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ABSTRACT Trichinellosis is an important foodborne zoonosis, and no effective treat-
ments are yet available. Nod-like receptor (NLR) plays a critical role in the host response
against nematodes. Therefore, we aimed to explore the role of the NLRP3 inflammasome
(NLRP3) during the adult, migrating, and encysted stages of Trichinella spiralis infection.
The mice were treated with the specific NLRP3 inhibitor MCC950 after inoculation with
T. spiralis. Then, the role that NLRP3 plays during T. spiralis infection of mice was evaluated
using enzyme-linked immunosorbent assay (ELISA), Western blotting, flow cytometry, histo-
pathological evaluation, bone marrow-derived macrophage (BMDM) stimulation, and immu-
nofluorescence. The in vivo results showed that NLRP3 enhanced the Th1 immune
response in the adult and migrating stages and weakened the Th2 immune response in
the encysted stage. NLRP3 promoted the release of proinflammatory factors (interferon
gamma [IFN-g ]) and suppressed the release of anti-inflammatory factors (interleukin 4
[IL-4]). Pathological changes were also improved in the absence of NLRP3 in mice during
T. spiralis infection. Importantly, a significant reduction in adult worm burden and mus-
cle larvae burden at 7 and 35 days postinfection was observed in mice treated with the
specific NLRP3 inhibitor MCC950. In vitro, we first demonstrated that NLRP3 in macro-
phages can be activated by T. spiralis proteins and promotes IL-1b and IL-18 release.
This study revealed that NLRP3 is involved in the host response to T. spiralis infection
and that targeted inhibition of NLRP3 enhanced the Th2 response and accelerated
T. spiralis expulsion. These findings may help in the development of protocols for con-
trolling trichinellosis.
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Trichinellosis is an important foodborne parasitic zoonosis mainly caused by ingesting
raw or undercooked meat infected with the encapsulated muscle larvae of Trichinella

spiralis (T. spiralis) (1, 2). T. spiralis can infect a wide range of mammalian hosts, including
humans and more than 150 mammalian species, and it not only leads to great threat to
human health worldwide but also represents an economic problem in the livestock
industry (3). Although various countries around the world have taken measures to con-
trol and suppress the occurrence of the disease, it has not been effectively controlled
because its immune response process is complex (4). Therefore, a good understanding of
the immune mechanisms may facilitate the discovery of approaches to control trichinellosis.

Increasing attention has been given to defining the role of the host immune response
in T. spiralis infection. The innate immune system plays an important role in recognizing
pathogens and triggering biological mechanisms to control infection and eliminate patho-
gens (5). It is activated when pattern recognition sensor proteins, such as Toll-like receptors
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(TLRs) and nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs),
detect the presence of pathogens, their products, or danger signals (6). NLR inflammasomes
play a central role in innate immunity (7). The NOD-like receptor protein 3 inflammasome
(NLRP3) is a protein complex consisting of the NLRP3 scaffold, ASC adaptor, and procas-
pase-1. NLRP3, which includes mature caspase-1, can promote the activation of cytokines
such as interleukin 1 beta (IL-1b) and IL-18 and promote the occurrence of an inflamma-
tory response (8). NLRP3 inflammasome complexes are the most intensively studied and
are activated by a broad range of stimuli. Recently, considerable evidence has suggested
that NLRP3 activation is essential for the control of different parasitic infections, as it plays
a protective role in reducing Toxoplasma gondii and Neospora caninum infection loads (9,
10). In addition, NLRP3 has been involved in the inhibition of eosinophil influx that results
from the type 2 response to the parasite in mice infected with Nippostrongylus brasiliensis
(11). Despite the critical role of inflammasomes in the immune response to parasites, their
contribution to the immune response during T. spiralis chronic infections is unclear.

The parasitic process can be divided into adult, migrating, and encysted stages (12).
With the transition of larvae from the intestinal phase to the encysted stage in the host, the
host’s immune type gradually changes from Th1 to Th2 and concurrent changes in levels of
Th1/Th2-related cytokines (13, 14). CD4-positive (CD41) T cells play a key role in parasite im-
munity and can differentiate into different subpopulations, including Th1, Th2, Th17, and
regulatory T cells (Treg) cells. T. spiralis and its secretory products can induce Th2 immune
responses to suppress inflammatory responses (13). Recent studies have shown that Th2
immune responses may help accelerate worm expulsion and reduce tissue damage and
strengthen tissue repair (15). The changes in Th1 and Th2 immune types mainly rely on the
secretion of cytokines (16).

In this study, we intraperitoneally injected mice with an NLRP3 inhibitor (MCC950) at
different developmental stages of T. spiralis development to explore the role of NLRP3
within T. spiralis infection. The aim of the study was to detect the effects of NLRP3 on parasit-
ism and immunity of T. spiralis in adult, migrating, and encysted stages.

RESULTS
NLRP3 increases the Th1 response during T. spiralis infection. To determine whether

the NLRP3 is involved in T. spiralis infection. The contents of the cytokines IL-1b and IL-
18 and host immune types IgG1 and IgG2 were detected by ELISA kits in the adult stage,
migrating stage, and encysted stage, as shown in Fig. 1. With respect to IL-1b , the T. spiralis
infection plus treatment with MCC950 (T. spiralis plus MCC950 group) showed a significant
decrease compared with the T. spiralis group (T. spiralis infection) in the migrating and adult
stages (P , 0.001) and encysted stages (P , 0.01) (Fig. 1A). IL-18 excretion was also signifi-
cantly decreased in the adult and migrating stages (P , 0.001) and encysted stage
(P, 0.05) (Fig. 1B). In the adult and migrating stages, the excretion of IgG2 of T. spiralis plus
MCC950 group was significantly decreased compared to the T. spiralis group (P , 0.001)
(Fig. 1C and D). There was no significant difference excretion of IgG1 (P . 0.05) (Fig. 1C
and D). In contrast, in the encysted stage, the excretion of IgG1 of T. spiralis plus MCC950
group was significantly increased (P , 0.001), and there was no observable difference in
IgG2 excretion (P. 0.05) (Fig. 1C and D).

To determine whether NLRP3 plays a role in the development of Th1 or Th2 cells, the
levels of T-bet (Th1 transcription factor) and GATA3 (Th2 transcription factor) in CD41 T
cells were assessed. The T-bet expression levels were increased in the spleen (SPL) or
mesenteric lymph nodes (MLN) of the TS mice significantly in the adult and migrating
stages compared to the control group (P, 0.001, P, 0.01). This increase was also inhib-
ited by MCC950 (P , 0.05 and P , 0.05, respectively) (Fig. 1E and G). However, there
were no significant differences in the encysted stages (Fig. 1I). The results showed that T.
spiralis infection promoted the expression of GATA3. In addition, the GATA3 expression
levels in the SPL or MLN of T. spiralis plus MCC950 mice were increased significantly in the
encysted and migrating stages compared to the control and T. spiralis groups (P , 0.001,
P, 0.01) (Fig. 1F, H, and J).
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These results suggest that NLRP3 participates in T. spiralis infection and that NLRP3
promotes the host Th1-type immune response in the adult and migrating stages and
inhibits the Th2-type immune response in the encysted stage.

T. spiralis infection promotes the expression of NLRP3 in the small intestine.
The protein expression of NLRP3 in the intestine was detected by Western blotting
(Fig. 2). NLRP3 was upregulated during the adult and encysted stages compared to the
control group (P , 0.001 and P , 0.01, respectively) (Fig. 2A, C, and D). This increase was
also inhibited by MCC950 (P , 0.001) (Fig. 2A, C, and D). However, there was no observ-
able difference in NLRP3 expression during the migrating stage (P . 0.05) (Fig. 2B and D),
although the expression tended to gradually increase in the T. spiralis group compared to
the control group. This illustrated that T. spiralis could promote the expression of NLRP3 in
the adult and encysted stages.

Effects of NLRP3 on IFN-c and IL-4 during T. spiralis infection. We detected the
impact of NLRP3 expression on changes in the expression of proinflammatory factors
(interferon gamma [IFN-g ]) and anti-inflammatory factors (IL-4). In the adult migrating
and encysted stages, flow cytometry assays showed that the IFN-g expression levels in
the SPL and MLN in the T. spiralis plus MCC950 group were significantly decreased

FIG 1 The content of the cytokines IL-1b , IL-18, IgG1, and IgG2 in the serum of various groups of mice at 7, 14, and 35 dpi was detected by ELISA. (A)
Levels of IL-1b . (B) Levels of IL-18. (C) Levels of IgG1. (D) Levels of IgG2. The expression of T-bet and GATA3 in the SPL and MLN of mice of various groups
was analyzed by flow cytometry on days 7, 14, and 35. (E) Expression of T-bet in the adult stage. (F) Expression of GATA3 in the adult stage. (G) Expression
of T-bet in the adult stage. (H) Expression of GATA3 in the migrating stage. (I) Expression of T-bet in the cycle stage. (J) Expression of GATA3 in the cycle
stage. Data are the mean 6 SD of each group (n = 5) from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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compared with the T. spiralis group (P , 0.01 and P , 0.05, specifically) (Fig. 3A, C, and
E). However, the levels of IL-4 increased significantly in the SPL and MLN of the TS and
MCC950 group compared with the control group and T. spiralis group (P , 0.01,
P, 0.05, and P , 0.001, respectively) (Fig. 3B, D, and F).

NLRP3 enhances the burden of intestinal worms and muscle larvae during T.
spiralis infection. Five mice were randomly selected from the T. spiralis group and the
T. spiralis plus MCC950 group in the adult stage (7 days) and encysted stage (35 days),
and the number of worms was obtained by separating muscle larvae and adults of T.
spiralis. The results showed that the number of worms in the T. spiralis plus MCC950
group was significantly reduced compared with that in the T. spiralis group (P , 0.001)
(Fig. 4A), and the number of muscle larvae was significantly reduced (P, 0.001) (Fig. 4B).
It was concluded that NLRP3 could enhance the survival of T. spiralis in the host.

Effects of NLRP3 on the pathological damage to intestinal and masseter muscle
in mice during T. spiralis infection. To investigate how NLRP3 enhances the burden
of intestinal worms and muscle larvae during T. spiralis infection, we observed goblet
cell hyperplasia of the intestinal epithelium and inflammatory cell infiltration of masseter
muscle, which are characteristic of intestinal nematode infection (Fig. 5A and B). The number
of intestinal goblet cells increased on days 7 and 14 in T. spiralis-infected mice compared
with noninfected mice (P , 0.001) (Fig. 5B). Compared with mice in the T. spiralis group,
mice in the T. spiralis plus MCC950 group showed goblet cell hyperplasia in the intestinal
mucosa in the adult and migrating stages (P, 0.01) (Fig. 5B), the mucosal epithelium was
integral, and the morphology of the villi was normal (Fig. 5A). There was no significant dif-
ference in the encysted stage. Histological observation of hematoxylin and eosin (H&E)-
stained T. spiralis-infected masseter muscle clearly showed inflammatory cell infiltration
around the encystation. The level of inflammatory cells was significantly increased sharply
in the migrating and encysted stages (P , 0.001) (Fig. 5D). In addition, the T. spiralis plus

FIG 2 Detection of NLRP3 protein by Western blot analysis for NLRP3 protein levels in the adult (A), migrating
(B), and cycle (C) stages. (D) Bar plot depicting the NLRP3/b-actin ratios as determined by densitometric analysis of
Western blotting and expressed as fold change compared with the control group. Data are the mean 6 SD of each
group (n = 5) from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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MCC950 group displayed a significant reduction in inflammatory cellular infiltration and
parasite cysts in the muscle compared with the T. spiralis group (Fig. 5C and D) (P , 0.01).
Suppressing NLRP3 could increase goblet cells in the intestine and ameliorate inflamma-
tory cell infiltration in the masseter muscle during T. spiralis infection.

T. spiralis protein activates NLRP3 in BMDMs. To determine the role of proteins
of three different stages of T. spiralis associated with the activation of the NLRP3 inflamma-
some, an in vitro culture of mouse BMDMs was performed, and all groups of BMDMs were

FIG 4 Adult and muscle larvae burden. (A) Intestinal adult burden at day 7 after infection with T. spiralis.
(B) Muscle larval burden in muscle at day 35 after infection with T. spiralis. Mice were infected with 400
muscle larvae. Data are the mean 6 SD of each group (n = 5) from three independent experiments.
***, P , 0.001.

FIG 3 The expression of IFN-g and IL-4 in the SPL and MLN of mice of various groups was analyzed by flow cytometry on days 7, 14, and 35. (A) Expression of
IFN-g in the adult stage. (B) Expression of IL-4 in the adult stage. (C) Expression of IFN-g in the migrating stage. (D) Expression of IL-4 in the migrating stage. (E)
Expression of IFN-g in the cycle stage. (F) Expression of IL-4 in the cycle stage. Data are the mean 6 SD of each group (n = 5) from three independent experiments.
*, P , 0.05; **, P , 0.01; ***, P , 0.001.
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pretreated with lipopolysaccharide (LPS). The results showed that the activation of NLRP3
in the stimulation group was higher than that in the phosphate-buffered saline (PBS) group.
Moreover, compared with the T. spiralis protein stimulation group (adult protein, newborn
larvae, and muscle larvae protein), there was a significant decrease in the activation of
NLRP3 in the MCC950 group (Fig. 6A to C). The secretion of IL-18 and IL-1b in the T. spiralis
protein stimulation group was significantly lower than that in the positive-control group
(P , 0.05, P , 0.01, and P , 0.001, respectively) but significantly higher than that in the
MCC950 group (P , 0.001) (Fig. 6D and E). These results suggest that different life cycle
stages of T. spiralis proteins promote the activation of NLRP3 and that NLRP3 promotes the
secretion of IL-18 and IL-1b in BMDMs.

DISCUSSION

Parasitic helminth infestation is the most common chronic disease among humans
and animals. At present, due to the complexity of the life cycle of worms, the mecha-
nisms by which antigens induce Th2-type immune responses and initiate inflammation
are not entirely clear, and no effective immunological approach is used to control
worms (17, 18). Although there is evidence that inflammasome signaling and inflam-
masome-dependent cytokines are important for host defense against T. spiralis, further
studies are needed to establish how the inflammasome affects adaptive immune
responses in the context of T. spiralis infections (19). In the present study, we identified
that NLRP3 is involved in both innate and adaptive immune responses and the conver-
sion of immune response patterns by regulating the secretion of IL-1b and IL-18 dur-
ing T. spiralis infection. Additionally, we first demonstrated that NLRP3 in macrophages
can be activated by T. spiralis proteins and promotes IL-1b and IL-18 release. MCC950

FIG 5 Histological analysis of T. spiralis-infected small intestine and masseter muscle. (A) Representative images
of H&E-stained small intestine. (B) Effect of NLRP3 on goblet cell hyperplasia of intestinal epithelium after infection
with T. spiralis. The number of goblet cells in 10 VCU was counted. (C) Representative images of H&E-stained
masseter muscle tissue. (D) Inflammatory cell infiltration of masseter muscle after infection with T. spiralis.
Twenty nonoverlapping representative fields of tissue were imaged under a light microscope using a 200� objective,
and the amount of inflammation in a field was counted. The histological test revealed 5 to 10 sections per muscle
tissue. Data are the mean 6 SD of each group (n = 5) from three independent experiments. *, P , 0.05; **, P , 0.01;
***, P , 0.001.
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inhibits the activation of NLRP3 to speed up Th2-type immune type-mediated T. spiralis
clearance.

NLRP3 is associated with the Th1 immune response and mediates host protection
against pathogen invasions (20). Recent studies have also demonstrated that NLRP3
plays an important role in the promotion of Th2 immune responses (21). We confirmed
that NLRP3 promotes a Th1 immune response during T. spiralis infections, and this effect
may be caused by cytokine secretion of IL-1b and IL-18. IL-18 is one of the best-character-
ized inflammasome-dependent cytokines whose maturation requires cleavage by caspase-1
from its inactive intracellular precursor pro-IL-18, which can induce IFN-g production in Th1-
type cells and can promote T-cell proliferation (22, 23). Our data support an important role
for NLRP3-dependent IL-18 in regulating immunity and inflammation following T. spiralis
clearance. Moreover, we demonstrated that IL-1b was similarly regulated by NLRP3 during

FIG 6 T. spiralis proteins activate NLRP3 in BMDMs. All groups of BMDMs were pretreated with LPS. (A) BMDMs were stimulated
with adult protein (AP) of T. spiralis. (B) BMDMs were stimulated with neonatal larval proteins (NLP) of T. spiralis. (C) BMDMs were
stimulated with muscle larvae protein (MLP) of T. spiralis. Scale bars, 20 mm. (D, E) The contents of the cytokines IL-1b and IL-18
in BMDMs were measured by ELISA. *, P , 0.05; **, P , 0.01; ***, P , 0.001. The experiment was repeated three times with similar
results being obtained and is expressed in the bar graph as the mean 6 SD.
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T. spiralis infection. Previous studies showed that Th2 lymphocyte (CCL17) chemoattractant
was strongly reduced in mice deficient in NLRP3 and IL-1b (24, 25). Our findings are consist-
ent with these findings. We demonstrated that the decrease in the expression of IL-18 and
IL-1b may lead to an increased Th2-type response and weakening of the Th1-type response
when NLRP3 is inhibited after T. spiralis infection. This result was further confirmed by the
induced expression levels of GATA3 and reduced expression levels of T-bet. Similar results
were obtained in a study using dendritic cells of NLRP32/2 mice (19). Inflammasomes have
a regulatory role in the infection of early innate responses and can promote the maturation
and production of inflammatory cytokines. There is a large body of evidence related to the
involvement of inflammasomes in the innate immune response (26). We demonstrated that
NLRP3 induced an inflammatory response and mediates protective immunity to T. spiralis
infection, possibly via adaptive immune responses.

Th1 subset cells mediate cellular immunity by secreting IFN-g , and Th2 subset cells
mediate cellular immunity by secreting IL-4 (27, 28). In the present study, NLRP3-inhibited
mice displayed decreased IFN-g levels and increased IL-4 levels, which may promote a shift
in the Th1/Th2 balance toward Th2-dominant immunity during the T. spiralis infection,
showing that Th2 cell development was regulated by NLRP3 in CD41 T cells. Some studies
have demonstrated Th2 responses that are induced by T. spiralis help expel adult T. spiralis
worms and prevent the growth of muscle larvae during infection (29). This explains the
lower burden of intestinal worms and muscle larvae observed in this study. Based on the
above, inhibition or deletion of NLRP3 expression could provide increased immunity to
T. spiralis infection.

Previous studies have shown that NLRP3 plays a key role in pathogenic bacteria-
induced progression of acute inflammation (30). Reports have demonstrated that NLRP3
is involved in the inhibition of eosinophil influx to the parasite in mice infected with
N. brasiliensis, and IL-1b secretion is mediated by P2X7R in small intestinal epithelial cells
in response to Toxoplasma gondii infection (6, 11). T. spiralis infections in host intestinal
acute mucosal inflammation, after larvae enter the skeletal muscle tissue, induce a rele-
vant inflammatory reaction that is responsible for myositis and can cause systemic
inflammatory manifestations all over the body before entering the striated muscles (31).
In this study, we identified that T. spiralis enhances NLRP3-dependent IL-18 and IL-1b
secretion, which may contribute to the inflammatory cell infiltration and histological
changes observed in the muscle and intestinal tissue.

In the acute phase of the infection, the parasite load dictates the magnitude of the
inflammatory response and tissue damage (32). In this study, a significant reduction in
adult worm burden and muscle larvae burden at 7 and 35 days postinfection was
observed in mice treated with the specific NLRP3 inhibitor MCC950. It has also been
found to be effective in the treatment of Trichuris muris (33). NLRP3 inhibition may
influence the functions of nonhematopoietic cells in the intestine that promote worm
expulsion, including epithelial cell turnover, goblet cell expansion, mucus production,
and smooth muscle hypercontractility (33). This is consistent with the increase in gob-
let cells observed in the absence of NLRP3 in mice during T. spiralis infection in this
study. It is conceivable that targeting the NLRP3 pathway in T. spiralis-infected hosts
using MCC950 may be a rational approach for lowering worm burdens. However, peo-
ple living in helminth regions of endemicity are often exposed to coinfections with
other parasites, and previous studies have demonstrated a protective role for NLRP3 in
these infection models. Some studies have shown that the absence of NLRP3 results in
increased parasite burden, such as with Toxoplasma gondii and Neospora caninum (10, 34).
Further studies are necessary to assess the impact of such therapeutic strategies on other
preventive and curative interventions.

Conclusion. Taken together, these findings demonstrate that NLRP3 regulates im-
munity and inflammation in T. spiralis infections and that targeted inhibition of NLRP3
enhanced the Th2 response and accelerated T. spiralis expulsion. Therefore, NLRP3 is an
important target for controlling T. spiralis infection.
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MATERIALS ANDMETHODS
Parasites and animals. The T. spiralis isolate ISS534 used in this study was maintained by serial

infection of Sprague-Dawley rats from the Animal Parasite Laboratory of Jilin Agricultural University.
BALB/c mice (female, 4 to 6 weeks old), and Sprague-Dawley rats were purchased from Beijing Fukang
Biotechnology company. All animal husbandry was maintained in Jilin Agricultural University Animal
Experiment Center under the care of a professional breeder with a light/dark cycle of 12 h and with ster-
ile food and water. Furthermore, all experiments in this study were performed in accordance with the
Chinese Animal Management Ordinance. The animal experiments were approved by the Laboratory
Animal Welfare and Ethics Committee of Jilin Agricultural University.

Isolation of T. spiralis adults, newborn larvae, and muscle larvae.Muscle larvae, adults, and new-
born larvae were obtained from rats as previously described (35). In brief, BALB/c mice were orally inocu-
lated with 300 muscle larvae of T. spiralis and sacrificed 7 days postinfection (dpi). The intestine was
exposed, and the entire small intestine was harvested and washed by flushing in sterile saline to remove
any intestinal contents before the tissue was cut into 3-cm pieces. The small intestine sections were
transferred to a separation screening cloth of a nematode larva separator (200 mesh), which was put in
a small beaker containing sterile saline (preheated at 37°C) and incubated at 37°C for 4 h. T. spiralis adults were
collected from the bottom of the beaker and counted. The adults were incubated and washed in Roswell Park
Memorial Institute 1640 medium (RPMI 1640; Gibco) with 20% fetal bovine serum (FBS; Gibco), 100 U/mL peni-
cillin (Gibco), and 100mg/mL streptomycin (Gibco) at 37°C in a humidified incubator with 5% CO2. The culture
solution was filtered with a 280-mesh sterile mesh so that the newborn larvae were collected. Muscle larvae of
T. spiralis were obtained by standard pepsin digestion (1% pepsin and 1% HCl at 37°C for 2 h) to release larvae
from the muscles of the rats infected at 35 days.

Animal experimental design. Forty-five healthy female BALB/c mice were randomly divided into
three groups, T. spiralis plus MCC950, T. spiralis, and control. T. spiralis plus MCC950 mice were intraperi-
toneally (i.p.) injected daily with the specific NLRP3 inhibitor MCC950 (10 mg/kg) after inoculation with
T. spiralis (350 larvae per mouse), whereas the T. spiralis group mice were injected with an equal volume
of PBS (i.p.). The mice in the control group received PBS solution. Five mice in each group were killed on
the 7th, 14th, and 35th days after infection with T. spiralis by cervical dislocation. The blood samples were
placed in a sterile Eppendorf tube for 1 h at 37°C and stored overnight in a 4°C refrigerator. Serum was
obtained by centrifuging the Eppendorf tube at 3,000 rpm for 10 min at 4°C. Single-cell suspensions of the
SPL or MLN were analyzed by flow cytometry as previously described (36). The small intestinal and masseter
muscles were extracted as pathological sections to detect inflammation. Western blotting was utilized to
detect changes in NLRP3 protein levels.

Enzyme-linked immunosorbent assay. The production of IgG1, IgG2, IL-1b , and IL-18 in the serum
of infected mice was determined in the control group, T. spiralis group, and T. spiralis plus MCC950
group at 7, 14, and 35 dpi. Enzyme-linked immunosorbent assay (ELISA) kits (Abcam) were used.

Western blot analysis. The mall intestine was pulverized using a mortar and pestle in liquid nitro-
gen and homogenized in ice-cold radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific). The
protein concentration of the extracts was determined using a bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific). Total protein was resolved on 12% SDS-PAGE gels and then transferred to polyvinyli-
dene difluoride (PVDF) membranes. The membrane was blocked in TBST (10 mM Tris HCl, 0.15 M NaCl
containing 0.05% Tween 20) with 5% nonfat skim milk for 1 h at room temperature (RT) and incubated
with the corresponding primary antibody at 4°C overnight. After washing for 10 min with TBST three
times, the membranes were incubated with secondary antibodies at room temperature for 1 h and washed
again. Bands were visualized with enhanced chemiluminescence (ECL) chromogenic reagent. The primary anti-
bodies used were anti-NLRP3 (Abcam; 1:2,000 dilution) and anti-mouse b-actin (Proteintech; 1:2,000 dilution).
Quantification of band intensity was performed using ImageJ software (NIH, Bethesda, MD, USA). The results
were normalized to b-actin protein levels and are expressed as fold changes over the T. spiralis group and
T. spiralis plus MCC950 group.

Flow cytometry. The relative ratios of IL-4 and IFN-g on CD31 CD41 T cells in the SPL and MLN were
analyzed by flow cytometry. Single-cell suspensions of the SPL and MLN of all groups of mice were pre-
pared as previously described (24) at days 7, 14, and 35 after infection. Briefly, single cells were counted
and seeded in 48-well plates at 2.0 � 106 cells/well in 500 mL RPMI 1640 medium (100 U/mL penicillin,
100 mg/mL streptomycin, and 10% heat-inactivated FBS) containing ionomycin (1 mg/mL), Golgi plug
(10 mg/mL), and phorbol myristate acetate (PMA; 20 ng/mL) and were then incubated at 37°C in a 5%
CO2 incubator for 6 h. After treatment, the cells were collected into Eppendorf tubes by centrifugation
(2,000 relative centrifugal force [rcf] for 5 min at 4°C) and discarded from the supernatant.

Harvested cells were resuspended in 100 mL of cold PBS, and Zombie NIR fixable viability kit (BioLegend)
was used to exclude cell debris and dead cells. After blocking Fc receptors with anti-mouse CD16/CD32 (BD
Biosciences), cells were stained with anti-mouse CD45 (fluorescein isothiocyanate [FITC]; BD Biosciences), anti-
mouse CD3 (catalog no. AF700; BD Biosciences), and anti-mouse CD4 (catalog no. PerCP-CY5.5; BD
Biosciences) at 4°C for 30 min in the dark. After staining for cell surface markers, the cells were fixed
and permeabilized with a Cytofix/Cytoperm kit (BD Biosciences) following the manufacturer’s instruc-
tions and washed two times with 500 mL of cold BD Perm/Wash buffer (BD Biosciences). Cells were
stained with anti-mouse IL-4 (allophycocyanin [APC]; BD Biosciences) and anti-mouse IFN-g (phycoerythrin
[PE]; BD Biosciences) was performed at 4°C for 30 min in the dark. The transcription factor buffer set kit (BD
Pharmingen) was used for intranuclear protein staining for detecting GATA3 (PE-Cy7; BD Biosciences) and T-
bet (PE; BD Biosciences) expression. Following this, all stained cells were washed three times with cold PBS to
remove unbound antibodies, suspended in 300 mL of PBS, and then examined using an LSRFortessa (BD
Biosciences). Data were analyzed with FlowJo software (version 7.6.1; TreeStar Inc., USA).
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Histopathological evaluation and immunofluorescence. At 7, 14, and 35 dpi, lingual muscle and
small intestine samples were obtained from each group and fixed in 4% formalin for 48 h. The tissue
was subjected to washing, dehydrated in gradual ethanol (70 to 100%), made transparent with xylene,
processed, embedded with paraffin wax, sliced (3 mm), placed in warm water (42°C) for spreading, col-
lected using slides, baked, and prepared into paraffin tissue sections. The tissue slices were baked at
80°C for 1 h and placed in xylene for 8 min twice. For histopathological evaluation, the sections were
stained with hematoxylin and eosin and visualized with a microscope (Leica). The number of goblet cells
per 10 randomly selected villus-crypt units (VCU) was determined by microscopy from at least two sec-
tions per animal as previously described (37). Twenty nonoverlapping representative fields of the tissue
were examined microscopically using a 400� objective, and the number of inflammatory cells infiltrat-
ing the masseter muscle was observed (38).

Bone marrow-derived macrophage isolation, culture, and stimulation. Mouse bone marrow-
derived macrophages (BMDMs) were generated from 5-week-old BALB/c mice as previously described
(39). In the in vitro experiments, the BMDMs were randomly divided into the PBS-negative control, ATP-
positive control, adult protein group, newborn larvae group, muscle larvae protein group, and MCC950
group. ELISA was used to detect changes in IL-18 and IL-1b levels, and indirect immunofluorescence
was used to detect the expression of NLRP3.

BMDMs were primed with LPS for 3 h and then treated with dimethyl sulfoxide (DMSO; Beyotime) or
DMSO plus MCC950 (7.5 nm/mL) for 30 min, followed by stimulation with T. spiralis protein (50 mg/mL)
of newborn larvae(NLP), muscle larvae (MLP), and adult stages (AP) for 6 h. Protein extraction was per-
formed as previously described (40). After treatment, the BMDMs were washed with PBS, fixed with 80%
cold acetone for 30 min at RT, and then washed three times with PBS. After blocking with 3% BSA in PBS for
30 min at RT, the BMDMs were incubated with an antibody against NLRP3 (Sigma) for 1 h at 4°C. After washing
with PBST, the BMDMs were incubated with secondary antibody (Alexa Fluor 488 [green]; Proteintech) for
40 min at RT. After washing, nuclei were stained with DAPI (49,6-diamidino-2-phenylindole) (blue; Sigma) for
10 min in the dark. Imaging analysis was performed using a fluorescence microscope.

Statistical analysis. Data were statistically analyzed by using GraphPad Prism 9.0 software. The
Shapiro-Wilk test was used to analyze normality. For comparisons of only two groups, data were analyzed
using Student's t test, while for comparisons of three or more groups, we performed one-way analysis of var-
iance (ANOVA) with Bonferroni’s multiple-comparison test as indicated. The Mann-Whitney U test was used
for nonnormally distributed data. The statistically significant differences between the means are indicated by
asterisks (*, P, 0.05; **, P, 0.01; ***, P, 0.001). Statistical data are expressed as the mean value6 standard
deviation (SD).

Animal welfare statement. The animal experimental procedures were performed on the basis of
the regulations of the Administration of Affairs Concerning Experimental Animals in China. All animal
experiments in this study were approved by the constitution of the Experimental Animal Welfare and
Ethics Committee of Jilin Agricultural University.
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