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Gene Delivery to Hematopoietic Stem Cells
Using Lentiviral Vectors
Hiroyuki Miyoshi

1. Introduction
Hematopoietic stem cells (HSCs) are clonogenic cells capable of both selfrenewal and multilineage differentiation. An efficient method for gene transfer
into HSCs is required for exploring HSC biology as well as for gene therapy of
hematopoietic disorders. Retroviral vectors have been the most widely used
vectors for gene transfer to HSCs. However, retroviral vectors require cell division for integration, limiting their use for gene transfer into HSCs that are exclusively quiescent. Although prestimulation of HSCs with cytokines can enhance gene-transfer efficiency (1–7), exposure to cytokines also stimulates
HSCs to differentiate, resulting in the reduction of long-term repopulating
capacity (8–15). In contrast, lentiviral vectors based on the human immunodeficiency virus type 1 (HIV-1) can efficiently transduce human CD34 cells
without cytokine prestimulation and long-term multilineage expression of the
transgene is detected in nonobese diabetic/severe combined immunodeficient
(NOD/SCID) mice after transplantation (16–22). Murine HSCs can also be easily transduced with lentiviral vectors without cytokine prestimulation (23–26).
In this chapter, the protocols for transduction of human CD34 cells that contain HSCs are described. The procedures include the isolation of human CD34
cells, preparation of lentiviral vectors, transduction of human CD34 cells, and
in vivo analysis of transduced HSCs using NOD/SCID mice.
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2. Materials
2.1. Reagents and Equipment
1. Ficoll-Paque PLUS (Amersham Biosciences, Uppsala, Sweden).
2. Magnetic cell separator MidiMACS, VarioMACS, or SuperMACS II (Miltenyi Biotec Inc., Auburn, CA).
3. MACS CD34 MicroBeads and FcR blocking reagent provided by Direct
CD34 progenitor cell isolation kit (Miltenyi Biotec Inc.).
4. MACS separation column MS or LS (Miltenyi Biotec Inc.).
5. Ultracentrifuge with swinging-bucket rotors (Beckman SW28 and SW55
rotors or equivalent).
2.2. Solutions and Culture Medium
1. Phosphate-buffered saline (PBS) containing 2 mM EDTA.
2. MACS buffer: PBS containing 2 mM EDTA and 0.5% bovine serum albumin (BSA).
3. 2.5 M CaCl2: Sterilize the solution by passing it through a pre-wetted 0.22lm filter. Store the solution in aliquots at 20°C.
4. 2  BBS: 50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4. Adjust the pH
to 6.95 with NaOH. Sterilize the solution by passing it through a 0.22-µm
filter. Store the solution in aliquots at 20°C.
5. Hank’s balanced salt solution (HBSS) (Invitrogen/GIBCO, Carlsbad, CA).
6. Serum-free culture medium (SFM): Iscove’s modified Dulbecco’s medium
(IMDM) (Invitrogen/GIBCO) supplemented with 10% StemSpan BIT
9500 Serum Substitute (Stem Cell Technologies Inc., Vancouver, BC).
7. Complete DMEM medium: Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen/GIBCO) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin
sulfate.
3. Methods
3.1. Isolation of Human CD34 Hematopoietic Progenitor Cells
Human HSCs are enriched in the CD34 fraction. Mononuclear cells from
cord blood (CB), bone marrow (BM), or granulocyte colony-stimulating factor
(G-CSF)-mobilized peripheral blood (PB) are obtained by Ficoll-Paque density
gradient centrifugation. CD34 cells are then magnetically labeled using
MACS CD34 MicroBeads and enriched on positive selection columns in the
magnetic field of the MACS separator.
1. Collect fresh human CB, BM, or G-CSF-mobilized PB samples and treat
with an anticoagulant (e.g., heparin) (see Note 1).
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2. Dilute the cells with 4 volumes of PBS containing 2 mM EDTA.
3. Carefully layer 35 mL of diluted cell suspension over 15 mL of FicollPaque PLUS in a 50-mL conical centrifuge tube.
4. Centrifuge at 500g for 45 min at 20°C in a swinging-bucket rotor with no
brake.
5. Aspirate the upper layer leaving the mononuclear cell layer undisturbed at
the interphase.
6. Using a sterile pipet, carefully transfer the mononuclear cell (MNC) layer
to a new 50-mL conical centrifuge tube.
7. Wash the cells by adding excess PBS containing 2 mM EDTA and centrifuge at 300g for 10 min at 20°C.
8. Resuspend the cell pellet in a final volume of 300 lL of MACS buffer per
108 total cells. For less than 108 total cells, use 300 lL.
9. Add 100 lL of FcR blocking reagent per 108 total cells to the cell suspension and incubate for 10 min at 4°C.
10. Add 100 lL of MACS CD34 MicroBeads per 108 total cells, mix well, and
incubate for 30 min at 4°C.
11. Wash the cells by adding excess PBS containing 2 mM EDTA and centrifuge at 300g for 10 min at 4°C.
12. Resuspend the cell pellet in a final volume of 500 lL of MACS buffer per
108 total cells.
13. Choose a positive selection MACS column type (MS or LS) according to
the number of total unseparated cells and place it with column adaptor in
the magnetic field of the MACS separator. Fill and rinse with buffer (MS:
500 lL; LS: 3 mL).
14. Pass the cells through 30-lm nylon mesh to remove clumps. Wet filter with
buffer before use.
15. Apply the cells to the column, allow the cells to pass through the column
and wash with buffer (MS: 2 mL; LS: 12 mL).
16. Remove column from separator, place column on a suitable tube, pipet
MACS buffer on top of column (MS: 1 mL; LS: 5 mL) and elute retained
cells using the plunger supplied with the column. Repeat this step twice for
better cell yield.
17. For greater than 90% CD34 cell purity, repeat the magnetic separation
(steps 13, 15, and 16). Apply the eluted cells to a fresh MS column, wash,
and elute retained cells in MACS buffer.
18. Wash the cells by adding excess SFM and centrifuge at 300g for 10 min
at 4°C.
19. Resuspend CD34 cells in SFM at a concentration of 5  106 cells/mL (see
Note 2). CD34 cells can be stored in SFM with 10% dimethylsulfoxide
(DMSO) in a liquid nitrogen freezer.
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3.2. Preparation of Lentiviral Vectors
HIV-1-based lentiviral vectors pseudotyped with the vesicular stomatitis
virus G glycoprotein (VSV-G) are generated by transient transfection of four
plasmids, the packaging construct (pMDLg/pRRE) (27), the VSV-G-expressing
construct (pMD.G) (28), the Rev-expressing construct (pRSV-Rev) (27), and
the self-inactivating (SIN) lentiviral vector construct (29), into 293T cells. The
packaging construct, pMDLg/pRRE, in which all accessory genes (vif, vpr, vpu,
and nef) and regulatory genes (tat and rev) have been deleted, can be used to
produce lentiviral vectors for transduction of CD34 hematopoietic progenitor
cells (18,19,21,22).
1. Harvest exponentially growing 293T cells by trypsinization and seed 5 
106 cells in poly-lysine coated 10-cm dish in 10 mL of complete DMEM
medium (see Note 3).
2. Incubate the cells for 24 h at 37°C in a humidified incubator with an atmosphere of 10% CO2. The cells should be about 75% confluent at the time
of transfection.
3. Transfection: Prepare a total volume of 450 lL of plasmid DNA solution
containing 17 lg of the SIN vector plasmid (see Note 4), 12 lg of the packaging plasmid (pMDLg/pRRE), 5 lg of the Rev-expressing plasmid (pRSVRev), and 5 lg of the VSV-G-expressing plasmid (pMD.G) in a 5-mL polystyrene tube (Falcon 2058) or a 1.5-mL microfuge tube. Add 50 µL of 2.5 M
CaCl2 and then 500 lL of 2  BBS with gentle mixing. Incubate the mixture for 10–20 min at room temperature. Mix gently by pipetting and transfer the calcium phosphate-DNA solution dropwise to the dish. Rock the dish
gently to mix the medium.
4. Incubate the cells for 12–16 h at 37°C in a humidified incubator with an atmosphere of 3% CO2.
5. Remove the medium by aspiration and add 7.5 mL of prewarmed (37°C)
complete DMEM medium.
6. Incubate for 48 h at 37°C in a humidified incubator with an atmosphere of
10% CO2.
7. Remove the vector-containing medium and filter through a 0.45-lm filter
(see Note 5).
8. Transfer the filtered medium to a conical ultracentrifuge tube that fits a
Beckman SW28 rotor (or equivalent) and centrifuge at 50,000g (19,400
rpm in a Beckman SW28 rotor) for 2 h at 20°C.
9. Discard the supernatant and resuspend the pellet in an appropriate volume
(up to 50 lL per dish) of HBSS (or IMDM) by pipetting. Try to avoid introducing bubbles. When dealing with small-scale preparations of vector,
the following step can be omitted; store the vector suspension at 80°C.
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10. Transfer the vector suspension to an ultracentrifuge tube that fits a Beckman SW55 rotor (or equivalent) and fill the tube with HBSS. Centrifuge at
50,000g (24,000 rpm in a Beckman SW55 rotor) for 2 h at 20°C.
11. Discard the supernatant and resuspend the pellet in an appropriate volume
(up to 10 lL per dish) of HBSS (or IMDM) by pipetting. Try to avoid introducing bubbles.
12. Transfer the vector suspension to a tightly capped tube. Vortex the tube until
no solid material is visible. If any debris is still visible, remove it by brief
centrifugation and discard. Store the vector suspension in aliquots at
80°C (see Note 6).
3.3. Transduction of CD34 Cells by Lentiviral Vectors
1. Incubate CD34 cells in SFM for 12–24 h before transduction at 37°C in
a humidified incubator with an atmosphere of 5% CO2. (If CD34 cells are
frozen, thaw the cells, wash, and resuspend in SFM.)
2. Count the number of viable cells using the Trypan Blue exclusion method
(see Note 7).
3. Wash the cells by adding excess SFM and centrifuging at 300g for 10 min
at 4°C.
4. Resuspend the cells in SFM at a concentration of 5  106 cells/mL and
transfer them to a 5-mL polypropylene round-bottom tube or a 96-well
round-bottom cell culture dish (see Note 8).
5. Thaw the lentiviral vector stock and mix well by pipetting. Add the vector
suspension to the cells at a multiplicity of infection (MOI) of 50–300 (see
Note 9).
6. Incubate the vector-cell mixture for 5–12 h at 37°C in a humidified incubator with an atmosphere of 5% CO2 (see Note 10).
7. Wash the cells with HBSS and centrifuge at 300g for 10 min at 4°C.
8. Resuspend the cells in an appropriate volume of HBSS. (The resuspension medium and volume should be determined based on subsequent
assays.)
3.4. Analysis of Transduced Human CD34 Cells in NOD/SCID Mice
In vitro assays for primitive hematopoietic cells, such as colony-forming cell
(CFC) assays and long-term culture-initiating cells (LTC-IC) assays, can be
used for analysis of transduced CD34 cells. However, HSCs can only be assayed by their ability to repopulate conditioned recipients. NOD/SCID mice are
the most popular transplant recipients for human HSCs (30,31).
1. Irradiate NOD/SCID mice (8–10 wk old) at a sublethal dose (about 300
centigrays) 2–12 h before transplantation.
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2. Intravenously inject 2–4  105 transduced CD34 cells via the tail vein
using 1-mL syringe with a 27 G needle.
3. At 6 wk or more after transplantation, collect blood samples from PB,
spleen, and BM.
4. Analyze blood samples by flow cytometry with fluorescent antibodies
against human specific cell-surface antigens or transgene products (Fig. 1).
4. Notes
1. HSCs are enriched in CB compared with BM or mobilized PB (32).
2. The purity of CD34 cells is usually greater than 95% as determined by
flow cytometry.
3. For large-scale preparation, 15-cm dishes can be used. Scale up all materials in proportion to the area of the plates.
4. The latest SIN lentiviral vectors contain the central polypurine tract (cPPT)
sequence, which improves the transduction efficiency (17,19,21), and the
woodchuck hepatitis virus posttranscriptional regulatory element (WPRE),
which enhances the expression of the transgene (33).
5. It is possible to add fresh medium and to collect vector-containing medium
a second time from the cells. Add 7.5 mL of prewarmed (37°C) complete
DMEM medium to the dish immediately after withdrawing the medium and
continue incubation for another 48 h. Vector titers will be about 75% lower.
6. The titer of vectors is determined by measuring the amount of HIV-1 p24
gag antigen using an ELISA kit. (Commercial kits are available from
PerkinElmer, Inc. (Boston, MA) and Advanced Biotechnologies, Inc., Columbia, MD). One ng of p24 would represent 5,000–10,000 infectious units
(IU) on 293T or HeLa CD4 cells. In the case of vectors containing marker
genes, the titer of vectors can be determined by infection of 293T or HeLa
CD4 cells with serial dilutions of the vector stocks. Most vector stocks
after two rounds of ultracentrifugation have titers ranging between 5  108
and 2  109 IU/mL. The titer of the vector stocks remains stable for at least
6 mo when they are stored in closed tubes at 80°C. In general, the vector
stocks can be frozen and thawed several times with gradually loss of infectivity. If the yields of the vector are low, the number of infectious viral
particles should be determined in samples taken at various stages during the
purification to determine where losses are occurring.
7. To assay viable cells by Trypan Blue exclusion, mix 50 lL of cells with 50
lL of 0.4% Trypan Blue for 5 min. Transfer the cells to a hemocytometer
and score the fraction of clear cells (alive) and dark blue cells (dead).
8. Using a smaller volume of SFM during transduction tends to increase the
transduction efficiency (34).
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Fig. 1. Flow cytometry analysis of the transgene expression in NOD/SCID mice
transplanted with lentiviral vector-transduced human CD34 cells. Human CB CD34
cells were transduced with an HIV-1-based lentiviral vector containing the green fluorescence protein (GFP) gene under the control of the cytomegalovirus (CMV) promoter
and transplanted into sublethally irradiated NOD/SCID mice. At 15 wk posttransplantation, mononuclear cells were isolated from BM, spleen, and PB and analyzed by flow
cytometry using FACSCalibur (Becton-Dickinson, Franklin Lakes, NJ) with CELLQuest software. (A) BM, spleen, and PB cells were stained with phycoerythrin (PE)conjugated anti-human CD45. (B) BM cells were stained with phycoerythrin (PE)-conjugated anti-human CD14 (myeloid cells), CD19 (B cells), or CD34 (progenitor cells).
Percentages of GFP cells in engrafted human cell subpopulation are indicated.
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9. Increases in MOI, addition of polybrene, and RetroNectin (recombinant
human fibronectin fragment CH-296) (Takara Bio Inc., Otsu, Japan) have
little effect on the transduction efficiency.
10. Incubation for 5 h is enough for transduction but longer incubation may improve the transduction efficiency.
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