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vesicles deliver miR-142a-3p induces neutrophil
extracellular traps via targeting WASL to block the
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Schistosomiasis is an important neglected tropical disease. In-
teractions between the host immune system and schistosomes
are complex. Neutrophils contribute to clearance of large path-
ogens primarily by releasing neutrophil extracellular traps
(NETs). However, the functional role of NETs in clearing schis-
tosomes remains unclear. Herein, we report that extracellular
vesicles (EVs) derived from the liver of Schistosoma japoni-
cum-infected mice (IL-EVs) induce NET release by delivering
miR-142a-3p to target WASL and block the development of
S. japonicum. WASL knockout accelerated the formation of
NETs that blocked further development of S. japonicum.
miR-142a-3p and NETs upregulated the expression of CCL2,
which recruits macrophages that block S. japonicum develop-
ment. However, S. japonicum inhibited NET formation in
wild-type mice by upregulating host interleukin-10 (IL-10)
expression. In contrast, in WASL knockout mice, IL-10 expres-
sion was downregulated, and S. japonicum-mediated inhibition
of NET formation was significantly reduced. IL-EV-mediated
induction of NET formation is thus an anti-schistosome
response that can be counteracted by S. japonicum. These find-
ings suggest that IL-EV-mediated induction of NET formation
plays a key role in schistosome infection and thatWASL is a po-
tential therapeutic target in schistosomiasis and other infec-
tious diseases.
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INTRODUCTION
Schistosomiasis is a neglected tropical disease that affects 240
million people globally and causes 250,000 deaths annually.1,2 Fe-
male Schistosoma japonicum worms live in the mesenteric veins
of host organisms and produce numerous eggs, many of which
are transported to the liver. Highly immunogenic substances
released by these eggs elicit host immune responses, including gran-
ulomatous inflammation and fibrotic reactions. Schistosomes can
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flourish in the host despite the development of a pronounced im-
mune response. Unfortunately, no schistosomiasis vaccines are
available, and praziquantel is the only drug available for treatment.
Therefore, a better understanding of how the immune system re-
sponds to schistosomes may facilitate the development of effective
therapeutic strategies.

In schistosomiasis, schistosomes evoke responses from many im-
mune cells, including T helper cells, eosinophils, neutrophils, and
macrophages, and induce chemokine release.3 Neutrophils are the
most abundant innate immune effector cells and play a pivotal role
in eliminating invading pathogens.4 Neutrophils are also believed to
play an important role in S. japonicum granuloma formation.5 The
S. japonicum egg protein SjE16.7 recruits neutrophils and initiates in-
flammatory hepatic granuloma formation.6 In schistosomiasis caused
by S. japonicum, interferon-g contributes to neutrophil recruitment
and the granulomatous response.7 Neutrophils are rapidly recruited
to sites of infection and form the initial immunological barrier against
pathogens via phagocytosis,8 degranulation,9 and the formation of
neutrophil extracellular traps (NETs).10 NETs are large, extracellular,
web-like structures consisting of decondensed chromatin decorated
with immunostimulatory and microbicidal molecules.10–12 The
“stickiness” of NETs enables efficient entrapment of pathogens to
prevent further dissemination. Initial studies of NETs involved
tivecommons.org/licenses/by/4.0/).
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bacteria,11 fungi,13 and viruses.4 Neutrophil activation and NET
release via autophagy represent one of the primary immunological
defense mechanisms in severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection, and the resulting increased NETosis
can lead to sustained inflammation.14

More recent studies have described NETs in protozoan infections and
infections with some helminth parasites. In particular, one study
showed that the protozoan pathogen Toxoplasma gondii elicits the
formation of NETs, resulting in a subsequent decrease in T. gondii
viability.15 NETs drive inflammatory pathogenesis in malaria and
promote Plasmodium chabaudi sequestration in the organs.16 NETs
may also contribute to containment of Leishmania donovani promas-
tigotes, thereby facilitating their uptake by mononuclear phago-
cytes.17 Human neutrophils co-cultured with Strongyloides stercoralis
larvae induce the formation of NETs that ensnare the parasites and
facilitate larval killing by immune cells.18 Hookworms, however,
secrete a deoxyribonuclease that degrades NETs.19 Despite the above
observations, knowledge regarding NET formation in response to
parasites and the role of NETs in the resolution of parasitic diseases
remains limited. The presence of infiltrating neutrophils in
S. japonicum-induced granulomas was observed in a transcriptomic
study of hepatic granulomas.20 However, the role of neutrophils
and subsequently formed NETs in schistosome infections remains
poorly understood.

Extracellular vesicles (EVs) are defined as heterogeneous plasma
membrane vesicles that contain large quantities of proteins, lipids,
and nucleic acids, and function in the long-distance exchange of
biochemical information.21–24 Emerging evidence indicates that
EVs play an important role in host-parasite communication as well.
MicroRNAs (miRNAs) are a class of small, non-coding RNAs that
negatively regulate gene expression at the post-transcriptional or
translational levels via complementary binding to the 30 untranslated
region (UTR) of target mRNAs.25–28 Recent studies have shown that
EVs of Schistosoma species can carry miRNAs for specific communi-
cation with the host, and Zhu et al. showed that EVs derived from
S. japonicum eggs contain small RNAs.29 Meningher et al. showed
that EVs derived from Schistosoma mansoni worms contain miRNAs
that modulate host T helper cell differentiation.30 We previously
demonstrated that Sja-miR-71a in EVs derived from Schistosoma
eggs inhibits liver fibrosis in S. japonicum infection.31 However, little
is known about the role of host-derived EVs in infections with
Schistosoma.

In this study, we found that EVs derived from the liver of mice in-
fected with S. japonicum (IL-EVs) induce the formation of NETs.
The miRNA miR-142a-3p carried by IL-EVs plays a key role in
IL-EV-mediated induction of NET formation via targeting of
WASL. The resulting NETs block further development of
S. japonicum in infected mice and attenuate the pathological pro-
gression of infection. However, S. japonicum is capable of inhibiting
NET formation by upregulating the expression of interleukin-10
(IL-10).
RESULTS
IL-EVs induced NET formation

Released EVs were isolated from liver tissues of S. japonicum-infected
and uninfected mice at 56 days (Table S1). EVs were confirmed by
negative-staining transmission electron microscopy (TEM) as having
a diameter ranging from 50 to 150 nm and a characteristic cup-
shaped morphology (Figure 1A, arrows). Western blotting analysis
confirmed expression of the EV surface markers CD9, CD63, and
CD81 (Figure 1B). The size distribution profile of the EVs was exam-
ined by nanoparticle tracking analysis (NTA), which revealed peak
sizes of 84 nm (normal liver-derived EVs [NL-EVs]) and 75 nm
(IL-EVs) (Figure 1C).

A population of CD11b+Ly6G+ cells (neutrophils) surrounding the
S. japonicum granuloma was observed (Figure 1D), and NL-EVs
were internalized by neutrophils (Figure 1E). NETs, are released by
neutrophils and neutralize and kill bacteria, fungi, viruses, and para-
sites.10 Interestingly, IL-EVs (but not NL-EVs) induced significant
NET formation (Figure 1F). In addition, IL-EVs (but not NL-EVs)
promoted phorbol-12-myristate-13-acetate (PMA)-induced NET
formation (Figure 1G). Collectively, these data suggest that, during
infection with S. japonicum, host liver tissue secretes EVs to induce
the formation of NETs.
IL-EVs induced the formation of NETs via delivery of miR-142a-

3p

miRNAs are major components carried by EVs and play prominent
roles in regulating gene expression.32 We therefore assessed the
expression profiles of miRNAs in IL-EVs and NL-EVs (Figures S1A
and S1B). Compared with NL-EVs, miR-142a-3p levels were signifi-
cantly higher in IL-EVs (Table S2; Figure 2A). We then explored the
potential role of miR-142a-3p in IL-EV-mediated induction of NET
formation. Interestingly, miR-142a-3p induced significant NET for-
mation (Figures 2B and 2C). In addition, miR-142a-3p promoted
PMA-induced NET formation (Figure 2D). Furthermore, to assess
the role of miR-142a-3p in IL-EV-induced NET formation, we treated
cells with a miR-142a-3p inhibitor (chemically modified mature miR-
142a-3p complementary single chain) to reduce miR-142a-3p levels
in IL-EVs. IL-EV-mediated induction of NET formation decreased
significantly after inhibition of miR-142a-3p (Figures 2E and 2F).
Collectively, these results suggest that the induction of NET forma-
tion by IL-EVs is primarily mediated by the delivery of miR-142a-3p.
miR-142a-3p induced NET formation and blocked further

development of S. japonicum, thereby attenuating the

pathological progression of S. japonicum infection

To determine whether miR-142a-3p delivery by IL-EVs is involved in
the progression of schistosomiasis, HBAAV2/9-miR-142a-3p recom-
binant adeno-associated virus (rAAV) were constructed. Mice were
infected with S. japonicum and exposed to HBAAV2/9-miR-142a-
3p rAAV (Figure 3A). Liver sections reflected the highly hepatic
tropism of HBAAV2/9-miR-142a-3p (Figure S2). As shown in Fig-
ure 3B, the number of CD11b+Ly6G+ neutrophils surrounding the
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Figure 1. EVs derived from the liver of S. japonicum-infected mice (IL-EVs) induced the formation of NETs

(A) Normal liver-derived EVs (NL-EVs) and IL-EVs were purified and analyzed by negative-staining transmission electron microscopy. (B) Expression of EV surface markers

(CD9, CD63, CD81) was analyzed by western blotting. (C) EV particles were investigated using nanoparticle tracking analysis (NTA). (D) Neutrophils in liver sections were

examined for CD11b and Ly6G co-localization (n = 6 mice per group). (E) Neutrophils were incubated with PKH26-labeled NL-EVs, and EV internalization was examined

using laser scanning confocal microscopy. (F) Neutrophils were treated with PMA (500 nM, 4 h), NL-EVs (10 mg/mL, 24 h), or IL-EVs (10 mg/mL, 24 h), and neutrophil

extracellular traps (NETs) were observed using scanning electron microscopy (SEM). (G) Neutrophils were treated with PMA (500 nM, 4 h), NL-EVs (10 mg/mL, 24 h) + PMA

(500 nM, 4 h), or IL-EVs (10 mg/mL, 24 h) + PMA (500 nM, 4 h), and NETs were detected based on H3cit and MPO co-localization. (D) Unpaired two-sample t test. (F and G)

One-way ANOVA with Dunnett’s multiple comparison test.
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S. japonicum granuloma significantly increased after HBAAV2/9-
miR-142a-3p treatment. We then analyzed NET formation in the
liver of infected mice. As expected, NETs were observed in
S. japonicum granulomas (Figure S3), and a significant increase in
NET formation was observed in mice treated with HBAAV2/9-
miR-142a-3p (Figure 3C). Neutrophils were isolated from infected
mice using Percoll density gradient centrifugation and flow cytometry
(Figure S4) and then cultured in vitro for 24 h. NETs formed by these
neutrophils increased markedly after HBAAV2/9-miR-142a-3p
transfection (Figure 3D), and HBAAV2/9-miR-142a-3p promoted
PMA-induced NET formation (Figure 3E).

To obtain a better understanding of the effect of miR-142a-3p on
IL-EV-induced NET formation in the progression of schistosomi-
asis, characteristics of the worms were examined. As shown in Fig-
ure 4A, development of both male and female worms was blocked
by HBAAV2/9-miR-142a-3p treatment. Furthermore, worms
collected from mice treated with HBAAV2/9-miR-142a-3p were
significantly shorter in length than those obtained from mice treated
2094 Molecular Therapy Vol. 30 No 5 May 2022
with either PBS or HBAAV2/9 (Figure 4A). Furthermore, following
exposure to HBAAV2/9-miR-142a-3p, a significant decrease in egg
deposition in the liver was observed (Figure 4B). Hepatosplenome-
galy was markedly attenuated after HBAAV2/9-miR-142a-3p treat-
ment, and the liver and spleen indices declined significantly after
HBAAV2/9-miR-142a-3p treatment (Figures 4C and 4D). In addi-
tion, thymus atrophy caused by S. japonicum infection diminished
following HBAAV2/9-miR-142a-3p treatment (Figure 4E). Hema-
toxylin and eosin (H&E) staining of liver sections revealed that
the percent egg granuloma area and area of a single granuloma
declined significantly in the HBAAV2/9-miR-142a-3p-treated
groups compared with the PBS- and HBAAV2/9-treated groups
(Figures 4F and 4G). Masson’s trichrome staining of liver sections
showed significantly reduced collagen deposition in HBAAV2/9-
miR-142a-3p-treated mice (Figure S5A). Similarly, significantly
reduced expression of a-SMA and collagen I was observed in
HBAAV2/9-Sja-miR-71a-treated mice (Figures S5B and S5C). The
high expression of the inflammatory cytokines IL-1b, IL-23A, and
IL-33, and tumor necrosis factor alpha (TNF-a) associated with



Figure 2. IL-EVs induced the formation of NETs via the delivery of miR-142a-3p

(A) miR-142a-3p levels in EVs were determined using quantitative real-time polymerase chain reaction (qRT-PCR). (B) Neutrophils were treated with PMA (500 nM, 4 h) and

miR-142a-3p (50 nM, 24 h), and NETs were observed using SEM. (C) Neutrophils were treated with PMA (500 nM, 4 h) and miR-142a-3p (50 nM, 24 h), and NETs were

detected based on H3cit and MPO co-localization. (D) Neutrophils were treated with PMA (500 nM, 4 h) andmiR-142a-3p (50 nM, 24 h) + PMA (500 nM, 4 h), and NETs were

observed using SEM. (E and F) Neutrophils were treated with PMA (500 nM, 4 h), IL-EVs (10 mg/mL, 24 h), and IL-EVs (10 mg/mL, 24 h) +miR-142a-3p inhibitor (100 nM, 24 h),

and NETs were detected by immunohistochemistry and observed using SEM. (A) Unpaired two-sample t test. (C–F) One-way ANOVA with Dunnett’s multiple comparison

test.
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S. japonicum infection decreased significantly after HBAAV2/9-
miR-142a-3p treatment (Figures S6A–S6D).

Taken together, these results suggest that IL-EVs induce NET forma-
tion by delivering miR-142a-3p, which blocks further development of
S. japonicum and attenuates the pathological progression of
schistosomiasis.
miR-142a-3p induced NET formation via direct targeting of

WASL

To further evaluate the molecular mechanisms involved in miR-142a-
3p-mediated induction of NET formation, we identified genes directly
targeted and thereby controlled by miR-142a-3p. TargetScan was
used to predict potential miR-142a-3p targets. We found that expres-
sion ofWASL in the liver of S. japonicum-infected mice declined after
Molecular Therapy Vol. 30 No 5 May 2022 2095
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Figure 3. miR-142a-3p in IL-EVs induced NET formation

(A) Time schedule for parasite infection and intravenous injection of rAAV vectors or PBS and sample examination. (B) Neutrophils in liver sections were detected based on

CD11b and Ly6G co-localization (n = 6 mice per group). (C) NETs in liver sections were detected based on H3cit and MPO co-localization (n = 6 mice per group). (D)

Neutrophils were isolated from infected mice using Percoll density gradient centrifugation and flow cytometry, and cultured in vitro for 24 h. NETs were then detected based

on H3cit and MPO co-localization. (E) Neutrophils were isolated from infected mice and treated with PMA (500 nM) for 4 h and then detected based on H3cit and MPO co-

localization. Differences were analyzed using one-way ANOVA with Dunnett’s multiple comparison test.
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HBAAV2/9-miR-142a-3p treatment (Figure 5A). Furthermore, as
shown in Figure 5B, miR-142a-3p targeted four binding sites in the
30 UTR of WASL. To confirm WASL as a direct target of miR-
142a-3p, we generated a luciferase reporter plasmid containing the
30 UTR of WASL and flanking putative miR-142a-3p-binding sites
and a plasmidmutated miRNA binding sites. Dual-luciferase reporter
assay results revealed that, compared with normal control mimic-
transfected cells, cells transfected with miR-142a-3p mimic exhibited
significantly reduced luciferase activity of the WASL construct (Fig-
ure 5B). In contrast, the miR-142a-3p mimic had no effect on the
luciferase activity of the WASL construct with mutated miR-142a-
3p-binding sites (Figure 5B).

We analyzed the expression of neural Wiskott-Aldrich syndrome
protein (N-WASP, translated from WASL) in mouse liver. As ex-
pected, N-WASP expression was markedly downregulated in the
liver of mice treated with HBAAV2/9-miR-142a-3p compared with
control mice (Figures 5C and 5D). N-WASP expression was also
evaluated in neutrophils of infected mice. As shown in Figure 5E,
2096 Molecular Therapy Vol. 30 No 5 May 2022
neutrophil N-WASP expression was downregulated following
HBAAV2/9-miR-142a-3p treatment. In addition, to evaluate the
role of N-WASP in the miR-142a-3p-induced NET formation,
N-WASP expression was inhibited with Wiskostatin, which resulted
a significant increase in PMA-induced NET formation (Figures 5F
and 5G). Taken together, these findings indicate that miR-142a-3p in-
duces NET formation by directly targeting WASL.

WASL deletion accelerated NET formation and blocked further

development of S. japonicum

The key role of WASL in NET formation was examined using neutro-
phils isolated from wild-type (WT) and WASL�/� mice. Interestingly,
WASL deletion significantly accelerated NET formation compared
withWTmice (Figure 6A). In addition, PMA-induced NET formation
was greater in WASL�/� mice than WT mice (Figure 6B). Next, we
sought to gain a better understanding of miR-142a-3p-induced NET
formation by directly targeting WASL. Liver sections of WASL
knockout (WASL-KO) mice infected with S. japonicum exhibited a
significant increase in CD11b+Ly6G+ neutrophils surrounding



Figure 4. miR-142a-3p induced NET formation to block further development of S. japonicum and attenuated the pathological progression of

schistosomiasis

(A) Wormswere stained with hydrochloric carmine red to assess development and length. (B) Liver egg burden was determined after digesting liver tissue in 4%KOH (n = 8–9

mice per group). (C–E) Macroscopic appearance of the liver, spleen, and thymus and related indices (n = 8–11 mice per group). (F) Hematoxylin and eosin (H&E) staining of

liver sections. (G) Percent granulomatous area and area of a single granuloma were measured from H&E sections using Image Pro Plus 6.0 software (n = 9–11 mice per

group). Differences were analyzed using one-way ANOVA with Dunnett’s multiple comparison test.
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S. japonicum granulomas (Figure 6C). We then analyzed NET
formation in the liver of infected WASL-KO mice. As expected,
compared with WT mice, NET formation was significantly increased
in the liver of WASL-KO mice (Figure 6D). Neutrophils
were isolated from infected mice and cultured in vitro for 24 h, and
we observed a marked increase in NETs after WASL deletion (Fig-
ure 6E). WASL deletion promoted PMA-induced NET formation
(Figure 6F).

To further confirm that WASL deletion affects the progression of
schistosomiasis by promoting NET formation, characteristics of the
worms were examined. As shown in Figure 6G, after 4 weeks of
Molecular Therapy Vol. 30 No 5 May 2022 2097
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Figure 5. miR-142a-3p induced NET formation via direct targeting of WASL

(A) WASL mRNA expression was analyzed by qRT-PCR (n = 7–10 mice per group). (B) Wild-type and mutated m-WASL-30 untranslated regions (UTRs) were cloned into psi-

CHECK-2, and four predicted binding sites of miR-142a-3p were identified in the 30 UTR of the WASL gene; dual-luciferase reporter assay performed on HEK293T cells

transfected with WASL UTR reporter plasmid together with miR-142a-3pmimic or control mimic. (C and D) Expression of N-WASP (translated fromWASL) in mice livers was

analyzed by western blotting and immunohistochemistry (n = 6 mice per group). (E) Neutrophils of infected mice were isolated, and the expression of N-WASP was analyzed

by immunohistochemistry. (F and G) Neutrophils were treated with PMA (500 nM, 4 h) orWiskostatin (N-WASP inhibitor, 20 mM, 24 h) + PMA (500 nM, 4 h), and NET formation

was evaluated by SEM and immunohistochemistry. (A, C, and D–G) One-way ANOVA with Dunnett’s multiple comparison test. (B) Unpaired two-sample t test.
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S. japonicum infection, the body weight of WT mice decreased
dramatically, whereas the body weight of WASL-KO mice did not
change significantly compared with uninfected mice. We found that
worm development was blocked byWASL deletion. Worms collected
from WASL-KO mice were significantly shorter than those obtained
from WT mice (Figure 6H), and a significant decrease in egg deposi-
tion in the liver was observed inWASL-KOmice (Figure 6I). Further-
more, hepatomegaly was markedly attenuated in WASL-KO mice,
and the liver index was significantly reduced (Figure 6J). H&E stain-
ing of liver sections revealed that the percent egg granuloma area and
the area of a single granuloma were significantly reduced in WASL-
KO mice compared with WT mice (Figure 6K). Masson’s trichrome
staining of liver sections showed significantly reduced collagen depo-
sition in WASL-KO mice (Figure S7A), along with significantly
reduced expression of a-SMA and collagen I (Figure S7B). Taken
together, these data suggest that WASL deletion accelerates the for-
2098 Molecular Therapy Vol. 30 No 5 May 2022
mation of NETs, which then function to block further development
of S. japonicum.

miR-142a-3p and NETs upregulated CCL2 to recruit

macrophages to block further S. japonicum development

Macrophages contribute significantly to the immune response during
helminth infection. Alternatively activated macrophages are induced
early in the anti-helminth immune response.33 We observed
numerous macrophages adhering to the surface of S. japonicum
worms after HBAAV2/9-miR-142a-3p treatment (Figure 7A, ar-
rows). Furthermore, expression of CCL2, a potent chemotactic factor
for monocytes, was markedly upregulated after HBAAV2/9-miR-
142a-3p treatment (Figure 7B). In vitro experiments also revealed
that miR-142a-3p treatment significantly upregulated the expression
of CCL2 in macrophages (Figure 7C). In addition, NETs markedly
upregulated the expression of CCL2 in macrophages (Figure 7D).



Figure 6. WASL deletion accelerated NET formation and blocked further development of S. japonicum

(A) Neutrophils were cultured in vitro for 24 h, and NETs were observed by immunohistochemistry and SEM. (B) Neutrophils were treated with PMA (500 nM, 4 h), and NETs

were then observed by immunohistochemistry and SEM. (C) Observation of neutrophils in liver sections (n = 6mice per group). (D) NETs in liver sections were detected based

on H3cit and MPO co-localization (n = 6 mice per group). (E) Neutrophils were isolated fromWT and WASL knockout (WASL-KO) mice infected with S. japonicum (6 weeks)

and cultured in vitro for 24 h. NETs were then observed by immunohistochemistry and SEM. (F) Neutrophils were isolated from WT and WASL-KO mice infected with

S. japonicum (6 weeks) and treated with PMA (500 nM) for 4 h, after which NETs were observed by immunohistochemistry and SEM. (G) Body weight of mice was recorded

weekly (n = 5–12 mice per group). (H) Observation and measurement of S. japonicumworm length using SEM. (I) Determination of liver egg burden (n = 5–8 mice per group).

(J) Macroscopic appearance of the liver and liver index (n = 5–12mice per group). (K) The granulomatous area wasmeasured fromH&E sections (n = 5–7mice per group). (A–

F, H, I, and K) Unpaired two-sample t test. (G and J) One-way ANOVA with Dunnett’s multiple comparison test.
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Collectively, these data suggest that miR-142a-3p and NETs upregu-
late CCL2 expression to recruit macrophages to block further devel-
opment of S. japonicum.

S. japonicum inhibited NET formation by upregulating host IL-10

expression, whereas miR-142a-3p downregulated the

expression of IL-10 by targeting WASL

Although neutrophils are upregulated during S. japonicum infection,
the worms are not killed. We therefore hypothesized that
S. japonicum inhibits NET formation. Thus, we co-cultured
S. japonicum with PMA-stimulated neutrophils, and the results
confirmed our hypothesis that S. japonicum inhibits PMA-induced
NET formation (Figure 8A). Furthermore, as shown in Figures 8B
and 8C, both S. japonicum soluble worm antigenic preparation
(SWAP) and S. japonicum soluble eggs antigen (SEA) inhibited
PMA-induced NET formation.

S. japonicum also significantly upregulated the expression of IL-10 in
the host (Figures 8D and 8E). In in vitro experiments, SEA signifi-
cantly upregulated the expression of IL-10 in macrophages (Fig-
ure 8F), and PMA-induced NET formation was subsequently in-
hibited by IL-10 (Figures 8G and 8H). Interestingly, IL-EVs
Molecular Therapy Vol. 30 No 5 May 2022 2099
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Figure 7. miR-142a-3p and NETs upregulated CCL2

expression to recruit macrophages to block further

development of S. japonicum

(A) S. japonicumworms were collected from infected mice

and analyzed using SEM. (B) Expression of CCL2 in the

liver was analyzed by western blotting. (C) Macrophages

were treated with miR-142a-3p (50 nM, 24 h), and CCL2

expression was analyzed by qRT-PCR. (D) Macrophages

were treated with NETs (10 mg/mL, 24 h), and CCL2

expression was analyzed by western blotting. (B) One-

way ANOVA with Dunnett’s multiple comparison test. (C

and D) Unpaired two-sample t test.
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downregulated the expression of IL-10 in macrophages (Figure 8I).
Furthermore, in vivo experiments showed that IL-10 expression was
upregulated in the liver by S. japonicum but downregulated after
HBAAV2/9-miR-142a-3p treatment (Figures 8J and 8K). In addition,
miR-142a-3p significantly downregulated the expression of IL-10 in
macrophages in vitro (Figure 8L). To investigate whether miR-
142a-3p downregulates the expression of IL-10 by targeting WASL,
we determined the expression level of IL-10 in WASL-KO mice in-
fected with S. japonicum. IL-10 expression was significantly reduced
in WASL-KO mice compared with WT mice (Figures 8M and 8N).
Similarly, compared with the WT mice shown in Figures 8B and
8C, the inhibitory effects of SWAP and SEA on PMA-induced NET
formation in WASL-KO mice were significantly attenuated
(Figures 8O and 8P).

Collectively, these data suggest that S. japonicum inhibits NET forma-
tion by upregulating host IL-10 expression to escape the host immune
response, whereas miR-142a-3p contained in IL-EVs downregulates
the expression of IL-10 by targeting WASL.

DISCUSSION
In this study, we demonstrate that host EVs and EVs carrying miR-
142a-3p contribute to block further development of S. japonicum in
infected mice and attenuate the pathological progression of
2100 Molecular Therapy Vol. 30 No 5 May 2022
S. japonicum infection by inducing NET forma-
tion. Our data showed that IL-EVs contain high
levels of miR-142a-3p, which induces NET for-
mation by directly targeting WASL. WASL KO
accelerates the formation of NETs that block
further development of S. japonicum. In addi-
tion, miR-142a-3p and NETs upregulate CCL2
expression, leading to recruitment of macro-
phages that also block development of
S. japonicum. We also demonstrated that
S. japonicum inhibits NET formation by upre-
gulating host IL-10 expression, whereas miR-
142a-3p in IL-EVs downregulates the expres-
sion of IL-10 by targeting WASL (Figure 9).

The interactions between the host immune sys-
tem and schistosomes is complex. The host im-
mune system likely plays an important role in suppressing the enor-
mous reproductive potential of schistosomes.34 Immune responses
against schistosomes are important for the development of resis-
tance to reinfection.35 Granulomas are a collection of inflammatory
cells that include lymphocytes, eosinophils, macrophages, and neu-
trophils.35 Granulomas induced by S. japonicum are primarily
composed of neutrophils, whereas the core of hepatic granulomas
induced by S. mansoni is composed primarily of eosinophils.3 Hsü
et al. first reported that S. japonicum egg lesions induce a stronger
neutrophilic chemotaxis response than S. mansoni egg lesions.36

Neutrophils are recruited to the areas surrounding S. japonicum
eggs as early as 8 days post-deposition.37 In this study, we identified
a group of CD11b+Ly6G+ cells (neutrophils) surrounding granu-
lomas of S. japonicum. However, the role of neutrophils in schisto-
some infection is not fully understood. NETs, which are released by
neutrophils, are highly “sticky” and can capture bacteria,11,38

fungi,13 and viruses4 to prevent their dissemination. Studies of pa-
tients with coronavirus disease 2019 (COVID-19) have shown
that elevated levels of NET-specific markers (e.g., free DNA,
MPO, and H3cit) are strongly associated with total neutrophil
count.39 SARS-CoV-2-triggered NETs mediate the pathology of
COVID-19.40 NETs contribute to immunothrombosis in COVID-
19 acute respiratory distress syndrome.41 Targeting NETs may
therefore reduce the clinical severity of COVID-19.42



Figure 8. S. japonicum inhibited NET formation by upregulating host IL-10 expression, whereas miR-142a-3p in IL-EVs downregulated IL-10 expression

(A) S. japonicum worms were co-cultured with PMA-simulated (500 nM, 4 h) neutrophils (5 � 105 cells) using Transwells, and NETs were observed by SEM and immu-

nohistochemistry. (B and C) Neutrophils were treated with PMA (500 nM, 4 h), SWAP (10 mg/mL, 24 h) + PMA (500 nM, 4 h), or SEA (10 mg/mL, 24 h) + PMA (500 nM, 4 h), and

(legend continued on next page)
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A number of recent studies have reported the presence of NETs in in-
fections involving protozoans and a few helminth parasites, including
T. gondii,15 L. donovani,17 Plasmodium,43 S. stercoralis,18 and Hae-
monchus contortus.44 Chuah et al. reported observing NET-like struc-
tures surrounding S. japonicum eggs.20 Nevertheless, the role of NETs
in schistosome infection remains largely unknown.

Recent studies have also shown that EVs secreted from S. japonicum
play important roles in host-parasite communication.29–31 However,
little is known about the role of host-derived EVs in schistosome infec-
tion. We hypothesized that host-derived EVs also play important roles
in host-schistosome communication. Interestingly, we isolated EVs
from the liver of S. japonicum-infected mice (i.e., IL-EVs) by ultracen-
trifugation and found that they induce NET formation. Among the
different active components harbored by EVs, miRNAs are regarded
as essential to EVs function.45,46 To investigate the role of the key com-
ponents in IL-EVs that induce NET formation, we sequenced and
analyzed IL-EV miRNAs. Compared with NL-EVs, we found that
the expression of miR-142a-3p was significantly increased in IL-EVs.

miR-142-3p was originally described as a hematopoietic-specific
miRNA.47 Studies have indicated that miR-142-3p is required for he-
matopoietic development. In Xenopus, knockdown of miR-142-3p
impairs the specification of definitive hemangioblasts.48 Furthermore,
miR-142-3p plays a prominent role in CD25+CD4+ T cell prolifera-
tion by targeting the expression of glycoprotein A repetitions.49 In ze-
brafish and mice, miR-142-3p is specifically expressed in hematopoi-
etic stem cells, and knockdown of miR-142a-3p in zebrafish leads to a
reduced population of hematopoietic stem cells.50 In zebrafish, miR-
142-3p also acts as an essential modulator of neutrophil develop-
ment.51 However, no studies have demonstrated an association be-
tween miR-142-3p and NET formation. Interestingly, we found
that miR-142a-3p plays a key role in IL-EV-induced NET formation,
whereas IL-EV-induced NET formation is significantly decreased
following inhibition of miR-142a-3p.

Several studies have shown that N-WASP (encoded by theWasl gene)
plays an important role in B cell. The combined activity of N-WASP
and WASP is required for peripheral B cell development and func-
tion.52 For example, N-WASP is required for B cell-mediated autoim-
munity in Wiskott-Aldrich syndrome.53 Deletion of N-WASP and
WASP in B cells results in the production of IgM autoantibodies.54

However, the role of N-WASP in the development and function of
neutrophils remains unknown. We demonstrated that miR-142a-3p
NETs were observed by SEM and immunohistochemistry. (D and E) Expression of IL-1

blotting. (F) Macrophages were treated with SEA (10 mg/mL, 24 h), and IL-10 expression

h) or IL-10 (40 ng/mL, 24 h) + PMA (500 nM, 4 h), and NETs were observed by SEM and

mL, 24 h) used as a positive control, and expression of IL-10 was analyzed by qRT-PCR

per group) and western blotting. (L) Macrophages were treated with miR-142a-3p (50 n

Expression of IL-10 in mouse liver was analyzed by qRT-PCR (n = 5–8 mice per group)

PMA (500 nM, 4 h), SWAP (10 mg/mL, 24 h) + PMA (500 nM, 4 h), or SEA (10 mg/mL, 24 h

(A, D, E, F, and L) Unpaired two-sample t test. (B, C, G–K, and M–P) One-way ANOVA
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induces NET formation by directly targeting WASL, which blocks
further development of S. japonicum and attenuates the pathological
progression of S. japonicum infection. Consistent with these observa-
tions, we found that WASL deletion accelerates NET formation and
blocks the development of S. japonicum.

Macrophages contribute significantly to the immune response during
helminth infection. Indeed, alternatively activated macrophages
are induced early in the anti-helminth response.33 We observed
numerous macrophages adhering to the surface of worms after
HBAAV2/9-miR-142a-3p treatment. Expression of CCL2, a potent
chemotactic factor for monocytes,55 was markedly upregulated after
miR-142a-3p treatment, suggesting that miR-142a-3p and NETs up-
regulate CCL2 expression to recruit macrophages to block further
development of S. japonicum.

Hepatic fibrosis is one of the primary pathological features of schisto-
somiasis. Female S. japonicum worms produce eggs that are trans-
ported to the liver, and these eggs elicit host immune responses and
fibrotic reactions.56 The function of neutrophils varies in schisto-
some-induced fibrosis depending on when they are recruited and
their location in the granuloma.3 In this study, we found that IL-
EVs deliver miR-142a-3p to induce NET formation by targeting
WASL, thereby blocking further development of S. japonicum. This
causes egg deposition in the liver to decrease significantly, thereby
alleviating fibrosis. In schistosome infection, macrophages in the pe-
riphery of granulomas exhibit matrix-degrading properties, and they
may promote the recruitment of neutrophils.3 We found that miR-
142a-3p and NETs upregulate CCL2 expression to recruit macro-
phages and thereby block further development of S. japonicum and
alleviate host fibrosis.

The host immune system works toward killing schistosomes; accord-
ingly, schistosomes have developed immunoregulatory mechanisms
to counteract the host immune response and enable the schistosomes
to persist and complete their life cycle.57 Interestingly, we observed
that S. japonicum inhibited NET formation. Furthermore, both
SWAP and SEA also inhibited NET formation, which may explain
why neutrophils are upregulated during schistosome infection, but
the worms are not killed. However, the development of
S. japonicum was blocked after overexpression of miR-142a-3p, re-
sulting in the recruitment of large numbers of neutrophils and
inducing NET formation. These findings suggest that miR-142a-3p
may be an important target for preventing schistosome infection.
0 in liver tissues was analyzed by qRT-PCR (n = 5–8 mice per group) and western

was analyzed by qRT-PCR. (G and H) Neutrophils were treated with PMA (500 nM, 4

immunohistochemistry. (I) Macrophages were treated with IL-EVs, with IL-1b (20 ng/

. (J and K) Expression of IL-10 in the liver was analyzed by qRT-PCR (n = 7–16 mice

M, 24 h), and the expression of IL-10 was analyzed by western blotting. (M and N)

and western blotting. (O and P) Neutrophils from WASL-KO mice were treated with

) + PMA (500 nM, 4 h), and NETswere observed by immunohistochemistry and SEM.

with Dunnett’s multiple comparison test.



Figure 9. Host liver-derived EVs deliver miR-142a-3p, which induces NET

formation by targeting WASL to block further development of S. japonicum

NETs additionally upregulate CCL2 expression to recruit macrophages that also

block development of S. japonicum. Nevertheless, S. japonicum can inhibit NET

formation in wild-type mice by upregulating host IL-10 expression.
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Helminths produce numerous specialized molecules that alter the
host microenvironment and affect specific types of immune cells. Hel-
minth infection also induces elevated expression of immunosuppres-
sive cytokines, such as IL-10.58 A previous study showed that expres-
sion of IL-4 induced primarily by schistosome eggs in turn induces
IL-10 production by B cells.57 Our previous study found that Sj16,
a 16-kDa secreted protein of S. japonicum, significantly stimulates
IL-10 production in dendritic cells.59 The upregulation of IL-10 pro-
motes Treg cell development, shifting the host immune response to a
downregulated phenotype.57 We found that S. japonicum signifi-
cantly upregulates the expression of IL-10 in the host, which subse-
quently inhibits NET formation. The level of IL-10 was downregu-
lated after treatment with miR-142a-3p. IL-10 expression was
significantly decreased in WASL-KO mice, and the inhibitory effects
of SWAP and SEA on PMA-induced NET formation were signifi-
cantly diminished in WASL-KO mice. These data suggest that
S. japonicum inhibits NET formation by upregulating host IL-10
expression to escape the host immune response, whereas miR-142a-
3p downregulates the expression of IL-10 by directly targetingWASL.

Conclusion

In conclusion, we demonstrated that IL-EVs deliver miR-142a-3p to
induce the formation of NETs, which then block further development
of S. japonicum. However, S. japonicum counteracts this response by
upregulating host IL-10 expression. Our study enhances current un-
derstanding of the molecular mechanisms underlying Schistosoma-
host interactions. Our data indicate that miR-142a-3p and WASL
may be potential therapeutic targets for treating infectious diseases
such as schistosomiasis and COVID-19.

MATERIALS AND METHODS
Animals and ethics

Male BALB/c mice (6 weeks old) were purchased from the Guangdong
Medical LaboratoryAnimal Center, China.WASL geneKOmice (male,
6 weeks old, C57BL/6NCrl, Gene: WASL ENSMUSG00000031165)
were provided by Professor Yinmin Liang of Xinxiang University.
Mice were infected by percutaneous exposure to S. japonicum cercariae
shed from lab-infected snails (Oncomelania hupensis), which were pur-
chased from theNational Institute of Parasitic Diseases, Chinese Center
for Disease Control and Prevention. All procedures were approved by
the Animal Care and Use Committee of Sun-Yat-Sen University
(SYSU-IACUC-2020-B0063) and conformed to the Guidelines for the
Care andUse of Laboratory Animals of the National Institute of Health
in China.

EV purification and identification

To prepare liver-derived EVs, the livers were collected from normal
mice (n = 10) and infected mice (n = 10) at 56 days post-infection,
and the gallbladder, bile ducts, and large vessels were removed. Sin-
gle-cell (parenchymal cells and nonparenchymal cells) suspensions
were obtained by gentle grinding. Single cells were resuspended in
90% Percoll and centrifuged at 1,000 � g for 5 min to remove
dead-cell debris. The cells were maintained in RPMI-1640 culture
medium (1� 106 cells/mL, total of 60 mL/mouse). After 24 h, the cul-
ture supernatant was collected for further experiments. EVs were pu-
rified by differential centrifugation and identified by electron micro-
scopy, western blotting, and NTA. In brief, cell culture supernatants
were centrifuged at low speed (300 � g for 10 min at 4�C) in 15-mL
polypropylene tubes using a swinging-bucket rotor centrifuge (model
A-4-44 5804R Refrigerated Centrifuge, Eppendorf, Germany), and
the resulting supernatants were centrifuged at 2,000 � g for 10 min
at 4�C. These supernatants were transferred into 1.5-mL polypro-
pylene tubes (Eppendorf) using a micropipette and then centrifuged
at 10,000� g for 60 min at 4�C (fixed-angle rotor, angle of 45�, model
no. 3331, D-37520 Refrigerated Centrifuge, Thermo Electron Corpo-
ration, USA). The resulting supernatants were transferred to Quick-
Seal centrifuge tubes (Beckman Coulter, USA) and centrifuged at
120,000 � g for 90 min at 4�C in an Optima L-100xp ultracentrifuge
(swinging-bucket rotor, model SW40 Ti, Optima L-100xp, Beckman
Coulter). The resultant pellets (EVs) were diluted with PBS and
centrifuged again at 120,000 � g for 90 min at 4�C in an Optima
L-100xp ultracentrifuge (swinging-bucket rotor, model SW40 Ti, Op-
tima L-100xp, Beckman Coulter). Negative-staining TEMwas used to
analyze the EVs. EVs were loaded on a copper grid and negatively
stained with 3% (w/v) aqueous phosphotungstic acid for 1 min.
The grid was then examined using a FEI Tecnai G2 Sprit Twin
TEM (FEI, USA). Expression of the EV markers CD9, CD63, and
CD81 was analyzed by western blotting. EV particles were also
analyzed by NTA (NanoSight NS300, Malvern Instruments, UK) us-
ing a NanoSight NS300 instrument equipped with a sCMOS camera,
488-nm laser (blue), and NTA 3.3 Dev Build 3.3.30 software (number
of frames: 749).

Immunofluorescence analysis

Liver tissues were fixed in 4% neutral buffered formalin and
embedded in paraffin. The paraffin sections were deparaffinized by
baking and then dehydrated using xylene and ethanol. After blocking
with 1% bovine serum albumin (BSA) for 1 h, the sections were incu-
bated with anti-CD11b (1:100, BD Biosciences, USA), anti-Ly6G
(1:100; BD Biosciences), anti-H3cit (1:400; CST, USA), anti-MPO
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(1:100; Abcam, UK), and anti-N-WASP (1:100; Abcam) antibodies
overnight at 4�C. Cells were fixed in 4% paraformaldehyde for
25min at room temperature and then permeabilized with 0.2% Triton
X-100 in PBS for 10 min. The cells were blocked in PBS with 2% BSA
for 30 min at room temperature and then incubated with anti-H3Cit
(1:400; CST), anti-N-WASP (1:100; Abcam), or anti-MPO (1:100;
Abcam) antibodies overnight at 4�C. The sections and cells were
then incubated with the indicated Alexa Fluor-conjugated secondary
antibodies. DAPI was used to detect nuclei. Between all steps, samples
were washed three times in PBS for 5 min each. The sections were
visualized using an LSM 800 laser scanning confocal microscope
(Zeiss, Germany).

Neutrophil and macrophage isolation

The femurs and tibia of mice were excised, and cells within the bone
marrow were prepared as a single-cell suspension. Neutrophils were
isolated from the single-cell suspension using Percoll density gradient
centrifugation and identified and separated by positive selection for
CD11b+Ly6G+ cells by flow cytometry (BD Influx, USA). For macro-
phage isolation, cells within the bone marrow were cultured in
DMEM (Gibco, Germany) with 10% (v/v) fetal bovine serum and re-
combinant murine macrophage colony-stimulating factor (20 ng/mL,
PeproTech, USA). On the seventh day, bone marrow-derived macro-
phages were harvested. Neutrophils and macrophages were cultured
in a humidified, 5% CO2 incubator at 37�C.

Analysis of EVs uptake

EVs were incubated with PKH26 (Sigma-Aldrich, USA) for 5 min,
and staining was terminated by adding an equal volume of 1%
BSA. The liquid was then transferred to a Quick-Seal centrifuge
tube (Beckman Coulter) and centrifuged at 120,000 � g for 90 min
at 4�C in an Optima L-100xp ultracentrifuge (swinging-bucket rotor,
model SW60 Ti, Optima L-100xp, Beckman Coulter). The resultant
pellet (PKH26-labeled EVs) was resuspended with PBS and centri-
fuged again at 120,000 � g for 90 min at 4�C in an Optima
L-100xp ultracentrifuge (swinging-bucket rotor, model SW60 Ti, Op-
tima L-100xp, Beckman Coulter). Neutrophils were incubated with
PKH26-labeled EVs for 1 h, and the cells were analyzed using
confocal microscopy to evaluate EV internalization. Alexa Fluor phal-
loidin-FITC (CST) was used to label actin, and DAPI was used to
detect nuclei.

Scanning electron microscopy

Neutrophils were cultured on coverslips and treated as follows: PMA
(500 nM; NET-inducer) for 4 h, NL-EVs (10 mg/mL) for 24 h; IL-EVs
(10 mg/mL) for 24 h; S. japonicum SWAP (10 mg/mL) for 24 h;
S. japonicum SEA (10 mg/mL) for 24 h; miR-142a-3p mimic
(50 nM) for 24 h; Wiskostatin (N-WASP inhibitor, Abcam)
(20 mM) for 24 h; or IL-10 (40 ng/mL) for 24 h. Neutrophils and
S. japonicum worms were fixed in 2.5% glutaraldehyde overnight. Af-
ter fixation, the samples were washed with PBS before dehydration
using an ethanol gradient, followed by exchange of ethanol with
acetone and isoamyl acetate. The samples were critical point-dried
and coated with gold using an ion coater (E�102; Hitachi) and
2104 Molecular Therapy Vol. 30 No 5 May 2022
observed and photographed using an FEI Quanta 200 scanning elec-
tron microscope.
Small RNA sequencing and analysis

Small RNAs were sequenced and analyzed as described previously.31

In brief, total RNA was isolated from EVs and used as the input ma-
terial to generate the small RNA library. Following cluster generation,
the library preparations were sequenced on an Illumina HiSeq 2500
platform (Illumina, USA). After sequencing, the data were subjected
to preliminary analyses, including quality control analysis, compara-
tive analysis, target gene functional annotation, quantification of
miRNA expression levels, mRNA differential gene expression anal-
ysis, and Gene Ontology and Kyoto Encyclopedia of Genes and Ge-
nomes enrichment analyses.
RNA extraction and qRT-PCR

Expression of mRNAs was quantified using qRT-PCR. In brief, RNA
was extracted from cells by lysing 100 mg of mouse liver tissue and
cells (106 cells/sample) in TRIzol reagent (Invitrogen, USA) according
to the manufacturer’s instructions. The extracted RNA was then
quantified using a NanoDrop ND-2000 spectrophotometer (Thermo
Scientific, USA). Complementary DNA (cDNA) was synthesized
from 1.0 mg of total RNA using oligo (dT) primers and a Thermo Sci-
entific RevertAid First Strand cDNA synthesis kit (Thermo Scientific)
according to the manufacturer’s protocol. Expression of miR-142a-
3p, WASL, IL-10, CCL2, a-SMA, collagen I, IL-1b, IL-23A, and IL-
33 was analyzed using a SYBR Green Master Mix kit (Takara, Japan)
with the primers listed in Table 1. GAPDH or U6 snRNAwere used as
internal control, and the fold-change in expression was calculated ac-
cording to the 2�DDCT method.
rAAV vectors and transduction

The rAAVs HBAAV2/9-miR-142a-3p-green fluorescent protein
(GFP) and HBAAV2/9-GFP were purchased from Hanbio Biotech-
nology. Mice were injected via the tail vein with viral particles
(1.5 � 1011 v.g./mouse) 3 days after infection with S. japonicum.
GFP expression associated with HBAAV2/9 in the liver was observed
using fluorescence microscopy.
Histopathology and fibrosis measurement

The indexes of the liver, spleen, and thymus were calculated based on
the following formula: total weight of mouse liver or spleen or thymus
(mg)/total weight of mouse (g). The area of egg granulomas was
measured on H&E-stained tissue sections using Image Pro Plus 6.0
software. The area of each granuloma in H&E-stained sections was
measured. Liver tissues were weighed and digested overnight in 4%
potassium hydroxide, and released eggs were then counted. Worms
were fixed with 95% ethanol, 3% formalin, and 2% glacial acetic
acid and then stained with 2.5% hydrochloric carmine red (Merck)
for 1 h and preserved on glass slides. The worms were observed under
a stereomicroscope (Leica M205FA, Germany), and worm length was
calculated using the stereomicroscope (Leica M205FA). Fibrosis was
detected by staining liver sections with Masson’s trichrome.



Table 1. Primers used for qRT-PCR

Gene Forward (50-30) Reverse (50-30)

WASL TCCTTCTAGGCCTGGTGTTG CTGTGGACCCTGCCATAGAT

IL-10 AGTACAGCCGGGAAGACAAT TCTAGGAGCATGTGGCTCTG

CCL2 AACTGCATCTGCCCTAAGGT CTGTCACACTGGTCACTCCT

a-SMA CACAGCCCTGGTGTGCGACAAT TTGCTCTGGGCTTCATCCCCCA

Collagen I TCCTGCGCCTAATGTCCACCGA AAGCGACTGTTGCCTTCGCCTC

IL-1b CTCACAAGCAGAGCACAAGC TCCAGCCCATACTTTAGGAAGA

IL-23A ATGCTGGATTGCAGAGCAGTA ACGGGGCACATTATTTTTAGTCT

IL-33 ACACAGTCTCCTGCCTCCCT CCACACCGTCGCCTGATTGA

GAPDH (mouse) ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA

miR-142a-3p CTGTAGTGTTTCCTACTTTATG mRQ 30 Primer (Takara, Kyoto, Japan)

U6 Takara, Kyoto, Japan Takara, Kyoto, Japan
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Prediction of potential miR-142a-3p target genes and dual-

luciferase reporter assay

TargetScan was used to predict potential miR-142a-3p target genes.
Target genes were selected for further study by combining scores
and conserved binding sites in TargetScan. HEK293T cells were
transfected with reporter plasmids encoding the un-mutated or
mutated 30 UTR of WASL and with miR-142a-3p mimic or control
mimic for 48 h using RNAiMAX (Invitrogen). Luciferase assay re-
agent (Promega, USA) was added to the cells, and luciferase activity
was detected using an Infinite F500 Multimarker Analyzer (Tecan,
Austria). Luciferase activity was normalized to Renilla luciferase
activity.

Western blotting

Liver tissues, neutrophils, and macrophages were homogenized us-
ing RIPA lysis buffer in the presence of freshly added phosphatase
and protease inhibitors (Thermo Fisher Scientific, USA). Lysates
were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and the resolved proteins were transferred onto pol-
yvinylidene fluoride blotting membranes (GE Healthcare Life Sci-
ences, UK) and blocked using 5% skim milk. The membranes
were incubated with the following primary antibodies (overnight
at 4�C): anti-mouse N-WASP (1:1,000; Abcam), IL-10 (1:500; Pro-
teintech, China), CCL2 (1:500; Boster, China), a-SMA (1:1,000;
Abcam), collagen I (1:2,000; Proteintech), and TNF-a (1:1,000; Ab-
cam). GAPDH (1:5,000; Sigma-Aldrich, USA) and b-actin (1:5,000;
Sigma-Aldrich) were used as internal standards. Blots were incu-
bated with anti-IgG conjugated to horseradish peroxidase as the sec-
ondary antibody for 2 h at room temperature. The membranes were
visualized using an ECL western blotting detection system (Amer-
sham, USA).

Purification of NETs

Neutrophils were treated with 500 nM PMA for 4 h. The culture
supernatant containing NETs was centrifuged at 1,000 � g for
10 min at 4�C, and isolated NETs were used for subsequent
experiments.
Statistical analysis

Results are expressed as mean ± SD. Differences between two groups
were analyzed using unpaired two-sample t tests. Multiple compari-
sons between more than two groups were analyzed by one-way
ANOVA. p values < 0.05 were considered statistically significant.
Immunofluorescence and scanning electron microscopy data for
NETs were quantified using ImageJ software. Statistical analyses
were performed using GraphPad Prism 8.0.
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Figure S1. miRNAs of EVs derived from liver of S. japonicum–infected mice (IL-8 



2 

 

EVs) and normal liver–derived EVs (IL-EVs) were sequenced and analyzed. (A) 9 

Volcano diagrams of miRNAs derived from the comparative gene expression analyses. 10 

Red dots represent up-regulated miRNAs, and green dots represent down-regulated 11 

miRNAs. (B) Heat map analysis shows differentially expressed miRNAs. Bright 12 

green=low expression; bright red=high expression.  13 

 14 

Figure S2. HBAAV2/9-miR-142a-3p was constructed and successfully transfected 15 

into mice (HBAAV2/9 expresses GFP). HBAAV2/9-miR-142a-3p colonization in 16 

the liver was analyzed by fluorescence microscopy.  17 
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 18 

Figure S3. NETs were observed in the granulomas of S. japonicum. (A) Location 19 

of NETs in liver sections was observed based on H3cit and MPO co-localization. (B) 20 

Co-localization of H3cit, MPO, and α-SMA was observed by immunofluorescence. 21 

 22 
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 23 

Figure S4. Neutrophils were isolated using Percoll density gradient 24 

centrifugation and flow cytometry. 25 
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 26 

Figure S5. miR-142a-3p attenuated liver fibrosis in S. japonicum infection. (A) 27 

Fibrosis was observed in liver sections stained with Masson’s trichrome. (B) 28 

Expression levels of α-SMA and collagen I in mouse liver were analyzed by qRT-PCR 29 

(n=8-9 mice per group). (C) Expression levels of α-SMA and collagen I in mouse 30 

liver were analyzed by Western blotting. Results are shown as mean ± SD (one-way 31 

ANOVA with Dunnett’s multiple comparison test). 32 
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 33 

Figure S6. High expression of the inflammatory cytokines IL-1β (A), IL-23A (B), IL-34 

33 (C), and TNF-α (D) in liver tissues during S. japonicum infection decreased 35 

significantly after HBAAV2/9-miR-142a-3p treatment (n=7-12 mice per group). 36 

 37 

Figure S7. WASL-deletion attenuated liver fibrosis in S. japonicum infection. (A) 38 

Fibrosis was observed in liver sections stained with Masson’s trichrome. (B) 39 
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Expression levels of α-SMA and collagen I in mouse liver were analyzed by Western 40 

blotting. Results are shown as mean ± SD (one-way ANOVA with Dunnett’s multiple 41 

comparison test). 42 

Table S1. Particle characteristics and yield of NL-EVs and IL-EVs 43 

 NL-EVs IL-EVs 

Mice n=10 n=10 

Cell culture time of liver tissues 24 h 24 h 

Cell density (cells/mL) 1×106 1×106 

Particle concentration 

(particles/mL) 

9.72×1010 6.69×1010 

Protein concentration (mg/mL) 7.34 5.21 

Total volume of EVs (in PBS) 300 μL 400 μL 

 44 

Table S2. The top ten differentially-expressed miRNA (IL-EVs/NL-EVs). 45 

 46 

NO. miRNA  log2FC  regulated 

1 mmu-miR-142a-3p 7.753542806 Up 

2 mmu-miR-223-3p 7.615122837 Up 

3 mmu-miR-677-5p 7.006138383 Up 

4 mmu-miR-146b-5p 6.866236731 Up 

5 mmu-miR-186-5p 5.572362953 Up 

6 mmu-miR-132-3p 5.49367909 Up 

7 mmu-miR-350-3p 5.333210545 Up 
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8 mmu-miR-485-5p 5.322722633 Up 

9 mmu-miR-30b-5p 5.315091289 Up 

10 mmu-miR-221-3p 5.176670648 Up 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 
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WASL gene knockout mice 66 

Gene: ENSMUSG00000031165 67 

Description: Wiskott-Aldrich syndrome [Source:MGI Symbol;Acc:MGI:105059] 68 

Location: Chromosome X: 7,947,692-7,956,737 reverse strand. 69 

Primers’ sequences: “GGCCCTGGAGGACTTATTTC” and 70 

“AGCTCAGGGGGTCACTGATA” 71 

PCR products: WT (811 bp) and KO (~200 bp) 72 

PCR Reaction  

2×Taq Master Mix 7.5 µL 

Forward primers (10 µM) 0.3 µL 

Reverse primers (10 µM) 0.3 µL 

Genomic DNA (20 ng/µL) 1.0 µL 

Add H2O up to 15 µL 

 73 

PCR Program   

 

 

35 cycles 

94 °C 5 min 

94 °C 30 sec 

60 °C 30 sec 

72 °C 70 sec 

72 °C 10 min 

 74 

PCR products: WT (811 bp) and KO (~200 bp) 75 
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 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 
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Negative control for immunofluorescence 90 

 91 

Negative control for immunofluorescence 92 

Figure (A) Neutrophils were treated with PMA (500 nM, 4 h), and the non-specific 93 

staining effect of the secondary antibody was excluded by direct use of secondary 94 

antibody without adding primary antibody.  (B) The non-specific staining effect of the 95 

secondary antibody on liver slices was excluded by direct use of secondary antibody 96 

without adding primary antibody. 97 
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Uncropped western blotting 98 

Figure 1B 99 

 100 

Figure 5C 101 

 102 

Figure 7B 103 
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 104 
Figure 7D 105 

 106 

Figure 8E 107 

 108 

Figure 8K 109 



14 

 

 110 

Figure 8L 111 

 112 

Figure 8N 113 

 114 
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