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Abstract

Inherited disorders of globin synthesis remain desirable targets for hematopoietic stem cell (HSC)-based therapies.
Gene transfer using retroviral vectors offers an alternative to allogeneic HSC transplantation by the permanent
integration of potentially therapeutic genes into primary autologous HSCs. Although proof of principle has been
demonstrated in humans, this approach has been met by formidable obstacles, and large-animal models have
become increasingly important for the preclinical development of gene addition strategies. Here we report lenti-
viral gene transfer of the human f-globin gene under the control of the globin promoter and large fragments of the
globin locus control region (LCR) in the nonhuman primate. Using an HIV-1, vesicular stomatitis virus glyco-
protein G (VSV-G)-pseudotyped vector, modified to overcome a species-specific restriction to HIV-1, gene transfer
to colony-forming units (CFU) derived from mobilized peripheral blood (PB) rhesus CD34™ cells was 84.4 4-2.33%.
Erythroid cells derived from transduced rhesus CD34™" cells expressed human f-globin at high levels as assessed
by flow cytometry with a human f-globin-specific antibody. Two rhesus macaques (RQ3586 and RQ3583) were
transplanted with mobilized PB CD34™" cells transduced with our modified HIV vector at a multiplicity of infection
of 80. High gene transfer rates to CFUs were achieved in vitro (RQ3586, 87.5%; RQ3583, 83.3%), with efficient
human f-globin expression among erythroid progeny generated in vitro. Early posttransplantation, gene transfer
rates of 5% or higher were detectable and confirmed by genomic Southern blotting, with equivalent-level human
f-globin expression detected by flow cytometry. Long-term gene marking levels among mononuclear cells and
granulocytes assessed by quantitative polymerase chain reaction gradually decreased to about 0.001% at 2 years,
likely due to additional HIV-1 restrictive elements in the rhesus macaque. No evidence of clonal hematopoiesis has
occurred in our animals in up to 2 years. Current efforts are aimed at developing a lentiviral vector capable of
efficiently transducing both human and rhesus HSCs to allow preclinical modeling of globin gene transfer.

Introduction

THE f-THALASSEMIAS AND SICKLE CELL DISEASE are severe
congenital anemias that are caused by mutations that
alter production of the fi-chain of hemoglobin. Reduced or
absent f-chain synthesis characterizing the f-thalassemias
leads to the intracellular precipitation of excess «-globin
chains, causing ineffective erythropoiesis (Pootrakul et al.,
2000; Weatherall, 2001). The production of an abnormal
p chain that is prone to polymerization on deoxygenation
leads to impaired deformability and sickling of red blood
cells, causing the repeated vasoocclusive crises that charac-
terize sickle cell disease. Although supportive treatment has

considerably improved the prognosis of the thalassemias and
hemoglobinopathies, patients still suffer significant morbidity
and early mortality (Cunningham et al., 2004). Allogeneic
hematopoietic stem cell (HSC) transplantation remains the
only curative treatment; however, this therapeutic option is
limited because of high cost, relative necessity for a matched
sibling donor, and the risk of graft rejection and graft-versus-
host disease (GVHD) (Boulad ef al., 1998). Therefore, gene
transfer of a functional f-globin gene to autologous HSCs
remains an attractive strategy.

To revert the phenotype, the therapeutic gene must be
permanently inserted into HSCs and expressed at high levels
among erythroid progeny and for the life of the individual.
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FIG. 1.

For successful application of gene transfer techniques for the
hemoglobin disorders, not only must the entire -globin gene
itself be delivered, but also its control elements are necessary
for tissue-restricted f-globin gene expression (Grosveld et al.,
1987). Incorporation of small elements derived from the glo-
bin locus control region (LCR) into vectors carrying the
p-globin gene proved insufficient to achieve efficient expres-
sion and genetic stability (Kalberer et al., 2000; Persons and
Nienhuis, 2000), and larger LCR elements seemed necessary.
The incorporation of larger LCR elements into oncoretroviral
vectors proved particularly problematic, leading to vector
instability and considerable genomic rearrangements. Lenti-
viral vector systems possess the advantage of relative geno-
mic stability and packaging capacity (Kumar et al., 2001).
Incorporation of large LCR elements into viral vectors became
feasible with the development of these lentiviral vector sys-
tems. By developing a lentiviral vector (TNS9) based on HIV-1
encoding the human f-globin gene, from which a cryptic
polyadenylation site within intron 2 was deleted, flanked by
an extended promoter sequence and the f-globin 3’ proximal
enhancer as well as large LCR elements (3.2kb) spanning
HS2, 3, and 4, efficient gene transfer and therapeutic human
p-globin gene expression in murine model was demon-
strated, allowing for the first time regulated human f-globin
expression sufficient to revert the phenotype in a murine
model of f-thalassemia (May et al., 2000). Long-term follow-
up in Hbb™3/* mice (Yang et al., 1995), the most severe viable
model of disease, demonstrated persistent amelioration of
anemia and normalization of hematopoiesis (May et al.,
2002). Confirmation in a number of murine models of both
sickle cell disease (SCD) and thalassemia followed (Pawliuk
et al., 2001; Levasseur et al., 2003; Persons et al., 2003a).
Although encouraging, murine models of HSC gene
transfer poorly predict results in humans and large-animal
models have become increasingly important as preclinical
tools for human translation. The development of such large-
animal models has been hampered by the reduced efficiency
with which HIV-based vectors transduce rhesus HSCs com-
pared with human HSCs (Hanawa et al., 2004). Although ef-
ficient transduction of rhesus HSCs can be achieved with
simian immunodeficiency virus (SIV)-based lentiviral vectors
(Hanawa et al., 2004), experience with these vectors is con-
siderably less than that with HIV-1-based vectors. The ideal
vector system should perform equally well in both nonhuman
primates and humans. To address this dilemma, modification
of HIV-1-based vectors has been attempted to improve the
efficiency of transduction to rhesus hematopoietic stem cells.
The low efficiency of HIV-1-based vectors in the rhesus set-
ting has been ascribed in part to the enrichment of tripartite
motif-5a (TRIMba), an inhibitory protein for HIV-1 infection
(Stremlau et al., 2004). This antiviral activity appears to be
species specific and was shown to block infection by a broad
range of retroviruses. Another cellular factor, cyclophilin A
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(CyPA), is also important in the process of HIV infection, pre-
senting a postentry restriction in the rhesus (Rits et al., 2007).
These antiviral factors limit the use of Old World monkeys for
long-term safety studies of the HIV-1-based vector. The ex-
change of the CyPA-binding region in the capsid of an HIV-1-
based lentiviral vector with that of macrophage-tropic HIV-1
Ba-L resulted in a vector that was resistant to the inhibitory
effect and efficiently transduced simian cells (Kootstra ef al.,
2003). This chimeric Gag lentivirus also transduced primary
baboon CD34™" hematopoietic progenitor cells efficiently, re-
sulting in transduced cell numbers comparable to that of hu-
man CD34" cells. Here we describe our development of a
modified HIV-1-based TNS9 vector and report the results of
preclinical testing in the nonhuman primate in vivo.

Materials and Methods
Vector construction and production

The lentiviral vector used (previously described in May
et al., 2000) was modified (TNS9.3; Fig. 1) to include addition
of a central polypurine tract (cPPT) element and a 3’ long
terminal repeat (LTR) self-inactivating (SIN) deletion. The
vector was further modified to allow efficient transduction of
simian cells by the substitution of the cyclophilin A-binding
domain of the HIV capsid with that of the macrophage-tropic
strain as previously described (Kootstra et al., 2003). Viral
stocks were generated by triple transfection of the recombi-
nant vectors (TNS9.3 or pHR'eGFP), pCMVR8.9 (Zufferey
et al., 1997), and pMD.G (Dull et al., 1998). The pseudotyped
virions were concentrated by ultracentrifugation and titrated
in NIH3T3 cells as described (May et al., 2000).

Collection of peripheral blood HSCs from humans
and rhesus macaques

Human peripheral blood (PB) CD34™" cells were obtained
from healthy adult volunteers as previously described (Kang
et al., 2002a) through an institutional review board-approved
protocol. Briefly, HSCs were mobilized after 5 days of treat-
ment with 10-ug/kg recombinant human granulocyte colony-
stimulating factor (rhuG-CSF) (Amgen, Thousand Oaks,
CA). On day 5 of mobilization, PB mononuclear cells were
collected by one 15-liter leukapheresis, and CD34-positive
selection was performed with the Isolex 300i automated im-
munomagnetic system (Baxter, Deerfield, IL).

The rhesus experiments were approved by the animal care
and use committees at the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK, National Institutes
of Health [NIH], Bethesda, MD) and the National Heart,
Lung, and Blood Institute (NHLBI, NIH). Two female rhesus
macaques (Macaca mulatta), RQ 3586 and RQ3583, both
weighing 4 to 5 kg, were housed and handled according to the
Guide for the Care and Use of Laboratory Animals (Institute of
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Laboratory Animal Research, 1996). The animals were mobi-
lized with a combination of rhuG-CSF at 10 ug/kg (Amgen)
and recombinant human stem cell factor (rhuSCF) at 200 ug/
kg (Amgen) given as daily subcutaneous injections for 5 days.
Mobilized PB cells were collected by leukapheresis on day 5
as previously described (Donahue et al., 1996). Mononuclear
cells were isolated by density-gradient centrifugation over
lymphocyte separation medium (ICN Biomedicals/Cappel,
Aurora, OH). CD34" cell enrichment was performed with
12.8 immunoglobulin M anti-CD34 biotinylated antibody and
MACS (magnetically activated cell sorting) streptavidin mi-
crobeads (Miltenyi Biotec, Auburn, CA). Cells were eluted
twice from the purification column, and the purity of the
product was assessed with a phycoerythrin (PE)-conjugated
mouse anti-human CD34 antibody (clone 563; BD Biosciences,
San Jose, CA).

Vectors and transduction procedures

CD34-enriched cells were cultured as previously described
(Tisdale et al., 1998; Wu et al., 2000) at a starting concentration
of 1x10° to 2x10°cells/ml in filtered vector supernatant,
supplemented with rhuSCF (100 ng/ml), recombinant human
Flt-3 ligand (rhuFlt-3L, 100 ng/ml), and recombinant human
thrombopoietin (thuTPO, 100ng/ml), in flasks previously
coated with the CH-296 fragment of fibronectin (RetroNectin;
Takara Bio, Shiga, Japan) as per the manufacturer’s instruc-
tions. Every 24hr, nonadherent cells were collected, spun
down, and resuspended in fresh vector supernatant and cy-
tokines and added back to the same fibronectin-coated flask.
After 96 hr of total culture, cells were removed from the plates
with trypsin and collected.

Colony-forming unit assays

The degree of progenitor enrichment was calculated from
CFU assays performed after TNS9.3 transduction. Five hun-
dred or 1000 CD34™" cells were plated. CFU assays were per-
formed with MethoCult H4230 methylcellulose medium
(StemCell Technologies, Vancouver, BC, Canada) supple-
mented with recombinant human erythropoietin (5U/ml;
Amgen), recombinant human granulocyte-macrophage
colony-stimulating factor (thuGM-CSF, 10ng/ml; Sandoz,
East Hanover, NJ), recombinant human interleukin-3 (rhulL-
3, 10ng/ml; Sandoz), and rhuSCF (100ng/ml; Amgen) at
37°C in 5% CO,. Between days 10 and 14, colonies of more
than 50 cells were counted, and 12 to 24 individual CFUs were
plucked from the plates at each time point for polymerase
chain reaction (PCR) analysis. Colonies were placed into 50 ul
of distilled water and digested with proteinase K (20 ug/ml;
Qiagen, Valencia, CA) at 55°C for 1 hr followed by 99°C for
10 min. The resulting DNA-containing cell lysates were ana-
lyzed for TNS9.3 by nested PCR. The primer sequences for the
TNS9.3 vector for the outer reaction were as follows: forward
primer 5-GGTGGACCATCCTCTAGGTA-3' and reverse pri-
mer 5'-GGCCTTGAGCATCTGGATTC-3'; and the cycle con-
ditions were 94°C for 0.5min, 55°C for 0.5 min, and 72°C for
1 min for 12 cycles amplified with an Advantage 2 polymerase
PCR kit (BD Biosciences). The primer sequences for the inner
reaction were as follows: forward primer 5-CAGCAGACC-
TCTGATCTCTT-3' and reverse primer 5-AGCCTTGACTC-
CACTCAGTT-3'; and the cycle conditions were 95°C for
0.5min, 53°C for 0.5min, and 72°C for 1 min for 36 cycles
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amplified with Tag DNA polymerase (Qiagen). Products were
analyzed on a 1% agarose gel.

Differentiation of human erythroid progenitors in vitro

Rhesus PB CD34" cells transduced with the modified
TNS9.3 vector then underwent erythroid differentiation
ex vivo, based on modifications (Wojda et al., 2002) of Fibach’s
liquid culture protocol (Fibach et al., 1989). Briefly, all the
isolated cells were cultured for 14 consecutive days in
DMEM containing 30% fetal bovine serum (FBS; Intergen,
Purchase, NY), 1% bovine serum albumin (BSA), 10° M
2-mercaptoethanol, 10°® M dexamethasone, transferrin
(3 mg/ml), 2mM glutamine (Biofluids, Rockville, MD), anti-
biotics (penicillin—streptomycin), 50ng/ml each of trans-
forming growth factor (TGF)-f and SCF (R&D Systems,
Minneapolis, MN), and erythropoietin (4 U/ml; Amgen).

Analysis of red blood cells by permeabilization
and intracellular hemoglobin staining by flow cytometry

Red blood cells (RBCs) were permeabilized by placing 5 ul
of blood (about 2.5x10” RBCs) in a solution containing 1 ml of
ice-cold 0.05% glutaraldehyde (Sigma-Aldrich, St. Louis,
MO)-phosphate-buffered saline (PBS). After a 10-min incu-
bation, cells were spun down, resuspended in 50% acetone
and incubated for 3 min, and then spun for 5 min at 2500 rpm
at 4°C. This process of centrifugation, resuspension, and in-
cubation was repeated twice. The permeabilized cells were
then resuspended in 0.5ml of 2% BSA-PBS (Sigma-Aldrich)
for staining. Using 5 ul of cells suspended in 85 ul of 2% BSA-
PBS, 5ul of an anti-human f-globin antibody (kindly pro-
vided by L. Stanker, U.S. Department of Agriculture, Albany,
CA) was added (Stanker et al., 1986). After 30 min of staining
on ice, the cells were washed. For secondary staining, the cells
were resuspended in 95 ul of 2% BSA-PBS, and 5 ul of fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse Fab
fragment antibody (Sigma-Aldrich) was added to detect the
primary antibody and incubated for 30 min on ice. The stained
cells were analyzed with a FACSCaliber flow cytometer with
CellQuest software (BD Biosciences).

Transduction and transplantation procedures

For both animals, a modified HIV-1-based vesicular sto-
matitis virus glycoprotein G (VSV-G)-pseudotyped TNS9.3
vector was prepared at concentrations of 7x10” infectious
particles/ml (IP/ml, 24 ml) and 10.75x10” IP/ml (28 ml) and
used for transduction. Twenty-four-milliliter volumes of
vector supernatant containing 1.68x10° and 1.53x 10" IP total
were further concentrated by centrifugation for 90min at
25,000rpm (ultracentrifuge, SW28 rotor; Beckman Coulter,
Fullerton, CA). Vector was resuspended over 6 hr in 3ml of
medium at 4°C by gentle agitation. Vector was then fully
resuspended at the end of the 6 hr by repeat pipetting with
an additional 2 ml of medium and was separated into four
1.25-ml aliquots placed on ice at 4°C.

CD34-enriched cells (2x107) were cultured at a starting
concentration of 5.0x10° cells/ml in two 75-cm? flasks (8.0x
10° cells in 16 ml per flask) previously coated with the CH-296
fragment of fibronectin (RetroNectin). Cells were initially
prestimulated for 36 hr in Iscove’s modified Eagle’s medium
(IMEM; Mediatech, Herndon, VA) supplemented with thuSCF
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(100ng/ml), rhuFlt-3L (100ng/ml), and TPO (100ng/ml)
(RDI, Flanders, NJ) with 10% FBS (Hyclone, Logan, UT),
4mM r-glutamine, penicillin (50mg/ml), and streptomycin
(50mg/ml) at 37°C in 5% CO,. After 36 hr, nonadherent cells
were collected and spun down at 1500rpm in a Sorvall RT7
centrifuge with an RTH-750 rotor (Thermo Fisher Scientific,
Waltham, MA). Transductions were performed with 8 ml of
freshly thawed viral supernatant combined with 8 ml of freshly
prepared medium added to each 75-cm? flask over two 36-hr
exposures. At the end of 72hr, cultured cells were removed
from the plates with trypsin, collected, washed with PBS, and
resuspended in IMEM (without serum) containing 1% BSA and
fresh cytokines for transport. A small aliquot of cells was plated
in methylcellulose with myeloid- and erythroid-specific cyto-
kines (StemCell Technologies). The remaining cells were re-
suspended with normal saline and transported at ambient
temperature just before infusion.

The animals received 500 cGy total body irradiation twice,
48 and 24 hr before infusion. The transduced cells were in-
fused via a central venous catheter over 5 min. Twenty-four
hours later, each animal was started on G-CSF intravenously
at 5 ug/kg daily to continue until the total white blood cell
count reached 6000 cells/ul. Standard supportive care in-
cluding blood product transfusions and fluid and electrolyte
management, and antibiotics were administered as needed.
Hematopoietic recovery was monitored by daily complete
blood counts (CBCs) (CELL-DYN 3500; Abbott Laboratories,
Abbott Park, IL). Electrolyte, renal, and hepatic panels were
determined from serum, using the Johnson & Johnson Vitros
250 (Biostad, Sainte Julie, QC, Canada). Reticulocyte counts
were determined by flow cytometry as previously described
(BD Biosciences).

Quantitative real-time polymerase
chain reaction analysis

PB and bone marrow (BM) samples were obtained at var-
ious time points after recovery. Granulocytes (Grs) and
mononuclear cells (MNCs) were isolated as previously de-
scribed (Tisdale et al., 1998). Genomic DNA was produced
with a Wizard genomic DNA purification kit (Promega,
Madison, WI) according to the manufacturer’s instructions.
The contribution to engraftment by TNS9.3 vector-transduced
cells was determined by real-time PCR analysis with TagqMan
probes as previously described (Kang et al., 2001, 2002b), us-
ing vector-specific primers. Quantitative (Q)-PCR was carried
out with the Mx3000P QPCR system (Stratagene, La Jolla,
CA), using Brilliant II Q-PCR master mix (Stratagene) accord-
ing to the manufacturer’s instructions. Primers and probes
were designed with RealTimeDesign software (Biosearch
Technologies, Novato, CA). The primers and probe included
5-AGCCAGAAGCACCATA-3' (forward), 5'-ATCTCTTCCT-
GAATGCTAATC-3' (reverse), and TagMan probe 5-ACATG-
ATAAGGGAGCCAGCAGACC-3'. The results were analyzed
with Mx3000P software. Overall levels were determined by
normalizing to f-actin. The primers for f-actin were 5'-CATT-
GTGATGGACTCCGGAGACGG-3 (forward) and 5-CATCT-
CCTGCTCGAAGTCTAGAGC-3' (reverse).

Genomic Southern blot analysis

For analysis of integrated vector copy number in peripheral
blood, genomic DNA was isolated, digested with BamHI, and
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analyzed by Southern blot as previously described (Sadelain
et al., 1995) with a [**P]dCTP-labeled Ncol-BamHI fragment of
the human f-globin gene as a probe. To assess integrated
vector integrity, Southern blot analysis was performed after
Nhel digestion, which generates a fragment spanning the en-
tire provirus, using the same human f-globin gene probe.

Mass spectrometry analysis

Peripheral blood from RQ3586 was collected on day 30
posttransplantation. Permeabilized RBCs were stained with a
human-specific f-globin antibody as previously described
and positive cells were sorted with a FACSAria (BD Bios-
ciences). We sorted four fractions and the cells were pelleted,
washed twice and lysed with water, frozen at —20°C for
5min, and thawed at 37°C for 5min to collect protein. The
fractions were analyzed by mass spectroscopy.

Statistics

Statistical analyses were performed by Student ¢ test, with a
p value less than 0.05 deemed significant.

Results
In vitro transduction of human and rhesus CD34" cells

The vector design of our TNS9.3 has been previously de-
scribed (Fig. 1) (May et al., 2000). The f-globin transcription
unit within the TNS9.3 vector comprises the f-globin pro-
moter, two proximal enhancers, and three large segments
encompassing HS2, HS3, and HS4. Other than a small dele-
tion in intron 2, the genomic and coding sequences are un-
modified wild-type human sequences. The 3’ long terminal
repeat (LTR) comprises a large deletion within the U3 region.

To determine transduction efficiency, both human and
rhesus CD34™ progenitor cells were transduced with our
modified HIV system. Table 1 shows that a high percentage of
human and rhesus CFUs contained TNS9.3 after transduction
of CD347 cells by our modified HIV, with an average trans-
duction efficiency of 97.2% for human and 81.7% for rhesus
cells, respectively, at a multiplicity of infection (MOI) of 50.
Figure 2 shows a representative flow panel after staining
erythroid progeny of transduced rhesus CD34" progenitor
cells with the human f-globin-specific antibody along with

TasLE 1. CFU Assay For HumaN aND RuEsus CD34"
CeLLS IN VITRO®

Experiment 1 Experiment 2

Human Rhesus Human Rhesus
MOI 50 17/18 10/12 14/14 10/12

(94.4%) (83.3%) (100%) (80.0%)
MOI 200 14/15 17/18 10/10 20/20

(93.3%) (94.4%) (100%) (100%)

Abbreviations: MOI, multiplicity of infection; TNS9.3, f-globin
vector.

The transduction efficiency to human or rhesus CD34" cells with
TNS9.3 at MOI 50 and 200. Tranduction efficiency was estimated by
plating colony forming units (CFU) after transduction of human or
thesus CD34" cells with TNS9.3 gene. After 14 days, individual
colonies were picked up and the DNA analyzed by PCR with vector-
specific primers. The percentage positive was determined by the
fraction of those positive for the housekeeping gene f-actin.
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controls containing human red blood cells at the indicated
input percentage. The majority of the erythroid cells produced
in the in vitro erythroid culture system expressed human
p-globin (Fig. 2, bottom row, day 14 in vitro).

Rhesus macaque transplantations

Two rhesus macaques underwent transplantation with our
modified TNS9.3 vector-transduced mobilized peripheral
blood progenitor cells after irradiation at 500 cGy delivered on
days -2 and -1. CD34" progenitor cells were transduced with
our modified TNS9.3 vector, two times at an MOI of 80. Table
2 shows the graft characteristics for both animals. Both ani-
mals engrafted rapidly, with neutrophil counts reaching
500 cells/ul by day 12 (RQ3586) and day 10 (RQ3583). A high-
level contribution to the early recovery postconditioning
by genetically modified cells was demonstrated in RQ3586.
Figure 2 demonstrates expression of human f-globin from
animal RQ3586. Human f-globin could be detected on day 30
posttransplantation by flow cytometry (Fig. 2, bottom row,
day 30 in vivo). To confirm the specificity of our assay for
human f-globin production at the protein level, we sorted
the f-globin-positive fraction with the H2 human f-globin-
specific antibody and assayed for human f-globin by high-
performance liquid chromatography analysis, confirming the
presence of human f-globin protein by mass spectroscopy.
Figure 3 shows the level of human f-globin expression over
time posttransplantation in both animals. An initial peak of
expression was seen in both animals during recovery, with a
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gradual fall over time to levels undetectable by flow cytom-
etry. Figure 4 shows genomic Southern blotting for integrated
vector on day 30 posttransplantation, with levels of 13% and
32% estimated among MNCs and Grs, respectively.

To determine the overall level of engraftment by genetically
modified cells long term, real-time PCR for vector-specific
sequences was performed over extended follow-up post-
transplantation. Figure 5 shows the real-time PCR estimates
for the overall level of engraftment by genetically modified
cellsamong MNCs and Grs in both animals. The percentage of
cells containing either vector was 1% or higher early on, but
gradually decreased and reached stable levels of 0.001-0.01%
1.5 years after transplantation.

Discussion

Although remarkable progress in the correction of murine
models of f-thalassemia and sickle cell anemia has been re-
ported with the use of lentiviral globin vectors, translation of
these results to large animals is essential to address many
issues aimed at the maximization of both safety and the
likelihood of ultimate clinical success. For human clinical tri-
als to follow, the development of maximally safe vector sys-
tems that result in -globin expression sufficient to correct the
phenotype is needed. Our strategy for the development of a
model to achieve these goals involves several steps including
lentiviral vector optimization for nonhuman primate use,
evaluation of stem cell transduction efficiency through in vivo
transplantation, maximization of both vector-directed globin
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FIG. 2. Typical flow cytometric analysis of human f-globin expression, using the human-specific H2 antibody. Red blood
cells were permeabilized and analyzed for the presence of human f-globin, using the H2 antibody. Concomitant controls of
known percentages of human red blood cells mixed with rhesus red blood cells from 0 to 100% were concurrently analyzed
and input amounts matched the flow cytometer estimated values. In vitro transduction was estimated after 14 days of
erythroid culture (99%, day 14 in vitro) and 30 days after transplantation in animal RQ3586 in vivo (4.2%, day 30 in vivo). The

percentages are given in each panel.
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TABLE 2. GRAFT CHARACTERISTICS®

Animal Envelope ~ MOI  Apheresis product — Column yield>  CD34 purity®  CFU analysis®  Total cell dose infused®
RQ3586  VSV-G 80 3.84x10’ 1.62x107 95.6% 87.5% 1.48x107
RQ3583  VSV-G 80 8.84x10° 2.0x107 98.3% 83.3% 2.25x107

Abbreviations: MOI, multiplicity of infection; TNS9.3, f-globin vector; VSV-G, vesicular stomatitis virus glycoprotein G; CFU, colony-

forming units.

*Two animals, RQ3586 and RQ3583, underwent transplantation with TNS9.3-transduced cells. The MOI, apheresis product yield in
absolute number, the CD34 selection column yield in absolute number, CD34 purity, CFU transduction efficiency, and total cell dose infused

are given.
PNumber of CD34" cells obtained after selection.
‘CD34 purity determined by flow cytometry.
4CFU transduction efficiency.
“Total number of cells infused after transduction.

gene expression and safety of maximally performing vector
systems, and, finally, determination of the minimal degree of
host conditioning required for adequate engraftment of ge-
netically modified cells (Tisdale and Sadelain, 2001; Persons
and Tisdale, 2004).

Indeed, one of the most difficult issues remains the choice
of vector systems. To achieve lifelong clinical efficacy in most
disorders of the blood, permanent integration of the vector in
hematopoietic stem cells is required. In addition, for disorders
of globin synthesis, gene expression must be erythroid spe-
cific, high level, and sustained. Lentiviral vectors have in-
herent advantages in this regard, with promising results
obtained in murine models (Rivella and Sadelain, 2002) and
verified by several groups (Pawliuk et al., 2001; Levasseur
et al., 2003; Persons et al., 2003a,b). In the nonhuman primate
model, lentiviral transduction of HSCs with an SIV-based
system resulted in moderate levels of in vivo gene transfer and
expression in vivo (Hanawa et al., 2004). Although encourag-
ing, we sought to develop vectors based on HIV-1 given the
longer duration of use, and the accruing experience with these
vectors in human clinical trials (Dropulic and June, 2006).
However, when HIV-1-based vectors have been used to
transduce rhesus HSCs, poor gene transfer rates were ob-
served owing at least in part to a species-specific block due to
a saturable intracellular inhibitor (Besnier et al., 2002; Cowan
et al., 2002). Here we developed a modified HIV-1 vector
bearing an alternative cyclophilin-binding domain (Kootstra
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FIG. 3. Human p-globin expression over time posttrans-
plantation. Human f-globin expression was analyzed by flow
cytometry, using the H2 antibody, and quantitated over 37
weeks posttransplantation in both animals RQ3586 (solid
circles) and 3583 (open circles).

et al., 2003) and demonstrated avoidance of this block in
nonhuman primate HSCs in vitro. The modified vector per-
formed well in vitro, with high transduction rates achieved in
both human and nonhuman primate CD34" cells when as-
sessed by the percentage of colonies containing integrated
vector by PCR.

To determine the percentage of cells expressing human
p-globin, a specific erythroid assay was developed on the
basis of small differences between rhesus and human f-globin
at the amino acid level. High homology exists between human
and rhesus globins, as they are more than 95% identical at
both the cDNA and amino acid sequence levels (HomoloGene
database at http: //www.ncbi.nlm.nih.gov/homologene). The
monoclonal antibody (H2, kindly provided by L. Stanker)
used in this assay recognizes the human specific -125 amino
acid site where one amino acid change between rhesus and
human exists (Stanker et al., 1986). To assay erythroid cells, a
modified (Wojda et al., 2002) Fibach two-phase erythroid
culture system (Fibach et al., 1989) was developed from which
vigorous erythroid output was obtained. This culture system
allows the growth of erythroid cells from transduced CD34*
cells that are subsequently permeabilized and assayed with
the H2 antibody. Using this technique, we were able to dem-
onstrate by simple flow cytometry an equally high percentage

FIG. 4. Genomic Southern blotting from the peripheral
blood genomic DNA sample of RQ3586. DNA was extracted
from a single copy control (100%), a negative control (0%),
peripheral blood MNCs, and Grs from animal 3586 at 30
days posttransplantation, and from peripheral blood MNCs
of a control animal, and the DNA was probed for vector-
specific sequences (arrow). The percentage positivity esti-
mated, based on the single-copy control, was 13 and 32% for
MNCs and Grs, respectively. The lower bands show the
endogenous rhesus (Rh) f-globin band.
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FIG. 5. Quantitation of cells containing integrated TNS9.3
over time posttransplantation. Shown are gene marking levels
derived from both animals among BM MNCs, BM Grs, PB
MNCs, and PB Grs until 2 years posttransplantation. The data
were obtained by real-time PCR using TNS9.3 vector-specific
primers and a TagMan probe. The rate of gene marking was
compared with a dilution of a known copy number of inte-
grated TNS9.3 in a background of control rhesus DNA. Top:
RQ3586. Bottom: RQ3583.
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of cells expressing human f-globin after transduction. Al-
though no large-animal models for the thalassemias or the
hemoglobinopathies exist, important information regarding
the amount of human f-globin expressed per vector copy
should ultimately be measurable in this context.

With these tools in place, two rhesus macaques underwent
in vivo transplantation with TNS9.3-transduced autologous
PB CD34" cells. In one animal, human f-globin expression at
approximately 5% was demonstrated by flow cytometry at
early time points. This level of human f-globin expression
was confirmed by RNase protection assay (data not shown)
and similar levels were estimated at the DNA level by geno-
mic Southern blotting. Furthermore, expression of human
p-globin was confirmed by mass spectrometry. Although
high human f-globin gene transfer rates in rhesus CD34 ™" cells
and the efficient production of human f-globin could be
demonstrated in vitro, the moderate level of human f-globin
production in vivo was limited to only a short period post-
transplantation, requiring PCR for detection long term. In-
deed, PCR optimization for such low levels observed during
long-term follow-up may have resulted in an underestimation
of the early marking. Factors such as hematopoietic progeni-
tor cell preparation, transduction method, and cytokine
combination were all similar to former protocols that our
group has already demonstrated elsewhere to be sufficient for
sustained, moderate levels of in vivo gene transfer (Kiem et al.,
1998, 2004; Wu et al., 2000). In addition, the transduction
methods were modeled after those used with SIV in the rhesus
macaque (Hanawa et al., 2004). A number of other factors
could explain the decline in human transgene expression over

569

time. Others have demonstrated more efficient transduction
of human peripheral blood CD34" cells, using the amp-
hotropic envelope in a nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mouse transplant model
(Hanawa et al., 2002). We are currently comparing alternative
envelopes such as the amphotropic envelope to determine
whether this can improve transduction of the more primitive
hematopoietic stem cell compartment. However, efficient
transduction and engraftment of repopulating cells with VSV-
G-pseudotyped lentiviral vectors in the pigtail macaque have
been described (Trobridge et al., 2008), and these promising
results are likely due to an escape from host restriction by
TRIMb« in this model. In addition, equivalent in vivo marking
levels were demonstrated when oncoretroviral vectors pseu-
dotyped with either the amphotropic or VSV-G envelope were
compared (Shi et al., 2004). HIV-1 vectors encoding marker
genes have been more successful in the rhesus model, al-
though a high degree of variation remains present (An et al.,
2000, 2001). This discrepancy with our results could relate to
the difficulty in achieving high-titer vectors encoding human
f-globin along with key regulatory elements. A reduction in
absolute HSC numbers could account for the fall in marking
derived from the long-term repopulating cell compartment
as the gene marking level at 4-6 months or greater post-
transplantation represents the “true HSC” marking level (Kim
et al., 2000). Unfortunately, our gene marking levels detected
by Q-PCR over 6 months posttransplantation were approxi-
mately 0.01% in both animals, certainly insufficient to expect
clinical benefit in humans, and potentially indicating that our
vector system/transduction method has not achieved efficient
transduction to LT-HSCs.

The restriction to infection by HIV in rhesus cells was
shown to be only partially overcome by modification of the
cyclophilin-binding domain (Kahl ef al., 2008). Indeed, this
modification was insufficient in our hands to achieve high-
level engraftment by HSCs transduced with our HIV-1-based
vector. The early peak in gene transfer observed thus likely
represents a burst in marking derived from successfully
transduced committed progenitors but continued restriction
of HIV-1 from the HSC compartment. Among the restriction
factors identified to date, tripartite motif-5 isoform o (TRIM50)
and apolipoprotein B mRNA-editing catalytic polypeptide 3G
(APOBEC3G) have both been shown to restrict HIV-1 infec-
tion and in combination may potentially decrease transduc-
tion efficiency of HIV-1-based viral vectors (Sakuma ef al.,
2007). Rhesus TRIMb5a binds to the HIV-1 capsid (CA) to
initiate E3 ubiquitin ligase-mediated degradation and prevent
viral replication (Stremlau et al., 2004), whereas SIV can es-
cape rhesus TRIMba. Our current work is focused on the de-
velopment of a lentiviral vector system that can perform with
equal efficiency in the human and rhesus nonhuman primate
setting. Preliminary results using a newly developed vector
system combining components of both HIV with SIV capsid
to overcome the restriction demonstrate high-level in vivo
marking with a vector encoding green fluorescent protein
(GFP) (Uchida et al., 2008).

For human clinical trials to proceed, one must also consider
the risk of insertional mutagenesis. Certainly the theoretical
risk of insertional oncogenesis has been documented in
the nonhuman primate model (Donahue et al., 1992), and
unfortunately, more recently in human clinical trials of gene
therapy for immunodeficiency diseases (Cavazzana-Calvo
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et al., 2000; Hacein-Bey-Abina et al., 2003a,b). Although both
of our recipient animals maintained normal blood counts
during follow-up, the overall low-level contribution by ge-
netically modified cells does not permit a realistic assessment
of the risk of insertional mutagenesis with our current vector
system and such analysis will have to await further optimi-
zation. Indeed, our attempts at cloning lentiviral integrations
were met with difficulty owing to the low level of marking
and the competing internal bands that are frequent with our
construct. The assessment of integration patterns with our
lentiviral system will require long-term, high-level engraft-
ment of genetically modified cells in order to assess the safety
of our approach. Lentiviral vector have already shown a pro-
pensity to insert into transcriptionally active genes (Schroder
etal.,2002; Wu et al., 2003; Hematti et al., 2004) and target cells
often undergo multiple integration events, particularly at
high multiplicities of infection (Woods et al., 2003). Whether
vectors that direct erythroid-specific expression of the thera-
peutic gene will result in an integration site pattern reflecting
engraftment patterns that differ from those already described
remains of great interest, as vectors with such expression
patterns may ultimately prove safer than vectors that consti-
tutively express the therapeutic gene.

In summary, we report transient in vivo fi-globin produc-
tion after lentiviral gene transfer to hematopoietic stem cells
in the nonhuman primate. Further optimization should ulti-
mately allow us to comprehensively model HIV-1-based
globin gene transfer.
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