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Abstract

Echinococcus multilocularis and E. granulosus s.l. are the causative agents of alveolar and
cystic echinococcosis, respectively. Drug treatment options for these severe and neglected
diseases are limited to benzimidazoles, which are not always efficacious, and adverse side
effects are reported. Thus, novel and improved treatments are needed. In this study, the
previously established platform for E. multilocularis in vitro drug assessment was adapted to
E. granulosus s.s. In afirst step, in vitro culture protocols for E. granulosus s.s. were estab-
lished. This resulted in the generation of large amounts of E. granulosus s.s. metacestode
vesicles as well as germinal layer (GL) cells. In vitro culture of these cells formed metaces-
tode vesicles displaying structural characteristics of metacestode cysts generated in vivo.
Next, drug susceptibilities of E. multilocularis and E. granulosus s.s. protoscoleces, meta-
cestode vesicles and GL cells were comparatively assessed employing established assays
including (i) metacestode vesicle damage marker release assay, (ii) metacestode vesicle
viability assay, (i) GL cell viability assay, and (iv) protoscolex motility assay. The standard
drugs albendazole, buparvaquone, mefloquine, MMV665807, monepantel, niclosamide and
nitazoxanide were included. MMV665807, niclosamide and nitazoxanide were active
against the parasite in all four assays against both species. MMV665807 and monepantel
were significantly more active against E. multilocularis metacestode vesicles, while albenda-
zole and nitazoxanide were significantly more active against E. multilocularis GL cells.
Albendazole displayed activity against E. multilocularis GL cells, but no effects were seen in
albendazole-treated E. granulosus s.s. GL cells within five days. Treatment of protoscoleces
with albendazole and monepantel had no impact on motility. Similar results were observed
for both species with praziquantel and its enantiomers against protoscoleces. In conclusion,
in vitro culture techniques and drug screening methods previously established for E. multilo-
cularis were successfully implemented for E. granulosus s.s., allowing comparisons of drug
efficacy between the two species. This study provides in vitro culture techniques for the
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reliable generation of E. granulosus s.s. metacestode vesicles and GL cell cultures and
describes the validation of standardized in vitro drug screening methods for E. granulosus s.s.

Author summary

Tapeworms of the genus Echinococcus cause severe zoonotic diseases in humans and live-
stock, which goes along with substantial burden on human and veterinary health and big
economic losses. Most relevant to human health are the species E. multilocularis and E.
granulosus s.I., which are two closely related parasites that cause alveolar and cystic echi-
nococcosis, respectively. Both diseases have limited treatment options, which is why there
is a strong need for new drugs against these neglected tropical diseases.

Efficacy of new drugs against E. multilocularis can be assessed via various standardized
in vitro assays. For E. granulosus, activity of drugs is currently mainly assessed via optical
readout methods, which are time consuming and are not easily carried out in a blinded
manner.

We here describe the application of several standardized in vitro drug screening assays
targeting different parasite stages and isolated germinal layer cells of E. granulosus s.s. We
have performed these assays in a comparative manner including E. multilocularis and
tested various standard drugs with known activity in these assays.

All assays could be applied to E. granulosus s.s. and this will allow for standardized,
higher throughput testing against this parasite in the future.

Introduction

Alveolar echinococcosis (AE) and cystic echinococcosis (CE) are severe zoonotic diseases
caused by the tapeworms Echinococcus multilocularis and E. granulosus sensu lato (s.1.), respec-
tively. Both parasitoses are acquired via oral uptake of eggs containing infectious oncospheres
[1]. Subsequently, these oncospheres invade the liver and other organs, and establish the dis-
ease-causing stage, the Echinococcus metacestode. Natural intermediate hosts of E. multilocu-
laris are rodents and other small mammals, whereas E. granulosus s.l. naturally infects a variety
of larger mammals such as sheep, cattle, and others, depending on parasite genotype. Inside
metacestodes, protoscoleces develop that will differentiate into adult worms when ingested by
definitive hosts such as foxes or dogs [1]. E. multilocularis and E. granulosus s.l. can also infect
aberrant hosts that usually do not further transmit the parasite, but still acquire the diseases
AE or CE. Both parasites thereby impose considerable burden on human and veterinary health
and are responsible for high economic losses, in particular in the case of CE [2]. On a global
scale, E. multilocularis and E. granulosus s.1. are the third and second most important food-
borne parasites, respectively [3]. AE and CE cause global burdens of 688,000 and 184,000 Dis-
ability Adjusted Life Years (DALY), and are responsible for at least 18,500 and 188,000 new
human cases per year [4]. In Europe, they are the first and fourth most important food-borne
parasites [5,3]. However, the actual number of echinococcosis cases may be significantly higher
as not all infections are officially recorded [6-8]. In addition, there is a reported emergence of
AE in Europe and Canada [9,10], of CE in the Middle East [11], and both AE and CE in the
East Asia-Pacific region and Central Asia [12,13].

The disease-causing stage of E. multilocularis and E. granulosus s.1. is the metacestode,
which grows as a multilocular (AE) or unilocular (CE) fluid-filled cyst. Each metacestode cyst
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is surrounded by an outer acellular and carbohydrate-rich laminated layer. This layer is fol-
lowed by an inner syncytial tegument and a germinal layer (GL) [14,15], all of which build up
the metacestode tissue. The GL contains a variety of differentiated cells including muscle cells,
nerve cells, subtegumentary cytons, glycogen storage cells and undifferentiated stem cells
[16,17]. Especially the latter are responsible for the high regenerative potential of this parasite.

In the human host, E. multilocularis metacestodes mainly infect the liver and subsequent
proliferation leads to infiltration of the affected organ [1]. If feasible, patients should undergo
radical surgery, which can result in curative treatment if all parasitic tissue is removed, but at
least two years of post-surgical anti-parasitic treatment is recommended. The alternative
option is lifelong therapy with daily treatment of 10 to 15 mg/kg albendazole (ABZ) or 40 to 50
mg/kg mebendazole, both exhibiting limited efficacy [18]. Treatment is not effective in all
cases, and the daily treatment with benzimidazoles can cause adverse side effects, most notably
hepatotoxicity, and this normally leads to treatment discontinuation and, as a consequence,
recurrence of the disease [19,20]. This recurrence is most likely caused by stem cells in the GL
[21,16], which might express an isoform of the benzimidazole target beta-tubulin that is not
efficiently bound by ABZ or mebendazole [22]. Thus, it has been suggested that GL cells sur-
vive benzimidazole treatment, which then leads to parasite regrowth [22]. Since the currently
applied drug treatment does not act parasiticidally and AE causes mortality in case the treat-
ment fails with no alternative treatment options in sight, there is a strong need for the develop-
ment of new drugs that can target also the stem cells of the parasite [23,24].

E. multilocularis represents a model cestode, due to the fact that in vitro culture of metaces-
tode vesicles and isolated GL cells (including parasite stem cells) has been established, and
options for genetic manipulation by RNAi were introduced [25,26]. In addition, parasite iso-
lates can be passaged in mice and cryopreservation protocols are implemented [27-30]. While
older studies on the evaluation of drug effects against E. multilocularis relied on subjective
microscopic assessments, the more advanced culture techniques for E. multilocularis enabled
researchers to develop a drug screening cascade for the discovery of novel compounds or
repurposed drugs, which uses objectively measurable methodology [24]. This drug screening
cascade performs drug assessments on metacestode vesicles (a and b), protoscoleces (c) and
GL cells (d) [31-33]. These assays include drug activity assessments via different mechanisms
(Fig 1). In (a) the activity of compounds against the metacestode stage is assessed by measuring
the activity of the damage marker phosphoglucose isomerase (PGI), which is released into the
supernatant of the cultured parasite upon impairment of metacestode vesicle integrity [33]. In
addition, metacestode vesicle viability (b) upon treatment is assessed via measurement of ATP
using CellTiter-glo assay [32]. In (c) the efficacy of compounds is measured via drug-induced
reduction of protoscolex motility and morphological alterations [31]. The viability of isolated
GL cells (d) upon treatment is also assessed via measurement of ATP using CellTiter-glo assay
[32].

In human patients, E. granulosus s.I. metacestode cysts grow between 1 and 50 mm in diam-
eter a year and can be found in many different organs. However, in most cases either the liver
or the lungs are affected [1,18]. The treatment of choice depends on the characteristics of the
cysts, e.g. number, location and whether they are actively growing or not [18]. CE patients
with inoperable cysts can be treated via anti-parasitic treatment with benzimidazoles (ABZ or
mebendazole), or via PAIR (Puncture, Aspiration, Injection, Re-aspiration) [18,34]. However,
even in cases where anti-parasitic treatment alone is not the preferred option, treatment with
ABZ or mebendazole prior and after surgery or PAIR may facilitate the removal of the cyst
and reduce the risk of secondary CE [34,35]. The current anti-parasitic treatment of choice for
inoperable cases is ABZ [18]. A review in which the response of CE patients to treatment with
ABZ was evaluated found that 73.2% of patients responded to treatment (either cured or
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Fig 1. In vitro drug screening cascade for the identification of active compounds against E. multilocularis and E.
granulosus s.s. The drug screening cascade enables the identification of active compounds against E. multilocularis or
E. granulosus s.s. metacestode vesicles, protoscoleces and GL cells via different in vitro assays. First, an overview
screening is performed with metacestode vesicles to measure the direct impact on the physical integrity of metacestode
vesicles via PGI assay [61], and a potential impairment of viability via vesicle viability assay [32]. Next, the damaging
effect against protoscoleces is tested via motility assay [31], followed by cytotoxicity measurements in mammalian cells
via alamar blue assays [61]. Finally, the parasiticidal potential of drug candidates against GL cells of the parasite are
studied by measuring ATP levels [61]. Compounds that show parasiticidal activity against metacestode vesicles and GL
cells, as well as a low toxicity against host cells, may be further studied for structure activity relationship via PGI assay
and their mode of action via various specific in vitro assays [26,61]. Finally, promising compounds are tested in
experimentally infected mice for their activity in vivo [32,63]. Figure adapted from [62].

https://doi.org/10.1371/journal.pntd.0011343.g001

improved), while 23.8% showed either no change or a worsened condition [36]. These num-
bers demonstrate the need for new anti-parasitic treatment options with better efficacy.

Previous in vitro drug screening methods for E. granulosus s.1. have been focusing on the
demonstration of direct protoscolicidal effects mainly via the eosin exclusion test [37-40].
However, protoscoleces are not the disease-causing stage of the parasite, and the eosin exclu-
sion test is based on subjective evaluation of eosin staining intensity by light microscopy. The
morbidity of CE is caused by the growth of metacestode cysts that cause compression of
affected organs [35]. Therefore, drug screening should primarily focus on the metacestode
stage. While in vitro cultivation of E. granulosus s.I. metacestode cysts and subsequent drug
testing have been described in the past, drug efficacy was always assessed via morphological
readouts employing light microscopy and electron microscopy [41-43]. For the screening of
higher numbers of compounds, electron microscopy is not feasible and light microscopy alone
is prone to errors and misinterpretation. Thus, unbiased screening methods similar to the
assays previously developed for E. multilocularis [31-33] should be made available.

While drug screening procedures should primarily target the metacestode cyst as the dis-
ease-inflicting stage, it is important to consider GL cells in particular. The GL contains the
stem cell population. The identification of compounds that kill stem cells will be crucial for
future treatment options in order to decrease the risk of disease recurrence after treatment dis-
continuation [14]. Several attempts of isolating GL cells of E. granulosus s.I. metacestode cysts
or protoscoleces have been undertaken in the past [44-47]. However, isolating GL cells directly
from CE cysts of infected hosts as it has been done in these studies bears a high risk of contam-
ination with host cells [48]. Albani et al. (2010) reported on the culture of E. granulosus s.I. GL
cells and these cultures were susceptible to 5-fluorouracil and paclitaxel, similar to protosco-
leces and metacestode vesicles of E. granulosus s.I. [49]. 5-fluorouracil was later tested in vivo
against E. granulosus s.I. in female CF-1 mice and showed activity that was similar to ABZ [50].

In this study, we have applied in vitro culture methods previously established for E. multilo-
cularis to implement a standardized and reproducible protocol for the in vitro maintenance
and propagation of E. granulosus s.I. metacestode vesicles and GL cells. In addition, we show
that standardized and non-biased in vitro techniques for assessing the impact of drugs in E.
multilocularis metacestode vesicles, GL cells and protoscoleces are also applicable for respec-
tive studies on E. granulosus sensu stricto (s.s.). parasite stages.

Material and methods

Ethics statement

All animals were treated in compliance with the Swiss Federal Protection of Animals Act
(TSchV, SR455), and experiments were approved by the Animal Welfare Committee of the
canton of Bern under the license numbers BE30/19 and BE2/2022.
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Chemicals and reagents

If not stated otherwise, all chemicals were purchased from Sigma-Aldrich (Buchs, Switzer-
land). Dulbeccos’s modified Eagle medium (DMEM) and Penicillin and Streptomycin (10°000
Units/mL Penicillin, 10°000 pg/mL Streptomycin) were purchased from Gibco (Fisher Scien-
tific AG, Reinach, Switzerland). Fetal bovine serum (FBS) and Trypsin/EDTA (0.05% Trypsin/
0.02% EDTA) were purchased from Bioswisstec (Schafthausen, Switzerland). If not stated oth-
erwise all plastic ware was purchased from Sarstedt (Sevelen, Switzerland). ABZ, buparva-
quone (BPQ), mefloquine (MEF) and niclosamide (NIC) were all purchased from Sigma-
Aldrich, MMV665807 (MMV-X) was from Princeton Biomolecular Research (South Bruns-
wick Township, New Jersey, USA) and monepantel (MPT) was obtained from LuBioScience
GmbH (Ziirich, Switzerland). The drugs were prepared as 10.000 parts per million (ppm) and
40 mM stocks in DMSO and stored as aliquots at -20°C.

Mouse maintenance

For the maintenance of E. multilocularis, female BALB/c mice were purchased from Charles
River Laboratories (Sulzheim, Germany) and used for experimentation after an acclimatiza-
tion time of 2 weeks. The mice were maintained in a 12 h light/ dark cycle under a controlled
temperature of 21-23°C, and a relative humidity of 45-55% with food and water provided ad
libitum. Each cage was enriched with a mouse house (Tecniplast, Gams, Switzerland), a tunnel
(Zoonlab, Castrop-Rauxel, Germany) and nestlets (Plexx, Elst, Netherlands).

Isolation of E. multilocularis and E. granulosus s.s. protoscoleces

Protoscoleces of E. multilocularis isolates MB17 and Smeen19 were isolated from metacestode
cysts obtained from experimentally infected gerbils at the University of Wiirzburg, Germany.
Protoscoleces of E. granulosus s.s. were aseptically aspirated from cysts obtained from livers or
lungs of naturally infected sheep using a 50 mL syringe and an 18 g needle. The organs were
sampled during routine veterinary post mortem examinations in two different abattoirs located
in Sardinia, Italy: Budduso (Sassari Province, 40.572532852821574, 9.25594927591384) and
Lula (Nuoro Province, 40.395704769344924, 9.49113969820975). The sheep came from farms
located in four different municipalities: Bonorva, Neoneli, Nulvi and Siniscola. In total, three
different isolations were performed for E. multilocularis and four different isolations for E.
granulosus s.s..

Genotyping of E. granulosus s.s. isolates

All four E. granulosus s.s. isolations were genotyped using the mitochondrial targets cyto-
chrome c oxidase I (cox I), NADH dehydrogenase I (nad I), the small ribosomal RNA (rrnS)
and ATP synthase subunit 6 (atp 6) as previously described [51]. In short, sequences were
amplified via PCRs with an initial heating step to 94°C for 3 minutes followed by 35 cycles of
94°C for 30 seconds, 56°C for 30 seconds and 72°C for 30 seconds. After those cycles, an addi-
tional elongation step at 72°C for 5 min was performed. Genotyping was performed for mate-
rial of four isolations. The resulting sequences were aligned and cut to ensure same lengths
and used to generate concatenated sequences with atp 6 (328 bp)-nad I (514 bp)-cox I (337
bp)-rrnL (347 bp). The sequences were compared to concatenated sequences of the same
lengths of Taenia solium [52], E. multilocularis [53], E. oligarthrus [54], E. vogeli [54] and E.
granulosus genotypes G1 [55], G3 [56], G4 [55], G5 [54], G6 [54], G7 [54], G8 [54] and G10
[57]. A phylogenetic tree was generated with Molecular Evolutionary Genetics Analysis
(MEGA) 11 [58] according to the maximum likelihood method using the Hasegawa-Kishino-
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Yano model (HKY) and gamma distributed with invariant sites (G+I). For the test of the phy-
logeny, the bootstrap method with 500 replications was chosen.

Culture of E. multilocularis metacestode vesicles

Metacestode vesicles of the isolate H95 were cultured as described by [27]. In short, metaces-
tode material obtained from experimentally infected mice was pressed through a conventional
tea strainer (Migros, Berne, Switzerland) and incubated overnight at 4°C in PBS containing
penicillin (100 U/mL), streptomycin (100 ug/mL) and tetracycline (10 pg/mL). The next day,
1.5 mL of parasite material were co-cultured with semi confluent reuber rat hepatoma (RH)
cells in DMEM containing 10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL) and
tetracycline (5 pg/mL). Once a week, the medium was changed and freshly trypsinized RH
cells were added to the metacestode vesicles. In total, six independent metacestode vesicle cul-
tures were generated.

Culture of E. granulosus s.s. metacestode vesicles

E. granulosus s.s. GL was aseptically removed from CE cysts from livers of naturally infected
sheep. The GL was pressed through a conventional tea strainer (Migros, Berne, Switzerland)
and incubated overnight at 4°C in PBS containing penicillin (100 U/mL), streptomycin

(100 pug/mL), tetracycline (10 ug/mL) and an anti-contamination cocktail containing kanamy-
cin (100 pg/mL), chloramphenicol (10 pg/mL) and flucytosine (50 ug/mL) [59]. The next day,
1.75 mL of parasite material were co-cultured with semiconfluent RH cells in DMEM contain-
ing 10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL), tetracycline (10 pg/mL) and
an anti-contamination cocktail containing kanamycin (100 ug/mL), chloramphenicol (10 pg/
mL) and flucytosine (50 pg/mL). Medium changes were performed as described for E. multilo-
cularis and no additional anti-contamination cocktail was added after the first week. In total,
two independent metacestode vesicle cultures were generated.

Isolation of GL cells of E. multilocularis and E. granulosus s.s.

GL cells of E. multilocularis and, for the first time also for E. granulosus s.s., were obtained
from in vitro grown metacestode vesicles based on the protocol described by [28] with slight
modifications. DMEM with 10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL) and
tetracycline (5 pg/mL) was conditioned by RH cells by incubation of 10° cells in 50 ml medium
for six days and 107 cells in 50 mL medium for four days. These conditioned media were sterile
filtered and mixed 1:1 (conditioned medium, cDMEM). Metacestode vesicles of either E. mul-
tilocularis or E. granulosus s.s. grown for at least one year were incubated in distilled water for
two minutes to remove residual RH cells, subsequently washed in PBS and mechanically bro-
ken using a pipette, or a syringe and a conventional tea strainer, respectively, all at room tem-
perature. The vesicle tissue was incubated in eight volumes of trypsin-EDTA solution at 37°C
for 30 min and filtered through a 30 um mesh (Sefar AG, Heiden, Switzerland). The remaining
tissue was re-incubated in PBS until most of the cells were detached from the tissue which was
visually confirmed by a reduced cloudiness of the PBS after each incubation step. Calcareous
corpuscles were removed via centrifugation at 50 x g and the cell suspension was centrifuged
at 600 x g for ten minutes. The pellet was taken up in cDMEM and the ODgg, was measured of
a 1:100 dilution. An ODgq value of 0.1 of the dilution corresponded to one arbitrary unit

(AU) per pL of the undiluted cell suspension. 1000 AU of GL cells were incubated in five mL
cDMEM per well of a 6-well plate at 37°C under a humid nitrogen atmosphere overnight. The
next day, 2000 AU were united and let grown for three hours prior to preparation of the cells
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for the different experiments. Three different isolations were performed for each parasite spe-
cies for the GL cell viability assay and one additional isolation for the vesicle formation assay.

Vesicle formation assay

GL cells of E. granulosus s.s. were incubated in 300 uL cDMEM containing 100 (M serotonin
as this was shown to increase vesicle formation in E. multilocularis previously [60]. 150 AU of
GL cells were seeded per well of a 96-well plate under a humid, microaerobic atmosphere (85%
N,, 10% CO,, 5% O,) and cultured for 26 days. Three times a week, half of the medium was
changed and photos were taken to follow vesicle formation of primary cell cultures after five,
twelve and 26 days on a Nikon TE2000E microscope connected to a Hamatsu ORCA ER
camera.

Transmission electron microscopy

Metacestode vesicles of E. granulosus s.s. were grown for 4 months in vitro and then processed
for transmission electron microscopy as previously described with few modifications [61]. The
samples were fixed in 100 mM sodium-cacodylate (pH 7.3) containing 2% glutaraldehyde at
4°C overnight. After three washing steps 100 mM sodium-cacodylate (pH 7.3), the samples
were post-fixed in 100 mM sodium-cacodylate (pH 7.3) containing 2% osmium tetroxide at
RT for 1.5 hours. Then, the samples were washed in water and dehydrated stepwise using a
series of washing steps in ethanol (30%, 50%, 70%, 90%, three times 100%). The samples were
embedded in Epon 812 resin and incubated at 37°C with two subsequent resin changes in a
total incubation time of 2.5 hours. Next, the samples were left in resin for 24 hours at RT and
then incubated to 65°C overnight for polymerization. Finally, 80 nm sections were cut with an
ultramicrotome (Reichert and Jung, Vienna, Austria), and were loaded onto formvar-carbon
coated nickel grids (Plano GmbH, Marburg, Germany). The samples were stained with Urany-
less™ and lead citrate (Electron Microscopy Sciences, Hatfield PA, USA) and were photo-
graphed on a FEI Morgagni transmission electron microscope (Field Electron and Ion
Company, Hillsboro, Oregon, USA) operating at 80 kV.

In vitro drug screening cascade for E. multilocularis and E. granulosus s.s.

Overview of the in vitro drug screening cascade for E. multilocularis and E. granulosus s.
s.. Inorder to identify novel compounds with activity against Echinococcus, the in vitro drug
screening cascade previously developed for assessing drugs against metacestode vesicles and
stem cells of E. multilocularis was further refined and applied to E. granulosus s.s. in this study
[24,62]. First, the effects of compounds on the physical integrity of the disease-causing meta-
cestode vesicles was measured via phosphoglucose isomerase (PGI) assay [61], followed by
measuring the effects of compounds on the viability of the metacestode vesicle tissue [32].
Upon cyst rupture during E. granulosus s.l. infection, protoscoleces in human patients can
cause the formation of secondary cysts [35], thus we added the protoscolex motility assay [31]
to identify compounds that also show activity against this stage (Fig 1). Active compounds can
then be further assessed for cytotoxicity or viability impairment in mammalian cells, and
against isolated GL cells of the parasite [61]. If the different assays propose a therapeutic win-
dow, with high anti-parasitic activity and low toxicity against mammalian cells, promising
compounds may be tested in the murine models of primary and secondary echinococcosis,
reflecting early and late infection stages [32,63].

Phosphoglucose isomerase assay. The PGI assay allows the assessment of drug-induced
damage on the integrity of metacestode vesicles of E. multilocularis, which can be measured
indirectly via the leakage of vesicle fluid containing EmPGI into the culture medium. PGI
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assays were performed as previously described [61] with the exception that metacestode vesi-
cles were incubated in a microaerobic atmosphere (85% N, 10% CO,, 5% O,) instead of a nor-
moxic atmosphere (5% CO,). This reflects closer the situation these parasites encounter in
vivo [64]. In short, metacestode vesicles of around two mm in diameter were purified via sev-
eral washing steps in PBS and mixed with two volumes of DMEM without phenol red contain-
ing penicillin (100 U/mL) and streptomycin (100 pg/mL). The metacestode vesicles were
distributed to a 48-well plate (Huberlab, Aesch, Switzerland) with one mL per well. Based on
previous studies [31,61,63,65], drugs were added in triplicates in 0.1% DMSO to a final con-
centration of 40 uM, except MMV-X and NIC, which were added to a final concentration of

1 uM due to their higher reported activity against E. multilocularis metacestode vesicles [62].
0.1% TX-100 was used as a positive control. Measurements were performed on an EnSpire
multilabel reader (Perkin Elmer, Waltham, MA, USA). Three independent experiments from
three independent metacestode vesicle batches for each parasite species were performed, and
mean values and SDs are given. In PGI assays, compound concentrations were regarded as
active against metacestode vesicles when inducing a minimum of 20% PGI release compared
to the positive control. Representative photographs of the metacestode vesicles were taken
after five and twelve days using a Nikon SMZ18 stereo microscope (Nikon, Basel, Switzerland)
at 0.75X magnification. Drug activity between E. multilocularis and E. granulosus s.s. metaces-
tode vesicles was compared by multiple two-tailed students t-tests with equal variances using
mean values of three independent experiments. Bonferroni-corrected p values of p<0.05 were
considered significant for all tests.

Metacestode vesicle viability assay. This assay was done to investigate whether a drug
was not only able to rupture the integrity of the metacestode vesicle, but also to impair the via-
bility of the GL layer tissue inside the metacestode vesicle. Metacestode vesicle viability was
assessed in the same plates used for the PGI assay after 12 days of incubation. TX-100 at a final
concentration of 0.1% was added to all wells and metacestode vesicles were mechanically bro-
ken using a pipette. 50 uL of supernatant were mixed with 50 pL of CellTiter-Glo (Promega,
Diibendorf, Switzerland) and measurements were performed on an EnSpire multilabel reader.
Values are shown in relation to the DMSO control and mean values and SDs of three indepen-
dent experiments from three independent metacestode vesicle batches for both parasite species
are shown. For metacestode vesicle viability assessments, compounds were identified as active
when causing at least a reduction of 50% viability in relation to the DMSO control treatment.
Metacestode vesicle viability of E. multilocularis and E. granulosus s.s. metacestode vesicles was
compared by multiple two-tailed students t-tests with equal variances using mean values of
three independent experiments. Bonferroni-corrected p values of p<0.05 were considered sig-
nificant for all tests.

Protoscolex motility assay. Protoscolex motility assay allows the objective assessment of
drug-induced motility reduction of protoscoleces when incubated with different compounds.
It was performed as previously described [31]. In short, protoscoleces of E. multilocularis were
obtained from metacestodes isolated from experimentally infected gerbils, and E. granulosus s.
s. protoscoleces were isolated from metacestodes collected from naturally infected sheep at
abattoirs in Sardinia. The protoscoleces were separated from the GL via filtering through a
250 um mesh, followed by several washing steps in PBS. Then the protoscoleces were activated
with 10% DMSO at 37°C for three hours. Activated protoscoleces were incubated in DMEM
containing 10% FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL) overnight at 37°C
under 5% CO, atmosphere. The next day, protoscoleces were washed in PBS and mixed with
DMEM without phenolred containing 10% FBS and distributed in a 384 well plate (Huberlab,
Aesch, Switzerland) with 25 protoscoleces per well and compounds at a final concentration of
100 to 0.0006 ppm for praziquantel (PZQ) and its enantiomers or 100 to 0.04 ppm for ABZ,
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MMV-X, MPT, NIC and NTZ in order to allow for direct comparison with a previous publica-
tion [31]. These concentrations correspond to 320 to 0.0018 uM for PZQ and its enantiomers,
377 to 1.6 uM for ABZ, 317 to 1.3 uM for MMV-X, 211 to 0.9 uM for MPT, 306 to 1.3 uM for
NIC and 325 to 1.3 uM for NTZ. Each concentration was tested in six replica containing 1%
DMSO each, and in a final volume of 20 pL. The plates were sealed with a clear view seal foil
(Huberlab, Aesch, Switzerland) and incubated at 37°C. After 12 hours, photographs were
taken with ten second intervals using a Nikon TE2000E microscope connected to a Hamatsu
ORCA ER camera at 40 times magnification. The software NIS Elements Version 4.40 with the
additional module JOBS was used. The motility of protoscoleces was assessed by subtracting
the images from each other via an automated script in imageJ [31]. The motility was shown in
percentage of the DMSO control (1%) as mean values of three independent experiments
(including protoscoleces of independent isolations) with standard deviations (SD). Those
compounds that caused an impairment of motility by 50% in relation to the DMSO control
were designated as active. Concentration-dependent reduction of the motility of E. multilocu-
laris and E. granulosus s.s. protoscoleces was compared by multiple two-tailed students t-tests
with equal variances using mean values of three independent experiments. One test was per-
formed per concentration of a drug and thus the p values were bonferroni corrected. Bonfer-
roni-corrected p values of p<0.05 were considered significant for all tests. In addition, half-
maximal effective concentrations (ECs,) were calculated for PZQ racemate, (R)-(-)-PZQ, (S)-
(-)-PZQ, NTZ, and MMV-X as described in [66]. The ECs, values for NIC were calculated as
described in [67], because the lowest concentration tested (0.4 ppm or 1.3 uM) still had an
impact on the motility of protoscoleces. For ABZ and MPT, no ECs, values could be calculated
since the motility did not drop to a plateau at the tested concentrations.

GL cell viability assay. Isolated E. multilocularis and E. granulosus s.s. GL cells were dis-
tributed into wells of black 384-well plates as 15 AU per well in 12.5 pL. cDMEM. Compounds
were added to a final concentration of 40 uM for all drugs, except MMV-X and NIC, which
were tested at 1 uM in quadruplicates in another 12.5 uL. cDMEM. 0.1% DMSO was used as a
negative control. Echinococcus cells were incubated under a humid, microaerobic atmosphere
for five days and pictures were taken at the end of the incubation on a Nikon TE2000E micro-
scope connected to a Hamatsu ORCA ER camera at 40 times magnification. 25 pL of CellTi-
ter-Glo (Promega, Diibendorf, Switzerland) containing 1% TX-100 was added to the wells and
cell aggregates were disrupted by pipetting. Measurements were performed on a HIDEX Sense
microplate reader (Hidex, Turku, Finland). Values are shown in relation to the DMSO control
and mean values and SDs of three independent experiments from three independent GL cell
isolations for both parasite species are shown. Efficacy of drugs between E. multilocularis and
E. granulosus s.s. GL cells was compared by performing multiple two-tailed students t-tests
with equal variances with mean values of three independent experiments. The calculated p val-
ues were bonferroni-corrected. Bonferroni-corrected p values of p<0.05 were considered sig-
nificant for all tests.

Figure preparation. All figures were finalized in Adobe Illustrator 2023. Artwork in Fig 1
was done by the authors.

Results
Genotyping of E. granulosus s.s. isolates

Genotyping was performed for all four isolates of E. granulosus s.s. and showed that the geno-
types of three isolates were G1 and one isolate was G3 (S1 Fig).

Dedifferentiation of E. granulosus s.s. protoscoleces into metacestode vesicles. In order
to generate E. granulosus s.s. metacestode vesicles in sufficient numbers for subsequent drug

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011343  August 4, 2023 10/23


https://doi.org/10.1371/journal.pntd.0011343

PLOS NEGLECTED TROPICAL DISEASES Unbiased in vitro drug screening against Echinococcus granulosus sensu stricto

Fig 2. In vitro cultured E. granulosus s.s. metacestode vesicles. E. granulosus s.s. metacestode vesicles were generated
upon in vitro culture of GL from ex vivo CE cysts. A: Metacestode vesicles appeared after three weeks as indicated by
arrows. B: After five weeks, vesicles generated a visible laminated layer as indicated by arrows. C: Metacestode vesicles
after ten months of culture. D: Metacestode vesicles after 20 months of culture. Scale bars represent one mm in A and
B or five mm in C and D. E and F: TEM of E. granulosus s.s. metacestode vesicles after four months of culture.

LL = laminated layer; GL = germinal layer; gsc = glycogen storage cell; m = mitochondrion, nuc = nucleus. Note the
presence of very short microtriches (arrows), and the absence of a discernible tegument at the LL-GL interface. Scale
bars represent 4 pm and 8 um in E and F, respectively.

https://doi.org/10.1371/journal.pntd.0011343.g002

screening assays, we cultured GL of in vivo grown E. granulosus s.s. cysts with RH cells as pub-
lished for E. multilocularis. After three weeks, protoscoleces had de-differentiated into meta-
cestodes vesicles (Fig 2A) and after five weeks those vesicles had developed a LL clearly visible
by light microscopy (Fig 2B). Metacestode vesicle cultures were cultured in vitro for prolonged
times and respective images are shown after ten months in culture (Fig 2C) and twenty months
in culture (Fig 2D). The presence of the LL was confirmed by TEM after four months in cul-
ture (Fig 2E and 2F).

Drug efficacy against metacestode vesicles measured by PGI assay. The efficacy of a set
of standard drugs was assessed using in vitro cultured E. multilocularis and E. granulosus s.s.
metacestode vesicles. The conditions previously described for E. multilocularis were applied to
E. granulosus s.s. metacestode vesicles, with the positive control TX-100 causing maximum
physical damage. Active drugs led to rupture of metacestode vesicles after five days of culture,
whereas metacestode vesicles treated with DMSO stayed intact during at least twelve days (Fig
3A and 3C). Drug-induced PGI release was similar in both species upon treatments with ABZ,
MEF, NIC and NTZ after five and twelve days of drug incubation (Fig 3B and 3D). MMV-X
displayed higher activity against E. multilocularis metacestode vesicles after five days
(p =0.001), but this difference was smaller after twelve days. In contrast, MPT exerted a similar
effect in both parasites after five days, but exhibited a significantly higher activity against E.
multilocularis metacestode vesicles after twelve days (p = 0.039). BPQ exerted slightly higher
activity against E. multilocularis metacestode vesicles after five and twelve days, but differences
were not significant.

Drug efficacy against metacestode vesicles measured by viability assay. The metaces-
tode vesicle viability assay previously developed for E. multilocularis was also transferable to
E. granulosus s.s. DMSO had no impact, while TX-100 and active drugs impaired viability
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Fig 3. Assessment of drug efficacy on E. multilocularis and E. granulosus s.s. metacestode vesicles by PGI assay and metacestode vesicle viability assay.
Representative images of E. multilocularis and E. granulosus s.s. metacestode vesicles treated with the negative control 0.1% DMSO, the positive control 0.1%
TX-100, or different drugs after five days (A) and twelve days (B) are shown. PGI release of E. multilocularis and E. granulosus s.s. metacestode vesicles into
culture supernatant was measured after five days (C) and twelve days (D) and is shown in relation to the positive control 0.1% TX-100. Metacestode vesicle
viability was measured after twelve days and is shown in relation to the negative control 0.1% DMSO (E). The activities of ABZ (albendazole), BPQ
(buparvaquone), MEF (mefloquine), MMV-X (MMV665807), MPT (monepantel), NIC (niclosamide) and NTZ (nitazoxanide) were assessed in vitro against
metacestode vesicles of E. multilocularis and E. granulosus s.s. Drug activity was calculated in percentage as relative PGI release compared to the positive control
0.1% TX-100. The drugs were tested at 40 uM concentrations, except MMV-X and NIC, which were tested at 1 uM. The metacestode vesicles were incubated
for five and twelve days under a humid microaerobic atmosphere (85% N,, 10% CO,, 5% O,) and tests were performed in triplicates per condition. Shown are
mean values and standard deviations of three independent experiments. Relative PGI release of E. multilocularis and E. granulosus s.s. metacestode vesicles was
compared and significance is shown according to bonferroni-corrected p values of p <0.05 obtained using multiple two-tailed students t-tests assuming equal
variance.

https://doi.org/10.1371/journal.pntd.0011343.g003
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(Fig 3E). The active drugs BPQ, MEF, MMV-X, NIC and NTZ caused a strong reduction of
metacestode vesicle viability in both species, whereas ABZ had no impact. Interestingly, expo-
sure of metacestode vesicles to MPT displayed no measurable effect in the PGI assay for both
species. but led to reduced metacestode vesicle viability upon measurement of ATP using Cell-
Titer-glo assay for E. multilocularis. For E. granulosus s.s., no clear effect was present due to
high SD. No significant differences for the drug activities were detected between E. multilocu-
laris and E. granulosus s.s. in this assay.

Drug efficacy against protoscoleces measured by motility assay

Protoscolex motility assays were carried out with protoscoleces of both species. A racemic mix-
ture of PZQ, as well as of its R-enantiomer and S-enantiomer, were assessed. Protoscoleces of
both species showed very similar dose-dependent response curves to these drugs (Fig 4). As
previously published for E. multilocularis [31], none of these drugs completely inhibited the
motility of E. granulosus s.s. protoscoleces. However, (S)-(-)-PZQ was largely inactive, whereas
(R)-(-)-PZQ was the active form. The activity of these compounds was also visible upon mor-
phological assessment of protoscoleces. Alterations were observed in both species for PZQ
racemate and (R)-(-)-PZQ, but not for (S)-(-)-PZQ at 0.02 ppm (0.05 uM) after 12 hours of
incubation (Fig 4). No significant differences were found between E. multilocularis and E.
granulosus s.s. protoscoleces. ECs, values are shown in S1 Table.

Additionally, the protoscoleces were incubated with various drugs published to be active
against E. multilocularis protoscoleces (NIC, NTZ and MMV-X) or known to have no activity
(ABZ and MPT) (Fig 4). Dose-response curves showed no significant differences for MMV-X,
MPT, NIC and NTZ between E. multilocularis and E. granulosus s.s. protoscoleces. At a very
high concentration of 100 ppm (377 uM), ABZ was significantly more active against E. granu-
losus s.s. protoscoleces (p = 0.001). Half-maximal effective concentrations (ECs,) are shown in
S1 Table.

Culture and drug efficacy measurements employing GL cells

E. granulosus s.s. primary cells have the capacity to form new metacestode vesicles. In
order to determine whether the here described protocol of GL cell isolation for E. granulosus s.
s. would result in viable cell cultures, respective GL cells were maintained in vitro for up to 26
days. After 5 days, microscopy revealed the appearance of vesicular structures reminiscent of
metacestode vesicles, which could be clearly distinguished from the surrounding aggregates
after twelve days (Fig 5). These newly formed E. granulosus s.s. metacestode vesicles did not
rapidly increase in size, but separated more clearly from the aggregates after 26 days of in vitro
culture.

Drug efficacy assessment by GL cell viability assay. The same panel of seven standard
drugs was tested against isolated GL cells of both parasites (Fig 6). In the DMSO control these
GL cell cultures formed aggregates, but in the presence of active drugs, this process was inhib-
ited. Very similar viability impairment was measured when E. multilocularis and E. granulosus
s.s. GL cells were cultured in the presence of BPQ, MEF, MMV-X and NIC. Interestingly, ABZ
and NTZ had a significantly higher activity against E. multilocularis GL cells in this in vitro
setup within five days of incubation (p = 0.0002 and p = 0.002, respectively). MPT was slightly
more active against E. multilocularis GL cells, but this difference was not significant.

Discussion

The neglected tropical diseases AE and CE are caused by the tapeworms E. multilocularis and
E. granulosus s.1.. Respective metacestodes inflict serious clinical manifestations, and new
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Fig 4. Effects of drugs on E. multilocularis and E. granulosus s.s. protoscolex motility. The activities of PZQ (praziquantel) racemate (B), as well as of (R)-
(-)-PZQ (C), (S)-(-)-PZQ (D) and various standard drugs (ABZ (albendazole) (E), MMV-X (MMV665807) (F), MPT (monepantel) (G), NIC (niclosamide)
(H), and NTZ (nitazoxanide) (I)) were assessed. PZQ and its enantiomers were tested at concentrations of 100 to 0.0006 ppm (320 to 0.0018 uM). The other
drugs were tested at concentrations from 100 to 0.4 ppm which corresponded to 377 to 1.6 uM for ABZ, 317 to 1.3 uM for MMV-X, 211 to 0.9 uM for MPT,
306 to 1.3 uM for NIC and 325 to 1.3 uM for NTZ. The relative motility is shown in comparison to the solvent control (1% DMSO). The morphology of
protoscoleces treated with PZQ and its enantiomers is shown for 0.015 ppm (0.05 uM) and for protoscoleces treated with the other drugs, the morphology is
shown for 33 ppm which corresponded to 126 uM for ABZ, 106 uM for MMV-X, 70 uM for MPT, 102 uM for NIC and 108 uM for NTZ, respectively. All
concentrations were tested in six replica. Shown are mean values and standard deviations of three independent experiments. Significant bonferroni-corrected p
values with p<0.05 are shown that were obtained using students t-test comparing relative movement between E. multilocularis and E. granulosus s.s.
protoscoleces for each individual drug concentration. ECs, values of the three independent experiments are shown in S1 Table as mean values and SD in ppm
and pM.

https://doi.org/10.1371/journal.pntd.0011343.g004

parasitocidal drugs are needed for curative treatment. The search for new drugs can focus on
repurposing of marketed drugs or on evaluating the efficacy of novel compounds against these
parasites [24]. In any case, drugs have to show activity in whole-organism based systems
against the different larval stages and specifically against the stem cells of Echinococcus. It has
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Fig 5. Metacestode vesicle formation from E. granulosus s.s. GL cells. E. granulosus s.s. GL cells were cultured in
cDMEM supplemented with 100 pM serotonin with three medium changes a week under microaerobic conditions.
Micrographs were taken after five days (A), twelve days (B) and 26 days (C). Scale bars represent 100 um. Red arrows
highlight the position of the metacestode vesicle.

https://doi.org/10.1371/journal.pntd.0011343.g005

been speculated that stem cells within metacestodes are unaffected by the currently used para-
sitostatic benzimidazoles and thus are likely to decisively contribute to the observed recurrence
of the disease after treatment discontinuation [22,24].

For E. multilocularis, an in in vitro drug screening cascade was established previously,
which allows to assess the efficacy of drugs of interest against metacestodes, protoscoleces and
GL cells in an unbiased manner, and includes the evaluation of the parasitocidal potential of
compounds [62]. It has to be noted that these screening assays show the direct effect of a
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Fig 6. Efficacy of drugs against E. multilocularis and E. granulosus s.s. GL cells. The activities of ABZ (albendazole),
BPQ (buparvaquone), MEF (mefloquine), MMV-X (MMV665807), MPT (monepantel), NIC (niclosamide) and NTZ
(nitazoxanide) were assessed for E. multilocularis and E. granulosus s.s. primary cells. Representative images are shown
with scale bars representing 200 um (A), relative cell viability after five days of incubation with the compounds is
shown in comparison to the solvent control (0.1% DMSO) (B). Drugs were tested at 40 uM concentrations, except
MMV-X and NIC, which were tested at 1 pM. For each experiment, 15 AU of primary cells of either E. multilocularis
or E. granulosus s.s. were incubated in cOMEM containing the respective compounds. The plate was incubated for 5
days under a humid microaerobic atmosphere (85% N,, 10% CO,, 5% O,) and performed in four replica per
condition. Shown are mean values of three independent experiments. Significant bonferroni-corrected p values with
p<0.05 are shown that were obtained using multiple students t-test comparing relative cell viability between E.
multilocularis and E. granulosus s.s. GL cells for the different drugs.

https://doi.org/10.1371/journal.pntd.0011343.g006
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compound against different stages of parasites in vitro, but potential indirect effects that
require previous metabolization of a compound, or the functional immune system of a host,
are missed [68].

Despite the much higher numbers of human CE cases compared to AE, a similar drug
screening cascade has so far not been applied to E. granulosus s.1.. This paper closes this gap.
The here applied E. granulosus s.s. isolates from Sardinia were of the genotypes G1 and G3
which are the most common genotypes found in Sardinia [69,70]. G1 causes 88.4% of human
CE cases worldwide [71]. However, we speculate that the very same assays should also be appli-
cable to genotypes G6 and G7, which are responsible for 7.3% and 3.7% of human infections
worldwide, respectively [71]. Future evaluation of our assays with G1 and G3 from other
regions and different animal origin, as well as screening assays with G6 and G7 will show
whether the methodology used herein can be applied to all E. granulosus s.l. genotypes.

Medium throughput screening of anti-echinococcal compounds requires large amounts of
metacestode vesicles [24]. For E. multilocularis, optimized culture systems, in which homoge-
nized parasite material is co-cultured with RH cells, have allowed the large-scale generation of
metacestode vesicles in vitro [28]. For E. granulosus s.I., the in vitro generation of metacestode
vesicles is described using activated protoscoleces without feeder cells [42,43,72], or with
murine Hepa 1-6 cells [73]. In our study, we reliably generated large amounts of E. granulosus
s.s. metacestode vesicles starting from homogenized GL that could be cultivated for at least 20
months together with RH cells.

For E. multilocularis, previous studies showed that activity of the drugs MMV-X, MEF and
a series of endochin-like quinolones was similar for GL cells and metacestode vesicles [32,67].
For E. granulosus s.I., similar observations were reported using cells directly isolated from CE
cysts grown in cattle and treated with the drugs 5-fluorouracil and paclitaxel [49]. In order to
reduce the risk of co-isolating host cells, we here isolated GL cells of E. granulosus s.s. metaces-
tode vesicles that were grown for at least one year in vitro and that were treated with distilled
water to kill any RH cells potentially still attached to the parasites. To the best of our knowl-
edge, this is the first report of E. granulosus s.s. GL cells isolated from in vitro generated meta-
cestode vesicles and the use of these cells for long-term culture and drug testing. The
respective GL cells formed aggregates and developed new metacestodes vesicles in vitro similar
to the situation previously reported for E. multilocularis [25,26]. So far, an appearance of cys-
tic-like structures from E. granulosus s.s. cells has only been described from a cell line cultured
in biphasic medium [47]. Here, we present the formation of metacestode vesicles from GL cell
cultures using cells isolated from in vitro generated metacestode vesicles instead of from in
vivo grown CE cysts.

By applying the PGI assay and the metacestode vesicle viability assay, the standard drugs
BPQ, MEF, MMV-X, NIC and NTZ exhibited distinct activities under microaerobic condi-
tions. This is in accordance to previous studies, where these drugs were published to show
activity against E. multilocularis metacestode vesicles under aerobic or anaerobic conditions
[61-63,65]. We subjected isolated GL cells of E. granulosus s.s. and E. multilocularis to viability
assays in order to assess whether their response to drugs was in line with our results from the
PGI assay and the metacestode vesicle viability assay. We showed that MEF, NIC and NTZ
were also active against isolated E. granulosus s.s. GL cells. This was also the case for BPQ and
MMV-X, however, clear activity in the PGI assay against E. granulosus s.s. metacestode vesicles
was apparent only after 12 days. MPT was not active against E. granulosus s.s. metacestode ves-
icles in the PGI assay, no clear effect was observed in the metacestode vesicle viability assay,
and no activity could be detected in isolated GL cell cultures. MPT had a stronger effect against
E. multilocularis as determined by PGI and metacestode vesicle viability assay after 12 days,
and in GL cell cultures as well.
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The current drug of choice for the treatment of AE and CE patients, ABZ, was not active
against E. multilocularis metacestode vesicles in vitro in our assay system. While this might
come as a surprise, it confirms previous studies showing that under in vitro conditions longer
incubation times are needed to assess benzimidazole-activity against metacestode vesicles
[33,74]. In fact, previous reports noted that ABZ and fenbendazole treatments induce the loss
of microtriches at the tegument-laminated layer interface, and thus reduce the absorbing sur-
face area of the parasite. While microtriches were shortened or largely lost as an immediate
drug-response, the physical integrity of the residual tegument remained intact, and PGI-
release was not measurable until later timepoints [75,76]. Interestingly, we here observed activ-
ity of ABZ against GL cells of E. multilocularis, a finding that was neither reported, nor
assessed in previous studies. In contrast, ABZ did not exhibit any effects when applied for the
treatment of E. granulosus s.s. metacestode vesicles or GL cells under the conditions used. A
possible explanation could be that E. granulosus s.s. GL cells possibly exhibit a slower prolifera-
tion rate. Future projects will have to assess the efficacy and modes of action of benzimidazoles
against Echinococcus in vitro in more depth.

The activity of MMV-X, NIC and NTZ against protoscoleces of E. granulosus s.s. and E.
multilocularis were in line with activity against metacestode vesicles or GL cells. As expected,
ABZ showed no activity against E. granulosus s.s. and E. multilocularis protoscoleces, and MPT
was active only against E. granulosus s.s. protoscoleces at 100 ppm (211 uM), which is a rather
high concentration. BPQ and MEF were not tested against protoscoleces as they were not part
of the previous drug screening against E. multilocularis protoscoleces that served as an internal
control [31]. Concentration-dependent activities for E. multilocularis protoscoleces were very
similar to those obtained in previous studies. Slight differences were observed for PZQ race-
mate that showed activity at 0.05 ppm (0.15 uM) instead of 0.02 ppm (0.05 uM), for ABZ that
showed no activity at all against E. multilocularis protoscoleces compared to little activity at
100 ppm (377 uM) in previous results and for NTZ that already showed activity at 11ppm
(36 uM) instead of at 33 ppm (108 uM).

The inter-species comparison of the activities of the different drugs shows that ABZ and
NTZ exhibited higher activities when tested in E. multilocularis GL cell cultures, and MMV-X
and MPT displayed higher activity against E. multilocularis metacestode vesicles when com-
pared to E. granulosus s.s.. ABZ was not active against E. multilocularis protoscoleces, but E.
granulosus s.s. protoscoleces were susceptible to ABZ, albeit at a very high concentration. PZQ
and its enantiomers displayed similar concentration-dependent activities in both Echinococcus
species.

Opverall, we here show that the in vitro drug screening cascade previously established for the
assessment of interesting compounds against E. multilocularis [31-33] can be applied to E.
granulosus s.s. metacestode vesicles, GL cells and protoscoleces, and serves as a whole-organ-
ism based tool to test anti-echinococcal activity of novel compounds. As an additional early
step, the toxicity against mammalian cells must be analyzed to test for a potential therapeutic
window. Toxicity assays employing mammalian cells, were not included in this work as this
has been done before for MMV-X [32] and all other compounds are marketed drugs consid-
ered safe for human or animal use. Once a therapeutic window is established, meaning that
compounds display high anti-parasitic activity and comparatively minimal cytotoxicity, one
can prospectively proceed to assessment in the murine models of AE [77-82]. Whether com-
pounds showing profound activity against E. granulosus s.s. in this in vitro screening cascade
are also active in vivo will be investigated in the future applying established CE mouse models
[83-85].

In conclusion, we have shown that the application of robust assays published for protosco-
leces, metacestode vesicles and GL cells of E. multilocularis [31,33,32] can be applied to E.
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granulosus s.s., which allows the comparative analysis of drug activities between the two Echi-
nococcus species. The culture methods described herein allow the generation of large amounts
of E. granulosus s.s. metacestode vesicles and pure, proliferative GL cells which is a prerequisite
for medium throughput drug screening assays. Future drug screening projects should include
all these stages of E. granulosus s.s., because metacestodes are the disease-causing stage, but
protoscoleces can develop into secondary cysts when spilled either spontaneously or during
surgical removal of cysts [35]. It was shown that combined treatment of ABZ and PZQ is supe-
rior in reducing viability of protoscoleces in CE patients when compared to ABZ treatment
alone [86]. Combination therapies targeting both stages, metacestodes and protoscoleces,
could also be assessed in our in vitro model, and could possibly reduce this risk and therefore
receive more attention in future.

In addition to its application in the search for novel treatments against echinococcosis, the
drug screening cascade presented here could be also applied in other cestode models such as
Taenia spp.. The motility assay could be additionally extrapolated to several trematode species
causing severe diseases wordwide, such as Fasciola hepatica, Clonorchis sinensis, Ophisthorchis
spp., or Paragonimus spp., causing 90,000, 523,000, 188,000 and 1,049,000 DALYs, respectively
[4]. Finally, it is important to keep in mind that more extensive and elaborate in vitro assess-
ments of compound activities has a considerable potential to reduce the numbers of animal
experiments, and is therefore highly relevant in terms of the 3R concept (reduce, replace,
refine) [87].

Supporting information

S1 Fig. Phylogenetic tree of E. granulosus s.s. isolates. Four isolates of E. granulosus s.s. were
genotyped using a concatenated sequence of the four mitochondrial markers atp 6, nad I, cox I
and rrnL. The tree was generated according to the maximum likelihood method with the HKY
+G+I model.

(TIF)

S1 Table. Half maximal effective concentration (ECs,) values of drugs against E. multilocu-
laris and E. granulosus s.s. protoscolex motility. Mean ECs, values and SD in ppm and uM
are shown. ECsq values for ABZ and MPT could not be calculated since the motility did not
drop to a plateau that the tested concentrations.

(XLSX)
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