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Background and Objective. Successful gene therapy
applications require optimized strategies to increase
gene transfer efficiency into HPCs with long-term
repopulating ability. One of the issues that needs to
be clarified is how hematopoietic cells proliferate,
differentiate and express the transgene after each
cycle of transduction. We investigated the kinetics
of cell expansion, CD34 antigen expression and
transduction efficiency of human hematopoietic cells
in culture conditions commonly used in retroviral
gene transfer protocols. 

Design and Methods. Purified CD34+ cells from cord
blood (n=5) or leukapheresis products (n=9) and a
retroviral vector encoding an enhanced version of
the green fluorescent protein (EGFP) were used. Tar-
get cells were exposed daily to vector-containing
supernatants and a combination of interleukin 3 (IL-
3), interleukin 6 (IL-6), stem cell factor (SCF) and
Flt3-ligand (FL). Cell samples were harvested from
the cultures and analyzed at 24 hour intervals for
seven consecutive days. 

Results. We found that CD34+ cells proliferated and
differentiated under our culture conditions. The num-
ber of genetically modified cells increased after each
cycle of transduction. Median numbers of cells pos-
itive for both CD34 and EGFP increased steadily over
the culture period, but after day four most of the
EGFP+ cells had a low CD34 expression. 

Interpretation and Conclusions. Culturing and trans-
ducing CD34+ cells for longer periods of time under
these conditions might be detrimental for ex vivo
gene transfer applications since the transduced cells
are likely to have a decreased potential for long-term
engraftment and repopulation in vivo.
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Gene therapy holds promises for the treat-
ment of a number of genetic and acquired
disorders. Hematopoietic stem cells are ide-

al targets for gene transfer-based therapies since

they can repopulate the hematopoietic and immune
system for the entire life of the recipient. Measure-
ments of the transduction efficiency of hematopoi-
etic progenitor cells (HPCs) in vitro and many gene
marking studies carried out in vivo have relied heavi-
ly on drug-resistance genes such as the neomycin
phosphotransferase gene (neo).1,2 Analysis of gene
transfer efficiency using such genes requires tedious,
time-consuming clonogenic assays, which often have
high intrinsic variability. During the last few years,
viral vectors encoding a variety of cell-surface mark-
ers, including a truncated version of the low affinity
nerve growth factor receptor,3,4 murine heat-stable
antigen,5 murine CD18 antigen,6 and human CD24
antigen,7 have been developed. All these reporter
molecules allow direct determination of the trans-
duction efficiency by flow cytometry after staining
with specific labeled antibodies. The green fluores-
cent protein (GFP) and its variants have emerged as
excellent markers for assessing gene transfer.8 More
recently, retroviral vectors containing an enhanced
version of the molecule (EGFP) have been developed.
Cells expressing these molecules become fluorescent,
allowing direct monitoring of gene transfer efficien-
cy by fluorescence microscopy, multiparametric
analysis on phenotypically defined cell populations,
cell sorting by FACS and cell tracking studies.9-11

The CD34 molecule is a surface marker defining an
immature subset of HPCs which is enriched in long-
term repopulating cells. Culture of these cells in the
presence of stimulatory cytokines results in cell pro-
liferation but also in progressive differentiation and
a concomitant decrease in CD34 expression, loss of
clonogenic ability and loss of engraftment and
repopulating ability.12,13 Ex vivo retroviral gene trans-
fer into HPCs for clinical applications usually involves
culturing HPCs with a combination of cytokines and
the sequential addition of vector-containing super-
natants. The number of cycles of infection and the
length of exposure of HPCs to retroviral vectors varies
according to the different authors and protocols
used. In some cases the exposure is limited to six
hours,1 whereas in others, HPCs are cultured with
viral supernatants for up to three weeks.14,15

Successful gene therapy applications require opti-
mized strategies to increase gene transfer efficiency



into HPCs with long-term repopulating ability. One
of the issues that needs to be clarified is how hemato-
poietic cells proliferate, differentiate and express the
transgene after each cycle of transduction. In ex vivo
stem cell gene therapy, a balance between transduc-
tion efficiency, expansion and maintenance of an
immature state is required for optimal results. In this
study, we analyzed the kinetics of retroviral trans-
duction into human HPCs in culture. Using a previ-
ously developed amphotropic retroviral vector con-
taining the EGFP gene,11 we simultaneously moni-
tored the rates of cell expansion, transduction effi-
ciency and CD34 expression in cultured human
hematopoietic cells.

Design and Methods

Hematopoietic cell samples
Leukapheresis products (LP) were obtained from

patients with hematologic malignancies or solid tumors
undergoing stem cell transplantation (n=9), and cord
blood (CB) cells (n=5) were obtained from normal, full-
term infants. Mobilization protocols included granulo-
cyte colony-stimulating factor (G-CSF) alone or G-CSF
plus chemotherapy. This study was approved by the
Ethics Committee of our institution.

CD34+ cell selection
CD34+ cells were isolated from LP and CB samples

by an indirect immunomagnetic method (Mini-
MACS; Miltenyi Biotec, Inc, Sunnyvale, CA, USA) as
previously described.16 Briefly, mononuclear cells
were incubated with a mouse IgG antihuman CD34
antibody (QBEND/10) for 20 minutes at 4ºC,
washed and incubated for 30 minutes with a mag-
netic-labeled antibody recognizing the primary anti-
body (both antibodies were included within the Mini-
MACS kit). After washing, cells were passed through
a column attached to an external magnet. Non-
adsorbed cells were washed out and cells retained by
the column were detached by flushing the column
after removing the external magnetic field. Sample
purity was assessed by FACS analysis after staining
with a phycoerythrin (PE)-conjugated anti-CD34
antibody (Clone 8G12, Becton-Dickinson, San José,
CA, USA). CD34+-enriched cells were used directly or
stored in liquid nitrogen.

Retroviral producer cell line 
The retroviral vector used in this study was pSF-

EGFP1, which contains a hybrid promoter specially
designed to enhance EGFP expression in HPCs and
has been described elsewhere.11 Fresh aliquots of the
amphotropic producer cell line PA317/EGFP1, yield-
ing a viral titer of 23106 infectious particles/mL, were
thawed every four weeks and grown in Dulbecco’s
Modified Eagle medium supplemented with 4.5 g/L
of glucose, 10% heat-inactivated fetal calf serum
(FCS), 50 IU/mL penicillin, 50 µg/mL streptomycin,
and 2 mM of L-glutamine. The medium was replaced
at 70-90% of cell confluence by Iscove’s Modified

Dulbecco’s medium supplemented with 12.5% FCS,
12.5% heat-inactivated horse serum, 1 mmol/L sodi-
um pyruvate, 1 µM hydrocortisone, 0.1 mM 2-mer-
captoethanol, 50 IU/mL penicillin, 50 mg/L strepto-
mycin and 2 mM L-glutamine, and used 24 hours lat-
er to transduce the target cells.

Transduction of CD34+ cells
The transduction protocol used involved daily

infection by vector-containing supernatant from day
zero to day seven. Target cells were cultured in 25
cm2 canted-neck tissue culture flasks (TPP, Trasadin-
gen, Switzerland) at a cell density of 0.5-13105/mL in
0.2 µm-filtered vector-containing supernatant. In
addition, all cultures were supplemented daily with 4
µg/mL protamine sulphate, and 50 ng/mL each of
recombinant human interleukin-3 (rhIL-3), recombi-
nant human interleukin-6 (rhIL-6) (both kindly pro-
vided by Sandoz, Basel, Switzerland), recombinant
human stem cell factor (rhSCF), and recombinant
human rhFL (kindly provided by Amgen, Thousand
Oaks, CA, USA). All cultures were maintained at
37ºC in 5% CO2. In each experiment, a mock trans-
duction was done in parallel using the same medium,
growth factors and protamine sulphate but without
addition of viral vectors. Ninety percent of the culture
volume (9 mL) was harvested and replaced daily. One
mL was used for cell counting, viability assessment
(by trypan blue staining), and FACS analysis. The
remaining cells were centrifuged at 1500 rpm for 10
minutes. Pelleted cells were resuspended in fresh fil-
tered vector-containing supernatants supplemented
with growth factors and protamine sulphate and
added to the culture flasks.

FACS analysis of CD34+ cells
The transduction efficiency in the CD34+ cells was

assessed directly by FACS analysis. Cells contained in
1 mL of the cultures (10% of the total culture volume)
were counted using a Neubauer hemocytometer. A
minimum of 53104 cells were washed with 1% bovine
serum albumin in phosphate-buffered saline, and
stained with phycoerythrin (PE)-conjugated anti-
CD34 antibody for 20 min at room temperature. Cells
were washed and analyzed using an EPICS XL cytome-
ter (Coulter Electronics, Hialeah, FL, USA) equipped
with an argon ion laser tuned at 488 nm. A PE-conju-
gated mouse isotypic antibody served as a control. A
first gate including only the living cells was used to
estimate the percentage of CD34+ cells. A second gate
on CD34+ cells was used to analyze the double posi-
tive, CD34 and green fluorescent cell population. At
least 5,000 events were analyzed from each sample.

Statistical analysis
Data are presented as the mean ± standard error of

the mean. Statistical significance of differences
between groups was analyzed by the two-tailed Stu-
dent’s t-test and the ANOVA test for repeated mea-
sures using the software SPSS v.6.1 (SPSS Inc, Chica-
go, IL, USA).
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Results

Expansion of hematopoietic cells in vitro and
level of CD34+ expression

Purified CD34+ cells (>80% purity) were cultured
for seven days, as described in the Materials and
Methods section. Estimated cell counts at 24-hour
intervals are shown in Figure 1. Cell viability along
the seven days of culture was greater than 90%. Total
nucleated cells expanded an average of 6.7 fold
(range, 1.3-22.2) for LP samples and 14.6 fold
(range, 11-27.5) for CB samples by day seven under
the experimental culture conditions (p=0.01).
Absolute numbers of CD34+ cells expanded about
two fold over the seven days of culture with no sta-
tistically significant differences between LP and CB.
However, since the high rates of total cell expansion
seen after day four is basically due to the generation
of CD34 negative cells, the percentage of CD34+ cells
declined quickly after day four regardless of the ori-
gin of the sample (CB or LP) (Figure 2). 

Levels of CD34 antigen expression declined steadi-
ly over the seven days of culture, with no statistically
significant differences between LP and CB. FACS
analysis of CD34 and EGFP expression of a repre-
sentative experiment (a CB sample) at different time-
points is shown in Figure 3. Cells expressing high lev-
els of CD34 antigen (above the third logarithm of
fluorescence intensity) decreased progressively, and
had completely disappeared by day five. 

Transduction efficiency at different time intervals
The percentage of total cells expressing EGFP

increased progressively after sequential exposures to
the vector-containing supernatants during the cul-
ture period, and was higher in CB samples than in LP
samples (p=0.007) (Figure 4). Regarding the CD34+

cell population, there were no significant differences
in the transduction rates between CB and LP sam-
ples. When cell counts were normalized to 105 CD34+

cells plated on day zero, the median absolute num-
bers and the percentages of CD34+ cells expressing
EGFP increased progressively over the culture period
similarly in both types of samples (Figure 5).

To investigate whether the increased transduction
level observed after each cycle of infection was due to
the daily addition of vector-containing supernatant,
cell samples were transduced either on day 0 (only),
on days 0 and 1, on days 0, 1 and 2, and on days 0,
1, 2, and 3 etc, and analyzed on day 7. Levels of gene
transfer in each case analyzed on day 7 were compa-
rable to those observed 24 hours after the last cycle
of transduction (data not shown).

Discussion
Stem cell gene therapy protocols using retroviral

vectors are aimed at generating sufficient numbers
of transduced cells able to result in a level of long-
term engraftment and long-term expression of the
transgene that is of therapeutic benefit. Current vec-

tors based on murine retroviruses require the target
cells to undergo cell division in order to integrate in
their genome.17 Most retroviral gene transfer proto-
cols include the addition of a variety of stimulatory
cytokines to induce cycling in the target cell popula-

tion. This makes conditions for optimal retroviral
gene transfer into HPCs similar in many aspects to
the conditions used for stem cell expansion, which
often result in myeloid differentiation and progressive
loss of the immature phenotype and functional abil-
ity after a few days in culture. In addition, murine
hematopoietic cells have been reported to acquire an
engraftment defect when cultured in vitro in the pres-
ence of IL-3, IL-6, IL-11 and SCF both in normal and
in myeloablated mice.18,19 However, it is generally
accepted that hematopoietic progenitors which have
been manipulated, expanded and transduced ex vivo
can engraft in several in vivo models.20-23 Purified
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Figure 1. Time profile of cell expansion. Samples of the cul-
tures (1 mL) were harvested every day for cell counts. Data
points represent mean daily estimations of the fold expan-
sion of total nucleated cells (from day 0) and bars represent
standard errors. CB: cord blood; LP: leukapheresis product.

Figure 2. Time profile of CD34 expression. Purified CD34+
cells were transduced daily and analyzed at different time-
points. The percentage of cells expressing the CD34 anti-
gen was monitored daily by flow cytometry. Data points rep-
resent the mean of the percentages of cells expressing
CD34 levels above the isotypic control. Bars indicate the
standard errors.
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human CD34+ cells proliferate when cultured in the
presence of combinations of growth factors.24 Under
these conditions the total number of mononuclear
cells, CFU-GMs and CD34+ cells can increase several
fold but the level of CD34 expression declines and
cells with an immature phenotype are progressively
replaced by more differentiated cells.13 Furthermore,
some authors have reported a decreased clonogenic

potential of cultured CD34+ cells undergoing one or
more cell divisions in comparison with cells that did
not divide.25

We used an amphotropic retroviral vector con-
taining the EGFP gene11 to investigate the kinetics of
retroviral gene transfer into human hematopoietic
cells under our particular culture conditions. We con-
sidered the loss of CD34 expression as a surrogate
marker of hematopoietic cell differentiation since it
has been demonstrated that this loss is associated
with an increased expression of differentiation anti-
gens such as CD33 and CD13.13 Fresh samples gave
similar results to frozen and thawed samples (data
not shown). In addition, a wide variability in the rates
of cell expansion, differentiation and transduction
was found between individual samples regardless
their origin. Factors that may account for such dif-
ferences include intrinsic variability among the dif-
ferent samples, chemotherapy treatments received
prior to the mobilization regimen (LP samples), puri-
ty of the CD34+ sample, and variability in the retro-
viral titers of the supernatants used for transduc-
tion.26,28 In our experiments, it is unlikely that the use
of different viral stocks could account for any differ-
ences, since we previously demonstrated that viral
titers of this producer cell line (PA317/EGFP1) are
very stable over time. In addition, we also previously
showed that transduction efficiency of EGFP detect-
ed by FACS analysis correlates very well with detec-
tion of EGFP by CFUs assays, thus obviating the need
for the latter method.11

As expected, the total number of mononuclear cells
and the percentage of transduced cells increase after
repeated cycles of transduction, whereas the per-
centage of CD34+ cells and their level of CD34 expres-
sion declined rapidly after 4 days in culture. CB cells
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Figure 3. Dot plots of FACS analysis of a representative
experiment, from a cord blood sample, at different days of
culture. A total of 5,000 events in the live cell gate (defined
according to light scatter properties) were analyzed in each
plot. CD34 expression (Y axis) is plotted against EGFP
expression (X axis). The top right squares correspond to
cells that are both CD34 and EGFP positive. Numbers inside
squares represent the percentages of cells. Cells express-
ing high levels of CD34 (above the third log of fluorescence)
were almost completely lost by day five. Plots of days 0
and 1 have been omitted since levels of CD34 expression
on days 0 and 1 were very similar to those observed on day
2, and transduction levels on day 1 were very low.

Figure 5. Time profile for the generation of transduced
CD34+ cells. Data points  represent daily estimations of the
absolute number of CD34+/EGFP+ cells per 105 CD34+ cells
cultured on day 0 (I) and percentages of EGFP+ cells of
total CD34+ cells (o). Bars represent standard errors
(n=14).

Figure 4. Transdution rates on different days. Datapoints
represent means of the percentages of total cells express-
ing EGFP. Bars represent standard errors. 
CB: cord blood; LP: leukapheresis product.



yielded higher gene transfer and expansion rates,
which is consistent with previous reports.29,30 How-
ever, there were no statistically significant differences
in the generation of CD34+/EGFP+ cells between both
types of samples, probably due to small differences
in the loss of CD34 expression between CB and LP
samples. Interestingly, the expansion rates correlated
with transduction efficiency at day seven (data not
shown), which is in concordance with previous obser-
vations that mitosis is required for efficient gene
transfer by conventional retroviral vectors. Results of
transduction experiments performed on day 0, days
0 and 1, days 0, 1 and 2 etc, and analyzed on day 7,
indicate that repeated cycles of infection are required
to increase transduction efficiency, and that analysis
of EGFP expression 24 hours after transduction does
not underestimate gene transfer rates. In this regard,
it has been reported that EGFP can be detected as
soon as nine hours after retroviral transduction.31  We
believe that differences in the level of EGFP expression
observed between day two and day seven may be
explained, at least in part, by cytoplasmatic accu-
mulation of EGFP, as has also been described using
other genetic markers.32 The above mentioned results
are consistent with the observation that absolute
CD34+ cell expansion is maximal at day seven under
similar culture conditions,13 and that loss of CD34
expression is associated with a loss of clonogenic
potential.12,33 This suggests that, for in vivo applica-
tions, transducing hematopoietic cells ex vivo for more
than four days can be disadvantageous under simi-
lar experimental conditions. We conclude that
expansion and transduction efficiency into human
CD34+ cells in short-term cultures increase after each
cycle of infection, but the rapid loss of CD34 expres-
sion seen after four days of culture can make it
impractical, for clinical applications, to transduce
human hematopoietic cells for longer periods of
time, unless culture conditions are improved. Further
in vivo studies addressing engraftment and the repop-
ulating potential of transduced cells are necessary to
optimize retroviral-mediated gene therapy.
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