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Abstract

Extracellular RNAs (ex-RNAs) are secreted by cells through different means that may

involve association with proteins, lipoproteins or extracellular vesicles (EV). In the context of

parasitism, ex-RNAs represent new and exciting communication intermediaries with promis-

ing potential as novel biomarkers. In the last years, it was shown that helminth parasites

secrete ex-RNAs, however, most work mainly focused on RNA secretion mediated by EV.

Ex-RNA study is of special interest in those helminth infections that still lack biomarkers for

early and/or follow-up diagnosis, such as echinococcosis, a neglected zoonotic disease

caused by cestodes of the genus Echinococcus. In this work, we have characterised the ex-

RNA profile secreted by in vitro grown metacestodes of Echinococcus multilocularis, the

casuative agent of alveolar echinococcosis.

We have used high throughput RNA-sequencing together with RT-qPCR to characterise

the ex-RNA profile secreted towards the extra- and intra-parasite milieus in EV-enriched

and EV-depleted fractions. We show that a polarized secretion of small RNAs takes place,

with microRNAs mainly secreted to the extra-parasite milieu and rRNA- and tRNA-derived

sequences mostly secreted to the intra-parasite milieu. In addition, we show by nanoparticle

tracking analyses that viable metacestodes secrete EV mainly into the metacestode inner

vesicular fluid (MVF); however, the number of nanoparticles in culture medium and MVF

increases > 10-fold when metacestodes show signs of tegument impairment. Interestingly,

we confirm the presence of host miRNAs in the intra-parasite milieu, implying their internali-

zation and transport through the tegument towards the MVF. Finally, our assessment of the
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detection of Echinococcus miRNAs in patient samples by RT-qPCR yielded negative results

suggesting the tested miRNAs may not be good biomarkers for this disease.

A comprehensive study of the secretion mechanisms throughout the life cycle of these

parasites will help to understand parasite interaction with the host and also, improve current

diagnostic tools.

Author summary

Extracellular RNAs (ex-RNAs) are secreted by cells through association with proteins or

extracellular vesicles (EV). In the context of parasitism, ex-RNAs represent novel commu-

nication intermediaries with promising potential as biomarkers. In order to better under-

stand the role ex-RNAs may play in the context of the zoonotic disease echinococcosis, we

have characterised the RNA profile secreted by the larval stage (metacestode) of Echino-
coccus multilocularis.

By analysing the products secreted towards the extra- and intra-parasite milieus, we

demonstrate that the metacestode displays a polarized secretion of different classes of

small non-coding RNAs (sRNAs). In addition, we show that EV secretion occurs mainly

towards the inner fluid of the metacestodes. Interestingly, we confirm the presence of host

sRNAs in the intra-parasite milieu, implying their internalization and transport through

the tegument. Finally, the detection of Echinococcus miRNAs in patient samples yielded

negative results suggesting the tested miRNAs may not be good biomarkers for this

disease.
In summary, our results provide a detailed description of the ex-RNA landscape of the

E. multilocularis metacestode together with information on the distribution of the

detected RNA classes in different extracellular compartments. This information is of

importance to better understand host-parasite interaction and also, to improve current

diagnostic tools.

Introduction

Cell-free or extracellular RNAs (ex-RNAs) released by animal cells were first described in the

70´s, based on in vitro experiments, and subsequently found circulating in plasma in vivo [1–

3]. Nowadays, it is known that ex-RNA stability in RNAse rich environments can be conferred

by association with proteins or lipoproteins [4–7] or by packaging in extracellular vesicles

(EV) [8]. Recently, it was proposed that the acquisition of a protective secondary conformation

could also stabilize certain ex-RNAs [9]. One abundantly secreted class of RNA is small non-

coding RNAs (sRNAs). This term groups several classes of regulatory RNAs that display sizes

shorter than 200 nt such as microRNAs (miRNAs) and sRNAs derived from tRNAs. Both are

able to exert a regulatory action on gene expression [10,11] and thus their role in intercellular

communication is being thoroughly investigated.

In the context of parasitism, ex-RNAs represent new and exciting communication

intermediaries not only between individuals of the same species, but also between parasites

and hosts. With respect to helminth infections, the potential of ex-RNA for use in novel diag-

nostic tools is highly promising [12,13] mostly in those diseases that still lack biomarkers for

early and/or follow-up diagnosis, such as echinococcosis [14]. Human echinococcosis is a zoo-

nosis produced by the development and growth of the metacestode stage of cestodes of the
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genus Echinococcus. The adult stage of these tapeworms grows in the small intestine of carni-

vores. The two most clinically relevant forms of this disease are alveolar (AE) and cystic (CE)

echinococcosis, caused by Echinococcus multilocularis and Echinococcus granulosus sensu lato
(s.l.), respectively. In CE, the metacestode develops as cystic lesions filled with an inner fluid

(hydatid fluid), mainly in liver and lung, while in AE it develops as a multivesicular budding

mass that infiltrates host tissue (mostly liver) and gradually expands during decades eventually

spreading to other organs [15]. Additionally, in late infections the E. multilocularis metaces-

tode can progressively become necrotic in the central region of the parasite tissue [16] and

may consequently release intracellular molecules and vesicles into the extra-parasite environ-

ment.The metacestode stage of these parasites consists of a fluid-filled vesicle lined by an inner

cellular layer (germinal layer) and an outer acellular layer (laminated layer), unique among

cestodes. The laminated layer is a specialized extracellular matrix synthesized by the tegument,

the outermost syncytial stratum of the germinal layer [17].

In human CE and AE, parasite development takes years until clinical signs and symptoms

arise, and diagnosis is based on clinical findings, epidemiological data, imaging techniques

and serology [18]. However, non-invasive biomarkers to detect the parasites at an early stage

of disease or to accurately determine parasite viability (for drug treatment follow-up or recur-

rence assessment) are still lacking.

Since the first report on RNA content in EV from parasitic helminths [19], several others

have shown that nematode, trematode and cestode parasites secrete ex-RNAs [20]. In nematodes

and trematodes, sRNAs have been reported to be present in both EV-enriched and EV-depleted

fractions obtained from parasite conditioned medium [21–23]. The term EV refers to a wide

variety of membrane bound structures that contain proteins, lipids and nucleic acids and are

released by cells. In the case of cestodes, we have previously demonstrated that the metacestode

stages of Taenia crassiceps and Mesocestoides corti secrete EV with sRNAs in vitro [24]. In that

work, we also observed that the metacestode stage of E. multilocularis can hardly secrete EV to

the extra-parasite medium, probably due to the presence of the laminated layer. Other authors

have reported the presence of EV in the hydatid fluid of E. granulosus s.l. metacestodes [25–28]

and the culture medium of Echinococcus spp. protoscoleces and/or metacestodes [27–29].

Recently, it was reported that EV from E. multilocularis contain sRNAs [30]. However, no quan-

titative analyses of EV secretion to the extra-parasite milieu or the profiling of ex-RNAs in the

non-vesicular fraction of the secretion poducts of these parasites has been performed to date.

In this work, using conventional protocols for EV and ribonucleoprotein complex enrich-

ment, we aimed to identify the main RNA classes secreted in vitro by the metacestode stage of

E. multilocularis to both the intra- and extra-parasite milieus to evaluate the potential of ex-

RNAs as novel echinococcosis biomarkers.

Materials and methods

Ethics statement

Animal experiments were carried out in accordance with European and German regulations

on the protection of animals (Tierschutzgesetz) and were approved by the government of

Lower Franconia under permit no. 55.2–2531.01-61/13.

The study involving human samples complies with the Declaration of Helsinki. In the case

of AE samples, the procedure has been approved by the local ethics comission of the Faculty of

Medicine of the University of Würzburg (https://www.med.uni-wuerzburg.de/ethik-

kommission). Data privacy protection was guaranteed by anonymization of serum samples. In

the case of CE samples, patients signed a consent form (approved protocol N˚ 20180060669,

Direzione Scientifica, Comitato Etico Area Pavia).
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Parasites

Echinococcus multilocularis metacestodes from isolates H95, J2012, Ingrid, GH09 and RD15

were maintained by serial intraperitoneal passage in Meriones unguiculatus as previously

described [31] at the animal facilities of the Institute of Hygiene and Microbiology, University

of Würzburg.

In vitro generated metacestodes were obtained in co-culture with rat hepatocytes as previ-

ously described [31].

Parasite in vitro culture

Metacestode culture was performed as already described [24] with minor modifications.

Briefly, 30–60 ml of parasites (mean diameter 0.61 cm ± 0.12) were incubated in serum-free

medium to a final volume of 150 ml and the axenization step was conducted for 1 day. Cul-

tures were classified into Active (Viable) and Transitional according to parasite tegument

integrity. For this, metacestodes from each culture were photographed, counted and classified

into non-stained and phenol red stained. Cultures with� 6% of phenol-red stained parasites

were classified as Active, and cultures with� 15% stained parasites were considered Transi-

tional. To check if phenol red could be used as a tegument integrity indicator, its staining effi-

ciency was compared to vital staining of metacestodes with eosin (final

concentration = 0.02%) (S1A Fig). Only turgent metacestodes were used, collapsed metaces-

todes and/or with detached germinal layer were removed from the cultures before axenization

or incubation (S1B Fig).

Collection of extracellular samples

Parasite conditioned serum-free media were collected and centrifuged according to [32] but

with modifications. Briefly, culture medium was centrifuged for 20 min at 2,000 x g at 4˚C and

30 min at 10,000 x g at 4˚C. The obtained supernatant was ultracentrifuged for 70 min at

100,000 x g and 4˚C in a Sorvall WX+ Ultracentrifuge (Thermo Scientific) with rotor TH-641,

washed with PBS and ultracentrifuged again. The EV-enriched pellet (P100 fraction) was

resuspended in 100 μl sterile Hank´s solution (Thermo Scientific, Germany) for further use.

Metacestode inner vesicular fluid (MVF) was collected by individual sterile puncture of in
vitro grown metacestodes with a 26 G syringe and processed as described above. A few microli-

ters of liquid were discarded before dispensing the fluid in the collection tube to avoid carry

over of cyst wall content that might be present in the needle.

The EV-depleted supernatants (S100 fraction) of the ultracentrifugation step were concen-

trated with 3-kDa Amicon Centrifuge Filter (Merck Millipore) devices at 5000 x g at 4˚C using

a fixed angle rotor, followed by 2 washes with PBS [21].

The different EV-enriched and EV-depleted fractions obtained after ultracentrifugation

will be called P100 and S100, respectively, in order to avoid mechanistic definitions since the

methodology used cannot achieve absolute purification [33]. A diagram of the experimental

design of this work is shown in Fig 1.

Nanoparticle tracking analysis (NTA)

Nanoparticle concentration and size distribution of P100 fractions were measured in a Nano-

Sight NS 500 Nanotracker (Malvern Instruments). Samples were stored for a maximum of 10

days at 4˚C until measurement. Samples of active metacestode culture medium were diluted to

1/100 and from transitional metacestodes to 1/100 or 1/1000. MVF was diluted to 1/100 and 1/

1000 for active and transitional metacestodes, respectively. Dilutions were done in particle-

PLOS NEGLECTED TROPICAL DISEASES Extracellular RNAs in Echinococcus multilocularis

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008890 November 30, 2020 4 / 27

https://doi.org/10.1371/journal.pntd.0008890


Fig 1. Workflow used for ex-RNA identification in E. multilocularis metacestodes.

https://doi.org/10.1371/journal.pntd.0008890.g001
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free sterile distilled water immediately prior to measuring. Ten 60-second recordings were per-

formed on each sample, and the three technical replicates with highest values were averaged

and used for analysis. The parameters used for detection were: threshold = 10; camera

level = 16 and temperature = 23.3˚C. The NTA software (Version 2.3) was used. Results were

normalized to the initial volume of metacestodes or MVF used for each experiment using the

formula: Normalized N˚ np/ml = N˚ np/ml x DF x Vi P100 x 1/V Met or MVF, where

np = nanoparticles, DF: dilution factor, Vi P100 = initial volume (ml) in which P100 was resus-

pended, V Met or MVF: Volume (ml) of metacestodes (Met) or metacestode vesicular fluid

(MVF).

Transmission electron microscopy (TEM)

Aliquots of P100 fractions were resuspended in PBS, fixed in Karnovsky’s fixative (0.5% glutar-

aldehyde, 2.5% paraformaldehyde) and were negatively stained with 2% uranyl acetate in dou-

ble destilled water on a membrane acrylic–coated grid at Laboratorio Nacional de

Investigación y Servicios de Microscopı́a Electrónica (LANAIS-MIE), School of Medicine,

University of Buenos Aires.

Small RNA library construction and sequencing

For P100 sRNA library construction, RNA from the following volumes of pools of samples was

obtained: 500 ml (7 samples) and 200 ml (3 samples) from active and transitional culture

media, respectively; 30 ml (6 samples) of MVF from active cultures; 13 ml (3 samples) and 10

ml (5 samples) of MVF from non-stained and stained metacestodes, respectively, from transi-

tional cultures. For S100 sRNA library construction, RNA was isolated from 175 ml (2 sam-

ples) and 190 ml (2 samples) from active and transitional culture media, respectively; 44 ml (7

samples) of MVF from active cultures; and 16 ml (3 samples) and 9 ml (4 samples) of MVF

from non-stained and stained metacestodes, respectively, from transitional cultures.

RNA was isolated with Trizol LS (Life Technologies, Germany) and the aqueous phase

obtained was enriched in < 200-nt RNA or> 200-nt RNA with mirVana miRNA Isolation

Kit (Life Technologies, Germany). In both cases, RNA was eluted twice by incubating 10 min-

utes with 100 μl of pre-warmed nuclease-free water at 90˚C and then precipited as already

described for 2 h at -80˚C and then O.N. at -20˚C [24].

The RNA concentration and size in each sample were analysed with an Agilent 2100 Bioa-

nalyzer (Agilent Technologies, U.S.A). Small RNA chips and RNA 6000 pico chips were used

for sRNA (< 200 nt) and large RNA analysis (> 200 nt), respectively.

After checking size profile distribution, 1.8 to 200 ng of RNA were used for library con-

struction with the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England

Biolabs, U.S.A). To recover all the ligated RNAs present in each sample, size selection of the

obtained cDNA was performed with Agencourt AMPure XP Beads (Beckman Coulter, U.S.A.)

according to the manufacturer´s instructions. Sequencing was performed on a HiSeq 2500, v4

(Illumina, 125 bp pair-end platform). Quality control, library preparation and sequencing

were performed at the Wellcome Sanger Institute, Cambridgeshire, United Kingdom.

Raw reads were deposited at the European Nucleotide Archive (https://www.ebi.ac.uk/ena)

under the accession number ERP121841.

RNA-sequencing data analysis

Data preprocessing: Fastqc (version 0.11.7, https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) quality control was executed with default parameters on all libraries. Reads

with� 18-bp length and per base sequence quality mean PHRED� 20 were retained. A three-
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step approach was implemented by in-house bash scripts (https://github.com/MCucher/

Emul_exRNA_scripts_and_data.git) to: i) remove sequencing adaptors via cutadapt (version

1.18,—error-rate = 0.3—trim-n–a NEBnext_E7300.fasta [34]; ii) re-pair disordered reads

using repair.sh from the JGI BBTools package with default parameters (version 37.10, https://

sourceforge.net/projects/bbmap/), each paired and singleton read were concatenated in a sin-

gle file per library and overlapping paired-end reads were merged with the JGI BBmerge algo-

rithm (version 37.10, minoverlap0 = 8 minoverlap = 12 mininsert = 18 mininsert0 = 17, [35])

and lastly iii) remove low-quality bases using Trimmomatic SE sliding window approach (ver-

sion 0.36, SLIDINGWINDOW:4:20 MINLEN:18 [36]).

Identification of miRNAs: miRNAs from E. multilocularis and Mus musculus were identified

with mirDeep2 [37] as already described with some modifications [38]. Sequences were

mapped to either reference genome with the read aligner Bowtie (mapper module) using

default parameters, allowing only alignments with 0 mismatches in the first 18 nt of a read

sequence and up to two mismatches after nt 18, and keeping only reads that did not map more

than five times to the genome. Mus musculus was used as reference since the repertoires of

miRNAs and non-coding RNAs are better characterized than in rat. Briefly, for parasite

miRNA identification the E. multilocularis genome assembly version 4 downloaded from the

Sanger Institute FTP site [ftp://ftp.sanger.ac.uk/pub/project/pathogens/Echinococcus] and E.

multilocularis mature and precursor miRNAs from [39,40] and metazoan mature miRNAs

from miRBase (version 21) were used as input data together with the high quality reads

obtained for each library after preprocessing. Only those sequences that fulfilled the following

criteria were considered miRNAs and hence included in the analyses: miRDeep2 score� 4;

significant randfold p-value “yes”; no rfam alert; no sequence identity with non-coding RNA

(excluding miRNAs) present in RNA central database and read count number� 350 for at

least one of the sequences that aligns with the respective precursor. The miRDeep score reflects

the probability that a precursor corresponds to a genuine miRNA [41]. The value of this score

was selected in order to obtain the lowest percentage of estimated false positive novel miRNAs

and the highest percentage of detected known miRNAs as previously reported [40]. For verte-

brate miRNA identification, the input files corresponded to the M. musculus genome assembly

GRCm38.p6 downloaded from the Ensembl FTP site [ftp://ftp.ensembl.org/pub/release-95/

fasta/mus_musculus/dna/] and M. musculus mature and precursor miRNAs and metazoan

mature miRNAs downloaded from miRBase (version 21).

When miRNAs with high identity between E. multilocularis and M. musculus were identi-

fied (� 1 SNP), the origin of the miRNA was established by taking into consideration: i) the

pre-miRNA sequence to which the highest number of reads could be mapped and ii) the

absence of mismatches to the pre-miRNA in the most frequent read sequence. When the ter-

minal 3´nucleotide corresponded to a non-templated U it was not considered as a mismatch

but as a non-templated added nucleotide [40].

Identification of other sRNAs: High quality reads were also aligned to the E. multilocularis
(v4) and M. musculus (GRCm38) genomes using Bowtie (version 1.2.1.1, bowtie-align—wrap-

per basic-0 -v3—sam—best—time—threads 8, [42]) to obtain a SAM file. For annotation of

other sRNAs, first a sequence identity analysis was performed using BLAST (version 2.7.1,

-task = blastn-short -outfmt = 6 -max_target_seqs = 1 -evalue = 0.01 -num_threads = 8, [43]).

These files were used to query a set of two different ad hoc reference databases containing: i) E.

multilocularis: miRNA and pre-miRNA sequences from [39,40] and non-coding RNAs down-

loaded from RNA central database (http://rnacentral.org/) and ii) M. musculus: miRNA and

pre-miRNA sequences from miRBase, tRNAs from GtRNAdb (http://gtrnadb.ucsc.edu/

genomes/eukaryota/Mmusc10/Mmusc10-summary.html) and those non-coding RNA

sequences classified as “Other” in RNA central database excluding miRNAs and tRNAs. tRNA
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sequence annotation was performed with tRNAscan-SE [44]. In-house databases are available

at https://github.com/MCucher/Emul_exRNA_scripts_and_data.git. The final step was to

parse the tabular blastn-short tables to excel and only reads that fulfilled the following criteria

were retained: gap = 0, hit start 1 or 2, mismatch = 0, read coverage� 95 and read count

number� 350. Those sequences that passed these filters and were present in E. multilocularis
and M. musculus datasets from the same library were individually analysed to determine their

origin. This was established by i) determining the percentage of coverage over sequence length

and ii) identifying the number of mapping reads per locus. The final selection was made on

highest coverage and highest number of mapping reads to each genome. When the origin of

the sequence could not be confidently determined by these criteria, sequences were termed

Ambiguous and were not used for further analyses. Otherwise, they were termed Unambigu-

ous and used to classify the different types of RNAs detected in each sample.

For generating an abundance ranking specific for each sRNA-type and in order to compare

sRNA proportions among samples, every sRNA sequence was normalized with respect to the

total number of counts associated to the corresponding sRNA biotype (miRNA, sequences

derived from tRNA, rRNA and SRP) in a given sample [38,40]. The sequence of the most fre-

quent read is reported.

All bioinformatics analyses were performed in a local server at IMPaM, which is part of Sis-

tema Nacional de Computación de Alto Desempeño (SNCAD), ID 924 Ministerio de Ciencia,

Tecnologı́a e Innovación Productiva (MINCyT), Argentina.

Plasma and sera from patients

Echinococcus multilocularis samples: Samples from patients with presence of liver lesion

detected by ultrasonography were defined positive if immunodiagnosis results were positive

for E. multilocularis. Negative samples corresponded to patients with negative

immunodiagnosis.

Serum (250 μl) from 3 alveolar echinococcosis patients taken before and after treatment

(surgery and/or albendazole) and from 3 negative patients were obtained from the Serology

Department of the Institute of Hygiene and Microbiology, University of Würzburg, Germany.

Diagnosis was performed by HAT (antigens from E. granulosus s.l. (Fumouze)) and ELISA

(EG55 antigen, i.e recombinant Ag B, from E. granulosus s.l. [45]; EM10 and total larva anti-

gens from E. multilocularis). Samples were kept at -20˚C until RNA isolation.

Echinococcus granulosus s. l. samples: Samples from patients with presence of CE liver cyst

detected by ultrasonography were defined as positive, otherwise they were considered

negative.

Serum and plasma (190 to 250 μl) collected in BD Vacutainer EDTA tubes were obtained

from Policlinico San Matteo Hospital Foundation, Pavia, Italy. Cysts were classified according

to the WHO-IWGE classification and patients were tested for routine diagnostic purposes in

the laboratory of Parasitology of San Matteo Hospital Foundation, using ELISA (RIDASC-

REEN Echinococcus IgG, R-Biopharm, Darmstadt, Germany). An equal number of samples

from each of the following groups were analysed: active (CE1-2), transitional (CE3b), inactive

(CE4, CE5) and control group (negative patients with no parasitic cysts). All the CE enrolled

patients have one single cyst localized in the liver. Samples were kept at -80˚C with Trizol LS

until RNA isolation.

Reverse transcription (RT) and quantitative PCR (qPCR)

Culture medium samples: Individual culture medium or pool of samples were used, and RNA

isolation was performed as described in section “Small RNA library construction and
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sequencing”. Transitional cultures contained 15–30% of phenol red-stained metacestodes.

Only the< 200-nt RNA was purified. After precipitation and drying, RNA was resuspended in

20 μl of RNAse-free water.

cDNA synthesis was performed by stem-loop (miRNAs, tRNAGlu) or poly-A (tRNAAla,

tRNAGly and SRP) RT. Stem-loop (SL) RT was performed as follows: 5 μl of RNA were added

to 2 μl of RNAse-free H2O and incubated 5 min at 94˚C, followed by� 1 min in ice. Then, the

following reagents were added to reach the indicated final concentrations: reaction buffer 1X,

DTT 5 mM, dNTPs 0.5 mM, SL primers 0.0125 μM each, RNAse OUT 0.4 U/μl, SuperScript 4

10U/μl, RNAse-free H2O to final volume 20 μl. Reactions were incubated 30 min at 16˚C, 30

min at 50˚C, 10 min at 80˚C. Poly-A reaction was performed in a final volume of 10 μl with

reaction buffer 1X, ATP 1 mM, E-PAP (New England Biolabs, U.S.A) 0.5 U/μl. Incubation was

performed 1 h at 37˚C followed by 10 min at 65˚C. RT was carried out in 13 μl of reaction with

5 μl of poly-A RNA, poly-T adaptor 2.8 μM and 0.77 mM dNTPs. This was incubated 5 min at

65˚C, followed by� 1 min in ice. Then, reaction buffer 1X, DTT 5 mM, RNAse OUT 0.4 U/μl,

SuperScript 4 10U/μl, RNAse-free H2O to final volume 20 μl were added and incubated 30

min at 50˚C, followed by 10 min at 80˚C. Stem loop primers and Poly T adaptor sequences are

described in S1 Table.

The qPCR mix consisted of 1x HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Bio-

dyne) and 0.2 μM of each primer. Real time PCR was performed in a StepOne Plus cycler

(Applied Biosystems). The cycling conditions were: 95˚C 15 min, followed by 40 cycles of 95˚C

15 sec, annealing temperature (detailed in S1 Table) 20 sec, 72˚C 30 sec. Fluorescence data was

collected at 72˚C. No reverse transcriptase and no template reactions were also performed.

Sequence, annealing temperature and efficiency of each PCR primer are described in S1 Table.

PCR efficiencies were determined using LinRegPCR [46]. Amplification product specificity was

assessed by melting curve analysis and gel electrophoresis. For miR-71-5p, a hydrolysis probe

(5´- ACTGGATACGACTCTCACTA-3´) with 5´FAM and 3´end MBG modifications (Bio-

mers, Germany) was also tested. In this case, Luna Universal Probe qPCR Master Mix (New

England Biolabs, U.S.A) was used. The reaction was carried out in a final volume of 10 μl with

0.2 μM of each primer and 0.4 μM probe. Cycling conditions were 95˚C 1 min, followed by 40

cycles of 95˚C 15 sec, 60˚C 30 sec. Fluorescence data was collected at 60˚C.

Expression levels were calculated by the efficiency correction method [47] and were nor-

malized to culture medium used as input. Cycle threshold (Ct) values were considered for cal-

culations if� 2.5 cycles with respect to no template or no transcriptase controls, whatever the

least [33].

MVF samples: RNA from 17 ml, 19 ml and 45.5 ml of MVF from active cultures was isolated

with Trizol LS. Stem-loop cDNA was synthesized as described above. For miR-122-5p qPCR

detection, a hydrolysis probe (5´- ACTGGATACGACCAAACACC-3´) with 5´FAM and 3

´end MBG modifications (Biomers, Germany) was used as described above.

Plasma/sera samples: RNA isolation, cDNA synthesis and qPCR were performed as

described above. After precipitation and drying, RNA was resuspended in 20 μl of RNAse-free

water. Five μl of RNA were used as input for the SL RT reaction. As positive amplification con-

trol, endogenous hsa-miR-423-5p was used (S1 Table). For miR-71-5p, a hydrolysis probe (5´-

ACTGGATACGACTCTCACTA-3´) with 5´FAM and 3´end MBG modifications (Biomers,

Germany) was also tested as described above.

Statistical analysis

Nanoparticle concentrations and sizes were compared by one-tailed Mann-Whitney or Krus-

kal-Wallis tests. Relative expression levels of P100 and S100 fractions from each type of culture
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were compared by one-tailed Mann-Whitney test. P values were considered significant

when� 0.05.

Enrichment analysis of miRNAs between the S100 fraction of active culture medium and

metacestode tissue was performed by linear regression [48]. Metacestode miRNA counts were

retrieved from a previous work [40]. microRNAs with -1� log2 fold change� 1 were consid-

ered equally abundant in both samples.

The software used for statistical analysis was GraphPad Prism version 5.01.

Results

The Echinococcus multilocularis metacestode secretes nanoparticles mainly

to the intra-parasite milieu

In order to characterise EV secretion towards the extra- and intra-parasite milieus in E. multilocu-
laris metacestodes, we analysed the presence of nanoparticles in P100 (EV-enriched) from culture

media and MVF from active cultures (Fig 1). Using NTA, we observed that a low concentration

of nanoparticles could be detected in the culture media conditioned by metacestodes, while a sig-

nificantly higher number of nanoparticles (10 to 20-fold) could be detected in MVF (p = 0.0143;

Fig 2A). No significant differences were observed in the size of the detected nanoparticles, with

mean sizes of 186 nm (157–210) and 191 nm (191–198) in culture medium and MVF, respec-

tively, and modal sizes of 115 nm (112–170) and 162 nm (122–185), respectively (Fig 2B).

Ex-RNAs from Echinococcus multilocularis mainly correspond to miRNAs

and derived sequences from tRNAs and rRNAs

In order to analyse the presence and size distribution of RNA in the secretion products of active

metacestodes, we analysed the P100 and S100 fractions of culture medium and MVF (Fig 1). We

observed that in culture medium sRNAs could be detected only in the S100 fraction with peaks

Fig 2. Nanoparticle tracking analysis of extra- (culture medium) and intra- (metacestodes vesicular fluid) parasite secretions of the E. multilocularis metacestode in
vitro. A) Normalized concentration of nanoparticles expressed in number of nanoparticles/ml. Each dot represents a biological replicate and lines indicate the median

values. B) Mean and modal size of the detected nanoparticles. Bars indicate median size with range of the corresponding value.

https://doi.org/10.1371/journal.pntd.0008890.g002
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ranging between 20–40 nt (Fig 3A and 3B). In the case of MVF, both P100 and S100 samples con-

tained sRNAs, with peaks between 20–40 nt and 60 nt (Fig 3C and 3D). RNAs> 200 nt were not

detected (S2A–S2D Fig). In no case was intact ribosomal RNA detected, indicating that detectable

levels of cellular content were not contaminating the samples.

However, ex-RNAs were identified by sRNA-seq in P100 and S100 fractions from culture

medium and MVF (Table 1). This difference with respect to the results described above may

Fig 3. Echinococcus multilocularis extra- and intra-parasite secretions contain sRNAs. Analysis of the sRNA content (< 200 nt) present in the P100 and S100 fractions

of culture medium (A, B) and metacestode vesicular fluid (C, D) of E. multilocularis active metacestodes. M: marker. FU: fluorescence units.

https://doi.org/10.1371/journal.pntd.0008890.g003

Table 1. General results of small RNA sequencing of ex-RNAs present in culture medium and metacestode vesicular fluid of active culture from E. multilocularis.

Culture medium Metacestode vesicular fluid

P100 S100 P100 S100

Raw reads 14,556,134 16,006,027 16,722,600 19,188,817

Pre-processed readsa 511,911 2,845,901 4,561,023 9,478,984

Mapped unambiguously to the E. multilocularis genome 256,506 (50.1%) 2,389,415 (84.0%) 3,907,687 (85.7%) 8,876,768 (93.6%)

Mapped unambiguously to the Mus musculus genome 7,483 (1.5%) 238,629 (8.4%) 4,545 (0.1%) 6,944 (0.1%)

Mapped ambiguously to both genomes 10,255 (2.0%) 9,254 (0.3%) 23,720 (0.5%) 28,627 (0.3%)

E. multilocularis miRNAsb 12,399 1,274,335 719,761 1,670,829

Vertebrate miRNAsb 0 28,299 0 4,461

E. multilocularis tRNAs 113,491 357,309 1,254,251 5,460,039

Vertebrate tRNAs 5,760 81,298 3,587 0

E. multilocularis rRNAs 132,420 599,490 1,928,249 1,661,353

Vertebrate rRNAs 0 0 0 0

aPre-processed reads includes those with: no adaptors, PHRED� 20, length� 18 bp,�350 counts.
bmiRDeep prediction.

https://doi.org/10.1371/journal.pntd.0008890.t001
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be due to differences in the sensitivity of the techniques used. Most of the reads from each

library mapped unambiguosly to the E. multilocularis genome (50.1% - 93.6%) and to a lesser

extent clearly mapped to the M. musculus genome (0.1% - 8.4%). The size distribution of E.

multilocularis mapping reads showed that P100 samples displayed three peaks: 19 bp, 32 bp

and 40 bp for culture medium and 22 bp, 33 bp and 40 bp for MVF (S2E and S2F Fig). In S100

samples, peaks at 21 bp in culture medium and 22 bp and 33 bp in MVF were observed (S2G

and S2H Fig). The 60-nt RNAs detected by high resolution electrophoresis in MVF (Fig 3C

and 3D) were not present in the corresponding libraries (S2F and S2H Fig). Mapping reads

corresponded mainly to three RNA biotypes: miRNAs, tRNA-derived sequences and rRNA-

derived sequences (Fig 4A and 4B). In culture medium, sequences derived from tRNAs

(44.2%) and rRNAs (51.6%) predominated in P100, while miRNA-mapping reads (52.9%)

were the most abundant in S100. In MVF, sequences derived from rRNA (49.3%) or tRNAs

(61.5%) were the most abundant in P100 and S100, respectively.

According to the criteria used in this work for RNA-seq data analysis, miRNAs from E.

multilocularis were detected in all the extracellular compartments (Fig 4A and 4B). As

expected, size distribution of miRNAs showed a peak at 21–22 bp in all samples (Fig 4C–4F).

The S100 fraction of culture medium showed a 16-fold enrichment in E. multilocularis miR-

NAs with respect to the P100 fraction, while the P100 and S100 fractions of MVF showed

almost the same proportion of miRNAs. Five and 19 miRNAs were detected in P100 and S100

from culture medium, respectively, while 22 and 20 miRNAs were detected in P100 and S100

from MVF, respectively (S2 and S3 Tables). miR-71-5p was the most abundantly detected in

all samples followed by miR-9-5p and miR-4989-3p in the P100 fraction from both samples

(Fig 4G and 4I); miR-4989-3p and let-7-5p in S100 from culture medium (Fig 4H) and miR-9-

5p and let-7-5p in S100 from MVF (Fig 4J).

To assess the enrichment of miRNAs secreted to the extra-parasite compartment, the abun-

dance of miRNAs present in the S100 fraction from culture medium was compared to expres-

sion levels in metacestode tissue (S3 Fig). Eight miRNAs showed enrichment in the extra-

parasite milieu and three of them (miR-1-3p, miR-125-5p and miR-96-5p) had identical seed

regions to their mouse homologues (S3B Fig).

Moreover, sequences derived from tRNAs of E. multilocularis displayed distinctive size dis-

tributions compatible with tRNA-derived fragments (~ 18–19 bp) and tRNA-halves (~ 32–33

bp) [49] (Fig 4C–4F). In each extracellular compartment,� 50% of these tRNA-derived

sequences mapped to two or three genes: in culture medium tRNAGly
GCC, tRNALys

CUU and

tRNAGlu
CUC in P100 (Fig 4K) and tRNAAla

UGC and tRNAGly
GCC in S100 (Fig 4L); in MVF

tRNALys
CUU, tRNALys

UUU and tRNAGlu
CUC in P100 (Fig 4M) and tRNAGlu

CUC, tRNALys
UUU

and tRNALys
CUU in S100 (Fig 4N). The alignment of reads to each individual locus showed a

mapping pattern compatible with sRNA formation (i.e.,� 80% of reads mapped to a specific

site) for tRNAGlu
CUC in P100 (Fig 5E) and tRNAAla

UGC and tRNAGly
GCC in S100 (Fig 5G and

5I) from culture medium; and tRNALys
UUU and tRNAGlu

CUC in P100 (Fig 5D and 5F) and

tRNAGlu
CUC in S100 (Fig 5H) in MVF. In all cases, the sRNAs originated from the 5´end of

the tRNAs.

The reads mapping to E. multilocularis rRNA loci displayed no distinctive size pattern in

P100 samples from culture medium or MVF, whereas a marked profile was observed for the

S100 samples: a broad 18–26 bp distribution of sRNAs in culture medium (Fig 4C and 4E),

and a bimodal distribution in MVF, with peaks at 18–21 bp and at 31 bp (Fig 4D and 4F).

However, only in MVF the mapping pattern in three loci, with read lengths varying between

18–24 bp and 30–34 bp, showed strong evidence of sRNA biogenesis (S4 Table). This is due to

the fact that sRNAs have a defined length and are generated from highly specific loci, features
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Fig 4. Ex-RNA profiling in P100 and S100 fractions from active metacestode cultures. RNA biotypes identified in culture medium (A) and metacestodes vesicular fluid

(MVF) (B). Size distribution of miRNAs, tRNA-derived sequences and rRNA-derived sequences detected in culture medium (C, E) and MVF (D, F). Most abundantly

detected miRNAs (G-J) and tRNA-derived sequences (K-N) from E. multilocularis.

https://doi.org/10.1371/journal.pntd.0008890.g004
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that are reflected in reproducible read profiles obtained by high-throughput sequencing which

represent the originating processing mechanism [50,51].

Finally, an ex-RNA originating from the Signal Recognition Particle (SRP) RNA was

observed in S100 from culture medium. SRP is a universally conserved ribonucleoprotein

complex involved in targeting transmembrane and secretory proteins to the endoplasmic retic-

ulum [52]. Here, we observed that an ex-RNA originating from the SRP RNA of E. multilocu-
laris accounted for 6.9% of mapping reads and originated from the 3´end of the gene (S4A

Fig).

With respect to reads mapping to the M. musculus genome, we only focused on those verte-

brate sRNAs detected in the MVF. Echinococcus multilocularis metacestodes multiply asexually

in vitro in co-culture with hepatocytes, which are removed when axenic parasites are needed

[31]. However, vertebrate ex-RNAs non-specifically associated with the laminated layer may

remain after axenization and detach during the incubation period for sample collection. In

this way, in MVF most reads corresponded to tRNA-derived sequences (78.9%) in P100, while

in S100 miRNAs predominated (68.2%) (S5A Fig). The only miRNAs detected were miR-122-

5p and miR-21a-5p, with the former being the most abundant (S5D Fig and S5 Table). Other

sRNA-like reads corresponded to the U2 gene in S100 samples (S5A Fig). Additionally, this

sRNA showed 84% identity with the sequence of bovine miR-1246 (S5 Table).

Tegument integrity conditions the release of nanoparticles to the extra-

parasite milieu with the consequent detection of P100-associated RNA

In human infections, the E. multilocularis metacestode eventually develops as a heteroge-

neous multivesicular mass with regions of necrotic parasite tissue [16]. To study EV secre-

tion in the progression towards this heterogeneous state, we analysed transitional cultures

composed of active viable metacestodes and metacestodes with compromised tegument

integrity (senescent parasites), as indicated by vital staining. In this way, we observed that

the P100 fraction from medium of transitional cultures, with ~ 30% of senescent metaces-

todes, contained 4.58 x 108 (1.11 x 108–7.65 x 108) nanoparticles/ml which represents an

increase of ~ 20-fold with respect to P100 from the active cultures described above

(p = 0.05) (Fig 6A and 6B). The detected nanoparticles had mean diameters of 232 nm

(204–233), with no statistical difference with active culture medium values. Regarding

MVF, metacestodes with disturbed tegument (stained MVF) secreted 5.98 x 109 (3.60 x 109–

9.02 x 109) nanoparticles/ml, i.e. a significant increase of ~12-fold nanoparticles with repect

to MVF from active metacestodes (p = 0.05) (Fig 6A and 6C). Viable non-stained metaces-

todes from the transitional cultures showed no significant differences with respect to active

culture, with 9.45 x 108 (8.74 x 108–13.49 x 108) nanoparticles/ml secreted into the MVF

(Fig 6A and 6B). Nanoparticle diameter did not significantly vary with respect to active cul-

tures, with mean sizes of 204 nm (187–223) and 188 nm (172–188) for non-stained and

stained samples, respectively (Fig 6D). EV presence could also be detected in all samples by

transmission electron microscopy (Fig 6E–6G).

In contrast to active cultures, RNA could be readily detected by electrophoresis in all the

extracellular compartments, including the P100 fraction from culture medium where the RNA

size profile showed high similarity to that of MVF (Figs 6H, 6I and S6A–S6D, and S6I–S6N).

As described in the previous section for active metacestode culture, the size distribution of

sequenced reads did not exactly match the RNA size distribution. In this way, 60-nt RNAs

Fig 5. Length distribution of reads mapping to mature tRNAs of E. multilocularis. tRNA-derived sequences detected in the P100 (A-F) and S100 (G-L)

fractions of culture medium and metacestode vesicular fluid (MVF) of active cultures. The sequence of each mature tRNA is shown.

https://doi.org/10.1371/journal.pntd.0008890.g005
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were absent from the libraries (S6O–S6T Fig) as well as the 40-nt RNAs from the S100 library

from culture medium (S6P Fig).

General sequencing results are shown in S6 Table. The main biotypes of ex-RNAs detected

corresponded to miRNAs and sRNAs derived from tRNAs and rRNAs, with miRNAs consti-

tuting the most abundantly secreted RNA only in S100 from culture medium (Figs 6J and S7A

and S7B). The size distribution of miRNAs and rRNA-derived sequences in culture medium

resembled that from active culture samples, whereas tRNA-derived sequences showed some

differences such as no peak at 19 bp in P100 and peaks at 24 bp and 28–29 bp in S100 (Fig 6K

and 6L). With respect to MVF, non-stained samples resembled the distribution observed in

active cultures for the three RNA biotypes, while stained samples did so in P100 and only for

miRNAs in S100 since a peak at 18 bp in tRNA-derived sequences could be observed, and

there was no peak at 31 bp in rRNA-derived sequences (S6E–S6H Fig).

In comparison to samples from active metacestode culture, P100 from transitional culture

medium contained more miRNAs (16 vs 5) (S2 Table). Among the most abundantly detected

miRNAs were those also detected in active cultures (Fig 6M and 6N). In S100 the number of

miRNAs was similar (S2 Table). With respect to MVF, stained and non-stained samples

yielded similar results compared to active cultures (S3 Table and S6C, S6E, S6G and S6I Fig),

including the presence of vertebrate U2/miR-1246 and miRNAs only in the S100 samples,

with miR-122-5p as the most frequently detected (S5 Table and S5B, S5C, S5E and S5F Fig).

As for sequences derived from tRNAs (S7 Table), sRNA generation was observed for

5´ end-tRNAGlu RNAs, from one or two isoacceptors, in P100 samples (Figs 6O and S7D and

S7H). In S100 the situation was more diversified, with the detection of 5´end-tRNAAla
(UGC) in

culture medium and stained MVF, and 5´end-tRNAPro
(UGG) and 3´end-tRNALys

(CUU) in cul-

ture medium (Figs 6P and S7F and S7J).

Regarding the reads mapping to E. multilocularis rRNA, there was no observable distinctive

size pattern in P100 samples, while in S100 there was a marked profile with sRNAs of 18–21 bp

(Figs 6K–6L and S6E–S6H). Performing the analysis described in the previous section, we

observed the presence of sRNAs generating from large and small subunit ribosomal RNA loci,

in culture medium and MVF, respectively (S4 Table). In culture medium the source locus is

the same as in the MVF from active cultures (URS000042B970_6211); however, the sRNA is

shorter (20 vs 31 nt). In non-stained and stained MVF, the source locus (URS0000C65767_6211)

and the sRNA generated are the same as in active cultures.

Echinococcus spp. ex-RNAs can be detected in culture medium by RT-qPCR

but not in plasma/sera from patients

In order to determine if those ex-RNAs that were most abundantly secreted to the extra-para-

site milieu (i.e., P100 and S100 from culture media) could be detected by RT-qPCR both in
vitro and in vivo, we assessed culture medium samples as well as sera and plasma from patients

with AE or CE. For this, we selected miR-71-5p, miR-4989-3p, let-7-5p and 5´-derived sRNAs

of tRNAGlu, tRNAAla and tRNAGly for assessment in culture medium. As a result, miR-71-5p

Fig 6. Characterisation of EV secretion and ex-RNAs secreted in transitional cultures. A) Nanoparticle tracking analysis of culture medium and metacestode vesicular

fluid (MVF) from viable (non-stained) and senescent (stained) metacestodes. Normalized concentration of nanoparticles expressed in number of nanoparticles/ml. Each

dot represents a replicate. Fold change of nanoparticle concentration detected in culture medium (B) and MVF (C) compared to active cultures. D) Mean and modal size

of the detected nanoparticles. Bars indicate median size with range of the corresponding value. Transmission electron microscopy images of EV present in P100 from

culture medium (E), non-stained (F) and stained (G) MVF. Analysis of the small RNA content (< 200 nt) present in the P100 (H) and S100 (I) fractions of culture

medium. M: marker. FU: fluorescence units. J) RNA biotypes identified in the P100 and S100 fractions of culture medium. Size distribution of the three main RNA

biotypes detected in the P100 (K) and S100 (L) fractions of culture medium. Most abundantly detected miRNAs (M, N) and tRNA-derived sequences (O, P) in culture

medium.

https://doi.org/10.1371/journal.pntd.0008890.g006
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and miR-4989-3p were detected in most biological replicates (Fig 7A and 7B). Notably, tRNA-

derived sRNAs were almost exclusively detected in S100 samples (Fig 7D–7F). Since miR-71-

5p and miR-4989-3p are not encoded in mammalian genomes, we assessed patient samples.

For miR-71-5p no amplification was observed in AE samples and only non-specific signal was

detected for miR-4989-3p in all groups (Fig 7G). In CE samples, only one patient showed a

very low amplification signal (Ct = 39.3) for miR-71-5p and no signal was observed for miR-

4989-3p (Fig 7H). In all cases, the control endogenous miRNA (hsa-miR-423-5p) was success-

fully detected.

Fig 7. RT-qPCR detection of selected ex-RNAs in vitro and in vivo. A-F) Relative expression from selected miRNAs in culture medium from active and transitional

cultures of E. multilocularis metacestodes is depicted in arbitrary units (AU). Values were normalised to input culture medium. Number of biological replicates tested for

microRNAs: N Act = 3, N Trans = 4, and for tRNAs: N Act = 2, N Trans = 3. Assessment of detection of Echinococcus spp. microRNAs in serum/plasma samples from

alveolar (G) and cystic (H) echinococcosis patients. Raw Ct values are shown. Ct = 40 means no amplification. I) Expression levels of vertebrate miR-122-5p in

metacestode vesicular fluid from active cultures. Expression is based on RT-qPCR analysis of P100 and S100 fractions; values were normalized to input vesicular fluid.

N = 3. Lines indicate the median values.

https://doi.org/10.1371/journal.pntd.0008890.g007
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Finally, the presence of host miR-122-5p could be detected in MVF (Fig 7I).

Discussion

In this work, we have characterised the profile of ex-RNA secreted in vitro by E. multilocularis
metacestodes. Since this larval stage is a fluid-filled vesicle, the germinal layer has an apical sur-

face that secretes molecules towards the extra-parasite milieu (culture medium) and a basal

surface whose secretions accumulate in the intra-parasite milieu (MVF). One such type of mol-

ecules are nucleic acids which have been described in other organisms to be secreted in soluble

ribonucleoprotein complexes or associated to EV or lipoproteins. Previously, we have deter-

mined by transmission electron microscopy that EV could be hardly detected in the culture

medium of E. multilocularis metacestodes in contrast to media conditioned by metacestodes

from T. crassiceps and M. corti [24]. In that work, we also observed that EV from diverse sizes

were located in the interface between the germinal and laminated layers. Here, we used the

more sensitive technique NTA to quantify the number of nanoparticles released to both the

culture medium and the MVF. This analysis was conducted in active cultures composed of

metacestodes with no tegument impairment and in transitional cultures with first signs of

senescence.

In this way, we observed in active cultures that EV are mainy secreted towards the intra-

parasite milieu since a significant higher number of nanoparticles were present in the MVF.

However, in transitional cultures there was an increase of more than 10-fold in the number of

nanoparticles detected in the extra-parasite milieu and the MVF of senescent metacestodes. As

the tegument is responsible for synthesizing the laminated layer [17], we hypothesize that the

ultrastructure of the latter is compromised by tegument impairment, allowing the passage of

the nanoparticles mainly retained in the proximity of the germinal layer [24]. This is of partic-

ular interest to understand the parasite progression in human natural infections where the

metacestode harbors necrotic regions [16]. Due to the fact that Echinococcus spp. EV can alter

the cellular and functional phenotypes of immune cells in vitro [27,28], E. multilocularis EV

release in vivo may represent a strategy to divert the immune system while allowing parasite

survival through stem cell metastasis [53]. In addition, given that tegument impairment may

be associated with cellular damage, it would be interesting to study if the extra-parasite secre-

tion of larger EV populations, that were not the focus of the present work, also increases upon

parasite transition to senescence.

In line with these observations, ex-RNAs in active cultures were enriched in the S100 (EV-

depleted) fraction of culture medium in comparison to the P100 (EV-enriched) fraction, while

in transitional cultures ex-RNAs could be abundantly detected in the P100 fraction. This

implies that in undisrupted metacestodes ex-RNAs may be secreted in soluble ribonucleopro-

tein complexes or lipoproteins. It is known that Echinococcus spp. metacestodes release pro-

teins to the extra-parasite medium in vivo due to the presence of host circulating antibodies

generated against parasite antigens [14]; however, data on their capacity to bind RNA is still

lacking. It is worth mentioning that future work involving RNAse protection assays will help

to better understand the form in which S100 ex-RNAs are secreted. Interestingly, it was

recently shown that Trichinella spiralis muscle stage larvae in vitro secrete unprotected sRNAs

suggesting the existence of an alternative RNA secretion mechanism than those described to

date [48] that may also apply to other helminths.

In this work, we demonstrated that E. multilocularis metacestodes mainly secrete sRNAs

(< 200 nt) in agreement with previous reports on ex-RNAs present in EV-enriched and EV-

depleted samples from medium conditioned by helminth parasites [19,21,24,54]. With respect

to those sRNAs that could be detected by capillary electrophoresis but were not present in the
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libraries, we can infer that they had structural and/or chemical modifications that imposed

constraints to the adapter ligation protocol used in this work that takes advantage of the 5´

PO4
- and 3´OH- present in miRNAs and tRNAs [55], since no size selection was performed in

library construction.

The ex-RNA profile from the S100 samples of culture media showed a predominant pro-

portion of miRNAs in contrast to observations made on ex-RNAs from mammalian cell lines

[33,56,57]. This high content of miRNAs was also observed in S100 from culture media condi-

tioned by L4 larvae of Haemonchus contortus but not in S100 nor P100 from adults [22].

Another report on secretions of adults of H. polygyrus shows an inverse proportion, with 75%

reads mapping to miRNAs in P100 and only 10% in S100 [21]. Although more information is

needed to reach conclusions for each parasite class, current data suggests a varying ex-RNA

scenario depending on life cycle stage and parasite species.

Previously, we reported that miR-71-5p has a moderate expression level in E. multilocularis
metacestodes from experimental infections accounting for 8.7% (± 0.27) of total miRNA

expression [40]. Here, it was consistently detected in P100 and S100 samples from culture

media and MVF by sRNA-seq, and confirmed by RT-qPCR to be enriched in S100 from both

active and transitional cultures. In addition, miR-71-5p was found to be enriched in the S100

fraction of active culture medium compared to expression levels in metacestodes developed in
vivo [40]. Even though the extracellular miRNA levels were obtained from in vitro generated

metacestodes, these results suggest that not only the most abundant miRNAs expressed in par-

asite tissues are secreted. miR-71-5p and miR-4989-3p have been detected in cestodes EV

[24,30,58] and according to our results, they are the most abundant and divergent ex-RNAs

that could be used as biomarkers to detect the presence of active metacestodes. However, our

preliminary tests in serum and plasma samples from patients with AE and CE with hepatic

location did not yield encouraging results, since we could not confidently detect these miR-

NAs. Similarly, it was reported that miRNAs from the intestinal parasite H. polygyrus could

not be detected in sera from infected mice while miRNAs from the circulating filarial nema-

tode Litomosoides sigmodontis could [21]. In addition, no miRNAs from H. contortus could be

detected in serum from infected sheep [59] although they could be detected in tissue at the

infection site [22]. Altogether, these data suggest that detection in serum or plasma depends

on parasite species and its location within the host. Other authors have reported the detection

of circulating E. multilocularis miRNAs in sera from experimentally infected mice [60]; how-

ever, the infection conditions (route of inoculation, dose, parasite stage, site of parasite devel-

opment) highly differ between natural and experimental infections to reach a firm conclusion.

Several parasite miRNAs enriched in the extra-parasite S100 fraction share the seed region

with their homologous host miRNAs, suggesting that the parasite could mimic those miRNAs

to regulate the same pathways. Particularly, miR-96-5p was reported to regulate cholesterol

uptake and biosynthesis [61,62]. Given that cestode parasites lack the machinery to synthesize

fatty acids and cholesterol de novo [63], it would be interesting to study the role of emu-miR-

96-5p in modulating cholesterol availability for parasite use. Another interesting miRNA is

miR-125-5p, whose expression was described to be increased in fibrotic liver and to negatively

regulate the factor inhibiting hypoxia-inducible factor 1 (HIF1) [64]. HIF1 is a master tran-

scription factor that regulates genes involved in angiogenesis, among others. Since the meta-

cestode of E. multilocularis infiltrates and destroys the host liver parenchyma, liver fibrosis is a

common pathological feature of AE which is also associated with abundant vascular structures

proximal to the parasite [65]. In this way, secretion of miR-125-5p could be a strategy to

increase nutrient supply to the parasite through neovascularization.

Interestingly, we confirmed the presence of host miRNAs in the intra-parasite milieu,

implying their transport through the tegument towards the MVF. In particular, the most
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abundant miRNA was miR-122-5p. This miRNA is not encoded in invertebrate genomes, it

has liver-enriched expression and it is known to be secreted and present in bovine serum [66].

The asexual multiplication of E. multilocularis metacestodes in vitro is carried out in co-culture

with rat hepatocytes in the presence of fetal bovine serum [31]. Due to the fact that the

sequence of miR-122-5p is identical between rat and cow we cannot determine the origin of

this miRNA, but to the best of our knowledge, this is the first report on the internalization of

host RNAs in an helminth parasite. Future experiments will determine how this miRNA is

transported through the parasite tegument and if it plays a role on parasite establishment,

development and/or survival.

With respect to other ex-sRNAs, tRNA-derived sequences were found. These sequences

mapped mainly to the 5´end of certain tRNAs, such as tRNAGlu, tRNAGly and tRNAAla. We

further confirmed by RT-qPCR that these sRNAs were detected in S100 from culture medium,

in agreement with findings in human cell lines, where tRNA-derived sRNAs were predomi-

nantly detected in EV-depleted fractions and mostly corresponded to tRNAGlu and tRNAGly

[33,56]. In parasitic nematodes no predominance of tRNA-derived sequences in secretion

products (EV-enriched or EV-depleted) was observed [21,22], whereas in platyhelminths, the

presence of tRNA-derived sequences in both fractions was reported in culture medium of

schistosomula from Schistosoma mansoni though their relative abundance in relation to other

RNA biotypes was not assessed [23]. tRNA-derived sRNAs are produced when cells are under

stress conditions and although the mechanisms underlying the mode of action of this class of

sRNAs is still not completely understood, some of their described roles involve the regulation

of gene expression in a miRNA-like manner, the displacement of translation initiation factors

from target mRNAs and the control of transposable elements to maintain genome stability

[10,67]. Our results point to a new player in the communication between parasite and host

and also, between parasite cells due to the presence of these sRNAs in the MVF.

Here we have shown that in vitro and in the absence of host stimuli, a polarized secretion of

sRNAs takes place in the non-vesicular fraction (S100) of E. multilocularis metacestodes, with

miRNAs mainly secreted to the extra-parasite milieu and rRNA- and tRNA-derived sequences

secreted to the intra-parasite milieu. Further studies are necessary to determine if E. multilocu-
laris ex-RNAs play a role in targeting neighbouring host cells and if they can efficiently reach

the host bloodstream, for instance, in early metacestodes with a still non consolidated lami-

nated layer.

We believe that a comprehensive study of the secretion mechanisms throughout the life

cycle of these parasites will help to improve current diagnostic tools by targeting those mole-

cules with higher chances to be detected in host body fluids according to parasite state of

development.
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S1 Fig. Phenol red evaluation as indicator of parasite integrity. A) Classification of Active

and Transitional metacestodes according to phenol red staining (final concentration 0.04

mM) and eosin staining (final concentration 0.02%). B) Collapsed metacestodes with loss of

turgency were excluded from cultures. White arrows show collapsed metacestodes. Scale bars

indicate 1 cm.

(TIF)

S2 Fig. RNA and read size distributions in active cultures. Analysis of the long RNA (> 200

nt) content present in the P100 and S100 fractions of culture medium (A, C) and metacestode

vesicular fluid (B, D) of active E. multilocularis metacestodes. M: marker. FU: fluorescence

units. Size distribution of reads mapping unambiguously to the E. multilocularis genome
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S3 Fig. Enrichment analysis of miRNAs present in fraction S100 of active culture medium.

(A) Linear regression of miRNA abundance in fraction S100 of active culture medium and in

metacestode tissue. Each dot represents a miRNA. Red dots indicate miRNAs enriched in

S100 fraction of active culture medium; hollow dots indicate miRNAs enriched in metacestode

tissue; black dots indicate miRNAs with equal abundance. (B) miRNAs enriched in the S100

fraction of active culture medium. The sequence, M. musculus homologous miRNAs and level

of enrichment are shown.

(TIF)

S4 Fig. sRNA derived from the E. multilocularis Signal Recognition Particle (SRP) RNA.

A) Length distribution of reads detected in culture medium of active metacestodes. Sequences

corresponding to reads mapping to one specific region (±1 nt) and account for� 50% of total

read counts for this gene are shown. Only the 3´-end of the gene is displayed. B) RT-qPCR

detection of SRP-derived sequence in P100 and S100 from active and transitional cultures.

N = 3 each. Lines indicate the median values.

(TIF)

S5 Fig. Host ex-RNA biotypes found in the vesicular fluid of E. multilocularis metaces-

todes. Analysis of the P100 and S100 fractions of metacestode vesicular fluid of E. multilocu-
laris active (A) and transitional (B, C) cultures. Host microRNAs detected in the S100 fraction

from metacestode vesicular fluid of active (D) and transitional (E, F) cultures.

(TIF)

S6 Fig. RNA and read size distributions in transitional cultures. Analysis of the small RNA

content (< 200 nt) present in the P100 and S100 fractions of metacestodes vesicular fluid

(MVF) from viable (non-stained) (A, B) and senescent (stained) (C, D) metacestodes. Size dis-

tribution of the three main RNA biotypes detected in MVF from viable (E, F) and senescent

(G, H) metacestodes. Analysis of the large RNA content (> 200 nt) present in the P100 and

S100 fractions of culture medium (I, J) and MVF (K-N). M: marker. FU: fluorescence units.

General size distribution of reads mapping unambiguously to the E. multilocularis genome

detected in culture medium (O, P) and MVF (Q-T).

(TIF)

S7 Fig. Ex-RNA profiling in metacestode vesicular fluid (MVF) of metacestodes from tran-

sitional cultures. RNA biotypes identified in the P100 and S100 fractions of MVF from viable

(non-stained) (A) and senescent (stained) (B) metacestodes. Most abundantly detected miR-

NAs (C, E, G, I) and tRNA-derived sequences (D, F, H, J) in non-stained and stained MVF.

(TIF)
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