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Abstract

Background

C-type lectin (CTL) plays an important act in parasite adhesion, host’s cell invasion and
immune escape. Our previous studies showed that recombinant Trichinella spiralis C-type
lectin (rTsCTL) mediated larval invasion of enteral mucosal epithelium. The aim of this
study was to investigate protective immunity produced by vaccination with rTsCTL and its
effect on gut epithelial barrier function in a mouse model.

Methodology/principal finding

The ELISA results showed that subcutaneous vaccination of mice with rTsCTL elicited a
systemic humoral response (high levels of serum IgG, IgG1/IgG2a and IgA) and signifi-
cant gut mucosal slgA responses. The levels of Th1/Th2 cytokines (IFN-y/IL-4) secreted
from spleen, mesenteric lymph nodes and Peyer’s patches were distinctly increased at

6 weeks following vaccination (P < 0.05). At one week after challenge, the numbers of
goblet cells and expression level of Muc2, Muc5ac and pro-inflammatory cytokines (TNF-a
and IL-1B) in gut tissues of vaccinated mice were obviously decreased, while expression
of anti-inflammatory cytokines (IL-4 and IL-10) was evidently increased, compared to the
infected PBS group. It is interesting that expression levels of gut epithelial tight junctions
(TJs; occludin, claudin-1 and E-cad) were prominently elevated and intestinal permeabil-
ity was interestingly declined in vaccinated mice. The rTsCTL-vaccinated mice exhibited
a 51.69 and 48.19% reduction of intestinal adult and muscle larva burdens, respectively.
The female fecundity in rTsCTL vaccinated mice was reduced by 40.51%. These findings
indicated that rTsCTL vaccination impeded larval invasion and improved gut epithe-

lial integrity and barrier function, reduced worm burdens, and relieved gut and muscle
inflammation.

Conclusions

Vaccination of mice with rTsCTL elicited an obvious protective immunity against larval
challenge, impeded larval invasion of gut mucosa, enhanced gut epithelial integrity and
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barrier function, reduced worm burdens; it also alleviated gut and muscle inflammation.
TsCTL might be a novel candidate target molecule for anti-Trichinella vaccines.

Author summary

C-type lectin (CTL) plays a vital role in parasite adhesion, invading host’s cells and
immune escape. Previous studies showed that recombinant Trichinella spiralis C-type
lectin (rTsCTL) facilitated larval invasion of intestinal epithelium. The purpose of this
study was to investigate the protective immunity evoked by vaccination with rTsCTL in

a mouse model. The results revealed that subcutaneous vaccination of mice with rTsCTL
elicited a systemic humoral response (high levels of serum IgG, IgG1/IgG2a and IgA) and
significant gut mucosal sIgA responses. The levels of Th1/Th2 cytokines (IFN-y/IL-4) se-
creted from spleen, mesenteric lymph nodes and Peyer’s patches were distinctly increased
at 6 weeks following vaccination (P < 0.05). The rTsCTL-vaccinated mice exhibited a
51.69 and 48.19% reduction of intestinal adult and muscle larva burdens, respective-

ly. Moreover, the numbers of goblet cells and expression level of Muc2, Muc5ac and
pro-inflammatory cytokines (TNF-a and IL-1p) in gut tissues of vaccinated mice were
obviously decreased after challenge, while expression of anti-inflammatory cytokines
(IL-4 and IL-10) was evidently increased. Additionally, expression levels of tight junc-
tions (occludin, claudin-1 and E-cad) were prominently elevated and intestinal permea-
bility was interestingly declined in vaccinated mice. The results showed that vaccination
of mice with rTsCTL elicited an obvious protective immunity against T. spiralis challenge,
impeded larval invasion of the gut, reduced intestinal adult burden, female fecundity and
muscle larval burdens; it also alleviated gut inflammations, consequently improved in-
testinal epithelial integrity and enhanced intestinal mucosal barrier function. Therefore,
TsCTL might be a novel candidate target molecule for anti- Trichinella vaccines.

Introduction

Trichinellosis is a worldwide foodborne zoonotic parasitic disease caused by the nematode
Trichinella spp. which can infect over 150 kinds of mammals, birds, reptiles and humans
around the world. Trichinella infection is caused by consumption of raw or poorly cooked
animal meat containing T. spiralis infectious muscle larvae (ML). The domestic pig pork is the
principal source of human trichinellosis in China and other developing countries [1]. Only
in 2022, 41 confirmed cases of human trichinellosis were reported in the 22 member states of
the EU [2]. In China, eight trichinellosis outbreaks with 479 cases and 2 deaths were recorded
from 2009 to 2020, and seven outbreaks (87.50%) were involved in the ingestion of raw or
semi-cooked pork and pork products [3]. Trichinellosis is not only a severe public health
problem, but also a main risk for meat food safety [4]. Therefore, it is essential to develop a
preventive vaccine to interrupt Trichinella infection in food animals and to eliminate the ML
from animal meat food [5,6].

After animal meat containing the encapsulated ML is ingested, the collagen capsules are
digested by gastric fluids and the larvae are released. The larvae are activated into intestinal
infectious larvae (IIL) by intestinal contents or bile [7]. The IIL invades intestinal epithelium
cells (IECs) and undergoes 4 molts within approximately 31 hours after infection to develop
into adult worms (AW). After mating, the pregnant female adults produce the newborn larvae
(NBL). And then, the NBL migrate along with the venous and lymphatic systems, when they
invade skeletal muscle cells the larvae are encapsulated to complete the lifecycle. The IIL
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invasion of IECs is the first crucial stage in the process of T. spiralis infection in the intestines.
The gut epithelium serves as the primary physical defense barrier against the intrusion of

T. spiralis and is the dominant site of interaction between the parasite and the host [8,9]. The
mucosal immune response plays a vital role in the process of immunity against Trichinella
IIL invasion and development, and worm expulsion from intestinal tract. The ideal anti-
Trichinella vaccines should be capable of impeding IIL invasion of gut mucosa, interrupting
the development of the IIL to the AW, discharging IIL and AW from the gut, suppressing
female fecundity, destroying the residual and escaped larvae in muscle tissues [10-13].

C-type lectin (CTL) is one of the largest families of lectins and is ubiquitous in bacteria,
vertebrate and invertebrate animals. CTL binds carbohydrates dependent on Ca** [14]. It has
been found that the CTL has one or more C-type lectin domains (CTLD). The CTLD is also
called carbohydrate-recognition domains (CRD). CTL binds with various ligands, such as car-
bohydrates, lipids, proteins, and inorganic matter [15]. Previous research showed that parasite
lectins are important for binding glycans on the surface of host cells, helping parasite adhere
to host cells and mediating parasite recognition and activation of host immune responses [16].
Toxoplasma gondii invasion of host cells was facilitated by T. gondii lectin CD209 through their
interaction, which was hindered by mimicking oligosaccharides and anti-CD209 antibody [17].
Cryptosporidium parvum CTL facilitates the attachment and infection of the parasites by binding
to heparan sulfate proteoglycans (HSPG) on the IECs in a Ca**-dependent manner [18].

In previous study, a new C-type lectin domain-containing protein from T. spiralis (TsCTL;
GenBank: KRY42391.1) was identified and expressed in our department [19], natural TsCTL
was highly expressed at the IIL stage. rTsCTL binding IECs specifically mediated the IIL
intrusion of IECs, while anti-rTsCTL antibodies and mannose inhibited the IIL invasion [20].
Moreover, a further study showed that rTsCTL binding to syndecan-1 in Caco-2 cells acti-
vated the STAT3 pathway, reduced expression of intestinal epithelial tight junctions (T7Js),
impaired the integrity of intestinal epithelium barrier, and mediated the T. spiralis larval pen-
etration of intestinal mucosa [21]. These results suggested that TSCTL might be a promising
molecule target of preventive vaccines against T. spiralis invasion and infection.

The purpose of this study was to investigate gut local mucosal and systemic immune
responses and protection produced by vaccination with rTsCTL in a model of BALB/c mice.

Materials and methods
Ethics statement

This study was performed in the light of National Guidelines for Experimental Animal
Welfare (Minister of Science and Technology, People’s Republic of China, 2006). All animal
experiments in this study were approved by the institutional Life Science Ethics Committee of
Zhengzhou University (No. ZZUIRB GZR 2022-1317).

Trichinella species and experimental animal

Trichinella spiralis (ISS534) was collected from an infected pig in Henan province of China
and preserved by serial passage in BALB/c mice in our department. The female mice with 4-6
weeks old were purchased from the Experimental Animal Center of Zhengzhou University.

Preparation of rTsCTL

Recombinant expression plasmid pQE-80L/TsCTL was constructed in our laboratory
and used as an amplification template [19]. The TsCTL gene sequence consisted of

627 bp encoding 208 amino acids (aa), with a molecular weight (MW) of 24 kDa. The
full-length TsCTL cDNA sequence was amplified using PCR by specific primers with
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BamH I and Pst I restriction enzyme sites (bold and italicized). The specific primers
were 5'-CGGATCCAACCGTTTTCCGTGC CGTATCAAAT3', 5'-ACGCGTCGACTC
ACTCCAACGAATGACAAATTC-3". The PCR products were cloned into the pQE-80L
with N-terminus His-tag, and the recombinant plasmid pQE-80L/TsCTL was trans-
ferred into Escherichia coli BL21 (DE3) [22]. After being induced with 0.4 mM isopropyl
B-d-1-thiogalactopyranoside (IPTG) at 25 °C for 8 h, rTsCTL was expressed, and puri-
fied using a Ni-NTA His-tag affinity kit (Novagen, USA) [23] and identified by SDS-
PAGE and Western blot as previously described [21,24].

Immunization of mice with rTsCTL and sample collection

Total of 120 mice were randomly divided into 3 groups (40 mice per group). Each group of
mice was subcutaneously injected by using 20 pug rTsCTL [25]. The rTsCTL proteins were
pre-emulsified with ISA 201 adjuvant (SEPPIC, France). The mice were boosted two times
with the same amount of rTsCTL emulsified with ISA 201 adjuvant at a 2-week-interval. Con-
trol groups were administered with only ISA 201 adjuvant or PBS. Two weeks after the final
vaccination, all mice were orally challenged with 300 T. spiralis muscle larvae (ML).

One hundred microliters of tail blood were obtained from ten mice of each group at weeks 0,
2,4,6,7,9and 11 after the first vaccination, serum samples were isolated and stored at —80 °C
until use [26]. Five mice of each group were sacrificed at weeks 0, 6, 7 and 11 weeks after vacci-
nation, and the intestine, spleens, mesenteric lymph nodes (MLNs) and Peyer’s patches (PPs)
were collected to ascertain intestinal sIgA and cytokine responses. To assess immune protective
efficacy of rTsCTL vaccination, additional 10 mice of each group were respectively euthanized
at weeks 7 and 11 after vaccination, e.g., 7 days post infection (dpi) and 35 dpi. The adult worm
(AW) burden, female reproductive capacity (the in vitro production of newborn larvae (NBL)
deposited by each female for 72h), and ML burden were ascertained as previously described [6].
Moreover, an additional blank control group (5 unvaccinated and uninfected mice) was set up
in assay of intestinal permeability, goblet cell numbers and gene expression of the gut epithelial
tight junctions and mucins. The scheme of vaccination protocol was shown in Fig 1.

ELISA determination of serum anti-rTsCTL antibodies

Serum specific anti-rTsCTL IgG (IgG1/IgG2a) and IgA were measured in all vaccinated mice
by indirect ELISA using rTsCTL as coating antigens [5]. Briefly, ELISA plate was coated with 2
pg/ml rTsCTL at 4 °C overnight. After being washed with PBS containing 0.5% Tween (PBST),
the plate was blocked with 5% skimmed milk in PBST for 2h at 37 °C. Following washes again,
the plate was probed with 1:100 dilutions of murine immune sera at 37 °C for 1h, and then
incubated with HRP-conjugated anti-mouse IgG, IgG1/IgG2a, IgA (1:10000; Sigma, USA) at
37 °C for 1h, then colored using the substrate o-phenylenediamine dihydrochloride (OPD;
Sigma) plus 0.15% H,O,, and the reaction was stopped by using 2 M H,SO,. The absorbance
(OD value) at 492 nm was assayed by a microplate reader (Tecan, Schweiz, Switzerland) [27].

Assessment of intestinal total sIgA and rTsCTL-specific sIgA

To ascertain total and rTsCTL-specific sIgA in gut fluid, enteric washing was collected as
described previously [28,29]. Briefly, a 20 cm long small intestine was excised, and the content
was washed three times with 1 ml of cold PBS containing 1% protease inhibitor (Sangon
Biotech., Shanghai, China). The eluting fluid was collected and centrifuged at 12,000 g for
5min at 4 °C, and then supernatant was collected and stored. Enteric fluid was diluted at 1:10
when used. Total gut sIgA was measured by a sandwich ELISA, and rTsCTL-specific sIgA was
detected by an indirect ELISA with 2 pg/ml of rTsCTL. Coloration with OPD and absorbance
at 492 nm were determined as depicted before [30].
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Fig 1. The designed vaccination scheme and detection protocol. Subcutaneous immunization of mice was admin-
istered three times (weeks 0, 2 and 4). The vaccinated mice were orally challenged with 300 T. spiralis ML two weeks
following the final vaccination. Anti-rTsCTL antibodies (IgG, IgG1, IgG2a and IgA) were measured by ELISA using
rTsCTL at week 0, 2, 4, 6 after first immunization, respectively, and at week 1, 3, 5 following challenge infections. Five
mice of each group were sacrificed before immunization, 6 weeks after immunization, and 7 and 35 dpi; the levels of
sIgA and cytokines (IFN-y and IL-4) were assessed. At 7 and 35 dpi, ten mice of each group were sacrificed and intes-
tinal adult worm, female fecundity and muscle larval burden (larvae per gram, LPG) were respectively ascertained to
evaluate the immune protection elicited by vaccination with rTsCTL. Histopathological examination of intestines and
muscles from infected mice was performed at 7 and 35 dpi.

https://doi.org/10.1371/journal.pntd.0012825.9001

ELISA determination of cytokine responses

To assess the cellular immune response to the rTsCTL vaccination, five mice of each group
were euthanized at week 0 and 6 following vaccination, and at 1 and 5 weeks after challenge.
The spleen, MLNs and PPs were recovered from all vaccinated mice, homogenized in com-
plete DMEM medium (Gibco, Auckland, New Zealand). The cells were obtained after centrif-
ugation at 1000 g for 5min, and isolated as reported [5,31]. The cell density was adjusted to 2
x 10° cells/ml in DMEM medium containing 5% fetal bovine serum (FBS), penicillin (100 U/
ml) and streptomycin (100 pg/ml), stimulated with 10 pg/ml rTsCTL at 37 °C and 5% CO, for
72h [32], then supernatant was collected and two cytokines (IFN-y and IL-4) were measured
by a sandwich ELISA (BD Biosciences Pharmingen, USA). The levels of cytokine were shown
as pictograms per milliliter (pg/ml).

Challenge infection and evaluation of immune protection

In order to evaluate immune protection produced by rTsCTL vaccination, all vaccinated
mice were challenged orally with 300 T. spiralis ML two weeks after the last vaccination. The
AWs were collected and numbered from the intestines of ten vaccinated mice from each
group at 7 dpi. The remaining ten mice from each group were euthanized at 35 dpi, mouse
carcass was weighted, artificially digested and the ML were collected and numbered as
reported before [12,33]. The immune protective effect induced by rTsCTL vaccination was
assessed as the worm burden reduction of enteral AW's and muscle larvae per gram (LPG)
of skeletal muscle tissues from immunized mice compared to the PBS group [11]. Addition-
ally, the female fecundity from various groups of vaccinated mice was also ascertained as
previously reported [34].

Antibody-dependent cell-mediated cytotoxicity (ADCC) assay

Specific antibody mediated cytotoxicity on the NBL was performed as previously reported
[13]. Briefly, The female adult worms at 6 dpi were cultivated in DMEM with 10% fetal bovine
serum (FBS; Gibco) at 37 °C in 5% CO, for 24 h, and the NBL were recovered, 100 NBL were
cultured with 2 x 10° murine peritoneal exudate cells (PECs) in a 96-well plate with DMEM
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medium supplemented with anti-rTsCTL immune serum (1:50-1:800 dilutions) at 37 °C for
72h, T. spiralis-infected mouse serum was used as positive control, mouse serum from the ISA
201 and PBS control groups as negative serum controls. After being cultured for 72 h, the NBL
viability was assessed according to their morphology and activity. The living NBL was active
and mobile, while the dead NBL was inactive and straight. Cytotoxicity was defined as the
percentage of dead NBL to the total larvae observed in each test.

Assay of intestinal permeability in infected mice

In order to evaluate whether rTsCTL immunization affects intestinal permeability in infected
mice, intestinal permeability assay was performed in immunized and infected mice [35,36]. In
brief, at 7 dpi, all mice were fasted and were deprived from water overnight, and then 100 ul
4kDa FITC-dextran (FD 4) was administrated to each mouse at a concentration of 50 mg/ml
by intragastric administration. And then the mice recovered drinking water. Four hours later,
mouse blood was collected and blood plasma was isolated in the dark. The plasma was diluted
in a 1:100 ratio with PBS, and the absorbance at 485 nm excitation wavelength and 520 nm
emission wavelengths were measured by a microplate reader (Tecan, Switzerland) [37,38].

qPCR and Western blot assay of TJs, mucins and inflammatory cytokines of
gut mucosa from infected mice

To detect mRNA expression levels of TJs (occludin, claudin-1, claudin-2 and E-cad), Muc2,
Muc5, pro-inflammatory cytokines (TNF-a and IL-1p) and anti-inflammatory cytokines (IL-4
and IL-10), mouse intestinal tissues were collected at 7 dpi, total RN As were extracted with
TRIzol reagent (Takara), and were reverse-transcribed to cDNA using a cDNA synthesis kit
[39]. qPCR amplification was performed using the SYBR Green PCR master mix in the ABI
Prism 7500 Fast Sequence Detection System (Applied Biosystems, South San Francisco, USA)
[40]. B-actin was used to normalize mRNA levels, and there were no differences in p-actin
expression among different groups. A PBS negative control was set on each experiment. The
fold changes in the nine genes were calculated using the comparative Ct (2724“") method [41].
Each experiment was carried out in triplicate. Primers of nine genes used for qPCR in this
study are listed in Table 1 [8,42].

To ascertain the expression levels of TJs (occludin, claudin-1, claudin-2 and E-cad), mouse
intestinal tissues at 7 dpi were lysed in RIPA buffer, and were grinded in an ice bath for 30 min
and centrifuged at 12,000 g for 15 min to remove any cell fragments. The tissue proteins were
separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Millipore, USA) in the wet transfer cell (Bio-Rad, USA) [43]. The membrane was blocked
with 5% skim milk in TBST at 37 °C for 2h and incised into strips. Subsequently, the strips were
probed with antibodies against occludin (1.5 pg/ml), claudin-1 (1.5 pg/ml), claudin-2 (1.5 pg/
ml) (ThermoFisher, USA), E-cad (1: 1000, Abmart, China) and anti-p-actin antibody (1:1000,
Servicebio, Wuhan, China) overnight at 4 °C [44]. After washes with TBST, the strips were
incubated at 37 °C for 1h with HRP-anti-mouse IgG conjugate or HRP-conjugated anti-rabbit
IgG (1:10,000; Southern Biotech). Finally, the strips was colored with an enhanced chemilumi-
nescence kit (Epizyme, Shanghai, China) and the relative intensities of each band were analyzed
using the Image ] software (National Institutes of Health, USA) [45,46].

Histopathological examination of small intestine and muscle

At 7 and 35 dpi, small intestine and masseter muscles were respectively collected from
infected mice and blank control mice, fixed in 4% polyoxymethylene for 24 h, embedded in
paraffin wax and cut into 3-pm-thick tissue cross-sections, deparaffinized and stained using
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Table 1. Primer sequences of murine TJs, mucin and cytokines in qPCR assays.

Genes Sequences (5 to 3') GenBank no.

Occludin F: TGGCAAGCGATCATACCCAGAG NM_001360536.1
R: CTGCCTGAAGTCATCCACACTC

Claudin-1 F: GGACTGTGGATGTCCTGCGTTT NM_016674.4
R: GCCAATTACCATCAAGGCTCGG

Claudin-2 F: AGGACTTCCTGCTGACATCCAG NM_001410421.1
R: AATCCTGGCAGAACACGGTGCA

E-cad F: GGTCATCAGTGTGCTCACCTCT NM_009864.3
R: GCTGTTGTGCTCAAGCCTTCAC

Muc2 F: TGTGGCCTGTGTGGGAACTTT NM_023566.4
R: CATAGAGGGCCTGTCCTCAGG

Muc5ac F: CTGTGACATTATCCCATAAGCCC NM_010844.3
R: AAGGGGTATAGCTGGCCTGA

TNF-a F: CCCTCACACTCAGATCATCTTCT NM_013693.3
R: GCTACGACGTGGGCTACAG

IL-1B F: AGCTCTCCACCTCAATGGAC NM_008361.4
R: ATCATTGCGTGGGATCTTGA

IL-4 F: TTGTCATCCTGCTCTTCTTTCT NM_021283.2
R: CTGTGGTGTTCTTCGTTGCT

IL-10 F: CCCTTTGCTATGGTGTCCTT NM_010548.2
R: TGGTTTCTCTTCCCAAGACC

B-actin F: CTACCTCATGAAGATCCTGACC NM_007393.5
R: CACAGCTTCTCTTTGATGTCAC

https://doi.org/10.1371/journal.pntd.0012825.t001

hematoxylin and eosin (HE) stain and periodic acid Schiff reagent (PAS; Baso, Zhuhai, China)
[25,30]. Gut mucosa of different groups of mice were examined under light microscopy, and
enteral villus width and the numbers of enteral epithelial goblet cells per field (400x) were
examined and numbered. The encapsulated larvae per field (100x) and inflammatory cells
(eosinophils, neutrophils and lymphocytes) per field (400x) on muscle sections were num-
bered as previously described [13,47].

Statistical analysis

The data in this study were analyzed by GraphPad Prism V.9.5 (GraphPad Software Inc.,

San Diego, CA, USA) and shown as the mean * standard deviation (SD). Differences among
diverse groups were analyzed by Student’s t-test or one way ANOVA after being tested by
Shapiro-Wilk’s test and Levene’s test to check the datum normality and homogeneity. P < 0.05
was regarded as statistical significance.

Results
Serum anti-rTsCTL antibodies in immunized mice

Anti-rTsCTL IgG titers in murine sera were measured by ELISA at two weeks after the final
vaccination. The results showed that anti-rTsCTL IgG levels in vaccinated mice were signifi-
cantly increased compared to the pre-vaccination levels (P < 0.05). After the final vaccination,
the specific IgG titer in vaccinated mice reached 1:10° (Fig 2), indicating that rTsCTL had a
good immunogenicity. However, anti-rTsCTL IgG responses were not detected in mice vacci-
nated with only ISA201 and PBS.
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Fig 2. Serum anti-rTsCTL IgG titers measured by ELISA with rTsCTL. Anti-r'TsCTL IgG levels were assayed in
sera of vaccinated mice 2 weeks after the last vaccination. All serum samples were assayed in duplicate. The data are
presented as the OD values of anti-r'TsCTL IgG levels from 10 vaccinated mice. Forty five serum samples (1:100 dilu-
tions) from normal mice were also measured as negative serum controls. The cut-off values of ELISA were calculated
based on the 2.1-fold of the mean OD value of the negative control serum from normal mice. Serum OD values that
were equal to or greater than the cut-off values were regarded as positive. The cut-off values (0.22) are shown with a
dotted line.

https://doi.org/10.1371/journal.pntd.0012825.g002

The ELISA results showed that at 2, 4 and 6 weeks after first immunization, serum anti-
rTsCTL IgG level of the rTsCTL group was significantly higher than the ISA201 and PBS groups
(F,, =4549,F, =138.1, F = 4556, P <0.0001), and remained higher level at 1-5 weeks after
larval challenge (Fig 3A). Moreover, the IgG1 and IgG2a levels of rTsCTL group were also statis-
tically higher than the ISA201 and PBS groups at 6 weeks after first immunization and 5 weeks
after challenge (FIgGl =106.0, Flgczﬂ =471.0, P < 0.0001) (Fig 3B and 3C). Furthermore, the IgG1
level of rTsCTL group at 2, 4 and 6 weeks after first immunization was obviously higher than
IgG2alevel (¢, =4.633, P=0.0012;¢, =7.265, P<0.0001;¢ =7.815, P<0.0001),indicating
that rTsCTL immunization triggered a mixed Th1/Th2 immune response with Th2 predomi-
nance. Additionally, anti-rTsSCTL IgA was also measured, the results showed that IgA levels at 2,
4 and 6 weeks following the first vaccination were visibly elevated in rTsCTL group compared to
the ISA201 and PBS control groups (F,,, = 141.9, F, = 102.4, F_ = 448.6, P < 0.0001) (Fig 3D).
But the mice vaccinated with ISA201 or PBS alone did not exhibit any anti-rTsCTL IgG and IgA
responses at 2, 4 and 6 weeks after vaccination; but after larval challenge, the two control groups
also showed increasing anti-rTsCTL IgG and IgA level in comparison to pre-challenge levels.
The results demonstrated that specific IgG (IgG1/ IgG2a) and IgA levels in immunized group
were gradually elevated after vaccination, and further increased after challenge infection, and
rTsCTL vaccination triggered obvious humoral immune responses.

Intestinal mucosal sIgA response

The results of sIgA assay revealed that total sIgA level in gut fluid of mice immunized with
r'TsCTL were evidently higher than the PBS group at 6 weeks after the first immunization
(F=1294, P <0.0001) (Fig 4A). Moreover, rTsCTL-specific sIgA levels in rTsCTL group were
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Fig 3. Serum anti-rTsCTL antibodies of immunized mice determined by ELISA using rTsCTL. A: Total anti-r'TsCTL IgG response in mice vaccinated with rTsCTL
at various times following vaccination. Specific IgG1 (B) and IgG2a (C) subclass responses were also ascertained at various times after vaccination. D: Specific IgA level
in vaccinated mice. All serum samples were assayed in duplicate. The OD values from each group of mice are presented as mean =+ standard deviation (SD) of antibody
levels (n = 10). The vaccination times are shown with arrows (1) and the challenge time is indicated by triangles (A). *P < 0.05 compared to the PBS group.

https://doi.org/10.1371/journal.pntd.0012825.9003

also distinctly higher than the PBS group (F = 696.6, P < 0.0001) (Fig 4B). The higher levels
of total and specific sIgA in rTsSCTL group sustained to the 5 weeks after the challenge (F, =
3353, F 4 = 182.7, P < 0.0001). No enteral mucosal specific sIgA responses were observed in

mice vaccinated with the only ISA201 or PBS alone group. The finding suggested that rTsCTL
vaccination elicited an evident enteric mucosal sIgA response.

Cytokine expression levels of immunized mice

To investigate Th1/Th2 response, splenocytes, MLN and PP from immunized mice were
stimulated with the rTsCTL, the cytokine profile from culture supernatants was assayed by
ELISA. The results showed that the levels of Th1 cytokine (IFN-y) and Th2 cytokine (IL-4)
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in the rTsCTL group of mice had no significant difference before immunization (P > 0.05).
But the level of IFN-y and IL-4 secreted by spleen cells in rTsCTL immunization group were
remarkably increased at 6 weeks after immunization, compared to the PBS group (F =
117.1, F, , = 235.0, P < 0.0001) (Fig 5). Moreover, the levels of IFN-y and IL-4 in rTsCTL
group were further elevated at five weeks after challenge (11 weeks following vaccination)
(Fiy, = 1245, F, , = 202.4, P < 0.0001). The levels of IFN-y and IL-4 secreted by MLN (6w:
Fy, =64.22,F  =564.8,P<0.0001; 11w: F,,  =148.1,F,  =118.1, P <0.0001) and PP

IFN- IL-4

cells (6w: F ., =77.67, F; ,=52.33,P<0.0001; 11w: F,  =283.7, F; , =107.9, P <0.0001)
were also evidently higher than the PBS group at 6 weeks following immunization and 5
weeks after challenge. The results suggested that vaccination with rTsCTL triggered the con-
comitant Th1/Th2 responses, and indicated that subcutaneous immunization with rTsCTL

evoked both systemic (spleen) and intestinal mucosal local (MLN and PP) cellular immune

responses.

Immune protection of immunization with rTsCTL

Immune protection against T. spiralis larval challenge was investigated in all vaccinated mice.
The results showed that compared to the PBS group, rTsCTL vaccination group exhibited
51.69% intestinal AW reduction at 7 dpi following larval challenge (F = 88.06, P < 0.0001)
(Fig 6A). Three females/each mouse were randomly collected from three mice of each group
and cultured in DMEM at 37 °C for 72 h to calculate the NBL production per female worm.
The results showed that female fecundity of the rTsCTL group was evidently lower than that
of the PBS group. The NBL number in the rTsCTL group was reduced by 40.51% (F = 145.6,
P <0.0001) (Fig 6B). Moreover, vaccination of mice with rTsCTL showed a 48.19% reduction
of the ML burden at 35 dpi (F = 78.70, P < 0.0001) (Fig 6C). However, vaccination of mice
with only ISA 201 adjuvant did not show any evident reduction of intestinal adult worm and
muscle larva burdens compared to the PBS group (P > 0.05). The results demonstrated that
vaccination of mice with rTsCTL elicited an obvious immune protection against T. spiralis
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challenge infection, which reduced intestinal worm burden, impeded intestinal worm devel-
opment and reduced female reproductive capacity, therefore, reduced the muscle larva burden
and alleviated T. spiralis infection in immunized mice.

ADCCkilling and destroying on the NBL

The ADCC results revealed that after culture at 37 °C for 72 h, anti-rTsCTL serum (1:100 dilu-
tions) mediated the PECs adhesion to the NBL and damage of the NBL (Fig 7A). When 1:100
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dilutions of anti-rTsCTL serum were supplemented into the medium and were co-cultured
with the NBL as well as PECs for 72h, the ADCC resulted in a 62.85% cytotoxicity (NBL
death), which were evidently higher than the sera from the ISA201 and PBS groups (F = 685.8,
P <0.0001) (Fig 7B). The cytotoxicity was dose-dependently related with specific anti-rTsCTL
antibodies (7., = 0.9064, P < 0.0001). Moreover, when 1:100 dilutions of anti-rTsCTL serum
were used, the cytotoxicity showed an elevating trend with the prolongation of culture time

(F,,, = 28.62, P=0.001; F,, = 166.6, F,, = 685.8, P < 0.0001) (Fig 7C).

rTsCTL immunization reduced the increased intestinal permeability caused
by T. spiralis infection

FD-4 was administered to each mouse at 7 dpi, and plasma was collected for intestinal per-
meability assay at 4 h after administration. The results showed that FD-4 flux in the rTsCTL
group was reduced by 38.82% compared with the infected PBS group (F = 13.77, P = 0.0008)
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(Fig 8). The results showed that rTsCTL immunization reduced and abrogated the increase of
intestinal permeability caused by T. spiralis infection and improved the integrity of intestinal
epithelium, which might be related with rTsCTL immunization impeding larval invasion and
reducing gut inflammation.

rTsCTL immunization increased TJs expression in infected mice

The qPCR results showed that the transcription levels of occludin, claudin-1 and E-cad in the
rTsCTL group were significantly higher than ISA201 or infected PBS groups at 7 dpi (F__, .
=13.67,P<0.01;F,  =19.34,P<0.0L;F,  =8610, P <0.05) (Fig 9A); However, the
claudin-2 transcription levels in the rTsCTL group were evidently lower than the ISA201 or
infected PBS groups at 7 dpi (F, . ,=51.55, P <0.001).

Western blot results showed that the expression levels of occludin, claudin-1 and E-cad
in the rTsCTL group at 7 dpi were obviously higher than the ISA201 or infected PBS groups
(F, uain = 46.85,P<0.001; F, . =10.15P<0.05F, _,=1120,P<0.01) (Fig 9B); Never-
theless, the claudin-2 expression levels in the rTsCTL group at 7 dpi were distinctly less than
the ISA201 or infected PBS groups (F, .~ =13.44, P <0.01). These findings showed that
after rTsCTL immunization, the decreased TJs expression levels resulted from T. spiralis infec-
tion was abrogated and regained, and indicated that rTsCTL immunization improved and

strengthened intestinal epithelial integrity.

Intestinal histopathological change in infected mice

The results of HE and PAS staining revealed that at 7 dpi, mild intestinal inflammation and
relative normal intestinal villi were observed in enteral cross-sections of mice immunized
with rTsCTL, intestinal villus width of the rTsCTL group was significantly lower than that of
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Fig 9. rTsCTL immunization increased the TJs expression levels in infected mice. A: qPCR analysis of mRNA expression levels of TJs (occludin, claudin-1, E-cad
and claudin-2) in infected mice. B: Western blotting of protein expression levels of TJs (occludin, claudin-1, E-cad and claudin-2) in infected mice. $-actin was used as
an internal reference. Each test had three replicates. * P < 0.05 compared with the uninfected PBS groups; P < 0.05 contrast to the infected PBS group.

https://doi.org/10.1371/journal.pntd.0012825.g009

the ISA201 and infected PBS groups (F = 394.5, P < 0.0001) (Fig 10A and 10B), while enteral
sections from the ISA201 and infected PBS groups showed an obvious destruction of villus
structure, villous edema and inflammatory cell infiltration in the villus, and more as well as
larger goblet cells (Fig 11A). The goblet cell numbers of the rTsCTL group were prominently
less than the ISA201 and infected PBS groups (F = 69.30, P < 0.0001) (Fig 11B). Moreover, the
qPCR results showed that Muc2 and Mucbac transcription levels of the rTsCTL group were
notably lower than those of the ISA201 and infected PBS groups (F,, ,=23.06, P<0.01; F,, .
=32.29, P<0.001) (Fig 11C and 11D). The results demonstrated that rTsCTL immunization
significantly hampered larval invasion of gut mucosa, alleviated intestinal inflammation, and

reduced mucin expression levels in gut mucosa.

Inflammatory cytokine mRNA expression in infected mice

Total RNAs were obtained from intestinal tissue of infected mice at 7 dpi, the mRNA
expression levels of intestinal inflammatory cytokines were assessed by qPCR. The results
showed that after challenge, pro-inflammatory cytokines (TNF-a, IL-1p) transcription lev-
els in rTsCTL immunized mice were overtly lower than the ISA201 and infected PBS groups
(Fyp.o = 17.60, P < 0.01; FIL—I[} = 8.080, P < 0.05) (Fig 12). But, anti-inflammatory cytokine
(IL-4 and IL-10) transcription level in the rTsCTL group was significantly higher than the
ISA201 and infected PBS groups (F, , = 82.39, F  =442.2, P<0.0001). The results indi-
cated that immunization with rTsCTL significantly reduced the pro-inflammatory factors

(TNF-a, IL-1P) transcription and increased anti-inflammatory cytokines (IL-4, IL-10)
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Fig 10. HE staining of intestinal histopathological changes in infected mice at 7 dpi. A: Enteral sections were
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Fig 12. qPCR analysis of intestinal inflammatory cytokine mRNA transcription levels in immunized mice at 7 dpi. Total mRNA of intestinal tissue from immu-
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https://doi.org/10.1371/journal.pntd.0012825.9012

transcription, consequently relieved enteric inflammatory reaction in rTsCTL-immunized
mice after challenge.

Muscle pathological change in infected mice

Pathological change of skeletal muscles from infected mice was observed at 35 dpi. In the
rTsCTL group, muscle fibers were relative normal and uniform, and muscle cells were relative
visible. However, the sarcolemma of the larval parasitized muscle fibers was severely destroyed
in the muscle sections of the ISA201 and PBS groups, and more intense inflammation reaction
was observed (Fig 13A). The number of encapsulated T. spiralis larvae of the rTsCTL group
was distinctly lower than the ISA201 and PBS groups (F = 18.66, P = 0.0027) (Fig 13B).
Additionally, the inflammatory infiltrative cells around the encapsulated larvae of the rTsCTL
group were also significantly reduced compared to the ISA201 and PBS groups (F = 24.11, P =
0.0014) (Fig 13C).
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Scale bars = 200 pm. B: Number of encapsulated muscle larvae in different groups of vaccinated mice. C: Number of
inflammatory cells around encapsulated larvae in different groups of vaccinated mice. Each test had three replicates.
*P < 0.05 compared to the ISA201 and PBS groups.

https://doi.org/10.1371/journal.pntd.0012825.9013

Discussion

C-type lectins (CTL) are a class of Ca**-dependent lectins with a compact globular sugar
recognition domain (carbohydrate recognition domain, CRD), and it is the most diverse and
abundant family of lectins. CTL has the C-type lectin domain (CTLD) containing pattern
recognition receptors. It binds to monosaccharides or oligosaccharides in a Ca**-dependent
manner to recognize the glycosyl molecules on the surface of cells [48]. CTL plays an import-
ant role in parasite adhesion, invasion and immune evasion. A CTL has been discovered in
the excretory/secretory products from Toxocara canis infectious larvae. This lectin specifically
attaches to receptors on the exterior of canine MDCK cells in a manner dependent on calcium
in laboratory conditions [49]. The C-type lectin (CD209a) on host dendritic cells combined
with glycoproteins on the surface of Schistosoma eggs, promoted schistosome juvenile inva-
sion of the connective tissues of the host [50]. Therefore, the parasite CTL is likely to be a
potential vaccine target molecule against parasite infection.

Previous study showed that a novel TsCTL was highly expressed at the IIL stage and located
in the cuticle, stichosome and embryos of female adults; TSCTL was directly contacted and
interacted with host intestinal epithelium at the early stage of T. spiralis infection [19]. TsCTL
as a surface and secretory antigen was also early exposed to the host’s immune system, it could
trigger the generation of specific anti- Trichinella IgG antibodies. Recent studies indicated
that there was a specific binding between rTsCTL and syndecan-1 in Caco-2 cells and murine
gut epithelium in vitro and in vivo, which activated the STAT3 pathway, reduced expression
of TJs, damaged intestinal epithelium integrity, and mediated the IIL intrusion of intestinal
mucosa [21,51]. Therefore, TSCTL might be a candidate molecule target of preventive vaccines
against T. spiralis invasion and infection.

In this study, to further investigate whether rTsCTL induces immune protection, the mice
were subcutaneously vaccinated by rTsCTL with the adjuvant ISA 201. The results revealed
that the mice vaccinated with rTsCTL produced dramatically elevated specific anti-rTsCTL
antibodies (serum IgG, IgG1/IgG2a and IgA, and gut sIgA). Immunization with rTsCTL also
triggered systemic (spleen) and local gut mucosal (MLN and PP) cellular immune response,
as demonstrated by an evident elevation of Th1 cytokine IFN-y and Th2 cytokine IL-4. The
mixed Th1/Th2 response acts a vital role in protective immunity against T. spiralis larva attack
[27,31]. Intestinal sIgA plays a crucial part in gut mucosal immune response and prevents
pathogen invasion from the gut mucosa. Most pathogens invade the host intestinal muco-
sal surfaces after they are ingested, and sIgA as the first natural barrier ensures the host get
the protection. Intestinal sIgA against surface antigens of intestinal T. spiralis stages blocked
parasites from invading gut epithelium through accelerating the enteral IIL and AW expulsion
from the gut [13,47,52]. Passive transfer of anti-Trichinella IgA mediated T. spiralis excretion
from murine gut after larval challenge [53]. Moreover, sIgA is involved in the Th2 immune
response. IL-4 is the dominating cytokine in amplifying the IgA response, suggesting that
elevated levels of IL-4 effectively enhanced the mucosal IgA response [6]. Additionally, intes-
tinal sIgA also could inhibit the reproduction capacity (fecundity) of T. spiralis female adults
[26,30]. Anti-Trichinella IgG is also contributed to the rapid ejectment of T. spiralis from the
gut. Our results showed that the female fecundity (e.g., the NBL production/female in vitro
for 72h) of vaccinated mice was significantly inferior to the ISA 201 or PBS control mice,
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indicating that rTsCTL immunization generated an obvious protective immunity, impeded
intestinal worm development and reduced the female adult fecundity.

A biased Th2-type immune response is a hallmark of helminth infection, and it has been
demonstrated that intestinal worms had a regulatory mechanism that limits Th1 responses. IL-4
promotes the generation of IgE, mast cells, and mucus; it also prompts CD4 * T cells to mature
into Th2 cells, increases the IFN-y secretion, and suppresses the production of Th1 cytokines.
Our ELISA results revealed that at 6 weeks after the first immunization, the secretion level of
IFN-y and IL-4 by spleen cells, MLN and PP in the rTsCTL group were remarkably increased,
and further elevated following larval challenge, confirming that rTsCTL immunization elicited
Th1/Th2-mixed cellular immune response. Th2-type immune reaction plays a primary role in
combating intestinal nematode infection. The Th2-type immune responses mainly presented as
an expansion of mast cells and goblet cells, elevation in mucus production, heightened levels of
specific cytokines, histamine, and the generation of antibodies (IgG1 and IgE) [54]. Goblet cells,
specialized in secreting mucus within the intestinal epithelium, play a crucial role in expelling
worms from the gut by enhancing mucus secretion. The abundance of goblet cells and mucin
secretion are directly related with the intensity of T. spiralis infection [27].

Mucins (including Muc2, Muc5ac and Muc5b), a glycoprotein secreted by goblet cells, are
the primary constituent of mucus, forming a viscous and flexible gel-like layer [55]. Mucins
play a vital role in the innate defense against intestinal nematode infections. The heightened
secretion of Muc2 was found to be strongly linked to the worm expulsion from the intestines.
Conversely, in mice lacking Muc2, the expulsion of Trichuris muris worms from the intestines
was notably delayed. Muc5ac acts a crucial role in facilitating the intestinal nematode expul-
sion, with its presence being notably elevated in the cecum of mice who showed resistance to
Trichuris muris infection. Conversely, in mice lacking Muc5ac, the ability to expel T. muris
from the gastrointestinal tract was compromised, often resulting in persistent and chronic
infections. The lack of Muc5ac led to a noticeable postponement in the ejection of two addi-
tional gastrointestinal nematodes (T. spiralis and Nippostrongylus brasiliensis) [56]. Our results
showed that rTsCTL immunization significantly hampered larval invasion of gut mucosa,
alleviated intestinal inflammation, and reduced the goblet cell number and mucin expression
level in gut mucosa [13,32].

Intestinal epithelial cells act as a physical barrier and participate in intestinal mucosal
immunity, resisting intestinal lumen antigens, toxins and harmful substances as the first line
of defense [57]. Therefore, the balance between epithelial proliferation, injury, apoptosis, and
inflammatory responses maintains the intestinal epithelial integrity to keep normal barrier
function. As the predominant intercellular connections, tight junctions (TJs) play a prime role
in regulating the permeability of intestinal epithelium and intestinal barrier function [58].
Occludin and claudins maintain cell polarity and intestinal epithelial barrier. Previous studies
showed that overexpression or up-regulation of claudin-2 increased intestinal permeability
and worsen colitis [59]. It has been showed that various cytokines (inflammatory factors,
chemokines, tumor necrosis factors, and other signaling factors) affect the state of TJs and
regulate enteral homeostasis and stress response in vivo and in vitro [60,61].The high expres-
sion of TNF-a increased the permeability of intestinal epithelium, and reduced the expression
of occludin and ZO-1 [62]; whereas the pro-inflammatory cytokine IL-1p down-regulated the
occludin expression and increased the permeability of Caco-2 cell monolayer [63].

In the present study, intestinal pathological results showed that at 1 week after challenge,
less intestinal inflammation and relative normal intestinal villi were observed in rTsCTL-
immunized mice. Moreover, intestinal villus width, goblet cell numbers and expression
levels of Muc2 and Muc5ac were notably reduced in the rTsCTL-immunized mice. qPCR
and Western blot results revealed that increased expression levels of TJs (occludin, claudin-1,
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E-cad), reduced claudin-2 expression and intestinal permeability were found in the rTsCTL
immunized mice. Furthermore, in the rTsCTL-immunized mice, the levels of intestinal pro-
inflammatory cytokines (TNF-a and IL-1p) were significantly reduced; whereas the expres-
sion of anti-inflammatory cytokines (IL-4 and IL-10) was notably increased. These findings
demonstrated that rTsCTL immunization triggered an obvious mixed Th1/Th2 immune
response both locally in the gut and systemically [5,25]. The protective immunity effectively
hindered the larval invasion of intestine, alleviated gut inflammation, declined expression
levels of mucins and pro-inflammatory cytokines; consequently improved intestinal epithelial
integrity and enhanced intestinal mucosal barrier function [36,64].

After being orally challenged by the ML, compared with the ISA 201 or PBS alone group, the
AW burdens at 7 dpi and ML burdens at 35 dpi of the rTsCTL-vaccinated mice were decreased
by 51.69 and 48.19%, respectively. However, compared with the PBS group, mice vaccinated
with ISA 201 adjuvant alone did not exhibit any significant reduction in intestinal AW and ML
burdens. Vaccination of mice with rTsCTL induced an evident immune protection against larval
infections by producing high levels of specific IgG and sIgA, IFN-y and IL-4 cytokines [25].

The immune protection produced by rTsCTL vaccination may be involved in a combination of
impeding larval invasion and development, expelling residual IIL and adult worms from the gut,
decreasing female fecundity and ADCC-mediated killing on NBL and ML. Anti-Trichinella IgG
antibodies effectively bind to the IIL outer cuticle, and formed a protective immune complex
that acts as a physical barrier in larval anterior. This immune complex functions by physically
obstructing direct contact between IIL and the gut epithelium, thereby preventing larval pene-
tration into intestinal mucosa and partially impeding larval development [6,65,66]. To further
assess the anti-Trichinella IgG mediated cytotoxicity, an in vitro ADCC test was carried out in
this study. The results revealed that anti-Trichinella IgG antibodies facilitated and expedited the
macrophages’ adherence and NBL damage, while the ADCC cytotoxicity was directly related

to the concentration of anti-Trichinella antibodies. These results indicated that anti- Trichinella
antibodies actively participated in the destruction and elimination of NBL through an ADCC
mechanism [12]. Additionally, the protective role of IFN-y against T. spiralis infection is medi-
ated through macrophage’s activation and its enhancement of cytotoxic killing [67].

Additionally, the numbers of encapsulated larvae and inflammatory infiltrative cells
surrounding the larvae in muscle sections were significantly reduced in rTsCTL immunized
groups at 35 dpi, compared with the only ISA201 or PBS groups. The results demonstrated that
rTsCTL vaccination effectively reduced larval burdens and alleviated inflammatory infiltration
in the muscle tissues of infected mice. This phenomenon may be involved in the immunomod-
ulatory effects of IL-10 produced by the vaccination, which suppressed inflammatory responses
during the muscle stage of T spiralis infection [68]. However, the infective ML was not fully
eradicated from vaccinated animals. The protective immunity elicited by subcutaneous vac-
cination with rTsCTL was insufficient to effectively prevent and completely block Trichinella
infection. The results showed that vaccination with a single Trichinella protein only led to
partial immune protection against challenge infection. T. spiralis is a multicellular zoonotic
parasitic nematode with a complex life cycle and each worm stage has its stage-specific antigens
[39]. Therefore, to eliminate Trichinella larvae in food animals, a multivalent anti-Trichinella
vaccine consisting of various protective epitopes needs to be developed in domestic food
animals [69]. Previous studies have shown that oral administration of recombinant NC8-

Tsgal vaccine and recombinant NC8/TsPPase DNA vaccines induced systemic mixed Th1/
Th2 immune response and local intestinal mucosal response [5,27]; Other studies have shown
that DNA vaccine could induce gut local IgA and systemic IgA response in mice, resulting in a
protection against Trichinella infection [6,70]. Adjuvants have the ability to modulate cellular
and humoral immune responses. In recent years, sugars and polysaccharides have been used

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012825 January 22, 2025 21/26




PLOS NEGLECTED TROPICAL DISEASES T spiralis lectin vaccination elicited protective immunity and enhanced gut barrier

as adjuvants of anti- Trichinella vaccines, and intestinal adult and muscle larva burden were
significantly decreased in infected mice pre-treated with mannose [20]. Beta-glucan (BG)
induced intestinal microbiota-dependent metabolites. The mucus layer was thickened and
facilitated the intestinal Trichinella expulsion [71]. Another study indicated specific protective
immunity against Trichinella challenge was enhanced with galactomannan as an adjuvant [32].
Therefore, the eradication of T. spiralis muscle larvae in food animals requires the development
of additional vaccination strategies, such as further screening protective antigens, heterologous
prime-boost vaccination, and novel adjuvants, and so on [13]. Furthermore, considering that
pork serves as a primary source of human Trichinella infection, it is imperative from a veteri-
nary perspective to implement the conclusive experiments on a domestic pig model in order to
validate the eventual protective efficacy of anti-Trichinella vaccines.

In conclusion, vaccination of mice with rTsCTL produced a systemic Th1/Th2 mixed
response and local enteral mucosal sIgA response. The vaccinated mice exhibited a signifi-
cant immune protection, as demonstrated by female fecundity reduction, 51.69 and 48.19%
reduction of enteral adult and muscle larva burdens following T. spiralis larval challenge.
rTsCTL vaccination also alleviated gut inflammations, improved intestinal epithelial integrity
and enhanced intestinal mucosal barrier function. The results indicated that TsCTL might be a
novel candidate target molecule for anti-Trichinella vaccines.
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