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Chronic infection with liver flukes (such as Clonorchis sinensis) can
induce severe biliary injuries, which can cause cholangitis, biliary
fibrosis, and even cholangiocarcinoma. The release of extracellular
vesicles by C. sinensis (CsEVs) is of importance in the long-distance
communication between the hosts and worms. However, the bio-
logical effects of EVs from liver fluke on biliary injuries and the
underlying molecular mechanisms remain poorly characterized. In
the present study, we found that CsEVs induced M1-like activa-
tion. In addition, the mice that were administrated with CsEVs
showed severe biliary injuries associated with remarkable activa-
tion of M1-like macrophages. We further characterized the
signatures of miRNAs packaged in CsEVs and identified a miRNA
Csi-let-7a-5p, which was highly enriched. Further study showed
that Csi-let-7a-5p facilitated the activation of M1-like macrophages
by targeting Socs1 and Clec7a; however, CsEVs with silencing Csi-
let-7a-5p showed a decrease in proinflammatory responses and bili-
ary injuries, which involved in the Socs1- and Clec7a-regulated
NF-κB signaling pathway. Our study demonstrates that Csi-let-7a-
5p delivered by CsEVs plays a critical role in the activation of
M1-like macrophages and contributes to the biliary injuries by tar-
geting the Socs1- and Clec7a-mediated NF-κB signaling pathway,
which indicates a mechanism contributing to biliary injuries caused
by fluke infection. However, molecules other than Csi-let-7a-5p
from CsEVs that may also promote M1-like polarization and exacer-
bate biliary injuries are not excluded.
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The liver fluke Clonorchis sinensis (belongs to the family
Opisthorchiidae) is widely prevalent in China, Korea, Viet-

nam, and the far eastern part of Russia, affecting about 35 mil-
lion people (1, 2). The worm dwells in the bile duct and causes
severe biliary injuries, which leads to cholangitis, periductal
fibrosis, and cirrhosis in advanced cases (1). Furthermore, the
incidence of cholangiocarcinoma (CCA) is closely associated
with infection by such liver flukes throughout eastern Asia (3).
However, the mechanisms underlying the liver fluke-driven
chronic injuries are largely unknown (4).

During worm infection, severe biliary hyperplasias can be
aroused with massive inflammation around the bile duct-so
called ductular reactions (DRs) in the liver of infected
animals and humans (5). Furthermore, DRs with the aberrant

proliferation of cholangiocytes facilitate the development of
intrahepatic biliary neoplasia in the condition of the inflamma-
tory microenvironment (6). Among those regulators, the mac-
rophage is the main role-player not only in fighting against
worms and but also in the induction of hyperimmune responses
by the secretion of various inflammatory mediators and cyto-
kines, which can also lead to biliary hyperplasia in turn. It has
been demonstrated that the activation of M1-like macrophages
plays a critical role in the development of many cholangiopa-
thies, such as primary biliary cirrhosis (PBC), primary scleros-
ing cholangitis (PSC), and biliary atresia (BA), as well as in
worm infection conditions by the production of proinflamma-
tory cytokines and reactive oxygen species (ROS)/nitric oxide
synthase (NOS), which contributes to the pathogenesis of CCA
(7, 8). However, the underlying molecular mechanisms by
which C. sinensis activates M1 macrophages and conducts to
DRs remain poorly understood.

Extracellular vesicles (EVs) are vesicular bodies secreted
by living cells, which contain a large number of bioactive
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substances such as nucleic acids, proteins, and lipids. EVs are
important intercellular communicators involved in various bio-
logical processes and diseases (9). Emerging evidence demon-
strates that EVs from helminthic excretory-secretory products
(ESPs) are important mediators in the communication between
the host and worms, which plays a critical role in the transmis-
sion of biological processes, regulation of immune response,
mediating pathological damage, and survival (10–12). Among
these components, extracellular miRNAs encapsulated and
transferred by EVs are particularly of interest as they are stable
and have the regulatory abilities by targeting multiple genes’
expression at the posttranscriptional level in the recipient cells
(13). Schistosoma japonicum EV miR-125 and bantam can pro-
mote the proliferation of macrophages and the production of
tumor necrosis factor (TNF-α) by targeting Pros1, Fam212b,
and Clmp gene expression (14). However, miRNA signatures in
EVs from C. sinensis have not been investigated and the roles
of these EV transferred miRNAs in modulating the immune
responses of recipient cells, as well as in biliary hyperplasias,
have not been elucidated.

In the present study, we investigated the roles of EVs from
C. sinensis (CsEVs) in regulating the activation of macrophages
and the contribution to biliary injuries; we further used next-
generation sequencing to identify differential miRNA signa-
tures in CsEVs from ESPs of C. sinensis and the adult of C.
sinensis. We demonstrate that Csi-let-7a-5p enriched in CsEVs
can promote activation of inflammatory macrophage by target-
ing at the Clec7a- and Socs1-mediated NF-κB signaling path-
way, which may be involved in biliary hyperplasias. The findings
of the present study provide a mechanism underlying
worm–host interaction, which contributes to biliary injuries by
infection with C. sinensis.

Materials and Methods
The study protocol was reviewed and approved by the Committee on Ethics of
Animal Experiments, Xuzhou Medical University (201701w007). Animal
experiments were strictly performed according to the Guidelines for Animal
Experiments of Xuzhou Medical University and the National Guide for the
Care and Use of Laboratory Animals.

Preparation of C. sinensis ESPs and CsEVs isolation were performed as
described previously, with minor modification followed by zetaview nanopar-
ticle tracking and transmission electron microscopy (TEM) (15–17). More
details are provided in SI Appendix. Specific-pathogen-free C57BL/6J mice
were used for animal study. More details regarding animal experiment are
provided in SI Appendix. The RNAi assay was performed according toMcVeigh
et al. (18) and more details are provided in SI Appendix. Small RNA libraries of
adult worms and CsEVs were conducted and these RNAs were sequenced,
processed and analyzed by BGISEQ-500 sequencing technology at the Beijing
Genomics Institute (BGI, Shenzhen, China). More details about RNA sequenc-
ing are provided in SI Appendix. Cell culture and transfection, dual-luciferase
activity assay, ELISA, flow cytometry, qPCR, and Western blot were routinely
performed. More detailed information about these assays are described in SI
Appendix. Statistical analysis with more details, provided in SI Appendix, were
performedwith the use of the software package SPSS v19.0 (SPSS).

Results
Identification and Characterization of CsEVs. To obtain CsEVs, the
adult worms were collected from the liver of experimentally
infected guinea pigs and cultured in RPMI-1640 medium at
37 ˚C for 24 h after the worm bodies were completely washed.
ESPs were subjected to serial centrifugation for the preparation
of CsEVs, as shown in Fig. 1A. TEM showed that there were
massive vesicles in the sediments and these EVs had a “typical”
saucer-like shape with an average size of about 100 nm in diam-
eter (Fig. 1B, red arrow). Nanoparticle tracking analysis con-
firmed that the majority of the microvesicles was 30∼150 nm
with a peak at 100 to 120 nm in diameter (Fig. 1C). Upon
quantification of CsEVs that we obtained, the concentration of
CsEVs in our preparation was 272 particles per frame, which

were equal to a concentration of 2.9 × 1011 particles per millili-
ter (Fig. 1C).

We also performed iodixanol-based density gradient centrifu-
gation to compare with the CsEVs obtained by ultracentrifuga-
tion, as depicted in SI Appendix, Fig. S1A. We found that there
were no obvious morphological differences between the CsEVs
obtained by these two different methods (SI Appendix, Fig. S1
B and C).

CsEVs Induce Inflammatory (M1-Like) Macrophage Activation. As
macrophages play critical roles in hepatic homeostasis and bili-
ary diseases, we investigated the effects of CsEVs on macro-
phage function. First, to determine whether CsEVs can be spe-
cifically taken up by cells or not, CsEVs obtained by
ultracentrifugation were specifically labeled with BODIPY TR
Ceramide dye (red) and incubated with a macrophage cell line-
RAW264.7 for 1 h. It was found that CsEVs were internalized
by macrophages as shown by a microscope (Fig. 2A). Moreover,
we further labeled CsEVs with carboxyfluorescein diacetate
succinimidyl ester (CFSE) dye, which allows tracing CsEVs in
the cells using flow cytometry. The fluorescent signal in bone
marrow-derived macrophages (BMDMs) with CFSE-labeling
CsEVs was increased, compared with those cells treated by
no-labeled CsEVs (SI Appendix, Fig. S2 A, Left), indicating that
CsEVs labeled by CFSE were also internalized by BMDMs. In
addition, we also found that CsEVs labeled with CFSE were
internalized by cultured hepatic stellate cells (SI Appendix, Fig.
S2 A, Right), which suggested that CsEVs could be actively
incorporated by macrophages.

To elucidate the effects of CsEVs on the macrophage func-
tion, the endotoxin in preparation of ESPs, CsEVs-free ESPs,
and CsEVs were first detected using a commercial Limulus
Amebocyte Lysate kit (Bioendo Technologies). The data
showed that the concentrations of endotoxin in all these prepa-
rations were less than 0.05 EU/mL, indicating that the potential
effects of endotoxin in these preparations on macrophages
were trivial. Next, we evaluated pro- (M1-like) and anti-inflam-
matory (M2-like) markers in BMDMs that were stimulated by
PBS, CsEVs (32 μg/mL), and worm cultures without CsEVs
(CsEVs-free ESPs, 32 μg/mL) for 24 h. As shown in Fig. 2B,
the flow cytometry data showed that CsEVs induced an
increased expression of CD86 in F4/80+CD11b+ BMDMs after
the treatment with CsEVs for 24 h, compared with those in the
cells treated with PBS control or CsEVs-free ESPs (Fig. 2B) (P
< 0.05). Furthermore, the data showed that the production of
proinflammatory cytokines, including TNF-α and IL-6, were
significantly increased in CsEVs-stimulated cells, compared
with PBS control or CsEVs-free ESPs (Fig. 2 C and D) (P <
0.01). The levels of Il1b (encoding IL-1β) and Nos2 (encoding
iNOS) mRNA in CsEVs-stimulated cells were also remarkably
higher than the medium control or CsEVs-free ESPs (Fig. 2 E
and F, respectively) (more than 20 times, P < 0.001). However,
compared with PBS, CsEVs decrease the levels of CD206 in
F4/80+CD11b+ macrophages as shown by flow cytometry data
(SI Appendix, Fig. S2B) (P < 0.01). In addition, the expression
of M2-related Arg1 (SI Appendix, Fig. S2C) (P < 0.001) and
Ym1 (SI Appendix, Fig. S2D) (P < 0.001) mRNA were
decreased in BMDMs that were treated by CsEVs for 24 h,
compared with medium control. Collectively, these data indi-
cated that CsEVs induced proinflammatory macrophage activa-
tion, but tended to inhibit M2-like phenotype.

To exclude possible effects of CsEVs internalization, we iso-
lated EVs from resting macrophages as irrelevant EVs for
control. Compared with PBS, macrophages stimulated with
irrelevant EVs cannot produce higher levels of IL-6 and TNF-α
(P > 0.05), whereas CsEVs can stimulate macrophage to signifi-
cantly increase the productions of IL-6 and TNF-α, compared
with irrelevant EVs, suggesting that internalization of EVs has
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no significant effects on the production of IL-6 and TNF-α by
macrophages (SI Appendix, Fig. S3). Furthermore, CsEVs
treated by RNase plus RIPA cannot stimulate macrophages to
secret IL-6 as much as the ones stimulated by CsEVs without
these treatments, but the production of IL-6 in macrophages
stimulated by RNase plus RIPA-treated CsEVs were still higher
than those of macrophages stimulated by irrelevant EVs
(obtained from supernatant from resting macrophages) or PBS,
suggesting that miRNAs delivered by the CsEVs may be critical
to induce proinflammatory macrophages, although it cannot
exclude that other molecules, such as proteins and lipids within
CsEVs, may also promote activations of proinflammatory mac-
rophages (SI Appendix, Fig. S3B) (P < 0.001).

CsEVs Promote Hepatic Inflammatory Macrophage Activation and
Biliary Injuries. Because infection with C. sinensis causes severe
biliary injuries, we hypothesized that CsEVs from C. sinensis
may also lead to biliary injuries. To address this, the mice were
intravenously injected with CsEVs or PBS at indicated time
courses (Fig. 3A). The data showed that the serum indicators
for biliary injuries, such as alkaline phosphatase (ALP), total
bilirubin (TBIL), and total bile acid (TBA) were remarkably
augmented due to intravenous injection of CsEVs, compared
with the control group (Fig. 3 B–D). H&E staining showed that
CsEVs altered biliary structures and induced massive inflam-
matory infiltration, as indicated by the Modified Hepatic Activ-
ity Index (mHAI) score (Fig. 3E) (P < 0.001). To further
evaluate the biliary injuries, we evaluated the DR by the detec-
tion of DR marker CK19; the expression of CK19 was signifi-
cantly increased, as shown by immunohistochemical (IHC)
staining (Fig. 3F) (P < 0.05) after injection of CsEVs. For the
evaluation of the proliferation of cholangiocytes, proliferation
markers of Ki67 were also detected using IHC staining. It was
found that the level of Ki67 was also increased in
cholangiocyte-like cells in the liver of mice injected with CsEVs
(Fig. 3G) (P < 0.01). These data suggest that CsEVs potently
induce biliary injuries.

To investigate the effects of CsEVs on the function of hepatic
macrophages in mice, we detected CD68+CD86+ (M1) and
CD68+CD163+ (M2) macrophages using immunofluorescence
assay. It was found that massive M1-like macrophages were sig-
nificantly infiltrated around biliary ducts in CsEVs-injected
mice (Fig. 3H) (P < 0.001). We also detected TNF-α–producing
macrophages (CD11b+F4/80+) in the livers of these mice using
flow cytometry; it was found that there was a significant
increase of TNF-α–producing macrophages in the livers of
CsEVs-treated mice, compared with the control group (Fig. 3I)
(P < 0.05). Furthermore, the proinflammatory cytokines IL-6
and TNF-α in CsEVs-injected livers of mice were also signifi-
cantly increased, compared with control mice (Fig. 3J) (P <
0.001). However, there were fewer M2 macrophages observed
around the biliary ducts (SI Appendix, Fig. S2E). Together,
these data indicate that CsEVs endow a hepatic proinflamma-
tory environment to exacerbate biliary injuries.

To exclude possible effects of CsEVs internalization on the
biliary injuries in vivo, we used the EVs from resting macro-
phages as irrelevant EVs (irrEVs) for control. Compared with
irrEVs, CsEVs treatment can significantly induce biliary inju-
ries as showed by ALP (SI Appendix, Fig. S4A) (P < 0.01),
H&E staining using mHAI score (SI Appendix, Fig. S4B) (P <
0.001), and IHC staining of CK19 for indicating biliary prolifer-
ation (SI Appendix, Fig. S4C) (P < 0.001). However, there were
no significant differences in biliary injuries between PBS-
treated and irrEVs-treated mice (SI Appendix, Fig. S4) (P > 0.
05).

Characterizations of miRNA Profiles in CsEVs. Since increasing
data have demonstrated that the enriched-miRNAs can be
delivered by EVs, we first examined whether these miRNAs
could be incorporated by macrophages or not; miRNAs within
CsEVs were labeled by membrane-permeant RNA specific dye-
(SYTO RNASelect, Life Technologies) and incubated with
macrophages for 1 h. CsEVs labeled with the dye were found
within the macrophages as shown by the fluorescence

Fig. 1. Identification and characterization of EVs secreted by adults of C. sinensis. (A) Strategy of isolating CsEVs using differential centrifugation. (B)
Morphology and structure of CsEVs released in culture medium by adult C. sinensis for 24 h were visualized by TEM (red arrow). (C) The size and distribu-
tion of CsEVs were determined using a nanoparticle tracking analysis (NTA).
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microscope (Fig. 4A). To elucidate the mechanisms by which
CsEVs with proinflammatory properties aggravate biliary inju-
ries, we further analyzed the miRNA expression profiles in
CsEVs as well as in parental worm bodies using the high-

throughput sequencing. All the raw data of two small RNA
sequencing were deposited in the database of Gene Expression
Omnibus (GEO) in the National Center for Biotechnology
Information (NCBI) (accession no. GSE137695). The
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sequencing data showed that some miRNAs were highly
detected in CsEVs (Fig. 4B). Furthermore, a heatmap showed
that some miRNAs—such as Csi-let-7a-5p, Csi-miR-61-3p, Csi-
miR-1b-3p, and Csi-miR-71a-5p—were highly enriched in
CsEVs when compared with the abundance of these miRNAs
in the adult worms (Fig. 4C). Among these miRNAs, Csi-let-
7a-5p was one of the most enriched in the CsEVs, compared
with the transcripts per kilobase per million (TPM) values of
Csi-let-7a-5p in adult worms (Fig. 4C). qPCR data also showed
that the relative level of Csi-let-7a-5p in CsEVs was 20 times
higher than that in the adult worms, which confirmed the
sequencing data indicating that Csi-let-7a-5p was highly
enriched in CsEVs (Fig. 4D) (P < 0.001).

Csi-let-7a-5p Binds with Socs1 and Clec7a to Promote the
Activation of M1-Like Macrophage. According to the sequencing
data, the potential targets of Csi-let-7a-5p were predicted using
the intersection of TargetScan, MiRanda, and PicTar databases.
According to the bioinformatic analysis above, the genes of
Socs1 and Clec7a were identified as the potential targets of Csi-
let-7a-5p (Fig. 4E). As it has been determined that Socs1 is one
of the targets of let-7a-5p using luciferase reporter assay (19),
we further investigated whether Csi-let-7a-5p inhibited the
expression of Clec7a by binding to the region of Clec7a 30UTR
or not. The cells were transfected with either a pmiReport
empty vector control, Clec7a-30UTR (full-length, WT), or dele-
tion of Csi-let-7a-5p binding site on Clec7a 30UTR (MUT)
report gene plasmid (Fig. 4F). The activity of luciferase in the
WT group was significantly lower than that in the MUT group
(Fig. 4F) (P < 0.01). However, the activity of the reporter gene
after deletion remained unchanged, compared with the control
plasmid group (Fig. 4F) (P > 0.05). These findings suggested
that Csi-let-7a-5p could only bind Clec7a 30UTR without the
deletion (Fig. 4F).

In our study, we found a significant decrease in the levels of
SOCS1 and Dectin-1 (encoded by Clec7a) while the level of
P-p65 was remarkably increased after the stimulation of the
macrophages (SI Appendix, Fig. S5A) (P < 0.05) or mice (SI
Appendix, Fig. S5B) (P < 0.05) with CsEVs. To further deter-
mine whether Csi-let-7a-5p can inhibit the expression of
SOCS1 and Dectin-1 in macrophages or not, we transfected
Csi-let-7a-5p mimic or its scramble control into RAW264.7 cells
for 24 h, then the total RNA and protein from these cells were
extracted to detect the expression of these targets using qPCR
and Western blot, respectively. It was found that Csi-let-7a-5p
mimic were successfully transfected into the receipt cells (about
200 times higher than that of the control group, P < 0.001)
(Fig. 4G). Furthermore, overexpression of Csi-let-7a-5p could
significantly inhibit the mRNA expression of Socs1 and Clec7a
(Fig. 4H) (P < 0.01). Similarly, it was confirmed that both
SOCS1 and Dectin-1 were suppressed by the overloaded Csi-
let-7a-5p in macrophages at the protein level (Fig. 4I) (P < 0.
05). These results confirmed that Csi-let-7a-5p could bind with
Clec7a or Socs1 3-0UTR directly to inhibit their expression.

To investigate the roles of Csi-let-7a-5p in the activation of
macrophages, we also detected M1/M2-relative makers after
the macrophages were treated with Csi-let-7a-5p mimic or
scramble control for 24 h. Compared with a scrambled con-
trol, it showed that overexpression of Csi-let-7a-5p signifi-
cantly induced M1 markers gene expression (Il6, Tnfa, Il1b,
and Nos2; P < 0.01) (Fig. 4J), as well as the production of
IL-6 and TNF-α cytokines (Fig. 4K) (P < 0.05); however, it
also tended to decrease the levels of M2 markers’ (Ym1 and
Arg1) gene expression (SI Appendix, Fig. S6A) (P < 0.05).
Furthermore, we detected CD86 or CD206 expression in
macrophages using flow cytometry. It was found that the
mean fluorescence intensity (MFI) of CD86 in Csi-let-7a-5p
mimic-treated cells were significantly increased compared
with the cells that were treated with scrambled control

Fig. 3. CsEVs cause severe biliary injuries. (A) The study design. The mice that were intravenously injected with CsEVs (0.5 mg/mL, ∼100 μL) or PBS (100
μL) at the indicated time. (B–D) The levels of serum indicators for biliary injuries, such as ALP (B), TBA (C), and TBIL (D) in the mice treated by CsEVs or
PBS. (E) H&E staining showing histological changes (Left) was evaluated using mHAI scoring (Right) in the liver of mice treated with CsEVs or PBS; yellow
arrows showed infiltered immune cells. (F) The expression of CK19 (yellow arrows) in the liver of mice treated with CsEVs or PBS by IHC staining. (G) The
expression of Ki67 (yellow arrows) in the liver of mice treated with CsEVs or PBS by IHC staining. (H) The proportion of CD86+CD68+macrophages (M1-
like, yellow arrows) in the livers of mice that were hydrodynamically injected with CsEVs or PBS as determined by immunofluorescence assay. (I) TNF-
α–producing macrophages (CD11b+F4/80+) in livers of these mice were detected using flow cytometry. (J) The levels of IL-6 and TNF-α in the livers of mice
were determined by ELISA. The values were expressed as mean 6 SEM. Compared with indicated groups, *P < 0.05, **P < 0.01, ***P < 0.001.
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(Fig. 4L) (P < 0.01), but the expression of CD206 in macro-
phages that were stimulated with Csi-let-7a-5p mimic was lower
than that in cells that were treated with scrambled control (SI
Appendix, Fig. S6B). As the NF-κB signaling pathway is critical in
the secretion of proinflammatory cytokines (e.g., IL-6 and TNF-
α), which are negatively regulated by SOCS1 (20), we also found

that the level of the P-p65, the subunit of NF-κB, was significantly
increased when the cells were transfected with Csi-let-7a-5p
mimic, compared with scrambled control (Fig. 4I) (P < 0.01).
Taken together, these findings demonstrate that Csi-let-7a-5p
promotes an M1-like macrophages by targeting Clec7a and Socs1
via the NF-κB signaling pathway.
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Fig. 4. Characterization of enriched miRNAs profiles in CsEVs and identification of the targets of Csi-let-7a-5p packaged by CsEVs. (A) CsEVs delivering
miRNAs labeled with the green dyes were found within the macrophages as shown by the fluorescence microscope (scale bars, 50 μm). The yellow arrow
shows the internalized miRNA in the macrophage cell line RAW 264.7. (B) The top nine most abundant miRNAs (>1,000 TPM values) in CsEVs were identi-
fied using high-throughput sequencing. (C) The comparison of the abundances of miRNAs (>100 TPM) between CsEVs and adult worms showed by the
heatmap. (D) The relative expression of Csi-let-7a-5p in the CsEVs and adult worms were determined by qPCR. (E) The potential binding sites of Csi-let-7a-
5p in 30UTR of Clec7a and Socs1 were predicted using the intersection of TargetScan, MiRanda, and PicTar databases. (F) The luciferase activities were
measured in the 293T cells that were transfected with either a pmiReport empty vector control (NC), Clec7a-30UTR (full length, WT), or deletion of Csi-let-
7a-5p binding site on Clec7a 30UTR (MUT) report gene plasmid for 24 h. (G) The levels of Csi-let-7a-5p in macrophages after Csi-let-7a-5p mimic were
transfected for 24 h using qPCR. (H) The relative mRNA expression of Socs1 and Clec7a in the macrophages that were transfected with Csi-let-7a-5p mimic
or scramble for 24 h. (I) The levels of SOCS1, Dectin-1 (encoded by Clec7a), and P-p65 in macrophages that were transfected with Csi-let-7a-5p mimic or
scramble for 24 h. (J) The relative mRNA expression of Il6, Tnfa, Il1b, and Nos2 in the macrophage that was transfected with Csi-let-7a-5p mimic or scram-
ble for 24 h. (K) The secretion of TNF-α and IL-6 in the cultures of macrophages that were transfected with Csi-let-7a-5p mimic or scramble for 24 h. (L)
The mean fluorescence intensity of CD86 in macrophages that were transfected with Csi-let-7a-5p mimic or scramble for 24 h using flow cytometry. The
values were expressed as mean 6 SEM. Compared with indicated groups, *P < 0.05, **P < 0.01, ***P < 0.001.
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Inhibition of Csi-let-7a-5p in CsEVs Decreased Inflammatory
Responses in Macrophage by Targeting at SOCS1 and Dectin-1. To
further elucidate the roles of Csi-let-7a-5p in the activation of
proinflammatory macrophages, Csi-let-7a-5p in adult worms
was knocked down using short-interfering RNA (siRNA) tech-
nology. To confirm this, Csi-let-7a-5p specific siRNA or scram-
bled siRNA labeled by green dye were observed within the
worm bodies (Fig. 5A), and qPCR data showed that the level of
mature Csi-let-7a-5p in the adult worm bodies soaked with Csi-
let-7a-5p–specific siRNA oligonucleotide was significantly
reduced, compared with medium-treated worms or scrambled
oligonucleotide-treated worms (∼70% reduction, P < 0.05)
(Fig. 5 B, Left). To exclude the side-effects of RNAi reagents
on the survival, behaviors, and reproduction of worms, which
may induce the decrease of Csi-let-7a-5p, we observed the sur-
vival of worms, the amount of the eggs and ultrastructure of
eggs produced from Csi-let-7a-5p-siRNA (inhibitor), scrambled
siRNA, or 1640-treated worms during the whole experiment.
The data showed that there were no significant differences in
the survival rates, the amounts of the eggs, and the ultrastruc-
ture of eggs of worms between Csi-let-7a-5p-siRNA/scramble
control-treated and normal cultured worms (SI Appendix, Fig.
S7 A–C) (P > 0.05). We further collected ESPs from Csi-let-7a-
5p-siRNA (inhibitor), scrambled siRNA, or medium-treated
worms (cultured for 24 h) for preparation of CsEVs (namely
inhibitor-CsEVs, scrambled-CsEVs, and CsEVs, accordingly).

First, to check the morphologic changes of CsEVs from
these different worms using TEM, it was found that there
were no obvious morphologic changes in CsEVs between
scramble-treated worms and siRNA-treated worms (SI
Appendix, Fig. S7D). We also evaluated whether Csi-let-7a-
5p in CsEVs from siRNA oligonucleotide-treated worms
were also silenced or not; we found that the levels of Csi-let-
7a-5p were significantly decreased in inhibitor-CsEVs (∼70%
decreased compared with scrambled-CsEVs or CsEVs; P <
0.01) (Fig. 5 B, Right). These data suggested that Csi-let-7a-
5p in CsEVs was also successfully silenced using Csi-let-7a-
5p–specific siRNA. These CsEVs were further employed to
incubate with macrophages for 24 h. It was found that the

decreased levels of Clec7a and Socs1 mRNA were signifi-
cantly reversed after Csi-let-7a-5p was inhibited in CsEVs
(Fig. 5C) (P < 0.05). Furthermore, Western blot assay
showed that the protein levels of Dectin-1 and SOCS1 were
also increased in inhibitor CsEVs-treated macrophages,
compared with scrambled-CsEVs (Fig. 5D) (P < 0.05).
Besides, the proinflammatory activation of macrophages
induced by CsEVs was significantly attenuated by Csi-let-7a-
5p–inhibited CsEVs as shown by the decreased levels of IL-6
and TNF-α protein (Fig. 5E) (P < 0.01). We also found that
the level of P-p65 of NF-κB was significantly decreased in
cells that were stimulated by Csi-let-7a-5p–inhibited CsEVs,
compared with those in scrambled-CsEVs-treated macro-
phages (Fig. 5D) (P < 0.01). However, Csi-let-5p–inhibited
CsEVs trended to increase Arg1 and Ym1 mRNA produced
by macrophages, compared with scrambled-CsEVs macro-
phages (SI Appendix, Fig. S7E) (P < 0.01). Collectively, inhi-
bition of Csi-let-7a-5p in CsEVs decreased the activation of
M1-like macrophages by targeting SOCS1 and Dectin-
1–mediated NF-κB signaling pathway.

Inhibition of Csi-let-7a-5p in CsEVs Reverses the Biliary Injuries and
Hepatic Inflammatory Responses. To further investigate whether
knockdown of Csi-let-7a-5p in CsEVs ameliorated biliary inju-
ries or not, the mice were intravenously injected with scram-
bled-CsEVs or inhibitor-CsEVs (Fig. 6A). It was found that
CsEVs with knocked-down Csi-let-7a-5p improved the index of
liver weight/body weight of mice (Fig. 6B) (P < 0.05). We also
evaluated the biliary injuries indicated by the liver biochemistry
markers—such as serum ALP, TBIL and TBA in mice and the
biochemical analysis showed that the levels of these indicators
in the sera of mice treated with inhibitor-CsEVs were signifi-
cantly decreased, compared with those mice injected with
scrambled-CsEVs (Fig. 6C) (P < 0.05), indicating that inhibi-
tion of Csi-let-7a-5p in CsEVs ameliorated biliary damages. To
confirm this, we further evaluated the histopathological changes
and infiltrations of inflammatory cells in the liver of mice using
HE staining; it showed that the damaged biliary structures and
infiltrated inflammatory cells in the livers of inhibitor-CsEVs-
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Fig. 5. Knockdown of Csi-let-7a-5p decreased inflammatory responses in macrophages by the SOCS1 and Dectin-1–mediated NF-κB signaling pathway.
(A) Csi-let-7a-5p specific siRNA oligonucleotide or scrambled siRNA labeled with a green dye were observed within worm bodies. (B) The relative expres-
sion of mature Csi-let-7a-5p in the Csi-let-7a-5p-siRNA (inhibitor), scrambled siRNA, or 1640-treated worms (Left). CsEVs from these different treated
worms were prepared as described in Fig. 1A; the relative expression of mature Csi-let-7a-5p in CsEVs (from 1640-treated worms), scrambled-CsEVs (from
scrambled siRNA-treated worms), and inhibitor-CsEVs (from Csi-let-7a-5p-siRNA–treated worms) were determined by qPCR. (C) The relative expression of
Socs1 and Clec7a in macrophages that were stimulated by inhibitor-CsEVs, scrambled-CsEVs, CsEVs, or PBS for 24 has been determined by qPCR. (D)
Western-blot showed the protein levels of SOCS1, Dectin-1, and P-p65 in macrophages that were stimulated by PBS, CsEVs, scrambled-CsEVs, or inhibitor-
CsEVs for 24 h. (E) The secretion of IL-6 and TNF-α in the cultures of macrophages that were stimulated by scrambled-CsEVs or inhibitor-CsEVs for 24 h as
determined by ELISA. The values were expressed as mean 6 SEM. Compared with indicated groups, *P < 0.05, **P < 0.01, ***P < 0.001.

M
ED

IC
A
L
SC

IE
N
CE

S

Yan et al.
Csi-let-7a-5p delivered by extracellular vesicles from a liver fluke activates
M1 macrophages and exacerbates biliary injuries

PNAS j 7 of 11
https://doi.org/10.1073/pnas.2102206118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102206118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102206118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102206118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102206118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102206118/-/DCSupplemental


treated mice were ameliorated, compared with those treated
with scrambled-CsEVs (Fig. 6D) (as shown by mHAI scores,
P < 0.05). The data of IHC staining for CK19 and Ki67 indicat-
ing DRs also suggested that DRs were decreased in the liver of
inhibitor-CsEVs-treated mice, compared with mice that were
administrated by scrambled-CsEVs (Fig. 6E for CK19 staining;
Fig. 6F for Ki67 staining) (P < 0.05).

We also evaluated the hepatic immune responses in the mice
after administration of scrambled CsEVs or inhibitor-CsEVs.
The immunofluorescent staining showed that the proportion of
M1-like (CD68+CD86+) macrophages was remarkably
decreased after the mice were treated with the inhibitor-
CsEVs, compared with scrambled-CsEVs-treated mice (Fig.
7A) (P < 0.01). However, the inhibitor-CsEVs did not alter the
proportion of M2-like macrophages (CD68+CD163+) in the liv-
ers of mice, compared with scrambled-CsEVs mice (SI
Appendix, Fig. S8A) (P > 0.05). We also detected proinflamma-
tory or antiinflammatory cytokines using ELISA or qPCR. The
levels of secreted IL-6 and TNF-α cytokines in the livers of
inhibitor-CsEVs-treated mice were significantly lower than
those in the mice administrated with scrambled-CsEVs (Fig.
7B) (P < 0.05). Furthermore, the levels of Tnfa, Il6, Il1b, and
Nos2 mRNA in the livers of inhibitor-CsEVs-treated mice were
significantly decreased, compared with those mice that were
administrated by scrambled-CsEVs (Fig. 7C) (P < 0.05). But
we did not find any changes in the levels of neither Ym1 nor
Arg1 between inhibitor-CsEVs-treated mice and scrambled-
CsEVs-treated mice (SI Appendix, Fig. S8B) (P > 0.05). To
check the signaling pathway that Csi-let-7a-5p targeted, we
detected the levels of SOCS1, Dectin-1, and P-p65 in the livers
of the mice that were treated by PBS, CsEVs, scrambled-
CsEVs or inhibitor-CsEVs. It was found that the levels of

SOCS1 and Dectin-1 in the CsEVs-treated mice were remark-
ably lower than those in PBS-treated mice; but the expression
of SOCS1 and Dectin-1 were significantly increased in the mice
treated with inhibitor-CsEVs, compared with those in scram-
bled-CsEVs-treated mice (Fig. 7D for mRNA level, P < 0.01;
Fig. 7E for protein level, P < 0.05). Accordingly, the level of
phosphorylated p65 in the liver of CsEVs-treated mice was sig-
nificantly higher than that in those mice administrated with
PBS while it was significantly decreased in the liver of inhibitor-
CsEVs-treated mice, compared with those mice administrated
with scrambled-CsEVs (Fig. 7E) (P < 0.05). Taken together,
these data suggested that knockdown of Csi-let-7a-5p in CsEVs
relieved the biliary inflammation and thus ameliorated biliary
injuries.

Discussion
Chronic infection with C. sinensis and Opisthorchis viverrini can
cause biliary injuries that are considered as a principal risk fac-
tor of CCA in the liver flukes-endemic regions, although the
mechanisms that are responsible for biliary damage are largely
unknown (3). In our present study, we characterized EVs from
C. sinensis and found that CsEVs induced the activation of
macrophages to M1-like phenotype and promoted biliary inju-
ries. Furthermore, a miRNA Csi-let-7a-5p enriched in CsEVs
was identified, which preferred the activation of proinflamma-
tory macrophages and facilitated biliary injuries by targeting at
the Clec7a- and Socs1-modulated NF-κB signaling pathway
(Fig. 8).

It has been suggested that helminth-derived EVs facilitate
long-distance communication between host cells and worms by
delivering many bioactive molecules, such as miRNAs, proteins,

Fig. 6. Gene-silencing of Csi-let-7a-5p in CsEVs ameliorates the biliary injuries. (A) The study design. The mice that were injected with scrambled-CsEVs (0.5
mg/mL, ∼100 μL) or inhibitor-CsEVs (0.5 mg/mL, ∼100 μL) at the indicated time courses. (B) The ratio of liver weight to body weight of mice (%). (C) The levels
of serum indicators for biliary damages caused by scrambled-CsEVs or inhibitor-CsEVs; (D) Histological changes of livers from the mice administrated with scram-
bled-CsEVs or inhibitor-CsEVs were indicated by mHAI scores. The infiltrations of inflammatory cells in these mice are indicated by yellow arrows. (E and F) Duc-
tal reactions were evaluated using the expression of CK19 (E) and Ki67 (F) as shown by IHC staining (yellow arrows). The values were expressed as mean 6
SEM. Compared with indicated groups, *P < 0.05, **P < 0.01.
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and lipids (21). The roles of helminth-secreted EVs in the regu-
lation of immune responses may be various due to the different
types of receipt cells, the parasitic sites, and the intrinsic prop-
erties of worms. For example, several studies have shown that
S. japonicum-derived EVs preferred M1-like macrophages that
produced high levels of TNF-α (14, 22). But EVs secreted by
the hookworm Nippostrongylus brasiliensis prevented gut
inflammation by inhibition of proinflammatory cytokines (IL-6,
IL-1β) (23). Little is known of C. sinensis-derived EVs’ func-
tions on the regulation of immune responses and the biliary
damages in the condition where the worms dwell in the bile
ducts for a long time and induce severe biliary injuries. In our
present study, we demonstrated that CsEVs promoted activa-
tion of M1-like macrophages and induced high levels of proin-
flammatory cytokines (TNF-α, IL-6, IL-1β) in vitro and in vivo.
These data suggested that CsEVs possessed potent abilities to
induce biliary inflammation. As these inflammatory mediators
played critical roles in the DRs and the damages of biliary ducts
(24), we further investigated the roles of CsEVs in biliary inju-
ries; it was found that the administration of CsEVs induced bil-
iary hyperplasia, biliary fibrosis, and recruited massive inflam-
matory immune cells around biliary ducts, as well as high levels
of proinflammatory cytokines (TNF-α, IL-6, IL-1β), suggesting
that CsEVs induced a pro-inflammatory niche to facilitate duc-
tal reactions. And, the data of our present study are in agree-
ment with previous reports (24, 25).

miRNAs can be transferred by EVs a long distance to the
receipt cells, as EVs provide a shuttle for miRNAs to prevent
degradation during delivery. For example, hepatocyte-derived

exosomal miR-192-5p actives M1 macrophages by regulation of
Rictor/Akt/FoxO1 signaling in the progress of nonalcoholic fatty
liver disease (26). Furthermore, different species tend to have
distinct miRNA families carried in EVs (27). In the present
study, we identified several miRNAs capsuled into EVs. Valadi
et al. (28) showed that miRNAs of EVs were selective rather
than randomly packed although the mechanisms remain unclear
(29). In the present study, we found that the expression profiles
of miRNAs in EVs were significantly different when it was com-
pared with the files of miRNAs in adult worm bodies. Of these
miRNAs, Csi-let-7a-5p was one of the highest enriched miR-
NAs in CsEVs (almost eight times), which suggested that Csi-
let-7a-5p may play a role in communication between host cells
and worms.

To better elucidate the roles of Csi-let-7a-5p packed by
CsEVs in host–worm communication, we used Csi-let-7a-5p
mimic to identify the targets and the roles in the activation of
macrophages. It has been demonstrated that SOCS1 is the tar-
get of let-7-5p, and SOCS1 is a key negative regulator of
NF-κB that transduced signaling to produce proinflammatory
cytokines (20). Similar to these studies, we found that Csi-let-
7a-5p mimic targeted at SOCS1 and inhibited the expression of
SOCS1, thereby releasing the depression of NF-κB activation
and promoting the expression of proinflammatory cytokines.
Moreover, we also demonstrated that Clec7a (encoding the pro-
tein Dectin-1) was another target of Csi-let-7a-5p using a dual-
luciferase activity assay. Dectin-1 is a signaling non–Toll-like
receptor (TLR) pattern-recognition receptor and it has been
reported that Dectin-1–mediated ERK signaling pathway

Fig. 7. Inhibition of Csi-let-7a-5p packaged by CsEVs inhibited the hepatic inflammation via targeting at SOCS1 and Dectin-1–mediated NF-κB signaling
pathway. (A) The proportions of CD68+CD86+ macrophages (M1-like, the yellow arrows) in the livers of mice that were hydrodynamically injected (intra-
venouisly) with scrambled-CsEVs (0.5 mg/mL, ∼100 μL) or inhibitor-CsEVs (0.5 mg/mL, ∼100 μL) as determined by immunofluorescence assay. (B) ELISA data
showed the production of IL-6 and TNF-α in the homogenate of liver from these mice. (C) The relative expression of Tnfa, Il6, Il1b, and Nos2 mRNAs in
the livers from these mice. (D) The relative expression of Socs1 and Clec7a mRNAs in the liver from the mice intravenously injected with PBS (100 μL),
CsEVs, scrambled-CsEVs or inhibitor-CsEVs (all 0.5 mg/mL, ∼100 μL). (E) The protein levels of SOCS1, Dectin-1, and P-p65 in the livers from the mice intrave-
nously injected with PBS (100 μL), CsEVs, scrambled-CsEVs or inhibitor-CsEVs (all 0.5 mg/mL, ∼100 μL). The values were expressed as mean 6 SEM. Com-
pared with indicated groups, *P < 0.05, **P < 0.01, ***P < 0.001.
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induced the expression of SOCS1 in macrophages, leading to an
inhibition of NF-κB activation and the decreased transcripts of
the proinflammatory cytokines (such as TNF-α and IL-6) (30,
31). In agreement with these observations, we found that Csi-let-
7a-5p mimic inhibited the expression of SOCS1 and further
increased the activation of NF-κB. However, let-7 showed multi-
ple roles by targeting different genes in biliary injuries; for exam-
ple, a recent study suggested that let-7 contained by EVs from
liver stem cells ameliorated ductular reaction in Mdr2�/� mouse
by the regulation of NF-κB and IL-13 signaling pathways (32).
Another study showed that inhibition of let-7 (sponging the let-7
miRNA) by lncRNAs-H19 increased the expression of HMGA2
to enhance the proliferation of cholangiocytes and aggravate cho-
lestatic liver injury (33). The controversy between our present
observations and these studies may reflect the complex roles of
let-7 in different conditions of cell types and diseases (34, 35).

RNAi has been demonstrated as an efficient and key tool for
the manipulation of genes with target-specificity in the worm
bodies (18, 36, 37). McVeigh et al. (18) employed RNAi to
knock down FheCatB in Juvenile Fasciola spp.; they found that
the transcript of FheCatB was silenced as early as 4 h and it can
persist more than 25 d after starting soaking of double-
stranded RNA. Therefore, we gene-silenced Csi-let-7a-5p in
worm-bodies using siRNA via soaking and prepared CsEVs
from these manipulated worms. It was found that the expres-
sion of Csi-let-7a-5p was significantly decreased both in worms
and CsEVs that were treated with antisense of Csi-let-7a-5p
(about 70% decreased, compared with scramble or PBS con-
trol), suggesting that Csi-let-7a-5p were successfully inhibited.
Furthermore, we also observed the survival and vitality of adult
C. sinensis cultured in the medium dynamically, it seems that
the protocols used for RNAi had no potential impacts on the
viability or behavior of adult C. sinensis (SI Appendix, Fig. S4),
which was consistent with the observation of McVeigh et al.
(18). Thus, we concluded that the decrease in the expression of
Csi-let-7a-5p caused by siRNA was not due to the toxicity of
siRNA to worms because the worms were still active and the
eggs were persistently excreted by the worms (excreted a large
number of eggs during treatment) during the whole experiment
(SI Appendix, Fig. S4).

Consistent with the data above, the inhibitory effects of
Csi-let-7a-5p on the Clec 7a and Socs1 were dismissed by

CsEVs with anti–Csi-let-7a-5p; accordingly, we found that
CsEVs from Csi-let-7a-5p-decreased worms (Csi-let-7a-5p
-inhibited CsEVs, with the aberrant Csi-let-7a-5p) signifi-
cantly depressed the levels of IL-6, TNF-α, and IL-1β that
were augmented by CsEVs from medium or scramble-
treated worms in both in vivo and in vitro studies. Further-
more, we also confirmed that intravenous injection of
Csi-let-7a-5p–inhibited CsEVs abated the biliary injuries in
mice; in contrast, the biliary injuries caused by scramble-
CsEVs remained unchanged, compared with those induced
by normal CsEVs. Taken together, these data suggested that
knockdown of Csi-let-7a-5p in CsEVs relieved the biliary
inflammation and induced an amelioration of biliary inju-
ries. However, although we found that Csi-let-7a-5p deliv-
ered by CsEVs can promote M1-like activation, it should be
noted that other molecules, such as lipid-protein, long-non-
coding RNAs in CsEVs, may also activate the proinflamma-
tory phenotype of macrophages, which are not excluded.

In conclusion, our study represents a report that Csi-let-7a-
5p delivered by CsEVs endows a proinflammatory hepatic
microenvironment to aggravate biliary injuries by regulating
Socs1 and Clec7a-mediated NF-κB signaling pathway, which
provides a mechanism contributing to biliary injuries caused by
C. sinensis.

Data Availability. All of the raw data of two small RNA sequencing were
deposited in the NCBI GEO, https://www.ncbi.nlm.nih.gov/geo/ (access no.
GSE137695). All other study data are included in the article and SI Appendix.

ACKNOWLEDGMENTS. We thank Prof. Hong-Yan Dong, Zhi-Wei Liu, and
Qing-Li Huang, Public Experimental Research Center, Xuzhou Medical
University, for their assistance in electron microscopy analysis. This study
was in part, supported by National Natural Science Foundation of China
Grants 81572019, 82172297 (to K.-Y.Z.), 81702027 (to Q.Y.), and
31302077 (to C.Y.); Natural Science Foundation of Jiangsu Province of
China Grants BK BK20211346 (to C.Y.) and BK20201011 (to B.-B.Z.); China
Postdoctoral Science Foundation Grant 2018M640525 (to C.Y.); Qian Lan
Project of Jiangsu Province (to C.Y.); Jiangsu Planned Projects for Post-
doctoral Research Funds 2018K053B (to C.Y.) and RC7062005 (to B.-B.Z.);
starting grants for young scientist of Xuzhou Medical University
D2019040 (to B.-B.Z.); Priority Academic Program Development of
Jiangsu Higher Education Institutions of China (to K.-Y.Z.); and Graduate
research project of Jiangsu Province Grant KYCX20-2468 (to J.L.). The fun-
ders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Fig. 8. A schematic model shows that Csi-let-7a-5p delivered by CsEVs from C. sinensis aggravates biliary injuries.
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