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Abstract

We have developed a lentiviral vector system for human factor 1X (hF1X) gene transfer in
hematopoietic stem cells (HSCs) that provides erythroid cell-derived systemic protein delivery
following nonmyeloablative conditioning and in vivo methylguanine methyltransferase (MGMT)
drug selection. After bone marrow transplantation under moderate Busulfan conditioning, the initial
hFIX expression in the chimeras was minimally detectable. However, the hFIX levels rose sharply
following in vivo MGMT-drug selection and eventually reached a level that is considered curative
in hemophilia B therapy (>500 ng/ml). The rise of hFIX levels was proportional to the increase in
vector copy (VC) number in peripheral blood cells. High levels of hFIX expression were maintained
in serially engrafted mice chimeras for 18 months. Importantly, high-level hFIX expression by
erythroid cells did not result in anemia or adversely affect red blood cell counts. The prospect of
combining reduced intensity conditioning, a presumably lowered risk of insertional mutagenesis due
to low VC number requirement and erythroid-restricted transgene expression, as well as long-term
protein expression at high level, strongly supports the potential applicability of adult stem cell-based
gene therapy in nonlethal blood or metabolic disorders, as demonstrated here for hemophilia.

INTRODUCTION

The safe and effective gene modification of hematopoietic stem cells (HSCs) is one of the
essential goals of gene therapy. HSCs are very promising target cells for developing gene
therapies to treat various hematological as well as nonhematological diseases because of their
self-renewal capacity and ability to generate all blood lineages. -3 However, the broad use of
genetically modified HSCs is currently limited by the toxicity associated with the use of
conditioning regimens needed to achieve good engraftment of transduced cells, suboptimal
transgene expression as a result of poor vector design, low gene transfer in HSCs and gene
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silencing after vector integration, as well as the risk of insertional mutagenesis associated with
the use of long terminal repeat-driven vy retroviral vectors.

Using an erythroid-specific lentiviral vector and lethal irradiation as conditioning, we
previously demonstrated the feasibility of directing long-term secretion of a clotting factor,
human factor IX (hFIX), from HSC-derived erythroid cells. Therapeutic levels (250-350 ng/
ml) of plasmic hFIX were obtained in peripheral blood of radiation chimeras harboring 0.2-0.6
vector copies (VCs) per cell.4 Having developed a dual-gene expressing lentiviral vector
encoding hF1X and methylguanine methyltransferase (MGMT) mutant P140K, we investigate
here whether high-level therapeutic gene expression can be achieved in HSC-based gene
therapy under low toxicity nonmyeloablative conditioning and subsequent O8-benzylguanine
(BG) and 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) in vivo MGMT-drug selections, which
has been demonstrated previously to be an effective in vivo drug selection strategy.5'7

High levels of hFIX expression were achieved in primary hematopoietic chimeras conditioned
with a nonlethal dose of Busulfan and BG/BCNU. These therapeutic levels of hFIX expression
were sustained over long term in the primary, secondary, and tertiary chimeras (total 18
months). We therefore conclude that this nonmyeloablative approach using the dual-gene
expressing lentiviral vector system warrants further investigation as a potentially safe and
efficient HSC-based systemic protein delivery strategy.

High-level hFIX expression achieved by efficient MGMT in vivo selection

We first constructed a dual-gene expressing lentiviral vector that encodes hFIX and MGMT
mutant P140K. hFIX is under the transcriptional control of the human B-globin promoter,
enhancers and locus control regions (Figure 1a). This erythroid-specific gene expression
system has been demonstrated to confer a robust transgene expression in erythroid Iineage.8
In addition, this vector expresses the MGMT mutant P140K? under the transcriptional control
of the human phosphoglycerate kinase promoter.

We transduced bone marrow cells of hemophilia B mice, transplanted them in syngeneic
recipients after nonmyeloablative conditioning using Busulfan. In vivo MGMT selection was
initiated after transplantation as shown in Figure 1b. After engraftment, low levels of gene
transfer and hF1X expression were obtained initially in Busulfan-conditioned recipients (Figure
2a and c), as well as in control mice treated with lethal irradiation (Figure 2b and c). After first
BG/BCNU selection, the plasma levels of hFIX expression were significantly increased in
Busulfan-conditioned mice (195.0 £ 85.6 ng/ml, week 14 post-transplantation) (Figure 2a).
Following second BG/BCNU selection, hFIX levels in this group of mice were further
increased to 487.5 = 191.9 ng/ml with corresponding increase of the VC number in the
peripheral blood (0.73 + 0.13 \VVC per cell, week 20 post-transplantation) (Figure 2a and c).
The hFIX levels in these mice continued to rise following third BG/BCNU selection and
eventually reached 1,669.8 + 441.4 ng/ml at 2.29 + 0.16 VC per cell (week 27 post-
transplantation) (Figure 2a and c).

To assess the efficiency of hFIX production by this erythroid-specific lentiviral vector in
chimeras following MGMT selection, the hFIX plasma levels were normalized against
peripheral blood VC numbers. The average hFIX level reached 771.8 + 112.6 ng/ml per VC
at week 27 post-transplantation (Figure 2d). Three long-term chimeras were further analyzed
to determine the fraction of hFIX-positive cells in total erythroid (Ter119 positive) lineage
cells (Figure 2e). The average hFIX-fluorescein isothiocyanate (FITC) staining positive cells
was 70.1 + 10.8% as determined by fluorescence-activated cell sorting analysis, corresponding
to plasma hFIX level of 773.3 £ 55.2 ng/ml as assayed by enzyme-linked immunosorbent assay.
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In contrast, hFIX expression in the irradiation control mice without MGMT selection remained
at very low level over the same period (Figure 2b). These data indicate that therapeutic levels
of hFIX expression can be achieved by incorporating single VC per cell using this erythroid-
specific vector system in large population of erythroid cells, rather than multiple VC insertion
per cell using other vector systems.

levels of hFIX were sustained in serially engrafted mice

High levels of hFIX expression were sustained in the secondary (728.8 + 145.3 ng/ml, week
30 post secondary transplantation) (Figure 2f) and tertiary engrafted mice (671.5 + 115.8 ng/
ml, week 15 post tertiary transplantation) (data not shown) up to 18 months after the initial
primary bone marrow engraftment. The overall high level and sustained hFIX expression in
the primary, secondary, and tertiary chimeras indicates the successful gene transfer and
subsequent enrichment of vector-integrated multipotent progenitor cells in the primary
engrafted mice after MGMT selection, as well as the healthy self-renewal and propagation of
these progenitor cells in the subsequent engraftments.

RT9-hFIX/PGK-MGMT dual-gene expression system allows erythroid-restricted hFIX and
nonlineage-specific MGMT expression

Therapeutic

To demonstrate the dual-gene expression capability of this vector system, fluorescence-
activated cell sorting analysis was performed on hematopoietic cells collected from long-term
chimeras. hFIX was exclusively expressed in erythroid compartments (Ter119 and CD71
positive cells) by RT9-hFIX-SI-MGMT chimeras, but not in other lineages of blood cells
(Figures 3a and 4a). The fact that hFIX (+) splenocytes were mostly Ter119 positive (34.3%
positive, 0.81% negative), but only partially CD71 positive (27.3% positive, 16.1% negative)
indicates the presence of hFIX protein in more mature erythroid cells, as expected from the
developmental stage specifically of the B-globin promoter. Ter119 surface antigen is a pan-
erythroid marker, whereas CD71 is present only up to the orthochromatic erythroblast stage.
The population of hFIX-positive mature erythrocytes is thus present in the CD71 negative
quadrant (Figure 3a). In contrast, MGMT P140K gene expression was detected in all lymphoid
and myeloid lineage cells (Figures 3b and 4b). The exclusive erythroid lineage-restricted
expression of hFIX is in agreement with our previous finding using a monogenic erythroid-
specific lentiviral vector.# These results demonstrate that we have established a dual-gene
expression vector system that is capable of erythroid-specific delivery of therapeutic protein
in the presence of a nontissue-specific drug-resistant gene MGMT P140K expression.

protein delivery by erythroid cells does not adversely affect red blood cell

homeostasis

We next investigated whether expression of a secreted exogenous protein by erythroid cells
would affect hemoglobin synthesis and red blood cell homeostasis. By linear regression
analysis of the correlation between plasma hF1X expression levels measured by enzyme-linked
immunosorbent assay and the hemoglobin concentration levels and erythrocyte counts, it was
concluded that hFIX expression levels in the chimeras did not significantly interfere with the
plasma hemoglobin levels, nor did they affect the erythrocyte counts (Figure 5). Therefore,
this analysis indicates that high-level expression of hFIX directed by erythroid cells does not
result in anemia or adversely affect red blood cell counts. Compared with Busulfan-treated
mice (Figure 5a and b), the overall hemoglobin concentration levels and erythrocyte counts
were low in mice conditioned by lethal irradiation (Figure 5c and d). The slower recovery of
hematopoiesis in these mice is likely due to the more toxic treatment as a result of the
myeloablative irradiation conditioning.

To further assess the effect of exogenous hFIX expression on morphological development of
red blood cells, confocal microscopy was performed using peripheral blood collected from
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RT9-hFIX-SI-MGMT chimeras. Based on our previous observation that residue hFIX protein
trapped in mature erythrocytes after hFIX expression in late stage of erythroblast can be
immunologically detected,? red blood cells collected from peripheral blood of RT9-hFIX-SI-
MGMT chimeras were double stained for surface erythroid marker Ter119 and intracellular
hFIX. Erythrocytes expressing hFIX were specifically identified by the FITC-labeled anti-
hFIX antibody, as compared to the control mouse samples (Figure 6a and b). The morphologic
phenotype of hF1X-expressing erythrocytes does not appear to be different from red blood cells
collected from control mice (Figure 6a and b), in contrast to that of thalassemic mice
(Hbbth3/*) (data not shown). Altogether, these results suggest that high-level hF1X expression
by erythroid cells does not adversely affect the development and morphology of erythrocytes.

The biological and immunological effects of hFIX production in hemophilia B mice

The biological activity of erythroid cell-expressed hFIX has been studied extensively before.
4 It has been demonstrated to be biologically active as measured by activated partial
thromboplastin testing, and is corresponding to 50-60% of what was expected on the basis of
plasma hFIX concentrations determined by enzyme-linked immunosorbent assay.4 Here, we
further analyzed the biological activity of erythroid cell-produced hFIX in mice treated by
nonmyeloablative conditioning using Busulfan (Table 1). The results confirmed that erythroid
cell-expressed hF1X is biologically active in mice either treated with nonmyeloablative
Busulfan or with lethal irradiation conditioning, and the bioactivities are again in the 50-60%
range even at high levels of expression. This level of bioactivity is consistent with a reduced
level of y-glutamyl carboxylase expression in hematopoietic cells in comparison to liver.10
We have previously demonstrated by tail-clipping assay that phenotypic correction of the
hemophilia mice can be achieved in radiation chimeras producing 50 ng/ml hFIX or more.4
Here, we extended our previous findings and confirmed that phenotypic correction can also be
achieved in mice treated by nonmyeloablative conditioning using Busulfan (Table 1). We have
confirmed the absence of hF1X-specific antibodies in either nonmyeloablative Busulfan or
radiation chimeras (data not shown). In addition, the majority of the mice expressing hFIX
above a level of 37 ng/ml established immune tolerance against hFIX when challenged by
Mononine and Titermax. These immune-tolerance effects induced by chimeras producing
hFIX in their erythroid cells correlate well with our previous findings in lethal radiation
chimeras.

DISCUSSION

We have successfully developed a lentiviral vector system that yields high-level systemic
protein delivery and also addresses some of the safety and efficiency concerns associated with
transgene engineering of HSCs. This vector comprises two transcription units: one that
overcomes silencing and expresses high level of hFIX at low VC number, and the other that
allows for MGMT-based in vivo drug selection of transduced hemotopoietic cells. Using this
approach, high-level hFIX expression has been achieved in chimeras after nonmyeloablative
conditioning and in vivo MGMT-drug selection. Efficient hFIX transgene expression reached
a level that is considered curative in hemophilia gene therapy (>500 ng/ml)11 in chimeras
bearing in average a VC of 1-2 per cell. This is by far the highest level of therapeutic protein
delivery achieved by HSC-based gene therapy approaches on a VVC basis. The requirement for
hFVI1I1 expression in hemophilia A is considerably less (20-200 ng/ml).

This is a significant improvement over the erythroid-restricted therapeutic protein delivery
platform we developed earlier,% in which radiation chimeras with an average VC of 0.5 had
levels of 250-350 ng/ml of hFIX expression. Although both vector systems adopted the
powerful B-globin synthesis capability of erythroid cells for systemic therapeutic protein
delivery, there have been major differences in conditioning regimens for bone marrow
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engraftment, the requirement of levels of gene transfer, and the option of enrichment of vector-
integrated progenitor cells through in vivo drug selection. Combining the advantages of
moderate conditioning for engraftment, lowered requirement for gene transfer, and enrichment
of vector-integrated progenitor cells by MGMT-drug selection, we have extended our previous
findings and established a clinically applicable erythroid-specific therapeutic protein delivery
system. Importantly, hFIX levels in this study were increased from minimally detectable level
to a very high plasma level (1,600 ng/ml) with corresponding VC increase after just three
rounds of MGMT selection. This study thus demonstrates that under low gene transfer and
mild conditioning regimens, it is possible to achieve therapeutic level of hFIX expression at a
moderate level of VC number after MGMT-based in vivo drug selection.

The high level of gene expression conferred by this vector system should be mainly credited
to the use of erythroid-directed transgene expression utilizing multiple optimized regulatory
elements, which we have previously shown to overcome gene silencing and position effect to
drive efficient expression of human B-globin chain in thalassemic mice,3 as well as hFIX in
hemophilia B mice.4 This tissue-specific and regulated expression approach is a significant
advance over previous studies using nontissue-specific promoters, which either produced
undetectable or very low levels of the clotting factors,12-15 or only reached therapeutic levels
when multiple VCs were incorporated per cell using a strong nontissue-specific SFFV U3
promoter.1 The later practice may potentially increase the risk of integration-dependent
genotoxicity.17'19

To overcome the limitation of lethal irradiation treatment traditionally used for bone marrow
transplantation and to make HSC-based gene therapy more applicable for development of
therapeutics of nonhematological diseases, we have developed a combination protocol of cell
engineering and Busulfan-nonmyeloablative conditioning, followed by in vivo MGMT-drug
selection. Busulfan is an alkylating chemotherapeutic agent that preferentially exerts more
toxicity on quiescent HSCs, which makes space for more effective engraftment. High doses of
Busulfan have been extensively used in preparatory regimen for allogeneic HSC
transplantation. There is a species difference in the pharmacokinetics of Busulfan:20:21 the
myeloablative dose in humans is 20 mg/kg, whereas in mice it is 150 mg/kg.22 Recently, low
doses of Busulfan have been used to enhance engraftment of autologous CD34* cells in patients
with adenosine deaminase-defective severe combined immunodeficiency patients (4 mg/kg)
23 and in patients with chronic granulomatous disease (8 mg/kg).24 The dose of 8 mg/kg of
Busulfan has also been recently approved for the first US thalassemia clinical trial by RAC.
25 The Busulfan dose used in this study is approximately one-fourth of the myeloablative dose
used in mice and is considered nonmyeloalblative.26 Although effective as an alkylating agent,
Busulfan should be studied further in the future as it is presently unknown whether it may have
long-term undesirable side effects in patients.

To enrich the gene-modified cells after engraftment of bone marrow cells transduced under
low multiplicity of infection, MGMT drug resistance gene selection was used.5 727,28 The
MGMT mutant P140K encoded by the vector was under the transcriptional control of a
relatively weak human phosphoglycerate kinase promoter,29'33 in order to avoid possible
cellular toxicity when MGMT is expressed at high levels (D.A. Williams, Cincinnati Children's
Hospital Medical Center, personal communication, 23 November 2007). We demonstrated
here that MGMT selection offered the selective advantage for enrichment of a small population
of vector-integrated stem cells and achieved an average 1-2 VVCs per cell in the peripheral blood
of chimeras. Furthermore, these MGMT-selected stem cells were capable of expanding without
loss of repopulating ability as demonstrated by sustained and high levels of transgene
expression in the primary, secondary, and tertiary engrafted mice for a total of 18 months. It
is still unclear at this time whether drug selection, which leads to clonal expansion of transduced
progenitor cells, may increase the probability of insertional mutagenesis. However, the major
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advantage of having a powerful tissue-specific promoter shown here is that successful therapy
could be achieved with relatively low overall VC number.

One potential concern of ectopically expressing hFIX in erythroid cells is whether it will affect
hemoglobin synthesis and red blood cell development. We demonstrated here that production
of hFIX at high level did not seem to disrupt hemoglobin synthesis, nor did it disturb red blood
cell development or the morphologic phenotype. This indicates that therapeutic protein
delivery from erythroid cells can be achieved without sacrificing the normal development and
homeostasis of red blood cells due to the enormous capacity of hemoglobm synthesis in the
erythroid cells (7.2 g daily output of hemoglobin in a healthy adult) 3FIX isasecreted vitamin
K-dependent glycoprotein normally synthesized in the liver as a precursor molecule with a
signal peptide which is proteolytically cleaved before secretion.3%:35 Similar to other secreted
proteins, it goes through several post-translational modifications before its secretion in the
endoplasmic reticulum and Golgi apparatus, including y-carboxylation, glycosylation,
sulfation, phosphorylation, and hydroxylation.36 Although detailed mechanisms remain to be
elucidated, the production of secreted hFIX by erythroid cells is not expected to be different.
hFIX transcription should be initiated in early erythroblast (basophilic) cells, and expression
and secretion should be maximized in the late erythroblast (polychromatic and orthochromic)
stage, prior to the ejection of the nucleus. We know from the cell association of hFIX in our
fluorescence-activated cell sorting analysis and confocal microscopy study that hFIX secretion
by erythroid cells is not absolute. There is still some residue of FIX in the fully matured
erythrocytes. However, it is important to know that most of the FIX produced is secreted and
the residue cell-associated hF1X is not harmful to the red blood cells, assessing from the high
levels of circulating FIX, the normal levels of hemoglobin and red blood cell counts, as well
as normal erythrocyte morphology. Furthermore, judging from the high levels of FIX
expression normalized to VC number (600-800 ng/ml per VC number) and in comparison
with one of the strongest nontissue-specific gene expression systems that yielded low initial
FIX levels and eventually silenced over 5-7 months after engraftment, our erythroid cell
specific FIX expression system is perhaps the most efficient HSC-based gene expression
system so far characterized in literature.

Recently, advances have been made in the preclinical studies of HSC-based hemophilia A gene
therapy by several groups. 26,37-39 Hemophilia A is a clinically more prevalent disease than
hemophilia B, with more severe inhibitor problems in patients receiving clotting factor
treatment.40 The physiological level of the clotting factor VI1II (200 ng/ml), which is deficient
in hemophilia A, is 25-fold less than that of the FIX (5,000 ng/ml). 33 Therefore, the
requirement for gene expression in hemophilia A gene therapy is much less demanding. Using
murine stem cell virus-based vector and nontissue-specific gene expression, therapeutic levels
of FVIII have been achieved in hemophilia A mice under nonmyeloablative doses of
irradiation, Busulfan, or Busulfan with antithymocyte serum. 26,37 | addition,
megakaryocyte/platelet-directed FVII1 gene expression has been attempted using either
transgenics or lentiviral gene delivery into HSC. 41,42 Although these promoters are relatively
weaker than our erythroid-specific delivery system, the potential advantage of this platelet-
directed FVIII delivery is that FVII1 can be therapeutic even in the presence of high titer anti-
FVIII inhibitory antibodies, although the degree of improved protectlon in the presence of
inhibitors is limited, as demonstrated in the transgenic model. 41 comparison with our
erythroid delivery system, platelet-directed FVI11 gene delivery, which is confined to platelets
and therefore not detectable in circulation, is more restricted for potential management of
hemostasis and megakaryocyte-platelet related diseases.

We report here a nonmyeloablative conditioning and MGMT selection protocol to address in
part the safety and efficiency issues associated with HSC-based gene therapy. To translate this
research finding to hemophilia treatment, we plan to first study this therapeutic strategy in
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canine model of hemophilia. Recent clinical studies aiming to treat hemophilia B by genetic
approaches have been hampered by limited gene transfer in the muscle or transient and
immunogenic gene transfer in the liver. 40 The HSC-based gene therap% approach described
here, as well as other progenitor cell and systemic genetic approaches 4 are therefore
relevant therapeutic strategies for future hemophilia treatment. Furthermore, this powerful
dual-gene expression vector system can be used as a paradigm for tissue-specific therapeutic
protein delivery in vivo (Figure 7). The high-level hFIX expression afforded using our
erythroid-specific protein expression approach can be extended to a number of diseases that
require high-level and systemic protein dellvery 3 These diseases include congenital or
acquired deficiencies of clotting factors (factors VIII and IX), various enzymes (lysosomal
storage diseases, adenosine deaminase, and ApoE), as well as antiangiogenic factors or
humanized antibodies for cancer treatment.

MATERIALS AND METHODS

Vector design and production

The RT9-hFIX-SI-MGMT construct (Figure 1a) was derived from RT9-hFIX-SI14 that encoded
the hFIX cDNA with a short intron under the transcriptional control of the B-globin promoter,
enhancers and locus control region. The human phosphoglycerate kinase promoter and MGMT
P140K cDNA (a kind gift from Dr. Nachimuthu Chmnasamy) were cloned to the 3'-end of
the vector. Viral stocks were generated by triple transfection of the recomblnant vectors,
pCMVARS8.91, and pMD.G into 293T cells and concentrated as described.4

Animal procedures

All animal work was approved by the Institutional Animal Care and Use Committee at
Memorial Sloan-Kettering Cancer Center. Donor bone marrow was collected from 8- to 16-
week-old male C57BL/6 FIX- mice®® (kind gift of Dr. Inder Verma) that had been injected
intravenously 4-6 days earlier with 5-fluorouracil (Pharmacia, Piscataway, NJ) (150 mg/kg
body weight). Bone marrow cells were resuspended in X-VIVO 15 (BioWhittaker, Cambrex
Bio Sci), supplemented with stem cell factor (100 ng/ml) and thrombopoietin (50 ng/ml) (R&D
Systems), B-mercaptoethanol (0.5 mmol/l; Sigma), L-glutamine (200 mmaol/l), penicillin [100
International units (IU)/ml], and streptomycin (100 pg/ml), and cultured overnight (8-12
hours). For nonmyeloablative conditioning, recipient mice (8- to 16-week-old female C57BL/
6 FIX- mice) were injected with Busulfan (Busulfex; ESP Pharma) (diluted to 2 mg/ml in
saline) at 20 mg/kg intraperitoneally, 72 and 48 hours before transplant. Bone marrow cells
were transduced in serum-free medium on Retro-Nectin-coated 6-well plate (15 pg/ml;
TAKARA Shuzo, Otsu, Japan) at low multiplicity of infection (1.1:1) for 8 hours. The
transduced cells were then administered intravenously to each of the irradiated recipients (5 x
10°to 1 x 106 bone marrow cells per mouse). To establish secondary and tertiary bone marrow
chimeras, 1 x 107 to 2 x 107 bone marrow cells from primary donors were injected into lethally
irradiated recipient mice. At indicated time, mice for MGMT-based in vivo drug selection were
given BG (Sigma) intraperitoneally at 30 mg/kg, which was followed by Carmustin (BCNU;
Bristol-Myers Squibb) intraperitoneally at 5 mg/kg after 1 hour (Figure 1b).

Immunoassay to determine concentrations of hFIX

Concentrations of hFIX in mouse plasma samples were determined using enzyme-linked
immunosorbent assay as described.4 Briefly, 96-well plate was coated with a monoclonal anti-
hFIX antibody (clone HIX-1; Sigma) in a dilution of 1:800. The wells were blocked by
phosphate-buffered saline with 5% fetal calf serum. Mouse plasma samples were diluted in
phosphate-buffered saline with 2% fetal calf serum to concentrations within the linear range
of the standard curve. A polyclonal goat anti-hFIX antibody conjugated with horseradish
peroxidase (Affinity Biologicals, Hamilton, Ontario, Canada) was used as the secondary
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antibody in a dilution of 1:800. After applying ABTS substrate (Zymed, South San Francisco,
CA), the 96-well plate was read at a single wavelength of 415 nm.

Determination of VC number using Tagman PCR

DNA was extracted from retro-orbitally collected mouse blood samples using a DNAeasy kit
(Qiagen). The real-time Tagman PCR was performed and analyzed on a ABI 7500 PCR System
(Applied Biosystems, Foster City, CA). For multiplex PCR, two sets of primer-probe
combinations were used. The primer-probe set for the detection of the lentiviral vector was as
follows: the forward primer, GAG-F (5-GGAGCTAGAACGATTCGCAGTTA-3'); the
reverse primer, GAG-R (5'-GGTTGTAGCTGTCCCAGTATTTGTC-3'); and the probe,
GAG-P (5’-6FAM-ACAGCCTTCTGATGTTTCTAACAGGCCAGGTAMRA-3').46 The
primer-probe set for the endogenous control was a mouse B-actin endogenous control from
Applied Biosystems (20x, VIC di/e/MGB probe). The VC number per cell was determined by
a relative quantification analysis 5 over VC control NIH 3T3 cells.

Flow cytometric analysis of cell surface blood lineage markers and intracellular staining of
hFIX and MGMT expression

Mouse splenocyte samples were collected from mouse by grinding the cut spleen against a 40
umol/l Mesh filter (Fisher Scientific). The cells were then surface stained by erythroid cell
markers Ter119, CD71, markers for myeloid (GR-1, CD11b), or lymphoid (CD3, B220), using
antibodies conjugated with phycoerythrin (all from BD Biosciences). Following surface
staining with indicated lineage markers, the cells were fixed and permeablized with the FIX
& PERM kit (Caltag Laboratories) according to the manufacturer's instructions. For
intracellular staining of hFIX, the affinity purified polyclonal goat anti-hFI1X antibody
conjugated with FITC (Affinity Biologicals, Hamilton, Ontario, Canada) was used. For
intracellular staining of MGMT, a biotin-labeled mouse anti-MGMT monoclonal antibody
(NeoMarkers, Fremont, CA) was used, which was followed by streptavidin-FITC (BD
Biosciences). All flow cytometry analysis was done on a FACScan cytometer (BD
Biosciences) and analyzed on FlowJo software, Version 6.2.1 (TreeStar).

Confocal microscopy

Mouse red blood cell samples collected from retro-orbital bleeding were fixed and permealized
as described. Briefly, blood samples were first surface stained by Alexa Flur 700 labeled anti-
mouse Ter119 (Biolegend, San Diego, CA) and fixed in 1 ml cold 0.05% glutaraldehyde in
phosphate-buffered saline for 10 minutes. Surface-stained cells were then permeablized by
0.1% Triton X-100 for 10 minutes at room temperature, blocked by phosphate-buffered saline
with 5% normal goat serum, and intracellularly stained with goat anti-hFIX conjugated with
FITC (Affinity Biologicals, Ontario, Canada). Cells were then washed and transferred onto
poly-L-lysine coated glass slides by cytospin (500 rpm for 3 minutes). Mobilized cells were
mounted in ProLong Gold antifade reagent (Invitrogen) and visualized after a 24-hour curing
period with a Leica SP2 confocal microscope. Images were analyzed using the MetaMorph
offline software (Universal Imaging) and the Adobe Photoshop (Adobe).

Red cell hematologic studies

Blood samples were obtained by retro-orbital puncture under anesthesia. Total hemoglobin
levels and red cell counts were measured on a blood cell count analyzer (Coulter ACT diff
Analyzer, Beckman Coulter).
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Statistical methods

Li

near regression analysis was used to test whether there was any correlation between plasma

hFIX levels and red blood cell counts or hemoglobin concentration using Prism version 4
(GraphPad Software).
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Figure 1. Schematic representation of the self-inactivating lentiviral vector and experimental
design

(8) RT9-hFIX-SI-MGMT vector encodes human factor 1X (hF1X) cDNA with a truncated hFIX
intron placed between the first and second exon sequences of hFIX under the transcriptional
control of the B-globin promoter (Pg), the 3’ B-globin enhancer (E) and p-globin locus control
region (LCR); and the human phosphoglycerate kinase promoter (Pp) and methylguanine
methyltransferase (MGMT) P140K mutant gene is also included. (b) Experimental design for
nonmyeloablative hematopoietic stem cell-based gene transfer and in vivo drug selection.
Basically, C57BL/6, FIX recipient mice were conditioned by administration of Busulfex,
intraperitoneally 20 mg/kg, twice at 72 and 48 hours before engraftment. Bone marrow cells
from syngeneic donor mice were then transduced overnight using RT9-hFIX-SI-MGMT
vector. Three MGMT selections were performed using BG/BCNU at indicated time intervals.
BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; BG, O8-benzylguanine; cPPT, central
polypurine tract; LTR, long terminal repeat.
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Figure 2. Efficient selection of methylguanine methyltransferase (MGMT) P140K expressing
hematopoietic stem cells leads to high-level and sustained hFIX expression in primary and
secondary mice

hFIX plasma levels monitored over 27 weeks in (a) Busulfan treatment group (n = 4) and (b)
irradiation control group (n = 5). Three BG/BCNU selections (30 and 5 mg/kg, respectively)
were performed in Busulfan-conditioned mice only (a, c, d) (indicated by black arrows). The
5 and 10% levels in a and b corresponding to human physiological levels of plasma FIX are
indicated. These levels are considered therapeutic and curative, respectively, in human therapy.
(c) Peripheral blood vector copy number (VCN) was determined by Tagman quantitative PCR
analysis and was monitored over the same period. (d) hFIX expression in Busulfan-conditioned
mice normalized by peripheral blood VCN. (e) The hFIX production and corresponding
proportion of Ter119/hFIX double positive cells in total Ter119 positive cells analyzed by flow
cytometry in three long-term chimeras (S1.1, S1.2, T2.2). (f) High levels of hFIX expression
was sustained in secondary chimeras over 30 weeks (n = 4). Statistical analyses were done for
a-d, and f. The probability of a statistically significant difference between the mean values of
two data sets was determined by unpaired t-test with Welch's correction using GraphPad Prism
version 4.0 (GraphPad software). In a and c, data sets marked with asterisk symbol indicates
that there was a statistical significance when compared the present data set with the data set
from the previous time point. No statistical significance in data sets between each time point
was found in b, d and f. BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; BG, O%-benzylguanine.
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Figure 3. Erythroid-restricted expression of human factor IX (hFIX) in Ter119 and CD71 positive
cells and nonlineage specific expression of methylguanine methyltransferase (MGMT) P140K
Splenocytes from a control C57BL/6-FIX- mouse (control) and a RT9-hFIX-SIMGMT
transduced chimera (treatment) were stained for cell surface blood lineage markers Ter119,
CD71, CD3, B220, GR-1, and CD11b; as well as intracellularly stained by (a) goat anti-hFIX-
FITC or (b) biotin-labeled anti-MGMT and followed by streptavidin-FITC. FITC, fluorescein
isothiocyanate.
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Figure 4. Summary of fluorescence-activated cell sorting (FACS) analysis

Fractions of (a) human factor 1X (hFIX) or (b) methylguanine methyltransferase (MGMT)
positive cells in lineage positive or negative cells. Representative data derived from FACS
analysis (Figure 3).
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Figure 5. High level of human factor IX (hFIX) expression by erythroid cells does not disrupt
hemoglobin (Hb) synthesis or red blood cell (RBC) homeostasis

(a,b) Heparinized peripheral blood samples from Busulfan-conditioned mice (9 mice were
hFIX negative, 6 mice were hFIX positive) and (c,d) lethally irradiation conditioned mice (6
mice were hFIX negative, 15 mice were hFIX positive) were analyzed for Hb levels (a,c) and
RBC counts (b,d) in RT9-hFIX-SI-MGMT chimeras expressing various levels of hFIX. The
normal ranges of RBC counts and Hb levels were depicted in the shaded areas. No significant
correlation between plasma hFIX levels and RBC counts or Hb concentration has been found,
according to linear regression analysis (Prism version 4; GraphPad Software). P values: 0.8790
(a), 0.4333 (b), 0.4320 (c), and 0.1769 (d), respectively.

Mol Ther. Author manuscript; available in PMC 2009 March 20.

0 500 1,000 1,500 2,000 2,500 3,000



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chang et al.

Page 17

Figure 6. Ectopically expressed human factor IX (hFIX) does not alter the morphological phenotype
of erythrocytes

Confocal microscopy of peripheral blood erythrocytes from a (a) control C57BL/6, FIX™-
mouse and a C57BL/6, FIX- mouse engrafted with bone marrow cells from a (b) primary
RT9-hFIX-SI-MGMT chimera. Cells were double stained by Ter119-Alexa and hFIX-FITC.
Yellow arrows in b indicate typical hFIX-positive cells. MGMT, methylguanine
methyltransferase.
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Figure 7. The RT9-hFIX/PGK-MGMT hematopoietic stem cell-based gene therapy paradigm
Dual-gene expressing lentiviral vector system allows nonlineage specific methylguanine
methyltransferase (MGMT) P140K drug-resistant gene expression driven by a (a) relatively
weak human phosphoglycerate kinase promoter in all cells and (b) as well as high-level protein
delivery in late stage erythroid cells.
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Treatment FIX (ng/ml) Clotting activity (%) Tail clip challenge Tolerance
Bu 105.7 1.25 + +
26.3 0.28 - -
15.7 0.12 - -
0 0.00 - -
69.0 0.78 + +
Bu/ATS 600.7 7.33 + +
10.3 0.10 - -
89.5 1.00 + +
37.3 0.37 - +
373.7 4.63 + +
Irradiation 603.4 8.57 + +
538.3 5.81 + +
687.2 8.52 + +
851.6 9.37 + +
290.8 3.49 + +

Bu, Busulfan-treated group [Busulfan, intraperitoneal (i.p.) 2 x 20mg/kg, -72 and -48 hours before engraftment]. Bu/ATS, Busulfan and antithymocyte
serum treated group (Busulfan, i.p. 2 x 20mg/kg, -72 and -48 hours; antithymocyte serum, i.p. 2 x 30mg/kg, -24 and 2-4 hours before engraftment).
Irradiation, irradiation-treated group (recipient mice were irradiated with 10.5 cGy). FIX concentration was measured by enzyme-linked immunosorbent
assay, clotting activity by activated partial thromboplastin test. Survival was monitored for 6 hours and overnight after tail clipping. Mice survived the
challenge is marked (+). Immune tolerance was assessed by immunization of mice with Mononine and Titermax, followed by testing for FIX-specific
antibodies in the plasma samples 5 weeks after immunization. Mice established immune tolerance are defined as the mice that have plasma anti-FI1X

antibody level <100ng/ml, and are marked (+).
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