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Abstract

Background Several studies have reported the roles of Trichinella spiralis extracellular vesicles in immune regulation
and pathogen diagnosis. Currently, the T. spiralis muscle larvae excretory/secretory product (Ts-ML-ES) is the anti-
gen recommended by the International Commission on Trichinellosis (ICT) for serological diagnosis of trichinellosis.
However, it can only be used to detect middle and late stages of infections, and cross-reactions with other parasite
detections occur. Therefore, there is a need to identify antigens for specific detection of early stage trichinellosis.

Methods Extracellular vesicles of T. spiralis muscle larvae (Ts-ML-EVs) were isolated by ultracentrifugation and charac-
terized by transmission electron microscopy, nanoparticle tracking analysis, flow cytometry and western blot. Ts-ML-
EVs protein profiles were analyzed by LC-MS/MS proteomics for identification of potential antigens (Ts-TTPA). Ts-TTPA
were cloned into pMAL-c5X vector and expressed as recombinant proteins for evaluation of potential as detected
antigens by western blot and ELISA.

Results Isolated Ts-ML-EVs were round or elliptic (with diameters between 110.1 and 307.6 nm), showing a bilayer
membrane structure. The specific surface markers on the Ts-ML-EVs were CD81, CD63, enolase and the 14-3-3 pro-
tein. A total of 53 proteins were identified by LC-MS/MS, including a variety of molecules that have been reported

as potential detection and vaccine candidates. The cDNA of Ts-TTPA selected in this study has a total length

of 1152 bp, encoding 384 amino acids with a molecular weight of 44.19 kDa. It contains a trypsin domain and can
be recognized by anti-His antibody. It reacted with swine sera infected with 10,000 T. spiralis at 15, 25, 35 and 60 days
post-infection (dpi). At 10 ug/ml, this antigen could detect T. spiralis antibodies from the swine sera at 13 dpi. There
were no cross-reactions with the swine sera infected with other parasites including Clonorchis sinensis, Toxoplasma
gondii, Taenia suis, Ascaris suis and Trichuris suis.

Conclusions This study identifies potential early stage detection antigens and more thoroughly characterizes
a serine protease domain-containing protein. Extracellular vesicle proteins may be explored as effective antigens
for the early stage detection of trichinellosis.
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Backgrounds

Trichinella spiralis is an important foodborne para-
site that causes trichinellosis in a wide variety of hosts,
causing significant public health and economic impacts.
Hosts are usually infected by ingestion of raw or under-
cooked meats containing the cysts of muscle larvae [1].
After digestion in the stomach, the cysts develop into
intestinal infective larvae and undergo four molts to
grow into adults in the intestine. The adult worms travel
through the intestinal epithelium where they mate and
produce offspring. The newborn larvae pass through the
host circulatory system to reach the muscle cells for per-
manent parasitism [2, 3].

The most commonly used Ts-ML-ES antigen is rec-
ommended by the International Commission on
Trichinellosis (ICT) for serological detection for
trichinellosis. However, previous studies have shown
that 100% detection of anti-T. spiralis IgG antibod-
ies by ES-ELISA are unlikely for at least 1-3 months
after the primary T. spiralis infection [4]. There is a
clear window of 3—4 weeks between infection and
specific antibody positivity [5]. Therefore, there is a
need to identify antigens for detecting early stage T.
spiralis infection. Some studies have reported screen-
ing of early stage antigens from adult worm crude
extracts and excretory-secretory products [6]. A
number of early antigens have been identified from
c¢DNA subtractive libraries and proteomics, but they
generally lack specificity and sensitivity [7, 8].
Extracellular vesicles (EVs) are vesicles secreted by a
variety of cells and can be classified into micro-ves-
icles, exosomes, apoptotic bodies and oncosomes [9].
EVs may participate in parasite-host interactions
and host immune regulation. EV proteins are also
explored for detection and diagnosis, including those
from the parasites [10—13]. For example, Kifle et al.
identified 15,120-kDa EV proteins from Schistosoma
mansoni and showed their potential to serve as vac-
cine candidates for schistosomiasis [14]. Our previ-
ous study also showed that T. spiralis muscle larval
EVs (Ts-ML-EVs) contained fewer proteins than
the muscle larval excretory-secretory products (Ts-
ML-ES) but produced stronger host immunological
responses [15].

In this study, we used LC-MS/MS technology com-
bined with bioinformatics analysis to analyze EV pro-
teins from T. spiralis muscle larvae, aiming to identify
antigens that could detect antibodies from the swine
sera at the early stage of T. spiralis infection. We found
that Ts-TTPA protein with trypsin domain identified
swine sera at 13 dpi most quickly and is a candidate
antigen for early stage detection of trichinellosis.
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Methods

Animals and T. spiralis-infected swine sera

Female Wistar rats (~200 g) were purchased from the
Experimental Animal Center of Jilin University.

The swine sera used in the experiment included 7, 9,
11, 13, 15, 17, 19, 21, 25, 30, 35, 45, 60, 90 and 120
dpi of swine serum infected with 10,000 T. spiralis.
The serum of pigs not infected with T. spiralis was
used as negative control. The above swine serum is
from our team’s previous research [5]. Similarly, the
swine serum used in the cross-reactions was derived
from previous studies in the laboratory [16].

Parasite maintenance and collection

The T. spiralis (ISS 534 strain) used in this study was
maintained in female Wistar rats in our laboratory (3500
ML /rat, maintained for about 6 weeks after oral infec-
tion), and T. spiralis muscle larvae were recovered from
the muscles of infected rats with a standard pepsin/
hydrochloric acid digestion method [17]. After washing
with normal saline containing 2 X penicillin-streptomycin
(Biological Industries, Kibbutz Beit Haemek, Israel), 5000
muscle larvae/ml were cultured in RIPM1640 medium
(Gibco, California, USA) containing 2 X penicillin-strep-
tomycin at a 37 °C for 18 h [5].

Isolation of extracellular vesicles of T. spiralis muscle larvae
(Ts-ML-EVs)

The above cultures were collected in 50-ml tubes and
centrifuged at 800 g for 10 min followed by 5000 g for
20 min to remove excess worm fragments and other large
impurities. The supernatant was then passed through
a 0.22-pm filter (Millipore, Darmstadt, Germany) to
remove larger vesicles and bacteria. Centrifugation was
performed using a 10-kDa ultrafiltration tube (Millipore,
Darmstadt, Germany) at 5000 g to concentrate the liq-
uid to the appropriate volume. The supernatant was then
ultracentrifuged at 4 °C, 120,000 g for 2 h with an ultra-
centrifuge (Hitachi, Tokyo, Japan). After the supernatant
was discarded carefully, sterile PBS (phosphate buffer
saline, PH=7.4) was used to suspend the bottom vesicles,
and the protein concentration of the collected 7s-ML-
EVs was measured with a bicinchoninic acid (BCA) pro-
tein assay kit (Beyotime, Beijing, China). Samples were
individually packaged in tubes and stored at —80 °C for
the next steps.
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Characterization of Ts-ML-EVs by transmission electron
microscopy, nanosight, western blot and flow cytometry
Negative staining transmission electron microscopy
(TEM) was used to analyze the morphology, struc-
ture and size of the Ts-ML-EVs. Briefly, 10 ul of the Ts-
ML-EVs suspension was dropped on the copper mesh,
adsorbed for 1 min and then soaked in 2% glutaralde-
hyde at room temperature. The grids were then nega-
tively stained with 2% phosphotungstic acid for 1 min
and air-dried at room temperature. The 7s-ML-EVs were
examined at 80 kV using a Hitachi H-7650 transmission
electron microscope (Hitachi, Tokyo, Japan). The 7s-ML-
EVs particles were characterized for size and concen-
tration using a NanoSight NS300 (Malvern Panalytical,
UK). Then, western blotting (WB) and flow cytometry
were used for surface marker identification. For WB,
15 pg Ts-ML-EVs and 15 pg Ts-ML-ES) were electro-
phoresed in 12% SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) and transferred to
PVDF membranes (Immobilon, Millipore, USA). The
membranes were blocked with 5% skim milk and incu-
bated with primary antibodies including polyclonal rab-
bit anti-CD63 (1:1000, Abcam, Cambridge, UK) and
polyclonal goat anti-enolase (1:200, Abcam, Cambridge,
UK). Subsequently, two different horseradish peroxidase
(HRP)-conjugated secondary antibodies were used: goat
anti-rabbit IgG (1:2000, Cell Signaling Technology, USA)
and donkey anti-goat IgG (1:50,000, Jackson ImmunoRe-
search, USA). The membrane was visualized using an
ECL luminescence chromogenic solution (Thermofisher
Scientific, Waltham, MA, USA) and a chemilumines-
cence instrument (Analytik Jena, Thuringia, Germany).
For flow cytometry, the 7s-ML-EVs were diluted to
100 pg/ml in 100 pl PBS, and PE-Mouse Anti-Human
CD63 (Clone: H5C6, BD Biosciences, New Jersey, USA)
and APC-Mouse Anti-Human CD81 (Clone: JS-81, BD
Biosciences, NJ, USA) antibodies were added. The sam-
ples were incubated at room temperature for 30 min in
the dark and then ultracentrifuged for 15 min at 4 °C,
120,000 g. The supernatant was discarded, and PBS was
added to resuspend the bottom vesicles. Finally, a flow
cytometer was used (BD FACS Aria, BD Biosciences, NJ,
USA) for vesicle detection.

SDS-PAGE and western blot analysis

The SDS-PAGE analyses were performed on the Ts-ML-
ES (15 pg) and Ts-ML-EVs (15 pg) on three gels, respec-
tively. One of these was transferred to a membrane for
blocking, and the bands were displayed by hybridiza-
tion using swine serum (1:200) of uninfected or 25 dpi
with 10,000 T. spiralis muscle larvae. One of the gels
was stained with Coomassie Bright Blue Fast Staining
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solution (P1300, Solarbio, Beijing, China) and destained
with destaining solution. Then, a band at the same posi-
tion as the hybridized band was cut out and sequenced.
Another gel was used for silver staining. Specific proto-
cols refer to the manual provided by the manufacturer
(PO017S, Beyotime, Beijing, China).

The recombinant protein (r1s-TTPA) was per-
formed on 12% SDS-PAGE. After protein trans-
fer and blocking, swine sera at 15, 25, 35, 60 and
120 dpi with 10,000 T. spiralis and negative serum
(1:200) or mouse His-tag antibody (1:1000) were
used as primary antibodies, while HRP-goat anti-
pig IgG (Abcam, Massachusetts, UK) and HRP-goat
anti-mouse IgG were used as secondary antibodies
(1:2000). Chemiluminescence substrates were used
to detect protein bands through UVP ChemStudio
(Analytik Jena, Thuringia, Germany).

In-gel digestion

For in-gel tryptic digestion, gel pieces were destained in
50 mM NH,HCO, in 50% acetonitrile (v/v) until clear.
Gel pieces were dehydrated with 100 pl of 100% ace-
tonitrile for 5 min, the liquid removed and the gel pieces
rehydrated in 10 mM dithiothreitol before being incu-
bated at 56 °C for 60 min. Gel pieces were again dehy-
drated in 100% acetonitrile. The liquid was removed and
gel pieces rehydrated with 55 mM iodoacetamide. Sam-
ples were then incubated at room temperature, in the
dark, for 45 min. Gel pieces were washed with 50 mM
NH,HCO; and dehydrated with 100% acetonitrile. Gel
pieces were rehydrated with 10 ng/ul trypsin, and resus-
pended in 50 mM NH,HCO, on ice for 1 h. Excess liq-
uid was removed, and the gel pieces were digested with
trypsin at 37 °C overnight. Peptides were extracted with
50% acetonitrile/5% formic acid, followed by 100% ace-
tonitrile. Peptides were dried to completion and resus-
pended in 2% acetonitrile/0.1% formic acid for further
analysis.

LC-MS/MS analysis

The tryptic peptides were dissolved in 0.1% formic acid
(Fluka, Seelze, Germany) (solvent A) and directly loaded
onto a homemade reversed-phase analytical column (15
cm long, 75 pm i.d.). The gradient was comprised of an
increase from 6 to 23% solvent B [0.1% formic acid in
98% acetonitrile (Fisher Chemical, Waltham, USA)] and
ran over 16 min, 23% to 35% over 8 min, finally climbing
to 80% over 3 min and then holding at 80% for the last 3
min. This was performed at a constant flow rate of 400 nl/
min on an EASY-nLC 1000 UPLC system (Thermo Fisher
Scientific, Waltham, MA, USA).
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The peptides were subjected to an NSI source fol-
lowed by tandem mass spectrometry (MS/MS) in a Q
ExactiveTM Plus (Thermo Fisher Scientific, Waltham,
MA, USA) coupled online to the UPLC. The electro-
spray voltage applied was 2.0 kV. The m/z scan range
was 350-1800 for a full scan, and intact peptides
were detected in the Orbitrap (Thermo Fisher Scien-
tific, Waltham, USA) at a resolution of 70,000. Pep-
tides were then selected for MS/MS using an NCE
setting of 28, and the fragments were detected in the
Orbitrap at a resolution of 17,500. This data-depend-
ent procedure alternated between one MS scan fol-
lowed by 20 MS/MS scans with 15.0 s dynamic exclu-
sion. Automatic gain control (AGC) was set at 5E4.

Data processing

The resulting MS/MS data were processed using Pro-
teome Discoverer 2.4. Tandem mass spectra were
searched blasted against the T. spiralis database (18,572)
sequences. Trypsin/P was specified as a cleavage enzyme
allowing up to two missing cleavages. A mass error was
set to 10 ppm for precursor ions and 0.02 Da for frag-
ment ions. Carbamidomethyl on Cys was specified as a
fixed modification, and oxidation was specified as a vari-
able modification on Met. Peptide confidence was set at
high, and peptide ion score was set at > 20.

ELISA

Ten pg/ml r7s-TTPA in 100 ul CBS (carbonate buffer
solution) was coated on an EIA-ELISA plate at 4 °C over-
night. After the encapsulation solution was discarded, it
was blocked with 200 pl 5% skim milk at 37 °C for 1 h,
and then PBST (phosphate buffer saline with 2% Tween-
20) was used for three 1-min washes. After patting the
liquid dry, serum collected from pigs on different days
post-infection with 10,000 7. spiralis or serum infected
with Clonorchis sinensis, Toxoplasma gondii, Taenia
suis, Ascaris suis and Trichuris suis, diluted with a block-
ing solution (1:100), was added for the binding reaction.
After the same washing and patting, HRP-goat-anti-
pig secondary antibodies (Abcam, Cambridge, UK) in a
blocking solution (1:5000) were incubated at 37 °C for
45 min. After washing and termination, TMB substrate
(Tiangen, Beijing, China) was added to detect absorbance
at 450 nm (Biotek, Vermont, USA).

Protein expression and purification

The protein (named tissue-type plasminogen activator,
Ts-TTPA) was identified after LC-MS/MS analysis. The
expression vector pMAL-c5X was cloned with BamHI-
EcoRI, and these were transformed into BL21 (DE3) for
protein expression. By optimizing the conditions, the
soluble r75s-TTPA was obtained. The induction conditions
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were 1 M IPTG at 16 °C for 20 h. The purified protein was
obtained by repeated freeze-thawing, ultrasonic crush-
ing and Ni-affinity chromatography (Qiagen, Dusseldorf,
Germany) according to the manufacturer’s instructions.

Bioinformatics analysis

Secondary structure prediction of proteins was per-
formed with Protein Structure Prediction Server [18].
Domain analysis was performed with Pfam [19]. A Swiss
model was used to build the 3D protein structure [20].
Isoelectric point prediction was completed in ProtParam
[21]. The GO analysis was completed in Gene Ontology
Resource [22]. Molecular Evolutionary Genetics Analysis
software (MEGA10) [23] was used to draw the maximum
likelihood tree.

Statistical analysis

GraphPad Prism 9 (9.0.0) was used for statistical analy-
sis and visualization with one-way ANOVA followed by
Tukey’s multiple comparison post-test.

Results

Characterization of Ts-ML-EVs

The Ts-ML-EVs were characterized as typical circular or
oval bilayer membrane-like vesicles with different sizes
(Fig. 1a), ranging from 110.1-307.6 nm, and peak sizes
were 181 nm (Fig. 1b). We confirmed by western blot, the
Ts-ML-EVs contained the EV marker proteins Enolase
and 14-3-3 (Fig. 1c¢). In addition, flow cytometry showed
that CD63 and CD81 were the specific markers on the
surface of the Ts-ML-EVs, and the positive rates were
48.8% and 77.7%, respectively (Fig. 1d). These results sug-
gest that the extracellular vesicles collected in this study
conformed to the expected characteristics of extracellular
vesicles and can be used in further experiments.

Ts-ML-EVs can be recognized by swine serum at 25 days
post-infection

Both Coomassie Blue and silver stainings showed that
Ts-ML-EVs had many bands, with molecular weights
ranging from 10 to 180 kDa (Fig. 2a). Western blot anal-
ysis showed that the bands of 75-ML-EVs that could be
reacted with 25 dpi swine serum were concentrated
between 40 and 180 kDa. However, negative swine serum
did not recognize these protein bands (Fig. 2b).

Protein identification by LC-MS/MS analysis

The protein bands identified by 25 dpi with 10,000 T.
spiralis early infection sera were separately analyzed by
LC-MS/MS, and a total of 200 unique T. spiralis extracel-
lular vesicle proteins with a pep count>2 were identified
by searching the T. spiralis database in UniProt. Except
for the redundant sequences, they were clustered into 53
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Fig. 1 Characterization and identification of Ts-ML-EVs. A The morphology and size of T. spiralis extracellular vesicles visualized by scanning
electron microscopy. White arrow indicates the extracellular vesicles (scale bar 100 uM). B NTA shows the size distribution of T. spiralis extracellular
vesicle by intensity. The illustration is a combination of histograms and peak charts. C Identification of marker proteins 14-3-3, enolase

in the excretory-secretory product (40 ug) and extracellular vesicles (40 ug) of T. spiralis. D CD81 and CD63 were identified on the extracellular

vesicles of T. spiralis by flow cytometry

unique proteins. The molecular weight (MW) of 53 pro-
teins ranged from 10 to 484 kDa, of which 35 (66.03%)
proteins were distributed in the range of 30-60 kDa
(Table 1, Fig. 3a). The enrichment analysis of these pro-
teins shows that these proteins have cellular components,
molecular functions and biological processes (Fig. 3b).
There are 25 proteins involved in the organic substance
metabolic process, metabolic process and primary meta-
bolic process. Also, 32 proteins (60.37%) were involved in
the catalytic activity process, which was the function that
contained the most proteins of all the GO (Gene Ontol-
ogy) annotations.

Bioinformatic analysis of Ts-TTPA sequences

Bioinformatics analysis revealed that the full-length
cDNA sequence of the Ts-TTPA gene was 1152 bp and
contained 384 amino acids. The predicted MW of Ts-
TTPA was 44.19 kDa and the isoelectric point was 8.81.
Amino acids 1-24 (ATGAATAATAGAAATAAAATA
AAA) were predicted to be its signal peptide, and the

Pfam database showed the presence of trypsin domains
at 118-371 aa. In addition, the Swiss model was used
to predict 3D structures, showing secondary structures
including a-helix, B-folding and curling (Fig. 4a). In
addition, we performed an evolutionary analysis of this
protein and found that it has the highest homology with
Trichinella nelsoni (Fig. 4b).

Expression and purification of rTs-TTPA

The expression vectors, PMAL-c5X-tissue-type plas-
minogen activator (UniProt: AOAOV1AVL6), were con-
structed successfully with His and MBP labels (Fig. 5a).
The purified recombinant proteins were obtained by
inducible expression and named r7s-TTPA (Fig. 5b). The
purified protein was identified by mouse-His tag anti-
body (Fig. 5¢).

Recognition of rTs-TTPA by infected serum
Subsequently, hybridization with swine serum post-infec-
tion on different days showed that there was no reaction
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Fig. 2 Determination of components of Ts-ML-ES and Ts-ML-EVs. A SDS-PAGE of Ts-ML-ES and Ts-ML-EVs stained with Coomassie Bright Blue
and silver. B Ts-ML-ES and Ts-ML-EVs were identified by serum at 25 dpi with 10,000 T. spiralis. Negative serum was used as a control

with negative serum and serum at 120 dpi with 10,000 7.
spiralis, while swine serum at 15, 25, 35 and 60 dpi with
10,000 T. spiralis could recognize this protein, with the
earliest detection time being 15 dpi (Fig. 6).

Dynamics of serum anti-Trichinella IgG in experimentally
infected pigs

Serum anti-Trichinella 1gG levels of pigs at different time
intervals were detected by ELISA using r7s-TTPA. By
testing 86 negative samples, we determined that the cut-
off value was 0.48278 (Fig. 7a). The rTs-TTPA-ELISA can
detect the specific anti-Trichinella 1gG at 13 dpi, with a
positive rate of 100% in the detected samples (Fig. 7b). In
addition, the results from the cross-reaction experiments
showed that the detection value was lower than the cut-
off line, which indicated that the r7s-TTPA-ELISA had
no cross-reactions with other common swine parasites
and had good specificity (Fig. 7c).

Discussion

Trichinella spiralis is an important zoonotic disease, and
its detection has always been a hot topic in research.
Although molecular detections have been widely
reported, serological detection is the most widely used
detection method for trichinellosis and is recommended
by the World Health Organization (WHO) and the Inter-
national Commission on Trichinellosis (ICT) [24]. Previ-
ous studies have reported the detection of trichinellosis
using circulating antigens such as crude extract protein

and excretory-secretory products as detected molecules,
but there is an obvious detection window period limited
to within 2 or 3 weeks of infection [25]. The ML-ES anti-
gen-ELISA has been used consistently in our laboratory
to detect IgG in serum from pigs infected with T. spiralis,
and IgG detection is not complete until 19 dpi [5]. There-
fore, improving detected antigens has clinical value, and
increasingly studies are focusing on screening antigens
for early stage detection [4].

In recent years, research on parasite-derived extra-
cellular vesicles has attracted much attention [26].
Parasite-derived extracellular vesicles can be used
as signaling molecules to participate in parasite-
host interactions, maintain the parasitism of para-
sites and cause host diseases. Extracellular vesicles
also participate in host defense responses through
antigen presentation [27-29]. Proteomic and tran-
scriptomic analysis revealed that parasite-derived
extracellular vesicles contain a large number of pro-
teins and non-coding RNAs, which are involved in
parasite reproduction, survival and host immune
regulation, and also elucidated a novel parasite-
host communication mode mediated by parasite-
derived extracellular vesicles [30, 31]. In addition,
compared with other sources, the extracellular vesi-
cles collected in this study are enriched and may
detect antigenic proteins that have not been previ-
ously reported, providing new candidate molecules
for the diagnosis of T. spiralis infection.
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Table 1 All 53 proteins of Ts-ML-EVs recognized by 25 dpi swine serum were identified by LC-MS/MS

Accession Protein names Gene names MW (kDa) Abundances
AOAOV1BD93 Transmembrane protease serine 9 Prss30 126.2 9.22E+09
AOAOVTAPRS Snake venom 5"-nucleotidase TO1_175 61.9 436E+08
AOAOV1BSV1 ADP-ribose pyrophosphatase, mitochondrial Nudt9 589 2.33E+08
AOAOV1CO75 Deoxyribonuclease-2-alpha (fragment) Dnase2 1429 3.02E+09
AOAOVTAKL7 Metallophos domain-containing protein (fragment) T01_11872 285 6.30E+06
AOAQV1TASF3 ADP-ribose pyrophosphatase, mitochondrial Nudt9 54.5 1.63E+08
E5RYV9 Transmembrane protease serine 9 Tmprss9 716 3.37E+07
A1BQX7 Multi cystatin-like domain protein mcd-1 459 745E+07
AOAOV1B2X1 Uncharacterized protein TO1_5772 50.7 6.47E+07
AOAOV1AS64 ADP-ribose pyrophosphatase, mitochondrial Nudt9 57.2 4.31E+06
AOAOVTAVVS Peptidase inhibitor R3HDML (fragment) R3HDML 82 4.09E+07
AOAOV1BXV2 Mothers against decapentaplegic homolog Mad 2846 1.04E+08
AOAOVTASF1 53 kDa excretory/secretory antigen (predicted) TO1_13886 412 452E+07
AOAOV1BH58 Ubiquitin—protein ligase (predicted) TO1_8770 37.2 9.59E+06
AOAOVTAX39 Fructose-bisphosphate aldolase TO1_11246 436 4.08E+06
AOAOV1BT87 2-Phospho-D-glycerate hydro-lyase (Fragment) enol-1 503 2.98E+06
AOAOV1BNJ5 Malate dehydrogenase (fragment) MDH2 109.1 1.72E+06
AOAOVICT1LO Uncharacterized protein TO1_11591 36.2 2.06E+07
E5S9D6 Apple domain-containing protein TO1_1244 499 1.24E+07
AOAOV1B1S0 Putative nudix hydrolase 6 ndx-6 51 1.31E+07
AOAOVTAYM6 Peptidase S1 domain-containing protein T01_6497 93.1 7.15E+06
ESRYD6 Peptidase S1 domain-containing protein (predicted) T01_2202 312 1.98E+07
AOAOV1BT34 53 kDa excretory/secretory antigen (predicted) TO1_4139 34 8.55E4+06
AOAOV1AZ55 Phosphoenolpyruvate carboxykinase (GTP) PEPCK 83 5.03E+06
AOAQV1BN13 Sodium/potassium-transporting ATPase subunit beta-1 ATP1B1 3039 3.92E+06
AOAOV1BXNS8 Malic enzyme Me3 137.3 1.50E+06
AOAOV1BCKO Mannose-6-phosphate isomerase T01_7294 484 1.75E4+07
AOAQV1BWP3 Cysteinylglycine-S-conjugate dipeptidase lap3 57.2 1.20E+07
AOAQV1B1P7 DDE_Tnp_1_7 domain-containing protein TO1_8160 51.1 1.93E+06
AOAOVOYZ53 Transmembrane protease serine 2 (fragment) Tmprss2 10

AOAQV1BW27 Glioma pathogenesis-related protein 1 T01_3621 52.7 7.07E+05
AOAOV1ARS7 ADP-ribose pyrophosphatase, mitochondrial NUDT9 268 5.76E+06
AOAOVTAVLE Tissue-type plasminogen activator PLAT 44.2

AOAOV1BP23 Cleavage and polyadenylation specificity factor subunit 2 Cpsf2 125.5 2.89E+06
AOAOV1AUA7 Transmembrane protease serine 9 TMPRSS9 152.1 1.59E4+06
AOAOV1BIS9 Serine protease 28 Prss28 34 541E+06
E5SLUT Actin-5C Act5C 41.8 5.24E+06
AOAQV1BWA41 Glutamate dehydrogenase (NAD(P)(+)) GLUD2 1154

AOAOV1BIH7 SML-4 sml-4 15.7 1.35E+06
AOAOV1BU6G4 PAN domain protein (predicted) TO1_14583 107.5

AOAOVTBUA3 BAR domain-containing protein (fragment) TO1_4307 471 1.08E+07
AOAOV1B210 Plasma kallikrein Klkb1 352 8.31E+06
AOAQVTAU45 ATP synthase subunit alpha (fragment) ATP5A1 61.9 3.63E+06
AOAQV1BOA9 Tetratricopeptide repeat protein 37 TTC37 1929 4.44E+06
AOAQV1C272 Uncharacterized protein T01_3299 12.7 5.70E+05
AOAOV1BM94 Uncharacterized protein TO1_10190 13

AOAOV1B8T3 Chymotrypsinogen B (fragment) CTRB1 336 1.14E+06
AOAOV1BVGY Trans-2-enoyl-CoA reductase, mitochondrial (fragment) MECR 404 6.80E+05
AOAOV1B1B9 3-Ketoacyl-CoA thiolase, mitochondrial (fragment) ACAA2 78 6.81E+05
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Table 1 (continued)

Accession Protein names Gene names MW (kDa) Abundances
AOAOV1BBHO Secreted from muscle stage larvae 1 (predicted) T01_15448 322

AOAQV1B416 Peregrin BRPF1 1324

E55UQ1 Enteropeptidase Tmprss15 75.1

AOAOV1IBNM9 Non-specific serine/threonine protein kinase ATR 2984 5.22E+06

GO annotation

serine-type endopeptidase activity

serine-type peptidase activity

151 serine hydrolase activity
endopeptidase activity

binding

peptidase activity

catalytic activity, acting on a protein

hydrolase activity

catalytic activity

intracellular anatomical structure

cellular anatomical entity

small molecule metabolic process

heterocycle metabolic process

cellular aromatic compound metabolic process

- molecular function

Number of proteins

cellular nitrogen compound metabolic process
organic cyclic compound metabolic process

- cellular component

ic process
cellular metabolic process
cellular process

protein metabolic process
<20 20~ 30~ 40~ 50~ 60~ 70~ 80~ 90~100~200~>200 proteolysis
macromolecule metabolic process

Molecular weight (kDa)

ganonitrog! ic process
nitrogen compound metabolic process
primary metabolic process

metabolic process

- biological process

organic substance metabolic process

L] 1 L] 1
0 10 20 30 40

Number of protein
Fig. 3 Molecular weight and GO annotation of proteins screened by LC-MS/MS. A The distribution of all 53 protein numbers with different
molecular weights was detected by LC-MS/MS. B The GO annotation shows the number of proteins involved in different functions detected
by LC-MS/MS
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Fig. 4 Bioinformatic analysis of Ts-TTPA. A Three-dimensional structural model of Ts-TTPA protein with secondary structure display. The alpha
helix is covered in purple, the beta fold is covered in green, and the ring area is covered in gray. B Cladogram of analysis of 7s-TTPA. The maximum
parsimony tree of tissue-type plasminogen activator protein in 12 species of Trichinella spiralis and Trichuris suis was drawn in MEGA. Protein
sequence thumbnails of Ts-TTPA for each species are shown on the right. Different-colored squares represent different amino acids
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180 kDa
130 kDa
100 kDa

70 kDa
55 kDa

40 kDa
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10 kDa

Fig. 5 Expression and purification of rTs-TTPA. A The constructed vector was identified by double restriction enzyme digestion. From right to left
are DNA markers, pMAL-c5X-Ts-TTPA plasmid digested with BamHI/EcoRI and pMAL-c5X-Ts-TTPA plasmid. The red arrow shows the Ts-TTPA gene.
B The purified Ts-TTPA was stained with Coomassie Bright Blue. The red arrow shows the Ts-TTPA protein. C The purified rTs-TTPA was identified

by monoclonal His-tag antibody

We screened 53 proteins from Ts-ML-EVs by LC-MS/
MS, and besides being involved in some basic meta-
bolic pathways, they are also widely involved in the
catalytic and hydrolase activity of T. spiralis, which
have been reported to play important roles in the
growth, development and invasion of T. spiralis [32,
33]. In addition, some proteins in Ts-ML-EVs have
also been reported to be useful for early stage detec-
tion and candidate vaccines. Furthermore, we con-
ducted extensive screening of unreported proteins to
obtain new detected antigens or vaccine candidates.

The candidate molecule Ts-TTPA identified here
has the trypsin domain, which belongs to the pepti-
dase family S1, in which serine serves as the nucleo-
philic amino acid at the active site. It is the largest
protease family, including catalytic active and non-
catalytic active enzymes, known as "serine protease”
and 'serine protease homologs,” respectively [34].
Some proteins with serine protease activity isolated

from T. spiralis have been reported to be involved in
parasite-host interactions, including immune regu-
lation and the invasion of intestinal epithelium [35—
37]. In addition, these antigenic proteins have been
reported as candidate molecules for the diagnosis of
antigens. Sun et al. used the recombinant expression
of Ts-SP as an antigen to detect the serum of mice
infected with 300 muscle larvae and found that they
could detect the infected serum at 12 dpi at the ear-
liest [6]. The Ts-TTPA we reported also had the same
effect, and it was able to detect infected serum as
early as 7 dpi. Three sera infected with 10,000 T. spi-
ralis were fully detected at 13 dpi. The identification
of these detected antigens partially supplemented
the window period for the detection of IgG and pro-
vided a new reference for the early stage detection of
T. spiralis. However, the sample size of this experi-
ment is not large, which carries certain limitations,
and relevant research and detection need to be fur-
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Fig. 6 Identification of rTs-TTPA reactivity. The rTs-TTPA was recognized by infected swine serum at different times (15 dpi, 25 dpi, 35 dpi, 60 dpi, 120

dpi), and negative serum was used as a control
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Fig. 7 Establishment of rTs-TTPA-ELISA for early stage detection. A Eighty-six negative pig serum samples (1:100) were used to calculate the cut-off,
with line representing mean +3 SD (blue). B Kinetics of serum anti-Trichinella IgG in pigs experimentally infected with 10,000 muscle larvae (n=3). C
Cross-reactions assay of serum infected with Clonorchis sinensis, Toxoplasma gondii, Taenia suis, Ascaris suis and Trichuris suis (n=3)

ther carried out. In addition, this Ts-TTPA can be
expressed in large quantities and is easier to obtain
than excretory-secretory product antigens. Due to
the trypsin activity of this protein, future functional
experiments and host interaction studies should be
done.

Previous studies have also reported the protec-
tive efficacy of Ts-ML-EVs as a vaccine, but which
molecules were not specified [15], although 53-kDa
excretory/secretory antigens and a deoxyribonucle-

ase-2-alpha antigen have been reported to have pro-
tective potential [38, 39]. In addition, whether some
other proteins, including our candidate proteins,
also play a role in the protective immunity related to
Ts-ML-EVs needs to be further investigated.

Conclusions

The extracellular vesicles of T. spiralis muscle larvae suc-
cessfully isolated in this study have specific markers of
extracellular vesicles. The protein binds in extracellular
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vesicles of T. spiralis identified by 25 dpi serum; espe-
cially the Ts-TTPA protein with trypsin domain can be
the fastest to identify swine serum at 13 dpi and is a can-
didate antigen for early stage detection of trichinellosis.
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