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Efficient gene transfer into primitive
hematopoietic progenitors using a bone marrow
microenvironment cell line engineered 
to produce retroviral vectors

Background and Objectives. Effective gene transfer into human hematopoietic
stem/progenitor cells is a compromise between achieving high transduction efficiency and
maintaining the desired biological characteristics of the target cell. The aim of our work
was to exploit the stromal microenvironment to increase gene transfer and maintenance
of hematopoietic progenitors.

Design and Methods. The murine bone marrow stromal cell line MS-5, known to sup-
port primitive human progenitors, was modified into an amphotropic packaging cell, by
the stable introduction of DNA coding for retroviral structural proteins, and a viral vec-
tor encoding a marker gene. The gene transfer efficiency of the recombinant virus was
evaluated by flow cytometry, in vitro assays for committed (CFC) and primitive (LTC-CFC)
progenitors, as well as a clonal assay for B and NK lymphoid progenitors.

Results. The new packaging cell line (NEXUS) produced equivalent levels of virus as did
the established GP+Am12 system, also under serum-free conditions. On average 30% of
human mobilized peripheral blood CD34+ cells were transduced by a single exposure to
NEXUS supernatant, representing a three-fold increase over GP+Am12-based technolo-
gy. Gene transfer into both committed and primitive progenitors increased on average
two-fold using NEXUS retroviral supernatant. Furthermore, CD34+ CD38low early progeni-
tor cells purified from umbilical cord blood were efficiently transduced with NEXUS retro-
viral vector and gave rise to a high frequency of marked B and NK lymphocytes.

Interpretation and Conclusions. Our data show that that an established bone marrow
stromal cell can be engineered to enhance the genetic modification of primitive
hematopoietic and lymphoid progenitors using a clinically relevant method. 

Key words: stromal cell, CD34+ cells, gene therapy, packaging cell.

Hematopoietic stem/progenitor cells
(HSPC) are responsible for the lifelong
maintenance and generation of the

hematopoietic system, and therefore repre-
sent an ideal target for gene therapy
approaches for blood borne disorders.1-3

Genetic modification of HSPC is dependent
on the physical removal of the cells from the
native microenvironment,4 and exposure to
virus under defined and most favorable in
vitro culture conditions.5-7 However, even
optimized cytokine-mediated in vitro culture
techniques cannot substitute for the fine
control provided by the hematopoietic
microenvironment. Stromal cells represent
the ideal environment for all the require-
ments of the HSPC, providing both soluble8,9

and membrane10 or extra-cellular matrix
associated molecules,11 which play essential
roles in programming and maintaining the
hematopoietic cell. The microenvironment

has also been demonstrated to be involved
in genetic modification by mediating
increased gene transfer into human HSPC.
The inclusion of a stromal cell layer during
transduction of bone marrow (BM) or mobi-
lized peripheral blood (MPB)-derived CD34+

cells, with or without exogenous cytokines,
resulted in higher gene transfer into long-
term culture colony forming cells (LTC-
CFC).12,13 Long-term engraftment of bnx
mice by transduced BM or MPB progenitors
could only be achieved if the gene transfer
protocol was performed in the presence of
stroma and exogenous cytokines.14 More
recently, the addition of soluble factors
secreted by murine stromal cell lines was
shown to increase gene transfer into
myeloid progenitor cells from MPB by
50%.15 Moreover, the use of extra-cellular
matrix molecules also produced by the
hematopoietic microenvironmentfacilitated
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enhanced gene transfer into HSPC,16 a result which
appears to be mediated by increased interaction
between the target cell and the virus.17 MS-5 is a bone
marrow stromal cell line established from an irradiat-
ed murine Dexter culture.18 It is phenotypically undif-
ferentiated19 and has been documented to support and
expand early human hematopoietic progenitors, as
measured by the LTC-IC assay.20,21 It was recently
demonstrated that MS-5 supports other early human
hematopoietic cells, such as lymphohematopoietic pro-
genitor cells.22 MS-5 has also been used in gene trans-
fer experiments, increasing the transduction efficiency
of murine colony forming units- spleen (CFU-S).23 MS-
5 had negligible effects on human HSPC gene transfer
when used in direct contact co-culture, but did increase
the number of LTC-CFC-derived colonies.24

In an attempt to optimize gene transfer into the
HSPC, we wanted to combine the gene transfer vehicle
and the favorable effect of the hematopoietic microen-
vironment into one system, providing the HSPC with
the most advantageous in vitro environment for gene
transfer. To this aim, the MS-5 cell line was selected for
development into a type C retroviral packaging cell line,
and tested for its ability to modify human HSPC.

Design and Methods

DNA constructs, plasmids, and transfection of
cell lines

All DNA for stable transfection was prepared using
the cesium chloride density gradient based method.
Transfection of the MS-5 cell line was performed using
the synthetic polymer, polyethylenimine 25K (Sigma
Chemicals, St. Louis, USA), and the stable generation of
the packaging cell is described in the text. Individual
clones were generated using sterile cloning cylinders
(Sigma Chemicals, St. Louis, USA).

Culture of adherent cells
All standard cell lines described and the developed

packaging cells were cultured using IMDM media
(Biowhittaker, Verviers, Belgium) containing 10% v/v
FCS (Mascia Brunelli, Milan, Italy), 2 mM L-glutamine
(Gibco Brl, Paisley, UK), and penicillin/streptomycin (100
units/mL), named IMDM complete media.

Retroviral supernatant production, and quality
controls

All producer cell lines were assayed over a 12-week
period to test for constant production of viral super-
natants, as measured by bulk transduction and end
point titration. Cells were seeded at 5×104 cells/cm2,
and received specific and timed media exchanges over
two days, prior to the retroviral production phase.

Supernatants were produced in IMDM complete media
or serum free X-VIVO 10 (Biowhittaker, Verviers, Bel-
gium) media for 6-10 hours, filtered and stored at -80°C
until further use. End point titer and bulk gene transfer
was performed using NIH 3T3 as the target cell and cal-
culated by both ∆NGFr expression and neomycin resist-
ance, as previously described.25,26 At the point at which
stable production was observed, selective pressure with
G418 was removed. Producer cells were frozen in
aliquots which were thawed at 3-month intervals to
ensure that all experiments were performed with simi-
lar producer lines. The producer cell lines did not show
any variability in virus production at time points after
this. Supernatants were routinely tested using both the
marker rescue and S+L- methods for replication compe-
tent retrovirus, using published methods.27

Source and purification of human mobilized
peripheral blood CD34+ cells

Hematopoietic targets were CD34+ cells obtained
from granulocyte colony-stimulating factor (G-CSF)
mobilized peripheral blood (MPB) of healthy donors
after informed consent, or CD34+ CD38low cells obtained
from umbilical cord blood (UCB) collected from dis-
carded placentas at HS Raffaele, Milan, Italy. Human
CD34+ cells were purified using the MiniMACS MULTI-
SORT (Miltenyi Biotec, Bologna, Italy) purification
device, with cell purity typically being between 85 and
95%, while CD34+ CD38low cells were purified using a
FACStar cell sorting device (Becton Dickinson-BD, San
Josè, USA, USA), with a  purity >99.8%.

Gene transfer into CD34+ cells
Twenty five thousand human CD34+ cells were pre-

stimulated for 24 hours in 24-well plates, in X-VIVO 10
media containing the cytokines stem cell factor, (SCF)
(R&D Systems, Minneapolis, USA), Thrombopoietin
(TPO), and Flt-3 Ligand (both from PeproTech, London,
UK) all at 50 ng/mL, named X-VIVO 10+ media. The cells
were exposed once to retroviral supernatant supple-
mented with cytokines, and placed on Retronectin
(Takara Biomedicals, Shiga, Japan) coated plates, in a
final volume of 1 mL. The multiplicity of infection (MOI)
was on average 2 and equivalent MOI were used for
different packaging cells. Eighteen hours later the cells
received an exchange of media being returned to X-
VIVO 10+ medium. CD34+ CD38low cells were transduced
in an identical way except that a 48-hour pre-stimula-
tion period was allowed, and only 5000 cells were used
per condition, seeded in 96-well plates. Gene transfer
by direct contact co-culture or in transwell plates was
performed by seeding and growing the producer cells as
described for supernatant production. Mixing experi-
ments with conditioned media were performed by re-
suspending CD34+ cells in a five-fold concentration of
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X-VIVO 10+ media at a concentration of 125,000
cells/mL. The cell suspension (200 µL) was added to 400
µL of conditioned media or serum-free media, and 400
µL of viral supernatant. All gene transfer was analyzed
either by FACS 48 hours later28 or by functional assays.

Phenotypic analysis of human hematopoietic
cells

Forty-eight hours after viral exposure cells were col-
lected, counted, and were washed once in PBS con-
taining 0.5% w/v sodium azide, 1.5% w/v BSA (HC
FACS), and labeled with a PE-conjugated anti-CD34
antibody (BD) and a tricolor-conjugated anti-CD45
antibody (Caltag, Burlingame, USA). Analysis of trans-
duced CD34+ cells was performed using a biotinylated
anti-NGFr specific antibody revealed by FITC-conjugat-
ed streptavidin (Vector, Burlingame, CA, USA). The cells
were washed once after 30 min, and analyzed on a BD
FACScan. 

In vitro hematopoietic assays
(CFU-C and LTC-CFC) 

To test for gene transfer into colony-forming unit-
cells (CFU-C) 3000 cultured CD34+ cells were plated in
the absence or presence of G418 (1 mg/mL final active
concentration) in 2.1% methylcellulose medium.29

Colonies were counted using standard microscopic pro-
cedures and gene transfer efficiency calculated as the
proportion of colonies growing in the presence of G418.
Gene transfer into long term culture-colony forming
cells (LTC-CFC)29 was assayed by plating 20,000 MPB-
transduced CD34+ cells on a preformed monolayer of
MS-518 stromal cells, in Myelocult medium (Stem Cell
Technologies Inc. Vancouver, Canada). At week 5, the
cells were plated as for the CFU-C assay, in the absence
or presence of G418 (1.2 mg/mL final active concentra-
tion), and colonies were counted two weeks later. The
number of CFC generated gives an indirect, but consis-
tent, measurement of the content of LTC-IC, because
the average number of colonies generated by each LTC-
IC under identical culture conditions is reproducibly the
same. For all colony-forming assays no colonies were
observed in the untransduced samples in the presence
of G418.

In vitro lymphohematopoietic progenitor assays
Following a modification of a previously published

protocol,22 transduced CD34+ cells were plated at 3 cells
per well in a 96-well plate containing MS-5 cells at
5×103 cells per well. In preliminary experiments, it was
determined that this cell concentration allowed meas-
urement of clonal frequency of progenitors. Cells were
grown in lymphoid differentiation medium which was
composed of RPMI 1640 (Biowhittaker, Belgium) medi-
um containing 5% v/v FCS, 10% v/v human serum, IL-

2 (Roche, Milan, Italy) at 250 units/mL, TPO, Flt-3 Lig-
abnd, SCF (R&D), IL-7 (Peprotech), and IL-15 (R&D), at
20 ng/mL, 20mM HEPES (Gibco Brl, UK), penicillin/
streptomycin, and L-glutamine. For 5 weeks the medi-
um was demi-depleted weekly and refreshed with an
equal volume of lymphoid medium. The cells were
stained with either anti-human CD56-PE (BD) or anti-
human CD19-PE (Immunosource, Los Altos, USA), and
anti-human NGFr, as described for CD34+ cell trans-
duction, after staining and gating with an FITC-conju-
gated anti-human CD45 (BD) antibody.

Statistical analysis
Statistical analysis was performed using the two-

tailed student’s t test. Differences were considered sta-
tistically significant if p<0.05.

Results

Generation and characterization of packaging
cells developed from the MS-5 stromal cell line

The murine stromal cell line MS-5 was modified into
a split-function amphotropic retroviral packaging cell
line using two separate expression cassettes coding for
the amphotropic envelope, under Moloney-Leukemia
Virus (MLV) LTR promoter, and the MLV Gag-pol pro-
teins, respectively.30 These retroviral structural coding
sequences represent the absolute minimal sequence
requirement for correct protein expression and assem-
bly.30 The amphotropic envelope was co-transfected
with a plasmid conferring hygromycin resistance (64
µg/mL toxicity), and selected for a clone expressing high
envelope by amphotropic interference. The selected
clone was co-transfected with the MLV Gag-pol con-
struct, and a plasmid conferring puromycin resistance
(15 µg/mL toxicity). Clones were isolated and screened
for the simultaneous secretion of retroviral proteins
from both the envelope and Gag-pol genes, as meas-
ured by an ELISA-based method.30 Alternatively, in a
first step the MLV Gag-pol expression cassette was
introduced first by co-transfection with puromycin, and
then the envelope construct by co-transfection with a
plasmid conferring zeocin resistance (20 µg/mL toxic-
ity). In total, 9 out of 87 clones demonstrated high lev-
els of viral protein secretion, which were then convert-
ed into stable producer lines by super-infection with
an ecotropic supernatant containing the SFCMM-2 vec-
tor, and G418 selection (0.8 mg/mL). The SFCMM-2 vec-
tor enables measurement of gene transfer by both sur-
face expression of the truncated nerve growth factor
receptor (NGFr) and by neomycin resistance.31 In paral-
lel, GP+Am12 packaging cells were superinfected with
the same ecotropic supernatant, followed by G418
selection to ensure the creation of a stable pool, prior
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to further cloning. Preliminary screening revealed two
clones which transduced NIH 3T3 to levels equivalent
to those of GP+Am12 (one clone derived by the intro-
duction of envelope first, and one clone which had the
Gag-pol introduced first), which were then further ana-
lyzed for replication competent retrovirus (RCR) using
both the Marker Rescue and S+L- assays. Setting the
sensitivity at one colony or syncytium, the two produc-
ers, 17/9 and 22-10, were tested over a 14-week peri-
od, for the presence of RCR. Neither producers gener-
ated RCR of any tropism during the test period (data not
shown). The cell lines had a doubling time of approxi-
mately 24 hours in subconfluent conditions and could
be easily expanded to amounts required for large scale
production. The new packaging cell lines were named
NEXUS (from the Latin, Nexus Logica).

Testing of viral levels by bulk gene transfer (NGFr
expression) on ten independent lots (Table 1) showed
that the two clones produced levels of vector equiva-
lent to those of GP+Am12. Measurement of end-point
titer into NIH 3T3 resulted in comparable levels of infec-
tious particles for NEXUS 17/9 (17±6×105 CFU/mL) and
NEXUS 22-10 (10±1×105 CFU/mL) with respect to
Gp+Am12 (10±4×105 CFU/mL) (n=10).

NEXUS-based producer supernatants increase
gene transfer into human mobilized peripheral
blood CD34+ cells

Vector preparations produced from the NEXUS cells
were used to transduce mobilized peripheral blood
(MPB) derived CD34+ hematopoietic target cells a single
time in the presence of the cytokines SCF, TPO, and Flt3-
Ligand. As shown in Figure 1A, NEXUS 22-10 transduced
almost 30%, NEXUS 17/9 nearly 20%, while GP+Am12
transduced only 6% percent of the CD34+ cell popula-
tion. Analysis of gene transfer efficiencies from eight
different experiments showed three- and two-fold
increases in gene transfer for the NEXUS 22-10 (p
≤ 0.0001) and 17/9 respectively (p ≤0.0001) in compar-
ison to GP+Am12 (Figure 1B). The rate of CD34+ cell dif-
ferentiation was faster with all retroviral supernatants
than with untransduced cells. There was a tendency
towards a faster loss of CD34 expression in the presence
of NEXUS than in the presence of GP+Am12, but the
overall proportion of differentiated CD34− cells was not

significantly different (Figure1A and data not shown).
Even after sub-cloning of the NEXUS 22-10 produc-

er pool, attempting to further increase HSPC gene

Table 1. Testing of viral levels by bulk gene transfer (NGFr expression) on ten independent lots.

Lot# 1 2 3 4 5 6 7 8 9 10 Mean SD

GP+Am12 81.8 60.7 71.8 74.1 84.6 90.9 85.4 67.0 93.8 95.6 80.6 11.7
NEXUS 17/9 69.2 84.9 86.4 56.6 65.4 81.9 83.1 98.7 85.6 90.1 80.2 12.6
NEXUS 22-10 75.9 95.2 89.1 92.7 68.9 68.5 63.9 83.4 87.1 87.6 81.2 11.1

Bulk gene transfer efficiencies into NIH 3T3 by the NEXUS producers. Supernatant was inoculated onto NIH 3T3 at a 1/2 dilution and measured by anti NGFr FACS
analysis to quantify bulk gene transfer efficiency. Results from ten independent supernatant lots are shown, represented as % of gene transfer. Limiting dilution experiments
confirmed that there were no significant differences in titer between the producers tested.

Figure 1. Gene transfer into MPB CD34+ cells using
NEXUS supernatant. A: Flow cytometry analysis of a rep-
resentative gene transfer experiment into MPB-derived
CD34+ cells. Target cells were transduced once as
described in the Methods and assayed for NGFr expres-
sion at day 4. Both of the NEXUS vector preparations gave
rise to significant increases in gene transfer into CD34+

cells when compared to GP+Am12 vector preparations. B:
Comparison of transduction efficiency of MPB CD34+ cells
using NEXUS and GP+ Am12 vectors. Cells were trans-
duced and assayed as described. Data are mean±SD from
eight different experiments.
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transfer by selecting high-titer clones, no increases in
CD34+ gene transfer were observed, and therefore all
further experiments were performed using the original
pool. Similar results were also obtained after sub-
cloning the GP+Am12 pool (data not shown).

Remarkably, NEXUS supernatant produced under
serum-free conditions retained equivalent titer and
gene transfer efficiency as compared to FCS-contain-
ing medium (Figure 2A and data not shown). To com-
pare different methods of vector presentation, MPB-
derived CD34+ cells were exposed to vector prepara-
tions by either direct contact with the producer cell
pools, by separation from the producer cell pools using
a microporous filter (transwell), or by cell-free super-
natant. In all experiments, cell-free supernatants gave
rise to the highest level of gene transfer for both
GP+Am12 and NEXUS, the latter being superior (Figure
2B).

NEXUS increases gene transfer into early
hematopoietic progenitors

We next wanted to test whether NEXUS supernatant
could also give rise to increased gene transfer into com-
mitted hematopoietic progenitor cells as measured
using the in vitro CFU-C. In addition, gene transfer into
early in vitro progenitors was studied by analysis of
CFU-C derived from long-term culture of transduced
CD34+ cells, on a stromal cell layer (LTC-CFC assay).
Using equivalent titer vector preparations, NEXUS gave
a three-fold increase into CFU-C (p = 0.002, Figure 3A),
and a 55% increase in gene transfer efficiency into LTC-
CFC (p = 0.02, Figure 3B) as compared to GP+Am12.

To address whether soluble factors present in the
NEXUS supernatant were influencing the growth and
gene transfer of early and committed hematopoietic
progenitors in vitro, conditioned media were prepared
from both MS-5 and NIH 3T3 cells, and mixed with
GP+Am12 or NEXUS vector preparations, prior to CD34+

cell transduction. Consistent with the above findings,
NEXUS supernatant gave rise to a three- and two-fold
increase in the number of transduced CFU-C and LTC-
CFC, respectively, compared to GP+Am12 supernatant
(p = 0.002, Figures 4A and 4B). The inclusion of MS-5
conditioned medium prior to transduction with NEXUS
further increased the number of transduced committed
and early progenitors, resulting in a doubling of the
number of G418-resistant LTC-CFC, compared to no
conditioned medium or NIH 3T3 supernatant (p = 0.02).
In addition, the number of transduced early progenitors
was three-fold higher in the presence of NEXUS plus
MS-5 conditioned media than in the presence of
GP+Am12 plus MS-5 conditioned media (p = 0.01) (Fig-
ure 4B).
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Figure 2. Influence of different supernatant production
and transduction conditions. A: Titer on NIH 3T3 of super-
nantant produced  with standard serum-containing medi-
um (IMDM + 10%FCS) or X-VIVO 10 medium (serum-free).
Supernatant was collected from the two NEXUS packag-
ing cell lines after 2, 6 or 10 hours. B: Comparison of
human MPB CD34+ cell gene transfer under different
transduction conditions, using either Gp+Am12 (empty
bars) or NEXUS 22-10 (filled bars) producer cell lines.
One representative experiment out of three is shown.

Figure 3. Increased gene transfer into committed and
early in vitro hematopoietic progenitors. Percent trans-
duction of (A) CFU-C, and (B) LTC-CFC was measured by
neomycin resistance, comparing NEXUS 22-10 to
GP+Am12. Data are mean ± SD from eight different
experiments.
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NEXUS increases gene transfer into primitive
CD34+/CD38low hematopoietic progenitors, which
can give rise to marked NK and B cells

To confirm that the NEXUS-based preparations were
transducing primitive hematopoietic cells in vitro,
CD34+ CD38low cells were purified from umbilical cord
blood by cell sorting, and exposed once to either
GP+Am12 or NEXUS vector. Overall, NEXUS super-
natants resulted in significantly higher gene transfer
into CD34+ CD38low cells (almost three-fold increase),
than did GP+Am12 (Figure 5A), including cells which
maintained the CD34+ CD38low primitive phenotype after
culture (Figure 5B). 

The ability of NEXUS supernatants to transduce ear-
ly in vitro hematopoietic progenitor cells of different
lineages was tested by plating transduced CD34+CD38low

cells in a lymphoid differentiation assay on preformed

stromal monolayers in the presence of cytokines. This
assay allows the differentiation of lymphohematopoi-
etic progenitors into myeloid, B (CD19+), and natural
killer (NK, CD56+) cells. As shown in Table 2, NEXUS
transduction resulted in a higher frequency of wells
containing CD56+/NGFr+ and CD19+/NGFr+ transduced
cells than did GP+Am12. Taken together, these data
demonstrate that a higher proportion of primitive in
vitro progenitors is transduced by using NEXUS-derived
supernatant.

Discussion

The generation of MLV-based retroviral packaging
cells has historically been performed using murine cells,
and specifically NIH 3T3 as the standard cell,32, 33 engi-
neered to secrete amphotropic viral particles. These
have been utilized in successful clinical trials,3, 7, 31,34,35

although other viral tropisms may offer a greater clin-
ical efficacy.36,37 Importantly, the two NEXUS producers
that transduced MPB CD34+ cells at high frequency
proved not to generate transmissible replication com-
petent retrovirus of any known type-C tropism, even
after 14 weeks of continuous culture.

Gene transfer efficiency into MPB primitive HSPC
cells, as measured by FACS 48 hours after transduction,

Figure 4. Effect of conditioned media on gene transfer
into committed and early hematopoietic progenitors. Fol-
lowing exposure of CD34+ cells to vector preparations
mixed with serum-free or conditioned media, the cells
were plated in standard CFU-C assays (panel A) or 5
weeks on a stromal layer followed by CFU-C assays (pan-
el B). Data represent the mean number of (A) G418-
resistant colonies (±SD) or (B) G418 resistant LTC-CFC
derived colonies (from at least three different experi-
ments).

Figure 5. Effective gene transfer into CD34+ CD38low cells
derived from umbilical cord blood. Following cell sorting
purification, CD34+ CD38low cells were pre-stimulated for
48 hours and transduced as described in Design and
Methods. A: mean gene transfer efficiency into
CD34+/CD38low cells measured by NGFr expression (n=5).
B: representative FACS analyses of NGFr expression in
transduced cells gated for the CD34+ CD38low phenotype.
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represented an improvement in gene transfer efficacy
relative to GP+Am12, confirming previous observations
that the hematopoietic microenvironment can be used
to increase gene transfer into hematopoietic cells.12-15

Furthermore our results with GP+Am12 are similar to
those of other reports,3,7,19 although differences
observed may be due to the source of CD34+ cells, the
length of pre-stimulation and of viral exposure, the cul-
ture medium and cytokine conditions, and the assays
used for analysis of gene transfer. In accordance with
the observation that co-culture with MS-5 during gene
transfer does not significantly increase gene transfer
efficacy,24 we found that cell-free vector preparations
represented the optimal mode of vector presentation for
both NEXUS and GP+Am12 during the gene transfer
protocol. The hematopoietic supportive capacity and
the beneficial effect on gene transfer of NEXUS may be
attributed to its documented secretion of early-acting
known and unknown hematopoietic growth factors.38-

41 In addition, extra-cellular matrix component, such
proteoglycans secreted by this cell line42 might act as
cytokine-presenting molecules or sites of co-localiza-
tion of progenitor cells and retroviral particles. Further
studies will be required to assess the contribution of
these and other molecules on the NEXUS improved gene
transfer into HSPC.

Our data suggest that: a) soluble factors from the
NEXUS packaging cell (and its parental cell line MS-5)
further improve gene transfer into clonogenic progen-
itors; b) retroviral vector particles derived from the stro-
mal cell line transduce with higher efficiency early in
vitro hematopoietic progenitors. The effect mediated by
NEXUS on committed progenitors seemed to be medi-
ated mainly by soluble factors, concurring with the
reports on this characteristic of this cell line.38,43 On the
other hand, the enhancing effect on transduction of
early progenitors was not reproduced by the simple
addition of MS-5 conditioned medium to GP+Am12.
Thus, it is intriguing to speculate that the inclusion of
membrane associated molecules of the stromal cell line
in the budding retrovirus may increase the interaction

between the vector particle and the target cell, as
recently demonstrated for other cell types and viral sys-
tems.44,45

This new system might be easily developed into a
clinical producer, since the gene transfer experiments
were performed in serum-free media, and NEXUS super-
natant produced with serum-free media gave similar
titer and gene transfer efficiency as compared to FCS-
containing media.

The application of NEXUS could be particularly per-
tinent for immunodeficiencies34,46 considering that the
NEXUS viral exposure resulted in a higher yield of
genetically marked NK and B cells than does existing
gene transfer technology. We have recently demon-
strated that a human endothelial-like cell line, rede-
fined as a human bladder cancer derived epithelial cell
line,47 could be engineered into a stable packaging cell
with increased gene transfer into hematopoietic pro-
genitors.48

The present study represents the formal proof of the
principle that an established bone marrow stromal cell,
with well characterized hematopoietic supportive func-
tion20,21,22 can be engineered to enhance the genetic
modification of primitive hematopoietic and lympho-
hematopoietic cells in a clinically relevant method. Fur-
ther studies are required to evaluate the ability of
NEXUS to transduce in vivo reconstitutive hematopoi-
etic stem cells, using clinically relevant animal models.
Additionally, our approach might be applied to human
stromal cell lines, although these are more difficult to
generate.48 Our preliminary data indicate that immor-
talized human bone marrow stromal cell clones can be
stably grown in culture and converted into retroviral
packaging cell lines (Dando, unpublished). 

JD, FF and AA: conception of the study, and design of experiments.
JD, conduction of experiments and responsibility for Figures 1, 3, 4,
and Table 1; FF conduction of experiments and responsibility for Fig-
ures 2 and Figure 5, purification of umbilical cord blood, studies on
lymphoid progenitors (Table 2); SD purification of mobilized periph-
eral blood and studies on myeloid progenitors. FF, SD, CB and MGR
interpreted the data and revised the article. All authors approved the
final version of the manuscript. JD and AA drafted the paper, FF par-

Table 2. Frequency of gene transfer into lymphohematopoietic progenitors. 

Frequency of Frequency of Frequency of Frequency of
CD19+ cells NGFr+/CD19+cells CD56+ cells NGFr+/CD56+ cells cells

GP+Am12 36.6% 3.8% 80.3% 26.3%
(26/71) (1/26) (57/71) (15/57)

NEXUS 20.7% 41.7% 65.5% 76.3%
(12/58) (5/12) (38/58) (29/38)

CD34+CD38low exposed to viral supernatant were seeded at 3 cells per well in a standard in vitro lymphohematopoietic assay. After 5 weeks the wells containing
hematopoietic cells were measured for expression of the NK marker (CD56) and the B-cell marker (CD19), in conjunction with NGFr expression, to determine whether
lymphohematopoietic progenitor cells had been transduced. Numbers in brackets indicate the number of wells positive for the indicated markers and the total wells
grown from which the frequency was determined. One representative experiment from three is shown.
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