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Abstract: 
Human hematopoietic stem cells (hHSCs) have enormous potential for clinical use in 
cell-based therapies, especially as a gene delivery system. Moreover, lentiviral 
transduction in stem cells is very often associated with low transduction efficiency and 
low levels of foreign gene expression. Therefore, it is important to analyze vector and 
promoter systems that can generate robust foreign gene expression in these cells. In 
this study, we evaluated and compared the ability of different commercially available 
promoters to drive the expression of exogenous reporter genes in hHSCs and 
evaluated the effect of different doses of stem cell growth factors on the expression 
of transgenes. We used lentivirus based vector system carrying the following 
promoters: 1) Human cytomegalovirus (CMV) promoter, 2) Simian virus 40 (SV40) 
promoter, 3) mammalian Ubiquitin C (UBC) promoter and 4) cellular polypeptide 
chain elongation factor 1 alpha (EF1) promoter. EF1 and CMV promoters robustly 
drove the expression of green fluorescence protein (GFP) reporter gene, while SV40 
and UBC promoters induced very low level of GFP expression. Lentivectors 
containing EF1 and CMV promoters showed high-level stable GFP expression in 
human cord blood stem cells for 6 weeks period after post transduction. CD133+ 
hHSCs stimulated with higher concentration of growth factors exhibited enhancement 
of transduction rate. Cord blood derived CD133+ hHSCs could be effectively 
transduced with lentivectors under CMV or EF-1 promoters for the expression of 
foreign gene 
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Introduction:  
Human cord blood derived hematopoietic 
stem cell (hHSCs) can renew it-self and can 
differentiate to a variety of specialized cells [1, 
2]. Umbilical cord blood has been used in 
children with Fanconi anemia as well as in 
patients suffering from other diseases [3, 4]. 
However, there is growing interest to use 

hHSCs as therapeutic gene carrier or delivery 
systems. The gene therapy strategies were 
studied to correct hematopoietic and genetic 
disorders using several different viral delivery 
systems such as moloney murine leukaemia 
virus (MoMLV) and oncoretroviral vectors [5-
7]. The advanced HIV based lentiviral-gene 
transfer technologies have been developed to 
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offer better gene delivery in a variety of cells 
[8-11]. The luciferase and heat stable antigen 
(HAS) genes were transduced into HSCs 
using HIV-based lentivectors [12, 13]. The 
promoters in the lentiviral vector system are 
critical for maximizing and stabilizing the 
foreign gene expression in the HSCs. For 
robust transgene expression in transduced 
cells, a variety of cellular and viral promoters 
have been used [14, 15]. Among them, 
cytomegalovirus (CMV) has been the most 
widely used because of it exhibited strong 
activity in wide range of cells and cell lines [16, 
17]. The housekeeping-elongation factor 1 
(EF1) has also driven high level of expression 
of foreign genes in variety of cells including 
hematopoietic cells [18-20]. The human 
Ubiquitin C (UBC) promoter was used to 
generate stable transgenic cell lines in 
situations where the use of CMV promoter 
was impeded by different silencing mechanism 
of host cells [21-23]. Nevertheless, there is 
limited data available on the effectiveness of 
different promoters in human cord blood 
derived CD34+/AC133+ (CD34+/CD133+) 
HSCs. Thus, it is important to analyze the 
promoter strength in the hHSCs before using 
these cells as a gene delivery vehicle for 
therapeutic purposes. Very recently 
investigators also indicated the importance of 
growth factors for enhanced transduction of 
viral vectors and expression of transgenes 
[24]. However, effect of different growth 
factors in respect of promoters’ efficiency in 
transduction of exogenous genes in cord 
blood hHSCs has not been reported. In this 
study, we attempted to determine optimal 
promoter for transgene expression in hHSCs 
and to enhance the viral  transduction rate in 
hHSCs using cell growth factors. 

Materials & Methods:  

Human hematopoietic stem cells 
(hHSCs): Freshly collected CD34+/CD133+ 
hHSCs were used for transduction. 
CD34+/CD133+ hHSCs were collected from 
the human cord blood with an approved IRB 
protocol of Henry Ford Hospital. In brief, the 
cord blood mononuclear cell population was 

generated by Ficoll gradient centrifugation and 
was enriched for CD34+/CD133+ cells by 
immunomagnetic positive selection using the 
MidiMACS system (Miltenyi, Auburn CA) 
according to the manufacturer’s protocol. 
Freshly prepared CD34+/CD133+ cells were 
incubated in stem cell basal media  
supplemented with 40 ng/ml of stem cell 
factor (SCF), 40 ng/ml of  FLT3 and 10 ng/ml 
of thrombopoietin (TPO) (all from CellGenix, 
IL). Initially cells were suspended in media at 
1x106 per ml and grown in 5% CO2/95% air at 
37ºC in humidified atmosphere containing 5% 
CO2, with fresh media added on every third 
day. The cells were propagated for 7-10 days. 
To confirm the purity of the culture isolated 
from cord blood, flow cytometry was done at 
day 1 to assess the levels of progenitor 
markers CD133, CD34, hematopoietic CD45, 
CD117 and CD14 markers, and CD20 and 
CD3 that are commonly expressed on B and 
T cells, respectively. Majority of the cells 
were CD34+/CD133+. 

HEK 293TN cell line: The HEK 293TN 
kidney fibroblasts (293TN cells) [System 
Biosciences (SBI), USA] cell line was cultured 
in 1XDMEM (Mediatech, USA), 
supplemented with 2 mmol/L L-glutamine, 100 
units/mL penicillin, 100 µg/mL streptomycin, 
10% fetal bovine serum (FBS) and 500 µg/mL 

neomycin analogue G418. All the supplements 
were purchased from Fisher Scientific, USA. 
Cells were incubated at 37°C in a 
humidified atmosphere containing 5% CO2. 

Plasmid construct: Lentiviral Vectors were 
purchased from the SBI, USA and Invitrogen, 
USA. Plasmids (pCDHCMV (catalog, 
CD500B-1), pSIHCMV (Catalog, LV500A-1) 
and pLentiLacZ (catalog, K495510) were used 
directly for GFP expression without any 
modifications. For the construction of the 
pLentiUBC-GFP, the GFP gene was amplified 
by polymerase chain reaction (PCR) using 
oligonucleotide primers (forward primer 
5’CACCATGCGGCGGCGAGCCGC3’; 
reverse primer 5’CACCATGGTGCTCA 
CTCTTATC3’) containing an EcoRI and 
HindIII (Fermantas, USA) site for each end. 
The amplified GFP gene was digested with 
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EcoRI and HindIII and ligated at EcoRI and 
HindIII sites of pLentiUBC (Catalog, V499-

100). Maps depicting the constructs are 
shown in Figure 1. 

 

 
Figure 1: Schematic representation of promoter regions controlling GFP expression in retroviral vectors. 

 
Lentivirus production: 293TN cells (SBI, 
USA) were seeded at a density of 1.6 x 
108 per 100 mm tissue culture dish and 
transiently transfected with lentivirus 
transfer vectors and three viral packaging 
plasmids (pPACKH1-GAG, pPACKH1-
Rev, pVSV-G, Catalog number, LV500A-
1) (SBI, USA) according to the 
manufacturer protocol (SBI, USA). After 

16 hours, the media was replaced with 
Dulbecco's modified essential medium 
(DMEM) supplemented with 10% fetal 
bovine serum (FBS) and 20 mM HEPES, 
pH 7.05 (Sigma).  The supernatants were 
harvested at 48 and 72 hours to collect the 
produced lentivirus.  

Concentration of produced lentivirus: 
Supernatants from 293T cells transfected 
with lentiviral vectors were cleared of cellular 
debris by low-speed centrifugation (1500 g, 5 
min) and filtered with 0.45 µm filter (low 
binding filter, Millipore, USA). Then one 
volume of cold polyethylene glycol solution 
(5X PEG-it reagent, SBI, USA) was added 
to every four volumes of filtered viral 
supernatant and refrigerated over-night. 
Following refrigeration, the tubes 

containing PEG and viral containing cell 
culture supernatant were centrifuged at 
1500g for 30 min. Then the resultant 
supernatant was decanted and the white 
viral pellet was re-suspended in the 1X 
PBS at 1/100 of original volume. The 
concentration of viral particles was 
determined by UV spectrometer. The 
concentrated lentivirus was aliquoted and 
stored at –80°C for further use. 

Optimal viral dose determination for 
transduction: To determine the optimal 
viral dose to transduce hHSC to be able to 
express exogenous GFP gene efficiently, 
different cell to viral particles ratio were 
used, such as 1:1000, 1:2000 and 1:5000. 
Different doses of viral particles mixed 
with hHSCs were suspended in 100µl of 
stem cell media in a sterile 1.5 ml 
microcentrifuge tube, mixed well and 
incubated for 1 hour at 37oC, 5% CO2. 
After one hour, 400µl of fresh stem cell 
media was added and transferred to a 6-
well plate and further incubated for 72 
hours. The transfected cells were analyzed 
by fluorescent microscope and 
flowcytometer.  
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Determination of viability and 
proliferation following transduction: 
Following incubation of cells with different 
doses of viral particles for 72 hours, trypan 
blue dye exclusion test was performed to 
determine the viability of transduced cells. 
Transduced cells were also subjected to 
proliferation study (by both MTT assay and 
manual counting of cells) and compared with 
that of corresponding control cells.   

Transduction of hHSCs: Based on viability 
and transduction efficiency, we decided to 
use cells to viral particle ratio of 1:2000 for 
subsequent studies. hHSCs were added to 
sterile 1.5 ml microcentrifuge tube and mixed 
with lentivirus at 1: 2000 ratio (based on our 
optimal viral dose study) and incubated for 1 
hour at 37oC, 5% CO2. After one hour, 500 
µl of fresh media was added and transferred 
to a 6-well plate and further incubated for 72 
hours. The GFP expression in transduced 
cells was analyzed using fluorescent 
microscope and flow cytometer. To 
determine whether GFP expression was 
maintained over time, transduced hHSCs 
were further incubated and maintained for 6 
weeks at 37oC, 5% CO2 and analyzed at 
different time points by fluorescent 
microscope and flow cytometer for GFP 
expression. To determine the effect of 
transduction enhancing agents, polybrene (5 
µg/ml) (Millipore, USA), and lipofectamine 
2000 (1µl/ml) (Invitrogen, USA) were applied 
during the transduction reaction.  

Growth factor stimulation of hHSCs: To 
improve the transduction efficiency, the 
growth of hHSCs were stimulated prior to 
transduction using higher doses of growth 
factors that was 2 fold higher than the 
concentration used in standard hHSC growth 
media. Specifically, CD34+/CD133+ cells 
were incubated for 10 hrs in stem cell basal 
media (Amino Acids, Vitamins, phenol-red, L-
glutamine, ß-Mercaptoethanol) supplemented 
with 80 ng/ml of stem cell factor (SCF), 80 
ng/ml of FLT3 and 20 ng/ml of 
thrombopoietin (TPO). After stimulation cells 
were transduced with lentivirus as follows: 
hHSCs and lentivirus were added to sterile 

1.5 ml microcentrifuge tube at 1: 2000 ratio 
and incubated for 1 hour at 37oC, 5% CO2. 
After one hour, 500 µl of fresh media was 
added and transferred to a 6-well plate and 
further incubated for 24 hours. To determine 
whether growth factors are at all necessary 
during transduction, cells were also incubated 
for 10 hours in stem cell basal media without 
any growth factor and the transduction was 
proceeded as described above. 
Fluorescence microscopy: The 
transduced hHSCs were directly observed 
for GFP expression using a Leica pro 
fluorescence microscope, with FITC filter at 
40X magnification. Pictures were taken using 
a digitalized CCD camera attached to the 
microscope using SPOT software (RT 
diagnostic instruments, MI). Corresponding 
bright field images were also obtained. 

Flowcytometry analysis: Transduced 
hHSCs cells were analyzed by flow cytometry 
using a LSR-II flowcytometer (BD 
Biosciences) or C6 Accuri flowcytometer 
(Accuri Cytometers, Inc, MI). Cells were 
collected at different time points and washed 
with 1x PBS and then analyzed with flow 
cytometer to determine the GFP positive 
cells (FL1 channel). Non-transuded hHSCs 
were used as control cells. 

Results   

Production of lentiviral vectors: To 
determine the promoter strength in hHSCs, 
CMV-GFP, EF1-GFP, UBC-GFP and SV40-
GFP plasmids were used. The  lentiviral 
particles were produced by transiently 
transfecting the plasmid constructs (CMV-
GFP, EF1-GFP, UBC-GFP and SV40-GFP) 
along with the pHDMH Gagpol, VSVG, REV 
plasmids into 293TN cells. The supernatant 
collected from the transfected cells contained 
relatively diluted amount of virus particles. 
To concentrate viral particles (VP), the 
supernatants containing VP were subjected to 
precipitation using polyethylene glycol (PEG). 
The concentrated suspension of VP showed a 
relatively high viral titer values for all four 
lentiviral vectors, ranging from 2 to 5X108 
VP/ml. The amounts of viral vectors used for 
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4%, while lipofectamine 2000 (1µl/ml) did not 
show any effect on the efficiency of 
transduction (data not shown).  Optimal viral 
doses were determined based on the 
expression of reporter protein and 
percentage of viable cells at different doses of 
viral vectors. For example, both CMV and EF-
1 promoters showed higher expression of 
GFP at 1:5000 dose,  but there were 
associated with significantly increased cell 
death at that dose. Therefore, we selected 
lower viral dose which produced almost 
comparable GFP expression with significantly 
lower numbers of dead cells .  Similarly, 
1:2000 doses also showed comparably higher 
expression of GFP with UBC and SV40 
promoters although there was no significant 
increase in cell death. 

hHSCs transduction were kept identical for 
all four viral vectors in order to achieve 
similar transduction efficiencies.  

Determination of optimal viral dose for 
transduction: To determine the optimal 
dose of viral vector used for the transduction, 
different cell to viral ratio were tested, i.e. 
1:1000, 1:2000, and 1:5000.  The 1:5000 cell 
to viral ratio produced higher level of 
transduction (Figure 2), however, 
significantly higher (p=<0.001) cell death was 
also noted compared to that of 1:1000 and 
1:2000 ratios (Figure 3). Similar findings 
were also observed on MTT and cell growth 
curve analysis (data not shown). Addition of 
transduction enhancing agent, polybrene 
(5µg/ml), improved transduction rate by only  

 
 

Figure 2: Viral dose effect on transudation: hHSCs transduced with lentivirus at cell to virus ratio of 1:1000, 1:2000; 
1:5000. Highest level of GFP expression was found in 1:5000 cell to virus ratio and also higher level of cell death was found at 

this dose. 1:2000 ratio was the optimal dose for good level of transgene expression as well as low level of cell death (see 
Figure 3). 
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Figure 3: Viral dose effect on cell viability: Cells were transduced with lenti virus at 1:1000, 1:2000, 1:5000 cell to virus 
ratio. Viral dose effect on cell viability was analyzed by Trypan blue assay. 1:5000 cell to viral ratio gave the highest level of GFP 

expression (46%), however cell death was also high, at 31-33%. On other hand, 1:2000 cell to virus ratio gave good level of 
GFP expression (42%) as well as low level of cell death (15-20%). * = significant differences from other viral doses and control. 

a = significant differences from control. 
 
GFP expression in hHSCs: To determine 
the transcriptional activities of different 
promoters in hHSCs, we transduced hHSCs 
with lentiviral vectors. The GFP expression in 
hHSCs was analyzed at different days after 
transduction. The transduced cells were not 

subjected to antibiotic selection. The 
fluorescence microscopy analysis reveled that 
EF1 and CMV promoter drove high level of 
expression of GFP, while SV40 and UBC 
promoters drove low level expression of GFP  

 

 
Figure 4: GFP expression in HSCs at day 10 of post transduction: (A1, A2) bright field and florescence images of stem 
cells infected with EF1-GFP, (B1, B2) bright field and fluorescence image of stem cells infected with CMV-GFP; (C1, C2) bright 
ield and florescence images of stem cells infected with SV40-GFP, (D1, D2) bright field and fluorescence images of stem cells 

infected with UBC-GFP. 
(Figure 4). The GFP expression in 
transduced hHSCs was further verified using 
flowcytometer and the highest expression of 
GFP was observed under the CMV and EF1 

promoters, while SV40 and UBC promoters 
induced the lowest levels of GFP (Figure 5). 
Long-term GFP expression in transduced 
cells was also followed. CMV promoter 
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induced similar or higher expression level of 
GFP at days 10 and 21 when compared to all 
other promoters; however, at day 38 GFP 
expression under the CMV promoter 
dropped about 3% (Figure 5 and 6). The EF1 
promoter induced expression of GFP was 
24% at day 10, 36% at day 21 and 42% at day 

38 (Figure 6). The UBC and SV40 promoters 
induced very low level of expression of GFP 
at days 10 and 21, however, there was slight 
improved GFP expression observed at day 38 
but not to the level observed with CMV or 
EF1 promoters (Figure 5 and 6). 

 
Figure 5: Promoter functionality studies for 6 weeks period using flowcytometer: Flow cytometric analysis shows 

the expression of transgenes (GFP) over extended period. Note the loss of expression of GFP on day 38 when CMV was used as 
promoter. 
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Figure 6: Promoter functionality studies for 6 weeks period using florescence microscope: Same cell cultures were 
also photomicrographed using green fluorescent filter. Note the expression of GFP on extended culture conditions. 
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Improvement of transduction: To 
improve the transduction rate, hHSCs were 
stimulated with double doses of growth 
factors (TPO, FLT3, SCF) for 10 hours before 
transduction. hHSCs stimulated with double 
doses of growth factors showed higher 
transduction efficiency for all types of 
lentiviral vectors (different promoters) 
compared to that of  hHSCs  cultured in 
regular stem cell media or cultured in stem  

 

 

cell basal media without growth factors 
(Figure 7). Cell viability was also compared 
in these three conditions. There was no 
significant difference in cell viability when 
compared between cells cultured with double 
doses of  growth factors and cells cultured in 
regular stem cell media (Figure 8), however, 
cell viability was significantly reduced  in 
condition where  hHSCs were pre-incubated 
in stem cell media without growth factors 
(Figure 8). 

 

 
 

Figure 7: Improvement of transduction: hHSCs were stimulated with double dose of growth factors (GF) for 10 hours before the 
transduction. Cell to virus ratio of 1:2000 was used to for transduction. Cell stimulated with double dose of growth factors showed 33% of 

improved transduction. 
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Figure 8: Effect of growth factor on cell viability: Lentivirus-GFP vectors were transduced with pre-stimulated stem cells with 

different concentrations of growth factors (GF).  * = significant differences compared to other culture conditions. 

Discussion 

Since hHSCs have potential to be used for 
treatment of a variety of human diseases [25, 
26], the use of hHSCs as a gene delivery 
vehicle has been a high priority for several 
research groups [27]. In order to use the 

chromosomal DNA of hHSCs tha
successively transfer and maintain in daughter 
cells [28]. The lentiviral vectors are found to 
be better gene transduction vector for 
hHSCs than adenoviral or oncoretroviral 
gene transfer vector systems [25, 26, 28, 29]. 
Lentiviral vectors have been shown to 
transduce non-dividing cells and produce 
stable expression of transgene with relatively 
low cytotoxicity in variety of cell types 
including HSCs [9, 28, 29]. Our current 
results are also in line of the previously 
published reports. Our results showed 
efficient transduction of exogenous GFP gene 
in cord blood derived hHSCs by lentivectors 
and showed long-term expression of 
transgene. The transgene expression in HSCs 
depends on gene transfer efficiency, 

transduction process including promoter 
activity and transduction enhancing agents. 
[30,31]. Although the plasmids used in this 
study have some slight variations in the 
plasmid backbone genes, which might cause a 
little difference in the transgene expression, 
however we were not expecting wide 
differences in expression of transgene in  

ly controlled by promoter. The 
potential of retroviral vector transgene 
delivery should be associated with the use of 
optimal promoter to enhance the transgene 
expression in HSCs. The studies by Liu et al 
2006 [32] clearly showed that the expression 
of transgene in stem cells depends on the 
strength of the promoter. The promoter 
plays important role in gene expression, thus 
we investigated four different promoters and 
their activity in cord blood hHSCs using 
lentiviral vectors. For the promoter 
functionality studies, an efficient reporter 
gene system is also important. GFP has 
emerged as an excellent reporter gene for 
gene transfer studies in various cell lines 
including the hematopoietic cells [33] [34]. 
The auto-fluorescent nature of the GFP has 

hHSCs as gene delivery vehicles, it is 
important to integrate the transgene in to 

t will 
HSCs because level of transgene expression 
is high
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greatly improved the gene transduction by 
allowing the rapid identification of transduced 
cells using simple microscopic examination. In 
addition, GFP does not require any further 
gene products or cofactors to generate 
fluorescence and its only need is oxygen and 
blue light for fluorescence. Our results 
demonstrated the promoter dependent 
expression of reporter gene in cord blood 
derived hHSCs. CMV-GFP and EF1-GFP 
showed the highest rate of transduction (GFP 
positive cells).On the other hand SV40-GFP 
and UBC-GFP showed very low rate of 
transduction. These results indicate that 
promoter have significant influence on 
transgene expression in cord blood derived 
hHSCs. We have also found similar results in 
the expression of human sodium iodide 
(hNIS) gene in hHSCs when two different 
promoters (EF-1 and CMV) were used. CMV-

pertechnetate (Tc-99m) uptake assay (data 

and it may likely be due to the fact that 
hHSCs commonly express small number of 
genes while maintaining their “stemness”. At 
day 10 of post transduction hHSCs may not 
express important co-factors required for 
transcriptional activities of UBC and SV40 
promoters, which, therefore, lead low-level 
expression of GFP. On the other hand, 
hHSCs might be expressing necessary co-
factors that are required for the optimal 
transcriptional activities of CMV and EF1 
promoters, thus CMV and EF1 promoters 
drove the robust expression of GFP.  A little 
increase in GFP expression was observed at 
day 21 to day 38 for the UBC and SV-40 
promoters, which indicated that these 
promoters were up-regulated during this 
period, however the expression of GFP was 
not comparable to that of CMV and EF1 
promoters. 

such 

iral 

period. This result suggests that CMV 

hNIS showed higher rate of transduction, 
which was determined by Tc-99m-

hHSCs are attractive targets for gene therapy 
and have the potential to cure diseases 

not shown). 

Liu et al [30] showed that biological agents 
such as lipofectamine significantly increased 
the transduction in CD34+ cells (for about 
10%). However, we did not find any effect of 
lipofectamine in transducing hHSCs. On the 
other hand ploybrene showed increased 
transduction rate (4%) in hHSCs. We also 
studied the effect of growth factors to 
improve the transduction rate in hHSCs. 
Growth factor stimulation prior to 
transduction enhanced the transduction rate 
for about 33% with CMV promoter. This 
method leads to high-level expression of 
transgene, which may help to improve the 
successful delivery of therapeutic genes. 

We compared the activities of all four 
promoters driving the expression of GFP in 
hHSCs by determining the percent positive 
cells by flowcytometry. We observed that 
CMV and EF1 promoters drove the highest 
levels of GFP expression, while little or very 
low level of expression was achieved with 
SV40 and UBC promoters. The reason 
behind the low-level expression of UBC and 
SV40 promoters were presently unknown 

as  immune deficiencies, hemoglobinopathies 
and phagocyte disorders [35]. The hHSCs as 
gene delivery vehicles largely depend on 
convenience and reliable long-term 
expression of transgenes. Murine leukemia 
virus (MLV) derived retroviral vectors were 
most widely used as vehicles for gene 
transfer into HSCs [36]. MLV based retrov
transduction in HSCs is usually inefficient to 
maintain the transgene for long period of 
time probably due to the inability to integrate 
into non-dividing cells. The expression of 
transgene is often inconsistent and down 
regulated over long period of time [37].  In 
addition, efficiency of gene therapy will be 
further hampered due to immune responses 
by host cells against vectors and transgene 
products [38, 39]. In our studies, we showed 
that CMV-GFP and EF1-GFP expression was 
stable for over 6 weeks in continuously 
cultured and propagated cells, thus indicating 
that CMV and EF1 promoters were stably 
and functionally maintained in the genome of 
these stem cells. EF1-GFP showed similar 
level of expression of GFP after 6 weeks of 
transduction, while CMV-GFP showed a drop 
of 10% of expression level after 6 weeks 
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ntributions 

1997, 59:67-75. 
Gene 

promoter was down regulated after 
prolonged culture, and this might be due to 
hHSCs differentiation during prolonged 
culture. The results indicate that EF1 
promoter is better in driving the gene of 
interest in the prolonged culture system. 

Conclusions 

In this study, we clearly demonstrated the 
advantages of CMV and EF1 promoters for 
the expression of transgene in cord blood 
derived hHSCs using lentiviral vectors. Based 
on the characteristics of hHSCs, these 
promoters can also be useful for any other 
hematopoietic stem cells and can be used in 
other cell types such as lymphocytes (which 
is under active investigation). The CMV and 
EF1 promoter is thus a promising tool for 
transgene expression in hHSCs and can be 
used with lentiviral vector for fundamental 
studies or for a gene therapy strategy 
targeting human hematopoietic stem cells. 
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