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ABSTRACT
The transfection of human NTera2/D1 teratocarcinoi@a@ed cell line (or NT2 cells)
represents a promising strategy for the deliveryexxddgenous proteins or biological
agents into the central nervous system (CNS). Theldpment of suitable non-viral
vectors with high transfection efficiencies regsige profound knowledge of the whole
transfection process. In this work, we elaborated eharacterized in terms of size and
zeta potential three different non-viral vectorgpoplexes (144 nm; -29.13 mV),
nioplexes (142.5 nm; +35.4 mV) and polyplexes (89#m; +15.1 mV). We compared
the transfection efficiency, cellular uptake andrdnellular trafficking of the three
vectors in NT2 cells line. Lipoplexes exhibited th&ghest percentages of EGFP
positive cells. The values obtained with polyplexese lower compared to lipoplexes
but higher than the percentages obtained with ei@d. Cellular uptake results had a
clear correlation respect to the correspondingstesntion efficiencies. Regarding the
endocytosis mechanism, lipoplexes enter in the, eceHinly, via clathrin-mediated
endocytosis (CME) while polyplexes via caveolae-iaedl endocytosis (CvME).
Nioplexes were discarded for this experiment duehtgr low cellular uptake. By
simulating an artificial endosome, we demonstraled the vectors were able to release
the DNA cargo once inside the late endosome. Tha dallected from this assay
showed that at 6h, the genetic material carriegddlyplexes was still located in the late
endosome, while DNA carried by lipoplexes was alyea the nucleus. This result
indicates a faster intracellular traffic of theidigpased vectors. Overall, our work gives
new insights into the transfection process of N&kscby different non-viral vectors as

a first step in the development®fvivo gene therapy platform.
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INTRODUCTION

Cell therapy is a field that moves rapidly with neell lines and tissue-engineered
constructs developed globally every year. The hurNdera2/D1 teratocarcinoma-
derived cell line (or NT2 cells) can be differetid into well-characterized populations
of neuron-like cells (or NT2-N) that engraft andtara when are transplanted into the
adult central nervous system (CNS) of rodents anohams®”’. Moreover, human
transplantation studies in the brain of stroke gra# demonstrated a lack of
tumorigenicity of these celfs® On the other hand, the NT2 cells can be useelagar
vehicles with glioma tropism, adding a human cell-based delivery vehicle forichl
glioblastoma therapy, as it was similarly demonstidor neural stem cells in animal
models'® ™ Although these features suggest that NT2 cellsldvibe an excellent
platform forex vivo gene therapy in the CNS” % 2 3the use of non-viral strategies

for gene transfer has been scdfc®

In the last decade, cationic lipid-mediatédand cationic polymer-mediated non-viral
gene delivery” methods have become useful tools for cellularsfieation. Although
gene therapy is still dominated by viral vectordjich present higher transfection
efficiencies compared to non-viral gene deliverystegns, safety issues such as
immunogenicity and mutagenicity hinder their cladi@pplications:®2° At this point,
non-viral gene delivery has been the subject ofemsing attention due to its relative
safety, simple use and easy handling comparedabwectors’’ *2 Among lipid based
non-viral vectors, liposomes are the most wideldusarriers forn vitro andin vivo gene
delivery . Lipofectamine 2000 is a commercialized cationfmdome based reagent,
which has been extensively used farvitro gene delivery purposes due to its high
transfection efficiency”. In addition to liposomes, niosomes (non-ionidaant vesicles)
have also gained interest as an alternative tesdipes due to their similar structure.
Although the use of these structures has been ynaistricted to drug delivery, our
research group has recently obtained some promissudjs that suggest the possible use of

cationic niosomes as non-viral vectors for genévelgl > % Finally, among cationic



polymers, chitosan is an appropriate candidatenfor-viral gene delivery due to its
biocompatibility, biodegradability and low cdst Our research group has been working
with ultrapure oligochitosan (UOC) obtaining promisresults’® ° The non-viral carriers
(liposomes, niosomes or polymers) are typicallyooat in nature and electrostatically
interact with negatively charged DNA molecules forgn the so-called lipoplexes,

nioplexes and polyplexes, respectively.

Regardless the gene carrier, it is well known thatfinal gene expression will be highly
influenced by the uptake of the non-viral vecttre internalization pathway and, their
ability to escape from the endosomes and imporémetic material into the nucletfs At
the same time, the internalization route of thdomsowill depend on their composition and
physicochemical characteristics, such as size, dmpgrsity, surface charge and
morphology 3. Thus, it is essential to study, specifically, tygtake and intracellular
trafficking of each selected non-viral vector, taderstand their possible limitations and

improve their design.

Therefore, this work was intended to carry out mngarative study of three types of non-
viral vectors in human neuronal precursor NT2 dek. Specifically, we compared
lipoplexes based on the commercialized Lipofectam®®00; nioplexes based on a
previously described novel noisome formulation; potyplexes based on UOCs. For this
purpose, the vectors were characterized in ternmszef polydispersity index (PDI) and
surface charge. The percentage of transfected osdlan fluorescent intensity (MFI) and
cell viability were analyzed by flow cytometry. Atdnally, the expression of the
enhanced green fluorescent protein (EGFP) was zethlipy Western Blot. To further
explain the differences in the transfection efficies that among the three formulations, we
performed qualitative and quantitative cellularaket studies, by confocal microscopy and
flow cytometry, respectively, using Cy3 or FITC dddd plasmids. The endocytosis
pathways of the studied vectors were determinetblmcalization assays and quantified by
the Mander’'s overlap coefficient. Finally, the esmloal escape was analyzed by
simulating the interaction of the vectors with amdomicelles, analogues of endosomal

compartment.

MATERIAL AND METHODS



Propagation of pPCM S-EGFP

The pCMS-EGFP reporter plasmid was purchased fréssnid Factory (Bielefeld
Germany) and was propagatedsscherichia coli DH5-a and purified using the Qiagen
endotoxin-free plasmid purification Maxi prep kiQiagen, Santa Clarita, CA, USA)
according to the manufacturer’s instructions. Thencentration of pDNA was
quantified by measuring the absorbance at 260 nimgus NanoDrop® (ND-1000
spectrophotometer, Thermo Fisher Scientific Inognier, USA). The purity of the
plasmid was verified by agarose gel electrophorliesigis-borate-EDTA buffer, pH 8.0
(TBE buffer). DNA bands were detected using GelRedBiotium, Hayward,

California, USA) and images were observed with &@iboc™ MP imaging system
(Bio-Rad, USA).

Niosomes elabor ation

The cationic lipid 2,3-di(tetradecyloxy)propan-1iam used for niosome elaboration
was synthesized as previously described by Grijalval.®’. Niosomes were prepared
by the oil in water (o/w) emulsification methdd 5 mg of the cationic lipid were gently
ground with 20pul of squalene. Then, 1 ml of dichloromethane wasleddand
emulsified with 5 ml of an aqueous phase containthg non-ionic surfactant
polysorbate 80 (0.5 %, w/w). The emulsion was oi#di by sonication (Branson
Sonifier 250, Danbury) for 30 s at 50 W. The orgaswlvent was removed from the
emulsion by evaporation under magnetic agitatiantiioee h. Upon dichloromethane
evaporation, a dispersion containing the nanopestizvas formed by precipitation of
the cationic nanoparticles in the aqueous mediuimre Tinal concentration of the

cationic lipid in the niosome formulation was 1mg/m

Prepar ation and char acterization of the complexes

Lipoplexes, nioplexes, and polyplexes were prepabgd mixing at determinate
weight/weight (w/w) ratios Lipofectamine 2000 (Itr@igen, Life Technologies, USA)
solution, niosomes or UOC (Novafect O15 with a roolar weight of 5.7 KDa and 97
% degree of deacetylation, purchased from NovaM&IC, Sandvika, Norway)
solution with the pCMS-EGFP plasmid. (i) Lipoplexesere prepared at a
Lipofectamine/DNA w/w ratio of 2:1 by mixing gentlLipofectamine solution
(Img/ml) and pCMS-EGFP solution (0.5 mg/ml) (ii)ddlexes were prepared at a fixed

cationic lipid/DNA ratio 20:1 (w/w). (iii) For polglexes preparation, UOC solution was



dissolved in miliQ water to a final concentratidn2omg/ml. pCMS-EGFP solution was
added under vortex mixing (15 s) to the chitosalutsm at a final UOC/DNA w/w
ratio of 13:1. In all cases, the formulations wareubated for 30 minutes at room

temperature to allow the correct formation of tbenplexes.

The complexes were characterized in terms of sind aeta potential. The
measurements were carried out as previously desthip Ojeda et al. using a Zetasizer
NanoZS (Malvern Instruments, UK¥. Briefly, 50 pl of the complexes containing
0.625pg pCMS-EGFP were resuspended in §b@f NaCl 0.1 mM. The particle size
reported as hydrodynamic diameter was obtainedymaBic Light Scattering, and the
zeta potential was obtained by Laser Doppler Vebtetiy. All measurements were

carried out in triplicate.

Cell culture and transfection protocol

Human teratocarcinoma NTERA2/D1 (NT2) cells frone tAmerican Type Culture
Collection (ATCC®, CRL-1973™) were maintained inngalete medium: Dulbecco’s
Modified Eagle medium (DMEM®, ATCC 30-2002™), suppiented with 10% fetal
bovine serum (FBS, Sigma-Aldrich, St Louis, MO, U$And antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin, Gibco, Lifechnologies S.A., Madrid, Spain),
at 37°C under a humidified atmosphere containing(8D2.

Before transfection, NT2 cells were seeded in 24 plates at an initial density of 8 x
10" cells per well with 40Qul complete medium and allowed to grow to 70-80 %
confluence. Then, the complete medium was replagéu serum-free Opti-MEM®
(Gibco, Life Technologies S.A.), and the cells wergposed to the complexes at the
corresponding w/w ratios (containing 1.2§ pCMS-EGFP per well) (Table 1). In the
case of polyplexes, Opti—MEWcontaining 270 mM mannitol was used to obtaimalfi
isotonic medium. Also, the pH was adjusted to 7hwHCl 0.1N, as it has been
previously described the improved transfection whils kind of formulations at slightly
acidic pH values. After four hours of incubation3at°C, the complexes were removed
and replaced with 38l complete medium and were allowed to grow un# &malysis

time.



wiw DNA

Formulation Main component ratio quantity (Mg)
Lipoplexes Lipofectamine 2000 reagent 2:1 1.25
2,3-di(tetradecyloxy)propan-1-amine
Nioplexes ( .y _ y)p P 20:1 1.25
cationic lipid
Polyplexes Novafect O15 ultrapure oligochitosan 113: 1.25

Table 1: Summary of the main components, w/w ratios andARMantities employed for the

elaboration of the three formulations.

Analysis of EGFP expression and cell viability

Qualitative expression of EGFP was analyzed usmgneerted microscope equipped
with an attachment for fluorescent observation (etdttlipseTE2000-S, Nikon). Flow
cytometry analysis was conducted using a FACSCatipstem flow cytometer (Becton
Dickinson Biosciences, San Jose, USA), in ordequantify the percentage of EGFP
positive cells and the mean fluorescent intendif§1j. At the end of the incubation
period, cells were detached with 2Q0 of trypsin/EDTA and, 40Qul of complete
medium were added to inhibit trypsin activity. Theells were transferred to specific
flow cytometer tubes to quantify EGFP expressiao. ¢ell viability measurements, 5
pl of the BD-via probe reagent (7-AAD) was addedetch sample. Transfection
efficiency was expressed as the percentage of E@®Bive cells at 525 nm (FL1), and
cell viability was expressed as the percentageAAD negative cells at 650 nm (FL3).
Control samples (non-transfected cells) were dygalaon a dot plot of forward scatter
against side scatter to establish a collection. gaie each sample, 10,000 events were

collected.

In addition, EGFP protein expression was analyzgd\estern Blot of whole cell
homogenates. Thus, expression was analyzed sertitgtiaealy at 24, 48 and 72 h after
transfection with the different reagents. For eautependent analysis, cells from 3
wells per condition were lysed and pooled in 300ygis buffer: Tris-HCI (50 mM, pH



7.4), 150 mM NaCl, 1% Igepal (Sigma-Aldrich), 0.5dium deoxycholate (Sigma-
Aldrich), 0.1% sodium dodecyl sulfate (SDS), 2.5 n@HAPS (Sigma-Aldrich) and
protease inhibitor cocktail (50 pl/mg protein; SepAldrich). Solubilized proteins were
collected from supernatants of samples after degation at 40,000 x g for 5 min at 4
°C). Protein concentrations were determined with BCA protein quantification kit
(Abcam, Cambridge, UK; BD Transduction Laboratqri€&an Diego CA, USA).
Increasing amounts (4, 6, 8, 10 pg) of proteinsficells 24 h after transfection with
Lipofectamine 2000 and 10 pg of samples from thet of conditions were run in
parallel and resolved by electrophoresis on SD$gmylamide (SDS-PAGE) 10%
gels. The uppermost part of the gel containingginstabove the 75 kDa standard was
separated and stained with Coomassie Blue for teiprdoad control. The rest of
proteins were transferred to polyvinylidene flueriPVDF) membranes (Amersham
Bioscience, Buckinghamshire, UK). Blots were blatkén 5% non-fat dry
milk/phosphate buffered saline containing 0.5% B8Ad 0.2% Tween (blocking
buffer) for 1 h, and incubated with rabbit polycdranti-GFP antibody (Invitrogen,
Ref. A11122) 1:2000 diluted in blocking buffer. Aftextensive washing, the PVDF
membranes were incubated with horseradish peroxidasjugated secondary
antibodies diluted to 1:10,000 in blocking buffesr f2 h at room temperature.
Immunoreactive bands were detected with ECL reagerdrding to the manufacturer’s
instructions (Amersham Bioscience, BuckinghamshirélK). EGFP-specific
immunoreactive bands were acquired from four inddpat experiments using an
ImageQuant 350 imager (GE Healthcare, Madrid, Spand quantified by
densitometry using ImageJ image analysis softwareadeJ, NIH, Bethesda, MD,
USA). Optical density (OD) values from bands cgoaxling to increasing protein
amounts from Lipofectamine 2000-transfected at Jgbst-transfection were used for
linear regression analysis. Thus, we obtained ealinregression equation, which
allowed us to calculate the fold change of EGFP umamneactivity for each condition
(transfection reagent and post-transfection tineefgared to the samples from cells at
24 h after transfection with Lipofectamine 2000.

Cellular uptake assays

NT2 cells were cultured and seeded as for transfeexperiments. Then, the regular
growth media was removed from the wells and thks eatre exposed to the complexes
containing 1.25.g of the pCMS-EGFP labelled with fluorescein isottyanate (FITC)



(DareBio, Spain) or Cy3 (Mirus Bio Corporation, Msah, WI) After 1h or 4h of at 37
°C, the transfection medium was removed and cedle washed with PBS and fixed
with formaldehyde 4% for the quantitative and qaie analysis, by flow cytometry
and confocal laser scanning microscopy (CLSM), eeipely. Each formulation was

analyzed by triplicate.

Cells were analyzed after 1 h or 4 h of incubabgrflow cytometry at 525 nm (FL1)
after detachment from the wells. 10,000 events wellected for each sample. Cellular
uptake data was expressed as the % of FITC posi#lle. For the qualitative study,
cells were seeded on coverslips containing plated @eated with the vectors
(containing Cy3 labelled DNA). After 4h of incubati, cells were stained with
Phalloidin AlexaFluor-488 and preparations were med on Dapi Fluoromount-G
(Southern Biotech) and then, images were obtainédan Olympus Fluoview FV500
microscope. CLSM images were captured in the GénSeavice of Analytical
Microscopy and High Resolution in Biomedicine ofethniversity of the Basque
Country (UPV/EHU, Bizkaia, Spain).

Colocalization assays

The endocytic processes involved in the internbmaof the complexes were analyzed
by colocalization assays. NT2 cells were seededcawerslips (as described for
transfection protocol) and co-incubated with themptexes (containing the FITC
labeled pCMS-EGFP) and different endocytosis flaoemt markers: AlexaFluor546-
Transferrin (50pg/ml), AlexaFluor555-Cholera toxin (1@g/ml) or Lysotracker (140
nM), which are markers for clathrin-mediated endosis (CME), caveolae/raft-
mediated endocytosis (CvME) and late endosomal eotment, respectively. After 3
hours of incubation with the complexes, the markeese added to the cells, and they
were incubated one more hour. Then, the cells Vireel with formaldehyde 4% and
mounted on DAPI fluoromont G for their posterior aexnation by CLSM.
Colocalization of the green and red signal was yaeal by ImageJ software and
quantified by the Mander’s coefficietit

Vulnerability assay of the complexesin the late endosome



As an analogue of the endosomal compartment, anianicelles based on
phosphatidylserine (PS) (Sigma-Aldrich, Spain) werepared, as described previously
3PS was dissolved in chloroform at 1.6 mM and leftler magnetic stirring until the
solvent was completely evaporated. Phosphate buféer added to the dried sample,
and a dispersed solution was obtained by sonicéBoanson Sonifier 250, Danbury).
PS micelles and the complexes were incubated atwaratio of 1:50 (pCMS-EGFP:
PS) forl hour. After that, the amount of the reédeB®NA from each complex was
determined by agarose gel electrophoresis. Nakasimtl or complexes (containing
205 ng pCMS-EGFP) were loaded onto a 0.8 % agayelsand exposed for 30 min to
100 V. DNA bands were stained with GelRed™ (Biotju#ayward, California, USA)
and images were observed with a ChemiDocTM MP In@adystem (BioRad, Madrid,
Spain) and analyzed with Image LabTM software (Rad, Madrid, Spain).

Statistical analysis

All data are expressed as mean * SD, n=3. The kKiallis Test and Dunn’s
Multiple Comparison post-test were applied with tatS programme (GraphPad
Software, San Diego, CA, USA) to make statisticamparisons. Differences were

considered statistically significant whEx0.05.
RESULTS

Size, PDI and zeta potential of the complexes

Fig. 1 summarizes the characterization of the cemgd. While lipoplexes and
nioplexes presented a particle size around 140 rnim kw PDI (0.21), polyplexes
showed bigger size (294 nm) and PDI (0.44) (Fig). I&e higher polydispersity of the
polyplexes can also be observed in the size digtab curve (Fig. 1B). Regarding the
surface charge, it varied from negative to positdues depending on the vector.
Lipoplexes were negatively charged (-29.13 mV) whiloplexes and polyplexes had a
positive zeta potential, +35.4 mV and +15.1 mVpeztively (Fig. 1A).



Size (nm) pdi zeta ptential (mV)

Lipoplexes 144.1+6.3 0.21+0.04 -29.13+1.43
Nioplexes 142.5+0.64 0.21+0.04 35.4+0.7
Polyplexes 294.8+23.36 0.44+0.04 15.1+3.05
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Figure 1. Characterization of the complexes. (A) Size, P&id zeta potential values. Each value
represents the meah standard deviation of three measurements. (B) 8iggibution curve of the

complexes.

NT2 cell viability and EGFP expression

The percentage of viability was determined by floptometry at 24, 48 and 72 h post-
incubation. Cell viability was above 70 % in thereth tested formulations at all
analyzed times (Fig. 2), showing minimal differencamong the formulations in all
tested times.
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Figure 2. Cell viability of NT2 cells at 24, 48 and 72 howafer the treatment with the complexes. Error
bars represent SD (n=3). P < 0.05

The percentage of EGFP positive live cells at 34add 72 hours post-transfection was
analyzed by flow cytometry (Fig. 3A). No statistichfferences were observed among

the tested times except for lipoplexes; in thiseecassignificant decrease was observed



at 72h (37 %) compared to 24 h (22 %). Among thedhormulations, lipoplexes
exhibited the highest transfection percentagestqugb % at 24 h), and nioplexes the
lowest (5 %), while polyplexes were able to transfalmost 20 % of the cells.
Microscopic photographs (Fig. 3B) corroborated ¢hessults, as almost no EGFP
positive cells were observed after their transtectvith nioplexes (Fig. 3 B6). A well-
defined cell population can be found in flow cytdrgedot plots (FSGss. SSC) in all
cases (Fig. 3 C1, C3, C5, and C7). In FL1 (G¥PFL3 (7-AAD) dots plots, the higher
transfection efficiency of lipoplexes (Fig.3 C4)dapolyplexes (Fig. 3 C8) compared to
nioplexes (Fig. 3 C6) and the non-treated cellg.(BiC2) is explicitly represented.
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Figure 3. Transfection efficiency of the three tested comete (A) Bar graphs showing the percentage
of EGFP positive live cells at 24, 48 and 72 hquost-transfection. Error bars represer@D (n=3) P <
0.05. (B) Microscope photographs of NT2 cells athdBost-transfection. (B1, B4, B7) phase contrast
images, (B2, B5, B8) fluorescent images and, (B3, B9) overlay images of cells transfected with ,(B1
B2, B3) lipoplexes, (B4, B5, B6) nioplexes and (BB, B9) polyplexes. (C) Flow cytometry dot plots
representing (C1, C2, C3, C5, C7) F&SSC and (C2, C3, C4, C6, C8) FLdFL3 of NT2 cells treated
with (C1, C2) negative control, (C3, C4) lipoplex¢€5, C6) nioplexes and (C7, C8) polyplexes, 48
hours post transfection. FL1 channel correspon@&HB and FL3 channel corresponds to 7-AAD.

In order to show the production of EGFP in thes;dlllFl of the transfected cells was
calculated (Fig. 4A) and Western Blot analysis @GHP expression was performed
(Fig. 4B). Both, MFI measurements and densitometanalysis of EGFP



immunostaining revealed that lipoplexes and niopéeexhibited the highest and the
lowest MFI values, respectively. Interestingly, digfexes showed the highest MFI
values, while nioplexes the lowest. Kruskal-Watkst followed by Dunn’s multiple
comparisons revealed no statistical differencédkh among the tested times except for
polyplexes. In this case, a significant increasehbiserved at 48 hours compared to the
previously studied time. In contrast, significantfetences were found between the
different formulations. Specifically, 24 and 48 heafter transfection, MFI values were
significantly higher in lipoplexe- than in nioplexensfected cells and significant
differences were also detected at 72 hours betwegrexe- and polyplexe-transfected
cells (Fig. 4. A). In addition, Western blot anasysorroborated these results. As seen
in Fig. 4B, barely detectable EGFP was produceer afansfection with nioplexes. By
contrast, a well-defined band appeared with lipogdeand polyplexes, at all tested
points. In agreement with MFI values, a more inteB&SFP band was obtained with

lipoplexes.
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Cellular uptake



The flow cytometry analysis carried out with FITabklled pDNA complexes indicated
that cellular uptake was clearly time dependent parcentage of FITC positive cells
increased along the time, from 50 % (lipoplexebpaoast no uptake (nioplexes) and 20
% (polyplexes) after 1 h of incubation, to 70 %diplexes), 10 % (nioplexes) and 30 %
(polyplexes) after 4 h of incubation with the coey®s (Fig. 5A). However, statistical

differences were only observed between lipoplexesraoplexes. In the flow cytometry

histogram (Fig. 5B) the uptake of the complexegrafour hours of incubation is

observed: lipoplexes > polyplexes > nioplexes. Goaf microscope images supported
the quantitative results (Fig. 5 C1, C2, and C3).
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Figure5. Cellular uptake of the complexes. (A) Bar graghewing the percentage of FITC positive NT2
cells after the incubation for 1 hour or 4 hourghwihe complexes. Error bars represe@D (n=3). P <

0.05. (B) Flow cytometry histograms representing tellular uptake of the complexes (formed with
FITC labelled plasmid DNA) after 4 h of incubatidBlack filled curve represents untreated cells. (C)
Merged images of NT2 cells four hours after theitémtd of (C1) lipoplexes, (C2) nipolexes and (C3)
polyplexes. Images are at 63X magnification. Bloéoering shows cell nuclei stained with DAPI; red
colouring shows F-actin stained with Phalloidinegmn colouring shows Cy3 labelled plasmid DNA

complexed with the corresponding non-viral vector.

Cell uptake mechanisms



The presence of CME and CvME pathways in NT2 cglls determined with specific

markers of endocytic routes, Transferrin-Alexa Flaaod Cholera Toxin-Alexa Fluor,

respectively. Flow cytometry histograms (Fig. 6 &id A2) illustrated that almost 100
% of NT2 cells were appropriately stained aftertiieatment with fluorescent markers.
This data indicated that both CME and CvME are gmées the studied cell line.

Fig. 6B illustrates the confocal images four hoafter the co-treatment with the
endocytosis markers (red) and lipoplexes /polysefggeen). Due to the low cellular
uptake of nioplexes, this formulation was discarded uptake mechanism studies.
Colocalization of red and green fluorescence showisitble yellow/orange punctate
structures (Fig. 6B). In addition, we performed aangitative analysis; the
colocalization values were represented as theidraof complexes colocalized with the
fluorescently labelled endocytic structures, repnésd by the Mander's (M1)
coefficient. The colocalization value of lipoplexegh Transferrin-Alexa Fluor (marker
of CME pathway) was higher than the colocalizatiwith Cholera toxin-AlexaFluor

(marker of CvME pathway): Mander's overlap coeffits were 0.471 and 0.367,
respectively (Fig.6 B1 and B2). The overlap coéiits were superior for polyplexes,
0.576 with CME marker and 0.697 with CvME markeig(é B3 and B4).
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Figure 6. Endocytosis pathway of the complexes. (A) Flowometry histograms of cells treated with
(A1) Transferrin-Alexa Fluor 488 at 50g/ml and (A2) Cholera toxin-Alexa Fluor 488 at fu@/ml.
Black filled curve represents untreated cells. ®)localization of test complexes (formed with FITC

labelled plasmid DNA) (green) with the specific kens of endocytic pathways (red): clathrin-mediated

endocytosis (Alexa Fluor 546-Transferrin at|s@ml) and caveolae-mediated endocytosis (Alexa Fluo

555-cholera toxin at 1Qug/ml). The images were taken after 4 hours of iatigb with the test

complexes. Images are at 63x magnification. Nwaleistained with DAPI (blue). The presence of yello

colour represents the overlay of the endocyticywathmarker and the vectors. The colocalization eslu

are given as the fraction of complexes colocalizimigh fluorescently labelled endocytic structure,

represented by Mander’s (M1) coefficient.



Intracellular trafficking and endosomal escape

The colocalization of the complexes with the latel@somes at 4 and 6 hours was
visualized and quantified by labelling the endosbm@mpartment with a specific
marker: Lysotracker (red colour). Colocalizatiorrel and green fluorescence gave rise
to visible yellow/orange punctate structures (Fi§). The quantitative value was given
as the Mander’s overlap coefficient. The resulsagd that polyplexes were located
mainly in the late endosome after 4 hours (M= 0)738&d remained at least until 6 h
(M=0.764). The values with lipoplexes were lowebath times (0.543 at 4h and 0.489
at 6h). In Fig. 7 A we observed that at 6 hours, EENA carried by lipoplexes was

located in the nucleus, and even at 4 hours thssevalent.

In order to evaluate whether the complexed DNA lsameleased from the endosomes,
we examined the amount of released DNA after mixihg complexes with the
previously elaborated PS micelles. The vesiclesvedosizes of 170 nm and zeta
potential of -65 mV. As observed in the agarose(Begj. 7C), DNA was released from
all the complexes after their incubation with PSefles (Fig. 7B). AlImost 80 % of the
total DNA was released from lipoplexes (lane 2);%4Grom nioplexes (lane 3) and 30
% from polyplexes (4). The release of the DNA wawdr without the previous
incubation with the anionic micelles: 30 %, 5% ahdb with lipoplexes (lane 5),

nioplexes (lane 6) and polyplexes (lane 7), resypalgt

Lipoplexes Polyplexes

4H

M=0.543£0.149

M=0.735£0.078

-

Tyl M=0439:0.049 ' M=0.76410.117]

Figure 7. (A) Colocalization of test complexes (formed withirC labelled plasmid DNA) (green) with
Lysotracker Red-DND-99 that is a specific markertted late endosome (red). The images were taken



after 4 and 6 hours of incubation with the test plaxes. Markers were added 1 hour prior to theafnd
the incubation time. Images are at 63 x magnificatNuclei are stained with DAPI (blue). Presente o
yellow colour represents the overlay of the endogyathway marker and the vectors. The colocabirati
values are given as the fraction of complexes @diziag with fluorescently labelled endocytic stiue,
represented by Mander’s (M1) coefficient. (B) DN#lease profiles measured with gel electrophoresis.
Lane 1: naked DNA; lane 2: lipoplexes incubatechvitS; lane 3: nioplexes incubated with PS; lane 4:
polyplexes incubated with PS; lane 5: lipoplexesiel 6: nioplexes; lane 7: polyplexes. PS refers to
phosphatidyl serine micelles. (C) The percentageslefased DNA quantified from the agarose gel using
the Image LaB" software.

DISCUSSION

The transfection of the well-established, human N3Jr2 NT2-N cells is widely
employed to obtain suitable platforms for the daiywof exogenous proteins into the
CNS?* "1213|ndeed, the glioma tropism of NT2 cellsakes this undifferentiated cell
line an interesting tool to derive new cellular idds for clinical glioblastoma therapy.
Until now, most of the studies based on geneticaligineered NT2 cells rely on the use
of viral vectors. However, the development of namalvtransfection strategies to
produce stable or transient population of NT2 celpressing exogenous gene products
has distinct advantages, especially if they arsegbently grafted into animals” models

of human nervous system diseases.

The successful design of non-viral carriers for egatelivery requires a profound
understanding of the transfection process, whicla isomplex multi-step process
influenced by several factors. The vector is faistind to the cell membrane followed by
internalization through an endocytic route. To avgsosomal degradation, the genetic
material has to be released from the endosomestletocytoplasm and target the
nucleus to start the transcription process andepiratynthesis>. In recent years, many
non-viral vectors have been developed, and théeiciaft transfection has been
demonstrated. However, less attention has beentpdite transfection process itself,
starting from the binding to the cell membrane lutite DNA reaches the nucleus.
Regarding the gene delivery to NT2 cells, no war&scerning the whole transfection
process mediated by lipoplexes, nioplexes or pekgd have been previously reported.
The understanding of how the physicochemical chiaristics of the vectors influence
their intracellular traffic could lead to the desigf new formulations with specific

characteristics that could favour an appropriateagellular pathway to obtain high



transfection efficiencies. Thus, we have comparededuronal precursor NT2 cells the

transfection efficiency and uptake mechanisms i&etdifferent non-viral vectors.

The physicochemical characteristics and the contiposiof the non-viral vectors
influence their interaction with the cell membraamed their intracellular uptak& *
Thus, the characterization of the complexes is rggdeto understand better their
behavior when they are in contact with the cellse Tata obtained from lipoplexes
based on Lipofectamine (size of 144.1 nm and zetanpial of -29.13 mV) (Fig. 1) is
corroborated by other works, where lipoplexes aiataal with Lipofectamine (w/w
ratio 4:1) had similar size and zeta potential al(L50 nm and -0.4 mV/. The lower
zeta potential that we obtained could be explaiheel to the lower w/w (2:1) that we
used to elaborate the lipoplexes. Concerning nigdeand polyplexes, our previous

works supported our current restffts™®

The transfection efficiency of the three vectorsl dme EGFP production was analyzed
along the time. Our findings revealed that negbtiwharged lipoplexes exhibited the
highest transfection efficiencies and protein esgitmn levels’>° which decreased along
the time (Fig. 3 and Fig. 4). Lipofectamine is alikaown transfection agent with high
transfection efficiency®. Although we did not show significant toxicity sigjin NT2 cell
line with ourin vitro viability assay (Fig. 2), we previously reportbdiin vitro cytotoxicity

of Lipofectamine in other cell linéS.Thus, then vivo application of this reagent has been
limited due to its high toxicity compared to otlempound$®. Our group has previously
reported positive results obtained with nioplekesitro, ARPE 19 cells, anth vivo .
Surprisingly, nioplexes did not exhibit the expdctensfection efficiencies in NT2 cells.
So, we must consider that transfection efficierscyeill line dependeit. As an alternative
to lipid-based vectors, low molecular weight, aighly deacetylated chitosan have showed
promising resulté® 2% 42 Against all predictions, our results indicateattholyplexes were
more efficient for the transfection of NT2 cellsathnioplexes. Although the transfection
efficiency values were lower than the ones obtainitial lipoplexes (15 % versus 35 % at
24 h shown in Fig. 3), the low toxicity of this goier enhances its possible clinical
applications. Moreover, we should consider that ttaesfection efficiency of chitosan
could be enhanced by its conjugation with sevenaippunds?.



In order to understand the differences in the teation efficiency observed between the
vectors, the cellular uptake of the carriers wasrd@ned after 1 and 4 hours of incubation
(Fig. 5). The time dependent cellular uptake wesaaly described before by Apaolaza et al.
They reported that the cellular uptake of solicdlipanoparticles in ARPE19 and HEK293
increased along the time, obtaining the highestiteeafter 8h of incubatiof. Douglas et
al. described that the cellular uptake of algirgtgesan nanoparticles in 293T, COS7 and
CHO cells reached a plateau by 2 h post-treatfieAs our transfection experiments were
stopped after 4 h of incubation, we decided nqirtdong the uptake studies more than 4h
since our aim was only to compare the cellular keptaf the three formulations. The
cellular uptake was clearly influenced by the eartype. Lipoplexes (negatively charged)
entered in almost 70 % of the cells at 4h and pekgs (positively charged) in 30 % of the
cells. Although the uptake of positively chargedhayzarticles is presumably favored, the
evidence of uptake of negatively charged nanopestibas been reported. Despite the
expected unfavorable interaction between the pestiand the negatively charged cell
membrané?®, recent work by Gainza et al. has reveled highkeptevels of lipid carriers (-
34 mV) in several cell line&®. The uptake of negatively charged lipoplexes cdgd
explained due to the interactions that may exisivéen the cationic lipids present in
lipoplexes formulation and the lipid compoundsha tell membrane. Despite the desirable
physicochemical characteristics observed in th@lexes, (140 nm and +35 mV), we
unexpectedly found that the cellular uptake oféhesctors in NT2 cells was very low (10
% at 4h). Mochizuki et al. also reported low celfulptake results with complexes based on
cationic lipids and FITC labeled DNX. By contrast, our research group has preliminary
results that indicate that the cellular uptakeheke nioplexes is almost 100 % in ARPE19
cells. All these data suggest that it is necessarynvestigate the behavior of the
formulations in every selected cell lines. Overtike cellular uptake results showed an

apparent correlation respect to the correspondamgfiection efficiency.

In order to obtain further information about thansfection process of our carriers and
considering the different physicochemical charastter of the studied vectors, we
performed colocalization studies to elucidate & ttharacteristics of the vectors could
influence their uptake mechanism and intracellwfic. Due to the low cellular uptake of
nioplexes, these were discarded for the followikgeements. Endocytosis has been
postulated as the principal mechanism of entry hon-viral vectors. Regarding
nanoparticle uptake, CME and CvME are the most comamd studied endocytosis routes



47 By confocal imaging and colocalization assays.(6)gwe concluded that cell entry of
lipoplexes (140 nm, -29 mV) occurred mainly throu@iME, while polyplexes (290 nm,
+15 mV) entered the cell mainly by CvME. Howevere wid not observe radical
differences, indicating that both pathways woulditelved in the uptake of the two
formulations. Although the data reported in theréiture regarding the relationship between
nanosizes and endocytic pathways is sometimes sigtent, according to Rejman et al.
internalization of microspheres with diameter < 2@®involved clathrin-coated pits, while
an increase in size provoked a shift of the mesharthat relies on caveolae-mediated
endocytosis*®. Moreover, the internalization process may be aiffected by the
components of the vectors. The entry of Lipofectebased lipoplexes by the CME in a
myoblast cell line was previously reported by Billiet al.*®. Peng et al. described that
chitosan/poly(g-glutamic acid) complexes were maéized by macropynocitosis and
caveolae-mediated pathway in HT1080 human fibrosaaccell line*®. The major problem
of analyzing the effects of the size in the tr&ifig process is the high polydispersity of
many nanomaterials, as it occurs with our chitdssed polyplexes, where large and small
particles coexist and different entry pathways f@ynvolved. The surface characteristics
of nanoparticles can also influence their intemadion mechanisms. Unlike our results,
according to the literature, positively chargedtoex predominantly internalize through
CME, while negatively charged formulations utiliZeME *°. Nevertheless, exemptions
including negatively charted PLGA nanoparticlest tater the cell through caveolae-
independent pathways and PEI based cationic palyplinat utilize CvME have also been
reported in the literaturé” % In addition, we cannot forget that apart from Cdid
CVME, clathrin- and caveolae- independent endosytaaites may also take part in the
internalization of the nanoparticlds >2 It is worth mentioning that depending on the cell
line the internalization pathway of a particulamgex could vary. Thus, our results should

only be considered for the NT2 cell line.

At 4 hours, the highest colocalization for bottoptexes and polyplexes was observed in
the late endosome (Fig. 7) being superior with pekes, (0.735) compared to lipoplexes
(0.543). Particles that enter via CME are confimethin endosomes that will suffer a
maturation process involving the compartment acalibn that results in late endosomes
and finally, lysosomes. Although some authors desdrthe CvME as a route away from
lysosomal degradation, recently, it has been pswithat the caveosomes are considered

to fuse with normal acidified endosomes, allowihg transfer of material to lysosontés



This hypothesis supports our results since thepfmtgs that enter the cell mainly via
caveolae-mediated pathways were entrapped intdert@osomes. In addition, the particle
transport mechanism (active transport or diffusioopld define the final fate of the
complexes. Particles that are actively transpaaredusually shuttled from endosomes to
lysosomes for degradatich Thus, the next step in the transfection processists in the
endosomal escape of the DNA to avoid lysosomaladizgion. Several endosomal escape
mechanisms are described in the literature, whial depending on the nanopartitieA
widely used approach consists of the “proton-spaftget” which involves nanoparticles
having a high buffering capacity, as it is the cakeationic polymers such us PEI. We
previously described that UOC posse’s higher biaifeccapacity that high molecular
weight chitosang®, Another mechanism involves the electrostaticrémtions between the
nanoparticles and the anionic lipids of the endesamembrane, which causes the
destabilization of the endosomal membrane allovilmg release of the cargo. As an
analogue of the endosomal compartment, we elalbeat®nic micelles made from PS,
according to Mochizuki’s et al. protocl As observed in Fig. 7B and 7C, the contact of
the vectors with the PS micelles led to the relezsthe DNA from the particles. This
simulated the ability of the studied formulationsr¢lease the DNA once they contact the

lipid membrane of the endosome, which is a reguisit an efficient transfection.

The velocity of the internalization process couddydepending on the carrier, especially
depending on its siZ&. We observed a difference in the internalizatietosity of the two
studied vectors that could be related to the diffees in their size. The colocalization
values that we achieved with lipoplexes and theiipenarkers at 4 h and 6 h were lower
compared to the values obtained with polyplexesshvimeans that at the tested times most
of the lipoplexes were not located within the edaess. Moreover, 6 h after the addition of
the particles to the cells, the FITC-labeled DNAvried by lipoplexes was found in the
nucleus while the DNA carried by polyplexes wal ktcated within the late endosomes
(Fig.7A). These findings suggested that the intemaigon process of lipoplexes is a
relatively rapid process compared to polyplexegmReet al. described that internalization
process of latex beads with 50-100 nm diameter faster than the process of 200 nm

particles™,

CONCLUSION



In summary, we have elaborated and characterizegb ttifferent vectors for pDNA
delivery to human neuronal precursor NT2 cells.ifTtnansfection efficiency and cellular
uptake were analyzed along the time observing eeletipn between both processes. In
order to further understand the behavior of the mekes inside the cells, we determined
the uptake mechanism of lipoplexes and polyplegescluding that they enter the cells
mainly via CME and CvME, respectively. Also, atfdwurs the complexes were localized
in the late endosome and were able to release i#e Differences in the internalization
velocity were observed between lipoplexes and pekgs. The DNA carried by lipoplexes
was localized in the nucleus at six hours while@INA carried by polyplexes remained in
the late endosome. It is hard to draw general osimis about how to produce complexes
with optimal transfection efficiencies. Therefoiteis essential to evaluate and design an
appropriate vector for each cell line. Accordingotar results, the cellular uptake of the
complexes is a bottleneck in the transfection meaé NT2 cells. Overall, this work gives
some knowledge about the main aspects that need twnsidered for the design and
development of novel non-viral vectors to efficlgritansfect human neuronal precursor
NT2 cells as a first step in the development ofugakle platform for the delivery of

exogenous biological agents into the CNS.
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