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Oncoretrovirus vectors pseudotyped with the feline endogenous retrovirus (RD114) envelope protein pro-
duced by the FLYRD18 packaging cell line have previously been shown to transduce human hematopoietic
progenitor cells with a greater efficiency than similar amphotropic envelope-pseudotyped vectors. In this
report, we describe the production and efficient concentration of RD114-pseudotyped murine leukemia virus
(MLV)-based vectors. Following a single round of centrifugation, vector supernatants were concentrated
approximately 200-fold with a 50 to 70% yield. Concentrated vector stocks transduced prestimulated human
CD34� (hCD34�) cells with approximately 69% efficiency (n � 7, standard deviation � 4.4%) using a single
addition of vector at a low multiplicity of infection (MOI � 5). Introduction of transduced hCD34� cells into
irradiated NOD/SCID recipients resulted in multilineage engraftment with long-term transgene expression.
These data demonstrate that RD114-pseudotyped MLV-based vectors can be efficiently concentrated to high
titers and that hCD34� cells transduced with concentrated vector stocks retain in vivo repopulating potential.
These results highlight the potential of RD114-pseudotyped oncoretrovirus vectors for future clinical imple-
mentation in hematopoietic stem cell gene transfer.

Oncoretrovirus-based vectors remain the most widely used
transfer vector for clinical gene therapy trials. In principle, in
vitro stimulation of cell division should allow for efficient trans-
duction using murine leukemia virus (MLV)-based vectors.
However, amphotropic, vesicular stomatitis virus G protein
(VSV-G)- and, to some extent, gibbon ape leukemia virus-
pseudotyped MLV-based vectors have had limited effective-
ness at transducing human CD34� (hCD34�) cells with in vivo
repopulating potential (14, 15, 23, 29). In a recent report,
MLV-based vectors pseudotyped with the feline endogenous
retrovirus (RD114) envelope protein were shown to efficiently
transduce prestimulated hCD34� cells (14). However, because
of an unknown component of the culture medium conditioned
by the human fibrosarcoma-derived (HT1080) FLYRD18
packaging cell line, CD34� cells transduced with vector super-
natants failed to engraft in irradiated NOD/SCID recipients
(14). To avoid this problem, vector supernatants were panned
over Retronectin-coated plates prior to addition of cells.
CD34� cells transduced in this manner were able to reconsti-
tute NOD/SCID mice. In this manuscript, we describe the
efficient concentration of RD114-pseudotyped MLV-based
vectors as an alternative to panning or the use of unconcen-
trated vector supernatants. Furthermore, we show that con-
centrated vector stocks efficiently transduce hCD34� cells and

that, following transduction, these cells retain in vivo repopu-
lating potential and multilineage transgene expression.

Efficient concentration of feline endogenous retrovirus RD114-
pseudotyped vectors. As an alternative to vector panning, cen-
trifugation was used to concentrate virus preparations and
removeconditioned-mediumcomponents.Vectorparticlespseu-
dotyped with the feline endogenous retrovirus (RD114) enve-
lope protein were made by generating a producer cell line from
the packaging cell line FLYRD18 (5) by introducing a vector
genome that encodes the enhanced green fluorescence protein
(EGFP) expressed from the mouse stem cell virus (MSCV)
promoter. This vector, designated MSCV-EGFP, was derived
from MGirL22Y through the deletion of the internal ribosome
entry site and the sequences encoding the drug-resistant vari-
ant of human dihydrofolate reductase (L22Y) (2). The vector
genome was introduced into FLYRD18 cells in the form of
VSV-G-pseudotyped retroviral particles produced by transient
transfection of 293T cells (6). Individual clones were obtained
by limiting dilution, and two clones, designated RD114/
MSCV-EGFP c9 and c13, were used for further analyses. Both
clones produced vector preparations with unconcentrated-su-
pernatant titers of 2 � 105 to 5 � 105 infectious units (i.u.) per
ml when HeLa cells were used as targets and flow cytometry
was performed to detect transduced cells expressing EGFP.

RD114/MSCV-EGFP (c9) producer cells were grown in 10-
cm-diameter dishes, and supernatant collection was initiated
48 h after the cells had reached confluency. To determine the
optimal harvest interval, supernatants were collected from
three different sets of multiple plates in parallel, with serial
collections performed every 24, 48, or 72 h over a period of 6
days (Fig. 1A). No significant differences in the titers of the
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supernatants collected at the different time intervals were
noted. Interestingly, lengthening the time between harvests did
not increase the titer in a fixed volume of medium. Moreover,
no decrease in the production of vector was noted during 6
days of daily harvests from a given set of plates (Fig. 1A).

We therefore chose to produce vector from 24 individual
10-cm dishes by harvesting and concentrating supernatants
daily for 7 days. Supernatants were collected, pooled, and
concentrated by a single centrifugation step (100,000 � g, 90
min) each day. Viral pellets were resuspended in 0.5 to 0.8 ml
of serum-free medium and stored frozen in aliquots. For each
harvest, a titer was determined for both concentrated and
unconcentrated supernatants (Fig. 1B). Over the course of 7
days, titers of unconcentrated vectors ranged from 1 � 105 to
5 � 105 i.u./ml, while concentrated-vector titers ranged from
1 � 107 to 9 � 107 i.u./ml with approximately a 50 to 70% yield.
This represents an approximately 200-fold increase in titer fol-
lowing concentration. These results demonstrate that RD114-
pseudotyped MLV vectors can be efficiently and reproducibly

concentrated to high titers with reasonable yields. Further-
more, large quantities of vector can be produced by serial
harvesting and concentration of conditioned medium over a
period of at least 7 days.

Transduction of hCD34� cells with concentrated RD114-
pseudotyped MLV-based vectors expressing EGFP. hCD34�

cells from cord blood were enriched to �85% by positive
immunomagnetic selection, and isolated cells were analyzed by
flow cytometry. Cells were preactivated in Iscove’s modified
Dulbecco’s medium with 1% bovine serum albumin for 48 h in
the presence of cytokines (5 �g of human insulin/ml, 100 �g of
human transferrin/ml, 10 �g of low-density lipoprotein/ml, 0.1
mM �-mercaptoethanol, 300 ng of stem cell factor/ml, 300 ng
of Flt-3 ligand/ml, 10 ng of interleukin-3/ml, and 10 ng of
interleukin-6/ml [R&D Systems, San Jose, Calif.]) to induce
cell cycling prior to addition of vector. Cells were then trans-
duced in the presence of Retronectin (CH-296; Takara Shuzo,
Otsu, Japan) by a single addition of concentrated vector (mul-
tiplicity of infection [MOI] � 5) from each of the seven vector
stocks shown in Fig. 1B. Forty-eight hours after transduction,
samples of transduced cells and a mock-transduced sample
were analyzed by flow cytometry to determine transduction
efficiency. As shown in Fig. 2, each vector stock efficiently
transduced bulk hCD34� cells (mean � standard deviation,
68.7% � 4.4%; n � 7). Similarly, the total cell populations
contained on average 54.7% � 3.9% hCD34� EGFP� cells. In
addition, exposure to concentrated vector had no apparent
adverse effects on the percentage of cells expressing hCD34.
The population of mock-transduced (untransduced) cells con-
tained 82.3% hCD34� cells, compared with a mean of 79.2%
� 2.6% (n � 7) hCD34� cells in the samples exposed to vectorFIG. 1. Production and concentration of feline endogenous virus

(RD114) envelope protein-pseudotyped MLV vector particles. (A)
FLYRD18/MSCV-EGFP cells were plated in triplicate, supernatants
were harvested, and a titer (in i.u. per milliliter) was determined for
unconcentrated supernatant collected every 24 h (circles), 48 h (dia-
monds), or 72 h (crosses). (B) For vector concentration, supernatants
from FLYRD18/MSCV-EGFP cells were collected every 24 h, con-
centrated by centrifugation, and stored at �70°C. The titer (in i.u. per
milliliter) of each preparation of vector was determined. Titers of
unconcentrated supernatants (circles) and concentrated supernatants
(triangles) were determined on HeLa cells by flow cytometry for EGFP
expression.

FIG. 2. Transduction of hCD34� cells by concentrated RD114-
pseudotyped MLV vectors. hCD34� cells were isolated from umbilical
cord blood and transduced (MOI � 5) following 48 h of cytokine
prestimulation. Flow-cytometric analysis was performed 48 h after
transduction. The y axis represents the percentage of the total cell
population. The x axis indicates the seven preparations of vector that
were serially collected from a single set of plates and concentrated
prior to addition to cells. Following transduction, cells were analyzed
for hCD34 and EGFP expression by flow cytometry.
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supernatants. These data indicate that the concentrated RD114
vectors can efficiently transduce human hematopoietic progen-
itor cells without having quantitative effects on surface hCD34
expression.

Engraftment of NOD/SCID mice with CD34� cells trans-
duced with concentrated RD114-pseudotyped vectors. To de-
termine the in vivo repopulating potential of hematopoietic
cells following exposure to concentrated vector supernatants,
2 � 105 transduced or mock-transduced CD34� cells were
transplanted into sublethally irradiated NOD/SCID recipients.
At the time of injection, transduced CD34� cells were deter-
mined to be 44% EGFP� by flow cytometry, and methyl cel-
lulose cultures yielded 39.5% EGFP� CFU (166 of 220) by
visual analysis and 42% EGFP� CFU (5 of 12) by PCR analysis
of random colonies for EGFP sequences.

Fifteen weeks posttransplant, bone marrow was harvested
and analyzed for reconstitution with human cells. All mice
receiving transduced cells showed long-term engraftment in
the bone marrow as determined by flow-cytometric analysis for
hCD45 expression (mean, 10.8%; range, 0.3 to 32%; n � 11)
(Fig. 3). One mouse that received mock-transduced (control)
hCD34� cells had 16.2% hCD45� bone marrow cells. Data for
a control and an experimental mouse are shown in Fig. 3. Bone
marrow samples from mice that received transduced CD34�

cells (n � 11) contained on average 15.6% hCD34� cells
(range, 9.4 to 23.3), 56.7% hCD19� cells (range, 42 to 76.6%),
and 26.4% hCD33� cells (range, 13.2 to 38.8%). The control
mouse that received mock-transduced cells had 15.8% hCD34�

cells, 72.1% hCD19� cells, and 11.9% hCD33� cells in its bone
marrow. As previously reported, no T lymphocytes were de-
tected, presumably because of the lack of a functional thymus
in the NOD/SCID mouse (27). These data indicate that expo-
sure to concentrated vector supernatants did not negatively
affect the multilineage engraftment potential of CD34� cells
following transduction.

In the cohort of mice that received transduced cells, PCR
analysis for the presence of transgene within bone marrow cells
indicated that 7 of 11 mice exhibited reconstitution with trans-
duced cells (data not shown). Transgene expression was deter-
mined by flow-cytometric analysis of gated human (hCD45�)
cells. Data for a control and an experimental mouse are shown
in Fig. 4. No EGFP expression was observed in a mouse that
received mock-transduced cells (upper panels) or in mice that
received tranduced cells but were negative for transgene DNA
by PCR. In the bone marrow of the animals positive for trans-
gene by PCR, up to 70% of the human cells expressed EGFP
(n � 7; mean, 24.5%; range, 7.2 to 70.1%). EGFP was ex-
pressed in both lymphoid (hCD19�) (mean, 21.6%; range, 3.1
to 67.6%) and myeloid (hCD33�) (mean, 18.5%; range, 4.2 to
48.5%) compartments as well as in hematopoietic progenitor
cells (hCD34�) (mean, 16.7%; range, 6.8 to 37.9%). These
results are indicative of multilineage engraftment with sus-
tained long-term transgene expression and reveal that concen-
trated RD114-pseudotyped vectors can transduce human
SCID repopulating cells.

Significant advances in hematopoietic stem cell gene trans-
fer have been due in part to the development of novel retro-
virus envelope pseudotypes and the flexibility they afford. Sev-
eral reports have demonstrated that the feline endogenous
retrovirus (RD114) envelope protein is tropic for human

hematopoietic cells (14, 20, 22). Here we report that RD114-
pseudotyped MLV-based vectors can be efficiently concentrat-
ed by a single round of ultracentrifugation. We also demon-
strate that concentrated vector stocks can efficiently transduce
hCD34� cells and that transduced cells repopulate NOD/
SCID mice with an efficiency similar to that of mock-trans-
duced cells. Furthermore, animals that exhibited reconstitution
with transduced cells expressed transgene in all hematopoietic
lineages examined.

The production of high-titer, concentrated retrovirus vector

FIG. 3. Bone marrow engraftment of NOD/SCID recipients fol-
lowing transplantation of hCD34� cells transduced with concentrated
RD114-pseudotyped MLV vectors. Mononuclear cells were isolated
from bone marrow 15 weeks posttransplant from animals receiving
mock-transduced (A) or vector-transduced (B) cells. Isolated cells
were stained with anti-hCD45 antibody conjugated to allophycocyanin
(APC), and flow-cytometric analysis was performed. The upper left
panels represent total live cells. The upper right and lower panels are
gated for hCD45� cells from the same sample. The y axis represents
forward scatter (FSC), and the x axis represents staining for human
cells (anti-hCD45–APC) (upper left panels), EGFP expression (upper
right panels), anti-hCD34–PE (progenitor cells), anti-hCD19–PE (B
cells), or hCD33–PE (myeloid cells) (lower panels). Values indicate
the percentage of cells in each region compared to that of an unma-
nipulated mouse (that did not receive human cells) (upper left panel)
or a mouse that received mock-transduced human cells (upper right
panel).
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stocks provides significant advantages for both basic and clin-
ical gene transfer applications. Concentrated vector prepara-
tions are better suited than unconcentrated ones for the in vivo
study of gene transfer in animal models because larger num-
bers of effective transducing units can be administered using
relatively low volumes. Furthermore, following concentration,
vector preparations can be resuspended in a medium of spec-
ified composition and afford higher MOIs, thus maximizing
overall transduction efficiency and transgene expression. In the
case of FLYRD18-conditioned supernatants, concentration
provides an important preparative step that can effectively
separate vector particles from potentially harmful components
found in the culture medium (14).

Analysis of human engraftment levels in transplanted mice
yielded several interesting observations that highlight the po-
tential of these vectors for clinical use and some of the chal-
lenges that have yet to be overcome. The fact that the majority
of transplanted mice showed long-term hematopoietic recon-
stitution with transduced cells demonstrates the utility of
RD114 pseudotypes. Similarly, transgene expression was ob-
served in all hematopoietic lineages examined, further indicat-
ing that an MSCV promoter-driven vector can sustain multi-
lineage expression in vivo. These results compare favorably
with those recently published by two other groups using dif-
ferent vectors, transduction conditions, and sources of CD34�

cells (3, 26). Of particular interest is the fact that some animals
that received transduced CD34� cells showed human cell re-
constitution without detectable transgene expression. PCR
analysis of peripheral blood and bone marrow genomic-DNA
samples from these animals failed to detect vector sequences.
These results emphasize the fact that although RD114-pseu-
dotyped oncoretrovirus vectors can transduce bulk CD34�

cells, they transduce cells with in vivo repopulating potential
with limited efficiency. With further improvements in the trans-
duction of quiescent hematopoietic cells, sustained transgene

expression in the majority of transplanted cells may be at-
tained.

In light of these highly encouraging results with the RD114
envelope pseudotype, one exciting possibility to be considered
is the incorporation of the RD114 envelope protein into len-
tivirus vectors. Presently, most lentivirus-based vectors are pseu-
dotyped with the VSV-G envelope (1, 4, 6, 8, 10, 16, 17, 24, 28).
Lentivirus vectors of this pseudotype can be concentrated to
high titers and efficiently transduce unstimulated hCD34� cells
with in vivo repopulating potential (9, 11, 16, 21). However, a
major problem with this pseudotype is the cellular toxicity
associated with VSV-G expression (7, 18). The generation of
VSV-G-expressing producer cell lines for large-scale vector
production requires the use of inducible systems to regulate
VSV-G expression (12, 18). This adds a significant level of
complexity to vector production that is further compounded by
the requirement that packaging functions also be expressed
inducibly (12, 13, 19, 25, 30). Given the apparent lack of tox-
icity associated with concentrated RD114 envelope-pseudo-
typed vector supernatants, this pseudotype may represent an
excellent alternative envelope protein for use in the establish-
ment of future lentivirus vector producer lines.
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