
A

t
(
e
b
V
h
a
e
©

K

1

t
g
s
p
p
d
b
b
r
a

i
p
p

1
d

Journal of Chromatography B, 846 (2007) 124–131

Exploiting heparin-binding properties of MoMLV-based
retroviral vectors for affinity chromatography

Marı́a de las Mercedes Segura a,b, Amine Kamen b, Marie-Claude Lavoie a, Alain Garnier a,∗
a Department of Chemical Engineering and Centre de Recherche sur la Fonction, la Structure et l’Ingénierie des Protéines,
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bstract

Chromatography is deemed the most promising technology for large-scale purification of viral vectors. The authors have previously shown
hat heparin affinity chromatography could be successfully employed for the purification of VSV-G pseudotyped Moloney murine leukemia virus
MoMLV)-derived vectors giving excellent results in terms of recovery of active particles, reproducibility and selectivity. In this study, the authors
xamined whether the ability of retrovirus particles to specifically bind to heparin ligands is restricted to VSV-G pseudotypes produced by 293-
ased packaging cells. It is shown that VSV-G deficient retrovirus particles are captured by a heparin chromatography column as efficiently as

SV-G containing particles. Most strikingly, RD114 pseudotyped retrovirus particles derived from a HT1080-based cell line were found to bind
eparin with the same affinity as 293-derived VSV-G pseudotypes. RD114 pseudotyped retrovirus particles were successfully isolated using heparin
ffinity chromatography obtaining good recoveries of functional particles (43%). These results indicate that heparin affinity chromatography can be
xtended to the purification of retroviral vectors produced by different packaging cell lines independently of the Env-protein used for pseudotyping.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Retroviral vectors constitute a valuable tool for gene transfer
echnology. The wide clinical application of these vectors for
ene therapy will depend on the availability of efficient large-
cale manufacturing procedures useful for the production and
urification of various vector pseudotypes. Although important
rogresses have been made in retroviral vector design and pro-
uction processes, these improvements have not been paralleled
y the development of purification methods, which is lagging
ehind [1,2]. Retroviral vectors are labile enveloped viruses that
equire the strategic design of gentle purification processes to
void vector inactivation.

Centrifugation processes have traditionally been used for

solating retroviruses in small quantities. Typically, retrovirus
articles are first separated from the bulk of contaminating serum
roteins present in the growth medium by high speed centrifu-
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ation. The resulting pellet is resuspended in a small volume of
uffer allowing simultaneous purification and concentration of
he virions. However, virus pelleting techniques lack resolving
apacity and are usually coupled with sucrose equilibrium den-
ity gradient ultracentrifugation. An interesting alternative is the
se of rate zonal ultracentrifugation that results in highly pure
reparations suitable for virus characterization studies [3]. How-
ver, an important limitation of ultracentrifugation procedures
s that ultra-high speed rotors currently in use generally have
mall volume capacities [4–7]. Alternatively, several centrifu-
ation methods for the concentration and partial purification of
etroviruses by precipitation with additives (i.e. charged poly-
ers or calcium phosphate) have been described [8–10]. The

dvantage of using additives to induce virus precipitation is that
ollowing the treatment, virus pellets can be obtained at low
entrifugation speeds in a short time. Furthermore, using low-
peed rotors, larger volumes of supernatant can be processed per

un. However, a major disadvantage with the use of polymers
s that they interact irreversibly with retrovirus particles to form
virus-polymer complex that cannot be dissociated for further
rocessing [8].

mailto:alain.garnier@gch.ulaval.ca
dx.doi.org/10.1016/j.jchromb.2006.08.032
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Chromatography plays an important role in the purifica-
ion of high value bioproducts since it enables fast, scaleable,
eproducible and selective separations. Not surprisingly, chro-
atography is becoming the method of choice for the large-scale

urification of most gene therapy vectors including retroviral
ectors [11–17]. Chromatography separates retroviruses from
mpurities contained in the vector supernatant by exploiting
hysical and biochemical features of retrovirus particles. For
nstance, using size exclusion chromatography scientists can
ake advantage of the large size of retroviruses (∼100 nm) for
ts separation from contaminating proteins and other low molec-
lar weight impurities [7,18,19]. Additionally, the negatively
harged surface of retroviruses can also be exploited for purifica-
ion purposes by utilizing positively charged functional groups,
uch as those found in anion exchange (or hydroxyapatite)
esins, that strongly bind retrovirus particles [20–24]. On the
ther hand, the specific recognition of molecular structures on
he viral membrane by affinity ligands would allow the selective
solation of retrovirus particles using affinity chromatography.
ue to its high resolution, affinity chromatography offers the
otential to reduce the number of purification steps increasing
roduct yields and decreasing process costs. However, to take
ull advantage of this technology it is important to identify sta-
le, inexpensive and versatile affinity ligands that specifically
ind retrovirus particles. Unfortunately, little is known about
he composition of the retroviral membrane, which complicates
he selection of appropriate affinity ligands. Retroviral vectors
re frequently genetically modified to contain Env-proteins of
ther viruses giving rise to a variety of vector pseudotypes. In
ddition, MoMLV particles are known to randomly incorpo-
ate various host-derived proteins on their membrane [25] that
emain largely unidentified. Therefore, the composition of the
iral membrane is expected to vary to some extent depending
n the cell line used for vector production. As a consequence, it
eems difficult to find an affinity ligand useful for the purifica-
ion of all retroviral vectors, which would be highly desirable to
implify and unify vector manufacturing procedures.

In principle, retroviral vectors could be purified by
mmunoaffinity chromatography by relying on the specific
nteraction between immobilized antibodies and the viral Env-
rotein. However, the high costs associated with antibody purifi-
ation and immobilization, the low stability of these ligands
owards sanitizing agents and the harsh conditions usually
equired to break antibody–antigen interactions do not favor
he use of this method for large-scale purification of retrovi-
al vectors [26]. Moreover, depending on the Env-protein used
o pseudotype the vector, chromatography columns and proto-
ols should be specifically designed for each individual case.
nother possibility is to engineer vectors to contain affinity

ags inserted on the surface of the virus to facilitate their purifi-
ation. Hexahistidine affinity tags have been inserted into the
oMLV ecotropic Env-protein to allow purification by immo-

ilized metal affinity chromatography (IMAC) [27]. Addition-

lly, chemically biotinylated retrovirus particles have shown to
ind streptavidin coated adsorbents in batch experiments [28].
owever, engineering vectors by inserting tags or chemically
odifying the Env-protein without reducing or eliminating the
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iruses’ ability to transduce cells has proved to be a difficult
ask as demonstrated by many unsuccessful efforts to alter the
tructure of Env-proteins for targeting purposes [29–31].

An attractive alternative is to explore the natural ability of
hese viruses to bind commercially available affinity ligands or
mmobilized viral receptors. Heparin is a relatively inexpensive
nd stable affinity chromatography ligand used to purify a vari-
ty of biomolecules and viruses. Heparin structurally mimics
he widely distributed heparan sulfate cell surface proteogly-
an which has been recognized as a receptor for attachment of
umerous viruses including herpes simplex virus (both HSV-
and HSV-2) [32–34], foot and mouth disease virus (FMDV

ype O) [35,36], dengue 2 virus [36] and adeno-associated virus
AAV-2) [37]. For these viruses, heparin affinity chromatog-
aphy constitutes a valuable tool for purification and serves
o study virus–heparin interactions [38–40]. It is interesting
o note that for most viruses, including the ones mentioned
bove, the heparin-binding domains on the virus responsible
or virus–heparin interaction were found to be localized on
iral-encoded proteins [36,41–44]. Heparan sulfate proteogly-
an has also been implicated as a receptor for some retroviruses,
amely human immunodeficiency virus (HIV-1) and Friend
urine leukemia virus (F-MuLV) for which heparin-binding

ites responsible for the virus–heparin interaction were also
dentified within specific domains of the wild-type Env-protein
45–49].

Previous studies have shown that heparin affinity chromatog-
aphy was a useful method for the purification of VSV-G pseudo-
yped retroviral vectors derived from 293 producer cells giving
xcellent results in terms of yield, selectivity and reproducibil-
ty [17]. Elution of retrovirus particles from heparin affinity
olumns was achieved under mild conditions (neutral pH and
.35 M NaCl) resulting in high recoveries of infective particles
61%). However, the extended applicability of heparin affinity
hromatography to the purification of different retroviral vector
seudotypes or vectors produced by different cell lines remained
nclear. To further characterize retrovirus–heparin interactions,
he authors examined the ability of VSV-G deficient retrovirus
articles as well as RD114 pseudotyped particles produced by a
ifferent packaging cell line, the FLYRD18 which is a HT1080-
ased cell line, to bind immobilized heparin ligands.

. Materials and methods

.1. Packaging cell lines and retroviral vectors

Two packaging cell lines that produce Moloney murine
eukemia virus (MoMLV) vector particles psedudotyped with
he envelope glycoproteins of either vesicular stomatitis virus
SV-G (293GPG) or cat endogenous virus RD114 (FLYRD18)
ere used. The 293GPG packaging cell line, derived from 293
uman embryonic kidney cells [50], was stably transfected to
enerate a retroviral vector encoding a fusion protein that links

he simplex virus thymidine kinase protein (TK) with the green
uorescent protein (GFP) [51]. This cell line, a generous gift
rom Dr. J. Galipeau (Lady Davis Institute for Medical Research,

ontreal, QC, Canada), was adapted to grow in suspension
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ulture (Ghani et al., submitted for publication). The stable
LYRD18 packaging cell line derived from HT1080 human
brosarcoma cells [52] produces GFP3 vector [53]. These cells
nd the 143B target cells were graciously provided by Dr.
. Caruso (Centre de recherche en cancérologie de l’Hôtel-
ieu, Université Laval, Québec, QC, Canada). Cells were main-

ained in tissue culture flasks in Dulbecco’s modified Eagle’s
edium (DMEM; GIBCO-BRL, Gaithersburg, MD) supple-
ented with 10% heat-inactivated foetal bovine serum (FBS;
yClone, Logan, UT) at 37 ◦C, 100% humidity and a 5% CO2

tmosphere. 293GPG culture medium additionally contained
etracycline (1 �g/mL; Fisher Scientific, Nepean, ON, Canada)
o repress the expression of VSV-G gene.

.2. Retroviral vector production

VSV-G pseudotyped vector production was carried out in
250 mL shake flask (50 mL working volume) inoculated

t 2 × 105 293GPG cells/mL. Cells were grown in calcium
ree DMEM supplemented with 10% FBS and tetracycline
ntil the cell density reached 2 × 106 cells/mL. At this point
SV-G expression was induced by entirely removing the

etracycline-containing medium by centrifugation of the cell
ulture (420 × g, 10 min). Cells were washed with phosphate-
uffered saline pH 7.4 (PBS) and the cell pellet was resuspended
n fresh tetracycline-free medium, re-introduced into the shake
ask and incubated at 37 ◦C during 48 h. In parallel, the pro-
uction of Env-protein deficient retrovirus particles was carried
ut following the same protocol with the exception that the
ells were resuspended in fresh tetracycline-containing medium.
etrovirus containing supernatants were harvested every 24 h
uring 5 days by centrifugation of the cell culture (420 × g,
0 min) and replaced with fresh medium. RD114 pseudotyped
ector particles were produced in 175 cm2 tissue culture flasks
35 mL working volume) by FLYRD18 adherent cells. Cells
ere seeded at a density of 4 × 105 cells/mL and grown for
8 h in High Glucose DMEM supplemented with 10% FBS
nd 1% penicillin/streptomycin. The vector production phase
as initiated at ∼80% confluence (∼8 × 105 cells/mL) by wash-

ng the cells with PBS and replacing the medium with 35 mL
f fresh medium. Retrovirus containing supernatant was har-
ested every 24 h during 5 days and replaced with fresh medium.
arvested retrovirus supernatants were clarified using 0.45 �m
ore size syringe-mounted filters (Millipore, Bedford, MA)
nd concentrated 20-fold using a 76 mm diameter OmegaTM

olyethersulfone membrane disc filter with a molecular weight
ut-off of 300,000 (Pall Gelman Sciences) in a 400 mL stirred
ell ultrafiltration unit (Amicon 8400; Millipore, Etobicoke,
N, Canada) as previously described [17]. Retrovirus-enriched

etentate was diafiltered against cold heparin affinity adsorption
uffer (150 mM NaCl in 20 mM Tris–HCl buffer, pH 7.5). Virus
tocks were aliquoted and stored at −80 ◦C.
.3. Infective retroviral vector titer determination

Quantification of infective particles by GFP expression assay
nd flow cytometric analysis has been previously reported [17].

L
o
r
m
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riefly, 293 (for HT1080-derived vector particles) or 143B (for
93GPG-derived vector particles) target cells were seeded in six-
ell plates and exposed to 1 mL aliquots of serial dilutions of
irus in DMEM containing 8 �g/mL of polybrene during 3 h at
7 ◦C. After addition of DMEM containing 20% FBS (1 mL), the
ells were incubated for 48 h at 37 ◦C under 5% CO2 atmosphere.
ransduced cells were washed with PBS, detached with trypsin-
DTA, fixed with 2% formaldehyde and resuspended in 1 mL
f PBS. Samples were then subjected to fluorescent-activated
ell sorting (FACS) analysis and viral titers were calculated as
ollows:

Titer(IVP/mL)

= (%GFP+cells)×(number of cells at time of exposure)×(dilution factor)

(sample volume)

Samples from a given experiment were analyzed in a single
itration assay to avoid inter-assay variability and all samples
ere processed in duplicate or triplicate to minimize intra-assay
ariability (R.S.D. <10%). Only virus dilutions that resulted in
GFP+ cell values ranging from 3 to 20% were selected for titer

alculations.

.4. Quantitation of retrovirus particles by
mmunofluorescence microscopy

VSV-G pseudotyped and VSV-G deficient retrovirus parti-
les were quantitated by immunofluorescence microscopy using
method adapted from Pizzato et al. [54]. Virus samples were
ixed with 100 nm red fluorescent carboxylate-modified micro-

pheres (Molecular probes, Eugene, OR) at a final concentration
f 5.4 × 108 spheres/mL. Mixtures (5 �L) were spread on a
cm2 area of glass slide and air dried at room temperature

or 30 min. Virus particles were fixed with 2% formaldehyde
uring 15 min, washed 5 times with PBS and permeabilized
ith 0.2% Triton X-100 for 15 min at room temperature. Slides
ere washed once with PBS, blocked for 15 min with 10%
BS in PBS and washed 3 times with PBS. Gag and VSV-G

mmunofluorescence staining was performed for each sample
eparately. Samples were incubated for 45 min at room tem-
erature with primary antibodies, either rat polyclonal anti-
ag in house antibody or a monoclonal antibody against the

nvelope protein (mouse Mab anti-VSV-G; Roche Diagnos-
ics, Indianapolis, IN). Slides were washed 3 times with PBS
nd incubated with appropriate secondary antibodies conju-
ated with fluorophores, either Alexa Fluor 488 goat anti-rat
ntibody (Molecular probes) or FITC F(ab′)2 goat anti-mouse
ntibody (Serotec, Oxford, UK). After 45 min of incubation
ith secondary antibodies at room temperature, the slides were
ashed once with PBS, air dried and mounted with slow-

ade mounting solution (Molecular Probes). Pictures were taken
sing a Princeton Instruments CCD camera mounted on a

eitz Aristoplan upright fluorescence microscope. The Gag+
r VSV-G + particle concentration were estimated based on the
atio between immunostained virus particles and fluorescent
icrospheres.
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Fig. 1. The effect of heparin on VSV-G retrovirus transduction to target cells.
Retrovirus supernatants were incubated in the presence of various concentrations
of heparin as described in Section 2. A negative control was incubated without
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.5. Effect of soluble heparin on VSV-G retrovirus
ransduction to 143B target cells

Equal volumes of retrovirus supernatant were incubated for
0 min at 37 ◦C in the presence of various concentrations of hep-
rin (Sigma). A negative control was incubated without heparin.
ollowing virus treatment with heparin, titers were determined
or triplicate experiments at each concentration of heparin.

.6. Heparin affinity chromatography

Chromatography was performed using a low-pressure liquid
hromatography system (GradiFrac; GE Healthcare, Uppsala,
weden) at room temperature and monitoring protein elution
y UV absorbance at 280 nm. All samples were filtered with a
.45 �m GHP Acrodisc filter membrane (Pall Gelman Sciences)
rior to chromatography. The ability of 293-derived VSV-G
eficient retrovirus particles to bind immobilized heparin lig-
nds was investigated using a previously defined heparin affinity
hromatography step-wise elution strategy [17]. Briefly, a 1-mL
ractogel® EMD Heparin (S) column was pre-equilibrated with
50 mM NaCl in Tris–HCl buffer, pH 7.5 and loaded with 3 mL
f sample. A step-wise NaCl elution strategy consisting in a
ash step at 150 mM NaCl (19.5 column volumes [CV]), an

lution step at 350 mM NaCl (13 CV) and a high stringency
nal wash step at 1200 mM NaCl (7.5 CV) was applied. The
unning linear flow rate was 153 cm/h. Fractions from each peak
ere pooled and analyzed by immunofluorescence microscopy.
he binding aptitude and affinity of 293-derived VSV-G pseu-
otyped and HT1080-derived RD114 pseudotyped retrovirus
articles was compared using a linear NaCl gradient elution
trategy. Briefly, the same protocol described above was fol-
owed with the exception that following the wash step at 150 mM
aCl, a linear gradient was applied from 150 to 1150 mM NaCl

n Tris–HCl buffer, pH 7.5, at a rate of 50 mM NaCl/min and
linear flow rate of 92 cm/h. Fractions of 2.5 mL were col-

ected throughout the run and immediately tittered. In addition,
he recovery of HT1080-derived RD114 pseudotyped retro-
irus infective particles using the step-wise strategy was esti-
ated by flow cytometry analysis of the pool of fractions from

ach peak.

. Results

.1. The effect of heparin on VSV-G retrovirus transduction
o target cells

The first indication of retrovirus heparin-binding activity was
rovided by experiments showing that soluble heparin and other
lycosaminoglycans (GAGs) were able to inhibit retrovirus
nfection [55,56] and retroviral vector transduction [45,57–60].
hese observations were confirmed in our laboratory for the
odel vector used. VSV-G pseudotyped retrovector transduc-
ion to 143B target cells was significantly inhibited in the pres-
nce of soluble heparin in concentrations of 1.5 U/mL or greater
Fig. 1). Treatment of MoMLV particles with heparin in con-
entration higher than 2 U/mL almost completely abolished the

c
i
e
i

eparin. Infectious titers were determined by flow cytometric analysis for GFP
xpression. Titer values presented are the mean ± standard deviation of triplicate
amples. Abbreviations: IVP; infective virus particles.

irus ability to transduce target cells with a 96% inhibition of
ransduction.

Although these experiments suggest a possible interaction
etween the virus and the heparin molecule, they are not conclu-
ive. Polybrene and other polycations are generally believed to
xert their enhancing effects on retrovirus transduction by reduc-
ng the electrostatic repulsion between retroviruses and cells;
hus, increasing retrovirus binding to target cells. Since heparin
s a highly sulfated linear polysaccharide, it could be mistakenly
nferred that the inhibitory effect heparin has on vector transduc-
ion results from electrostatic interference as a consequence of its
olyanionic nature that would repel both, the negatively charged
iruses and cells. However, heparin affinity ligands attached to a
hromatography matrix have shown to efficiently capture retro-
irus particles while the same matrix carrying anionic sulfate
roups failed to do so, which clearly indicated that a specific
nteraction between the virus and heparin is taking place [17].

Interestingly, treatment of MoMLV particles with low con-
entrations of heparin (1 U/mL) enhanced transduction by 21%
ompared to non-treated virus particles. A similar concentration
ependent dual effect (enhancement and inhibition) of solu-
le heparin on the infectivity of F-MuLV has previously been
eported [45]. The authors explained this effect of heparin by
resenting a model in which the heparin molecule serves as a
olecular bridge between the heparin-binding domains iden-

ified on this virus and heparin-binding structures at the cell
urface. According to this model, low concentrations of solu-
le heparin are expected to enhance virus infectivity by acting
s a bridge between the virus and the cells whereas high con-

entrations of heparin would inhibit virus infection by block-
ng binding sites on the virus and the cells. Another likely
xplanation for this phenomenon would be that the increase
n transduction observed is due to flocculation of retrovirus
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articles by the combined addition of oppositely charged poly-
ers, namely the heparin and the polybrene used for virus

itration in this work. Small increases in transduction activity
ere first observed when low doses of glycosaminoglycans were

dded to retrovirus stocks that contained polybrene [59]. Sub-
equently, several reports clearly showed that the increase in
ransduction at low doses of glycosaminoglycans (in the pres-
nce of polybrene or other cationic polymers) was due to the
ormation of polyelectrolyte-virus complexes that sediment onto
he cells, increasing the rate of virus binding and transduction
8,61].

.2. VSV-G deficient retrovirus particles interact with
eparin ligands

The authors have recently reported that VSV-G pseudo-
yped particles can be efficiently purified using heparin affin-
ty chromatography [17]. To further explore the nature of
etrovirus–heparin interaction and determine the value of hep-
rin affinity chromatography for the purification of other vector
seudotypes, the ability of VSV-G deficient retrovirus particles
o bind immobilized heparin ligands was tested (Fig. 2). Produc-
ion of either VSV-G containing or deficient particles was per-
ormed by taking advantage of the 293GPG packaging cell line
nducible system for VSV-G expression. The number of Gag+
nd VSV-G+ particles in cell culture supernatants was quantified
y immunofluorescent microscopy. Induced and non-induced

roducer cell culture supernatants contained similar amounts of
ag+ particles (5.15 × 109 and 4.95 × 109 particles/mL, respec-

ively). As expected, no VSV-G+ particles were detected in
on-induced 293GPG culture supernatants whereas the concen-

ig. 2. Binding of Env-protein deficient particles to heparin ligands. Super-
atants were produced in parallel with or without the addition of tetracycline
enerating comparable concentrations of VSV-G deficient retrovirus particles
nd VSV-G containing particles, respectively. Concentrated virus stocks were
oaded onto a Fractogel® EMD Heparin (S) column and elution was carried
ut using a step NaCl gradient as described in Section 2. Heparin purified
ractions eluting at 350 mM NaCl were collected, pooled and Gag+ particles
ere quantified by immunofluorescence microscopy. Values presented are the
ean ± standard deviation of five counts.
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ration of VSV-G+ particles in induced cell culture supernatants
as estimated at 7.66 × 109 particles/mL. A greater amount of
SV-G+ particles than Gag+ particles would indicate the pres-

nce of contaminating VSV-G loaded cell membrane vesicles
n vectors supernatants [62]. Equal volumes of VSV-G pseudo-
yped and VSV-G deficient retrovirus stocks were separately
oaded onto a heparin column and peak fractions eluting at
50 mM NaCl were pooled and analyzed for the presence of
ag+ particles. The amount of Gag+ particles in eluted frac-

ions was comparable (1.56 × 109 and 1.33 × 109 particles/mL
or VSV-G pseudotyped and VSV-G deficient particle stocks,
espectively) showing that both types of particles were able
o bind heparin with similar efficiency and affinity. There-
ore, the VSV-G does not seem to be required for effec-
ive retrovirus–heparin interaction. Based on these results, the
uthors hypothesized that other retrovirus vector pseudotypes
ay also bind heparin ligands.

.3. 293 and HT1080-derived retrovectors bind heparin
ith the same affinity

Retroviral vectors are produced by a variety of packaging
ell lines. However, there is a growing tendency is to use human
ell lines because they offer numerous advantages over the ear-
ier murine packaging systems [1]. The most common human
ell types used for vector production are HEK 293 and HT1080
ells [1]. To further evaluate the usefulness of heparin affinity
hromatography for the purification of retroviral vectors and
est our hypothesis, HT1080-derived retrovectors carrying a dif-
erent Env-protein (RD114) were challenged to bind heparin.
oth RD114 pseudotyped and VSV-G pseudotyped retrovec-

or particles were loaded separately onto a heparin column and
luted using a linear NaCl gradient. Fig. 3 shows the percentage
f transduced cells obtained by titration of the fractions eluted
rom the heparin column throughout the run. As for VSV-G
seudotyped vectors, most infective RD114 pseudotyped vec-
or particles were efficiently captured by the heparin column and
luted at 350 mM NaCl. For both viruses, only a small amount of
iral particles did not successfully bind the column and was lost
n the initial wash at 150 mM NaCl (Fig. 3). These results demon-
trate that HT1080-derived RD114 pseudotyped retrovectors are
lso capable of interacting with heparin. Moreover, these vec-
or particles displayed the same affinity as VSV-G pseudotyped
93-derived vector particles for the heparin column requiring the
ame salt concentration to disrupt heparin–virus interactions.

.4. Purification of RD114 pseudotyped vectors by
tep-gradient heparin affinity chromatography

The ability of RD114 pseudotyped vector particles to bind
eparin was exploited for purification purposes. Given that both
D114 and VSV-G pseudotyped vectors showed identical affin-

ty for heparin ligands, recovery of RD114 pseudotyped vector

articles from the chromatographic column was accomplished
sing the step gradient elution protocol originally designed for
SV-G pseudotyped vectors [17]. Chromatography was per-

ormed at room temperature and completed within 1.5 h. The
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Fig. 3. Binding affinity of RD114 (A) and VSV-G (B) pseudotyped retro-
virus particles to heparin affinity ligands. Concentrated VSV-G and RD114
pseudotyped virus stocks were loaded onto a Fractogel® EMD Heparin (S)
column. Elution was carried out using a linear NaCl gradient (150–1150 mM)
as described in Section 2. Eluted fractions collected throughout the run were
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iluted 1/10 in DMEM containing 8 �g/mL of polybrene and subjected the GFP
xpression assay and flow cytometric analysis as described in Section 2. GFP+

ell values presented are the mean ± standard deviation of duplicate samples.
lution profile shows that the majority of serum protein con-
aminants did not interact with the heparin column and were
asily washed off the column at low salt concentrations (150 mM
aCl) (Fig. 4). Bound virus particles are recovered by elution at

i
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w
R

able 1
eparin affinity chromatography recoveries for RD114 pseudotyped vector

raction Volume (mL) Titer (IVP/mL)

Run 1 Run 2

oad 3 2.18E+06 2.18E+06
lowthrough (0.15 M NaCl) 6 1.74E+04 1.34E+04
lution (0.35 M NaCl) 4.5 6.37E+05 6.03E+05
ash (1.20 M NaCl) 1.5 2.02E+04 2.58E+04

ecovery of RD114 pseudotyped retroviral vector in fractions eluted from the Fracto
iter values presented for each fraction are the mean of duplicate determinations.
bbreviations: IVP, infective virus particles; S.D., standard deviation.
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50 mM NaCl in a defined peak. The mean recovery of infective
articles in this peak was 42.6 ± 1.2% (Table 1). Only a very
mall amount of infective particles were lost in the flowthrough
nd the high salt wash fractions (∼2%). The described chro-
atographic behavior comparable to that observed for VSV-G

seudotyped particles [17].

. Discussion

Previous studies from our laboratory have shown that VSV-G
seudotyped MoMLV-derived vectors stably interact with hep-
rin. In this work we demonstrate that both VSV-G deficient
nd RD114 pseudotyped retrovirus particles can also bind hep-
rin with similar efficiency and affinity as VSV-G pseudotyped
articles. Therefore, these results indicate that the viral VSV-G
nv-protein is not required for retrovirus–heparin interactions.
hus, in principle the method can be extended to the purifica-

ion of 293 and HT1080-derived retrovectors regardless of the
nv-protein carried by the virus. Although the heparin-binding
omponent responsible for the virus–heparin interaction remains
nknown, most likely unidentified cellular component(s) on
he virus surface play a role for the observed heparin-binding
ctivity. Moreover, the fact that both 293 and HT1080-derived
etrovectors bind heparin with identical affinity suggests that
he heparin-binding activity probably derives from a common
omponent ubiquitously distributed in different packaging cell
ypes. In this case, the host-derived component would be incor-
orated into various vectors opening the possibility of extending
he use of heparin affinity chromatography to the purification of
otentially all MoMLV-derived vectors regardless of the cells
rom which they were derived or Env-protein used for pseudo-
yping. The usefulness of heparin affinity chromatography for
he purification of AAV vectors has been severely compromised
y the fact that unlike AAV-2 which stably interacts with hep-
rin, other AAV serotypes (i.e. AAV-1, AAV-4 or AAV-5) lack
eparin-binding activity [14,16,63]. In view of this limitation
ith AAV vectors, the possibility of extending the method to

he purification of all MoMLV-derived vectors is very attractive.
Retrovirus–heparin interaction is stable but reversible requir-

ng relatively low salt concentrations for dissociation. This

s important considering the susceptibility of retroviruses to
smotic pressure [17,26,64]. The recovery of infective particles
as higher for VSV-G pseudotyped vectors (61.1%) than for
D114 pseudotyped vectors (42.6%). This result could reflect

Average titer (IVP/mL) Average recovery ± S.D. (%)

Run 3

2.18E+06 2.18E+06 100
1.46E+04 1.51E+04 1.4 ± 0.2
6.15E+05 6.18E+05 42.6 ± 1.2
3.75E+04 2.78E+04 0.6 ± 0.2

gel® EMD Heparin (S) column using the presented step-wise elution strategy.
Average titer and recovery values for the three runs are shown in the table.
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Fig. 4. Heparin affinity chromatography step gradient elution profile for RD114 pseudotyped vector. Three mL of a 20-fold concentrated virus containing
2.2 × 106 IVP/mL were loaded onto a 1 mL Fractogel® EMD Heparin (S) column. The virus was eluted by addition of 350 mM NaCl into the mobile phase.
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similar chromatographic behavior was previously observed for VSV-G pse
ontaining 6.2 × 105 IVP/mL. Abbreviations: IVP; infective virus particles.

he poorer stability of the RD114 Env-protein that leads to
navoidable inactivation of infective retrovirus particles during
hromatography [4,5]. Nevertheless, we would like to point out
hat to date heparin affinity chromatography has given the high-
st recoveries of infective particles for MoMLV-derived vec-
ors; possibly because other adsorptive chromatography meth-
ds require harsher conditions for the elution of virus particles
rom the chromatography columns including the addition of nox-
ous desorption reagents (d-biotin and imidazole) and the use of
igher ionic strengths, all of which were shown to affect the
ectors’ stability [2,17,23,27,28].

The authors found 7.66 × 109 particles/mL of VSV-G+ parti-
les, but only 5.15 × 109 particles/mL of Gag+ particles in virus
upernatants, which suggests that 1/3 of the particles produced
y the virus producer cells are not actual virus particles, but are
robably lipid-VSV-G complexes. Similarly, large amounts of
ontaminating host protein-laden membrane vesicles (between
- to 4-fold more vesicles than virions) were found in density-
radient purified HIV-1 preparations from lymphoid cells by
lectron microscopy [65,66]. Previous studies have also shown
hat a significant amount of VSV-G vesicles are released by 293
ells expressing VSV-G into the culture medium [62]. Complete
emoval of contaminating cell membrane vesicles is difficult to
ccomplish since these particles show important similarities in
orphology, composition and physical characteristics with the

irions. Thus, most chromatography methods, including heparin
ffinity chromatography, are unlikely to remove cell membrane
esicles. One possible way to remove these vesicles would be

o employ immunoaffinity chromatography provided that a sur-
ace protein is found to be exclusively incorporated into either
n the virions or the vesicles [67]. However, the poor charac-
erization of MoMLV particles and limited knowledge about

a
h
v
v

ped particles. Retrovirus particles were recovered in a defined peak (4.5 mL)

ts membrane composition make this approach impossible at
he present time. Moreover, low recoveries of active particles
re predictable upon elution using this method since it usually
equires stringent elution conditions to break antibody–antigen
nteractions. Another strategy to remove these vesicles would be
o employ rate zonal ultracentrifigation as the polishing step fol-
owing heparin affinity chromatography. Previous studies have
hown that rate zonal ultracentrifugation render highly pure
etrovirus preparations with no evident cell membrane vesicle
ontamination [3]. Testing and optimizing this approach is very
ttractive since it offers the possibility of combining both, the
calability of chromatography and the high resolution of rate
onal ultracentrifugation. In addition, rate zonal ultracentrifu-
ation has shown great potential to separate defective vector
orms, which is another closely-related vector structure, very
ifficult to remove using most available retrovirus purification
echniques.

In conclusion, the heparin-binding properties of MoMLV-
ased retrovirus vectors can be exploited for downstream pro-
essing purposes. Heparin affinity chromatography proved to be
useful tool for the purification of retroviral vectors from differ-
nt cellular origins carrying alternative Env-proteins, showing
hat it is possible to have a common scaleable affinity chro-
atography method for all retrovirus vectors. Moreover, this

ffinity purification strategy does not require the alteration of
nv-protein with tags that can affect the virus ability to trans-
uce cells. Additionally, the general ability of retrovirus vectors
o bind heparin and probably heparin-related structures (i.e. hep-

ran sulfate) at physiological pH and ionic strength as described
erein may have important implications in the mechanism of
irus attachment to target cells and the design of targeted retro-
irus vectors.
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