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Cell-penetrating peptide (CPP)-based approaches are excellent method for delivering cell-impermeable compounds/therapeutics such as proteins, antibodies, antisense oligonucleotides, siRNAs, plasmids, and drugs, as covalently or noncovalently conjugated cargo into cells. Nowadays, it is generally accepted that cellular internalization of these CPP-cargoes or CPP-nanoparticles occurs via endocytosis-dependent mechanisms or by direct cell translocation.

Here, we describe a subset of biophysical and biological methods which can be used to dissect the internalization mechanism of CPPs. Presented protocols and results were shown for the recently developed siRNA-loaded WRAP-based nanoparticles. The rapid and efficient cell delivery of WRAP-encapsulated siRNA could be attributed to the main direct cellular translocation of the nanoparticles even if, to some extent, endocytosisdependent internalization occurred.

Deciphering the internalization mechanism is still an important requirement to understand and to optimize the action mode of CPPs or CPP-based nanoparticles as transfection reagents.

INTRODUCTION

More than 20 years ago, A.Z. Fire Similar to other forms of gene-based therapies, a major bottleneck in the development of siRNA therapies is the delivery of these small molecules to the desired cell type in the correct tissue or organ. These small RNAs, which do not cross the cell membrane on their own, must be inside the cell to have their intended effect. In the last few years, an increased availability of versatile materials, including polymers, lipids, inorganic carriers, polymeric hydrogels, and biomacromolecular scaffolds, have led to the development of systems that can deliver drugs to the site of interest with improved therapeutic efficacy (6).

Among these non-viral delivery systems, cell-penetrating peptides (CPPs) have gained increasing popularity because of their sequence and function diversity (7, 8). Since their discovery, CPPs have been employed for delivery in vitro and in vivo of a wide variety of therapeutic molecules of different sizes and various types such as other peptides, proteins, liposomes, oligonucleotides, and small molecule weight drugs (9). CPPs are now considered as powerful tools to deliver therapeutics to treat various disorders including cranial nerve involvement, ocular inflammation, myocardial ischemia, dermatosis, and cancer as exemplified by CPP-based therapies under clinical development (10).

Despite numerous investigations, the mechanism(s) underlying the delivery of therapeutics to subcellular compartments using CPPs as carriers is still a matter of debate even if endocytosis-dependent pathways seemed to be implemented (11-13). However, to avoid endosomal encapsulation of the active molecule (e.g. siRNA), it is preferentially to circumvent endocytosis pathways and to favor a direct cell membrane translocation as internalization mechanism.

For that reason, we are working since many years on secondary amphipathic peptides able to form nanoparticles in the presence of siRNA. First, we started to elucidate standard conditions for the nanoparticle formulation as exemplified by the CADY-K:siRNA complex to obtain homogeneous peptide-based nanoparticles (PBNs) (14). Based on these results, we designed the RICK ("Retro-Inverso CADY-K") peptide by combining the use of D-amino acids with the inversion of the peptide sequence. The obtained retroinverso version of the peptide fully retained the main unique properties of CADY-K such as conformational versatility, nanoparticle formation and remarkable efficacy in siRNA cellular delivery. Additionally, RICK revealed also a high resistance to enzymatic degradation and, more importantly, resulting in siRNA protection by nucleases (15). We showed that RICK-based nanoparticles were able to induce a strong gene silencing at a low siRNA dose (20 nM) without any significant cytotoxicity compared to on-market transfection agents such as RNAiMax. Moreover, our RICK:siRNA formulation induced a higher silencing efficiency at lower siRNA concentrations compared to those described in literature (16-18).

Recently, thanks to our long-lasting expertise in the nanoparticle formulation, we designed a new family of short (15mer or 16mer) tryptophan-(W) and arginine-(R) rich Amphipathic Peptides (WRAP) able to form stable peptide-based nanoparticles (PBNs) in the presence of siRNA molecules. The lead peptides, WRAP1 and WRAP5, form defined nanoparticles smaller than 100 nm as characterized by biophysical methods, in agreement with the size expected for PBNs. In addition, we showed that these peptides allowed the rapid internalization of the siRNA (in about 15 minutes), allowing subsequently the efficient delivery of various siRNA in several cell types, associated with the high silencing activity, even in the presence of serum. This newly designed CPP family showed all the requirements for a specific siRNA delivery trough nanoparticle formation such as an easy one-step formulation as well as a rapid and efficient siRNA delivery for diverse applications (19).

More importantly, by combining different methods including biophysical, biological, confocaln and electron microscopy approaches, we evidenced that cellular uptake mechanism of WRAP:siRNA nanoparticles is mainly driven by direct translocation (20).

In details, we demonstrated that WRAP:siRNA nanoparticles remain fully active at 4°C, under ATP-depletion and in the presence of chemical endosomal pathway inhibitors.

Leakage studies on lipid vesicles indicated membrane destabilization properties of the nanoparticles and this was supported by the measurement of WRAP:siRNA internalization in dynamin triple-knock-out cells.

However, we also observed some evidence for an endocytosis-dependent cellular internalization as exemplified by nanoparticles co-localized with transferrin, siRNA silencing inhibition by the scavenger receptor A inhibitor Poly I, and some vesicular entrapped nanoparticles observed by electron microscopy. We suggest that WRAP:siRNA nanoparticles could be "incidentally" internalize via endocytotic processes which occur over the whole cell membrane in a continuous manner (21) resulting in half of the cell membrane recycled within a few minutes [START_REF] Vives | Cellular uptake [correction of utake] of the Tat peptide: an endocytosis mechanism following ionic interactions[END_REF].

By combining all obtained results from biophysical, biological, confocal, and electron microscopy approaches, we concluded that the balance driving WRAP:siRNA internalization tends toward direct cell translocation due to the fact that WRAP-based nanoparticles are still active at 4°C or under ATP depletion.

In conclusion, WRAP-based nanoparticles are advantageous delivery systems due to their capacity to direct translocate cell membranes and/or to rapidly escape from endosomes after an endocytosis-based internalization explaining the great observed silencing activity at low siRNA concentration (19).

MATERIALS

Synthesis of Peptides

1.

Amino acids: Fmoc-Arg(Pbf)-OH, Fmoc-Trp(Boc)-OH and Fmoc-Leu-OH.

2.

Activators: Diisopropylcarbodiimide (DIC), ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma), N,N-Diisopropylethylamine (DIEA).

3.

Solvants: N,N-Dimethylformamide (DMF), Dichloromethane (DCM), Acetonitrile.

4.

Trifluoroacetic acid (TFA).

5.

Piperidine.

6.

Triisopropyl silane (TIPS). 

2.

White 96-well plates for bioluminescence measurement.

3.

Centrifuge with a rotor for plates.

4.

Multi-channel pipette (10 µL).

5. 15 mL tubes.

6. 50 mL tubes.

7.

Pipetting reservoir.

8.

POLARstar® Omega microplate reader (BMG Labtech).

4.

Mix both solution by adding the siRNA to the WRAP solution and perform some upand-downs (see Note 2).

5.

Leave the solution 15 min at room temperature for complex formation.

Leakage Assays

1.

Dissolve the phospholipids in chloroform/methanol (3/1, v/v) to obtain a homogeneous mixture.

2.

For LUVs reflecting the plasma membrane use a lipid composition of DOPC/SM/Chol (4/4/2; mol/mol/mol) and for LUVs representing endosomes a lipid composition of DOPC/DOPE/PI/LBPA (5/2/1/2; mol/mol/mol/mol).

3.

Evaporate the solvent under high vacuum for 1 h in order to remove all residual organic solvents and obtain a dry lipid film.

4.

Resuspend the dried lipid film in HEPES at pH 7.4 or in MES at pH 5.5 buffer for LUVs representing plasma membranes or endosomes, respectively. In both cases, the buffers contain 12.5 mM ANTS fluorescent dye together with 45 mM DPX quencher.

The solution is vortexed for 10 min.

5.

Subject the solution to five freeze-thaw cycles with liquid nitrogen to reduce the multi-lamellarity.

6.

Use an Avanti® manual extruder and push the lipid solution 21 times through a Nuclepore TM polycarbonate membrane (pore size of 100 nm) to obtain well-defined LUVs with narrow size distribution of 100 nm.

7.

Free dye and quencher were removed by G50-sepharose gel filtration.

8.

LUV concentration was assessed using the LabAssayTM Phospholipid kit as described by the manufacturer.

9.

Diameter and size distribution of LUVs may be determined by dynamic light scattering (DLS).

10. Fluorescence leakage assay was measured on a PTI spectrofluorometer at room temperature (Ex = 360 nm ± 3 nm; Em 530 nm ± 5 nm).

11. To access the background fluorescence, the LUVs alone were measured during 100 seconds.

12. Leakage was measured as an increase in fluorescence intensity upon addition of WRAP1/WRAP5 (2.5 µM) or WRAP1/WRAP5-based nanoparticle (R = 20 using 2.5 µM WRAP) during the next following 900 seconds (15 min).

13. At the end, 100% fluorescence was achieved by solubilizing the membranes with 0.1% (v/v) Triton X-100 resulting in a completely unquenched probe (at 1,000 seconds).

14. Relative percentage of leakage (%Leak) at each time point (t=x) was calculated using the following equation: %Leak(t=x) = (F(t=x) -Fmin) / (Fmax -Fmin) x 100.

Cell Transfection with Endocytosis Inhibitors

The standard protocol described below is optimized to evaluate the internalization mechanism of WRAP-based nanoparticles in 96-well plates with U87-FLuc/NLuc cells (5,000 cells/well). The procedure for cell seeding should therefore be adapted to the cell type of interest by using the appropriate growth medium and cell number and considering the cell doubling time (see also Note 3). Additionally, potent effect of the inhibitors on the nanoparticle stability should be evaluated before performing the luciferase screening (see Note 4).

1. U87-FLuc/NLuc cells (5,000 cells per well) were seeded 24 h before experiment into 96-well plates in serum-containing medium.

2.

The day of experiment, the cell growth medium was replaced by 70 µL of fresh prewarmed serum-free DMEM containing the endocytosis inhibitors at the desired concentration and incubated 0.5 h at 37°C (see Note 5).

3.

Afterwards, 30 µL of the nanoparticle solutions were added directly to the medium recovering the cells and incubated 1.5 h at 37°C.

4.

Finally, the whole medium solution was replaced by 200 μL of fresh DMEM supplemented with 10% FBS, and the cells were incubated for further 36 h.

Cytotoxicity Assay (LDH)

Evaluation of cytotoxicity induced by the nanoparticles was performed using Cytotoxicity LDH Detection Kit (see Note 6).

1. 36 h after the nanoparticle incubation, three non-treated wells are used as LDH positive control (100% toxicity) by adding Triton X-100 (Sigma-Aldrich) to a final concentration of 0.1% (~15 min incubation at 37°C).

2.

Afterwards, 50 µL supernatant of each well were transferred in a new clear 96-well plate.

3. 50 µL of freshly prepared "dye solution/catalyst" mixture was added to the supernatant and incubated in the darkness for 30 min at room temperature.

4.

Reaction was stopped by adding 25 µL of HCl (1 N) to each well before measuring the absorption at 490 nm on a plate reader.

5.

Relative toxicity (%) = [(exp. value -value non-treated cells) / (value triton -value non-treated cells)] x 100.

Luciferase Assay

To screen the internalization mechanism of drug delivery systems, human U87 glioblastoma cells stably transfected with the firefly (FLuc) and NanoLuc® (NLuc) luciferases will be used in order to follow a biological read-out (see Note 7). However, this protocol could be also applicable for other siRNA-based protein knock-down after some optimization steps (incubation volume, cell density, siRNA concentration, etc.).

1.

The medium covering the cells was then carefully removed and 50 µL of 0.5 X Passive Lysis Buffer (PLB) were added and the plates were shaken for 30 min at 4°C.

2.

After a centrifugation step (10 min, 650 g, 4°C), 10 µL of each cell lysate supernatant were transferred into a white 96-well plate.

3.

Luciferase activity was quantified using a plate-reading luminometer using Dual Luciferase Assay Reagents as described by the manufacturer (see Note 8).

4.

The results were expressed as percentage of relative light units (RLU) for each luciferase, normalized first to non-treated cells (%FLuc and %NLuc) and then normalized to the value of %NLuc to obtain the Relative Luc Activity (%FLuc/%NLuc) (see Note 9).

Co-localization Assays with Endocytosis and Vesicle Markers

To confirm results obtained by luciferase activity measurements in the presence of different endocytosis inhibitors, co-localization experiments using different markers of endocytosis pathways or of intracellular vesicles should be performed. Additionally, these experiments could be extent by using genetically modified cell lines, such as the dynamin triple knock-out murine epithelial fibroblasts (see Note 10) (20).

1. 300,000 U87 cells were seeded 24 h before imaging into 35 mm glass bottom dishes.

Endocytosis markers or markers of cellular vesicles were added before or together with the WRAP-based nanoparticles depending on the supplier recommendations (see Table 1) (see also Note 11).

2.

10 min before the end of the WRAP nanoparticle incubation (R = 20, [siRNA-Cy5] = 20 nM in Fluorobrite DMEM), 1μg/mL Hoechst 33342 was added for nuclei staining.

3.

Afterwards, the incubation medium was then removed, cells were rinsed twice with D-PBS and covered with 1.5mL of FluoroBrite DMEM.

4.

Live cell images were acquired on an inverted Leica SP5-SMD microscope with temperature control.

5.

Image acquisitions were done sequentially to minimize crosstalk between the fluorophores.

6.

Each confocal image was merged and adjusted with the same brightness and contrast parameters using the ImageJ software.

NOTES

1.

It is absolutely required to use protected Fmoc-Trp(Boc)-OH amino acid when synthesizing the peptides in combination with the use of Fmoc-Arg(Pbf)-OH. When attempts were performed with unprotected Fmoc-Trp-OH, we observed irreversible Pbf grafting on tryptophan residues.

2.

Homogeneous nanoparticles are obtained by mixing the siRNA to the WRAP peptide.

However, the opposite could also be done (adding the peptide solution to the siRNA solution). Formation and stability of the nanoparticles should be controlled by dynamic light scattering (DLS) measurements. Once formulated, the siRNA-loaded nanoparticles are stable for several months at 4°C.

3.

To ensure reproducible results, it is important to use stably transfected cell lines only for a controlled number of cell passages to have same amount of luciferase (e.g. not more than 20 passages). Furthermore, we recommended to perform regular controls using commercially available kits in order to ensure that no mycoplasma contamination impacted the luciferase assays.

4.

Some inhibitors could have a destabilization property on the nanoparticle during cell incubation based on their charge or their amphipathic character. An agarose gel shift assay should be performed in order to monitor that WRAP:siRNA complexes are still stable even in the presence of increasing inhibitor concentrations.

5.

Each cell line reacts in a different manner to the endocytosis inhibitors. Perform previously a dose response of the endocytosis inhibitors to ensure a maximal activity without any cytotoxicity before performing a direct comparison of all inhibitors.

6.

Other cytotoxicity assays could be used to ensure that the nanoparticle incubation has no potential effect on cell viability such as the different available MTT assays.

7.

A functional biological read-out is more important than to look on internalization via flow cytometry to avoid potential overestimation for example by fluorescencelabeled nanoparticles sticking at the extracellular cell membrane.

8.

The dilution of both dual luciferase substrates (1:2 in ultra-pure water) is possible without affecting the luciferase activity detection. Both dual luciferase substrates can be stored at -20°C for one month without any signal reduction. Graphs represent the mean ± SD of ≥2 independent experiments in triplicates (n ≥ 6 individual values). Statistical evaluation using one-way ANOVA with Dunnett's post-test versus WRAP:siRNA-FLuc at 37 °C revealed no significant (ns) differences between the other conditions using siRNA-FLuc. N.T. = not treated cells, siFLuc = siRNA for Firefly luciferase, siSCR = scrambled version. 

  and C.C. Mello (1) uncovered the mechanism of RNA interference (RNAi) in Caenorhabditis elegans, a work which was awarded by the Nobel Prize in Physiology or Medicine in 2006. Since Tuschl and colleagues showed that RNAi also occurs in mammalian cells (2), this technic opened a very exciting research field for biomedical research and therapy of various diseases, including chronic viral infections such as hepatitis C or human immunodeficiency virus (HIV) and neurodegenerative diseases linked to the expression of a dominant mutant allele, to cite only a few examples (3). Antisense strand of short interfering RNAs (siRNAs; 21-23 base-pair duplexes) with a sequence complementarity to a target mRNA can suppress gene expression with the highest sequences specificity (silencing). Recently, the Food and Drug Administration (FDA) has approved two RNA interference drugs: Onpattro® (Patisiran) for polyneuropathy of hereditary transthyretin-mediated amyloidosis (hATTR) (4) and Givosiran (Givlaari™) for acute hepatic porphyria (AHP) (5).

9 .

 9 If same cell number and incubation volume were used the same luciferase activity values should be obtained for the same WRAP-transfected condition. However, variations within luciferase assay should be normalized with an internal Renilla or NanoLuc® luciferase, while targeting firefly Luciferase. If only one luciferase was stably transfected to the used cell line, protein concentrations of each sample could be determined by BCA assay and employed for normalization. 10. TKO-MEF, dynamin-triple knock-out murine epithelial fibroblasts (kindly provided from the laboratory of Pietro De Camilli, New Haven, CT, United States) were grown in DMEM/F12 medium supplemented with L-Glutamine, penicillin/streptomycin and 10% heat-inactivated fetal bovine serum (23-25). To induce the dynamin-triple KO, the medium was supplemented by 4-Hydroxytamoxifen (OHT, 3 μM) for the first 48 h and then maintained in a lower OHT concentration (300 nM) for 3-5 additional days. Using this cell model, we have recently shown that WRAP-based nanoparticles were able to deliver Cy5-labeled siRNA in these cells showing that WRAP internalization did not depend on dynamin-dependent endocytosis pathways (20). 11. The co-localization experiments should be performed on living cells to avoid any artifact from cell fixation. Furthermore, it should be ensured that co-incubation conditions did not affect the distribution pattern of the WRAP-based nanoparticles or the markers by performing the respective controls (WRAP-based nanoparticles and markers alone).

Figure 1 :

 1 Figure 1: Schematic representation of the WRAP nanoparticle formulation.The formation of non-covalent peptide-based nanoparticles (PBN) is a one-step process very easy to perform since no chemical modification is required to allow nanoparticle assembly. WRAP peptides formed small complexes in the presence of siRNA (~20 nm) which self-assembled to nanoparticles with a diameter of ~80 nm. WRAP peptides could encapsulate unlabeled (A) or fluorescence-labeled siRNA (B) in the same manner.

Figure 2 :

 2 Figure 2: Principle and example of WRAP:siRNA leakage assay. (A) Schematic representation summarizing the principle of the leakage assay. Large unilamellar vesicles (LUVs) were loaded with a fluorescent dye (ANTS, white) and its corresponding quencher (DPX, gray). No fluorescence signal was observed by measuring the LUVs alone due to ANTS fluorescence quenching by DPX. Addition of PBNs on the LUVs induced membrane permeability and the subsequent release of both ANTS and DPX resulting in a significant increase in ANTS fluorescence (yellow). (B) Fluorescence leakage assay of WRAP-based nanoparticles applied on LUVs (peptide concentration of 2.5 µM with a peptide:siRNA molar ratio of 20 (R 20)). Black arrows show injections of peptide (nanoparticle) and Triton X-100, respectively. Figure adapted from the one published in (20).

Figure 3 :

 3 Figure 3: Excluding endocytosis-dependent WRAP:siRNA cellular internalization. (A) Schematic representation summarizing the endocytosis-dependent pathways and the respective inhibiting treatments: 4 °C incubation or NaN3/2-Deoxy-Glucose (DG) for ATP depletion (-ATP), nystatin (NYS) for caveolin-dependent endocytosis, chlorpromazine (CPZ) for clathrin-dependent endocytosis, 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), wortmannin (WORT) for macropinocytosis, methyl-β-cyclodextrin (MBCD) for lipid raft mediated internalization as well as polyinosinic acid (Poly I), fucoidan (Fuco) or dextran sulfate (DexS) for the scavenger receptor A (SR-A) dependent cellular delivery. Quantification of Luciferase silencing in U87 cells after incubation with WRAP:siRNA PBNs (with R = 20 using 20 nM siRNA) at 4°C (B) or in the presence of different endocytosis-inhibiting conditions at 37°C (C). Under the presented conditions, WRAP PBNs display an energy-and endocytosis-independent internalization mechanism. In parallel, evaluation of the incubation conditions (LDH assay) revealed no effect on cell viability.

  Figure adapted from the one published in (20).

Figure 4 :

 4 Figure 4: Dissecting WRAP:siRNA cellular internalization by confocal microscopy. (A) Schema of endocytosis markers: Transferrin for clathrin-dependent endocytosis, cholera toxin subunit B (CtB) for caveolin-dependent endocytosis and dextran for macropinocytosis. Below, representative images of U87 cells co-incubated with WRAP5:siRNA-Cy5 PBNs (with R = 20 using 20 nM siRNA) and the respective fluorescence-labeled endocytosis markers. No co-localization is observed with the exception of the Transferrin/WRAP:siRNA co-localization in yellow. (B) Schema of endosomal/lysosomal pathway: CellLight Early Endosome-GFP, CellLight Late Endosome-GFP and LysoTracker Green. Below, representative images of U87 cells co-incubated with WRAP5:siRNA-Cy5 PBNs (with R = 20 using 20 nM siRNA) and the respective fluorescence-labeled markers. No co-localization is observed with the three conditions. For each represented condition two independent experiments were performed and at least 10 arbitrary selected fields containing 3-5 cells were imaged. Bars represent 10 μm.Figure adapted from the one published in (20).

  Figure 4: Dissecting WRAP:siRNA cellular internalization by confocal microscopy. (A) Schema of endocytosis markers: Transferrin for clathrin-dependent endocytosis, cholera toxin subunit B (CtB) for caveolin-dependent endocytosis and dextran for macropinocytosis. Below, representative images of U87 cells co-incubated with WRAP5:siRNA-Cy5 PBNs (with R = 20 using 20 nM siRNA) and the respective fluorescence-labeled endocytosis markers. No co-localization is observed with the exception of the Transferrin/WRAP:siRNA co-localization in yellow. (B) Schema of endosomal/lysosomal pathway: CellLight Early Endosome-GFP, CellLight Late Endosome-GFP and LysoTracker Green. Below, representative images of U87 cells co-incubated with WRAP5:siRNA-Cy5 PBNs (with R = 20 using 20 nM siRNA) and the respective fluorescence-labeled markers. No co-localization is observed with the three conditions. For each represented condition two independent experiments were performed and at least 10 arbitrary selected fields containing 3-5 cells were imaged. Bars represent 10 μm.Figure adapted from the one published in (20).

Table 1 : Conditions for the co-localization assays with endocytosis and vesicle markers.

 1 

	Target	Marker	Concentration	Condition
	Clathrin-mediated endocytosis	Transferrin-Alexa488	20 µg/mL	Co-incubation with the NPs
	Caveolin-mediated endocytosis	Cholera toxin subunit B-Alexa488	1 µg/mL	Co-incubation with the NPs
	Macropinocytosis	pHrodo™ green dextran 10.000MW	25 µg/mL	Co-incubation with the NPs
	Early endosomes	CellLight™ early endosomes-GFP	2.5 µL in 1 mL	16 h before the NP incubation
	Late endosomes	CellLight™ late endosomes-GFP	2.5 µL in 1 mL	16 h before the NP incubation
	Lysosomes	LysoTracker™ green DND-26	70 nM	Co-incubation with the NPs
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