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Abstract
Transfection of surface adherent cells remain as a standard methodology for lentiviral production for early phase clinical studies
and research purposes. Production today is based on transient co-transfection of three or four plasmids, where the viral elements
are encoded separately for safety reasons. Assembly of functional lentiviral particles requires all plasmids to be efficiently
transfected into each cell, a notable challenge with many currently available methods for transient transfection. We have
previously demonstrated the significant improvement of cationic polymer-based transfection in various cell types using a
combination of fusogenic lipids and histone deacetylase 6 inhibitor (Enhancers). In this report, we focused on the transfection
step and the feasibility of improving lentiviral production using the Enhancers. After optimization of DNA amount and N/P
ratio, transfection using seven commercial gene carriers showed comparable maximal efficiency of production with high cell
viability. In the presence of Enhancers, the production of functional lentivirus using LPEI was increased by as much as tenfold
and outperformed lentiviral production using Lipofectamine 3000. We demonstrate a scalable and optimized workflow where
the use of the Enhancers significantly improved the lentiviral particle production in various HEK293 cell lines.

Introduction

The inability of retroviruses to infect non-diving cells has
evoked interest in the use of lentivirus (LV) for gene
therapy as it is capable to infect most non-diving cells [1].
Having similar packaging capacity and genome integra-
tion capability as retrovirus, LV has been used for
applications requiring long-term transgene expression [2].
The advancement of gene therapy as well as the recent
commercial approvals of chimeric antigen receptor T cells
to treat leukaemia and lymphoma resulted in the upsurge
of global demand for LV vectors [3–6]. As cell and gene
therapy research and development flourishes globally, a
method to improve pilot-scale production of LV in the
standard adherent culture system is highly desirable for

the rapid evaluation of pre-clinical efficacy of a desired
transgene.

To date, the third-generation LV vectors are commonly
used for pre-clinical and clinical gene-based applications
[7, 8]. These LV carriers are considered replication
incompetent and self-inactivating vectors and are thought to
be non-pathogenic [9, 10]. A significant challenge is that
viral production requires the transfection of multiple, often
large, plasmids into a packaging cell line [11–13]. This
requirement is often an inefficient process, resulting in low
production titres. This yet to be well-resolved issue has
prompted various attempts, since 1990’s, to develop stable
packaging systems. The production of LVs using stable
packaging cells requires costly developmental processes, is
time consuming and has technical difficulties [14, 15]. The
cytotoxicity of vesicular stomatitis virus G protein (VSVG)
and human immunodeficiency virus-1 protease renders the
establishment of stable LV producer cell banks challenging.
Cells harbouring the essential viral packaging components
(e.g. gag, pol genes) when expressed at high levels are
cytotoxic and cytostatic, eventually silencing the expression
of transgene in long-term cultures [16, 17].

Chemical-based reagents (e.g. liposomes) [18–22] and
physical methods (e.g. electroporation) [23, 24] have been
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used to introduce transgenes into cells for viral production.
Polymers such as polyethylenimine (PEI) are inexpensive
and some are commercially available. However, PEI-
mediated transfections often yield inconsistent results and
exhibit lower transfection efficiency as compared with non-
liposomal lipid and liposome [25]. The use of lipid-based
reagents in large-scale virus vector production is restricted
due to the imputed cost and cellular toxicity [26]. Calcium
orthophosphates precipitation [18] remains to be a relatively
cost-effective and commonly used method for viral pro-
duction. This method is far from ideal as it is limited by the
requirements of large amounts of DNA and the need to
exquisitely titrate the pH to be effective in transfection,
severely limiting scale-up of viral production [24, 27]. Flow
electroporation has been shown in a smaller scale to be
effective [23]. However, this method is not well adopted
industrially as it requires multiple steps with the need to
optimize cell concentration, centrifugation conditions and
an essential re-dilution step, making it laborious [24].

Among the various gene carriers, polymers hold great
promises for use in viral production due to the practical
advantages including ease of manufacturing, lower material
cost than lipid-based reagent and scalable transfection
workflows [25, 26, 28]. More importantly, polymers are
already widely used in research and industrial laboratories
and specialized equipment is not required for transfection.
We hypothesized that optimizing the cationic polymer
mediated transfection should improve LV production,
resulting in higher viral titre and less inter-experimental
variability. Our previous study has demonstrated a method
for enhancing PEI-based transfection in wide variety of cell
types [29]. Using a well-established and validated com-
mercial VirapowerTM LV packaging system as a model, we
demonstrate the significant improvement of the LV pro-
duction when using PEI as a gene carrier in the presence of
transfection enhancer (Enhancers) comprising of fusogenic
lipids and a histone deacetylate (HDAC) inhibitor.

Materials and methods

Cell cultures

HEK293FT cells (Thermo Scientific, MA, USA) were
cultured in DMEM-GlutaMAX supplemented with 10%
FBS, 0.1 mM MEM non-essential amino acids, 1 mM
sodium pyruvate, 2 mM L-glutamine and 100 I.U./mL
penicillin and 100 µg/mL streptomycin. Cells were regularly
maintained in complete media containing 500 µg/mL G418.
HEK293T cells (ATCC, USA) were cultured in DMEM
supplemented with 10% FBS and 2 mM glutamine. Lenti-
Pac 293Ta cells (GeneCopoeia, USA) were cultured in
DMEM supplemented with 10% foetal bovine serum. For

LV production, cells were seeded in LV packaging medium
containing Opti-MEM I reduced serum medium, Gluta-
MAX supplement with 1 mM sodium pyruvate and 5%
FBS. U-2OS cells were adapted to high glucose DMEM
supplemented with 10% FBS, 100 I.U./mL penicillin and
100 µg/mL streptomycin. Unless stated, all reagents were
obtained from Thermo Scientific.

Transfection

Cells were seeded on six-well plates at a density of 1.4 × 106

HEK293FT cells in LV packaging medium. Twenty-four
hours later, different amounts of ViraPower Lentiviral
Packaging Mix (1 μg/μL, Thermo Scientific) and transfer
vector (pAS2.EGFP-Puro) were complexed with PEIMAX
at the ratio of 1 µg DNA to 3 µL of 1 mg/mL PEIMAX in
25 mM HEPES buffer for 15 min at room temperature.
ViraPower and lentiviral expression plasmid were also
complexed with Lipofectamine 3000 (Thermo Scientific) in
Opti-MEM for 10–20 min at room temperature. DNA
complexes were added dropwise into the cell culture. After
which, Enhancers [29] were added dropwise to the culture.
The formulation of Enhancers used in this study is DOPE:
CHEMS (9:2 molar ratio) and vorinostat at 0.05 mg/mL and
1.25 µM, respectively. At 24 h post transfection, super-
natants from all conditions were collected and stored at 4 °
C. The collected medium was replaced with fresh LV
packaging media. Approximately 48 h post transfection,
supernatant from all conditions were harvested and pooled
with the first collection. The combined supernatant was
centrifuged at 400 g for 10 min at room temperature for
removal of cell debris. Clarified supernatants were subjected
through a 0.45 m pore filter to further remove remaining cell
debris. Viruses were aliquoted into 200 µL tubes and placed
at −80 °C for long-term storage.

For scaling-out, the following volume of reagents, culture
media and cell number were detailed in the following table:

Culture vessel Surface
area, cm2

Cell
seeding

Volume,
mL

Plasmids,
µg

Six-well plate 9.6 1.4 × 106 2 2

10 cm dish 56.7 8 × 106 12 12

T75 flask 75 11 × 106 16 16

Reporter assays

Green fluorescence protein (GFP) expressions were mea-
sured 24 h post transfection. Total fluorescence (relative
fluorescence unit (RFU)) was detected with Synergy H1
multi-mode microplate reader (BioTek, VT, USA). Nine
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areas of each cell culture well were recorded and analysed at
gain settings of 100. Cells were then washed with 1X PBS
prior to trypsinization to single cells. Cells were pelleted at
500 g for 5 min before staining with PI/Hoescht33342 stain.
The GFP expressing cells were analysed with Nucleo-
Counter® NC-3000 (Chemometec, Denmark).

After LV infection, the cells were trypsinised, cen-
trifuged and re-suspended in 1X PBS. The percentage of
cells expressing GFP was quantified by Attune NxT Flow
Cytometer (Thermo Scientific) and the raw data were ana-
lysed with the Attune NxT software. At least 10,000 cells
were analysed per sample. The gate was set against non-
modified cells.

Cypridina luciferase (CLuc) activity was measured in
10 µL of 1000-fold diluted supernatants after injecting
100 µL of 0.25 µg/mL vargulin (NanoLight Technology,
AZ, USA) diluted in cold 1X PBS. Photon counts every
30 s for 3 min was recorded with Synergy HT multi-mode
microplate reader.

Cell number analysis

To compare the remaining cell number in the cell culture
after transfection, HEK293FT cells were fixed by incuba-
tion in 4% paraformaldehyde for 20 min. After which, the
cells were stained with 1 µg/mL of Hoechst stain 33342 in
1X PBS for 5 min. Cells were washed once with 1X PBS
and subjected to RFU measurement with the Synergy H1
Multi-Mode Reader. The RFU was obtained with pre-
determined setting of Ex/Em at 485/585 nm and gain at 100,
capturing RFU from nine positions in each well. Percentage
of adherent cells (%) were calculated as followed:

% of adherent cells ¼ RFUof the transfected culture
RFU of the non� transfected control

� 100%:

Titration

Physical titre

Physical concentrations were approximated with the Lenti-
X™ p24 rapid titre kit (Takara, CA, USA). p24 levels were
interpolated from the standard curve and converted to
physical particles (PP)/mL based on knowledge that one LV
particle approximately contains 2000 p24 molecules, which
has a molecular weight of 24 kDa.

Functional titre

U-2OS cells were seeded on 96-well plates at a density
of 8 × 103 cells per well 24 h prior to transduction.
Serial dilutions (tenfold) of LV were prepared fresh in 10%
FBS high glucose DMEM and 8 µg/mL polybrene. Plating

medium was aspirated and replaced with the respective
virus dilutions. The plate was centrifuged at 2000 rpm for
30 min before returning it to the cell culture incubator. The
following day, virus medium was replaced with fresh
medium and incubated for an additional 3 days. Cells were
harvested and analysed with Attune NxT Flow Cytometer
for percentage GFP-transduced cells. LV titre was calcu-
lated with dilutions giving 1–20% GFP-positive cells with
the following formula:

Titer
TU
mL

� �
¼

%GFPþcells
100

� �� Cells transduced

Virus innoculum mLð Þ � Dilution factor:

TU/PP

The quality of LV packaging was assessed by expressing
the functional titres (TU/mL) as a fraction of total LV
production (PP/mL) to LV functional titre (TU/mL).

Analysis of gene expressions

Total RNA extraction

Cells were washed with 1X PBS before addition of TRIzol
reagent (Thermo Scientific), according to the manu-
facturer’s protocol. Total RNA was extracted and purified
via ethanol precipitation. RNA concentration was evaluated
with NanoDrop 2000 spectrophotometer (Thermo Scien-
tific). The 260/230 and 260/280 ratios were evaluated to
ensure pure RNA isolated.

DNase treatment and reverse transcription

In a 20 µL reaction, 1 µg of RNA per condition was sub-
jected to DNase I treatment at 37 °C for 1 h following
manufacturer’s instructions. Maximal RNA was reverse
transcribed with ImProm-II™ Reverse Transcription Sys-
tem (Promega, WI, USA) by combining ImProm-II reverse
transcriptase (Promega, WI, USA), 1x IMPII reaction buf-
fer, 25 mM MgCl2 and 0.5 µg random hexamer in a 20 µL
total reaction at 42 °C for 1 h. The reaction was terminated
by heating at 72 °C for 10 min. Non-DNase treated controls
were also prepared to evaluate DNase I efficiency.

Real-time quantitative PCR

PCR was carried out to quantify gene expression levels
following post transfection. PCR was done on CFX384
(Bio-Rad) in a total reaction volume of 15 µL using SyBr
Green I. To 5 µL cDNA, 2.5 mM MgCl2, 200 pmol indi-
vidual primer, 1x BlitzAmp qPCR Master Mix (MiRXES,
Singapore) and 0.5 U KlearTaq DNA polymerase (LGC
Genomics, Germany) were added. Threshold cycles (Ct)
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were automatically evaluated with CFX manager software
(Bio-Rad, CA, USA). Absolute quantification of VSVG,
gag–pol, EGFP in transfected HEK293FT cells were
simultaneously carried out with linearized plasmid stan-
dards. Forward and reverse primers were developed with
the Beacon Designer software and are specific for GFP: 5′-
AGTCCGCCCTGAGCAAAGA-3′ and 5′-TCCAGCAGG
ACCATGTGATC-3′; gag–pol: 5′-TGTTGGAAATGTGG
AAAGG-3′ and 5′-CTCTGGTCTGCTCTGAAG-3′; VS
VG: 5′-GCAACTTCCTGATGATGAGA-3′ and 5′-CCA
ACTACTGAACCAACCTT-3′; human GAPDH: 5′-ACCC
ACTCCTCCACCTTTGAC-3′ and 5′-TCCACCACCCT
GTTGCTGTAG-3′. Absolute copy numbers were inter-
polated within standard curves and normalized to GAPDH
expressions in the same sample. Relative fold change to
condition with the Enhancers was then calculated and
expressed in bar graphs.

Statistical analysis

Unless otherwise stated, two-tailed Student’s t test was
carried out pairwise with * and ** denoting p value < 0.05
and 0.01, respectively. Experiments with statistical analysis
were reproduced at least twice.

Results

Establishment of transfection workflow for LV
production

To establish a reliable protocol for LV production in
HEK293FT cells, the transfection efficiencies of seven
commercial cationic polymers and liposomes were eval-
uated. HEK293FT cells were transfected with single plas-
mid encoding Green fluorescence protein reporter gene
(GFP) in 24-well tissue culture vessels to monitor the
efficiencies over a range of DNA and polymer amount
(Fig. 1a, b). For commercial reagents, the range of para-
meters recommended by the manufacturer were examined.
As shown in Fig. 1c, the transfection efficiencies of each
commercial carriers reached plateau at specific amount of
DNA and carriers. At least 60% of HEK293FT cells
expressed GFP when transfected with PEIMAX, branched
PEI, TurboFect, Lipofectamine 3000 and Transfectin at the
optimal conditions within the range of DNA and gene
carriers examined in this study. These commercial carriers
outperformed TransFicient and Polyfect with highest
transfection efficiencies of ~50 and ~30% of number of
cells expressing GFP, respectively. In all cases, further
increment of DNA and carriers did not result in higher
transfection efficiencies. In fact, cell numbers reduced sig-
nificantly at high amount of DNA or carriers in some cases

(Fig. 1d). For instance, high amounts of Polyfect and PEI-
MAX (C3) resulted in ~20% reduction in the number of
adherent cells, regardless of the DNA amount. With off-the-
shelf commercially available cationic polymer, PEIMAX
[30], the transfection efficiency was comparable, if not
better than other commercial reagents at their respective
optimal concentration. Hence, all further transfections were
carried out using PEIMAX.

We have previously explored the use of transfection
Enhancers in improving linear PEI-based gene delivery in a
variety of adherent cell types [29]. The transfection
Enhancers consist of a mixture of fusogenic lipids and a
HDAC inhibitor. Here, we tested the potential of these
reagents in enhancing transfection using PEIMAX as a gene
carrier. As expected, in the absence of Enhancers, the RFU
of GFP modified HEK293FT cells plateau when transfected
at 500 ng of DNA and reduced at higher amount of DNA,
likely due to metabolic burdening on cell growth [31].
Addition of Enhancers resulted in significant improvement
of GFP expression at all conditions, enabling maximum
production of transgene at low amount of DNA, mitigating
metabolic burdening of cells. The same experiment design
was repeated with a plasmid encoding CLuc, a natural
secretory protein. This serves as a limited system that
mimics some aspects of LV production where viral particles
are released into the culture media. Interestingly, a distinct
profile of transgene expression was observed (Fig. 2b). This
total production of CLuc plateau at transfection with 1 µg of
DNA. Unlike GFP, which is an intracellular protein,
the continuous secretion of CLuc may reduce cell burden-
ing. Collectively, the increase in total protein production
at lower amount of DNA in the presence of Enhancers
warrants further development of this protocol for LV
production.

Establishment of transfection workflow for LV
production

The recommended protocol of the ViraPower LV packaging
system serves as a reference for this study. Briefly,
HEK293FT cells were transfected with Lipofectamine 3000
carrying total of 3 µg of ViraPower packaging mix and LV
expression plasmid, at the ratio of 3:1.

To determine the potential of PEIMAX-based transfec-
tion in LV production, optimization study was performed to
examine the titre of LV over a range of DNA amounts
(1.25–3 µg). Significant reduction in LV titre was observed
at high amounts of DNA (Fig. 3). To ensure the maximal
viability of HEK293FT cells post transfection, the amount
of DNA used in PEIMAX-based protocol did not exceed
2 µg (Fig. 4a). We next explored the production of viral titre
at low amount of DNA in the presence of the Enhancers
(Fig. 4b). Unexpectedly, the use of Enhancers resulted in
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approximately tenfold increment in the production of
functional viral titre.

While effect of vorinostat supplementation during virus
production is unknown, it was shown to enhance transfec-
tion in several studies [29, 32, 33]. Indeed, addition of
vorinostat during transfection increased LV productivity.
Intriguingly, further improvement in LV titre was observed
in the presence of DOPE:CHEMS (Fig. 4c), suggesting the
benefit of coordinating endosomal release and microtubular
stabilization for efficient transfection.

We next compared the production titres using Lipo-
fectamine 3000 as the gene carrier. In terms of infectious
titres, transfection with PEIMAX in the presence of
Enhancers resulted in the highest infection titre on U-2OS
cells, followed by the use of Lipofectamine 3000 and
PEIMAX alone (Fig. 5a). It is worthy to note that the use of
Enhancers and PEIMAX resulted in approximately twofold
higher infectious titres than using Lipofectamine 3000 even
with 1 µg lesser amount of DNA used. To further investi-
gate the quality of viral particles produced [34], we

Fig. 1 Determination of the transfection efficiencies of various
commercial carriers in HEK293FT. a List of commercial gene
carriers as well as the range of amount of the DNA and gene carriers
examined. b Various conditions examined in the initial study. c One
day after seeding of 200,000 HEK293FT, cells were transfected with
various gene carriers at various GFP encoded plasmid and polymer
amount. Cells were transfected with commercial carriers (TransFicient,
TurboFect. Polyfect, Lipofectamine 3000 and Transfectin) according
to the manufacturer’s instructions. DNA complexes of PEIMAX and

branched PEI were prepared as described [65]. Twenty-four post
transfection, cells were trypsinised and analysed with Nucleo-
Counter®NC-3000. Results are presented as mean ± SD (n= 3). Non-
transfected HEK293FT served as negative control. d In a separate set
of experiments, cells were fixed with 4% paraformaldehyde 24 h post
transfection. After which, the nucleus was stained with Hoechst stain
33342 and RFU was measured with microplate reader adjusted for Ex/
Em 361/467. The non-transfected cells serve as negative control.
Graph displays average+ SEM (n= 3).
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measured the amounts of total p24 core antigen in the LV
supernatant. The total p24 capsid protein production was
calculated and converted to total PP, including free capsid
protein, non-functional virions and functional virus [35]. As
expected, PEIMAX plus Enhancers resulted in the highest
PP count. Interestingly, although Lipofectamine 3000
transfected cells produced approximately twofold less
infectious LV, the amount of p24 was comparable with the
supernatant of cells transfected using PEIMAX plus
Enhancers (Fig. 5b). Furthermore, comparing transduction
units (TU) to PP ratios (Fig. 5c), lower TU/PP ratio was
observed with the use of Lipofectamine 3000, indicative of
a lower quality of total LV particles [34].

To gain further insight into a possible mechanism
underlying the improvement in PEIMAX transfection in the
presence of the Enhancers, the mRNA expression levels of
the viral elements such as VSVG, gag–pol and GFP were
measured by quantitative PCR (Fig. 5d). As the gag–pol
genes encode vital LV structural proteins and reverse tran-
scriptase, these protein products are most likely to be the
limiting factors in generating functional viruses. The
Enhancers substantially enhanced the expressions of mRNA
encoding gag–pol, VSVG and GFP, contributing to the
production of higher amounts of LV. These results
demonstrate the favourable effect of the Enhancers in LV
production using PEIMAX as the gene carrier.

Scalability and cost effectiveness of a LV production
workflow is of primary importance to provide enough LV
particles for clinical and pre-clinical use [36, 37]. Evidently,
the production of functional LV was sustainable over 4 days
post transfection and the titres were similar with cells

cultured in 9.6, 5.6 or 75 cm2
flasks (Fig. 6), indicative of

the scalability of this approach. Efficient linear scalability of
the reported method can be easily adopted to medium-scale
method (~1.5 L supernatant) in adherent cell culture using
multilayer cell factories [38].

Broad application in various commercial LV
packaging kit and HEK293 variants

Next, we addressed the broader utility of the Enhancers in
augmenting the production of LV with other commercially
available packaging kits from Takara Bio, Origene and
GeneCopoeia (Fig. 7). Depending on the packaging sys-
tems, the production can be enhanced to as much as 400-
fold when using the Enhancers. The increase in transfection
efficiency resulted in higher number of cells transfected
with four different plasmids, which were required for the
production of functional viral particles. Similarly, sig-
nificant higher viral titre was produced in the presence of
Enhancer with other HEK293 cell variants (Fig. 8).

Discussion

Producing enough quantities of LV to support research, pre-
clinical animal studies and early phase clinical trial are a
challenge [38, 39]. Currently, LV is produced by transient
transfection of multiple vectors using HEK293 adherent
culture [38, 40, 41]. This methodology continues to be the
mainstay as it does not require specialized equipment and
integrate seamlessly into routine cell culture infrastructures.

Fig. 2 Enhancers enhanced total protein production in HEK293FT
transfected with PEIMAX (1 µg of DNA to 3 µL of PEIMAX).
HEK293FT was transfected with a GFP or b Cypridina luciferase
(CLuc) encoding plasmids ranging from 250 to 1 µg in the presence or
absence of Enhancers. Twenty-four hours post transfection, GFP
transfected cells were subjected to measurement of relative fluores-
cence units (RFU) with Synergy H1 microplate reader. The RFU was
recorded with the gain setting at 100. Then, cells were trypsinised to
acquire total cell number in each well with NucleoCounter® NC-3000.

The data represent mean of RFU/million cells/24 h ± SD, n= 3.
Similarly, the culture media of CLuc modified HEK293FT was col-
lected and the total production of CLuc was measured with vargulin-
based assay. The relative light unit (RLU) was recorded with Synergy
HT multi-mode microplate reader. At the same time, the transfected
cells were collected to obtain the total cell number in each well. The
data display mean of RLU/million cells/24 h ± SD, n= 3. Significant
differences in GFP and CLuc expression with or without Enhancers
were assessed with two-tailed Student’s t test; **p value < 0.01.
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This study reports a facile method that improves the
transfection efficiency of multiple plasmids using PEIMAX
and the Enhancers, where we obtain consistent productiv-
ities of ~106 TU/mL.

PEIMAX performed similarly, if not better than the
other commercially available reagents in transfecting
HEK293 cells (Fig. 1). As PEI is more cost-effective and
widely used in LV production [42], we focused on using
PEIMAX for transfection. The aim was to use this reagent
to develop a scalable high-titre process. In our initial
studies, the amount of DNA and polymer were critical
parameters for efficient transfection and minimizing
cytotoxicity. At optimal DNA:PEI ratio (1 µg DNA to 3
µL PEIMAX, 1 mg/mL), ~70% of HEK293FT cells
were transfected with a single GFP expressing plasmid
without affecting cell viability. To further increase total
transgene production, Enhancers [29] was added during
the transfection process (Fig. 2). With increasing amounts
of plasmids, the total number of cells transfected

eventually plateaued at >90%. At low amounts of plas-
mids (250 ng), the addition of the Enhancers resulted in up
to sixfold higher transfection when compared with the use
of PEIMAX alone. It is well known that transfection
efficiency decreases with co-transfection of multiple
plasmids [43] and increasing size of plasmids [44]. In
view of the need to efficiently deliver four viral constructs
concurrently, the presence of the Enhancers should be
beneficial to the LV production workflow.

The third-generation system, ViraPower packaging mix
(Thermo Scientific), was used as a model for proof-of-
concept to evaluate the utility of the Enhancers. In
comparison with the transfection workflow recommended
by the manufacturer (Lipofectamine 3000, 3 µg of viral
constructs), significantly lower titre was observed with
PEI-based transfection. Similar to the findings of others
[45, 46], increasing the amounts of plasmid used for
transfection did not result in higher productivity but
resulted in significant cell detachment (Fig. 3).

Fig. 3 High amount of viral packaging mix and expression plasmid
is detrimental to lentiviral production with PEIMAX-mediated
transfection. HEK293FT cells were transfected with PEIMAX at 1 µg
of DNA to 3 µL of PEIMAX. DNA complexes consisting of various
total amount of DNA were prepared. L3k (Lipofectamine 3000)
transfected HEK293FT serves as control. Forty-eight hours post
transfection, 4 mL of viral supernatant were collected. The super-
natants were subjected to centrifugation and filtration to remove cell

debris. Then the viral supernatants were diluted by 100 times with
DMEM supplemented with 10% FBS and 8 µg/mL of polybrene.
U-20S cells were infected with spinning protocol. Five days later, the
U-20S cells were harvested and GFP-positive cells were analysed with
flow cytometry. a Graph represents mean of lentiviral titre ± SD (n=
3). b Fluorescent images of HEK293FT cells were captured 24- and
48-h post transfection at ×10 magnification with EVOS cell imaging
system. Representative images are presented.
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Furthermore, high amounts of DNA used for transfection
are known to be cytotoxic [47–49]. Interestingly, high-
titre production of LV with minimal cytotoxicity can be
achieved with lower amounts of DNA and the use of the
Enhancers (Figs. 4 and 5).

Moderation of HDAC activity has been shown to affect
viral production and infection. Recent studies have pro-
posed that HDAC inhibition prevents aggression/autop-
hagic degradation of viral polyprotein [50] and epigenetic
silencing of integration-defective lentiviral vectors [47],
contributing to higher LV productivity. Medium supple-
mentation with sodium butyrate (NaB) is a well-known
method to improve retrovirus [48, 49, 51] and LV titre
[39, 52, 53]. Addition of NaB is reported to increase LV
productivity by improving transgene expression through
histone hyperacetylation [54, 55]. However, the beneficial
effect of NaB remains controversial. Ansorge et al. [46]
reported increment of LV titre with NaB supplementation

but Sena-Esteves et al. [55] did not observe beneficial
effect of adding NaB during LV production. Also, it is
worthy to note that NaB is routinely added 16 h
post transfection [53]. The use of HDAC inhibitor in our
study serves a distinct function from NaB supplementa-
tion in the previous reports [39, 52, 53]. Vorinostat and
polyplexes are added to the culture at the same time
to enhance transfection by facilitating cellular dissociation
of the plasmid from the gene carrier [33] and improving
plasmid trafficking through microtubule stabilization
[29, 32].

Further improvement with addition of DOPE:CHEMS
(Fig. 4c) could be due to the enhancement of transfection
by efficient endosomal escape of polyplexes as shown in
our previous study [29]. It has not escaped our notice
that DOPE:CHEMS contain cholesteryl ester that might
contribute to the higher LV productivity by increasing
viral stability, as suggested by other studies [56, 57]. It is

Fig. 4 Enhancers increased functional viral titre. HEK293FT cells
were transfected with PEIMAX at 1 µg of DNA to 3 µL of PEIMAX
(biological triplicates). DNA complexes consisted of various total
amount of DNA were prepared. Viral titre in the supernatant was
accessed by infection of U-2OS cells. The viral supernatants were
diluted by 100 times. Five days later, the U-20S cells were harvested
and GFP-positive cells were analysed with flow cytometry. a Graph
represents mean of lentiviral titre ± SD (n= 3). b The effect of
Enhancers on LV production was examined by addition of Enhancers

during transfection. Similar experiment was performed to analyse
functional viral titre in the supernatant. Graph represents mean of
lentiviral titre ± SD (n= 3). c HEK293FT cells were transfected with
packaging mix and lentiviral vector in the absence or presence of 1.25
µM of vorinostat or Enhancers. The lentiviral titre was determined
with U-20S cells. Graph represents mean of lentiviral titre ± SD (n=
3). Significant differences in lentiviral titre between lentiviral titre
produced in the presence of Enhancers and other conditions were
calculated using two-tailed Student’s t test. **p < 0.005.
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suggested that higher cholesterol content results in
alteration of membrane fluidity, leading to increment in
the fraction of Gag protein associated with lipid raft and
LV infectivity [56].

Transfection optimization is often a balance between
achieving high gene delivery efficiency and minimizing
cytotoxicity. Majority of the transfection optimization stu-
dies focus on varying transfection parameters such as gene
carrier:DNA ratio and DNA amount [58–60]. High PEI:
DNA ratio and DNA concentrations increase transfection
efficiency but result in higher cytotoxicity, which can pose a
challenge for downstream purification processes. In the
presence of Enhancer [29], our study demonstrated an
approximately sevenfold higher functional viral production

at low amounts of DNA. A likely mechanism underlying
this enhanced production is that more plasmid DNA has
been re-routed from endosomal compartments to the
nucleus [32].

Further improvement in LV production may be achieved
by optimizing other parameters such as vector design
[61, 62], ratio of lentiviral packaging plasmids [38] and
media supplements [57, 63, 64]. This study focused on
overcoming a significant challenge for viral production,
which is the first step of transgene delivery into packaging
cells. This critical step often requires the introduction of
multiple plasmids, contributing to low viral titres as pre-
viously described by others [11–13]. The optimized PEI-
mediated transfection method using Enhancers is highly

Fig. 5 Enhances significantly improved the quality of the lentiviral
titres. HEK293FT cells were transfected with PEIMAX (1 µg of DNA
to 3 µL of PEIMAX) complexed with 2 µg of ViraPower packaging
mix and GFP lentiviral expression vector. For Lipofectamine 3000
based transfection 3 µg of the total plasmids were used. Two days post
transfection, the viral supernatants were collected for viral titration to
quantify a transducing unit (TU/mL) in U-2OS cell line and b p24
capsid protein expression. TU was measured by analysing the per-
centage of infected U-2OS cell line, 5 days post viral infection. Graph
presents mean of LV titre/mL ± SD of viral supernatant collected from

three biological replicates. On the other hand, the physical particles
were measured with p24 ELISA assay according to the manufacturer’s
instruction. Graph represents mean of physical particles ± SD of the
biological replicates. c TU/PP ratios were calculated to evaluate batch
quality. d Expression levels of various transgenes post transfection.
Graph represents mean of average fold change in relative to polyplex
only ± SD of the biological replicates. Statistical analysis was carried
out with two-tailed Student’s t test between Polyplex+ Enhancers and
other transfection conditions. **p value < 0.01.
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scalable, easy to use and cost-effective. Despite using less
DNA, this method resulted in better quality and higher viral

titters than achievable by using Lipofectamine 3000 as the
gene carrier for transfection.

Fig. 7 Enhancers improved lentiviral production with different
commercial packaging mix. HEK293FT cells, cultured in a six-well
plate, were transfected with PEIMAX (1 µg of DNA to 3 µL of PEI-
MAX) complexed with various total DNA amount of a Lenti-Pac™
HIV Expression Packaging mix (0.5 μg/µL, GeneCopoeia), b Lenti-
vpak packaging mix, (0.5 μg/µL, Origene) and c third generation
packaging mix (0.5 μg/µL, ABMgood). d As Takara Bio Lenti-X
Packaging Single Shots was productized as Xfect™ Transfection
Reagent premixed with VSVG pseudotyped Lenti-X lentiviral

packaging mix (total DNA amount unknown), the conditions were
defined as the final amounts of lentiviral expression plasmid added to
each well (70, 1000, 1400 ng). On day 2 post transfection, the viral
supernatants were collected for viral titration to quantify transducing
unit (TU/mL) in U-20S cell line. Five-day post infection, the percen-
tage of population expressed GFP was determined with flow cyto-
metry. The transducing units in each viral supernatant were calculated
accordingly. Graph presents mean of LV titre/mL ± SD of viral
supernatant collected from three biological replicates.

Fig. 6 Prolonged production of LV. HEK293FT cells, cultured in a
six-well plate, 10 cm dish and T75 flask, were transfected with PEI-
MAX (1 µg of DNA to 3 µL of PEIMAX) complexed with 2, 12, and
16 µg of ViraPower packaging mix and GFP lentiviral expression
vector, respectively. The viral supernatants were collected for viral
titration to quantify a p24 capsid protein expression. The physical
particles were measured with p24 ELISA assay according to manu-
facturer infection. Graph represents mean of physical particles ± SD of

the biological replicates. b The transducing unit (TU/mL) in U-20S
cell line was measured by infecting U-2OS cell line with the viral
supernatant. Four-day post infection, the percentage of population
expressed GFP was determined with flow cytometry. The transducing
units in each viral supernatant were calculated accordingly. Graph
presents mean of LV titre/mL ± SD of viral supernatant collected from
three biological replicates.
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