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with PI3K/AKT inhibitor as a new
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Metastatic melanoma poses significant challenges as a highly le-
thal disease. Despite the success of molecular targeting using
BRAFV600E inhibitors (BRAFis) and immunotherapy, the
emergence of early recurrence remains an issue and there is
the need for novel therapeutic approaches. This study aimed
at creating a targeted delivery system for the oncosuppressor
microRNA 126 (miR126) and testing its effectiveness in combi-
nation with a phosphatidylinositol 3-kinase (PI3K)/ protein
kinase B (AKT) inhibitor for treating metastatic melanoma
resistant to BRAFis. To achieve this, we synthesized chitosan
nanoparticles containing a chemically modified miR126
sequence. These nanoparticles were further functionalized
with an antibody specific to the chondroitin sulfate proteogly-
can 4 (CSPG4) melanomamarker. After evaluation in vitro, the
efficacy of this treatment was evaluated through an in vivo
experiment using mice bearing resistant human melanoma.
The co-administration of miR126 and the PI3K/AKT inhibitor
in these experiments significantly reduced tumor growth and
inhibited the formation of liver and lung metastases. These
results provide evidence for a strategy to target an oncosup-
pressive nucleic acid sequence to tumor cells while simulta-
neously protecting it from plasma degradation. The system
described in this study exhibits encouraging potential for the
effective treatment of therapy-resistant metastatic melanoma
while also presenting a prospective approach for other forms
of cancer.

INTRODUCTION
Melanoma is a neoplasia that arises from the malignant transforma-
tion of melanocytes, pigmented cells found in the basal layer of the
epidermis.1 There are approximately 300,000 new cases and 60,000
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deaths worldwide each year. Melanoma incidence is rapidly
increasing, with a 75% increase over the last 30 years.2 It is note-
worthy that both incidence and mortality of melanoma vary among
different countries, with higher rates in Australia, New Zealand, Eu-
rope, and Northern America, associated with ethnicity, lifestyle, and
genetic background.3 Over the past decade, new therapeutic strate-
gies have achieved greater efficacy and fewer side effects against
late-stage melanoma.4 Molecular analysis of the mechanisms leading
to the transformation of melanocytes into melanoma cells has high-
lighted recurrent activating mutations in BRAF, which are present in
more than 50% of cutaneous melanomas. The most common muta-
tion found in melanoma (90%) is the V600E,5 and significant ad-
vancements in the treatment of metastatic melanoma have been
achieved by utilizing drugs targeting this mutated form of BRAF
(BRAFV600E), such as vemurafenib or dabrafenib. Response to
BRAF inhibition usually has a short duration and is prolonged
when combined with MEK (Mitogen-activated ERK kinase) inhibi-
tors such as trametinib or binimetinib.6–8 Despite the impressive re-
sults achieved in patients after treatment with these drugs, the early
recurrence resistant to treatments remains the main limitation of this
therapeutic strategy.9–12 The recent use of immunological checkpoint
inhibitors (ICIs) in advanced melanoma therapy is leading to a sig-
nificant improvement in the prognosis of patients with metastatic
melanoma. Although approximately 40% of patients show a good
response, a significant number of patients still exhibit no initial
.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Chemical changes within the OMe-miR126 sequence: a comparative analysis of its function and stability in plasma

(A) OMe-miR126 consists of a double-stranded ribonucleotide and the anti-sense strand contains mature miR-126-3p sequence. All the pyrimidine residues of the sense

strand and one of the uridine residues in the anti-sense strand are modified by O-methylation at the 20-O pentose (20-OMe). The sense and anti-sense strands have been

modified with the addition of two 20-deoxythymidine residues at the 30 terminal of each strand. (B) Analysis of miR126 expression obtained by qRT-PCR performed 24 h after

transfection of A375M-VR cell line with Pre-miR126 (Pre), PTO-miR126 (PTO), OMe-miR126 (OMe), and relative negative control. U6 snRNA was used as normalizer. The

histogram columns represent the ratio ± SD of the values obtained from transfection of miR126 sequences and their respective controls. Commercial miR126-3p was used

as positive reference. (C) WES analysis of p85-b protein in A375M-VR cell line after transfection with Pre-miR126, PTO-miR126, OMe-miR126 sequences or their relative

negative controls. MiR126-3p and -5p were used as positive and negative references, respectively. b-Actin was utilized as internal loading control. (D) Analysis of miR126

expression in A375M-VR by qRT-PCR, performed 24, 48, and 72 h after OMe-miR126 internalization. Relative miR126 expression level was normalized on U6 snRNA. The

(legend continued on next page)
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response to therapy. Therefore, new drugs are needed to improve
melanoma treatment.10 To address this problem, new combinations
to inhibit various crucial pathways for tumor cell survival are under
evaluation e.g., the simultaneous inhibition of mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) path-
ways.13 Accumulating evidence suggests that non-coding RNAs
(ncRNAs) play important roles in all key cellular processes.
MicroRNAs (miRs) are small, highly conserved ncRNAs involved
in the regulation of gene expression. In particular, miR126 acts as a
tumor suppressor in several types of cancer.14,15 A recent study has
demonstrated a correlation between miR126 expression and the
overall survival (OS) of melanoma patients. Specifically, it was found
that melanoma patients with high miR126 expression had a signifi-
cantly longer OS compared to those with low miR126 expression.16

Consistent with this finding, our group and another research team
have independently shown the anti-tumoral effects of miR126 on hu-
man metastatic melanoma cells. These effects are achieved through
the repression of several key oncogenic molecules, including the reg-
ulatory subunit p85-b of the PI3K/AKT pathway, either directly or
indirectly. More recently, we demonstrated that PIK-75 (a molecule
that inhibits the PI3K/AKT regulatory subunit, p110a) was one of the
most active among the 349 molecules in inhibiting the proliferation
of metastatic melanoma cells.17–20 We also demonstrated that the
forced expression of miR126 significantly increased PIK-75 activity
when used as a single agent or in combination with vemurafenib
or dabrafenib. Interestingly, PIK-75 has been shown to be effective
against early-passage cell lines derived from patient biopsies and mel-
anoma cell lines resistant to either vemurafenib or dabrafenib, sug-
gesting that it has the potential to overcome drug resistance.17 The
use of nucleic acids, including miRs, in therapy involves the need
to overcome certain difficulties, especially related to their serum
instability.18 The aim of our work was to study a system to deliver
miR126 directly to metastatic melanoma cells in vivo. An effective
strategy in addressing these critical issues is the use of nanoparticles
(NPs), thanks to their capacity to entrap and successively release
drugs, excellent availability and biocompatibility, good stability,
and enhanced drug solubility in body fluids.19,20 Indeed, advances
in nanotechnology have opened up new opportunities for nanomate-
rials, which offer distinct bioactivity due to their nanoscale proper-
ties, high surface area, and precise nanostructure.21 Among various
types of NPs, we selected NPs of chitosan (NP-CSs) because of their
positive charge, which fosters drug loading and delivery efficiency,
making them effective candidates for both passive and active drug de-
livery systems in cancer therapy.22,23 We then functionalized NP-CSs
to deliver them directly to metastatic melanoma cells by conjugation
with an antibody moiety against a melanoma marker, CSPG4, which
is overexpressed in several tumors, including melanoma. It plays a
crucial role in cancer growth and was previously studied as a poten-
histogram columns represent the ratio ± SD of the values obtained from transfection of m

A375M-VR, performed at 24, 48, and 72 h after transfection of OMe-miR126 or contro

assay in untreated A375M-VR cells or after transfection with OMe-miR126 or relative n

naked OMe-miR126 stability compared to commercial miR126-3p until 24 h of incuba

154 Molecular Therapy Vol. 32 No 1 January 2024
tial target of monoclonal antibodies (mAbs) or chimeric antigen re-
ceptor (CAR) T cells across different tumor types.24

RESULTS
To highlight the correlation between high expression of miR126 and
increased survival of melanoma patients, as previously reported by
Lin et al.,16 we conducted a Kaplan-Meier analysis for OS using data
from The Cancer Genome Atlas (TCGA) melanoma dataset (https://
www.cancer.gov/ccg/research/genome-sequencing/tcga). TCGAMela-
noma patient cohort, obtained from Xena data portal (https://
xenabrowser.net/datapages/), were stratified into two groups based on
their miR126-3p expression levels: high expression and low expression,
by using UCSC Xena data portal (https://xenabrowser.net/datapages/)
The analysis reaffirmed that the group with high miR-126-3p expres-
sion exhibited a significant improvement in OS (p = 0.0199, log rank
test = 5.417) (Figure S1). Based on these findings and considering the
proven anti-neoplastic role of miR126 in human melanoma,17,25–27

we planned to evaluate the above reported specific miR sequence in
an in vivomouse model for the treatment of drug-resistant melanoma.
RNAoligonucleotides in serum are susceptible to degradation by nucle-
ases andhave limited cellular uptakewhen introduced into livingorgan-
isms. To overcome this problem, we synthesized three differentmiR126
sequences with specific chemical properties. In particular, we synthe-
tized: a�70-nt precursor RNAmolecule of miR126, without modifica-
tions (Pre-miR126), and its relative scramble sequence (Pre-CTRL);28 a
27-nt sequence including a stabilized phosphorothioate double-
stranded mature miR126-3p (PTO-miR126) and its relative negative
control (PTO-CTRL)29 (Table S1). Taking as amodel themodifications
made to anucleotide sequenceused for anapproved drug,30,31we gener-
ated a sequencewith all of the pyrimidines in the sense strand andone of
the uridines in the anti-sense by adding a methyl group (CH3) at the
20-O position of the pentose (20-OMe), thus increasing its thermal sta-
bility. In addition, two 20-deoxythymidine nucleotide overhangs at their
respective 30 ends have been added to protect this molecule from
nuclease cleavage (OMe-miR126) (Figure 1A; Table S1). The same
modifications have been made to a negative control sequence (OMe-
CTRL) (Table S1). To select the most effective sequence among them,
we first evaluated their ability to inhibit the expression of PIK3R2
(p85-b) subunit of PI3K, a direct target of miR126-3p.26,32 Specifically,
we transfected A375M cells made resistant to vemurafenib (A375M-
VR) with Pre-miR126, PTO-miR126, OMe-miR126, or their negative
controls. Commercial miR126-3p and miR126-5p (hereafter indicated
as miR126-3p and miR126-5p) have been used as positive and negative
references, respectively.26 In spite of�10 times lower expression levels
of OMe-miR126 than Pre-miR126 or miR126-3p, as assessed by qRT-
PCR (Figure 1B), immunoblotting analysis showed a similar p85-b
reduction (50%–40%), whereas no reduction was observed using
PTO-miR126 and, as expected, for miR126-5p (Figure 1C). Based on
this evidence, we focused our efforts on OMe-miR126 as the most
iR126 sequences and their respective controls. (E) WES analysis of p85-b protein in

l sequence. b-Actin was utilized as internal loading control. (F) Cell Titer-Glo viability

egative control. Each transfected cell line was analyzed in triplicate. (G) Analysis of

tion in PBS containing 50% of human plasma at 37�C.
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effective sequence.After a transient transfectionofA375M-VRwith this
oligo (Figure 1D), we observed a significant p85-b down-modulation
(Figure 1E) and a marked cell growth inhibition (Figure 1F). As a pre-
paratory test for in vivo experiments, we evaluated the stability of OMe-
miR126 and miR126-3p sequences in PBS containing 50% human
plasmaat 37�C.The time courses reported inFigure 1G show that, start-
ing from the same quantity of OMe-miR126 andmiR126-3p oligos, af-
ter 6 h of incubation, no reduction and a reduction to one-third was
observed, respectively. Furthermore, a complete degradation of
miR126-3p was observed after 24 h while OMe-miR126was still clearly
visible (�80% of the initial quantity). To verify the lifetime of OMe-
miR126, we extended the incubation to 48 h showing its complete
degradation (not shown). The results described so far show that the
chemical changes introduced in miR126-3p canonical sequence to
obtain OMe-miR126 do not change its functionality and make it
much more stable than the other sequences in the presence of plasma.

OMe-miR126 sequence in combination with BRAF inhibitors

We already demonstrated the efficacy of miR126 in combination with
BRAF/ERK and PI3K/AKT inhibitors (vemurafenib and PIK-75,
respectively).17 Based on these results, we evaluated the cell growth
inhibitory effect of the OMe-miR126 sequence on cell lines frommet-
astatic melanoma (A375M and SKMEL28) and their sub-lines resis-
tant to dabrafenib (A375M-DR and SKMEL28-DR), which were
generated by culturing parental cells in increasing concentrations of
drug. In A375M (Figure 2A, upper panel), in agreement with previous
data, the halfmaximal inhibitory concentration (IC50) of vemurafenib,
dabrafenib, and PIK-75 were reduced by half when the treatments
were combined with OMe-miR126, in comparison with OMe-CTRL
sequence (from 704.7, 41, and 73.5 nM to 329.6, 22.3, and 40.3 nM,
respectively). The same trend of IC50 values was observed in the com-
bined treatments (vemurafenib + PIK-75) or (dabrafenib + PIK-75)
with OMe-miR126, in comparison with OMe-CTRL sequence (from
56.7 and 30.4 nM to 34.4 and 12.7 nM, respectively). The excess
over bliss values (EOB) indicated that OMe-miR126 was synergistic
with each single drug (vemurafenib, dabrafenib, or PIK-75) or with
their combination (vemurafenib + PIK-75 or dabrafenib + PIK-75)
(Figure 2A, lower panel). Similar results were observed with the
SKMEL28 cell line. The OMe-miR126 sequence reduced the IC50

values both in the presence of dabrafenib and PIK-75 alone (from
37 and 134.5 nM to 23.4 and 106 nM, respectively), as well as in the
combined treatment (115 vs. 105 nM). A strong synergy between
OMe-miR126 and dabrafenib was indicated from EOB index (Fig-
ure 2B). As reported in Figure 2C (left panel), in A375M-DR the
IC50 of PIK-75 decreased from 153.3 to 120.5 nM and the EOB index
highlights their synergy (Figure 2C, right panel). For SKMEL28-DR,
we observed a marked IC50 decrease (318 vs. 213.4 nM), as reported
in Figure 2D, but no synergistic effect was observed.

Synthesis of NP-CSs entrapping OMe-miR126 and NP-CSs

entrapping OMe-CTRL

After confirming the functionality of the OMe-miR126 sequence, we
focused on the potential utilization of targeted NP-CSs for the direct
delivery of OMe-miR126 to melanoma cells. Previous studies33–35
reported that morphology, net charge, and size of polyplexes are
mainly determined by the amine groups/phosphate groups (N/P)
ratio. It has been demonstrated that, using N/P ratios between 5
and 10, size and charge values are almost constant. In this case,
for the same N/P ratio, by using lower-molecular-weight chitosan,
a rapid release of loaded nucleic acid occurs, therefore obtaining
less stable systems. Lavertu et al. demonstrated that, by increasing
the N/P ratio from 5 to 10 (at fixed deacetylation degree), a lower
molecular weight was required to achieve efficient stabilization of
complexes, probably due to the stabilizing effect obtained by
increasing the chitosan concentration.36 Moreover, better transfec-
tion efficiency was obtained using an N/P ratio of 10. For these rea-
sons, all chitosan NPs have been prepared with 50-kDa chitosan
with an N/P ratio of 10.

NP-CSs were conjugated with a single-chain fragment variable (scFv)
including the variable heavy chain (VH) and the variable light chain
(VL) of the murine mAb 9.2.27 specific for the melanoma marker
CSPG4 (anti-CSPG4) and a 6His tag.37,38 The purified anti-CSPG4
was detected in a western-blot experiment with horseradish peroxidase
(HRP)- conjugated anti-6His mAb (Figure 3A and section “materials
andmethods”). To evaluate the binding capacity of this anti-CSPG4 to-
ward its target antigen, an immunofluorescence assaywas performed by
flowcytometry onA375M-DRmelanomaand 293FT cell lines, express-
ing high and low levels of surface antigen CSPG4, respectively. The re-
sults obtained showed that this antibody can selectively interact with
CSPG4 membrane receptor (Figure S2A). To evaluate the potential
function of the soluble anti-CSPG4, we performed in vitro treatments
of A375M-DR with increasing quantities of this soluble protein and
no effect was observed up to 1 mg/mL (data not shown).

NP-CSs entrapping OMe-miR126 or OMe-CTRL (CS126s and CS-
CTRLs, respectively) and surface conjugated with antibodies against
the CSPG4 marker (Ab-CS126s and Ab-CS-CTRLs, respectively)
were prepared and characterized as reported in Figure S2B. To syn-
thesize Ab-CS126, in order to determine the suitable amount of anti-
body binding, different scFv:CS weight ratios were studied (Fig-
ure S2C). The amount of conjugated single-chain antibody,
expressed as a percentage, was higher than 80% for all the scFv:CS ra-
tios used. We used an intermediate scFv:CS weight ratio of 1:10 for all
subsequent studies.

Physicochemical characterization of CS126 and Ab-CS126

Nanosight analysis was conducted to determine the dimensional dis-
tribution and NP concentration of CS126s, Ab-CS126s, and their
respective controls. The results showed dimensions ranging from
112.6 ± 4.2 nm to 146.8 ± 6.9 nm for all types of NPs and an average
particle concentration of 2.2 � 1011 NPs/mL and 1.7 � 1010 NPs/mL
for CS126s/CS-CTRLs and Ab-CS126s/Ab-CS-CTRLs, respectively
(Figure 3B). A physico-chemical characterization of CS126s and
Ab-CS126s was also performed using DLS (dynamic light scattering),
which roughly confirmed the dimensions obtained with Nanosight.
The average polydispersion index (PDI) for all NP samples was 0.2,
indicating a good quality of colloidal NPs. CSs are generally
Molecular Therapy Vol. 32 No 1 January 2024 155
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Figure 2. Analysis of melanoma cell line growth following treatment with OMe-miR126, BRAF, and PI3K inhibitors

(A) Cell growth inhibition mediated by OMe-miR126 sequence compared to OMe-CTRL in combination with vemurafenib, dabrafenib, PIK-75, vemurafenib + PIK-75, and

dabrafenib + PIK-75 in A375M wild-type (WT) cell line (upper panel). Evaluation of excess over bliss values (EOB) for each condition in A375M WT (bottom panel). (B) Cell

growth inhibition with the same sequences with dabrafenib, PIK-75, and dabrafenib + PIK-75. EOB in SKMEL28 WT. (C) Cell growth inhibition mediated by OMe-miR126

sequence and OMe-CTRL in combination with PIK-75 in A375M-DR cell line and relative EOB values. (D) Cell growth inhibition in SKMEL28-DR cell line. EOB indicates

synergism >0, independent = 0, antagonism <0. Means ± SD of almost three experiments are reported.

Molecular Therapy
characterized by a positive surface charge, due to the presence of
amino groups that are positively charged at acidic pH. The positive
charge is considered optimal for nanovector internalization within
cells, as cellular membranes exhibit a negative charge.39,40 As shown
in Figure S2D, the average z-potential value was +37.8 ± 4.3 mV for
156 Molecular Therapy Vol. 32 No 1 January 2024
CS126s and +33.3 ± 1.2 mV for Ab-CS126s. Scanning electron micro-
scopy (SEM)/transmission electron microscopy (TEM) analyses were
then performed to better characterize NP-CSs’ morphology. As
shown in Figure 3C, the dimensions appear smaller than those de-
tected by DLS, as expected.



Figure 3. Synthesis and characterization of chitosan NPs

(A) Schematic representation of antibody fragment (scFv) able to bind the specific melanoma marker CSPG4 (scFv-9.2.27) (upper panel) and representative western-blot

experiment for antibody quantification (bottom panel). (B) Representative Nanosight characterization of CSs. Concentration (particles/mL) and size (nm) of NPs were re-

ported. (C) Morphology of CS126s and Ab-CS126s analyzed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). (D) WES analysis of

bound anti-CSPG4 protein on Ab-CS126s. Anti-CSPG4 was used as positive control. CS126s were used as negative control. (E) Gel electrophoresis to verify the integrity

of the OMe-miR126 sequences entrapped in CS126s cultured with 50% of human plasma. A time course was reported and total integrity was demonstrated until 48 h of

(legend continued on next page)
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Quantification of oligos entrapped in CS126s and antibody

conjugation to Ab-CS126; stability of CS126 in culture with

human plasma

To quantify the amount of oligos (OMe-miR126) entrapped within
CS126s, we performed a real-time qRT-PCR. In particular, starting
from a fixed number of NPs lysed in acidic water and by interpolation
of values obtained with a standard curve, based on amplification of
known quantity of OMe-miR126, we were able to evaluate the entrap-
ping efficiency for CS126 and Ab-CS126 of 7428 and 103 OMe-
miR126 molecules/NPs, respectively (Figure S2E).

To better characterize our nanocarriers, we evaluated the quantity of
bound anti-CSGP4 by WES immunodetection analysis (Figure 3D). A
direct comparisonwith thepositive control (soluble anti-CSPG4) allowed
us to estimate an amount of 250 pg of anti-CSPG4/6.8� 107 Ab-CS126s.

As the last step, before performing functional experiments, we evalu-
ated the stability of CS126s in human plasma. Figure 3E shows that
the NP-CSs protect OMe-miR126 from degradation for at least
48 h of incubation, as indicated by gel electrophoresis.

In vitro internalization of CS126 and Ab-CS126

To evaluate the internalization efficiency of CS126s and Ab-CS126s,
we incubated the melanoma cell lines A375M-DR and SKMEL28
with increasing amounts of both types of fluorescein isothiocyanate
(FITC)-labeled NP-CSs. As reported in Figure 3F, flow cytometric
analysis showed that, within an hour of incubation of 1.6 � 108

NPs for A375M-DR and 3.2 � 108 for SKMEL28, approximately
100% of the cells in both cases were FITC positive. These results
were confirmed by immunofluorescence microscopy (Figure 3G).
However, we observed a notable difference between the two types
of NPs: despite the comparable percentage of positive cells, Ab-
CS126 cells showed a less dispersed distribution, likely due to the
direct interaction between the membrane receptor CSPG4 and the
anti-CSPG4 antibody conjugated to the NP-CSs. To assess the actual
ability to transfer OMe-miR126 within cells, we performed qRT-PCR
after incubating cells with an equal number of CS126 and Ab-CS126.
We observed an increase of approximately 56-fold and 7.3-fold for
CS126 and Ab-CS126, respectively, for A375M-DR and 85-fold and
22.6-fold for CS126 and Ab-CS126, respectively, for SKMEL28 (Fig-
ure 3H). This marked difference can be explained by the varying
quantity of molecules entrapped in CS126 compared to Ab-CS126
(1.2 � 10�8 and 1.7 � 10�10 pmol/NP, respectively).

Evaluation of CS/Ab-CSs stability and potential toxic effects in

mouse model

After evaluating the OMe-miR126 stability in the presence or absence
of CS coating (Figure 3E), we tested their kinetics in in vivo experi-
incubation. (F) Evaluation of internalization of NPs in A375M-DR and SKMEL28 cell line

increasing amounts of CS-FITCs and Ab-CS-FITCs for 20 and 60 min, respectively. Dat

and SKMEL28 cell lines incubated with CS-FITCs and Ab-CS-FITCs for 1 h. Nuclei of re

increase of miR126-expression in the A375M-DR and SKMEL28 acceptor cell lines after

are shown as mean ± SD, **p Value < 0.01.
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ments. To this end, we conjugated CSs and Ab-CSs with FITC (CS-
FITCs and Ab-CS-FITCs). The analysis of plasma of mice injected
with CS-FITCs and Ab-CS-FITCs revealed a rapid disappearance of
fluorescence that was below the limit of detection 60 min post injec-
tion (Figure 4A). To evaluate whether the disappearance of the NPs
was due to enzymatic degradation in the vascular system or to distri-
bution to other tissue compartments, we incubated CS-FITCs and
Ab-CS-FITCs in vitro in the presence of 50% plasma. CS-FITCs
and Ab-CS-FITCs fluorescent NPs were present until the sixth day
of incubation in plasma, with Ab-CS-FITCs showing a higher stability
(Figure S3A). We thus analyzed tissues obtained frommain organs of
mice injected with CS-FITCs or Ab-CS-FITCs by fluorescence micro-
scopy and we found a clear FITC signal in the lung, liver, kidney, and
spleen (Figure 4B). To confirm the presence of NPs in mouse tissues,
we stained histology slides with an antibody specific for the His-tag of
anti-CSPG4, confirming the presence of a signal in the section of kid-
ney (Figure 4C) of the mouse injected with Ab-CS-FITCs.

Before starting in vivo treatments, we evaluated the potential toxic ef-
fect of CS126s and Ab-CS126s in repeated treatment of mice. We in-
jected a group of mice with intravenous CS126s or Ab-CS126s three
times a week for 4 weeks (see section “materials and methods”), and
no toxic effect was observed, as indicated by the maintenance of
normal weight and health of the treated mice (data not shown).
Effect of CS126 and Ab-CS126 on cell migration

As a final step, before carrying out the in vivo experiments, we evaluated
the migration capabilities of A375M-DR and SKMEL28-DR cells after
exposure toNP-CSs.We observed a decrease in the chemotaxis abilities
of CS126s-A375M-DR- and CS126s-SKMEL28-DR-treated cells.
Moreover, in agreement with the known relevance of CSPG4 protein
for the growth and motility of melanoma cells, we observed a similar
decrease of chemotaxis in A375M-DR and SKMEL28-DR treated
with Ab-CS-CTRLs, whereas no reduction was observed using CS-
CTRL. Amore obvious decrease was observed using Ab-CS126s, prob-
ably due to the combinatorial effect ofOMe-miR126 trapped inside and
the antibody on the NPs surface (Figure S3B and data not shown).
In vivo experiments: Strong inhibition of tumor growth and

metastatic spread by combined therapy of Ab-CS126 and PIK-75

Our previous experience highlighted the impossibility of obtaining
metastases from melanoma cells resistant to treatment with dabrafe-
nib (A375M-DR) by intravenous injection. Thus, we established
a reproducible animal model for serial quantification of in vivo met-
astatic tumor burden. With this aim, we injected A375M-DR stably
expressing firefly luciferase and GFP (A375M-DR-LUC-GFP) into
the spleen of severely immunodeficient mice. To avoid a predominant
s by fluorescence-activated cell sorting (FACS) analysis. Cells were incubated with

a are shown as mean ± SD. (G) Fluorescent microscopy visualization of A375M-DR

cipient cells were counterstained with Hoechst 33258. (H) qRT-PCR to evaluate the

internalization of the same number of CSs. U6 snRNA was used as normalizer. Data



Figure 4. In vitro and in vivo experiments to evaluate

CS-FITCs and Ab-CS-FITCs stability

(A) FACS analysis of retro-orbital collected plasma

mice injected with CS-FITCs or Ab-CS-FITCs. Columns

represent the mean ± SD. (B) Immunofluorescence

microscopy analysis of the main organs of CS-FITCs-

and Ab-CS-FITCs-injected mice. (C). Immunostaining of

kidney sections using a specific antibody against

scFv-9.2.27 in mice injected with CS-FITCs and Ab-CS-

FITCs.
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growth of tumors in the injection site, splenectomy was performed
30 min after injection. Tumor growth was monitored in vivo by biolu-
minescent imaging IVIS (in vivo imaging system) (Figure 5A).

About 2 weeks after inoculation, when the signal was barely detectable,
the mice were randomly allocated to six treatment arms. Specifically,
(1) control group, (2) PIK-75, (3) Ab-CS126s, (4) PIK-75 + CS126s,
(5) PIK-75 + Ab-CS-CTRLs, and (6) PIK-75 + Ab-CS126s. All groups
received dabrafenib as reported in section “materials and methods”.
The specific treatments for each group were initiated in each animal
when the region of interest (ROI) measured by IVIS reached approxi-
mately 104 photons/s/cm2/sr.
Mole
Statistical analysis comparing the slopes of the
tumor growth curves in the respective groups
highlighted a stronger inhibition in the group
treated with PIK-75 + Ab-CS126s compared
with other groups (Figure 5B). The mean of
IVIS values for each group is reported in
Figure S3C.

After the animals were sacrificed, organ analysis
confirmed reduced tumor growth in the liver
but also a very strong reduction ofmetastases for-
mation in the lungs. To confirm the greater onco-
suppressive efficacy of Ab-CS126 compared to
CS126, we performed qRT-PCR on liver samples
from three groups: 3,30diaminobenzidine (DAB),
DAB + PIK-75+CS126, and DAB + PIK-75+Ab-
CS126 (three animals per group). The expression
of human-specific GAPDH (Figure S4A, right
panel) aligned with IVIS measurements, indi-
cating a significant reduction in the number of
tumor cells in the DAB + PIK-75 + Ab-CS126
group compared to controls (Figure S4A, left
panel). The efficiency of miR126 delivered by
Ab-CS126 and CS126 was indirectly demon-
strated through the evaluation of the miR126
target, human p85-b. This quantification re-
vealed a greater reduction in the expression of
human p85-b expression in the DAB + PIK-
75 + Ab-CS126 group compared to respective
controls (Figure S4B). We used the p85-b target
to assess the effectiveness of NPs in delivering miR126 (Figure S4C)
due to the inability of qRT-PCR to differentiate between human and
murine miR126 and because it testifies to the intracellular activity of
the oligo. Figure 5C shows representative images of each group, while
the complete panel of all groups is shown in Figures S5 (control), S6
(PIK-75), S7 (Ab-CS126s), S8 (PIK-75 + CS126s), S9 (PIK-75 + Ab-
CS-CTRLs), and S10 (PIK-75 + Ab-CS126s). Altogether, these results
show that the use of Ab-CS126s in combination with PI3K/AKT inhib-
itors could be a treatment option for all those patients in whom con-
ventional therapy no longer has any effect. To confirm the effectiveness
of the PIK-75 + Ab-CS126s combination, we conducted immunofluo-
rescence experiments using the anti-CSPG4 antibody on lung sections
cular Therapy Vol. 32 No 1 January 2024 159
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Figure 5. Evaluation of tumor suppressor role played by NPs contained OMe-miR126 in in vivo experiments

(A) Schematic animal model. A375M-DR stably expressing firefly luciferase and GFP (A375M-DR-LUC-GFP) were injected into the spleen of severely immunodeficient mice.

The splenectomy was performed after 30 min. About 2 weeks after inoculation, when the signal was barely detectable, the mice were randomly allocated to six treatment

arms. Tumor engraftment was monitored weekly by in vivo bioluminescent imaging. The DAB, PIK-75, and NPs treatments have been administered as indicated. (B)

(legend continued on next page)
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of NOD scid gamma (NSG)-treated mice. As shown in Figure 6, a
strong positive signal was observed in the sections of the NSG-treated
mouse with DAB, while, as expected, a weak signal was detected in the
mouse treated with PIK-75 + Ab-CS126s, and no signal was observed
in healthy animals and mice treated with the PIK-75 + Ab-CS126s
combination but not injected with A375M-DR cells. Taken together,
these results confirm the efficacy of the PIK-75 + Ab-CS126 treatment
in reducing tumor nodule growth.

DISCUSSION
The results presented in this study represent a further development of
the investigation conducted by our group on the oncosuppressive role
of miR126 in melanoma, particularly during the metastatic phase of
this disease. Before the approval of immune check-point inhibitors,
the therapy of advanced-stage BRAF-mutation-positive melanoma
relied on the use of BRAF inhibitors and, more recently, on the com-
bined inhibition of BRAF and MEK.4 Even with the double blockade
of the MAPK pathway, disease progresses in most patients after some
months. Immune check-point inhibitors, even if they seem to cause a
lower reduction of the tumor mass in the first time points, produce a
more prolonged response in a relevant percentage of patients. Recent
studies have highlighted that the administration of programmed cell
death protein 1 (PD-1) and cytotoxic T lymphocyte-associated pro-
tein 4 (CTLA-4) inhibitors until disease progression, followed by
MAPK inhibition, yields a better response compared to the reverse
administration.41 Other authors have observed a similar behavior;
however, they showed that a short course of encorafenib plus bineti-
mib followed by ipilimumab plus nivolumab until progression and
then encorafenib plus binetimib produces a better outcome in OS
mainly by reducing the lower survival with immune check-point in-
hibitors in the first months.42,43 The availability of these two thera-
peutic strategies allows prolonged survival in a large percentage of pa-
tients with advanced BRAF-mutated melanoma; however, a
significant proportion of patients still die of the disease during the
years after diagnosis. Patients with relapse after these two steps of
treatment would need agents targeting different mechanisms of tu-
mor viability.

Here, we show that in vitro miR126 synergizes with PI3K inhibitor
(PIK-75) in reducing the proliferation of BRAF-mutated melanoma
cells either resistant or sensitive to BRAF inhibition. We observed a
strong inhibition of liver and lung metastases. This inhibitory effect
is achieved when miR126 is co-administered with a PI3K/AKT
pathway inhibitor (PIK-75), as predicted by the in vitro experiments
conducted on two different metastatic melanoma cell lines (A375M
and SKMEL28) and their dabrafenib-resistant counterparts (A375M-
DR and SKMEL28-DR). Previous studies have shown that one of the
multiple proteins targeted by miR126 is p85-b, which transduces
downstream signals of the PI3K pathway, leading to AKT phosphory-
Comparison of the slopes of the growth curves in each group of treatments. Data are sh

measurements at different time for each mouse of each group. *p Value < 0.05, **p valu

mouse of six treatment arms at 7 and 14 days after the start of treatments. In particular, un

75 + Ab-CS126s. All groups received dabrafenib according to the protocol reported in

were imaged individually in the IVIS spectrum.
lation, through the formation of a dimer with the p110a subunit, a
target of PIK-75. The convergence of the two inhibitors (miR126 and
PIK-75) on targets belonging to the same pathway explains the
observed synergistic effect in inhibiting tumor cell growth in the com-
bined treatment.17 An important aspect to consider is the crosstalk be-
tween the PI3K/AKT and MAPK/ERK pathways in tumor cells, with
MAPK/ERK being constitutively active in approximately 60% of mel-
anomas carrying the BRAF V600E mutation. When targeted therapy
inhibits the MAPK/ERK pathway, the hyper-activation of the PI3K/
AKT pathway can compensate the inhibition of the other pathway.
The molecular mechanisms underlying the development of resistance
are multiple.14 However, we have observed that simultaneous treat-
ment of melanoma cells with inhibitors of the PI3K/AKT (miR126
and PIK-75) and MAPK/ERK (vemurafenib or dabrafenib) pathways
results in a synergistic inhibitory effect. Furthermore, what is more
interesting is that, even after the development of resistance to dabrafe-
nib or vemurafenib, treatment with miR126 and PIK-75 remains effec-
tive. These findings prompted us to search for a way to deliver miR126
in vivo efficiently also by protecting it from enzyme degradation in the
plasma. We first chemically modified the canonical sequence of
miR126, increasing its stability in plasma (OMe-miR126) (Figure 1A).
After confirming that this sequence retained all the previously demon-
strated properties of its normal counterpart, we developed a nanocar-
rier capable of efficiently encapsulating the sequence. Tumor tissues
lack the vasculature-supporting environment, which leads to the for-
mation of loose vessels that allow for increased NP accumulation in tu-
mors.44 NP-CSs, which show good biocompatibility, biodegradability,
and low toxicity, have been shown to localize near tumors by taking
advantage of the enhanced permeability and retention (EPR) of tumor
tissues. However, this passive targeting is not specific to tumor cells.
Combining active and passive targeting strategies can enhance drug de-
livery to tumor cells, such as by functionalizing NPs with ligands that
target tumor-specific receptors. The positively charged NP-CSs can
electrostatically interact with the negatively charged miR molecules,
protecting them from degradation and facilitating their uptake by can-
cer cells. Furthermore, NP-CSs can be easily functionalized by targeting
ligands to improve their specificity toward cancer cells.45 In our study,
we synthesized NP-CSs loaded with OMe-miR126 or its corresponding
control sequence (CS126s and CS-CTRLs respectively), which were
subsequently functionalized by conjugating them to the variable
domain of an antibody that recognizes the tumor marker CSGP4.

Before proceeding to in vivo studies, the NPs were fully character-
ized in terms of their size, z potential, oligonucleotide quantity
entrapped, antibody conjugation efficiency, and in vitro delivery ca-
pacity. To track the kinetics of the NP-CSs and antibody-conjugated
NP-CSs in a murine model, we made them traceable using FITC. In
approximately 1 h, we observed the disappearance of CS-FITC and
Ab-CS-FITC from the blood and their accumulation in the liver and
own as mean ± SD of angular coefficients of growth curves obtained by plotting ROI

e < 0.01, and ***p value < 0.001. (C) Fluorescent IVIS images of one representative

treated group (NT), PIK-75; Ab-CS126s; PIK-75 +CS-126s; PIK-75 + Ab-CSs; PIK-

section “materials and methods”. In the right panel, liver and lung from each mouse
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Figure 6. Immunofluorescence analysis of lung sections of NSG-treated mice

Immunofluorescence of mice cryopreserved lung sections. Labeling was performed using the anti-CSPG4 mAb and goat anti-mouse IgG secondary antibody Alexa Fluor

488 (green). Nuclei were counterstained with DAPI. Scale bars, respectively, 100 mm (10� original magnification) and 50 mm (20� original magnification). The last column

shows H&E morphology of paraffin-embedded lung tissue sections of the same treated mice. Scale bar, 100 mm (original magnification 10�).
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lungs, two of the main target organs of metastatic melanoma, with
no observed toxic effects on the treated animals. NSG mice injected
with A375M-DR and treated with Ab-CS126 and PIK-75 showed a
significant reduction in tumor growth compared to all control
groups.

This result not only confirmed the synergy between miR126 and PIK-
75 in the treatment of metastatic melanoma resistant to MAPK inhib-
itors but also demonstrated that targeting CSPG4 is a promising
strategy to treat melanoma. We paid careful attention to the size
and z potential of the NPs, the quantity of entrapped oligonucleotides,
and the efficiency of conjugation to the antibody. These technical
controls ensured the reproducibility of our results and minimized
any potential variability that could have affected the outcomes. While
our study provides promising results, there are still several important
aspects that require further investigation before the treatment can be
applied in clinical settings. For example, the long-term toxicity of the
proposed treatment needs to be thoroughly evaluated to ensure its
safety and effectiveness over prolonged periods of time. Nevertheless,
the data presented in our study demonstrate the importance of
combiningmiR126 and PI3K/AKT inhibitors in the treatment of mel-
anoma that has developed resistance to MAPK inhibitors. Further-
more, our results suggest that the nanocarrier we synthesized and
functionalized with a tumor-specific antibody could serve as a prom-
162 Molecular Therapy Vol. 32 No 1 January 2024
ising tool for delivering miR126 to the tumor in a targeted manner.
The findings from this study hold promising implications for poten-
tially expanding the application of this system to cancer types where
treatment with oncosuppressive miRs could represent a significant
therapeutic breakthrough.
MATERIALS AND METHODS
Cell culture and transfection

The malignant human melanoma cell line A375M was kindly pro-
vided by R. Giavazzi (Istituto Mario Negri, Bergamo, Italy). The hu-
man melanoma cell line SKMEL28 was obtained from S. D’Atri (IDI
IRCCS, Rome, Italy). Vemurafenib-resistant A375M (A375M-VR),
dabrafenib-resistant A375M (A375M-DR), and dabrafenib-resistant
SKMEL28 (SKMEL28-DR) cell lines were generated by culturing
parental cells in increasing concentrations of vemurafenib or dabra-
fenib (from 0.5 to 10 mM; Selleckchem, Munich, Germany) for at least
2 months and subsequently maintained in full growth medium con-
taining 5 mM vemurafenib for A375M-VR or 1.5 mM dabrafenib for
A375M-DR and SKMEL28-DR. All melanoma cell lines were
cultured in Dulbecco’s modified Eagle’s medium (Euroclone, Milan,
Italy) supplemented with 10% fetal bovine serum (FBS) (Euroclone).
Cells were incubated at 37�C with 5% CO2 in a humidified chamber.
Cell lines were authenticated by standard short tandem repeat-based
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genotyping (Department of Oncology and Molecular Oncology, ISS,
Rome, Italy).

Selected sequences (Table S1) were transfected using Lipofectamine
2000 (Invitrogen by Thermo Fisher Scientific) according to the man-
ufacturer’s instructions.
CellTiter-GLO

For the proliferation assay, we measured ATP levels using CellTiter-
Glo (Promega Corporation, Madison, WI, USA) according to the
manufacturer’s instructions and quantified using an MultiLabel Plate
Reader VICTOR X3 (PerkinElmer, Norwalk, CT, USA).
RNA extraction and real-time qRT-PCR

Total RNA was extracted with Total RNA Purification micro kit
(Norgen BIOTEK, Thorold, ON, Canada) according to the manu-
facturer’s specifications. Then 50 ng of RNA were reverse tran-
scribed by TaqMan MicroRNA Reverse Transcription Kit (Applied
Biosystems by Thermo Fisher Scientific; 4366596). To detect the
expression levels of miR-126-3p (assay ID 002228; Thermo Fisher
Scientific), human p85-b (assay ID Hs01550149_m1; Thermo
Fisher) and human GAPDH (assay ID Hs99999905_m1) real-time
PCR were carried out using SensiFAST Probe Hi-ROX kit (Bioline,
Memphis, TN, USA; BIO-82020). Normalization was performed by
using U6 small nuclear RNA (snRNA) (assay ID 001973; Thermo
Fisher Scientific) and 18S rRNA (assay ID 4319413E; Thermo
Fisher).
Automated capillary western immunoassay

Total cell lysates were prepared by using Nonidet-P40 lysate buffer
as previously reported.17 Analysis of protein expression was per-
formed using automated capillary western immunoassay (WES)
technology by ProteinSimple according to the manufacturer’s proto-
col (Bio-Techne, Minneapolis, MN, USA). Compass software
(ProteinSimple) was used to acquire and analyze the data and
generate gel images and chemiluminescence intensities. The primary
antibodies p85-b (1:50, ab28356, Abcam, Cambridge, UK), histi-
dine-tag (clone AD1.1.10) (1:50, MCA1396GA; Bio-Rad), and
b-actin (1:100, A5441; Sigma-Aldrich, St. Louis, MO, USA) were
used with anti-mouse (DM-002) secondary antibody provided by
ProteinSimple.
Synthesis of antibodies

The gene sequences of the VH and VL of the anti-CSPG4 9.2.27 mu-
rine mAb were used to design a scFv. The VH and the VL were linked
by a peptide of 15 amino acids, and tag FLAG and tag 6 histidine (6
His) sequences were also added. The anti-CSPG4 scFv construct into
phagemid vector was obtained as a synthesis product from GenScript
(Rijswijk, Netherlands). HB2151 Escherichia coli (K12, ara D(lac-
pro), thi/F’proA + B+, lacIqZ DM15) cells were electroporated with
the recombinant phagemids.
Soluble scFv purification

Soluble scFv purification was performed as described by Flego et al.37

Electroporated HB2151 E. coli expressing the anti-CSPG4 scFvs were
cultured at 37�C in 2xTY (Sigma-Aldrich by Merck) containing
100 mg/mL ampicillin and 0.1% glucose up to optical density
600 nm (OD600) 0.5. The expression of scFvs was induced by adding
IPTG (isopropyl b-D-thiogalactopyranoside) 1 mM to the culture.
The bacterial culture was incubated overnight at 30�C. After the incu-
bation, it was centrifuged and the scFv-containing supernatant was
collected. ScFv antibodies were precipitated with ammonium sulfate
and dialyzed in PBS. His-tagged scFv antibodies were purified by im-
mobilized metal affinity chromatography using Ni2+-nitriloacetic
acid agarose (Ni-NTA resin, 1018244, Qiagen, Milan, Italy). ScFv
fragments were eluted with 250 mM imidazole in PBS, dialyzed,
quantified by UV absorbance at 280 nm, tested for specific antigen
recognition on A375M-DR melanoma and 293FT cells by fluores-
cence-activated cell sorting (FACS) analysis, and stored at �80�C.
CSPG4 detection on cell surface

The ability of anti-CSPG4 scFvs to bind CSPG4 expressed on cell sur-
face was evaluated by flow cytometry analysis. About 2.5 � 105

A375M-DR melanoma and 293FT cells were resuspended in
200 mL of PBS containing 25 mg/mL of purified scFv antibody and
incubated for 1 h at room temperature (RT). After washing, cells
were resuspended for 30 min at 4�C in PBS containing 10 mg/mL
anti-6�His antibody AD1.1.10 (MCA1396GA Bio-Rad) and, after
washing, cells were incubated with 6 mg/mL of FITC-goat anti-mouse
immunoglobulin (Ig) G (31569, Thermo Fisher Scientific) for 30 min
at 4�C. The irrelevant scFv anti-GO (Ascione at al., 2004) was used as
negative control. After staining, the cell samples were washed, main-
tained at 4�C, and immediately analyzed by CytoFLEX LX Flow Cy-
tometer, UV-Violet-Blue-Yellow Green-Red (U-V-B-Y-R) Series,
Beckman Coulter. Data were analyzed with Kaluza Analysis Software
(Beckman Coulter, Milan, Italy).
ELISA

Coating was with 0.5 mg of antigen in PBS in 96-well ELISA plates
(Nunc MaxiSorp) overnight at RT. The following day, a blocking so-
lution consisting of 2% non-fat dry milk in PBS (MPBS) was added
and plates incubated for 2 h; plates were then washed with PBS/
0.05% Tween 20 (TPBS) and incubated for 2 h at RT with 50 mL of
supernatants containing soluble scFv CSPG4 antibody, anti-FLAG
antibody (1.6 mg/mL, Sigma-Aldrich by Merk Life Science, Milan,
Italy) and anti-mouse HRP-conjugated antibody (1.6 mg/mL Dako;
Denmark). The reaction was developed using 3,31-5,51-tetramethyl-
benzidin BM blue, POD substrate, soluble (Roche Diagnostics, Indi-
anapolis, IN, USA), and stopped by adding 50mL of 1 M sulfidric acid.
The reaction was detected with an ELISA reader (Bio-Rad), and the
results were expressed as A (absorbance) = A (450 nm)�A (620 nm).
Preparation of NP-CSs entrapping OMe-miR126 or OMe-CTRL

NP-CSs entrapping OMe-miR126 (CS126s) and NP-CSs entrapping
OMe-CTRL (CS-CTRLs) were prepared by ionotropic gelation, a
Molecular Therapy Vol. 32 No 1 January 2024 163
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polyelectrolyte complexation method, mixing two solutions of oppo-
sitely charged polymers, in a 1:1 v/v ratio.

A 1-mg/mL chitosan solution was prepared in 0.1 M aqueous acetic
acid solution (pH = 4). Then, 80 mg of oligonucleotide were diluted
with an appropriate volume of sterile double-distilled water to obtain
an N/P ratio of 10. The nucleic acid was added to 500 mL of the chi-
tosan solution under magnetic stirring. The mixture was stirred for
15 min, left at RT for 30 min to allow the spontaneous formation
of CS126s, and then stored for 24 h at 4�C before use.

Entrapment efficiency of loaded nucleic acid

The amount of unbound nucleic acid was determined by a UV-visible
spectrophotometer. Samples were centrifuged at 14,000 rpm at 4�C
for 30 min to facilitate the precipitation of polyplexes, and superna-
tants were analyzed spectrophotometrically. An entrapment effi-
ciency of 70% ± 9.3% was achieved according to the following
formula:

E% = ðAi � AfÞ =Ai� 100

where Ai is the initial amount of nucleic acid added to the solution
(mg) and Af is the final amount of nucleic acid in the supernatant (mg).
Conjugation of CS126s and CS-CTRLs with antibody fragment

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/ N-
hydroxysuccinimide (NHS) chemistry was used to conjugate
CS126s and CS-CTRLs with the antibody fragment (Figure 4A),
and 500 mg of NPs were precipitated by centrifugation (14,000 rpm,
30 min, 4�C). The pellet was suspended in 500 mL of PBS. Subse-
quently, 50 mg of antibody were diluted in an equal volume of MES
buffer (pH = 6). EDC and NHS at a 2:5 molar ratio were added to
the reaction mixture and kept under magnetic stirring for 15 min. Af-
ter adjusting the pH to 7, the NP solution was added, incubating the
reaction mixture at RT for 2 h under magnetic stirring. The solution
was then transferred into a dialysis membrane and placed in a beaker
containing sterile distilled water. Dialysis was allowed for 5 days. The
amount of bound antibody was evaluated by means of spectrophoto-
metric measurements.

Nanosight

The number and size of NPs were directly tracked using the Nano-
sight NS300 system (Nanosight technology, Malvern, UK), config-
ured with a 488-nm laser and a high-sensitivity scientific complemen-
tary metal-oxide semiconductor (sCMOS) camera. Videos were
collected and analyzed using the NTA software (version 3.0). For
each sample, multiple videos of 60-s duration were recorded, gener-
ating replicate histograms that were averaged.

SEM analysis

SEM analysis was used to study NP morphology. Samples were
deposited on 12-mm-diameter glass coverslips for 30 min and then
they were gold coated by sputtering (SCD 040 Balzers device, Bal-
Tec). Samples were then examined with a scanning electron micro-
164 Molecular Therapy Vol. 32 No 1 January 2024
scope (FEI Quanta Inspect FEG; FEI Company, Eindhoven, the
Netherlands).

TEM analysis

TEM analysis was used to study NP morphology. A drop of NP sus-
pension was placed onto a formvar-carbon-coated grid. After 2 min,
the excess liquid was blotted off with filter paper. Then grids were
negative stained with a drop of 1% phosphotungstic acid (PTA) solu-
tion. After 1 min, the excess was blotted off with filter paper and the
grid allowed to air dry. Samples were examined with a Philips 208
transmission electron microscope (FEI Company, Eindhoven, the
Netherlands) operating at 80 kV. Image analysis was carried out by
a digital image analyzer analySIS 3.0 (SIS, Germany).

Gel electrophoresis

In order to evaluate the possible adsorption of the nucleic acid on sur-
face and NP stability, samples were examined by gel electrophoresis.
Nucleic acids, negatively charged by the presence of phosphate
groups, were subjected to an electric field and placed on a 1% agarose
gel. CS126s in aqueous solution were loaded on pre-formed gels in-
side wells and stained with ethidium bromide to observe the DNA
rush under UV light.

In vitro experiment: Cells treated with CS-FITCs and Ab-CS-

FITCs

A375M or SKMEL28 melanoma cells were seeded in 24-well plates
(2� 105 cells/well) and grown for 24 h. Then, the cells were incubated
with different quantities of FITC-conjugated NPs in medium without
FBS for 60 min. After treatment, cells were collected and analyzed.

Preparation of frozen tissue sections

After an intraoperative sampling of mouse liver, spleen, kidney, and
lung tissues, the frozen sections were included in OCT (05–9801
Bio-Optica, MI-It) and cut on a cryostat (Thermo Scientific Shandon
FS, Thermo Fisher Scientific) at �25�C, mounted on coverslips with
at least 20 slides per lesion, and cryoconserved in�80�C until the fix-
ation process. Two frozen sections were routinely stained with
Mayer’s Hematoxylin Solution (MHS-32 Sigma-Aldrich) and Eosin
Y solution (SHBN7854 Sigma-Aldrich) and then observed under
the microscope for morphology.

Preparation of paraffin-embedded tissue sections

After intraoperative sampling, mouse liver, spleen, kidney, and lung
tissues were fixed in 4% formalin for 24–48 h, dehydrated, cleared
with VTP300, and embedded in paraffin with BEC150 Bio-Optica
(MI-It). Blocks were cut in 2- to 5-mm sections with a microtome
(Leica Reichert:Jung 2030, IL60010US), deparaffinized, stained with
H&E, and then observed under the microscope for morphology
(Nikon Eclipse Ni equipped with DS-Fi2 camera at 10� and 20�
magnification).

Immunohistochemical staining

Immunohistochemistry was performed on mouse cryopreserved kid-
ney tissue sections to determine NP localization. Slides were fixed in
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4% paraformaldehyde for 10 min, rinsed in PBS, and permeabilized in
0.1% Triton X-100 for 2 min at RT. Tissues were then incubated with
murine serum and anti-HIS for the controls and treated tissue,
respectively. Samples were stained using Cell and Tissue Staining
Kit HRP DAB (R&D System by Bio-Techne). According to the in-
struction manual, detection is based on the formation of the avidin-
biotin complex (ABC) with primary antibody that reacts with tissue
antigens under study. Visualization is based on enzymatic conversion
of a chromogenic substrate DAB into a brown precipitate by HRP at
the sites of antigen localization. Slides were evaluated by using a
bright-field Zeiss Axioscope 5 Microscope 10�, 20�, and 40�
magnification objectives (Zeiss, Oberkochen, Germany) equipped
with Axiocam 305 color.
Immunofluorescence staining

A375M melanoma cells were seeded on 12-mm-diameter coverslips
in 24-well plates (1.2 � 104 cells/well) and grown for 24 h. They
were incubated with CS-FITCs or Ab-CS-FITCs for 20 min. For
immunofluorescence localization studies, slides were fixed in 4%
paraformaldehyde for 10 min, rinsed in PBS, and permeabilized in
0.1% Triton X-100 for 2 min at RT. Cells were then incubated with
Phalloidin Alexa Fluor 647 nm (PP-10057, Immunological Sciences,
Rome, Italy) for 30 min washed and subsequently incubated with
DAPI (D1306 Invitrogen by Thermo Fisher Scientific) for 20 min
RT in the dark. For CSPG4 immunostaining, slides were washed
with 1� PBS and the tissues were blocked and permeabilized in block-
ing buffer (1� PBS containing 1% bovine serum albumin) for 1 h at
RT. Tissues were incubated for 1 h at RT with anti-CSPG4 antibody
9.2.27 (MAB 2029, Millipore, MA, US) diluted 1:500 in blocking
buffer, washed three times with 1� PBS, and incubated for 1 h at
RT with goat anti-mouse secondary IgG antibodies Alexa Fluor
488, diluted 1:500 in blocking buffer (IS-20010, Immunological Sci-
ences). Finally, cell nuclei were counterstained with DAPI
(1:10,000). Slides were mounted with SlowFade anti-fade reagent
(Molecular Probes) and evaluated by using a wide-field fluorescence
microscope (Zeiss Axioscope 5 Microscope 10�, 20�magnification).
Wound-healing assay

A375M-DR and SKMEL28-DR cells were seeded into 24-well plates
and grown to 90% confluence. A linear wound was created in the
confluent monolayer by using a 200-mL micropipette tip followed
by washing with PBS to remove the cell debris. The cells with
0.5 mL of culture medium (without FBS) were then exposed to
NPs. After 48-h incubation, the furrow was photographed and moni-
tored with the JuLI Smart fluorescent cell analyzer microscope (Dig-
ital Bio, Waltham, MA, USA) and the empty area of the collected im-
ages was quantified by using AlphaViewJ software (ProteinSimple by
Bio-Techne).
In vitro stability of CS-FITC and Ab-CS-FITC

With regard to in vitro experiment stability, an equal amount of CS-
FITCs and Ab-CS-FITCs were incubated at 37�C in murine serum
at predetermined time points (T0, 24 h, and 2, 3, and 6 days). At
each time point, the serum samples were collected and stored
at �20�C.

Samples were analyzed by CytoFLEX LX Flow Cytometer, UV-Violet-
Blue-Yellow Green-Red (U-V-B-Y-R) Series (Beckman Coulter) for
the presence of CS-FITC and Ab-CS-FITC. Data were analyzed
with Kaluza Analysis Software (Beckman Coulter).
In vivo stability of CS-FITC and Ab-CS-FITC

CS-FITC and Ab-CS-FITC were sonicated and injected in female
C57/Bl/6 mice, intravenously. At each predetermined time point
(5 min, 15 min, 30 min, 1 h), retro-orbital sampling was performed
and the samples were stored at �20�C. Samples were analyzed by
CytoFLEX LX Flow Cytometer, UV-Violet-Blue-Yellow Green-Red
(U-V-B-Y-R) Series (Beckman Coulter) for the presence of CS-
FITC and Ab-CS-FITC. Data were analyzed with Kaluza Analysis
Software (Beckman Coulter).
In vivo mouse model

A375M-DR-LucGFP cells, transduced with a retroviral vector ex-
pressing the firefly luciferase gene (LUC-GFP),46 were directly in-
jected into the spleen of 8-week-old female NSG nude mice (mini-
mum n = 5 mice per group; Charles River, Wilmington, MA, USA)
at a dose of 5 � 104 cells in 200 mL of PBS. Splenectomy was per-
formed 30 min after inoculation, sufficient time for the cells to spread
into the hepatic circulation. Assessment of metastatic development
was performed by bioluminescence of inoculated cells once a week us-
ing the IVIS (PerkinElmer) optical imaging system.

About 2 weeks after inoculation, when the signal was barely detect-
able, defined by ROI value, the mice were randomly allocated to six
treatment arms: a control group (dabrafenib 1.25 mg/g mouse); a
group treated with dabrafenib and PIK-75 (2 mg/g mouse) in combi-
nation; the third mice group treated with dabrafenib and the Ab-
CS126s; the fourth group treated with dabrafenib, PIK-75, and
CS126s; the fifth group treated with dabrafenib, PIK-75, and Ab-
CSC(�); and the last group with the combination of drugs and the
Ab-CS126s. Dabrafenib was administered three times weekly and
PIK-75 daily, both intraperitoneally. Ab-CS126s were administered
three times week intravenously. Animal experiments were performed
at the Istituto Superiore di Sanità (Rome, Italy) according to Italian
law and institutional guidelines (authorization n.126/2021-PR, Proto-
col D9997.122).
Statistical analysis

Unless indicated otherwise, all data are presented as mean + standard
deviation (SD) and results are representative of at least three indepen-
dent experiments. Statistical analysis was performed using Student’s
t test and ANOVA, and significance is indicated in plots using aster-
isks as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

The EOB independence model was used to quantify the synergy
for each compound pair. EOB evaluates the difference between
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the observed and expected inhibition of different drug dose
combinations.

Statistical analysis was performed by means of GraphPad prism v4.0
(GraphPad Software, La Jolla, CA, USA, www.graphpad.com).

Kaplan-Meier survival curves were plotted and differences in survival
between groups of patients were compared using the log rank test.
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