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The mitochondrial rRNA of the tapeworm species Echinococcus multilocularis carries an adenine at sequence
position 2058 (numbering according to that for Escherichia coli) of the large-subunit rRNA (IsrRNA), while the
nucleus-encoded rRNA, as determined in this study, is characterized by 2058G. This indicates a dichotomy in
the drug susceptibilities of ribosomes: cytoplasmic ribosomes are predicted to be resistant to macrolide
antibiotics, while mitochondrial ribosomes lack the most common chromosomal resistance determinant,
IsrRNA 2058G. Upon incubation with the macrolide clarithromycin, the formation of vesicles from metacestode
tissue was reduced in a dose-dependent manner. Electron microscopy revealed distinct morphological alter-
ations both of the mitochondria and of the vesicle wall (e.g., loss of microtriches) in drug-treated vesicles. Adult
worms lost their motility and displayed morphological changes (shortening and constriction of proglottids and
the presence of vacuoles) upon incubation with clarithromycin. Our findings demonstrate that macrolides have
distinct in vitro effects on E. multilocularis, endorsing the use of sequence-based in silico approaches for
exploitation of available ribosomal drugs as anthelmintic agents.

Echinococcosis is a severe human disease caused by the
larval (metacestode) stages of tapeworms belonging to the
genus Echinococcus. Depending on the parasite species in-
volved, different forms of echinococcosis are found, namely,
cystic echinococcosis (causative agent Echinococcus granulo-
sus), alveolar echinococcosis (causative agent Echinococcus
multilocularis), and polycystic echinococcosis (causative agents
Echinococcus vogeli and Echinococcus oligarthrus). Metaces-
todes develop in a tumor-like manner in different sites of the
human body from oncospheres liberated from accidentally in-
gested worm eggs, which are shed in the feces of various
species of carnivores that can act as definitive hosts for the
adult, intestinal tapeworms. Cystic echinococcosis and alveolar
echinococcosis are of special medical importance, with the
former occurring worldwide and with the latter being restricted
to the northern hemisphere (9). Treatment of echinococcosis
involves a variety of options, including surgery and chemother-
apy. The benzimidazole derivatives mebendazole and albenda-
zole, which interfere with tubulin polymerization, are widely
being used as antiparasitic drugs, with good efficacies. How-
ever, benzimidazoles do not seem to be parasiticidal in vivo,
and the relapse rate after cessation of chemotherapy is rela-
tively high (1, 9, 18). Hence, novel treatment options are needed,
and the recently reported growth inhibition of metacestodes in
vitro by amphotericin B, a fungicide that interferes with the
sterols in cell membranes, albeit only at high concentrations of
the drug (26), and particularly the good efficacy of nitazox-
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anide, whose mode of action is unknown, against murine alve-
olar echinococcosis (33) are important steps toward this goal.

Ribosomes are important targets for antibacterial agents,
and different classes of drugs interfere with essential steps of
protein synthesis. It is only recently that the principles govern-
ing the selectivity and toxicity of protein synthesis inhibitors
are being understood. Macrolides (e.g., erythromycin and cla-
rithromycin) are antibacterial agents which inhibit prokaryotic
protein synthesis by binding to the nascent peptide exit tunnel
near the peptidyltransferase center of large-subunit rRNA (Isr-
RNA) (27). A single nucleotide polymorphism directs macro-
lide susceptibility, as shown by the experimental mutation of
IstTRNA position 2058 (31). Higher eukaryotes carry a guanine
at IsrRNA position 2058 of both the cytoplasmic and the mi-
tochondrial rRNAs that accounts for natural drug resistance
4).

Eukaryotic protozoa have been shown to be susceptible to
macrolides both in vitro and in vivo (2, 8, 20, 21, 25, 29, 34, 35).
In particular, the plastid (“apicoplast”) ribosome in apicompl-
exan protozoa emerged as the target for antibiotics that inhibit
protein synthesis (3, 6, 7, 12, 22, 28). In contrast to the cyto-
plasmic ribosome, which is eukaryotic and thus largely pre-
cludes selective toxicity, the mitochondrial and plastid ribo-
somes are related to bacterial ribosomes. Little is known
concerning the mitochondrial ribosome in eukaryotic protozoa
as a drug target (13, 19). Analyses of the mitochondrial se-
quences of Toxoplasma gondii and Plasmodium falciparum sug-
gested that the corresponding ribosomes are resistant to mac-
rolides (3). In contrast, the mitochondrial IsSrRNA of the
amoebal species Acanthamoeba castellanii carries 2058A and
was recently shown to be the target for macrolide antibiotics

(1).
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FIG. 1. Effects of drugs on vesicle formation of E. multilocularis
after 14 days of in vitro cultivation. 1, control, no drug; 2, 100 pg/ml
clarithromycin; 3, 33 pg/ml clarithromycin; 4, 10 pg/ml clarithromycin;
5, hygromycin (100 wg/ml); 6, mebendazole (10 pg/ml). The mean
values of the numbers of vesicles per well and the standard deviations
are shown; experiments were done in quadruplicate and were repeated
three times (twice with the two lower concentrations of clarithromy-
cin). The results for all treatments were statistically significantly lower
(P < 0.01, ¢ test based on log + 1 transformed data) than those for the
control treatment.

1

In this study, we have analyzed the peptidyltransferase re-
gion of cytoplasmic and mitochondrial IsTrRNAs of E. mul-
tilocularis, the causative agent of human alveolar echinococco-
sis, prompting us to investigate in vitro the effect of the
macrolide clarithromycin against the larval (metacestode) and
the adult stages.

MATERIALS AND METHODS

Parasite. E. multilocularis (isolate IM280) was propagated intraperitoneally in
jirds (Meriones unguiculatus) and field mice (Microtus arvalis) as described pre-
viously (10) in approved experiments in accordance with the Swiss legislation on
animal welfare. Parasite metacestode tissue was recovered under aseptic condi-
tions from the euthanized rodents approximately 2 months after inoculation.
Adult intestinal worms were recovered (11) 63 days postinfection from experi-
mentally infected red foxes (Vulpes vulpes) (17), which were kept under a Danish
experimental animal permission and treated according to the animal ethics laws
of the European Union.

In vitro experiments. The effects of the drugs in vitro were assessed by count-
ing the number of vesicles produced from metacestode tissue after 14 days (14)
and by assessing the viability and morphology of adult worms after 2 days of
drugs exposure.

Metacestode tissue was cut into small blocks, with the lengths of the edges
being approximately 3 mm, and the blocks were washed twice in complete
medium (minimum essential medium [MEM; Gibco, Basle, Switzerland] supple-
mented with 10% fetal calf serum, 2 mM glutamine, 100 U penicillin/ml, 100 pg
streptomycin/ml, 0.25 wg amphotericin B/ml). Two blocks per well were placed in
12-well plates (Techno Plastic Products, Trasadingen, Switzerland) with 3 ml of
culture medium per well. The culture medium consisted of a 1:1 mixture of
complete MEM and fresh supernatants of human fibroblast cell (MRC-5) cul-
tures growing in the same medium in T flasks. The plates were kept in an
incubator at 37°C with 5% CO,, and 2 ml of medium per well was exchanged
every 3 to 4 days. Four wells per treatment (control or drugs) were used, and
these experiments were done three times.

Adult worms (approximately 20 per well) were seeded into 12-well plates and
incubated as described above in 3 ml of the complete MEM supplemented with
12 mg/ml glucose. The effects of the drugs were assessed in triplicate assays in a
single experiment after 2 days.

Drugs. Clarithromycin (Klacid) was from Abbott (Baar, Switzerland); hygro-
mycin B, mebendazole, and praziquantel were from Fluka (Buchs, Switzerland).
Stock solutions (10 mg/ml) of mebendazole were prepared in dimethyl sulfoxide;
those of praziquantel were prepared in ethanol.

IsrRNA sequences. The peptidyltransferase region of the cytoplasmic IsrRNA
was amplified by PCR with primers 22 and 27, which target conserved flanking
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FIG. 2. Effects of drugs on adult worms in vitro after 2 days.
(A) Control (no drugs); (B) clarithromycin at 100 pg/ml.

regions (36), with E. multilocularis DNA isolated from metacestode material.
The sequences of both strands were determined by direct sequencing with an
ABI PRISM 310 sequencer (Applied Biosystems, Baar, Switzerland). The cor-
responding sequence of the mitochondrial IsTRNA was available (Fukunaga,
unpublished data; GenBank accession no. AB018440).

Electron microscopy. Cysts that had developed in culture for 14 days were
fixed with 2.5% glutaraldehyde in 100 mM Na/K-phosphate, pH 7.4, at 4°C for
1 h, washed in Na/K-phosphate, postfixed with 2% osmium tetroxide in Na/K-
phosphate at 4°C for 1 h, and embedded in Epon. Sections of 1 wm were stained
with toluidine blue for light microscopy; sections of 50 to 60 nm from areas of
interest were stained with uranyl acetate and lead citrate and examined in a Cm
12 electron microscope (Philips, Eindhoven, The Netherlands) equipped with a
slow-scan charge-coupled-device camera (Gatan, Pleasanton, CA).

Nucleotide sequence accession number. The part of the IsrRNA gene of the
cytoplasmic ribosome containing the peptidyltransferase region obtained in this
study has been submitted to GenBank and can be found under accession no.
AY615426.

RESULTS

Sequence analysis of large-subunit rRNA. Part of the
IsrRNA gene of the cytoplasmic ribosome containing the pep-
tidyltransferase region was amplified by PCR and sequenced
(604 bp; GenBank accession no. AY615426), and the sequence
was compared to the corresponding published sequence of the
mitochondrial gene (GenBank accession no. AB018440). The
presence of a guanine at IsrRNA position 2058 (numbering
according to that for Escherichia coli) of the nucleus-encoded
rRNA is expected to provide resistance to macrolides, while
mitochondrial ribosomes carry an adenine at this position,
which is predictive of susceptibility.

In vitro investigations. To study the effect of clarithromycin
on E. multilocularis in vitro, metacestode tissue was incubated
with the antibiotic; and vesicle formation was recorded and
compared with that in the presence of two other drugs, hygro-
mycin B and mebendazole, used as controls. Hygromycin B is
a protein synthesis inhibitor with universal activity against ar-
chae, prokaryotes, and eukaryotes and is expected to inhibit
both the cytoplasmic and the mitochondrial ribosomes (24).
Mebendazole, a benzimidazole carbamate derivative, is an es-
tablished anthelmintic compound that interferes with the mi-
crotubulus system of parasitic cells.

Upon exposure to clarithromycin, the vesicle formation of E.
multilocularis was reduced in a dose-dependent manner (Fig.
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A

drugs) and after in vitro incubation with clarithromycin (100 g ml™") for 14 days. The vesicles of the controls (A and B) are characterized by a
thick laminated layer (LL) which is lined with several layers of cells (germinal layer [GL]) and by the presence of a distinct distal tegument (TE)
and numerous microtriches (MT) protruding into the acellular laminated layer. Note the mitochondria with distinct cristae (arrows, panel B). After
incubation with clarithromycin (C and D), the vesicles were smaller and had laminated layers of various thicknesses (C). The cells lining the
laminated layers were thin and often detached. They contained condensed mitochondria and mitochondria with indistinct cristae (D, arrowheads).
Microtriches and the tegument were largely lacking (D). Bars, 50 pm (A and C) or 1 um (B and D).

1). Whereas 41 vesicles were produced in the absence of the
drug, 6 (14.6% of control) were recorded in the presence of
100 wg/ml clarithromycin and 21 (58.5%) were recorded in the
presence of 10 wg/ml clarithromycin. In cultures containing
hygromycin (100 pg/ml) or mebendazole (10 pg/ml), an aver-
age of one (2.8%) vesicle was produced.

The effect of clarithromycin on adult worms was compared
with those of hygromycin B and praziquantel. Praziquantel is
an established anthelmintic compound that causes severe
spasms and paralysis of the worm’s muscles. Compared to the
untreated adult worms (Fig. 2A), which had a high motility,
worms incubated for 2 days in 10 wg/ml clarithromycin had a
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similar motility but differed morphologically by being slightly
swollen. A dramatic effect was observed in worms incubated in
100 pg/ml clarithromycin: their motility was highly reduced,
they appeared shortened and darker, the proglottids were
deeply constricted, and vacuoles were present (Fig. 2B). Hy-
gromycin B and praziquantel had similar, although more pro-
nounced, effects on morphology compared to that of 100 pg/ml
clarithromycin; and the worms were motionless.

Electron microscopy. Electron microscopy was used to study
alterations at the subcellular level. These studies revealed dis-
tinct morphological and ultrastructural alterations of metaces-
tode tissue from in vitro cultures after cocultivation with clar-
ithromycin (Fig. 3). The germinal layer of control vesicles
consisted of several layers of cells containing mitochondria
with distinct cristae and of a distinct tegument and numerous
microtriches protruding into the acellular laminated layer (Fig.
3A and B). After incubation with clarithromycin (100 pg/ml)
for 14 days, the vesicles were smaller and had laminated layers
of various thicknesses (Fig. 3C). The cells lining the laminated
layers were thin and often detached. They contained con-
densed mitochondria and mitochondria with indistinct cristae
(Fig. 3C and D). Microtriches and the tegument were largely
lacking (Fig. 3D).

DISCUSSION

In this paper, we demonstrate for the first time that an
antibacterial agent, the macrolide clarithromycin, can have a
direct effect on a helminth organism, E. multilocularis. Anti-
bacterial drugs have previously been shown to have promise
for the treatment of infections with filarial nematodes, but in
an indirect manner, by acting on endosymbiotic bacteria (15).
In addition, the aminoglycoside antibiotic paromomycin was
used to treat human intestinal infections with taeniid tape-
worms (5, 30), but the mode of action against Taenia is not
known.

As predicted by in silico analysis, the target of clarithromycin
in E. multilocularis is the mitochondrial translational machin-
ery. Indeed, we observed dramatic changes in the ultrastruc-
ture of mitochondria, where the loss of cristae and condensa-
tion (Fig. 3D) became apparent upon cocultivation with this
drug. However, morphological alterations of mitochondria
have also been observed upon incubation with other drugs.
Albendazole, a benzimidazole component with activity on tu-
bulin formation, resulted in rounded mitochondria, which were
abnormally increased in size and which contained altered cris-
tae (16). The presence of aberrant mitochondria was recently
reported as an effect of nitazoxanide against E. multilocularis
metacestode tissue in vitro, but no detailed information was
provided (32). Hence, the mitochondrial alterations that we
observed do not prove that clarithromycin directly affects the
mitochondrial ribosome. However, in a comparable study with
the amoebal species Acanthamoeba castellanii, where genetic
analyses predicted the resistance of the cytoplasmic ribosome
and the susceptibility of the mitochondrial ribosome to mac-
rolides, the fortuitous isolation of a macrolide-resistant mutant
and its genetic characterization showed that the expected point
mutation 2058A—G of the mitochondrial IsTRNA was associ-
ated with drug resistance (no encystment of the amoebae) and,
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hence, with a lack of ultrastructural changes to the mitochon-
dria upon cocultivation with clarithromycin (21).

The other structural changes observed in the E. multilocu-
laris vesicles upon incubation with clarithromycin (e.g., loss of
microtriches and separation of the germinal and the laminated
layers) seem to be rather nonspecific effects, as they have also
been observed in experiments with benzimidazoles or nitazox-
anide (16, 32).

Rather surprising findings were the rapid (within 2 days) and
distinct effects of clarithromycin (100 pg/ml) on adult worms
(highly reduced motility, swelling, vacuolization, constriction
of proglottids) which were comparable to the effects of antibi-
otic or anthelmintic compounds with unrelated modes of ac-
tion (hygromycin B, praziquantel). The disruption of energy
production in the mitochondria by clarithromycin appears to
be a fast event, and the alternative, low-efficiency cytosolic
respiratory metabolism in tapeworms (23) does not seem to
have the capacity to compensate. Again, the similar changes
induced by the different drugs may simply reflect a state of
stress in the parasite that stems from the disruption of different
cell organelles.

Clarithromycin showed potent anthelmintic activity in vitro,
but whether such an effect will extend to the in vivo situation
remains to be investigated. Of crucial importance is whether
the drug would penetrate into larger metacestode tissues. In
our in vitro experiments, by using metacestode material cut
into small blocks, this possible barrier was not of concern.
Furthermore, we would expect that macrolides act only in a
parasitostatic manner and not in a parasitocidal manner, ac-
cording to the results of experiments done with A. castellanii
(21), which revealed that the drug-induced effects were nearly
perfectly reversible. Hence, macrolides might be promising
agents for the treatment of alveolar echinococcosis, particu-
larly because of their synergistic actions with other existing
drugs (benzimidazoles, nitazoxanide).

The experiments described in this study have considerable
relevance for the search for drugs endowed with anthelmintic
activities. Our observations endorse the use of sequence-based
in silico approaches for the possible exploitation of the avail-
able ribosomal drugs as anthelmintic agents. Ultimately, elu-
cidation of the mechanisms governing the selectivities and the
specificities of ribosomal drugs should provide ample oppor-
tunities for the development of anthelmintic agents by rational
drug design.
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