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a b s t r a c t

Desthiobiotin-tagged lentiviral vectors have been metabolically produced by DBL producer cells in a
7,8-diaminopelargonic acid (7-DAPA) dependent manner for envelope independent, single-step affinity
purification. 7-DAPA, which has little or no affinity for avidin/streptavidin, was synthesised and veri-
fied by NMR spectroscopy and mass spectrometry. By expressing the biotin acceptor, biotin ligase and
desthiobiotin synthase bioD, DBL cells converted exogenous 7-DAPA into membrane-bound desthiobi-
otin. Desthiobiotin on the DBL cell surface was visualised by confocal microscopy and the desthiobiotin
density was quantified by HABA-avidin assay. Desthiobiotin was then spontaneously incorporated onto
the surface of lentiviral vectors produced by the DBL cells. It has been demonstrated by flow cytom-
treptavidin
onomeric avidin

esicular stomatitis virus glycoprotein
seudotyped lentivirus
ffinity chromatography
ene therapy

etry that the desthiobiotinylated lentiviruses were captured from the crude 7-DAPA-containing viral
supernatant by Streptavidin Magnespheres® and eluted by biotin solution efficiently whilst retaining
infectivity. The practical, high yielding virus purification using Pierce monomeric avidin coated columns
indicates a highly efficient biotin-dependent recovery of infectious lentiviruses at 68%. The recovered
lentiviral vectors had a high purity and the majority were eluted within 45 min. This 7-DAPA mediated
desthiobiotinylation technology can be applied in scalable production of viral vectors for clinical gene

therapy.

. Introduction

Lentiviral vectors are attractive for gene therapy applications
nd their clinical promise for the treatment of HIV/AIDS has
een demonstrated [1]. Amongst other problems, the progress

n lentiviral gene therapy has been hampered by the require-
ent for production of purified lentiviral vectors with high titre.

entiviral vectors are often purified using conventional multi-
tep downstream processing methods including density-gradient
entrifugation [2], precipitation [3], filtration [4], size exclusion
nd ion-exchange chromatography [5–8]. These low specificity
rocesses are time-consuming and some are scale limited and gen-
rally result in low recoveries of infectious viral particles. Antibody
nd heparin affinity chromatography have enabled a specific sep-

ration of herpes simplex viruses [9], adeno-associated viruses
10] and lentiviruses [11] from impurities generated by host cells.
owever, both of these techniques have potential constraints in
anufacturing. Antibody production, purification and immobili-

∗ Corresponding author. Tel.: +44 1223 762953; fax: +44 1223 334796.
E-mail address: nkhs2@cam.ac.uk (N.K.H. Slater).
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© 2010 Elsevier B.V. All rights reserved.

sation are costly at large scale and for each virus type a different
antibody would be required [9]. In addition, many cellular proteins
are known to associate with heparin, hence the use of a heparin
column requires the incorporation of a specific step to remove
contaminating heparin-binding proteins [10].

We have a long-standing interest in the use of affinity chro-
matography as a single-step capture method for the generic
recovery of viral vectors by exploiting streptavidin–biotin interac-
tions. Nesbeth et al. [12] engineered a novel human 293T based
packaging cell line BL15, which metabolically produces sponta-
neously biotin-tagged lentiviral vectors requiring only biotin in
the culture medium. This metabolic biotinylation technology facil-
itates highly efficient affinity-mediated paramagnetic-particle and
chromatographic capture of viral particles but a medium change
prior to viral harvest is obligatory [12–14]. However, its value
in manufacturing is limited because: (i) the crude supernatants
containing biotinylated viruses are contaminated with compet-

ing free-biotin that reduce the efficiency of viral capture; (ii) the
high-affinity binding of biotin to streptavidin (dissociation constant
Kd ∼10−15 M) [15,16] makes it unsuitable for processes requiring
efficient elution of viruses from affinity supports under physiolog-
ical conditions [13]. To address these two limitations, this work

dx.doi.org/10.1016/j.jchromb.2010.05.019
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:nkhs2@cam.ac.uk
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2.4. Cell culture
Fig. 1. The biosynthetic pathway of biotin.

emonstrates that 7,8-diaminopelargonic acid (7-DAPA) mediated
esthiobiotin labelling of the lentiviral surface enables reversible
inding to avidin/streptavidin.

In Escherichia coli, the precursor 7-DAPA is synthesised into
esthiobiotin by the enzymatic action of synthase bioD (Fig. 1) [17].
new packaging cell line, DBL, has been developed by cloning and

xpressing synthase bioD in BL15 cells (data published elsewhere).
n summary the bioD was cloned, sequenced and ligated into the
ukaryotic expression vector pIREShyg3. The use of a suboptimal
loning site 3′ to the Internal Ribosome Entry Site (IRES) allows
ygromycine B dependent selection of transfected cells expressing
igh levels of insert derived protein, in this case BioD. This allows
esthiobiotinylation of the DBL cell surface followed by the pro-
uction of desthiobiotin-tagged lentiviral vectors when 7-DAPA

s present in the culture medium. This development enables two
ajor processing enhancements. Firstly, 7-DAPA does not bind

vidin/streptavidin [18], so desthiobiotin-tagged lentiviruses can
e captured directly from crude supernatants without the need
or pre-treatments to remove free avidin-binding impurities. Sec-
ndly, desthiobiotin has a lower affinity for avidin/streptavidin
Kd ∼10−13 M) than biotin [16,19], and the desthiobioitin-labelled
entiviral vectors are therefore amenable to gentle elution strate-
ies. Monomeric avidin, which reportedly has a lower affinity

−7
inding to biotin (Kd ∼10 M) than streptavidin [20], is demon-
trated as a replacement to streptavidin in this paper to further
mprove the virus purification process.

Fig. 2. Synthetic scheme of 7,8-diam
878 (2010) 1939–1945

2. Materials and methods

2.1. Materials

Streptavidin Magnespheres® paramagnetic particles
(1 mg mL−1) were supplied by Promega (Southampton, UK).
Barium hydroxide monohydrate was obtained from Fisher
(Loughborough, UK). RPMI-1640 medium (without l-glutamine),
Dulbecco’s modified Eagle medium (DMEM), CellMaskTM plasma
membrane stain, NuPAGE® Novex® Bis–Tris 4–12% Mini Gels,
Novex® MES SDS Running Buffer (20×) and Novex® LDS sam-
ple buffer (4×) were purchased from Invitrogen (Paisley, UK).
Pierce SilverSnap® Stain Kit and Pierce monomeric avidin coated
columns were purchased from Thermo Scientific (Rockford, USA).
Desthiobiotin, foetal bovine serum (FBS), dialysed FBS (10,000 Da
molecular weight cut-off), Dulbecco’s phosphate buffered saline
(D-PBS), penicillin–streptomycin solution (10,000 U mL−1 peni-
cillin and 10 mg mL−1 streptomycin), l-glutamine solution
(200 mM), puromycin, blasticidin, hygromycin, avidin-FITC, 4-
hydroxyazobenzene-2-carboyxlic acid (HABA)–avidin reagent,
trypsin–EDTA solution (0.5 g L−1 porcine trypsin and 0.2 g L−1

EDTA·4Na) and Hanks’ balanced salt solution (HBSS) were
obtained from Sigma–Aldrich (Dorset, UK).

2.2. Synthesis of 7-DAPA

7-DAPA was chemically synthesised according to the procedure
illustrated in Fig. 2. A 20-mL Biotage Microwave Vial (Biotage, Swe-
den) was added with 160 mg of desthiobiotin, 16 mL of deionised
water, 3.53 g of barium hydroxide monohydrate as a catalyst and
a magnetic stir bar, and then sealed. The reaction proceeded at
158 ◦C in an Initiator Microwave Synthesiser (Biotage, Sweden) for
7.5 h. The sample was then centrifuged twice to remove insolu-
ble impurities. The supernatant was saturated with carbon dioxide
and the precipitate was removed by centrifugation. The resulting
supernatant was acidified with 1 M H2SO4 (pH ∼6.5) to remove
residual barium ions, and then lyophilised to fine white powder
(yield = 62%). The product was stored at 4 ◦C.

2.3. Structural characterisation

13C NMR spectra of 7-DAPA (in D2O) and desthiobiotin (in
d6-DMSO) were obtained on a Bruker Advance 500 MHz spec-
trometer (Bruker Biospin GmbH, Germany) at room temperature.
High-resolution mass spectrometry (HRMS) was carried out using
a Micromass Quadrupole-Time of Flight spectrometer. 13C NMR
(500 MHz, D2O) for 7-DAPA: ı 183.9, 53.7, 49.0, 37.3, 29.9, 28.1,
25.3, 24.4, 13.6 ppm; HRMS (m/z) for [C9H21N2O2]+, calculated:
189.1603, found: 189.1610.
Human 293T based BL15 packaging cells [12] were grown in
DMEM supplemented with 10% (v/v) biotin-free FBS, 100 U mL−1

penicillin, 100 �g mL−1 streptomycin, 2.5 �g mL−1 blasticidin and

inopelargonic acid (7-DAPA).
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.5 �g mL−1 puromycin. In this cell line the extracellular domain
f a fragment of the low-affinity nerve growth factor receptor
LNGFR) [21] has been fused to a biotin acceptor peptide (BAP)
22]. The expression of LNGFR-BAP with the bacterial birA gene
23] in these cells has enabled the endogenous metabolic biotiny-
ation of a specific lysine residue in the BAP region. The biotin is
hus transported to the cell surface as a membrane anchored affin-
ty moiety and incorporated onto the membrane of the lentiviral
articles produced by these cells. The DBL packaging cell line has
een developed by cloning and expressing synthase bioD along-
ide birA and LNGFR-BAP in BL15 cells (data published elsewhere).
n summary the bioD was cloned, sequenced and ligated into the
ukaryotic expression vector pIREShyg3. The use of a suboptimal
loning site 3′ to the Internal Ribosome Entry Site (IRES) allows
ygromycine B dependent selection of transfected cells expressing
igh levels of BioD. The bacterial birA gene already expressed in the
ells would then covalently tag the BAP region with desthiobiotin
hich was converted from 7-DAPA by the enzymatic action of BioD,

hus allowing production of desthiobiotin-tagged lentiviral vec-
ors. DBL cells were grown in DMEM supplemented with 10% (v/v)
iotin-free FBS, 100 U mL−1 penicillin, 100 �g mL−1 streptomycin,
.5 �g mL−1 blasticidin, 2.5 �g mL−1 puromycin and 200 U mL−1

ygromycin. K562 human immortalised myelogenous leukaemia
ells were maintained in RPMI-1640 medium and TE671 human
habdomyosarcoma cells were maintained in DMEM. Both of these
ets of medium were supplemented with 10% (v/v) FBS, 2 mM l-
lutamine, 100 U mL−1 penicillin and 100 �g mL−1 streptomycin.
he four types of cells were split three times per week. Cells were
aintained in a humidified incubator at 37 ◦C and 5% CO2.

.5. Laser scanning confocal microscopy

To visualise the cell surface desthiobiotinylation, 4 × 105 DBL
ells were cultured on a 35-mm glass-bottom culture dish (Mat-
ek, USA) with 2 mM 7-DAPA for 96 h. The spent medium was
emoved gently and the cells were incubated in 1 mL of fresh com-
lete DMEM containing 5 �g mL−1 CellMaskTM plasma membrane
tain at 37 ◦C for 5 min. The stain was removed and the cells were
ashed gently three times with D-PBS. 2 mL of complete DMEM

ontaining 80 �g mL−1 avidin-FITC was then added to the cells at
◦C for 30 min. The FITC was aspirated and the cells were washed
ith D-PBS twice. An SP5 laser scanning confocal microscope (Leica,
ermany) was used to image the desthiobiotinylated DBL cells. The
vidin-FITC and CellMaskTM plasma membrane stain were excited
sing laser lines of 488 and 543 nm respectively.

.6. HABA-avidin assay

The extent of 7-DAPA mediated desthiobiotinylation on the
BL cells was determined by using the HABA-avidin assay

24,25]. The DBL cells were cultured with 7-DAPA at the
escribed concentration for the indicated time periods. The spent
edium was then removed and the cells were rinsed with
-PBS. The absorbance of fresh HABA-avidin solution, which
ontains 0.3 mM HABA, 0.45 mg mL−1 avidin, 0.01 M HEPES (N-[2-
ydroxyethyl]piperazine-N′-[2-ethanesulfonic acid], a buffer with
Ka = 7.5), 0.3 M NaCl, 0.01 M MgCl2 and 0.02% sodium azide, was
rst measured at 500 nm and 2 mL of the solution was added to
he adherent DBL cells in a culture flask and incubated for 5 min.
he HABA-avidin solution was then removed and its absorbance

as measured at 500 nm. The change in absorbance of the HABA-

vidin solution and the relevant cell counts were used to calculate
he average number of surface desthiobiotin per cell. For the exper-
mental control, DBL cells (cultured in 7-DAPA free medium) were
ncubated with HABA-avidin solution.
878 (2010) 1939–1945 1941

2.7. Desthiobiotinylation of lentiviral vectors

Vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped
lentiviral vectors, which were produced from the 7-DAPA-treated
DBL packaging cells, acquired desthiobiotinylated envelope pro-
teins as they budded from the DBL cell membrane. Briefly, the
DBL cells were trypsinised and plated at 1 × 106 cells per 90 mm
Petri-dish in 10 mL of complete DMEM containing 7-DAPA at
the described concentration. After 72 h the cells cultured in 7-
DAPA-containing medium were transiently transfected with a
combination of green fluorescence protein (GFP) lentivirus (vector,
10.0 �g per dish), delta 8.91 (helper, 7.0 �g per dish) and VSV-G
(envelope, 3.5 �g per dish) plasmids by calcium phosphate trans-
fection. After 48 h the lentiviral supernatant was harvested and
filtered with 0.45 �m filter for processing and infection of target
cells.

2.8. Determination of viral titre

4 × 105 suspension K562 cells were seeded into each well of a
24-well plate containing complete RPMI-1640 medium (1 mL/well
containing 4.4 �g mL−1 polybrene). The plate was placed into a
37 ◦C incubator for 1–2 h. Preparations of freely suspended or Strep-
tavidin Magnespheres® bound viruses were titred as described
previously [12,26]. Briefly, samples were diluted serially 1:10 in
complete RPMI-1640 medium and 100 �L was added to triplicate
wells with mixing. After 48 h the suspension K562 cells were split
by replacing 900 mL of cell suspension with the same volume of
fresh complete RPMI-1640 medium. The plate was returned to cul-
ture for a further 96 h after which the colony forming unit (cfu)
number was determined by analysis of the percentage of GFP-
expressing cells on a BD FACScan flow cytometer (BD Bioscience,
USA). The concentration of cfu mL−1 was calculated as the number
of colonies per well multiplied by the dilution factor. In some case,
adherent TE671 cells were chosen as target cells with a seeding
density at 5 × 104 cells/well.

2.9. Batch capture and elution of lentviral vectors using
Streptavidin Magnespheres®

Streptavidin Magnespheres® were supplied sterile and pre-
pared by washing three times in HBSS. 100 �L of these streptavidin
coated paramagnetic particles were added to 3 mL of the harvested
7-DAPA-containing lentiviral supernatant and mixed at room tem-
perature for 2 h using a rotary mixer. The paramagnetic particles
were then separated by a Dynal Magnetic Separator (Invitrogen,
UK) and the titres (cfu mL−1) of the viral supernatants before and
after the contact period and the adsorbed viruses on the Strep-
tavidin Magnespheres® were determined. For the elution study,
the desthiobiotinylated lentiviral vectors were desorbed from the
Streptavidin Magnespheres® using 0.6, 1 and 3 mM d-biotin (dis-
solved in pH 7.4 D-PBS) respectively. After the lentivirus-adsorbed
paramagnetic particles were washed with HBSS twice, 1 mL of d-
biotin solution was added to the adsorbent sample and mixed
for 2 h at room temperature using a rotary mixer. The titres of
the eluted viruses and the remaining viruses on the Streptavidin
Magnespheres® were determined.

2.10. Column-based purification of lentiviral vectors

Pierce monomeric avidin coated columns (2 mL) were selected

to test the affinity column-based recovery of desthiobiotin-tagged
lentiviral vectors. The columns were equilibrated with PBS buffer,
loaded with crude 7-DAPA-containing lentiviral feedstocks by grav-
ity flow, washed with PBS buffer and eluted with 2 mM biotin.
Column breakthrough, wash and elution fractions were collected
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Fig. 4. Laser scanning confocal microscopy images of DBL cells and the control BL15
ig. 3. 13C NMR spectra of (A) desthiobiotin in d6-DMSO and (B) 7-DAPA in D2O.

nd analysed by flow cytometric analysis of the percentage of GFP-
xpressing cells after 6 days of infection of target cells.

.11. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SDS-PAGE) analysis

Samples (5 �L) were heated at 90 ◦C for 30 min using a Stuart
lock heater (Bibby Scientific, UK) to inactivate viruses. These sam-
les were analysed by SDS-PAGE using NuPAGE® Novex® Bis–Tris
–12% Mini Gels and XCell Mini-Cell according to the manufac-
urer’s instructions (Invitrogen, UK). The gel was stained with Pierce
ilverSnap® Stain Kit according to the manufacturer’s instructions
Thermo Scientific, USA) and then photographed on a MEDALight
ight panel (Morco, UK) using a Cannon EOS 400D Digital SLR Cam-
ra (Japan).

. Results and discussion

.1. Synthesis and characterisation of 7-DAPA

7-DAPA is not available commercially and so the synthesis of
offmann et al. [27] was modified to make 7-DAPA from desthiobi-
tin in a microwave synthesiser. The purified product was analysed
y 13C NMR. Compared to the 13C NMR spectrum of the start-

ng desthiobiotin, it is noticeable that the urea carbon group (ı
62.9 ppm) on the cyclic urea derivative had disappeared in the
utative 7-DAPA product (Fig. 3). The molecular weight of 7-DAPA
as verified by high-resolution mass spectrometry.

.2. Desthiobiotinylation of cell surface

The hypothesis that DBL cells with a combination of LNGFR/BAP
acceptor), birA (biotin ligase) and bioD (desthiobiotin syn-
hase) would convert exogenous 7-DAPA into membrane-bound
esthiobiotin was tested by confocal microscopy analysis (Fig. 4).

vidin-FITC was able to detect the presence of desthiobiotin

Fig. 4B) and CellMaskTM stain was able to locate the position of the
ell plasma membrane (Fig. 4C). The overlay of Fig. 4B and C (Fig. 4D)
hows that desthiobiotinylation on the surface of DBL cells was suc-
essful. No detectable avidin-FITC fluorescence was observed on the
cells incubated with 2 mM 7-DAPA for 96 h. (A) No detectable fluorescence on BL15
cells after avidin-FITC staining. (B) Desthiobiotin detected on the surface of DBL
cells after avidin-FITC staining. (C) DBL cell membranes visualised by CellMaskTM

staining. (D) Overly of (B) and (C).

parent BL15 cells (Fig. 4A), indicating that DBL cells utilised 7-DAPA
as a result of BioD expression.

The density of desthiobiotin on the DBL cell surface was quanti-
fied by HABA-avidin assay (Fig. 5). Desthiobiotin can displace HABA
in the HABA-avidin complex easily due to its higher affinity bind-
ing to avidin (Kd ∼3.5 × 10−13 M) [16] than HABA (Kd ∼6 × 10−6 M)
[28]. The resulting reduction in absorbance of the HABA-avidin
solution at 500 nm can be related to the desthiobiotin concen-
tration. Fig. 5A shows that the average number of desthiobiotin
molecules on the cell surface was dependent on the amount of 7-
DAPA added to the culture. The extent of desthiobiotinylation was
slightly increased at a 7-DAPA concentration lower than 0.5 mM
compared to the control DBL cells without the treatment of 7-DAPA.
The degree of desthiobiotin labelling on the DBL cell membranes
was increased significantly to 1.2 × 109 desthiobiotin molecules per
cell relative to the control with increasing 7-DAPA concentration up
to 2 mM. Fig. 5B shows that a substantial degree of desthiobiotiny-
lation could be obtained after 24 h. This level increased to a peak
at 48 h where further incubation resulted in decreased activity. A
control sample in the absence of 7-DAPA was necessary to ascertain
the level of background due to non-specific interactions between
membrane proteins and HABA [25].

3.3. Virus capture and elution

DBL cells were cultured continuously in 7-DAPA-containing
medium and viral labelling continued from transfection up to the
time of viral harvest. Fig. 6A shows that the efficiency of viral cap-
ture, indicated by the depletion of VSV-G pseudotyped lentivirus
from the viral supernatant compared with starting viral titre,

increased gradually up to 52% with increasing 7-DAPA concentra-
tion to 2 mM. It is interesting to note that the variation of the virus
capture efficiency is consistent with that of the extent of desthiobi-
otinylation (Fig. 5A). In addition, Fig. 6B shows that the lower extent
of desthiobiotinylation at 0.5 mM of 7-DAPA resulted in the higher
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Fig. 5. Characterisation of the extent of desthiobiotinylation on the surface of DBL
cells by using the HABA-avidin assay. (A) 7-DAPA concentration-dependent desthio-
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Fig. 6. (A) The influence of the concentration of 7-DAPA contacted with DBL cells for
96 h upon the capture of desthiobiotinylated VSV-G pseudotyped lentiviral vectors
on Streptavidin MagneSpheres® . (B) Elution efficiencies of the lentiviral vectors pro-
duced by DBL cells incubated with 7-DAPA at 0.5 (blank columns) and 2 mM (grey
columns) by using different concentrations of biotin. 7-DAPA-containing lentivi-
ral supernatant (3 mL) from cultures of DBL cells was contacted with 100 �L of
Streptavidin MagneSpheres® for 2 h at room temperature using a rotary mixer.
Samples (100 �L) were taken from the viral supernatants before and after the
contact period and assayed to infect TE671 cells (5 × 104 cells mL−1). Viral titre
(cfu mL−1) was determined by flow cytometric analysis of the percentage of GFP-
expressing cells after 6 days of infection. The capture efficiency is expressed as the
percentage of decrease in titre of the viral supernatant. In addition, The Streptavidin
MagneSpheres® were washed with HBSS, resuspended in 10 �L of RPMI 1640, and
then assayed to infect K562 cells (4 × 105 cells mL−1). The titre of adsorbed viruses
(cfu mL−1) on the Streptavidin MagneSpheres® before elution was determined. For
the elution test, the Streptavidin MagneSpheres® were resuspended in 1 mL of 0.6,
1 and 3 mM biotin (dissolved in pH 7.4 D-PBS) for 2 h at room temperature using
iotinylation after 96 h. (B) Incubation duration-dependent desthiobiotinylation of
BL cells contacted with 1 mM DAPA. The error bars represent standard deviations
f triplicate samples.

lution of the desthiobiotin-tagged lentiviral vectors. It has been
uggested by Williams et al. [13] that the ligand density on the viral
urface is an important parameter for viral capture and elution, and
an be adjusted by varying the degree of labelling of the packaging
ells. Fig. 6B shows that over 65% of these adsorbed desthiobiotiny-
ated lentiviral vectors can be eluted by using biotin solution, which
s significantly higher compared to biotinylated viral vectors (∼5%)
13].

The capture and elution profiles of the desthiobiotin-labelled
SV-G pseudotyped lentiviral vectors were thus used as a basis

or the design of a column strategy. 12 mL of DBL-derived crude
entiviral supernatant (2.13 × 106 viral vectors), which was har-
ested without the pre-treatment to remove 7-DAPA, was applied
o a 2-mL Pierce monomeric avidin coated column. As shown in Fig.
A, 89% of lentiviral vectors (1.89 × 106 viral vectors) were cap-
ured by the column. The elution efficiency using 22 mL of 2 mM
iotin, as determined by the biotin-dependent recovery of captured

entiviruses without initial batch contact, reached 77% (1.45 × 106

iral vectors). Analysis of the total lentiviruses eluted compared
o the total load indicates an overall yield of purified lentiviral
ectors of 68%. For comparison, recovery of active viral vectors
ost-purification of approximately 30% is taken to be common for
urrently proposed purification schemes [29]. Fig. 7B shows that
7% of the captured lentiviruses (1.26 × 106 viral vectors) can be

luted within 45 min, indicating that 7-DAPA dependent purifica-
ion of crude feedstocks, where no avidin-binding impurities are
equired to be removed prior to purification, can achieve very
ast and efficient viral recovery. Another recent report of purifi-
a rotary mixer. The titre of remaining viruses on the Streptavidin Magnespheres®

was determined similarly by infection of K562 cells, and then the elution efficiency
was calculated. The error bars represent standard deviations of triplicate samples.

cation of biotinylated-adenovirus by monomeric avidin coated
SoftLinkTM resin necessitated 4 h initial batch contact followed by
overnight elution in order to improve capture and elution effi-
ciencies [30]. The recovered lentiviral vectors were analysed by
using the SDS-PAGE analysis. Lanes 5–8 in Fig. 8 have no detectable
protein impurities, suggesting that the recovered viruses contain
much less protein contaminants than the virus-containing cell

culture supernatant. The protein impurities present in the crude
virus-containing cell culture supernatant (Lane 2) were found
in the supernatant after adsorption (Lane 3) and washing frac-
tion (Lane 4). This indicates an efficient protein clearance and
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Fig. 7. Column-based purification of desthiobiotinylated lentiviral vectors produced
by DBL cells contacted with 2 mM 7-DAPA for 96 h. (A) Pierce monomeric avidin
coated columns (2 mL) were loaded with 12 mL of crude 7-DAPA-containing lentivi-
ral feedstocks by gravity flow, washed with 8 mL of PBS buffer, and eluted with
22 mL of 2 mM biotin. Column fractions of breakthrough, wash and elution were
analysed by infection of K562 cells (4 × 105 cells mL−1) and the titre of each fraction
was determined by flow cytometric analysis of the percentage of GFP-expressing
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Fig. 8. SDS-PAGE analysis of 5 �L samples of the fractions from the column-based
purification of desthiobiotinylated lentiviral vectors. The crude lentiviral super-
natant was produced by DBL cells contacted with 2 mM 7-DAPA for 96 h, loaded
and purified by adsorption to Pierce monomeric avidin coated columns followed
ells after 6 days of infection. (B) Elution profile of these lentiviral vectors in the
onomeric avidin coated column at a flow rate of 0.4 mL min−1. The error bars

epresent standard deviations of triplicate samples.

t is noteworthy that individual viral proteins are not visible on
his gel.

The lentiviral vectors are produced by the human 293T based
ackaging cell line DBL, enabling the lentiviral surfaces to be
ecorated with the packaging cell derived human proteins. Thus

mmune reactions by infected host organisms may not be entirely
irected against viral proteins, but also to the non-self human pro-
eins [12]. Desthiobiotin is found in the biotin-producing plants
nd microbes and may make little difference in immune reac-
ions. The potential for enhanced immune destruction of lentiviral

ectors in vivo and/or immune reactions against transient desthio-
iotinylated host cells will require investigation in vivo. However,
voidance of envelope modifications and targeting the lentivi-
al vectors via the DBL packaging cell membrane may minimise
by desorption in 2 mM biotin. Lane 1: complete DMEM for DBL cell culture. Lane 2:
crude lentivirus-containing cell culture supernatant. Lane 3: lentiviral supernatant
after adsorption. Lane 4: washing fraction using PBS buffer. Lanes 5–8: recovered
lentiviruses in four elution fractions.

potential immunogenicity and provide a strategy that may be
applicable to the capture, elution and concentration of lentiviral
vectors labelled with desthiobiotin. If necessary, the residual biotin,
which is present in the eluent, could be effectively removed by
diafiltration, which may anyway be necessary for formulation and
standardisation of titre.

4. Conclusions

Desthiobiotin-labelled lentiviruses were metabolically pro-
duced by DBL packaging cells in contact with 7-DAPA. Compared to
the metabolic biotinylation technology, this novel 7-DAPA depen-
dent desbiotinylation strategy has two major advantages which
may enable scalable virus production: (1) no requirement for
pre-treatments to remove free avidin-binding impurities prior
to purification; (2) suitability for processes requiring efficient
elution of virus from affinity supports. This desthiobiotinylation
technology enables affinity-mediated paramagnetic-particle and
chromatographic capture and recovery of lentiviral particles with
a high purity in a highly efficient and fast way. Modifying the
number of desthiobiotin molecules on the surface of lentiviral par-
ticles by varying the 7-DAPA concentration and incubation time
improved the recovery of infectious viral vectors. The potential for
enhanced immune destruction of lentiviral vectors in vivo and/or
immune reactions against transient desthiobiotinylated host cells
will require investigation in vivo. However, avoidance of enve-
lope modifications and targeting the lentiviral vectors via the DBL
packaging cell membrane may minimise potential immunogenic-
ity. This technology provides a potential generic simple affinity
recovery process for scalable production of clinical grade lentiviral
vectors for gene therapy applications.
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