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Alveolar echinococcosis (AE) is a severe disease caused by the infection with the larval stage of Echinococcus
multilocularis, the metacestode. As there is no actual curative drug therapy, recommendations to manage AE
patients are based on radical surgery and prophylactic administration of albendazole or mebendazole during 2
years to prevent relapses. There is an urgent need for new therapeutic strategies for the management of AE, as the
drugs in use are only parasitostatic, and can induce toxicity. This study aimed at developing a drug delivery
system for mefloquine, an antiparasitic compound which is highly active against E. multilocularis in vitro and in
experimentally infected mice. We formulated mefloquine-loaded PLGA-PEG-COOH (poly-(lactic-co-glycolic
acid)) nanoparticles that exhibit stable physical properties and mefloquine content. These nanoparticles crossed
the outer acellular laminated layer of metacestodes in vitro and delivered their content to the inner germinal layer
within less than 5 min. The in vitro anti-echinococcal activity of mefloquine was not altered during the formu-
lation process. However, toxicity against hepatocytes was not reduced when compared to free mefloquine.
Altogether, this study shows that mefloquine-loaded PLGA-PEG-COOH nanoparticles are promising candidates
for drug delivery during AE treatment. However, strategies for direct parasite-specific targeting of these particles
should be developed.

1. Introduction layer (GL), which contains viable parasite tissue including connective
tissue cells, muscle cells, glycogen storage cells, neuronal cells and un-
differentiated stem cells, and the outer acellular laminated layer (LL),

which is composed of tight meshwork of high molecular mass muco-

Alveolar echinococcosis (AE) is one of the most lethal helminthiases
worldwide (Casulli, 2020). The infection with the larval stage of Echi-

nococcus multilocularis, the metacestode, is caused upon ingestion of
parasite eggs, which are released into the environment with feces of final
hosts (wild canids, mainly foxes). The metacestodes grow mainly in the
liver of intermediate hosts such as rodents, but also aberrant hosts
including humans. They form of a heterogeneous mass composed of
parasite microcysts intermingled with host connective tissue. These fluid
filled microcysts are composed of two layers: the inner the germinal
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polysaccharides (Lundstrom-Stadelmann et al., 2019). In humans, the
host immune response that develops at the periphery of the parasite is a
granulomatous response with a strong infiltration of immune cells
(macrophages, lymphocytes) and stromal cells (fibroblasts, endothelial
cells) (Vuitton et al., 2006). In most cases, the early Thl-dominated
immune response is able to clear the infection, but in some individuals
the metacestode is able to induce an immune switch towards a
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Th2-dominated and non-inflammatory host response, which allows the
parasite to grow indefinitely. In most cases, AE is fatal if not treated
appropriately (Gottstein et al., 2015; Vuitton et al., 2020). Due to the
slow growth of the parasite, AE is often diagnosed years or decades
post-infection, and at this stage metacestodes are often characterized by
peripheral fibrosis and central necrosis and calcifications (Vuitton et al.,
2006).

The recommended management of AE consists of radical surgery
combined with prophylactic chemotherapy by the benzimidazoles
albendazole or mebendazole during at least 2 years post-surgery (Bru-
netti et al., 2010). These drugs have been used for AE treatment since
more than 40 years (Schantz et al., 1982). While benzimidazoles have
clearly had an impact and increased the life expectancy of quality of life
of AE patients, they have significant drawbacks. They act parasitostatic
only, meaning that in the vast majority of patients an interruption of the
treatment leads to the metacestode recurrence (Lundstrom-Stadelmann
et al., 2019). Additionally, although these drugs are generally
well-tolerated, they are poorly absorbed, and blood levels in different
patients can be variable, thus constant monitoring and adjustement of
the treatment dose is warranted. Moreover, due to the chronicity of
treatment, benzimidazoles are prone to induce liver injury and other
adverse side-effects (e.g. alopecia, bone marrow aplasia), which can lead
to treatment discontinuation (Burkert et al., 2022). For these reasons,
there is an urgent need for new drugs and therapeutic strategies for the
treatment of AE.

Many compounds were previously evaluated for their activity
against E. multilocularis metacestodes. These included, anti-infective
agents such as di-cationic pentamidine derivatives, buparvaquone,
artemisinin derivatives and mefloquine (Kiister et al., 2013; Rufener
et al., 2018a; Spicher et al., 2008; Stadelmann et al., 2016), anti-cancer
drugs e.g. imatinib, nilotinib, everolimus and bortezomib (Hemer and
Brehm, 2012; Joekel et al., 2018; Stadelmann et al., 2014) and other
agents (Gao et al., 2021; Liu et al., 2021; Loos et al., 2020). Among them,
mefloquine has emerged as a promising candidate as it exhibits para-
siticidal activity in vitro (Kiister et al., 2011, 2015; Lundstrom--
Stadelmann et al., 2020; Memedovski et al., 2023; Rufener et al., 2018b;
Stadelmann et al., 2011). In mice that were experimentally infected
through intraperitoneal injection of metacestode tissue or oral applica-
tion of E. multilocularis eggs, mefloquine was as effective as the standard
albendazole treatment (Kiister et al., 2015; Rufener et al., 2018b). These
results suggested that mefloquine could be a promising alternative to
benzimidazoles.

However, the pharmacokinetics of the drug needs to be improved.
Indeed, beyond digestive absorption, the hepatic metabolism and the
binding to serum proteins, the drug has to pass through the fibrosis, the
necrosis and the outer laminated layer of the parasite, composed of
mucopolysaccharides, to access the germinal layer which represents the
live metacestode tissue (Vuitton et al., 2020). With this aim, we devel-
oped mefloquine-loaded polymeric nanoparticles of PLGA (poly-(-
lactic-co-glycolic acid)), which is a well -characterized and
FDA-approved pharmaceutical formulation (Verger et al., 2022; Wang
et al., 2021). The choice of PLGA relied on the hydrophobicity of mef-
loquine (logP: 4.11), which was compatible with a loading into the
hydrophobic core of this type of nanoparticles. Additionally, the
biocompatibility and biodegradability of PLGA make it a good candidate
for nanomedicine. PLGA has excellent biodistribution properties and
accumulates in the liver (Li et al., 2023; Semete et al., 2010). Moreover,
it was shown recently that application of PLGA nanoparticles containing
the incorporated carbazole aminoalcohol compound H1402 reduced
parasite growth in a mouse model of liver infection (Li et al., 2023).
Thus, PLGA nanoparticles could be exploited as nanocarriers that are
able to reach the parasite in the liver, and are thus of interest for AE
treatment. Altogether, these data show that mefloquine is a promising
treatment but its pharmacokinetics should be modified for AE treatment,
and that PLGA nanoparticles could be a solution for this.

We here report on the preparation of a mefloquine-PLGA
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formulation, show that PLGA nanoparticles are readily taken up by
E. multilocularis metacestodes, and study the in vitro activity of
mefloquine-PLGA employing in vitro cultured E. multilocularis meta-
cestodes as well as in vitro cytotoxicity in human liver cells. This work
serves as a basis for further in vivo applications. Altogether, we showed
that nanoparticle-based drug delivery is a promising therapeutic strat-
egy, which could be performed with mefloquine, its derivatives or other
drugs with anti-echinococcal activity (Lundstrom-Stadelmann et al.,
2019).

2. Materials and methods
2.1. Chemicals

Acid terminated PLGA 50:50 MW 24,000-38,000 (Resomer®
RG503H), anhydrous dichloromethane, dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS), diethyl ether, poly(ethylene gly-
col 2000) (PEG, 2000) bis(amine), dimethylaminopyridine, succinic
anhydride, triethylamine, hydrochloric acid, magnesium sulphate,
polysorbate, coumarine-6 and dimethylsulfoxide (DMSO) were pur-
chased from Sigma Aldrich (Saint-Quentin-Fallavier, France). Meflo-
quine hydrochloride was purchased from Selleck Chemicals (Houston,
TX, USA). Analytical reagent grade methanol, acetone, acetonitrile and
formic acid were obtained from VWR international S.A.S. (Fontenay-
sous-Bois, France).

2.2. Synthesis and characterization of PLGA-PEG-COOH polymer

2.2.1. Activation of COOH group on PLGA

Dissolved PLGA in anhydrous dichloromethane was reacted with
DCC and NHS for 24 h at room temperature (RT) under argon atmo-
sphere at a stochiometric molar ratio of PLGA:DCC:NHS of 1:10:10. The
by-product N,N'-dicyclohexylurea was removed by filtering through a
0.45-um Teflon® syringe filter. The filtrate was precipitated and washed
with ice-cold diethyl ether. The precipitate was vacuum-dried to obtain
activated PLGA.

2.2.2. Conjugation of PEG with activated PLGA

Activated PLGA and PEG 2000 bis(amine) were dissolved in anhy-
drous dichloromethane (1:1 mol-mol ratio) and reacted overnight at RT
under argon. The reaction mixture was precipitated and washed with
cold methanol. The precipitate was then vacuum dried to obtain PLGA-
PEG-NH,.

2.2.3. Functionalization with COOH radical

Based on the work of Amela-Cortes et al. (2011), PLGA-PEG-NH,
(300 mg), dimethylaminopyridine (65 mg) and succinic anhydride (43
mg) were mixed and dried under vacuum for 1 h. Afterwards, triethyl-
amine (43 mg) was added and the mixture was dissolved in anhydrous
dichloromethane. The reaction was stirred overnight under argon. The
crude was then successively washed 3 times with hydrochloric acid at
pH = 3, 3 times with water and finally 3 times with brine. The organic
layer was dried over magnesium sulphate, the solvent evaporated and
PLGA-PEG-COOH was isolated with a 99.7% yield.

2.2.4. Characterization of PLGA-PEG-COOH polymer

PLGA, PLGA-PEG-NH; and PLGA-PEG-COOH copolymers were
analyzed by Fourier-Transform-Infrared (FT-IR) using the VERTEX 70v
FT-IR spectrometer (Bruker, Wissembourg, France) with the following
parameters: scan range 4400-400 cm ™}, number of scans 16, resolution
4.0 cm™!, interval 1.0 cm™! and unit %T. Copolymers were also
analyzed by proton nuclear magnetic resonance (‘H NMR) spectroscopy
using the Bruker Avance 400 MHz NMR spectrometer (Bruker, Wis-
sembourg, France). The thermal behavior of synthesized copolymer was
studied by differential scanning calorimetry (DSC) on a Discovery DSC-
25 device (TA instruments, New Castle, USA). Samples (approximately
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5 mg) were weighed and placed in aluminum pans before sealing. Using
nitrogen as protective gas, samples were heated at a constant rate of
10 °C/min in a temperature range of 0 °C-200 °C. The thermogram
curves were analyzed with the TRIOS software v5.0 (TA instruments,
New Castle, USA).

2.3. Nanoparticles formulation and characterization

2.3.1. Nanoparticles formulation

An organic solution in acetone (4 g) of PLGA-PEG-COOH polymer
(25 mg), polysorbate 20 (75 mg) and either coumarine-6 (13 mg) or
mefloquine hydrochloride (13 mg), was slowly added to 15 mL of Water
for Injection (0169 according to European Pharmacopoeia) with a 5 mL
syringe and a 25G needle (Terumo Europe, Leuven, Belgium) under
magnetic stirring (450 rpm) at room temperature (20-25 °C). In these
conditions, a bluish colloidal nanosuspension formed instantaneously
due to the ouzo effect (Ganachaud and Katz, 2005). The acetone was
then removed under reduced pressure (200 mBar) by a rotary evapo-
rator Laborata 4000 (Heidolph, Schwabach, Germany) for 1 h. The
nanosuspensions were purified by centrifugation (5000 g, 10 min) to
eliminate polymer aggregates and precipitated reagents. They were
stored at 4 °C for stability study, and an aliquote was stored at —80 °C at
each timepoint for further drug dosage. Before each stability and in vitro
experiment, the formulation was dialyzed against 500 mL of deionized
water using a pre-wetted Spectra/Por™ Float-a-Lyzer™ G2 device with
a molecular weight cutoff of 20 kDa (Spectrum™, Repligen™, Castanet
Tolosan, France), in order to eliminate free and released compounds.

2.3.2. Nanoparticles characterization

Sizes and zeta potentials of nanoparticles were checked for each
batch of nanoparticles using the Malvern Zetasizer Nano ZS device
(Malvern Instruments, Malvern, United Kingdom). A calibration curve
for dosage of mefloquine in nanoparticles solutions was established by
dilutions of a 4 g/L (9.64 mM) initial solution with acetonitrile in order
to have 120 mg/L, 160 mg/L, 200 mg/L, 240 mg/L and 280 mg/L
standard solutions. Samples were diluted at 1:10 with acetonitrile before
analysis, which solubilized nanoparticules. Mefloquine concentrations
were determined using the 1220 Infinity II LC system (Agilent Tech-
nologies™, Dako, Les Ulis, France) with the InfinityLab Poroshell SB-
C18 column (150 x 4.6 mm, i.d. 4 pm, Agilent Technologies™) and
the Diode Array Detector for UV detection at 220 nm. The mobile phase
consisted of 50% of A (0.1% formic acid in water) and 50% of B (0.1%
formic acid in acetonitrile). Flow rate was 1 mL/min and 10 pL of each
sample was injected. Analysis was done using the Lab Advisor software
(Agilent Technologies™, Dako, Les Ulis, France). Mefloquine was
quantified by measuring Area Under the Curve (AUC) at 220 nm at the
retention time of the standard mefloquine (Rt = 2.4 min) and by using
the calibration curve.

2.4. Parasite material

2.4.1. Ethics statement

All experimental protocols on animals were conducted in compliance
with the French laws (Décret n° 2013-118), the institution’s guidelines
for animal welfare, and European recommendations from the EEC
Council Directive 2010/63/EU. Authors were given permission to
conduct animal experimentation by “La direction des Services
Vétérinaires”, the project was reviewed and authorized by the “Comité
d’Ethique en Expérimentation Animale” (C2EA-07), and license was
given by the “Ministere de I’Enseignement Supérieur, de la Recherche et
de I'Innovation”, #28586-202011261535409.

2.4.2. Animals and infection procedure

Animals were housed in individual cages in specific pathogen-free
conditions in a conventional animal facility (Arche platform, Biosit,
Rennes) with a 12 h dark-light cycle, at 25 °C, 50% relative humidity
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and HEPA-filtered air (Forma Scientific, Marietta, OH), with food (2016
Teklad global 16% protein rodent diets, Envigo, Gannat, France) and
water ad libitum. The E. multilocularis isolate H95 was maintained in vivo
by serial peritoneal infections of BALB/c mice (Janvier Laboratories, Le
Genest-Saint-Isle, France) also at the Rennes animal facility. Metacest-
odes were collected from an infected mouse, crushed and sieved to
remove debris. After an overnight sedimentation in PBS containing 100
U/mL penicillin and 100 U/mL streptomycin (Gibco™, Thermo Fisher
Scientific, Illkirch, France) at 4 °C, the pellet was washed with PBS and
centrifuged 5 min 500 g at 4 °C. The metacestodes in the final pellet
weresuspended in culture medium (same as described in "Primary
metacestode culture" subsection). They were then applied for either
intraperitoneal inoculation of 5 uninfected mice, or were used for in vitro
primary culture (Stadelmann et al., 2010a).

2.4.3. Primary metacestode culture

For primary metacestode culture, metacestodes obtained from an
infected mouse were suspended in 20 mL of DMEM high glucose, py-
ruvate (Gibco™, Thermo Fisher Scientific, Illkirch, France), supple-
mented in 10% fetal calf serum (FCS, Eurobio Scientific, Les Ulis,
France), 10 mg/L tetracycline (Sigma Aldrich, Saint-Quentin-Fallavier,
France), 100 U/mL penicillin and 100 U/mL streptomycin (Gibco™,
Thermo Fisher Scientific, Illkirch, France), and co-cultured with Reuber
rat hepatoma (Rh) cells (ATCC #H4-II-E-C3) in culture flasks at 37 °C
under 5% COa, as previously described (Stadelmann et al., 2010b). One
to two month-old metacestode vesicles were isolated and washed with
PBS prior to further experiments.

2.4.4. Assessment of nanoparticle entry by fluorescence testing

In order to assess if nanoparticles pass through the laminated layer of
the parasite, we exposed E. multilocularis metacestodes in vitro to
coumarine-6-loaded PLGA-PEG-COOH nanoparticles and detected
fluorescence from both the vesicle fluid and germinal layer cells. The
vesicle fluid was collected by mechanical lysis and centrifugation, and
cell extract was obtained by trypsinization and chemical lysis of the
vesicule membranes. In a 2 mL tube, 500 pL of in vitro cultured
E. multilocularis vesicles were exposed to 500 pL of a 1:1 dilution in PBS
of either coumarine-6-loaded or unloaded PLGA-PEG-COOH nano-
particles for 30 min, 90 min or 24 h at RT in the dark. The supernatant
was sampled, the vesicles were washed 3 times with PBS and the third
washing supernatant was sampled. The remaining PBS was removed by
careful pipetting, the vesicles were broken, the whole suspension was
centrifuged at 500 g for 5 min (RT) and the supernatant (vesicle fluid)
was sampled. The pellet containing laminated and germinal layer was
suspended in 200 pL of trypsin-EDTA 0.25% (Gibco™, Thermo Fisher
Scientific, Illkirch, France) and incubated 5 min at RT with gentle
manual shaking. The suspension was then filtered through 70 pm cell
strainers (Corning™, Sigma-Aldrich, Saint-Quentin-Fallavier, France),
the filtrate was centrifuged at 500 g for 5 min (RT), washed with PBS,
and after another centrifugation at 500 g for 5 min, the pellet was lysed
by 90 pL of a 1% solution of Triton X-100™ in PBS (cell extract). Finally,
optical density of 90 pL of each sample (nanoparticles solution, third
wash, vesicular fluid, cell extract) was measured at 520 nm under
excitation at 450 nm in a black 96-well plate. Three independent ex-
periments were conducted at the University of Rennes.

2.4.5. Assessment of nanoparticles entry by confocal microscopy

In vitro cultured E. multilocularis vesicles were distributed in 12 well
culture plates and exposed to a 1:1 dilution in PBS of either coumarine-
6-loaded or unloaded PLGA-PEG-COOH nanoparticles for 5 min, 15 min
and 30 min at RT in the dark. Samples were washed in PBS, fixed in
formalin 4% and re-suspended in PBS. Exposed vesicles were immedi-
ately processed in ibidi™ p-Slide Angiogenesis with glass bottom
(ibidi™, Munich, Germany) and analyzed using a Leica™ TCS SP8
confocal microscope (Leica™, Mannheim, Germany). Wavelengths of
excitation and emission were 488 nm (argon laser) and 500 nm,
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respectively. Two independent experiments were conducted at the
University of Rennes.

2.5. Assessment of mefloquine and mefloquine-PLGA-PEG-COOH
formulations against E. multilocularis metacestodes in vitro

2.5.1. Invitro drug treatment

To quantitatively assess the damage induced by free mefloquine and
mefloquine loaded in nanoparticules (mefloquine and mefloquine-NP,
respectively), the previously described PGI assay was employed (Sta-
delmann et al., 2010a). Intact 2-4 mm vesicles were isolated by flotation
using 2% saccharose solution, extensively washed with PBS and diluted
1:1 with DMEM without phenol red (Seraglob, Bioswisstec, Schaffhau-
sen, Switzerland). One milliter of metacestode vesicles per well were
cultured in 48-well culture plate at 37 °C under 5% CO» and exposed to
30 pM (ECs as reported by (Stadelmann et al., 2016)) or 60 uM of either
mefloquine or mefloquine-NP. Negative controls were exposed to 2%
DMSO or to 0.4% blank nanoparticles (without drug), corresponding to
the highest concentrations of vehicles for free and loaded mefloquine,
respectively. Positive controls were vesicles exposed to 1% Triton X-100.
Five and 14 days later, 120 pL of supernatant was sampled, and finally
vesicles were crushed and 120 pL of supernatant was sampled again. All
the supernatants were stored frozen at —20 °C until further analysis.
Two independent experiments were conducted, one at the University of
Rennes, the other at the University of Bern, each with three biological
replicas.

2.5.2. Enzymatic assay

The impact of mefloquine and mefloquine-NP was evaluated in vitro
by indirect detection of the released EmPGI-activity by damaged meta-
cestodes, as previously described (Stadelmann et al., 2010a). The EmPGI
assay is one of the most reliable technique for assessment of drug activity
against E. multilocularis metacestodes. Indeed, it relies on the kinetics of
the enzymatic reaction, whereas other assays (e.g. EmALP assay) rely on
the endpoint detection of the product (Stettler et al., 2001), which is not
directly proportional to the enzymle concentration.

The EmPGI assay is based on an enzymatic reaction initiated by the
addition of fructose-6-phosphate to a mix containing EmPGI (putatively
in supernatant), 4,4.10~! mM p-nicotinamide adenine dinucleotide hy-
drate, 1,8 U/mL glucose-6-phosphate dehydrogenase, 8,8.1071 mM
EDTA and 100 mM Tris-HCl (all reagents from Sigma Aldrich, Saint-
Quentin-Fallavier, France). In the presence of EmPGI, NADH,H" was
generated and detected continuously during 30 min at an absorbance of
340 nm using a SPECTROstar™ Nano spectrophotometer (BMG Labtech,
Champigny sur Marne, France). A nonlinear regression curve was fitted
using GraphPad Prism software v8.0.2 (GraphPad, La Jolla, CA, USA).
Drug activity was calculated as proportion of released EmPGI expressed
as % Triton X-100 using Microsoft Office Excel 2019 (Microsoft France,
Issy-les-Moulineaux, France).

2.6. Cytotoxicity of mefloquine and mefloquine-PLGA-PEG-COOH
formulations against human hepatoma cells in vitro

Differentiated HepaRG cells were obtained as previously described
(Gripon et al., 2002), and cultured in an opaque 96-well flat-bottom
plate, in William’s medium E (Eurobio Scientific, Les Ulis, France),
supplemented in 10% FCS (Perbio Science, Villebon-Sur-Yvette, France),
100 U/mL penicillin and 100 U/mL streptomycin (Gibco™, Thermo
Fisher Scientific, Illkirch, France), 5 pg/mL insulin (Sigma Aldrich,
Saint-Quentin-Fallavier, France) and 2% DMSO (Gripon et al., 2002).
Each well was seeded with 2-3 x 10° cells and cultures were maintained
at 37 °C under 5% CO,. Cells were exposed to mefloquine or
mefloquine-NP, in a range of concentrations from 1 pM to 70 pM,
without DMSO (or less than 0.7% for mefloquine), during 48h. The
positive control was cells exposed to 1% Triton X-100 and negative
controls were cells exposed to either William’s Medium E with DMSO,
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with blank PLGA-PEG-COOH nanoparticles, or without any additional
compound. Cell viability was evaluated by quantification of ATP, using
the CellTiter-Glo® assay (Promega, Charbonnieres-les-Bains, France).
This assay was used following manufacturer’s recommendation and
luminescence was quantified using a multimode microplate reader
ClarioSTAR (BMG Labtech, Champigny-sur-Marne, France). Data were
expressed as % of the luminescence of the negative control. One
experiment with three biological replica was conducted at the Univer-
sity of Rennes.

2.7. Statistical analysis

Statistical analysis and plots of data were done using GraphPad Prism
software v8.0.2 (GraphPad, La Jolla, CA, USA). The a risk was set to 0.05
for all analyses, and the same representation of significance was used
throughout the manuscript: *p < 0.05, **p < 0.01 and ***p < 0.001.
Stability of each physical characteristic of the mefloquine-NP was
analyzed using the non-parametric Friedman test for paired data, with
post-hoc Dunn’s multiple comparisons test. Fluorescence intensities and
antiparasitic activities were compared using the two-way ANOVA test
and the one-way ANOVA test, respectively. Post-hoc analysis compared
all compounds to each other within a timepoint using the Tukey’s or
Bonferonni’s multiple comparison test, as specified. Dose-response
curve for toxicity evaluation and LCsp (concentration with 50% dead
cells) were determined by extrapolation of a non-linear four-parameter
dose-response curve.

3. Results
3.1. Characterization of PLGA-PEG-COOH polymer

The successful formation of PLGA-PEG-COOH polymer was
confirmed by FT-IR (Fig. 1A). The overall spectral pattern was un-
changed post grafting of PLGA-PEG-NH,. After addition of a -COOH
terminal group, the spectra exhibited a broad O-H stretching at
3200-3650 cm ™!, C=O0 stretching at 1720 cm™! and C-O stretching at
1050 cm ™! which corresponded to carboxylic groups.

Differential scanning calorimetry (DSC) measurements were per-
formed on copolymers, to investigate differences of the glass transition
temperature (T,) during chemical transformation (Fig. 1B). For native
PLGA, T was around 36.1 °C and decreased to 30.4 °C after grafting of
PLGA-PEG-NH;. This decrease is in accordance with the addition of
flexible ethyleneglycol units. After transformation to PLGA-PEG-COOH
copolymer, the Tg increased again to 34.9 °C. These slight variations
showed that the chemical transformation was effective, without radical
modification of this physical characteristic.

The successful formation of PLGA-PEG-COOH copolymer was
confirmed by characterizing this copolymer by 'H NMR (Fig. 1C).
Comparison of the spectra of PLGA-PEG-NH; with PLGA showed signals
corresponding to the carbons of the ethylenic groups of the PEG back-
bone at 3.6 ppm. The spectrum of PLGA-PEG-COOH showed the
appearance of a supplementary band at 2.19 ppm that correspond to the
CH,CH,COOH terminal groups of the copolymer.

3.2. Characterization of nanoparticles

At synthesis, the size of the mefloquine-NP was 96.6 + 9.0 nm with a
low polydispersity index (PDI) of 0.13 + 0.02 (monodisperse system if
PDI <0.2 (Caputo et al., 2019)) and a satisfying (<30 mV) zeta potential
of 12.7 + 3.4 mV (Fig. 2A). Size and PDI were stable during at least 45
days. After a slight decrease during the first week (not significant using
ANOVA test), loading of mefloquine was stable during at least 3 months
at 4 °C (Fig. 2B) and was 68.9 + 3.9 %, which was equivalent to a
suspension with a mean concentration of 2.2 + 0.1 mM of mefloquine.
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3.3. Entry of PLGA nanoparticles into E. multilocularis metacestodes

After exposition of E. multilocularis metacestodes to coumarine-6-
loaded nanoparticles during 30 min (Fig. 3A), fluorescence was detec-
ted in the germinal layer cell extract, and, to a lesser extent, in vesicle
fluid (Fig. 3B). After 90 min of exposition, similar fluorescence levels
were detected vesicle fluid germinal layer cell extract (Fig. 3B), and after
24 h, fluorescence levels had increased in cell extract and vesicle fluid
(Fig. 3B). No fluorescence was detected in vesicles not exposed to
coumarine-6-loaded nanoparticles.

Confocal microscopy showed that 5 min of exposition was sufficient
to detect coumarine-6 in germinal layer cells (Fig. 3C). Fluorescence was
not observed in the laminated layer at any of the timepoints investigated
(30 min (Figs. 3C), 90 min (data not shown)). No fluorescence could be
seen in metacestodes exposed to blank PLGA-PEG-COOH nanoparticles.

3.4. Invitro activity against E. multilocularis metacestodes

After 5 days of exposition to 30 pM or 60 pM mefloquine, EmPGI
release from the metacestodes was 90.2 + 17.8 % and 108.9 + 10.6 % of
the internal Triton X-100 control, respectively (Fig. 4A). The same
exposition time to 30 pM and 60 pM mefloquine-NP lead to 39.7 + 26.5
% (p < 0.05 vs 30 pM mefloquine, p < 0.01 vs 60 uM mefloquine) and
103.4 £+ 13.9 % (p < 0.01 vs 30 pM mefloquine-NP) of EmPGI, respec-
tively. Except for 30 pM mefloquine-NP, all conditions had exerted
significant anti-parasitic activity when compared to the negative con-
trols (p < 0.001). Similar results were obtained after a treatment lasting
12 days (Fig. 4A). Microscopical observation of the metacestodes
showed that E. multilocularis vesicles exposed to both mefloquine and

mefloquine-NP at 60 pM were damaged, in contrast to vesicles exposed
to DMSO or blank nanoparticles (Fig. 4B).

3.5. Cytotoxicity in human hepatoma HepaRG cells

Toxicity of free mefloquine or mefloquine-NP was evaluated by
quantifying viability of exposed human hepatoma HepaRG -cells
(Fig. 4C). Formulation of mefloquine into nanoparticles did not alter
toxicity as the LCsq after 48h exposition was 31.7 + 4.2 puM for free
mefloquine, and 30.8 + 7.4 pM for mefloquine-NP. DMSO and blank
nanoparticles did not have significant impact on cell viability (data not
shown).

4. Discussion

Treatment of AE is suffering from a lack of therapeutic possibilities,
especially in terms of available and efficient antiparasitic drugs. In this
proof of principle study, we aimed at developing a nanovectorized
formulation of mefloquine, previously shown to have promising in vitro
and in vivo activity (Kiister et al., 2015; Lundstrom-Stadelmann et al.,
2020; Rufener et al., 2018b). We focused (i) on a non-benzimidazole
drug, which could be administered to patients suffering from
benzimidazole-related side effects, and (ii) on an already used drug in
human medicine, to increase its chance to be introduced in the market.
Mmefloquine was reproducibly formulated in PLGA-PEG-COOH nano-
particles, and the physical properties of the formulation as well as the
loading of nanoparticles with mefloquine remained stable for atleast 45
days. Size, PDI and zeta potential were compatible with an in vivo
administration. In addition, PLGA-PEG-COOH nanoparticles were able
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to cross the laminated layer and reached the germinal layer of the
parasite in vitro in less than 5 min. At 60 pM mefloquine concentration,
treatments with free mefloquine and the mefloquine NP formulation
induced similar levels of EmPGI activity. However, at 30 pM, EmPGI
release for the mefloquine-NP formulation was at a lower level
compared to free mefloquine, indicating the NP-associated drug induced
less physical damage. This was expected in vitro, since the
PLGA-nanoparticles have to undergo degradation in order to release
their content, while free mefloquine enters the parasite by simple
diffusion. In vivo, this effect could be compensated by enhancing the
biodistribution of the particles through targeting them closer to the in-
fections site, thus applying targeted treatment rather than systemic
approaches.

The same would account for preventing adverse side effects, due to
unspecific cytotoxicity. We showed that loading mefloquine into PLGA-
PEG-COOH nanoparticles did not have any impact on the toxicity in a
HepaRG cell line. Both free and NP-bound mefloquine altered the
viability of these cells at a similar LCsg range as the ECsg in metacestodes
determined by PGI assay. However, cytotoxicity values can differ be-
tween different cell types and cell lines of different tissue origin, and
further investigations are needed to obtain a clearer picture. The dosage
of mefloquine that can be applied in humans and in animal models is
limited, due to its potential toxicity (Ghosh et al., 2021). Of note, the
main toxic effects described for mefloquine are neurological and psy-
chiatric disorders, but the underlying mechanisms are not fully under-
stood yet (Martins et al., 2021).
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For a future application of these nanoparticles, a targeting strategy
needs to be applied, in order to increase the delivery of these particles
close to the parasite and to decrease the distribution to susceptible tis-
sues. With this in mind, we evaluated activities of PLGA-PEG-COOH
nanoparticles instead of the older-generation PLGA nanoparticles
(Venier-Julienne and Benoit, 1996). PLGA nanoparticles are known to
be easily opsonized and cleared by the reticular endothelial system, and
PEGylation of the nanoparticles, as done in our study, increases their
biological half-life (Zhang et al., 2022). Engraftment of a -COOH radical
was not guided by a pharmacokinetic need, but this group could be
utilized for conjugation of an antigen-binding protein, e.g. a monoclonal
antibody (mAb) (Lee et al., 2022), that would allow parasite-specific
targeting of these nanoparticles (Friedman et al., 2013). This strategy
could allow to specifically target the stem cells of E. multilocularis, which
are the key players for metacestode survival, dissemination and also
relapse (Koziol and Brehm, 2015).

Additional studies in AE mouse models for hepatic infection will
have to address the biodistribution of mefloquine-NPs, especially in
relation to the periparasitic fibrosis that could potentially hinder access
to the metacestodes in vivo (N. Yang et al., 2022). It is highly suspected
that periparasitic fibrosis could limit drug delivery, since immunocom-
promised patients, who develop a weaker periparasitic response
(including fibrosis), are more responsive to benzimidazole treatments
(Autier et al., 2023; Chauchet et al., 2014).

Few studies have evaluated drug delivery systems for treatment of
AE. The first one evaluated doxorubicin-loaded poly-
isohexylcyanoacrylate nanoparticles (Liance et al., 1993), followed by
multiple formulations of albendazole, showing that albendazole-loaded
nanoparticles exhibited increased efficacy, allowing lower dosage of the
drug (Abulaihaiti et al., 2015; Dvoroznakova et al., 2004; Rodrigues
et al., 1995; Wen et al., 1996). Another study (Naseri et al., 2016) re-
ported that PLGA-PEG nanoparticles loaded with albendazole sulfoxide
were not more efficacious against protoscoleces of Echinococcus gran-
ulosus. However, while E. granulosus is closely related to E. multilocularis,
protoscoleces and metacestodes are two intrinsically different parasite
stages. Li et al. (2020) successfully treated mice infected with
E. multilocularis metacestodes with magnetic PLGA-Fe nanoparticles
loaded with E2-a, an alkaloid compound extracted from the traditional
Tibetan medicinal plant Sophora moorcroftiana (Li et al., 2020).

More recently, a study published by Li et al. reported the activity of a
PLGA-PEG nanoparticular formulation of the new anti-echinococcal
agent H1402 (Li et al., 2023), which exhibited higher efficacy than
free H1402 for hepatic AE treatment in mice following oral adminis-
tration. The PLGA-PEG nanoparticles enabled targeted delivery of the
anti-echinococcal agent (H1402) to the infected liver, thereby
enhancing therapeutic efficacy while reducing systemic toxicity. The
uniform size and spherical shape of nanoparticles facilitate their rapid
penetration and extensive accumulation within the E. multilocularis
metacestodes. Altogether, this study brought complementary data that
supports us in the use of nanoparticles for AE treatment. However, some
of the results are surprising, as PLGA-PEG nanoparticles are known to be
poorly absorbed through the oral route (Morelli et al., 2019; Xu et al.,
2015). As the same dosage of free H1402 and H1402-loaded nano-
particles was used (100 mg/kg) the biodisponibility was expected to be
lower for the nanobody formulation compared to free H1402. This poor
oral absorption explains that PLGA-PEG formulations currently in
development for oral administration are designed with pH-sensitive
architecture and ligand coating in order to improve digestive absorp-
tion (Li et al., 2022; Shi et al., 2018; T. T. Yang et al., 2022).

In summary, our study showed that PLGA-PEG-COOH nanoparticles
are efficient drug delivery systems that are rapidly taken up by
E. multilocularis metacestodes in vitro. PLGA-PEG-COOH nanoparticles
acquired mefloquine with a loading rate of 69% allowing optimal pro-
duction. Formulations are stable over time, which renders them useful
for therapeutic purposes and promising candidates for drug delivery
during AE treatment. Due to the intrinsic side effects of the drug and the
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Fig. 3. Fluorimetry of supernatants and metacestode fractions after exposition to coumarine-6-loaded PLGA-PEG-COOH nanoparticles. (A) E. multilocularis meta-
cestodes were exposed to coumarine-6-loaded nanoparticles during 30 min, 90 min or 24 h, washed, and vesicle fluid and germinal layer cells were obtained by
mechanical disruption of the vesicles. Four samples were collected: the solution of nanoparticles, the third wash solution, the extract of germinal layer cells and the
vesicle fluid. (B) Plot showing fluorescence intensity at 520 nm under 450 nm excitation of the previously collected samples. For each condition, plot shows pooled
data from 4 independent experiments, mean and SD. Data were compared using two-way ANOVA and post-hoc Tukey’s multiple comparison test. **p < 0.01, ***p <
0.001. (C) Confocal microscopy of Echinococcus multilocularis vesicles. Metacestodes were exposed to either coumarine-6-loaded PLGA-PEG-COOH nanoparticles
(coumarine-6-NP) during 5 min or 30 min, or blank PLGA-PEG-COOH nanoparticles (blank NP) during 30 min. When exposed to coumarine-6-NP, fluorescence can
Ee observed in the inner germinal layer (arrows), and not the outer laminated layer (arrowheads). Observations were representative of 2 independent experiments.
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Fig. 4. Antiparasitic activity and toxicity of mefloquine loaded in PLGA-PEG-COOH nanoparticles. (A) Plot showing in vitro release of EmPGI expressed in percentage
of the positive control (Triton X-100) after 5 days and 12 days of treatment. Representative data from two independent experiments with three biological replica
each. Data were compared using one-way ANOVA and post-hoc Bonferroni’s multiple comparison test. *p < 0.05, **p < 0.001, ***p < 0.001. For DMSO and unloaded
PLGA-PEG-COOH nanoparticles (blank NP), statistical significance indicates comparison within the same timepoint with 30 pM and 60 pM free mefloquine and 60
pM mefloquine-loaded PLGA-PEG-COOH nanoparticles (mefloquine-NP) conditions. (B) Pictures of the vesicles after 12 days of in vitro exposition to the indicated
treatment, by optical microscopy at 100 fold magnification. Vesicles were broken when exposed to 60 pM mefloquine, 60 pM mefloquine-NP and Triton X-100.
Morphology of vesicles was not altered when exposed to DMSO or blank NP. Pictures are representative of two experiments. Altered vesicles were annotated with an
asterisk. (C) Dose-response curve for viability of HepaRG cells exposed 48h to free and mefloquine-loaded PLGA-PEG-COOH nanoparticles. Obtained from one
experiment. Each plot shows mean and SD.

observed cytotoxicity, however, mefloquine-loaded PLGA-PEG-COOH
nanoparticles require a targeting strategy, which is currently being
developed. These results have paved the way for the development of
similar formulations using either mefloquine derivatives or other com-
pounds that exhibit lower toxicity on human cells (Rufener et al.,
2018Db). Future pharmacokinetic and —~dynamic studies in animal models
will show if these promises will hold up also in an in vivo setting.
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