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Abstract

Background Trichinella spiralis (T. spiralis) is a parasitic helminth that causes a globally prevalent neglected zoonotic
disease, and worms at different developmental stages (muscle larvae, adult worms, newborn larvae) induce immune
attack at different infection sites, causing serious harm to host health. Several innate immune cells release extracel-
lular traps (ETs) to entrap and kill most pathogens that invade the body. In response, some unicellular pathogens have
evolved a strategy to escape capture by ETs through the secretion of nucleases, but few related studies have investi-
gated multicellular helminths.

Results In the present study, we observed that ETs from neutrophils capture adult worms of T. spiralis, while ETs
from macrophages trap muscle larvae and newborn larvae, and ETs had a killing effect on parasites in vitro. To defend
against this immune attack, T. spiralis secretes plancitoxin-1, a DNase Il-like protein, to degrade ETs and escape cap-
ture, which is essential for the survival of T. spiralis in the host.

Conclusions In summary, these findings demonstrate that T. spiralis escapes ET-mediated capture by secreting deox-
yribonuclease as a potential conserved immune evasion mechanism, and plancitoxin-1 could be used as a potential

vaccine candidate.
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Background

Trichinellosis is a globally common disease caused by
the parasitic nematode Trichinella spiralis (T. spiralis),
a type of helminth that affects mammals, particularly
domestic pigs. Humans become infected by eating raw or
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undercooked meat containing infectious larvae (muscle
larvae, ML), which mature in the intestinal tract of the
host and embed into epithelial cells of the small intes-
tine, where females and males mate [1]. Newborn larvae
(NBL) are produced by female adults, invade the blood-
stream, reach muscle fibers, mature in muscles into ML,
and survive for a long time [1]. Although T spiralis has a
large impact on public health, there is currently no effec-
tive vaccine, which requires an improved understanding
of the host immune response and the immune evasion
mechanisms of T. spiralis.

The excretory/secretory (ES) products of T. spiralis
play an important role in invasion and immune evasion
at different developmental stages, especially proteases
such as serine protease [2], aspartic protease [3], and
cysteine protease [4]. Some protease inhibitors have also
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been discovered in the ES and have been proven to play a
role in invasion [5] and immune regulation [6]. In addi-
tion to proteases, the ES was also found to exhibit nucle-
ase activity as early as 1999, and the properties of the
nucleases are similar to those of DNase II [7], but their
role in the parasitic process of 7. spiralis remains unclear.

Many studies have found that innate immune cells,
such as neutrophils [8] and macrophages [9], can release
extracellular traps (ETs) to capture pathogens and thus
limit their spread in the host. Soon after the discovery of
ETs, some unicellular pathogens, such as bacteria [10—
14], fungi [15], and protozoa [16], were found to escape
capture by ETs through the secretion of nucleases. How-
ever, very few reports have investigated whether mul-
ticellular pathogens can trigger the release of ETs, and
whether multicellular pathogens secrete nucleases to
escape the capture of ETs is unclear. We hypothesize that
upon infection with T spiralis, the innate immune cells of
the host can also capture the pathogen by releasing ETs,
and the nuclease in T. spiralis ES will play a role in this
process by degrading ETs, evading capture, and acting as
a “weapon” to achieve parasitism.

Although many studies have attempted to identify
nucleases in the ES, the characteristics of these nucle-
ases have not yet been resolved. In further research,
many DNase II family proteins have been discovered, but
whether these proteins have nuclease activity remains
controversial [17]. Therefore, this study aimed to deter-
mine whether T. spiralis infection can stimulate innate
immune cells to release ETs, whether T. spiralis can
escape the capture of ETs by secreting nucleases, and
which components of ES exert nuclease activity. In this
study, we found that neutrophils and macrophages stim-
ulated by live T spiralis worms release ETs that capture
and kill the worms. Meanwhile, the role of plancitoxin-1

(See figure on next page.)
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in degrading the DNA scaffold of ETs was also elucidated,
demonstrating that multicellular pathogens take the same
approach as unicellular pathogens to escape ET capture
by releasing nucleases.

Results
T. spiralis induces the release of ETs
Although eosinophilia is a hallmark of parasitic infec-
tion, changes in neutrophil numbers cannot be ignored.
To examine the changes in neutrophils after 7. spiralis
infection, a blood analysis was performed in infected and
noninfected C57BL mice at different time points. The
results showed that the portion of neutrophils increased
significantly in mice infected with T. spiralis compared
with that in the controls (Fig. 1A). Similar results were
obtained for intestinal tissues in which Ly6G-positive
cells, a marker that could indicate an increase in the
neutrophil population, were increased in abundance in
infected mice compared with noninfected mice (Fig. 1B).

To investigate the function of enriched neutrophils
and to determine whether neutrophil extracellular traps
(NETs) can be released to capture 1. spiralis, polymor-
phonuclear neutrophils (PMNs) were isolated from
mouse bone marrow and identified by flow cytometry
and nuclear morphological observation. The flow cytom-
etry analysis results showed that Ly6G+CD11b+ cells
accounted for more than 85% of the total isolated cells
(Additional file 1: Fig. S1A shows a representative
example with a purity of 87.14%). Under a fluorescence
microscope, the cells with a lobular nucleus in each field
accounted for approximately 90% (Additional file 1: Fig.
S1B), which indicated that neutrophils were successfully
isolated with high purity.

Then, PMNs were cocultured with different develop-
mental stages in serum-free culture medium due to the

Fig. 1 Neutrophils release NETs in response to T. spiralis adults. A Neutrophil counts of mice at 0, 3, 7, 15, and 30 days after infection with 300
muscle larvae. Data (mean+ SD) were collected from two independent experiments (n =3 mice/time point), *** (P<0.001) in one way ANOVA
test. B Representative microphotographs showing Ly6G-immunopositive cells (corresponding to neutrophils, black arrows) in the small intestine
of control and infected mice at 3 dpi; scale bar: 20 um. Data (mean +SD) are representative of two independent experiments performed (n=3
mice/group), *** (P<0.001) in Student’s t test. C The components of NETs induced by adults of T. spiralis include histone 3 (H3), myeloperoxidase
(MPO), and neutrophil elastase (NE). Fifty adult worms were cocultured with 2x 10° PMNs in medium containing ATA for 3 h at 37 °Ciin 5% CO.,.
H3, MPO, and elastase were detected by immunofluorescence and are shown in red. The DNA scaffold of NETs and the nuclei of dead cells were
dyed green with SYTOX Green, and the nuclei of all cells were dyed blue with Hoechst 33,342. Scale bar, 40 um. D Live adults but not dead
worms induced NETs. Fifty live adults and 50 dead adults were cocultured with PMNs separately. The culture method and staining method were
the same as in C. NETs were dyed green, as shown in the white square. Scale bar, 80 um. Data in C and D were collected from two independent
experiments (n=3), and representative images are shown. E and F The NETs quantity increased with the number of adults (0, 10, 20, 40, 80 adults)
and the coculture time (0, 0.5, 1, 2, 4, 5 h) (with ATA in the medium). The results are the averages of three independent experiments (mean +SD,
*** p<0.001 in one-way ANOVA). G The DNA scaffold of NETs derived from both the nucleus and mitochondria. Fifty adult worms were cocultured
with 2% 10° PMNs in medium containing ATA for 3 h at 37 °C in 5% CO,. The culture supernatant and the total DNA of cells of the control group
and experimental group were used as templates. Marker genes of mouse nuclear genome genes (Rhoh, GAPDH, Actb, Fas) and mitochondrial
genome genes (Nd1, Cox1, Atp6, Cyb) were detected by PCR. Data were collected from two independent experiments (n=3), and representative

images are shown
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presence of deoxyribonuclease in serum [18]. When
live AD3 (adult worms obtained at 3 days postinfection)
were cocultured with PMNs, medium with or without
sufficient ATA (a powerful inhibitor of ribonuclease) (as
shown in Additional file 1: Fig. S1C, 25 uM ATA could
completely inhibit the nuclease activity of 10 ug AD3 ES)
was used since ES of adult worms has been reported to
have nuclease activity. ATA had no effect on cell viability,
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as determined by the CCK-8 assay (Additional file 1:
Fig. S1D). The results showed that there were almost no
spontaneously generated NETs when neutrophils were
cultured alone, and NETs were not induced after cocul-
tivation with live AD3, but NETs were formed when ATA
was added to inhibit nuclease activity (Additional file 1:
Fig. S1F), demonstrating that the 7. spiralis-secreted
nuclease affects the production of NETs. However, when
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muscle larvae and newborn larvae were cocultured with
PMNs by the same method, no NETs were produced with
or without ATA, PMA-induced NETs were even inhib-
ited, and these results were identical to those found by
Rios-Lopez AL et al. [19].

Next, we tested the components of NETs released by
PMN:s, and iconic biomolecules on NETs, such as H3,
MPO, and NE, were observed under a laser scanning
confocal microscope (Fig. 1C). After coculturing live and
dead worms (distinguished according to Additional file 1:
Fig. S1E) with PMNs separately, the results indicated that
live AD3 could induce PMNs to produce large amounts
of NETs (Fig. 1D), which could partially limit the move-
ment of the worms (Additional file 2: Video S1), whereas
dead adults failed to induce PMNs to produce NETSs
(Fig. 1D). To further identify whether the production of
NETs is caused by ES or by AD3 movement, transwell
plates that separate AD3 and neutrophils were used, and
the results showed that, on the premise of excluding the
influence of ATA, the components in the excretory and
secretory products of live worms were the important rea-
sons for the release of NETs (Additional file 1: Fig. S1G).

Subsequently, the quantity of NETs produced by PMNs
cocultured with different numbers of AD3 at different
time points was detected. The results showed that the
quantity of NETs increased with increases in the amount
of AD3 added to the plate compared with that of the con-
trol group without AD3 (Fig. 1E). In the experiment using
50 adult worms to stimulate PMNs for 5 h, we observed
that NETs were formed at 0.5 h, and the quantity of
NETs gradually increased over time (Fig. 1F). The results
proved that NETs formed in a time- and dose-dependent
manner.

To explore the source of the DNA scaffold of NETs
released by neutrophils exposed to AD3, the DNA
obtained from each group was used as a template, and
specific amplification primers for the nuclear genes Rhoh,
GAPDH, Actb, and Fas and mitochondrial genes Nd1,
Cox1, Atp6, and Cytb were used for PCR amplification.
The results showed that no components were amplified
in the culture supernatant of the negative control group,
and a total of eight gene fragments in the mitochondrial
and nuclear genomes of the PMN culture supernatant
of the experimental group were successfully amplified
(Fig. 1G), which suggested that the DNA components of
NETs induced by AD3 were derived from both nuclear
and mitochondrial DNA.

ETs release is not restricted to neutrophils but has also
been observed in macrophages/monocytes [9, 20]. Since
T. spiralis adults can induce the release of NETs from
neutrophils, it is also worth exploring whether other
developmental stages of this worm can induce the release
of METs from macrophages. To explore this issue, the
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macrophage cell line J774A.1 was cocultured with ML or
NBL using the same method as that used for PMNs, and
the results showed that live ML could also induce METs
release in medium containing ATA (Additional file 1:
Fig. SIH and Fig. 2A-B), and the same result was also
observed in NBL (Fig. 2C-D and Additional file 3: Video
S2). In summary, the three different developmental stages
of T. spiralis can all induce the release of ETs from innate
immune cells.

Parasiticidal effect is induced by ETs and ADCP in vitro

To investigate whether T. spiralis is killed by ETs pro-
duced in coculture medium containing ATA, parasite
survival was monitored over 12 h by microscopic obser-
vation of worm mobility and morphology. Overall, adult
worms were adversely affected by NETs within this time
frame, as significant differences in the number of surviv-
ing worms were observed between the exposed and non-
exposed groups (Fig. 2E). Additionally, there was also a
significant difference in the survival quantity of ML or
NBL cocultured with J774A.1 cells compared with that
of the controls (Fig. 2F-G). A restriction of worm motil-
ity caused by ET entrapment was observed (comparison
between Additional file 4: Video S3 and Additional file 5:
Video S4) in the meantime; therefore, we hypothesize
that ETs can not only kill parasites but also restrict the
spread of parasites in the host and recruit other immune
cells to the infection site to attack and kill the worms
in vivo.

In addition to the killing effect of METs, studies have
shown that antibody-dependent cellular phagocytosis
(ADCP) is a pivotal mechanism through which mac-
rophages defend against parasites [21] Therefore, anti-
T. spiralis serum was added to the coculture medium of
macrophages and T. spiralis to analyze the parasiticidal
effect. The results showed that the antiserum could medi-
ate ADCP (Fig. 3A-D and Additional file 6: Video S5),
although the worms were too large for the macrophages
to swallow them up, leading to an approximately 15%
killing efficiency against NBL and a relatively low killing
rate against ML (Fig. 3G). The NBL in the medium with-
out antiserum were not phagocytized by macrophages
(Fig. 3E-F), and it is precisely for this reason that NBL
cannot be fixed onto the coverslips, and very few NBL
can be observed under the scanning electron micro-
scope. ML are much larger than NBL, so all the ML were
washed off during sample preparation and cannot be
observed under a scanning electron microscope.

Excretory/secretory products of T. spiralis degrade NETs

ETs were shown to capture worms and then kill the
worms, but whether T spiralis can evade capture, as other
pathogens do by secreting nucleases, remains unclear. In
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Fig. 2 Macrophages can release METs, and ETs kill . spiralis in vitro. A and B Scanning electron micrographs obtained after a total of 400 newborn
larvae (NBL) cocultured with 1x10% J774A.1 cells in medium containing ATA for 3 h at 37 °Ciin 5% CO,. Scale bar, 30 um (A) and 5 um (B). Cand D
SEM micrographs obtained after 100 muscle larvae (ML) cocultured with 1x 10% J774A.1 cells in medium containing ATA for 3 h at 37 °Ciin 5%
CO,. Scale bar, 100 pum (C) and 30 pm (D). Data in A-D were collected from two independent experiments (n=3), and representative images are
shown. E Approximately 50 adults were cocultured with 2x 10° PMNs in medium containing ATA, and the surviving worms were counted after 6
and 12 h of cocultivation. Data were collected from two independent experiments (n=3) and analyzed by ANOVA. F and G Approximately 100 ML
(F) or 400 NBL (G) were cocultured with 1x 10% J774A.1 cells in medium containing ATA, and the surviving worms were counted after 24 and 48 h
of cocultivation. Data in E-G were collected from two independent experiments (n=3) and analyzed by one-way ANOVA. * (P<0.05), ** (P<0.01),

and *** (P<0.001) indicate a statistically significant difference

this study, we needed to observe the degradation process
of NETs in still pictures, so we used PMA instead of live
worms to induce the formation of NETs. AD3 ES was
added to the culture medium after the induction of NETs
by PMA. The NETs gradually decreased over time in the
medium without ATA (Fig. 4A—B), while no change in
NETs quantity was detected in the culture medium with
ATA (Additional file 1: Fig. S2A). The results showed that
AD3 ES exhibited the ability to degrade the DNA scaf-
fold of NETs, which confirmed the presence of nucle-
ases in the ES. Subsequently, AD3 ES and substrate DNA
(ADNA) were incubated to determine its nuclease activ-
ity, and 5 pg AD3 ES could significantly degrade 0.2 pg
ADNA (Additional file 1: Fig. S2B), so we used this dose
in the following experiments. Then, AD3 ES were incu-
bated with ADNA at different pH conditions with or with-
out metal ions, and agarose gel electrophoresis results

showed that AD3 ES exhibited nuclease activity under
acidic and neutral pH conditions and that the strongest
activity was at pH 5.0 (Fig. 4B). Without AD3 ES, \DNA
was not degraded under different pH conditions (Addi-
tional file 1: Fig. S2C). Additionally, the relative nucle-
ase activity of AD3 ES was detected by the absorbance
of substrate DNA at A260 nm, and the results showed
that the presence or absence of divalent metal ions Ca**/
Mg?" and EDTA did not affect the activity, which further
demonstrated that the nuclease in ES meets the typical
characteristics of DNase II (Fig. 4C). Moreover, ES col-
lected at the muscle larvae stage (ML ES) and newborn
larvae stage (NBL ES) also exhibited nuclease activ-
ity (Additional file 1: Fig. S3). In summary, our findings
indicate that the nuclease in ES belongs to the DNase 11
superfamily and can degrade the NETs backbone, thereby
facilitating the evasion of NETs capture.
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Fig. 3 The antibody-dependent cell-mediated phagocytosis effect of macrophages kills ML and NBL. A and B Scanning electron micrographs

of NBL-J774A.1 cocultivations. A total of 400 newborn larvae (NBL) were cocultured with 1x 10* J774A.1 cells with anti-T. spiralis serum in culture
medium for 3 h at 37 °Cin 5% CO,. Scale bar, 40 um (A) and 10 um (B). C and D Scanning electron micrographs of ML-J774A.1 cocultivations. One
hundred muscle larvae (ML) were cocultured with 1x10%J774A.1 cells with anti-T. spiralis serum for 3 h at 37 °C in 5% CO,. Scale bar, 200 um (C)
and 10 um (D). E and F Scanning electron micrographs of NBL-J774A.1 cocultivations. A total of 400 NBL were cocultured with 1x10.4 J774A.1 cells
without anti-T. spiralis serum in culture medium for 3 h at 37 °C in 5% CO,. Scale bar, 20 um (E) and 10 um (F). Data in A-F were collected from two
independent experiments (n=3), and the representative images are shown. G Killing efficiency statistics (mean+SD, n=3, **P<0.01 in two-tailed

Student’s t test)
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Fig. 4 Excretory/secretory products of adult worms obtained at 3 days post infection have nuclease activity to degrade NETs in vitro. A

Images of NETs induced by PMA after the addition of excretory/secretory products of adult worms obtained at 3 days post infection (AD3 ES)

in the cultivation at various time points. The DNA scaffold of NETs and the nuclei of dead cells were dyed green with SYTOX Green, and the nuclei
of all cells were dyed blue with Hoechst 33,342. AD3 ES showed DNase activity in a time-dependent manner. Scale bar, 40 um. Data were collected
from two independent experiments (n=3), and representative images are shown. B Quantification of NETs detected by PicoGreen in the samples
at 0 and 20 min in A. Data were collected from two independent experiments (n=3) and analyzed by Student’s t test. **** (P<0.0001) indicates

a statistically significant difference. C ADNA was detected by agarose gel electrophoresis after reacting with AD3 ES under different pH conditions,
and ADNA was most significantly degraded at pH 5. Data were collected from two independent experiments (n=3), and a representative image

is shown. D ADNA was detected by spectrophotometry after reacting with AD3 ES under different pH conditions with or without Ca**/Mg?*". The
absorbance of ADNA was highest at pH 5, and there was no significant difference with or without Ca?*/Mg.?* at each pH analyzed by Student's t

test. Data were collected from two independent experiments (n=3)

Plancitoxin-1 in ES exerts nuclease activity

To isolate and identify the nuclease protein from ES,
its molecular weight was determined by zymography,
and a DNase band was found between 35 and 45 kDa
(Fig. 5A). The band in this interval was excised and
analyzed by mass spectrometry. Several DNase II fam-
ily proteins detected by mass spectrometry and several
nuclease family proteins previously screened in our
lab were analyzed for enzyme activity domains, and all
the members have conserved DNase II domains (Addi-
tional file 1: Fig. S4A), but only plancitoxin-1 (7s-Pt-1)
(gene ID: XM_003370715; protein ID: XP_003370763)
has typical conserved enzymatic activity centers, which
contain three histidine residues. Moreover, the his-
tidine residue in the C-terminus is surrounded by a
highly conserved 5-mer peptide, DHSKW [22], which

has been proposed as the core catalytic center of most
DNase II family members [23] (Fig. 5B). Thus, we
speculated that Ts-Pt-1 exerts nuclease activity in AD3
ES instead of the other proteins that do not have core
catalytic centers. To verify this hypothesis, DNase II-8
(protein ID: AAY32323) and 75-Pt-1 were expressed
in CHO cells, and bovine DNase II expressed with
the same method was used as a control. We found
that recombinant DNase II-8 had no nuclease activ-
ity (Fig. 5C-D), whereas recombinant Ts-Pt-1 (r7s-
Pt-1) exhibited strong nuclease activity, although the
activity was inhibited by some divalent metal ions at
high concentrations (Fig. 5E), which confirmed our
speculation. We also demonstrated that the ML stage-
specific protein P43 (GenBank No. AAA30327.1) and
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Fig. 5 Identification of nuclease-active proteins in excretory/secretory products of adult worms obtained at 3 days post infection. A The protein
with nuclease activity in excretory/secretory products of adult worms obtained at 3 days post infection (AD3 ES) was between 35 and 45 kDa,
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cleaved by phosphatidase Il. Data were collected from two independent experiments (n=3). * (P <0.05) and *** (P<0.001) indicate a statistically
significant difference analyzed by one-way ANOVA test. H The mRNA levels of plancitoxin-1 were highest in the adult stage, as assessed by gPCR.
The ML group was regarded as 100%. The results are the averages of three independent experiments (mean + SD)
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the NBL stage-specific protein T314 (GenBank No.
AAK16519.1), which are in the T. spiralis DNase II fam-
ily with no typical conserved enzymatic activity centers,
exhibited no nuclease activity (Additional file 1: Fig.
S5). The optimal pH of r7s-Pt-1 was 5 (Fig. 5F), which is
the same as the optimal pH of ES. The identification of
the terminus of the enzymatic hydrolysates showed that
rTs-Pt-1 belongs to the DNase II family (Fig. 5G), and
its enzyme characteristics are consistent with those of
AD3 ES. Moreover, it was detected at all developmental
stages (Fig. 5H). Notably, when we cloned the Ts-Pt-1
gene, we found that the sequence in GenBank was not
complete due to the lack of the signal peptide, so we
corrected it and submitted the new sequence to Gen-
Bank (gene ID: MH820373.1; protein ID: QBK17306.1).
The conserved domain of the new sequence is shown
in Additional file 1: Fig. S4B. A BLAST search of NCBI
nonredundant protein sequences indicated that T75-
Pt-1 is conserved among nematodes, including Caeno-
rhabditis elegans, Brugia malayi, Toxocara canis, and
Ascaris suum. Other DNase II family proteins of T.
spiralis without a typical enzymatic active center are
in the same clade as those of Trichuris suis (Additional
file 1: Fig. S6).

Since a small amount of death in adult worms cannot
be avoided during the process of ES collection, we can-
not determine whether 7s-Pt-1 in ES comes from live
worm secretion or dead worm disintegration. Therefore,
we used ES harvested from approximately 10,000 adult
worms and crude proteins extracted from 30 adult worms
(approximately 30 deaths per 10,000 adults) in the ADNA
degradation experiment. The nuclease activity of the ES
was significantly better than that of the same amount
of crude extract (Additional file 1: Fig. S7A), indicating
that Ts-Pt-1 was secreted into the culture medium, not
derived from the disintegration of dead worms. In addi-
tion, we also performed Western blotting to detect the
reaction of r7s-Pt-1 with sera collected from T. spiralis-
infected mice and pigs. The results showed that r7s-Pt-1
underwent an immune reaction with positive sera but
not with negative sera, which proved that the protein can
be secreted into the host to elicit an immune response
(Additional file 1: Fig. S7B). Moreover, the immunofluo-
rescence results showed that 7s-Pt-1 was observed on the
teguments of adults after reaction with the anti-r7s-Pt-1
antibody (Additional file 1: Fig. S8), which was additional
evidence that plancitoxin-1 can be secreted.

A previous study reported that four monoclonal anti-
bodies to phenylalanine hydroxylase exerted different
effects on enzyme activity: two were inhibitory (62% and
11% inhibition, respectively), one was stimulatory (92%
stimulation), and the fourth had no effect on enzyme
activity [24]. To explore the effect of the anti-r7s-pt-1
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antibody on the nuclease activity of r7s-Pt-1, the rabbit
polyclonal antibody was collected, purified to remove
nuclease and coincubated with r7s-Pt-1 in vitro, and the
nuclease activity of r7s-Pt-1 was then tested. The results
showed that sufficient rabbit polyclonal antibody did not
completely inhibit the nuclease activity of r7s-Pt-1 (Addi-
tional file 1: Fig. S7D-F), and the inhibition efficiency
was approximately 53.35%. Since the enzymatic activity
of plancitoxin-1 in ES cannot be completely blocked by
an anti-r7s-pt-1 antibody, we consider that plancitoxin-1
contributes to the nuclease activity of ES but may not be
exclusively responsible for the activity.

Interference with the expression of plancitoxin-1 reduces
the nuclease activity of ES and the pathogenicity of T.
spiralis

As the antibody cannot completely inhibit nuclease
activity, we performed RNAi on the worm to inhibit
the expression and secretion of Ts-Pt-1, with the aim
of investigating the effect of expression change on ES
nuclease activity. The analysis of transfection by fluo-
rescence microscopy showed that fluorescence staining
was observed in ML after incubation with 2 uM FAM-
labeled control siRNA for 12 h. However, adult worms
were transfected with extremely low efficiency (Fig. 6A).
Therefore, we used ML to verify the effect of RNAi on
nuclease activity in subsequent experiments. Although
the protein expression level of Ts-Pt-1 in ML was lower
than that in adult worms, it was detected at all develop-
mental stages (Additional file 1: Fig. S7C), and this find-
ing served as one of the bases for focusing on ML for
RNAI. In this way, we could demonstrate the effect of Ts-
Pt-1 knockdown on invasion during the development of
infectious larvae into adults. The qPCR results showed
that the 75-Pt-1 gene expression level in ML treated with
2 uM of different siRNA interference sites (siRNA-86,
siRNA-290, and siRNA-920) was 74.6%, 45.1%, and 82.2%
of that found in the control group, respectively (Fig. 6B).
The Western blot results showed a similar inhibition of
the expression levels of the 7s-Pt-1 protein in ML treated
with 2 pM siRNA-86, siRNA-290, and siRNA-920 com-
pared with that in the PBS group (Fig. 6C). No significant
difference in interference efficiency was found among
1, 2, and 3 pM siRNA-290 (Fig. 6D). The abovemen-
tioned results confirm that RNAi can effectively inhibit
the transcription and expression of 7Ts-Pt-1. We then
selected siRNA-290, which exhibited the highest inhibi-
tion efficiency, to interfere with a large amount of ML
and collected the ES of the worms after interference. No
significant change was found in the activity of the worm
24 h after the interference (Fig. 6E), but the quantity of
NETs in the interference group was significantly larger
than that of the control group when cocultured with
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Fig. 6 Ts-Pt-1 exerts nuclease activity in excretory/secretory products and can be a potential vaccine candidate. A FAM-siRNA was successfully
transferred into muscle larvae (ML), and green fluorescence was observed in the intestinal tube of the worms. Scale bar, 100 um. gPCR (B)

and Western blot (C) analysis of relative Ts-Pt-1 expression levels after T. spiralis ML were transfected with two uM siRNA86, siRNA290, and siRNA920.
Data in B were collected from two independent experiments (n=3). * (P<0.05) and *** (P<0.001) indicate a statistically significant difference
analyzed by one-way ANOVA. D gPCR analysis of relative Ts-Pt-1 expression levels after T. spiralis ML were transfected with 1, 2, or 3 uM

SiRNA290. Data were collected from two independent experiments (n=3). *** (P<0.001) indicates a statistically significant difference analyzed

by one-way ANOVA. E Survival rate analysis of normal ML and Ts-Pt-1-RNAi-treated ML at 24 h after interference. Data were collected from two
independent experiments (n=6 wells) and analyzed by Student’s t test; ns indicates no significant difference. F The nuclease activity of ES derived
from Ts-Pt-1-RNAi-treated ML was weaker than that of the control larvae, as detected by agarose gel electrophoresis. G and H Neutrophil-depleted
mice were treated with anti-Ly6G mAb by intraperitoneal (i.p.) injection once a day—1,0, 1, 2, and 3. On day 0, neutrophil-depleted mice

and wild-type mice were infected with 200 normal ML or Ts-Pt-1-RNAi-treated ML. The number of adult worms collected from the intestine

was counted in each group (G), and the number of ML collected from muscle was counted in each group (H). Data were collected from two
independent experiments (n=6-8 mice/group) and analyzed by ANOVA; * (P<0.05), ** (P<0.01), and *** (P< 0.001) indicate a statistically significant
difference. I and J The number of adult worms was reduced by 27.73% in mice immunized with rTs-pt-1 compared with the control mice (I). The
number of ML was reduced by 40.37% in mice immunized with rTs-pt-1 compared with control mice (J). Data were collected from two independent
experiments (n=6-8 mice/group) and analyzed by students't test; ** (P<0.01) and *** (P<0.001) indicate a statistically significant difference

compared with the control groups

PMNs in medium without ATA (Additional file 1: Fig.
S9). The results from a nuclease activity analysis showed
that the nuclease activity of ES collected from worms

after interference was weaker than that found for the
same amount of normal ES (Fig. 6F).

To detect whether Ts-Pt-1 participates in the anti-neu-
trophil immune response in vivo and exerts an effect on
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pathogenicity, mice depleted of neutrophils were infected
with ML after treatment with siRNA-290, and the num-
bers of adults and ML were determined at 7 dpi and 35
dpi, respectively. The efficiency of cell depletion was con-
firmed by visualizing cellular recruitment in the small
intestine (Additional file 1: Fig. S10). The results showed
that the number of adult worms recovered from the
intestine of mice infected with ML after interference was
significantly lower than that of the control group, while
once neutrophils were depleted, the number of adult
worms increased significantly compared with the control
or the interference group (Fig. 6G). A similar result was
obtained for the number of ML (Fig. 6H), which proved
that plancitoxin-1 defense against the immune response
of neutrophils and that the reduction in the expression of
Ts-Pt-1 could reduce the pathogenicity of T. spiralis. The
above results jointly indicate that the reduction in 75-Pt-1
expression directly affects the nuclease activity of ES and
that plancitoxin-1 is an essential factor used by T. spiralis
to avoid ET capture.

Immunization with rTs-Pt-1 protects against infection

We further investigated the significance of r7s-Pt-1-spe-
cific antibodies in host protection against parasite infec-
tion in vivo. ICR mice were immunized three times with
His-tagged r7s-Pt-1 and Freund’s adjuvant. As expected,
compared with the adjuvant group, the groups vaccinated
with r7s-Pt-1 exhibited a 27.73% reduction in adult worm
burden and a 40.37% reduction in ML burden (Fig. 61-]),
which indicated that r7s-Pt-1-specific antibodies provide
protection against 7. spiralis infection and that planci-
toxin-1 can be used as a vaccine candidate.

Discussion

T. spiralis uses diverse mechanisms to escape host innate
immunity, and previous studies have mainly focused on
the regulation and suppression of the host immune sys-
tem [25]. However, other immune evasion mechanisms
are worth exploring, and the proteins involved in these
processes are likely to be important virulence factors that
can be explored as potential candidates for vaccine devel-
opment or novel therapies. Here, we reported that 7. spi-
ralis could evade capture by secreting nucleases that can
degrade the ET scaffold, and the protein exerting nucle-
ase activity in excretory—secretory (ES) products can be
considered a vaccine candidate.

ETs are high-concentration reticular DNA complexes
that are released by activated neutrophils and mac-
rophages in different ways. Many pathogens, including
bacteria such as Staphylococcus aureus, fungi such as
Candida albicans, viruses such as dengue virus and para-
sites, can stimulate neutrophils to produce NETs [26]. In
addition to neutrophils, macrophages, eosinophils, and
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mast cells have also been confirmed to release ETs [27].
To date, most studies on parasite-induced ET formation
have focused on parasitic protozoa, such as Plasmodium
falciparum [28, 29], Toxoplasma gondii [30], Leishmania
[31], Trypanosoma cruzi [32], Eimeria [33], and Neos-
pora [34]. In recent years, Strongyloides stercoralis [35],
Schistosoma japonicum [36), Nippostrongylus brasiliensis
[37], Dirofilaria immitis [38], hookworms [39], and Lito-
mosoides sigmodontis [40] have been reported to induce
ET release. Our findings provide new evidence support-
ing the notion that not only single-cell pathogens but
also multicellular pathogens can induce ET formation.
Bouchery et al. postulated that dead hookworms induce
the release of NETs [39], while we showed the opposite
results that only live worms could induce the release of
NETs with ATA in the culture medium, indicating that
certain components secreted by T. spiralis stimulated
immune cells to release NETs.

Studies have shown that the DNA scaffold of ETs
formed by neutrophils and mast cells is usually derived
from the nuclear genome [41, 42], and the DNA scaffold
of ETs formed by eosinophils is derived from the mito-
chondrial genome [43]. A subsequent study showed that
neutrophils pretreated with GM-CSF also release mito-
chondrial DNA after being stimulated by some chemi-
cal factors, such as LPS and C5a [44]. In our previous
research, we used mitochondrial probe labeling, PCR,
and fluorescence in situ hybridization to explore the
source of the DNA backbone on METs, and the results
showed that DNA from both mitochondria and the
nucleus can be detected on METs induced by Candida
albicans [20]. The above research results indicate the
existence of various formation mechanisms of ETs. In
this study, we examined the DNA skeleton components
of NETs induced by adult T. spiralis worms and found
that both nuclear DNA and mitochondrial DNA were
present, which provides additional evidence stimulating
further exploration of the formation mechanism of ETs.

The bactericidal effect of NETs is limited and even con-
troversial, depending on the pathogen, because some
pathogens express virulence factors to escape capture
via NETs [45]. Our results showed that ETs could par-
tially limit the motion of the parasite and kill T. spiralis
in vitro only when ATA was present. In comparison, the
killing effect of ETs on adults was weaker than that of
muscle larvae and newborn larvae, which may be due to
the large size and thick cuticle of adult worms. This find-
ing was consistent with the findings of Bouchery et al,,
who argued that NETs have a significant negative effect
on worm vitality. In addition to the killing effect of ETs,
macrophages exert antibody-dependent phagocyto-
sis (ADCP) in the presence of antiserum and showed a
slight killing effect on ML and NBL. Based on the above
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results, we speculate that neutrophils cooperate with
other immune cells to kill worms. Neutrophils restrict
the movement of worms and recruit other immune cells,
such as macrophages, to infection sites to kill worms
through ADCP or other methods.

Most pathogens can be captured by ETs, but some of
them have evolved different mechanisms to counter-
act ETs. For example, DNase has been found in some
gram-positive bacterial pathogens, such as Streptococ-
cus pyogenes, Staphylococcus aureus, and Streptococ-
cus pneumonia, and can be used to escape ETs capture
because it degrades the DNA scaffold of ETs [46]. Can-
dida albicans can escape from the trapping and killing of
NETs by secreting DNase [47]. For protozoa, it has been
reported that Leishmania infantum induces NETs release
and that promastigotes can escape NET-mediated killing
via 3’-nucleotidase/nuclease activity [16]. PfTatD exhibits
typical deoxyribonuclease activity and is likely utilized by
Plasmodium falciparum to counteract NETs [48]. NETSs
induced by Trypanosoma evansi and Trypanosoma bru-
cei could be hydrolyzed by native and recombinant TatD
DNases [49]. Hookworm was the first helminth reported
to use this strategy to evade capture by NETs [39]. Here,
we also confirmed the presence of nucleases in 7. spiralis
ES that can be employed to degrade NETs as a conserved
immune-evasion mechanism.

In addition to the direct degradation of NETs by
nucleases secreted by some pathogens, many pathogens
achieve immune escape by inhibiting the formation or
release of NETs. Studies have shown that type 2 dengue
virus (DENV-2) does not stimulate NETs production but
rather inhibits NETs production in vitro; HIV inhibits
ROS and NETs release by promoting IL-10 production
[50]. Fungi also have their own unique countermeasures,
and the surface hydrophobic protein RodA of Aspergil-
lus fumigatus conidia is immune-inert, reducing the pro-
duction of NETs and limiting the killing ability of NETs
against spores [51]. Schistosoma japonicum inhibited
NET formation in wild-type mice by upregulating host
interleukin-10 (IL-10) expression [52]. Uptake of EVs
derived from trophozoite-neutrophil coculture by neu-
trophils did not affect ROS production but instead caused
a greater delay in the onset of NETs release and in their
quantity [53]. ES antigens from T. spiralis inhibit NETs
release, since neutrophils incubated with these antigens
maintain a delobulated nucleus, without the release fiber
structures indicative of NETs [19]. Kobpornchai et al
found that NETs activated with PMA were dramatically
reduced when treated with serine protease inhibitor
derived from T. spiralis (TsSERP) [54]. T. spiralis secretes
calreticulin (TsCRT) binding to Clq also inhibited for-
mation of NETs [55]. In this study, T. spiralis from three
different developmental stages were cocultured with
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neutrophils and macrophages, but NETs were produced
only when neutrophils were cocultured with adults and
macrophages were cocultured with ML and NBL. L
Rios-Lopez et al. found that T. spiralis excretory—secre-
tory antigens inhibit the release of extracellular traps
from neutrophils [19]. Therefore, we suspect that NETs
cannot be produced in the presence of ATA because the
components in ES that inhibit the formation of NETSs act
more strongly than those that induce the release of NETs.
T. spiralis completes the life cycle in the same host, and
the immune cells encountered and the ES components
secreted are different at different developmental stages,
so it develops this complex immune escape strategy that
can not only degrade ETs by nuclease but also inhibit the
release of ETs. However, how these two strategies are bal-
anced in the host remains to be further explored.

To identify the nuclease components in the ES, zymog-
raphy and mass spectrometry were used, and nine DNase
II family proteins (excluding miscellaneous proteins)
were identified. In fact, compared with nucleases from
other species, including C. elegans, the DNase II fam-
ily proteins in T. spiralis are markedly expanded, with
an estimated 125 genes in the genome [56]. A histidine
residue that is surrounded by a highly conserved 5-mer
DHSKW [22] has been proposed as the core catalytic
center of most DNase II family members [23]. Of the 125
predicted genes and the 9 detected DNase II family pro-
teins in T. spiralis, only plancitoxin-1 (7s-Pt-1) possesses
one predicted active site involved in DNA cleavage and
is located in the C-terminus. During our identification
of the protein, we once obtained an inaccurate sequence,
which had no signal peptide [57]. Then, we corrected
the sequence through NCBI ORF finder, obtained an
accurate sequence with a signal peptide, and submit-
ted it to GenBank (1095 bp, GenBank accession no.
XM_003370715.1). In the present study, the DNase activ-
ity of one randomly selected protein that does not have
the typical enzyme active centers and the recombinant
Ts-Pt-1 protein (r7s-Pt-1) was examined, and the results
showed that only r7s-Pt-1 had nuclease activity. The
identification of the terminus of the enzymatic hydro-
lysates showed that r7s-Pt-1 belonged to DNase II, and
its enzyme characteristics were found to be consistent
with those of AD3 ES; thus, we speculated that the nucle-
ase in the ES is plancitoxin-1. Unicellular pathogens usu-
ally secrete DNase I to degrade NETs [10], resulting in a
strong cytokine storm that damages the host, while T. spi-
ralis, a well-adapted nematode parasite that has evolved
over thousands of years, uses DNase II to degrade NETs
to escape the host immune response, greatly alleviating
the inflammatory response of the host.

RNAI can reduce the expression of Ts-pt-1, weaken the
evasion of the neutrophil immune response, and reduce



Ding et al. BMC Biology =~ (2024) 22:158

the number of worms. When anti-Ly6G was injected
daily until 3 days after infection to deplete neutrophils,
the depletion effect was maintained until the end of the
intestinal phase, but because Ts-pt-1 resisted not only the
immune response of neutrophils but also the immune
response of macrophages, eosinophils, mast cells, and
other immune cells, only depletion of neutrophils did
not restore the RNAi-mediated decline in the number
of adult worms to normal levels. Moreover, the num-
ber of adult worms in the intestinal stage of T. spiralis
infection determines the number of newborn larvae and
muscle larvae. If the number of adult worms is reduced,
the number of newborn larvae will be reduced, and the
reduced newborn larvae will migrate to the muscle to
form cysts; correspondingly, the number of muscle larvae
will be reduced. Therefore, the number of adult worms in
the intestinal stage and the number of muscle larvae will
follow almost the same trend.

T. spiralis vaccines currently in development mainly
target some proteins with high reactogenicity, but the key
virulence factors of T. spiralis or the factors involved in
immune evasion are still unclear, which limits the devel-
opment of vaccines. In the present study, RNAi of 75-Pt-1
did not affect the viability of the worm or the ability to
induce NETs, but the pathogenicity of the worm after
interference decreased significantly, while the patho-
genicity was restored after neutrophil depletion, indi-
cating that 7s-Pt-1 is a key virulence factor involved in
defending the immune response of neutrophils in the
process of T. spiralis infection. Moreover, the results
from the immunoprotection assay indicated that 7s-Pt-1
is worthy of further exploration as a potential vaccine
candidate.

Conclusions

In conclusion, we discovered that neutrophils and mac-
rophages could release ETs to capture and kill T. spiralis.
However, plancitoxin-1, a DNase with biochemical fea-
tures similar to those of the DNase II family, was found
to be secreted by T. spiralis and can be exploited by the
parasite to escape ET capture. The expression of this
nuclease was found to be associated with parasite patho-
genicity, and the deoxyribonuclease can thus be used as
a potential candidate in T. spiralis vaccine development.

Methods

Animals, cell lines, and parasites

Female ICR mice (18-20 g), C57BL mice (aged
6—8 weeks), and Wistar rats (200 + 20 g) were purchased
from the Experimental Animal Centre of the College
of Basic Medical Sciences, Jilin University (Chang-
chun, China). All animals were maintained on standard
rodent chow with water supplied ad libitum under a 12-h
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light/12-h dark cycle during the experimental period. All
experiments were conducted according to the regulations
of the Administration of Affairs Concerning Experimen-
tal Animals in China. The procedure for animal experi-
ments was approved by the Institutional Animal Care and
Use Committee of Jilin University (permit no. 20170318).

The mouse mononuclear macrophage cell line J774A.1
was purchased from ATCC, and the cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Corn-
ing, USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, USA) and 1% antibiotic—antimycotic solu-
tion (Corning, USA) at 37 °C with 5% CO.,,.

The T spiralis isolate (ISS534) was obtained from a nat-
urally infected domestic pig in Henan Province in China
and maintained in rats [58].

Preparation of excretory-secretory (ES) products of worms
from three different developmental stages and crude
extract of adult worms

T. spiralis-infected rat muscles were digested using
an artificial digestion method to collect ML at 35 days
postinfection (dpi) [59]. Adult worms were obtained
from the rat intestine at 1, 3, and 6 dpi. Adult worms
obtained at 6 dpi were cultured in RPMI-1640 (Gibco,
USA) at 37 °C in 5% CO, for 18 h, and NBL were har-
vested [60]. All recovered worms were washed several
times with normal saline containing 1% penicillin/strep-
tomycin (Sigma—Aldrich, USA) to ensure that there was
no residual bacteria or endotoxin. The secreted products
of ML, adult worms, and NBL were prepared as previ-
ously described [59].

To exclude the leakage of nuclease proteins into ES due
to worm death, we collected ES from 10,000 adult worms
and crude extract from 30 live worms (the number was
consistent with that of worms dead during culture of
10,000 adult worms) to compare the nuclease activities.
The collection method of ES was consistent with the
above, and the collection method of crude extract was
as follows: after harvesting, washed adult worms were
placed into a 1.5-ml centrifuge tube, and 50 pl of PBS
containing PMSF (1 mM) was added to the tube. The
tube was placed on ice, and the worms were fully ground
with an electric tissue grinder. After centrifugation at
6000x g and 4 °C for 15 min, the supernatant was col-
lected and stored at — 80 °C until use.

Neutrophil count

Tail vein blood was collected from infected C57BL mice
(300 ML/mouse) at 0, 3, 7, 15, and 30 dpi. Approximately
100 pl of whole blood was added to an Eppendorf tube
containing 10 pl of the anticoagulant ACD-B. Within 5 h,
the blood was analyzed using a Hematology Coulter Ac.
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T Diff. (Beckman Coulter) equipped with a veterinary
card for the assessment of small animal blood.

A length of approximately 1 cm of duodenum approxi-
mately 1.5 cm from the pylorus of the mouse infected
by T. spiralis was taken from ICR mice at 3 dpi, fixed
with formalin, embedded in paraffin, and sliced with a
microtome. Tissue slices were deparaffinized and subse-
quently treated in sodium citrate buffer (pH 6.0) with a
500-W microwave oven for 12 min to improve antigen
retrieval. Then, the slices were treated with 3% hydro-
gen peroxide solution to block endogenous peroxidase
activity. Nonspecific binding was blocked via incubation
in PBS containing 5% normal goat serum for 30 min at
room temperature. Then, the sections were incubated
with an anti-Ly6G rabbit monoclonal antibody (1:2000
dilution; Abcam, UK) overnight at 4 °C. Subsequently, the
slices were washed with PBS and incubated with a perox-
idase-conjugated anti-rabbit secondary antibody (Beijing
Biosynthesis Biotechnology Co. Ltd., China) for 30 min
at room temperature, followed by 3,30-diaminobenzi-
dine (DAB) and hematoxylin staining. Images were cap-
tured using an Olympus BX53 fluorescence microscope
(Japan). The number of cells that were stained with the
primary antibody was counted in all the photographs by
three researchers who were blinded to the animal group-
ings, and the cell numbers were expressed as visible neu-
trophils per field.

Polymorphonuclear leukocyte (PMN) isolation

and identification

PMNs were isolated from the bone marrow of C57BL/6
mice. Briefly, the bone marrow cells were rinsed from the
femur and tibia, filtered, and then centrifuged at 400x g
for 10 min at room temperature (RT). The supernatant
was discarded, and the pellet was suspended in diluent
(cell concentration adjusted to 2x10%-1x10° cells/ml)
for use. The cell suspension was carefully layered on a
separation solution (Solarbio, China) and centrifuged at
500x g for 25 min at RT, and the milky white mononu-
clear cell layer was then isolated. Afterward, the PMNs
were washed twice (400X g, 10 min, RT), resuspended in
RPMI-1640 medium, counted in a Neubauer hemocy-
tometer chamber, and incubated at 37 °C in 5% CO, for
at least 30 min before experimental use.

The isolated PMNs were incubated with FITC-CD11b
(Abcam, UK) and PE-Ly6G (Abcam, UK) for 30 min at
4. °C in the dark to detect the cell purity. All washing steps
were performed in PBS. The cells were detected with
FACS (Beckman Coulter, USA), and the data were ana-
lyzed with FlowJo software (TreeStar Software, USA).
The nuclear morphology of PMNs was observed under
a fluorescence microscope after staining with Hoechst
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33342 (1:30,000; Sigma-—Aldrich, USA) for 10 min at
room temperature.

NET visualization by immunofluorescence analysis

PMNss (2 x 10°/well) were seeded on poly-L-lysine-treated
glass coverslips placed in 24-well plates or on bottom
chambers in transwell plates in serum-free RPMI-1640
medium without phenol red (Gibco, USA) and supple-
mented with 1% penicillin/streptomycin (Gibco, USA)
(this medium was used in all experiments related to
NETs in this study). After 1 h of stability, aurintricarbo-
xylic acid (ATA) (Sigma—Aldrich, USA) at a final concen-
tration of 25 uM was added or not to the medium, and
the cells were then cocultured with adult worms obtained
at 3 dpi (AD3) (live or heat-killed at 56°C for 30 min, 50
worms/well) for 3 h at 37 °C in 5% CO,. Dead worms do
not move and are in a stretching state, and the analysis
of worm killing was performed by blinded researchers.
For transwell plates, AD3 were added to the top well.
Subsequently, the samples were fixed in 4% paraformal-
dehyde (Merck, Germany) and maintained at 4 °C until
further use. The NET structures were visualized by
staining extracellular DNA with SYTOX Green (5 pM,
15 min; Invitrogen, USA). For the detection of histones,
myeloperoxidase (MPO), and neutrophil elastase (NE)
on NET structures, the following antibodies were used:
anti-histone H3 (ab61251, 1:100; Abcam, UK), anti-MPO
(ab9535, 1:100; Abcam, UK), and anti-NE (ab21595,
1:100; Abcam, UK). Briefly, the samples were washed
three times in PBS, blocked with 5% bovine serum albu-
min (Sigma—Aldrich, USA) at RT for 2 h and incubated
in antibody solutions overnight at 4 °C. The samples were
then washed three times with PBS, incubated in second-
ary antibody solutions (Alexa Fluor 555 goat anti-rabbit
IgG, 1: 1,000; Abcam, UK) for 2 h at RT, washed three
times in PBS, stained with SYTOX Green (5 uM; Inv-
itrogen, USA), and Hoechst 33,342 (1: 30,000; Sigma-—
Aldrich, USA) for 15 min at RT and mounted in antifade
buffer (Thermo Fisher Scientific, USA). Visualization was
achieved using an inverted Olympus IX81 fluorescence
microscope equipped with a digital camera (Olympus,
Japan).

To acquire videos, PMNs (2 x 10°/dish) were cocultured
with AD3 (50 worms/dish) in laser confocal microscopy
petri dishes under the same culture conditions. After
3 h of cocultivation, SYTOX Green and Hoechst 33,342
were added to the medium for 15 min, and images were
acquired with a laser scanning confocal microscope
(Olympus, Japan).

Scanning electron microscopy (SEM)
J774A.1 cells (1 x 10%/well) were cocultured with ML (100
larvae/well) or NBL (400 larvae/well) on poly-L-lysine
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(Sigma—Aldrich, USA)-precoated coverslips at 37 °C for
3 h with ATA at a final concentration of 25 uM in the cul-
ture medium. After incubation, the samples were fixed in
2.5% glutaraldehyde (Merck, Germany) overnight at 4 °C,
postfixed in 1% osmium tetroxide (Merck, Germany),
washed in distilled water, dehydrated, critical point dried
by CO, treatment, and sprayed with gold. The samples
were then examined with a scanning electron microscope
(Hitachi S-3400 N, Japan).

Quantification of extracellular DNA release from PMNs

PMNs (2% 10°, n=3 in duplicate) were seeded in 24-well
plates and cocultured with AD3 worms (10, 20, 40, or 80
worms/well) for 0.5, 1, 2, 4, and 5 h, and the cell culture
supernatant was then collected. The fluorescence value
of extracellular DNA in the supernatant released from
PMNs was measured with PicoGreen (Yeasen, China).
Briefly, 100 pl of supernatant from each sample was
placed in a 96-well plate, and 100 pl of PicoGreen detec-
tion reagent was then added to each well. The samples
were incubated for 2—-5 min at RT and protected from
light. The fluorescence values of each well were detected
in a fluorescence microplate reader (Bio-Tek, USA) with
excitation/emission wavelengths of 480 nm/520 nm.

Identification of the source of the DNA scaffold

PMNs (4x10° cells/well) were seeded in a 24-well cell
culture plate. Approximately 50 AD3 worms were added
to each well and cocultured with the PMNss for 3 h. After
cocultivation, the culture medium containing released
DNA was aspirated and centrifuged at 1200 X g for 5 min,
and the supernatant was collected to serve as a PCR
template. The culture supernatant of PMNs without any
stimulation was used as a negative template. The cells of
the negative control group were collected, and the total
DNA of the cells extracted with DNAzol reagent (Inv-
itrogen, USA) was used as a positive template. Primers
for the detection of mouse nuclear genome genes (Rhoh,
GAPDH, Actb, and Fas) and mitochondrial genome
genes (Nd1, Coxl, Atp6, and Cyb) were designed as
shown in Additional file 7: Table 1. PCR was carried out
in a 25-pl reaction system for 30 cycles of 94 °C for 30 s,
58 °C for 30 s, and 72 °C for 30 s. The PCR products were
run on 1% agarose gels.

Analysis of ET- or ADCP-mediated worm killing

PMNs (2x10°/well) were seeded in 24-well plates and
cocultured with AD3 worms (50 worms/well) for 18 h at
37 °C in 5% CO,. The reference samples were prepared
with an equal number of nonexposed AD3. Worm sur-
vival was determined microscopically based on the pres-
ence or absence of motility and the morphology of worms
(dead worms were in a stretching state). The method
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used for the cocultivation of J774A.1 and ML or NBL was
the same as that described above, with the exception that
mouse anti- 7. spiralis serum was added to the medium to
observe the worm-killing effect.

Detection of nuclease activity of AD3 ES

PMNs (1x10° cells) were seeded in a laser confo-
cal culture dish and incubated with 100 nM phorbol-
12-myristate-13-acetate (PMA; Sigma—Aldrich, USA) for
3 h to produce NETs. Hoechst 33,342 and SYTOX Green
were added to the dish for fluorescence staining, and
NETSs were observed under a laser confocal microscope.
The concentrated AD3 ES product was then added to
the dish at a final concentration of 1 pg/pl to determine
whether it would degrade the DNA scaffold structure of
NETs, and the samples were photographed at different
time points.

To detect the optimal pH value of the nuclease in
AD3 ES and to determine whether the nuclease activ-
ity depended on divalent metal ions, agarose gel elec-
trophoresis and spectrophotometry were performed.
For agarose gel electrophoresis, the 20-pl reaction sys-
tem consisted of 10 pl of reaction buffer with different
pH values (pH 4-10), 0.2 pg of ADNA (Sangon, China),
5 ug of AD3 ES, the absence or presence of 5 mM Ca**/
Mg?* or 1 mM EDTA, and sufficient ddH,O to obtain a
total volume of 20 pl. The mixture was vortexed, briefly
centrifuged and placed in a 37 °C water bath for 1 h. The
reaction product was then loaded onto a 1% agarose
gel and electrophoresed to observe the degradation of
the substrate DNA. For spectrophotometry, the above-
described 20-pl system was expanded to 100 ul. After
the reaction was completed, the samples were placed on
ice, and 100 ul of precooled 10% perchloric acid solu-
tion was added to terminate the reaction. The samples
were then centrifuged at 13,000 X g for 10 min at RT, the
supernatant was transferred to a 96-well plate, and the
absorbance at 260 nm was measured with a microplate
reader (Tecan Infinite 200, Switzerland). A line chart was
obtained by plotting the pH value on the abscissa and the
absorbance on the ordinate.

SDS-PAGE zymography and mass spectrometry

A modified method described by Detwiler and Macin-
tyre was used for SDS—PAGE zymography activity gels to
determine the molecular weight of the nuclease in AD3
ES [61]. Briefly, an SDS-PAGE gel containing 50 pg/ml
salmon sperm DNA (Sigma-Aldrich, USA) in the sepa-
ration gel (12%) but not in the concentration gel (4%)
was prepared. AD3 ES was incubated in loading buffer
without B-mercaptoethanol at 37 °C for 15 min and elec-
trophoresed at 4 °C. After electrophoresis, the gels were
shaken gently in 2.5% Triton X-100 (Sigma-Aldrich,



Ding et al. BMC Biology =~ (2024) 22:158

USA) at 4 °C for 30 min with 4 changes of buffer and
subsequently rinsed in 50 mM sodium acetate (pH 5.0)
reaction buffer. For the DNase reaction, the gels were
incubated at 37 °C for 36 h in reaction buffer. The gels
were stained with ethidium bromide, visualized with UV
light, and subsequently stained with Coomassie brilliant
blue.

The DNase bands were excised from SDS-PAGE
zymography gels and stored in ultrapure water. LC-MS/
MS was performed by ProtTech, Inc. (Phoenixville).
Briefly, the sample was cleaned by washing with water
and digested in-gel with trypsin in digestion buffer
(100 mM ammonium bicarbonate, pH 8.5). The peptides
were extracted with acetonitrile, completely dried, redis-
solved, and analyzed by NanoLC—ESI-MS/MS. The MS
data were used to search against the nonredundant pro-
tein database (NR database, NCBI) using the ProTech
ProtQuest software suite.

Cloning, expression, and enzyme characterization

of DNase 1I-8, P43, T314, and Ts-Pt-1

Total RNA from ML was extracted using a TRIzol RNA
extraction kit (Invitrogen, USA) and transcribed into
first-strand cDNA with a SuperScript II RT ¢cDNA syn-
thesis kit (Invitrogen, USA) according to the manu-
facturer’s instructions. The primers (Additional file 7:
Table 2) were used to amplify the DNase 11-8, P43, T314,
and Ts-Pt-1 genes from cDNA, and the target genes
were then cloned and inserted into the pcDNA 3.1/His
A vector (Invitrogen, USA). Recombinant proteins were
expressed after the plasmids were transfected into CHO
cells with Lipofectamine 2000 (Invitrogen, USA), and the
proteins were purified by affinity chromatography using
a His-Trap purification kit (GE, USA) according to the
manufacturer’s instructions.

The nuclease activity of recombinant proteins was
measured using the single radial enzyme-diffusion
(SRED) method as previously described [62]. Briefly,
10 pl of recombinant proteins (0.1 pg/pl) was dispensed
into a circular well in an agarose gel layer in which DNA
and ethidium bromide were uniformly distributed. A cir-
cular dark zone formed as the enzyme diffused radially
from the well into the gel and digested substrate DNA.
The methods used to analyze the optimal pH of r75-Pt-1
and to detect the effect of metal ions on nuclease activity
were the same as those used for AD3 ES.

To further confirm the enzymatic properties of r7s-
Pt-1, phosphodiesterase I or phosphodiesterase II was
added to 5 pg of enzymatic hydrolysates to continue the
degradation reaction. The reaction buffers of phospho-
diesterase I and phosphodiesterase II were 50 mM Tris—
HCI (pH 8.8) with 10 mM MgCl, and 50 mM sodium
phosphate (pH 6.5) with 10 mM MgCl,, respectively.
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After 30 min of incubation, perchloric acid was added to
terminate the reaction, and the absorbance of the super-
natant at 260 nm was measured after centrifugation.
An increase in absorbance compared with that of the
blank group indicated that the degradation reaction had
occurred. Cleavage by phosphodiesterase II but not by
phosphodiesterase I is a characteristic of DNase II enzy-
matic hydrolysates.

Real-time quantitative PCR (qPCR) analysis of Ts-Pt-1 gene
transcription

cDNA from adult worms, NBL, and ML (Normal
or siRNA-interfered) was obtained using the above-
described methods. The transcription levels of 7s-Pt-1
were evaluated with a forward primer (5-GAATAATAC
TGTCAACTGGAAT-3) and reverse primer (5-TTT
AGGAATGCTGTGAATTAG-3’). The target gene was
normalized to GAPDH (gene ID: AF452239) ampli-
fied with a forward primer (5-GCTCCTATGTTGGTT
ATGGG-3) and reverse primer (5-TTTGGGTTGCCG
TTGTAG-3’). qPCR was performed on an ABI Prism
7500 sequence detection instrument (Applied Biosys-
tems, USA). The relative expression of Ts-Pt-1 at dif-
ferent developmental stages was determined using the
2—2ACT method. Three independent experiments were
performed.

Western blot analysis of rTs-Pt-1

The r7s-Pt-1 were run on an SDS—-PAGE gel and ana-
lyzed by Western blot. Briefly, the protein was electro-
phoresed on 12% SDS—PAGE gels and then transferred
to 0.2-mm nitrocellulose membranes using the semi-dry
blotting system (Bio-Rad, CA, USA). The membranes
were cut into strips, blocked with 5% (W/V) skim milk
in Tris-buffered saline with 0.05% Tween 20 (TBST), and
incubated with serum (1:400) collected from T. spiralis-
infected pigs (10,000 ML/pig) and ICR mice (500 ML/
mouse) in our laboratory at 37 °C for 2 h. In addition,
normal pig and mouse serum were used as negative con-
trols. HRP-labeled goat anti-pig IgG (1:400) (Solarbio,
China) or HRP-labeled goat anti-mouse IgG (1: 6000)
(Abcam, UK) was used as the secondary antibody. After
washing, the strips were treated using an enhanced
chemiluminescence (ECL) kit (Thermo Fisher, USA).

The effect of antisera on the nuclease activity

of plancitoxin-1

Antisera against r7s-Pt-1 were produced in a rabbit
injected subcutaneously with approximately 500 pg of
purified r7s-Pt-1 mixed with complete Freund’s adjuvant
(ECA, Sigma, USA). Three additional booster injections
containing 250 pg of r7s-Pt-1 mixed with incomplete
Freund’s adjuvant (IFA, Sigma, USA) were injected
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intradermally at 2-week intervals. Antibodies from blood
serum were affinity purified using Protein A Sefinose
(Sangon, China) according to the manufacturer’s instruc-
tions. The affinity-purified antibodies were added to the
nuclease reaction system to detect their effect on the
nuclease activity of plancitoxin-1.

Immunolocalization

Slices of T. spiralis adults were prepared as described
above. Whole worms and duodenum sections were
immersed in fixative solution (3.7% formaldehyde for
10 min, cold 100% MeOH for 5 min) and permeabi-
lized by incubation in PBS containing 1% Triton X-100
for 5 min. All the samples were blocked with 3% BSA in
PBST (PBS containing 0.1% Triton X-100) and then incu-
bated with a rabbit anti-r7s-Pt-1 polyclonal antibody at
4 °C overnight. Following three washes in PBST, the sam-
ples were incubated with an Alexa Fluor 594-labeled goat
anti-rabbit IgG fluorescent antibody (Invitrogen, USA)
at room temperature for 1 h. The samples were washed
three times in PBST, stained with Hoechst 33,342 (Invit-
rogen, USA) for 10 min, washed three additional times in
PBST, mounted with 70% glycerol on slides, and observed
under a fluorescence microscope (Olympus, Japan).

RNAi

Full-length mRNA encoding 75-Pt-1 was utilized to
design siRNA sequences using siDirect version 2.0
[63]. The Ts-Pt-1-specific siRNA oligos (Stealth™ RNAi
duplexes) used in this work were chemically synthesized
by Sangon (Shanghai, China). The sequences of the three
specific siRNAs and control siRNAs used in this study
are listed in Additional file 7: Table 3. The same control
FAM-labeled siRNA (Sango, China) was used to evalu-
ate the transfection efficiency. Incubation methods were
used to deliver specific or control siRNA into the larvae.
A total of 5000 ML were suspended in a final volume
of 500 pl of RPMI 1640 culture medium (Gibco, USA)
supplemented with 100 U/ml penicillin and 100 mg/
ml streptomycin for incubation. Control siRNA or spe-
cific siRNA was incubated with 2 ml of lipofectamine
2000 (Invitrogen, USA) for 20 min before being added to
the larvae at a final concentration of 2 uM. The incuba-
tion was continued at 37 °C and 5% CO, for 24 h. FAM-
labeled control siRNA was used to visualize the uptake of
siRNA.

After 24 h of treatment with siRNA, qPCR and Western
blotting were performed to evaluate target gene expres-
sion. The qPCR protocol was the same as that described
above. For Western blotting, rabbit anti-r7s-Pt-1 serum
(1: 1000) was used as the primary antibody, and a rabbit
antibody against GAPDH (1: 1000) (Proteintech, USA)
was used to detect GAPDH expression as a quantitative
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protein control. HRP-conjugated goat anti-rabbit IgG
(1:5000) was used as the secondary antibody.

Nuclease activity detection of ES obtained from AD3
treated with siRNA

Each ICR mouse was gavaged with 1200 larvae treated
with siRNA 290, and adults were collected after 3 days
of infection. The ES of AD3 was collected according to
the above-described method, and the above-described
agarose gel electrophoresis and single radial enzyme-dif-
fusion (SRED) methods were used to detect the change
in the nuclease activity intensity of ES compared with
the control to verify that the nuclease in ES was planci-
toxin-1. Twenty-four mice were divided into four groups:
two groups of mice were wild mice, and the other two
groups were neutrophil-depleted mice. Wild-type mice
and neutrophil-depleted mice were gavaged with 300
normal ML and 300 ML treated with siRNA 290, respec-
tively. For neutrophil-depleted mice, anti-Ly6G mAb
(Abcam, UK) (0.5 mg/mouse) was administered intra-
peritoneally once a day from the day before infection to
3 days after infection. Cellular depletion efficiency was
evaluated by imaging the infected intestine. Adult worms
and muscle larvae were then collected at 7 dpi and 35 dpi,
respectively, and the datasets were compared.

Immunoprotective analysis of rTs-pt-1

For the first immunization, 50 pg/mouse (ICR, female,
aged 6 to 8 weeks) r7s-pt-1 emulsified with complete
Freund’s adjuvant was intramuscularly injected, and two
immunizations with 50 pg recombinant protein emulsi-
fied with incomplete Freund’s adjuvant were then admin-
istered at 2-week intervals. The mice in the control group
were injected with Freund’s adjuvant only. Seven days
after the three immunizations, the mice were infected
with 300 ML. Adult worms and muscle larvae were col-
lected at 7 dpi and 35 dpi, respectively. The number of
muscle larvae per gram of muscle (LPG) and the worm
reduction rate were evaluated in comparison with those
of the control group.

Statistical analysis

All results are expressed as the means+ SDs. The statis-
tical analyses were performed using GraphPad Prism 8.
One-way analysis of variance (ANOVA) or Student’s ¢
test was used to compare significant differences under
different conditions. The p values are expressed as
*p<0.05, **p<0.01, **p<0.001, ****p<0.0001 (ns, no sig-
nificant difference, P> 0.05).

Abbreviations

ETs Extracellular traps

NETs Neutrophil extracellular traps
METs  Macrophage extracellular traps
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ML Muscle larvae

NBL Newborn larvae

AD3 Adult worms obtained at 3 days post infection
ES Excretory/secretory products

PMNs  Polymorphonuclear leukocytes

ATA Aurintricarboxylic acid

ADCP  Antibody-dependent cellular phagocytosis
PMA Phorbol-12-myristate-13-acetate

dpi Days postinfection

PMSF  Phenylmethanesulfonyl fluoride

H3 Histone 3

MPO  Myeloperoxidase

NE Neutrophil elastase

RT Room temperature

SEM Scanning electron microscopy
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