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ABSTRACT Recent studies have opened the possibility
that quiescent, G0yG1 hematopoietic stem cells (HSC) can be
gene transduced; lentiviruses (such as HIV type 1, HIV)
encode proteins that permit transport of the viral genome into
the nucleus of nondividing cells. We and others have recently
demonstrated efficient transduction by using an HIV-1-based
vector gene delivery system into various human cell types
including human CD341 cells or terminally differentiated
neurons. Here we compare the transduction efficiency of two
vectors, HIV-based and murine leukemia virus (MuLV)-based
vectors, on untreated and highly purified human HSC subsets
that are virtually all in G0yG1. The HIV vector, but not MuLV
vector supernatants, transduced freshly isolated G0yG1 HSC
from mobilized peripheral blood. Single-step transduction
using replication-defective HIV resulted in HSC that ex-
pressed the green fluorescent protein (GFP) transgene while
retaining their stem cell phenotype; clonal outgrowths of these
GFP1 HSC on bone marrow stromal cells fully retained GFP
expression for at least 5 weeks. MuLV-based vectors did not
transduce resting HSC, as measured by transgene expression,
but did so readily when the HSC were actively cycling after
culture in vitro for 3 days in a cytokine cocktail. These results
suggest that resting HSC may be transduced by lentiviral-
based, but not MuLV, vectors and maintain their primitive
phenotype, pluripotentiality, and at least in vitro, transgene
expression.

Genetic modification of hematolymphoid cells relies on the
successful transduction of hematopoietic stem cells (HSC), the
only population of cells capable of life long self-renewal, and
maturation to the various blood cell types (1, 2). The long-term
subsets of HSC have a high capacity for self-renewal (1) and
engraftment (3–5). Transduction of cells with replication-
defective murine leukemia virus (MuLV) viral particles requires
the orchestration of a number of factors: efficient binding and
entry via specific cell-surface receptors, reverse transcription of
the proviral RNA in the cytoplasm, integration of the viral cDNA
into the host cell genome (6), and expression of viral proteins and
the transgene product. MuLV gene transduction occurs in target
cells (7) that are in the mitotic phase of the cell cycle, presumably
because the viral cDNA can only gain access to the host at M
phase, when the nuclear membrane disassembles. Unfortunately,
in their native state, most long-term subsets of HSC are quiescent
(1); and mobilized peripheral blood (MPB) HSC are almost
exclusively in G0yG1 phases of the cell cycle (8–10). Attempts to
stimulate long-term subsets of HSC into cycle by using various
combinations of cytokines in vitro impairs their in vivo activity

(11) and usually results in their differentiation out of the long-
term subset of HSC pool.

Lentivirus (such as HIV)-based vectors have been shown to
transduce a variety of nondividing cell types (12–17). HIV, the
prototypical lentivirus, has at least two gene products that
permits it to infect nondividing cells: The matrix at the N
terminus of gene, has a canonical nuclear localization signal.
In the absence of Vpr, it allows nuclear entry of the preinte-
gration complex (18–20). Here, we used a replication-defective
HIV vector pseudotyped with vesicular stomatitis virus G
glycoprotein (VSV-G) envelope to transduce freshly isolated
G0yG1 MPB HSC. It has been shown that purified CD341

Thy-11 Lin2 MPB cells caused rapid and sustained engraft-
ment when patients were transplanted with 3 3 105 to 3 3 106

cellsykg (21). Postsorted primitive CD382ylo (and less primi-
tive CD38loy1) subsets of CD341 Thy-11 Lin2 MPB cells were
used to compare the transduction efficiency of the HIV and
MuLV vectors that contained GFP transgenes. Efficient
MuLV-mediated gene transfer to cycling MPB HSC occurs
only if they were cultured in vitro for 3 days to activate cells into
cycle. The same vector failed to transduce freshly isolated
G0yG1 MPB HSC. In contrast, an HIV-based vector trans-
duced both G0yG1 MPB CD341 Thy-11 Lin2 subsets with high
efficiency. Most of the CD382ylo HSC subset transduced by
HIV (VSV-G) pseudotyped particle retained their Thy-11

phenotype. When single GFP1 HSC were resorted 3–4 days
after HIV-mediated gene transduction and into long-term
stroma-based bone marrow culture, virtually all progeny de-
rived from GFP1 HSC retained GFP transgene expression in
their CD451 hematolymphoid progeny. These results demon-
strate that HIV, and likely other Lentiviral vectors should
allow the successful transduction of primitive, quiescent stem
cells with a minimum of in vitro manipulation.

MATERIALS AND METHODS
Purification of Human HSC and Flow Cytometry Analysis.

MPB was obtained from leukophoresed volunteers that were
pretreated with granulocyte colony-stimulating factor (G-CSF)
for 5–6 days, and CD341 cells were enriched on Baxter Isolex
Magnetic Cell Separator (Baxter Healthcare, Deerfield, IL). This
CD34 enriched fraction was further incubated with mAbs against
Thy-1, CD38 and Lineage markers including CD2,CD14, CD15,
CD16 and glycophorin A. CD341 Lin2 Thy-11 CD382ylo and
CD341 Lin2 Thy-11 CD38loy1 cells were sorted by dual-laser
flow cytometry (Becton Dickinson). After sorting, the purity of
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these Thy-11 subsets was analyzed by flow cytometry. To deter-
mine the cell cycle status of HSC before gene transduction,
Hoechst 33342 staining for DNA content analysis was performed
as described (8).

In Vitro Long-Term Cobblestone Area-Forming Cells
(CAFC) Assays. Sorted CD341 Lin2 Thy-11 CD382ylo and
CD38loy1 cells subsets as well as CD341 Lin2 Thy-12 cells
were resorted by automated cell-deposition unit into 96-well
plates with a preestablished monolayer of stromal cell line
SyS-1 (21). CAFC assay was performed as described (22), in
the presence of LIF (10 ngyml), thrombopoietin (50 ngyml),
and interleukin 6 (10 ngyml). Cultures were screened every
week for 6 weeks, and linear regression analysis of the pro-
portion of negative wells at each cell concentration was used
to determine the frequency of CAFC.

Plasmid Vector Constructions, Preparation of Vector Su-
pernatant, and Gene Transduction. pHIV-AP was obtained
from N. Landau (23). It is derived from the HIV-1 NL4–3
isolate, has a frameshift in gp160, and human placental
alkaline phophatase replaces Nef. pHIV-eGFP was derived
from pHIV-AP by deleting the AflIII fragment (nucleotides
6,054–7,488) and the NdeI-EcoRI fragment (nucleotides
5,123–5,743) and replacing AP with the coding sequence of
enhanced green fluorescent protein, (eGFP, CLONTECH). In
this vector, Gag, Pol, Tat, and Rev are intact and Nef, Vif, Vpr,
and Vpu are deleted. Typical end-point virus titer of HIV-
eGFP (VSV-G) on adherent human cells was greater than 107

unitsyml. pHIV-lacZ was made by substituting the NotI-XhoI
fragment of pHIV-AP with a 3.8-kb nuclear localization
signal-lacZ gene with compatible ends (a gift of S. Bartz, Fred

Hutchinson Cancer Research Center, Seattle) and deleting the
AflIII fragment (nucleotides 6,054–7,488). Typical end-point
virus titer of HIV-lacZ (VSV-G) on adherent human cells was
greater than 107 unitsyml. The MLV-lacZ [amphotropic-
Moloney MLV (A-Mo-MLV)] supernatants were made by
using the Propak system (24) and titered on 293 cells (end-
point virus titer 5 3 106 to 5 3 107 unitsyml). pME VSV-G,
encoding the VSV-G glycoprotein, was a gift of K. Maruyama
(DNAX). Pseudotyped HIV viral supernatants were made
essentially as described, without the addition of pcRev or
butyrate (17). For the HIV-lacZ (VSV-G) transductions,
previously frozen viral stocks were concentrated 10-fold by
ultrafiltration by using Centriprep-10 units (Amicon) accord-
ing to the manufacturer’s instructions and transductions were
performed at unit gravity. As a negative control, an HIV
vector without envelope was used (bald). MuLV vector was
derived from pLN (25) and eGFP was inserted for transgene
expression. Typical end-point virus titer on adherent human
cells were 3 3 106 unitsyml.

Sorted CD341 Lin2 Thy-11 CD382ylo and CD38loy1 cells were
transduced immediately by the spinoculation method for 4 hr (26,
27). After spinoculation, cells were resuspended in serum-free
defined media Ex-Vivo 15 (BioWhittaker) in the presence of
thrombopoietin (100 ngyml), FLK2L (50 ngyml), and SLF (50
ngyml) for 4 days, and analyzed for GFP transgene and Thy-1
expression by flow cytometry. Alternatively, the sorted cells were
cultured first in the same condition for 3 days then subsequently
transduced by spinoculation methods. The cells were cultured for
an additional 3–4 days before testing for GFP expression.

FIG. 1. In vitro proliferative potential of CD341 Thy-11 Lin2 MPB cells further subdivided based on CD38 expression. MPB CD341 Lin2 Thy-11

CD382ylo and CD38loy1, and CD341 Lin2 Thy-12 cells were sorted as described. The Thy-1 vs. CD38 profile of CD341 Lin2-gated cells revealed that
the CD38 negative cells were highly enriched in Thy-11 cells and CD3811 cells were virtually Thy-12 (A). Reanalysis of CD341 Lin2 Thy-11 CD382ylo

(B) and CD341 Lin2 Thy-11 CD38loy1 (C) populations shows that we could not eliminate ‘‘CD38lo ’’ overlap, although sorting gates were defined to
separate CD382 and CD381 cells. With single-step sorts, the purity of CD382ylo and CD38loy1 subsets were 97 6 1 (SE) % and 91 6 2%, respectively,
by the gates shown. These sorted cells were highly enriched for Thy-11 expression (99 6 0.08%, without CD38 gate). The mean fluorescent intensity of
the Thy-1 profile on the CD382ylo subset is consistently brighter (80 6 8 fluorescence units) than the CD38loy1 subset (53 6 3) (P , 0.05). The CAFC
frequency of CD341 Lin2 Thy-11 CD382ylo (F), CD341 Lin2 Thy-11 CD38loy1 (‘), and CD341 Lin2 Thy-12 (■) MPB cells from two independent
experiments are shown in D and E. CAFC frequencies were calculated by linear regression analysis and the x2 test was performed to validate linear
regression analyses. The following CAFC frequencies at week 6 with lower and upper 95% confidence intervals were obtained; in experiment 1 (D) Thy-11

CD382ylo cells, 1y4 (1y2–1y5); Thy-11 CD38loy1 cells, 1y10 (1y4–1y24); and Thy-12 cells, undetectable, (UD). In experiment 2 (E), Thy-11 CD382ylo

cells, 1y9 (1y6–1y13); Thy-11 CD38loy1 cells, 1y12 (1y8–1y21); and Thy-12 cells. 1y106 (1y49–1y248).
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Evaluation of GFP Expression of Single Cell-Derived Progeny
in Vitro. Freshly isolated CD341 Lin2 Thy-11 CD382ylo, and
CD38loy1 cells were transduced by HIV (VSV-G) eGFP and
cultured for 3–4 days as described above. The cultured cells were
resorted based on GFP expression, using automated cell-
deposition, into 96-well plates (1, 3, 6, or 10 cellsywell) with a
SyS-1 monolayer in the presence of thrombopoietin (50 ngyml),
SLF (50 ngyml), and interleukin 6 (10 ngyml). After 5–6 weeks,
wells were scored for the appearance of human hematopoietic
cells and CAFC. Wells originally plated with single cells were
harvested to evaluate for the presence of Gag DNA sequences by
DNA-PCR and for the expression of both human CD45 and GFP
by flow cytometry. PCR was performed as described (28) by using
the oligo primers for detection of Gag sequences; 59-ATAATC-
CACCTATCCCAGTAGGAGAAAT-39 and 59-TTTGGTCC-
TTGTCTTATGTCCAGAATGC-39.

RESULTS
In Vitro Proliferative Potential of CD341 Thy-11 Lin2 MPB

Cells. To compare human HSC subsets for biological activity
and transducibility, highly purified CD341Thy-11Lin2 MPB
HSC were further separated into the CD382ylo, and the

CD38loy1 subsets (Fig. 1 A–C). The CAFC assay was used as
a measure of HSC biopotency. These Thy-11 subsets were
plated at limiting dilution (1, 2, 4, and 8 cellsywell) on the
cloned stromal line SyS-1 by automated cell-deposition. Al-
though both subsets were highly enriched for long-term CAFC
activity, as shown in Fig. 1 D and E, the CD382ylo subset
showed relatively low activity early on, but developed CAFC
with higher frequency over time. After 6 weeks in culture, the
level of CAFC activity in the CD382ylo subset of the
CD341Thy-11Lin2 HSC was higher than the level from the
CD38loy1 subset, whereas the Thy-12 subset of CD341 Lin2

cells had little or no CAFC activity. The CAFC activity
indicates that, among Thy-11 cells, more primitive HSC were
enriched in those that express negative to low levels of CD38.

Transduction of Freshly Isolated CD382ylo and CD38loy1

CD341 Thy-11 Lin2 Cells. To compare the transduction
efficiency of the HIV and MuLV vectors, we used the freshly
isolated CD382ylo and CD38loy1 subsets characterized above.
We have shown previously (8) that MPB HSC were virtually all
in the G0yG1 phase of the cell cycle and displayed delayed cell
cycle progression into S phase in the presence of multiple
cytokines (.24 hr in vitro), compared with bone marrow (BM)

FIG. 2. Transgene expression of CD341 Lin2

Thy-11 CD382ylo and CD38loy1 cells transduced imme-
diately after the sort. CD341 Lin2 Thy-11 CD382ylo (A)
and CD38loy1 (B) cells were sorted and analyzed for cell
cycle status Hoechst 33342 (DNA content) and Thy-1
profile. These cells were transduced by with either
HIV-eGFP (VSV-G) or MuLV-eGFP (A-Mo-MLV) by
spinoculation for 4 hr without preculture as described in
Materials and Methods; cells were cultured for 4 days.
Five independent experiments revealed that an average
of 36 6 3% of CD341 Lin2 Thy-11 CD382ylo cells
expressed GFP using HIV (VSV-G) (C), whereas vir-
tually no cells expressed GFP (0.5 6 0.2%) using the
MuLV-eGFP (A-Mo-MLV) vector (D) (P , 0.0001).
Similarly, an average of 16 6 2% CD341 Lin2 Thy-11

CD38loy1 cells expressed GFP using HIV-eGFP
(VSV-G) (E), 1 6 0.5% expressed GFP using MuLV-
eGFP(A-Mo-MLV) vector (F) (P , 0.0001). Thy-11

CD382ylo cells were transduced by HIV-eGFP(VSV-G)
with higher efficiency than Thy-11 CD38loy1 cells (P ,
0.0005). Sorted CD341 Thy-11 cells were transduced
overnight by nit gravity in the presence into cytokine-
containing medium with either MuLV-LacZ(VSV-G),
MuLV-lacZ(A-Mo-MLV), ultrafiltrated bald HIV-
lacZ, or ultrafiltrated HIV-lacZ(VSV-G) (G). Two days
after coculture, fixed cells were stained for b-galacto-
sidase and visually scored for blue color. In Exp. 1,
MuLV-lacZ(A-Mo-MLV) was used, and in experiment
2, MuLV-lacZ(VSV-G). The mean and SD of triplicate
results are shown for experiment 2. HIV-lacZ (VSV-G)
was significantly better (P , 0.001) at transduction
when, compared with MuLV-lacZ (VSV-G). The 20-
fold difference between HIV and MuLV was repro-
duced in two other experiments, using different viral
supernatant and stem cell preparations. The presence of
Vpr, matrix, and integrase mostly facilitate nuclear pore
entry of the lentiviral vectors in nondividing cells (51).
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CD341 Thy-11 Lin2 HSC or the G0yG1 CD341 Thy-12 Lin2

progenitors from BM and MPB. Freshly isolated G0yG1
Thy-11 CD382ylo and CD38loy1 cells (Fig. 2 A and B) were
transduced with HIV or MuLV vectors encoding GFP. After
transduction, cells were cultured in the presence of thrombo-
poietin, FLK-2 ligand, and Steel factor, in serum-free condi-
tions.

After transduction with HIV-eGFP(VSV-G), both the Thy-11

CD382ylo and CD38loy1 HSC populations expressed GFP after 4
days in vitro (Fig. 2 C and E). As shown in Fig. 2C, 40% of the
CD382ylo HSC subset expressed GFP; 73% of the GFP1 cells
retained Thy-1 expression (i.e., 29% of 40% GFP1). The parallel
transduction of the CD38loy1 subset resulted in only 14% of the
cells expressing the transgene: the majority of GFP1 cells were
Thy-12 (Fig. 2E). The CD382ylo subset that expresses GFP
retained the Thy-11 phenotype of HSC significantly better that
the CD38loy1 subset. The former is likely to be more primitive
than the latter population and is therefore more likely to retain
its ability to self-renew (29).

In contrast to the HIV vector-mediated gene transfer, the
MuLV-eGFP(A-Mo-MLV) vector did not transduce either
subset of freshly isolated G0yG1 MPB HSC (Fig. 2 D and F).
This difference may be related to the envelope used by these
two viral supernatants. To exclude this possibility, freshly
isolated MPB CD341 Thy-11 HSC were cultured for 2 days
with MuLV-lacZ vectors pseudotyped with either ampho-
tropic or VSV-G envelope. Less than 0.2% b-galactosidase
expression was observed in either case, whereas a 20-fold
greater rate was detected after transduction with HIV-
lacZ(VSV-G) as measured by b-galactosidase expression (Fig.
2G).

Transduction of CD382ylo and CD38loy1 CD341 Thy-11

Lin2 Cells after 3 Days in Vitro. We tested whether cycling
MPB HSC (previously cultured for 3 days in thrombopoietin,
FLK-2 ligand, and Steel factor, in serum-free conditions) (Fig.
3 A and B) were equally transducable with either HIV or
MuLV vectors. Cycling HSC subsets were transduced (as
described in the Fig. 3 legend) for 4 hr, then cultured 3–4 days

before analysis. As shown in Fig. 3C, the transduced progeny
of the Thy-11 CD382ylo HSC subset expressed high levels of
GFP with HIV-eGFP(VSV-G); 72% of the GFP1 cells re-
tained Thy-1 expression (i.e., 23% of 32% GFP1). The parallel
transduction of the Thy-11CD38 loy1 subset resulted in 21% of
the cells expressing the transgene: the majority of GFP1 cells
were Thy-12 (Fig. 3E). When the two subsets were transduced
at day 3 with a MuLV-eGFP(A-Mo-MLV) vector, both pop-
ulations were equally transduced as measured by expression of
GFP (Fig. 3). Note that the GFP fluorescence of the MuLV-
transduced cells was much higher compared with HIV-
transduced cells, suggesting that the MuLV long-terminal
repeat is more active in this subset.

Sustained GFP Expression in Progeny of Single Cell Derived
HSC after 5–6 Weeks in Vitro. We wished to test whether the
progeny of HIV eGFP(VSV-G) transduced-HSC continued to
express GFP in vitro. Three to four days after HIV-mediated gene
transduction, single GFP1 and GFP2 HSC were sorted into wells
containing SyS-1 mouse cloned stroma. Cells were harvested to
evaluate the frequency of donor-derived CD451 cells (Table 1).
Both Thy-11 CD38 2ylo and CD38 loy1 clones derived from GFP1

cells retained GFP expression in their CD451 progeny (Fig. 4 and
Table 1). DNA-PCR analysis of clones, for HIV Gag sequences,
revealed that all GFP1 clones had integrated viral Gag sequences.
Surprisingly, some GFP2 HSC gave rise to GFP1 clones after 5-6
wk of long-term BM culture (Fig. 4A); there was a perfect
correlation between Gag1 sequence detection and GFP1 expres-
sion in these clones.

DISCUSSION
The principal goal of gene therapy of HSC is to provide maximal
integration and expression of transgenes without affecting the life
span, self-renewal capacity, or differentiation of the transduced
cells or their progeny. The barriers to achieving that goal include:
(i) limitation of vector constructs to transduce human HSC with
high efficiency; (ii) low frequency of transduced cells that have
integrated the transgene into the genome of host cells; (iii)
transgene expression ‘‘shut down’’ both in the short and long

FIG. 3. Transduction efficiency of CD341 Lin2 Thy-11 CD382ylo and CD38loy1 cells after 3 days in vitro. CD341 Lin2 Thy-11 CD382ylo and
CD38loy1 cells were sorted and cultured for 3 days as described in Materials and Methods. Hoechst 33342 (DNA content) vs. Thy-1 profile of
CD382ylo (A) and CD38loy1 (B) showed these cells were actively cycling. After 3-days in culture, cells were transduced either with HIV-eGFP
(VSV-G) or MuLV-eGFP(A-Mo-MLV) by spinoculation for 4 hr. Cells were cultured for an additional 3–4 days before testing transgene expression.
Five independent experiments revealed that a high but equal fraction of CD341 Lin2 Thy-11 CD382ylo cells resulted in an average of 34 6 4%
cells expressing GFP using HIV-eGFP (VSV-G) (C) compared with MuLV-eGFP(A-Mo-MLV) vector (32 6 1%) (D) (P 5 0.6; no statistically
significant difference). Similarly, CD341 Lin2 Thy-11 CD38loy1 cells resulted in average of 27 6 3% expressing GFP using HIV (VSV-G) (E)
as well as by MuLV vector (33 6 3%) (F) (P 5 0.2, no significant difference).
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term; and (iv) the differentiation-inducing effects of hematopoi-
etic cytokines on HSC in vitro. MuLV replicates poorly in
noncycling cells because the breakdown of the nuclear membrane

during M phase is required to allow the preintegration complex
to gain access to host chromatin (30). Unfortunately, most HSC
from cord blood, ABM, and MPB are in the G0yG1 phase of the
cell cycle (8–10, 31). In experimental systems, two methods have
been used to increase the efficiency of murine retrovirus trans-
duction of primitive hematolymphoid cells by increasing the
fraction of dividing cells. The HSC donor can be pretreated with
5-flurouracil, that depletes dividing cells and recruits HSC into
cell cycle (32), or HSC can be cultured with cytokines capable of
stimulating them into cell cycle before transduction (33, 34).
Pretreatment of patients with chemotherapy such as 5-flurouracil
is not without risk, especially when the patient suffers a hema-
tolymphoid disorder for which gene therapy is sought. Similarly,
the culture of HSC using purified cytokines has not yet resulted
in expansion of HSC, and most of the cells that enter cell cycle,
are committed to myeloerythroid differentiation pathways (35).

Derivatives of MuLV have been utilized as the principal
gene transfer agents for both research purposes and clinical
trials for gene therapy (36–41), especially for hematolymphoid
cells. These oncoretroviral vectors have been useful for gene
marking to trace the fate of transplanted cells (42, 43),
correcting genetic defects (44, 45), modifying chemotherapeu-
tic sensitively by insertion of drug resistance genes (e.g., mdr1
or dhfr) (46) and modulating the immune system (47, 48).
Rates of MuLV-mediated gene transfer into HSCyprogenitors

FIG. 4. GFP expression of progeny from single cell derived HSC after 5–6 wk of in vitro culture. Freshly isolated CD341 Lin2 Thy-11 CD382ylo

and CD38loy1 cells were transduced by HIV-eGFP (VSV-G), cultured for 3–4 days and resorted based on GFP expression as described in Materials
and Methods. After 5–6 weeks of SyS-1 coculture, proliferating human cells were scored and harvested to evaluate eGFP expressions. Human CD45
vs. GFP expression on progeny of single cells derived GFP2 Thy-11 CD382ylo (A) and GFP1 Thy-11 CD382ylo (B) from the first 12 samples
harvested were shown. These samples were also tested for the presence of Gag sequences by DNA-PCR analysis as indicated. In some samples,
the down-regulation of CD45 expression was observed. It has been shown that thrombopoietin could induce differentiation of cells of the
megakaryocyte lineage, and CD45 expression is down regulated as cells differentiate. In this experiment, the frequency of cells contributing to
detectable levels of hematopoietic cell proliferation was 1 in 2.2 cells in GFP2 Thy-11 CD382ylo and 1 in 5.9 cells from GFP1Thy-11 CD382ylo

population. The frequency of CAFC was 1 in 3.9 cells in GFP2 Thy-11 CD382ylo and 1 in 21.6 cells from GFP1 Thy-11 CD382ylo population.

Table 1. GFP transgene expression and Gag sequence detection
from single cell-derived progenies isolated from long-term
BM culture

Population
No. wells
screened CD451 GFP1

GFP1,
%

Thy1 CD38lo/1 (bald control) 42 23 0 0
GFP2 Thy1 CD382/lo 54 44 5 11
GFP2 Thy1 CD38lo/1 43 22 3 14
GFP1 Thy1 CD382/lo 42 29 29 100
GFP1 Thy1 CD38lo/1 26 7 7 100

Total 207 125 44

GFP and GFP1 Thy1 subsets after HIV-mediated gene transduction
were resorted and single cells were plated on Sys-1 stromal cultures as
described in Materials and Methods. After 5–6 wk of SyS-1 coculture,
human hematopoietic cells were harvested to analyze for CD45 and GFP
expression by flow cytometry. The same samples were also evaluated for
the presence of Gag sequences by DNA-PCR. The results from three
different tissues were combined. Virtually all CD451 Gag1 progeny
derived from GFP1 HSC expressed GFP. Among the CD451 samples, no
Gag sequences were detected in GFP2 samples with single exception.
Within the GFP1 populations, there were samples which no longer
contained human CD451 cells, yet displayed PCR Gag1.
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in vitro have been improving in marking studies and animal
models (mouse, dog, and nonhuman primates) (49, 50). How-
ever, clinical trials involving BM transplantation resulted in
too low of a transduction efficiency in repopulating blood
progeny in vivo in to be useful clinically.

We have demonstrated efficient gene transduction of freshly
isolated human HSC by the use of lentiviral vectors. We and
others have shown that initial integration and expression of
transgenes in HSC does not guarantee expression of the
transgenes in its progeny. In fact, MuLV transduction of mouse
long-term HSC resulted in reproducible silencing of GFP
integrants in differentiated progeny, whereas most, if not all,
HSC express GFP within the same mice (C. Klug and I.L.W.,
unpublished results). In the experiments reported here HSC
colonies grown on BM stroma retained full GFP expression in
vitro. We observed that the CAFC activity of the GFP2 sorted
cells was consistently higher than that of the GFP1 sorted cells.
Such results suggest that a gene product present in the vector
HIV-eGFP, which includes Gag, Pol, Tat, Rev, and eGFP, may
affect these HSC. Alternatively, more primitive (or dormant)
cells may not be as easily transduced, even with lentiviral
vectors. In these experiments, in vivo development (including
T cells) and expression were not tested. It shall be important
to study lentiviral vector mediated gene transduction and
expression in vivo.
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