
Efficient Marking of Murine Long-Term
Repopulating Stem Cells Targeting Unseparated

Marrow Cells at Low Lentiviral Vector
Particle Concentration

Peter Kurre,1,2 Ponni Anandakumar,1 Michael A. Harkey,1

Bobbie Thomasson,1 and Hans-Peter Kiem1,3,*
1 Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA

2 Department of Pediatrics, University of Washington School of Medicine, Seattle, WA, USA
3 Department of Medicine, University of Washington School of Medicine, Seattle, WA, USA

*To whom correspondence and reprint requests should be addressed at the Fred Hutchinson Cancer Research Center,

1100 Fairview Avenue North, Seattle, WA 98109, USA. Fax: (206) 667-6124. E-mail: hkiem@fhcrc.org.

Available online 10 May 2004

HIV-1-derived lentivirus vectors offer unique biological properties for gene delivery to
hematopoietic stem cells and, when used at high multiplicities of infection (m.o.i.), permit
efficient gene transfer after minimal target cell stimulation. However, such a strategy has been
shown to promote multicopy proviral integration, potentially increasing the risk of insertional
mutagenesis. To minimize cell manipulation, we targeted unseparated marrow and demon-
strated that transduction at an m.o.i. of 1 resulted in up to 12% vector-modified peripheral blood
leukocytes and successful repopulation of secondary recipients with vector-marked cells. Real-
time PCR showed on average 1.8 proviral integrants per GFP-marked cell. By comparison, a
cohort of animals transplanted with cells transduced at m.o.i. of 10 under otherwise unchanged
conditions showed up to 45% marking with an average of 7 copies per GFP-expressing cell. Both
m.o.i. groups demonstrated sustained proviral expression with stable GFP fluorescence intensity.
In summary, we have identified conditions for lentiviral gene transfer involving minimal ex vivo
target cell manipulation and have shown that the m.o.i. is a critical determinant of proviral copy
number in lentivirus-transduced murine long-term repopulating cells. Thus, gene transfer
efficiencies may be limited when single-copy integration is desired and additional strategies such
as in vivo selection may be required to improve the frequency of gene-modified cells.
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INTRODUCTION

At present, oncoretrovirus vectors are the most widely
used gene transfer vectors in animal models and clinical
trials. However, a number of obstacles prevent their rou-
tine use. These include low integration frequency in stem
cells, loss of stem cell properties during in vitro manipu-
lation, silencing of transgene expression, and the poten-
tial for pathogenic genomic insertion and mutagenicity.

HIV-derived lentivirus vectors by contrast offer advan-
tages for the genetic modification of hematopoietic stem
cells due to their ability to transduce nondividing cells [1–
3], a noted limitation of oncoretroviral vectors [4–6]. Gene
transfer efficiency with lentivirus vectors can be substan-
tially improved by the use of extended ex vivo culture and

cytokine stimulation [7–10]. However, this strategy also
risks apoptosis and premature differentiation among tar-
get cells during prolonged periods of in vitro manipulation,
including the enrichment of stem cells, cytokine activa-
tion, and long periods of exposure to vector [11–13].

Alternatively, improvement of gene delivery to repopu-
lating cells can be accomplished by using high concentra-
tions of vesicular stomatitis virus G-protein (VSV-G)-
pseudotyped vector particles [10,14], especially in murine
transplantation studies in which lentivirus gene transfer is
relatively less efficient [15,16]. The resultant multicopy
proviral integration, on the other hand, may increase the
risk for activation of cellular genes, including oncogenes,
and may thereby further contribute to the risk of insertional
mutagenesis, as illustrated in recent reports [17–22].
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Ideally, a protocol for the introduction of therapeutic
genes should address all the following: (1) minimal
manipulation of target cells, allowing maximum viability
and retention of stem cell properties; (2) maximum
number of target cells genetically modified; (3) single or
minimal number of proviral insertions in each cell; and
(4) sustained and uniform expression in cells of thera-
peutic interest. We envision that such a strategy of
minimal manipulation and ex vivo stimulation would be
particularly well suited to gene replacement therapy in
Fanconi anemia (FA), in which progressive marrow apla-
sia and poor ex vivo viability are critical limitations to the
number of stem cells available for genetic correction. In
this study, we have therefore attempted to minimize in
vitro time, cytokine exposure, and proviral insertion
events per cell by using an abbreviated, low multiplicity
of infection (m.o.i.) exposure of unfractionated marrow
to lentiviral vectors.

RESULTS

Experimental design
We devised conditions of minimal hematopoietic target
cell manipulation favoring single-copy proviral integra-
tion by transducing unseparated murine marrow cells
at a low m.o.i. For the transduction of hematopoietic
target cells with oncoretrovirus vectors, a dose–re-
sponse relationship between vector particle to cell
number ratio (m.o.i.) and gene transfer efficiency on
the one hand and the resulting proviral copy number
on the other hand has previously been demonstrated
[23–25]. Hypothesizing that a similar relationship may
exist using VSV-G-pseudotyped lentivirus vectors, our
experimental design and cohort assignment, outlined
in Table 1, focused on a comparison of m.o.i. of 1 and
10 and explored cytokine support and prestimulation
before transduction as minor variables. Study endpoints
were the repopulation of primary and secondary recip-
ients with genetically marked cells, copy number deter-
mination in progeny of transduced cells, and, to a
lesser extent, long-term transgene expression. These

experiments were not designed to provide an exhaus-
tive evaluation of transduction parameters, but as a
basis upon which to explore further strategies limiting
target cell copy number while optimizing gene transfer
efficiency.

Cytokine exposure promotes gene transfer and in vivo
persistence of murine marrow cells exposed to lenti-
virus vector at an m.o.i. of 1
Following transduction and injection of cells, animals
rapidly repopulated except for one early death each in
cohorts II and III and three animals in cohort IV (presti-
mulation and transduction in the absence of cytokines,
Table 1). Animals were evaluated for gene transfer at serial
time points after transplantation by flow-cytometric anal-
ysis of GFP expression in peripheral blood leukocytes (Fig.
1). As predicted, based on in vitro rates of gene transfer to
bulk-transduced cells prior to infusion (Table 1), cohorts
that received cells transduced in the absence of cytokines
had substantially lower levels of gene transfer at all time
points after transplantation, regardless of whether cells
underwent prestimulation prior to transduction (Fig. 1A)
or were transduced immediately upon harvest (Fig. 1B).
Cytokine support with murine stem cell factor (mSCF) (S)
or the combination of human interleukin-6 (IL-6), mSCF,
megakaryocyte growth and development factor (MGDF),
and Flt-3 ligand (Flt-3L) (6, S, M, F), on the other hand, led
to improved short-term gene transfer rates (up to 23%).
Overall transfer rates subsequently declined but remained
higher at all time points in mice that received cells trans-
duced in the presence of cytokines. Of note, long-term
gene transfer rates in animals that received cells prestimu-
lated and transduced in the presence of mSCF only were
similar to those in animals in which the combination of all
four cytokines had been used.

Lentiviral transduction of unseparated marrow results
in hematopoietic repopulation with gene-modified
myeloid and lymphoid progeny
We next determined that the leukocyte subset com-
position in the peripheral blood at 16 weeks after

Table 1. Cohort assignment and in vitro marking

Cohort m.o.i. No. of animals at BMT/follow-up Prestimulation 12 h Cytokine supporta GFP marking in vitro (%)

I 1 5/5 � — 6.6
II 1 4/3 � S 14.5
III 1 4/3 � 6, S, M, F 12.2
IV 1 5/2 + — 5.7
V 1 4/4 + S 9.2
VI 1 4/4 + 6, S, M, F 7.1

Experimental design for transplant studies at m.o.i. 1. Mice were transplanted as outlined under Materials and Methods. Prestimulation/transduction per cohort were carried out with

cytokine support as noted. Gene transfer rates in vitro were assessed flow cytometrically on day 5 after transduction in small aliquots of bulk-transduced cells injected into recipient animals.
a S, murine stem cell factor; 6, interleukin-6; F, Flt-3 ligand; M, megakaryocyte growth and development factor.
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transplantation was indistinguishable from that of a
steady-state control group (data not shown). To ascer-
tain gene transfer to pluripotent cells, we analyzed
GFP marking in myeloid and lymphoid progeny in a
group of four animals. Using fluorochrome-labeled,
lineage-specific antibodies, flow-cytometric analysis of
GFP expression demonstrated genetic marking in B
and T lymphocytes (B220, Thy-1) as well as in gran-
ulocytes (Gr-1) from all four animals, suggesting that
multipotent progenitor or stem cells were transduced.
A representative example from one animal with high
marking is shown (Fig. 2).

Repopulation of secondary recipients with genetically
marked cells
To confirm the transduction of long-term repopulating
cells, we sacrificed seven primary recipients at 6 (n = 2)
and 9 (n = 5) months after primary stem cell transplan-
tation. Animals were selected on the basis of higher
gene transfer from cohorts III, V, and VI, all of which
received cells transduced in the presence of cytokines.
By design, and since gene transfer and copy number are
known covariates [23], this should have maximized the
probability of finding multicopy integrants (see below).
We transplanted a total of 17 myeloablated secondary
recipients with 2 � 106 donor cells each. Recipient
animals (n = 2–4 per donor) showed rapid hematopoi-
etic recovery with variable peripheral blood GFP mark-
ing and, in some recipients, at a much lower level than
the respective donor animals (Fig. 3A). The variability
and lower overall frequency of GFP-marked cells in
secondary recipients may in part reflect the relatively
limited number of cells taken from donor animals and
are consistent with oligoclonal marking (below). Taken
together with the experiments above indicating gene
transfer to myeloid and lymphoid subsets, these studies
strongly suggest that a single 12-h vector exposure of
unseparated marrow at an m.o.i. of 1 resulted in

genetic marking and long-term persistence of murine
hematopoietic stem cells.

Cells transduced with lentivirus vector at an m.o.i. of 1
demonstrate low average copy number in target cell
progeny
Average proviral copy numbers can be readily assessed
by real-time PCR technology [15,16,26–28]. We there-

FIG. 2. Gene transfer to murine repopulating/stem cells occurs with marking

in lymphoid and myeloid subsets. Analysis of GFP expression 16 weeks after

transplantation in an animal with a high gene transfer rate. Phycoerythrin-

labeled monoclonal antibodies (expression analyzed in fluorescence channel 2

(FL-2)) were directed against murine B and T cells and granulocytes. GFP

expression was analyzed in FL-1. This analysis was performed in three

additional animals with similar results.

FIG. 1. Repopulation of recipients with GFP lentivirus-

transduced cells. All animals received grafts of 2 � 106

cells after exposure of cells to concentrated vector

supernatant for 12 h under conditions outlined in

Table 1. Animals were subjected to retroorbital blood

sampling after transplant at the time points indicated,

and gene transfer was analyzed. Cohorts of animals

received cells (A) without or (B) with prestimulation. Ex

vivo culture and transduction were performed in the

absence of cytokines (open symbols), the presence of

mSCF (S; shaded symbols), or the presence of IL-6,

mSCF, MGDF, and Flt-3 ligand (6, S, M, F; solid

symbols).
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fore used a real-time PCR assay to determine the
average proviral copy number in DNA extracted from
marrow cells of animals sacrificed at 6 (n = 2) or 9 (n =
5) months after transplantation. Further correlation
with gene transfer rates determined by flow cytometric
expression of GFP can provide additional information
to calculate the average copy number among genetical-
ly marked cells. Results of our PCR and FACS analyses
(determined on aliquots from the same bone marrow
samples) illustrate the strong correlation between the
two modalities and demonstrate an average of 1.8
(standard deviation (SD) 0.5) proviral copies per cell
in the seven animals analyzed (Fig. 3B).

Single-copy integration at the clonal level in
genetically marked progenitor cells from a primary
recipient
In an effort to analyze proviral copy numbers at the
clonal level, we studied hematopoietic progenitor colo-
nies from a single primary recipient of cohort V (presti-
mulation and transduction in the presence of mSCF) in
detail. This was performed not in an attempt to study the
number of clones contributing, but to confirm and illus-
trate the number of integrants per cell. Given the com-
plexity of the analysis, we focused on an animal with
high in vivo marking, predicting a greater number of
provirus-containing progenitor colonies and an increased
overall likelihood of finding multicopy integrants, if
present. Linear amplification (LAM)-PCR (Fig. 4A) was
performed and independently confirmed by direct am-
plification of GFP and h-actin control PCR from progen-
itor cell DNA extracts (Fig. 4B). Results indicate
repopulation in this animal with a predominant ( =a)
clone indicated by the recurrent pattern of internal
control band and a unique recurrent band at 400 bp
found in 21 of 23 colonies. Additional distinct clones
were identified only in colonies 2 (h-clone) and 23 (g-

clone). Based on direct sequencing and comparison with
the mouse genome draft (April 2003 freeze), the predom-
inant proviral integration site in this animal mapped to
chromosome 11 (mChr 11; 16,388,630). To investigate
the identity of additional bands on the polyacrylamide
gel image (Fig. 4C) and exclude the presence of multicopy
insertions in the progeny of CFU-forming cells, we se-
quenced additional individual bands (n = 28) in lanes 2,
3, 10, 11, 13, 15, and 23. Direct sequencing revealed these
bands to be PCR recombination artifacts of the known
proviral a-clone sequence. This illustrative analysis in a
single animal revealed oligoclonal marking with predom-
inance of a single hematopoietic clone. No evidence was
found for a second distinct integration site in any of the
colonies studied.

A 10-fold increase in lentiviral vector concentration
leads to substantial improvements in gene transfer
and promotes multicopy integration
While gene transfer levels under the above conditions
may be adequate for some therapeutic applications and
can be the basis for in vivo selection, we were encour-
aged by the low copy number to explore how an
increase in m.o.i. might improve overall marking and
test its impact on proviral copy number. We therefore
transplanted an additional group of animals with cells
transduced under identical conditions (in the presence
of cytokines 6, S, M, F), except for a 10-fold increase in
vector concentration at transduction. As predicted,
these animals showed high-level GFP marking in up
to 70% of peripheral blood leukocytes short term and
40% long term after transplantation (Fig. 5A). Again,
animals showed normal leukocyte subset composition
and substantial marking in all leukocyte subsets (data
not shown). Similar to animals that received cells
transduced at an m.o.i. of 1, animals from this group
served as donors for the successful reconstitution of

FIG. 3. Transduction at m.o.i. of 1. Engraftment and

proviral copy number of genetically marked marrow

cells used to transplant secondary recipients. Animals

from cohorts III (animals 3 and 4), V (1, 2, 5, and 7),

and VI (6) were sacrificed to serve as donors for

secondary transplants at 6 (n = 2) or 9 (n = 5) months.

(A) GFP marking in marrow leukocytes in the primary

animals at sacrifice (open squares) and the gene

transfer rates in individual secondary recipients (solid

circles) at 9 weeks after transplantation. Donors were

taken from cohorts V, III, and VI. (B) Flow-cytometric

analysis for GFP expression and persistence of proviral

DNA by real-time PCR. Integrating PCR and FACS data

for a given animal, the graph illustrates the integration

of 1.8 (SD 0.5) copies on average among GFP-

expressing cells, with a strong correlation among the

seven animals (R2 = 0.95). Note the y axis range up to

1 copy per cell.
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secondary recipients (Fig. 5B). Importantly, the analysis
for proviral copy number in marrow cells harvested
from primary recipient animals at the time of sacrifice
for secondary stem cell transplantation showed a sub-
stantial increase in average proviral copy number to 7
(SD 1.9) in GFP-expressing cells (Fig. 5C). These results
demonstrate a consistent increase in proviral copy
number as a function of vector particle concentration
(= dose) at transduction, consistent with similar in vitro

observations by others using oncoretrovirus vectors
[23].

Proviral GFP expression remains stable over time in
primary and secondary recipients regardless of
proviral copy number
Given evidence of proviral silencing and downregulation
of expression from oncoretroviral integrants [29–31], we
investigated the stability of proviral expression by serial

FIG. 5. Transduction at m.o.i. of 10. Gene transfer in primary and secondary recipients and proviral copy number in marrow cells used to transplant secondary

recipients. (A) A comparison cohort of six animals received grafts of 2 � 106 cells after a single 12-h vector exposure at an m.o.i. of 10 in the presence of

cytokines IL-6, mSCF, MGDF, and Flt-3L under otherwise unchanged conditions. Animals were subjected to retroorbital blood sampling after transplant at the

time points indicated, and GFP expression in peripheral blood leukocytes was analyzed. (B) GFP marking in marrow leukocytes in the primary animals at sacrifice

(open squares) and the gene transfer rates in individual secondary recipients (solid circles) at 9 weeks after transplantation. (C) Analysis of GFP expression by flow

cytometry and persistence of proviral DNA by real-time PCR in five of six animals (no amplification in DNA from one animal was accomplished despite repeated

attempts). The graph illustrates the presence of seven (SD 1.9) proviral copies per GFP-expressing cell after transduction at m.o.i. of 10, with a strong correlation

among animals (R2 = 0.93). Note the y axis range up to five copies per cell.

FIG. 4. Transduction at m.o.i. of 1 in the presence of

mSCF only results in oligoclonal repopulation and

single-copy integration. (A) A single animal from

cohort V (prestimulation and transduction in the

presence of mSCF) was sacrificed 6 months after

transplantation, and DNA from marrow progenitor

colonies was extracted and subjected for analysis of

proviral integration sites. The gel image shows the

constant internal control band and additional bands (=

presumed proviral inserts) that were directly se-

quenced. Unique band sequences were compared to

the mouse genome database (April 2003 freeze). The

majority of bands of minor intensity were PCR

recombination artifacts (see Results). A predominant

unique integrant in mChr 11 was identified in 21 of 24

colonies picked (a-clone). (B) Sequence-specific pri-

mers amplifying a provirus genomic DNA junction

fragment were used to probe DNA from all colonies

directly for the presence of the a-clone, GFP, and h-

actin control. (C) DNA was extracted from peripheral

blood obtained from two secondary recipients repo-

pulated with marrow cells from this animal. Direct PCR

for a-clone, GFP, and h-actin demonstrated the

presence of a-clone and GFP proviral progeny in both

secondary recipients.
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posttransplantation analyses of GFP mean fluorescence
intensity (MFI; in random units) among peripheral blood
leukocytes. To examine the fluorescence intensity in
primary and their secondary recipients, we have restrict-
ed our analysis to the seven animals who subsequently
served as donors for secondary transplants. While this
was not a primary endpoint in our study, our observa-
tions from serial MFI determinations illustrate a remark-
able stability of proviral expression (Fig. 6A) that is
maintained in peripheral blood leukocytes of secondary
recipients of marrow grafts from these animals (Fig. 6B).
These results illustrate sustained and undiminished ex-
pression from what are likely predominantly single lenti-
viral inserts. Predictably, proviral GFP expression from
peripheral blood leukocytes in animals that received cells
transduced at an m.o.i. of 10, and their secondary recip-
ients, were stable and similarly persistent (Figs. 6C and
6D).

Taken together, the above results establish a correla-
tion between lentiviral vector particle concentration,
gene transfer, and target cell proviral copy number.

DISCUSSION

The current study demonstrates that lentiviral gene trans-
fer to murine long-term hematopoietic repopulating cells
can be accomplished after a brief ex vivo exposure of
unseparated marrow cells at a low m.o.i. of 1 and after
single cytokine stimulation with mSCF. Using minimal
target cell manipulation, we have demonstrated sus-
tained transgene expression and gene transfer to murine
stem cells, the efficiency of which is closely linked to
target cell copy numbers.

Several lines of evidence from our studies suggest
that the strategy of targeting unseparated marrow cells
rather than purified stem cells resulted in significant
transduction of pluripotent long-term repopulating
cells even at limiting vector concentrations. First, flow
cytometric analysis demonstrates long-term gene trans-
fer to myeloid and lymphoid subsets, consistent with
studies by others, albeit under different transduction
and culture conditions [10,16]. Second, we demonstrate
hematopoietic recovery of secondary recipients with

FIG. 6. Persistent transgene expression in primary and

secondary recipients of genetically marked cells. Flow-

cytometric analysis of GFP mean fluorescence intensity

(MFI) was determined using CellQuest software in

peripheral blood leukocytes at serial time points after

primary and secondary transplant. Analysis of fluores-

cence intensity in mice that received cells transduced

at an m.o.i. of 1 in (A) primary and (B) their secondary

recipients is shown. Analysis of fluorescence intensity

in mice that received cells transduced at an m.o.i. of

10 in (C) primary and (B) their secondary recipients is

also shown. Error bars reflect MFI standard deviations

from three secondary recipients per donor animal.
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GFP-marked cells from primary recipients, and third,
we demonstrate amplification of specific proviral
inserts in progenitor colonies from a single primary
recipient in the peripheral blood cells of the respective
secondary recipients. In targeting unseparated marrow
cells, this strategy significantly reduced the manipula-
tion and in vitro time required for gene transfer, there-
by limiting the loss of stem cells due to apoptosis and
differentiation. However, this strategy also appears to
substantially limit clonal diversity of genetically
marked cells.

In our murine model, a log-fold increase in lentiviral
vector particle concentration at the time of transduction
led to substantial increases in long-term gene transfer
(12% vs 40%) with a concomitant increase in proviral
copy number (1.8 vs 7), suggesting a vector dosage effect
for both cell marking efficiency and individual cell inte-
gration events. These results are relevant with regard to
the potential risk of insertional mutagenesis after hema-
topoietic stem cell gene therapy, in general, and its
emerging relationship with oncoretroviral vector dose
and multicopy integration in particular [18–21,32]. As-
suming that lentiviral vectors carry similar mutagenic
properties, and extrapolating recent data showing a cor-
relation with oncoretrovirus vector copy number [32],
our protocol provides a potential strategy to reduce that
risk after lentiviral transduction by promoting single/low-
copy proviral integration. However, such efforts to con-
trol for copy numbers in stem cells targeted by lentiviral
vectors will limit gene transfer efficiency and may neces-
sitate additional in vivo selection strategies to accomplish
higher levels of gene transfer for clinical applications
[33,34]. Therefore, the clinical relevance may initially
be restricted to diseases in which stem cell gene transfer
imparts a selective survival advantage on phenotypically
corrected cells.

In keeping with our efforts to devise a protocol
minimizing cell activation and maximizing hematopoi-
etic stem cell yields, we avoided in vivo mobilization
with 5-fluorouracil and explored conditions of mini-
mal cytokine support during ex vivo lentivirus trans-
duction. Our results show that gene transfer rates at
an m.o.i. of 1 drastically declined in the absence of
cytokine support and thereby confirm the improved
transduction efficiency of hematopoietic stem cells
with lentiviral vectors after target cell activation
[1,9,35,36]. Considering that prolonged ex vivo stimu-
lation with multiple cytokines compromises the en-
graftment potential of hematopoietic stem cells and
can contribute to multicopy integration [8,11,13,37],
the finding that gene transfer rates can be maintained
in the presence of a single cytokine (mSCF) after a
brief vector exposure of unseparated marrow leuko-
cytes is particularly noteworthy.

Lentiviral vectors appear to be less prone to silencing
and positional effects on transgene expression, thereby

providing an additional advantage over oncoretrovirus
vectors [27,30,38]. While not a primary endpoint in these
experiments, we provide substantial additional indirect
evidence to expand on that aspect with a long-term
analysis of GFP expression from progeny of lentivirally
transduced hematopoietic stem cells followed through
serial transplantation. We show that proviral expression
is remarkably stable in primary and their secondary recip-
ients and is maintained through hematopoietic differen-
tiation in lymphoid and myeloid lineages (data not
shown). This stability of expression was similar in recipi-
ents of cells transduced at low and high m.o.i. and thus
appeared less affected by the difference in average proviral
copy number. Overall, we show that proviral expression
appeared remarkably stable over time and from primary to
secondary recipients. Future studies will have to clarify
whether this is due to the integration properties of lenti-
virus vectors, the use of a phosphoglycerate kinase (PGK)
promoter and woodchuck hepatitis virus posttranscrip-
tional regulatory element (wPRE) driving expression [39],
or a combination of both. The promoter choice may
certainly explain the discrepancy between our own and
the study by Chen and colleagues, who describe signifi-
cant silencing of CMV promoter-directed GFP expression
in lentivirus-transduced PCR-positive murine progenitor
cells [40].

In conclusion, we herein provide evidence that
minimally manipulated hematopoietic stem cells pres-
ent in unseparated marrow and genetically modified
using lentiviral vectors at low m.o.i. contribute to long-
term repopulation in murine recipients. While we
cannot comment on stem cell recovery (CRU) under
these circumstances or compare directly our own to
CRU and clonality data from other investigators, we
believe such a strategy of minimal target cell manipu-
lation and short ex vivo duration offers a number of
advantages, as outlined above and recently reviewed by
Richter and Karlsson [41]. Furthermore, confined to the
two vector concentrations tested, our study suggests a
correlation between (VSV-G-pseudotyped) lentiviral vec-
tor particle concentration and proviral copy number in
murine stem cells and provides a strategy to minimize
multicopy integration. However, this is associated with
relatively lower gene transfer rates and oligoclonality
among marked cells and may require additional in vivo
selection strategies. We believe that these conditions
are uniquely suited to the gene replacement therapy of
hematopoietic disorders with small residual stem cell
pools such as FA, in which extensive ex vivo manipu-
lation should be avoided and of which the inherent
genetic instability mandates strategies that minimize
additional genotoxicity from multiple proviral inte-
grants. Our studies may be instructive in designing
similar experiments to identify conditions optimizing
transduction of human hematopoietic stem cells with
lentivirus vectors.
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MATERIALS AND METHODS

Mice, marrow harvest, and transplantation. Eight- to 12-week-old mice

(C57BL/6J) were kept according to institutional guidelines and provided

chow and water ad libitum. All experiments were conducted under

protocols approved by the Institutional Animal Care and Use Committee

at the Fred Hutchinson Cancer Research Center. Marrow cells were

harvested from donor animals following CO2 euthanasia, sterile dis-

section, and flushing of femurs and tibias. Cells were processed by ACK

hemolysis, passed through a 70-Am cell strainer, and enumerated by

trypan blue exclusion. Cells were pooled and washed after transduction,

and equal numbers (2 � 106) per animal were subsequently injected via

tail vein into lethally irradiated (1050 cGy) recipients.

Vector design and packaging. We used a central polypurine tract con-

taining a self-inactivating lentiviral backbone containing an internal PGK

promoter, enhanced green fluorescent protein (EGFP) expression cassette,

and a wPRE (RRLsin.cppt.hPGKGFP.wPRE, kindly provided by L. Naldini,

Turin, Italy) [42]. This vector was produced by transient cotransfection of

293T cells with transfer vector, gag –pol construct, and VSV-G envelope

expression construct according to established protocols [43,44]. Vector

was harvested, filtered (22-Am pore size), and 100-fold concentrated by

ultracentrifugation. Titer estimates were calculated after flow-cytometric

determination of GFP expression in HT 1080 target cells, indicating a titer

between 1.5 and 2 � 108 transducing units (TU)/ml concentrated vector

supernatant.

Ex vivo culture and transduction. Following marrow harvest and process-

ing, cells were resuspended in Iscove’s medium supplemented with 10%

fetal bovine serum (FBS; Hyclone, Logan, UT, USA; 1% penicillin/strepto-

mycin) and combinations of human IL-6, mSCF, Flt-3L, and MGDF as

noted. All cytokines were used at a final concentration of 100 ng/ml. All

transductions were performed as 12-h vector exposures by adding 100-fold

concentrated vector supernatant to 1 � 106 cells plated in individual

CH296 (Takara Shuzo, Japan) fibronectin fragment-coated wells in non-

tissue culture-treated six-well plates in the presence of protamine sulfate at

4 Ag/ml plate. Concentrated vector was added to a final volume of 1 ml per

well at an m.o.i. of 1 (or 10) HT1080 TU/cell. This translates into a vector

concentration (VC) of 1 (or 10) � 106 HT1080 TU/ml. Under the current

conditions and given unchanged transduction culture volumes, 10-fold

increases in VC resemble 10-fold increases in m.o.i. We have therefore used

the two terms interchangeably throughout the current study.

Hematology and flow cytometry. Blood from animals was obtained via

retroorbital eye bleed at scheduled intervals, collected in EDTA-coated

microtainers, and submitted for complete blood count analysis to a

clinical hematology laboratory for determination of hematocrit, white

blood cell, and platelet counts. A smaller aliquot treated with ACK

hemolysis buffer was resuspended in buffered saline containing propi-

dium iodide and analyzed for expression of GFP on a FACSCalibur

instrument. Leukocyte immunophenotyping was performed using anti-

mouse monoclonal antibodies B-220 (B lymphocytes), Thy-1.2 (T lym-

phocytes), and Gr-1 (granulocytes) (all purchased from PharMingen, San

Diego, CA, USA).

Progenitor CFU assays. Marrow cells were harvested following CO2

euthanasia via bilateral aspiration of cells from tibia and femur. Cells

were resuspended in PBS wash solution, and white blood cells were

isolated after red cell hemolysis and subsequently resuspended in Iscove’s

medium supplemented with 10% FBS (Hyclone). Progenitor colony-form-

ing assays were performed in triplicate, plating 2 � 104 cells/35-mm dish

according to the manufacturer’s instructions in cytokine-supplemented

(rhIL-6, rmIL-3, rmSCF, and rh erythropoietin) methylcellulose medium

(Methocult GF M3434; Stem Cell Technologies, Vancouver, Canada).

Colonies from a donor animal for secondary stem cell transplantation

were plated at 6 months after primary transplantation, picked for DNA

extraction as described [45], and analyzed by LAM-PCR for proviral

integrants, as described below.

Modified LAM-PCR. Determination of proviral copy numbers from

hematopoietic progenitors grown in methylcellulose was modified from

the method performed by Schmidt and colleagues [46]. Briefly, 5 Al colony

DNA extract, representing 25 –250 cells, was subjected to 100 cycles of

linear amplification with a biotinylated lentiviral LTR primer P711b

(biotin –5VAAGCCTCAATAAAGCTTGCC). The single-stranded LTR –host

junction product was purified on streptavidin-coated magnetic beads,

made double-stranded in a random-primed Klenow reaction, and digested

with Tsp509I, and the extended end was ligated to a double-stranded

synthetic anchor primer (AP662, GACGGAGATCTGAATTCAGTGGCA-

CAGCAGTTAGG, and AP716, AATTCCTAACTGCTGTGCCACTGAATT-

CAGATC). The LTR –host junction region was then amplified by two

rounds of nested PCR (first primer set LTR712, GCTTCAAG-

TAGTGTGTGCC, and Anchor 664, GACCCGGGAGATCTGAATTC; sec-

ond primer set LTR713, ACTCTGGTAACTAGAGATCC, and Anchor 674,

GATCTGAATTCAGTGGCACAG). PCRs used Advantage II enzyme (Clon-

tech) under the following cycling conditions: hold at 95jC for 5 min; 30

cycles at 95jC for 1 min, 60jC for 0.75 min, and 68jC for 1.5 min;

followed by elongation at 68jC for 10 min. Products were analyzed by

electrophoresis on Novex 4–20% polyacrylamide gels in Tris borate buffer

(Invitrogen), followed by ethidium bromide staining. For sequence anal-

ysis, products were electrophoresed on 3% agarose gels, and bands were

excised, purified on QIAquick gel extraction columns (Qiagen), and

sequenced using the ‘‘Big Dye’’ reagent system and the ABI Prism 7700

sequence detection system (Applied Biosystems, Branchburg, NJ, USA).

Real-time PCR assay. PCR amplification of the lentiviral vector sequence

from genomic DNA extracted from bone marrow leukocytes was per-

formed by using a quantitative real-time PCR assay. DNA (300 ng) was

amplified in duplicate with EGFP-specific primers (5V-CTGCACCACCGG-

CAA-3V and 5V-GTAGCGGCTGAAGCACTG-3V) and a fluorescence-tagged

probe (5V-FAM-CCACCCTGACCTACGGCGTG-TAMRA-3V; Synthegen,

Houston, TX, USA). The DNA amount in duplicate wells was normalized

by mouse IL-3 amplification with mIL-3-specific primers (5V-CCAGCATC-

CACACCATGCT-3V and 5V-CCGGCCACTGATTGAAGCT-3V) and a fluores-

cence-tagged probe (5V-FAM-CTCCTGATGCTCTTCCACCTGGGACTC-

TAMRA-3V). The primers and probes were designed using Primer Express’

software v.1.5 (Perkin– Elmer Applied Biosystems, Foster City, CA, USA).

Standards consisted of diluting DNA extracted from baboon B cells

transduced with a single copy of pMND.EGFP.SN. Reactions were run

using the ABI universal master mix (Applied Biosystems) on the ABI Prism

7700 sequence detection system (Applied Biosystems) using the following

thermal cycling conditions: 50jC for 2 min and 95jC for 10 min, followed

by 40 cycles of 95jC for 15 s and 60jC for 1 min. The spectrum was then

analyzed using Sequence Detector v.1.6.3.

ACKNOWLEDGEMENTS

We gratefully acknowledge Vladimir Lesnikov for assistance with animal

experiments, as well as Julie Morris and Anatoly Bukovsky for their technical

expertise and help with individual assays. This work was supported in part by

NIH Grants DK47754 and HL36444.

RECEIVED FOR PUBLICATION JANUARY 5, 2004; ACCEPTED MARCH 7, 2004.

REFERENCES

1. Sutton, R. E., Reitsma, M. J., Uchida, N., and Brown, P. O. (1999). Transduction of

human progenitor hematopoietic stem cells by human immunodeficiency virus type 1-

based vectors is cell cycle dependent. J. Virol. 73: 3649 – 3660.

2. Miyoshi, H., Smith, K. A., Mosier, D. E., Verma, I. M., and Torbett, B. E. (1999). Trans-

duction of human CD34+ cells that mediate long-term engraftment of NOD/SCID mice

by HIV vectors. Science 283: 682 – 686.

3. Reiser, J., Harmison, G., Kluepfel-Stahl, S., Brady, R. O., Karlsson, S., and Schubert, M.

(1996). Transduction of nondividing cells using pseudotyped defective high-titer HIV

type 1 particles. Proc. Natl. Acad. Sci. USA 93: 15266 – 15271.

4. Schilz, A. J., et al. (2000). MDR1 gene expression in NOD/SCID repopulating cells after

retroviral gene transfer under clinically relevant conditions. Mol. Ther. 2: 609 – 618.

5. Miller, D. G., Adam, M. A., and Miller, A. D. (1990). Gene transfer by retrovirus vectors

occurs only in cells that are actively replicating at the time of infection. Mol. Cell. Biol.

10: 4239 – 4242.

MOLECULAR THERAPY Vol. 9, No. 6, June 2004 921
Copyright B The American Society of Gene Therapy

doi:10.1016/j.ymthe.2004.03.008 ARTICLE



6. Rovira, A., et al. (2000). Stable in vivo expression of glucose-6-phosphate dehydrogen-

ase (G6PD) and rescue of G6PD deficiency in stem cells by gene transfer. Blood 96:

4111 – 4117.

7. Mikkola, H., et al. (2000). Lentivirus gene transfer in murine hematopoietic progen-

itor cells is compromised by a delay in proviral integration and results in transduction

mosaicism and heterogeneous gene expression in progeny cells. J. Virol. 74: 11911 –

11918.

8. Woods, N. B., et al. (2003). Lentiviral vector transduction of NOD/SCID repopulating

cells results in multiple vector integrations per transduced cell: risk of insertional muta-

genesis. Blood 101: 1284 – 1289.

9. Zielske, S. P., and Gerson, S. L. (2002). Lentiviral transduction of P140K MGMT

into human CD34(+) hematopoietic progenitors at low multiplicity of infection

confers significant resistance to BG/BCNU and allows selection in vitro. Mol. Ther.

5: 381 – 387.

10. Amsellem, S., Ravet, E., Fichelson, S., Pflumio, F., and Dubart-Kupperschmitt, A. (2002).

Maximal lentivirus-mediated gene transfer and sustained transgene expression in human

hematopoietic primitive cells and their progeny. Mol. Ther. 6: 673 – 677.

11. Takatoku, M., et al. (2001). Avoidance of stimulation improves engraftment of cul-

tured and retrovirally transduced hematopoietic cells in primates. J. Clin. Invest. 108:

447 – 455.

12. Gothot, A., van der Loo, J. C., Clapp, D. W., and Srour, E. F. (1998). Cell cycle-

related changes in repopulating capacity of human mobilized peripheral blood

CD34(+) cells in non-obese diabetic/severe combined immune-deficient mice. Blood

92: 2641 – 2649.

13. Kittler, E. L., et al. (1997). Cytokine-facilitated transduction leads to low-level engraft-

ment in nonablated hosts. Blood 90: 865 – 872.

14. Tahara-Hanaoka, S., Sudo, K., Ema, H., Miyoshi, H., and Nakauchi, H. (2002). Lentiviral

vector-mediated transduction of murine CD34(� ) hematopoietic stem cells. Exp. Hem-

atol. 30: 11 – 17.

15. Galimi, F., et al. (2002). Gene therapy of Fanconi anemia: preclinical efficacy using

lentiviral vectors. Blood 100: 2732 – 2736.

16. Barrette, S., Douglas, J. L., Seidel, N. E., and Bodine, D. M. (2000). Lentivirus-based

vectors transduce mouse hematopoietic stem cells with similar efficiency to Moloney

murine leukemia virus-based vectors. Blood 96: 3385 – 3391.

17. Woods, N. B., Ooka, A., and Karlsson, S. (2002). Development of gene therapy for

hematopoietic stem cells using lentiviral vectors. Leukemia 16: 563 – 569.

18. Stocking, C., et al. (1993). Distinct classes of factor-independent mutants can be iso-

lated after retroviral mutagenesis of a human myeloid stem cell line. Growth Factors 8:

197 – 209.

19. Li, Z., et al. (2002). Murine leukemia induced by retroviral gene marking. Science

296: 497.

20. King, W., Patel, M. D., Lobel, L. I., Goff, S. P., and Nguyen-Huu, M. C. (1985). Insertion

mutagenesis of embryonal carcinoma cells by retroviruses. Science 228: 554 – 558.

21. Hayward, W. S., Neel, B. G., and Astrin, S. M. (1981). Activation of a cellular

onc gene by promoter insertion in ALV-induced lymphoid leukosis. Nature 290:

475 – 480.

22. Hacein-Bey-Abina, S., et al. (2003). A serious adverse event after successful gene ther-

apy for X-linked severe combined immunodeficiency. N. Engl. J. Med. 348: 255 – 256.

23. Kustikova, O. S., et al. (2003). Dose finding with retroviral vectors: correlation of retro-

viral vector copy numbers in single cells with gene transfer efficiency in a cell popula-

tion. Blood 102: 3934 – 3937.

24. Li, Z., et al. (2003). Predictable and efficient retroviral gene transfer into murine bone

marrow repopulating cells using a defined vector dose. Exp. Hematol. 31: 1206 – 1214.

25. Wahlers, A., et al. (2001). Influence of multiplicity of infection and protein stability

on retroviral vector-mediated gene expression in hematopoietic cells. Gene Ther. 8:

477 – 486.

26. Brenner, S., et al. (2004). Concentrated RD114-pseudotyped MFGS-gp91phox vector

achieves high levels of functional correction of the chronic granulomatous disease

oxidase defect in NOD/SCID/h2m� / �repopulating mobilized human peripheral blood

CD34+ cells. Blood (in press; prepublished online June 26, 2003; doi:10.1182/blood-

2002-05-1482).

27. Halene, S., Wang, L., Cooper, R. M., Bockstoce, D. C., Robbins, P. B., and Kohn, D. B.

(1999). Improved expression in hematopoietic and lymphoid cells in mice after trans-

plantation of bone marrow transduced with a modified retroviral vector. Blood 94:

3349 – 3357.

28. Lutzko, C., Senadheera, D., Skelton, D., Petersen, D., and Kohn, D. B. (2003). Lentivirus

vectors incorporating the immunoglobulin heavy chain enhancer and matrix attach-

ment regions provide position-independent expression in B lymphocytes. J. Virol. 77:

7341 – 7351.

29. Challita, P. M., and Kohn, D. B. (1994). Lack of expression from a retroviral vector after

transduction of murine hematopoietic stem cells is associated with methylation in vivo.

Proc. Natl. Acad. Sci. USA 91: 2567 – 2571.

30. Klug, C. A., Cheshier, S., and Weissman, I. L. (2000). Inactivation of a GFP retrovirus

occurs at multiple levels in long-term repopulating stem cells and their differentiated

progeny. Blood 96: 894 – 901.

31. Kurre, P., Morris, J., Andrews, R. G., Kohn, D. B., and Kiem, H. -P. (2002). Kinetics of

fluorescence expression in nonhuman primates transplanted with GFP retrovirus-modi-

fied CD34 cells. Mol. Ther. 6: 83 – 90.

32. Modlich, U., et al. (2003). Reproducible insertional leukemogenesis with evidence for

chromosomal instability following dose-escalated retroviral vector transfer into murine

hematopoietic cells. Blood 102 (Pt 1): 200a (Abstract 699).

33. Zielske, S. P., Reese, J. S., Lingas, K. T., Donze, J. R., and Gerson, S. L. (2003). In vivo

selection of MGMT(P140K) lentivirus-transduced human NOD/SCID repopulating cells

without pretransplant irradiation conditioning. J. Clin. Invest. 112: 1561 – 1570.

34. Noll, M., Bateman, R. L., D’Andrea, A. D., and Grompe, M. (2001). Preclinical protocol

for in vivo selection of hematopoietic stem cells corrected by gene therapy in Fanconi

anemia group C. Mol. Ther. 3: 14 – 23.

35. Ailles, L., et al. (2002). Molecular evidence of lentiviral vector-mediated gene transfer

into human self-renewing, multi-potent, long-term NOD/SCID repopulating hemato-

poietic cells. Mol. Ther. 6: 615 – 626.

36. Zielske, S. P., and Gerson, S. L. (2003). Cytokines, including stem cell factor alone,

enhance lentiviral transduction in nondividing human LTCIC and NOD/SCID repopu-

lating cells. Mol. Ther. 7: 325 – 333.

37. Tisdale, J. F., et al. (1998). Ex vivo expansion of genetically marked rhesus peripheral

blood progenitor cells results in diminished long-term repopulating ability. Blood 92:

1131 – 1141.

38. O’Rourke, J. P., Newbound, G. C., Kohn, D. B., Olsen, J. C., and Bunnell, B. A. (2002).

Comparison of gene transfer efficiencies and gene expression levels achieved with

equine infectious anemia virus- and human immunodeficiency virus type 1-derived

lentivirus vectors. J. Virol. 76: 1510 – 1515.

39. Salmon, P., Kindler, V., Ducrey, O., Chapuis, B., Zubler, R. H., and Trono, D. (2000).

High-level transgene expression in human hematopoietic progenitors and differenti-

ated blood lineages after transduction with improved lentiviral vectors. Blood 96:

3392 – 3398.

40. Chen, W., et al. (2000). Lentiviral vector transduction of hematopoietic stem cells that

mediate long-term reconstitution of lethally irradiated mice. Stem Cells 18: 352 – 359.

41. Richter, J., and Karlsson, S. (2001). Clinical gene therapy in hematology: past and

future. Int. J. Hematol. 73: 162 – 169.

42. Follenzi, A., Ailles, L. E., Bakovic, S., Geuna, M., and Naldini, L. (2000). Gene transfer by

lentiviral vectors is limited by nuclear translocation and rescued by HIV-1 pol sequen-

ces. Nat. Genet. 25: 217 – 222.

43. Zufferey, R., Nagy, D., Mandel, R. J., Naldini, L., and Trono, D. (1997). Multiply atte-

nuated lentiviral vector achieves efficient gene delivery in vivo. Nat. Biotechnol. 15:

871 – 875.

44. Burns, J. C., Friedmann, T., Driever, W., Burrascano, M., and Yee, J. K. (1993). Vesicular

stomatitis virus G glycoprotein pseudotyped retroviral vectors: concentration to very

high titer and efficient gene transfer into mammalian and nonmammalian cells. Proc.

Natl. Acad. Sci. USA 90: 8033 – 8037.

45. Kiem, H.-P., et al. (1997). Gene transfer into marrow repopulating cells:

comparison between amphotropic and gibbon ape leukemia virus pseudotyped

retroviral vectors in a competitive repopulation assay in baboons. Blood 90:

4638 – 4645.

46. Schmidt, M., et al. (2002). Polyclonal long-term repopulating stem cell clones in a

primate model. Blood 100: 2737 – 2743.

MOLECULAR THERAPY Vol. 9, No. 6, June 2004922
Copyright B The American Society of Gene Therapy

ARTICLE doi:10.1016/j.ymthe.2004.03.008


	Efficient Marking of Murine Long-Term Repopulating Stem Cells Targeting Unseparated Marrow Cells at Low Lentiviral Vector Particle Concentration
	Introduction
	Results
	Experimental design
	Cytokine exposure promotes gene transfer and in vivo persistence of murine marrow cells exposed to lentivirus vector at an m.o.i. of 1
	Lentiviral transduction of unseparated marrow results in hematopoietic repopulation with gene-modified myeloid and lymphoid progeny
	Repopulation of secondary recipients with genetically marked cells
	Cells transduced with lentivirus vector at an m.o.i. of 1 demonstrate low average copy number in target cell progeny
	Single-copy integration at the clonal level in genetically marked progenitor cells from a primary recipient
	A 10-fold increase in lentiviral vector concentration leads to substantial improvements in gene transfer and promotes multicopy integration
	Proviral GFP expression remains stable over time in primary and secondary recipients regardless of proviral copy number

	Discussion
	Materials and methods
	Mice, marrow harvest, and transplantation
	Vector design and packaging
	Ex vivo culture and transduction
	Hematology and flow cytometry
	Progenitor CFU assays
	Modified LAM-PCR
	Real-time PCR assay

	Acknowledgements
	References


