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Abstract

Viral and non-viral gene delivery vectors are in development for human gene therapy, but both
exhibit disadvantages such as inadequate efficiency, lack of cell-specific targeting or safety
concerns. We have recently reported the design of hybrid delivery vectors combining retrovirus-
like particles with synthetic polymers or lipids that are efficient, provide sustained gene expression
and are more stable compared to native retroviruses. To guide further development of this
promising class of gene delivery vectors, we have investigated their mechanisms of intracellular
trafficking. Moloney murine leukemia virus-like particles (M-VLPs) were complexed with
chitosan (Chi) or liposomes (Lip) comprising DOTAP, DOPE and cholesterol to form the hybrid
vectors (Chi/M-VLPs and Lip/M-VLPs, respectively). Transfection efficiency and cellular
internalization of the vectors were quantified in the presence of a panel of inhibitors of various
endocytic pathways. Intracellular transport and trafficking kinetics of the hybrid vectors were
dependent on the synthetic component and used a combination of clathrin- and caveolar-
dependent endocytosis and macropinocytosis. Chi/M-VLPs were slower to transfect compared to
Lip/M-VLPs due to the delayed detachment of the synthetic component. The synthetic component
of hybrid gene delivery vectors plays a significant role in their cellular interactions and processing
and is a key parameter for the design of more efficient gene delivery vehicles.
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INTRODUCTION

Gene therapy promises to be a revolutionary approach for many conditions whereby genetic
material is inserted into human cells to provide enhancement or reduction of protein
expression for the prevention, treatment or elimination of disease. However, clinical
implementation of gene therapy has been difficult. Design of delivery vectors remains a
major obstacle to effective gene therapies [1]. In our earlier studies, we reported the design
of hybrid synthetic/retroviral vectors using Moloney murine leukemia virus-like particles
(M-VLPs) complexed with polymers such as poly-L-lysine (PLL/M-VLP) [2],
polyethylenimine (PEI/M-VLP) [2,3] and chitosan (Chi/M-VLP) [4] or liposomes
comprising 1,2-dioleyl-3-triammoniumpropane (DOTAP), 1,2-dioleyl-sn-glycero-3-
phosphoethanolamine (DOPE) and cholesterol (Lip/M-VLP) [5]. Although these vectors
show promise, design of improved hybrid vectors will require an understanding of their
delivery mechanisms including cellular internalization and intracellular trafficking.

Gene delivery vectors and other nanoparticles may enter cells via endocytic or non-
endocytic pathways [6]. In the absence of chemical or physical manipulation, such as
microinjection, electroporation or membrane permeabilization, delivery vehicles may enter
cells by fusion with or penetration across the extracellular membrane [7]. Endocytic
pathways have long been studied as primary mechanisms of cell entry of nanoparticles
including viral and non-viral gene delivery vectors [6,8-11]. Endocytosis occurs through
several different mechanisms including macropinocytosis (MP), clathrin-mediated
endocytosis (CME) and caveolae-mediated endocytosis (CavME). MP refers to the
formation of large irregularly shaped endocytic vesicles called macropinosomes for
internalization of extracellular fluid and its contents [2,7,8]. CME is so called due to the
formation of clathrin-coated vesicles (CCV) comprising polygonal clusters of clathrin and
other adapter proteins enveloping the endocytic vesicle and providing for the internalization
of a variety of cellular receptors and their ligands [2,7,9,10]. CavME is a similar receptor-
specific internalization pathway, but occurs through vesicles called caveolae, due to their
formation by cholesterol-binding proteins known as caveolin, that are rich in cholesterol and
glycosphingolipids [6,11,15,16]. Macropinosomes and endosomes follow similar pathways
of maturation involving acidification and gain and loss of known endosomal markers prior
to fusion with lysosomes, trafficking towards the Golgi complex or exocytosis [12], while
caveolae fuse with early endosomes or caveosomes prior to transport to the Golgi complex
or endoplasmic reticulum [15]. These vesicles also recycle back to the plasma membrane
with the rate of recycling varying between different cells [11].

Chitosan-based gene delivery vectors are internalized via endocytic pathways and driven
towards successful transfection through release from endosomes, mainly via the proton-
sponge mechanism, due to the presence of excess glucosamines [17]. Lipid-based gene
delivery vectors may utilize either endocytotic pathways [18] or membrane fusion [19] for
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transfection, mainly dependent on their composition. pH-sensitive lipid molecules like
DOPE in liposomal formulations rely heavily on pH-dependent pathways, CME or MP, for
endosomal destabilization and release of cargo into the cytosol [17,18]. Cholesterol, when
included in the liposomal composition, may be expected to modulate trafficking
mechanisms through CavME as it has been associated with caveolin proteins [6,22].

We have investigated the effect of the composition of Chi/M-VLP and Lip/M-VLP on the
trafficking mechanisms of hybrid vectors. To elucidate internalization mechanisms, we
measured the kinetics of cellular uptake and transfections at 4 °C and 37 °C and in the
presence of various pharmacological inhibitors in comparison with murine leukemia viruses
containing an amphotropic envelope protein (MLV-A). Furthermore, we visualized the
trafficking of the fluorescently-labeled vectors within the cell via confocal fluorescent
microscopy.

MATERIALS AND METHODS

Cell Lines and Assays

Human embryonic kidney cells, HEK293 and cervical cancer cells, HeLa were purchased
from the American Type Culture Collection (Manassas, VA). The MLV producer cell line,
GP293Luc, expressing the MLV viral gag-pro-pol genes and a viral packaging sequence
encoding neomycin resistance and luciferase reporter genes was purchased from Clontech
(Mountain View, CA). All cell lines were grown in DMEM supplemented with 10% FBS
(complete media) 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-VLPs were produced in GP293Luc cells (2 x 108) 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 pum surfactant-free cellulose acetate syringe filter. The concentration of M-
VLPs in the supernatant was measured using a g-RT-PCR protocol [3]. 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 pl 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 pl samples were mixed in 200 pl 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
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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-
VLPs 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 106) in a 10 cm dish, were grown for 48 h prior to transfection
with the envelope plasmid pMDM.4070A using Lipofectamine® 2000 (LF2000) (Carlsbad,
CA, USA). Complete media was replaced with serum-free media just before transfections.
Plasmid:LF2000 vectors were synthesized in the required stoichiometric ratios 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. Viral titer was
quantified via the RT-PCR assay as described above.

Synthesis of Lip/M-VLP

Hybrid vectors were synthesized as published before [5]. In brief, the three lipids dissolved
in chloroform (Avanti® Polar Lipids) 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 then added to the required volume of M-VLP
supernatant and diluted in 5% glucose solution as per the Lip/M-VLP stoichiometry and
incubated for 2 h at 4 °C prior to further analysis or transfection.

Synthesis of Chi/M-VLP

Hybrid vectors were synthesized as published before [4]. Chitosan (Molecular Weight =
190-310 kDa, Sigma Aldrich, 1 mg/ml dissolved overnight at 55 °C in 0.6 % acetic acid and
filtered through a 0.22 um surfactant-free cellulose acetate syringe filter, pH 3 and 4) was
added drop-wise to required volume of M-VLP supernatant while vortexing to achieve the
desired polymer:M-VLP ratio. The hybrid vectors were then incubated at 4 °C for 4 h.

Drug Cytotoxicity and Compatibility Studies

The toxicity of drugs was determined using the Cell Titer-Blue™ Cell Viability Assay.
HEK?293 cells were seeded in a 96-well plate at 5 x 10% cells/well 18-24 h prior to addition
of drugs. Different concentrations of drugs were added to the cells in serum-free medium
and left for 5 h before the medium was replaced with complete media. Fifteen pl of Cell
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Titer-Blue™ reagent was added to each well 24 h after the addition of drugs. The cells were
incubated for further 4 h at 37 °C before adding 100 ul per well of stop reagent following
which fluorescence (A =570 nm, 650 nm) was measured in a SpectraMax 340PC 96-well
plate reader. For compatibility studies, HEK293 cells permanently expressing luciferase
(HEK293Luc) were seeded at 4 x 10° cells/well in a 12-well tissue culture plate 18-24 h
prior to addition of drugs. Different concentrations of drugs (up to the highest concentration
with minimal toxicity) were added to the cells in serum-free medium and left for 5 h before
the medium was replaced. Luciferase expression was measured 48 h post addition of drugs
as mentioned above.

Transfections

HEK?293 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 and replaced again with normal growth media 4 h post-transfection.
For serum studies, the transfection media contained 0-50% serum. For temperature-
dependent transfection experiments, cells were maintained at 4 °C or 37 °C for 4 h following
which media was replaced again with complete media. For transfections with MLV-A,
HEK?293 cells were seeded 18—24 h prior to transfection at 8 x 104 cells/well in 6-well
plates. MLV-A containing supernatant was diluted in complete media (1:1 or 1:3, v:v) along
with addition of 1 pl Sequabrene for every 1 ml of the diluted mixture to produce viral
media. HEK293 cells were transfected with 1 ml/well viral media.

Luciferase expression assay

Luciferase expression was quantified at required time-points 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.

Fluorescent Labeling of Hybrid Vectors

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 at a density of 1 x 1010 M-VLPs/ml.
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-VLPs to give a final concentration of 2 uM DiD. The mixture was incubated
for 1 h at room temperature. Labeled M-VLPs were separated from the free dye through a
PD-10 gel filtration desalting column (GE Healthcare). Labeling of chitosan with
Rhodamine-B Isothiocyanate (RITC) was performed as described before [23,24]. In brief,
10 ml of chitosan (Molecular Weight = 190-310 kDa, Sigma Aldrich) was prepared at 10
mg/ml dissolved overnight at 55 °C in 0.6 % acid and filtered through a 0.22 um surfactant-
free cellulose acetate syringe filter, pH 3 and 4). An equal volume of methanol as the
chitosan solution was then added under stirring. After 3 h, the solution was degassed and
kept under N, atmosphere. Rhodamine-B isothiocyanate was dissolved in methanol at a
concentration of 4 mM and 2.64 mL was injected into the chitosan solution under stirring.
The reaction mixture was protected from light and left to proceed for 17 hours. The
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unreacted rhodamine B-isothiocyanate was removed by precipitation of chitosan with drop-
wise addition of 0.2 M NaOH to the mixture until the pH is above 10. After 5 washes with
deionized water and centrifugations (3500 rpm, 5 min), the chitosan precipitate was
recovered for freeze-drying. The chitosan-RITC pellet was resuspended in 0.6 % acid at pH
3 and pH 4. For fluorescently labeled Chi/M-VLP, chitosan-RITC was added drop-wise to
required volume of fluorescently labeled M-VLP while vortexing as per the desired
stoichiometry. The hybrid vectors were then incubated at 4 °C for 4 h. Fluorescently labeled
Lip/M-VLP were generated in a similar fashion as Lip/M-VLP except that DOPE-
Rhodamine-B and NBD-6 cholesterol were included in the lipid formulation up to 3% of the
total DOPE and Cholesterol content in the vector.

Uptake Studies

Hybrid vectors with fluorescently labeled M-VLPs were synthesized as described above.
HEK?293 cells were seeded in 12-well plates at 4 x 10° cells per well 18-24 h prior to
transfection. Growth media containing serum was replaced with serum-free DMEM 1 h
prior to drop-wise addition of vectors. For temperature-dependent uptake experiments, cells
were maintained at 4 °C or 37 °C for 4 h following which media was replaced again with
complete media. The target cells were washed with PBS containing 0.001% SDS at 2, 4 and
8 h post transfection to remove surface-bound, uninternalized vectors followed by a regular
PBS wash. Cells were then trypsinized followed by neutralization with 50 pl of FBS,
collected, and analyzed by flow cytometry (10,000 cells) using a Becton Dickinson
(Franklin Lakes, NJ) LSR 11 Flow Cytometer with a 633 nm laser.

Drug Inhibitors-based Trafficking Studies (Transfections)

Hybrid vectors were synthesized as stated above. HEK293 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 along with addition of predetermined concentrations of
drugs. After 1 h of incubation with drugs, hybrid vectors were added drop-wise. The
transfection media was replaced again with complete media 4 h post-transfection. Luciferase
expression was measured 48 h post transfection as mentioned above.

Drug Inhibitors-based Trafficking Studies (Uptake)

Hybrid vectors with fluorescently labeled M-VLPs were synthesized as described above.
HEK?293 cells were seeded in 12-well plates at 4 x 10° cells per well 18-24 h prior to
transfection. Growth media containing serum was replaced with serum-free DMEM along
with addition of predetermined concentrations of drugs. After 1 h of incubation with drugs,
hybrid vectors were added drop-wise. The target cells were washed with PBS containing
0.001% SDS 2 h post transfection to remove surface-bound, uninternalized vectors followed
by a PBS wash. Cells were then trypsinized followed by neutralization with 50 pl of FBS,
collected, and analyzed by flow cytometry (10,000 cells) using a Becton Dickinson
(Franklin Lakes, NJ) LSR 11 Flow Cytometer with a 633 nm laser.
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Confocal Microscopy

HEK?293 cells were seeded at 4 x 10° cells per well of a 6-well plate on a cover slip 46 h
prior to transfections. The cells were then transfected with fluorescently labeled Lip/M-VLP
and Chi/M-VLP synthesized as described before. Slides of the transfected cells were
prepared at 4, 8 and 20 h post-transfection as follows. The cells were washed twice with 1
ml PBS, fixed with 1 ml 3.7% formaldehyde solution and incubated at room temperature in
the dark for 20 mins. The cells were washed again with 1 ml PBS. A drop of mounting
solution (ProLong® Gold Antifade Reagent with DAPI, Life Technologies, Carlsbad, CA,
USA) was placed on a glass slide. The cover slip was wedged out with a forceps and placed
face-down onto the glass slide directly over the drop of mounting solution. The four edges
of the cover slip were then sealed with clear nail polish and kept at 4 °C. The glass slides
were then visualized with a Zeiss LSM 700 Confocal Microscope using the optimal
excitation (\) wavelengths — DiD (A=633 nm), Rhodamine-B (A = 555 nm), NBD-6
cholesterol (A = 488 nm), DAPI (A = 405 nm). The data was then visualized in Imaris
(Bitplane AG, Zurich, Switzerland)

Reverse Transcription Inhibition

Hybrid vectors were synthesized as stated above. HEK293 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 followed by drop-wise addition of hybrid vectors. The
transfection media was replaced again with complete media 4 h post-transfection.
Azidothymidine (AZT) was added to the transfected cells at 0, 4, 18, 24 and 32 h post-
transfection at predetermined concentrations. Luciferase expression was measured 48 h post
transfection as mentioned above.

Statistical Analysis

All statistical analyses mentioned in this study was done using the Student’s t-test. A result
was deemed not significant if p > 0.05. (#- p < 0.05; ## - p < 0.02; ## - p < 0.002; *-p <
0.0002).

RESULTS

We have previously reported that Chi/M-VLP formed using chitosan at pH 3 (Chippa/M-
VLP) are more efficient than Chi/M-VLP formed with higher pH chitosan solutions (e.g.,
Chipna/M-VLP) [4]. Similarly, Lip/M-VLP efficiency depends on the lipid composition
with DOTAP:DOPE:cholesterol 5:8:7 w:w:w (Lipsg7/M-VLP) being the most efficient [5].
Here, we have included several of the non-optimal compositions, Chipna/M-VLP, Lipsgs/M-
VLP and Lipsso/M-VLP, to further understand how the non-viral composition affects hybrid
vector efficiency.

Effect of Time and Temperature on Cellular Uptake and Transfection Efficiency of Chi/M-
VLP and Lip/M-VLP

Endocytosis is an active, energy-dependent process whereby the vectors use the cell
machinery to gain entry through vesicles and are directed towards the appropriate
intracellular location. Alternatively, fusogenic internalization is a non-specific mechanism
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wherein the vectors enter the cell through passive fusion with the plasma membrane.
Endocytosis being an energy dependent process is inhibited at lower temperatures (4 °C)
while the fusion mechanism is minimally affected by temperature [6].

In order to determine if hybrid vectors are internalized via endocytosis or fusion
mechanisms, we transfected HEK293 cells with Chi/M-VLP or Lip/M-VLP in serum-free
media at 4 °C or 37 °C and assayed for luciferase expression at regular intervals up to 48 h
after transfection. Chi/M-VLP displayed significantly lower transfection efficiency at 4 °C
compared to 37 C (Figure 1a—d). Transfection efficiency of Lip/M-VLP was even more
severely reduced at 4 °C compared to 37 °C (Figure 2a—c). Similarly, MLV-A transduction
suffered severe reduction at 4 °C compared to 37 °C (to 17%, Figure S1).

In order to investigate if the low transfection efficiency at 4 °C was due to reduced cellular
uptake, we repeated the experiment with M-VLP fluorescently labeled with DiD and
measured cell-associated fluorescence via flow cytometry at 2, 4 and 8 h post-transfection.
Cellular uptake of Chi/M-VLP was higher in HEK293 cells transfected at 37 °C than at 4
°C. Minimal internalization was observed during incubation at 4 C (2 and 4 h) but increased
upon the change in incubation temperature from 4 °C to 37 °C at 4 h post transfection
(Figure 1e-h). This implied that the vectors attached to the plasma membrane were unable to
enter the cells via fusion but were actively endocytosed at a higher temperature.

In contrast, cellular uptake of Lip/M-VLP at 4 °C was similar to 37 °C especially for
Lipsg7/M-VLP (Figure 2d—f) but the transfection followed a similar pattern as Chi/M-VLP
(Figure 2a—c). Uptake further increased for Lipsg7/M-VLP in HEK293 cells after change in
incubation temperature to 37 °C. Cellular uptake of Lipsgs/M-VLP and Lipsso/M-VLP was
also significantly high at 4 °C (~40% and ~50% compared to uptake at 37 °C, respectively)
in the first 4 h. Uptake marginally improved after replacement of media and increase in the
incubation temperature.

Effect of Pharmacological Inhibitors on Cellular Uptake and Transfection Efficiency of
Chi/M-VLP and Lip/M-VLP

Pharmacological inhibitors are often used to study intracellular trafficking mechanisms of
drug and gene delivery vectors [6] (Table 1). These inhibitors are also typically toxic beyond
certain concentrations and could potentially inhibit the transgene expression via non-specific
mechanisms [25]. Thus, inhibitor concentrations were optimized for both toxicity in
HEK?293 cells and their effect on luciferase expression in HEK293Luc cells (HEK293 cells
permanently expressing luciferase) (Figure S2). The highest drug concentration that resulted
in > 90% cell viability in HEK293 cells and minimal effect on luciferase expression in
HEK?293Luc cells was chosen for further study. Table 1 summarizes both the concentrations
used for this study as well as the pathways affected through the use of each drug.

HEK?293 cells were transfected with MLV-A in the presence of inhibitors as a control for
comparing the changes in the trafficking mechanisms due to the presence of the synthetic
component in place of the amphotropic envelope protein. MLV-A transfection decreased
significantly in the presence of both CCN (to 37%, p < 0.02) and GST (to 59%, p < 0.05)
(Figure 3a) but was unaffected by the other drugs in the study. This implied that MLV-A
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internalized via CavME leading to successful transfection, which is consistent with previous
reports of MLV-A transduction mechanisms [37,38].

Uptake of Chipz/M-VLP was significantly affected when CavME (to 47% with GST, p <
0.002) [4] or MP (to 73% with AMD, p < 0.05) (Figure 3c) was inhibited and transfection
efficiency was severely reduced when CavME was inhibited (to 9% with GST, p < 0.002) or
when actin microfilaments were disrupted (to < 1% with CCN, p < 0.002) (Figure 3a). There
was also a reduction in transfections when endosomal acidification (to 29% with BFN, p <
0.02) [4] or early-stage CME (to 57% with CPZ, p < 0.05) was inhibited. CME and CavME
were both significantly responsible for successful gene delivery. Since it appears that
membrane fusion of Chipa/M-VLP was not important for uptake (Figure 1a-d, e-h), the
significant reduction in transfection efficiency due to actin disruption can be attributed to the
disruption of CavME by CCN.

Uptake of Chipp4/M-VLP was promoted when CME was inhibited (to 238% with AMN, p <
0.02) due to stabilization of clathrin-coated vesicles (CCV) and when actin microfilaments
were disrupted (to 141% with CCN, p < 0.05) (Figure 3c). However, transfections were
severely hampered due to inhibition of CME when CCV formation was inhibited (to 4%
with CPZ, p < 0.0001), or MP was disturbed (to 48% with AMD, p < 0.002 or to 0% with
CCN, p <0.0001) and even when caveolar trafficking was hampered (to 14% with GST, p <
0.002) (Figure 3a). However, in comparison to Chipna/M-VLP, there was no significant
effect of BFN on transfection or uptake of Chipps/M-VLP.

Cellular uptake of Lipsgs/M-VLP decreased in the presence of CME inhibitor CPZ (to 73%,
p < 0.05) or CavME inhibitor GST (to 40%, p < 0.0001) (Figure 3d) while transfection
efficiency decreased when CME was affected (to 43% with AMN, p < 0.02; to 18% with
CPZ, p <0.002). Furthermore, transfections were severely reduced when CavME was
inhibited (to 4% with GST, p < 0.0001) and when actin filaments were disrupted (to 5%
with CCN, p < 0.0001) (Figure 3b).

For Lipsso/M-VLP, cellular uptake increased with caveolar inhibition (to 135% with GST, p
< 0.05) (Figure 3d). Transfection efficiency increased when MP was affected (to 131% with
AMD, p < 0.02) but decreased with CME inhibition (to 20% with CPZ, p < 0.0001) (Figure
3b). Also, transfections were hampered with CavME inhibition (to 6% with GST, p <
0.0001) and when actin polymerization was affected (to 22% with CCN, p < 0.0001) (Figure
3b). Importantly, transfections were also reduced when the endosomal V-ATPase machinery
was inhibited (to 57% with BFN, p < 0.02).

Interestingly, cellular uptake of Lipsg7/M-VLP was unaffected in the presence of any of the
inhibitors (Figure 3d) while transfection efficiency decreased when CME was inhibited (to
35% with CPZ, p < 0.02) and MP was inhibited (to 47% with AMD, p <0.02). Transfections
were also severely reduced when caveolar trafficking was affected (to 4% with GST, p <
0.0001) and actin polymerization was affected (to 9%, p < 0.0001) (Figure 3b).
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Effect of Serum Proteins on Transfection Efficiency

The presence of serum in transfection media is known to inhibit transfections by many gene
delivery vectors, particularly for positively charged species which can interact with serum
proteins [39-44]. Furthermore, undesired interactions with serum in vivo (50% (v:v) of
blood [45]) may decrease vector activity or increase their clearance from the body before
providing the desired therapeutic effect. It is critical for gene delivery vectors to resist these
non-specific interactions with serum in order to be efficacious for in vivo gene delivery. We
tested our hybrid vectors in comparison with MLV-A in the presence of serum (up to 50%
v:v) in transfection media. Chi/M-VLPs at three different stoichiometries of 4, 7 and 10
1g/10° M-VLPs were able to maintain their efficiency in the presence of up to 20% serum,
but the efficiency decreased to 10-20% in 50% serum (Figure 4a). MLV-A exhibited a
similar trend with transfections decreasing to 40% in the presence of 50% serum.
Transfection by Lip/M-VLPs, however, was completely inhibited in the presence of 210%
serum (Figure 4b) irrespective of the composition of the lipids. It has been reported that the
inclusion of cholesterol in cationic lipid formulation leads to better serum resistance [39].
However, no significant change was measured in serum resistance between Lipsg7/M-VLPs
and Lipsps/M-VLPs.

Measurement of Trafficking Kinetics via Inhibition of Reverse Transcription of MLV-A,
Chi/M-VLP and Lip/M-VLP

AZT is a potent inhibitor of reverse transcriptase and was one of the first anti-retroviral
drugs approved for the control of HIV [36]. The addition of AZT to the transfection media is
expected to block the transfection of MLV-A and the hybrid vectors at the last trafficking
step prior to nuclear entry, i.e. by preventing the formation of the provirus. When added to
cells during the transfection period, AZT blocks all further reverse transcription, effectively
disallowing any further transfection while vectors that had been reverse transcribed prior to
the addition of AZT go on to integrate and express the luciferase gene. Thus, the use of AZT
served as an effective method to measure trafficking kinetics of vectors prior to nuclear
entry.

MLV-A transfection was quicker than any of the hybrid vectors. The transfection efficiency
was unchanged when AZT was added at 16, 24 and 32 h post-transfection (Figure 5). This
implied that MLV-A had undergone reverse transcription by 16 h. In contrast, addition of
AZT at 32 h post-transfection with the hybrid vectors led to a significant increase in
transfections compared to AZT addition at 24 h. In addition, Chi/M-VLP were much slower
than Lip/M-VLP, with Chi/M-VLP having reached < 25% efficiency at the 24 h time point
compared to 32 h whereas Lip/M-VLP had reached 45-60% at the same time-points (Figure
5).

Visualization of trafficking of Chi/M-VLP and Lip/M-VLP through confocal microscopy

In order to confirm the kinetics of hybrid vector transfections as measured via AZT
inhibition studies, we used confocal microscopy to visualize fluorescently labeled vectors at
three time-points: 4 h, 8 h and 20 h post-transfection. M-VLPs were labeled with the
lipophilic dye DiD. Chitosan was labeled with rhodamine-B isothiocyanate using a
previously reported protocol [22,23]. For visualizing Lip/M-VLP, DOPE labeled with
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rhodamine-B (DOPE-Rhod-B) and NBD-6 cholesterol were added to the lipid formulation.
Lip/M-VLP was supplemented with DOPE-Rhod-B up to 3% of total DOPE content and
with NBD-6-chol up to 3% of total cholesterol content.

The colocalization of chitosan and M-VLPs was maintained even at 20 h post-transfection
implying that Chi/M-VLP remained complexed for at least 20 h (Figure 6a, Figure S3) and
was most likely a reason for the slower trafficking kinetics of Chi/M-VLP (Figure 5). In
contrast, while colocalization was observed for Lip/M-VLP at 4 h (Figures S3-S5), a rapid
decay in the fluorescence signal of DOPE-Rhod-B and NBD-6-chol was observed along
with significant loss of colocalization between M-VLP and the fluorescent lipids at 8 h and
20 h. (Figure 6b, Figures S4-S5). This supports the trend observed in the transfections in
presence of AZT (Figure 5) that more rapid trafficking of Lip/M-VLP compared to Chi/M-
VLP was due to the separation of the synthetic lipids from M-VLPs occurring earlier than
chitosan.

DISCUSSION

Hybrid vectors bridge the gap between synthetic and viral vectors and are novel design
innovations for development of gene therapy vectors. In our hybrid vectors, M-VLPs lack
the envelope protein without which cellular uptake is impossible. Hence, successful
transfection requires the synthetic component to initiate interaction with the cell and mediate
internalization.

Both Chi/M-VLP and Lip/M-VLP have positively charged synthetic components that
associate with unknown components of the negatively charged cell membrane. In contrast,
the amphotropic envelope protein of MLV-A interacts with the Pit2 receptor on HEK293
cells leading to caveolar uptake [37]. The composition of liposomes consisting of DOTAP,
DOPE and cholesterol significantly affects the different endocytic mechanisms involved in
cellular uptake as well as trafficking pathways within the cell. For example, DOPE promotes
liposomal-endosomal fusion (CME) through conversion to a hexagonal inverted phase (Hy;)
thereby allowing escape of the vectors into the cytosol [9,46]. On the other hand, cholesterol
primarily associates with other cholesterol-rich moieties within the cell (CavME) [9,45].
Chitosan has been implicated in multiple trafficking routes dependent on the cell type and
cargo [47-49]. Our recent reports have shown that Chip3/M-VLP [4] and Lipsg7/M-VLP
[5] are optimal in terms of transfection efficiency and morphology. Herein, we elucidate the
mechanisms of their trafficking and gene delivery efficiency in relation to other sub-optimal
hybrid vectors, Chipa/M-VLP, Lipsps/M-VLP and Lipssg/M-VLP.

Measurement of transfection efficiency and cellular uptake at low (4 °C) and high (37 °C)
temperature made it possible to distinguish between endocytosis (active only at 37 °C) and
fusogenic mechanisms (temperature independent) for cellular uptake. We found that MLV-
A, Chi/M-VLP and Lip/M-VLP primarily relied on endocytic mechanisms for successful
transfections (Figure 1a—h). Lip/M-VLP were also able to fuse with the plasma membrane as
shown by internalization at 4 °C but were unsuccessful in transfection via this route (Figure
2a—f). These results are consistent with recent reports [50] that have discredited plasma
membrane fusion as a mechanism in successful liposomal gene delivery [19].
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Uptake of Chi/M-VLP increased significantly between 4 and 8 h post-transfection (Figure
le-h). In contrast, during Lip/M-VLP transfection, cellular fluorescence remained constant
or marginally decreased between 4 and 8 h (Figure 2d—f). This suggested that loss of the M-
VLP lipid bilayer, which contains the lipophilic DiD dye, was already being initiated within
4-8 h post-transfection. DiD is fluorescent only upon being in a lipophilic environment.
Upon removal of the lipid bilayer, it is likely that the dye was diluted into cellular
membranes and potentially eliminated from the cell, leading to a decrease in fluorescence.

MLV-A transduction relied on CavME as indicated by the reduction in the presence of GST
(Figure 3a). While the role of actin in MLV-A trafficking is uncertain, it is known that actin
depolymerization by CCN leads to reduced caveolae formation without disrupting clathrin-
dependent uptake, thus leading to reduced transfections in the presence of CCN [34].
Indeed, it is known that MLV-A trafficking is caveolae dependent utilizing the Pit2 receptor
for efficient uptake [37].

The reduction of Chippz/M-VLP transfection in the presence of BFN suggested these
vectors were able to use CME for effective transfections, whereas Chipa/M-VLP were
unable to involve CME in their trafficking (Figure 3a,c) [4] relying heavily on CavME.
Hence, it appears that varying the chitosan stock pH used to synthesize the vectors resulted
in modified trafficking pathways, likely due to the differing size of the vectors [4]. In
addition, it can be inferred that CME is a highly effective intracellular trafficking
mechanism for Chi/M-VLP since Chipya/M-VLP that used CME had a higher transfection
efficiency compared to Chip4/M-VLP that used only CavME towards successful gene
delivery [4] (Figure 3a,c). Therefore, not only does chitosan pH play a significant role in
Chi/M-VLP morphology, it also optimizes trafficking for efficient transfection of Chi/M-
VLP.

Transfection efficiencies of Chi/M-VLP increased 5- to 20-fold between 18 and 24 h post-
transfection, while Lipsg7/M-VLP transfections increased 1.5-fold over the same time period
(Lipsos/M-VLP and Lipsso/M-VLP were nearly constant). In addition, 23% of Chipz/M-
VLP versus 60% of Lipsg7/M-VLP had undergone reverse transcription by 24 h (Figure 5)
compared to at 32 h. Finally, confocal fluorescence microscopy revealed a higher degree of
colocalization of chitosan with M-VLPs compared to liposomes (Figure 6, Figure S3). These
data suggest that the trafficking of Chi/M-VLP was slower than that of Lip/M-VLP due to
delayed release of the chitosan synthetic envelope. Additionally, the composition of the
synthetic lipids did not have a significant impact on the trafficking kinetics from 0 — 32 h
(Figure 5). MLV-A was the fastest amongst all our vectors because the hybrid vectors had
an additional barrier in delivery, namely, the stripping of the synthetic component.

Given the quick removal of the synthetic lipids (Figure 5, Figure 6b, Figures S3-S5), it may
be surprising that the lipids were able to exert a significant influence on the trafficking
process of M-V LPs despite being a component of the hybrid vector for a shorter duration
than Chi/M-VLP. For Lipsps/M-VLP, CavME played a significant role in the trafficking
pathway (Figure 3b,d) as expected given the cholesterol heavy composition of the synthetic
lipids. The transfection efficiency for Lipsso/M-VLP was affected when CME was inhibited
and promoted when MP was inhibited (Figure 3b,d). Thus, CME was a significant pathway

J Control Release. Author manuscript; available in PMC 2016 June 10.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keswani et al.

Page 13

for Lipss0/M-VLP while CavME played a small role in the late-stage trafficking possibly
through interplay between the late-stage endosomes and caveosomes [51]. Since all three
lipids were present in the Lipsg7/M-VLP, it is possible that both the neutral helper lipids
helped to promote a preferred pathway (DOPE for CME and cholesterol for CavME).
Cellular uptake was not significantly affected in the presence of any drugs since other
pathways were a viable option for Lipsg;/M-VLP as compensatory mechanisms.

It is evident that the inclusion of DOPE and cholesterol as neutral-helper lipids in Lip/M-
VLP was critical for highly efficient gene delivery. The presence of DOTAP alone provided
much higher uptake of M-VLPs compared to other liposomal formulations but failed at
efficient gene delivery [5]. Moreover, our results here suggest that DOPE and cholesterol
were able to interact with the cellular machinery to achieve the high transfection efficiency
reported previously [5].

Interaction of gene delivery vectors with serum proteins often leads to reduced performance
in vivo through binding of negatively-charged serum components with the positively
charged complexes leading to reduced uptake, structural re-organization of the complex,
colloidal instabilities and increased clearance by the reticuloendothelial system (RES)
[43,44]. In our serum-interaction experiments, the vectors were present in the transfection
media containing 0-50% serum for 4 h prior to being replaced by complete media (with
10% serum) (Figure 4). While M-VLPs and MLV-A have a very low negative surface
charge, Chi/M-VLP and Lip/M-VLP have a high positive surface charge [4,5] leading to
greater binding by the serum proteins and reduced performance in the presence of serum.
Additionally, Chi/M-VLP exhibited significantly better transfection efficiency in the
presence of serum than Lip/M-VLP and comparable transfection compared to MLV-A,
particularly up to 30% serum (Figure 4), suggestive of possible improved in vivo
performance and biodistribution. However, while additional elements such as PEGylation
can be incorporated in the vector design [52], the current implementation of our hybrid
vectors seems best suited to ex vivo transfection or non-vascular routes of gene therapy. The
absence of the envelope protein of the retrovirus in our vector design may provide reduced
immunogenicity without compromising the therapeutic gene delivery efficiency. Further
work will be directed toward studying the biodistribution and delivery efficiency of the
hybrid vectors in vivo through various routes of administration.

CONCLUSION

Hybrid vectors represent a promising new generation of efficient gene delivery agents. The
elucidation of their intracellular trafficking process within the cell provides further evidence
that viruses or virus-like particles can have significantly different interactions with cells
depending on their primary internalization mechanism. This line of thought has been the
subject of previous work [53,54] and we further expound the concept by including synthetic
components with the retrovirus-like particle, M-VVLP. Our design shows that the hybrid
vector efficiency and trafficking kinetics can be significantly modulated via changes in the
type and composition of synthetic agents used to complex with the M-VLP. Chi/M-VLPs
were slower than Lip/M-VLPs in gene delivery due to the delayed dissociation of chitosan
(>32 h) whereas the synthetic lipids dissociated from the M-VLPs much earlier during the
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trafficking process (<8 h). Both forms of hybrid vectors relied on different processes of
endocytosis. CME, CavME and MP could all provide successful gene delivery. Lip/M-VLP
were also able to initiate uptake via membrane fusion but failed at gene delivery in doing so.
Caveolar pathways had a significant role in the late stage trafficking of Chi/M-VLP,
irrespective of the pH of chitosan used. However, Chi/M-VLP when synthesized using
chitosan at pH 3 was also able to effectively use the endosomal release mechanism typically
part of CME resulting in high transfection efficiency. The lipid composition of Lip/M-VLP
significantly affected the optimal uptake and trafficking pathways for gene delivery wherein
cholesterol-rich Lip/M-VLP preferred CavME while DOPE-rich Lip/M-VLP preferred CME
for optimal transfections. Lipsg7/M-VLP was able to use multiple pathways for
transfections, possibly a reason for being the most optimal composition as reported earlier

[5].
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Figure 1.
Transfection of HEK293 cells mediated by Chi/M-VLP at (a) 2 pg/10° M-VLPs, (b) 4

1g/10° M-VLPs, (c) 7 ug/10° M-VLPs, (d) 10 ug/10° M-VLPs. Cells were incubated with
hybrid vectors at 4 C or 37 C as indicated for 4 h following which the vectors were removed
and replaced with fresh media, and the cells were incubated at 37 C for the remainder of the
experiment. Luciferase activity (RLU/mg total protein) was normalized to the corresponding
values 48 h post-transfection at 37 °C. Cellular uptake of Chi/M-VLP at (e) 2 ug/10° M-
VLPs, (f) 4 ng/10° M-VLPs, (g) 7 ug/10° M-VLPs, (h) 10 pg/10° M-VLPs at 4 °C and 37 °C
for 4 h as with the transfections. Uptake of Chi/M-VLP was normalized to the corresponding
values 8 h post-transfection at 37 °C. Error bars represent SD, n=3.
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Figure 2.
Transfection of Lip/M-VLP at (a) 10 pg/10° M-VLPs Lipsg7/M-VLP, (b) 10 ug/10° M-

VLPs Lipsgs/M-VLP, (c) 10 pg/10° M-VLPs Lipsso/M-VLP at 4 °C and 37 °C. Cells were
incubated with hybrid vectors at 4 °C or 37 °C for 4 h after which the vectors were removed
and replaced with fresh media, and the cells were incubated at 37 °C for the remainder of the
experiment. Luciferase activity (RLU/mg total protein) was normalized to the corresponding
values 48 h post-transfection at 37 °C. Cellular uptake of Lip/M-VLP at (d) 10 pg/10° M-
VLPs Lipsg7/M-VLP, (e) 10 pg/10° M-VLPs Lipsos/M-VLP and (f) 10 ug/10° M-VLPs
Lipsso/M-VLP at 4 °C and 37 °C for 4 h as with the transfections. Uptake of Chi/M-VLP
was normalized to the corresponding values 8 h post-transfection at 37 °C. Error bars
represent SD, n=3.
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Figure 3.

Transfection of HEK293 cells by (a) MLV-A and Chi/M-VLP (pH 3 and pH 4, 5 ug/10° M-
VLPs) and (b) MLV-A and Lipsg7/M-VLP, Lipsgs/M-VLP and Lipsso/M-VLP (10 pg/10°
M-VLPs) in the presence of drug inhibitors. Luciferase activity in treated cells was
normalized to expression in untreated cells. Cellular uptake of (¢) Chi/M-VLP (pH 3 and pH
4,5 ug/109 M-VLPS) and (d) Lip5g7/M-VLPDiD, Lip505/M—VLPDiD and Lip550/M-VLPDiD
(10 ug/10° M-VLPs) in the presence of drug inhibitors normalized to corresponding values
in untreated cells. Error bars represent SD, n=3 (# - p < 0.05, ## - p < 0.02, ### - p <0.002
and * - p <0.0001).
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Figure 4.
Transfection of HEK293 cells by (a) Chi/M-VLP and MLV-A, and (b) Lipsg7/M-VLP,

Lipsos/M-VLP, Lipsso/M-VLP (10 pg/10° M-VLPs) and MLV-A in the presence of various
concentrations of serum. Luciferase activity was normalized to the corresponding values in
0% serum. Error bars represent SD, n=3.
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Figure 5.

Transfection of HEK293 cells by Chi/M-VLP (pH 3 and pH 4, 5 ug/10° M-VLPs),
Lipsg7/M-VLP, Lipsgs/M-VLP, Lipsso/M-VLP (10 ug/10° M-VLPs) and MLV-A in the
presence of AZT added 0, 4, 18, 24 and 32 h post-transfection. Luciferase expression was
normalized to the corresponding values when treated with AZT 32 h post-transfection. Error

bars represent SD, n=3.
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Figure 6.
Confocal fluorescence microscopy of HEK293 cells transfected with (a) Chi/M-VLP (5

1g/10% M-VLPs) or (b) Lipsg7/M-VLP (10 ug/10° M-VLPs) at 8 and 20 h post-transfection.
Fluorescent labels were DiD (M-VLPs, red), RITC (chitosan, green), Rhod-B (DOPE,
green) and NBD-6-cholesterol (green). Cell nucleus was counterstained with DAPI (blue).
Scale bar = 10 pm.
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Table 1

Mechanism of action and optimal concentration of drug inhibitors used in this study.
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Drug

Effect

Optimal Concentration

Amiloride (AMD)
Amantadine (AMN)
Chlorpromazine (CPZ)
Genistein (GST)
Bafilomycin Al (BFN)

Cytochalasin D (CCN)
Azidothymidine (AZT)

Inhibition of Na*/H* exchange[26,27] (MP)
Stabilization of clathrin-coated vesicles[28], increases endosomal pH [29] (CME)
Disrupts assembly and disassembly of clathrin from coated pits[30] (CME)
Inhibits tyrosine phosphorylation preventing caveolae formation[31] (CavME)

Prevents re-acidification of synaptic vesicles inhibiting release of endosomal
cargo[32,33] (CME)

Inhibits actin polymerization and caveolae formation [34,35] (CavMe, Fusion)

Inhibits reverse transcription[36]

50 pg/ml
100 pg/ml
20 UM
20 pg/ml
5nM

10 pM
20 uM

J Control Release. Author manuscript; available in PMC 2016 June 10.



