
Journal of Virological Methods 325 (2024) 114884

Available online 11 January 2024
0166-0934/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Protocols 

Optimised protocols to generate high titre lentiviral vectors using a novel 
transfection agent enabling extended HEK293T culture following transient 
transfection and suspension culture 

Saqlain Suleman a,1, Serena Fawaz a,1, Terry Roberts a, Stuart Ellison b, Brian Bigger b, 
Michael Themis a,c,d,* 

a Department of Life Sciences, College of Health, Medicine & Life Sciences, Brunel University London, Uxbridge, UK 
b Division of Cell Matrix Biology & Regenerative Medicine, School of Biological Sciences, Faculty of Biology Medicine and Health, University of Manchester, Manchester, 
UK 
c Division of Ecology and Evolution, Department of Life Sciences, Imperial College London, London, UK 
d Testavec Ltd, Queensgate House, Maidenhead, UK   

A R T I C L E  I N F O   

Keywords: 
Lentivirus 
Transient transfection 
Gene therapy 
Suspension culture 
HEK293T 

A B S T R A C T   

HIV-1 based lentiviral viruses are considered powerful and versatile gene therapy vectors to deliver therapeutic 
genes to patients with hereditary or acquired diseases. These vectors can efficiently transduce a variety of cell 
types when dividing or non-dividing to provide permanent delivery and long-term gene expression. Demand for 
scalable manufacturing protocols able to generate enough high titre vector for widespread use of this technology 
is increasing and considerable efforts to improve vector production cost-effectively, is ongoing. Current methods 
for LV production mainly use transient transfection of producer cell lines. Cells can be grown at scale, either in 
2D relying on culturing producer cells in multi-tray flask cell culture factories or in roller bottles or can be 
adapted to grow in 3D suspensions in large batch fermenters. This suits rapid production and testing of new 
vector constructs pre-clinically for their efficacy, particle titre and safety. In this study, we sought to improve 
lentiviral titre over time by testing two alternative commercially available transfection reagents Fugene® 6 and 
Genejuice® with the commonly used polycation, polyethyleneimine. Our aim was to identify less cytotoxic 
transfection reagents that could be used to generate LV particles at high titre past the often used 72 h period 
when vector is usually collected before producer cell death is caused due to post transfection cytotoxicity. We 
show that LV could be produced in extended culture using Genejuice® and even by transfected cells in glass 
flasks in suspension. Because this delivery agent is less toxic to 293 T producer cells, following optimisation of 
transfection we found that LV can be harvested for more than 10 days at high titre. Using our protocol, titres of 
109 TU/ml and 108 TU/ml were routinely reached via traditional monolayer conditions or suspension cultures, 
respectively. We propose, this simple change in vector production enables large volumes of high titre vector to be 
produced, cost effectively for non-clinical in vivo and in vitro applications or for more stringent downstream 
clinical grade vector purification.   

1. Introduction 

Gene therapy using retrovirus (RV) and lentivirus vectors (LV) has 

been used successfully to treat several monogenic diseases such as 
β-thalassaemia (Magrin et al., 2019), sickle cell anaemia (Urbinati et al., 
2018), Wiskott–Aldrich syndrome (Aiuti et al., 2013) and more recently 
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for CAR-T therapy of cancer of the blood and solid tumours (Nobles 
et al., 2020). These vectors have been shown as attractive gene delivery 
vehicles because they offer permanent integration of a transgene into the 
host genome and long-term gene expression (Lewis et al., 1992). 
Recently approved gene therapy vectors based on γRV include Strimvelis 
(GlaxoSmithKline) to treat adenosine-deaminase-deficient severe com
bined immune deficiency (ADA-SCID) and Yescarta (Gilead) for the 
treatment of large B-cell lymphoma (FiercePharma, 2020). 

Over 5000 gene therapy clinical trials have so far been initiated of 
which several used RV and LV (https://a873679.fmphost.com/fmi/ 
webd/GTCT) vectors. Recombinant γRV have in the past been found to 
produce replication competent particles capable of continued produc
tion and infection(Schwarzer et al., 2021). This problem was overcome 
by using three rather than 2 plasmid systems to carry cis and trans vector 
components, with a plasmid carrying the RV genome containing a virus 
psi (ψ) packaging signal in addition to a therapeutic gene cassette and 
two discrete plasmids devoid of the ψ site carrying the remaining virus 
structural genes, respectively, for vector packaging. Traditionally, RV 
were generated by permanent producer cell clones isolated in steps 
following transfection of each plasmid component with vector titres 
from optimised cell lines reaching titres around 105-106 TU/ml (Chong 
et al., 1998). Unfortunately, γRV have also been shown to cause geno
toxic effects in the clinic resulting in patient leukaemia (Hacein-Bey-A
bina et al., 2008, 2003). LV have replaced RV as the vector of choice 
with the ability to transduce both dividing and non-dividing cells, in 
contrast to RV that are restricted to infect dividing cells only. LV, mainly 
based on HIV are used for gene transfer and to generate these vectors, 3 
or 4 plasmids with separated cis and trans virus components have been 
engineered to prevent the emergence of replication competent virus 
(Zufferey et al., 1997; Fouchier et al., 1996; Dull et al., 1998). In addi
tion, the vector long terminal repeat on the cis plasmid, found at the 5′ 
and 3′ ends of the vector backbone that acts as a promoter and enhancer 
has been modified to self-inactivating configuration to prevent promoter 
activation of neighbouring genes following virus integration into the 
host genome, thereby reducing the likelihood of insertional mutagenesis 
(Cornetta et al., 2011; Zufferey et al., 1998). 

Currently, transient transfection is used to generate LV for a number 
of reasons. It enables rapid production of vectors to test their efficacy for 
gene expression, titre and cell targeting. The plasmid used specifically to 
produce a glycoprotein, carried by LV particles for infection can be 
modified with alternative genes for switching of surface glycoproteins 
for cell specific pseudotyping to reach cells most suitable for gene 
therapy. Most commonly, though the Vesicular stomatitis virus glyco
protein (VSV-G) is used, which broadens infection to a wide range of cell 
types, improves LV stability and enables good vector yields following 
virus concentration by ultracentrifugation. However, because VSV-G 
envelope is highly cytotoxic, by causing syncytial formation of virus 
producer cells, this makes permanent production from these cells diffi
cult. Transient transfection, therefore, circumvents VSV-G cytotoxicity 
by generating particles at high titre over a 72 h period when LV is 
harvested before cell death occurs. Typically, transient transfection 
yields LV at titres of 105 to 107 TU/ml that can be concentrated to 109 

TU/ml (Coil and Miller, 2004; Estepa et al., 2001). 
Currently, transient transfection of LV plasmids in 2D often use 

human embryonic kidney cells with expression to SV40 T antigen 
(HEK293T) for production, however, for the clinic, the T antigen is 
avoided (Tan et al., 2021). As an alternative to calcium phosphate as the 
most commonly used transfection reagent (Lesch et al., 2011), the 
cationic polymer polyethylenimine (PEI), offers transfection in 
serum-free conditions to adherent and suspension culture cells (Segura 
et al., 2013) and HEK293T cells have been adapted to grow in serum free 
suspension conditions (Ansorge et al., 2009) with scalability of up to 3 
litres to generate high titre vector. Alternative commercially available 
transfection reagents include cationic lipid-based compounds such as 
lipofectamine™ (ThermoFisher Scientific), Fugene® 6 (Promega) and 
polyamines such as Genejuice® (Merck Millipore). These use a similar 

mechanism to PEI for intracellular delivery of DNA for successful gen
eration of LV (Segura et al., 2013; Zhang and Vinogradov, 2010). 
Transfection reagents, however, often cause cytotoxicity that occurs 
approximately 72 hrs post transfection that limits virus production time 
before producer cell death(Moghimi et al., 2005). Production is also 
hampered by expression of the VSV-G envelope protein used to pseu
dotype virus particles for efficient infection of target cells(Cronin et al., 
2005). To circumvent this, cells have been engineered for controlled LV 
production using inducible VSV-G expression that enables long term 
producer cell growth in bioreactors (Ikeda et al., 2003; Merten et al., 
2016; Manceur et al., 2017). Inducible VSV-G expression also enables 
stable cell lines to be created, however, this is still time-consuming and 
costly. As this is not suitable to test newly developed novel LV constructs 
for high titre, and efficacy of gene transfer and expression of reporter or 
therapeutic genes, transient transfection is the preferred choice for 
pre-clinical vector production. 

Generation of LV during the short 72 hr time frame post transfection 
wastes expensive transfection reagents and plasticware, used to grow 
cells (Tan et al., 2021). This time limitation to vector harvest is under
stood to be due to transfection reagent toxicity and to the toxic nature of 
VSV-G expression, which causes cell death by syncytial formation be
tween cells in close proximity as monolayer cultures (Eslahi et al., 
2001). In this study, we examined ways to improve LV production. 
Firstly, we tested an alternative transfection reagent Genejuice® next to 
Fugene® 6 and the less expensive, but cytotoxic PEI polycation, that 
each are commonly used for high titre LV production. To avoid cell 
toxicity, we also investigated whether post transfected cells could be 
rapidly converted to grow in suspension with the hypothesis that this 
may avoid syncytial formation by cell-to-cell contact. Finally, having 
found cells can be converted to suspension cultures, to avoid the use of 
expensive commercially available transfection agents, we optimised the 
low-cost polycation PEI for transfection of HEK293T cell monolayers at a 
concentration that reduced cytotoxicity whilst providing high level 
plasmid transfer. We then showed this agent could be used to transfect 
cell cultures directly in suspension in glass bottles to avoid the use of 
expensive plasticware. These simple changes to currently used protocols 
offer significant reduction in the cost of LV production at high titre 
suitable to non-clinical vector testing and further downstream 
processing. 

2. Materials and methods 

2.1. Cell culture 

HEK293T cells were cultured in Gibco™ DMEM, high glucose, Glu
taMAX™ Supplement, with pyruvate (Fisher Scientific, Hemel Hemp
stead) supplemented with 10% (v/v) foetal bovine serum (Gibco) and 
1% Penicillin Streptomycin (Gibco) at 37 ◦C with 5% CO2. Cells were 
serially passaged when 70–80% confluent. Cells were passaged regularly 
when confluent using TrypLE™ Express (Gibco), according to manu
facturer’s instructions. Cell viability and survival following recovery 
from liquid nitrogen and treatment was measured using trypan blue 
exclusion assay, measured via Countess IL Automated Cell Counter ac
cording to manufacturer’s instructions (Fisher Scientific). Cells were 
also routinely tested for the absence of mycoplasma during this study. 

Images of cells under brightfield or green fluorescence conditions 
were captured on the EVOS FLoid Imaging System (Thermofisher Sci
entific), at 20% and 30% intensities for brightfield and green fluores
cence light respectively. 

2.2. LV production in monolayer conditions 

Second generation self-inactivating LV expressing the green fluo
rescence protein GFP (pHR LV) was produced using triple plasmid co- 
transfection of HEK293T cells, as previously described (Suleman et al., 
2022; Khonsari et al., 2016; Tijani et al., 2018). Plasmids 
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(pHR’SINcPPT-SFFV-eGFP-WPRE (pHR), pMD.G2 and pCMVΔR8.74) 
were generated through growth of transformed DH5α or Stbl3 E. coli 
cells in plasmid DNA medium (PDM) (Danquah and Forde, 2007). 
Plasmids were harvested using the Invitrogen™ PureLink™ Expi 
Endotoxin-Free Mega Plasmid Purification Kit (Fisher Scientific), ac
cording to the manufacturer’s instructions. Plasmid integrity were 
verified through restriction enzyme digests, as per manufacturer’s in
structions (all enzymes were purchased from New England Biolabs, 
Buckinghamshire). These plasmids were used for transfection and LV 
generation. 

While PEI and Fugene® 6 transfection methods have been published 
widely and optimised, the use of Genejuice® has not been published 
widely. Therefore, optimisation of this reagent was performed trans
fection of HEK293T cells using 8 µg in total of pHR, pCMVR8.74 and 
pMD2. G plasmids in a 4:3:1 ratio, with varying ratios of pDNA to 
Genejuice® (1:2, 1:3, 1:6 and 1:8). Medium was replaced 24 h post 
transfection and collected every 24 h for 72 h post medium change. 
Following collection viral supernatants were cleared of cell debris by 
filtering through a 0.45-μm filter and stored at 4◦C for further use. 

For general LV generation. HEK293T cells were seeded at a density of 
1.5×107 per T175 flask and incubated at 37 ◦C, 5% CO2 overnight as 
above. 80% confluent cells were transfected using pHR, pMD.G2 and 
pCMVΔR8.74 in serum free medium (Opti-MEM™, Fisher Scientific). 
The various parameters using different transfection reagents, including 
optimised conditions for Genejuice® are shown in Fig. 1A. Medium was 
replaced after 24 h transfection with complete medium (Gibco™ DMEM, 
high glucose, GlutaMAX™ Supplement, with pyruvate, supplemented 
with 10% (v/v) foetal bovine serum and 1% Penicillin Streptomycin). 
Conditioned medium collected and replaced every 24 h for a further 72 
h. Following collection viral supernatants were cleared of cell debris by 
filtering through a 0.45-μm filter and stored at 4◦C for further use. 

2.3. LV ultracentrifugation 

Filtered viral conditioned medium totalling approximately 35 ml 
was centrifuged at 23,000 rpm for 2.5 h, at 4 ◦C in a SW32Ti swing out 
rotor using an Optima XPN-80 ultracentrifuge (Beckman Coulter, High 
Wycombe). This is to ensure stability of virus and storage of high titre 
virus for downstream experiments. Following centrifugation, the viral 
pellet was resuspended in 200 µl of Opti-MEM™ (concentration factor of 
175x) and frozen at − 80 ◦C for long term storage. 

2.4. Optimisation of LV production in suspension conditions 

Adherent HEK293T cells were grown in suspension using one of two 
methods: static and rotating. Initially cells were seeded on poly(2- 
hydroxyethyl methacrylate) (Sigma Aldrich, Dorset) coated plates. For 
transfection in static suspension, HEK293T cells were grown as a 
monolayer on adherent tissue culture grade plasticware as described 
above (Section 2.2). Cells were detached as previously described and 
1.5×107 cells were resuspended in 12 ml Opti-MEM™ containing either 
PEI or Genejuice® transfection reagents and plasmids. Cells were seeded 
onto the coated plates and incubated at 37 ◦C, 5% CO2. Medium was 
replaced 24 h post transfection and viral harvests collected every 24 h 
three times, for a total of 72 h post initial medium change. A similar 
protocol was used for transfection of cells grown in rotating suspension 
cultures. Cells were seeded into a glass Erlenmeyer flask and rotated at 
100 rpm. 

General maintenance of untransfected suspension cultures involved 
medium changes 3 times a week as well as dissociating spheroid like 
structures for viability, as previously described (Grasser et al., 2018). 

2.5. Lentiviral titration 

Virus titres representing positive GFP expression as a result of LV 
infection (independent of integration site choice) were obtained via flow 
cytometry, as previously described (Suleman et al., 2022; Gay et al., 
2012). Briefly, 2×105 HEK293T cells were seeded in a 12 well plate 
format overnight. Cells were then transfected with serial viral dilutions 
that had been complexed with 5 µg/ml polybrene (Sigma Aldrich) for 
20 min at room temperature. Medium was replaced 24 h post trans
duction and incubated for a total of 72 h before end point analysis via 
flow cytometry analysis of GFP expression via ACEA Novocyte Flow 
Cytometer (Agilent Technologies, Cheshire). Data was analysed using 
NovoExpress (v1.2.1) software. 

p24 titration of LV particles were calculated using Lenti-X™ p24 
Rapid Titre Kit (Takara Bio, France) according to manufacturer’s in
structions. Samples were analysed using Elx808 absorbance reader 
(BioTek, Swindon) and data analysed using Gen5 (v2.06.10) software. 

2.6. Gene rescue assay 

HEK293T cells were transduced with pHR LV at a MOI of 10 for 24 h 

pDNA concentration (µg)
Transfection reagent Concentration pHR pMD.G2 pCMVΔR8.74 Incubation period

PEI 5µg 40 10 30 4hr
Fugene® 6 60µl 6 4 4 Overnight
Genejuice® 66µl 16 4 12 Overnight

A

B

Fig. 1. - pHR LV transfection parameters. A- Conditions of LV production used for transfection using PEI, Fugene® 6 and Genejuice® in monolayer transfection of 
cells. Various volumes and incubation times used as standard practise to compare pHR LV production between reagents. B- Schematic of LV production in a scalable 
fashion using Genejuice® transfection reagent. Conditioned medium from transfected cells were harvested over 15 days for virus production and titrated to optimise 
LV production. 
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before replacing medium. Cells were serially passaged over 14 days and 
conditioned medium diluted with fresh complete medium at a 50% (v/v) 
ratio and complexed with 5 µg/ml polybrene incubated at room tem
perature for 20 min. Conditioned medium was added to fresh uninfected 
HEK293T cells. Cells were incubated for 72 h before flow cytometry to 
detect GFP expression. 

2.7. Cell viability analysis 

Analysis of cell viability was performed using a trypan blue exclusion 
assay, using a Countess automated cell counter (Thermofisher Scientific) 
as per manufacturer’s instructions. 

2.8. Statistical analysis 

Standard error of the mean is presented with numerical data where 
appropriate. Mann-Whitney U tests were performed between data sets to 
determine significance (P < 0.05). 

3. Results 

3.1. Genejuice® transfection reagent optimisation for LV production 

To explore the efficiency of Genejuice® next to PEI and Fugene® 6 
reagents that have been previously used for 3 plasmid transfection to 
produce LV from HEK293T cells, we firstly optimised Genejuice® per
formance by a series of reagent/plasmid ratios using 1×106 cells per 
treatment. Initially, HEK293T viability was measured using Gene
juice®/plasmid DNA (pDNA) ratios of between 1:2, 1:3 (manufacturers 
recommendations for single plasmid transfection), 1:6 and 1:8 (Fig. 2A). 

Then, at these ratios, cell supernatants containing virus particles were 
used to infect fresh HEK293T cells for LV titration. Genejuice®/plasmid 
ratios of 1:2, 1:3, 1:6 and 1:8 provided unconcentrated vector titres of 
3.19×106 TU/ml (+/- 2.56×106), 1.23×107 TU/ml (+/- 6.79×106), 
5×105 TU/ml (+/- 1.27×105) and 2.77×105 TU/ml (+/- 1.11×105), 
respectively (Fig. 2B). Although the optimised ratio of 1:2 gave a titre 
only around 2-fold less than the manufacturers recommendation of 1:3, 
the 1:2 ratio was chosen for further titre optimisation as this provided 
higher cell survival for virus production for examination of LV produc
tion past the 72 h commonly used for virus harvest (Section 3.3) and 
later investigation of transfection of suspension culture cells (Section 
3.4). 

3.2. Superior cell viability and LV vector titre using Genejuice® versus PEI 
and Fugene® 6 reagent transfected HEK293T monolayers 

Using optimised transfection protocols, we next compared Gene
juice® to PEI and Fugene® 6 for HEK293T viability at 24, 48 and 72 hr 
time points (Fig. 3 A) using 1.5×107 cells. Once again, optimal cell 
survival was observed by Genejuice®, however, cell viability was 
greater than small scale transfection reaching up to only 5% below that 
of untreated cells. Next, we compared LV titre for each reagent at 72 h 
after HEK293T transient transfection. Genejuice® provided superior 
pHR LV titre production (shown as concentrated particles) than the 
other reagents at 2.06×109 (+/- 5.13×108) compared to 1.28×108 (+/- 
8.44×107) and 1.57×108 (+/- 4.06×107), for PEI and Fugene® 6, 
respectively (Fig. 3 B and C). Using p24 titration gag assay, virus titre 
was also confirmed to be superior using Genejuice® at 2.62×1013 LP/ml 
versus 2.8×1012 by PEI and 1.37×1012 by Fugene® 6. 
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determined through GFP expression using flow cytometry 72hrs post transduction to determine titre (n = 4). 
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3.3. Genejuice® enables extension of producer cell culture and LV 
production 

As we showed Genejuice®/plasmid ratio of 1:2 provided optimal LV 
titre over PEI and Fugene® reagents with highest HEK293T survival 
72 h post transfection, we sought to determine whether this protocol 
allows LV production by prolonged cell culture. HEK293T cells were 
transfected and maintained past 72 h to 16 days for LV production 
(Fig. 1B), during which time cells and virus supernatants were har
vested. Cell viability at days 4, 7, 11 and 15 was 96.50 ± 0.50%, 95.17 
± 1.17%, 96.17 ± 1.17% and 86.17 ± 3.61%, respectively (Fig. 4 C). As 
we and several other laboratories have experienced, cell viability re
duces drastically 72 h after PEI or Fugene® 6 transfection, however, no 
significant reduction was observed in Genejuice® transfected cells up to 
day 11 post transfection, whilst exhibiting strong GFP expression (Fig. 4 
A) enabling vector harvest up to day 15. LV titre ranged from as high as 
2.42×1011 TU/ml (day 2) and remained high between days 3 slowly 
reducing to 4.25×107 TU/ml at day 10 after which no LV titre could be 
found (Fig. 4 A and B). Over this time course, RCL assay showed absence 
of replication competent virus particles. 

3.4. Optimisation of LV production using transfection of HEK293T 
suspension cell culture cells 

We next explored alternative ways to generate LV from HEK293T 
cells to improve vector titre and compared these to the method described 
above (n = 3). Firstly, cells were transfected as 2D monolayers then 
converted to 3D suspension followed by supernatant harvest with the 
rationale that in suspension HEK293T cells may offer a larger cell sur
face area for particle budding. Second, we transfected cells in suspension 

with the aim of improving transfection efficiency to increase LV titre. 
Our rational for these approaches was also that suspension culture in
creases the concentration of viral particles generated per volume in cell 
supernatants and offers the potential for production scale up whilst 
eliminating ultracentrifugation of labile LV particles. This approach is 
benefitted by the fact that HEK293T cells can be converted to 3D sus
pension growth by transfer and maintenance on poly-2-hydroxyethyl 
methacrylate coated dishes that prevents cell adhesion. 

Each method was performed, initially on a small scale using 1×106 

HEK293T cells and supernatants were harvested at 24, 48 and 72 h post 
Genejuice® transfection. For cells transfected as monolayers then grown 
as 3D suspension cultures, a titre 7.12×107 was obtained collectively for 
these harvests, which was, on average 3-fold greater than using the 
equivalent cell number to generate vector by conventional monolayer 
transfection (Fig. 5). Transfection of 1.5×107 cells by this method 
routinely generated LV titres around 3×108 TU/ml. 

We next used Genejuice® for transfection of 1.5×107 HEK293T cells 
in suspension and harvested virus up to 72 h post transfection, main
tained on poly-2-hydroxyethyl methacrylate coated culture plastic. 
Levels of transfection in suspension appeared equivalent to when cells 
were transfected as monolayers. This method also achieved vector titre 
averaging 3.0×108 (+/− 6.91×107) TU/ml without the need for particle 
concentration (Fig. 5). 

3.5. PEI optimisation for suspension transfection 

Thus far, we showed Genejuice® offers advantages over PEI or 
Fugene® reagents to generate high titre LV particles with low cytotox
icity and efficient transfection of HEK293T cells in suspension. We also 
showed cells could be transfected as monolayer then converted to 3D 
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magnification. C- LV titres generated through transient transfection of 1.5×107 HEK293T cells using different transfection reagents after concentration. The 
concentrated titres generated using Genejuice® were found to be significantly higher in comparison to titres from PEI or Fugene® 6 transfection (n = 5, P < 0.05). 
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suspensions and that cells could be directly transfected with high effi
ciency in suspension culture. However, we decided to investigate 
alternative ways to reduce the cost of LV production because we 
considered this would be prohibitive to using Genejuice® in scale-up 
production. Hence, we decided to explore optimisation of transfection 
of producer cells for LV production in monolayer using the low-cost PEI 
reagent. PEI has been previously used at 1μl/ml (10Mm stock solution), 
however, at this level PEI was observed as toxic to HEK293T cells, 
restricting its exposed to 4 h compared to 24 h used by other reagents 
such as Fugene® 6 and in this work by Genejuice® for efficient trans
fection. We transfected cells initially with PEI at levels of between 
1–0.0001 µl/ml and found very little transfection below 0.01 µ/ml. PEI 
at 1 µl/ml once again providing highly reduced cell survival. At the 
0.1 µl/ml dilution for 4 h 73% of cells were positive for GFP expression 
with 55% cell viability compared to only 32% positive GFP cells when 
transfection was extended for 24 h with 23% viability. We then tested 
PEI levels of between 0.1–0.02μl/ml for 4 and 24 h and examined cell 
toxicity and transfection efficiency. This resulted in successful HEK293T 
GFP transfection for each dilution for each transfection time, with PEI at 
0.02μl/ml being the most effective for GFP expression after 24 h with 
levels of transfection reproducibly reaching over 90% using flow 
cytometry analysis and with cell viabilities close to those of untreated 
cells (Fig. 6). 

3.6. LV production using optimised PEI transfection of producer cells as 
suspension cultures grown in glass vessels 

We showed that low-cost PEI optimisation enabled cells to be 
transfected efficiently as monolayers with high viability and previously 
that transfection efficiency of cells in monolayers matched that of 
transfection in suspension using GeneJuice® as the transfection agent. 
We reasoned that suspension culture transfection may not require 
expensive plasticware for LV production and, therefore, to reduce cost of 
vector production further, we transfected HEK-293 T cells in suspension 
in reusable, autoclavable glass Erlenmeyer flasks with gentle shaking 
post treatment. We tested cell transfection in suspension in the presence 
or absence of Poly (2-hydroxyethyl methacrylate) coated vessels and 
assessed cell viability over 12 days. Over the 12 days in culture, Poly (2- 
hydroxyethyl methacrylate) coated and non-coated shaking cultures 
showed no difference in live cell number as well as viability. 1×106 cells 
were then transfected using GeneJuice® and the optimised PEI con
centration (0.002μl/ml) in suspension in either coated or non-coated 
glass flasks, shaking, then crude LV was titrated using flow cytometry. 
Cells transfected using PEI generated higher viral titres than those using 
GeneJuice®, with coated vessels generating 1.7×106 (+/− 1.8×105) 
TU/ml and non-coated vessel at 1.7×106 (+/− 1.2×105). In contrast, in 
coated and non-coated vessels GeneJuice® generated 2.0×104 

(+/− 3.9×103) and 5.1×104 (+/− 8.7×103) TU/ml, respectively. As no 
significant difference in titre was found (p > 0.05) when coating or non- 
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coating glass vessels, coating was no longer used. We then generated LV 
in larger batches without coating in glass vessels on a shaking platform 
for transfection with PEI or Genejuice® using 1.5×107 HEK293T cells 
(Fig. 7). When harvesting at 72 h post transfection PEI transfected cul
tures yielded titres of 1.6×108 (+/− 1.5×106) TU/ml compared to 
8.1×104 (+/- 3.4×103) TU/ml using GeneJuice (n = 3). 

4. Discussion 

Lentivirus vectors (LV) vectors have become a highly valuable for 
gene therapy of rare diseases and for the generation of cells for immu
notherapy. Traditionally, producer cells grown as monolayers have been 
used to produce LV supernatants that are then subjected to ultracentri
fugation to concentrate LV particles (Ichim and Wells, 2011). However, 
with cell and gene therapy clinical trials having increased over the past 
10 years from 1800 to 5000 listed in the National Institute of Health with 

several using these vectors, scalable and efficient methods using cell 
factories or HYPERFlasks and anion exchange chromatography (Kutner 
et al., 2009a,b) with refined purification technologies such as affinity 
chromatography (Martinez-Molina et al., 2020) have been used to 
generate large batches of quality assured vector. 

However, important to the testing of novel constructs carrying 
therapeutic genes, transient transfection offers the most rapid method to 
generate LV for non-clinical testing before industrial protocols are used 
for clinical application. Finding new reagents and methods suitable to 
reduce the cost of transient LV production was, therefore, the focus of 
this report. As little information exists on the use of Genejuice® for 3 
plasmid transfections of HEK293T cells, we optimised the performance 
of Genejuice® by a series of reagent/plasmid titrations and compared 
vector titre against that obtained using commonly used PEI and 
Fugene® 6. We found that Genejuice® reagent enables highly effective 
plasmid transfection that yielded LV titre at more than 1010 TU/ml after 
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ultracentrifugation of particle supernatants harvested from monolayer 
cultures. Interestingly, rather than observing cell death at 72 hrs post 
transfection that is often observed with the other transfection reagents, 
Genejuice® showed low level cell toxicity, similar to that of untreated 
cells. This also enabled cells to survive long term in culture whilst 
generating LV at high titre for up to 10 days by producer cells rather than 
the traditional 72 hrs post transfection. This finding conflicts with our 
current understanding that LV harvest is only possible short-term 
following transient transfection of HEK293T cells, which is believed 
mainly due to the toxicological effects of cell surface VSV-G envelope 
glycoprotein expressed on transfected cells that causes syncytial for
mation and rapid cell death (Cronin et al., 2005). An alternative possi
bility, not explored in this study, could be that the plasmid ratio used to 
generate high titre LV did not produce excess levels of unwanted cell 
surface VSV-G expression. Another possibility could be that low level 
HEK293T cytotoxicity may be due to reduced cell-to-cell contact by 
Genejuice® not afforded by Fugene® 6, thereby preventing VSV-G 
mediated syncytial formation. 

Rapid transfer of cells to suspension culture after Genejuice® 
transfection also generated LV at high titre. Unfortunately, whether this 
was restricted to Genejuice® was not shown by using PEI and Fugene® 6 
in this study. This was made possible by using Poly-2-hydroxyethyl 
methacrylate to coat culture plasticware that enabled rapid conversion 
of HEK293T cells to grow in suspension with high viability. This enabled 
vector titre to reach approximately 3×108 TU/ml in small volumes as 
unconcentrated supernatants, which was more than 10-fold that of 2D 
transfection of monolayers by Genejuice®. 

Although Genejuice® proved to be highly effective at transfection of 

HEK293T cells, scale-up would be considered costly. Hence, we explored 
further whether low-cost PEI could be optimised for transfection of cells 
in suspension. Firstly, we returned to monolayer transfection using a 
range of low lew PEI titrations on HEK293T cells to identify a concen
tration of PEI that provided high level cell viability and survival and LV 
titre. We also wanted to extend the period of transfection of 4 h used for 
PEI transfection to match that used for Genejuice® and Fugene® 6 of 
24 h. By identifying 24-hour transfection with high level cell survival 
and GFP expression was achieved with PEI as low as 0.02 µl/ml this 
allowed us to determine whether this level of PEI would provide efficient 
transfection of HEK293T in suspension. Also, because transfection in 
suspension did not necessarily require cells to be grown in culture 
plasticware, with cost in mind, we chose to transfect cells in suspension 
grown in standard reusable, autoclavable glass Erlenmeyer flasks with 
gentle shaking post transfection. Using this protocol, we found high 
virus titre production was possible in crude unconcentrated supernatant. 
While standard monolayer transfection of cells produced titres on 
average around 109 TU/ml in 200 µl stocks, we found that suspension 
shaken cultures could produce vector inexpensively and routinely at 108 

TU/ml in 3.5 ml, a volume nearly 20-fold greater, before 
ultracentrifugation. 

As a caveat to the work described here, although treatments were 
always repeated and untreated cells regularly were submitted to 
rigorous tests for survival and viability and for the absence of myco
plasma in culture, we cannot rule out variation that inevitably exists 
when passaging cells either as monolayers or as suspension cultures 
during our investigation. 

Further, our investigation does not determine whether HEK293T 
transduction during titration was enhanced differently by residual 
Genejuice®, Fugene® 6 or PEI transfection agents. Although we used 
polybrene in all titration experiments to attempt to standardise infection 
by virus batches, this may not have prevented residual transfection 
agent influence on gene transfer. 

In conclusion, we present improved ways to generate LV particles at 
high titre either by monolayer or suspension conditions. Our suspension 
culture protocols are amenable to scale-up and require simple, readily 
available reagents for vector production and can even enable vector 
production without ultracentrifugation and at low cost. Vector stocks 
produced in this way may also be subjected to further downstream pu
rification using established methods such as affinity chromatography. 
LV, produced by the methods described in this report can be used non- 
clinical where novel LV design requires in vitro or animal studies of 
vector efficacy and distribution and safety. Finally, we believe these 
optimised protocols should be easily transferable to any laboratory 
interested in LV gene transfer. 
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