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Abstract

Recombinant retroviruses provide highly efficient gene delivery and the potential for stable gene
expression. The retroviral envelope protein, however, is the source of significant disadvantages
such as immunogenicity, poor stability (half-life of transduction activity of 5-7 h at 37 °C for
amphotropic murine leukemia virus) and difficult production and purification. To address these
problems, we report construction of efficient hybrid vectors through association of murine
leukemia virus (MLV)-like particles (M-VLP) with synthetic liposomes comprising DOTAP,
DOPE and cholesterol (¢/M-VLP). We conclude that the lipid composition is a significant
determinant of the transfection efficiency and uptake of ¢/M-VLP in HEK293 cells with favorable
compositions for transfections being those with low DOTAP, low DOPE and high cholesterol
content. Cellular uptake, however, was dependent on DOTAP content alone. By extrusion of
liposomes prior to vector assembly, the size of these hybrid vectors could also be decreased to
~300 nm, as confirmed via DLS and TEM. ¢/M-VLP were also robust on storage in terms of
vector size and transfection efficiency and provided stable transgene expression over a period of
three weeks. We conclude that the non-covalent combination of biocompatible synthetic lipids
with inactive retroviral particles to form a highly efficient hybrid vector is a significant extension
to the development of novel gene delivery platforms.
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INTRODUCTION

Gene therapy can potentially treat inherited diseases2 as well as acquired diseases such as
cancers?, cardiovascular diseases!, intraocular diseases! and viral infections*°. However,
this revolutionary method has yet to deliver on its promise due in large part to the lack of
safe and efficient means of delivering therapeutic genes®. Delivery of genes to mammalian
cells can be achieved via vectors such as recombinant viruses or synthetic molecules
including lipids and polymers’.
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Viruses have evolved to efficiently transfer their own genetic material into cells and have
developed highly efficient mechanisms for navigating the barriers to cellular transduction.
Retroviruses were the earliest class of viruses used for gene therapy clinical trials because of
their relatively simple genomic architecture and capacity to integrate their genetic cargo
within the target cell genome with remarkable efficiency. Alternatively, delivery of genetic
material may be accomplished using synthetic agents such as polyethylenimine (PEI)8, poly-
.-lysine (PLL)?, polyamidoamine (PAMAM)Z0, chitosan!! and various lipids such as 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP)12, which electrostatically bind DNA or
RNA and condense the nucleic acids to form nanoparticles’13. These non-viral vectors
typically offer improved safety, ease of targeting specific cells and facile manufacturing
along with robust storage capabilities but are comparatively inefficient and typically provide
short duration of gene expressionl4. Thus, both viral and non-viral vectors have significant
advantages as well as limitations for application in human gene therapy. The design of
hybrid viral/synthetic vectors provides a route to combine beneficial properties of
conventional vectors, potentially leading to a superior vector with improved properties.

Retroviral-like particles (RVLP) lacking an envelope protein may be internalized via
endocytosis but are incapable of transduction. We and others have demonstrated that the
envelope protein which is responsible for initiating infection is also a prime reason for their
disadvantages such as freeze-thaw instability, short half-life of infectivity (5-7 h at 37 °C)
and difficult retargeting for receptor-specific gene therapyl>-17. Replacing the envelope
protein with a synthetic material has the potential to alleviate these limitations. For example,
retroviruses have been associated with DOTAP and PEI in order to improve their
transduction efficiency1819, There have also been recent reports on non-covalently attaching
GPl-anchored proteins and lipids to the retroviral lipid bilayer through novel post-insertion
protocols?9-22, These studies, however, required the presence of a functional envelope
protein.

Our lab has previously reported the formation of hybrid vectors through non-covalent
association of PEI or PLL with Moloney murine leukemia virus-like particles (M-VLP)15:23,
In this article, we demonstrate the design of hybrid vectors through association of liposomes
comprising DOTAP, DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and
cholesterol (hereafter referenced as ¢/M-VLP or ¢yy,/M-VLP with composition
DOTAP:DOPE:cholesterol = x:y:z on a weight basis). M-VLP on their own without
envelope proteins or synthetic agents are incapable of achieving transduction in human cells.

DOTAP, a cationic lipid, has been used as a gene delivery vector for non-viral gene
therapy?4 and viral gene therapy82° since its first formulation in 198812, Neutral “helper”
lipids such as DOPE or cholesterol are commonly used with DOTAP in gene therapy
applications to reduce the high cationic charge density and provide membrane fluidity for
optimal performance®6-27. DOPE is also believed to promote liposome fusion with the
endosomal membrane through adoption of a hexagonal inverted phase (Hy;) structure
thereby allowing efficient escape of the cargo into the cytosol?6:28:29, Cholesterol has also
been used as a significant component of lipid-based gene delivery vectors as a neutral,
helper lipid?” and in modified forms such as DC-Chol30. Here, we report highly efficient ¢/
M-VLP-mediated transfection of mammalian cells with minimal toxicity along with stable
long-term expression and vector stability.

EXPERIMENTAL SECTION

Cell Lines and Assays

Human embryonic kidney cells, HEK293, and human oral carcinoma cells, KB, were
purchased from the American Type Culture Collection (Manassas, VA). The MLV producer
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cell line, GP293Luc, containing the MLV viral gag-pro-pol genes and a construct
comprising the MLV long-terminal repeats flanking a packaging sequence (y) and
neomycin resistance and luciferase reporter genes was purchased from Clontech (Mountain
View, CA). All cell lines were grown in DMEM supplemented with 10% FBS and cultured
at 37 °C in 5% CO». Dulbecco's Modified Eagle's Medium (DMEM) and Phosphate-
buffered saline (PBS) was produced in-house at the Cell Culture Media Facility, School of
Chemical Sciences, University of Illinois. Fetal Bovine Serum (FBS) was bought from
Gemini Bio-Products and used as purchased. Luciferase assay and Cell-Titer Blue™ assay
kits were bought from Promega and used as per the manufacturer's instructions. BCA assay
was bought from Thermo Scientific and used as per the manufacturer's instructions.

M-VLP Production and Quantification

M-VLP were produced in GP293Luc cells (2 x 10%) seeded in a 10 cm dish. The cells were
cultured for four days before the M-VLP containing supernatant was collected and filtered
through a 0.45 pm surfactant-free cellulose acetate syringe filter. The concentration of M-
VLP in the supernatant was measured using a g-RT-PCR protocol23, RNA Standards were
obtained from the Clontech gPCR Retroviral Quantification Kit and stored at -80 °C before
further use. Viral RNA was extracted using the QIAGEN Viral RNA Extraction kit and
stored in a 60 .l eluate at -80 °C before further use. Standards and viral RNA samples were
prepared for reverse transcription using Tagman reverse transcription reagents (Applied
Biosystems, Carlsbad, CA). Twenty .l samples were mixed in 200 I PCR tubes using the
reagent concentrations suggested by the kit plus 250 nM sequence-specific primers. Thermal
cycling was carried out on a Peltier Thermocycler (PTC)-100 (MJ Research). Real-time
PCR of the cDNA standards and samples was carried out in triplicate in 10 pl/well samples
on a 384-well plate in a Tagman 7900 Real-Time PCR Machine (Applied Biosystems) and
analyzed using SDS software (Applied Biosystems). The final reaction mixture ratio of the
components was 5:1:1:3 (2X SYBRGreen real-time PCR reagent:forward primer:reverse
primer:cDNA volume). The final concentration of the sample RNA was calculated using the
calibration curve obtained via the cDNA standards. Each viral particle has 2 RNA copies
which enabled us to calculate the total number of M-VLP in a given volume of supernatant.
Two RNA extracts were collected for each M-VLP sample and quantified using 3 dilutions
of each cDNA sample. M-VLP supernatant was either used immediately or stored at 4 °C
for short term storage (< 4 weeks) or stored at -80 °C for long term storage.

MLV-A Production

GP293Luc cells, seeded (2 x 108) in a 10 cm dish, were grown for 48 h prior to transfection
with the envelope plasmid pMDM.4070A. Complete media was replaced with serum-free
media just before transfections. The plasmid was conjugated with Lipofectamine2000
(LF2000) (Invitrogen, Carlsbad, CA) in a stoichiometric ratio of 1:5 (w:w) and incubated at
room temperature for 10 min prior to drop-wise addition to GP293Luc cells. The media was
replaced again with complete media 6 h post-transfection. The cells were cultured for a
further 48 h before the MLV-A containing supernatant was collected and filtered through a
0.45 um surfactant-free cellulose acetate syringe filter.

Synthesis of @/M-VLP
Different strategies were tested for this study to optimize the formation of hybrid vectors in
terms of their size and transfection efficiency.

Protocol 1 (Dry Film Method)

The three lipids dissolved in chloroform were mixed in the desired composition in a test-
tube and dried under vacuum overnight to form a thin film. The lipid film was rehydrated
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using a 5% glucose solution and sonicated briefly to allow the lipids to dissolve completely.
The rehydrated solution was vortexed every 30 minutes for 30 s for a total duration of 3 h. If
not used immediately, the lipid solution was stored at 4 °C (< 1 month). The lipid samples
were diluted in 5% glucose solution as per the required ¢/M-VLP stoichiometry followed by
the addition of required volume of M-VLP supernatant and incubated for 2 h at 4 °C prior to
further analysis or transfection.

Protocol 2 (Multiple-Pass Extrusion without M-VLP)

The three lipids dissolved in chloroform were mixed in the desired composition in a test-
tube and dried under vacuum overnight to form a thin film. The lipid film was rehydrated
using a 5% glucose solution and sonicated briefly to allow the lipids to dissolve completely.
The rehydrated solution was vortexed every 30 minutes for 30 seconds for a total duration of
3 h. If not used immediately, the lipid solution was stored at 4 °C (< 1 month). The lipid
solution was extruded through an Avanti® Mini-Extruder for 11 passes through a 100 nm
PC membrane. The lipid samples were diluted in 5% glucose solution as per the required ¢/
M-VLP stoichiometry followed by the addition of required volume of M-VLP supernatant
and incubated for 2 h at 4 °C prior to further analysis or transfection.

Protocol 3 (Alcohol Injection)

The three lipids dissolved in chloroform were mixed in the desired composition in a test-
tube and dried under vacuum overnight to form a thin film. The lipid film was resuspended
in diethyl alcohol (with sonication if required). The alcohol solution was injected rapidly to
the required volume of M-V LP supernatant and the alcohol was evaporated by establishing a
vacuum line for solution for 4 h. The samples were stored at 4 °C prior to further analysis or
transfections.

Transfection by ¢/M-VLP

¢/M-VLP were prepared as per the different protocols testing as part of this study. HEK293
and KB cells were seeded 18-24 h prior to transfection at 4 x 10° cells/well in 12 well
plates. Growth media containing serum was replaced with serum-free DMEM prior to drop-
wise addition of vectors. DMEM was replaced with normal growth media 4 h post-
transfection.

Transduction by MLV-A

HEK?293 cells were seeded 18-24 h prior to transduction at 8 x 104 cells/well in 6-well
plates. MLV-A containing supernatant was diluted in complete media (1:3, v:v) along with
addition of 1 .l Sequabrene for every 1 ml of the diluted mixture to produce viral media.
HEK293 cells were transduced with 1 ml/well viral media.

Luciferase expression assay

Luciferase expression was quantified 24-48 h post-transfection using the Promega luciferase
assay system following the manufacturer's protocol. Luciferase activity was measured in
relative light units (RLU) using a Lumat LB 9507 luminometer (Berthold, GmbH,
Germany). Lysate protein concentration was then determined by BCA assay to standardize
expression values.

Cellular Uptake

20 ml of M-VLP supernatant was centrifuged at 60,0009 for 2 h at 4 °C and the pellet was
resuspended in 50 mM HEPES with 145 mM NaCl. 1,1’-dioctadecyl-3,3,3",3"-
tetramethylindodicarbocyan-ine, 4-chlorobenzenesulfonate salt (DiD) (Invitrogen, 1 mM in
DMSO, Ex = 644 nm, Em = 665 nm) was added to the resuspended M-VLP to give a final
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concentration of 2 uM DiD. The mixture was incubated for 1 h at room temperature.
Labeled M-VLP were separated from the free dye through a PD-10 gel filtration desalting
column (GE Healthcare). HEK293 cells were seeded in 12-well plates at 4 x 10° cells per
well 18-24 h prior to transfection. Hybrid vectors composed of liposomes and DiD-labeled
M-VLP were synthesized as described above and transfected onto HEK293 cells. The target
cells were washed with PBS containing 0.001% SDS 2 h post transfection to remove
surface-bound, uninternalized vectors followed by a regular PBS wash. Cells were then
trypsinized followed by neutralization with 50 I of FBS, collected, and analyzed by flow
cytometry using a Becton Dickinson (Franklin Lakes, NJ) LSR Il Flow Cytometer with a
633 nm laser.

Negative Stain Transmission Electron Microscopy (TEM)

M-VLP and ¢/M-VLP were fixed by adding 1 ml of Karnovsky's fixative to 3 ml of sample.
The sample was then centrifuged at 60,0009 for 2 h at 4 °C. The pellet was resuspended in a
small volume of 5% glucose and diluted with the fixative. A 40 pul drop of the sample was
placed on a parafilm sheet with a copper grid placed face down on the sample drop and
incubated for 30 minutes. Excess sample was wicked off the grid using filter paper. The grid
was then placed grid-face down on a drop of 7% uranyl acetate stain for 1 min. Excess stain
was again wicked off using filter paper and the grid was dried for 15 min before viewing in
a Hitachi H600 Transmission Electron Microscope.

Size Measurements

¢/M-VLP were prepared as described above and diluted 10-fold in 5% glucose. The sizes of
the resulting complexes and the constituents were measured using dynamic light scattering
with a Brookhaven 90Plus Particle Size Analyzer (Brookhaven Instruments). Light
scattering was measured 10 times at 10-second intervals for each sample.

Surface Charge Measurements

M-VLP supernatant was centrifuged at 60,0009 for 2 h at 4 °C and the pellet was
resuspended in the same volume of 5% glucose. ¢/M-VLP were prepared as described above
and diluted 5-fold in 5% glucose. The electrophoretic mobility of the resulting complexes
and the constituents was measured using the ZetaPALS module attached to the Brookhaven
90PIlus Particle Size Analyzer (Brookhaven Instruments) over 10 runs with 30 measurements
per run. Zeta Potential was estimated using the Smoluchowski Equation.

Cytotoxicity studies

The toxicity of liposomes was determined using the Cell Titer-Blue™ Cell Viability Assay.
HEK?293 cells were seeded in a 96-well plate at 5 x 104 cells/well 18-24 h prior to addition
of lipids. Liposomes formed in 5% glucose solutions via Protocol 1 were added to the cells
in concentrations ranging from 0 (control) - 200 (maximum) pg/ml in serum-free medium
and left for 4 h before the medium was replaced. Fifteen pl of CellTiter-Blue™ reagent was
added to each well 24 h after the addition of polymers. The cells were incubated for further
4 h at 37 °C before adding 100 .1 per well of stop reagent following which fluorescence (A
=570 nm, 650 nm) was measured in a SpectraMax 340PC 96-well plate reader. IC5q =
concentration at which cell viability is 50% of untreated cells.

Stable Transgene Expression Assay

Hybrid vectors were formed as described above. HEK293 cells were seeded 18-24 h prior to
transfection at 8 x 10° cells/well in 6-well plates. Growth media containing serum was
replaced with serum-free DMEM prior to drop-wise addition of vectors and replaced again
with normal growth media 4 h post-transfection. After 48 h, the cells in three wells were

Mol Pharm. Author manuscript; available in PMC 2014 May 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Keswani et al. Page 6

lysed and quantified for luciferase expression as mentioned above. The cells in the other
three wells were split into another 6-well plate at a 1:8 split ratio. This process was repeated
every 3-4 days depending on the confluency of the cells for up to at least three weeks.

Statistical Analysis
All statistical analyses mentioned in this study was done using the Student's t-test.

RESULTS

Optimization of Lipid Composition for Efficient Transfection

For initial hybrid vector construction, multi-lamellar liposomes were produced by the dry-
film method (Protocol 1)3L. The liposomes were combined with M-VLP through simple
mixing, which led to electrostatic interactions between the negatively-charged viral lipid
bilayer and the positively-charged DOTAP head-group. HEK293 cells were transfected with
¢/M-VLP carrying the luciferase reporter gene at four lipid/M-VLP ratios of 4, 8, 12 and 16
wg lipid/10° M-VLP (Fig. 1). No measurable transgene expression was observed upon
transfection with M-VLP in the absence of liposomes (not shown).

DOTAP-rich compositions performed poorly at all lipid/M-VLP ratios (lower right corner of
triangle diagram). DOPE-heavy formulations also exhibited poor transfection efficiency
(TE) overall (upper region of triangle). The best lipid compositions were those that
contained < 50% DOTAP and cholesterol-rich formulations with 10-40% DOPE content.
¢587/M-VLP and ¢35/M-VLP provided the greatest transfection efficiency amongst all the
tested lipid compositions (~1000-fold higher than the control, LF2000/M-VLP). For further
characterization, control compositions — ¢50s5/M-VLP and ¢s50/M-VLP — were also used
along with ¢5g7/M-VLP to compare the effects of the presence of either neutral helper lipid
alone.

Transfection of KB cells was performed using the optimized lipid composition of ¢5g7/M-
VLP along with the controls, ¢505/M-VLP and ¢550/M-VLP (Fig. S1). Overall, the
transfection efficiency was reduced in comparison to HEK293 cells by about 10-fold despite
doubling of the viral particle load. The optimized composition of ¢5g7/M-VLP exhibited
higher transfection levels in comparison to the controls at high lipid:M-VLP ratios.

The transfection efficiency of ¢/M-VLP was also compared to transduction by MLV-A and
PEI/M-VLP (Fig. S2). PEI/M-VLP were formed as reported previously32. ¢/M-VLP
provided a higher transfection ability as compared to PEI/M-VLP (> ten-fold improvement)
while its performance was comparable to transfection by MLV-A. The efficiency could also
be further improved by modulating the lipid weight used for complexing M-VLPs.

Cellular Uptake of @/M-VLP in HEK293 cells

It is also informative to investigate the effects of the different lipid compositions on the
cellular uptake of the vectors (Fig. 2). While the presence of DOTAP was expected to be
necessary to mediate cellular uptake via electrostatic interactions with the cell surface, it was
important to understand the impact of the presence of DOPE and cholesterol on cellular
uptake. M-VLP tagged with the lipophilic fluorescent dye DiD were complexed with the
liposomes of desired composition at 5, 10 and 20 g/10° M-VLP. In order to compare the
effect of all three lipids, we used the following lipid compositions: ¢100/M-VLP , ¢550/M-
VLP and ¢5g7/M-VLP, which represented DOTAP in decreasing proportion. ¢100/M-VLP
exhibited the highest mean cellular fluorescence at all lipid/M-VLP ratios followed by ¢550/
M-VLP and ¢sg7/M-VLP. This was significant considering that cationic DOTAP-rich lipids
were amongst the least efficient in transfections (Fig. 1). In fact, the transfection efficiency
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mediated by ¢100/M-VLP, ¢550/M-VLP and ¢5g7/M-VLP was inversely correlated to the
uptake. Therefore, it appears that cellular uptake represents a minor barrier in the
transfection mechanism of ¢/M-VLP. Additionally, even though M-VLP are incapable of
transduction, minor fluorescence shift measured with samples transfected with M-VLP alone
indicates that they may be internalized and trapped within endocytic vesicles.

Toxicity of DOTAP, DOPE and cholesterol liposomes on HEK293 cells

The toxicity of DOTAP/DOPE/cholesterol liposomes on HEK293 cells was measured to
determine if it affected the transfection efficiency, especially at higher lipid/M-VLP ratios
(Fig. 3). Both ¢550 and ¢sg7 exhibited almost no toxic effect up to concentrations of 150 g/
ml whereas the cell viability was reduced to <80% for ¢s5q5 at concentrations >25 pg/mi
with an ICsg >100 pg/ml. Considering that ¢5o5 exhibited mild toxicity, it was surprising
that ¢5g7 showed no deleterious effects on the cells despite the presence of cholesterol. This
observation may be explained by the presence of DOPE in ¢sg7 that may have led to an
efficient trafficking mechanism and/or exocytosis of the lipids leading to lower toxicity. The
maximum concentration of liposomes used in the transfection and uptake studies was <25
pa/ml. Hence, it is clear that the toxicity of these lipids had negligible influence on the
overall transfection efficiency, trafficking and uptake of the vectors in HEK293 cells.

Alternate Approaches for @/M-VLP Formation

The dry-film method for preparation of liposomes (Protocol 1) allowed for the rapid,
simultaneous testing of different liposome compositions for optimal transfection efficiency.
The sizes of the hybrid vectors as measured via dynamic light scattering (DLS), however,
varied from 300 nm to >1 pm and were much larger than the M-VLP (93 + 4 nm) (Table 1
and Fig. 4a), especially at higher lipid/M-VLP ratios (= 10 pg/10° M-VLP), suggesting
aggregation of multiple M-VLP in individual complexes. Such aggregation of these hybrid
vectors was Vvisualized via transmission electron microscopy (TEM) (Fig. 4c), which
correlated well with the sizes measured via DLS. The large size suggested that an alternative
method of constructing the hybrid vectors would be desirable. Hence, we tested various
methods that have been used in liposomal gene and drug delivery protocols to reduce vector
sizes, of which two that provided the best results are reported here.

In Protocol 2, we used extrusion to produce significantly smaller liposomes of 130-180 nm
(Fig. 4b and Table 1)33. The sizes of the hybrid vectors containing extruded liposomes were
much smaller (200-400 nm) as compared to the ~1000 nm sizes of ¢/M-VLP formed with
liposomes prepared via Protocol 1. Visualization via TEM (Fig. 4d) further revealed ¢/M-
VLP containing liposomes formed via Protocol 2 wherein the lipid bilayer (solid white
arrows) appeared to surround the M-VLP (solid black arrows).

The alcohol injection method, Protocol 3, has been used to prepare large liposomes for
encapsulating proteins, mRNA, siRNA and DNA34-37, Lipids dissolved in ethanol were
injected rapidly into an aqueous solution containing M-VLP and upon evaporation of
alcohol under vacuum led to a slow transfer of lipids into the aqueous phase forming hybrid
vectors. This protocol suffered from precipitation of the lipids upon evaporation of alcohol
except when preparing ¢550/M-VLP. However, the sizes of the hybrid vectors were smaller
than those formed via Protocol 2 at 10 and 20 wg/10° M-VLP (Table 1). TEM showed the
lipid (white arrow) enveloping the M-VLP (black arrow), suggesting that the smaller sizes
of these vectors are due to not just the presence of smaller liposomal structures formed
during the transfer of the lipid from the lipid/alcohol to the aqueous phase, but also the
association of the lipid with M-VLP (Fig. 4e).
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The transfection efficiency of ¢/M-VLP formed via Protocols 2 and 3 compared to Protocol
1 was also investigated (Fig. 5). TE decreased by 33% for ¢5g7,/M-VLP prepared via
Protocol 2 (Fig. 5a) at the optimal lipid stoichiometry. TE also decreased by 33% for ¢sg0/
M-VLP (Fig. S3) and increased by 33% for ¢505/M-VLP (Fig. S4) prepared via Protocol 2.
Transfection with ¢550/M-VLP prepared via Protocol 3, in contrast, was poor as compared to
those formed using Protocol 1 (Fig. 5b, 20-fold lower, p < 0.005). While transfection of
these hybrid vectors improved as the percentage of ethanol in the M-VLP solution
decreased, any further reduction in alcohol content below 8% led to no more improvements
in transfections. Previous studies have suggested that DOPE-rich cationic liposomes
prepared by this method are optimal non-viral gene delivery vectors (with plasmid DNA)
with better transfection efficiency and size stability as compared to the dry-film method used
in Protocol 137. However, liposomes were formed by this method prior to conjugation with
DNA via simple mixing whereas in our study the hybrid vectors were formed with this
method rather than just the liposomes. It is evident that this protocol led to minimal
aggregation thereby forming smaller vectors, but ethanol may have deactivated the virus, for
example by fixing.

The sizes of ¢/M-VLP formed via Protocol 1 can be reduced further via decrease in the
stock concentration of the lipid used to form the hybrid vectors (Table S1). However, the
transfection efficiency decreased with decreasing lipid concentration (Fig. S5). Additionally,
the optimal lipid/M-VLP ratio required for efficient transfection changed with the lipid
concentration from 10 pg/10% M-VLP at 1 mg/ml to 17.5 g/10° M-VLP at 0.5 mg/ml and
12.5-20 pg/10% M-VLP at 0.25 mg/ml. The significant difference in the transfection
efficiency at 5 and 10 pug/10° M-VLP at the three different lipid concentrations was
surprising. One possible reason could be the time required for complexation of M-VLP and
lipids. Low lipid concentrations may require more time for forming effective hybrid
structures than the high concentration solutions. This might also lead to a greater presence of
free lipid in solution that remained unassociated with the M-VLP leading to sub-optimal
hybrid vector formation.

Effect of Long-Term Storage on Vector Size and Transfection Efficiency

The ty/, of infectivity for MLV-A (amphotropic murine leukemia virus) is 5-7 h at 37 °C16.
MLVs are known to be unstable upon storage for >4 days even at low temperatures (4
°C)16.23.32 previous studies have shown that the envelope protein is one of the reasons for
poor MLV stability7:38:39, |n fact, the stability of these viruses can be strongly modulated
through the pseudotyping of different envelope proteins. For example, the retroviruses with
the VSV-G envelope protein can be stored at 4 °C for several weeks. In contrast, M-VLP
alone exhibit good long-term storage stability?3. M-VLP stored at 4 °C (14 days) used to
produce hybrid vectors maintained their transfection efficiency whereas storage of MLV-A
(>4 days at 4 °C) led to poor transduction (<1%). In this study, we extended the storage
studies to preformed ¢/M-VLP stored at 4 °C for 12 days (Fig. 6). Both TE as well as the
size of the hybrid vectors was measured over the testing period. TE of MLV-A underwent
drastic reduction by over 99% over the 12 days while the size of MLV-A did not change.

The size of ¢505/M-VLP remained fairly stable except for a minor decrease at 10 pg/10% M-
VLP. After 12 days, the TE of ¢505/M-VLP at 5 ug/10° M-VLP increased three-fold, but at
10 pg/10° M-VLP decreased three-fold. The reduction in TE at the higher stoichiometry
could be attributed to the observed size decrease via possible dissociation of the liposomes
from the M-VLP. The size of ¢550/M-VLP varied significantly over the 12-day period.
However, the TE decreased to <20% after 12 days. The size of ¢5g7/M-VLP remained fairly
stable over the 12-day period but TE decreased to <30% of TE on day 0. Despite fairly
robust stability in size of ¢5g7/M-VLP and ¢550/M-VLP, TE decreased uniformly over the
same period.
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Long Term Stable Transfections

MLYV is capable of stable transduction due to integration of the transgene into the target cell
genome. It is expected that once the core viral particle enters a cell as an intact virion or a
hybrid vector, genome integration and stable transgene expression should be achieved. Past
studies have shown that hybrid vectors comprising polymers were indeed capable of stable
transfections32. Thus, we explored the stability of transgene expression upon transfection
with ¢/M-VLP hybrid vectors (Fig. 7). ¢/M-VLP were able to successfully provide stable
expression over at least three weeks. From Fig. 3, we know that ¢505/M-VLP can be toxic at
very high concentrations. However, since in the transfections reported here cells were
exposed to negligibly toxic lipid concentrations <10 pg/ml, transfections were efficient and
stable.

DISCUSSION

Rescue of M-VLP infectivity using lipids has been reported previously. One of the first
studies used proprietary lipid formulations such as Lipofectin, Cellfectin, Lipofectamine and
Transfectamine®. M-VLP were either incubated with these reagents prior to transfection or
were added to target cells that were pre-incubated with the transfection reagents. Other
similar work employed DOTAP and DC-Chol:DOPE (3:2) liposomes!&4L, In the present
study, we expanded upon these previous attempts in two ways. We optimized the lipid
composition for the synthetic envelope using a ternary mixture of DOTAP, DOPE and
cholesterol. Secondly, we further optimized the vector morphology by controlling the
liposome sizes to obtain individual hybrid vectors rather than aggregates — an issue that
hampered both the studies mentioned above as well as our polymer-based hybrid vectors,
thereby allowing the possibility of systemic /in vivo gene delivery32. We also demonstrated
that the same optimized lipid composition shows high transfection capabilities in other cell
lines such as KB cancer cells. The hybrid vectors also exhibited performance comparable to
MLV-A, which is known to have high transduction efficiency in HEK293 cells owing to its
amphotropic envelope protein, suggesting the potential of these vectors for /n vivo testing.

DOTAP, the cationic lipid, was required as part of the lipid composition (DOPE:cholesterol
¢/M-VLP with no DOTAP were unable to transfect HEK293 cells; data not shown). The
three lipids also differed in their packing in self-assembled structures. DOTAP prefers the
L, phase whereas DOPE and cholesterol prefer the H,, inverted phase since P (critical lipid
packing parameter) <1 for DOTAP and >1 for DOPE and cholesterol at the temperatures of
interest to this study (0-40 °C)#243, Phase changes can also take place due to changes in
lipid compositions or external factors such as salt composition and pH44:45,

The lipid composition affected the size and charge of ¢/M-VLP. The presence of DOPE in
¢550/M-VLP and ¢5g7/M-VLP led to larger vector sizes especially at higher lipid/M-VLP
ratios. During the formation of these lipid vectors, it is likely that the presence of DOPE led
to the formation of the Hy; phase much more effectively than cholesterol. This would explain
the fact that ¢550/M-VLP were larger in size at very high lipid ratios due to a higher degree
of inverted phase structures. It may also explain why ¢550/M-VLP had a lower zeta potential
at 20 wg/10° M-VLP compared to 10 ng/10° M-VLP (Table S1). The change in zeta
potential with respect to lipid/M-VLP ratios was steeper in ¢sg7/M-VLP than in ¢505/M-
VLP, suggesting that the outer surface was cholesterol-rich in lipid formulations containing
only cholesterol (Table S1). This is also supported by other studies that demonstrate the
presence of cholesterol nano-domains in cholesterol-rich lipid-based formulations*®.

The potential for formation of the inverted Hy, phase is known to be an important parameter
for optimal transfection efficiency of lipid-based gene delivery vectors#748, The very low
transfection efficiency of ¢190/M-VLP could be explained by the expectation that almost the
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entire hybrid vector was in L, phase with very minimal potential for enabling the H, phase
during transfections. Additional transition from L, to H;; would be expected to occur only
within the cellular microenvironment in acidified vesicles. It is known that both
cholesterol424347 and DOPE#24447 enable the transition from lamellar to inverted phase
within endosomes. As seen in Figs. 5, S3 and S4, the optimal lipid stoichiometry for
efficient transfection decreased with increased DOPE content in the lipid formulation. It is
possible that DOPE favored the inverted phase structure to a greater degree and at lower
lipid/M-VLP ratios compared to cholesterol thereby enabling quicker release of M-VLP into
the cytosol. It is also likely that the DOPE-based vectors were already oriented to a certain
degree in Hy; phase, which can be inferred from the larger vector sizes in DOPE-containing
vectors at high lipid/M-VLP ratios as well as the zeta potential of the lipids alone (Table S1,
5:0:5 exhibited higher zeta potential than 5:5:0 despite the presence of the same amount of
DOTAP). Hence, any higher lipid/M-VLP ratios in DOPE-based vectors led to loosely-
condensed M-VLP that did not perform as efficiently as compared to lower lipid/M-VLP
ratios due to poor vector morphology (Fig. S3). At the same time, a greater amount of
cholesterol was required to achieve the desired inverted phase structure for optimal vector
morphology as well as optimal release of the M-VLP within the cytosol, which explains the
larger lipid/M-VLP ratios required for efficient transfections (Fig. S4). For ¢s5g7/M-VLP the
optimal transfection efficiency was between that of ¢550/M-VLP and ¢505/M-VLP which
was surprising given that the presence of both the neutral helper lipids promoting the
inverted phase structure would enable efficient transfections at lower lipid/M-VLP ratios

(Fig. 5).

It is probable that the mechanism of phase inversion differs for the two neutral species,
however. The likely neutral helper lipid to initiate this transition would be DOPE, but due to
its lower proportion as compared to ¢550/M-VLP the optimal transfection efficiency was
achieved at higher lipid/M-VLP ratios. Additionally, the transition temperature for DOPE
from L to Hy, is predicted to be between 9-18° C which is surpassed upon transfection at 37
°C#9, Upon long-term storage at 4 °C, it is possible that the association between M-VLP and
liposomes is weakened or the liposome/M-VLP complexes are disrupted due to the inherent
leaky nature of the liposomes. This may explain why both ¢5g7/M-VLP and ¢550/M-VLP
exhibited a significant decrease in transfection activity after the 12-day period at 4 °C (Fig.
6). In contrast, transfection with ¢505/M-VLP was maintained or improved, most likely due
to their increased stability. It is known that cholesterol improves the stability of liposomes
both in vivoand in vitro®°.

The development of viral/synthetic hybrid vectors represents a novel paradigm in the
development of gene therapy vectors. However, we recognize limitations in our design
which need to be resolved prior to further translational research. The use of retroviruses
itself is a primary bottleneck since it limits the application to actively dividing cells. The use
of lentiviral-like particles as shown earlier by our group along enabled the application of this
novel design in non-dividing cells as well32. Secondly, both liposomes and M-VLPs are
known to be unstable, and further work needs to be done to study these systems on varying
conditions of storage and buffer compositions. The current design of these vectors relies on
non-specific electrostatic attraction between the lipids, M-VLPs and cells for vector
formation and cell uptake. While this is a disadvantage if systemic gene therapy is the
ultimate application, incorporation of lipids containing targeting ligands such as folate,
mannose or other ligands in the lipid mixture may achieve the desired cell or tissue
specificity. Further, lipids containing polyethylene glycol or other hydrophilic polymers in
the headgroup may provide longer retention times within circulation. Novel oncolytic
vectors could be designed using this approach wherein folate-targeted lipids could be added
to the lipid mixture and associated with retroviruses/lentiviruses reprogrammed with
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oncolytic genes to specifically target cancer cells. Genetically or chemically modifying the
envelope protein with folate molecules resulted in inefficient vectors®L.

Overall, ¢/M-VLP formed via Protocol 2 exhibited the smallest sizes and the highest
transfection efficiencies. Conversely, larger vectors led to relatively poor transfections.
Additionally, we conclude that lipids which promoted the formation of the H,, phase at the
appropriate lipid/M-VLP ratios as well as the right time during transfection provided the
most optimal transfections. We suggest that the optimal liposome composition and lipid/M-
VLP ratio were such that the hybrid vector structure was on the verge of arranging in the Hy,
phase which then occurred during transfection in the appropriate vesicles within the cellular
microenvironment and allowed the M-VLP to progress through the remainder of the
infection process including provirus formation and genomic integration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ternary plots of HEK293 cell transfection mediated by hybrid vectors comprising lipid
formulations of DOTAP, DOPE and cholesterol. Each axis on the ternary plot represents one
of the lipid components from 0% to 100% weight basis. The color of the dots represents the
improvement of TE (from red to green). (a) 4 g lipid/10° M-VLP, (b) 8 pg lipid/10% M-
VLP, (c) 12 pg lipid/10° M-VLP and (d) 16 g lipid/10° M-VLP. TE = transfection of ¢/M-
VLP normalized to LF2000/M-VLP at 5 g lipid/10° M-VLP. The grey contour line in each
plot indicates lipid compositions that exhibited TE > 100. Transfection data were obtained
with delivery of 1 x 10° M-VLP/well of a 12-well tissue culture plate with vector formation
using M-VLP density of 17.6 x 10° particles/ml.
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Figure 2.

Uptake of ¢/M-VLP in HEK293 cells at (a) 5 1g/10° M-VLP, (b) 10 ng/10° M-VLP and (c)
20 ng/10° M-VLP. M-VLP were labeled with fluorescent lipophilic dye DiD prior to
complexing with liposomes. Ten thousand cells were measured for each vector.
Transfections were performed with 1 x 10 M-VLP/well of a 12-well tissue culture plate
with vector formation using M-VLP density of 29.1 x 109 particles/ml.
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Figure 3.

Lipid Concentration (ug/ml)

Cytotoxicity in HEK293 cells exposed to liposomes with compositions ¢sg7, ¢505 and ¢ss5.
Absorbance values of treated cells were normalized to untreated cells. Error bars indicate

standard deviation (n=3).
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Figure4.

Negative-stained transmission electron micrographs of (a) M-VLP alone (b) ¢5g7 extruded
and ¢sg7/M-VLP at 5 ug/10° M-VLP using (c) Protocol 1 (d) Protocol 2 and (e) Protocol 3.
Solid black arrows indicate M-VLPs; solid white arrows indicate liposomes. Scale bar = 100
nm.
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Figure5.

Transgene expression in HEK293 cells transfected with ¢sg7/M-VLP at 1 x 109 M-VLP/well
of a 12-well tissue culture plate formed via (a) Protocol 2 and (b) Protocol 3. (a) RLU/mg
total protein = Relative light units per mg of total protein in cellular lysate normalized to the
same measurement at a lipid stoichiometry of 2.5 11g/10° M-VLP of ¢5g7/M-VLP formed
via Protocol 1. Error bars indicate standard deviation. (b) RLU/mg total protein = Relative
light units per mg of total protein in cellular lysate. The hybrid vectors were formed with
different concentrations of ethanol as a percentage of the M-VLP containing DMEM
supernatant from 5.25% to 26.27%. # - p < 0.005.
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Figure?.

Stability of transgene expression in HEK293 cells transfected with ¢5g7/M-VLP, ¢505/M-
VLP, ¢550/M-VLP at 5 1g/10° M-VLP and MLV-A over three weeks. Normalized RLU/mg
total protein = relative light units per mg total protein in cellular lysate normalized to the
same expression on day 1. Error bars indicate standard deviation (n=3).
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