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Although transduction with amphotropic murine leukemia virus (MLV) vectors has been optimized success-
fully for hematopoietic differentiated progenitors, gene transfer to early hematopoietic cells (stem cells) is still
highly restricted. A similar restriction to gene transfer was observed in the mouse stem cell line FDC-Pmix com-
pared with transfer in the more mature myeloid precursor cell line FDC-P1 and the human erythroleukemia
cell line K562. Gene transfer was not improved when the vector was pseudotyped with gp70SU of the 10A1 strain
of MLV, which uses the receptor of the gibbon ape leukemia virus (Pit1), in addition to the amphotropic re-
ceptor (Pit2). Although 10A1 and amphotropic gp70SU bound to FDC-P1, K562, and fibroblasts, no binding to
FDC-Pmix cells was detected. This indicates that FDC-Pmix cells lack functional Pit2 and Pit1 receptors.
Pseudotyping with the vesicular stomatitis virus G protein improved transduction efficiency in FDC-Pmix stem
cells by 2 orders of magnitude, to fibroblast levels, confirming a block to retroviral infection at the receptor level.

The hematopoietic stem cell with long-term reconstitution
ability is a target for gene therapy. However, the efficiency of
gene transfer to stem cells with murine leukemia virus (MLV)
vectors packaged as amphotropic pseudotypes is extremely
poor (8). In clinical protocols and in studies on large mammals,
fewer than 1% of the peripheral blood leukocytes contain the
transgene after transplantation of transduced hematopoietic
progenitors (6, 12, 36).

More detailed analysis of gene transfer to stem cells has been
difficult. Stem cells comprise a very small population in the bone
marrow, and their exact phenotype is not known. Thus, the purity
of stem cell preparations is generally low and their analysis is
restricted to small cell numbers. The frequency of SCID re-
populating cells was estimated to be 1 in 600 CD341 CD382

cells (21), and that of mouse repopulating cells in the Sca-11

c-Kit1 lin2 bone marrow population is about 1 in 100 (28).
To analyze the mechanisms that limit retroviral gene trans-

fer to hematopoietic stem cells, we therefore chose the stem cell
line FDC-Pmix, which shows factor-dependent growth (7, 15).
These cells are the closest available in vitro equivalent to hema-
topoietic stem cells. As a comparison, the more mature granulo-
cyte-macrophage precursor cell line FDC-P1 and the human
erythroleukemia cell line K562 were analyzed. Gene transfer
with amphotropic vectors is highly restricted in the hemato-
poietic stem cell line FDC-Pmix and more efficient in FDC-P1
(5, 17). This is in accordance with primary progenitor cells,
where transduction efficiency is higher in more mature progen-
itors than in primary multipotent hematopoietic stem cells (21).

A possible explanation for the restricted gene transfer to
stem cells is that MLV infects only cycling cells while the nuclear
transport of the preintegration complex is inhibited in quiescent
cells (34). Most stem cells do not cycle (1). However, transduc-
tion of FDC-Pmix cells, which actively cycle, is also restricted,

indicating that there are additional limitations to transduction
in early cells. A restriction at the level of retroviral transcription
could explain the low transfer efficiency. Indeed, we have previ-
ously found that expression of vectors derived from the Molo-
ney strain of MLV, which are most frequently used, is poor in
hematopoietic progenitors. However, this restriction can be elim-
inated by using chimeric vectors in which the long-terminal re-
peat is derived from either the polycythemia strain of Friend
spleen focus-forming virus or the myeloproliferative sarcoma
virus and the downstream leader sequence is derived from the
murine embryonal stem cell virus (MESV) (3, 13). These vectors
do not limit transduction at the level of expression.

In previous studies, we have shown that infection of FDC-
Pmix with amphotropic MLV is also restricted before synthesis
and integration of proviral DNA, i.e., at the level of vector
binding, penetration, or reverse transcription (5). Infection
efficiency with ecotropic MLV could not be studied, since
FDC-Pmix cells contain an interfering ecotropic virus. Here,
we analyzed the restriction for amphotropic MLV in more
detail. We tested if virus binding to the amphotropic receptor
Pit2 was restricted and if transduction efficiency could be im-
proved by pseudotypes that enter the cell by other receptors. A
vector pseudotyped with the gp70SU of the 10A1 strain of
MLV was studied. This virus utilizes the amphotropic receptor
(Pit2), as well as the receptor for the gibbon ape leukemia virus
(GALV) (Pit1) (25, 29). The latter receptor is highly expressed
in bone marrow cells (20). Moreover, 10A1 MLV induces stem
cell leukemia in mice (31). It has been suggested that pseudo-
typing with the 10A1 env may improve gene transfer to hema-
topoietic stem cells (20). Here we show that neither ampho-
tropic nor 10A1 MLV gp70SU binds to FDC-Pmix cells at
detectable levels and that gene transfer in FDC-Pmix cells with
10A1 pseudotypes is also restricted. In contrast, transduction
was improved greatly with vesicular stomatitis virus (VSV) G-
protein pseudotypes of MLV. These data indicate that trans-
duction with 10A1 and amphotropic MLV is limited at the
level of virus binding and possibly penetration.
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MATERIALS AND METHODS

Cells and retroviral vectors. The cell lines used for infection include the mouse
factor-dependent myeloid cell line FDC-P1, the mouse factor-dependent hema-
topoietic stem cell lines FDC-Pmix, and the human erythroleukemia cell line
K562 (7, 10). Two independent isolates of FDC-Pmix were used: A4, which has
multipotent differentiation capacity in erythroid and myeloid lineages, and 15s,
which has lost its differentiation capacity. Additionally, the mouse fibroblast cell
lines SC-1 (ATCC CRL-1404), NIH 3T3, and L929 were used. Fibroblasts and
FDC-P1 cells were maintained in minimal essential medium (Sigma, Deisen-
hofen, Germany) supplemented with 10% fetal calf serum (PAN Systems, Aid-
enbach, Germany). FDC-Pmix and FDC-P1 cells were maintained in Iscove’s
modified Dulbecco’s medium (Gibco, Paisley, Great Britain) supplemented with
20% horse serum. Conditioned medium from cells transfected with a bovine
papillomavirus vector carrying the interleukin-3 gene was used as a source of
interleukin-3 at concentrations necessary for maximum stimulation of FDC-P1
and FDC-Pmix cells (19). K562 cells were maintained in RPMI 1640 (Gibco)
supplemented with 10% fetal calf serum.

All the vectors used for these studies were based on the Friend spleen
focus-forming virus/MESV (SF1N) or myeloproliferative sarcoma virus/MESV
(MPEVneo) chimeric vectors carrying neo, which have been described previously
(13). Replication-competent Moloney MLV recombinants, in which part of the
pol gene and most of the env gene were replaced with those from either MLV
4070A (Mo-Ampho-MP, R320 [26]) or 10A1 (Mo-10A1 [30]) as a SalI-ClaI
fragment, were used for binding assays and for pseudotyping of vectors. Virus
was propagated in SC-1. The amphotropic packaging cell line GP1Am12 was
used to generate amphotropic SF1N (22).

Transduction efficiency. To determine transduction efficiencies, 12-h virus
supernatants were collected. A total of 106 cells per well were inoculated with
serial dilutions of the supernatant. Plates were centrifuged for 1 h at 900 3 g at
room temperature and incubated at 37°C for a further 12 h. Since Polybrene and
protamine sulfate were found to improve transduction efficiency in fibroblasts
but not in FDC-Pmix cells (data not shown), a polycation was not used. After
infection, fibroblasts were trypsinized and hematopoietic cells were washed twice
in phosphate-buffered saline (PBS). Fibroblasts were plated at concentrations
ranging from 1 3 101 to 3 3 104 cells per dish and selected with medium
containing G418 (0.4 mg [dry weight] per ml; GIBCO). Hematopoietic cells were
plated in agar (0.3%) cultures containing G418 (1 mg [dry weight] per ml). The
cell concentrations ranged from 3 3 101 to 3 3 103, and 3 3 105 cells per dish.
After 10 days of incubation, duplicate cultures were scored for colony formation.
In parallel, cloning efficiency was determined in the absence of G418. Transduc-
tion efficiency was calculated as the ratio of colonies grown in the presence of
G418 to colonies grown without selection. The titer was calculated from the
transduction efficiencies in SC-1. Only virus dilutions below the level of satura-
tion were included in the calculation. The multiplicity of infection (MOI) was
determined from the vector titer on SC-1 cells and is expressed as G418 resis-
tance transfer units (GTU) per milliliter.

Binding assay. The gp70SU binding assay was performed as described by Kadan
et al. (18). For amphotropic virus, monoclonal antibody 83A25 (14) followed by a
biotinylated goat anti-rat antibody (Pharmingen, Hamburg, Germany) was used.
For the 10A1 strain, a goat antiserum to MLV gp70 (35) followed by a biotin-
ylated donkey anti-goat antibody (Laboserv, Giessen, Germany) was used. In
both cases, cells were stained with streptavidin-phycoerythrin (Pharmingen).
Cells (106 cells per sample) were harvested by brief trypsinization (necessary only
for fibroblasts), rinsed with serum-containing medium, and resuspended in 1 ml
of virus supernatant. After an incubation of 45 min at 4°C, the cells were washed
three times with 2 ml of ice-cold PBS with 5% fetal calf serum. The cells were
resuspended in 50 ml of the first antibody and incubated on ice for 30 min. They
were then washed three more times, resuspended in 50 ml of the secondary
antibody, and incubated on ice for another 30 min. After the next washing, the cells
were incubated with 50 ml of streptavidin-phycoerythrin on ice for 10 min, washed,
and finally fixed in 500 ml of PBS with 1% paraformaldehyde. Following gp70SU

binding and antibody staining, cell samples were analyzed for fluorescence intensity
on a flow cytometer (FACScalibur; Becton Dickinson, Heidelberg, Germany).

Packaging cell line for VSV G-protein-pseudotyped retroviral vectors. Molo-
ney MLV gag and pol were cloned as an EcoRI-HindIII fragment into pSBC-2
under the control of the simian virus 40 promoter (11). This pSBC-gp plasmid
was cotransfected with a plasmid containing the hygromycin resistance gene into
293 cells. After selection with 100 mg of hygromycin per ml, cell clones were
analyzed by flow cytometry for intracellular p30 expression. The clone 293gp2
with high p30 expression was transduced with SF1N carrying the neo gene, which
had been packaged in GP1Am12 (22). After selection with 200 mg of G418 per
ml, clones were subjected to calcium phosphate transfection with the plasmid
pSNJG expressing the G protein of the New Jersey strain of vesicular stomatitis
virus (VSV) (cloned from pNJG6 into pSG [16]) under the control of the simian
virus 40 promoter in pSG. Supernatants could be harvested daily for 1 week. The
titers ranged from 104 to 105 GTU/ml for the cell clone SF23 used in this study.

RESULTS

Insufficient transduction of multipotent hematopoietic cells
with amphotropic pseudotypes. Initially, the transduction effi-

ciencies were compared among the mouse fibroblast cell lines
SC-1, NIH 3T3, and L929 cells by using a retroviral vector
containing neo with an amphotropic murine leukemia virus
(A-MLV) helper at different MOIs (determined on SC-1). The
results are shown in Fig. 1. The portion of transduced cells
(transduction efficiency) increased linearly with rising MOI
and leveled off at an MOI between 0.1 and 1 GTU/cell. Al-
though SC-1 and NIH 3T3 cells tended to be slightly more
susceptible than L929 cells, the transduction efficiencies did
not differ by more than sixfold between the different fibroblast
cell lines. SC-1 cells were then used as a standard for trans-
duction experiments throughout the rest of this study.

The efficiency of retroviral transfer to hematopoietic progen-
itor cell lines was analyzed in comparison to fibroblasts. Several
MOIs were tested. If cells are heterogeneous and bind virus with
different affinities, a nonlinear correlation of the MOI to the
portion of cells transfected would have been expected. In the
mouse stem cell lines FDC-Pmix A4 and FDC-Pmix 15s, trans-
duction efficiencies were approximately 100-fold lower than in
fibroblasts at all MOIs tested. No clear subpopulation that was
more susceptible to transduction could be discerned. The mouse
myeloid cell line FDC-P1, representing a more mature hema-
topoietic precursor, could be readily transduced at low MOIs,
while transduction was reduced at higher MOIs. This indicates
that a fraction of cells was fully susceptible. K562, a human
erythroleukemia cell line, was efciently transduced at all MOIs
(Fig. 1). Thus, transduction was reduced in the immature stem
cell lines compared to the more mature hematopoietic cell lines
and fibroblasts. These results are in agreement with data for
primary hematopoietic cells, where transduction efficiencies are
lowest in the most immature hematopoietic stem cells and im-
prove as the cells differentiate (21). We therefore conclude that
FDC-Pmix cells are a useful system to develop strategies for
improving gene transfer to hematopoietic stem cells.

10A1 pseudotypes do not improve transfer efficiency to
FDC-Pmix cells. Pseudotypes of MLV that use receptors other
than Pit2 were tested for their ability to overcome a possible
restriction of virus entry in FDC-Pmix stem cells. The 10A1
strain of MLV uses the GALV receptor (Pit1) as well as the
amphotropic receptor (Pit2) for entry into human and NIH
3T3 mouse fibroblasts (23). Using interference studies, we
found that 10A1 can also enter SC-1 cells via either of these
two receptors (data not shown). SC-1 cells are derived from
wild mice. 10A1 also most probably uses Pit1 for entry into
cells of other mouse strains including DBA/2 and B6D2F1, from
which FDC-Pmix and FDC-P1 cells, respectively, were isolated.

We transduced FDC-Pmix, FDC-P1, and K562 by using a
neo vector packaged in 10A1 gp70SU. However, as with am-
photropic pseudotypes, transduction was reduced by more
than 100-fold in stem cells but was nearly equivalent to fibro-
blast transduction efficiency in the more mature hematopoietic
cell lines (Fig. 2). Transduction of hematopoietic stem cells
therefore could not be improved with the 10A1 strain of MLV.
In conclusion, transduction in FDC-Pmix is restricted for both
10A1 and amphotropic pseudotyped vectors.

No detectable binding of amphotropic and 10A1 gp70SU to
FDC-Pmix. In a previous study, we have shown that A-MLV
infection of FDC-Pmix stem cells was restricted early during
infection, at the level of virus binding, penetration, or reverse
transcription (5). To investigate this restriction further, we
analyzed the binding of amphotropic and 10A1 gp70SU to
fibroblasts and different hematopoietic progenitor cell lines by
a flow cytometric assay. Cells were incubated with virus super-
natants, and binding of virus and soluble surface glycoprotein
gp70SU was detected with an antibody to gp70 (Fig. 3). Binding
to fibroblasts such as NIH 3T3 and SC-1 cells and the human
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hematopoietic cell line K562 was high. Binding to FDC-P1 was
much lower but still detectable. In contrast, binding was never
detected for the two hematopoietic stem cell lines FDC-Pmix
A4 and FDC-Pmix 15s. Thus, the level of virus binding was
correlated with the susceptibility of each of these cell lines to
transduction. Fibroblasts and K562 cells, which could be effi-
ciently transduced, bound high levels of MLV, while no virus
binding was detected in the stem cell lines with low suscepti-
bility to retroviral transfer.

VSVG-protein-pseudotypedretroviralvectorsefficientlytrans-
duce multipotent hematopoietic progenitor cells. If the lack of
functional Pit1 and Pit2 retroviral receptors on FDC-Pmix was
indeed limiting retroviral transfer in stem cells, pseudotyping
with VSV G protein may improve the transduction efficiency,

since VSV has a broad host range (38). First, we demonstrated
that FDC-Pmix cells were susceptible to infection with wild-
type VSV and therefore must display the VSV receptor. We
infected FDC-Pmix cells with wild-type VSV and stained the
cells with an anti-VSV G protein antiserum after 2 days. All
the cells were positive and showed a massive cytopathic effect
(data not shown). As expected, FDC-Pmix cells were fully
susceptible to infection with VSV.

A packaging cell line for VSV G-protein-pseudotyped SF1N
retroviral vector [MLV(VSV)] was established (see Materials
and Methods). As a control, the same retroviral vector was
packaged in the amphotropic packaging cell line GP1Am12.
Transduction efficiency was determined with the amphotropic
and MLV(VSV) vectors. Approximate equivalent efficien-
cies of transfer to both stem cells and fibroblasts were ob-
served with MLV(VSV), in contrast to the 100-fold reduc-
tion in stem cell transduction when the same vector was
pseudotyped in amphotropic retroviral particles (Fig. 4). At
lower MOIs, transduction with MLV(VSV) was generally
found to be even more efficient in stem cells than in fibro-
blasts. The minor reduction of transfer efficiency with MLV-
(VSV) vectors at higher MOIs was accompanied by an up to
fourfold reduction in the cloning efficiency of cells incu-
bated with the pseudotyped vector (data not shown). This is

FIG. 1. Transduction of fibroblasts and hematopoietic progenitor cell lines with
an A-MLV vector. Fibroblasts and hematopoietic cell lines were transduced at
different MOIs with a retroviral vector containing neo packaged by an amphotropic
helper virus. Transduction efficiencies were calculated as the ratio of G418-resistant
cell clones to the number of unselected clones. Solid circles, SC-1 fibroblasts;
open squares, NIH 3T3 cells; open triangles, L929 cells; open circles, cell line
mentioned in the figure.
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most likely to be due to cytotoxicity of the VSV G protein in
concentrated inoccula.

DISCUSSION

Results obtained from current gene marking and gene ther-
apy protocols with human hematopoietic cells have shown that
the early hematopoietic stem cell is restrictive to efficient ret-
roviral transduction (21); reviewed in reference 4). By analogy,
a similar restriction is observed when multipotent FDC-Pmix
stem cells are infected with amphotropic retrovirus, in contrast
to more mature murine and human hematopoietic progenitors,
which are permissive for efficient infection (5). We show here
that this restriction is extended to 10A1-pseudotyped vectors
that use the related Pit1 receptor, while vectors pseudotyped

by VSV G protein transduced FDC-Pmix efficiently. Moreover,
binding of 10A1 and A-MLV gp70SU to FDC-Pmix could not
be detected. Therefore, retroviral gene transfer with 10A1 or
amphotropic pseudotyped MLV vectors was found to be re-
stricted at the receptor level.

Although no binding to FDC-Pmix was detected, gp70SU

bound to the more mature FDC-P1 and K562. These findings
are in agreement with data for primary progenitor cells. Hu-
man bone marrow CD341 CD382 cells are enriched for long-
term repopulating cells and can bind amphotropic MLV only
after stimulation with growth factors. Nevertheless, binding is
readily detected in the more mature CD341 CD381 cells (9).
Moreover, a fraction of mouse bone marrow cells enriched for
long-term repopulating cells were shown to express low levels
of mRNA encoding amphotropic receptor (Pit2) (27). Al-
though these studies suggest that the lack of virus binding to
FDC-Pmix could be due to a low level of receptor, data so far
have been circumstantial. Several studies have shown that low
MLV receptor expression does not necessarily correlate with
a low susceptibility to infection (39). Our observation that
FDC-P1 cells bind less gp70SU but are transduced almost as
efficiently as fibroblasts is in agreement with those studies. An
additional limiting factor may be necessary for efficient trans-
duction. Although cells that do not bind virus are expected to be
resistant to infection, receptor expression of FDC-Pmix could be

FIG. 2. Transduction of fibroblasts and hematopoietic progenitor cell lines
with an MLV vector, pseudotyped with the surface proteins of 10A1. Fibroblasts
and hematopoietic cell lines were transduced at different MOIs with a retroviral
vector containing neo packaged by a 10A1 helper virus. Transduction efficiencies
were calculated as the ratio of G418-resistant cell clones to the number of
unselected clones. Solid circles, SC-1 fibroblasts; open squares, NIH 3T3 cells,
open circles, cell line mentioned in the figure.
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below detection limit but sufficiently high to support virus entry.
However, the improvement of transfer efficiency with VSV G-
protein pseudotypes shown here is a clear proof that lack of a
functional receptor on stem cells indeed restricts transduction.

Our data indicate that the lack of a functional retrovirus
receptor may include not only Pit2 but also other members of
this receptor family, such as the GALV receptor Pit1. The lack
of transduction of the hematopoietic stem cell lines was, how-
ever, unexpected, because previous studies suggested that retro-
viral pseudotypes, which use Pit1, might have improved trans-

fer efficiency in hematopoietic stem cells. Pit1 is highly expressed
in bone marrow and induces stem cell leukemia in mice (20). This
indicates that 10A1 may have a preferential tropism for stem cells
(31). Moreover, infection of CD341 progenitor and long-term
culture initiating cells with MLV vectors pseudotyped with the
gp70SU protein of GALV led to a slight (two- to fourfold) im-
provement of transduction efficiency, but these studies failed to
determine if hematopoietic stem cells were transduced (37). In
contrast, we could not detect binding of 10A1 to FDC-Pmix cells,
and transduction was not improved by pseudotyping with 10A1

FIG. 3. Binding of amphotropic and 10A1 pseudotyped MLV to fibroblasts and hematopoietic cell lines. Cells were incubated with virus supernatants. Total virions,
as well as the viral glycoprotein gp70SU, bound to the cell surface were then stained with an anti-gp70 antibody, followed by binding of a biotinylated secondary antibody
and streptavidin-phycoerythrin. The cells were then analyzed on a flow cytometer.
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surface proteins. These data clearly show that FDC-Pmix cells
lack not only functional amphotropic receptor (Pit2) but also a
functional mouse homolog of the GALV receptor (Pit1). These
two receptors have over 60% amino acid identity and are pre-
sumed to have very similar topology in the membrane. Both
function as phosphate symporters and are homologous to the
phosphate permease of Neurospora crassa (20, 24, 25). Little is
known about the transcriptional regulation of this family; how-
ever, the expression levels of Pit2 have been shown to be regu-
lated in a tissue- and developmental stage-specific manner (20,
33). It would not be unexpected if Pit1 and Pit2 are regulated
similarly in certain cell types.

In contrast to 10A1 pseudotypes, VSV pseudotypes of MLV
efficiently transduced FDC-Pmix. This clearly shows that trans-
duction of FDC-Pmix by 10A1 (or A-MLV) pseudotypes is
reduced due to a lack of functional receptor. Accordingly, bind-
ing of virus to the receptor was found to be reduced. Since te
VSV G protein also mediates penetration of virus, we cannot
exclude that virus penetration is also restricted in the case of
10A1 or A-MLV pseudotypes. At lower MOIs, transduction by
VSV G pseudotypes tended to be even more efficient in FDC-
Pmix than in fibroblasts, but at MOIs above 1023, the transduc-

tion efficiency of FDC-Pmix was slightly lower. A possible expla-
nation for this reduction may be a cytotoxic effect of the VSV G
protein in concentrated vector preparations. In support of this
theory, cloning efficiency was reduced after transduction with
MLV(VSV) pseudotypes but not with amphotropic vectors.

In agreement with our study, a higher transduction efficiency
was achieved in human CD341 progenitor cells with a VSV G
protein-pseudotyped lentivirus vector than with the ampho-
tropic pseudotype, although transfer to early progenitors was
not studied separately (2). In one study, CD341 CD382 cells,
which are enriched for stem cells, could not be transduced with
a VSV G protein-pseudotyped vector (1). Although this seem-
ingly contradicts the results of our study, it may have a simple
explanation. The CD341 CD382 cells did not cycle during trans-
duction, and retroviral gene transfer is known to be restricted in
quiescent cells, due to an inhibition of nuclear transport of the pre-
integration complex (34). In contrast, FDC-Pmix cells propagate
readily in vitro and are not subject to this preintegration block.

The hematopoietic stem cell is the target of several gene
therapy protocols. The work presented here demonstrates that
the currently used packaging systems may be insufficient to
transduce this cell population but that VSV(MLV) pseudo-

FIG. 4. Transduction of fibroblasts and FDC-Pmix cells with an amphotropic and a VSV G protein-pseudotyped vector. Cells were transduced at different MOIs
with a retroviral vector containing neo packaged in the amphotropic packaging cell line GP1Am12 (A) or as VSV G-protein pseudotypes in the packaging line 293gp2
(B). Transduction efficiencies were calculated as the ratio of G418-resistant cell clones to the number of unselected clones. Solid circles, SC-1 fibroblasts; open circles,
cell line mentioned in the figure.

VOL. 72, 1998 MLV ENTRY RESTRICTED IN HEMATOPOIETIC STEM CELLS 1429



types can. To date, the development of efficient packaging
systems for the VSV G-protein pseudotypes has been impeded
by the cytotoxicity of the G protein. We are therefore testing
other viral surface proteins that pseudotype MLV for their
ability to mediate virus entry into hematopoietic cells. This
work, together with the development of culture conditions
under which primary human hematopoietic stem cells can be
expanded (32), will considerably improve gene transfer and
thus allow successful gene therapy in hematopoietic cells.
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