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Abstract

Huntington's disease (HD) is a neurodegenerative disorder caused by a mutation in the
huntingtin (HTT) gene, leading to a toxic version of the HTT protein. There are currently
no disease-modifying therapies available. In this scenario, gene-based treatments for HD
aimed at lowering HTT levels have become one of the most promising emerging
therapeutic options. To date, however, promising results have only been achieved
following direct intrathecal or intracranial injections designed to circumvent the blood-
brain barrier (BBB). Consequently, efforts to develop less invasive delivery platforms are
highly desirable. Here, we described a novel delivery system based on modified
cyclodextrin nanoparticles (CDs) loaded with small interfering RNAs (siRNAS) targeting
HTT and complexed with the rabies virus glycoprotein (RVG), a BBB-shuttle peptide.
Results using an in vitro BBB model, indicate the formulation successfully crosses the
brain endothelial cells, releases the encapsulated siRNAs into the cytoplasm of neuronal
cells, and mediates downregulation of HTT. In conclusion, the CD platform is a
promising option for delivery of siRNA-based therapeutics for HD with wider potential

to treat other diseases with a genetically validated target in the central nervous system.

Keywords: Huntington’s disease; nanocarriers; non-viral gene therapy, RVG, targeted

cyclodextrins



1. Introduction

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease
caused by an abnormal expansion of a CAG repeat in the huntingtin (HTT) gene, which
translates as a mutant HTT (mHTT) protein containing an elongated polyglutamine
(PolyQ) stretch at the N-terminal region. PolyQ expansions trigger both HTT protein loss-
of-function and toxic gain-of-function effects, thereby leading to neuronal death and
ultimately contributing to the gradual progression of motor, cognitive, and psychiatric
symptoms [1,2]. Currently, there are no approved disease-modifying therapies for the
treatment of HD, and only palliative therapies exist.

As a genetic disease, genetic therapies targeting HTT DNA, mRNA, and protein
have emerged as potential disease-modifying treatments for HD. These approaches aim
to reduce mHTT levels - the prime cause of HD - by either modulating gene transcription
and translation or by direct modification of the mutated gene (genome editing) [3].
Therapeutics strategies designed to interact with HTT DNA include zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENS), and Cas9 or other
RNA-guided bacterial nucleases. At the post-transcriptional level, methods that interact
directly with HTT mRNA include RNA interference (e.g small interfering RNAs
(siRNAs)) and antisense oligonucleotides (ASOs) [3,4]. However, due to the unfavorable
physicochemical properties of RNA molecules and the subsequent challenges for
systemic administration, these therapies have been administered directly into the brain or
cerebrospinal fluid [5], which can cause the patient discomfort and also carry the risks of
complications from highly invasive neurosurgery [6]. Therefore, efforts to develop less
invasive delivery platforms are highly desirable.

Delivery to the brain following systemic administration, also an option for HD,

remains a major challenge due to the presence of the blood-brain barrier (BBB). The BBB



is a complex multicellular structure formed by endothelial cells, pericytes, astrocytes, and
neurons that separates the central nervous system (CNS) from the peripheral blood
circulation. In order to maintain the CNS homeostasis, the BBB tightly controls the
passage of molecules and ions in and out of the brain, as well as protecting the brain from
toxins, pathogens, and other xenobiotic molecules. However, the BBB also prevents most
therapeutic molecules from entering the brain, thus, limiting the treatment of several
neurological disorders [7]. To overcome this limitation, nanotechnology-based
approaches have been developed. Among a diversity of nanomaterials, the efficiency of
cyclodextrins (CDs) as favorable delivery platforms for gene therapy has been well
recognized [5,8,9].

CDs are a family of natural, biodegradable, and biocompatible cyclic
oligosaccharides with a hydrophilic exterior surface and a hydrophobic cavity. This
structure is responsible for their ability to act as molecular containers encapsulating
hydrophobic guests inside their cavities [10]. Moreover, the potential of CDs to improve
the solubility and dissolution rate, physicochemical stability, bioavailability,
permeability, and intensity or duration of therapeutic activity of existing and emerging
drugs candidates has been described [11]. Previously, we demonstrated that various
functionalised CDs successfully delivered siRNA and induced silencing of the target
gene in prostate cancer cell lines [12,13], acute myeloid leukemia cells [14] and
glioblastoma cells [15]. Sustained knockdown effects and alleviation of motor deficits
were also observed in the striatum of the R6/2 mouse, a model of HD, following direct
injection of the modified amphiphilic CDs delivering HTT targeted siRNAs into the brain
[16].

The aim of the present study was to develop a novel delivery system that could

deliver siRNA cargo into target CNS diseased cells. To achieve this, we designed



chemically modified CDs-based nanoparticles (NPs) loaded with siRNA against human
HTT targeted with rabies virus glycoprotein (RVG), a BBB shuttle peptide. RVG
complexes primarily bind to nicotinic acetylcholine receptors (NAChR) expressed by
brain endothelial cells and neuronal cells, and thus permeate the BBB by receptor-
mediated transcytosis [17]. The cellular uptake and silencing efficacy of the CDs NPs
were evaluated in an in vitro co-culture BBB model of HD incorporating the human
cerebral microvascular endothelial cell line (hCMEC/D3) in combination with the rat
striatal embryonic neuronal cell line ST14A which expresses the full-length human HD

gene [18].

2. Materials and Methods

2.1 Materials

The RVG peptide was purchased from GenScript Biotech (Leiden, The
Netherlands). HTT target SiRNA (sense strand
'SGCUCAUCAUUAGUAAAAAUGACtt3") was obtained from Thermo Fisher
Scientific (Massachusetts, USA). Non-silencing siRNA (sense strand, 5'-
UUCUCCGAACGUGUCACGUdTAT-3") and FAM-labeled siRNA (sense strand, 5'-
[6FAM] UUCUCCGAACGUGUCACGUdTAT-3) were purchased from Sigma Aldrich
(Wicklow, Ireland). EBM-2 endothelial cell growth basal medium and EGM-2
Endothelial SingleQuots Kit™ were purchased from Lonza (Slough, UK). Mouse
monoclonal antibody against Huntingtin protein (MAB2166) was purchased from
MilliporeSigma, whereas Alexa 488-conjugated goat anti-mouse IgG (A-11001) was
received from Invitrogen (Thermo scientific, Massachusetts, USA). Rabbit polyclonal
antibody against Zonula Occludens (ZO1) (#21773) was purchased from ProteinTech

(Thermo scientific, Massachusetts, USA), while mouse anti-rabbit 1gG-CFL 488 (sc-



516248) was obtained from Santa Cruz Biotechnology (Dallas, USA). Primers were
purchased from Eurofins Genomics (Glanmire, Ireland) and SensiFAST™ SYBR® Lo-
Rox from Bioline (Luckenwalde, Germany). All other chemicals and materials were of

analytical grade and purchased from Sigma-Aldrich.

2.2 Synthesis of cyclodextrin-siRNA complexes

The synthesis of cationic amphiphilic CDs has been previously reported [19, 20].
In this work a change in the amino group was introduced in order to decrease the pKa
below 7 (Scheme 1). The final product was reconstituted with RNAse-free water (0.25

mg/mL) and mixed with a solution of sSiRNA at a mass ratio of CDs:siRNA of 10:1.
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Scheme 1. Synthesis of the cationic amphiphilic cyclodextrin (CD2) used as the
nanocarrier for siRNA delivery. CD1 (0.121g, 0.05mmol) was dissolved in 6ml dry
pyridine under a nitrogen atmosphere. 4-(dimethylamino)butanoyl chloride
hydrochloride (106mg, 0.57mmol 1.6 equiv relative to C2-OH) was then added at room
temperature. The mixture was stirred for 72 h at 80°C. After cooling, the pyridine was
removed in vacuo and the residue was diluted with 25ml KHSO4 (1M). The precipitated
material was filtered by gravity, washed with water and dried in vacuo.



The successful synthesis was confirmed by Fourier-Transform infrared spectroscopy
(FTIR), nuclear magnetic resonance (NMR) and high-resolution mass spectrometry
(HRMS), as follow:
FT-IR (cm™, KBr disc): 3347, 2956, 2923, 2852, 1734, 1467, 1194, 1154, 1040.
IH NMR (600MHz, CDCls) & 4.5-5.1 (broad, 4H), 3.84 (s, 1H), 3.40 (s, 1H), 3.14 (s, 1H),
2.95 (s, 1H), 2.84 (s, 3H), 2.52 (s, 2H), 2.00 (s, 1H), 1.50 (s, 2H), 1.29 (s, 2H), 1.19 (s,
18H), 0.78 (t, j=7.2Hz, 3H).
13C NMR (151MHz, CDCls) § 175.64, 172.71, 102.14, 99.36, 83.97, 73.34, 71.81, 71.25,
70.56, 69.76, 56.93, 43.33, 33.63, 31.99, 30.96, 29.86, 29.79, 29.71, 29.67, 29.60, 29.46,
22,73, 14.15.
HRMS: Calculated for CD2 n = 4, CisoH2s7N4032S7 [M+5H]": 2880.9000g/mol.
Observed: 2880.8894g/mol. Discrepancy: 3.7ppm. Calculated for CisoH285N4032S7
[M+3H]*: 2878.8840g/mol. Observed: 2878.8837g/mol. Discrepancy: 0.1ppm.
Calculated for CD2 n = 5, CiseH208NsO033S7 [M+5H]*: 2993.984g/mol. Observed:
2993.96973g/mol. Discrepancy: 4.8 ppm

The adamantyl-PEGs00-RVG (herein referred to as Adm.PEG.RVG) was used to
form the RVG targeted NPs by formation of an inclusion complex with the CD
[20,21].The Adm.PEG.RVG construct was dissolved in distilled water (1 mg/mL) and
added to the CDs:siRNA at a mass ratio 10:1:5 (CDs:siRNA:Adm.PEG.RVG) and
incubated at 25°C and 450 rpm for 30 min in a thermomixer.

For the permeability studies, aqueous solutions of FAM-labeled siRNA alone or

loaded into the CDs:SiRNA:AdM.PEG.RVG NPs were prepared as above and
concentrated by ultrafiltration (typically 2-fold) using centrifugal concentrators Vivaspin
500 (Sartorius, Germany). The filtration units (MW cut-off: 3 kDa) were filled with 500

uL of CDs:siRNA and then centrifuged for 15 min at 15000 rpm and 4°C.



2.3 Physicochemical characterization

2.3.1 Particle size, polydispersity, surface charge, and morphology

The Z-average hydrodynamic diameter, polydispersity index (PDI), and zeta
potential were measured by dynamic light scattering (DLS) using a Zetasizer NanoZS®
instrument (Malvern Instruments, Worcestershire, UK).

The morphology was verified by transmission electron microscopy (TEM). The
samples were deposited to a 400-mesh carbon film copper grid and stained with 2% (w/v)
uranyl acetate. After drying, the grids were examined under a JEOL Transmission
Electron Microscope (TEM) JEM 2000FXII (Jeol Ltd., Tokyo, Japan), operated at 160

kV.

2.3.2 Determination of the pKa value. The 2- (p-toluidino)-6-naphthalene sulfonic acid
(TNS) assay was used to determine the apparent pKa of the cationic CD [22,23].
Measurements were performed in triplicates on black 96-well plates, with each well
containing 90 uL of buffers from pH 5.5 to 9.5 in increments of 0.5 pH units (20 mM
citrate buffer (pH 5.50-6.50), 20 mM sodium phosphate buffer (pH 7.00-8.00), or 20 mM
Tris-HCI buffer (pH 8.50-9.50), 10 pL of the sample, and 2ul. of TNS in DMSO (final
concentration of 6 uM). Fluorescence was measured on a Wallac 1420 Victor 2 plate
reader (Perkin Elmer, Massachusetts, USA) at 340 nm excitation and 460 nm emission
wavelength. The pKa was determined to be the pH value with 50% of maximal fluorescent

intensity calculated using a curve-fit analysis.

2.3.3 Circular Dichroism Spectroscopy
Circular  dichroism analysis (Chirascan™-Plus  Spectrometer; Applied

Photophysics, Surrey, UK) was used to examine the secondary structure of RVG in the



Adm.RVG.PEG construct. Spectra were recorded with three repeats in the far-ultraviolet
region (190-260 nm) with a bandwidth of 1.0 nm, a step size of 0.5 nm, and an integration

time of 30 s.

2.3.4 Gel retardation assay

The binding and complexation of siRNA were confirmed using agarose gel
electrophoresis. Briefly, 26 uL total sample (32 ng/well siRNA) volume was load into 1%
w/v agarose gel comprising SafeView Nucleic Acid Stain (2 ug/ml, NBS Biological
Cambridgeshire, UK). Gel electrophoresis was done in 1X Tris-borate-EDTA (TBE)
buffer for 60 min at 90 V. The visualization was made with a ChemiLITE
Chemiluminescence imaging system (Cleaver Scientific, Warwickshire, UK).

The mass ratio was selected based on the results of a pilot study in which the NPs
were incubated with siRNA (375 nM) at various mass ratios. At mass ratios lower than

10:1, free/unbound siRNA was detected on the agarose gel.

2.4 Cells

The human cerebral microvascular endothelial cell line (hnCMEC/D3) at passage
number 24 was purchased from Cedarlane Laboratories (Canada). This cell line has been
well characterized as a model of human BBB for drug transport studies [24,25] The
hCMEC/D3 cells were seeded onto rat collagen I-coated T75 flasks
(CELLCOAT®, Greiner Bio-One) and cultured in Endothelial Growth Medium (EBM-
2, #CC-3156) supplemented with SingleQuots™ Bullet-Kit (#CC-4176; 0.5 ng/ml
VEGF, 5 ng/ml EGF, 10 ng/ml bFGF, 20 ng/ml long R3-IGF-1, 22.5 ug/ml heparin, 1
ug/ml ascorbic acid, 0.2 ug/ml hydrocortisone, gentamicin (1/1000 dilution) and 2% fetal
bovine serum (FBS)), both from Lonza. The growth medium was changed every 2-3 days

9



until the cells reached approximately 80% confluency. Cell passage was performed by
trypsinization using 0.05% Trypsin-EDTA solution. Cells were maintained in a
humidified 5% CO> incubator at 37 °C. To ensure the maintenance of BBB properties the
hCMEC/D3 were used at passage 24 to 34 [24].

Immortalized striatal rat embryonic neurons expressing a high level of human
huntingtin fragment (1-548) with 120 glutamines or CAG repeats (ST14A/Q120 High;
Coriell, #CH00067) were cultured in DMEM with 4.5g/L glucose, L-glutamine, and
sodium pyruvate with 10% FBS and 1% penicillin/streptomycin, herein referred as
complete medium. The cell culture medium was changed every 2-3 days. Cells were

maintained at 33 °C, with a 5% CO- atmosphere.

2.5 Cell viability

hCMEC/D3 cells were seeded at a density of 3 x 10* cells/cm? on rat tail collagen
I (100 pg/ml) and fibronectin (50 pg/ml) coated 24-well inserts (Greiner ThinCert™, 0.4
um pore size, 0.33 cm? growth surface area, transparent). The cells were grown for 8 days
up to confluence. To establish a non-toxic concentration for the permeability studies,
aqueous solutions of NPs were successively diluted in Hank's Balanced Salt Solution
(HBSS) and added to the h\CMEC/D3 cells. ST14A (1.5x10° cells/mL) cells were seeded
onto 96-well plates and allowed to attach for 24 h. The cells were treated with the same
concentration used for transfection experiments (75 nM siRNA final concentration).

After 48 h of incubation, the medium was removed and replaced with 50 pl of
MTT solution (0.5 mg/mL) and left at 37°C for 4 h. Then, the MTT solution was removed
and 100 pL DMSO was added to dissolve the blue formazan crystals. The absorbance was
quantified by a plate reader (Wallac 1420 Victor 2, Perkin Elmer, Massachusetts, USA)

at 570 nm and the percentage of viable cells was normalized to control (untreated cells).

10



2.6 Permeability studies

hCMEC/D3 cells were grown for 8 days up to confluence in coated 24-well
inserts. The integrity of hCMEC/D3 monolayer on the inserts was examined by
measuring the transendothelial electrical resistance (TEER) using an EVOMZ2 instrument
(World precision Instruments, Florida, USA). Additionally, the apparent permeability
coefficient (Papp) of FITC Dextran 4 kDa (FD4) and immunohistochemical staining of a
tight junction-associated protein, ZO-1, were conducted to examine any structural
changes in the monolayer.

To measure paracellular permeability, the medium was gently removed and cells
were washed twice with HBSS buffer. FD4 (0.4 mg/mL in HBSS) was added to the upper
compartment (total volume of 150 ul) and then incubated at 37°C on an orbital shaker
with moderate speed. At predetermined times (30, 60, 120, 180, and 240 min) 50 puL
sample aliquots were withdrawn from the lower compartment (total volume of 600 pL)
and transferred to a black 96-well plate. The quantity of FD4 that diffused through the
monolayer into the lower compartment at each time point was determined using a plate
reader (Wallac 1420 Victor 2, Perkin Elmer). The permeability coefficients were
calculated as previously described [26].

Prior to the CD NP permeability studies, aqueous solutions of concentrated NPs
were diluted by 5-fold in HBSS and then the analysis was performed as described above.
At the end of the experiment, the inserts were fixed with 10% (w/v) trichloroacetic
acid (TCA) and then the nuclei were stained with DAPI (0.1 mg/mL) to verify the cell
monolayer integrity. Additionally, immunohistochemical staining of ZO-1 was

performed as described below.

2.7. Cellular uptake

11



ST14A cells (1.5%10° cells/mL) were seeded onto coverslips and 24-well plates
in 400 uL of DMEM complete medium. After 24 h, 100 uL of CDs containing FAM-
labeled siRNA (at a final concentration of 75 nM siRNA) were added to the cells and
incubated at 37°C. After 6 h, the coverslips were washed twice with PBS and fixed with
10% TCA for 15 min. After washing, nuclei were stained with DAPI for 5 min. Finally,
the intracellular fluorescence distribution was visualized under an Olympus 1X73
microscope (Olympus Inc., Tokyo, Japan). Cellular uptake was detected by BD LSR I

Flow cytometry (minimum 40,000 events) at the wavelength of 488 nm.

2.8 Gene expression analysis

To detect the relative expression level of HTT mRNA, ST14A cells were analyzed
by quantitative reverse transcription PCR (RT-qPCR) after monoculture and co-culture
with hCMEC/D3 cells. Co-culture models were prepared by seeding hCMEC/D3 cells
(3x10* cells/mL) in 24-well inserts, 7 days prior to ST14A cell seeding. Subsequently,
ST14A cells (1.5 x 10° cells per well) were seeded on the bottom of the 24-well plates
and cultured for one day before transfection. Free siRNA (75 nM) alone, or CD:siRNA
or co-formulated with RVG, was added to the cells in complete DMEM medium. After
48 h, total RNA was extracted from the cells using GenElute™ kit according to the
supplier’s instructions (Sigma Aldrich). A high-capacity cDNA reverse transcriptase kit
(Applied Biosystems, CA, USA) was used for complementary DNA (cDNA) synthesis.

Experiments were carried out using the SensiFAST™ SYBR® Lo-Rox kit
(Bioline) in a final volume of 10 pl containing: 5 ul of 2X SensiFAST™ SYBR® Lo-Rox
Mix, 0.4 pl of primer mix (400 nM final concentration), 4 pl of diluted cDNA and 0.6 pl
of nuclease free water. All reactions were carried out using the CFX96 Real-Time PCR

Detection System (Bio-Rad) following the steps: 95°C for 2 minutes, 40 cycles of

12
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amplification (denaturation at 95 °C for 5 seconds, annealing at 60°C for 10 seconds, and
extension at 72 °C for 20 seconds) and final melt curve analysis from 65 °C to 95 °C to
exclude unspecific PCR products. Each reaction was run in duplicate. Results were
expressed as Ct values after normalization t018S ribosomal RNA as the housekeeping
gene. Results were expressed as % HTT gene expression relative to controls (untreated

cells).

2.9 Immunofluorescence

Cells were seeded in coverslips and transfected for 48 h. After a further 24 h
incubation in fresh medium, the cells were washed twice with D-PBS and fixed with 10%
TCA at 4°C for 15 min. Subsequently, 0.2% Triton X-100 was added and left at room
temperature for 20 min. After blocking by 3% BSA for 30 min at room temperature, cells
were incubated with the primary antibody diluted in 1% BSA (1:100) overnight at 4 °C.
Following incubation, the cells were washed twice with D-PBS and the secondary
antibody (1:200) was added at room temperature and incubated (1hr) in the dark. The
samples were mounted with ProLong™ Gold anti-fade reagent (ThermoScientific), dried,
and imaged using an Olympus 1X73 microscope (Olympus Inc., Tokyo, Japan).

2.10 Statistical analysis

The statistical analysis was performed using GraphPad Prism 7.0 (GraphPad, San
Diego, CA, USA). Data were expressed as mean +£ SEM from at least three independent
experiments. One-way analysis of variance (one-way ANOVA), followed by Dunnet or
Tukey post hoc tests was used to determine the statistical significance between three or
more groups. Student’s t-test was used for comparisons between two groups. A p < 0.05

was considered significant.
3. Results and Discussion
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For successful treatment of CNS diseases, restricted access of therapeutic
molecules across BBB needs to be overcome. Currently, several brain-targeting ligands
have been exploited as a strategy for brain delivery of therapeutics. Endothelial cells have
many receptors on their surface to enable the transport of small and large molecules. Via
receptor-mediated transcytosis, a receptor can specifically bind to its ligand on the
luminal side of the endothelium and trigger internalization into cells [5]. Thus, specific
ligands could be functionalized onto the surface of NPs to mediate their transport across
the BBB. Kumar et al. demonstrated the important concept that an AChR-binding peptide
derivate from RVG conjugated to polyarginine (9R), which enable siRNA binding
through electrostatic interactions, can deliver siRNAs to neuronal cells and potentially
other therapeutic molecules across the BBB [27]. In this study, to enhance permeability
across the BBB and subsequently achieve neuronal-targeting, the RVG peptide was
inserted via inclusion complex formation into the amphiphilic CDs for the delivery of

SiRNA targeting HTT.

3.1 Nanoparticle characterization

CDs are highly versatile oligosaccharides that can be easily modified to change
their physicochemical properties due to the presence of numerous hydroxyl groups on the
ring structure (O’Mahony et al 2013). In order to reduce the cationic nature of the CDs
used in our previous studies, the pKa of the primary amine group was altered by
incorporating a tertiary amine (Scheme 1), resulting in a decrease in the pKa from
approximately 11 to 6.57 (Figure 1A). In the case of cationic lipids, a pKa in the range of
6.2-6.5 is considered optimal for successful nucleic acid delivery and efficient gene
silencing [28]. The successful synthesis was confirmed by FTIR, NMR and HRMS. The

FTIR spectrum showed characteristics bands corresponding to the SC12 chain and CD
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backbone (Figure 1B). A strong absorption peak at 3347 cm (O-H stretching vibration)
and peaks at 2852 cm™ (C—H assymetric/symmetric stretching), 1154 (C-O vibration) and
1040 cm™! (C-O stretching) [29,30]. The HRMS analysis indicated substitution patterns

at C2, with sample signals definitive for n = 4 and n = 5 substitution.
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Figure 1. Physicochemical characterization. (A) In situ TNS fluorescence titration for
determining the pKa of the CD and (B) FTIR spectra.

The Z-average diameter of the CDs.siRNA complex was 169 + 6.20 nm with a
PDI 0.38 + 0.014. Further formulation optimization by the addition of the
Adm.PEG.RVG to the CDs:siRNA increased the hydrodynamic diameter to 187 + 5.71
and improved the PDI to 0.33 + 0.014. Since size is an important physicochemical
property that affects the endocytosis of a molecule by the brain capillary cells, the size
distribution is generally controlled to under 200 nm to enhance the potential of efficiently
crossing the BBB [31]. The spherical morphology of the CD NPs was confirmed by TEM
(Figure 2A).

The surface charge, measured by zeta potential, was similar between targeted and
untargeted CDs (15-16 mV), indicating that addition of the RVG peptide did not markedly
affect the positive surface charge. Overall, the current CD formulation meets the critical
quality attributes for optimum BBB permeability following systemic administration
including appropriate particle size (169-187 nm), and a slightly positive charge (15-16

mV) [31].
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The gel retardation assay confirmed that the CDs strongly bound the siRNA at a
mass ratio of 10:1, no displacement of siRNA was detected with the addition of the
Adm.PEG.RVG (Figure 2B). Preliminary optimization studies identified the specific
ratios of 10:1 for CDs:siRNAand 10:1:5 for CDs:siRNA:Adm.PEG.RVG, and these were
used in the subsequent work.

The presence of intact RVG in the Adm.PEG.RVG construct was confirmed using
circular dichroism (Figure 2C). In the far-UV circular dichroism spectra, pure RVG
exhibited a broad negative band at ~206 nm, characteristic of proteins with no dominant
secondary structure (a random coil) [32]. The Adm.PEG.RVG presented a similar CD
spectrum, albeit with a lower signal intensity as expected due to the lower concentration

of RVG.

(A) Size (nm) PDI Charge (mV) (B) 1. Ladder

2. Positive control
3. Naked SIRNA
4. CDs:siRNA

5. CDs:siRNA:Adm.PEG.RVG

CDs:siRNA 169 +6.20 (94.7%) 0.38+0.014 15x0.77

Size distribution by intensity

“size (nm)ﬁ

Size (nm) PDI Charge (mV) (C)

CDs:siRNA: .
Adm.PEG.RVG 187 +5.71(96%) 0.33+0.014 16+0.78

Size distribution by intensity

1
q
|
1

VS!ze (nm)v ’

Commercial RVG
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Figure 2. Physicochemical characterization of the cationic amphiphilic cyclodextrin (CD) used
as the nanocarrier for siRNA delivery. (A) Dynamic light scattering measurements of
CDs:siRNA (mass ratio 10:1) and CDs:SiRNA:Adm.PEG.RVG (mass ratio 10:1:5). Inset: TEM
image of nanoparticles; (B) Representative agarose gel electrophoresis illustrating siRNA
complexation by CDs; (C) Circular dichroism spectra of commercial RVG and Adm.PEG.RVG
in aqueous solution (1 mg/mL); Mean + S.E.M of 6 independent syntheses.

3.2 Establishment of an in vitro human BBB model
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Over the last decade, a large number of in vitro BBB models have been developed
to mimic the physiological characteristics and simulate the complexities of the BBB
including organoids, spheroids, BBB-on-chip models, induced pluripotent stem cells
(iPSC)-in microfluidic platforms, and other innovative technologies [33,34]. However,
since cost and test capacity are important factor in industrial drug screening, models based
on immortalized cell lines, especially human hCMEC/D3, are still among the most used
to predict permeability of CNS drug candidates [24,25]. In this study, a widely adopted in
vitro human BBB model based on hCMEC/D3 cells was established and characterised.

The hCMEC/D3 cells were grown on permeable membrane inserts for 8 days
(Figure 3A) and the integrity of the paracellular junctions was measured by evaluating
the small 4 kDa FITC-dextran (FD4) molecule and performing TEER measurements. In
the absence of cells (membrane alone), free diffusion of FD4 occurred with a significantly
higher permeability of Papp of 7.62 + 0.27 x 10°® cm/s compared to a Papp of 4.88 +
0.23 x 10 cm/s in the presence of cells (** p = 0.0015) (Figure 3B). These values
correlate well with those previously reported for a confluent monolayer [35,36].

As shown in Figure 3C, TEER values were approximately 25 Q cm? after 6 days
and reached a plateau at approximately 20 Q cm? by day 7. Although far from TEER
values observed in other cell based BBB models (>100 Q cm?) [37], the TEER values are

in accordance to those reported in other studies for this cell line [38-40].
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Figure 3. Functional characterization of the in vitro blood-brain barrier (BBB) model. (A)
Schematic illustration of in vitro transwell BBB system; (B) Permeability values of 4 kDa FITC-
Dextran from apical to basal compartments, in the presence (green circles) and absence (white
circles) of hCMEC/D3 cells. Fluorescence was measured in the basal chamber after 4h; (C)
Transepithelial/endothelial electrical resistance (TEER) measurements; (D) Representative tight
junction ZO-1 (green) and nucleus (blue) immunofluorescence staining of hCMEC/D3 cells, scale
bar = 50 um; Values are reported as the mean +S.E.M and correspond to three independent
experiments. T-test ** p <0.01.

The hCMEC/D3 cell line constitutively expresses many endothelial markers
including the junctional proteins PECAM-1 and JAM-A, as well as the adherens and tight
junction proteins VE-cadherin, claudin-5, B- and y-catenins and ZO-1 [41]. Since tight
junctions are crucial in controlling paracellular transport, including dextrans, the
expression of the tight junction protein ZO-1 was assessed. ZO-1 showed a typical
localization at the cell-cell boundaries (Figure 3D), which confirms the formation of a

confluent and uniformly-stained cell monolayer on the inserts.

3.3 Evaluation of the cellular viability and fluorescent tracer
permeability

Prior to clinical translation, the toxicity of NPs is a significant factor to be

considered. To determine a safe treatment concentration of NPs for further experiments,

18



the response of hCMEC/D3 to incubation with free SiRNA, CDs:siRNA and
CDs:siRNA:Adm.PEG.RVG in different dilutions of HBSS was monitored after 48 h. A
dose-dependent toxic effect was observed, with cell viability above 80% when diluted in
20% (v/v) HBSS (Figure 4). In accordance with the International Organization for
Standardization (ISO) 10993-5, percentages of cell viability above 80% are considered
non-toxic [42]. Although the slight differences in viability (4:1 in HBSS) relative to the
control (untreated cells) were statistically significant, DAPI nuclear staining was similar
between both groups, implying that CDs:siRNA and CDs:siRNA:Adm.PEG.RVG (4:1 in

HBSS) exhibited good biocompatibility.
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Figure 4. Cytotoxicity profile of cyclodextrins (CDs) in hCMEC/D3 cells. Viability of hCMEC/D3
cells treated with (A) Free siRNA, (B) CDs:siRNA and (C) CDs:siRNA:Adm.PEG.RVG diluted in
HBSS (0%, 10% and 20%, v/v), 75 nM siRNA final concentration. Representative microscopy
images of h\CMEC/D3 monolayer with DAPI fluorescence (blue) at 48 h post-treatment, scale bars
=100 pM. Living cells were determined using an MTT assay and expressed as a % of the control.
Mean £S.E.M of 3 technical replicates performed in triplicate. One-way ANOVA followed by
Dunnet’s post hoc test. * p<0.05, ** p<0.01, *** p<0.001.

To determine the permeability of tracers across the monolayer, FAM-labeled
siRNA was loaded into targeted and untargeted CD NPs and added to the apical
compartment of the BBB model. After 30, 60, 120, and 240 min incubation time, aliquots
from the basal compartment were collected, and the amount of siRNA that crossed the

monolayer was quantified by measuring the fluorescent intensity. A gradual increase of
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siRNA content in the basal compartment over time demonstrated that the siRNA loaded
into target CD NPs progressively permeated the monolayer barrier (Figure 5). Compared
to untargeted CDs, siRNA loaded into target CD NPs (CDs:siRNA:Adm.PEG.RVG)
showed higher penetration across the cell layer after 4 h. However, the lack of statistically
significant differences suggested that not only the targeting moiety but also the CD
delivery system itself, plays a significant role in enhancing the membrane permeability
of the NPs. The permeability enhancing effects of CDs are strongly dependent on the
nature and/or chemical modification of the CD [43]. Typically, CDs are unable to
overcome the BBB, however, modified CDs have been proven to successfully transport
molecules across the BBB. B-CDs cross-linked with poly(-amino ester) for doxorubicin
transport successfully cross human brain endothelial cell monolayers without affecting
the barrier integrity presumably due to the tertiary amine groups incorporated, which can
be positively charged under physiological conditions [44]. Quaternary ammonium
chitosan-methyl-B-CDs NPs have also shown successful delivery of the neuropeptide
Dalargin across the BBB (bEnd.3 cells BBB model) by the transcellular route [45].
Mostly, transcellular transport occurs via passive diffusion while peptides depend on

specific transporters to enter the brain.
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Figure 5. Evaluation of targeted and untargeted CDs NPs permeability. Penetration of siRNA
within CDs:siRNA.Adm.PEG.RVG (blue line) and CDs:siRNA (orange line) NPs across
hCMEC/D3 monolayer over 4 h, mimicking BBB transport conditions. Fluorescence (arbitrary
units (au)) was measured in the basal compartment at given time points. Data are reported as
mean + S.E.M and correspond to five independent experiments.
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3.4 Effect of RVG targeting on cellular uptake and HTT silencing

Considering that efficient cellular uptake is a premise for achieving gene silencing
[46], the ability of the CD-NPs to deliver siRNA into diseased cells was evaluated. For
this purpose, the rat striatal embryonic neuronal cell line ST14A that constitutively
expresses human mHTT, a widely used cellular model of HD was used [18]. FAM-labeled
siRNA alone or FAM-labelled siRNA loaded into CDs co-formulated with and without
RVG was incubated with the cells for 6 h. Following transfection, little or no fluorescence
was observed following treatment with siRNA alone. In contrast, strong signals were
detected for following treatment with CDs:siRNA and CDs:siRNA:Adm.PEG.RVG
indicating the ability of the CD-NPs to promote neuronal cell uptake of siRNA. The
siRNA fluorescence was observed in the cytoplasm and near the nucleus of most of the
neurons in the culture, demonstrating an efficient and uniform uptake (Figure 6A).
Several studies have demonstrated that RVG peptide conjugated to nanomaterials can
deliver siRNA, miRNA, and DNA across the BBB and promote preferential
accumulation of loaded nucleic acids in neuronal cells [17,47-50] via the nAChRs
expressed by brain endothelial cells and neuronal cells [17].

The levels of uptake were also determined by flow cytometry. As shown in Figure
6B, while no significant uptake was detected for naked siRNA, enhanced siRNA uptake
by ST14A cells was detected for the CD-NPs in the order of CDs:siRNA:Adm.PEG.RVG
(61.3 %) > CDs:siRNA (53.3 %) > Free siRNA (4.89%) (Figure 6B), although no
statistical differences were observed between targeted and non-targeted NPs. In addition,
the complexation of RVG to CDs did not affect cell viability (> 80% cell viability

compared to untreated cells), as assessed by MTT assay (Figure S1).
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Figure 6. Cyclodextrins (CDs) mediate siRNA delivery in a cellular model of Huntington's
disease. ST14A cells were treated with sSiRNA alone or complexed with CDs and the cellular
uptake confirmed by (A) fluorescence microscopy and (B) flow cytometry after 6 h of incubation.
Images of FAM-labeled siRNA (green) positive cells are shown with the nuclei stained by DAPI
(blue). Insets illustrate higher magnification, scale bars = 50 um.

After demonstrating that the CD NPs efficiently delivered siRNA into target
cells, the ability of the NPs to cross the BBB and induce silencing of HTT mRNA, the
single gene responsible for the development of Huntington’s disease, was evaluated. The
model used was established by culturing hCMEC/D3 cells in the apical compartment and
ST14A cells in the basal compartment of an insert to simulate the in vivo environment
where permeability across the BBB followed by diffusion to the target disease cells is
required for therapeutic efficacy (Figure 7A). There are, to our knowledge, no reports of
a co-culture model using the hCMEC/D3 BBB cell line and the ST14A striatal neuronal
cell model of HD.

After 48 h of transfection, both untargeted and targeted CD-NPs mediated HTT

gene knockdown in ST14A cells. HTT mRNA levels were reduced to 65 + 3.88 % and
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54 + 357 % when the cells were transfected with CDs:siRNA and
CDs:siRNA:Adm.PEG.RVG, respectively, compared to control (p < 0.001) (Figure
7B). Although the RVG-targeted CDs exhibited a higher silencing activity, no statistical
difference was observed compared to untargeted CDs (p = 0.0629), which is in agreement
with cellular uptake results.

The HTT mRNA levels after direct incubation of NPs in the ST14A cells alone
(monoculture) were also evaluated (Figure S2). HTT mRNA levels were similar in the
ST14A monoculture compared to the co-culture model: 67 £ 3.57 % vs. 65 + 3.88 %,
respectively, for CDs:siRNA and 57 + 3.14 % vs. 54 + 3.57 %, respectively, for
CDs:siRNA:Adm.PEG.RVG. As naked siRNA fails to show significant cellular uptake
(Figure 6) and produces no significant gene knockdown (Figure S2), these results imply
that the CD-NPs are capable of promoting uptake and gene silencing in the target ST14A
cells.

Gene silencing at the protein level was confirmed by immunostaining ST14A

cells, from the co-culture model, against HTT antibody (Figure 7C). A wide-spread HTT

immunoreactivity was detected throughout the cytoplasm of ST14A untreated cells
(control group). HTT immunoreactivity, evaluated by fluorescence intensity, was reduced
after exposure to both CDs:siRNA and CDs:siRNA:Adm.PEG.RVG NPs, compared to
the control and naked siRNA. As expected, HTT positive cells were much more abundant
for CDs:siRNA than CDs:siRNA:Adm.PEG.RVG, in line with RT-gPCR results. No

significant downregulation was observed when cells were transfected with naked siRNA.
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Figure 7. Efficient downregulation of HTT by CD.siRNA NPs in the co-culture model. (A)
Schematic illustration of in vitro co-culture system containing hCMEC/D3 (apical side) and
ST14A cells (basal side); (B) mRNA levels of HTT in ST14A cells measured 48 h post-transfection
by SYBR Green gPCR and normalized to 18S ribosomal; (C) Representative images of ST14A
cells showing expression of Huntingtin (HTT) protein (green) with the nuclei stained by DAPI
(blue) 72 h post-transfection, scale bar = 50 uM. n = 6, three independent experiments. Mean +
S.E.M. One-way ANOVA with Tukey multiple comparisons test. ***p < 0.001 compared to
control; #p < 0.05 and ###p < 0.001 compared to Free siRNA.

While the RVG targeted NP resulted in greater gene silencing versus the
untargeted NPs, the differences were not statistically significant. The relatively small
difference between targeted and untargeted CDs can potentially arise from several factors.
Firstly, the contribution of the RVG peptide, may be masked by the variability of the
physiological cellular environment (i.e Fetal bovine serum (FBS)-supplemented culture
media). Adsorption of proteins in serum could reduce or block the binding of ligand-

modified NPs to their specific receptors decreasing the targeting efficiency [51,52].
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PEGylating the surface of the NPs may help to overcome this issue [52]. Secondly, the
ligand density and orientation on the surface of the NPs can also influence the ligand-
receptor engagement. In general, as the density increases, the fraction of NPs that bind to
the receptors/targets on the cell membrane increases until the optimum density is reached,
further increases in density have been shown to result in a decrease in receptor binding
due possibly to a hindering stearic effect [53]. Further studies to optimize the ligand
density may help to improve the target specific uptake and thus enhance the gene
silencing efficacy.

Although optimization of the delivery system is still necessary, CD-NPs platforms
represents an alternative to overcome the delivery limitations of free chemically modified
nucleic acids, which require administration directly into the brain or cerebrospinal fluid.
Even the most promising HTT-lowering ASO, was discontinued by Roche following a
poor risk-benefit analysis. The investigators reported no overall benefit compared to a
placebo, in addition, drug-related increases in brain ventricular volume were detected,
including five confirmed cases of hydrocephalus in patients receiving the higher-
frequency intrathecal dosing [54]. Therefore, efforts to develop less invasive delivery
platforms, including nanoparticles, for chemically modified nucleic acids are highly

desirable.

4. Conclusion

The development of an effective gene delivery system remains a challenge for the
clinical application of siRNA therapeutics in brain diseases. Taken together the results
strongly supported the hypothesis that the sSiRNA delivered by CD-NPs was released into
the cytoplasm of neuronal cells and further mediated partial silencing of the HTT gene
regardless of the targeting moieties, although the silencing efficacy of the target NPs was

20% higher than the untargeted formulation. In-depth in vivo studies using animal models
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of HD are required to elucidate the mechanisms of transport across the BBB and assess

the potential of the delivery system to translate into the clinic.
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Figure S1. Cell viability of the ST14A cells. Viability of ST14A cells were determined using an
MTT assay and expressed as a percentage of the non-treated cells. Mean +S.E.M of 3 technical
replicates performed in triplicate. One-way ANOVA followed by Dunnet’s post hoc test.
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Figure S2. Efficient downregulation of HTT by siRNA. (A) Schematic illustration of in vitro
monoculture system of ST14A cells; (B) mRNA levels of HTT of ST14A cells measured 48 h post-
transfection by SYBR Green qPCR and normalized to 18S ribosomal. n = 6, three independent
experiments. Mean + S.E.M. One-way ANOVA with Tukey multiple comparisons test. ***p <
0.001 compared to control and ###p < 0.001 compared to Free siRNA.
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