Particle-mediated delivery of frataxin plasmid to a human sensory neuronal
model of Friedreich’s Ataxia
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ABSTRACT

Increasing frataxin protein levels through gene therapy is envisaged to improve
therapeutic outcomes for patients with Friedreich’s Ataxia (FRDA). A non-viral
strategy that uses submicrometer-sized multilayered particles to deliver frataxin-
encoding plasmid DNA affords up to 27000-fold increase in frataxin gene

expression within 2 days in vitro in a stem cell-derived neuronal model of FRDA.

Friedreich ataxia (FRDA) is an autosomal recessive disease characterized by
neurodegeneration and cardiomyopathy and is the most common form of all inherited
ataxias known to date.! Prominent regions of neurodegeneration occur within the
cerebellar brain region and sensory neurons of the dorsal root ganglia (DRG). FRDA
occurs as a result of the presence of a trinucleotide GAA repeat expansion in the first
intron of the FRATAXIN (FXN) gene, resulting in an insufficiency of the mitochondrial
protein frataxin (FXN). Reduced levels of FXN leads to mitochondrial dysfunction, cell
toxicity, and cell death.!



Currently used therapeutic strategies in FRDA are aimed partly at slowing down the
neurodegenerative processes, but mostly on providing symptom relief. A major goal
for treating FRDA is to identify therapeutic compounds that can (1) increase or sustain
FXN expression in neuronal and cardiac cells and (2) be easily delivered to the brain
and cardiac tissue. There are numerous drug therapy studies underway but results from
clinical trials have been modest.”> Alternatively, gene and cell replacement therapies
have gained attention as a treatment strategy for the most severely degenerative FXN
mutant cells. A viral strategy using adenovirus carrying a vector expressing human FXN
was investigated on a mouse model with FXN deletion in cardiac and skeletal muscles.?
This treatment fully prevented cardiomyopathy, which is the most common cause of
mortality in FRDA patients and was also efficient in reversing cardiomyopathy when
administered after the onset of heart failure. More recently, Piguet et al. reported rapid
and complete reversal of the sensory ataxia by gene therapy.* In that study, a mouse
model was used whereby FXN was deleted specifically in parvalbumin-expressing cells
to target the proprioceptive neurons, one of the major neuronal populations responsible
for the FRDA sensory ataxia. A complete rescue of the sensory neuropathy was
observed using an FXN-expressing adenovirus delivery vector.* These results highlight
the potential of gene therapy in FRDA-associated cardiomyopathy and neuropathy.

With the safety concerns associated with using viruses for gene delivery, there is great
interest in developing non-viral approaches for the delivery of nucleic acids or other
drugs, particularly to the brain.> Approaches include the enabling of nanotechnology to
engineer inorganic, lipid, or polymer-based nanoparticles that can encapsulate proteins,
DNA, and/or drugs for delivery into tissues. Their potential clinical use as drug delivery
systems is rapidly growing, with nanoparticles for cancer therapy presently on the
market, including the first FDA-approved nanoparticle for the delivery of small
interfering RNA.Y In FRDA, lipid nanoparticles containing FXN messenger RNA
(mRNA) have been administered intravenously in adult mice.” The use of RNA
transcript therapy resulted in over 50% of MFXN being processed to mature protein
within 24 h in vivo and was the first reported attempt to deliver therapeutic mRNA to
the DRG. However, the effect of FXN mRNA is short-lasting and would thus require
sustained delivery to ensure continuous protein production. Hence, strategies that
would ensure sustained expression of FXN and protein production (e.g., stable plasmid

DNA integration) in neurons are desirable.



Herein, we describe the use of a versatile particle system to deliver an FXN expression
plasmid into sensory neurons derived from FRDA-induced pluripotent stem cells
(iPSC). The particles are prepared via the templated assembly of interacting materials
in a layer-by-layer (LbL) approach to form a multilayered thin film on a spherical
substrate or template.® Thin film formation via LbL assembly has been used for the
preparation of polymer capsules and nanostructured coatings on planar and colloidal
substrates, providing versatility in terms of substrate, composition, and interlayer
interactions (e.g., electrostatic, covalent, hydrogen bonding).>!° Templated assembly
enables precise engineering of particle properties, such as size, shape, surface
chemistry, and composition.'! The loading of drugs, including small molecular weight
drugs, proteins, and nucleic acids within the template itself, embedded within the
multilayer film, or adsorbed on the particle surface, has been demonstrated for various

applications including cancer therapy, atherosclerosis, and vaccines.'?
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Scheme 1. Schematic illustration of LbL film assembly by deposition of alternating
layers of anionic PSS and cationic PLArg polyelectrolytes on PEI-coated silica
particles. PLArg-terminated particles, with a shell structure, [PEI-(PSS/PLArg)4]
(where n = 4 refers to 4 PSS/PLArg coating cycles), were used to bind plasmid DNA
by electrostatic interactions between positively charged amine groups on PLArg and

negatively charged phosphate groups on DNA.

To facilitate the loading of plasmid DNA via complexation on the particle surface,
positively charged poly-L-arginine (PLArg)-terminated particles were prepared. Firstly,
spherical silica templates were coated with a layer of polyethyleneimine (PEI) to prime
multilayer growth, followed by the deposition of alternating layers of poly(sodium 4-
styrenesulfonate) (PSS), as the anionic component, and PLArg as the cationic
component (Scheme 1). PSS is an FDA-approved material that is used as a potassium-
lowering agent in the gastrointestinal tract. PLArg is a polypeptide known to effectively

bind nucleic acids, as demonstrated by the DNA binding capacity of PLArg—nucleic



18,19 and

acid polyplexes,'*!* PLArg-containing films,'>!'%!” PLArg-grafted surfaces,
PLArg-coated liposomes.’® PLArg, as a natural polypeptide, is expected to be
biocompatible. The degradability of PLArg-containing capsules by proteases has been
demonstrated using LbL-assembled dextran sulfate/PLArg microcapsules,?!*>?* which

could provide a potential release mechanism for complexed DNA inside cells.
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Figure 1. LbL film characterization and preparation of multilayered particles. (A)
Formation of a PEI-(PSS/PLArg)s film via LbL as monitored by QCM-D. The odd
layer numbers correspond to PLArg deposition (except Layer 1, which is PEI), and the
even layer numbers correspond to PSS deposition (except Layer 10, which is DNA).
(B) Corresponding microelectrophoresis data ({-potential) showing the LbL assembly
of PSS and PLArg on the spherical silica template (Layer 0). (C) SEM image of the
core—shell particles after LbL assembly. The particle core is silica and the shell structure
is [PEI-(PSS/PLArg)4]. Scale bar 500 nm. (D) Confocal microscopy image of
fluorescently labeled particles with the shell structure [PEI-(PSS/PLArg).-
(PSS/PLArgarass)-(PSS/PLArg)]. Scale bar 5 pm.



The LbL assembly of PSS/PLArg was monitored using quartz crystal microgravimetry
with dissipation (QCM-D), as shown in Fig. 1A. QCM-D allows real-time monitoring
of material deposition on a planar surface, where mass adsorbed on a surface is
measured by a decrease in the resonance frequency of an oscillating piezo-electric
crystal. Figure 1A shows the stepwise change in resonance frequency, reflecting the
LbL adsorption of the interacting (electrostatic) polyelectrolytes. Plasmid DNA was
allowed to adsorb on the PLArg-terminated [PEI-(PSS/PLArg)4] film for 20 min and
the observed change in resonance frequency was used to calculate the mass of deposited
DNA according to Sauerbrey’s equation**—a coverage of 0.43 pug of DNA per cm” was
obtained. This is consistent with reported DNA complexation on polycationic surfaces,
including poly-B-amino esters, where plasmid DNA coverage of up to 0.44 ug of DNA
per cm? was observed per bilayer.?> Atomic force microscopy (AFM) was used to
confirm the presence of DNA on the film (Fig. S1). Comparison of the surface
morphology/topography of PEI-(PSS/PLArg): and PEI-(PSS/PLArg):-DNA films
prepared on silicon wafers revealed an increase in film roughness of 0.8 nm after DNA
adsorption, further confirming DNA binding to the PLArg-terminated surface.

The assembly process of PEI-(PSS/PLArg)s was also monitored by C-potential
measurements after each deposition step—the pattern of charge reversal confirmed the
sequential deposition of PLArg and PSS (Fig. 1B). SEM was used to assess any changes
in particle diameter after LbL assembly (Fig. 1C). Measurement of 100 particles
revealed a change in particle size from 951 =32 to 997 + 41 nm after PEI-(PSS/PLArg)4
film deposition, which corresponds to an increase of ~5 nm per layer and agrees with
previous reports of similar polypeptide systems.'® Particle monodispersity was
confirmed using fluorescence microscopy (Fig. 1D), where AlexaFluor 488-labeled
PLArg was used as the layer material. To improve reproducibility, reporting, and re-
analysis, this study conforms to the Minimum Information Reporting in Bio—Nano
Experimental Literature (MIRIBEL) standard,?® and a companion checklist is provided
in the Supplementary Information.

DNA complexation by PLArg-terminated particles was assessed using agarose gel
electrophoresis. Figure 2A shows the gradual binding of 100 ng of plasmid DNA
(pEGFP 3 kbp) with increasing number of particles. The complete complexation of 100
ng DNA was estimated to occur in the presence of (2-8)x10° particles (corresponding
to an estimated surface coverage of 1961-490 ng DNA per cm?), as indicated by the
absence of free noncomplexed plasmid DNA bands on the gel. DNA adsorption is



expected to shift the particle surface charge from positive, owing to the PLArg outer
layer, to negative, owing to the phosphate groups on DNA. Measurement of the (-
potential, which is indicative of the surface charge of the particles, shows a shift from
positive to negative {-potentials, i.e., from 54 = 5 mV to —45 + 4 mV. The overall
negative charge on the particles is advantageous—previous reports®’ have shown that
regardless of nanoparticle shape and material, negatively charged nanoparticles interact

with neuronal membranes and are more efficiently internalized than positive or neutral

particles.

A

140+ EE -DNA
120+ Bl +DNA
1004

% Cell viability

50 200 500 Buf Lipo

Particle-to-cell ratio
Figure 2. DNA complexation by particles and cytotoxicity in U87-MG cell line. (A)
Agarose gel electrophoresis analysis of pEGFP plasmid DNA complexation by
particles: Lane 1, plasmid DNA; Lanes 2—7, particle/DNA complexes at different ratios
(DNA complexed by 1 x 10°,2 x 10°,2 x 106, 8 x 10, 3.6 x 107, and 7.2 x 107 particles,
respectively); and Lane 8, particles only control. The two bands in Lanes 1-4
correspond to two conformations of plasmid DNA: circular (C) and supercoiled (SC).
(B) Viability of cells after incubation for 24 h with bare core—shell particles (—-DNA)
(green) and (pcDNA3-Luc)-coated core—shell particles (+DNA) (red) added at varying

particle-to-cell ratios measured by Alamar blue cell viability reagent. Controls: cells



incubated with buffer (Buf) and cells incubated with lipofectamine complexed with

DNA (Lipo).

The association of DNA-coated particles was initially performed using a brain-derived
glioblastoma cell line (U87-MG) as a model. Flow cytometry studies (Fig. S2A)
revealed high cell association for the PLArg-terminated LbL particles (>60% of cells
associated with the particles) at particle-to-cell ratios greater than 50. Particle
internalization was confirmed by confocal microscopy, which showed the presence of
the PLArg-terminated LbL particles inside the cells after incubation for 24 h (Fig. S2B).
The cytotoxicity of the LbL particles in the U87-MG cells was also investigated. Cells
were incubated at increasing particle-to-cell ratios, using PLArg-terminated particles
and particles pre-incubated with DNA (0.5 pug DNA). Here, plasmid DNA encoding
luciferase (pcDNA3-Luc; 5.9 kbp) was used instead of pEGFP to avoid potential
fluorescence interference with the Alamar blue cell viability assay. Using the assay, at
least 70% cell viability was observed at particle-to-cell ratios above 50 (Fig. 2B).
Importantly, under these conditions (24 h incubation), DNA delivery using the
presently engineered particles attained a higher cell viability than the commonly used
transfection reagent lipofectamine. It is worth noting that while pEGFP (3 kbp) and
pcDNA3-Luc (5.9 kbp) were used to determine the complexation efficiency and
toxicity of the DNA-coated particles, respectively, plasmid size is expected to have
little influence on the viability of the cells if the same mass of DNA (0.5 pg) is used for
particle complexation. Irrespective of plasmid size, the same mass of plasmid DNA will
have the same number of bases and phosphate groups, and hence is likely to impart

similar surface composition and net charge on the particles.

Given the low cytotoxicity and high cell association of the particles with U87-MG cells,
we examined the uptake of the PLArg-terminated LbL particles by sensory neurons
generated from patient derived-FRDA iPSCs. FRDA iPSC cells were differentiated to
sensory neurons using our previously published protocols.?®?’ Characterization of the
differentiated sensory neurons was performed by immunostaining using peripherin as
a specific marker for peripheral neurons and markers associated with the three major
subpopulations of DRG sensory neurons: nociceptors (tropomyosin receptor kinases A
or TRKA); mechanoreceptors (tropomyosin receptor kinases B or TRKB); and

proprioceptors (tropomyosin receptor kinases C or TRKC, osteopontin and



parvalbumin) (Fig. S3). The binding and uptake of fluorescently labeled PLArg-
terminated particles with complexed model plasmid DNA (pcDNA3-Luc) in neurons
was assessed following incubation of the particles for 24 h. The presence of labeled
particles was confirmed within the cytoplasm of FRDA iPSC-derived sensory neurons,

suggesting their efficient uptake (Fig. 3A).

These experiments were repeated using an FXN-green fluorescent protein (GFP)
expression plasmid (8.9 kbp). FRDA iPSC-derived sensory neurons were treated with
either bare LbL particles or LbL particles coated with FXN expression plasmid for 24
h, after which the cells were washed and cultured for another 24 h or 13 days. Cells
were washed three times prior to quantitative polymerase chain reaction (Q-PCR)
analyses to remove excess plasmid and/or particles. Q-PCR analyses were performed
to examine FXN cDNA levels in each treatment group. FXN levels were compared to
the endogenous FXN levels found in the control sample group, i.e., untreated sensory
neurons (Cells). The relative increase in FXN levels compared to the control group is
presented as fold change in Fig. 3C. The data showed approximately 27000-fold
increase in FXN levels in cells treated for 2 days with particles with bound FXN-GFP
expression plasmid relative to the control treatment samples. Relatively high FXN
levels (1300-fold increase) were also observed at 14 days following particle treatment,
however the upregulation of FXN expression at the protein level remains to be
demonstrated by western blot or similar protein detection techniques. The high
induction of FXN levels in the sensory neurons is likely due to PLArg. Arginine-rich
peptides have been found to enhance the intracellular translocation of various cargos
via membrane-penetrating properties.>? In addition, nuclear localization signals (NLS)
that transport proteins to the cell nucleus are often arginine-rich, *! which may provide

an additional benefit for the use of PLArg to enhance nuclear entry and transfection.

It has previously been shown that exceedingly high levels of FXN in human cells can
cause toxicity and oxidative stress.>? Hence, the expression of the cell death marker,
Caspase 3 (CASP3), was examined in all treatment groups to determine whether particle
treatment was toxic to the sensory neurons. The Alamar blue cell viability assay was
not suitable for testing the viability of FRDA sensory neurons because they are non-
dividing cells; hence, the viability of the treated neurons was tested by measuring

CASP3 expression using Q-PCR. No significant difference in CASP3 cDNA expression



was observed across all treatment groups at both Day 2 and Day 14 after treatment (Fig.
3D), which suggests the high biocompatibility of the particles in neurons in vitro and

the tolerance of the cells to high levels of FXN expression.
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Figure 3. Particle internalization and Q-PCR analyses for assessing expression of
FXN and CASP3 in FRDA iPSC-derived sensory neurons. Confocal microscopy
images of (A) cells treated with LbL particles (green) coated with pcDNA3-Luc
plasmid DNA and (B) untreated cells. Plasma membranes were stained with CellMask
reagent (red). Nuclei were stained with Hoechst 33342 (blue). Scale bars 10 um. Fold
change of (C) FXN cDNA levels (204D analysis method, n = 3) and (D) CASP3
cDNA levels (2044¢D analysis method, n = 3) in FRDA iPSC-derived sensory neurons
following 2 or 14 days treatment with either bare LbL particles (P) or LbL particles
coated with FXN expression plasmid (P+FXN) relative to non-treated neurons (Cells).

Data are shown as the average mean + standard error of the mean, with n =3 biological



replicate experiments and n > 3 technical replicate samples for each replicate
experiment.

In summary, highly biocompatible PLArg-containing LbL particles were engineered
and examined for the effective delivery of FXN expression plasmid in FRDA iPSC-
derived sensory neurons. Up to a 27000-fold increase in FXN expression was observed
following treatment for 2 days, when compared to the untreated control samples. In
addition, the study demonstrates that FRDA iPSC-derived sensory neurons represent a
suitable platform for screening various nanoparticle types for uptake by neurons and
delivery of DNA and/or drugs to treat FRDA. The present findings highlight the
potential of the templated LbL particles for therapeutic use as delivery systems to
neurons as well as the importance of a versatile system to allow further engineering to
navigate the biological barriers for effective brain delivery or potentially target of
specific neuronal types.** In FRDA disease, one of the three subpopulations of sensory
neurons, proprioceptive neurons or proprioceptors, are predominantly affected,** and a
more precise therapy could be proposed through functionalization of nanoparticles via
antibodies to target this neuronal population. Nanoparticles could therefore facilitate
the ultimate goal of plasmid delivery to treat FRDA, which is for the plasmid DNA to
be effectively delivered to the nucleus of target cells and to produce frataxin at non-

toxic levels.
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