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Abstract

Orphan drugs, including antisense oligonucleotides (AONs), siRNAs/miRNAs, Cas9 nuclease and
recombinant genes, have recently been made available for rare diseases. However, the main
bottleneck for these new therapies is delivery. Drugs/synthetic genes need to reach the affected
tissues with minimal off-target effects and immune reactions. AON molecules are currently
delivered as backboned naked compounds or via viral vectors. Nanocarriers are considered
promising vehicles, able to improve drug distribution by organ targeting and limiting safety issues.

We tested perfluoropentane (PFP)-based nanobubbles (NBs) as vehicles for loading
phosphorodiamidate morpholino (PMQO) AON to suppress DUX4 expression in a FSHD cell model. In
vitro cell-free analysis demonstrated a good loading capacity of PMO into NBs, while experiments
in cell cultures showed lack of therapeutic effect since expression of DUX4 and its targets remained
unmodified. We conclude that these types of chitosan-shelled NBs do not release PMO-AON and

are therefore not ideal for PMO AON-related therapies.

INTRODUCTION



Over the past several decades, new molecules mainly based on nucleic acids were investigated for
the development of new orphan drugs for curing rare diseases (RDs) [1]. mRNA is one of the most
interesting and promising biological target to be modulated using novel drugs, especially by splicing
modulation using antisense oligoribonucleotides (RNA-based therapeutics) [2]. Encouraging
preclinical data primed the development of new RNA-based molecules, some of these already
approved by the Food and Drug Administration (FDA) and/or the European Medicine Agency (EMA).
Among these, two new drugs for treating two rare and severe genetic diseases: Eteplirsen (Sarepta),
a 30-mer phosphomorpholidate oligonucleotide for the treatment of Duchenne muscular dystrophy
(DMD) [3], and Nusinersen (Spinraza), a 18-mer phosphorothioate 2’-O-methoxyethoxy
oligonucleotide, for the treatment of spinal muscular atrophy (SMA) [4]. Both molecules are
antisense oligonucleotides (AONs) and target pre-mRNA by altering the splicing machinery in 2
different manners: Eteplirsen induces the omission (skipping) of exon 51 from the DMD mature
transcript [5], while Nusinersen enhances the inclusion of exon 7 in the SMN2 transcript [6].

Other approaches using AONs have been described, including i) prevention of 5’cap formation, ii)
induction of mMRNA degradation, iii) inhibition of protein translation and iv) modulation of the 3’ end
MRNA processing [7, 8].

One of the most important difficulties encountered for the development of these AONs remains
their poor cellular uptake [9]. Moreover, the presence of barriers (i.e. blood—brain barrier, vascular
endothelial barrier) can further limit and prevent the AON biodistribution [5, 10]. Indeed, it is
estimated that only <1% of RNA AONs reaches the biological target by systemic delivery [11].

In order to improve the uptake of RNA molecules in the desired tissues with low toxicity and reduced
off-target effects, several chemical modifications have been developed [4, 12]. During the last few
years, the progress of nanotechnology has also made available different nanoparticles to increase
the efficacy of drugs by improving the drug bioavailability. Depending on the material used,
nanoparticles can be classified in different categories [13] and the most common types used for
drug delivery are liposomes and Solid Lipid Nanoparticles (SLNs) [14], Polymer nanoparticles
(including micelles, nanocapsules, nanospheres, colloids, dendrimers, core-shells) [15], Lipid-based
Nanoparticles (LNPs) [16] and Carbon-based nanomaterials (graphene, nanodiamonds, fullerenes,
nanotubes) [17].

We previously described the use of biocompatible polymer core-shell nanoparticles (NPs) to carry
AONs for exon skipping application in DMD disease. We showed the capability of delivering

2’0OMePS M23D AON in mdx mice. In particular, intraperitoneal and even oral administrations of



NP-AON complexes induced dystrophin restoration in mice. Nevertheless, we also showed that
these NPs were not biodegradable and tend to accumulate following repeated doses, causing liver
damage and animal death [18-22, unpublished data].

In this study, we used nanobubbles (NBs), fully biodegradable and biocompatible nanocarriers
(patent WO 2015/028901 A1) [23]. NBs are spherical core/shell structures filled by gases or
vaporizable compounds, such as perfluorocarbons, with sizes in the nanometer order of magnitude.
Their structure consists of a core that is stabilized by a lipid, polymer or by an albumin shell. NBs
have shown promising results as novel nanocarriers, with improved stability and high drug-loading
capacity, as well as extravasation capability. Indeed, their small size allows the possibility of
extravasation from the blood vessels into the surrounding tissues [24]. NBs can be loaded using
genetic material following different methods [25, 26].

In this report, two nanoformulations of polymer-shelled NBs were prepared and PMO loading was
investigated.

Facioscapulohumeral muscular dystrophy (FSHD), a rare genetic, autosomal dominant, muscular
dystrophy [27], was adopted as the disease model. FSHD is a gain-of-function disease due to the
aberrant expression of DUX4 (Double homeobox 4), a transcription factor that is not normally
expressed in muscles [28]. DUX4 expression leads to cell toxicity and to the deregulation of several
genes, including MBD3L2, ZSCAN4, DEFB103 and TRIM43 [27, 29].

An emerging therapeutic strategy aims at silencing the DUX4 gene to reduce its expression and
consequently its toxicity in FSHD muscle cells. This approach acts via AON interference at the 3’ end
of DUX4 mRNA [7, 30, 31]. PMO oligomers CS3 (PMO-CS3) showed the best efficiency and lead to a
significant decrease of DUX4 mRNA levels [7].

We tested the PMO-loaded NBs to assess whether this nanoformulation might be able to deliver
the AON and improve the DUX4 silencing in in vitro experiments.

We selected PMO-CS3 loaded within NBs using two different strategies and transfected FSHD
myogenic cells. The two tested nanoformulations exhibited a small particle size (about 300 nm),
very high PMO-CS3 encapsulation efficiency (96%-99%) and good stability in simulated cytosol and
over storage. Nevertheless, when the efficacy of PMO-nanobubbles was evaluated in FSHD cells, no
modification of DUX4 expression was observed, including the expression of genes downstream of
DUX4 (TRIM43, MBD3L2 and ZSCAN4). We concluded that these types of chitosan-shelled NBs
irreversibly bind PMO AON and were unable to release the AON molecule, therefore being poorly

suitable for PMO AON-mediated gene silencing therapies.



MATERIAL AND METHODS

Materials

All reagents were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO, USA) unless

otherwise specified. Epikuron 200® was kindly provided by Cargill.

Nanobubbles preparation

Chitosan-shelled NBs (NBs) were prepared tuning a method previously described, using
perfluoropentane for the core [23]. Briefly, an ethanol solution containing Epikuron 200 and palmitic
acid (1% w/v) was added to perfluoropentane and ultrapure water and then homogenized using an
Ultra-Turrax® homogenizer (IKA, Konigswinter, Germany). Finally, a chitosan solution (2.7% w/v) at
pH 5.0 was added dropwise under magnetic stirring. To obtain the PMO-CS3 loaded NBs, two
loading strategies were considered. PMO molecules were located either at the interface between
the core and the shell (Formulation A) or incorporated in the NB polymer shell (Formulation B). In
Formulation A, a PMO-CS3 solution was added dropwise to the nanoemulsion and incubated under
magnetic stirring (30 minutes in an ice bath). Then, the sample was coated with the chitosan layer.
In Formulation B, the PMO-CS3 was incorporated within the chitosan shell of pre-formed NBs by
incubation under magnetic stirring at 4°C for 30 minutes. Finally, a Pluronic F68 solution (0.01 % v/v)
was added to NB Formulation B as a stabilizing layer (Supplementary Fig. 1).

Different amounts of PMO were either incorporated at the interface between the core and the shell

(Formulation A) or loaded after the coating with chitosan (Formulation B) as shown in Table 1.

Loading capacity and encapsulation efficiency of PMO-CS3 in nanobubbles

The amount of PMO-CS3 incorporated in the two NB formulations was determined
spectrophotometrically at 260 nm using an UV-visible spectrophotometer (VICTOR X, Multilplate
reader, Perkin Elmer, Waltham, MA, USA). The PMO concentration was calculated using the external

standard method, referring to a PMO calibration curve.

A volume of PMO-loaded NBs was placed in an Amicon® Ultra-0.5 centrifugal filter device and
centrifuged (15000 rpm, 20 minutes, 4°C). The amount of free PMO in the filtrate was quantified

spectrophotometrically.



The encapsulation efficiency was calculated by subtracting the amount of free PMO from the initial

amount added, according to the following equation:

Encapsulation efficiency = ((Total PMO-free PMQ)) / (Total PMO) x 100

To determine the loading capacity, a volume of PMO-loaded NBs underwent filtration using a
centrifugal filter device (Amicon® Ultra-0.5) to separate NBs from aqueous medium. NBs were
recovered and freeze-dried to obtain a dry powder. A weighted amount of freeze-dried PMO-loaded
NB sample was dispersed in ultrapure acid water (pH 3.5, HCl 0.1 M) and sonicated for 15 minutes
to obtain the rupture of the NB structure. The sample was then centrifuged (15000 rpm, 10 min)
and the supernatant was analyzed at the spectrophotometer (260 nm) to determine the PMO

content in the NBs.

The loading capacity was calculated according to the equation:

Loading capacity = (PMO content in NBs) / (NB weight) x 100

Physico-chemical characteristics analysis of formulations

Blank and PMO-loaded NB formulations were characterized in vitro to determine their physico-
chemical characteristics. The average diameter and polydispersity index of the samples were
determined by dynamic light scattering, using a 90 Plus instrument (Brookhaven, NY). The analyses
were carried out at a fixed angle of 90° and a temperature of 25°C. For the measurements, the
samples were diluted with filtered water (1:30 v/v). The zeta potential was measured by
electrophoretic mobility using the same instrument. The diluted samples were placed in an
electrophoretic cell where a 15 V/cm electric field was applied. The morphology of NB formulations
was evaluated by Transmission Electron Microscopy, using a Philips CM10 instrument (Philips,
Eindhoven, the Netherlands). Samples were dropped onto a Formvar-coated copper grid and air-

dried prior to analysis.

In vitro efficacy evaluation

The immortalized FSHD clone 54-12 has been characterized previously [32]. The cells were
cultivated as described previously [31]. The differentiation into myotubes was induced by replacing
the growing medium by DMEM supplemented with 10 pg/ml insulin. The transfections were

performed 2 days after the induction of differentiation and the cells were harvested 2 days later.



Transfections were performed using RNAIMAX or lipofectamine as previously described [31]. RNA
extraction was performed using Trizol according to the manufacturer’s protocol (Life Technologies).
Reverse transcription and real-time PCR were performed as described previously [31, 33]. The
sequences of the primers used for real-time PCR are: DUX4-F (GGCCCGGTGAGAGACTCCACA) and
DUX4-R (CCAGGAGATGTAACTCTAATCCAGGTTTGC). B2M was chosen as a normalizer.

In vitro physical stability of PMO-nanobubbles formulations

The physical stability of blank and PMO-loaded NBs was evaluated over time. The average diameter,
Z-potential and morphology of the NB formulations stored at -20°C were checked up to 1 year. In
addition, the physical stability of the two types of NBs was also determined after their incubation in
phosphate buffered saline (PBS) at pH 7.4.

Moreover, the in vitro stability of chitosan-shelled NBs was evaluated by gel retardation assay, using
electrophoresis in an agarose gel. To mimic PMO, two siRNA-loaded NB formulations were
incubated in simulated cytosol (142 mM KCI, 5 mM NaCl, 5 mM MgCI2, 25 mM Hepes-KOH (pH 7,2),
1 mg/ml BSA) at a 1:1 v/v ratio over time (24, 72, 96 hours) [34]. At the fixed times, an aliquot of
siRNA-loaded NBs was analyzed by gel retardation assay. The samples were loaded into agarose gel
(1% w/v) stained with an ethidium bromide solution (0.5 pg/mL). The electrophoresis ran in TAE
buffer (40 mM Tris base, 20 mM acetic acid and 1 mM EDTA; pH 8.0) at 60 V for one hour. A solution
of free siRNA (0.1 pg/uL) was used as a positive control. The banding pattern was visualized using

an ultraviolet transilluminator and photographed with a Polaroid camera.

RESULTS AND DISCUSSION

Physico-chemical characteristics of NB formulations

In this work, chitosan-shelled nanobubbles were designed for the delivery of PMO. The use of a
nanocarrier has been proposed with the aim of incorporating nucleic acids, protecting them from
degradation and favoring the cell uptake and the transfection efficiency [35, 36]. The chitosan
formulation is referred to as “nanobubbles” for sake of simplicity, but it would be more correct to
use the term “nanodroplets” when the core is constituted of perfluoropentane, being a

perfluorocarbon liquid at room temperature (boiling point 29 °C).



The Table 2A reports the physical features of the NB formulations, either blank or PMO loaded. All
chitosan-shelled NBs had an average diameter of about 300 nm and a positive surface charge (about
+30 mV). No significant changes in the physico-chemical parameters were observed after PMO
loading. After incubation in PBS at pH 7.4 the chitosan NBs showed a decrease of zeta potential
value reaching + 10 mV, while no significant size change was determined. The surface charge of
nanoparticles plays a crucial role in cell uptake. It is worth noting that this parameter is correlated
with the amount of internalized nanocarriers. Interestingly, a number of studies focused on
chitosan-based nanoparticles to optimize their biological interactions.

Yue et al. showed (Biomacromolecule) the strong correlation between the internalization and
cellular trafficking of chitosan nanoparticles with different zeta potential values. The presence of a
positive charge can promote the nanoparticle internalization rate, thanks to the interaction with the
negative charge of the cellular membrane, enabling to overcome the biological barrier (Forest).
Therefore, thetherapeutic effectiveness of positive charged nanosystems can be increased. This is
very important especially for gene therapy being necessary the nucleic acid internalization to obtain
an effect. The decrease of 65% of the surface charge of the NBs might decrease the contact with the
cells, limiting their internalization.

TEM image showed a well-defined core-shell structure and spherical morphology of PMO-NBs
(Supplementary Fig. 2). Both chitosan-shelled NBs were able to load PMO with similar encapsulation
efficiency ranging from 96% up to 99% (Tab. 2B). The maximum encapsulation efficiency was
achieved using the lowest amount of PMO-CS3 encapsulated in the polymer shell (Tab. 2B, c).
Loading capacity of 6.10% and 6.45% were obtained with NB formulation A and B, respectively.
These results confirm the feasibility of preparing chitosan NBs for loading modified RNA (PMO) and
support our previous results and other publications describing the use of NBs to incorporate DNA
and small interfering RNAs (siRNA) [23, 37-39]. Taking into account the neutral charge of PMO
backboned AON, non-electrostatic interactions such as hydrogen bonding and hydrophobic
interactions are involved in the incorporation of PMO in NB structure.

We therefore further investigate the therapeutic effect of PMO-CS3 NBs nanoformulations on FSHD

cell models to induce DUX4 gene silencing.

In vitro therapeutic effect evaluation

In order to evaluate the NBs efficacy, 50 nM of PMO-CS3 NBs was transfected in differentiated FSHD

myotubes obtained from immortalized myoblasts. We first assessed two different formulations in



which different amounts of PMO were either incorporated at the interface between the core and
the shell or loaded after the coating with chitosan (Tab. 1).

The naked PMO-CS3 was used as a positive control. Naked PMO (Figure 1A, lines 6 and 7) causes an
important decrease in DUX4 mRNA expression. Transcript reduction or modification was not
observed with the PMO-CS3 NBs (Figure 1A, lines 8-12 and 14-18). The use of RNAiMaxReagant that
is commonly used to transfect oligonucleotides did not improve the effect of the PMO-CS3 NBs
(figure 1A w/o RNAiMax, lines 8-12; with RNAiMax, lines 14-18). We measured the expression of
several genes downstream of DUX4 including TRIM43, MBD3L2 and ZSCAN4 [30]. The transfection
using naked PMO-CS3 induced 25-85% decreased expression of these genes (Fig. 1B). PMO-CS3 NBs
were completely ineffective in the presence of RNAIMAx. However, PMO-CS3 NBs in the absence of
RNAiIMAX induce a decrease of TRIM43 (up to 25%), MBD3L2 (29%) and ZSCAN4 (56%) (Fig. 1B). We
next increased the NBs final concentration and performed a dose response for formulations (b) and
(d). The impact of the presence of antibiotics in the differentiation medium was also assessed (Fig.
1, C and D) and transfections were done without RNAiMax. No modification of DUX4 mRNA
expression was observed with NBs while using naked PMO-CS3 but a strong decrease was evident
(Fig. 1C). The expression levels of the DUX4 network genes were not modified by PMO-CS3 NB (Fig.
1D). The presence/absence of antibiotics in the differentiation medium did not affect the
transfection efficacy.

Both formulations were further modified (Tab. 1, f and g) in order to load a similar PMO amount
and 50 nM of each optimized formulation were used to transfect FSHD myotubes. DUX4 expression
was assessed by gPCR (Fig. 1E) and no reduction was observed compared to the control cells
(transfected using NBs alone). Expression levels of the DUX4 network genes were unchanged (Fig.
1F).

No toxicity was observed in FSHD myotubes as described in previous studies using the same NBs
loaded with DNA molecules [23].

Based on these results, we can consider two hypotheses to explain the absence of cell transfection:
I) The nanobubbles strongly encapsulate and retain the PMO avoiding its release and II) the
nanobubble formulations are unable to be internalized in this type of cells due to their low surface
charge. Since previous experiments showed the chitosan-shelled NB internalization capability in

tumor cell lines (ref), we thus assessed the in vitro physical stability of PMO-CS3 NB formulations.

In vitro physical stability of PMO-nanobubbles formulations




The in vitro physical stability of NBs in simulated cytosol was evaluated by gel retardation assay
performed on siRNA-loaded NBs to mimic the oligonucleotide incorporation within nanobubbles.
The physical stability of the formulations was evaluated at different times: 24h, 72h and 96h. The
electrophoretic mobility showed that both nanoformulations (NB A and NB B) fully retained the RNA
molecules without releasing them over time in simulated cytosol (Supplementary Fig. 3). This
behavior might suggest that both nanoformulations were stable and did not release the siRNA over
time. We can speculate that same behavior also occurred for PMO molecules. This was observed

both on the just-prepared nanoformulations as well as in those following storage at -20°C for 1 year.

We demonstrated that NB loading experiments using PMO-CS3 were very promising because of the
high loading capacity and the formulation stability, thus ensuring high protection to the AON.
Nevertheless, the results of the in vitro stability experiment show that PMO is not released from
the PMO-CS3 NBs from either the internal or external chitosan layers. Indeed, the “failure of
releasing” hypothesis was supported by the complete lack of DUX4 gene silencing we observed using
all NB formulations. We therefore conclude that PMO-CS3 NBs irreversibly load and do not make
available any free, effective PMO AON to the cells.

A further possibility is that the very high amount of PMO AON loaded within the NBs, which is
needed to achieve an encapsulation efficiency close to 100%, together with the neutral charge of
PMO backboned AON, may have a role in the “failure of releasing”.

We may speculate that loading NBs with high quantity of PMO may change the interaction between
NBs and AONs, and may induce the formation of extremely compact nanostructures that cannot
release the PMO AON inside the cells.

Additionally, it would be necessary to evaluate the capability of PMO-loaded NBs to be internalized
by myogenic cells. Future research will be focused on the NB shell optimization to promote their
internalization.

Although we’ll be able to design new NB formulations to evaluate whether a slow and sustained
constant release of cargo is obtainable, our results robustly suggest that these types of chitosan-
shelled NBs are not appropriate in delivering PMO AON. Obviously, this result is disappointing, since
PMO AON are extremely safe molecules and already used as approved orphan drugs. Many other
AON types, negatively or positively charged (as for instance Pip-PMO [40]), might be good
candidates for loading onto NBs. Alternatively, we may consider other NB shell compositions like
synthetic polymers and albumin, which may modify this extremely high PMO affinity and

consequent releasing failure.
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