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Abstract

Background

A novel serine proteinase of Trichinells spiralis (TsSPc) has been identified in the excretion/
secretion (ES) antigens, but its role in larval invasion is unclear. The aim of this study was to
clone and express TsSPc, identify its biological and biochemical characteristics, and investi-
gate its role on larval invasion of gut epithelium during T. spiralis infection.

Methodology/Principal findings

TsSPc has a functional domain of serine proteinase, and its tertiary structure consists of
three amino acid residues (His88, Asp139 and Ser229) forming a pocket like functional
domain. Recombinant TsSPc (rTsSPc) was expressed and purified. The rTsSPc has good
immunogenicity. On Western blot analysis, rTsSPc was recognized by infection serum and
anti-rTsSPc serum, natural TsSPc in crude and ES antigens was identified by anti-rTsSPc
serum. The results of gPCR, Western blot and indirect immunofluorescence test (IIFT)
showed that TsSPc was expressed at diverse stage worms, and mainly localized at cuticle,
stichosome and intrauterine embryos of this nematode. The rTsSPc had enzymatic activity
of native serine protease, which hydrolyzed the substrate BAEE, casein and collagen .
After site directed mutation of enzymatic active sites of TsSPc, its antigenicity did not
change but the enzyme activity was fully lost. rTsSPc specifically bound to intestinal epithe-
lium cells (IECs) and the binding sites were mainly localized in cell membrane and cyto-
plasm. rTsSPc accelerated larval invasion of IECs, whereas anti-rTsSPc antibodies and
TsSPc-specific dsRNA obviously hindered larval invasion.

Conclusions

TsSPc was a surface and secretory proteinase of the parasite, participated in larval invasion
of gut epithelium, and may be considered as a candidate vaccine target molecule against
Trichinella intrusion and infection.
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Author summary

A novel Trichinella spiralis serine proteinase (TsSPc) has been identified from ES antigens
of T. spiralis intestinal infective larvae (IIL) by immunoproteomics. The objective of this
study was to investigate the biological characteristics of TsSPc and its role in larval inva-
sion. rTsSPc was cloned and expressed, and rTsSPc and native TsSPc in crude and ES
antigens of various worm stages were recognized by anti-rTsSPc antibodies, suggesting
that TsSPc is a secretory protein with good antigenicity. Results of qPCR, Western blot
and indirect immunofluorescence test (IIFT) showed that TsSPc was expressed at diverse
stages, and mainly localized at cuticle, stichosome and intrauterine embryos of this nema-
tode. rTsSPc had enzymatic activity of natural serine proteinases for hydrolyzing the sub-
strates (BAEE, casein and collagen I), but enzymatic activity of rTsSPc was completely lost
after its enzyme active sites were mutated. IIFT, Far western and confocal microscopy
showed that rTsSPc specifically bound to intestinal epithelial cells (IECs), and the binding
site was principally localized in cell membrane and cytoplasm. An in vitro larval invasion
test revealed that rTsSPc evidently accelerated larval invasion of IECs; whereas anti-
rTsSPc antibodies and TsSPc-specific dsRNA significantly impeded larval invasion. The
results indicated that TsSPc participated in larval invasion of host gut mucosa, and may be
considered as a candidate vaccine target for intercepting Trichinella intrusion and
infection.

Introduction

Trichinellosis is an important zoonotic parasitic disease caused by the consumption of raw or
undercooked animal meat infected with Trichinella sp. muscle larvae [1]. From 2009 to 2020,
eight outbreaks of human trichinellosis caused by infected pork or pork products were
reported in China [2]. Trichinella infection not only has a threat to public health, but also pos-
sesses a risk to animal food safety and global meat trade [3]. Therefore, it is necessary to
develop preventive vaccines to block the transmission of Trichinella infection in domestic pigs
and eliminate the infective larvae in animals consumed as food [4,5].

After being ingested, the encapsulated Trichinella spiralis muscle larvae (ML) are released
from the capsules with the aid of digestive fluid and activated into intestinal infectious larvae
(IIL) by exposure to gut contents or bile. The IIL penetrate intestinal epithelial cells (IECs) and
establish their multicellular niche, where they molt for the first time 10 hours post infection
(hpi), and then molt three times to adult worm (AW) stage 31 hours post infection (hpi) [6].
After copulation, pregnant adult females produce the next generation of newborn larvae
(NBL), which enter the bloodstream, penetrate the skeletal muscles, and develop into the
encapsulated ML and complete their life cycle [7]. The IIL penetration of IECs is the essential
step for T. spiralis infection and pathogenesis. Gut epithelium is the first natural physical bar-
rier against the invasion of the intestinal parasites, and also the main site of the interaction
between parasite and host [8,9], but the mechanism of the IIL invading IECs has not been fully
clarified [10,11]. The identification and characterization of larval invasion-related molecules
will be favorable for elucidating the mechanism of T. spiralis invasion and developing preven-
tive vaccines to prevent T. spiralis invasion [12,13].

Excretion/secretion (ES) antigens of T. spiralis IIL contain many kinds of proteases; they
are first exposed to the host intestinal mucosa and play an important role in disrupting the
host intestinal epithelial barrier [14]. By using proteomics/immune proteomics analysis,
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various serine proteases were identified in T. spiralis IIL ES products [15,16], and they might
participate in larval invasion of the host gut epithelium [17,18]. Therefore, serine proteases
might be the main candidate target molecules for the vaccines against Trichinella invasion of
gut mucosa [19,20]. In previous studies, a novel serine proteinase from T. spiralis (TsSPc, Gen-
bank: U62659.1) was identified in the ES and surface proteins of the IIL stage [21-23]. The ser-
ine proteinase was also present in AW and NBL stages of T. spiralis [24]. But, the biological
characteristic of TsSPc and its function in T. spiralis life cycle has not been reported in the lit-
eratures so far.

The aim of this study was to clone and express TsSPc, identify its biological and biochemi-
cal characteristics, and investigate its action on larval invasion of gut epithelium during T. spir-
alis infection.

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 experi-
ments in this study were approved by the Life Science Ethics Committee of Zhengzhou Uni-
versity (No. ZZUIRB GZR 2021-0044).

Trichinella, cells and experiment animals

The species of Trichinella spp. used in this experiment was T. spiralis isolate (ISS534) obtained
from an infected domestic pig in Nanyang, Henan Province of China [19]. Human colon epi-
thelial cell line Caco-2 and mouse striated muscle myoblast C2C12 were obtained from the
Cell Resource Center of the Shanghai Institute for Biological Sciences of the Chinese Academy
of Sciences. Female BALB/c mice aged 4-6 weeks were purchased from Henan Experimental
Animal Center, China.

Worm collection and antigen preparation

Murine carcasses infected with T. spiralis at 35 dpi were digested by using artificial digestion
fluid (1% pepsin, 0.75% HCL and 0.9% NaCl) at 37 °C for 3 h to collect the ML [24]. The IIL
and AW were recovered from small intestine at 6 hpi, 3 and 6 dpi, respectively [25,26]. Adult
females were cultivated in RPMI-1640 supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) for 24 h at 37 °C and 5% CO,, and the NBL were collected as described previously
[27,28]. The soluble crude antigens of diverse T. spiralis stage worms (ML, IIL, AW and NBL)
and their ES antigens were prepared as reported before [29,30].

Cloning and expression of rTsSPc

The full-length cDNA sequence of TsSPc gene was retrieved from GenBank (GenBank:
U62659.1), and its physicochemical properties and structures were analyzed and predicted
using the online website for ExPASy (https://www.expasy.org/) [31].

Total RNA was extracted from the 6 h IIL using TRIzol (Invitrogen, USA). TsSPc-specific
primers were designed with restriction sites of BamHI and Sall (bold) (5'-AAGGATC-
CATTGTAGGCGGTAGTGAT-3, 5-GCGTCGACTTAGGAAGAGTAC AATT-3'). The
complete TsSPc cDNA sequence was amplified by PCR. The PCR product was cloned into the
PQE-80L carrying a His-tag at N-terminus (Novagen, USA), and recombinant pQE-80L/
TsSPc was transformed into E. coli BL21 (Novagen). The expression of rTsSPc was induced
with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 37 °C for 6 h [10]. A Ni-
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NTA-Sefinose resin containing His tag (Sangon Biotech, Shanghai, China) was used to purify
r'TsSPc [32]. The expression of rTsSPc protein was analyzed by SDS-PAGE and Western
blotting.

Preparation of anti-rTsSPc serum

Ten mice were subcutaneously immunized with 20 ug rTsSPc mixed with complete Freund’s
adjuvant. Boost immunization was given two times with 20 pg rTsSPc mixed with incomplete
Freund’s adjuvant at an interval of two weeks [33]. At two weeks after the third immunization,
the tail blood of mice was collected to isolate anti-rTsSPc immune serum. Anti-rTsSPc IgG
titer of all immunized mice was determined by conventional indirect ELISA as reported before
[34]. In brief, ELISA plates were coated with 1.5 ug/ml rTsSPc at 4 °C overnight. After washing
with PBS (pH 7.4) containing 0.05% Tween-20 (PBST), the plate was blocked with 5% skim
milk at 37 °C for 2 h. Following washes, serially diluted anti-rTsSPc immune serum was added
and incubated at 37°C for 2 h, then incubated at 37 °C for 1 h with HRP-conjugated goat anti-
mouse IgG (1:10000; Southern Biotech, USA). Coloration was developed with OPD (Sigma,
USA) plus H,O,, the reaction was terminated using 2 M H,SO,. The OD values at 492 nm
were assayed by a microplate reader (Tecan, Schweiz, Switzerland) [35].

Western blotting analysis

Proteins samples consisted of rTsSPc, crude antigens of ML, IIL, 3d AW, 6 d AW and NBL,
and ES antigens of ML, IIL, 3d AW and 6 d AW. The proteins were separated on SDS-PAGE
with 12% separation gel, subsequently transferred onto the membranes (Millipore, USA) at
0.25 A for 90 min in a wet transfer cell (Bio-Rad, USA) [34,36]. The membrane was blocked by
5% skim milk in Tris-buffered saline with 0.05% Tween-20 (TBST) at room temperature for 2
h, and incubated with 1:100 dilutions of different sera (anti-rTsSPc serum, T. spiralis-infected
mouse serum collected at 35 dpi, and normal mouse pre-immune serum) at 4 °C overnight.
Following being washed, the membrane was incubated with 1:10 000 dilutions of HRP-conju-
gated goat anti-mouse IgG (Southern Biotechnology, USA) at 37 °C for 1 h. The membrane
was colored by use of 3,3’-diaminobenzidine tetrahydrochloride (DAB; Sigma), and stopped
by washing the membrane with deionized water [37-39]. Color development of the membrane
was also performed by the enhanced chemiluminescence (ECL) kit (CWBIO, Beijing, China)
[32], and the relative expression level of the TsSPc protein at various T. spiralis phases was
determined with Image] software.

Real-time quantitative PCR (qPCR) assay

Total RNA from various T. spiralis worm stages (ML, IIL, 3 d and 6 d AW, and NBL) was iso-
lated using TRIzol reagent (Invitrogen). The TsSPc mRNA transcription level at diverse worm
stages was ascertained by qPCR as described previously [40,41]. TsSPc-specific primers for
qPCR were 5'-TTGTTTTCAGCTGCTTGCGG-3' and 5'- ATGGGGAACGGCATCACTAC-3'.
The relative TsSPc mRNA expression level was normalized by subtracting the mRNA expression
level of the T. spiralis housekeeping gene GAPDH (GenBank: AF452239) [38] and then calcu-
lated on the basis of the comparative Ct (2724 method [42]. Each experiment had three
replicates.

Indirect immunofluorescence test (IIFT)

To investigate expression and worm localization of natural TsSPc in different stages of T. spira-
lis, ITFT was performed as reported previously [43,44]. Whole intact worms of various T.
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spiralis stages (ML, IIL, AW and NBL) were fixed with 4% paraformaldehyde and embedded
in paraffin, and 2-um-thick worm cross-sections were cut with a microtome [45]. Whole
worms and worm cross-sections were blocked with 5% goat serum at 37 °C for 1 h, washed
three times in PBS, and then incubated with 1:10 dilutions of anti-rTsSPc serum, infection
serum and pre-immune serum. Goat anti-mouse IgG-Alexa Fluor 488 conjugate (1:100;
Abways, Shanghai, China) was used as the secondary antibody. After washes again, whole
worms and cross-sections were examined by fluorescence microscopy (Olympus, Japan)
[40,46].

Assay of rTsSPc enzyme activity by using substrate BAEE

Since rTsSPc is expressed in the form of inclusion bodies, rTsSPc is first refolded through dial-
ysis and renaturation method [47]. To assay the enzymatic activity of rTsSPc, the serially
diluted rTsSPc (0, 0.01, 0.02, 0.04, 006, 0.08, 0.10 pg/pl) was first pre-incubated at 37 °C for 15
min in various pH buffer (pH 3.0-5.0 sodium acetate, pH 6.0-7.0 sodium phosphate, pH 8.0-
9.0 Tris-HCI, and pH 10.0-10.5 sodium bicarbonate). Subsequently, the substrate N-benzoyl-
L-arginine-ethylester (BAEE; BBI, Shanghai, China) was added to the reaction mixture and
incubated at different temperatures (20, 30, 37, 40, 50, 60, 70, and 80 °C) for 15 min, and the
absorbance at 253 nm was measured using a spectrophotometer [48]. To evaluate the effect of
different metal ions on rTsSPc enzyme activity, metal ions (Ca>*, Fe**, Zn**, Mg>", Ni**, and
Mn?*) were added to the reaction system [12,49]. Moreover, different protease inhibitors (1
mM PMSF, 20 uM E-64, 2 mM 1, 10-Phe, 10 uM Pepstatin or 10 mM EDTA) were also used
to evaluate the effect of these inhibitors on rTsSPc activity. The denatured rTsSPc which was
inactivated at 100 °C for 5 min was used as a positive control for inhibition. Each sample has
three replicates.

Assay of rTsSPc activity using casein as substrate

The rTsSPc proteolysis activity was measured by substrate gel electrophoresis containing 0.1%
casein substrate [50,51]. Briefly, the rTsSPc (2 pg/lane) mixed with the loading buffer lacking
B-mercaptoethanol was separated by SDS-PAGE [38]. The substrate gel was loaded with the
rTsSPc and run at 120 V for approximately 120 min under non-reducing conditions. After
electrophoresis, gels were incubated with renature buffer for 40 min to remove the SDS at
room temperature and incubated in 50 mM Tris-HCI buffer (pH 8.0) for 48 h at 37 °C. Finally,
the gels were stained with Coomassie brilliant blue for 2 h and destained until clear translucent
bands appeared against the dark blue background [52]. In addition, heat-inactivated rTsSPc, 1
mM PMSF+rTsSPc and 5 pg recombinant T. spiralis serine protease inhibitor (rTsSPI)+-
r'TsSPc were used as the negative control.

Moreover, the proteolytic activity of rTsSPc was assayed by using azocasein (Sigma). The
effect of pH on rTsSPc enzymatic activity to degrade azocasein was measured at pH 5.5-10.5
[53]. Briefly, 2 ug rTsSPc proteins were mixed with 25 pl buffer and 20 ul azocasein substrate
(10 mg/ml) and incubated for at 37°C 16 h. Then, the assay was stopped using 50 pl 12% tri-
chloroacetic acid at room temperature for 15 min and centrifuged at 12 000 x g for 20 min.
The collected supernatants were neutralized by equivolumetric NaOH (1 M) and the absor-
bance (OD value) at 405 nm was measured. All reactions were performed in triplicate [54].
r'TsSPc was also pre-incubated with diverse enzyme inhibitors at 37 °C for 30 min, and then
incubated with azocasein at 37 °C for 16 h [36]. Inhibitors used in this study included E-64
(20 p M), PMSF (1 mM), 1,10-phenanthroline (2 mM), and pepstatin (10 uM). Inhibition rate
(%) = OD values of rTsSPc with inhibitors/ OD values of rTsSPc without inhibitors x100%. All
assays have three independent replicates.
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rTsSPc active site mutation

In order to further investigate the rTsSPc enzyme activity, the site directed mutagenesis was
also performed in this study. Three enzyme active sites at 83 aa (His), 139 aa (Asp) and 229 aa
(Ser) of TsSPc were mutated to inactive amino acid (Ala) [55]. Mutant sequence was synthe-
sized by generic Biotech (Suzhou, China) and introduced into Escherichia coli. The mutant
TsSPc (MTsSPc) was also induced using 0.5 mM IPTG at 37 °C for 6 h and purified with Ni-
NTA-Sefinose resin and analyzed on Western blotting [36,37]. Moreover, the enzymatic activ-
ity of MTsSPc was determined by using the substrate BAEE.

Determination of rTsSPc degrading collagen I by SDS-PAGE

Murine collagen I (Sigma) was used to determine the hydrolytic function of rTsSPc. Various
doses of r'TsSPc (0.5, 1.0, 1.5 and 2.0 pg) were incubated with 2 pg collagen I at different pH
(7.0, 8.0 and 9.0) at 37 °C overnight [56,57]. Simultaneously, rTsSPc was first pre-incubated
with 1 mM PMSF for 30 min, and then PMSF-pre-incubated rTsSPc, MTsSPc, or trypsin was
incubated with 2 pg collagen I overnight at 37 °C. Reactions were ceased by the addition of
sample buffer contained 2% SDS and 1% B-mercaptoethanol. Samples were denatured at 100
°C for 5 min and separated on 12% gels [48].

Far western blotting analysis of rTsSPc binding to Caco-2 cells

The binding of rTsSPc and Caco-2 cells was investigated by Far western blotting analysis as
previously described [11]. In brief, Caco-2 cell proteins were first separated by SDS-PAGE,
and then transferred to the membrane (Millipore). The membrane was cut into strips and
blocked with 5% skimmed milk at 37 °C for 2 h, and then incubated with 20 pg/ml rTsSPc for
2 hat 37 °C. After washing with TBST, strips were probed using anti-rTsSPc immune serum.
Following washing using TBST, strips were incubated with HRP-conjugated anti-mouse IgG
(1:10000, Sigma) at 37 °C for 1 h. After washing, coloration was developed by DAB (Sigma)
[37,58].

ITFT analysis of rTsSPc binding with Caco-2 cells and cellular localization

IIFT analysis of r'TsSPc binding with Caco-2 cells and cellular localization was performed as
reported previously [8]. The Caco-2 and C2C12 cells were grown to about 90% confluence on
glass coverslips in MEM medium in a culture plate for 36 h. The viable cell monolayer was
incubated for 2 h at 37 °C with 20 pg/ml rTsSPc. The IIL ES antigens and PBS were utilized as
a positive and negative control, respectively. After washing with PBS, the monolayer was fixed
with 4% formaldehyde for 20 min. The monolayer was probed by 1:10 dilutions of anti-rTsSPc
serum, infection serum or pre-immune serum, subsequently incubated with 1:100 dilutions of
anti-mouse IgG-Alexa Fluor 488 conjugate (Abways) at 37 “C for 1 h. The monolayer cell
nuclei were dyed with 4’,6-diamidino-2-phenylindole (DAPI). After being washed again, the
cells were observed by fluorescent microscopy (Olympus, Tokyo, Japan) [34]. Furthermore,
the cellular localization of rTsSPc within Caco-2 cells was further examined under a laser scan-
ning confocal microscopy [59]. Each experiment was done in triplicate.

ITFT analysis of rTsSPc binding with normal murine gut epithelium

To determine the ability of rTsSPc binding to normal murine gut epithelium, small intestines
from normal mice were fixed with paraformaldehyde, 3-pum intestinal tissue sections were pre-
pared, and ITFT was performed as described previously [35]. After intestinal sections were
blocked using 5% goat serum, they were incubated with rTsSPc or IIL ES antigens (20 ug/ml)
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for 1 h at 37 °C, and the subsequent procedures were the same as those described in the IIFT
section. Each experiment was done in triplicate.

RNA interference (RNAI)

Three pairs of primers of TsSPc-specific dsSRNA targeting to the TsSPc domain cDNA
sequence was designed (Table 1). T. spiralis trypsin (TsTryp, GenBank: XM_003381619.1) and
T. spiralis novel dipeptidyl peptidase 1 (TsDPP1, GenBank: XP_003379334.1) were used to
confirm TsSPc-dsRNA specificity. Additionally, green fluorescent protein (GFP) dsRNA was
also prepared as a negative control [40,60]. Diverse dsSRNAs were transfected into T. spiralis
ML by electroporation and cultured in RPMI 1640 medium at 37 °C for 1-3 d. The TsSPc
transcription and expression were assessed by qPCR and Western blotting as previously
reported [30,36], and the GAPDH was used as the internal control. TsSPc protein expression
level was assessed by densitometry measured with Image J software [12].

The in vitro invasion assay

In order to determine the role of TsSPc in larval invasion of gut epithelium, the in vitro inva-
sion assay was performed as described before [61,62]. The Caco-2 cell monolayers were over-
laid with 100 IIL suspended in semisolid medium with different doses of rTsSPc (0, 5, 10, 15,
20 and 25 pg/ml), 1:100-1:1600 dilutions of anti-rTsSPc serum, infection serum or pre-
immune serum, and incubated in 5% CO, for 2 h at 37 °C [17,63]. The IIL ES antigens and
BSA were served as a positive and negative control. Moreover, to ascertain the effect of rTsSPc
enzymatic activity on larval invasion, MTsSPc, heat-inactivated rTsSPc, and PMSF+rTsSPc
were used in the present study. The suppressive role of TsSPc-dsRNA on larval invasion of
Caco-2 cell monolayers was also investigated as reported before [39]. The number of larvae
invaded into the cell monolayers was observed and counted under an inverted phase-contrast
microscope (Olympus, Japan). The invaded larvae were active and locomotive in the mono-
layer, whereas the non-invaded larvae were still suspended in medium and spirally coiled [38].
Each invasion assay had three replicates.

Statistical analysis

All data were analyzed using SPSS 22.0 software. The results are displayed as mean + standard
deviation (SD). One-way ANOVA was used to analyze the transcription and expression levels of
TsSPc among different groups. The chi square test was used to analyze the invasion and TsSPc
expression of various groups of larvae after RNAi. P < 0.05 is considered statistically significant.

Table 1. TsSPc-specific dsRNA primers with T7 RNA polymerase promoter sequences®.

Primers Sequences

T7-TsSPc-F1 5'-GATCACTAATACGACTCACTATAGGGAACCCAAATTACCCGGTGGG-3
T7-TsSPc-R1 5'-GATCACTAATACGACTCACTATAGGGGCAATTTGTCATCCTTTTTCGGC-3
T7-TsSPc-F2 5'-GATCACTAATACGACTCACTATAGGGTGGAAACGGTGCTGGAAGTT-3
T7-TsSPc-R2 5'-GATCACTAATACGACTCACTATAGGGTGTCCACATCTACTTGTTTCAGTG-3
T7-TsSPc-F3 5'-GATCACTAATACGACTCACTATAGGGGAAGCTTCTGCCCGAAAGGT-3'
T7-TsSPc-R3 5'-GATCACTAATACGACTCACTATAGGGAGCCAGGATGTTTACTATCACCA-3
T7-GFP-F 5'-GATCACTAATACGACTCACTATAGGGTCCTGGTCGAGCTGGACGG-3'
T7-GFP-R 5'-GATCACTAATACGACTCACTATAGGGTTCTCGTTGGGGTCTTTG-3

* The underlined sequence was the protective bases; the bold bases were the T7 promoter sequence.

https://doi.org/10.1371/journal.pntd.0011629.t001
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Results
Bioinformatics analysis of TsSPc

Complete TsSPc cDNA sequence is 834 bp encoding 277 aa, molecular weight (MW) is 28.33
kDa and pl is 8.69. The TsSPc contains a signal peptide, has obvious hydrophobicity at the N-
terminus. Subcellular localization prediction showed that TsSPc is mainly located outside the
cell and may be a secretory protein. TsSPc structural prediction showed a serine protease
domain (Tryp_SPc) at 38-267 aa (Fig 1A). Three-dimensional structure of TsSPc contains 3
active sites (His, Asp, and Ser) forming a pocket like functional domain (Fig 1B).

Western blot analysis of the rTsSPc

After induction with IPTG, the fusion protein with the His-tag was expressed in E. coli BL21
harboring pQE-80L/TsSPc. The rTsSPc protein was purified using a Ni-NTA-Sepharose col-
umn. SDS-PAGE analysis revealed that rTsSPc had a clearly visible individual band, and its
MW (25.18 kDa) was consistent with its predicted size (Fig 2A). Western blot analysis showed
that r'TsSPc was recognized by anti-rTsSPc serum and infection serum, but not by normal
murine serum (Fig 2B). Moreover, anti-rTsSPc serum also recognized natural TsSPc of 28.33
kDa and 25.18 kDa in IIL crude antigens, as well as natural TsSPc of 25.18 kDa in IIL ES anti-
gens, indicating that natural TsSPc is a secretory protein of the nematode.

Humoral immune response elicited by rTsSPc immunization

To assess the antibody response elicited by rTsSPc immunization, the titer of anti-rTsSPc IgG
at two weeks after the third immunization was measured by ELISA. The results showed that
anti-rTsSPc IgG titer reached 1:10° after three immunizations (Fig 3), indicating that rTsSPc
has good antigenicity.

Transcription and expression level of rTsSPc in diverse T. spiralis stages

qPCR analysis showed that the TsSPc gene was transcribed at different stages in T. spiralis life
cycle (ML, IIL, 3 d and 6 d AW, and NBL). Compared to the ML stage, TsSPc had the highest
transcription level in 3 d AW stage (F = 12.518, P < 0.05) (Fig 4A), suggesting that TsSPc plays
an important role in intestinal T. spiralis phase. The results of Western blot analysis demon-
strated that native TsSPc of 25.18 kDa in crude antigens of various worm stages were also
probed by anti-rTsSPc serum, and the TsSPc expression level in 3 d AW stage was obviously
higher than the ML stage (F = 209.562, P < 0.0001) (Fig 4B). These results further indicated
that the TsSPc was transcribed and expressed at various developmental phases.

To further investigate the expression of TsSPc in worm somatic soluble and ES proteins of
the parasite, crude antigens of diverse T. spiralis stages were isolated on SDS-PAGE analysis
(Fig 5A). Western blot results revealed that native TsSPc in crude antigens of diverse phases
(ML, IIL, 3 d and 6 d AW and NBL) was identified by anti-rTsSPc serum (Fig 5B). It is inter-
esting that two clear bands (28.33 and 25.18 kDa) in crude antigens were recognized by anti-
r'TsSPc serum, suggesting that they might be precursor (28.33 kDa) and activated state (25.18
kDa) of TsSPc. Furthermore, the ES antigens from diverse stage worms (ML, IIL, 3d AW, and
6d AW) were also isolated on SDS-PAGE (Fig 5C), and Western blotting showed that only
TsSPc with 25.18 kDa in ES antigens was identified by anti-rTsSPc serum (Fig 5D). The results
demonstrated that TsSPc is expressed in all developmental stages of the nematode, and TsSPc
with 25.18 kDa was a secretory protein, which is consistent with that was cloned and expressed
in this study.
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100 200

Fig 1. Predicted 3-dimensional structure of TsSPc protein. A: Predicted functional domains of TsSPc (Tryp-SPc). B:
Predicted TsSPc-specific three enzymatic activity sites (His, Asp, and Ser) are highlighted with red color. Three
substrate binding sites (Asp, Ser and Gly) are signed as blue.

https://doi.org/10.1371/journal.pntd.0011629.g001

Expression and localization of natural TsSPc by IIFT

The results of IIFT with intact worms showed that green fluorescence was observed on the epi-
dermis of ML, 6h IIL, 3d AW, 6d AW and NBL using anti-rTsSPc serum and infection serum
(Fig 6). The IIFT with worm sections revealed that immunofluorescence is mainly localized in
the cuticle, stichosome and embryos of the female worms (Fig 7).
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Fig 2. Identification of rTsSPc antigenicity. A: SDS-PAGE analysis of rTsSPc. Lane M: protein marker; lane 1: IIL crude antigens; lane 2: IIL ES
antigens; lane 3, rTsSPc. B: Western blotting of rTsSPc antigenicity. IIL crude antigens (lane 1), IIL ES antigens (lane 2) and rTsSPc (lane 3) were
recognized by infection serum; native TsSPc in IIL crude antigens (lane 4), IIL ES antigens (lane 5) and rTsSPc (lane 6) were identified by anti-
rTsSPc serum. IIL crude antigens (lane 7), IIL ES antigens (lane 8), and rTsSPc (lane 9) were not recognized by normal mouse serum.

https://doi.org/10.1371/journal.pntd.0011629.9002

Enzyme activity of rTsSPc

The rTsSPc enzyme activity was detected using the substrate BAEE and the activity was
increased with prolongation of incubation time (Fig 8A). The rTsSPc enzyme activity was also
increased with the increase of rTsSPc concentration. When the rTsSPc concentration was
0.08 ug/pl, the activity tended to be stabilized (Fig 8B), with an optimal temperature of 40 °C
(Fig 8C) and an optimal pH of 8.0 (Fig 8D). Ca" is necessary for rTsSPc enzyme activity (Fig
8E), and PMSF obviously inhibited rTsSPc enzyme activity (Fig 8F).

Analysis of rTsSPc degrading casein

As shown in Fig 9A, there is a clear hydrolysis band at 25.18 kDa, indicating that rTsSPc has
the capacity of hydrolyzing casein substrate. But, the denatured rTsSPc did not have the
hydrolysis activity. The rTsSPc hydrolyzing activity was inhibited by rTsSPI and PMSF (ser-
ine protease inhibitor). The results showed that rTsSPc exhibited the characteristic of serine
protease activity. Using azocasein as substrate, different doses of rTsSPc (0, 0.125, 0.250,
0.375, 0.500 or 0.625 ug) were used. The proteolytic activity of rTsSPc was measured within
the pH range of 5.5-10.5. The results indicated that the optimal dose of rTsSPc was 0.5 ug
(Fig 9B). When pH is 8.0, rTsSPc has the highest hydrolysis activity to azocasein (Fig 9C).
After incubation with different enzyme inhibitors, the rTsSPc activity was significantly
inhibited by PMSF (Fig 9D). Additionally, the activity of the heat-inactivated rTsSPc was
also lost totally.
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5% skimmed milk and washes, the plate were probed with various dilutions of ten immune serum samples at 37 °C for 2 h. Normal murine sera (n = 30)
diluted at 1:100 were determined as negative controls. HRP-conjugated IgG was used as the second antibodies. The coloration was developed by using
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https://doi.org/10.1371/journal.pntd.0011629.9g003

(XD

OD values (492,,.,)

A].S * B s TesPe [ ————
o B —————
- %
) g
= %
=} @
310 s 10
3 * 3
= &
2 7]
3 ]
B =
$05 £ 05
= <
«~ =
= &

0.0 0.0

ML 6h IIL 3d AW 6d AW NBL ML 6h IIL 3d AW 6d AW NBL

Fig 4. qPCR and Western blot analysis of TsSPc expression at different stages of T. spiralis. A: QPCR assay of
TsSPc transcription levels in diverse T. spiralis phases. Relative transcription level of TsSPc at the 3 d AW stage was
evidently higher than those of other worm stages. B: Western blot analysis of TsSPc expression levels at diverse T.
spiralis phases. Expression levels of TsSPc protein in crude antigens of diverse T. spiralis phase (ML, IIL, 3d AW, 6 d
AW and NBL) were ascertained by Western blot with 1:100 dilutions of anti-rTsSPc serum. The graph reveals the
relative protein expression assayed with densitometry in 3 independent experiments. * P < 0.05 compared to the ML
stage.

https://doi.org/10.1371/journal.pntd.0011629.g004
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Fig 5. Western blot analysis of TsSPc expression in different stages of T. spiralis. A: SDS-PAGE of soluble crude
proteins of diverse worm phases. Lane M: protein marker; Lane 1: ML; lane 2: IIL; lane 3: 3 d AW; lane 4: 6 d AW; lane
5: NBL; Lane 6: r'TsSPc. B: Western blot analysis of native TsSPc in soluble somatic proteins of ML (Lane 1), IIL (Lane
2),3d AW (Lane 3), 6 d AW (Lane 4) and NBL (Lane 5) probed using anti-rTsSPc serum, and rTsSPc (lane 6)
recognized by anti-rTsSPc serum was used as positive control. C: SDS-APGE analysis of ES antigens of different T.
spiralis stages. Lane M: protein marker; lane 1-4: ES antigens of T. spiralis ML (lane 1), IIL (lane 2), 3d AW (lane 3), 6
d AW (lane 4), and rTsSPc (lane 5). D: Western blotting of ES antigens of diverse T. spiralis phases. Native TsSPc in ES
antigens of T. spiralis ML (Lane 1), IIL (Lane 2), 3d AW (Lane 3), 6 d AW (Lane 4), and rTsSPc (Lane 5) were
identified by anti-rTsSPc serum.

https://doi.org/10.1371/journal.pntd.0011629.g005
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Antigenicity and enzymatic activity of MTsSPc

SDS-PAGE showed that the MW (25.18 kDa) of MTsSPc was the same as the rT'sSPc (Fig
10A). Western blot results revealed that the MTsSPc was also recognized by anti-rTsSPc
serum and infection serum (Fig 10B), demonstrating that the mutation of TsSPc enzymatic

6h 1IL 3d AW 6d AW NBL

Fig 6. Expression of TsSPc at epicuticle of various T. spiralis stages by IIFT. Whole worms were probed with anti-rTsSPc serum, and
immunofluorescence was detected at the epicuticle of ML, IIL, 3 d AW, 6 d AW and NBL. However, pre-immune normal murine serum did not
recognize any worm components of the parasitic nematode. Scale bars:100 pm.

https://doi.org/10.1371/journal.pntd.0011629.g006
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Fig 7. Immunolocalization of TsSPc in different T. spiralis phases. Fluorescence staining was observed at the cuticle and stichosome of ML, IIL, and
embryos of the adult females by using anti-rTsSPc serum. No immunostaining in worm cross-sections was observed by using pre-immune normal
serum as a negative control. Scale bars: 40 um.

https://doi.org/10.1371/journal.pntd.0011629.g007

active sites did not affect its antigenic epitopes, and the MTsSPc also had good antigenicity.
The enzymatic activity of MTsSPc was determined using substrate BAEE and the result
showed that the hydrolytic activity of MTsSPc was completely lost after enzymatic active sites
mutation (Fig 10C).

Cleavage of murine collagen I by rTsSPc

SDS-PAGE results showed that the collagen I was hydrolyzed by rTsSPc and trypsin, but not
by the inhibitor PMSF pre-incubated rTsSPc and MTsSPc (Fig 11A). When various doses of
rTsSPc (0.5, 1.0, 1.5 and 2.0 ug) were used, the results showed 2.0 ug rTsSPc had an evident
hydrolysis of collagen I, as demonstrated the two bands of collagen I became more thin (Fig
11B, lane 6). The collagen I was hydrolyzed at pH 7.0, 8.0, and 9.0, but the hydrolytic effect of
rTsSPc at pH 8.0 was more obvious (Fig 11C, lane 6).

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011629  September 11, 2023 13/30


https://doi.org/10.1371/journal.pntd.0011629.g007
https://doi.org/10.1371/journal.pntd.0011629

PLOS NEGLECTED TROPICAL DISEASES Identification of T. spiralis serine proteinase and its facilitation on larval invasion

A 80;

o>
o
S

- Tryspin
70 4 - rTsSPc
PMSF+rTsSPc 3 80
60 Buffer S
>
(1250' é 601
Z 40 &
£ o
& Z 40]
<m3°' ki
20 & 20]
101
0 o
0 90 180 270 360 450 540 630 720 810 900 0 o001 002 0.04 006 008 0.10
Incubation time (second) rTsSPc concentration (pg/pl)
C 100 D
100
& gl —
=: 80 g s0]
g z
g 60 £ 60]
%) <
£ 2
% 404 ;—g 40/
~ &
201 20
9 L £ L = i 5. L. n ' ' i i i L i i 1
20 30 40 50 60 70 80 Y30 40 50 60 7.0 8.0 9.0 100 11.0
Temperature (°C ) pH value
E F 100
100
~ 80.
& 80 — 2
Z S
= T 60 :
o = )
> = o
£ 40] £ g
=
[~
20§ 201 §
0_ Z /2 saa=ss 0- t
Ca? Fe¥ Zn* Mg” Ni** Mn*N¢ metal ion
<
$
<
B

Fig 8. Enzyme activity assay of rTsSPc using BAEE as substrate. rTsSPc was first refolded using dialysis and pre-incubated in different pH (3.0-10.5)
buffer solutions and different temperatures (20-80 °C) for 15 min, and its absorbance at 253 nm was measured using a spectrophotometer. A: activity of
rTsSPc hydrolyzing BAEE increased with prolongation of incubation time. B: rTsSPc enzyme activity was detected at different rTsSPc concentrations,
and the optimal reaction concentration was 0.08 pg/ul. C: rTsSPc activity at different temperatures with the optimal temperature being 40 °C. D: The
optimum pH for rTsSPc catalyzing BAEE is 8.0. E: The effect of different metal ions on the activity of rTsSPc, Ca** has evident enhancing role on
rTsSPc activity. F: inhibitory effect of different inhibitors on rTsSPc activity.

https://doi.org/10.1371/journal.pntd.0011629.g008
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https://doi.org/10.1371/journal.pntd.0011629.g009

Binding of rTsSPc and Caco-2 cells determined by Far Western

Soluble proteins of normal Caco-2 cells were first analyzed by SDS-PAGE, and the results
showed that Caco-2 cell lysates had about 24 protein bands of 14.4-95.8 kDa (Fig 12A). Far-
Western analysis revealed that after incubation with rTsSPc, all the protein bands of Caco-2
cell lysates were recognized by anti-rTsSPc serum; 7 bands (16.2-92.3 kDa) were recognized
by infection serum, but no protein bands were recognized by pre-immune serum (Fig 12B).
After Caco-2 cell proteins were incubated with the IIL ES antigens, 4 bands (63.5, 58.8, 46.9
and 36.2 kDa) were identified by anti-rTsSPc serum, whereas 11 bands of 16.3-92.3 kDa were
recognized by infection serum, but pre-immune serum did not recognize any bands of Caco-2
cell proteins. The results demonstrated that there is a specific binding between rTsSPc and
Caco-2 cell proteins.

Binding of rTsSPc with Caco-2 and cellular localization by ITFT

After the Caco-2 cells were incubated with rTsSPc or IIL ES antigens, immune fluorescence
was observed on the surface of Caco-2 cells probed by anti-rTsSPc serum or infection serum,

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011629  September 11, 2023 15/30


https://doi.org/10.1371/journal.pntd.0011629.g009
https://doi.org/10.1371/journal.pntd.0011629

PLOS NEGLECTED TROPICAL DISEASES Identification of T. spiralis serine proteinase and its facilitation on larval invasion

A m o1 2Bgpmi23456C,

kDa 972 0 ~ MTsSPc
66.4 = rTsSPe
S 443 Al
66.4 _
T30
29.0 <
44.3 =
220
<
20.1
29.0 i
14.3 0
20.1 = 0 90 180 270 360 450 540 630 720 810 900

Incubation time (second)

Fig 10. Antigenicity and enzymatic activity of MTsSPc. A: SDS-PAGE of MTsSPc. M: protein marker; lane 1: rTsSPc;
lane 2: MTsSPc. B: Western blot analysis of MTsSPc antigenicity. The rTsSPc was recognized by anti-rTsSPc serum (lane
1), infection serum (lane 2), but not by pre-immune serum (lane 3). The MTsSPc was recognized by anti-rTsSPc serum
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of MTsSPc was measured using substrate BAEE at the optimal conditions of 37 °C and pH 8.0, and the rTsSPc was used as
the positive control.

https://doi.org/10.1371/journal.pntd.0011629.g010

but not in the cells probed by pre-immune serum (Fig 13A). However, no fluorescent staining
on C2C12 cells incubated with rTsSPc was detected by either anti-rTsSPc serum or infection
serum. When positive immune-staining Caco-2 cells were examined by confocal microscopy,
the staining was located on Caco-2 cell membrane and cytoplasm, indicating that rTsSPc
could specifically bind to the Caco-2 cells, and the binding sites were localized in cell mem-
brane and cytoplasm (Fig 13B).

Binding of rTsSPc with enteral epithelium

The ITFT results showed that after incubation with rTsSPc, green immune fluorescence on
normal mouse enteral epithelium was detected by anti-rTsSPc serum and infection serum, but
no immunostaining was observed by pre-immune serum (Fig 14). Moreover normal mouse
liver cross sections incubated with rTsSPc were not recognized by anti-rTsSPc serum and
infection serum. The results indicated that rTsSPc specifically bind to enteral epithelium, and
TsSPc might be involved in larval invasion of host intestinal mucosa.

Reduction of TsSPc expression after silencing TsSPc gene

After T. spiralis ML transfected with 50 ng/ul dsRNA were cultured for 3 d, larval survival of
TsSPc, GFP and PBS group were 80.80, 81.03 and 80.47%, respectively (F = 0.363, P > 0.05),
indicating that electroporation had no significant effect on larval survival. Compared to the
GFP and PBS group, the transcriptional and protein expression levels of TsSPc in ML treated
with 50 ng/pl dsRN'A439 were 0.502 and 0.542 fold (F = 103.561, F = 609.562, P < 0.0001). In
addition, transcription and expression of TsTryp and TsDPP1 in ML treated with dsRNA439
were 0.993, 0.994 fold, and 1.03, 1.01 fold, respectively (F = 0.14, P > 0.05; F = 0.162, P > 0.05;
F=10.375,P > 0.05; F = 0.893, P > 0.05) (Fig 15A and 15B), indicating that the dSRNA439 had
no obvious effects on expression of TsTryp and TsDPP1, and dsRNA439 was TsSPc-specific
and had good inhibitory effect. The dsSRNA439 would be used in the following test. The
mRNA and protein expression levels of TsSPc in ML treated with 50 ng/ul dsSRNA were 0.366
and 0.532 fold of the PBS group (F = 140.191, F = 428.373, P < 0.0001) (Fig 15C and 15D).
After 2 days of transfection with 50 ng/pl dsRNA, the expression levels of TsSPc mRNA and

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011629  September 11, 2023 16/30


https://doi.org/10.1371/journal.pntd.0011629.g010
https://doi.org/10.1371/journal.pntd.0011629

PLOS NEGLECTED TROPICAL DISEASES Identification of T. spiralis serine proteinase and its facilitation on larval invasion

AMi1 2 345 6 Bmi 2345 6

g kDa Jr— . f—

kDa 97.2 8%

07 3 == _ 66.4

L 44.3

443 29.0 ~~

29.0 - 50

14.3%
20.1

N

C pH7.0  pHS8.0  pH9.0
MrTsSPe 1 2 3 4 5 6 7 8
kDa —_— ’ B

97.2 e
664 -

44.3

29.0

20.1 «w

14.3 wu
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collagen I using 2.0 pg rTsSPc at different pH values. Lane 1: collagen I; lane 2: rTsSPc; Lanes 3, 5 and 7: collagen I; Lanes 4, 6 and 8: collagen I+rTsSPc.

https://doi.org/10.1371/journal.pntd.0011629.9011

protein were 0.401and 0.458 fold of the PBS group (F = 3849.214, F = 53.755, P < 0.0001) (Fig
15E and 15F), whereas expression level of TsSPc in larvae treated with dsSRNA GFP was not
evidently affected. Therefore, 50 ng/ul dsSRNA 439 was used to transfect the ML, and the cul-
ture time following transfection was 2 days to silence the TsSPc gene.
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Fig 12. Far-Western analysis of rTsSPc binding to Caco-2 cell proteins. The Caco-2 cell proteins were first analyzed by SDS-PAGE, subsequently the
r'TsSPc binding with Caco-2 cell protein was detected on Far-Western analysis. A: SDS-PAGE analysis of Caco-2 cell proteins. Lane M: protein marker;
Lane 1: Caco-2 cell lysates; Lane 2: C2C12 cell lysates as a cell negative control. B: Far-Western analysis of rTsSPc binding to Caco-2 cell proteins. Caco-
2 cell proteins were first incubated with rTsSPc (Lanes 1-3), IIL ES antigens (Lanes 4-6) or BSA (Lanes 7-9), and then probed by anti-rTsSPc serum
(Lanes 1, 4 and 7), infection serum (Lanes 2, 5 and 8), and pre-immune serum (Lanes 3, 6 and 9); The C2C12 protein (Lanes 10-12) was first incubated
with rTsSPc, and subsequently probed by anti-rTsSPc serum (Lane 10), infection serum (Lane 11) or pre-immune serum (Lane 12). There was no
binding between rTsSPc and C2CI12 protein.

https://doi.org/10.1371/journal.pntd.0011629.9g012

rTsSPc promoted larval invasion and anti-rTsSPc serum inhibited the
invasion

After the IIL were added to the Caco-2 cell monolayer, the larvae invaded into the mono-
layer and migrated (Fig 16A and 16B). When the IIL were incubated with various doses of
rTsSPc (0, 5, 10, 15, 20 and 25 pg/ml) for 2 h, compared to the PBS group, the facilitation of
rTsSPc on larval invasion were 8.32, 12.25, 21.44, 43.16, and 51.82%, respectively (y°s =
8.333, P < 0.01; ¥°10 = 12.766, ¥°15 = 23.464, 20 = 54.777, x*25 = 70.27, P < 0.0001). The
facilitation showed a dose-dependent of rTsSPc (r = 0.969, P <0.01), and the BSA had no
any facilitation on the invasion (Fig 16C). However, the heat-inactivated rTsSPc, MTsSPc
and PMSF-treated rTsSPc had no any facilitation on larval invasion, and the PMSF also
abrogated the rTsSPc facilitation on the invasion (Fig 16D), suggested that the rTsSPc facil-
itation on larval invasion might be related with rTsSPc enzymatic activity. When the culture
medium was supplemented with 1:100-1:400 dilutions of anti-rTsSPc serum, its inhibition
on larval invasion was 53.56, 44.39 and 25.72%, respectively (1. 100 = 70.270, 171, 200 =
56.410, y°1. 400 = 29.885, P < 0.0001). The inhibitory effect of anti-rTsSPc antibody was
antibody dose-dependent (r = 0.967, P < 0.01), and exhibited a decreasing trend with
increasing of serum dilution (F = 1797.671, P < 0.0001) (Fig 16E). In addition, pre-immune
serum did not have any inhibitory effects on the larval invasion. After transfection with
TsSPc-dsRNA, the invasion of interfered larvae were 50.33%. Compared to the PBS group,
the invasion of interfered larvae was reduced by 29.95% (F = 699.383, P < 0.0001) (Fig
16F). The results indicated that TsSPc plays an essential role during T. spiralis invasion of
host gut epithelium.
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Fig 13. Binding of rTsSPc and Caco-2 cells by IIFT and confocal microscopy. A: IIFT analysis of binding between
r'TsSPc and Caco-2 cells (200x). Caco-2 cells were first incubated with rTsSPc, IIL ES antigens or PBS for 2 h at 37 °C.
C2C12 cells were also incubated with rTsSPc for 2 h at 37 °C. After washes, the cells were probed by anti-rTsSPc
serum, infection serum or pre-immune serum, subsequently colored with goat anti-mouse IgG-488 conjugate.
4’,6-diamidino-2-phenylindole (DAPI) dyed cell nuclei in blue. Scale bars: 200 pm. B: Cellular localization of rTsSPc
binding to Caco-2 by confocal microscopy (1000x). The binding sites were localized in cell membrane and cytoplasm
Abbreviations: 488: Alexa Fluor 488; DAPI, 4°,6-diamidino-2-phenylindole. Scale bars: 40 pum.

https://doi.org/10.1371/journal.pntd.0011629.g013
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rTsSPc + Anti-rTsSPc serum rTsSPc + Infection serum rTsSPc + Normal serum

Small intestine i

Liver

Fig 14. Binding of rTsSPc with normal mouse intestinal epithelium. Intestinal tissue cross sections of normal mice were incubated the rTsSPc, and
then probed by anti-rTsSPc serum and infected serum. Intestinal epithelial cell nuclei were stained blue color by DAPI. Scale bars: 200 pm.

https://doi.org/10.1371/journal.pntd.0011629.g014

Discussion

Serine proteases (proteinases) are the important members of the proteolytic enzyme super-
family and are widely distributed in organisms. Serine proteases have two main structural
folds, the trypsin-like domain and the subtilisin-like domain. Most trypsin-like domains play
an important role in assisting parasite invasion, migration, digestion, molting and hydrolysis
of host components [64]. Serine proteases of parasites are also involved in reproduction,
coagulation, and immune escape. Previous studies have shown that serine proteases from Tri-
churis muris disrupted the integrity of intestinal epithelia due to the hydrolysis of the host
intestinal mucus barrier [65]. Specific antibodies against T. spiralis serine protease 1.1 and 1.2
(TsSP1.1 and TsSP1.2) partially suppressed larval penetration of the IECs, and the rTsSP1.2
triggered an evident immune protection in vaccinated mice [43,66]. Vaccination of mice with
rTs31 containing a domain of trypsin-like serine protease induced an obvious antibody
response and protection, as demonstrated by a 53.50% ML reduction in challenged mice [62].
RNAi silencing of TsSP1.2 impeded larval invasion of IEC and development in host [67].
These results suggested that serine proteases participated in the larval invasion of intestinal
mucosa. However, vaccination of mice with any single serine protease only produced a partial
immune protection against larval challenge [17,20]. Therefore, it is necessary to identify and
characterize other novel kinds of T. spiralis serine proteases and evaluate their action in larval
invasion of IECs.

In this study, a novel serine proteinase from T. spiralis (TsSPc) was cloned into pQE-80L
plasmid and expressed in E. coli expression system. Bioinformatics analysis revealed that
TsSPc has a signal peptide and a functional trypsin like serine protease domain, and its active
site contains the classic catalytic triad. After purification, rTsSPc could be recognized by infec-
tion serum, and used to produce anti-rTsSPc antibodies. Immunization of mice with rTsSPc
triggered significantly anti-rTsSPc IgG responses, and the titer of serum anti rTsSPc IgG
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Fig 15. Silencing the TsSPc gene reduces the expression of TsSPc mRNA and protein in T. spiralis. A: Transcription levels of
TsSPc, TsTryp and TsDPP1 in ML transfected with three kinks of dsSRNA (dsRNA417, dsRNA407 and dsRNA439). B: Expression
levels of TsSPc, TsTryp and TsDPP1 in ML transfected with three kinds of dsSRNA. C: Transcription levels of TsSPc genes in ML
transfected with different doses of dsSRNA. D: Expression levels of TsSPc in ML transfected with different doses of dsRNA. E:
Transcription levels of TsSPc in ML treated with 50 ng/ul dsRNA at 1-3 days after transfection. F:Expression levels of TsSPc in ML
treated with 50 ng/ul dsRNA at 1-3 days after transfection. *P < 0.05 relative to PBS group.

https://doi.org/10.1371/journal.pntd.0011629.g015
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https://doi.org/10.1371/journal.pntd.0011629.g016
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reached 1:10°, demonstrating that rTsSPc had good immunogenicity. Moreover, the rTsSPc
expressed in a prokaryotic system may have some differences in antigenic epitopes from the
natural TsSPc, the rTsSPc was possibly processed through post-translational modifications,
alternative splicing or folding, which are possible important for the enzymatic activity and bio-
logical functions of the rTsSPc [32,34,68]. The catalytic activity of serine proteases is crucial
for the parasite invasion of host tissues. Previous studies showed that BAEE, casein, and colla-
gen I could be hydrolyzed by serine proteases [69]. Therefore, in this study, casein, BAEE and
collagen I were used as substrates to evaluate the enzyme activity of rTsSPc. The results of
casein gel zymography showed that rTsSPc could hydrolyze casein substrate, and a clearly
hydrolytic band at 25.18 kDa was consistent with the corresponding MW of rTsSPc. The
results of rTsSPc enzyme activity assay revealed that rTsSPc had the enzyme activity of natural
serine protease for hydrolyzing the substrate BAEE at 40 °C and pH 8.0, and the enzyme activ-
ity was higher in weakly alkaline environments. Additional, rTsSPc hydrolyzed collagen I was
dose-dependent at pH 8.0. The results were consistent with the optimal pH values of most ser-
ine proteases from other parasites previously reported [70]. Serine proteases in Fasciola hepat-
ica miracidia hydrolyzed azocasein with optimum activity at pH 8.0. The optimum pH effect
on serine proteases activities was found at alkaline pH [71]. Activity of Eimeria tenella serine
proteases to degrade casein substrate was observed at pH 8.2 [72]. The activity of a recombi-
nant serine proteinase from T. spiralis muscle larvae was also detected at the optimal pH 8.0
[73]. Ca" significantly enhanced the enzyme activity of rTsSPc, indicating that TsSPc activity
was Ca®* dependent, while other metal ions had no obvious impact on rTsSPc activity.
MTsSPc and rTsSPc had the same molecular weight, and recognized by rTsSPc immune
serum, but the catalytic activity of MTsSPc was completely lost. The results further verified the
catalytic properties of TsSPc.

qPCR showed that expression of TsSPc mRNA was observed at different T. spiralis stages
(ML, IIL, 3d and 6d AW, and NBL), indicating that the TsSPc gene was transcribed
throughout all developmental stages of the nematode. Western blotting results showed that
r'TsSPc was recognized by anti rTsSPc serum and mouse infection serum. Two clear bands
(28.33 and 25.18 kDa) in crude antigens of various worm stages were recognized by anti-
rTsSPc serum, suggesting that one might be precursor (e.g., trypsinogen, 28.33 kDa) and
another was the activated state (mature serine protease, 25.18 kDa) of TsSPc with enzyme
activity after activation [74]. Western blot results also showed that TsSPc was a secreted pro-
tein. The expression level of TsSPc at 3 d AW stage was significantly higher than that of
other stages (ML, IIL, 6d AW, and NBL). The IIFT results showed that natural TsSPc was
also expressed at various stages and principally localized in epicuticle, stichosome and intra-
uterine embryos of this nematode. The stichosome is a secretory organ of the nematode, fur-
ther indicating that TsSPc was a secretory and surface protein [75]. The results suggested
that TsSPc might be exposed to the host gut epithelium at early stage of T. spiralis infection,
and participated in destruction of gut epithelium integrity and larval invasion of intestinal
mucosa [6,76,77].

Far Western blot analysis was usually used to ascertain protein-protein interaction from the
protein mixtures and has been successfully used to verify the binding of T. spiralis proteins to
IECs [10,12]. In this study, the results of Far-Western blot and IIFT indicated that there was a
specific binding between rTsSPc and Caco-2 cells, confocal microscopy showed that the bind-
ing sites of rTsSPc and Caco-2 cells were mainly localized in cellular membrane and cyto-
plasm. The ITFT results also showed that rTsSPc could bind to intestinal epithelium of normal
mice. Previous studies have shown that when the IIL were co-incubated with IECs, the IIL
secreted some new proteases which entered into the IEC [39,78]. The proteases might be the
Trichinella invasion-related molecules. Nonetheless, what kind of IEC proteins bound with
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r'TsSPc was not clear, it is necessary to be investigated by co-immunoprecipitation and mass
spectrometry in further study.

The RNAi induced transcriptional gene silencing, thereby reduced the gene expression of
parasites. RNAi is a good way to investigate the gene function of parasitic nematodes [79].
After silencing the Brugia malayi cysteine protease, female embryos were found to have dys-
plasia and abnormal structure [80]. When the cathepsin of Ceratophyllum is silenced by RNAI,
the larval molting is significantly inhibited, indicating that cathepsin plays an important role
in larval molting [81]. RNAi silencing of Fasciola hepatica cysteine protease genes (FhCatB1
and FhCatL1) significantly reduced the juvenile invasion of intestinal mucosa [82]. Silencing
of some T. spiralis genes resulted in an evident inhibition on larval invasion of IECs, and
worm development and reproduction were also hindered [83-85]. The dsRNA or siRNA is
usually used to silence parasite genes, and the methods of introducing them into parasites have
immersion, electroporation and microinjection. In this study, we designed the specific long
strand dsRNA of TsSPc, and introduced the dsRNA into the ML by electroporation. When 50
ng/pl TsSPc-dsRNA was introduced into ML and the worms were cultured for 2 days, silenc-
ing of TsSPc gene was obvious. Our results showed that specific dsSRNA significantly reduced
the TsSPc expression and impeded the larval penetration of the cell monolayer, suggesting that
TsSPc exerted a crucial action in the process of larval invasion of gut epithelium.

The results of the in vitro larval invasion assay showed that rT'sSPc promoted larval invasion
of Caco-2 cells, while anti-rTsSPc antibodies inhibited larval invasion. The promotion or inhi-
bition is dose-dependent of rTsSPc and anti-rTsSPc antibodies. Furthermore, the heat-inacti-
vated rTsSPc, MTsSPc and PMSF pre-incubated rTsSPc had no any facilitation on larval
invasion, and the PMSF also abrogated the rTsSPc facilitation on the invasion. The results sug-
gested that the rTsSPc facilitation on larval invasion might be related with the binding of
r'TsSPc to Caco-2 cells and enzymatic activity of rTsSPc [14,16,86]. The inhibition of larval
invasion of Caco-2 by anti rTsSPc antibodies may be due to the formation of a cap like
immune complex between TsSPc and anti-TsSPc antibodies at the worm anterior, blocked
direct contact between worms and gut epithelium, therefore hindered larval invasion [17,48].
The results further indicated that TsSPc participated in T. spiralis larval invasion of gut epithe-
lium; TsSPc might be a main invasive protein molecule, and it might be considered as candi-
date vaccine target against Trichinella invasion.

Trichinella spiralis is a foodborne zoonotic parasitic nematode, and T. spiralis infection is
resulted from ingesting raw or undercooked infected animal meat. The IIL is the first invasive
stage in the life cycle of T. spiralis [21]. Our results showed that rTsSPc mediated the IIL inva-
sion of IECs, whereas anti-rTsSPc antibodies obviously impeded larval invasion. When larval
invasion is impeded, the IIL development will be interrupted; consequently T. spiralis infection
will be blocked [19,20]. Therefore, the rTsSPc would be a potential candidate of preventive
vaccines against T. spiralis invasion and infection. Anti-Trichinella vaccines provided a pro-
spective strategy for control and elimination of Trichinella infection in food animals [35].

However, this study still has some limitations, for examples, rTsSPc bound to what kinds of
proteins in IECs has not been identified, the mechanisms of TsSPc promoting larval invasion
of IECs have not been elucidated, and the protective immunity elicited by immunization of
mice with rTsSPc has not been evaluated. These issues need to be investigated in the further
study.

In conclusion, TsSPc is highly expressed in intestinal adult worm phase of T. spiralis life
cycle, mainly located at cuticle, stichosome and intrauterine embryos of this nematode. TsSPc
is a surface and secretory protein. The rTsSPc has good immunogenicity and the enzymatic
activity of native serine protease, which hydrolyzed the substrate BAEE, casein and collagen I.
r'TsSPc specifically bound to IECs and the binding sites were mainly localized in cell
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membrane and cytoplasm. rTsSPc accelerated larval invasion of IEC, while anti-TsSPc anti-
bodies obviously hindered larval invasion, the acceleration and suppression are dose-depen-
dent of rTsSPc protein and anti-TsSPc antibodies. Silencing of the TsSPc gene by TsSPc-
specific dsRNA significantly reduced the expression of rTsSPc in the nematode and impaired
larval invasion of IECs. The results indicated that TsSPc plays an important role in larval inva-
sion of host gut mucosa, and may be considered as a candidate target molecule for the vaccines
against Trichinella intrusion.
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