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Purpose. Development of a polyethylene glycol (PEG)-stabilized immunoliposome (PSIL) formulation
with high DNA content suitable for in vivo intravenous administration and targeted gene delivery.
Materials and Methods. Plasmid DNA was condensed using 40% ethanol and packaged into neutral
PSILs targeted to the mouse transferrin receptor using monoclonal antibodies (MAbs; clones RI7 and
8D3) attached to their PEG maleimide moieties. PSILs size was measured by quasi-elastic light scattering.
The targeting capacity of the formulation was determined by transfection of mouse neuroblastoma Neuro
2A (N2A) cells with PSIL-DNA complexes conjugated with either RI7 or 8D3 MAbs.

Results. DNA encapsulation and MADb conjugation efficiencies averaged 71+14% and 69+5% (mean +
SD), respectively. No alteration in mean particle size (< 100 nm) or DNA leakage were found after
48 h storage in a physiological buffer, and the in vivo terminal half-life reached 23.9 h, indicating that the
PSIL-DNA formulation was stable. Addition of free RI7 MAbs prevented transfection of N2A cells with
PSIL-DNA complexes conjugated with either RI7 or 8D3 MAbs, confirming that the transfection was
transferrin receptor-dependent.

Conclusions. The present data suggest that our new PSIL formulation combines molecular features
required for targeted gene therapy including high DNA encapsulation efficiencies and vector-specific
transient transfection capacity.
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INTRODUCTION

Gene therapy depends on efficient and selective vector
systems to deliver gene medicine into target cells. Owing to
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ABBREVIATIONS: 2I, 2-iminothiolane; AAYV, adeno-associated
virus; ATP, adenosine 5'-triphosphate; AV, adenovirus; BSA, bovine
serum albumine; CMV, cytomegalovirus; [**P]-dCTP, deoxycytidine 5'-
[a-*P]triphosphate; DDAB, didodecyldimethylammonium bromide;
Dpm, disintegrations per minute; DSPE, distearoylphosphatidylethanol-
amine; EtOH, ethanol; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid; HSV-1, herpes simplex virus-1; LSC, liquid scintillation
counting; MAbs, monoclonal antibodies; MWCO, molecular weight
cut-off; N2A, neuroblastoma neuro 2A; NC, non-conjugated; *H-NSP,
N-succinimidyl-[2,3->H] propionate; PBS, phosphate buffered saline;
PCR, polymerase chain reaction; pGLuc, pCMV-GLuc; PEG,
polyethylene glycol; PEGygn, 2,000 da polyethylene glycol; POPC, 1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine; PSLs, PEG-stabilized
liposomes; PSILs, PEG-stabilized immunoliposomes; RLU, relative light
units; RT, room temperature; QELS, quasi-elastic light scattering; SEM,
standard error mean; SCID, severe combined immunodeficiency; SD,
standard deviation; SV40, simian virus 40; VP-SFM, virus production
serum-free medium.
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effective transfection and long-lasting expression of exogen-
ous genes into cells, viral vectors became the method of
choice for brain gene therapy in academic research labora-
tories (1-5). However, most of the available viral vectors are
associated with major safety problems such as mutagenesis
due to long-term integration into the genome (retrovirus or
adeno-associated virus, AAV) or serious inflammatory
responses (herpes simplex virus-1, HSV-1, or adenovirus,
AV), making the translation into clinical applications
hazardous (4-10).

Liposome-based non-viral DNA formulations have been
recently developed and might offer a safer alternative to viral
vectors (10-13). Indeed, expression plasmids can be com-
plexed within liposomes to transfect cells in vitro (14-16) and
in vivo (17-20). Liposomes are composed of naturally-
occurring, biodegradable lipids organized into bilayer mem-
branes surrounding an aqueous core, and thus display a low
level of immunogenicity or toxicity (11,12). In contrast with
viral vector-mediated transfection, expression plasmids trans-
fected using liposomes do not normally integrate into the
genome, but rather undergo episomal expression as non-
replicating extrachromosomal elements in the nucleus
(15,17). Therefore, transfection using liposome-DNA com-
plexes is expected to be reversible and to allow repeated
administrations, which is a major advantage from a clinical
standpoint. Further data indicate that selection of promoters
controlling the therapeutic gene can restrict its expression to
a specific type of cell (18).
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To be suitable for in vivo gene therapy, a candidate
liposome formulation must combine cell transfection and
drug delivery capacity, and thus requires many important
features. First, adding polyethylene glycol (PEG) tails to
liposomes strikingly decreases the systemic plasma clear-
ance, enhancing the apparent terminal half-life of PEG-
stabilized liposomes (PSLs) to up to 90 h in humans (21-24).
Liposome nanoparticles also offer a haven for encapsulated
DNA after systemic injections, and PSL-DNA complexes
show a much better pharmacokinetic profile than naked
DNA (11,12,25). However, the size of PEG strands must be
kept under 2,000 Da to allow binding of the conjugated proteic
vector to its target (23,25). Several PSL formulations (“stealth”
liposomes) are now approved for clinical use (12,25,26).
Second, selecting a composition in phospholipids to obtain a
neutral total charge within the liposome membranes prevents
non-specific interactions with blood components and reduces
entrapment in the lung and the liver, which is the usual fate of
cationic liposomes (12,21,23,25,27-30). Third, the liposome
formulation should allow a high conjugation efficiency to
proteic vectors to form PEG-stabilized immunoliposomes
(PSILs) suitable for selective drug delivery and, more
specifically, for targeting of receptor-mediated transport/
endocytosis systems in the organism (11,12,15,25,31). Fourth,
the mean size of the particles must be under 100 nm to
optimize their bioavailability in vivo (12,23,25). Besides not
fulfilling all these requirements, most published liposome
formulations show relatively low DNA encapsulation efficien-
cies, which consequently limit their transfection capacity
(17,25,32-34). The objectives of the present work were thus
to develop and characterize a new PSIL formulation with a
high DNA content, and to test its gene delivery capacity
in vitro.

MATERIALS AND METHODS
Materials

Unless otherwise noted, all reagents were obtained
from Sigma-Aldrich (Oakville, ON, Canada). POPC (1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine) and DSPE
(distearoylphosphatidylethanolamine)—PEGjgo (2,000 Da
polyethylene glycol) were purchased from Northern Lipids
Inc. (Vancouver, BC, Canada). DSPE-PEG;yy-maleimide
was synthesized by Nektar Therapeutics (Huntsville, AL).
The hybridoma cell lines expressing rat monoclonal anti-
bodies (MAbs) raised against the mouse transferrin receptor
were gifts from Dr Jayne Lesley (Salk Institute, San Diego,
CA) and Dr Pauline Johnson (University of British Colum-
bia, Vancouver, BC, Canada) for clone R17.217 and from Dr
Britta Engelhardt (University of Bern, Switzerland) for clone
8D3. Competent cells were purchased from Stratagene (La
Jolla, CA), [0->*P]-dCTP (3000 Ci/mmol) was from Perkin
Elmer Life Sciences (Woodbridge, ON, Canada), N-
succinimidyl-[2,3-*H] propionate (*H-NSP, 101 Ci/mmol),
Sephadex G-25 and Sepharose CL-4B size exclusion gels
were purchased from GE-Healthcare-Amersham (Baie
d’Urfé, QC, Canada). Devices for MAb purification and
sterile filtration were from Millipore (Cambridge, ON,
Canada).
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Production and Purification of Monoclonal Antibodies
(MADbs) in Vitro

Hybridoma cell lines expressing rat MAbs raised against
the mouse transferrin receptor (clones RI7.217 (RI7) and
8D3) were cultured in MAb serum-free medium in CELLine
bioreactors (BD Biosciences, Mississauga, ON, Canada).
Supernatants were harvested weekly. MAbs were purified
using Montage Prosep-G spin columns according to the
manufacturer’s recommendations. Purified antibodies were
concentrated with Amicon (molecular weight cut-off,
MWCO-= 30 kDa) ultracentrifugal devices and subsequently
dialyzed against 0.01 M PBS (pH 7.4) using Slide-A-Lyser
dialysis cassettes (MWCO=10 kDa, Pierce, Rockford, IL).
Protein concentrations were determined using bicinchoninic
acid assays (Pierce). Weekly yields of purified MAbs
averaged 3 mg.

MAb Radiolabeling with [*H]-NSP

One mCi of [’H]-NSP was evaporated under a nitrogen
stream in a borosilicate tube and incubated with 500 mg of
MADbs into 100 pl of a buffer containing 0.1 M sodium borate /
1.5 M NaCl (pH 8.0) for 1 h at room temperature, followed by
a 2-h incubation at 4°C. Radiolabeled MAbs were separated
using a G-25 Sephadex gel filtration column pretreated with
10% (w/v) BSA, and specific activity was computed using
disintegrations per minute (dpm) counts and protein content
in eluted fractions.

Plasmids Production and Radiolabeling

The pGL3 (5.3 kb) and pGLA4 (4.6 kb) plasmids expressing
Renilla luciferase under the control of the simian virus 40
(SV40) promoter (Promega, Madison, WI), and the pCMV-
GLuc (pGLuc) (5.8 kb) plasmid (New England Biolabs,
Pickering, ON, Canada) driving the expression of Gaussia
luciferase with the cytomegalovirus (CMV) promoter were
compared. Plasmids were extracted after transformation using
the GenElute™ HP Endotoxin-Free Plasmid Maxiprep Kit
(Sigma) and further purified by alcohol precipitation. A
fraction of plasmids were then labeled with [**P]-dCTP using
a nicktranslation system (Invitrogen, Burlington, ON,
Canada). Radiolabeled plasmids were purified using a
Strataprep PCR purification kit (Stratagene) and then used
as tracers to monitor DNA encapsulation efficiencies into
liposomes.

Preparation of the PSL Formulation
and DNA Encapsulation

Briefly, POPC (18.6 umol), DDAB (0.6 umol), DSPE-
PEGyp00 (0.6 umol), and the linker lipid DSPE-PEGygg0-
maleimide (0.2 umol) were dissolved in chloroform, followed
by evaporation under a nitrogen stream and constant
agitation in order to produce a thin lipid film, which was
allowed to dry during 30 min. This proportion of cationic
(DDAB) and anionic (DSPE) lipids is expected to result in a
net neutral charge at the surface of liposomes (33). To obtain
non PEGylated liposomes, non PEGylated DSPE (0.8 umol)
was used instead in the same proportion. The dried lipid film
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Size Exclusion Chromatography
of PEG-stabilized immunoliposomes
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Fig. 1. Typical Sepharose CL-4B size exclusion chromatography
profile showing that 76% of plasmid DNA was incorporated into the
neutral unilamellar polyethylene glycol (PEG)-stabilized immunoli-
posomes and that 84% of RI7 monoclonal antibodies (MAbs) were
attached to the liposomes. Trace amounts of radiolabeled [**P]-DNA
and [*H]-RI7 MAb were included in the preparation to monitor
encapsulation and conjugation efficiencies, respectively.

was dispersed in 0.2 ml 0.05 M Tris-HCI (pH 7.0), vortexed
for 2 min, followed by 2 min of bath sonication and a second
1-min vortex agitation. Unlabeled plasmids (100-250 pg) as
well as ~2 uCi of [**P]-labeled plasmid DNA were added to
the lipids along with 0.1 M Tris-HCl buffer (pH 7.0) up to a
volume of 0.4 ml. Then, 0.6 ml of a 67 % (v/v) ethanol
solution in 0.05 M Tris-HCI buffer (pH 7.0) was added drop
by drop during 30 sec under minimal agitation to reach a final
volume of 1.0 ml. For comparison, series of liposomes were
prepared in parallel experiments using freeze-thaw cycles as
described previously (17,18). The resulting large vesicles
were converted into liposomes under 100 nm by extrusion
using a hand-held LiposoFast™-Basic extruder (Avestin,
Ottawa, ON, Canada) as described (17,18). To remove
unencapsulated plasmid DNA while encapsulated DNA
remains protected by the liposomes, the PSL suspension
was exposed to a 1-h nuclease digestion [6 units of bovine
pancreatic deoxyribonuclease I and 33 units of exonuclease
III in 5 mM MgCl,, 37°C) as previously shown (17,18,32).
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MADb Conjugation to PSLs

Three mg of unlabeled MAbs (RI7 or 8D3) and 0.5 pCi
of tritiated MAbs were thiolated with a 40: 1 molar excess of
freshly prepared 2-iminothiolane (Traut’s reagent) following
a 1-h incubation at room temperature in 0.05 M sodium
borate/0.1 mM EDTA (pH 8.5). Thiolated MAbs were
diluted 15 times in 0.05 M HEPES/0.1 mM EDTA (pH 7.0)
and then concentrated using an Amicon filter device
(MWCO=30 kDa). This step was repeated twice to discard
2-iminothiolane, to transfer MADbs into HEPES buffer, and to
reduce the final volume of the solution to less than 500 ul. To
conjugate MADbs to PEG-maleimide strands on the PSLs,
thiolated MAbs were added to the liposome-DNA prepara-
tion for an overnight room temperature incubation in a 2 ml
glass bottle under inert nitrogen atmosphere.

Determination of DNA Encapsulation and MAb
Conjugation Efficiencies using Size
Exclusion Chromatography

Unconjugated MAbs and digested DNA were separated
from the PSILs by size exclusion chromatography. After the
overnight conjugation, PSILs were eluted with 0.05 M
HEPES (pH 7.0) at a rate of 1.0 ml/min in a 1.5 cmx20 cm
pre-equilibrated Sepharose CL-4B column. Fractions were
collected and quantified by liquid scintillation counting to
determine their *H and **P radioisotopes content. DNA
encapsulation efficiency was computed as the sum of >*P in
the liposome peak divided by the sum of **P in the digested
DNA peak and the liposome peak (Fig. 1). Similarly, MAb
conjugation efficiencies were computed as the sum of *H in
the liposome peak over the sum of *H in free unconjugated
MAD fractions and liposome fractions (Fig. 1). Conjugation
of MADbs to the liposomes was also confirmed using
bicinchoninic acid protein determination assays. All eluted
fractions containing PSILs were kept in glass vials under
nitrogen atmosphere and stored at 4°C unless specified
otherwise.

Electron Microscopy

Unconjugated PSL suspensions (8 pl) were applied to
Formvar-coated 300 mesh copper grids (Canemco-Marivac,

Table I. (A) Summary of DNA Encapsulation Efficiencies into Polyethylene Glycol-stabilized Immunoliposomes Using Ethanol
Condensation and Freeze-thaw Methodologies; (B) Monoclonal Antibody Conjugation Efficiencies Obtained with Various Degrees
of MADb Thiolation with Increasing 2-iminothiolane : MAb Ratios Before Conjugation

Encapsulation Efficiency

Conjugation Efficiency

(A) (B)

Condition Mean + SD Condition Mean + SD
n Percent n Percent

EtOH (10%) 1 11.5 2I:MAb=1:1 3 8.1t7.2

EtOH (20%) 2 15.8+11.3 2I:MAb=10:1 3 27.2+16.0

EtOH (30%) 1 26.1 2I:MAb=40:1 23 69.3+4.5

EtOH (40%) 58 71.2+13.6

Freeze—thaw 19 15.8+9.4

Data are mean + standard deviation (SD)

Abbreviations : EtOH=ethanol ; 2:MAb=2-iminothiolane : Monoclonal antibody ratio in the thiolation procedures
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Fig. 2. (a) Schematic representation of the polyethylene glycol (PEG)-stabilized immunoliposomes (PSILs) showing encapsulated DNA and
conjugated monoclonal antibodies (MAbs). (b—d) Transmission electron microscopy view of the uranyl acetate stained PEG-stabilized
liposomes (PSLs). Magnification bar=100 nm. Size distributions of (e) PSLs and (f) PSILs according to quasi-elastic light scattering analyses.

Montréal, QC, Canada), and allowed to settle for 3 min.
Excess liquid was blotted off and the grids were washed twice
with ultrapure water. The liposome preparation was then
negatively stained with 1% (w/v) uranyl acetate (pH 4.5) for
2 min in triplicates. Grids were blotted off again and allowed
to dry. Samples were examined using a JEM 1010 transmis-
sion electron microscope (JEOL, Peabody, MA) at a
magnification of X 75,000 and X 100,000, and pictures were
taken with a CCD camera (Gatan Inc, Warrendale, PA) and
enlarged using Canvas X (ACD Systems, Saanichton, BC,
Canada) on a G4 Power Macintosh.

Dynamic Light Scattering: Particle Size Measurement

Quasi-elastic light scattering (QELS) size determination
of PSLs and PSILs was performed in duplicates using a
Nicomp C-370 Particle Sizer (Pacific Scientific Hiac/Royco
Instruments division, Particle Sizing Systems Inc., Santa
Barbara, CA). Various dilutions of the samples in 0.05 M

HEPES or Dulbecco’s Modified Eagle’s Medium (DMEM)
(pH 7.0) were adjusted to reach an intensity set point of
300 kHz. Measurements were taken with the following fixed
parameters : a temperature of 23°C, a liquid viscosity of
0.933 cP, a liquid index refraction of 1.333, a laser wavelength
of 632.8 nm, a scattering angle of 90°, an initial delay time of
30 sec, and an analysis time of 5 min. Results were expressed
as a Gaussian graph of the relative volume occupied by the
particles in function of the size of liposomes, and the mean
diameter was calculated. The distribution of the particles
formed one single major population. Latex beads of 100 nm
(Beckman-Coulter, Mississauga, ON, Canada) were used as
standards to confirm the accuracy of the measurements.

Stability of the Liposome Preparations in Vitro and in Vivo
To determine the size stability of PSLs and PSILs,

QELS measurements were performed as described above for
formulations kept under a nitrogen atmosphere at room
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Size stability in storage buffer
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Fig. 3. The mean diameter of the polyethylene glycol (PEG)-stabilized (a) liposomes (PSLs) and (b) immunoliposomes (PSILs) remained
stable for up to 3 weeks after synthesis after storage at room temperature (RT) or at 4°C in 0.05 M HEPES buffer (pH 7.0), with or without
0.09% (w/v) NaCl. (c) Non PEGylated liposomes as well as PSLs) and PSILs remained stable for up to 48 h after synthesis when stored at
37°C in Dulbecco’s Modified Eagle’s Medium (DMEM). Mean particle sizes were measured over time using quasi-elastic light scattering

analysis. Values are mean + SD of at least three measurements.

temperature or 4°C, in 0.05 M HEPES (pH 7.0), with or
without 0.09% (w/v) NaCl. Measurements were taken in
duplicates for each sample on day 1, 3, 6, 9 and 21 following
liposome synthesis (Fig. 3a-b). In addition, to test the size
stability of the particles in conditions closer those encoun-
tered in vivo, we performed QELS measurements of non

PEGylated liposomes, PSLs and PSILs kept under a nitrogen
atmosphere at room temperature or 37°C in DMEM for 24 or
48 h (Fig. 3c).

To determine whether the DNA plasmids leaked from
liposomes in physiological conditions, the PSIL formulation
was kept in 0.05 M HEPES buffer or DMEM at 37°C. The
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Fig. 4. (a) The % of [**P]-DNA encapsulated into liposomes (L),
polyethylene glycol (PEG)-stabilized liposomes (PSLs) and
polyethylene glycol (PEG)-stabilized immunoliposomes (PSILs)
remained over 75% after storage of the preparation in 0.05 M
HEPES buffer or in Dulbecco’s Modified Eagle’s Medium
(DMEM), at 37°C for up to 48 h. (b) Determination of the
terminal half-life of [**P]-DNA encapsulated into PSILs injected in
the tail vein of rats. Values are mean + SEM of three animals.

percentage of DNA that remained entrapped in liposomes
was computed after 24 and 48 h using size exclusion
chromatography as described above. To estimate the termi-
nal half-life of the [**P]-DNA encapsulated in PSILs, 2 uCi of
the preparation were injected in the tail vein of three rats.
Blood samples (~180 pl) were drawn at 1.5, 15, 30 and
60 min and, then, at 8, 25, 46, and 96 h and centrifuged
(10,000 g; 5 min) to collect plasma. Radioactivity counts were
measured using liquid scintillation counting. The terminal
half-life was determined from the slope of the linear part of
the log(concentration) versus time curve using the formula
t12=log10(2)/slope (35).

DNA Analysis

In order to confirm the encapsulation efficiency and the
integrity of plasmids encapsulated within the PSLs, the
eluted fractions recovered after the size exclusion chroma-
tography were concentrated with a Speed Vacuum machine
(SpeedVac® Plus SC110 A, Savant Instruments Inc., Hol-
brook, NY), lysed at 50°C for 30 min with 1% (v/v) Triton
X-100, 1% (w/v) sodium deoxycholate and 2% sodium
dodecyl sulfate, and further concentrated with a DNA
Clean and Concentrator™-5 kit (Zymo Research, Orange,
CA) to discard detergent. Samples were then subjected to a
0.6% (w/v) agarose gel electrophoresis (migrated at 106 V
for 1 h at room temperature) and observed with a UV

Rivest et al.

transilluminator. To determine whether the ethanol needed
for DNA encapsulation was interfering with nuclease
digestion, pGL3 DNA plasmids (1 pg) were exposed to
various amounts of ethanol (0-60%) and to nucleases as
described above during 2 h at 37°C. Resulting samples were
run on a 09% (w/v) agarose gel either right after the
digestion or after being kept overnight at room temperature
to mimic the conditions occurring during the conjugation
procedures. Encapsulation efficiencies were computed using
image analysis of UV densitometry (Alpha imager system,
Alpha Innotech, San Leandro, CA).

In Vitro Transfection

To determine the relative capacity of two proteic
vectors to carry the PSIL and its DNA content through
the cell membrane, transfection experiments were per-
formed with a cell line known to express the mouse
transferrin receptor, the neuroblastoma Neuro 2A (N2A)
mouse cell line (36,37). The presence of transferrin receptors
on N2A cells was further confirmed with a Dot Blot analysis
using the RI7 antibody (not shown). N2A cells were grown in
serum-free VP-SFM medium with 4 mM L-glutamine sup-
plemented with penicillin (10 U/ml) and streptomycin (10 pg/
ml). The day before transfections, 2.0x10* cells per well were
seeded in a 96-well microplate. Cells in each well were
incubated with 160 ng of DNA encapsulated in unconjugated
PSLs or PSILs conjugated with either RI7 or 8D3 MAbs,
with or without free competing RI7 MAbs (final con-
centration: 0.5 mg/ml). After being concentrated using
Amicon filter devices (MWCO=100 kDa), the liposome
preparations and free MAbs were filter-sterilized (0.22 pm)
before use in cell culture. Cells were incubated at 37°C for 16
h in serum- and antibiotic-free culture medium and for a
further 32 h in serum-free medium as described above. Cell
lysates were then processed for luciferase activity mea-
surements using the Steady-Glo Luciferase Assay reagent
kit (Promega) for pGL3/4 plasmids, while supernatants were
used with the Gaussia Luciferase Assay kit (New England
BioLabs) for pGLuc, according to the manufacturer’s
instructions. Luminescence data were generated using a 96-
well microplate luminometer (Synergy™ HT, Biotek,
Winooski, VT).

RESULTS

High Encapsulation Efficiencies of Plasmid DNA
into PSILs

Owing to the capacity of ethanol to condense DNA
(38,39), high encapsulation efficiencies (mean + SD: 71+14%)
of plasmid DNA into PSILs were obtained, based on 58
experiments (Fig. 1 and Table I). Encapsulation efficiencies
were similar between the commercial plasmids compared
here (pGLuc, pGL3 and pGL4). The encapsulation efficien-
cies were superior to values obtained with a freeze-thaw
method (Table I) and to most previously reported data
(17,32,33,38,40). Also shown in Table I, the 40% ethanol-
based methodology led to higher encapsulation efficiencies
than lower ethanol percentages. In parallel experiments, it
was found that varying the pH between 5 and 8, addition of
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Fig. 5. Agarose gel analysis of DNA plasmids in the encapsulation process. (a) The majority of DNA entrapped into PEG-stabilized
immunoliposomes (PSILs) did not migrate freely in the agarose gel (lane A4), whereas detergent-induced lysis of the complex released the
DNA (lane A6), which then migrated as control pGL3 plasmid (lane A3). An eluted fraction containing nuclease-digested non-encapsulated
DNA plasmid is shown in lane AS. (b) Demonstration that the 40% ethanol (EtOH) concentration used during encapsulation did not alter the
subsequent digestion of unencapsulated plasmids. Addition of nucleases (1 h at 37°C) totally digested the pGL3 DNA plasmid (lane B2), with
or without 40% EtOH (lanes B3 and B4). To mimic usual experimental conditions, empty liposomes were added to the pGL3 plasmid sample
but did not interfere with digestion of unencapsulated DNA (lane B5). (¢) Encapsulation efficiencies as measured with liquid scintillation
counting (LSC) of eluted fractions following the size exclusion chromatography were comparable to those estimated from UV optical density
analysis of agarose gels. Values are mean + SEM of 58 and three experiments for LSC and gel analyses, respectively.

5% cholesterol in the lipid composition of the vesicles (with
88% POPC instead of the usual 93% POPC) or 1.5 mM
calcium chloride during the plasmid encapsulation step did
not significantly change the encapsulation efficiencies (data
not shown).

High Conjugation Efficiencies of Proteic Vectors
(transferrin receptor MAbs) to PSLs

Conjugation was performed by linking thiolated MAbs to
the maleimide moieties of PEG, strands attached to the core
of PSLs. The level of thiolation of MAbs can be controlled by
varying the 2-iminothiolane : MAD ratio, and it was found that
a ratio of 40: 1 led to conjugation efficiencies close to 70%,
based on 23 experiments (Table I and Fig. 1). Assuming a
MAD molecular weight of 150,000 kDa, a loss of 25% of lipids
in the extrusion steps and 100,000 lipid molecules per
liposome, it can be estimated that 92 MAbs were attached to
any single liposome. A schematic representation of a PSIL is
illustrated in Fig. 2a.

Size and Stability of PSILs

The size and shape of PSILs were assessed using
transmission electron microscopy, confirming that the PSILs

were not aggregated, and have a diameter of less than 120 nm
(Fig. 2 b—d). As determined by QELS analyses, the mean
diameter of PSLs and PSILs averaged 66+3 nm (Fig. 2e) and
80+4 nm (Fig. 2f), respectively. This suggests that the
conjugation of MAbs to PEG strands on the liposomal
surface added 14 nm to the liposome diameter. The electron
microscopy study (not shown) and QELS size analyses
(Fig. 3) demonstrated that the size and morphology of both
PSLs and PSILs remained stable. Indeed, no significant
change in the mean particle size within the PSL/PSIL
suspensions was detectable after up to 21 days when kept in
saline buffer at room temperature (Fig. 3a-b). In DMEM,
non PEGylated liposomes, PSLs and PSILs remained stable
in terms of size for at least 48 h (Fig. 3c), which was longer
than the calculated terminal half-life in vivo (see below).

To assess leakage of DNA after the initial synthesis, the
amount of [**P]-DNA protected by the liposomes from
nuclease digestion was determined at two time points after
the first size exclusion chromatography. No significant
leakage of [**P]-DNA was measured after 24 and 48 h,
indicating that the formulation was stable in HEPES buffer
and DMEM (Fig. 4a). Furthermore, the terminal half-life
in vivo of [*>P]-DNA encapsulated into PSILs was estimated
at 23.9 h (Fig. 4b) after a single administration in the tail
vein. Although this did not distinguish intact DNA from
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Fig. 6. Transferrin receptor-specific transfection of neuroblastoma
Neuro 2A (N2A) cultured cells with the pGLuc plasmid encapsulat-
ed into PEG-stabilized immunoliposomes (PSILs) targeting transfer-
rin receptors. Luciferase expression in N2A cells 48 h after
transfection with PSILs conjugated to RI7 or 8D3 monoclonal
antibodies (MAbs) and containing 160 ng of pGLuc was significantly
higher than unconjugated (NC) PSLs. Addition of free RI7 MAbs
(0.5 mg/ml) competed with available transferrin receptors and
blocked transfection of N2A cells with PSILs conjugated to either
RI7 or 8D3 MAbs. Relative light units (RLU) per g of proteins are
expressed as mean = SD of at least three separate wells. * P<0.001
versus non-conjugated PSL-pGLuc; 1 P<0.001 versus RI7-PSIL-
pGLuc; § P<0.001 versus 8D3-PSIL-pGLuc, using an ANOVA
followed by a Tukey’s multiple comparison test.

metabolite, plasmatic [**P]-DNA showed a TCA precipit-
ability of 90% 2 min after the injection.

Analysis of Encapsulated DNA

To ascertain that the encapsulated DNA was not
importantly altered by the encapsulation process, an agarose
gel analysis was carried out. Loading of the DNA-PSIL
complex caused the majority of encapsulated DNA to remain
in the well (lane A4- Fig. 5a), consistent with the incapacity
of liposomes to migrate through the agarose matrix. Howev-
er, a fraction of the encapsulated DNA migrated similarly to
control DNA (lane A3- Fig. 5a), probably due to leakage
during electrophoresis. Size exclusion chromatography frac-
tions corresponding to digested DNA (see Fig. 1) contained
DNA fragments too small to be retained by the agarose gel
(lane AS5- Fig. 5a). On the other hand, detergent-treated
PSILs released all pGL3 plasmid DNA and showed a
migration pattern similar to control DNA (lane A6 versus
A3—Fig. 5a). Overall, data included in Fig. 5a show that the
encapsulation process did not visibly alter the agarose
migration pattern of encapsulated DNA.

Exposure of the PSIL preparations to nucleases is an
essential step aimed at discarding unencapsulated DNA to
obtain an accurate quantification of the DNA complexed
within and protected by the liposomes. Thus, it was
important to rule out whether the ethanol-based encapsula-
tion procedure affected the efficacy of the nuclease degrada-
tion. Agarose gel analysis of DNA digested by nucleases in
presence of 40% ethanol clearly shows that ethanol did not
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affect the catalytic properties of the enzymes in the protocol
(lane B4 versus B3 and B2—Fig. 5b). Furthermore, empty
liposomes did not interfere with the activity of the nucleases
(lane B5—Fig. 5b). In a separate agarose gel analysis of
eluted fractions from size exclusion chromatography, it was
also estimated by UV optical density analysis that 79% of
DNA remained entrapped within the liposomes, similar to
percentages determined by liquid scintillation counting
analysis of [**P]-DNA (Fig. 5c).

In Vitro Transfection Study

The transferrin receptor-dependent transfection capacity
of PSILs was demonstrated in cultured N2A mouse cells
(Fig. 6). Significant luciferase expression was observed in
wells containing N2A cells transfected with PSILs coupled to
RI7 (18-fold increase versus unconjugated PSLs, p<0.001) or
8D3 (21-fold increase versus unconjugated PSLs, p<0.001)
MADs raised against the mouse transferrin receptor (Fig. 6).
Addition of an excess of free RI7 MAbs competed with
available transferrin receptors on N2A cells and blocked the
transfection, resulting in luciferase expression levels compa-
rable to unconjugated PSLs (Fig. 6). pGLuc showed higher
levels of expressed luciferase than pGL3 or pGL4 in this
model (not shown). No signs of toxicity from the PSIL
formulation or excess RI7 MAbs were observed in cultured
N2A cells (not shown).

DISCUSSION

Liposome-based gene delivery combines the advantages
of safety and the potential for tissue-selective drug targeting.
Furthermore, PSLs can be mass-produced at relatively low
cost and have already been approved for clinical use
(10-12,25). The present report describes a new methodology
to generate small unilamellar neutral PSLs with a high DNA
encapsulation efficiency in a reproducible fashion. The PSLs
can be routinely conjugated to proteic vectors such as MAbs
targeting the mouse transferrin receptor to form PSILs.
Encapsulated reporter genes were used to confirm the
transferrin receptor-dependent transfection of N2A cells with
the present novel PSIL formulation.

The high DNA encapsulation efficiency shown here into
a PSIL formulation designed for in vivo applications
compares advantageously to previously published methodol-
ogies. Indeed, most procedures to generate liposome-DNA
complexes of less than 150 nm in diameter using either
freeze-thaw cycles, reverse-phase evaporation, or dehydra-
tion-rehydration techniques report limited encapsulation
efficiencies (17,32,33,38,40,41). For example, a commonly
used freeze-thaw technique was associated with encapsula-
tion efficiencies inferior to 20% along with important inter-
assay variations (Table I). More recently, Bailey and Sullivan
(2000) were able to significantly improve DNA encapsulation
efficiencies by condensing DNA with calcium ions and
ethanol during the entrapment process (38). A similar
ethanol-based approach suitable for mass production has
been recently published (41). However, in its original form,
the method of Bailey and Sullivan (2000) produces neutral
liposomes between 150 and 200 nm that are not PEG-stabilized
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nor conjugated to targeting vectors, therefore less suitable for
in vivo use.

Conjugation of proteic vectors to liposomes is necessary
for target-specific gene delivery. Here, it is shown that
thiolation of the MAbs using a 2-iminothiolane : MAb ratio
of 40: 1 leads to very high conjugation efficiencies to the PSL-
DNA complex along with a 14 nm increase in particle
diameter. The number of MAbs attached per liposome is an
important factor for cellular uptake. Low MAD : liposome
ratios might lead to insufficient target binding, while an
excess of MADbs attached to a liposome might interfere with
delivery (33,42). The best in vitro transfection efficiency was
obtained with a 2-iminothiolane : MAD ratio of 40 : 1, which
corresponded to about 92 MAbs per liposome.

An issue often raised to criticize liposome formulations
is that their shelf life or their blood circulation time can be
limited. QELS analysis and electron microscopy showed that
the present liposome preparation is stable at least in terms of
size and morphology. Moreover, no DNA leakage or size
alteration were detected after 48 h at 37°C in HEPES buffer
or DMEM. Thus, the characterization of the size and stability
of the PSILs along with the conserved migration pattern of
encapsulated DNA are consistent with a drug delivery
formulation suitable for in vivo use. Consistently, our
pharmacokinetic experiment showed that the terminal half-
life of the preparation was over 20 h after a single
intravenous injection in rats. Therefore, based on the present
data and on many features shared with previously published
PSIL formulations successfully used in vivo (17,18,23), it is
expected that this novel formulation has most prerequisites
for in vivo investigations.

The N2A cell line expresses the transferrin receptor
(36,37) and thus represented a very good model to investigate
the targeting capabilities of the present liposomal formula-
tion. The transferrin receptor has been shown to transport
transferrin-bound iron into the cell through a well described
ATP-dependent endocytosis mechanism (43). The data
clearly show that the conjugated RI7 or 8D3 MAbs targeting
the transferrin receptors on N2A cells induced transfection of
these cells. Without the conjugated vector or in presence of
an excess of free vectors, no transfection occurred, indicating
the selectivity of the vector targeting. Since transferrin
receptors are enriched within the brain capillary endotheli-
um, which forms the blood-brain barrier in vivo (43-45), the
present formulation will be investigated as a brain-targeting
carrier in the mouse.

The need to develop efficient lipid-based transfection
vehicles is highlighted by recent clinical trials, which have
demonstrated the safety risks associated with viral vectors.
Indeed, virtually all humans have a pre-existing immunity to
HSV-1, AV and, to a lesser extent, AAV (6,7,10). Hence,
intracerebral injections of these vectors can cause rate-
limiting inflammation and demyelination. Life-threatening
inflammatory responses have been described after injections
of HSV and AV vectors in humans and monkeys (6,8).
Another major concern is that retrovirus, lentivirus or AAV
can randomly and stably integrate into the host genome to
produce long-lasting expression of exogenous genes after
transfection (6). Random uncontrolled incorporation of an
exogenous gene carries a risk of mutagenesis. This aspect has
been evidenced by a recent clinical trial with severe com-
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bined immunodeficiency (SCID) children in France who
received retroviral gene therapy in 2000 and are now being
treated for acute T-cell leukemia due to insertion of the
retroviral vector near the promoter of the proto-oncogene
LMO2 (9,10). In summary, problems with pharmaceutical
processing and toxicity associated with viral vectors call for
the development of alternative gene therapy vectors.

Although PSILs represent a safe alternative for targeted
gene delivery compared to viral vectors, refinement of
current methodologies is required. Poor transfection efficien-
cy compared to that obtained with viral vectors is still a major
problem, which will likely be solved through the develop-
ment of powerful expression plasmids with features improv-
ing mRNA stability, reducing bacterial DNA content, and
inserting endosomal disruption sequences or nuclear-import
signals, for example (10,46). The high DNA encapsulation
efficiencies reported here offer several advantages such as
economy in materials including expression plasmids, proteic
vectors, smaller injection volumes and reduced waste.
Therefore, the present formulation is one of the first reported
to combine many critical characteristics required for efficient
targeted drug delivery and high transfection rates in vitro and
in vivo.
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