vivo, we constructed a bicistronic retroviral vector
expressing both GCRER (as the first cistron) and green fluorescent protein (GFP; as the
second cistron) (Fig. 1). The internal ribosome entry site (IRES) enables coordinated

expression of both genes.”’ Retroviral vectors expressing only GCRER, GCRTmR, or
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GFP were also constructed (Fig. 1).2* Additionally, we prepared control, non-expressing
retroviral vectors (G1PLI and G1PLII) which contain non-translated sequences from the

neomycin resistance and p-galactosidase genes by disrupting the first ATG codons.*

Single marking study.

To increase the likelihood of primitive hematopoietic cell cycling and thus
retroviral transduction, stem cell factor (SCF) and G-CSF were administered to the
animals prior to bone marrow h.'«.u"vesting.31 Furthermore, this strategy could allow
CD34" HSCs, if any, to convert to CD34" HSCs, thus increasing the number of HSCs
included in the CD34"-cell fraction.** Bone marrow CD34" cells were harvested from
four cynomolgus monkeys primed with these cytokines. As summarized in Table 1,
CD34' ceils were transduced with a retroviral vector expressing only GFP in two
monkeys (C1 and C2) or with a retroviral vector expressing both SAG and GFP
(GCRER/GFP) in the other two monkeys (S1 and S2). The transductions were
performed for 4 days in the presence of multiple cytokines including Fit-3 ligand and
RetroNectin™ »*** Following ex vivo transduction, gene transfer efficiency was
assessed by semiquantitative PCR performed on the end transduction product or by
PCR of individual clonogenic progenitors {colony forming units, CFU) derived from the
sample. Thirteen to 40% of cells contained the provirus, and 10 to 70% of colonies
formed by the cells contained the provirus (Table 1). There was little correlation

between transduction efficiency estimated by the two methods, yet this observation has
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been repeatedly reported in.nonhuman primate models.”® The transduced cells were
infused into each animal after myeloablative conditioning by total body irradiation.”

The presence of the GFP gene within the vector construct allows assessment of
transgene expression by fluorescence among peripheral blood cells and bone marrow-
derived clonogenic colonies after transplantation. However, few peripheral blood cells
fluoresced and bone marrow-derived colonies fluoresced at very low levels. Several
explanations for such poor transgene expression have been offered previously including
transgene silencing >* and poor expression of the second cistron in a bicistronic vector,”®
the position of the GFP gene in our construct. To avoid complicating the analysis of the
gene transfer efficiency by assessment of the GFP expression, we defined gene transfer
efficiency as the percentage of provirus-containing cells. We examined the provirus in
peripheral blood and bone marrow-derived CFU by PCR after transplantation.

In the two monkeys transplanted without the SAG (C1 and C2), around 5-10%
of CFU contained the provirus for more than 1 year after transplantation (data not
shown). In one female recipient of cells transduced with the estrogen-responsive SAG
(81), although only 10% of CFU contained the provirus in the ex vivo transduced cell
population (Table 1), nearly ha.lf of bone marrow-derived CFU contained the provirus
just after transplantation without administration of estrogen (Fig. 2). Some transduced
cells presumably reacted to endogenous estrogen or estrogen-like substances. Six
months after transplantation, the transduced fraction dropped to 5%, at which point

estrogen administration was initiated. Following estrogen administration, the percentage

17



of CFU containing the transgene increased up to 30% (Fig. 2). A lineage preference for
myeloid over erythroid colony formation was not observed in the presence of the SAG
that generated the G-CSF receptor-mediated proliferation signal in the cells. Peripheral
blood cells containing the SAG vector sequence also increased from <0.1% to ~1%
(data not shown) in response to estrogen administration. Estrogen-responsiveness was
not demonsfrable in the second animal (S2) as the fraction of CFU containing the SAG
sequence was not increased following estrogen administration (data not shown). The
development of an estrogen related thoracic deformation precluded subsequent estrogen

admintstration,

Dual marking study.

Dual genetic marking was subsequently employed to compare the effect of the
SAG vectors to non-SAG vectors within, rather than between, individual animals. From
four monkeys (D1-4), cytokine-primed bone marrow CD34" cells were harvested and
split into two equal aliquots. One aliquot‘was transduced with an SAG-vector and the
other with a bontrol, non-expressing vector (Table 1). Both aliquots were reinfused
simultaneously into each animal following myeloablative conditioning. The animals
received toremifene (a derivative of tamoxifen; D1 and D2)*’ or hydroxytamoxifen (an
active metabolite of tamoxifen; D3 and D4) after transplantation and in vivo marking
levels derived from the two populations were examined andl compared by PCR.

The results of two monkeys (D1 and D2) which received toremifene are shown
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