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ARTICLE INFO ABSTRACT

Keywords: Metastatic melanoma is a highly aggressive tumor with a poor prognosis. One of the therapeutic options for
Self-assembling nanoparticles patients bearing BRAF V60OE mutations is targeted therapy, which is based on the use of drugs able to inhibit the
microRNA

mitogen-activated protein kinase (MAPK) pathway. However, the long-term efficacy of targeted therapy is
compromised by the onset of drug resistance. We previously identified a panel of oncosuppressor microRNAs
(miRNAs) able to prevent the development of drug resistance to targeted therapy. We also developed self-
assembling nanoparticles (SANP) as a promising and versatile nanomedicine platform for RNA-based personal-
ized therapies. Here, we provide the proof-of-principle of a miRNA-based therapeutic strategy against BRAF-
mutant melanomas. The role of the cationic lipid, ionizable lipid, cholesterol, and PEGylated lipid in SANP
formulations was investigated to optimize miRNA encapsulation and delivery to melanoma cells. miRNA-loaded
SANPs inhibited the release of soluble tumor-promoting factors and prevented the proliferation of metastatic
melanoma cells. When used in combination with targeted therapy, miRNA-SANPs were able to potentiate its
efficacy in a dose-response manner. These results pave the way for further studies on SANP as a platform for
miRNA delivery to prevent the development of resistance to targeted therapy in metastatic melanoma.

Metastatic melanoma
Lipid-based nanoparticles

1. Introduction drug resistance [4]. We have recently identified a panel of microRNAs

(miRNAs) able to halt the development of resistance to MAPK inhibition

Metastatic melanoma is a highly aggressive tumor that can be fatal
within 18 months of diagnosis [1]. Current therapeutic approaches
comprise targeted therapy and immunotherapy [2,3]. Targeted therapy
inhibits the activation of the mitogen-activated protein kinase (MAPK)
pathway which drives melanoma proliferation and progression. The
MAPK pathway is over-activated in patients with v-raf murine sarcoma
viral oncogene homolog Bl (BRAF) V600 mutations occurring in
approximately 50 % of cases [4]. Targeted therapy can greatly improve
progression-free and overall survival rates compared to previous treat-
ments [4], but its long-term efficacy is impaired by the development of
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therapy in BRAF-mutated melanoma [5] when used in combination with
targeted therapy. MiRNAs are short (20-24 nucleotides), non-coding
RNAs which regulate key cellular functions such as metabolism, differ-
entiation, proliferation, and apoptosis [6] and have emerged as potential
therapeutics for a wide range of applications [7].

Systemic delivery of miRNA poses several challenges associated to
poor cellular uptake, off-target effects, and nuclease degradation,
requiring the use of delivery system able to overcome these issues. Non-
viral vectors for miRNA delivery comprise lipid nanoparticles (LNPs)
and polymer nanoparticles [6,8]. The approval of Onpattro® (LNPs
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encapsulating a small interfering RNA) and of Comirnaty® and Spike-
Vax® (LNPs encapsulating a messenger RNA) has dramatically accel-
erated the clinical adoption and scale-up manufacturing of nucleic
acid-loaded LNPs. LNPs complex anionic nucleic acids with high
encapsulation efficiencies and are promising nanovectors for miRNA
delivery [9-12]. In this context, our group has recently demonstrated
the therapeutic potential of LNPs encapsulating a combination of
oncosuppressive miR-204-5p and miR-199b-5p to potentiate targeted
therapy and to delay the emergence of drug resistance using various
preclinical melanoma models in vitro and in vivo [13].

However, LNP formulations require RNA encapsulation at the
nanoparticle manufacturing stage, which limits their applicability in the
context of personalized medicine. Given the heterogeneity of melanoma
[14], advancements in melanoma transcriptome profiling may be able to
identify combinations of therapeutic miRNAs tailored to the individual
patient or to subsets of patients in the near future. The rapid emergence
of personalized medicine makes the development of a versatile nano-
particle platform enabling miRNA loading and delivery at the point of
care of vital importance. In this context, core-shell nanoparticles with an
inorganic or organic core enclosed by a lipid shell may be a promising
approach. Example core materials comprise polypeptides, hyaluronic
acid, chitosan, calcium phosphate (CaP), and synthetic polymers [15].
CaP cores complex negatively charged molecules such as miRNA and
exhibit low cytotoxicity, ease of preparation, and pH-responsiveness.
The calcium phosphate core dissolves in the acidic environment of the
cellular endosomes and releases the payload in the cytosol [16,17].

We have pioneered the development of self-assembling nanoparticles
with a CaP core (SANP). They can be prepared by mixing the CaP
nanoparticles, the liposomes, and the payload; these components are
colloidally stable, can be easily transported and stored at 4 °C for up to 1
year, and can be manufactured at industrial scales in GMP conditions
using well-established protocols. The colloidal stability of the SANP
components at 4 °C may also allow to overcome some of the challenges
currently associated with LNPs, which suffer from payload degradation
upon long-term storage and typically need to be stored at low temper-
atures. While SANP were originally developed for bisphosphonates de-
livery [18-21], we have recently demonstrated that these formulations
can also be used to deliver microRNA for the treatment of glioblastoma
[22] or endowed with the ability to scavenge reactive oxygen species
[23,24]. These examples highlight the versatility of the SANP platform,
which can be leveraged for a wide range of applications. Given their
extemporaneous assembling approach, miRNA-SANP are well-suited for
the development of personalized nanomedicines against melanoma
which can be assembled at the point-of-care and are prone to a rapid
bench-to-bedside translation.

SANP require the use of cationic lipids able to interact with the
calcium phosphate core encapsulating the anionic miRNA and a PEGy-
lated lipid to ensure nanoparticle stability against aggregation in com-
plex fluids and in circulation. We also explored the effect of cholesterol
and of an ionizable lipid, namely 1,2-dioleoyl-3-dimethylammonium-
propane (DODAP), on the colloidal properties of the formulations and
on their efficacy. Cholesterol was chosen due to its ability to improve the
transfection efficiency of cationic liposomes [25,26], while DODAP was
used in combination with DOTAP to explore its effect on miRNA
intra-cellular delivery. Ionizable lipids exhibit a neutral charge at
physiological pH and become positively charged at the acidic pH of the
endosomal compartment, favoring the endosomal escape of the encap-
sulated payload [27]. Previous work on hybrid lipid-polymer nano-
particles loaded with a messenger RNA has demonstrated an
improvement in the transfection efficiency when a cationic lipid was
used in combination with an ionizable lipid [28].

We therefore designed SANP formulations with varying lipid
composition to deliver a mixture of oncosuppressor miRNAs against
BRAF-mutated metastatic melanoma. We characterized the miRNA-
loaded SANP formulations in terms of colloidal properties, surface
charge, miRNA encapsulation efficiencies, colloidal stability in serum,
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and haemolytic activity. We investigated the ability of selected SANP
formulations to deliver miRNA, to inhibit the release of soluble tumor-
promoting factors, and to prevent the proliferation of two different
cell lines of metastatic melanoma. MiRNA-SANP formulations were then
tested in combination with drugs used clinically for targeted therapy and
investigated their synergic effect on cancer cell proliferation.

2. Materials and methods
2.1. Materials

Sodium chloride (NaCl), calcium chloride (CaCl,), and sodium
phosphate dibasic (NagHPO4) were purchased from Merk Life Science S.
r.l. (Milan, Italy). 1,2-dioleoyl-3-trimethylammonium-propane chloride
(DOTAP) was kindly donated by Lipoid GmbH (Ludwigshafen, Ger-
many) while N-palmitoylsphingosine-1 {succinyl[methoxy(poly-
ethylene glycol)2000]} (Cer;6-PEGz2000), cholesterol, and 1,2-dioleoyl-3-
dimethylammonium-propane (DODAP) were purchased from Avanti
Polar Lipids (Alabaster, USA). Regenerated cellulose syringe filters with
a 0.2 pm pore size were purchased from Exacta + Optech Labcenter SpA
(San Prospero, Italy). Scramble miRNA (miR-scr, sequence: 5'-
UUUAUGGUUCACCUAGCUUGC-3"), microRNA-199b-5p (miR199,
sequence: 5-CCCAGUGUUUAGACUAUCUGUUC-3), and microRNA-
204-5p (miR204, sequence: 5-UUCCCUUUGUCAUCCUAUGCCU-3)
were purchased from Tema Ricerca s.r.l. (Bologna, Italy). The Quant-iT
RiboGreen RNA Assay was purchased from ThermoFisher Scientific
(Milan, Italy).

2.2. CaP nanoparticle synthesis

CaP nanoparticles were prepared by adding an aqueous solution of
10.8 mM NayHPO4 (pH 9.5) to an aqueous solution of 18 mM CaCl, (pH
9.5)in a 1:1 v/v ratio dropwise while stirring at 1400 rpm. The CaP NPs
suspension was left to stir for 10 min and filtered through 0.22 pm pore-
sized polycarbonate filters. The CaP nanoparticle suspension was then
stored at 4 °C until further use.

2.3. Liposome preparation

PEGylated liposomes were prepared by the thin film hydration
method followed by extrusion. The lipids were dissolved in a chloro-
form:methanol mixture (2:1 v/v) and placed in a 50 mL round bottom
flask. The organic solvent was removed by rotary evaporation (Laborata
4010 digital, Heidolph, Schwabach, Germany) and the obtained lipid
film was hydrated with RNAse-free water for 2 h at 65 °C. The vesicle
suspension was extruded through pore-sized polycarbonate membranes
(Nucleopore Track-Etched 25 mm membrane, Whatman, Brentford, UK)
by using a thermobarrel extruder (Lipex Extruder, Evonik, Essen, Ger-
many) at 65 °C. More specifically, the vesicle suspension was forced to
pass sequentially through 400 nm membranes (3 passages), 200 nm
membranes (3 passages), and 100 nm membranes (5-7 passages
depending on the lipid composition). The lipid composition used in this
study are shown in Table 1.

2.4. SANP preparation

SANP formulations encapsulating miRNA were prepared by mixing a

Table 1
Lipid composition used in this study.
Formulation DOTAP DODAP Chol Cer16PEG2000
M1 94 mol% - - 6 mol%
M2 34 mol% - 62 mol% 4 mol%
M3 34 mol% 31 mol% 31 mol% 4 mol%
M4 47 mol% 47 mol% - 6 mol%
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miRNA aqueous solution with the CaP nanoparticles in a 1:9 v/v ratio;
the suspension was vortexed and incubated at room temperature for 10
min. The CaP-miRNA mixture was then added to the liposomes in a 1:1
v/v ratio and incubated at room temperature for 25 min to obtain
miRNA-loaded SANP. The miRNA concentration in the final formulation
was 200 pg/mL. The concentration of encapsulated miRNA was deter-
mined by measuring the amount of unencapsulated miRNA via the
Quant-iT RiboGreen RNA Assay. The miRNA encapsulation efficiency

was determined as:
[mi'RNA]mml - [miRNA]buffer "

[miRNA]

Encapsulation efficiency (%) = 100,

total

where [miRNA],,,,; is the total miRNA concentration in the formulation
and [miRNAJy, ., is the concentration of unencapsulated miRNA.

2.5. Nanoparticle physico-chemical characterization

The formulations were characterized in terms of colloidal di-
mensions, polydispersity index (PDI), and surface charge by using dy-
namic light scattering (DLS) (Zetasizer Nano Z, Malvern, UK). For each
formulation the z-average diameter, PDI, and zeta potential were
calculated as mean =+ standard deviation of measurements from N = 2
independent batches.

2.6. Stability of miRNA-SANP formulations in biological media

The stability against aggregation of miRNA-SANP formulations upon
dilution in human plasma was measured via DLS. Blood was first
centrifuged at 2000 rpm for 15 min (MIKRO 20; Hettich, Tuttlingen,
Germany) to separate the erythrocytes from the plasma, which was
diluted at 1 % and 10 % v/v in phosphate buffer (136 mM NaCl, 27 mM
KCl, 8 mM NayHPO4, 2 mM KHyPOy4, 1X PBS) at pH 7.4. MiRNA-SANP
formulations were incubated in a 1 % or 10 % plasma solution at
37 °C at a final concentration of 20 pg/mL and the mean hydrodynamic
diameter of the formulations was measured at various time points by
DLS. MiRNA-SANP incubated in PBS were used as controls.

2.7. Hemolysis assay

Hemolysis assays on miRNA-SANP formulations were performed on
fresh blood as previously reported [22]. Briefly, the erythrocytes were
separated from the plasma by centrifugation at 2000 rpm for 15 min
(MIKRO 20; Hettich, Tuttlingen, Germany) and then reconstituted in
150 mM NaCl solution. Reconstituted erythrocytes were subjected to
three more centrifugation and reconstitution steps to remove residual
plasma and then diluted 1:10 v/v in 150 mM NaCl. MiRNA-SANP for-
mulations were added to the erythrocytes at 0.2 % w/v and incubated at
37 °C for 4 h. The samples were then placed on ice for 2 min to stop
erythrocytes lysis and centrifuged twice (3000 rpm, 5 min) to retrieve
the supernatant. The free hemoglobin content was determined by
measuring the absorbance of the supernatants at 540 nm (Thermo Fisher
Scientific 1510 Multiskan Go). Erythrocytes diluted in 150 mM NaCl or
water were used as the 0 % and 100 % hemolysis controls, respectively.
The hemolysis percentage was calculated by using the following
formula:

(Absmmple — AbSo%)

Hemolysis %=-————————2~
4 (Ab3100% — AbS()%)

%100,

where Absgpe is the absorbance of the sample, Absgy, is the absorbance
of the sample at 0 % hemolysis, and Abs;jgoy is the absorbance of the
sample at 100 % hemolysis.
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2.8. Cell lines and treatments

BRAF-mutated melanoma cell lines A375, M14 and WM266 were
purchased from American Type Culture Collection (ATCC, Manassas,
VA, USA). A375 double resistant cells (DR) have been selected in the
presence of both BRAF and MEK inhibitors as describe above (Fattore
et al., Oncogene 2022). All human melanoma cell lines were cultured in
RPMI (complete medium) supplemented with 10 % (vol/vol) FBS, L-glu
at 2 % (vol/vol) and Pen-Strep at 1 % (vol/vol). Dabrafenib and tra-
metinib as BRAFi and MEKi, respectively, were obtained by Novartis
Farma S.p.A. (Rome, Italy). For biological assay, dabrafenib was used at
decreasing concentrations starting from 1 pm and then diluted 1:3 for
ten times. Trametinib was used in a ratio 1:10 as compared to Dabra-
fenib and diluted 1:3 for ten times. The number of viable melanoma cells
was measured by quantification of the ATP present according to Cell-
Titer-Glo® Luminescent Cell Viability assay protocol. Colony formation
assays have been performed by crystal violet staining upon exposure of
melanoma cells to SANP-SCR or SANP-miRs for 72 h. Briefly, the cells
were stained for 20 min at room temperature with staining solution (0, 5
% crystal violet in 30 % methanol), washed four times with water and
then dried. Cells were then dissolved in 10 % acetic acid solution and the
absorbance (595 nm) was read using a microplate ELISA reader.

2.9. Elisa assays

Soluble VEGFA and TGFf1 levels from melanoma cell media were
determined by measuring absorbance at 450 nm into a microplate
reader using specific ELISA kit according to the manufacturer’s in-
structions. In particular, VEGFA kit (#DVE00) was purchased by the
R&D system (Minneapolis, MN USA) whereas TGFf1 kit (#EH0287) was
purchased by the FineTest (Wuhan, China).

2.10. RNA extraction and quantitative real time PCR (qRT-PCR)
analysis

Total RNA was extracted using TRIzol according to the manufac-
turer’s instruction and quantitated by the Qubit Fluorometer (Thermo-
Fisher Scientific, Foster City, CA, USA). RNA was retrotranscribed using
the kit OneScript Plus cDNA Synthesis Kit (Abm, Richmond, BC, Canada)
according to manufacturer’s instruction. The cDNAs obtained, were
adequately diluted in DEPC-H50. Following, 25 ng of cDNA were used to
analyze the expression of miR-204-5p, miR-199b-5p, and U6 through
quantitative real-time PCR using TagMan Expression Assays (Thermo-
Fisher Scientific). The results were evaluated by the AACt method.

2.11. Statistical analysis

Experiments were replicated at least three times and the data were
expressed as average + SD of the mean (SEM). Differences between
groups were analyzed with a two-tailed paired or unpaired Student’s t-
test and were considered statistically significant for p-value <0.05. To
evaluate the results of the combinations of SANPs + MAPKi, quantitative
analysis for curve fitting and p-value estimation (significance p < 0.05)
were performed by GraphPad Prism 7 (San Diego, CA, USA).

3. Results and discussion
3.1. Design and characterization of miRNA-SANP formulations

MiRNA-loaded SANP can be obtained by mixing liposomes, calcium
phosphate nanoparticles, and miRNA (Fig. 1a). We investigated various
lipid compositions for the formulation of miRNA-loaded SANP (Table 1)
to elucidate the effect of cholesterol and of an ionizable lipid on the
efficacy of the formulation. In particular, we used 1,2-dioleoyl-3-trime-
thylammoniumpropane (DOTAP) and Cer;6PEG2q as the cationic and
the PEGylated lipid, respectively. DOTAP is a permanent cationic lipid
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Fig. 1. (a) Schematic of miRNA-loaded SANP, which can be obtained by mixing miR-199b-5p, the CaP nanoparticles, and the liposomes. miRNA-SANP formulations
were characterized in terms of hydrodynamic diameter and polydispersity index (b), zeta potential (c), and miRNA encapsulation efficiency (d). Data is shown as

mean =+ s.d. of N = 2 independent batches.

and has been extensively used for the formulation of cationic lipid-based
nanoparticles for nucleic acid delivery [27]; DOTAP-based SANP for-
mulations outperformed SANP based on other common cationic lipids
such as N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chlo-
ride (DOTMA) and 3p-[N-(N,N'-dimethylaminoethane)-carbamoyl]
cholesterol hydrochloride (DC-chol) in terms of colloidal stability in
serum, hemolytic activity, and cell viability [22]. Furthermore, we have
previously observed enhanced miRNA delivery from SANP when
Cer16PEG2g00 was used as the PEGylated lipid compared to 1,2-distear-
oyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (DSPE-PEGaq(g), which may be ascribed to the tendency
of Cer16PEGgggo to favor hexagonal phases in lipid-based nanoparticles
[22,29]. The lipid composition of the M1 and M2 formulations has been
shown to successfully deliver miRNA for the treatment of glioblastoma
[22]; here, we decided to include a well-known ionizable lipid such as
DODAP in the lipid composition of SANP to investigate its efficacy in
combination with DOTAP.

We prepared miRNA-loaded SANP to a final miRNA concentration of
200 pg/mL and we characterized the formulations in terms of colloidal
properties and miRNA encapsulation efficiency. MiRNA-loaded SANP
formulations exhibited hydrodynamic diameters below 150 nm and PDI
<0.2, regardless of the lipid composition (Fig. 1b); complexation with
the CaP nanoparticles and miRNA resulted in minimal changes in the
hydrodynamic diameter of the formulations compared to the starting
liposomes (Table 2), as previously observed [22]. The zeta potential was
higher than 20 mV for the M1 and M4 SANP formulations while it was
near neutral for the cholesterol-containing formulations M2 and M3
(Fig. 1c). We observed a reduction in the zeta potential for all the
miRNA-SANP formulations compared to the starting liposomes
(Table 2), which suggests that the negatively charged miRNA interacts
with the cationic lipids. The near neutral surface charge of the
cholesterol-containing formulations M2 and M3 SANP may also suggest
that the miRNA localizes on the outer shell of the nanoparticles as a
result of lipid reorganization induced by cholesterol.

The miRNA encapsulation efficiency was >77 % across all the for-
mulations, with the M1 SANP formulation exhibiting the highest
encapsulation efficiency (97 %) (Fig. 1d). Variations in the colloidal
properties and the miRNA encapsulation efficiency of SANP

Table 2
Z-average diameter and PDI of the liposomes used for the formulation of miRNA-
loaded SANP. Data is shown as mean =+ s.d. of N = 2-3 independent batches.

Liposomal Z-average Diameter PDI Zeta Potential

Formulation (nm) (mV)

M1 135.8 £ 1.1 0.06 + 30.8 +£18.9
0.03

M2 124.4 + 5.6 0.04 + 43.2+25
0.01

M3 108.4 +£ 7.2 0.16 + 55.1+0.1
0.01

M4 118.4 + 3.7 0.13 + 45.6 + 8.7
0.01

formulations may be due to differences in their lipid composition, which
can affect the bilayer properties of the liposomes. For example, we have
recently observed that the bilayer of DOTAP-Cer;sPEG200o liposomes
features DOTAP- and Cer,6PEGyggo-enriched domains and that the in-
clusion of cholesterol in their composition facilitates lipid mixing [30].
In turn, the bilayer properties of the liposomes can affect the structural
re-organization of the components upon SANP formation and the extent
of miRNA complexation.

3.2. Colloidal stability in biological fluids and hemolytic activity of
miRNA-SANP formulations

Since miRNA-SANP formulations have been designed for intravenous
administration, we characterized their colloidal stability against ag-
gregation upon dilution in either 1 % and 10 % v/v serum. We incubated
miRNA-SANP formulations in the presence of serum at 37 °C and
measured the mean hydrodynamic diameter at different time points,
namely immediately after dilution and 1 and 4 h post-dilution. MiRNA-
SANP formulations incubated in PBS were used as a control. No major
changes in the hydrodynamic diameter could be observed for all the
formulations in the presence of 1 % v/v serum compared to the control
(Fig. 2a—-d); the mean hydrodynamic diameter increased over time for
the M1 and M2 SANP formulations in the presence of 10 % v/v serum
(Fig. 2a and b). This behaviour was particularly clear for the M1 SANP
formulation, whose mean hydrodynamic diameter increased by 30 nm
over 4 h, which may be indicative of an extensive adsorption of serum
proteins on the nanoparticle surface.

The mean hydrodynamic diameter of DODAP-containing SANP for-
mulations remained unchanged even in the presence of 10 % v/v serum
(Figure c-d), suggesting that these formulations exhibited a reduced
serum protein adsorption. The role of ionizable lipids in the adsorption
of serum protein on the surface of lipid nanoparticles has become
increasingly clear and dictates their in vivo fate. It has been shown that
the adsorption of apolipoprotein E on the surface of lipid nanoparticles
allowed the preferential uptake of the nanoparticles by hepatocytes and
facilitated RNA delivery to the liver [31]. It is possible that in the
presence of DODAP there is a reduced interaction between the nano-
particle surface and serum proteins. While the role of ionizable lipids on
the protein corona formation in LNPs is well-established [32-34],
ongoing studies in our group are investigating the effect of the lipid
SANP composition on serum protein adsorption.

We also measured the hemolytic activity of miRNA-SANP formula-
tions in human blood to investigate whether they could be administered
intravenously without inducing severe systemic toxicity. A hemolytic
activity <2 % or comprised between 2 and 5 % were regarded as non-
toxic or mildly toxic, respectively. All the tested miRNA-SANP formu-
lations exhibited a hemolytic activity below 1.6 (Table 3), which sug-
gests that the formulations are not toxic for red blood cells and can be
administered via intravenous injection.
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Fig. 2. Colloidal stability of M1 SANP (a), M2 SANP (b), M3 SANP (c), and M4 SANP (d) loaded with miR-199b-5p and diluted to 20 pg/mL miRNA in either PBS, 1 %
v/v serum, or 10 % v/v serum; the formulations were incubated at 37 °C and the hydrodynamic diameter was measured immediately after dilution and 1 and 4 h
post-dilution. Measurements were carried out in duplicate.

Table 3

Hemolytic activity of miRNA-SANP formulations. Data is shown as mean =+ s.
d. of N = 3 independent experiments.

miRNA-SANP Formulations

Hemolytic Activity (%)

M1 SANP 1.44 +0.93
M2 SANP 1.08 £ 0.41
M3 SANP 1.59 £ 1.05
M4 SANP 1.60 + 1.06

3.3. In vitro cytotoxicity of SANP formulations on BRAF-mutant human
melanoma cells

We then carried out in vitro studies using BRAF-mutant melanoma
cell lines as a model system. To this purpose, we decided to test SANPs
cytotoxicity in vitro in the absence of therapeutic miRNA cargos. A375
melanoma cell were exposed for 72 h to different concentrations (1, 5,
10 or 20 pg/mL) of M1, M2, M3 or M4 SANPs containing either the
scrambled miRNA sequence (SCR). Cell viability was tested by
measuring cellular ATP by luminescence assays to determine metabolic
activity in response to the exposure to SANP formulations. Results
clearly indicated that the all the 4 SANP formulations tested had no
significant impact on cell viability (Fig. 3a—d).

We then started to evaluate the biological and molecular impact of
miRNA cargos delivered by SANP formulations on melanoma cell
behavior. First of all, we tested the capability of SANP formulations to
affect A375 cell proliferation. To this aim, we exposed cells to different
concentrations of M1, M2, M3, and M4 SANPs delivering SCR or the
oncosuppressive miR-204-5p for 72 h. Results demonstrated that M1
and M2 formulations carrying miR-204-5p were able to reduce mela-
noma cell proliferation as compared to SCR-loaded SANPs. Differently,
M3 and M4 SANPs delivering miR-204-5p were not able to affect mel-
anoma cell viability as compared to SANP-SCR. Interestingly, an
equivalent anti-proliferative effect on A375 cells has been obtained with
5 or with 20 pg/mL of miRNA delivered by M1 or M2 SANPs (Fig. 4,
upper panels).

In line with this, we demonstrated that M1 and M2 SANPs were able

to induce the intracellular uptake of miR-204-5p at a similar degree of
magnitude at both concentrations (5 vs 20 pg/mL) (Supplementary
Fig. 1). Given these results, we decided to use M1 and M2 SANPs and 5
pg/mL of miRNAs for the following biological experiments.

3.4. SANP formulations induce miR-204-5p/miR-199b-5p uptake and
inhibit their target genes

Given the results of the previous paragraph on miR-204-5p, we
decided to test the ability of M1 and M2 SANPs to effectively deliver
combinations of oncosuppressive miRNAs (i.e., miR-204-5p and miR-
199b-5p, briefly SANP-miRs) in various melanoma cell lines. The
rationale of this approach lies on our previous data demonstrating that
miRNA combinations, delivered by LNPs, are able to better reduce
melanoma cell proliferation as compared to single miRNAs [12]. This
relies on their capability to simultaneously hit multiple oncogenic
signaling [12,13]. Therefore, we exposed A375 cells to M1 or M2 SANPs
encapsulating miR-204-5p and miR-199b-5p for 72 h. Based on the
results of the previous paragraph, we used 5 pg/mL of total miRNAs (50
% of miR-204-5p + 50 % of miR-199b-5p) for these experiments. First of
all, qRT-PCR experiments showed that both M1 and M2 formulations
were able to efficiently induce miR-204-5p/miR-199b-5p uptake in
A375 and M14 melanoma cells (Fig. 5a and b and Supplementary Fig. 2).

Moreover, in order to test whether miRNA uptake was effectively
able to reduce the levels of given target genes, we have tested the levels
of TGFP1 and VEGFA, which are molecular targets of miR-204-5p and
miR-199b-5p, respectively [13]. Given that these growth factors are
released in cell media (CM), we collected CM from A375 cells following
72 h of exposure to M1 and M2 SANP-miRs to perform ELISA assays.
Results clearly demonstrated that SANP-induced miRNA intracellular
uptake was able to effectively reduce in parallel the levels of VEGFA and
TGFp1, as compared to SANP-SCR controls (Fig. 5¢ and d).

3.5. SANP-miRs reduce melanoma cell growth per se and potentiate
targeted therapies

Finally, we sought to test the growth inhibitory effects of M1 and M2
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Fig. 3. In vitro cytotoxicity on A375 cell line exposed to M1 SANP (a), M2 SANP (b), M3 SANP (c), or M4 SANP (d) loaded with different concentrations of the
scrambled sequences (SCR; 1, 5, 10 or 20 pg/mL). The formulations were prepared as previously described. Cell viability was measured after 72 h by quantification of
the ATP present using CellTiter-Glo® Luminescent Cell Viability assay. The values were calculated as “fold change” (£S.D.) as compared to Unt cells. All the ex-
periments have been performed at least in triplicate and p-value <0.05 was considered as significant (Student’s t-test).
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Fig. 4. In vitro cytotoxicity on A375 cell line exposed to M1 SANP (a), M2 SANP (b), M3 SANP (c), or M4 SANP (d) loaded with different concentrations of the
scrambled sequences (SCR) or miR-204-5p (5 or 20 pg/mL). The formulations were prepared as previously described. Cell viability was measured after 72 h by
quantification of the ATP present using CellTiter-Glo® Luminescent Cell Viability assay. The values were calculated as “fold change” (£+S.D.) as compared to cells
receiving SANP-SCR.

SANPs delivering miR-204-4p and miR-199b-5p alone or in combina-
tion with BRAF and MEK inhibiting drugs. First of all, we exposed A375
and M14 melanoma cell lines to SANP-miRs for 72 h to evaluate cell

viability, as previously described. Results clearly demonstrated that
both these M1 and M2 formulations were able to reduce melanoma cell
proliferation as compared to SANPs carrying SCR sequences, used as



V. Nele et al.

Journal of Drug Delivery Science and Technology 101 (2024) 106169

a
15000- M1 SANP
B3 miR-204-5p
[ =4 "
_é 10000 B mir-199b-5p ek c
9;; " VEGFa M1 SANP 5 TGFB1 M1 SANP
s 2 0.020 20.010
2 5000 5 :
5 T 0015 B 0 :
8 8 0.006
§0.010 g
5 5 0.004
= 0.005 ®
) K 2 0.002
 0.000 . . S 0.000 . ;
& & o &
& & & &
M2 SANP © & °
5000
= mm miR-204-5p *k d
S 40001z mir-199b-5p
] = TGFBR1 M2 SANP
3 ] . VEGFa M2 SANP @
: 3000 2 o025 : 0.010
2 2000 = = 3 .
g 3 0.020 R
[} - @
&€ 1000- 8 0.015 8 0.006
o s 2 0.004
5 0.010 ;
& @ Q@ 3 %
S & &§ 5 o 0.002
F Q Q © 0.005 2
S [ :
z 5
o S 0.000 . . o 9.000 = .
%cj} &“Q? & &
& & < 5
23 2 & &

Fig. 5. A375 cell line was exposed to 5 pg/mL of M1 SANP-SCR or SANP-miRs (a) and M2 SANP-SCR or SANP-miRs (b) for 72 h. The formulations were prepared as
previously described. Total RNA was extracted to perform qRT-PCR on the expression levels of the indicated miRNAs. Results were normalized by DDCT method
relative to U6. The values were calculated as “fold change” (+S.D.) as compared to cells receiving SANP-SCR. Elisa assays were performed to measure VEGFA and
TGFp1 in cell media (CM) deriving from A375, exposed to M1 SANP-SCR or SANP-miRs (c) and M2 SANP-SCR or SANP-miRs (d) for 72 h. For these experiments cells
have been serum starved for 24 h and then CM have been collected; results were determined by measuring absorbance at 450 nm into a microplate reader. All the
experiments have been performed at least in triplicate and p-value <0.05 was considered as significant (Student’s t-test).

control (Fig. 6a and b). Of note, the same findings were obtained in two
additional melanoma cell lines, namely WM266 and A375DR, which is a
cell line, derived from A375 cells, rendered double resistant to both
BRAFi/MEKi (Supplementary Fig. 3). These data have been further
confirmed through colony formation assays. For these experiments,
A375 and M14 melanoma cells have been exposed for 72 h to M1 or M2
SANP-miRs or SANP-SCR, and then cells have been collected and plated
at low density (i.e. 1000 cells/well). Results obtained by crystal violet
staining confirm that both the formulations delivering the oncosup-
pressive miRs are able to reduce the clonogenic capability of both A375
and M14 melanoma cells (Supplementary Figs. 4 and 5).

Once determined the effects on tumor cell proliferation per se, we
investigated whether SANP-miRs could be able to potentiate targeted
therapies. To this aim, we combined M1 or M2 SANP-miRs or SANP-SCR
with different concentrations of BRAFi and MEKi for 72 h to evaluate
melanoma cell viability, as previously described. Results clearly show
that the both SANP formulations carrying oncosuppressive miR-204-5p
and miR-199b-5p were able to potentiate targeted therapies growth
inhibitory effects in both A375 and M14 cell lines (Fig. 6¢ and d).
Altogether these findings suggest the possibility that SANPs carrying a
combination of oncosuppressor miRNAs may be novel therapeutic tools
towards precision medicine for BRAF-mutant melanomas not only per se
but also when combined with BRAF and MEK inhibiting drugs.

4. Conclusions
In the last few years, the transition of RNA-based therapeutics to the

clinical practice in oncology has dramatically accelerated thanks to the
success in the fight against the SARS-CoV2 pandemic of LNP-based

vaccines. This is the case of mRNA-4157, a mRNA-based individual-
ized neoantigen vaccine encapsulated in LNPs whose efficacy has been
demonstrated in a phase 2b clinical trial in combination with immu-
notherapy in patients with advanced melanoma [35]; based on these
results, a phase 3 study has been initiated (ClinicalTrials.gov identifier:
NCT05933577). The transition to the clinical practice of miRNA thera-
peutics seems to be more difficult, with clinical trials that have reported
either fatal immune-related side effects [36] or dose-limiting toxicities
alongside decreased lymphocyte counts and cardiac events [37]. Alto-
gether, these studies suggest that more efforts are needed to make
miRNAs suitable cancer therapeutics, in particular to improve delivery
methods and to reduce unwanted toxicities.

In the context of BRAF-mutated melanoma, target therapy has
greatly improved the survival rates of patients but its long-term efficacy
is compromised by the onset of drug resistance. Our group has recently
demonstrated that non-coding oligonucleotides such as miR-204-5p and
miR-199b-5p can modulate resistance to MAPK inhibitors in metastatic
melanoma [5,38] and could represent a promising strategy to potentiate
the efficacy of these drugs. Here, we decided to leverage the lipid SANP
technology to deliver a mixture of miR-204-5p and miR-199b-5p to
melanoma cells in combination with MAPK inhibitors. SANP can be
obtained by mixing CaP NPs, cationic liposomes, and miRNA directly at
the point-of-care, an approach that would enable patient-centric nano-
medicine formulation. We developed SANP formulations with varying
lipid compositions with miRNA encapsulation efficiencies >75 %, good
colloidal stability in serum, and low hemolytic activity. We selected two
SANP formulations based on preliminary cell viability and miRNA up-
take studies on BRAF-mutant human melanoma cells. These formula-
tions were able to potentiate the growth inhibition effect of BRAF and
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Fig. 6. Cell viability was determined measuring ATP content in A375 (a) and M14 (b) cell lines treated with 5 pg/mL of M1/M2 SANP-SCR or SANP-miRs for 72 h.
The formulations were prepared as previously described. A375 (c) and M14 (d) cells were exposed to MAPKi, i.e dabrafenib (BRAFi) + trametinib (MEKi), in the
presence of 5 pg/mL of M1/M2 SANP-SCR or SANP-miRs. Cell viability was determined after 72 h as previously described. Dabrafenib was used at decreasing
concentrations starting from 1uM and then diluted 1:3 for ten times. Trametinib was used in a ratio 1:10 as compared to Dabrafenib and diluted 1:3 for ten times. The
values were calculated as “fold change” (£S.D.) as compared to cells receiving SANP-SCR. All the experiments have been performed at least in triplicate and p-value
<0.05 was considered as significant (Student’s t-test). Quantitative analysis for curve fitting were performed by GraphPad Prism 7.

MEK inhibitors, which makes our approach a promising strategy to
tackle drug resistance in metastatic melanoma. Future studies will be
aimed at assessing the tolerability and efficacy of SANP-miRs in com-
bination with MAPK inhibitors in in vivo models of melanoma.

In this work, we show for the first time the potential of a novel
nanotechnological platform to deliver combinations of oncosuppressive
miRNAs for the therapy of cancer. Data reported in this study support
the versatility of SANP formulations, which can be tuned to maximize
miRNA encapsulation and intra-cellular delivery in specific cells, such as
metastatic melanoma cells. Moreover, the miRNA-SANP formulations
developed in this study enable to overcome some of the limitations of
LNP formulations in the context of long-term stability upon storage and
personalized therapy. Overall, SANP-miRs exhibit high versatility and
great potential for rapid clinical translation, as well as potential for
personalized cancer therapy; we envision the development of an inves-
tigational medicinal product based on a kit comprising the miRNAs, a
vial containing the liposomes, and a vial containing the CaP NPs. A
similar kit approach was proposed for mRNA-loaded lipoplexes [39],
which are now under investigation in various clinical trials as
anti-cancer vaccines for melanoma [40] and pancreatic cancer [41]. The
applicability of the lipid SANP technology extends beyond metastatic
melanoma and can be rapidly translated to other cancer and disease
models requiring oligonucleotide delivery.
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