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Abstract
Extracellular vesicles (EVs) have been reported to be secreted from Schistosoma japonicum at all developmental
stages. However, the reproduction and communication mechanisms between the paired adults through the EVs in
dioecious Trematoda have not been reported. In this study, EVs containing many exosome-like vesicles and
microvesicles were observed in the supernatants of paired adults cultured in vitro, and abundant selected miRNAs
were contained in them. In particular, the female-speci�c miR-bantam was present only in vesicles and was hardly
secreted outside the vesicles. In this study, we found that male-female pairing induced secretion of miR-3479 and
miR-bantam in EVs, but not of male-speci�c miR-61. Furthermore, ingestion of mouse erythrocytes also increased the
production of miRNAs in paired adult and single female worms. Vesicles were found in the teguments of females
treated with erythrocytes under electron microscopy. After the paired worms were treated with several inhibitors
against the secretion of EVs, only calpain inhibitor (calpeptin) signi�cantly reduced the amount of miRNA in EVs.
Furthermore, the worms treated with only calpeptin inhibited egg production in vitro. Together, these results indicate
that qualitative miRNA production through EVs regulated by calpain plays a role in egg production in S. japonicum.

Introduction
Schistosomes are parasitic helminths distributed in tropical and subtropical regions, and schistosomiasis, known as
a neglected tropical disease (NTD), with more than 250 million infected people worldwide and more than 779 million
people living in areas at risk of infection.1. The genus Schistosoma is characterized as a dioecism different from the
other hermaphrodite �ukes in the phylum Platyhelminthes. Schistosomes are parasites in the blood veins of their
mammalian hosts, ingesting red blood cells for nutrition and egg laying. Egg laying causes pathological changes in
the �nal host, leading to egg granulomas and �brosis of the liver and intestines. Although egg laying is directly linked
to symptoms and has become a target for drug and vaccine development, the mechanism of sexual maturation
required to induce egg laying is not well understood.

The most important event in the life cycle of the schistosome is the laying of eggs and the production of offspring
for the next generation. A female worm cannot sexually mature and lay eggs unless she is paired with a male
worm 2–5. On the other hand, the uptake of red blood cells by paired adults is also necessary for sexual maturation
and egg laying 6,7. The sex-related genes and proteins were up- or down-regulated in S. mansoni and S. japonicum
before and after pairing 4,8–10. Furthermore, elevated miRNAs regulating mRNA expression were also observed in S.
japonicum during the pairing phase 11–13. Cai et al. reported that the expression of a set of miRNAs, sja-miR-7-5p, sja-
miR-61, sja-miR-219-5p, sja-miR-125a, sja-miR-125b, sja-miR-124-3p, and sja-miR-1 were dominant in male worms,
whereas sja-miR-bantam, sja-miR-71b-5p, sja-miR-3479-5p, and sja-Novel-23-5p were predominantly found in female
parasites of S. japonicum 11. Moreover, Zhu et al. reported that 14 miRNAs were enriched in male worms, whereas
four miRNAs were predominantly found in females 13. In common, miR-bantam, a female-speci�c miRNA, is
drastically upregulated after pairing 12–14. It has been reported that antisense RNA against miR-bantam inhibits
ovary formation 13. Moreover, miR-bantam and miR-3479, miR-10, and miR-277 have been reported to be secreted
from the parasite in the sera of infected animals 15,16. Those miRNAs are the main components of the extracellular
vesicles (EVs) derived from S. japonicum 17,18. 

Recently, EVs, including exosomes, microvesicles, and apoptotic bodies, have been shown to function in
communication between cells 19–21. Exosomes within the size range of 30–150 nm were derived from the multi-
vesicular bodies through the endosomal pathway, although microvesicles with a wide size range of 100–1000 nm
were directly formed from cell membranes through budding. In particular, EVs contain various nucleic acid
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compositions, including mRNAs, miRNAs, and DNA fragments, in addition to proteins and lipids. These nucleic acids
in EVs can function in recipient cells through EV cargo. In reports on schistosomes, mixed types of EVs were found in
eggs, schistosomula, and adults at the stages of schistosomes 22–26. In particular, in S. japonicum and Fasciola
hepatica, the EVs derived from the parasites are transferred to host cells and regulate immune responses in host-
parasite interactions 17,27–31. In addition, there was the most recent report on the proteins and miRNAs contained in
the extracellular vesicles in each male and female. It was reported that miR-750 was enriched in the extracellular
vesicles of females and that ovary formation and egg laying of paired insect bodies treated with miR-750 antisense
was suppressed26. Thus, it was shown that miRNAs in extracellular vesicles may be involved in egg production.
However, the communication between males and females of parasites through the EVs is unknown. 

In this study, to investigate how EV secretion is induced, EVs secreted from paired adults were extracted. We observed
that the pairing of males and females triggered miRNAs, particularly female-speci�c miR-bantam secretion via EVs.
Furthermore, ingestion of red blood cells by paired worms signi�cantly increased miRNA production. To con�rm how
EVs were secreted and formed in the worms, the paired adult worms were treated with several inhibitors of EV
production. The inhibitor of calpain, a calcium-dependent cysteine protease, strongly reduced the production of
miRNAs in EVs and reduced egg production in paired worms. Our results will provide new insights into the formation
and roles of EVs in schistosomes. 

Methods
Ethics statement

All animal experiments were performed under the section of Environmental Parasitology, Tokyo Med. & Dent. Univ
(TMDU). All animal experiments were approved by the Institutional Animal Care and Use Committee of Tokyo
Medical and Dental University (A2021-131A).

Animal and Parasite

To maintain the life cycle of Schistosoma japonicum, ICR mice (5weeks old) from SLC (Hamamatsu, Japan) and the
intermediate host, Oncomelania hupensis nosophora (Yamanashi strain), were infected as previously described 55.
Snails collected from the �eld were infected with �ve to seven miracidia each. They were kept in an thermostatic
chamber at 28°C for over four months. The infected shells were placed between glass slides to crush the shells and
release the cercariae inside. The mice anesthetized by peritoneal administration of sodium pentobarbital in saline
(40mg/kg) have their abdomens shaved and were infected with a cover glass to which 50 cercariae were attached. 

The infected animals were kept in a controlled temperature and humidity environment with a 12:12 h light: dark
cycle. The mice had free access to water and food in the facilities approved by the Institutional Animal Care and Use
Committee of Tokyo Medical and Dental University (2010002C2). Humane endpoints were applied when an evidence
of severe pain, excessive distress, suffering or an impending death was observable in any of the animals, which were
then euthanized. All mice were euthanized at the end of the experiment by intraperitoneal injection of sodium
pentobarbital in saline solution (100 mg/kg). The status of all mice was checked daily using a composite score
including vitality, secretions, fur quality, mobility, dyspnea, ascites, neurological signs, and ability to ingest water or
food. All methods were carried out in accordance with relevant guidelines and regulations. All animal handling and
methods complied with the ARRIVE guidelines. 
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Adult worms were collected by perfusion from euthanized mice at seven weeks post-infection. They were placed in a
conditioned medium consisting of RPMI1640 containing 10% exosome-depleted FBS (Thermo Fisher Science, USA),
penicillin, streptomycin, L-glutamine (Thermo Fisher Science). After 24 h, all worms were washed with the conditional
medium three times, and the surviving worms were used for experiments.

Extracellular vesicles (EVs) secreted from parasites

To collect EVs, adult worms (three pairs) were cultured in a conditional medium for a week at 37°C in a CO2

incubator. For TEM analysis, the supernatant was subjected to ultracentrifugation at 100,000 × g for two hours and
washed twice with PBS. Alternatively, for RNA extraction, the supernatant was treated with the Total Exosome
Isolation Reagent (Thermo Fisher Scienti�c). The pellet was dissolved in TRI Reagent (MRC, USA). Furthermore, to
check whether the EVs were vesicles containing phosphatidylserine in the membrane, the MagCapture™ Exosome
Isolation Kit PS (WAKO, Japan) was used to purify the vesicles. In brief, the supernatant from the worms (three
pairs/well) cultured for three days was used as a sample for puri�cation using this kit. RNA extraction was
performed by adding TRI Reagent directly to the beads binding to the EVs after washing. On the other hand, Total
Exosome Isolation Reagent was added to the �ow-through fractions and RNA not contained in EVs was extracted
using the same procedure as above.

Cultured paired worms and treatment with RBCs and inhibitory experiment of EV production by inhibitors

The paired adult worms were directly picked up, and single-sex worms detached naturally through incubation for 24 h
were also used as a single sex worm. All worms were placed into a 12 well-culture plastic plate in conditional
medium. For treatment with erythrocytes, RBCs were prepared from the whole blood of euthanized ICR mice (5 weeks
old). The cells were collected from the RBC fraction after centrifugation at 3,000 × g and washed with the conditional
medium three times. Furthermore, ghost RBCs were prepared after puncturing and reconstruction of RBCs as a
standard method. Adult worms (three pairs of worms or three worms per well; 5 wells/group) were cultured with or
without RBCs or ghost RBCs (108 cells) in a 2 ml conditional medium for a week at 37°C in a CO2 incubator. After
culture, all worms were con�rmed to survive, and the supernatant was collected for EV preparation. All worms were
collected for RNA extraction and the female worms cultured with RBC were collected for transmission electron
microscopy (TEM). For the inhibitor test, three paired worms were treated with EV inhibitors suspended in DMSO, and
then mouse RBCs were added after an hour. The appropriate concentration of each inhibitor was based on data from
previous studies (10 μM Y27632, 5 μM Manumycin A, 80 μM Calpeptin, 10 μM GW4869) 33. After three days, the
supernatants were collected from each well for RNA extraction from EVs, and all worms were removed for egg
counting. The eggs were treated with 4% KOH at 37°C overnight, and all eggs were counted under a microscope.

Transmission electron microscopy (TEM) analysis

The isolated EVs were loaded and negatively stained with 1% (w/v) uranyl acetate solution on copper grids (400
mesh) covered with formvar �lm. These specimens were observed using TEM at 75 kV (H-7100, Hitachi, Tokyo,
Japan). TEM using adult worms was performed as previously described 56. In brief, the adult single female worms
after ingestion of the erythrocytes were �xed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h. The �xed
worms were successively immersed in 0.5% osmium tetroxide (OsO4) in 0.1 M phosphate buffer for an hour, 2% low-
molecular-weight tannic acid (LMW-TA, Electron Microscopy Sciences, Hat�eld, PA) in 0.05 M maleate buffer for four
hours, and 1% uranyl acetate in 0.05 M maleate buffer for three hours. The worms were then dehydrated with a
graded series of ethanol and embedded in Oken Epok 812 epoxy resin (Oken-shoji, Tokyo, Japan). Ultrathin sections
(90–100 nm thickness) were produced using an ultra 45° diamond knife (Diatome, Biel, Switzerland) and transferred
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to 50-mesh copper grids coated with a Formvar membrane. Ultrathin sections stained with lead citrate and uranyl
acetate were digitally photographed using an H-7100 transmission electron microscope (Hitachi High-Technologies,
Tokyo) equipped with a C4742-95 CCD camera (Hamamatsu Photonics, Shizuoka, Japan).

RNA extractions and cDNA synthesis of miRNA

RNA was extracted from EVs using Direct-zol™ RNA Kits (Zymo Research, USA). The quality of the extracted RNA was
evaluated using a Bioanalyzer (Agilent, USA), and the concentration of total RNA was also measured. cDNA
synthesis for miRNA detection was performed using a Simple miRNA Detection Kit (Biodynamics, Japan) or Mir-X™
miRNA First-Strand Synthesis Kit (Takara Bio Inc., Japan).

miRNA-seq library and sequencing

The miRNA-seq was performed using total RNA samples by contact analysis (GNAS, Japan). In brief, miRNA-seq
libraries were prepared from 50 ng of total RNA using the TruSeq RNA Library Preparation Kit (Illumina, UK). All
samples were processed with three biological replicates from �ve worm groups representing one biological replicate.
Libraries were multiplexed and sequenced on an Illumina HiSeq 2500 with 50 bp paired-5’end reads. The sequence
counts were detected as expression values and annotations were determined by inputting them into the miRBase of
the S. japonicum. The value of each expression value when the total count was set to one million was used as the
data in each sample. The top 20 annotated miRNAs were enumerated by averaging each of the three types of data.

Quantitative real-time PCR (qRT–PCR) analysis

cDNA prepared from miRNAs from EVs was used for qRT–PCR. Brie�y, miRNA expression of EVs was analyzed using
universal primers and miRNA-speci�c forward primers (Sup. S1 Table) in a mixture of the KAPA SYBR Fast qPCR kit
(Kapa Biosystems, South Africa). The reaction was performed using the LightCycler480 system (Roche, USA) at 95°C
for 2 min, followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 1 s. After ampli�cation, the reaction was
performed at 95°C for 5 s, 60°C for 1 min, and then gradually heated to 95°C for melting curve analysis. In the
expression analysis of miRNAs, the concentration of EVs RNAs recovered in another experiment was measured by
the bioanalyzer, and a standard line for analysis was drawn using this as the standard concentration. each miRNA in
EVs was measured by the absolute quanti�cation method against the standard line. In each graph, the absolute
quantitative value of each miRNA was expressed as a relative value to the value of the control group to be compared.

Statistical analysis

Statistical differences between the two groups were assessed using an unpaired two-tailed t-test and were
considered signi�cant at p < 0.05. In the miRNA expression analysis, statistical analysis was performed based on the
miRNA absolute quantitative values in EVs obtained from three to �ve groups of cultured adult worms and compared
between two groups. In the inhibitor experiment, statistical analysis was performed by comparing between the
DMSO-treated groups and each treated group.

Results
The pairing between males and females triggered the secretion of selected miRNAs in the EVs. 

In previous study, although the secretion of extracellular vesicles (EVs) has been con�rmed at each developmental
stage of S. japonicum, there are few reports on its induction or formation. In general, as EVs are used for cell-cell
communication, they are considered to be actively used for male and female communication in living schistosomes,
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and in this study, we focused on the relationships between the pairing and secretion of EVs. TEM examination of EVs
collected from cultured paired adults revealed that the isolated EVs contained heterogeneous vesicles of less than
100 nm, exosome-like vesicles, and microvesicles, which were not only abundant but also contained some protein
complexes (Fig. 1). Next, miRNA-seq was performed using EVs from the supernatant �uid of paired worms collected
under three independent cultures. After sequencing three different samples, the total number of reads was 43912068,
44647592, and 42,775,333, respectively. The annotated miRNAs were determined by entering the detected sequences
into the S. japonicum database in miRBase (Table 1). miRNA-seq results showed that EVs secreted from paired
adults contained miRNAs similar to those reported in previous studies. 17,18,24. In particular, some sex-biased
miRNAs, miR-bantam(female), miR-61(male), let-7(male)13,32, and miRNAs detected in the serum of the infected
animals (miR-3479, miR-10, miR-bantam, miR-277, miR-71, let-7)15,16, were also observed. 

Focusing on several miRNAs, the amount of both miR-bantam and miR-3479 increased signi�cantly in the EVs of the
paired worms than in those of single-sex worms (Fig 2). The increase rate of both miRNAs in paired worms was
about three to four times, which was larger than the sum of the expression levels of single males and females. In
particular, miR-bantam, which is speci�cally expressed in females, was only expressed in EVs from adult females.
This suggests that miR-bantam secretion from females was very strongly induced by pairing. On the other hand, miR-
61, whose expression is speci�cally observed in males, was not induced by pairing. It has been reported that miR-61
is a miRNA whose expression increases with growth from the schistosome stage and, unlike miR-bantam, does not
show a dramatic increase in expression by pairing 13. In other words, it was considered that the qualitative difference
in miRNA produced in EVs was induced by pairing. Although the expression level of miR-36, which is not detected in
the serum of infected animals, was high in miRNA-seq, the amount secreted by pairing was only the sum of the
amounts secreted by males and females, and no induction of expression was observed. In conclusion, pairing had a
synergistic effect on the induction of production of selected miRNAs such as miR-bantam and miR-3479.

 

To con�rm whether these qualitative differences are due to the secreted form (vesicles or protein complexes), we
selected only vesicles using phosphatidylserine (PS)-targeted column and measured their miRNA expression. Two
miRNAs (miR-bantam and miR-36) were explicitly expressed in the vesicles (S1 Fig). However, miR-3479 and miR-61
were not only packaged in vesicles, but also formed complexes with proteins outside the EVs. Taken together, these
data suggest that the qualitative secretion of miRNA is not dependent on the type of vesicle. However, the female-
speci�c miR-bantam was present only in vesicles, con�rming that it was produced in large quantities through
vesicles from female worms after pairing.

 

Ingestion of erythrocytes by adults increased the amount of miRNA production.

It has also been reported that ingestion of erythrocytes by schistosomes induces sexual maturation and egg
deposition in female worms 6,7. We measured the miRNA in the EVs after adding mouse erythrocytes to paired worms
or single-sex worms. As a result, both miR-bantam and miR-3479 production were increased in the EVs from paired
worms after ingestion of erythrocytes (Fig 3A, 3B). However, the production levels of the other miRNAs (miR-61 and
miR-36) did not change (S2 Fig). These results con�rmed that the secretion of miRNAs selectively induced by pairing
was further increased by the ingestion of red blood cells. It has also been reported that the heme proteins in
erythrocytes play an essential role in egg production 6. Therefore, we administered ghost erythrocytes, which consist
only of erythrocyte membranes, to paired worms. No differences in miRNA expression levels were observed in either
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group (S3 Fig). These data indicate that the factors that induce miRNA production in EVs are the cytoplasm of
erythrocytes, such as heme proteins. Furthermore, the secretion of miRNAs was signi�cantly increased in single
cultures of female worms containing erythrocytes (Fig 3A, 3B). This result showed that female worms play a central
role in miRNA secretion via EVs in the paired state. In addition, electron microscopy of the body surface of the female
worm treated with erythrocytes showed clear vesicles in the tegument of the tubular structure (Fig 3C). These results
suggest that when red blood cells are ingested during pairing, EVs produced by the female worms transmit miRNAs
through the tegument in contact with the surface of the male worms.

 

Reduction of miRNA expression and egg production treated with inhibitors against EV secretion

In general, EVs are known to be secreted by various pathways depending on the type of vesicle and the location of
vesicle formation 19,33–35. However, no studies have been conducted on the secretory mechanism of EVs in
schistosomes. In the present study, to con�rm the mechanism of EV-mediated miRNA secretion induced by pairing
with erythrocyte ingestion, we treated paired adults with chemical inhibitors that have already been reported to
suppress EV production 33. Known inhibitors of exosome secretion include manumycin A, which inhibits the ESCRT-
dependent pathway to multi-vesicular bodies, and GW4869, a neutral sphingomyelinase (nSMase) inhibitor that
inhibits the ESCRT-independent pathway, is known 34,36. On the other hand, calpeptin, an inhibitor of calpain, a
calcium-dependent neutral cysteine protease, is also known to be involved in microvesicle shedding 37. In addition,
Y27632 also inhibits the production of microvesicles through Rho-associated protein kinase (ROCK), which are
serine-threonine kinases involved in cytoskeleton re-organization. ROCK regulates microvesicle shedding and
apoptotic blending via the myosin light chain 38. These inhibitors were used to induce the secretion of EVs by treating
paired adult worms with effective concentrations and then culturing them with mouse erythrocytes. After 3 days of
incubation, EVs collected from the supernatant were extracted and the expression levels of miRNAs were measured.
As a result, only calpain inhibitor (calpeptin) reduced all selected miRNAs in the collected EVs (Figs 4A-C). In addition,
two exosome-inhibitors (manumycin A and GW4869) also reduced miR-bantam secretion, although it was not as
effective as calpeptin. These results indicate that calpain plays a predominant role in the miRNA secretion of EVs in
schistosomes. On the other hand, only calpeptin treatment inhibited the egg production of paired adults (Fig 4D).
These results showed that calpain affects miRNA production in EVs from paired adult worms, and calpain may
induce sex maturation and egg production via EVs.

Discussion
Previous studies have con�rmed the secretion of extracellular vesicles (EVs) from each developmental stage of
schistosome 22–26,39,40, but little is known about the mechanisms involved in vesicle formation and secretion. In the
present study, we observed EV induction after the pairing and ingestion of erythrocytes. Originally, pairing and
erythrocyte ingestion are known to induce sex maturation in adult worms and egg deposition in female worms 2,5,6. A
previous report by proteomic analysis in S. mansoni showed that paired females increased vesicle transport-related
molecules 9. In addition, an increase in RNA transporter-related and ribosomal proteins was con�rmed in S.
japonicum 3. These reports may support the observation in this study that pairing induces EV formation and miRNA
transport. Furthermore, our study con�rmed that EV secretion is increased when paired females ingest erythrocytes,
but until now there is little information on the analysis of the transcriptome and proteome induced by erythrocyte
ingestion. Our results suggest that it is the female worms that caused the increase in EVs of the paired worms. In
fact, electron microscopy revealed the presence of vesicles in the tegument of the female worm that ingested the red
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blood cells. This indicates that female worms may be transmitting reproductive information via EVs through contact
with male worms. Direct contact with male worms is necessary for female sexual development 2,41,42, and
interestingly, vitelline maturation occurs only in regions in direct contact with the male segment 5,43. These studies
showed that females paired with males initiate signals that induce local vitelline maturation in females. The
presence of EVs on the female tegument suggests that EVs play a role in direct signal transduction in local contact
between females and males. 

In addition to a quantitative increase in EV miRNA secretion by pairing, the qualitative selection was observed. This
represents the difference in miRNAs that are packed into EVs during pairing. Female-speci�c miR-bantam has been
reported to have a rapid increase in expression after the pairing stage, while other miRNAs that are similarly
upregulated (miR-1989, miR-31, miR-2c) are not present in EVs 13. Therefore, the qualitative selection may be
performed for packing into EVs in the pairing of schistosomes. It was also observed that miR-bantam and miR-3479
increased by pairing, but each miRNA was packed in different types of EVs. In particular, miR-bantam was mostly
identi�ed in vesicles, while miR-3479 was thought to be secreted by forming a complex with RNA proteins as well as
vesicles. From this, it was considered that the secretion of miRNA by schistosomes involves multiple routes. In
addition, miR-bantam is speci�c to females and localizes only in the vesicles contained after pairing, suggesting that
it is an ideal EV marker for the reproductive phase. In this study, monitoring miR-bantam was also considered to be
an optimal marker for EV detection and a reference miRNA for the analysis of EV-mediated male-female
communication. The detection of miR-bantam has also been con�rmed in blood samples from experimental
infections 15,16,44 and it may also be an effective marker for monitoring active infections via EV secretion.

Our results con�rm that EVs are induced in schistosomes by erythrocyte ingestion and female/male pairing, but there
is little information on the mechanism by which EVs are formed and secreted. Based on the reports of EVs inhibitors
that inhibit the secretion of each vesicle33, we conducted experiments to inhibit EV secretion in schistosomes. As a
result, only calpeptin suppressed the secretion of all tested miRNAs via EVs. This result is the �rst evidence that
calpeptin is involved in miRNA secretion in EV secretion studies in schistosomes. Furthermore, this result suggested
that most of the miRNAs secreted from adults of schistosome may be related to microvesicles, because calpeptin is
known to inhibit the shedding of microvesicles promoted by calpain activity on cytoskeleton remodeling 33,37.
However, the decreased secretion of not only miR-bantam, which is only found in vesicles, but also other miRNAs
suggested that calpain may be involved in the secretion mechanism of miRNAs itself, because it has been reported
that calpain is also abundant in EVs and is secreted by worms 25,39,45,46. In fact, in S. mekongi, calpain was detected
inside the membrane-bound vesicles in the female tegument under electron microscopy 46. Furthermore, it has been
reported that extracellular tegumental calpains inhibit the blood clot formed on the surface of the parasite by
cleaving �bronectin 46,47. Taken together, these reports suggest that calpain may be directly involved in the secretion
of miRNA via EVs and may function as one of the components of EVs carried from females to males. In contrast,
only miR-bantam secretion was reduced by the exosome inhibitors manumycin A and GW4869. It was considered
that a part of miR-bantam was released by exosome-like vesicles. A recent study in Fasciola hepatica, which is
closely related to schistosoma, reported that small vesicles called 120k vesicles were released by nSMase, and the
secretion was inhibited by GW4869 48. This study supports the hypothesis that miR-bantam secretion is partially
suppressed by exosome inhibition in schistosomes.

In addition to the su�cient inhibitory effects of the inhibitors on the secretion of several miRNAs, the present study
also revealed that calpeptin inhibited egg laying in female worms. Previous studies have already reported the effect
of calpain vaccine in reducing the number of eggs in schistosomes 49–51. Since the egg-laying inhibition effect seen
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with the calpain vaccine is also seen with other vaccines 52, we consider that this effect may be due to an immune
response induced by the vaccine. However, the present study con�rms that calpain inhibitors have a direct inhibitory
effect on the fecundity of schistosomes. In addition, several studies have reported that calpain localizes to the
surface of adult worms, not to the female reproductive organs 46,53,54. This means that calpain does not function
directly in the reproductive organs, suggesting the involvement of calpain in the secretion of EVs from the tegument
and the induction of egg laying. On the other hand, there is a report that miR-bantam is involved in egg-laying
induction by being taken up by host cells 18. In this report, it was observed that uptake of EV miRNAs including miR-
bantam into host cells increased macrophage proliferation and TNF-α production, indicating that TNF-α production in
the host is also involved in egg production of S. japonicum. This could be that the decreased expression of miR-
bantam caused the suppression of egg laying. However, in the present experiment, we con�rmed that the production
of miR-bantam increased only when red blood cells (without leukocytes) were added in vitro. In other words, egg-
laying inhibition was induced in the absence of immune cell effects, suggesting that calpeptin had a direct effect on
the adult worms. Since it was con�rmed that calpain inhibitors affected both egg production and miR-bantam
secretion, the mechanism of egg production was directly related to the contribution of calpain and the associated EV-
mediated secretion of miRNAs such as miR-bantam.

In conclusion, the secretion of miRNAs via EVs was increased by erythrocyte pairing and ingestion. In particular, the
secretion of miR-bantam via EVs in female worm bodies was remarkable, and vesicles were con�rmed by TEM to be
secreted from the worm surface. This increase in EVs was due to internal components (e.g., heme proteins) rather
than erythrocyte membranes. Furthermore, we found that calpain inhibitors suppressed EV-mediated secretion of
miRNAs. In addition, calpain inhibitor suppressed egg production in adults, suggesting that EVs transported from
females to males affect sexual maturation and reproduction. Future studies are expected to develop a direct link
between EV production, calpains, and egg production.
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schisto-
miRNA

S1 S2 S3 mean S.D. miRBase
accession NO.

miR-
125b1

33379.81067 37212.3302 30579.45579 33723.86555 3329.795197 MIMAT0010179

miR-101 9429.853881 11641.73146 11910.93001 10994.17178 1361.409137 MIMAT0016253

miR-2771 2709.863774 3706.646173 3057.62312 3158.044356 505.9220354 MIMAT0016269

miR-612 3194.070617 3234.35769 2534.474161 2987.634156 392.9646905 MIMAT0016259

miR-
bantam1,3

1844.383758 3458.624854 3401.288044 2901.432219 915.8796119 MIMAT0010177

miR-36 1887.604804 2053.786193 2153.207223 2031.53274 134.1922996 MIMAT0016257

miR-
34791

1687.738986 2122.004531 1976.619855 1928.787791 221.0487968 MIMAT0016275

miR-71a1 1489.940919 1875.130997 1504.408508 1623.160142 218.3330296 MIMAT0010176

miR-3487 1011.634732 1884.263371 1611.475873 1502.457992 446.4122076 MIMAT0016296

miR-
21621

1236.111835 1544.020042 1101.662512 1293.931463 226.7760527 MIMAT0016273

miR-
125a1

736.5229389 798.1595521 816.0402324 783.5742411 41.71688462 MIMAT0010178

let-71.2 384.2487176 339.8441009 335.794735 353.2958512 26.88232312 MIMAT0010175

miR-2a1 385.8625724 340.7423672 269.6632849 332.0894082 58.58091734 MIMAT0016246

miR-3492 194.1668936 383.7094408 339.4565591 305.7776312 99.15793936 MIMAT0016301

miR-3491 213.0792534 369.8861198 280.3754868 287.7802867 78.66525046 MIMAT0016300

miR-3496 63.74726067 345.8325432 225.7213957 211.7670665 141.5594191 MIMAT0016305

miR-2b 50.53382531 369.2373718 205.7179984 208.4963985 159.3699384 MIMAT0016247

miR-3498 56.88837819 304.0132544 227.9075594 196.2697307 126.5637794 MIMAT0016307

miR-307 218.9294767 192.5284201 175.986173 195.8146899 21.6594439 MIMAT0016270

List of abundant miRNA contents of EVs of paired adult worms of S. japonicum.  Only the top 20 miRNAs are shown.
 A complete list of all miRNAs that were detected is provided in Table S2.  The means were calculated using analysis
results of three individual miRNA libraries extracted from 5 paired adult worms.  

1These miRNAs were detected in the serum of the infected animal16.  

2This miRNA was male-biase (More than double the expression level)32. 

3These miRNA were female-biased (More than double the expression level)32.
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Figures

Figure 1

Extracellular vesicles (EVs) from paired worms. Transmission electron micrographs showing EVs released from
paired adult worms of Schistosoma japonicum. Two pictures were deposited onto a carbon-formvar coated grid,
negatively stained in aqueous uranyl acetate, and analyzed on an H-7100 transmission electron microscope. White
arrows may indicate exosome-like, black arrows may indicate microvesicles (right panel). The scale bar indicates
500 nm in left panel, and 100 nm in right panel.
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Figure 2

miRNA expression levels in EVs in the paired worms. Absolute quanti�cation qRT–PCR analyses of enriched miRNAs
(A) miR-3479, (B) miR-bantam, (C) miR-61, (D) miR-36 compared with paired worm group. * means P ≤ 0.05 and **
means P ≤ 0.01. Data illustrate representative �ndings and show the mean and standard errors derived from 5
groups.
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Figure 3

miRNA expression levels in EVs released from adult worms with erythrocytes, and ultrastructural observation by TEM
of the surface of female worms treated with the erythrocytes. Absolute quanti�cation qRT–PCR analyses of miRNAs
(A) miR-3479, (B) miR-bantam compared with paired worm group. * means P ≤ 0.05 and ** means P ≤ 0.01. Data
illustrate representative �ndings and show the mean and standard errors derived from 5 groups. (C) Transmission
electron micrographs showing EVs in the tegument ( medial posterior portion ) of female worms cultured with RBCs.
The EVs were frequently found in the vacuolar invaginations of tegmental epithelial cells (arrows).
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Figure 4

miRNA expression levels in EV after treatment with inhibitors paired adults with inhibitors. Absolute quanti�cation
qRT–PCR analyses of miRNAs (A) miR- bantam, (B) miR-3479, (C) miR-61 compared with DMSO-treated group. *
means P ≤ 0.05 and ** means P ≤ 0.01. Data illustrate representative �ndings and show the mean and standard
errors derived from triplicate. (D) Fecundity of paired worms cultured with each inhibitor in vitro. Egg numbers were
counted under microscopy after dissolving 4% KOH. Data show the mean and standard errors derived from triplicate
groups. This experiment was repeated twice (the �rst experiment is shown).
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