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Abstract 

Objectives: Lentiviral vectors have been used successfully to rapidly produce decigram quantities 
of active recombinant proteins in mammalian cell lines. To optimize the protein production 
platform, the roles of Ubiquitous Chromatin Opening Element (UCOE), an insulator, and selected 
promoters were evaluated based on efficiency and stability of foreign gene expression mediated by 
lentiviral vectors. 
Methods: Five lentiviral vectors, pFIN-EF1α-GFP-2A-mCherH-WPRE containing EF1α promoter 
and HS4 insulator, p'HR.cppt.3'1.2kb-UCOE-SFFV-eGFP containing SFFV promoter and UCOE, 
pTYF-CMV(β-globin intron)-eGFP containing CMV promoter and β-globin intron, 
pTYF-CMV-eGFP containing CMV promoter, and pTYF-EF1α-eGFP with EF1α promoter were 

packaged, titered, and then transduced into 293T cells (1000 viral genomes per cell). The trans-
duced cells were passaged once every three days at a ratio of 1:10. Expression level and stability of 
the foreign gene, green fluorescence protein (GFP), was evaluated using fluorescent microscopy 
and flow cytometry. Furthermore, we constructed a hepatitis C virus (HCV) E1 recombinant 
lentiviral vector, pLV-CMV-E1, driven by the CMV promoter. This vector was packaged and 
transduced into 293T cells, and the recombinant cell lines with stable expression of E1 protein 
were established by limiting dilution.  
Results: GFP expression in 293T cells transduced with the five lentiviral vectors peaked between 
passages 3 and 5 and persisted for more than 5 weeks. The expression was prolonged in the cells 
transduced with TYF-CMV (β-globin intron)-eGFP or TYF-CMV-eGFP, demonstrating less than a 
50% decrease even at 9 weeks post transduction (p>0.05). The TYF-CMV-eGFP-transduced cells 
began with a higher level of GFP expression than other vectors did. The percentage of GFP positive 
cells for any of the five lentiviral vectors sustained over time. Moreover, the survival rates of all 
transfected cells exceeded 80% at both 5 and 9 weeks post transduction. Surprisingly, neither the 
HS4 insulator nor the UCOE sequence improved the GFP expression level or stability. Clonal cell 
lines with HCV E1 gene were generated from LV-CMV-E1 vector-infected 293T cells. A repre-
sentative recombinant cell line maintained stable E1expression for at least 9 weeks without sig-
nificant difference in morphology compared with untreated 293T cells.  
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Conclusion: The results suggest that all five vectors can stably transduce 293T cells, producing 
long term transgene expression with different efficiencies. However, neither the insulator nor the 
UCOE improved the GFP expression. The vectors containing the promoter CMV or CMV 
(β-globin intron) generated the highest gene expressions, manifesting as more favorable candidates 
for recombinant protein production in HEK293T cells. 

Key words: lentiviral vector; HEK 293 cells; protein production; UCOE; insulator; promoters; HCV E1. 

Introduction 
Currently, several protein production platforms 

such as bacterial, yeast, insect and mammalian cell 
culture expressing systems are available for quick 
manufacturing of large quantities of recombinant 
proteins. Bacterial systems are the oldest and most 
widely used expression platforms. Although en-
dowed with advantages such as simplicity, speed and 
cost-effectiveness, they are not suitable for producing 
eukaryotic proteins due to issues of poor solubili-
ty-induced aggregation or misfolding or lack of 
proper post-translational modifications necessary for 
full biological activity [1, 2]. Yeast-based protein ex-
pression systems often achieve higher yield than bac-
terial systems, and are able to express complex pro-
teins and perform certain post-translational modifica-
tions [3, 4]. Insect cell systems have become popular 
for expressing complex recombinant proteins while 
stop short of recapitulating complex mammalian 
N-glycans containing galactose or sialic acid residues 
[5, 6]. 

Mammalian cell line-based platforms seem to 
bias these problems and have produced many re-
combinant biomedical proteins with fully biological 
activity. But the methods can be tedious, time con-
suming (often taking months), and costly. Selection of 
stable and high expressing clones from transient 
transfections or lentiviral transductions is the key to 
the success of mammalian cell line-based protein 
production. Transient expression systems are expen-
sive, often inefficient, and prone to loss of expression. 
In comparison, lentiviral vectors enjoy some ad-
vantages over the other vectors such as the ability to 
infect both dividing and non-dividing cells, irreversi-
ble integration in the genome, and a large genomic 
capacity [7-11].  

Here, we evaluated five lentiviral vectors con-
taining GFP gene and a combination of different 
promoters, HS4 insulator, or UCOE upon transducing 
the HEK 293T cells in terms of the stability and the 
efficiency of GFP expressing using fluorescent mi-
croscopy and flow cytometry. The results showed that 
all the five vectors induced long-term GFP expression 
with different efficiencies. Neither the insulator nor 
UCOE affected GFP expression, but the vectors con-
taining the CMV promoter (with or without be-

ta-globin intron) yielded high and prolonged 
transgene expression, demonstrating the potential as 
a practical protein production vector. Furthermore, 
we used a lentiviral vector LV-CMV-E1 containing 
hepatitis C virus (HCV) E1 gene to transduce 293T 
cells and established the recombinant cell lines with 
sustaining stable expression of E1 protein by limiting 
dilution.  

Materials and Methods  
Plasmids 

Five lentiviral vectors were used in this study 
(Figure 1). pFIN-EF1α-GFP-2A-mCherH-WPRE con-
taining EF1α promoter and HS4 insulator was kindly 
provided by Dr. Susan Semple-Rowland (Department 
of Neuroscience, University of Florida) [12]. 
p'HR.cppt.3'1.2kb-UCOE-SFFV-eGFP containing 
SFFV promoter and UCOE was constructed previ-
ously in the Dr. Adrian Thrasher’s laboratory (Insti-
tute of Child Health, University College London, UK) 
[13]. pTYF-CMV (β-globin intron)-eGFP containing 
CMV promoter and β-globin intron, 
pTYF-CMV-eGFP only containing CMV promoter, 
and pTYF-EF1α-eGFP with EF1α promoter were con-
structed in this lab. The packaging plasmids pMD2.G 
and psPAX2 were obtained from Dr. Junming Yue 
(Department of Pathology, University of Tennessee 
Health Science Center).  

Cell Cultures 
Human embryonic kidney ( HEK) 293T cells 

(ATCC, Manassas, VA) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Hyclone, Logan, 
UT) supplemented with 10% fetal bovine serum (FBS) 
(Hyclone), 100 units/ml penicillin, 100 mg/ml strep-
tomycin (Invitrogen, Carlsbad, CA, USA) and main-
tain in 5% CO2 at 37℃. 

Recombinant lentivirus packaged and titered 
The lentiviral vectors were packaged adopting 

the three-plasmid packaging system [14]. On day one, 
a total of 6x106 293T cells were seeded in a 100 mm 
dish. On day 2, a transfection mix was made as the 
following: a solution of 500uL was first prepared con-
sisting of 1.25 μg of shuttle plasmid pMD2.G, 3.75 μg 
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of packaging plasmid psPAX2, 5 μg of transfer ex-
pression plasmid DNA, and 125 μl of 2 mM CaCl2 in 

deionized distilled water; CaCl2/DNA was then 
added dropwise while vortexing to equal volume of 
2xHBS for a total of 1mL. This mix was added to the 
dish, and the cells maintained in 5% CO2 at 37℃. The 
GFP expression was observed by fluorescent micros-
copy after 24h, and the packaged recombinant lenti-
viruses were harvested from the supernatant of cell 
cultures at 48h post transfection. The lentivirus RNA 
was prepared using the AxyPrepTM Body Fluid viral 
DNA/RNA prepmini Kit (Axygen, CHN) and treated 
by DNase I (Promega, US) digestion. Reverse tran-
scription was performed afterwards using iScript™ 
cDNA Synthesis Kit (Biorad, US). Viral load of re-
combinant lentivirus was quantified in copies/ml by 
real-time PCR (Takara Biotechnology Co., Ltd, Dalian, 
China) based on a standard curve generated from 
plasmid pTYF-EF1a-GFP using the following primers: 
Primer LV-F: 5′-TAAAGCTTGCCTTGAGTGCT-3′, 
Primer LV-R 5′-GTCTGAGGGATCTCTAGTTACCA 
G-3′. 

Cell transduction in vitro and detection of GFP 
expression 

A total of 4x104 293T cells /well were prepared in 
a 24-wells plate. On the following day, the cells in 
each well were transduced with packaged recombi-
nant lentivirus at an MOI of 1000 (1000 viral genomes 
per cell) in DMEM medium containing 10% FBS with 
6-8 μg /ml hexadimethrine bromide (Polybrene, 
Sigma, Germany). After 24h, transduction media was 
replaced with fresh DMEM with 10% FBS and incu-
bated for 3-5 days at 37℃ and 5% CO2. The transduced 
cells were passaged once every three days at a ratio of 
1:10. The fluorescence from the eGFP was examined 
under an Olympus Model BX41 fluorescent micro-
scope (Olympus, Tokyo, Japan) and provided a 
marker for evaluating transgene expression of the 
transduced cells. The transduction efficiency of lenti-
virus-GFP and mean fluorescence intensities were 
measured by a FACS Calibur flow cytometer (Becton 
Dickinson, MA, USA) at 5 and 9 weeks post trans-
duction.  

 
Figure 1. Schemes of the lentiviral transfer vectors used in the study. (A) pFIN-EF1α-GFP-2A-mCherH-WPRE containing EF1α promoter and 
HS4 insulator, (B) p'HR.cppt.3'1.2kb-UCOE-SFFV-eGFP containing SFFV promoter and UCOE, (C) pTYF-CMV(β-globin intron)-eGFP containing CMV 
promoter and β-globin intron, (D) pTYF-CMV-eGFP containing CMV promoter, and (E) pTYF-EF1α-eGFP with EF1α promoter. Abbreviations: EF1 α – 
elongation factor 1 α promoter; SFFV, spleen focus forming virus (SFFV) promoter; GFP – green fluorescent protein; mCher – cherry fluorescent protein; 
2A - porcine teschovirus (pTV1) 2A-like cleavage peptide; bGH-bovine growth hormone derived polyadenylation signal.  
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Construction of HCV E1 lentiviral vector and 
generation of E1-expressing clonal cell lines 

 The HCV E1 gene was cloned into an optimal 
lentiviral vector pLV-CMV-eGFP in place of the eGFP 
gene, resulting in pLV-CMV-E1. Lentivirus was pro-
duced and titered as described above. 293T cells were 
transduced with LV-CMV-E1 at MOI=100 and incu-
bated at 37℃, in 8% CO2 for 3-5 days. The transduced 
cells were then clonally expanded by limiting dilu-
tion. The cells were plated in three plates at a density 
of 0.8 cell/well in 100μl of Dulbecco’s modified Eagle’s 
medium containing 10% FBS. Two to three weeks 
later, clones in good condition were picked and cul-
tured. The cells were passaged once every three days 
at a ratio of 1:10. Gene expression of the transduced 
cells was evaluated by Western Blot using an an-
ti-HCV polyclonal antibody, which was produced in 
our laboratory. 

Statistical Analysis 
All data were presented as the mean ±SD. 

SPSS20.0 software was used for data analysis. The 
differences in mean values of the efficiencies and flu-
orescence intensities between different vectors were 
analyzed by one-way ANONA test. p＜0.05 was con-
sidered to be statistically significant. 

Results 
Generation of recombinant lentiviral vectors 

The five lentiviral vectors: pFIN-EF1α- 
GFP-2A-mCherH-WPRE, p'HR.cppt.3'1.2kb-UCOE- 
SFFV-eGFP, pTYF-CMV (β-globin intron)-EGFP, 
pTYF-CMV-eGFP, and pTYF-EF1α-eGFP were pack-
aged with packaging plasmids pMD2.G and psPAX2. 
The viral loads of the vectors as quantified by re-
al-time PCR from the supernatants of transfected cells 
were 2.8x108, 3.7x108, 2.5x108, 1.0x109, 2.5x108 cop-
ies/ml, respectively.  

Lentiviral vectors TYF-CMV (β-globin 
intron)-eGFP and TYF-CMV-eGFP mediated 
high level of GFP expression in HEK 293T cells 

To evaluate the lentiviral vectors for the produc-
tion of recombinant protein in HEK 293T cells,  we 
compared transduction efficiencies and expression 
strengths of the five tested vectors (Table 1, Figures 2 
& 3). We found that vectors containing the CMV 
promoter (with or without β-globin intron) resulted in 
the highest initial levels of GFP expression in 
HEK-293T cells (p<0.01). The TYF-CMV-eGFP vector 
displayed a similar extent of GFP expression as com-
pared to TYF-CMV (β-globin intron)-eGFP at 5 weeks 
post transduction (p>0.1), but less than the latter at 9 
weeks (p<0.05). 

Table 1. The GFP positive efficiency, MFI and cell Survival rates of 
HEK 293T cells transduced with lentiviral vectors 

vector Week GFP 
positive 
efficiency 
(%) 

Survival 
rates (%) 

GFP MFI 

FIN-EF1α-GFP-2A-mCherH-WPRE 5w 22.7±3.3 90.4±3.4 6391.7±1030.4 
9w 27.6±6.9 96.5±3.1 1985.7±67.4 

HR.cppt.3'1.2kb-UCOE-SFFV-eGFP 5w 5.8±0.4 90.2±4.0 1436.0±1.4 
9w 5.9±0.2 82.1±1.3 386.5±5.0 

TYF-CMV(β-globin intron)-eGFP 5w 54.1±3.7 83.4±3.1 21845.7±1959.0 
9w 76.5±2.0 97.5±7.2 12814.7±1703.6 

TYF-CMV-eGFP 5w 57.6±7.8 86.2±3.8 26596.7±3900 
9w 91.7±1.7 87.5±3.5 21192±882.7 

TYF-EF1α-eGFP 5w 38.7±1.1 85.2±1.9 9467.7±134.8 
9w 38.2±3.9 87.8±2.3 1664.7±113.4 

 

Lentiviral vectors generated stable long-term 
foreign gene expression in 293T cells 

Stability of recombinant cell lines is essential to 
recombinant protein production. In this study, 
transduced 293T cells were passaged and observed 
under a fluorescent microscope for consistent expo-
sure times for 9 weeks following transduction. GFP 
expressions reached the highest levels between pas-
sages 3 to 5 and lasted for more than 5 weeks with all 
five vectors. (Figure 2). Similarly, transduction effi-
ciencies in all five lentivirus-transduced cells were 
stable beyond 5 weeks. The GFP expression in 293T 
cells transduced with TYF-CMV (β-globin in-
tron)-eGFP or TYF-CMV-eGFP persisted, demon-
strating less than 50% decrease at 9 weeks relative to 
that at 5 weeks (p>0.05). Furthermore, the survival 
rates of all transduced cells were more than 80% at 5 
or 9 week time point (Table 1). The mean fluorescent 
intensities and transduction efficacies of the vectors 
were measured at either time point by flow cytometry 
and analyzed by SPSS 20.0 (Table 1, Figure 3). At five 
weeks, the mean positive rates of GFP expression 
were 22.7%, 5.8%, 54.1%, 57.6% and 38.7%, respec-
tively; while the mean fluorescent signal intensities 
(MFI) were 6392, 1436, 21846, 26597, and 9468, re-
spectively. At nine weeks, the mean positive rates of 
GFP were 27.6%, 5.9%, 76.5%, 91.7% and 38.2%, re-
spectively, and the MFIs were 1986, 387, 12815, 21192 
and 1665, respectively.  

Effects of UCOE or HS4 insulator on the 
protein expressing yield and stability in 
lentiviral vectors-transduced 293T cells 

We investigated the role of HS4 insulator and 
UCOE in protein production in lentiviral vec-
tor-transduced 293T cells. Unexpectedly, they did not 
enhance GFP expression level or stability (Table 1, 
Figure 2&3). FIN-EF1α-GFP-2A-mCherH-WPRE, 
containing the HS4 insulator, exhibited a similar GFP 
expression transduction efficiency at 5 and 9 weeks 
post transduction when compared with that of 
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TYF-EF1α-eGFP (p>0.1). The vector 'HR.cppt.3'1.2kb- 
UCOE-SFFV-GFP, containing a UCOE, elicited much 
lower transduction efficiency and GFP expression 
than the other vectors.  

Clonal cell lines of HCV E1 sustained stable 
expression of E1  

 The coding sequence of HCV E1 was success-
fully cloned into the optimized pLV-CMV-eGFP vec-

tor, resulting in the pLV-CMV-E1 vector. The 293T 
cells were transduced with LV-CMV-E1 and clonal 
cell lines of HCV E1 were generated by limiting dilu-
tion. A representative recombinant cell line main-
tained robust E1 expression for at least 9 weeks 
without significant difference in morphology, com-
pared with untreated 293T cells (Figure 4).  
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Figure 2. Lentiviral-mediated transduction of GFP into HEK 293T cells. HEK 293T cells were transduced with lentiviral vectors 
FIN-EF1α-GFP-2A-mCherH-WPRE (A), HR.cppt.3’1.2kb-UCOE-SFFV-eGFP (B) , TYF-CMV (β-globin intron)-eGFP (C), TYF-CMV-eGFP (D) or 
TYF-EF1α-eGFP (E) as described in the method. The images were captured by a fluorescent (upper panels) or bright light (lower panels) microscope at 1 
week, 5 weeks and 9 weeks post transduction using same exposure time.  

 
Figure 3. Comparison of different lentiviral vectors containing different elements on GFP positive efficiency and GFP MFI. Flow cy-
tometry was performed at 5 weeks and 9 weeks after HEK 293T cells were transduced with lentiviral vectors. (A) GFP positive efficiency at 5 weeks post 
transduction. (B) The GFP MFI at 5 weeks and 9 weeks post transduction.  
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Figure 4. The sustaining expression of HCV E1 in clonal 293T cell lines established using the LV-CMV-E1 vector. Five microliters of 
medium, collected from a representative cell clone of HCV E1 during 9 weeks, were separated on SDS-PAGE and analyzed by western blotting with an 
anti-HCV polyclonal antibody. (A) A representative western blot showing sustaining expressing of HCV E1 from 1 week to 9 weeks. (B) Bar graphs showing 
the expression of HCV E1 levels in each time point. Data are means ±S.E.M. from 3 experiments. Y-axis is HCV E1 protein levels expressed as relative 
optical density values in arbitrary units. eGFP: the 293T cell transduced by LV-CMV-eGFP; 293T: untreated 293T cells. 

 

Discussion 
Recombinant therapeutic proteins produced in 

mammalian cells represent a major class of biophar-
maceuticals. Establishing stable and high-production 
recombinant cell lines remains among the top priori-
ties for protein manufacturers [15]. Decigram quanti-
ties of highly purified, recombinant proteins can be 
made by lentiviral vectors according to many reports 
[11, 14, 16-18]. To aid in the optimization of the lenti-
viral vectors for recombinant protein production spe-
cifically in the HEK 293T cell line that has been used 
extensively as an expression tool for recombinant 
proteins, we evaluated 5 unique combinations of 
various promoters, an insulator, and an UCOE with 
respect to transduction efficiency and expression 
strength. The results indicated that all five vectors are 
capable of stably transducing 293T cells and produc-
ing lasting expression of recombinant proteins with 
different efficiencies. The CMV promoter (with or 
without β-globin intron) resulted in the highest initial 
level of GFP expression amongst the vectors, indicat-
ing its ability for rapid and high-level transgenic ex-
pression in 293T cell line. This finding pinpoints to the 
importance of a proper choice of promoter in achiev-
ing high yield of transgene production in recombinant 
cell lines [19]. 

Chromatin insulators separate active transcrip-
tional domains in the genome to allow differential 
regulation of genes and prevent the spread of heter-
ochromatin towards active transcriptional units [20, 
21]. The role of insulator DNAs is to isolate genetic 
loci by blocking interactions between cis regulatory 
elements and inappropriate target promoters in 
neighboring transcription units [22, 23]. Insulators 
disrupt the communication between a regulatory se-
quence such as an enhancer or a silencer, and a pro-
moter [24]. Such a function has been employed to po-
tentially promote transgene expression in 
cell-line-based recombinant protein production sys-
tems. For example, the full-length chicken hypersen-
sitive site-4 (cHS4) insulator element was previously 
shown to protect viral vectors against chromosomal 
position effects [25-28] and augment foreign gene ex-
pression in viral vectors-transduced cells [29-31]. 
Other studies demonstrated that 250-bp “core” el-
ement from within 5′HS4 is sufficient to protect 
against silencing of transgenes caused by chromoso-
mal position effect (CPE). Two or more copies of the 
cHS4 core should have the similar protection activity 
as the full-length cHS4 in plasmid transfections [32, 
33] , but they are unstable in lentiviral vectors. The full 
activity of insulator can be restored when the 250-bp 
core is combined with the 3’ 400bp cHS4 sequence, 
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which also has an unique and significant insulator 
activity [34] In the current study, the HS4 insulator 
did not impact GFP expression level or stability as 
compared to 293T cells transduced with the lentiviral 
vector FIN-EF1α-GFP-2A-mCherH-WPRE that con-
tains two copies of the cHS4 5’ 250-bp core, or the 
TYF-EF1α-EGFP vector that does not have an insula-
tor. These negative outcomes suggest the limitation of 
cHS4 5’ 250-bp core in the lentiviral vector on im-
proving foreign gene expression in transduced 293T 
cells. On the other hand, the ‘650 bp’ cHS4 sequence 
consists of a 3’ 400 bp core combined with the 5’ 250 
bp core may provide a workable solution because the 
3’ 400 bp is supposedly to interact with the 5’ 250 bp 
to provide effective insulation and improve the lenti-
viral vector-mediated foreign gene expression in 293T 
cells. This aspect warrants new investigations [37]. 

 Ubiquitous chromatin opening elements 
(UCOEs) have been reported to drive high levels of 
protein expression over extended periods of time in in 
vitro transfection settings [18, 35, 36]. UCOEs have 
been incorporated into lentiviral vectors in order to 
prolong the expression of integrated transgenes in 
gene therapy experiments [13, 37]. In Freestyle 293-F 
cells, the inclusion of the minimized UCOEs in the 
transduction vectors critically helped maintain the 
stability of decigram levels of protein expression (eg. 
murine Siderocalin) [18]. In this study, the GFP ex-
pression was unaffected by the use of UCOE in the 
lentiviral vector in HEK 293T cells. In fact, the protein 
yield with the vector including the UCOE and SFFV 
promoter was significantly lower than that of with the 
other vectors. This indicates that UCOEs may function 
differently in different types of cells. 

 In this report, we used the vector LV-CMV-E1 
containing HCV E1 to transduce 293T cells and estab-
lished the recombinant cell lines by limiting dilution 
in less than 20 days. The recombinant cells could sta-
bly produce recombinant proteins. Moreover, in 
comparison with transient transfection, where pro-
duction occurred for a short period of 2-6 days [38], 
our results showed that the expression level of E1 was 
stable for at least 9 weeks. This stems most likely from 
the fact that the optimized vector derived from lenti-
virus are relatively resistant to silencing.  

In summary, the five lentiviral vectors evaluated 
in this study stably transduced 293T cells and resulted 
in long term transgene expression. The promoters 
served as the determining factor for the efficacy of the 
vectors. The vectors containing the promoter CMV or 
CMV (β-globin intron) generated the highest gene 
expressions amongst the group, while the insulator 
and UCOE did not improve GFP expression. These 
findings provide valuable insights that will guide our 
effort in optimizing lentiviral vectors for recombinant 

protein production specifically in HEK 293T cells. 
This lentiviral protein expressing system is simple 
and highly efficient and may be adapted for 
bio-therapy protein manufacturing and other bio-
technology applications. 
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