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ARTICLE INFO ABSTRACT
Keywords: Aberrant activation of the Hedgehog (Hh) pathway leads to the development of several tumors, including me-
Hedgehog signaling pathway dulloblastoma (MB), the most common pediatric brain malignancy. Hh inhibitors acting on GLI1, the final
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effector of Hh signaling, offer a valuable opportunity to overcome the pitfalls of the existing therapies to treat
Hh-driven cancers. In this study, the toxicity, delivery, biodistribution, and anticancer efficacy of Glabrescione B
(GlaB), a selective GLI1 inhibitor, were investigated in preclinical models of Hh-dependent MB. To overcome its
poor water solubility, GlaB was formulated with a self-assembling amphiphilic polymer forming micelles, called
mPEGsyp,-cholane. mPEGsgp,-cholane/GlaB showed high drug loading and stability, low cytotoxicity, and long
permanence in the bloodstream. We found that mPEGskp,-cholane efficiently enhanced the solubility of GlaB,
thus avoiding the use of organic solvents. mPEGsyp,-cholane/GlaB possesses favorable pharmacokinetics and
negligible toxicity. Remarkably, GlaB encapsulated in mPEGskp,-cholane micelles was delivered through the
blood-brain barrier and drastically inhibited tumor growth in both allograft and orthotopic models of Hh-
dependent MB. Our findings reveal that mPEGsgp,-cholane/GlaB is a good candidate for the treatment of Hh-
driven tumors and provide relevant implications for the translation of GlaB into clinical practice.

1. Introduction druggable pathway for the treatment of a wide spectrum of cancers [1].
Medulloblastoma (MB) is one of the most common Hh-dependent

Hedgehog (Hh) signaling is a developmental pathway whose tumors. It is a highly aggressive pediatric brain malignancy that arises
deregulation is responsible for several malignancies and is emerging as a in the cerebellum and is caused by genetic mutations or chromosomal

Abbreviations: (Hh), Hedgehog; (MB), Medulloblastoma; (GLI1), Glioma-associated oncogene 1; (GlaB), Glabrescione B; (HPLC), High-Performance Liquid Cro-
matography; (BBB), blood-brain barrier; (PK), pharmacokinetic; (HP-CD), hydroxypropyl p-cyclodextrin.
* Corresponding author. Department of Molecular Medicine, University La Sapienza, Roma, Italy.
** Corresponding author.
*** Corresponding author.
E-mail addresses: francesca.ghirga@iit.it (F. Ghirga), stefano.salmaso@unipd.it (S. Salmaso), lucia.dimarcotullio@uniromal.it (L. Di Marcotullio).
1 p. Infante, A. Malfanti and D. Quaglio contributed equally to this article.

https://doi.org/10.1016/j.canlet.2020.11.028
Received 21 August 2020; Received in revised form 20 November 2020; Accepted 23 November 2020

Available online 26 November 2020
0304-3835/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:francesca.ghirga@iit.it
mailto:stefano.salmaso@unipd.it
mailto:lucia.dimarcotullio@uniroma1.it
www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2020.11.028
https://doi.org/10.1016/j.canlet.2020.11.028
https://doi.org/10.1016/j.canlet.2020.11.028
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2020.11.028&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Infante et al.

alterations involving key components of Hh signaling [2].

According to the current molecular classification, MB is divided into
four main subgroups: Wnt, Hh, Group 3, and Group 4. The Hh subgroup
(Hh-MB) accounts for 30% of MB cases and is one of the most significant
potential targets for the clinical exploitation of Hh pathway inhibitors
[3,4].

The canonical activation of Hh signaling is triggered by the inter-
action of an Hh ligand with the Pathchedl (PTCH1) receptor, which
relieves the inhibition of the co-receptor Smoothened (SMO), leading to
the activation of the downstream GLI transcription factors (GLI1, GLI2,
and GLI3) [5]. GLI proteins regulate important cellular processes that
trigger the expression of several target genes, including GLII, generating
an autoregulatory loop that enhances the Hh response [6]. Although
many Hh-dependent cancers involve upstream pathway activation (i.e.,
loss-of-function PTCHI or SUFU or gain-of-function SMO mutations),
many others occur via a non-canonical Hh pathway activation, which is
SMO-independent and related to increased function of the downstream
GLI effectors (i.e., GLI1 gene amplification, chromosomal translocation,
or GLI2 protein stabilization) [7-9].

For this reason, the main therapeutic strategies for the treatment of
Hh-dependent tumors have been based on the inhibition of SMO and
GLIs, in order to block the Hh pathway both at upstream and down-
stream levels, respectively [10]. At present, three SMO antagonists have
been approved by the Food and Drug Administration (FDA) as therapy
for metastatic or locally advanced basal cell carcinoma (Vismodegib and
Sonidegib) and acute myeloid leukemia (Glasdegib) [11]. Despite good
initial efficacy, they have shown several side effects and limitations,
including the onset of SMO drug-resistant mutations with consequent
relapse of tumor [12]. These pitfalls necessitate the development of new
Hh inhibitors that can block pathway signaling downstream by acting on
the transcription factor GLI1, the final and most powerful effector of Hh
signaling. GLI1 controls the expression of genes whose deregulation is
responsible for cell transformation and tumor progression, such as
CCND1, CCND2, MYCN, PDGFR, IGF2, and BCL2, which promote pro-
liferation and cell survival, VEGF and SNAIL, which regulate angiogen-
esis and epithelial-to-mesenchymal transition (EMT), respectively, and
NANOG and BMI, which control self-renewal and cell fate [13].

However, only a few GLI inhibitors have been identified to date [10].
Our research group has recently discovered unique bio-activities of
Glabrescione B (GlaB), a natural compound found in Derris glabrescens
(Leguminosae) seeds, as the first small molecule to bind directly to GLI1
and to inhibit its interaction with DNA. We showed that GlaB reduces
tumor growth both in vitro and in vivo in MB and BCC models depending
on specific Hh-activating mutation (Ptch1 loss-of-function) and is thus a
good candidate for pre-clinical investigations in the treatment of
Hh-driven cancers [14].

Here, we demonstrated that GlaB does not possess toxic and unspe-
cificied effects on the proliferation of non-target tissues in a transgenic
reporter mouse model, MITO-Luc [15]. Furthermore, we developed a
colloidal formulation of GlaB to ameliorate its biopharmaceutical
properties due to its poor solubility. Additionally, we assessed whether
that the encapsulation of GlaB in mPEGskp,-cholane based micelles
increased its solubility, biodistribution, and effectiveness in inhibiting
Hh-dependent MB growth in mouse models. Moreover,
High-Performance Liquid Cromatography (HPLC) analysis revealed that
the drug loaded in mPEGsyp,-cholane based micelles upon intravenous
administration crosses the blood-brain barrier (BBB), thus reducing in
situ MB growth.

Overall, these findings indicate mPEGskp,-cholane/GlaB formulation
as an interesting candidate for clinical studies for the treatment of Hh-
dependent cancers, such as Hh-MB.
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2. Materials and methods
2.1. Reagents

5-B-cholanic acid, cholesterol, cholesterol hemisuccinate, N-N'-
dimethylformamide (DMF), chloroform, toluene, trimethylamine (TEA)
and deuterated solvent (CDCl3), formic acid (FA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane (DCM), methanol
(MeOH), acetonitrile (ACN) and diethyl ether were obtained from
Scharlab S.L. (Gato Peres, Barcellona, Spain). Linear 5 kDa a-methoxy-
®-amino-polyethylene glycol (mPEGskp,-NH2) was purchased from Iris
Biotech GmbH (Marktredwitz, Germany). o-Methoxy-5kDa poly-
ethylene glycol-w-distearoyl phosphatidylethanolamine (mPEGsyp,-
DSPE) was obtained from Laysan Bio (Arab, Alabama, USA). Salts and
buffers were purchased from Fluka Analytical (Buchs SG, Switzerland)
and Sigma-Aldrich. Tween® 80 and Tween® 20 were purchased from
Fluka Analytical. Hydroxypropyl p-cyclodextrin (HP-BCD) was acquired
from Roquette (Lestrem, France). Cremophor® EL, Pluronic F-127 and
PEGy400 were purchased from Sigma-Aldrich.

RPMI-1640, glutamine solution, penicillin-streptomycin solution,
sodium pyruvate, non-essential amino acids, bovin serum albumin
(BSA) and lipopolysaccharides (LPS), obtained from Escherichia Coli
serotype 026:B6 were purchased from Sigma-Aldrich.

All the other reagents or salts were obtained from Fluka Analytical or
Sigma-Aldrich.

2.2. Synthesis of mPEGskpq-cholane, mPEG skpq-cholesterol, and
Glabrescione B

mPEGsyp,-cholane was obtained and characterized according to the
procedure reported elsewhere [16,17]. The synthesis and characteriza-
tion of methoxy(polyethylene glycolskpa)-cholesteryl-hemisuccinate
(mPEGskpa-cholesterol) were performed as reported in the literature
[18].

Glabrescione B was prepared according to the synthetic procedure
reported previously [19]. The structure was unambiguously confirmed
through nuclear magnetic resonance (NMR) spectroscopy and by elec-
trospray ionization-high- resolution mass spectrometry (ESI-HRMS).

2.3. Glabrescione B solubility studies

GlaB solubility in water in the presence of increasing concentration
of amphiphilic polymers was evaluated by thin-film hydration proced-
ure according to the protocol described by Bangham et al. [20]. Briefly,
250 pL of 2.0 mg/mL (4.4 pM) GlaB solution in methanol was mixed
with 100 pL of 0.1-5 mM mPEGsyp,-cholane or mPEGsgp,-cholesterol
solutions in methanol. The organic solvent was removed under vacuum
and the resulting polymeric films were hydrated with 250 pL of 10 mM
phosphate, 0.15 M NaCl, pH 7.4. The samples were mixed using a
rotatory mixer for 48 h and then centrifuged for 10 min at 14,000 rpm.
GlaB concentration in the supernatants was assessed by RP-HPLC using a
Jasco system (Easton, MD, USA) equipped with a Phenomenex Luna C18
reverse-phase column (5 pm, 100 /o\, 250 x 4.6 mm). The column was
eluted with MilliQ water (eluent A) and acetonitrile (eluent B) both
added of 0.05% v/v trifluoroacetic acid in a gradient mode from 50% to
95% eluent B in 21 min at a flow rate of 1 mL/min. The UV-Vis detector
UV-2075 Plus (Jasco system, Easton, MD, USA) was set at 295 nm and
GlaB was eluted at 17 min. The GlaB concentration was derived from a
calibration line (y = 38893x-533.07, R? = 0.9995) previously generated
using standard solutions at increasing concentration of GlaB in aceto-
nitrile. The areas of eluted GlaB peaks were integrated using Borwin
Chromatography 1.5 software (Jasco system; Easton, MD, USA). The
GlaB dissolution in the presence of mPEGskp,-NHy, Tween® 80,
mPEGskp,-DSPE and Pluronic F-127 was assessed by using the procedure
reported above. The GlaB solubility in the presence of hydroxypropyl
p-cyclodextrin (HP-pCD) was determined by adding 250 pL of 0.04-2
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mM HP-BCD solutions in 10 mM phosphate, 0.15 M NaCl, pH 7.4 to vials
containing 0.5 mg of solid GlaB. The mixtures were stirred for 48 h and
then centrifuged for 10 min at 14,000 rpm, and GlaB concentration in
the supernatants was assessed as reported above.

2.4. Formulation of mPEGskpg-cholane and mPEGsypq-cholesterol based
micelles

A 1 mL volume of a GlaB solution (2.0 mg/mL, 4.4 mM) in methanol
was added to 1 mL of mPEGskpa-cholane or mPEGsipa-cholesterol so-
lution (6.0 mg/mL, 1.2 mM) in methanol. The organic solvent was
removed under reduced pressure and 1 mL of 10 mM phosphate, 0.15 M
NacCl, pH 7.4 was added to hydrate the polymeric film. The mixture was
left in a rotary mixer for 48 h and then centrifuged for 10 min at 14,000
rpm to remove the undissolved GlaB. The supernatant was collected and
analyzed to assess GlaB concentration by RP-HPLC as described above.

2.5. GlaB release study

1 mL samples of GlaB-loaded mPEGsyp,-cholane and mPEGsyp,-
cholesterol micelles (0.71 mM GlaB, 3.5 mg/mL of mPEGsyp,-cholane
and 6 mg/mL of mPEGskp,-cholesterol micelles, respectively) in 10 mM
phosphate, 150 mM NaCl, pH 7.4 were transferred into a 3.5-5 kDa
MWCO Float-A-Lyzer and dialyzed against 5 L of 10 mM phosphate, 150
mM NaCl, pH 7.4, supplemented of 0.5% w/v of Pluronic F-127. The
external medium was replaced three times a day with fresh buffer. At
scheduled time points, 20 pL volumes were withdrawn from the dialysis
bag and the GlaB concentration was assessed by RP-HPLC as reported
above.

2.6. Biocompatibility of mPEGsypg-cholane or mPEGskpg-cholesterol

Effect of GlaB-loaded micelles on proteins. The effect of mPEGskp,-
cholane and mPEGskp, cholesterol micelles on the conformational
structure of bovine serum albumin (BSA) was evaluated according to the
procedure reported by Luengo-Alonso et al. [21]. Briefly, 2 pM of BSA
solutions in 10 mM phosphate, 150 mM NaF, pH 7.4 in the presence of
GlaB-loaded mPEGsgp,-cholane and mPEGsyp,-cholesterol micelles (0.5
mg/mL) were incubated for 1 h at room temperature and analyzed at
25 °C by circular dichroism (CD) in the far UV (from 198 to 300 nm, 50
nm/s with 8 s response and 2 nm bandwidth) using a J-810 Jasco
spectrodichrograph (Jasco, Tokyo, Japan). The data were processed
using CD Spectra Deconvolution software.

Hemolysis assay. Mouse blood (2 mL) was added of 100 pL of 5000 U.
I./mL heparin solution (Teva pharmaceutical LTD, Petach Tikva, Israel)
and centrifuged at 800 g for 5 min at 4 °C. Plasma was discarded and the
red blood cell (RBCs) pellet was re-dispersed in 10 mL of 10 mM phos-
phate, 150 mM NaCl, pH 7.4, and washed three times with the same
buffer. A 2% w/w final RBCs suspension was prepared and incubated
with increasing concentrations of mPEGsgps-cholane or mPEGskp,-
cholesterol (0.01-1 mg/mL) at 37 °C for 1 h [22]. Ten kDa Dextran in the
same range of concentration was used as non-hemolytic control while 1
v/v% Triton X-100 in the same buffer was used as positive control. The
samples were centrifuged at 1100 rpm for 5 min and 100 pL of the su-
pernatants was transferred into a 96-well plate. The absorbance was
measured at 570 nm using Microplate Autoreader EL311 (Bio--
Tek-Instruments, Winooski, VT, USA).

The percentage of hemolysis was normalized to that of RBCs incu-
bated with the Triton X-100 solution (100% hemolysis).

2.7. Cytotoxicity and cell proliferation assays

Daoy cells (human medulloblastoma cell line from ATCC, Manassas,
VA, USA) were cultured at 37 °C in Minimum Essential Medium Eagle
(MEM) medium supplemented with 2 mM r-glutamine, 1 mM sodium
pyruvate, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/
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mL of amphotericin B, 10% (v/v) heat-inactivated fetal bovine serum
(FBS), with a 5% CO4 atmosphere. The cells were harvested by treatment
with 0.05% (w/v) trypsin 0.02% (w/v) EDTA solution (Sigma-Aldrich),
suspended in culture medium and seeded at the appropriate cell
concentration.

In a 96-well tissue culture plate, 3 x 10° cells/well were seeded in
complete MEM medium and after 24 h the medium was removed, cells
washed 3 times with PBS and 200 pL of complete medium containing
either mPEGskp,-cholane or mPEGsgp,-cholesterol in the range 1-8.4
pM was added to each well. Cells were incubated for 12, 24, 48, and 72 h
and then the medium was discarded, and cells washed 3 times with PBS.
A 200 pL volume of complete medium was added per well followed by
20 pL of a 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) solution in PBS and cells were incubated at
37 °C for 3 h. Afterwards, the MTT-containing medium was removed,
and 200 pL of DMSO was added to each well to dissolve the formazan
crystals formed by the live cells. The plates were gently shaken for 30
min, and the absorbance was measured at 570 nm using an EL311SK
Microplate Autoreader (Biotek Instruments Inc., VT, USA). The cell
viability was derived with respect to the viability of untreated cells,
which was used as a reference.

The growth rate of viable murine primary MB cells isolated from
Math1-cre/Ptc®’C mice (The Jackson Laboratory, Bar Harbor, ME, USA/
EMMA, Monterotondo, Italy) was tested by trypan blue count after in-
cubation for 24, 48, and 72 h with the mPEGskp,-cholane/GlaB or
mPEGsyp,-cholesterol/GlaB formulations in the 0.5-5 pM concentration
range. Tumors from Math1-cre/Ptc®’C mice were collected as previously
described [14] and freshly prepared MB cell suspensions were used for
short-term cultures to keep Hh-sensitivity in vitro [23]. Primary MB cells
were cultured in Neurobasal-A medium with B27 supplement minus
Vitamin A. Mycoplasma contamination was routinely detected by using
PCR detection kit (Applied Biological Materials, Richmond, BC,
Canada).

2.8. GLI-dependent luciferase reporter assay

Inhibition of GLI1-induced transcription was assessed in wild type
MEFs transfected with 12xGliBS-Luc and pRL-TK Renilla (as normali-
zation control) plus control (empty) or GLI1 vector and treated for 24 h
with increasing concentrations of mPEGskp,-cholane/GlaB formula-
tions. Luciferase and Renilla activities were assayed with a dual-
luciferase assay system according to the manufacturer’s instructions
(Biotium Inc., Hayward, CA, USA). Results were expressed as luciferase/
Renilla ratios and represented the mean + S.D. of three experiments,
each performed in triplicate.

2.9. Pharmacokinetic study

All the procedures involving animals were conducted in agreement
with national and international regulations (D.lgs 26/2014, Directive
2010/63/EU), and suitable procedures were taken to minimize animal
pain or discomfort. The procedures were reviewed and approved by the
Ethical Committee of the University of Padova (OPBA), and by the
Italian Ministry of Health, section for the care and use of laboratory
animals (Authorization No. 858/2017, obtained on November 3, 2017).
C57BL/6J mice (10+1week old) were housed in a temperature and
humidity-controlled room under a constant 12 h light/dark cycle, with
free access to water and food. The animals were randomly assigned to
two experimental groups (n = 4) and 2.5 mg/kg of 0.31 mg/mL GlaB in
3.3% v/v of DMSO, 3% v/v of Cremophor, 4% v/v of Tween® 80, 15%
v/v of PEG4gp, 20 mM phosphate buffer, 0.15 M NaCl, pH 7.4, or GlaB
equivalent dose of mPEGskp,-cholane/GlaB micelles in 20 mM phos-
phate buffer, 0.15 M NaCl, pH 7.4, were intravenously injected into the
caudal vein. Blood samples (0.1 mL) were collected from the subman-
dibular plexus at regular intervals using heparinized tubes: 0.083, 0.5, 1,
2, 4, 6, and 24 h after administration. During blood sampling, mice were
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kept under anesthesia with isoflurane. The blood samples were centri-
fuged for 3 min at 2000 rpm and GlaB in plasma was assessed using a
3000 UltiMate HPLC (Thermo Fisher Scientific, Whaltam, MA, USA)
coupled to an AP 4000 Applied Biosystems LC-MS system (Sciex, Fra-
mingham, MA, US). Ten pL of plasma were added to 290 pL of aceto-
nitrile supplemented with 0.5 pg/mL of benzanilide (internal standard)
and centrifuged at 3700 rpm for 15 min. The supernatant was analyzed
by using a reversed-phase column Phenomenex Gemini C18 (5 pm, 110
A50x2 mm) eluted with ammonium formate buffer (10 mM, pH 3.5,
eluent A) and acetonitrile (eluent B) with the following gradient: from
60% to 95% of eluent B in 1 min. The flow was 0.3 mL/min. The GlaB
concentration was derived from a calibration curve (y = 0.00188x +
0.00281, R? = 0.9993) obtained using 60-36,000 pg/mL GlaB solutions
in plasma. GlaB plasma concentration vs time data were analyzed using
GraphPad Prism 8.0 software (San Diego, CA, USA) according to the
Akaike Information Criterion. A bi-exponential equation was the best-
fitting model for all the pharmacokinetic data obtained in this study.
Pharmacokinetic parameters were calculated from the coefficients and
exponents of the best-fits by using standard formulae [24].

2.10. Biodistribution of GlaB in the brain and the cerebellum

Sample preparation. HPLC analyses were performed on brain and
cerebellum samples from CD1 WT mice (Charles River Laboratories,
Lecco, Italy) treated with mPEGskp,-cholane/GlaB (9 mg/kg) by i.v.
injection. After the indicated treatment times (30 min, 1, 2 and 4 h),
animals were sacrificed, and the brain and the cerebellum were
explanted, and organ samples were stored at —80 °C for 24 h. The day
after, the brain and cerebellum samples (500 mg of tissue) were ho-
mogenized in 1 mL of PBS, using an ultrasound probe (Bandelin Sono-
puls MS70, Germany). A solution of ZnSO4 (0,1 M in H0, 1 mL) and
acetonitrile (1 mL) were added to the mixture that was further ho-
mogenized with ultrasound for 15 min. Subsequently, the brain and
cerebellum homogenates were stirred for 1 h at room temperature,
centrifuged at 3000xg for 5 min at 4 °C, and the supernatants were
collected. The following procedure to obtain a brain/cerebellum extract
was repeated twice. Acetonitrile (1 mL) was added to the brain/cere-
bellum pellet, stirred for 30 min at room temperature, then centrifuged
at 3000xg for 5 min at 4 °C and the supernatant collected. Brain and
cerebellum extracts samples were centrifuged for 5 min at 5000xg and
20 pL of supernatant injected into the HPLC-MS without further
treatments.

HPLC-MS Analysis. Analyses were performed on an Ultimate 3000
ultra-high performance liquid chromatography (HPLC) system (Thermo
Fisher, Milan, Italy). The Ultimate 3000 HPLC was operated using a
WPS-3000 TRS autosampler, LPG-3400RS low pressure mixing bio-
compatibile gradient pump with integrated analytical four channel
vacuum degasser and a photo diode array detector DAD 3000RS DE-
TECTOR (equipped with an analytical flow cell of 13 pL). The system
was controlled by Chromeleon 7.2 software (Thermo Fisher, Milan,
Italy). The HPLC system was equipped with a Titan™ C18 column
(Supelco, Bellefonte, PA, USA), packed with 1.9 pm fully porous parti-
cles (FPP) of narrow particle size distribution, with high surface area of
400 m?/g and average pore size of 80 A, and a core-shell column
Ascentis Express™ 100 mm x 3.0 mm 2.0 pm (Supelco, Bellefonte, PA,
USA). All chromatographic runs were performed at a flow-rate of 0.4
mL/min with the column equilibrated at 35 °C. Solvent A was Water/
Acetonitrile 90:10 with 0.1% v/v of formic acid, and solvent B was
Acetonitrile/Methanol 50:50 with 0.1% v/v of formic acid. The chro-
matographic runs were performed using a gradient mode with solvent B
increasing from 20 to 50% in 1 min, then 50% of solvent B was run for 3
min, finally solvent B was increased to 100% in 30 min. The LC was
directly interfaced to electrospray ionization (ESI) source coupled with a
Single Quadrupole-MSQ Plus Detector. Ion source was operated in
positive ESI mode and both Full Scan and SIM (m/z = 451, corre-
sponding to the most abundant ion [M+H]" of GlaB, from 22 to 27 min)
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were acquired for each sample. Optimal instrument source parameters
for ionization were a cone voltage of 100 V and a Probe Temperature of
550 °C [25].

MS-Quantitation. Calibration curve was built in MS in SIM mode, by
monitoring the m/z = 451 corresponding to the most abundant ion
[M+H]" of GlaB. Calibration standards ranged from 0.309 to 7.76 pg/
mL for MS curve (y = 11655x-2890.2) with a Limit of Quantitation,
LOQ, (defined for a signal-to-noise ratio > 10) of 3.09 ng on column and
showing a correlation coefficient (R2) equal to 1.

2.11. MITO-Luc mouse model treatments

Male and female MITO-Luc mice [15] (C57BL/6, aged 6-8 weeks)
were injected i.p. (n = 6 for each group) with a 3:1 [100 mg/mL HP-BCD
aqueous solution:ethanol] v/v mixture GlaB dissolved in the same
mixture solution at increasing concentrations (from 15 up to 150
mg/kg), every second day for 18 days. The visualization of areas of cell
proliferation, bioluminescence imaging and quantification of emitted
light were performed as described in the literature [15].

2.12. Allograft and orthotopic Hh-MB models

Spontaneous MB from Math1-cre/Ptc®’® mice was isolated, minced
and pipetted to obtain a single-cell suspension. Equal volumes of cells (2
x 10%) were injected s.c. at the posterior flank of female BALB/c nude
mice (nu/nu) (Charles River Laboratories). Tumors were grown until a
median size of ~150-200 mm?®. Animals were randomly divided into six
groups (n = 6/each group) and treated s.c. with a 3:1 [100 mg/mL HP-
BCD aqueous solution:ethanol] v/v mixture, or cremophor solution
(DMSO, 3% v/v of Cremophor, 4% v/v of Tween® 80, 15% v/v of
PEG400, 20 mM phosphate buffer, 0.15 M NaCl, pH 7.4), or mPEGsyp,-
cholane or GlaB (dose: 9 mg/kg) in a 3:1 [100 mg/mL HP-BCD aqueous
solution:ethanol] v/v mixture, or GlaB in a cremophor solution, or
loaded in mPEGskp,—cholane micelles. Tumor growth was monitored by
measuring the size by caliper. Tumor volumes change was calculated by
the formula (length x width) x 0.5 x (length + width) [14].

For orthotopic allograft model, adult female NOD/SCID (NSG) mice
from Charles River Laboratories, were anesthetized by i.p. injection of
ketamine (10 mg/kg) and xylazine (100 mg/kg). The posterior cranial
region was shaved and placed in a stereotaxic head frame and primary
cells freshly isolated from spontaneous MB of Mathl-cre/Ptc®/® mice
were stereotaxically implanted into the cerebellum (2 x 10°/3 pl; at an
infusion rate of 1 pl/min) according to the atlas of Franklin and Paxinos
coordinates. After injection, the cannula was kept in place for 5 min and
then the skin was closed over the cranioplastic assembly using metallic
clips. After 14 days following tumor cells implantation, the animals were
randomly divided into two groups (n = 6/each group) and treated i.v.
every three days with mPEGsgp,-cholane/GlaB (dose: 9 mg/kg) or
equimolar mPEGsgp,—cholane used as control. After 32 days of treat-
ment, animals were sacrificed and brains were fixed in 4% formaldehyde
and paraffin embedded. Tumor volume was calculated on serial 40
coronal sections of 2 pm after H&E staining of brain slice. The evaluation
of tumor area of each slide was performed by a microscope (Axio Imager
M1 microscope; Leica Microsystems GmbH, Wetzlar, Germany) equip-
ped with a motorized stage and Image Pro Plus 6.2 software and the
tumor volume was calculated by the formula: tumor volume = sum of
measured area for each slice x slice-thickness x sampling frequency
[26]. All animal experiments were approved by local ethics authorities
(Ministry of Health) and conducted in accordance with Italian Govern-
ing Law (D.lgs 26/2014).

2.13. Statistical analysis
Statistical and pharmacokinetic analyses were performed as already

described [27]. Briefly, the pharmacokinetic and toxicological data
generated in this study were evaluated for normal distribution by use of
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the Shapiro-Wilk test (SAS software, release 9.1.3; SAS Institute, Cary,
NC, USA) and for homogeneity of variances using the CSS Levene test of
homogeneity of variances. Since normal distribution of the data could
not be rejected, comparisons were made by one-way ANOVA, via a
general linear model (SAS GLM procedure). In the case of significant
differences (a = 0.05), the ANOVA was followed by the Dunnett multiple
comparisons test. For allograft and orthotopic studies, statistical analysis
was performed using the StatView 4.1 software (Abacus Concepts,
Berkeley, CA, USA). For all experiments, P values were determined using
two-tailed Student’s t-test. Unless otherwise specified, data are pre-
sented as mean + S.D. P < 0.05 was considered statistically significant.

3. Results
3.1. Evaluation of toxic effects of GlaB in MITO-Luc mouse model

Preliminary in vivo studies were carried out to evaluate the toxicity of
GlaB to non-target tissues using the recently developed transgenic re-
porter mouse model MITO-Luc (for mitosis luciferase). This mouse
model is suitable for the non-invasive in vivo drug induced cell prolif-
eration evaluation of compounds in time course experiments. The model
contains a luciferase reporter under the control of an NF-Y-dependent
promoter, whose activity helps in the determination of physiological
and/or aberrant cell proliferation in any tissue, by bioluminescence
imaging (BLI) [15]. In this study, GlaB was formulated at increasing
concentrations (from 15 to 150 mg/kg) in a 3:1 [100 mg/mL
2-hydroxypropyl-p-cyclodextrin aqueous solution:ethanol] v/v mixture,
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a vehicle used in previous studies to evaluate the toxic effects of GlaB
[14]. Fig. 1A describes the experimental protocol. MITO-Luc mice were
intraperitoneally treated every second day for 18 days with GlaB or
vehicle mixture only as a control. Intraperitoneal administration was
selected to reproduce the treatment conditions already tested in
Hh-dependent tumor models in vivo [14].

The BLI analysis (Fig. 1B) and the quantification of emitted light
bone marrow from the femur of MITO-Luc mice in Fig. 1C, showed that
GlaB did not elicit bone marrow and spleen toxicity at doses less than 50
mg/kg. A low toxic effect was observed after four injections of 100 mg/
kg GlaB. The survival profiles reported in Fig. 1D do show that mor-
talities do not occur at doses less then 50 mg/kg, while the mortality rate
at doses above 50 mg/kg increased with the dose strength.

Overall, these results indicate that GlaB does not exert toxic effects
while preventing the proliferation of MB cells when used at the con-
centrations of 35-50 mg/kg demonstrated to inhibit in vivo Hh-
dependent tumor growth [14].

3.2. GlaB solubility and characterization of GlaB loaded micelles

Since GlaB has poor water solubility, the preliminary GlaB solubility
studies were carried out using a mixture of 2-hydroxypropyl p-cyclo-
dextrin/ethanol (HP-BCD), which guarantees GlaB concentrations used
in the study. However, this formulation includes the use of organic
solvent, which should be preferably avoided in drug delivery. Therefore,
HP-BCD and amphiphilic polymers, Tween® 80, Pluronic F-127, and the
monomethoxy-polyethylene glycol (mPEG) derivatives, mPEGsgp,-

Fig. 1. Effect of GlaB on cell proliferation in MITO-
Luc murine model. (A) Schematic representation of
the experimental design, showing both times of

treatment and imaging acquisition. (B) BLI analysis of
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DSPE, mPEGskp,-cholane, mPEGsyp,-cholesterol, and mPEGsyp,-NHo,
were comparatively tested to enhance its solubility in physiological
medium. HP-CD, Tween® 80, Pluronic F-127, and mPEGsyp,-DSPE
were selected as excipients commonly used in pharmaceutical practice
to increase the solubility and stability of drugs [28-32]. Additionally,
mPEGskpa-cholane (Fig. 2A) was selected because it has recently
demonstrated to remarkably enhance the biopharmaceutical properties
of either small or macromolecular drugs [17,21,33]. Moreover,
mPEGsyp,-cholesterol (Fig. 2B) was used because it possesses similar
chemical characteristics to that mPEGsyp,-cholane.

The GlaB solubility profiles reported in Fig. 2C show that the ethanol
free HP-BCD yielded 0.5 mM GlaB concentration (maximal solubility) at
8 mM HP-BCD concentration. The GlaB solubility decreased to 0.35 mM
at higher HP-BCD concentrations (>8 mM) as a consequence of the low
solubility of the GlaB/HP-BCD complex [34]. A similar effect was
observed with Pluronic F-127. Tween® 80 was found to have little effect

(@)
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on GlaB solubility. The low capacity to increase the solubility of drugs of
mPEGskpa,-NHy is ascribable to its hydrophilicity, which prevents
self-assembly.

mPEGskp,-cholane yielded the highest GlaB solubility among the
amphiphilic polymers. It was observed that 1.18 mM GlaB concentration
was obtained with 0.4 mM of mPEGskp,-cholane, corresponding a
26,000 fold GlaB concentration in water (0.02 pg/mL GlaB maximal
solubility in water) [35]. Interestingly, mPEGsyp,-cholesterol showed a
lower effect than that did mPEGskp,-cholane on GlaB solubility despite
the similarity in chemical structure.

Based on the solubility profiles, mPEGskps-cholane and mPEGskp,-
cholesterol were selected for the GlaB formulation. The GlaB encapsu-
lation resulted in a loading capacity of mPEGsyps-cholane and
mPEGskpa-cholesterol micelles of 27% and 5% w/w, respectively.
Furthermore, the results reported in Fig. 2C show that the excess of these
polymers does not affect the stability of the micelles and, in turn, the

Fig. 2. Solubility and release of GlaB with micelle
forming polymers and its in vitro biocompatibility. (A)
Structure of mPEGsip,-cholane. (B) Structure of
mPEGsyp,-cholesterol. (C) Solubility profiles of GlaB
in the presence of increasing concentrations of
mPEGsypa-cholane (@), mPEGsp,-cholesterol (W),
MPEGskpa-DSPE (4), MPEGsipa-NH, (+), Tween 80
(CD, Pluronic F-127 (o) and HP-BCD (0) in 10 mM
phosphate, 150 mM NacCl, pH 7.4. (D) GlaB cumula-
tive release from mPEGsp,-cholane (@) and
mPEGsyp,-cholesterol () micelles in 10 mM phos-
phate, 150 mM NacCl, pH 7.4. (E) Circular dichroism
spectra of BSA in absence (black line) and in the
presence of mPEGskp,-cholane (green line) and
mPEGsypa-cholesterol (blue line) micelles. (F) He-
molytic profile at increasing concentrations of
mPEGsyp,-cholane (@) and mPEGsyp,-cholesterol
(H); 10 kDa Dextran (v) was used as biocompatible
control-polymer. Data were normalized by the he-
molysis observed by incubating erythrocytes with 1%

= 100
E =
X
S 10 = 75
2 o
© 7]
o ©
€ @ 50
] ®
o 05 =
c [11]
8 < 25
% (O]
o 0.0 T 88— T £ 04 T
0.0 0.5 1.0 1.5 2.0 0 100

Polymer concentration (mM)

Time (h)

v/v Triton X-100 solution (positive control). (G)
Cytotoxicity profiles of Daoy cells incubated with
mPEGspa-cholane (black bars) and mPEGsypa-
cholesterol (grey bars) for 12 (), 24 (&), 48 (z), and
72 (2) h. The concentration of polymers is equivalent
to that of the GlaB-loaded micelles having the GlaB
concentration indicated in the abscissa. Statistical
analysis: *P < 0.05; **P < 0.01. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

200 300 400

.M
.01 0.1 1

Polymer concentration (mg/mL)

2 40000+ & 100
H e
B~ @2
2% 2
i g 20000 =
g3 S s0
T E 3
2t g
€ g 200\ 220 260 280 a
§2 2
g 14
s -20000 0
Wavelenght (nm)
G *%
100 l_[ =2 ; i A |
§ 80+ e /71 z
=5 TrH 2 =,
£ S EH BEVHE: s
o L] == ‘NMH 27
© EEVIEH NH 24
S 50 2 gi== = - Y
E: = VVH 2
K] S R H 27
o S E REUE 1
-V A ] - U
1 BREFAE 287
i 74=8 A H 25
0.5 1 5

Glabrescione B
equivalent concentration (uM)



P. Infante et al.

drug solubility. mPEGsyp,-cholane and mPEGsyp,-cholesterol undergo
self-assembly in water, as confirmed by their critical micelle concen-
trations (CMCs) which are 40.7 and 23.5 pM, respectively [18].

Size analysis by dynamic light scattering (DLS) showed homoge-
neous populations for both GlaB-free and GlaB-loaded formulations (PDI
below 0.38). Supplementary Fig. S1A shows that the size of GlaB-free
mPEGsgp,-cholane micelles was 12.3 + 2.3 nm, which is in conformity
with results reported in the literature [17], while 16.9 + 0.7 nm micelles
were obtained with GlaB-loaded mPEGsyp,-cholane. Supplementary
Fig. S1B shows that in the case of mPEGskp,-cholesterol, the GlaB-free
and GlaB-loaded micelles had sizes of 17.9 + 0.3 and 21.7 + 0.7 nm,
respectively.

The TEM images reported in Supplementary Figs. S1C and S1D show
that all the GlaB-free and GlaB-loaded micelles obtained with mPEGsyp,-
cholane and GlaB-loaded mPEGsyp,-cholesterol had a typical spherical
micelle shape, and the dimensional data were in conformity with the
DLS results. The TEM images also showed that the encapsulation of the
GlaB did not affect the conformation of the micelles.

The GlaB-loaded mPEGsyp,-cholane and GlaB-loaded mPEGskp,-
cholesterol micelles remained colloidally stable over a period of four
weeks (Supplementary Fig. S1E). The stability of the GlaB-loaded
mPEGsypa-cholane and GlaB-loaded mPEGsyp,-cholesterol micelles
was further investigated after a freeze-thaw cycle. The results showed
that the size of the GlaB-loaded micelles was comparable to that of the
freshly prepared formulations (Supplementary Fig. S2).

GlaB release from mPEGsgp,-cholane and mPEGsyp,-cholesterol mi-
celles in 10 mM phosphate and 150 mM NaCl (PBS), buffer at pH 7.4 was
carried out to mimic the release under physiological conditions. Fig. 2D
shows that the release of GlaB was slightly faster from mPEGskp,-chol-
ane micelles than from mPEGsyp,-cholesterol micelles. In the first 24 h,
59% and 35% of GlaB were released from mPEGsyp,-cholane and
mPEGsypa-cholesterol micelles, respectively. In both cases, 95% of GlaB
was released in 400 h.

3.3. Micelle biocompatibility

Due to their amphiphilic character, mPEGskp,-cholane and
mPEGsgpa-cholesterol may affect the protein stability and the integrity
of cell membranes resulting in poor biocompatibility. Association with
amphiphilic polymers can in fact induce structural protein changes
yielding biological inactivation and toxicity [36], while cell membrane
association can result in hemolysis and cytotoxicity. Changes of struc-
ture of bovine serum albumin (BSA) upon exposure to the micelles were
evaluated as a model. The results reported in Fig. 2E show that BSA
maintains its typical a-helix conformation when exposed to mPEGsy.
pa-cholane and mPEGsgp,-cholesterol micelles, with negligible confor-
mational changes. The slight a-helix decrease (61.4% and 63.7% for
mPEGsypa-cholane and mPEGsyp,-cholesterol micelles, respectively)
compared to that of BSA in plain buffer (i.e., 65.7%) [37] was correlated
to a slight increase in p-sheet and random coil structure (Supplementary
Fig. S3).

Fig. 2Fshows the hemolytic activity resulting from incubation of
mPEGsypa-cholane and mPEGsyp,-cholesterol with mouse erythrocytes.
At the highest concentration, the hemolysis induced by mPEGskpa-
cholane was 3.9 + 0.1%, which is below the threshold (5%) reported by
the Guiding Principles of Hemolysis Test [H]GPT4-1 for nanocarrier
toxicity [38]. mPEGskp,-cholesterol showed remarkable cell membrane
disruption under the tested conditions (100 + 2.3%) compared to
mPEGsypa-cholane, which is attributable to the different chemical
structures of the two amphiphilic polymers.

Fig. 2Gshows that the cytotoxicity of both materials was time and
concentration-dependent in human MB Daoy cells. However, mPEGskp,-
cholane appeared to be significantly less toxic than mPEGsyp,-
cholesterol.

To elucidate the ability of mPEGsyp,-cholane and mPEGskp,-
cholesterol to trigger inflammatory signals, the production of mRNA
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encoding for two inflammatory cytokines, namely TNFa and IL-6, by
PBMCs was evaluated. LPS was used as a positive control. Supplemen-
tary Figs. S4A and S4C show that both mPEGsyp,-cholesterol and
mPEGskp,-cholane did not boost the production of mRNA encoding for
TNF-a or TNF-a release. SupplementaryFigs. S4B and S4D show that
mPEGskp,-cholesterol does not boost IL-6 encoding mRNA production or
IL-6 release. In the case of mPEGsyp,-cholane, only the highest polymer
concentration (3 pM) elicited a significant increase in IL-6 mRNA
expression (p < 0.001) and IL-6 release, which was consistent with the
mRNA expression.

3.4. Effect of mPEGskpq-cholane/GlaB formulation on GLI1-dependent
MB growth and Hh signaling activity in vitro

The effect of GlaB-loaded mPEGskp,-cholane and GlaB-loaded
mPEGsypa-cholesterol micelles on Hh-dependent tumor cell growth
was evaluated using freshly isolated primary tumor cells from Math1-
cre/Ptc®/C mice, which spontaneously develop MB [14,19,39].

Fig. 3A-C shows that GlaB-free mPEGskp,-cholane micelles did not
affect cell proliferation or cell death (Supplementary Fig. S5).
Conversely, GlaB-free mPEGsyp,-cholesterol micelles demonstrated an
unspecified decrease in primary MB cell proliferation (Supplementary
Figs. S6A-C) due to cell death (Supplementary Figs. S6D-F), which is in
agreement with the cytotoxicity data reported above (Fig. 2G).
Furthermore, GlaB-loaded mPEGsip,-cholane formulation was more
effective for proliferation inhibition, even at low concentrations (0.5 and
1 pM), than unformulated GlaB. Importantly, the inhibition of cell
proliferation correlates with a significant decrease in Hh-target gene
mRNA expression levels, such as Glil and CycD2 levels (Fig. 3D and E).

Given that mPEGskp,-cholesterol micelles showed significant cell
membrane toxicity, tested by hemolysis assays (Fig. 2F), and unspecified
toxic effects on the proliferation of Hh-dependent tumor cells (Fig. 2G
and Supplementary Fig. S6), this polymeric nanocarrier was excluded
from the following in vitro and in vivo biological evaluations.

To prove the direct inhibitory effect of GlaB encapsulated in
mPEGskp,-cholane micelles on Hh signaling, we determined its effect on
GLI1 transcription function. To this end, we treated mouse embryonic
fibroblasts (MEFs) transiently expressing ectopic GLI1 and a GLI-
dependent luciferase reporter with increasing concentrations of
mPEGsyp,-cholane/GlaB formulation. As shown in Fig. 3F, GlaB
encapsulated in micelles strongly inhibited GLI1 transcriptional activity
at much lower concentrations (ICso = 0.48 pM) than that previously
reported for GlaB (ICso = 12 pM) [14]. Moreover, no modulation of
Renilla, used as an internal control of the transcriptional assay, has been
shown for both GlaB-free mPEGskp,-cholane and mPEGsyp,-cholane/-
GlaB, underscoring the non-toxicity of the formulations to cells.

3.5. Pharmacokinetic study of mPEG-cholanesipq/GlaB formulation

The pharmacokinetic (PK) profile of GlaB formulated with
mPEGsypa-cholane micelles after intravenous administration was
investigated in c57BL/6 mice. This mouse strain was selected because it
is commonly used for PK studies for colloidal formulations of drugs [40,
41]. GlaB dissolved in non-ionic surfactant/DMSO (non-formulated
GlaB), a mixture commonly used to administer insoluble drugs in pre-
clinical studies [42], was also administered as a control.

Fig. 3G and Table 1 show that the GlaB loaded in mPEGsyp,-cholane
micelles and non-formulated GlaB have similar PK profiles, both fitting a
biexponential profile. The PK analysis indicated that mPEGsgp,-cholane
did not significantly affect the circulation time of GlaB. However, a
slight increase in the elimination half-life (t;,2) and the area under the
concentration-vs-time curve (AUCq.inf), and a decrease in the clearance
(CL) were observed for GlaB formulated with mPEGsyp,-cholane mi-
celles compared to those in the non-formulated GlaB, suggesting that the
mPEGsyp,-cholane formulation can slightly affect the circulation time of
this molecule.
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3.6. Effect of mPEGskpg-cholane/GlaB formulation on GLI1-dependent
MB growth in vivo

To further assess the therapeutic efficacy of mPEGsgkp,-cholane/GlaB
in an in vivo model of Hh-dependent tumors, GlaB-loaded mPEGsyp,-
cholane micelles were administered to nude mice posterior flank grafted
with primary MB cells freshly isolated from Math1-cre/Ptc®’® mice. The
mice were treated subcutaneously with 9 mg/kg (n = 6 for each group)
GlaB encapsulated in mPEGskp,-cholane micelles daily. For comparison,
9 mg/kg (n = 6 for each group) GlaB dissolved in a 3:1 [100 mg/mL HP-
BCD aqueous solution:ethanol] v/v mixture or in a mixture containing
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mPEGsypa-cholane based formulation than in mice treated with con-
trol GlaB formulations (Fig. 4C-E and 4H-J). Similarly, the expression of
other Hh target genes (CycD2, Gli2, and Ptch1) was strongly reduced in
GlaB-loaded mPEGsyp,-cholane treated mice than in GlaB formulations-
treated mice (Supplementary Fig. S7).

Overall, these findings suggest that GlaB encapsulated in mPEGskpa-
cholane micellar colloidal system provides a greater inhibition of Hh-
dependent tumor growth than that in control GlaB formulations. It is
worth noting that the cell proliferation inhibition data (tumor volume
growth, GLI1 mRNA and protein levels, and Ki67 labeling, Fig. 4K-O)
showed a statistically significant difference between the mPEGsyp,-
cholane micellar formulation and the free drug vehicles, while no
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Fig. 4. mPEGsyp,-cholane/GlaB formulation affects the in vivo Hh-dependent MB tumor growth. (A, F, and K) Change of tumor volume during the period of
treatment. Nu/nu mice (n = 6 for each group) were grafted with spontaneous primary MB from Math1-cre/Ptc®’® mice. Tumor masses (150-200 mm?) were treated
with GlaB dissolved in a 2-HP-BCD/ethanol mixture (A), GlaB dissolved in a cremophor/DMSO mixture (F), mPEGsyp,-cholane/GlaB formulation (K), or respective
vehicles as control. Tumor growth was monitored by caliper every second day. (B, G, and L) Representative flank allograft average volumes (lower panel) and
quantification of tumor explants (upper panel). (C, H and M) Glil mRNA expression levels of MB tumor masses treated with GlaB in 2-HP-BCD/ethanol and cre-
mophor/DMSO mixtures (C and H) or mPEGskp,-cholane/GlaB formulation (M) were determined by qRT-PCR normalized to endogenous controls (2-microglobulin
and HPRT). (D, I, and N) Glil protein levels of MB tumor samples treated with GlaB in 2-HP-BCD/ethanol and cremophor/DMSO mixtures (D and I) or mPEGsyp,-
cholane/GlaB formulation (N) were determined by immunoblot analysis. Actin was used as a loading control. (E, J, and O) Immunohistochemical staining of Ki67
(lower panel) and its quantification in allograft tumor samples treated with GlaB in 2-HP-BCD/ethanol and cremophor/DMSO mixtures (E and J) or mPEGskpa-
cholane/GlaB formulation (O). Scale bars represent 10 pm for Ki67. Error bars indicate S.D. *P < 0.05; **P < 0.01; ****P < 0.0001 versus CTR.
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statistically significant difference was observed between the other drug
formulations and the free drug vehicles.

3.7. GlaB loaded in mPEGsypg-cholane micelles crosses the BBB and
inhibits tumor growth in a Hh-dependent MB orthotopic model

To investigate the delivery of GlaB encapsulated in mPEGsgp,-chol-
ane micelles, its concentration in the brain and cerebellum of GlaB-
treated mice was measured by HPLC coupled with Electrospray Mass
Spectrometry (HPLC-MS). To achieve this aim, CD1 wild-type mice were
i.v. injected with mPEGskp,-cholane/GlaB formulation (dose: 9 mg/kg)
at four different time points: 30 min, 1, 2, and 4 h after which the brain
and cerebellum extracts were analyzed using HPLC-MS analysis. The
results obtained were elaborated as the percentage of injected dose per
gram of organ (%ID/g of organ). Fig. 5A shows that the percentage of
GlaB was 1.93% ID/g in the brain and 1.87% ID/g in the cerebellum 1 h
after administration. Two hours later, a reduction in GlaB percentage
values corresponding to 1.8% ID/g of brain and 1.67% ID/g of the
cerebellum was observed. The percentage of GlaB associated with the
brain and cerebellum at 30 min and 4 h was lower than LOQ concen-
tration of 0.309 pg/mL.

The ability of GlaB encapsulated in mPEGskp,-cholane micelles to
cross the blood-brain barrier (BBB) and biodistribute in the brain and
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cerebellum, as observed in the HPLC-MS, was confirmed in an ortho-
topic model of Hh-dependent MB. Primary MB cells were implanted into
the cerebellum of NOD/SCID mice and randomly divided into two
groups and intravenously injected with mPEGskp,-cholane/GlaB
formulation (dose: 9 mg/kg) or GlaB-free mPEGskp,-cholane. Fig. 5B
and C shows that after treatment, the tumor volume underwent a sig-
nificant reduction in GlaB loaded mPEGsp,-cholane micelles compared
to control. Fig. 5B and D shows that the inhibition of tumor growth in
treated mice was correlated with a decreased percentage of Ki67 posi-
tive cells.

4. Discussion

MB is a pediatric malignancy that is responsible for significant
morbidity and mortality. Currently, MB patients have very poor prog-
nosis, and efficacious and safe therapies are not available. The standard
of care treatment of MB is surgery followed by chemotherapy and/or
radiotherapy, which often results in severe cognitive defects and per-
manent disabilities in surviving patients. Multi-omics data highlighted
the high heterogeneity of this tumor, leading to the identification of
twelve molecular subtypes with distinct genetic and clinical features
[43]. Although the Hh-MB subgroup has a favorable treatment outcome,
the risk assessment is highly dependent on the genomic profile and the

Fig. 5. Biodistribution in the brain and the cere-
bellum of GlaB encapsulated in mPEGsyp,-cholane
micelles and its effects in an orthotopic model of Hh-
dependent MB. (A) Representative histograms show
percentage of injected dose per gram of organ (%ID/g
of organ) at 1 h and 2 h after i.v. administration of
mPEGsyp,-cholane/GlaB formulation (9 mg/kg). Data
were expressed as means + S.D. (n = 2). ID: Injected
dose. (B) Representative H&E images (low and high
magnification) of a murine MB cell-derived ortho-
topic tumor in NSG mice after i.v. injection of
mPEGsyp,-cholane/GlaB formulation or vehicle only.
Scale bars represent 500 pm (upper panels) and 250
pm (lower panels) for H&E staining and 100 pm for
Ki67 staining. (C) Representative tumor average vol-
umes after explantation. (D) Quantification of Ki67
stainings from immunohistochemistry shown in (B).
Error bars indicate S.D. *P < 0.05 versus CTR.
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age of the patients. Hence, treatment of Hh-MB remains a challenge in
pediatric tumor biology. To date, innovative therapies have been
investigated using drugs able to modulate the Hh pathway at both up-
stream and downstream levels. FDA-approved SMO antagonists (i.e.,
vismodegib, sonidegib, and glasdegib), although well tolerated in adult
patients, induce developmental bone abnormalities in young mice [44],
and are therefore not recommended for use in children. Furthermore,
SMO inhibitors induce early resistance and are ineffective in tumors
harboring mutations in Hh pathway genes downstream of SMO. GLI1
inhibitors, such as GANT61 and ATO, despite their peculiar selectivity
and therapeutic potential, have not been studied in clinical trials for MB
patients, most likely due to their limited potency and low BBB perme-
ability [45-48]. In this context, our study shows that the mPEGsyp,--
cholane/GlaB micellar system can be properly exploited in the treatment
of patients with Hh-MB, particularly for those tumors showing resistance
to SMO inhibitors or harboring GLI1 hyperactivation by
SMO-independent mechanisms. The results reported in this work show
that pharmacokinetic drawbacks due to the poor solubility of GlaB can
be overcome by using micelle-forming amphiphilic polymers. Accord-
ingly, mPEGskp,-cholane was found to increase GlaB solubility up to
about 0.5 mg/ml, a suitable concentration for parenteral administration
in the clinical setting. This formulation avoids the use of organic solvents
or pharmaceutical excipients commonly used to solubilize poorly solu-
ble drugs, because they may elicit toxic effects, such as cremophor.
mPEGsypa-cholane and mPEGsip,-cholesterol possess similar polycyclic
molecules at one end of the mPEG chain (Fig. 2A and B); however, the
polycyclic molecules is inverted in these two derivatives. The different
orientations of the polycyclic moieties may induce different arrange-
ments in the core of MPEGsyp,-cholane and mPEGsyp,-cholesterol mi-
celles, which can result in different GlaB encapsulation and solubility, as
observed in the release profile of GlaB from the two colloidal systems in
this study. The structural features of the two amphiphilic polymers
investigated in this study had a correlation with their biocompatibility
as observed in the cytotoxicity tests performed on erythrocytes and Daoy
cells. The lower biocompatibility of mPEGskp,-cholesterol compared to
mPEGsyp,-cholane may also be attributed to their different conforma-
tions as different orientations of the polycyclic moieties affect their
interaction with the cell membrane and the dissolution of cell membrane
components. Furthermore, mPEGskp,-cholane did not elicit
pro-inflammatory cytokines at therapeutic concentrations, further con-
firming its biocompatibility.

In an in vitro MB model, mPEGskp,-cholane micelles have been found
to enhance GlaB diffusion through the cell membrane. The encapsula-
tion of GlaB in mPEGskp,-cholane-based micelles also provided a slight
improvement in the pharmacokinetic profile. Conceivably, the micelles
may undergo dissociation when diluted in the blood and when exposed
to biological components (i.e., blood cells, vessel endothelium surface,
blood circulating proteins), thus retaining the GlaB and modulating its
fate. We hypothesize that after micelle release in the blood, GlaB binds
plasmatic proteins, albumin in particular, as it occurs with several hy-
drophobic drugs such as Paclitaxel [49]. The enhanced GlaB solubility
by mPEGskp,-cholane is advantageous as it facilitates the biodistribution
of the drug to intracranial tumors resulting in therapeutic efficacy.
Furthermore, the subcutaneous administration of the Gla-
B-loaded/mPEGskp,-cholane micelles enhanced the therapeutic activity
compared to GlaB administered with 2-HP-BCD/ethanol or with cre-
mophor/DMSO containing mixtures, which may be due to a higher
mPEGsypa-cholane micelles bioavailability than that in the other
formulations.

The promising pharmacokinetic properties and low toxicity also
indicate that GlaB encapsulated in mPEGskp,-cholane micelles is a po-
tential treatment option for patients with Hh-MB, particularly for those
who present SMO downstream mutations or relapse after SMO inhibitor
treatment.
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