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Optimizing TDP-43 silencing with siRNA-loaded
polymeric nanovectors in neuronal cells for
therapeutic applications: balancing knockdown
and functiont
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Alessandra Invidia,© Angelo Quattrini,% Alessandro Romano,*® Giuseppe Gigli®f and
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TAR DNA-binding protein 43 (TDP-43) is a ubiquitously expressed DNA/RNA binding protein critical for
regulating gene expression, including transcription, splicing, mRNA stability, and protein translation.
Aggregation of pathological TDP-43 proteins in the cytoplasm of neurons and glial cells appears to be a
common feature of amyotrophic lateral sclerosis (ALS) and other neurodegenerative diseases such as
frontotemporal dementia (FTD), contributing to motor neuron degeneration and clinical symptoms.
Downregulation of TDP-43 expression to prevent or reduce the formation of pathological aggregates is a
potential therapeutic approach for treating TDP-43-related diseases. However, therapeutic strategies to
reduce TDP-43 aggregation face significant challenges, as the downregulation of TDP-43 must balance
the need to maintain its normal functions, which are essential for RNA metabolism and cellular homeo-
stasis. In this study, we developed novel polymeric nanovectors for the delivery of TDP-43 siRNAs in
neuronal cells. These nanovectors were designed to provide adequate TDP-43 silencing to achieve the
desired functional reduction of TDP-43 levels, thereby optimizing its impact on cellular functions. Our
results demonstrate that the polymeric nanovector formulations effectively reduced TDP-43 mRNA and
protein levels to an extent comparable to those observed with traditional lipid-based systems.
Concurrently, the polymeric nanovectors exhibited an enhanced capacity to reduce stress granules (SG)
formation and facilitate TDP-43-containing SG disassembly, while preserving its essential cellular func-
tions. This study provides the first evidence that polymeric nanovectors may be a valuable tool for devel-
oping therapeutic strategies to treat TDP-43 protein diseases, such as ALS and FTD, by directly silencing
TDP-43 to reduce its aggregation.

A. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease caused by the rapidly progressive degeneration and
death of the lower and upper motor neurons (MNs)," resulting
in severe muscle wasting and respiratory distress.”> The mole-
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fully understood, and multiple pathogenic mechanisms
appear to be involved.?
Although many factors contribute to the disease, the
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temporal dementia (FTD), also show abnormal TDP-43 aggre-
gates. TDP-43 is a ubiquitously expressed DNA/RNA binding
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including transcription, splicing, mRNA stability, DNA replica-
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tion/repair, protein translation, and RNA export or retention.
Under basal physiological conditions, TDP-43 is predomi-
nantly nuclear.””*" In response to cellular stress, such as oxi-
dative stress, TDP-43 translocates to the cytoplasm and co-loca-
lizes with stress granules (SGs),">™'® protein/RNA complexes
that aggregate/assemble to protect the cells from insults.®
Chronic stress or pathological TDP-43 mutations have been
associated with the formation/accumulation of permanent SG-
like TDP-43 aggregates in ALS.>’ Strategies to prevent or miti-
gate the formation of these aggregates by reducing TDP-43
expression offer an intriguing potential therapeutic option for
TDP-43-related diseases. Nevertheless, this approach has been
considered unsuitable due to the challenge of decreasing
TDP-43 expression without compromising its physiological/
vital functions.

RNA interference (RNAi) is a biological mechanism by
which RNA molecules can inhibit the expression or translation
of specific genes. This mechanism is used in the development
of RNAi-based therapies using small interfering RNA (siRNA),
microRNA (miRNA), or inhibitory antisense oligonucleotide
(ASO) molecules to selectively degrade mRNA transcripts and
downregulate/silence  pathological/toxic proteins. Recent
efforts have led to the first RNAi-based drugs approved for
clinical use, while others are currently in preclinical trials or
under investigation.'®"”

Despite the potential of RNAi-based gene therapy, degra-
dation, stability, bioavailability, and delivery across mem-
branes still limit RNAi drug development'®?° and hinder the
clinical translation of RNAi therapeutics.'”*! Viral vectors are
highly efficient systems for delivering siRNA into cells, but
their use has some limitations, including activation of the
immune system, with significant side effects.>*>*

Several efforts have been made to improve the delivery of
RNAi-based therapeutics through a non-viral and clinical
translatable approach using lipid- and polymer-based nano-
carriers.”® Compared to viral vectors, these nanocarriers offer
several advantages, including reduced off-target effects,
improved extracellular stability, lower immunogenicity, and
simpler preparation for rapid clinical translation.*?

Lipid-based nanocarriers are the most widely used RNAi
delivery systems, but their use is mainly limited to in vitro
studies due to concerns about toxicity.>®>” For example, cat-
ionic lipids like N-[1-(2,3-dioleoyloxy)]-N-N-N  tri-methyl
ammonium propane (DOTAP), which have long been employed
for DNA transfection, have also been adapted for siRNA deliv-
ery. However, a high concentration of these lipids can disrupt
membrane integrity leading to cell lysis and necrotic death.
Additionally, lipid-based nanocarriers could be highly immu-
nogenic, triggering innate immune responses via Pattern
Recognition Receptors (PRRs).** Preclinical findings using
lipoplexes as siRNA nanocarriers have demonstrated in vivo
toxicity, including high mortality rates in animals following
systemic administration of cationic lipid nanocarriers.**

In contrast, polymer-based delivery vectors for RNAi thera-
peutics present a promising alternative, particularly given the
growing concern over the toxicity of lipid-based systems.>®™
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Synthetic polymers such as polyethylenimine (PEI) have shown
considerable potential in siRNA delivery due to their ability to
form stable complexes with nucleic acids and promote endo-
somal escape via the proton-sponge effect. In particular, PEI
has been considered the gold standard for nucleic acid deliv-
ery due to its good cell membrane interaction, high cellular
uptake, and efficient endosomal escape. However, free
(uncomplexed) PEI is known to cause significant toxicity, both
in vitro and in vivo which has limited its broader application.?
To address these concerns, recent approaches have focused on
natural polymers such as poly-t-lysine, chitosan, and dextran,
which have been shown to have reduced cytotoxicity and low
in vivo immunogenicity.

In this study, we developed novel polymeric nanovectors
(NVs) for siRNA delivery using naturally occurring, biocompati-
ble, and biodegradable polymers, chitosan (CH), protamine
(PRM), and dextran (DXS). Chitosan, a cationic polysaccharide
derived from the partial deacetylation of chitin, has demon-
strated high cytocompatibility and biodegradability, making it
a valuable material for tissue engineering and drug and gene
delivery platforms.*® Several studies have also reported the
efficacy of chitosan-based nanocarriers for siRNA delivery both
in vitro and in vivo. Protamine, a natural polycationic peptide
rich in arginine, is widely used in DNA complexation and has
been shown to improve cell penetration due to its low mole-
cular weight and positive charge.®”*® Finally, dextran, a bac-
terial polysaccharide with excellent biocompatibility, biode-
gradability, and non-immunogenic properties, enhances nano-
carrier stability and promotes renal excretion, thereby reducing
drug-related side effects.®

By exploiting the unique properties of CH, PRM, and DXS,
we designed siRNA-loaded NVs using a quality-by-design
approach. These NVs feature an inner core of siRNA-CH poly-
plexes coated with PRM and DXS to enhance stability, degra-
dation, and cell uptake.

We demonstrated that the novel polymeric NVs loaded with
TDP-43 siRNAs have similar efficacy in silencing TDP-43
expression levels (mRNA and protein) to classical lipid cation
delivery systems but have improved ability to reduce SGs and
accelerate the disassembly of TDP-43-containing SGs. Our
results provide the first evidence that polymeric NVs can be
used as a novel, simple, and potentially clinically translatable
tool to optimize therapeutic strategies aimed at reducing
TDP-43 for the treatment of TDP-43 proteinopathies, including
ALS and FTD.

B. Materials and methods
Chemicals and reagents

Cell culture media, supplements and chemicals were pur-
chased from Sigma-Aldrich; siRNA sequences were obtained
from Eurofins Genomic; primary and secondary antibodies
were obtained from Proteintech, Abcam, Sigma Aldrich and
Cell signaling; Clarity Western ECL Substrate, Blotting Grade
Blocker from Bio-rad; Low Range ssRNA Ladder was bought

This journal is © The Royal Society of Chemistry 2024
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from New England BioLabs; Lipofectamine 3000 Reagent was
purchased from Invitrogen (Germany); Revert Aid RT kit from
Thermo Scientific; PowerUp SYBR Green Master Mix from
Applied biosystems; Annexin/PI from Abcam; GenElute Total
RNA Purification Kit from Sigma Aldrich.

siRNA-loaded NV preparations

All siRNA duplexes were chemically synthesized by Eurofins
Genomics and the sequences are as follows:

SiRNATPP*? A, 5. AAGCAAAGCCAAGAUGAGCCU-3'

SiRNA™"*® F, 5'-CACUACAAUUGAUAUCAAA-3'

scrambled siRNA NT (non-targeting siRNA), 5-UUCUCCGA
ACGUGUCACGU-3'

siRNAs were suspended in nuclease-free, sterile water.
Medium molecular weight chitosan (CH) (75-85% deacety-
lated) was dissolved overnight in 0.5% w/v HCl, 0.1 M NaCl at
a final concentration of 5 mg mL™". Protamine sulphate (PRM)
was dispersed in 0.1 M of NaCl overnight to obtain an aqueous
solution containing protamine at 5 mg mL™". Dextran sulphate
sodium salt (DXS, M, ~40 000) was suspended in 0.1 M NaCl
at a concentration of 1 mg mL™". Before use, solutions were fil-
tered through a 0.22 pm membrane filter. Complexes were for-
mulated by incubating siRNAs at a final concentration of 1 pM
with 40 pl of chitosan solution under vigorous stirring. After
5 minutes, PRM and DXS were added to a final concentration
of 1 mg mL™" and 0.025 mg mL™~" respectively. Solutions were
kept under vigorous stirring for 60 minutes in a microtube
shaker, at 25 °C. The final volume was adjusted with ultrapure
water to obtain a concentration of siRNAs of 0.1 uM. For the
formulation of fluorescent-labeled NVs, TRITC-labeled prota-
mine sulphate was employed.

Size, zeta and morphological characterization

Dynamic light scattering (DLS) measurements (Zetasizer Nano-
7590, Malvern Instruments) were performed to investigate the
mean hydrodynamic diameter and zeta potential ({) values of
the formulated NVs. These analyses were performed also
during the assembly process of the NVs.

A drop of NVs was placed on SiO, wafers and dried over-
night for morphological analysis. Analysis was performed
using a SEM Sigma 300VP, Zeiss, Germany.

Analysis of siRNA encapsulation and release from NVs

All formulations of siRNA loaded NVs (final concentration of
SiRNA 0.1 pM) were ultracentrifuged at 25 000g for 30 minutes
at 4 °C using an Optima MAX-XP (Beckman Coulter), and the
amount of free siRNA in the supernatants was quantified
using a Nanodrop ND-ONEC-W (ThermoFisher) to estimate
the loading efficiency. The release of siRNA from NVs was eval-
uated by incubating nanoformulations with PBS pH 4.5, repre-
senting the lysosomal pH. Samples were maintained at 37 °C,
under stirring and at different time points, aliquots were cen-
trifuged at 25 000g for 30 minutes at 4 °C. Supernatants were
employed to assess their specific absorbance values to
measure the release of siRNA from NVs.

This journal is © The Royal Society of Chemistry 2024
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Agarose gel retardation assay

The loading of siRNAs into NVs was analyzed using the
agarose gel retardation assay. Briefly, siRNA-loaded NVs were
loaded to a 2% agarose gel electrophoresis in TAE 1x (Tris/
Acetate/EDTA) buffer with 2 pL of ethidium bromide at 90 V
for 45 minutes. Bands were visualized using a UV transillumi-
nator (Chemidoc, Bio-Rad). A low-range ssRNA Ladder (New
England, BioLabs) was used to confirm siRNA integrity.

Serum protection assay

The ability of NVs to protect siRNA against degradation by
serum components was analyzed incubating for different
timeframe windows (15-, 30-, 90- and 120-minutes) siRNA
loaded NVs with 10% fetal bovine serum (FBS) with constant
stirring (600 rpm) at 37 °C. At the end of the incubation
periods the reaction was stopped with SDS 1%. The protec-
tion of siRNA by NVs was analyzed by electrophoresis on 2%
agarose gel in TAE 1x for 1 hour at 60 V. Free siRNA
sequences were used as a positive control. Bands were visual-
ized with ethidium bromide staining under a UV transillumi-
nator (Chemidoc, Bio-Rad).

Cell culture

Human neuroblastoma SH-SY5Y cells were maintained in
DMEM medium supplemented with 10% heat-inactivated FBS,
100 units per mL penicillin, and 100 pg mL™"' streptomycin.
Cultures were seeded into flasks containing supplemented
medium and maintained at 37 °C in a humidified atmosphere
of 5% CO,.

NV cellular uptake and biocompatibility

Cellular uptake. NV uptake was evaluated on SH-SY5Y cells
(10° cells per mL) treated with fluorescent NVs (0.5 pg mL™")
for 24 hours. At the end of incubation, the cells were washed
several times with PBS 1x, fixed with cold methanol/acetone,
stained with FITC tubulin antibody (1:500, Sigma-Aldrich)
and mounted with DAPI Fluoroshield and analyzed by con-
focal laser scanning microscopy (CLSM, LSM 700, Zeiss,
Germany), equipped with a 40x oil immersion objective.
Quantitative analysis of NV cellular uptake was performed
using the same set of experiments employed for the qualitative
investigation described above, using a flow cytometer
(CytoFLEX S, Beckam-Coulter) counting 10 000 ungated events.

MTT assay. The biocompatibility of NVs loaded with siRNA
was tested with an MTT assay on neuroblastoma SH-SY5Y cells
(5 x 10* cells per well). Cells were treated with siRNA-loaded
NVs (50 nM) or delivered with Lipofectamine 3000 for 24-, 48-
and 72 hours. Briefly, the MTT compound (final concentration
of 0.5 mg mL™") was added to each well at the end of the incu-
bation period and incubated for an additional time of 3 hours.
Metabolically active cells converted the yellow MTT tetrazolium
compound to a purple formazan product. The insoluble for-
mazan was dissolved with the acid isopropanol. Colorimetric
determination of MTT reduction was measured spectrophoto-
metrically at 570 nm using a microplate reader (CLARIOstar
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Plus BMG LABTECH). The cell viability was calculated with the
following equation:

Cell viability (%) — —2smple 100
control

The control sample is referred to as the SH-SY5Y cells in
normal conditioning media, without any treatment.

AnnexinV/PI and cell cycle analysis. Live/Dead analysis was
performed using AnnexinV/PI assay via flow cytometry.
Neuroblastoma SH-SY5Y cells, at a final concentration of 10°
cells per well were treated with different siRNA-loaded NV for-
mulations (50 nM) for 24 hours at 37 °C and 5% CO,. At the
end of the incubation period, cells were stained with
AnnexinV-FITC/PI according to the manufacturer’s protocol
(Abcam). Live/Apoptotic/Necrotic cells and their cell cycle were
analyzed by counting 10 000 ungated cells with a CytoFLEX S,
Beckman-Coulter. siRNA molecules delivered with lipofecta-
mine 3000 were used as the positive control.

Antioxidants analysis. SH-SY5Y neuroblastoma cells (10>
cells) were treated with different siRNA-loaded NV formu-
lations for 24 hours at 37 °C, 5% CO,. After incubation, cells
were washed with PBS 1x and ROS/NO productions and SOD
activity inhibition was evaluated counted 10000 ungated
events with CytoFLEX S (Beckman-Coulter) using ROS, NO,
and SOD detection kits according to the manufacturer’s
instructions (Abcam). All experiments were performed in
triplicate.

TDP-43 silencing

Neuroblastoma SH-SY5Y cells were seeded on 24-well culture
plates (10° cells per well) and treated with different siRNA-
loaded NV formulations for 24-, 48-, and 72 hours.
Lipofectamine 3000 reagent was used as a positive control.

RNA isolation and ¢cDNA synthesis

Neuroblastoma SH-SY5Y cells were seeded on a 24-well plate
(10° cells per well). At 80% confluency, cells were transfected
with siRNA molecules (50 nM) delivered with Lipofectamine
3000 or NVs at 24-, 48-, and 72 hours. Cell lysis protocol with
RIPA buffer was performed. RNA extraction was achieved with
the Gene Elute Total RNA Purification kit and purified using
the RNeasy MiniElute Cleanup Kit according to the manufac-
turer’s protocol (Sigma-Aldrich). The final RNA concentration
and purity were determined using a Nanodrop ND-ONEC-W
(ThermoFisher Scientific), obtaining A260/A280 ratios between
1.9 and 2.1 in all the samples. First-strand complementary
DNA (cDNA) was synthesized from 500 ng of total RNA by
reverse transcription using RevertAid Reverse Transcriptase
(Thermo Scientific) according to the manufacturer’s protocol,
starting with a @DNA elimination step. At the end, cDNA was
diluted 1:10 in nuclease-free water and stored at —80 °C for
further analysis.

Quantitative Real-Time PCR

Quantitative Real-Time PCR for hTARDBP was performed to
analyze mRNA relative gene expression. Reactions were run on
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Table 1 Primer sequences used for RT-PCR
Product
Gene Primer sequence length (bp)
GAPDH Forward: 5'-CTCCTCCTGTTCGACAGTCA-3' 105
Reverse: 5'-CGACCAATCCGTTGACTCC-3'
hTARDBP  Forward: 5-ATGGTGCAGGTCAAGAAAG-3’ 140

Reverse: 5'-GGAAGTTTGCAGTCACACC-3

a Real-Time PCR system, BioRad CFX96, using Power Up SYBR
Green Master Mix (Applied Biosystems) according to the manu-
facturer’s protocol (Table 1). The concentration of each primer
was 300 nM and the thermal protocol was as follows: UDG acti-
vation at 50 °C for 2 minutes, 95 °C for 2 minutes, followed by
40 cycles composed of 15 seconds at 95 °C and 1 minute at
60 °C. The relative mRNA levels were calculated by the AACt
method and GAPDH served as an internal control. All the
primers were chemically synthesized by Eurofins Genomics.
The sequences of primers were as follows:

Western blotting analysis

Neuroblastoma SH-SY5Y cells were seeded on a 24-well plate
and treated as previously described with siRNA-loaded NVs or
Lipofectamine 3000. Cells were washed with PBS 1x before
protein extraction in RIPA buffer supplemented with a pro-
tease inhibitor cocktail for 30 minutes on ice. Subsequently,
the cell suspension was centrifuged at 4 °C for 30 minutes,
and the supernatant lysate was quantified using the Bradford
assay (Sigma Aldrich) according to the manufacturer’s instruc-
tions. Lysates were denatured in sample buffer Laemmli 2x at
95 °C for 5 minutes. Then, all samples were subjected to
SDS-PAGE, followed by immunoblotting. Electrophoresed pro-
teins were transferred to 0.45 pm pore PVDF membranes (GE
Healthcare Life Sciences) via wet transfer in 1x Tris/glycine
buffer with 20% methanol. Membranes were blocked with 5%
milk-blocking grade (Bio-Rad) and 0.1% Tween-20 (Sigma-
Aldrich) in PBS 1x for 1 hour at RT. Then, blot membranes
were incubated with primary antibodies (C-term TDP-43,
1:1000 dilution, Proteintech; GAPDH, 2 pg mL~', Thermo
Fisher Scientific) overnight at 4 °C. Immunoreactive bands
were detected with secondary antibodies conjugated to horse-
radish-peroxidase, HRP (1:2000, goat anti-rabbit IgG-HRP,
Abcam, 1:2000 horse anti-mouse IgG-HRP, Cell signaling).
Membranes were visualized using Clarity Western ECL
Substrate (Bio-rad).

Stress granules immunofluorescence and analysis

For stress granules (SA) analysis, neuroblastoma SHSY-5Y cells
were incubated with different siRNA-loaded NVs or lipofecta-
mine 3000 for 48 hours. Sodium Arsenite (SA), at a concen-
tration of 500 uM, was added to the medium and incubated
for 45 minutes. Untreated cells (CTR) were used as the negative
control. Stress-stimulated cells or subjected to recovery in the
complete medium by removing the stressor for 30 and
75 minutes were fixed and stained.

This journal is © The Royal Society of Chemistry 2024
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Cells were grown on @12 mm glass coverslips and fixed
with 4% paraformaldehyde in PBS for 15 minutes, followed by
washes with PBS 1x and permeabilization in cold methanol for
5 minutes. After blocking in 5% bovine serum albumin (BSA)
in 0.1% Triton X-100 for 1 hour at RT, coverslips were incu-
bated with primary rabbit anti-C term TDP-43 antibody diluted
1:200 in blocking solution at 4 °C overnight. Primary anti-
bodies were detected using fluorochrome-conjugated anti-
bodies (anti-rabbit TRITC, 1:1000 dilution in blocking solu-
tion) that were added for 1 hour at RT in the dark. Coverslips
were mounted with Fluoroshield with DAPI (Sigma Aldrich).
Fluorescent and phase contrast images were acquired using a
fluorescence microscope (Leica STP6000) with a 40x oil immer-
sion objective. Images were analyzed using Image ] software
(https://imagej.nih.gov/ij/index.html). For SG quantification, a
total number of 100 cells for samples were counted in 20
random fields. SGs inside the cells were counted, and mean
ratio values were used in statistics.

Statistical analysis

Data are represented as mean values + standard error of the
mean (SEM). Comparisons between experimental and control
groups were performed by one-way ANOVA followed by Tukey’s
comparison test, using GraphPad Prism software. Statistical
difference was accepted when P < 0.05.

C. Results and discussion

Aberrant TDP-43 cytoplasmic aggregates are the pathological
hallmark of ALS and other neurodegenerative proteinopathies,

M siRNA
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including frontotemporal degeneration (FTD). Prevention or
reduction of TDP-43 aggregates by decreasing TDP-43
expression are potential therapeutic strategies for treating
TDP-43 proteinopathies. Despite the potentiality of this strat-
egy, drawbacks lie in the need for the TDP-43 to be balanced
against maintaining its normal functions, which are essential
for cellular homeostasis and RNA metabolism. A smart poss-
ible strategy to overcome this problem is the development of
siRNA delivery NVs that can provide controlled and defined
silencing efficiencies to achieve the desired functional
reduction of TDP-43 levels. In particular, two different nano-
formulations were developed using siRNA A and F targeting
two distinct regions of TDP-43 (Fig. 1). In addition, a
scrambled NT (non-targeting) siRNA was used as a negative
control.

NV synthesis and characterization

Quality-by-design has driven the development of polymeric
NVs in which enzyme- (PRM) and pH- (PRM and CH) respon-
sive components***® represent a promising strategy to improve
siRNA loading, stability, and delivery ability. Synthesis of NVs
and the process parameters were optimized to produce siRNA-
loaded NVs with prime monodispersion and nanometer-scale
dimensions.

The physicochemical properties of NVs, particularly the
hydrodynamic size and C-potential are renowned parameters
for the stability and cellular uptake of NPs. DLS and SEM were
used to characterize siRNA-loaded NVs for hydrodynamic par-
ticle size, PDI, surface zeta potential ({, mV) and morphology.
DLS analyses revealed monodispersed siRNA-loaded NVs with
hydrodynamic sizes of 413 + 50.2 nm, 404 + 63 nm and 427 +

J,,/) Chitosan (CH) siRNATPP43 A | 5. AAGCAAAGCCAAGAUGAGCCU-3’
\/\) Protamine (PRM) .
siRNATPP43F | 5’ _.CACUACAAUUGAUAUCAAA-3’
A7 Dextran (DXS)
2t &
s Qg
c & &
TARDBP mRNA L I
1 2 3 4 5 6 \\
A
1 300 600 900 1200 1500 4185

Fig. 1 Schematic representation of nanovectors (NVs) designed to deliver siRNA targeting TDP-43 mRNA. (A) lllustration of the NV structure for
siRNA delivery, with siRNA (red/blue) encapsulated in a matrix of chitosan (CH, blue), protamine (PRM, pink), and dextran (DXS, yellow). (B)
Table showing the sequences of the two specific siRNAs targeting TDP-43 mRNA used in this study. (C) Schematic of the TARDBP mRNA, which
encodes the TDP-43 protein, organized into six exons. The blue regions represent the coding sequences, while the yellow regions indicate the
untranslated regions (UTRs). siRNA A targets the junction between exons 4 and 5, while siRNA F targets the UTR within exon 6.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) DLS analysis of differently siRNA loaded NVs. (B—D) Representative SEM images of siRNA A-, siRNA F-, and siRNA NT loaded NVs, respect-

ively. Scale bars: 1 pm. (E) Agarose retardation assay of siRNA loaded NVs. Lanes 1-3: free siRNA (NT, A and F). Lanes 4—-6: siRNA (NT, A and F) loaded
NVs. (F) FBS protection assay of siRNA loaded NVs. Lanes 1-3: free siRNA (NT, A and F) and Lanes 4-6: siRNA loaded NVs (NT, A and F) after incu-
bation with FBS 10% for 120 minutes. Lanes 7-9: free siRNA (NT, A and F) and Lanes 10-12: siRNA loaded NVs (NT, A and F) after incubation with FBS
10% for 90 minutes. (G) FBS protection assay of siRNA loaded NVs. Lanes 1-3: free siRNA (NT, A and F) and Lanes 4-6: siRNA loaded NVs (NT, A and
F) after incubation with FBS 10% for 30 minutes. Lanes 7-9: free siRNA (NT, A and F) and Lanes 10-12: siRNA loaded NVs (NT, A and F) after incu-

bation with FBS 10% for 15 minutes. Lane M: Low Range ssRNA Ladder.

74 nm for siRNA A-, siRNA F- and siRNA NT-loaded NVs
respectively (Fig. 2A). All the nanoformulations exhibited a
polydispersity index (PDI) < 0.15, indicating a good dispersion.
The monodisperse nature of these NVs was also confirmed
through SEM imaging. In particular, nanometric NVs with a
round-oval morphology were reported (Fig. 2B-D).

Positive surface charges promote the uptake of NVs via
electrostatic interactions with the cell membranes, allowing
the adsorptive transcytosis pathway more effectively than

22342 | Nanoscale, 2024,16, 22337-22349

neutral or negatively charged nanoformulations.*>*" In the NV
synthesis reported here, siRNA molecules formed complexes
with chitosan (CH) through electrostatic interactions. These
initial chitosan-RNA complexes exhibited slightly negative
surface charges (ESI Fig. S1}), indicating that the chitosan
used was insufficient to neutralize the negative charges on the
siRNAs. Consequently, PRM strongly interacted with these
complexes in the following step, resulting in NVs with positive
zeta potential values. After the addition of DXS, only a slight

This journal is © The Royal Society of Chemistry 2024
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decrease in zeta potential was observed, suggesting that the
small amount of DXS promoted the formation of nano-assem-
blies without significantly altering the cationic nature of the
NVs (ESI Fig. S1t). The final surface charge values of the NVs
were +36.2 + 2.5 mV for siRNA A-loaded NVs, +38.0 + 3.25 mV
for siRNA F-loaded NVs, and +37.7 + 2.89 mV for siRNA NT-
loaded NVs.

To evaluate the effective loading of siRNA molecules into
NVs, an agarose retardation assay was performed. In the assay,
free/unencapsulated siRNA binds the positive ethidium
bromide dye and migrates during agarose gel electrophoresis.
The encapsulated siRNA, on the other hand, remains complex
with chitosan in the NV core, making it inaccessible to ethi-
dium bromide and unable to migrate. The migration of siRNA
molecules was entirely stopped when loaded inside the NVs
(Fig. 2E), confirming that all siRNA molecules were encapsu-
lated because NVs completely shield the RNA sequences,
making them inaccessible to the ethidium bromide intercala-
tion. In contrast, free siRNA sequences, used as a control, were
observed to migrate along the gel. Encapsulation efficiencies,
evaluated by centrifugation and absorbance measurements,
were calculated as 95.21% =+ 1.058, 93.24% =+ 0.5053 and
92.38% + 1.849 for NVs loaded with siRNA NT, A and F respect-
ively (ESI Fig. S2At). The ability of these NVs to properly
protect and encapsulate siRNA was demonstrated by evaluating
the release of siRNAs from the formulated NVs at pH 4.5. As
reported (ESI Fig. S2Bt), the acidic pH led to the protonation
of cationic building blocks, which caused the release of the
siRNAs from their nanostructures.

As the rapid degradation mediated by RNase hampers
SiRNA delivery,”> we explored the ability of NVs to protect
siRNA from degradation using FBS protection assays at
different time points. Fig. 2F and G show the ability of NVs to
protect siRNAs from the action of nucleases present in FBS for
15, 30, 90 and 120 minutes. In the first period
(15-30 minutes), no bands related to siRNA degradation were
visible, while a small band corresponding to free siRNA
sequences appeared evident at 90 and 120 minutes. On the
other hand, a time-dependent degradation of free siRNA mole-
cules was observed starting from 15 minutes of incubation
with FBS. Collectively, these results confirmed that the NVs
can protect siRNAs from degradation by serum nucleases,
which is crucial for ensuring that active siRNAs survive
passage through the circulation.

Uptake and biocompatibility of NVs

The effective cellular uptake of NVs was determined by
imaging the intracellular localization of fluorescent NVs with a
CLSM along the z-axis. As shown in Fig. 3A, NVs appeared as
nanosized diamonds within the cell cytoplasm confirming cel-
lular internalization of the NVs. Moreover, the uptake of NVs
was quantified by cytofluorimetric analysis (Fig. 3B) which
showed that 60% of the cells were fluorescent after 24 hours.
Overall, these data confirmed the cellular uptake of NVs in
neuroblastoma cells.
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The biocompatibility of NVs loaded with different siRNA
sequences was investigated. The effect of NVs on the viability
of SHSY-5Y cells was compared with Lipofectamine 3000 (a
gold standard formulation for siRNA delivery). The results
showed that the cell viability was not statistically affected by
NVs, indicating a favorable biocompatible NV profile (Fig. 3C
and D). This profile was observed up to 72 hours post-treat-
ment. However, after 72 hours, Lipofectamine 3000 siRNA for-
mulations showed decreased cell viability compared to the
control group. Biocompatibility of NVs was further confirmed
by performing Live/Dead assay and cell cycle analysis at
48 hours post-treatment (ESI Fig. S3A and Bf).

Finally, NO, ROS production and SOD activity, which are
associated with cell death, were also evaluated after 48 hours
of treatment with the different siRNA-loaded formulations.
Results showed no significant increase in NO and ROS pro-
duction (ESI Fig. S4A and BY) or inhibition of SOD activity (ESI
Fig. S4Ct) in cells treated with any formulation.

Overall, these results suggested that NVs loaded with
different siRNA sequences can be an effective and biocompati-
ble alternative for siRNA delivery.

Modulation of TDP-43 expression and function with siRNA
NVs

The two siRNA A/F-loaded NVs were evaluated for their efficacy
in modulating/downregulating the expression of TDP-43 in
SHSY-5Y neuroblastoma cells. The changes in the cellular
TDP-43 mRNA and protein levels were assessed after 24, 48
and 72 hours of treatment with the two different NV formu-
lations. Lipofectamine 3000 was used as a gold standard
system for siRNA A/F delivery in all experiments. As shown in
Fig. 4, NV formulations loaded with siRNA A and siRNA F sig-
nificantly reduced the TDP-43 mRNA levels at 24 and 48 hours
of treatment compared to NVs loaded with scrambled (non-tar-
geting TDP-43) siRNA NT as analyzed by quantitative real-time
PCR (Fig. 4A and B). On the other hand, the downregulation of
TDP-43 by siRNA A- and siRNA F-loaded NVs disappeared after
72 hours of treatment (Fig. 4C). A similar time course of
TDP-43 mRNA downregulation was observed when siRNA
molecules were delivered using Lipofectamine 3000 (Fig. 4).
Interestingly, control cells treated with lipofectamine loaded
with scrambled (non-targeted) siRNA showed a higher level of
non-specific knockdown of TDP-43 compared to cells treated
with NVs loaded with the same scrambled siRNA. It is well-
known that different transfection methods can induce various
levels of cell stress that can affect gene expression indepen-
dently of the siRNA target.*>*? This observation suggests that
NVs may induce less non-specific responses/effects on global
cellular transcription upon transfection than the lipofecta-
mine-based transfection system.

The modulation/downregulation of TDP-43 expression by
the siRNA A- and siRNA F-loaded NV formulations was con-
firmed at the protein level through western blotting analysis
(Fig. 5A). The data collected showed that siRNA-loaded NVs
slightly reduced TDP-43 expression within the first 24 hours of
treatment (Fig. 5B). TDP-43 protein expression significantly
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decreased after 48 hours of treatment (Fig. 5C). However, it
returned to basal levels after 72 hours of treatment (Fig. 5D).
Similar downregulation of the TDP-43 protein was observed
when the siRNAs were delivered using Lipofectamine 3000
(Fig. 5).

TDP-43 autoregulates its expression levels (transcripts and
proteins) through alternative splicing and 3-end processing
mechanisms.**™*” The short-term TDP-43 silencing kinetics
observed after a single administration/dose of the siRNA NVs
in cell cultures may be partly due to the autoregulatory mecha-
nisms of TDP-43 that compensate for its downregulation. In
this regard, these results open the possibility of using siRNA
NVs (in single or multiple administrations) to achieve the
desired time-controlled downregulation of the TDP-43 without
compromising its essential cellular functions.

TDP-43 accumulates/aggregates in the cytoplasm of the
cells, not only as a consequence of neurodegenerative diseases
but also within SGs during the physiological response to cellu-
lar stress.*®*° Recent studies have linked aberrant SG for-
mation to ALS pathology and SGs have been investigated as
potential start sites of TDP-43 aggregation.>*>?

To gain insight into the ability of the siRNA-NVs to poten-
tially modulate the cytoplasmic accumulation of TDP-43, the
effect of the NV-mediated TDP-43 downregulation on SG for-
mation was analyzed. Neuroblastoma SH-SY5Y cells were
treated with siRNA A/F-loaded NVs for 48 hours and succes-
sively exposed to acute oxidative stress with sodium arsenite

This journal is © The Royal Society of Chemistry 2024

(SA, 500 pM; 45 min) to induce SG formation as previously
reported.> NVs loaded with scramble-siRNA and SA (siRNA-NT
NVs) or with SA alone (CTR) were used as controls. Cells
treated with siRNA A/F-loaded NVs showed a significant
reduction in the number of SGs per cell compared to the con-
trols (Fig. 6A and B). Lower SGs per cell were also observed in
the cells treated with Lipofectamine-delivered siRNA A/F but to
a lesser extent (Fig. 6D). Notably, compared to the classic lipo-
fectamine-based siRNA delivery system, NV formulations
resulted in a higher reduction in SG formation despite achiev-
ing equal or lower levels of TDP-43 silencing, as observed in
the scatter plots correlating the TDP-43 silencing (mRNA and
protein) with the SG inhibition, with NV formulations loaded
with siRNA A/F predominantly located in the high SG inhi-
bition quadrants (Q3 and Q4) (Fig. 6E and F).

Finally, the impact of the NV-mediated TDP-43 silencing on
the dynamics of SG disassembly/degradation was investigated.
SGs undergo physiological disassembly after stress removal,
and failure of this process has been associated with several dis-
eases, including neurodegenerative diseases.>* SH-SY5Y cells
treated with siRNA A/F-loaded NVs for 48 hours were exposed
to SA for 45 minutes and allowed to recover from the stress for
30 and 75 minutes, respectively. Treatment of SH-SY5Y cells
with siRNA A/F-loaded NVs reduced the number of SGs per cell
at 30 min recovery compared to control conditions (SGs per
cell 30 min: 71.6% + 0.04% and 72.0% + 0.08% for CTR and
SiRNA-NT NVs cells vs. 51.4% + 0.03% and 56.8% =+ 0.11% for

Nanoscale, 2024, 16, 22337-22349 | 22345
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SiRNA-A NVs and siRNA-F NVs cells; see Fig. 7). This difference
was minimal or no longer evident after 75 minutes of recovery
(SGs per cell 75 min: 45.1% =+ 0.03% and 51.7% + 0.05% for
CTR and siRNA-NT NVs cells vs. 40.1% =+ 0.05% and 44.6% +

22346 | Nanoscale, 2024, 16, 22337-22349

0.04% for siRNA-A NVs and siRNA-F NVs cells; see Fig. 7). To a
lesser extent, a similar result was observed in cells treated with
lipofectamine delivering siRNA-A but not with lipofectamine
delivering siRNA-F (ESI Fig. S5f). Overall, the data suggest

This journal is © The Royal Society of Chemistry 2024
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that, while NV formulations achieve similar or slightly lower
levels of TDP-43 silencing compared to lipofectamine, they
are more effective at reducing SG formation and accelerating
SG disassembly, as shown in Fig. 6 and 7. The enhanced
efficacy of NVs in inhibiting and disassembling SGs likely
originates from their design characteristics. Polymeric NVs
are engineered to provide a more sustained and controlled
cytoplasmic release of siRNA, ensuring prolonged siRNA

This journal is © The Royal Society of Chemistry 2024

activity. In addition, their surface properties are optimized to
facilitate more efficient cellular uptake and endosomal
escape, resulting in improved cytoplasmic siRNA delivery
compared to liposomal systems such as lipofectamine. This
combination of sustained release and optimized intracellular
delivery may result in more effective TDP-43 silencing at the
critical sites of SG formation, even if the overall TDP-43
knockdown is similar.
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Conclusions

Abnormal accumulations of TDP-43 in the cytoplasm of
neurons are common histopathological features of several neu-
rodegenerative diseases, including ALS and FTD. Therapeutic
strategies to prevent or dismantle pathological TDP-43
inclusions/aggregates have been extensively investigated as a
potential therapeutic approach to treating these conditions.>
Specifically, it has been shown that reducing or modulating
the expression of the toxic excess of wild-type or mutant
TDP-43 improves the degenerative phenotype of cells and
animal models of ALS/FTD disease.’>*°>® However, thera-
peutic strategies based on the direct downregulation/silencing
of TDP-43 expression face the challenge of balancing the need
to reduce TDP-43 expression with maintaining appropriate
levels of TDP-43 to ensure its essential physiological cellular
functions.

Herein a simple and potentially clinical translatable
method for loading and delivering siRNA using a biocompati-
ble and biodegradable non-viral NV is reported. We show that
our novel NVs can achieve a regulated/functional reduction of
TDP-43 expression. In vitro, the novel NV formulations showed
efficacy in reducing the TDP-43 mRNA and protein expression
levels comparable to a gold standard cell culture siRNA trans-
fection system such as Lipofectamine®. Interestingly, NV for-
mulations resulted in a higher reduction of SGs than the clas-
sical lipofectamine-based system while achieving equal or
lower TDP-43 silencing. In addition, NVs were found to acceler-
ate the disassembly of TDP-43-containing SGs. These results
provide the first evidence that polymeric nanovectors can
potentially address the challenge of treating TDP-43 proteino-
pathies by achieving therapeutic effects at lower TDP-43 silen-
cing levels.

In conclusion, we have shown that NVs can be used as a
siRNA delivery system to achieve the controlled and functional
reduction of TDP-43 expression in in vitro cell models. These
results provide the first evidence for using NVs as a novel tool
for optimizing therapeutic strategies aimed at directly silen-
cing/downregulating TDP-43 to treat TDP-43-proteinopathies,
including ALS and FTD.
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