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Abstract

Background HIV-1-derived vectors are promising tools for gene transfer into
the brain. Application of these vectors for gene therapy or for the creation of
animal models for neurodegenerative diseases requires standardization and
upscaling of lentiviral vector production methods.

Methods In this study, serum-free HIV-1 vector production was efficiently
upscaled by use of cell factories and the introduction of tangential flow
filtration (TFF) prior to centrifugation.

Results Vector titers (TU/ml) and p24 values (pg p24/ml) for a serum-
free HIV-1 vector produced in cell factories and using TFF prior to
centrifugation were comparable to those of small-scale productions. TFF
allowed a 66-fold concentration of the vectors with complete vector recovery.
Further concentration of the vector (30-fold) was achieved either by low-
speed centrifugation or by ultracentrifugation. Combination of TFF and
ultracentrifugation resulted in a vector recovery of 90–100% and titers that
increased 1800-fold and 900-fold for transducing units and p24 concentration,
respectively.

Conclusions With this new standardized method for lentiviral vector
production and concentration, 1 ml of concentrated vector is routinely
produced with titers of 109 –1010 TU/ml starting from 2 l of cell-culture
medium. Moreover, stereotactic injection of this vector in mouse striatum
resulted in a large transduced brain volume in the absence of any immune
response. Copyright  2005 John Wiley & Sons, Ltd.
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Introduction

Various viral vectors are efficient vehicles for gene delivery in both divid-
ing and non-dividing cells. HIV-1-derived vectors are promising tools for
gene transfer into the non-dividing neuronal cells of the brain [1–5]. We
and others have demonstrated that lentiviral vectors are instrumental in
creating animal models for neurodegenerative diseases by locoregional over-
expression of disease-associated genes [6,7]. The use of viral vectors in the
clinic will depend on the therapeutic efficacy of the transgene, the in vivo
transduction efficiency and the lack of side effects or immune response.
These requirements are largely dependent on the concentration and the
purity of the vector preparation. Moreover, successful gene transfer in animal
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models and ultimately in clinical trials relies on
standardized production and purification methods of
large amounts of viral vector. Therefore, upscaling
of the lentiviral vector production, concentration and
purification is necessary for gene transfer in animal
models and clinical trials.

Several methods for purification and concentration of
viral vectors have been described previously [8–13].
A common objective of these techniques is to gener-
ate pure vectors with high titers, as transduction of
primary cells in vitro or in vivo depends on a high multi-
plicity of infection (moi) [14–16]. Upscaling of vector
production, as well as the choice of the subsequent
purification and concentration method, is dependent on
the type of vector, the envelope stability and on the
presence of helper virus. Both ultracentrifugation and
column chromatography (based on ion-exchange, size-
exclusion or immuno-affinity) are widely used techniques
to purify and concentrate viral vectors. Adeno-associated
virus-derived vectors (AAV) are purified by affinity chro-
matography using heparin or monoclonal antibodies
against AAV structural proteins [8], whereas retroviral
vectors are concentrated to high titers by centrifuga-
tion or tangential flow filtration [17,18]. HIV-1-derived
vectors are typically concentrated to high titers by ultra-
centrifugation [19,20]. Pseudotyping lentiviral particles
with VSV-G, the envelope protein of vesicular stom-
atitis virus, not only confers a broader tissue-tropism,
but in addition stabilizes these particles, allowing con-
centration to high titers by ultracentrifugation [20].
The use of other viral envelopes or chimeric enve-
lope proteins for pseudotyping often results in lower
titers [21]. Nevertheless, lentiviral vectors with different
envelopes are concentrated to high titers by ultracen-
trifugation and ultrafiltration using Centricon columns
[21,22]. The use of anion-exchange chromatography
to concentrate lentiviral vectors allows straight-forward
upscaling and generates pure vector, but the vector
recovery is not as efficient as for ultracentrifugation
[22–24].

Lentiviral vectors are routinely produced in small-
scale 10-cm cell-culture dishes, T25 or T75 falcons,
by triple, transient transfection of 293T cells with a
packaging plasmid, encoding structural and helper pro-
teins, an envelope plasmid and a transfer plasmid
encoding the transgene of interest [20,25]. Lentiviral
packaging cell lines are developed, but vector titers
are lower than those obtained by transient transfection
[26–28]. Widely used parameters to estimate lentiviral
vector quality before and after concentration are p24
concentration (pg p24/ml), as measured by enzyme-
linked immunosorbent assay (ELISA), and transducing
titers (TU/ml), as measured by fluorescence-activated
cell sorting (FACS) after limiting dilution of lentivi-
ral vectors encoding the enhanced green fluorescent
protein (eGFP). Upscaling of vector production can be
achieved by culturing cells in multiple-tray cell fac-
tories [29], roller bottles [17] or even bioreactors
[30] for clinical applications, thereby replacing the

time-consuming and labor-intensive small-scale vector
productions in cell-culture dishes, reducing both the
hands-on time and the variability between vector pro-
ductions.

A major reason to purify vector preparations is
to prevent toxicity, inflammation or immune response
due to contaminants. We have shown previously
that cell debris and/or serum proteins co-precipitated
with the vector following ultracentrifugation cause
a modest neuro-inflammatory response in the brain
and a systemic immunological reaction against vector
proteins in serum of mice following transduction of the
brain [31]. Purification of vector by sucrose-gradient
ultracentrifugation abolished the immune response but
also decreased vector titers substantially. We started to
use serum-free medium routinely after the observation
that serum-free lentiviral vector production equally
reduced immunogenicity without affecting vector titers
[31]. Several serum-free media have already been tested
and proven to support reliable viral vector production
[22,32]. Moreover, for clinical applications, the use of
foetal calf serum (FCS) during the vector production
should be avoided, since it may be a possible source of
infectious agents [33].

In this study, we evaluated systematically the differ-
ent lentiviral production (non-serum-free vs. serum-free,
cell-culture dishes vs. cell factories) and concentration
methods (low-speed centrifugation vs. ultracentrifuga-
tion). Vector quality was evaluated by vector titer (TU/ml)
and p24 concentration, as well as by vector recovery fol-
lowing concentration. Tangential flow filtration (TFF)
was evaluated as a new method to concentrate large
volumes of lentiviral vector. In our laboratory lentiviral
vectors are used routinely for locoregional overexpres-
sion of therapeutic or disease-related genes in the murine
brain. Therefore, the level of transgene expression and the
absence of an immune response were important in vivo
read-outs to evaluate our standardized protocol for large-
scale vector production.

Materials and methods

Cell lines

293T cells were propagated in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, supplied by Invitrogen,
Merelbeke, Belgium) supplemented with 10% heat-
inactivated FCS (Harlan Sera-Lab Ltd., International
Medical, Brussels, Belgium) and 20 µg/ml gentamicin
(Gibco BRL). Chinese hamster ovary cells CHO-K1 were
propagated in Ham’s F12K medium (NutMix F12, Gibco
BRL) supplemented with 5% heat-inactivated FCS and
20 µg/ml gentamicin Both cell lines were cultured
at 37 ◦C in a humidified atmosphere containing 5%
CO2.
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Lentiviral vector production

HIV-1-derived lentiviral vector particles were produced
by transfecting 293T cells with a second-generation
packaging plasmid lacking vif, vpr, vpu and nef genes
(pCMV�R8.91), a plasmid encoding the envelope of
vesicular stomatitis virus (pMDG), and a pHR’-derived
transfer plasmid coding for eGFP as a reporter gene. This
three-plasmid transient transfection system was originally
described by Naldini et al. [20] with minor modifications
[34]. All plasmids used for lentiviral vector production
were void of bacterial endotoxins, resulting in more
reproducible vector titers, but no significant differences in
transduction efficiency. 293T cells were seeded in 10-cm
diameter cell-culture dishes at 5 × 106 cells per plate in
DMEM with 10% FCS. Next day, 20 µg of transfer plasmid,
10 µg of packaging construct and 5 µg of envelope
plasmid were mixed in 700 µl of 150 mM NaCl. An equal
volume of polyethylenimine (PEI) solution was added
slowly to the DNA mixture. Following 15 min incubation
at room temperature, the DNA-PEI complex was added
dropwise to the 293T cells in DMEM with 1% FCS. After
5 h of incubation at 37 ◦C in a 5% CO2 humidified
atmosphere, medium was replaced with DMEM, 10%
FCS and 25 mM HEPES. Supernatant was harvested
2 and 3 days post-transfection and filtered through a
0.45 µm pore-size filter (Sartorius, Minisart, Göttingen,
Germany). The filtered vector particles were concentrated
by low-speed centrifugation (5 h, 26 000 g) at 4 ◦C in a
fixed-angle rotor (Biofuge Stratos; Heraeus Instruments
GmbH&Co., Hanau, Germany). Pellets were dissolved in
phosphate-buffered saline (PBS), resulting in an 800-fold
concentration, and stored at −70 ◦C. Lentiviral vector
stocks were normalized by their respective p24 antigen
content (HIV-1 p24 core profile ELISA; DuPont, Dreieich,
Germany). Transduction titers for vectors encoding
eGFP were determined by FACS analysis after limiting
dilution on CHO-K1 cells. Despite the low probability for
replication-competent lentivirus (RCL), control tests have
been run using a vector-rescue assay. In this assay, the
supernatant of transduced cells that contain an integrated
copy of a LV encoding a reporter gene is collected and
used to transduce naive cells. Reporter-gene activity or
increase in p24 concentration (ELISA) would be indicative
of RCL. RCL testing is done routinely but has been negative
so far.

Serum-free lentiviral vector production

For triple, transient transfection, 293T cells were
seeded in a 10-cm diameter cell-culture dish at 6 ×
106 cells in OPTIMEM with Glutamax (Gibco BRL,
cat. no. 51 985-026) supplemented with 2% FCS and
20 µg/ml gentamicin. Next day, the DNA-PEI transfection
mixture, as described previously, was added to the
293T cells in OPTIMEM supplemented with 20 µg/ml
gentamicin. After 24 h, medium was replaced by
OPTIMEM without serum. Supernatant was harvested

2 and 3 days post-transfection and further processed as
described earlier.

Lentiviral vector production in cell
factories

293T cells were seeded in a two-tray cell factory (CF2;
Nunc A/S, Roskilde, Denmark) at 60 × 106 cells per cell
factory in OPTIMEM with glutamax supplemented with
2% FCS and 20 µg/ml gentamicin. Next day, an 11.2 ml
mixture of the three plasmids was made in 150 mM
NaCl: 320 µg of transfer plasmid, 160 µg of packaging
construct and 80 µg of envelope plasmid. An equal volume
of PEI solution was added slowly to this DNA mixture
and the solution was incubated at room temperature for
15 min. The DNA-PEI complexes were added to 150 ml
OPTIMEM without FCS and added slowly to the 293T
cells for 24 h. Supernatant was harvested 2 and 3 days
post-transfection and filtered through a 0.45 µm easy-
flow filter (Becton Dickinson Labware, Le Pont de Claix,
France) and further processed as described before. Apart
from production in a CF2, we also produced vectors
in a 10-layer cell factory (CF10), containing 500 ml
medium. DNA concentrations for transfection are 3200 µg
transfer plasmid, 1600 µg packaging plasmid, and 800 µg
envelope plasmid for two CF10. The DNA concentrations
were adapted proportionally to the surface area.

Purification and harvesting methods

Besides low-speed centrifugation (5 h, 26 000 g) at 4 ◦C
in a fixed-angle rotor (Biofuge Stratos; Heraeus Instru-
ments GmbH&Co.) resulting in an 800-fold concentration
(160 ml to 200 µl), different centrifugation and purifi-
cation methods were evaluated. To increase viral titers
prior to stereotactic injection in adult mouse brain, a sec-
ond centrifugation step was introduced (1 h, 50 000 g)
at 4 ◦C in a fixed-angle rotor (Biofuge Stratos; Heraeus
Instruments GmbH&Co.) resulting in a final 8000-fold
concentration (160 ml to 20 µl).

Lentiviral vectors were also precipitated by ultracen-
trifugation (2 h, 60 000 g) in a swinging-bucket rotor
(SW27; Beckman, Palo Alto, CA, USA) at 4 ◦C, resulting
in a 1000-fold concentration. Large volumes of cell-
culture supernatant were purified and concentrated by
TFF using a Minim, a benchtop TFF machine, with the
Centramate LV holder (Pall, Dreieich, Germany) and
a 100 kDa or 300 kDa Omega Screen channel-cassette
according to the manufacturer’s protocol. Briefly, prior
to concentration of the cell-culture medium, the cas-
sette is washed with PBS for 1 h followed by a 30 min
equilibration with OPTIMEM. In total 2 l of cell-culture
supernatant were collected from two CF10 (500 ml of
each CF10 were pooled for days 2 and 3 post-transfection)
and concentrated to 30 ml, resulting in a 66-fold concen-
tration in about 2 h. To increase vector titers even more
after TFF, additional centrifugation steps were performed:
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low-speed centrifugation (5 h, 26 000 g) at 4 ◦C in a
fixed-angle rotor (Biofuge Stratos; Heraeus Instruments
GmbH&Co.) and ultracentrifugation (2 h, 76 000 g) at
4 ◦C in a swinging-bucket rotor (SW55.1; Beckman).

Transduction of CHO-K1 cells with
HIV-1-based lentiviral vectors

CHO-K1 cells were seeded in 96-well plates at 5 × 104

cells per well. Next day, transductions were carried
out with 10-fold serial dilutions of lentiviral vector
preparations. Vector was added to the cells in the presence
of 4 µg/ml polybrene in NutMix F12 supplemented with
5% FCS. After 4 h of incubation, the medium was
changed. Three days later, cells were trypsinized and
fixed in 2% paraformaldehyde prior to determination of
titers (TU/ml) using FACS analysis.

Silver staining of lentiviral vectors

Sodium dodecyl sulphate/polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed on 4–12%
NuPAGE Novex Bis-Tris gels (Invitrogen, Merelbeke,
Belgium) in MES running buffer (Invitrogen) for 1 h at
180 V. Into each slot 5 µl of vector were loaded. For
silver staining, the silver staining kit Protein PlusOne

(Amersham Biosciences, Roosendaal, The Netherlands)
was used according to the manufacturer’s protocol.

Stereotactic injection, histology,
quantification of gene expression and
detection of antibodies in mice sera

The animal experiments were approved by the Bioethical
Committee of the K.U. Leuven. Female adult C57Black/6
mice were used for stereotactic injections in the
striatum as described previously by Baekelandt et al
[35]. Two weeks after the surgical procedure, animals
were transcardially perfused, eGFP protein expression
was analyzed by immunohistochemistry, and transduced

brain area was quantified by a stereological procedure
based on the Cavalieri principle, as described previously
[35]. A blood sample was taken from the heart of
each mouse during perfusion. Sera were analyzed for
antibodies against the lentiviral vector preparation by
Western blot. Briefly, lentiviral vector proteins (2.5 µg)
and 293T protein extracts (2.5 µg) were separated on a
4–12% NuPAGE Novex Bis-Tris gel in MES running buffer
(Invitrogen) for 1 h at 180 V and blotted onto a PVDF
membrane for 2 h at 30 V. Individual mouse sera were
diluted 1 : 500 and detection was carried out with an HRP-
labelled secondary antibody, followed by development
with the ECL+ kit (Amersham). HIV-1-specific bands were
identified by comparison with HIV-specific antibodies: p24
(1 : 2000) (Sera-Lab, Leicestershire, UK), RT (1 : 4000)
(obtained trough the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH: Anti-HIV-
1 RT from Dr. Stuart Le Grice) and p17 (obtained trough
the AIDS Research and Reference Reagent Program,
Division of AIDS, NIAID, NIH: antiserum to HIV-1 p17
from Dr. Paul Spearman).

Results

Comparison of lentiviral vector
production methods

We evaluated the production of lentiviral vector in cell-
culture dishes using either DMEM supplemented with
10% FCS or OPTIMEM serum-free medium. Additionally,
production in culture dishes was compared with that
in two-layer cell factories (CF2) for upscaling purposes.
HIV-1-derived lentiviral vectors (Figure 1) were produced
using pCH-eGFP-WS as transfer plasmid, pCMV�R8.91 as
packaging plasmid, and pMDG as envelope plasmid. Two
days after triple, transient transfection, the cell-culture
medium was harvested and concentrated by low-speed
centrifugation (5 h, 26 000 g). Vector titers and p24
content were determined before and after concentration
(Table 1). The results shown in Table 1 represent the
average of at least three independent experiments with

Figure 1. Schematic representation of a pCH-eGFP-WS-derived lentiviral vector. The eGFP transgene is expressed from the
constitutive immediate early enhancer/promoter of human CMV and is flanked by two viral long terminal repeats (LTR). For
biosafety reasons, the 3′ LTR has a SIN deletion as described by Zufferey et al. [41]. Downstream from the 5′ LTR, the splice
donor (SD), the packaging signal (ψ) and 360 bp from the gag gene are followed by a small part of the env gene, containing the
Rev-responsive element (RRE) and splice acceptor site (SA). Inclusion of the central polypurine tract of HIV (cPPT) is known to
increase nuclear import of the proviral genome and transduction efficiency [42,43]. The woodchuck post-transcriptional regulatory
element (WPRE) is included after the eGFP transgene and is described to increase mRNA stability and gene expression [44]. Care
should be taken when including the WPRE element in vectors for gene therapy trials, since expression of a 60 amino-acid fragment
of the hepadnavirus X protein from an open reading frame present in the WPRE element may have oncogenic potential [45]

Copyright  2005 John Wiley & Sons, Ltd. J Gene Med 2005; 7: 1299–1310.
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Table 1. Lentiviral vector production and concentration methods

Production
method Concentration method Volume TU/ml pg/ml Recovery

8 culture dishes + 10% FCS / 40 ml 1.27 × 108 ± 2.52 × 107 3.93 × 105 ± 3.06 × 105 /
5 h 26 000 g 100 µl 3.50 × 1010 ± 5.66 × 109 7.40 × 107 ± 6.51 × 107 69%
2 h 60 000 g 100 µl 3.55 × 1010 ± 9.19 × 109 9.40 × 107 ± 2.26 × 107 70%

8 culture dishes + 0% FCS / 40 ml 2.20 × 108 ± 6.00 × 107 7.90 × 104 ± 2.46 × 104 /
5 h 26 000 g 100 µl 9.08 × 109 ± 8.33 × 108 5.57 × 106 ± 1.66 × 106 10%
2 h 60 000 g 100 µl 1.20 × 1010 ± 4.95 × 109 3.16 × 107 ± 2.04 × 106 14%

5 h 26 000 g + 10% FCS 100 µl 5.60 × 1010 ± 3.08 × 1010 7.02 × 106 ± 6.41 × 106 64%
CF2 + 0% FCS / 150 ml 4.00 × 107 ± 1.13 × 107 1.70 × 104 ± 3.46 × 103 /

5 h 26 000 g 200 µl 9.94 × 109 ± 5.84 × 108 1.40 × 107 ± 9.90 × 106 33%
5 h 26 000 g + 1 h 50 000 g 20 µl 2.2 × 1010 ± 2.20 × 109 3.80 × 107 ± 6.20 × 106 7%

2 h 60 000 g 200 µl 1.09 × 1010 ± 3.07 × 109 8.37 × 106 ± 7.46 × 106 36%
2 h 60 000 g + 1 h 50 000 g 20 µl 3.70 × 1010 ± 1.41 × 1010 4.00 × 107 ± 2.83 × 106 12%

CH-eGFP-WS vector was produced with different production methods: the standard protocol in 10 cm cell-culture dishes in the presence of 10% FCS
was compared to serum-free conditions. For upscaling purposes, serum-free vector production in culture dishes was compared with production in
2-tray cell factories (CF2). Cell-culture medium was harvested 2 days after transfection. In addition, different concentration methods were compared:
low-speed centrifugation (5 h, 26 000 g), high-speed centrifugation (2 h, 60 000 g) and the effect of a subsequent centrifugation step (1 h, 50 000 g).
The p24 content (pg p24/ml) of vector preparations was determined by ELISA and the transducing titers (TU/ml) by FACS analysis. The percentage
of lentiviral vector particles recovered after centrifugation is based on the total amount of transducing units before and after centrifugation. Data
represent the average and standard deviation of at least three independent experiments. Similar data were obtained for vector harvested 3 days
post-transfection (not shown).

corresponding standard deviation. Standard deviations
for p24 (pg p24/ml) are higher than standard deviations
obtained for transducing units (TU/ml). Indeed, since
lentiviral vectors are produced by triple, transient
transfection, p24 protein production varies significantly
between vector productions, as shown by Logan et al.
[36]. Therefore, analysis of the different vector production
and concentration methods is mainly done by evaluation
of the lentiviral vector titers. Vector recovery is defined
by the ratio of total transducing units before and after
centrifugation. Lentiviral vectors produced in culture
dishes with or without FCS show equal vector titers
(TU/ml) and p24 concentrations in culture medium.
The removal of serum during vector production did not
significantly affect vector titers. Concentration of vector
produced in culture dishes in the presence of serum by
low-speed centrifugation resulted in a 275-fold increase
in vector titer, a 188-fold increase in p24 concentration,
and a 69% recovery of vector particles. Strikingly, only
10% of vector particles were recovered following low-
speed centrifugation in the absence of serum. Vector
titers and p24 concentration increased only 41-fold and
71-fold, respectively. Similar results were obtained with
lentiviral vectors harvested 3 days after transfection (data
not shown).

Next, for upscaling purposes, we compared the vec-
tor production in CF2 with that in culture dishes
using serum-free conditions (Table 1). Although vec-
tor titers and p24 concentration in the culture
medium of CF2 were respectively 5-fold and 4-fold
lower, low-speed centrifugation resulted in compara-
ble vector titers and an improved vector recovery of
33%. Still, a considerable amount of vector could
not be recovered from the medium by centrifuga-
tion.

Plasmid DNA concentration for
large-scale vector productions

Initially, the amount of plasmid DNA used for triple,
transient transfection in a multiple-tray CF was calculated
proportionally to the surface area (e.g. the surface
area of a CF2 equals that of 16 culture dishes), in
a 4 : 2 : 1 ratio for transfer, packaging and envelope
plasmid, respectively. In order to demonstrate that the
latter approach is correct, respectively half and double of
plasmid DNA was used for transfection of CF2. Evaluation
of the CH-eGFP-WS vector quality showed a 40-fold and
5-fold reduction in vector titer and p24 values, when half
of the amount of plasmid DNA was used, whereas a 3-fold
and 2-fold reduction in vector titer and p24, respectively,
were detected when double the amount of plasmid DNA
was applied (results not shown). Based on these results
we concluded that upscaling of the transfection procedure
from culture dishes to a multiple-tray CF proportionally
to the surface area is correct. Consequently, transfections
in 10-layer cell factories (CF10) were carried out using
5-fold higher amounts of the three plasmids.

Comparison of lentiviral vector
concentration methods

In order to optimize vector recovery, concentration of
lentiviral vector using low-speed centrifugation (fixed-
angle rotor, 5 h, 26 000 g) was compared to ultracen-
trifugation (swinging-bucket rotor, 2 h, 60 000 g). A CH-
eGFP-WS vector was produced with or without serum
either in culture dishes or CF2 and vector particles
were harvested 2 days post-transfection. As indicated in
Table 1, low-speed and ultracentrifugation resulted in
comparable vector titers and vector recovery in every
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condition. In order to increase vector titers even more
for stereotactic injections in the murine brain, an addi-
tional centrifugation step was carried out (fixed-angle
rotor, 1 h, 50 000 g) for the CF2 production, both after
low-speed centrifugation and ultracentrifugation. Even
though vector titers increased moderately (2- to 4-fold),
vector recovery dropped drastically, since only 10% of the
viral vector could be harvested (Table 1).

Although similar amounts of lentiviral vector are
produced in serum-free conditions, only a minor portion
of the vector can be pelleted, leaving up to 90% of
the vector in the supernatant. However, re-addition of
10% FCS to a serum-free vector production in culture
dishes, prior to low-speed centrifugation, increased
vector titers 254-fold and restored the vector recovery
to 64%, which is comparable to the recovery of a
production carried out in the presence of serum (Table 1),
suggesting a poor pelleting efficiency in the absence
of serum [31]. Nevertheless, the addition of FCS to a
serum-free production should be avoided. Hence, poly-
L-lysine, polybrene and a bovine albumin fraction (BAF)
were evaluated as an alternative for FCS to augment
the pelleting efficiency of serum-free produced vectors.
Poly-L-lysine has been described previously to increase
pelleting efficiency of lentiviral vectors during low-speed
centrifugation [37], whereas polybrene is a polycation
that is known to augment the transduction efficiency
[38–40]. However, addition of poly-L-lysine (0.005%) or
polybrene (10 or 30 µg/ml) to the cell-culture medium
prior to centrifugation resulted in a poor vector recovery
of 0.03% and 4%, respectively (results not shown).
In contrast, addition of 10% BAF to the serum-free
production resulted in a recovery of about 40% of the
viral vector. Similar results were obtained for vectors
produced in culture dishes and CF2 (results not shown).

Kinetics of lentiviral vector production

In our laboratory lentiviral vectors are routinely harvested
2 and 3 days after triple, transient transfection. In order
to analyze the kinetics of lentiviral vector productions
and to evaluate the possibility to harvest during a
longer time-period or more frequently, a pCH-eGFP-
WS-derived vector was produced in CF2 in serum-free
medium. From day 2 to day 6 post-transfection, the
culture medium was harvested every 24 h for evaluation
of p24 concentration and transducing units, both on
cell-culture medium (not shown) and on concentrated
vector (Figure 2). Harvesting vector particles at 2 and
3 days after transfection resulted in high-quality vector
with similar titers and p24 concentrations. From day
4 onwards vector titers started to decline. In addition,
by day 5, cells detached more easily from the culture
dishes, which hampered subsequent vector purification
steps. Similar kinetics were observed when samples of
cell-culture medium were analyzed (not shown). More
frequent harvesting of the vector (every 12 h) resulted
in similar kinetics with lower vector titers due to a more

diluted vector (not shown). In conclusion, lentiviral vector
produced in CF2 in serum-free medium can be harvested
at days 2 and 3 post-transfection, preferentially every
24 h.

Concentration of lentiviral vectors by
TFF

Concentration of lentiviral vectors by centrifugation is
limited by the total volume of cell-culture medium
that can be centrifuged in a single run. In an attempt
to combine the large-scale production of vector using
multilayer cell factories with effective centrifugation
methods, tangential flow filtration (TFF) was evaluated
as a method to concentrate large volumes of lentiviral
vector preparations. TFF is a rapid and efficient method
for separation, purification and concentration of small
to very large volumes of biological fluids, based on
ultrafiltration. Filtration takes place by recirculating the
biological fluid over a membrane with pore sizes between
0.001 and 0.1 µm under a constant pressure of 1 bar. Viral
vectors are retained by the membrane whereas smaller
particles are removed, resulting in a net concentration of
the vector. The 1 bar pressure prevents obstruction of the
membrane by large molecules. Upscaling of lentiviral
vector production was achieved by use of two CF10
modules, yielding 2 l of pooled cell-culture medium
harvested at days 2 and 3 post-transfection of a pCH-eGFP-
WS-derived vector. Initial vector titers in the cell-culture
medium were 5-fold lower than the titers obtained in CF2.
Using TFF, 2 l of cell-culture medium were concentrated

1e+11

1e+10

1e+9

1e+8

1e+7

1e+6

1e+5
1 2 3 4 5 6 7

days post-transfection

TU/ml
pg/ml

Figure 2. Kinetics of lentiviral vector production. CH-eGFP-WS
lentiviral vector was produced in two CF2 modules by triple,
transient transfection in serum-free medium. Starting at 2 days
post-transfection, cell-culture medium was harvested once a
day for six consecutive days and concentrated by low-speed
centrifugation (5 h, 26 000 g). The p24 content (pg p24/ml)
of vector preparations was determined by ELISA and the
transducing titers (TU/ml) by FACS analysis prior to and
following centrifugation. Lentiviral vector kinetics in cell-culture
medium (not shown) were comparable to those of concentrated
vector. Data represent the average and standard deviation of
three independent experiments
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Table 2. Concentration of lentiviral vectors by tangential flow filtration and centrifugation

Production
method Concentration method Volume TU/ml pg/ml Recovery

2 CF10 + 0% FCS / 2 l 2.05 × 106 ± 1.97 × 106 2.37 × 104 ± 1.10 × 104

TFF (300 kDa) 30 ml 1.68 × 108 ± 1.07 × 108 5.22 × 105 ± 6.48 × 104 100%
TFF (100 kDa) 30 ml 4.00 × 108 ± 7.86 × 107 5.51 × 105 ± 2.80 × 104 100%

TFF (100 kDa) + 5 h 26 000 g 600 µl 4.75 × 109 ± 3.75 × 108 1.11 × 107 ± 1.26 × 106 18%
TFF (100 kDa) + 5 h 26 000 g + 10% FCS 600 µl 4.48 × 109 ± 1.16 × 109 1.25 × 107 ± 1.48 × 106 17%
TFF (100 kDa) + 5 h 26 000 g + 10% BAF 600 µl 3.38 × 109 ± 1.57 × 109 3.20 × 106 ± 2.39 × 106 13%

TFF (100 kDa) + 2 h 76 000 g 1 ml 1.47 × 1010 ± 1.01 × 109 2.20 × 107 ± 4.10 × 106 94%

CH-eGFP-WS-derived HIV-1 vector was produced in serum-free medium in two 10-layer cell factories (CF10). Two days post-transfection, medium was
harvested and concentrated 66-fold by tangential flow filtration (TFF) using a 100 or a 300 kDa cut-off cassette. The transducing titers (TU/ml) and
the vector concentration (pg p24/ml) were determined as described earlier. The percentage of lentiviral vector particles recovered after centrifugation
is based on the ratio of transducing units before and after centrifugation. Data represent the average and standard deviation of at least three
independent experiments.

to 30 ml (66-fold) over a time-span of 2 h. We have
tested cassettes with a 100 kDa and a 300 kDa cut-
off membrane. Interestingly, ultrafiltration with either
membrane resulted in a complete recovery of the vector
in the ultrafiltrate (Table 2). Vector titers increased 21- to
50-fold after ultrafiltration with the 300 or 100 kDa cut-
off membrane, respectively, whereas p24 values increased
only 22-fold. For further optimization the 100 kDa cut-off
membrane was used for the experiments.

Subsequently, different centrifugation steps were eval-
uated to increase vector titers following TFF (Table 2).
The ultrafiltrate (30 ml) was concentrated by low-speed
centrifugation (5 h, 26 000 g) and resuspended in 600 µl
PBS, resulting in a 20-fold increase in pg p24/ml, an
11-fold increase in titers (TU/ml), and a total vector
recovery of 18% (Table 2). In contrast to our previous
results, neither the addition of FCS nor BAF prior to
centrifugation resulted in increased recovery (17 and
13%, respectively). Surprisingly, an almost complete vec-
tor recovery was obtained after ultracentrifugation (2 h,
76 000 g) of the ultrafiltrate. After resuspension of the
pellet in 1 ml of PBS, the final concentration of vector was
1.47 × 1010 TU/ml. Vector titer and p24 concentration
increased about 37- and 39-fold, respectively.

In conclusion, TFF allows significant concentration of
lentiviral vectors (2000 ml to 30 ml), resulting in a 50-
fold increase in vector titer and a 20-fold increase in p24
concentration. The subsequent ultracentrifugation step
results in an additional 40-fold increase in vector titer
(109 –1010 TU/ml) and p24 concentration (106 –107 pg
p24/ml) with a complete vector recovery.

Next, we evaluated the quality of the lentiviral vector
concentrated by TFF and subsequent ultracentrifugation
by silver staining. First, the purity of the vector prepa-
rations was evaluated by SDS-PAGE of total lentiviral
vector lysates following normalization for protein content
(Figure 3, lanes B–E). Samples of vector produced in 10%
FCS and concentrated by low-speed centrifugation or by
sucrose-gradient centrifugation and vector produced in
serum-free medium were run as controls. Data show a
major reduction in the total protein content for lentivi-
ral vectors purified by sucrose-gradient centrifugation or
produced in serum-free conditions (Figure 3, lanes C and

D, respectively), compared to vectors produced with 10%
FCS (Figure 3, lane B). Moreover, after concentration of
the vector produced in serum-free medium by TFF, a
significant reduction in total protein content was docu-
mented (Figure 3, lane E). In addition, a Western blot
was probed with the serum of an HIV-positive patient
(Figure 3, lane A) allowing the identification of viral pro-
teins (e.g. p24, p41, p66) in the silver-stained gels, clearly
showing that most of the silver-stained protein bands are
vector-related. However, other non-vector-related bands
were also detected. The purity of the lentiviral vectors was
also analyzed following normalization for transducing
units. Since vector titers increase 40-fold after ultracen-
trifugation following TFF, vector purity per transducing
unit increased remarkably (Figure 3, compare lanes G and
H), comparable with the purity of serum-free productions
with low-speed centrifugation (Figure 3, lane F).

Lentiviral-vector-mediated
transduction of mouse striatum

In our laboratory lentiviral vectors are injected stereo-
tactically into the murine brain to obtain locoregional
overexpression of transgenes involved in neurodegenera-
tion to study disease-related pathogenesis [6]. We have
previously demonstrated that the in vivo gene expression
of a lentiviral vector does not differ substantially whether
produced with or without serum in the medium [31]. In
order to evaluate the performance of lentiviral vectors pro-
duced according to our optimized production procedure,
eGFP expression was checked by immunohistochemistry
of six mice 2 weeks after stereotactic delivery in the right
striatum of 8.2 × 106 transducing units (2 µl) of CH-
eGFP-WS vector (Figure 4, left panel). As a control the
left striatum was injected with 2 µl of saline. The average
transduced brain volume was 8.22 ± 0.8 mm3. Immuno-
histochemical stainings for inflammation (CD4, CD8) and
microglial activation (CD11b) were negative, indicating
the absence of a local inflammation. We reported ear-
lier a mild, systemic immune response in the serum and
a transient decrease of NeuN expression 2 weeks after
stereotactic delivery of lentiviral vectors that were pro-
duced in the presence of FCS in C57bl/6 mice [31]. The
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Figure 3. Silver staining of lentiviral vector preparations. Lentiviral vectors were produced with (lanes B–C) or without FCS (lanes
D–H) and concentrated by sucrose-gradient centrifugation (lane C), low-speed centrifugation (5 h, 26 000 g) (lanes B, D and F),
tangential flow filtration (TFF) (lanes E and G), or TFF with subsequent ultracentrifugation (lane H). Lentiviral vector extracts
were separated by SDS-PAGE normalized for protein content (lanes B–E) or for transducing units (lanes F–H) and subsequently
visualized by silver staining. A Western blot (WB, lane A) of lentiviral vector probed with serum from an HIV-positive patient as a
primary antibody allows identification of viral proteins in the silver-stained gel (lanes B–H). A drastic reduction in total protein
content was observed after sucrose-gradient centrifugation of vector produced in 10% FCS (compare lane C with lane B). An equal
reduction in total protein content was observed after serum-free production and concentration by centrifugation or TFF, which is
less labor-intensive (compare lane C with lanes D and E). Evaluation of the protein content after normalization for transducing
units (lanes F–H) shows a significant decrease in protein content per transducing unit after TFF and ultracentrifugation (lane H).
The purity is comparable with the purity of a serum-free production concentrated by low speed centrifugation (lane F)

Figure 4. Transduction of mouse striatum with a lentiviral vector concentrated by TFF and ultracentrifugation. CH-eGFP-WS vector
was produced in CF10 in serum-free medium and concentrated by TFF and 2 h of ultracentrifugation. Six 8–9-week-old female
C57bl/6 mice underwent stereotactic surgery in the striatum (AP +0.5; ML 2; DV 3-2 mm from bregma). Two weeks post-injection
of 8.2 × 106 TU of concentrated vector in the right striatum and 2 µl saline in the left striatum, animals were sacrificed. Brain
slices were immunostained with rabbit anti-eGFP and mouse anti-NeuN primary antibodies. The transgene expression (eGFP) was
detected with the anti-eGFP primary antibody in the striatum around the injection site. Detection of NeuN, a marker for neuronal
cells, is indicative of an absence of a systemic immune response [31]. We have previously shown a transient decrease in NeuN
staining at 2 weeks post-injection of immunogenic lentiviral vectors

use of vectors produced in serum-free conditions reduced
the systemic immune response to almost undetectable
levels and resulted in normal NeuN staining 2 weeks post-
injection [31]. Consequently, we evaluated NeuN staining
and the systemic immune response 2 weeks post-injection
(Figure 4, right panel). When using a lentiviral vec-
tor prepared in serum-free conditions and concentrated

via ultrafiltration and ultracentrifugation, NeuN stain-
ing was found to be positive and only a limited immune
response could be detected in the sera of the injected mice
(Figure 5). As a negative control, extracts of 293T cells
and lentiviral vector were separated on a 4–12% NuPAGE
gel and incubated with serum of a saline-injected mouse.
In addition, these samples were probed with p24-, p17-,
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RT-antibodies and serum of a mouse injected with vector
produced in FCS as positive controls. The serum of only 1
out of 14 mice showed clear immunoreactivity against vec-
tor and 293T cell extracts. The humoral immune response
after intravenous (IV) injection of lentiviral vector was not
evaluated in this study, since we primarily use lentiviral
vectors for locoregional overexpression in the brain, an
immune privileged site.

Discussion

Lentiviral-vector-mediated gene transfer into the brain
has been proven to result in efficient and stable transgene
expression. Before using gene-therapeutic approaches in
clinical settings, it is important to prepare large batches
of high-titer vector preparations, optimized with regard
to vector purity and the absence of an immune or
inflammatory response. We previously described a drastic
reduction in immune response after stereotactic injection
of lentiviral vector produced in serum-free medium [31].
Starting from these results we methodically evaluated
various lentiviral vector production and concentration
methods. Since standardization of gene transfer in
animal models requires large-scale vector preparations,
we evaluated as well a new method for upscaling of
lentiviral vector production and concentration by use of
multiple-tray cell factories and tangential flow filtration.

In the past few years, several methods for the
concentration of lentiviral vectors have been described
[20,21,23,24,37]. Initially, we successfully adapted

Figure 5. Immune response in mouse serum after stereotactic
injection. To examine the systemic immune response against
vector or 293T components after injection of lentiviral vector in
the brain, extracts of 293T cells (first lane on each blot) and
lentiviral vector (second lane on each blot) were separated by
SDS-PAGE, blotted and incubated with sera from 14 different
mice or with control anti-HIV antibodies (against p17, p24 or
RT). As positive control, serum of a mouse that was injected
with lentiviral vector produced in FCS was used (bl 15). This
vector has previously been demonstrated to induce a systemic
immune response [31]. A drastic reduction in the systemic
immune response was shown for lentiviral vector produced in
serum-free conditions (TFF, 2 h ultracentrifugation) (bl 10 and
bl 777) as compared to vectors produced with FCS (bl 15). In 13
out of 14 animals a low immune response was evidenced. The
Western blots shown (bl 10 and bl 777) are representative for
these 13 animals

the originally described high-speed ultracentrifugation
protocol (90 min, 50 000 g) for vectors produced in
medium supplemented with 10% FCS [25] to a low-speed
centrifugation protocol (5 h, 26 000 g) [31], resulting
in comparable vector titers, p24 concentration and
vector recovery. However, although the use of serum-
free medium for vector production in culture dishes
resulted in similar vector titers in culture medium
(Table 1), vector recovery following both low- and high-
speed centrifugation dropped dramatically (69 to 10%),
indicating that the presence of FCS increases the pelleting
efficiency of the vector particles. Indeed, addition of
10% FCS to a lentiviral vector produced in serum-free
conditions restored vector recovery to 64% (Table 1).

In order to standardize vector production and upgrade
the amount of vector that can be produced in a single
production, we evaluated the use of multiple-layer cell
factories. Hence, the amount of plasmid DNA was
recalculated proportionally to the surface area, which
proved to be the best approach, since the use of half or
double the amount of DNA resulted in a reduction of
vector titers and p24 values (not shown) [16]. Although
vector production in culture dishes seems to result in
better vector titers and p24 values at first sight (almost a
5-fold difference), we have to take into account that the
volume of culture medium in which the vector is recovered
differs 3.75-fold in CF2 (150 to 40 ml), whereas the total
surface area is only double (the surface area of a CF2
equals that of 16 culture dishes). Indeed, both low- and
high-speed centrifugation of the culture medium resulted
in vector titers and p24 values that were comparable
to those in cell-culture dishes (Table 1). An additional
high-speed centrifugation step (1 h, 50 000 g), to increase
vector titers even more, resulted only in a 2- to 4-fold
increase, whereas the vector recovery dropped to 10%.

The use of multiple-tray cell factories for vector produc-
tion has been proven to be a good alternative to culture
dishes [29]. Indeed, besides upscaling of viral vector pro-
duction, less hands-on time is required for transfection
and medium replacement, and fewer cells and less DNA
are needed. Moreover, the risks for cell-culture contami-
nation and biohazard exposure are reduced. Nevertheless,
it is necessary to look for alternative concentration meth-
ods when producing viral vectors in multiple-layer cell
factories (e.g. CF4, CF10), since ultracentrifugation is lim-
ited by the total volume of cell-culture medium that can
be centrifuged in a single run (typically 6 × 30–50 ml).
Therefore, additional concentration steps prior to pre-
cipitation of vector particles or adapted precipitation
protocols are obligatory. Zhang and co-workers described
a low-speed centrifugation method (2 h, 10 000 g), allow-
ing concentration of cell-culture volumes up to 3 l
[37]. Weak anion-exchange chromatography [23] and
anion-exchange high-performance liquid chromatography
(HPLC) [24] have also been described to purify and con-
centrate lentiviral vectors, resulting in vector titers of
107 –108 TU/ml and an average vector recovery of 44%.

We analyzed tangential flow filtration (TFF) as a new
method for large-scale purification and concentration of
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lentiviral vectors. Indeed, retroviral vectors have been
concentrated up to 24-fold with a vector recovery of 90%
in a Pellicon TFF system [17]. Based on ultrafiltration,
TFF allows both purification and concentration of large
volumes (up to 2000 ml) in a limited time-span (2 h). In
addition, the limited size of the Minim TFF apparatus
allows manipulation under a laminar airflow cabinet,
increasing the biosafety and decreasing the risk of
contaminations. Depending on the pore size of the
membrane (100–300 kDa), particles of different sizes
can be retained in the ultrafiltrate. Clogging of the
membrane is prevented by recirculation under a constant
tangential pressure of 1 bar. Concentrating lentiviral
vectors 67-fold (2000 ml to 30 ml), TFF increased vector
titers 21- and 50-fold, respectively, with a complete
vector recovery (Table 2). To increase vector titers even
more for in vivo applications, different centrifugation
methods were evaluated on the ultrafiltrate. Low-speed
centrifugation resulted approximately in an 11-fold
increase in vector titers with a total recovery of only
18%. In contrast to the results obtained after addition of
FCS prior to concentration to a serum-free production in
culture dishes (Table 1), addition of 10% FCS or BAF to
the ultrafiltrate prior to centrifugation could not restore
vector recovery, not even in part. The exact mechanism of
increasing pelleting efficiency of lentiviral particles by FCS
is not known. FCS may enhance precipitation of lentiviral
vectors by stimulating protein-protein interactions with
the vector particles, which could result in an increased
weight of the particles. The change in composition of the
vector preparation after TFF apparently interferes with
the pelleting capacity of FCS. However, a supplementary
ultracentrifugation step (2 h, 76 000 g) resulted in
efficient concentration of the ultrafiltrate with a vector
recovery of nearly 100% (Table 2). Ultracentrifugation
of cell-culture medium without prior TFF (Table 1)
did not result in complete vector recovery, pointing
again to a change in physiological composition of the
vector preparation following TFF. Increased vector titers
can also be obtained by ultrafiltration of cell-culture
medium with Centricon columns [16,21]. Reiser [21] and
Sena-Esteves et al. [22] were able to concentrate HIV-
1-derived vectors pseudotyped with different envelopes

by ultrafiltration to titers of 109 –1010 TU/ml with a
complete recovery, whereas ultracentrifugation resulted
in a recovery between 60 and 90%. Coleman et al.
[16] combined ultrafiltration using Centricon columns
with subsequent low-speed centrifugation as an efficient
method to scale-up the lentiviral vector production to
titers of 1.4 × 1010 TU/ml with a recovery of 40%. In
our hands, however, an additional ultrafiltration step
of the TFF-concentrated vector with Centriprep columns
resulted in a very poor recovery (data not shown). In
addition, we evaluated the quality of the lentiviral vector
concentrated by TFF and subsequent ultracentrifugation
by silver staining. Total lentiviral vector lysates were
evaluated by SDS-PAGE following normalization for
protein content (Figure 3, lanes B–E) or for transducing
units (Figure 3, lanes F–H). A significant reduction was
shown in the total protein content for lentiviral vectors
purified by sucrose-gradient centrifugation or produced
in serum-free conditions (lanes C and D, respectively),
compared to vectors produced with serum (lane B).
Moreover, after concentration of the serum-free vector
by TFF, a significant reduction in total protein content
was detected (lane E). A Western blot probed with
the serum of an HIV-positive patient (lane A) allowed
identification of viral proteins (e.g. p24, p41, p66) in
the silver-stained gels and clearly demonstrated that the
most prominent of the silver-stained protein bands are
vector-related. After normalizing the lentiviral vectors
for transducing units, we found the vector purity per
transducing unit to increase remarkably when TFF and
ultracentrifugation were combined (Figure 3, compare
lanes G and H). This purity was comparable with that
of serum-free productions with low-speed centrifugation
(Figure 3, lane F).

Finally, in vivo stereotactic injection of CH-eGFP-WS
vector concentrated by TFF plus ultracentrifugation
resulted in a high transduction of mouse striatum
without evidence of an immune response or neuro-
inflammation. Markers for inflammation (CD4, CD8)
or microglial activation (CD11b) were not detected
after immunohistochemical staining and a positive NeuN
staining implicated the absence of a systemic immune
response (Figure 4). Analysis of sera of mice injected

Table 3. Overview of lentiviral vector production and concentration methods

Amounts of plasmid used (µg)

Recipient Production method
Transfer
plasmid

Packaging
plasmid

Envelop
plasmid

Concentration
method

Vtot
vector Recovery (%)

64 culture dishes DMEM + 10% FCS 1280 640 320 5 h 26 000 g 400 µl 65
64 culture dishes OPTIMEM + 0% FCS 1280 640 320 5 h 26 000 g 400 µl 14
2 CF2 OPTIMEM + 0% FCS 640 320 160 5 h 26 000 g 400 µl 36

TFF 30 ml 100
2 CF10 OPTIMEM + 0% FCS 3200 1600 800 TFF + 5 h 26 000 g 600 µl 18

TFF + 2 h 76 000 g 1 ml 100

A CH-eGFP-WS vector is produced in 64 culture dishes (with or without serum), in two CF2 or two CF10 in serum-free conditions. The amounts of
the various plasmids required for transfection are indicated, as well as the final volume of the lentiviral vector preparation (Vtot). Concentrated vector
volume and recovery of transducing units are shown for the different concentration methods applied. Vector titers and p24 concentration after
concentration with the described methods are in the range of 109 –1010 TU/ml and 106 –107 pg p24/ml.
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with this vector showed a drastic reduction in immune
response, as described previously [31].

In conclusion, we report a new method for upscaling
the production of lentiviral vectors to high titers
(109 –1010 TU/ml) and p24 levels (106 –107 pg p24/ml),
which are comparable to those of small-scale vector
productions. Moreover, the total volume of concentrated
vector increased significantly by combining TFF and
ultracentrifugation, limiting hands-on time and the
amounts of plasmid DNA and producer cells (Table 3).
All manipulations can take place under a laminar airflow
cabinet, increasing the biosafety and decreasing the
risk of contaminations. Due to these large-scale vector
productions, large cohorts of animals can be tested with
the same vector preparation, allowing a better and more
coherent evaluation. Nevertheless, it remains necessary
to increase vector titers even further, for more successful
gene therapy in larger animal models and eventually in
humans.
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