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Purpose: Malignant pleural mesothelioma (MPM) is an aggressive tumor characterized by poor
prognosis. Its incidence is steadily increasing due to widespread asbestos exposure. There is
still no effective therapy for MPM. Pemetrexed (Pe) is one of the few chemotherapeutic agents
approved for advanced-stage disease, although the objective response to the drug is limited.
The use of gold nanoparticles (GNPs) as a drug delivery system promises several advantages,
including specific targeting of malignant cells, with increased intracellular drug accumulation
and reduced systemic toxicity, and, in the case of MPM, direct treatment administration into the
pleural space. This study aims at exploring CD146 as a potential MPM cell-specific target for
engineered Pe-loaded GNPs and to assess their effectiveness in inhibiting MPM cell line growth.
Methods: MPM cell lines and primary cultures obtained by pleural effusions from MPM patients
were assayed for CD146 expression by flow cytometry. Internalization by MPM cell lines of
fluorescent dye-marked GNPs decorated with a monoclonal anti CD146 coated GNPs (GNP-HC)
was proven by confocal microscopy. The effects of anti CD146 coated GNPs loaded with Pe
(GNP-HCPe) on MPM cell lines were evaluated by cell cycle (flow cytometry), viability (MTT
test), clonogenic capacity (soft agar assay), ROS production (electric paramagnetic resonance),
motility (wound healing assay), and apoptosis (flow cytometry).

Results: GNP-HC were selectively uptaken by MPM cells within 1 hour. MPM cell lines were
blocked in the S cell cycle phase in the presence of GNP-HCPe. Both cell viability and motility
were significantly affected by nanoparticle treatment compared to Pe. Apoptotic rate and ROS
production were significantly higher in the presence of nanoparticles. Clonogenic capacity was
completely inhibited following nanoparticle internalization.

Conclusion: GNP-HCPe treatment displays in vitro antineoplastic action and is more effective
than Pe alone in inhibiting MPM cell line malignant phenotype. The innovative use of specifi-
cally targeted GNPs opens the perspective of local intrapleural administration to avoid normal
cell toxicity and enhance chemotherapy efficacy.

Keywords: gold nanoparticles, nanodrug delivery, mesothelioma, pemetrexed, intrapleural
delivery

Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumor characterized by poor
prognosis.' The incidence of MPM is expected to raise until the year 2020 in Europe,
especially in those areas where environmental and occupational exposure to asbestos
fibers was more frequent.” There is still no effective therapeutic regimen for MPM,
and, as a consequence, patient median survival is approximately 1 year.’ Although a
relevant number of genomic alterations are known to drive epithelial carcinogenesis,
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very few data have so far been reported about mesothelial
cell transformation. For this reason, at present no action-
able targets can be exploited to effectively treat MPM, and
conventional chemotherapy represents the only feasible
therapeutic approach. The association of pemetrexed (Pe)
and platinum is the current treatment for advanced disease.*
Although this schedule has fostered a major improvement
in MPM treatment, prognosis is still poor.® Besides, conven-
tional chemotherapy entails remarkable toxic side effects dis-
proportionate with clinical benefits. Poor therapeutic results
could reasonably be ascribed to drug inability to reach the site
of disease and adequate intracellular drug concentrations at
the therapeutic dose, while systemic toxicity does not allow
to further increase the dosage. To address this unmet medi-
cal need, we planned to investigate novel delivery strategies
based on the enormous potentiality offered by nanotechnol-
ogy, with the aim to specifically target mesothelial tumor
cells, increase intracellular drug uptake, and deliver the drug
directly in the pleural space.

Among the nanomaterials used as drug delivery vehicles,
gold nanoparticles (GNPs) have great potential, thanks to
their unique size-dependent electronic and optical properties,
biocompatibility, and to the possibility of customization.
GNPs are produced by wet chemistry, and surface function-
alization with amphiphilic polymer coating is needed to pro-
vide them with high biocompatibility and low cytotoxicity,
resulting in prolonged half-life in vivo. In addition, various
ligands can be attached to the GNP surface with the purpose
to target specific cells.

We have previously developed gold nanocarriers for
the treatment of chronic lung allograft dysfunction (CLAD)
and proved their in vitro efficacy in inhibiting mesenchymal
cells, which are responsible for CLAD onset,® and in vivo
feasibility’ of safe administration by inhalatory route. Nano-
carriers were decorated with antibodies specific for an antigen
selectively expressed by mesenchymal cells and were loaded
with mTOR inhibitor everolimus. On the basis of these previ-
ous results, we extended this innovative approach to design
a new therapeutic option for MPM treatment.

For this purpose, we identified CD146 as a protein spe-
cifically expressed by MPM cells, suitable for nanoparticle
functionalization, and selected Pe as a drug to be loaded in
engineered GNPs. As already performed for CLAD experi-
ments, we assayed the in vitro efficacy of our nanovectors
to inhibit MPM cell lines to prove the feasibility of the intra-
pleural delivery route and use them as a novel therapeutic
approach for MPM treatment.

Materials and methods

Nanoparticle preparation
Biocompatible GNPs functionalized with the half chain of
anti-CD146 monoclonal antibody (moAb) and loaded with
Pe (anti CD146 coated GNPs loaded with Pe [GNP-HCPe])
were synthesized by adapting the protocol described by Cova
et al.” GNPs (around 6 nm in diameter; Figure S1) were
synthesized in organic solvent by following the protocol
described by Brust et al® and transferred into water solution
with an amphiphilic polymer, obtained by condensation of
poly-(isobutylene-al/t-maleic anhydride) and dodecylamine
(PMA).’ The resulting water-soluble nanoparticles (500 uL of
a4 UM solution) were shaken for 2 hours with 2,2-(ethylene-
dioxy)bis(ethylamine) (EDBE, 80 uL 0.05 M in dH,0O) in the
presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, 20 uL 1 M in dH,0). Next, the nanoparticle dispersion
was concentrated and washed two additional times with water.

Five hundred microliters of N-succinimidyl-3-[2-
pyridyldithio]-propionate (SPDP 10 mg/mL in dimethyl
sulfoxide [DMSO]) were added and reacted for 4 hours. Next,
the half-chains of anti-CD146 moAb (0.4 mg; Affymetrix
EBIO; Thermo Fisher Scientific, Waltham, MA, USA) and
MeO-PEG500-SH (PEG) were added and incubated at room
temperature for 1 hour, resulting in the antibody-function-
alized nanoparticles (anti CD146 coated gold nanoparticles
[GNP-HC]). Pe (427.4 g/mol — Alimta®; Eli Lilly & Co.,
Indianapolis, IN, USA) dissolved in DMSO (0.65 mg) was
added to 1 mg of the washed and recollected GNP-HC solu-
tion and incubated for 2 hours. Finally, the nanoparticles
were concentrated at 3,500 rpm for 10 minutes and washed
with PBS solution obtaining Pe-loaded nanoparticles (GNP-
HCPe) devoid of DMSO.

The quantification of Pe was based on absorption spec-
trophotometry at A=225 nm, and the loading efficiency (LE)
was calculated as:

Total amount of Pe added — Free Pe
Total amount of Pe added

LE (%) = x100 (1)

where, total amount of Pe added is the start quantity of
drug added for the loading reaction. Free Pe is the quantity
of the unreacted Pe collected in the washing solution after
nanoparticle centrifugation.

Dye-labeled nanoparticles were obtained using 0.5 M
PMA labeled with Alexa Fluor 488, obtained by the reaction
of 5mL of 0.5 M PMA in CHCI, with 1.0 M Alexa Fluor 488
(0.5 mL) in ethanol overnight at room temperature.
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Hydrodynamic diameter of nanoparticles was measured
by dynamic light scattering ZetaSizer Nano Instrument from
Malvern Instruments (Malvern, UK) operating at 4 mW of
a He Ne 633 nm laser, using a scattering angle of 90°. The
zeta potential analysis of nanoparticles in 10 mM NaCl was
performed at 25°C using the same instrument.

Dynamic light scattering data of synthesized nanopar-
ticles are summarized in Table S1.

Cell line culture, characterization,

and treatments
The human MPM cell lines MSTO-211H (biphasic) and
NCI-H2452 (epithelioid) were gently provided by Ymera
Pignochino and Silvia Benvenuti, IRCCS Candiolo Cancer
Institute, who bought both cell lines from American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were
seeded in high-glucose RPMI-1640 with 10% fetal calf serum
(FCS), 1% L-glutamine, and 100 units/mL penicillin (P) and
100 pug/mL streptomycin (S) solution in a humidified atmo-
sphere of 5% CO, at 37°C. For in vitro experiments, we treated
cells under these experimental conditions: 1) GNP-HCPe
(25 nug/mL of nanoparticles and 100 nM of Pe), nanopar-
ticle concentration was selected according to the previously
published experimental evidence (Cova et al’); 2) Pe (final
concentration 100 nM in PBS), Pe concentration was chosen
from literature data;'*!' and 3) medium only (control [CTR]).
Primary cell lines were isolated from pleural exudates
of MPM patients after obtaining informed consent. This
procedure was approved by ethical committee of IRCCS
Policlinico San Matteo (protocol number 20140002533,
June 10, 2014), and this study was carried out by follow-
ing the ethical principles of WMA Declaration of Helsinki.
Pleural exudate was centrifuged, washed twice in PBS,
and finally 3x10° cells/mL were seeded in the same culture
medium of two commercial cell lines for 48 hours. Adherent
cells were then washed and cultured until confluence in the
same medium for 2 weeks to remove the inflammatory cells.
Cells were then treated by trypsin-EDTA for 5 minutes at
37°C. After obtaining pure population, cells were collected,
characterized as mesothelial with routine immunocytochem-
istry, and evaluated for CD146 expression.

Primary cell characterization and CD146

expression evaluation

To confirm the mesothelial nature of primary cell lines, ali-
quots of trypsin-EDTA-treated cells were fixed in 10%-buft-
ered formalin, centrifuged on glass slides, and immunoreacted

with antibodies against calretinin (clone DAK-Calret 1; Dako
North America, Carpinteria, CA, USA) and podoplanin
(clone D2-40; Dako North America) followed by revela-
tion with avidin—biotin—peroxidase and diaminobenzidine
precipitation. Surface expression of CD146 was studied
by flow cytometry analysis using a FACSCanto II (BD,
Franklin Lakes, NJ, USA). Primary cells and cell lines were
trypsinized, washed in PBS, and incubated with antibody anti-
CD146 PerCp-Cy5-5 (BD) for 30 minutes. The appropriate
mouse immunoglobulin isotype was used as control. Analyses
were performed by using BD FACS Diva Software (BD).
CD146 expression in archival MPM biopsies was investigated
by immunohistochemistry with routine protocols.

Effect of GNP-HCPe on MSTO-21 IH
and NCI-H2452 cells

For technical and reproducibility reasons, experiments with
nanoparticles were performed on MSTO-211H and NCI-
H2452 cell lines.

Cell uptake

GNP-HC uptake was evaluated by confocal microscopy.
Briefly, cells were seeded on collagen precoated glass slides
and used at subconfluence. Entrance of Alexa Fluor 488-labeled
GNP-HC (25 pg/mL) was assayed at 2 hours at 37°C in
medium. At the end of the incubation periods, slides were fixed
with 4% paraformaldehyde and incubated for 10 minutes with
0.1 M glycine in PBS solution. Samples were treated with a
blocking solution, and slides were stained with DAPI. Micro-
scopic analysis was performed using confocal laser microscope
(FLUOVIEW, FUIOI; Olympus Corporation, Tokyo, Japan).
Uptake specificity was proved in the same experimental condi-
tions by using A549 adenocarcinoma cell line, lacking CD146
surface marker, and dye-labeled nanoparticles that were not
functionalized with moAb anti-D146 (GNP-PEG).

Cell viability assay

MTT test was used to assay cell viability. Briefly, 1x10° cells
were seeded in 96-well plates. After 2 hours of incubation
with 25 pg/mL GNP-HCPe and 100 nM Pe, the medium
was changed. At 24, 48, 72, and 96 hours from treatment
cells were incubated with RPMI-1640 w/o red phenol +
10% MTT (Sigma-Aldrich Co., St Louis, MO, USA) for
4 hours, followed by the addition of DMSO after removal
of all medium. Absorbance (550 nm) was measured using
a microplate reader (BIO-RAD Model 680). Results were
expressed as percentage of variation vs untreated cells.
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Apoptotic assay

Apoptosis was detected by means of Annexin V/7-AAD
staining (BD Pharmingen, BD Bioscience, San Jose, CA,
USA) and analyzed by flow cytometry. MSTO-211H and
NCI-H2452 cells were seeded in six-well plates (1.0x10° cells
per well) and after 24 hours were incubated with 25 pg/mL
GNP-HCPe and 100 nM Pe for 24 and 48 hours. Next, the
cells were washed twice with cold PBS, carefully trypsinized,
and resuspended in Annexin binding buffer in the presence
of phycoerythrin labeled-Annexin V and 7-AAD. Sample
acquisition was performed using FACSCanto II (BD) and
analyzed with BD FACS Diva Software (BD).

Cell cycle analysis

Cells were seeded in 24-well plates and incubated for 2 hours
with 25 pg/mL GNP-HCPe and 100 nM Pe, washed, and
cultured for 24 and 48 hours. Then, cells were harvested,
washed twice with ice-cold PBS, and fixed in cold 70%
ethanol. Afterward, cells were washed with PBS and incu-
bated in the dark with a staining solution containing 0.002%
4-nonylphenyl-polyethylene glycol (NP-40; Sigma-Aldrich
Co.), 20 ug/mL of RNase A (Sigma-Aldrich Co.), and prop-
idium iodide (PI, 50 pg/mL; Sigma-Aldrich Co.) in PBS at
room temperature. The fluorescence emitted by the PI-DNA
complex was quantified by flow cytometry (BD Biosciences,
San Jose, CA, USA), and the percentage of cells in each phase
of cell cycle was calculated using FlowJo 9.3.0 software.

ROS detection
ROS levels were detected at t0 (baseline) and after 6, 24,
and 48 hours of incubation with 25 pug/mL GNP-HCPe
and 100 nM Pe by electron paramagnetic resonance (EPR)
spectroscopy (Bruker Optik GmbH, Ettlingen, Germany)
operating at the common X-Band microwave frequency
(~9.8 GHz). For ROS assessment, fluids extra-cells were
incubated with 1 mM 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH; Noxygen, Elzach, Germany)
probe prepared in Krebs—Hepes buffer containing 25 uM
deferroxamine methanesulfonate salt (DF; Noxygen) chelat-
ing agent and 5 UM sodium diethyldithiocarbamate trihydrate
(DETC; Noxygen) at pH 7.4.1

All the spectra were recorded at 37°C, adopting the same
acquisition parameters, and analyzed using a standard EPR
software supplied by Bruker Optik GmbH (Win EPR 2.11 ver-
sion)."? Three repetitions were performed for each experiment.

Colony-forming capacity
To evaluate the colony-forming capacity of MSTO-211H
and NCI-H2452 cell lines, 1x10° cells were suspended in

DMEM containing 10% FBS and 0.5% low-melting point
agarose (Sigma-Aldrich Co.) and seeded on a bottom layer
containing 1% agarose in 24-well plates.

Briefly, 24-well plates were coated with culture medium
containing 1% agarose and allowed to solidify. We detached
MSTO-211H and NCI-H2452 cells and treated with GNP-
HCPe or Pe for 2 hours in suspension. Afterward, a mixture
of 0.5% agar/culture medium and 2x10? pre-treated cells was
plated above the soft agar coat. After solidification, DMEM
with 10% FBS was added, and plates were incubated at
37°C, 5% CO,. Medium was changed twice a week, and after
21 days, the cells were marked with 0.5 mg/mL MTT. Each
experiment was repeated in triplicate. The total number of
colonies was analyzed by digital image capture and analysis
software (Cell*F Olympus; http://matrixoptics.com/html/
software.aspx?PID=169&ID=66&Cat=False&Repost=True).

Wound healing assay

Cells were grown in 35 mm Petri dishes (Greiner,
Frickenhausen, Germany) to 100% confluence and treated
with 25 pg/mL GNP-HCPe and 100 nM Pe for 2 hours.
A scratch line (wounds) was made with sterile 200 pLL pipette
tips in each Petri dish. Dislodged cells and debris were gently
removed by washing with medium. Images (at least five per
well) of the same spots were captured every 30 minutes after
scratch for 5 hours. The distance between wound borders was
measured using Cell F software (Olympus Corporation) in
blind by two different operators and expressed in micrometer
advancement using a reference ruler. For each plate, ten fields
were selected and cell migration measured.

Statistical analyses

Statistical differences between untreated cells, cells treated
with GNP-HCPe, and Pe were analyzed by one-way ANOVA
followed by Newman—Keuls’ test. All analyses were carried
out with Graph Prism 5.0 statistical program. A P-value
of <0.05 was considered statistically significant.

Results
Study of CD 146 expression

In preliminary experiments, we found that CD146 was selec-
tively expressed by MPM cells and not by reactive meso-
thelium. We confirmed this observation in MPM biopsies,
primary cells, and two commonly used mesothelial cell lines.
Primary cells were isolated from patients affected by MPM
by following the standard protocol,'* and their mesothelial
origin was confirmed by immunocytochemistry with the
expression of mesothelial markers (calretinin and D240).
Flow cytometry demonstrated that CD146 was expressed at
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Figure | CD146 expression on MPM biopsies.

Notes: Immunohistochemical staining of CD 146 in MPM biopsies disclosed a positive reaction in tumoral cells (A) compared to the absence of signal in reactive mesothelium

(B). Magnification 20, scale bar 30 um.
Abbreviation: MPM, malignant pleural mesothelioma.

96.97%12.0% by primary MPM cells and 99.9%1.8% and
94.4%%1.3% by MSTO-211H and NCI-H2452, respectively.
Immunohistochemical staining of MPM biopsy samples
showed that neoplastic cells constantly expressed CD146 on
the cell membrane (Figure 1A), whereas reactive mesothelial
cells were negative (Figure 1B), supporting the choice of
CD146 as target for selective nanoparticle-based therapy,
as suggested by other authors.!>1¢

Nanoparticle synthesis and

characterization

GNPs functionalized with the half chain of anti-CD146
moAb and loaded with Pe (GNP-HCPe) were synthesized as
reported in the “Materials and methods” section. GNP-HCPe
showed a hydrodynamic diameter of 53.4+2.2 nm, measured
by dynamic light scattering (Table S1). GNPs were efficiently
loaded with Pe. Thanks to UV quantification of the unreacted
Pe collected in the washing solution, we assessed that the
amount of Pe adsorbed to GNP-HCPe was 4 nmol for 1 mg
of nanoparticle. Pe LE corresponded to 12%.

Cell uptake

Confocal microscopy documented the different uptake of
GNP-HC by MSTO-211H (CD146-positive) and A549
cells (CD146-negative). GNP-HC were internalized only
by MPM cells within 2 hours (Figure 2A). Inert dye-labeled
GNP-PEG were not internalized by MPM cells (Figure 2B).
A549 cells, which do not express CD 146 surface marker, did
not show any GNP-HC fluorescent signal (Figure 2C) as well
as GNP-PEG (Figure 2D). These observations support the
hypothesis that the entrance of nanovehicles is mediated by
CD146 protein and that the functionalization of GNP with
moADb is necessary to allow the efficient and fast internaliza-
tion of GNP by cells.

Cell viability

GNP-HCPe-treated MSTO-211H (Figure 3A) and NCI-
H2452 (Figure 3B) cells showed significantly reduced
viability at 24 hours after treatment (65.6%%21.4% and
64.3%16.4%, respectively) as compared with untreated cells
(100%) (Figure 3A and B). In addition, the effect was long
lasting since after 96 hours GNP-HCPe reduced MSTO-
211H and NCI-H2452 cell viability down to 65.7%+16.3%
and 59.4%=%15.5%, respectively. For both cell lines, the
peak of inhibition was recorded at 72 hours. The treatment
with drug alone in the same experimental conditions only
showed a modestly significant inhibition of cell viability at
48 hours for MSTO-211H (about 20%) and at 72 hours for
NCI-H2452 (about 10%) (Figure 3A and B). It is important
to note that we treated cells with the same concentration of
Pe cither alone or loaded inside nanoparticles (100 nM).

Apoptotic rate

In order to understand the mechanism underlying the decrease
in cell viability observed after GNP-HCPe treatment, we ana-
lyzed apoptotic rate by flow cytometry. GNP-HCPe treatment
significantly increased apoptotic cell rate as compared to Pe in
both cell lines (Figure 3C and D). The effect was more relevant
for NCI-H2452 cells, both after 24 and 48 hours. These cells
also showed higher susceptibility to drug treatment especially
at 24 hours in contrast to MSTO-211H cells. These data
confirm that internalization of GNP-HCPe inside MPM cells
decreases cell viability through the induction of apoptosis.

Cell cycle

It is known that Pe has a cytostatic activity against malignant
cells inhibiting DNA synthesis, causing the accumulation of
cells in the S phase.!”!* In order to evaluate if our nanovehicle
maintained the same activity, MSTO-211H and NCI-H2452
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Figure 2 GNP-HC uptake by MSTO-21I1H and A549 cell lines.

Notes: Internalization of functionalized nanoparticles (green signal) was detected in MSTO-211H (A) but not in A549 (C) cells by confocal microscopy. Inert GNP-PEG,
marked with the same fluorochrome, were not captured by MSTO-21 IH (B) or A549 (D) cells. Nuclei of cells were labeled with DAPI (blue signal). Original magnification:

60x. Scale bar =10 um.

Abbreviations: GNP, gold nanoparticle; GNP-HC, anti CD 146 coated gold nanoparticles.

were incubated with GNP-HCPe and Pe for 24 and 48 hours.
Cell cycle analysis showed a deregulation of normal cell cycle
phase distribution in both cell lines after GNP-HCPe and drug
incubation (Figure 4). In particular, in MSTO-211H cell line,
we observed that GNP-HCPe caused an accumulation of the
cells in the S phase after 24 hours of treatment, compared to Pe
alone, followed by G2/M phase accumulation after 48 hours
(Figure 4A and C). In NCI-H2452, both GNP-HCPe and Pe
showed the same behavior causing an accumulation of the
cells in the S phase at 24 hours, but GNP-HCPe showed a
long-lasting effect up to 48 hours of treatment (Figure 4B
and D). These data confirmed that the nanoformulation of Pe
enhanced the inhibition of cell cycle progression activity of the
drug, and this effect was more relevant in MSTO-211H cells.

ROS production
GNP-HCPe and Pe significantly increased ROS production
in culture media (Figure 5). Drug-loaded nanoparticles were

more effective and, as already observed for cell viability and
apoptosis, their effect was more persistent than with drug
alone. After 48 hours of incubation, the amount of ROS in the
extracellular compartment was still elevated, slightly higher
with GNP-HCPe than with Pe alone, in MSTO-211H cells
(Figure 5A), and considerably higher in NCI-H2452 cells
(Figure 5B).

Anchorage-independent growth and

cell motility

The effect of nanoparticles in interfering with the clonogenic
potential of cells, which is highly related to tumorigenicity, '
was evaluated by investigating cell growth on a soft sup-
port. The experiments showed that GNP-HCPe completely
inhibited anchorage-independent growth after 15 days of
incubation (Figure S2). Instead, treatment with Pe alone did
not reduce cell clonogenic activity (139125 in MSTO-211H
and 619172 in NCI-H2452) as compared with untreated
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Figure 3 Effect of GNP-HCPe on viability and apoptosis of MPM cell lines.
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Notes: Cell viability of MSTO-21 IH (A) and NCI-H2452 (B) cells was assayed after 24, 48, 72, and 96 hours of treatment with GNP-HCPe and Pe. Apoptosis rate of MSTO-
211H (C) and NCI-H2452 (D) cells was assayed at 24 and 48 hours after 2 hours of incubation with GNP-HCPe and Pe. The results are referred to normal viability and
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Abbreviations: CTR, control; GNP, gold nanoparticle; GNP-HCPe, anti CD 146 coated GNPs loaded with Pe; MPM, malignant pleural mesothelioma; Pe, pemetrexed.

sample (1424+20 in MSTO-211H and 874442 in NCI-H2452)
(Figure S2).

We also evaluated the effect on motility of MSTO-211H
and NCI-H2452 cells, assessed by continuous recording of
wound healing after scratching the cell cultures up to 5 hours.
In the presence of both GNP-HCPe and Pe, migration of
cells was significantly affected, with respect to untreated
cells (Figure S3). These results might not seem to be in
line with other experiments in which we demonstrated that
nanoformulation of Pe increases the therapeutic effect of the
drug. However, it is important to note that migration assay
was performed within 5 hours of incubation, and so we can
speculate that in a short time period free and encapsulated
Pes have similar effect. At late, free Pe is metabolized by
cells more efficiently than GNPs that continue to release drug
into the cells. This hypothesis is supported by literature data
obtained with other nanoformulated drugs.?

Discussion

The diagnosis of MPM entails an end-stage disease, since
median survival after its identification is 9—12 months.?!
Currently recommended therapeutic strategies for advanced-
stage diseases are based on standard chemotherapy.?>? Pe
is an antifolate agent that inhibits multiple folate-dependent
enzymes.’* Although Pe in combination with platinum
remains the cornerstone of therapy,® the increase in survival
rates of treated patients is modest.?® This poor efficacy is
mostly due to the inability of Pe — as well as of all standard
chemoagents — to efficiently reach and concentrate in the
tumor/pleural space without causing excessive systemic tox-
icity.”” In order to enhance the pharmacological activity and
pharmacodynamics of Pe, different strategies are adopted by
researchers such as conjugation of drug with enhancer pep-
tides?®?’ or nanoformulation.’® The use of nanoparticles as
innovative drug delivery vehicles that specifically targeted
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Figure 4 Effect of nanoparticles on cell cycle of MPM cells.

Notes: A and B represent distribution in cycle phases of MSTO-211H and NCI-H2452 cells, respectively, after 24 hours of treatment. C and D represent distribution in
cycle phases of MSTO-21 IH and NCI-H2452 cells, respectively, after 48 hours of treatment. Histograms are obtained from the mean + standard error of three experiments.
*#¥P<0.001; ¥¥P<0.01; and *P<<0.05.

Abbreviations: CTR, control; GNP, gold nanoparticle; GNP-HCPe, anti CD 146 coated GNPs loaded with Pe; MPM, malignant pleural mesothelioma; Pe, pemetrexed.
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Figure 5 Effect of nanoparticles on ROS level of MPM cells.

Notes: A and B represent ROS production by MSTO-211H and NCI-H2452 cells, respectively, after 48 hours of treatment. Histograms are obtained from the mean *
standard error of three experiments. ***P<<0.001 vs CTR; **P<<0.01 vs CTR; *P<<0.05 vs CTR; "P<<0.05 vs Pe; and #P<<0.01 vs Pe.

Abbreviations: CTR, control; GNP, gold nanoparticle; min, minutes; GNP-HCPe, anti CD |46 coated GNPs loaded with Pe; MPM, malignant pleural mesothelioma; Pe, pemetrexed.
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against a range of disease-responsible cells represents a
huge opportunity to selectively challenge tumor cells, with
the advantage of increasing intracellular drug concentration
limiting systemic toxicity. Thus, based on previous experi-
ence, we engineered Pe-loaded GNPs that targeted against
MPM cells. This strategy entails several advantages. First,
GNPs are chemically inert and after functionalization reach
an overall size of 47 nm, which is considered safe in terms
of biodistribution. Second, GNP can be efficiently func-
tionalized to target cells with an antibody directed against
a cell surface marker reducing the possibility to damage the
near positioned normal cells.® Finally, GNP can be safely
locally administered without eliciting any unwanted toxic/
inflammatory reaction.” To develop our strategy for MPM,
we selected a surface MPM cell marker that is suitable for
nanoparticle targeting. Among published markers,*'** we
identified CD146, a transmembrane glycoprotein belonging
to the immunoglobulin superfamily, whose overexpres-
sion has been documented in several tumor cells (prostate,
ovary, melanoma, and triple negative breast cancers) and
linked to a poor prognosis. CD146 has been reported to
not be expressed by normal or reactive mesothelium and
is currently expressed in normal conditions by vascular
endothelial cells and smooth muscle cells, with a recently
identified role in the promotion of angiogenesis.'*3** In
this study, we confirmed that this surface marker is highly
expressed by primary cells isolated from pleural liquid
of patients affected by MPM and by two commercially
available MPM cell lines. In addition, we also observed
that MPM biopsies express CD146 while normal/reactive
mesothelium is negative for this marker. Therefore, we
designed and engineered GNPs functionalized with half
chain-goat anti human CD146 moAb and loaded them with
Pe (GNP-HCPe). As discussed earlier, the main critical
issues related to inefficient performance of conventional
chemotherapeutic agents are related to the lack of treatment
specificity and insufficient intracellular drug accumulation
at safe treatment dose. Both these issues can be overcome
successfully by targeted nanovehicles, which will allow
local treatment of MPM cells by providing high intracellular
drug accumulation while sparing normal and inflammatory
cells. This approach is more promising in comparison to the
conjugation of Pe with enhancer peptides, even if authors
demonstrated that oral administration of the Pe—peptide
complex markedly reduced microvessel density, prolifera-
tion, and increased apoptosis in the tumor tissues.

We then aimed to confirm that GNP-HCPe are able to
specifically target MPM cells even after a short treatment
period (2 hours) and to compare the biological activity of

GNP-HCPe in vitro with that of Pe alone. We demonstrated
that GNP-HCPe were efficiently internalized by MPM cell
lines, whereas nanoparticles lacking anti-CD 146 moAb were
not. Moreover, once GNP-HCPe were internalized, the Pe
released inside the cell was significantly more effective and
its action was more sustained over time as compared with
the free drug.

This study provides experimental evidence that our
targeted nanovehicle significantly impairs the malignant
phenotype of transformed mesothelial cells. Results are even
more relevant when compared to the biological responses
(cell viability, cell cycle progression, and clonogenicity)
obtained by exposing MPM cells to Pe alone. Only for
cell motility, GNP-HCPe were as effective as the drug
alone, probably because the given concentration of free Pe
(100 nM) was sufficient to inhibit cell migration in a short
time period (5 hours of treatment). Concerning ROS produc-
tion, our results demonstrating a significant increase in ROS
generation with GNP-HCPe, are in agreement with previous
observations, indicating that Pe induces apoptosis in MPM
and lung cancer cells through the activation of ROS and
inhibition of sirtuin 1.3

It is worth to note that only drug-loaded nanoparticles
were able to completely inhibit the capacity to form colonies
on a soft substrate. This issue is remarkable since anchorage-
independent growth is the hallmark of malignancy and is
highly correlated with tumorigenicity in animals.>

This study clearly represents a preliminary proof-
of-concept to be further developed with more extensive
studies and in vivo experiments on animal models of
disease. Interestingly, while targeted nanoparticles were
always more effective than Pe alone, different response
rates were observed in the two selected cell lines, suggest-
ing individual variability. It will be necessary to explore
the causes of this variability in order to identify potential
predictive factors.

On the basis of these preliminary results, we believe
that nanoparticles represent a promising approach for the
development of a highly effective local treatment for MPM,
because they allow us to directly address malignant cells and
deliver high level of drugs over a sustained period of time,
while sparing normal cells. Approaches of intrapleural drug
delivery have been described in the literature,””* including
Pe loaded nanoparticles® but, to our knowledge, we have
shown for the first time that specific targeting of MPM cells
by nanoparticles is feasible and effective. Furthermore,
CD146 targeting offers the possibility of new approaches
that could be translated to the treatment of other cancers or
metastasis affecting the pleural or peritoneal space.*'*
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Table S| Characterization of synthesized nanoparticles: GNP, GNP-HC, and GNP-HCPe

DLS analysis Hydrodynamic diameter of | + (nm) Pdl + Z-pot (mV) + (mV)
NPs (nm)

GNP 232 4.887 0.235 0.066 =513 1.5

GNP-HC 56.5 2.079 0.31 0.077 —43.7 1.91

GNP-HCPe 53.4 22 0.522 0.122 —-383 491

Note: “t” indicates standard deviation values.
Abbreviations: DLS, dynamic light scattering; GNP, gold nanoparticle; GNP-HC, anti CD 46 coated gold nanoparticles; GNP-HCPe, Pe-loaded GNP-HC; NP, nanoparticle;
Pdl, polydispersity index; Pe, pemetrexed; Z-pot, zeta potential.

Figure S| TEM image of unconjugated GNP.
Note: Scale bar =10 pm.
Abbreviations: GNP, gold nanoparticle; TEM, transmission electron microscopy.

>

CTR GNP-HCPe

NCI-H2452

Figure S2 Effect of nanoparticles on clonogenic capacity of MPM cells.

Notes: Representative images obtained by soft agar assay of MSTO-21 IH (A) and NCI-H2452 (B) cells treated with GNP-HCPe and Pe. After 21 days, cells were visualized
by MTT test.

Abbreviations: CTR, control; GNP, gold nanoparticle; GNP-HCPe, anti CD 146 coated GNPs loaded with Pe; MPM, malignant pleural mesothelioma; Pe, pemetrexed.
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Figure S3 Effect of nanoparticles on migration capacity of MPM cells.

Notes: (A) Representative images of scratch assay of MSTO-21 IH (left panels) and NCI-H2452 (right panels) cells treated with GNP-HCPe and Pe. Pictures were acquired
for 5 hours after wound by live records using a confocal microscopy equipped with a cell culture chamber. (B) Histograms are obtained from the mean + standard error of
three experiments in which ten fields in each plate have been analyzed for cell migration. **P<<0.01 vs CTR; **P<0.01 vs CTR and Pe; and *P<<0.05 vs CTR.
Abbreviations: CTR, control; GNP, gold nanoparticle; GNP-HCPe, anti CD 146 coated GNPs loaded with Pe; MPM, malignant pleural mesothelioma; Pe, pemetrexed.
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