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With the aim to develop alternative therapeutic tools for the treatment of resistant cancers, here we
propose targeted Pluronic® P123/F127 mixed micelles (PMM) delivering niclosamide (NCL) as a
repositioning strategy to treat multidrug resistant non-small lung cancer cell lines. To build
multifunctional PMM for targeting and imaging, Pluronic® F127 was conjugated with biotin, while
Pluronic® P123 was fluorescently tagged with rhodamine B, in both cases at one of the two hydroxyl end

I(QyWOTdSI groups. This design intended to avoid any interference of rhodamine B on biotin exposition on PMM
Micelle . surface, which is a key fundamental for cell trafficking studies. Biotin-decorated PMM were internalized
Elilgg?;fm de more efficiently than non-targeted PMM in A549 lung cancer cells, while very low internalization was

found in NHI3T3 normal fibroblasts. Biotin-decorated PMM entrapped NCL with good efficiency,
displayed sustained drug release in protein-rich media and improved cytotoxicity in A549 cells as
compared to free NCL (P < 0.01). To go in depth into the actual therapeutic potential of NCL-loaded PMM,
a cisplatin-resistant A549 lung cancer cell line (CPr-A549) was developed and its multidrug resistance
tested against common chemotherapeutics. Free NCL was able to overcome chemoresistance showing
cytotoxic effects in this cell line ascribable to nucleolar stress, which was associated to a significant
increase of the ribosomal protein rpL3 and consequent up-regulation of p21. It is noteworthy that biotin-
decorated PMM carrying NCL at low doses demonstrated a significantly higher cytotoxicity than free NCL
in CPr-A549. These results point at NCL-based regimen with targeted PMM as a possible second-line
chemotherapy for lung cancer showing cisplatin or multidrug resistance.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is the leading cause of mortality worldwide and its
incidence continues to rise (Siegel et al., 2015). Although the
discovery of novel and effective anticancer drugs is a major
research area, it is well known that the development of new
chemotherapeutics in oncology is a lengthy and extremely costly
process. Furthermore, it often results in only slight reduction of
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chemotherapy-related side effects and minimal increase in the
overall survival rate. Therefore, alternative approaches to antican-
cer drug discovery are needed.

To reduce pharmaceutical research costs and development
timelines, considerable attention has been devoted to the so called
drug “repositioning” or “repurposing” approach, which entails
finding novel therapeutic indications for already approved drugs
(Ashburn and Thor, 2004). Some successful repositioning stories,
such as those of minoxidil, sildenafil and raloxifene, are very well
known. Nevertheless, despite several initiatives, only a few drugs
have been successfully approved for new indications (Novac,
2013). In recent years, this approach has been very promising to
identify approved non-cancer drugs that possess anticancer
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activity, thus abbreviating the development process (Shim and Liu,
2014).

Some studies have reported the inhibitory effects of niclosa-
mide (5-Chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenza-
mide) (NCL), an anthelmintic drug approved for use in humans
for nearly 50 years, on multiple intracellular signalling pathways
(Balgi et al., 2009; Liu et al., 2015; Ren et al., 2010; Sack et al., 2011;
Xiang et al., 2015). The signaling molecules in these pathways are
either over-expressed, constitutively activated or mutated in many
cancer cells, thus making NCL a very intriguing tool for cancer
treatment (Li et al., 2014). Indeed, NCL inhibits the ATP-binding
cassette efflux pump ABCG2 (breast cancer resistance protein or
BCRP) (Strouse et al., 2013), which is a protein able to confer Multi
Drug Resistance (MDR) to a broad spectrum of anticancer drugs
(Staud and Pavek, 2005). Furthermore, NCL exhibits antitumor
activity in vitro and in vivo by suppressing the expression of
lipoprotein receptor-related protein (LRP), thus inhibiting Wnt/
[3-catenin signaling in human prostate and breast tumor cells. LRP
has been involved in the resistance of ovarian cancer cells to
cisplatin and shown to play an important role in the transport of
cisplatin (Wang et al., 2004).

The major concern related to the therapeutic use of NCL is its
very low solubility and consequent poor dissolution properties in
biological fluids. Furthermore, the bioaccessibility of systemic
anticancer drugs to tumour tissue remains limited and large drug
doses are commonly required to exert a therapeutic effect, with
consequent high toxicity to normal cells and increased incidence of
MDR.

Overwhelming attention is nowadays devoted to novel
polymeric carriers with tailored properties to attain efficient
transport of chemotherapeutics in the body (d’Angelo et al., 2014).
Pluronic®polymers are amphiphilic triblock copolymers of poly
(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), which
self-assemble in aqueous media forming core-shell micelles
(Kabanov et al, 2002). Due to their ability to accommodate
hydrophobic drugs in the PPO core, Pluronic® micelles have been
proposed to solve solubility issues of several drugs (Alvarez-
Lorenzo et al., 2011). Furthermore, Pluronic® micelles possess
unique beneficial features for cancer therapy, that is: (i) small size
(<100 nm) useful to prolong drug circulation time and to promote
its passive targeting to solid tumors (Batrakova and Kabanov, 2008;
Zhu et al, 2016); (ii) inhibition of drug efflux transporters
overcoming MDR (Alakhova and Kabanov, 2014; Alvarez-Lorenzo
et al., 2011); iii) presence of hydroxyl end groups allowing the
covalent binding of targeting ligands and imaging agents providing
multifunctionality (Ding et al., 2011; Jung et al., 2013; Zhang et al.,
2011).

Recently our group has developed Pluronic® P123/F127 mixed
micelles that are stable in biologically-relevant media and able to
load and stabilize hydrophobic benzoporphyrin derivatives for
photodynamic therapy application (Pellosi et al., 2016). In analogy
to all PEO-coated nanocarriers, Pluronic® micelles suffer poor
uptake in cancer cells due to increased surface hydrophilicity,
which can be a drawback when trying to accumulate drug cargo
intracellularly. To overcome this issue, and hopefully improve
therapeutic effects in a biological environment, surface decoration
with small targeting ligands is a common strategy to encourage
carrier accumulation in targeted cells (Stylianopoulos and Jain,
2015). The vitamin biotin, an essential micronutrient that could
give tumor-targeting properties, has been recently proposed to this
purpose. In fact, several cancer cell lines overexpress biotin-
specific receptors such as avidin, neutravidin, and streptavidin that
facilitate receptor-mediated endocytosis of biotinylated nano-
particles in cancer cells (Chen et al., 2010; Morral-Ruiz et al., 2015).
To track micelles in a biological milieu, a fluorescent probe can be
covalently linked to polymer unimers providing fluorescent

micelles. In fact, imaging-based techniques allow understanding
of micelle dynamic, monitoring their body distribution and real-
time cell uptake, thus bringing tremendous advantages in relating
trafficking to biological effects (Wang et al., 2014).

With this idea in mind, here we have developed a multifunc-
tional platform for the delivery of NCL to cancer cells comprising
Pluronic® P123/F127 mixed micelles (PMM) surface-decorated
with the vitamin biotin as targeting agent and further engineered
with a fluorescent tag for cell imaging purposes. After formulation
studies aimed at assessing the best conditions to entrap and
release NCL, NCL-loaded biotin-decorated PMM have been
obtained. The role played by biotin decoration on PMM selectivity
toward lung cancer cells, and its consequent cytotoxicity in cells
either sensitive or resistant to cisplatin, were elucidated. We
generated and characterized a cisplatin-resistant non-small lung
cancer cell line, providing a valuable tool for investigating both the
therapeutic potential of NCL to overcome MDR in cancer cells and
the mechanism through which the drug exerts its cytotoxic effect.

2. Materials and methods
2.1. Materials

Pluronic® P123 (EO20-POg5-EOQ20, MW =5750¢g mol~')and F127
(Eoloo—POGS—Eoloo, MW = 12600gm01’1), biotin, HABA/&VIC]IH
reagent, N,N’-dicyclohexylcarbodiimide (DCC), 4-dimethylamino-
pyridine (DMAP), niclosamide (NCL), rhodamine B and trehalose
were obtained from Sigma-Aldrich (Italy). Ethanol, dichloro-
methane, diethyl ether, acetone and acetonitrile were purchased
from Carlo Erba Reagents (Italy). Dimethyl sulfoxide-d6 (DMSO-
d6), D,O and all deuterated solvents for nuclear magnetic
resonance (NMR) spectroscopy were purchased from Merck (Italy).
All the other chemicals were of analytical reagent grade and used
without previous purification.

2.2. Synthesis of biotin-conjugated and rhodamine-conjugated
Pluronic®™

The synthetic procedure was adapted from the literature (Li
et al., 2010) and was similar for both P123 and F127. For biotin-
conjugated Pluronic®, F127 (5.0g, 0.40 mmol) was dissolved in
75mL of dichloromethane followed by the addition of biotin
(0.12 g, 0.48 mmol). For Rhodamine-conjugated Pluronic®, P123
(3.0g, 0.40mmol) was dissolved in 75mL of dichloromethane
followed by the addition of rhodamine B (0.44 g, 0.48 mmol). After
that, DMAP (0.004 g, 0.03 mmol) was added to each reaction flask
and the solution cooled to 0°C. DCC (0.08 g, 0.40 mmol) was added
dropwise via a dropping funnel over 30 min, and the reactions
were carried out for 48 h at room temperature under stirring. The
reaction mixtures were then extracted with a NaHCO; water
solution (10% v/v). After this step, the organic phases were frozen
overnight and the insoluble substances were removed by filtration.
The organic solutions were then precipitated twice in cold diethyl
ether. The functionalized polymers were filtered and dried
overnight under vacuum.

Biotin-F127 reaction yield =82%. '"H NMR (300 MHz, DMSO-d6,
TMS), § (ppm): 1.000-1.485 (s, —-CH3 b), 1.493 (m, Hs, 2H), 2.200 (m,
Hs, 2H), 2.821 (m,Hs, 2H), 3.105 (m, Hy, 2H), 3.260-3.619 (m, -O-
CH,-CH,- a), 4.138 (m, Hg/, 1H), 4.300 (m, Hg, 1H), 6.363 (s, Hnz, 1H)
e 6.437 (s, Hyy, 1H).

Rhodamine-P123 reaction yield=68%. 'H NMR (300MHz,
DMSO0-d6, TMS), § (ppm): 1.000-1.126 (s, -CH3 b), 1.209 (t, N-
CHs, 12H), 3.260-3.549 (m, —0O-CH,-CH,- a), 3.641 (d, N-CH,, 8H),
6.980 (m, Hp-H;-Hy4-Hs, 4H), 7.094 (d, Hg-H;, 2H), 7.473 (dd, Hg,
1H), 7.842 (m, Hy-Hs,, 2H), 8.320 (dd, Hs, 1H).
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2.3. Preparation of micelles

Unloaded and NCL-loaded Pluronic® mixed micelles (PMM)
were prepared by thin-film hydration method (Zhang et al., 1996).
Briefly, different amounts of a P123/F127 mixture (2:1 w/w) were
dissolved in ethanol in a round-bottom flask to give solutions at
different concentrations (10-50mgmL~!). For drug-loaded
micelles, different amounts of NCL (0.1-1.0mgmL~!) were
dissolved in ethanol and added to Pluronic® solution. Then, the
solvent was removed by rotary evaporation at 50°C for about
20 min. After that, the dried film was hydrated with filtered
distilled water and the sample was sonicated for 5min. Micelle
dispersion was filtered through Phenex®-RC 0.22 wm filters
(Phenomenex, Italy) to remove the unincorporated drug or
possible large cylindrical aggregates formed by P123. When
necessary, the resulting solution was freeze-dried for 24 h.

For Biotin-decorated PMM (Bio-PMM), biotin-conjugated F127
(20% of total F127 wt) was employed. For Rhodamine B-tagged
PMM (Rho-PMM or Bio/Rho-PMM) rhodaminated-P123 (1% of
total P123 wt) was used to give rhodamine B concentration of
5.0 wM. In the case of Bio/Rho-PMM micelles at 10mgmL~", for
example, 2.66 mg of F127 and 0.66 mg of biotin-conjugated F127,
6.60 mg of P123 and 0.066 mg of rhodamine B-conjugated P123 (a
stock solution in ethanol of all the components) were used.

Recovery yield of the production process was evaluated on an
aliquot of PMM dispersion by weighting the solid residue after
freeze-drying. Results are expressed as the ratio of actual weight to
the theoretical polymer weight x 100. Formulation optimization
was assessed on the basis of micelle size, polydispersity index and
NCL encapsulation efficiency.

2.4. Micelle characterization

Hydrodynamic diameter (Dy), polydispersity index (PI) and
zeta potential of micelles were determined using a Zetasizer Nano
ZS (Malvern Instruments Ltd., UK). The freeze-dried formulations
were dispersed in Milli-Q water and measurements were
performed at 37.0°C on 90° angle. Results are reported as mean
of three separated measurements on three different micelle
batches (n=9) + standard deviation (SD). Bio/Rho-PMM morphol-
ogy was evaluated by Transmission Electron Microscopy (TEM,
JEOL JEM-1400, Jeol Ltd.-Japan) after negative staining with a 2%
phosphotungstic acid solution.

The critical micelle concentration (CMC) of the Pluronic®
mixture in aqueous PBS solutions was determined by fluorescence
measurements using pyrene as fluorescent probe (Kalyanasun-
daram and Thomas, 1977). An aliquot (5 L) of a pyrene stock
solution in acetone (3.6 x 104 mol L~!) was added into a series of
test tubes, and the acetone was evaporated. Following this, micelle
solutions at various concentrations (3.0 mL) were added to each
test tube and sonicated for 2 h ([pyrene]=6.0 x 10~ molL~!). The
excitation spectra were recorded (from 200 nm to 360 nm) with
the emission wavelength fixed at 372 nm. The CMC was deter-
mined by I337/I334 intensity ratios from excitation spectra of
pyrene.

The amount of biotin available on the surface of Bio-PMM was
quantified by a competitive binding assay (HABA/avidin) (Bian
etal.,2012). Rhodamine B-conjugated P123 was not included in the
micelles to avoid interference in HABA/Avidin complex absorption.
The powdered HABA/avidin reagent was reconstituted with 10 mL
of deionized water. Thereafter, 900 wL of HABA/avidin solution
were poured into a 1 mL cuvette. The absorption spectrum from
450 nm to 700 nm was collected and the absorbance at A =500 nm
was recorded and indicated as Asgo™BAA¥1d, Then, 100 L of Bio-
PMM were added into this solution. After extensive mixing, the

absorbance at A = 500nm was recorded and indicated as

AlRBA/Avidsample The ahsorbance of the blank micelle solution at

A =500nm was indicated as Agg’g’“"m"le.

The amount of the biotin actually exposed onto micelles was
calculated by the following equation:
pumol biotin 34
e (22 1 1

mL A) <10 ey
where AAsgy = 0.9 x AHABA/AVd _ gHABA/Avidsample The results are
reported as mean of three separate measurements + SD.

2.5. Niclosamide loading and release

NCL-loading was evaluated by measuring the UV-vis absorp-
tion after diluting the freshly prepared NCL-loaded PMM
formulations in ethanol (1:100v/v).

In vitro release of NCL from micelles was assessed by a dialysis
method. A known amount of NCL-loaded micelles (40 mg) was
dispersed in 1 mL of PBS or Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% of fetal bovine serum (FBS) and
placed in a dialysis bag (MWCO=3500Da, Spectra/Por®). The
samples were plunged in 5 mL of 10 mM phosphate buffer at pH 7.4
containing 137 mM NaCl and 2.7 mM KClI (PBS) containing 0.5% v/v
of polysorbate 80 in order to ensure sink conditions and to avoid
NCL precipitation and kept at 37 °C. At selected time intervals, 1 mL
of release medium was withdrawn, replaced with an equal volume
of fresh medium and analysed. Release profile of free NCL (0.7 mg
dissolved in 1 mL of ethanol or DMEM with 10% FBS medium) are
reported for comparison. Results are expressed as mean release%
over time (n=3) + SD.

The amount of NCL in the samples was measured at 331 nmon a
Shimadzu 1800 spectrophotometer (Shimadzu, Italy) in a 1.0cm
quartz cuvette as previously reported (Costabile et al., 2015).
Briefly, a calibration curve was obtained by plotting absorbance
versus the concentration of NCL standard solutions in ethanol. The
linearity of the response was verified over a concentration range of
0.2-10 pg/mL (r? = 0.998). The limit of detection and quantification
were 0.24 pg/L and 0.80 p.g/L, respectively. Unloaded micelles and
release media had negligible absorption at 331 nm.

2.6. Cell cultures

Adenocarcinoma human alveolar basal epithelial (A549) and
mouse embryo fibroblast (NIH3T3) cell lines were purchased from
American Type Culture Collection (Rockville, MD, USA) and were
authenticated by LGC Standards (Sesto San Giovanni, Italy). A549
and NIH3T3 cells were cultured in DMEM with glutamax
(Invitrogen, Carlsbad, California) supplemented with 10% FBS,
2mM L-glutamine and penicillin-streptomycin 50 U/ml.

2.7. Micelle uptake by fluorescence microscopy

A549 and NIH3T3 cells were plated on coverslips at a density of
2 x 10* cells per well in 12-well plates. Then, cells were incubated
with Rho-PMM and Bio/Rho-PMM (0.5 mg/mL) for 1, 4 and 24 h.
Intracellular localization of micelles was monitored using a
fluorescent microscope (Leica Microsystems GmbH, Wetzlar,
Germany) to visualize 4/,6-diamidino-2-phenylindole (DAPI)
(345/661 nm) and Rhodamine-labelled micelles (557/571 nm).
Fluorescence images were collected and processed by Axiovision
4.8.1 software. Images were processed, merged and reconstructed
using Adobe Photoshop software. The scale bars on all the images
correspond to 10 pm.
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2.8. Cisplatin-resistant cell selection

A cisplatin-resistant A549 cell line (CPr-A549) was generated by
continuously culturing the drug-sensitive parental cell line A549 in
a medium containing increasing concentrations of cisplatin (from
0.5 wM to 14 wM) in a stepwise procedure over 10 months. After 10
months, the selected cells were ‘pooled’, in order to avoid clonality,
and were tested to evaluate the rate of drug resistance, calculated
as the resistance index, Rl = 1C59 CPr-A549/1Cso A549. Both cell lines
were grown in DMEM medium containing 10% heat inactivated
FBS, 50 U/ml penicillin, 500 pg/ml streptomycin, 20 mM Hepes (pH
7.4) and 4mM glutamine. The cells were grown in a humidified
atmosphere composed of 95% air and 5% CO, at 37 °C.

2.9. Cell viability assays

For MTT assay, A549, CPr-A549 and NIH3T3 cells were seeded
onto 96-well plates (2 x10* cells/well) and incubated with
micelles for 24 and 72h. Then, cell viability was evaluated as
mitochondrial activity using the MTT assay as previously reported
(Maiolino et al., 2015). The absorbance was measured at 540 nm
using a microplate reader (Labsystems Multiskan, MS).

For sulforhodamine B (SRB) colorimetric assay, cell viability of
A549 and CPr-A549 cells was measured after 96h of drug
treatment in 96-well plates, as described previously (Milone
et al,, 2013).

2.10. Protein extraction and western blotting

Cells were grown and treated as indicated above, collected,
lysed and separated on SDS polyacrylamide electrophoresis gels,
and then proteins were transferred to nitrocellulose membranes
(d’Emmanuele et al., 2015). Western blotting assay was performed
as described previously (De Filippis et al., 2016) using antibodies
anti-rpL3 (Primm, Milan, Italy), anti-p53, anti-p21, anti-LRP and
anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, California),
anti-ABCG2 (Cell Signaling), anti-MRP1 and anti-MDR1 (Abcam).

2.11. Clonogenic assay

For clonogenic assay, CPr-A549 cells were plated in triplicate at
4% 10% in 6-well multidishes. At 10 days, colonies were stained
with 1% methylene blue in 50% ethanol. Percent survival was
normalized to the observed number of colonies generated from
untreated cells.

2.12. Statistical analysis

Error bars represent mean + standard error mean (SEM) from
n=3 biological replicates. Statistical comparisons were made by
one-way ANOVA followed by Bonferroni’s test for multiple
comparisons. * #*P<0.05, ** #** P<0.01, *** P<0.005. P>0.05
was considered not statistically significant.

3. Results

3.1. Pluronic®™ functionalized with biotin or rhodamine B: synthesis,
assembling properties and cell uptake

Multifunctional micelles were prepared from F127 and P123
reacted at hydroxyl end groups with biotin as targeting agent or
rhodamine B as fluorescent tag, respectively. 'TH NMR spectra of
modified polymers (Fig. 1A and B) showed the main peaks
corresponding to the PPO (1.0-1.2 ppm) and PEO (3.2-3.6 ppm)
segments. Most of biotin signals were overlapped to polymers
signals (Fig. 1A) although the multiple signals at 4.138 ppm (Hg'),

4.300ppm (Hg) and the singlet signals at 6.363 ppm (Hy2) and
6.437 ppm (Hynp) confirmed biotin-F127 conjugation. For the
rhodamine-conjugated P123 (Fig. 1B), the aromatic signals above
7 ppm confirm Rhodamine conjugation to P123 molecules.

Suggestion that modified polymers could self-assemble with
unmodified ones to form mixed micelles was given by comparing
TH NMR in DMSO-d6 and D,0 as solvents. In fact, DMSO-d6 is a
good solvent for all components and signals referring to all the
species could be detected (Fig. 1A and B). Nevertheless, D,0 is a
good solvent for biotin, rhodamine B and PEO blocks while
lipophilic PPO blocks are poorly soluble in water, driving the
formation of the micelle core. In fact, NMR signals originating from
hydrophobic PPO blocks were suppressed in water due to PPO
restricted motion in the micelle core (Fig. 1C).

Bio-PMM were prepared at 2:1 (w/w) P123 and F127 ratio on
the basis of our previous study (Pellosi et al., 2016). The CMC of
P123/F127 mixture in the presence of Biotin-conjugated F127 was
0.0031% w/V, as evaluated by pyrene method (Fig. 2A). Analogous-
ly, addition of Rho-conjugated P123 did not alter Bio-PMM
properties (data not shown). The availability of biotin on micelle
surface was also quantified by measuring the absorbance of the
HABA/avidin complex at 500 nm (Fig. 2B) (Bian et al., 2012). The
theoretical amount of available biotin on Bio-PMM was 1.25 pmol
mL~, corresponding to 10% of biotin at a micelle concentration of
10mg mL~'. The actual available amount of biotin was 1.04 umol
mL~!, which means that approximately 8.3% of the micelle surface
is covered with biotin. Bio-PMM were almost spherical as shown in
the TEM image reported in Fig. 2C.

The uptake and the subcellular distribution of unloaded Rho-
PMM and Bio/Rho-PMM were assessed in biotin receptor-positive
A549 cells and in a non-cancerous cell line NIH3T3 as control. After
a time-dependent incubation with micelles (1, 4 and 24 h), the cells
were stained with DAPI and observed by fluorescence microscopy.
In A549 cells, the large majority of the fluorescence associated to
Bio/Rho-PMM was distributed in the cytoplasm, confirming
micelle internalization (Fig. 3). The quantification of fluorescence
revealed a time-dependent uptake of the micelles. In normal
NIH3T3 fibroblasts, a very limited internalization of both Rho-
PMM and Bio/Rho-PMM was found (Fig. 4).

3.2. NCL-loaded PMM: properties and cytotoxicity in A549 cells

Table 1 summarizes the physicochemical characteristics and
drug-loading parameters of NCL-loaded PMM. In each case, PMM
with increased PI and a hydrodynamic diameter within the range
25-35nm were achieved as compared to unloaded PMM (Table 1).
Zeta potential values were slightly negative independently of the
drug amount loaded (Table 1) as generally found for uncharged
PEO-coated nanocarriers due the high electronic density of oxygen
(Conte et al., 2014). Of note, both micelle size and charge were not
affected by the presence of the small and neutral biotin molecule
on micelle surface at present conditions. The encapsulation
efficiency strongly depended upon Pluronic®/NCL ratio by weight.
High ratios resulted in good encapsulation efficiencies while the
opposite effect was observed at lower Pluronic®/NCL ratios, likely
due to drug precipitation during preparation. The optimal
formulation condition for NCL encapsulation was at 40 mgmL™!
for Pluronic® mixture and 0.7 mgmL~! for NCL. Blank micelles at
same polymer concentration (control experiment) presented a size
of 29.5nm (PI=0.142) and zeta potential of —3.81 mV.

Release profile of NCL from NCL-loaded Bio-PMM in PBS at pH
7.4 was evaluated by dialysis method (Fig. 5). NCL displayed a
biphasic release profile with an initial burst (first 6 h) followed by a
sustained release phase lasting up to 48 h. The drug could freely
diffuse through the dialysis membrane as demonstrated in control
experiments. Release profile in the DMEM supplemented with 10%
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of FBS followed a biphasic pattern again, which occurred at a rate cancer cells and normal NIH3T3 fibroblasts. To this aim,
slower than in PBS (Fig. 5). cytotoxicity of NCL-loaded micelles incubated in a wide range of

In the light of the promising technological features, we tested concentrations (1.3-112 wgmL~! corresponding to 0.07-6 WM of
the cytotoxicity of the optimized NCL-loaded micelles in A549

4 3 2 1 ppm
| o D e s aa e e Sm o o Ta P o e [y QR N S s sy g m T T T T T T T T T T T TTTT
8 7 6 s 4 3 2 1 Ppm

Fig. 1. 'H NMR spectra of: (A) biotin-conjugated F127 in DMSO-d6; (B) rhodamine B-conjugated P123 in DMSO-d6; (C) Bio/Rho-PMM in D,0.
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Fig. 2. Properties of Bio-PMM. (A) Fluorescence excitation spectra of pyrene (6.0 x 10~ mol L~ ') as a function of the concentration of Bio-PMM in PBS at pH 7.4 and 37 °C. The
inset shows the plot of the intensity ratio (I33;/I334) from the fluorescence excitation spectra of pyrene at 372 nm as a function of logarithm concentration of PMM. (B) UV-vis
spectra of the HABA/Avidin complex and HABA/Avidin complex after Bio-PMM addition. (C) TEM image of Bio/Rho-PMM.
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Fig. 3. Fluorescence microscopy images of A549 cells after incubation with Rho-tagged micelles. A549 cells were incubated with Rho-PMM and Bio/Rho-PMM (0.5 mg/mL) for
1, 4 and 24 h. Cell nuclei were stained with DAPI. Fluorescence images were collected and processed by Axiovision 4.8.1 software. All measurements were normalized to the
fluorescence of Bio/Rho-PMM in cell medium set as 100%. Bars represent mean values + SEM of experiments done in triplicate. *P < 0.05, ***P < 0.005.
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Fig. 4. Fluorescence microscopy images of NIH3T3 cells after incubation with Rho-tagged micelles. NIH3T3 cells were incubated with Rho-PMM and Bio/Rho-PMM (0.5 mg/
mL) for 1, 4 and 24 h. Cell nuclei were stained with DAPI. Fluorescence images were collected and processed by Axiovision 4.8.1 software. All measurements were normalized
to the fluorescence of Bio/Rho-PMM in cell medium set as 100%. Bars represent mean values - SEM of experiments done in triplicate.

Table 1
Composition and properties of NCL-loaded Bio-PMM. Results reported as average of three separated measurements on three different batches (n=9) +SD.

Pluronic® NCL ratio Yield (%) NCL actual loading - SD” Mean Dy P.L Zeta potential

(mgmL~1)* (mgmL~1) Plur/NCL (EE +SD)° (nm + SD) (mV +SD)

10 0.1 100 95 0.913+0.043 274 + 1.8 0.132 -3.91 + 0.67
(91.5+1.2)

10 0.2 50 89 1.33+0.10 359 +24 0.266 —4.59 + 115
(67.8+1.8)

10 0.3 33 89 1.72+0.26 282 + 4.7 0.345 -3.33 +1.89
(59.0+3.1)

20 0.1 200 92 0.495 +0.014 252 4+ 1.2 0.138 —4.01 + 0.88
(99.2 £1.2)

20 0.3 67 85 1.24+£0.052 242 +23 0.178 —3.89 + 1.01
(88.4+3.4)

20 0.5 40 91 1.62+0.073 20.2 +£ 3.7 0.351 —5.49 + 248
(66.4+4.1)

30 0.5 60 90 1.544+0.38 284 £ 25 0.152 -4.62 + 1.61
(93.9+2.0)

40 0.7 57 94 1.58 £0.55 31.8 £ 1.7 0.131 —3.37 £ 1.08
(91.9+1.9)

50 0.7 71 88 1.29+0.27 26.5 + 2.5 0.129 —5.49 + 2.07
(93.4+4.1)

50 1.0 50 93 1.81+0.49 334 + 39 0.246 —2.21 £ 0.88
(92.3+4.1)

2 P123/F127 mixture 2:1 w/w where biotin-conjugated F127 was used at 20% of F127 mass.
b Actual loading is expressed as the amount (mg) of drug encapsulated per 100 mg of Bio-PMM =+SD.
¢ Entrapment efficiency (EE) is expressed as the ratio between experimental and theoretical NCL loading x 100 +SD.

NCL) was evaluated after 72 h exposure by using MTT assay and
compared to that of free NCL (Fig. 6).

Results indicated that NCL-loaded Bio-PMM micelles were
significantly more cytotoxic than NCL and NCL-loaded PMM in
A549 cells (Fig. 6A). No significant difference in cytotoxicity
between free NCL and NCL-loaded micelles was found in NIH3T3.
Unloaded PMM and Bio-PMM did not show any cytotoxicity toward
both cell lines at any concentration tested (Fig. S1, Supplementary
material). Data from MTT at 24 h highlight that cytotoxicity was

again significantly higher for NCL-loaded Bio-PMM (Fig. S2,
Supplementary material).

3.3. In vitro activity of NCL-loaded PMM against resistant lung cancer
cells

A cisplatin-resistant subline derived from the parental sensitive
cell line A549 was successfully established. A549 cells were
continuously selected with cisplatin over a period of 10 months in
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Fig. 6. In vitro cytotoxicity of free NCL and NCL-loaded micelles toward A549 (A)
and NIH3T3 (B) cells. The cells were exposed to increasing concentrations of PMM
(1.3-112 g mL~! corresponding to 0.07-6 M of NCL) or NCL in DMSO (0.07-6 M)
for 72 h. After incubation, cell viability was evaluated using the MTT assay. The cell
viability from untreated cells was set to 100%. Results are presented as percentage
(mean £ SEM) (n=3) of the control cells. * ** NCL-loaded Bio-PMM vs NCL-loaded
PMM. *## NCL-loaded Bio-PMM vs NCL. * #P < 0.05, ** #*#P < 0.01.

order to generate corresponding age and passage-matched
cisplatin-resistant cell line, designated as CPr-A549. Maintenance
of the resistant subline was continued at 14 wM. The SRB

proliferation assay demonstrated an increased resistance to
cisplatin-induced cell death (Fig. 7A). Specifically, the drug-
adapted CPr-A549 cell line showed a significantly higher ICsq
compared with parental A459 cells (13.3+4 versus 3.8+04,
respectively; P <0.05), resulting in more than 3-fold resistance to
cisplatin (Table 2). In addition, we demonstrated a significant
increase in the ICso of CPr-A549 cells compared to A549 cells
(Table 2) to other conventional chemotherapeutic drugs such as
docetaxel (Fig. 7B), 5-deoxy-5-fluorouridine (5’-DFUR) (Fig. 7C)
and 5-fluorouracil (5-FU) (Fig. 7D). These results indicate that CPr-
A549 cells show resistance to multiple drugs representing an
interesting tool to study MDR in lung cancer.

The effect of free NCL on CPr-A549 cell line viability was first
investigated. To this purpose, cells were exposed to a wide range of
NCL concentrations (ranging from 0.07 to 6 wM) and in vitro
cytotoxicity evaluated by using MTT assay. Fig. 8A shows the dose-
response effect after 72 h of treatment with free NCL giving an ICsq
value of 1.8 wM. This result demonstrated that NCL can overcome
resistance to different chemotherapeutics in CPr-A549 cells.

To go in depth into molecular mechanism underlying MDR in
Crp-A549 cells, the expression profile of ATP binding cassette (ABC)
efflux pumps ABCG2, lipoprotein receptor-related protein (LRP)
was evaluated. The expression level of multi-drug resistance 1/P-
glycoprotein (MDR1) and MDR-associated protein 1 (MRP1) was
also analyzed. Western blotting analysis showed no difference in
the expression of such proteins in CPr-A549 cells as compared with
the parental A549 cells (Fig. 8B).

To investigate whether NCL cytotoxic effect on CPr-A549 cells
was associated to nucleolar stress, protein extracts from CPr-A549
cells treated or not with free NCL were analyzed by western
blotting for the expression profile of rpL3 and its target p21 protein.
We found that the resistance of A549 cells to cisplatin correlated to
the loss of rpL3 expression (Fig. 8C). NCL treatment caused a
significant increase of rpL3 level that was associated to the up-
regulation of p21.

The antiproliferative activity of NCL-loaded micelles towards
multidrug-resistant CPr-A549 cancer cells was finally investigated
(Fig. 9). After 3 days of treatment, in vitro cytotoxicity was first
evaluated by MTT assay. Extrapolation from the dose-response
curve demonstrated that cytotoxicity of NCL-loaded Bio-PMM was
higher than that of NCL-loaded PMM (and free NCL) depending on
the dose (Fig. 9A). To exclude definitively that treated cells retained
any capacity to divide and to proliferate, the in vitro effectiveness of
NCL-loaded Bio-PMM against CPr-A549 cells was also assessed
through a clonogenic assay. The assay was performed after
treatment of CPr-A549 cells with 0.3, 0.9 and 1.8 wM of NCL-
loaded Bio-PMM for 72 h. As can be seen in Fig. 9B, after 10 days the
colony number was strongly reduced upon exposure to drug-
loaded Bio-PMM confirming the ability of NCL to inhibit
clonogenicity.

4. Discussion

An increasing resistance of cancer cells to the treatment with
commonly used chemotherapeutic drugs has raised the urgency in
the search for new anti-cancer agents. Several drugs originally
approved for indications other than cancer therapy have recently
been found to exert a cytotoxic effect on cancer cells (Shim and Liu,
2014; Stenvang et al.,, 2013). Cisplatin represents the first line
chemotherapy for the treatment of a variety of tumors, including
non-small cells lung cancer (NSCLC), and platinum resistance is a
major limitation in the treatment of NSCLC. Recent studies
focusing on the anthelmintic drug NCL demonstrate its ability to
overcome drug resistance in different cancers (Li et al., 2013; Liu
et al,, 2015, 2014).
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Table 2
Antiproliferative effect of anticancer drugs on sensitive A549 and cisplatin-resistant
A549 cells (CPr-A549). Resistance index (RI) is reported as ICso CPr-A549/I1Cso A549.

1Cso (M)

A549 CPr-A549
Cisplatin 38404 133+ 4 (RI=3.5)
Docetaxel 054 x 103 +0.05 x 103 > 64 %103 (R > 164)
5-FU 2.55+0.07 8.9+0.28 (RI=3.45)
5'-DFUR 4,65+0.35 17.98 +3.7 (RI=3.97)

Despite promising, the translation of NCL-based chemotherapy
in vivo runs into special difficulties, mainly related to the very poor
solubility profile of NCL in biological fluids. To overcome NCL
solubility constraints, Pluronic® P123/F127 mixed micelles (PMM)
for targeted delivery of NCL to lung cancer cells were built up.

In a previous work, we demonstrated that PMM made of 2:1 (w/
w) mixtures of P123 and F127 display high stability to dilution and
can load highly hydrophobic benzoporphyrin derivatives (Pellosi
etal., 2016) . Here, PMM were surface-engineered to encourage cell
internalization by exposing biotin on their surface. PMM were also
made fluorescent by linking Rhodamine B to micelle surface to
track their trafficking inside cells. Biotin and rhodamine B were
linked to Pluronic® unimers at their hydroxyl-termination using
carbodiimide chemistry (Li et al., 2010). We decided to conjugate

biotin to F127, bearing longer PEO blocks, while rhodamine B was
linked to P123, with shorter PEO chains. Through this design, it was
expected that targeting ligand exposition on micelle surface is
attained and any interference between biotin and rhodamine is
minimized, which is a key prerequisite for micelle-receptor
recognition. NMR analyses provided insight into the occurrence
of the self-assembly of the two Pluronic derivatives, indicating the
formation of a well-defined core-shell structure in aqueous
solution where a “water-protected” PPO core is surrounded by a
PEO hydrophilic coating exposing biotin as targeting element and
rhodamine B as fluorescent tag. Indeed, complex formation of Bio-
PMM with avidin clearly indicates that biotin was surface-exposed
and potentially able to interact with receptors on cell membranes
(Bian et al., 2012). Meanwhile, the reasonably low CMC value
indicated a good stability of targeted PMM to dilution being
promising for their potential applications as drug carrier.
Aiming at demonstrating the soundness of this approach to
promote NCL accumulation in cancer cells, the uptake and the
subcellular distribution of unloaded Rho-PMM and Bio/Rho-PMM
were assessed in biotin receptor-positive lung A549 cancer cells
and in a non-cancerous NIH3T3 cell line. Results demonstrated a
higher amount of biotin-decorated PMM in cancer cells as
compared to normal cells. Thus, the overexpression of biotin
receptors on the surface of A549 cancer cells relative to normal
NIH3T3 cells, induced a higher micelle uptake by receptor-



136 A. Russo et al./International Journal of Pharmaceutics 511 (2016) 127-139
A 120 -
100
g w0
>
= 60
Q
[
= 40
>
o 20
0 -
NCL free (uM) 0.07 0.15 0.30 0.90 1.8 3 6
B >
O
& 3 g
"?@ RIS 'gyv}\@ Q‘Y§
kba Y& &¢& KDa ¢ O ¢
80 -
170 - anti-MDR1 65 - anti-ABCG2
Pl T |
171 - anti- MRP1 17°-P —tLRP
37- " anti-GAPDH 37- - anti-GAPDH
A549

@)

cells

CPr-A549 cells

kDa 0 0

0.30 0.90 NCL free (uM)

% anti-p21

m anti-rpL3
o anti-p21

*xx

0.30

0.90  NCL free (uM)

21- -
c 2- s
I R
2w
52 M
£ 05|
i<
o 0_
0 0
A549
cells

CPr-A549 cells

Fig. 8. Effect of NCLin CPr-A549 cells. (A) In vitro cytotoxicity of NCL (0.07-6 pM) toward CPr-A549 cells after 72 h. Cell viability was evaluated by MTT assay. The cell viability
from untreated cells was set to 100%. Results are presented as percentage (mean + SEM) (n = 3) of the control cells. *P < 0.05, ** P < 0.01. (B) Expression profile of MRD1, ABCG2,
MRP1 and LRP, in Cpr-A549 cells. Protein extracts from A549 cells (control) and CPr-A549 cells were analysed by western blotting by using anti- MRD1, anti-ABCG2, anti-
MRP1, anti-LRP and anti-GAPDH to normalize. (C) Analysis of rpL3 and p21 expression upon NCL treatment in Cpr-A549 cells. Protein extracts from A549 cells (control) and
Cpr-A549 cells, untreated or treated with free NCL, were analysed by western blotting by using anti-rpL3, anti-p21 and anti-f3-actin to normalize results. Quantification of
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mediated endocytosis (Heo et al., 2012; Jung et al., 2014; Maiti
et al., 2013).

The feasibility of the proposed approach for selective delivery of
NCL in lung cancer cells was then assessed. To this purpose,
preliminary studies were devoted to the development of Bio-PMM,
affording high encapsulation efficiency of NCL at the minimum

Pluronic®/NCL ratio (i.e. higher drug loading for micelle). The key

factor for formulation optimization was the dependence of the
encapsulation efficiency on Pluronic/NCL weight ratio. Values
between 50 and 60 were considered suitable for a therapeutically-
relevant system. Besides a slight size increase after entrapment of
the drug, likely ascribable to drug entangling in the PPO core, the
micelles were still small enough for tumor-specific accumulation
via the EPR effect (Batrakova and Kabanov, 2008). Furthermore, the
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developed delivery platform allowed for a slow release of NCL, also
in a complex protein-rich milieu, such as the cell culture medium
employed for in vitro experiments.

Prompted by these encouraging findings, the in vitro anti-
proliferative effect of the selected NCL-loaded Bio-PMM was
investigated in lung cancer cells, as well as in normal cells. NCL-
loaded Bio-PMM displayed an enhanced cytotoxic activity in A549
cells as compared to healthy cells, which correlated well with their
higher intracytoplasmic accumulation.

For a better understanding of the therapeutic potential of NCL-
loaded Bio-PMM and to investigate the molecular basis of NCL
cytotoxic activity, we successfully established a cisplatin-resistant
lung cancer subline derived from the parental sensitive cell line
A549 (CPr-A549 cells), which demonstrated resistance also to
other conventional chemotherapeutics. Drug resistance may be

due to decreased influx or increased efflux of drugs (Rabik and
Dolan, 2007). Several ABC transporter efflux inhibitors have been
described (Schinkel and Jonker, 2003) and it is well established
that the transmembrane ATP binding cassette (ABC) efflux pumps
ABCB1 (P-glycoprotein, P-gp), ABCC1 (MDR-associated protein 1,
MRP1), and ABCG2 (breast cancer resistance protein, BCRP) play a
crucial role in the development of drug resistance (Eckford and
Sharom, 2009). Our results clearly indicate that the development
of MDR in CPr-A549 cells was not the result of the overexpression
of neither ABCG2 and LRP, nor MDR1 and MRP1 suggesting the
involvement of other pathways.

Recently our studies focused on the extraribosomal functions of
ribosomal proteins (Russo et al., 2011, 2010), with particular
attention to their role in chemotherapy and chemoresistance
(Pagliara et al., 2016). Specifically, we demonstrated that
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ribosome-free rpL3 plays a crucial role in cell response to nucleolar
stress induced by anticancer drugs such as 5-Fluorouracil (5-FU),
Actinomycin D and oxaliplatin (Esposito et al., 2014; Russo et al.,
2016). In fact, upon drug-induced nucleolar stress, free rpL3 is able
to induce cell cycle arrest, apoptosis and to inhibit cell proliferation
and migration by controlling p21 expression both at post-
transcriptional and post-translational levels. Furthermore, we
demonstrated that rpL3 status was associated to chemoresistance
since the loss of rpL3 makes the tested chemotherapeutic drugs
ineffective (Esposito et al., 2014; Russo et al., 2016). In agreement
with our previous results, CPr-A549 cells resistance to cisplatin
correlated to the loss of rpL3 expression. It is noteworthy that NCL
caused a significant increase of rpL3 level that was associated to
the up-regulation of p21. These data reveal that a novel molecular
mechanism implicated in the cytotoxic activity of NCL can be
hypothesized, involving nucleolar stress and rpL3/p21 response
pathway.

Of note, results on CPr-A549 cells demonstrated not only that
NCL is still active in resistant lung cancer cells but also that biotin-
targeted PMM maintain their cytotoxicity profile being more
cytotoxic than non-targeted micelles, especially at low concen-
trations. These results point at biotin-decorated PMM as a
reasonable strategy to improve NCL activity also in resistant lung
cancer cells, which, after treatment, become definitively unable to
divide and to proliferate.

5. Conclusions

With this study we demonstrate that NCL delivered through
tailored Pluronic® mixed micelles can be a valuable therapeutic
tool in the treatment of multi-drug resistant NSCLC. Biotin-
targeted Pluronic mixed micelles designed for intravenous
injection entrapped NCL with good yield, showed sustained NCL
release and were stable in protein-rich media. As compared to
normal NIH3T3 fibroblasts, biotin-targeted micelles were inter-
nalized much more efficiently and exerted a more potent
cytotoxicity than that of both free NCL and non-targeted micelles
in A549 cells. After selecting a resistant A549 cell line, we
identified rpL3 and p21 as new molecular targets of NCL and
demonstrated that the activation of rpL3/p21 pathway by NCL
overcomes MDR. Superior cytotoxicity of NCL-loaded biotin-
targeted micelles was clearly evidenced in A549 cell resistant to
cisplatin, 5-FU and docetaxel while the clonogenic assay demon-
strated that, after treatment, cells becomes unable to divide and to
proliferate. Taken all together, these results demonstrate that a
NCL-based regimen with biotin-decorated Pluronic micelles might
be a promising second-line chemotherapy for lung cancer showing
cisplatin or multi-drug resistance.
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