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Taenia solium (T. solium) cysticercosis is a serious threat to human health and 

animal husbandry. During parasitization, Cysticercus cellulosae (C. cellulosae) 

can excrete and secrete antigens that modulate the host’s T-cell immune 

responses. However, the composition of C. cellulosae excretory-secretory 

antigens (ESAs) is complex. This study sought to identify the key molecules 

in C. cellulosae ESAs involved in regulating T-cell immune responses. Thus, 

we  screened for thioredoxin peroxidase (TPx), with the highest differential 

expression, as the key target by label-free quantification proteomics of C. 

cellulosae and its ESAs. In addition, we verified whether TPx protein mainly 

exists in C. cellulosae ESAs. The TPx recombinant protein was prepared by 

eukaryotic expression, and ESAs were used as the experimental group to 

further investigate the effect of TPx protein on the immune response of 

piglet T cells in vitro. TPx protein induced an increase in CD4+ T cells in piglet 

peripheral blood mononuclear cells (PBMCs), while CD8+ T cells did not 

change significantly. This resulted in an imbalance in the CD4+/CD8+ T-cell 

ratio and an increase in CD4+CD25+Foxp3+ Treg cells in the PBMCs. In addition, 

TPx protein initiated T helper 2 (Th2)-type immune responses by secreting 

IL-4 and IL-10 and suppressed Th1/Th17-type immune responses. The results 

showed that ESAs were involved in regulating piglet T-cell immune responses 

cells. This suggests that TPx protein found in ESAs plays an essential role to 

help the parasite evade host immune attack. Moreover, this lays a foundation 

for the subsequent exploration of the mechanism through which TPx protein 

regulates signaling molecules to influence T-cell differentiation.
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Introduction

Taenia solium (T. solium) cysticercosis is a zoonotic parasitic 
disease caused by the larvae of T. solium. Cysticercus cellulosae 
(C. cellulosae) can parasitize humans and pigs, posing a serious 
threat to human health and animal husbandry (Mendlovic et al., 
2021). The disease has a global distribution, mainly in developing 
countries in Latin America, Africa, and Asia (Dixon et al., 2020). 
In humans, C. cellulosae can parasitize the subcutaneous muscles, 
eye, heart, brain, and other tissues. Among them, 
neurocysticercosis (NCC) is the most serious condition, which 
can cause epileptic seizures, increased intracranial pressure, 
neuropsychiatric disorders, and other central nervous system 
symptoms. It is often confused with other intracerebral diseases 
and has a high mortality and disability rate (Prodjinotho et al., 
2020; Hamamoto-Filho et al., 2021; Himwaze et al., 2022). Over 
50,000 people die of NCC every year worldwide, and it is 
recognized by WHO as one of the 20 neglected tropical diseases 
in the world (Engels and Zhou, 2020; WHO, 2022).

Dendritic cells (DCs) have the most efficient antigen-
presenting ability. When a parasite infects a host as an antigen, 
DCs can process, synthesize, and present the antigen to naive 
CD4+ T cells, triggering naive CD4+ T-cell activation and inducing 
helper T cell (Th) and regulatory T-cell (Treg) differentiation 
(Hilligan and Ronchese, 2020). In the early stage of a parasitic 
infection, the levels of host CD4+ and CD8+ T cells are increased, 
and Th1 or Th17 immune response is the mainstay, which exerts 
anti-parasitic effects by secreting interferon-γ (IFN-γ), tumor 
necrosis factor-α (TNF-α), or interleukin-17 (IL-17). As the 
infection persists, the Th1/Th2 balance is disrupted, leading to a 
dominant Th2-type immune response in the host. Moreover, there 
is an increase in the percentage of Treg cells, which exert 
immunosuppressive effects by secreting IL-10 and transforming 
growth factor-β (TGF-β), helping the parasite to evade host 
immune attack (Anuradha et al., 2015).

Parasites can excrete and secrete certain products within their 
host. These excretory-secretory antigens (ESAs) can directly 
regulate the host’s T-cell immune responses, which is beneficial for 
the parasite to escape the host’s immune attack and survive in the 
host (White and Artavanis-Tsakonas, 2012; Sun et al., 2019). For 
instance, Toxocara canis ESAs can stimulate the expression of 
Forkhead box P3 (Foxp3) in host CD4+ and CD8+ T lymphocytes 
(Junginger et al., 2017). Haemonchus contortus ESAs stimulate 
goat peripheral blood mononuclear cells (PBMCs) to secrete 
IL-10, and the IL-10 secretion increases in a concentration-
dependent manner with ESAs (Gadahi et al., 2016). ESAs from 
Trichinella spiralis muscle larvae induce an increase in the number 
of CD4+ T cells in the PBMCs of patients and triggered a mixture 
of Th1/Th2-type immune responses (Della et  al., 2017). It is 
suggested that parasite ESAs can induce Th2-type immune 
responses, the differentiation of host Treg cells, and the secretion 
of a large amount of IL-10, which play a negative role in immune 
regulation and help the parasite to evade the host’s immune attack. 
Cysticercus cellulosae ESAs can be used as a specific antigen to 

diagnose T. solium cysticercosis and as a new drug target (Arora 
and Prasad, 2020). Our previous study revealed that C. cellulosae 
ESAs disrupted the CD4+/CD8+ T-cell ratio, altered the T-cell 
immune function, triggered the host to produce Treg cells, 
induced Th2-type immune responses, and upregulated the 
expression of IL-10, thereby exerting an immune evasion effect 
(Fan et al., 2021).

Due to their complex composition, in the present study, 
we further explored the protein molecules in C. cellulosae ESAs 
involved in regulating T-cell immune responses. Based on 
previous label-free quantification (LFQ) proteomics analysis of 
C. cellulosae and its ESAs, we aimed to screen for thioredoxin 
peroxidase (TPx) protein and verify its existence in C. cellulosae 
ESAs. Further, we  sought to explore the effect of thioredoxin 
peroxidase (TPx) protein on piglet T-cell immune responses 
in vitro.

Materials and methods

Animals and preparation of Cysticercus 
cellulosae ESAs

Healthy piglets were confirmed to be pathogen-free and to 
have been raised under standard conditions. The Animal Care and 
Use Committee of Zunyi Medical University approved the 
experiments. Cysticercus cellulosae ESAs were prepared in the 
previous stage. Briefly, C. cellulosae were collected from the muscle 
tissue of cysticercosis-infected pigs, washed with physiological 
saline and sterile phosphate-buffered saline, and incubated in 
complete medium and 5% CO2 at 37°C for 72 h. The culture 
supernatant was collected aseptically and transferred into 3 kDa 
ultrafiltration tubes for concentration. Then, the concentrated 
liquid of C. cellulosae ESAs was stored at −80°C until use (Fan 
et al., 2021).

Screening for TPx protein

The differential proteins of C. cellulosae ESAs were identified 
based on previous LFQ proteomics analysis. The ratio of the mean 
relative quantification values of each protein in multiple replicate 
samples was taken as the fold change (FC). The calculation 
formula was: FCA/B, k = Mean (Rik, i∈A) / Mean (Rik, i∈B). In this 
formula, A represents C. cellulosae, B represents C. cellulosae ESAs, 
R represents the relative quantitative value of the protein, i 
represents the number of samples, and k represents the protein.

The relative quantitative value of each protein in the samples 
of the experimental and control groups was compared using t-test, 
and the corresponding p value was determined. Proteins with no 
quantitative information and poor reproducibility were removed, 
and proteins with p value < 0.05 were selected. When the p value 
was <0.05, FC > 1.5 was used as the threshold for significant 
upregulation, and FC < 1/1.5 was used as the threshold for 
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significant downregulation. Therefore, the differential proteins of 
C. cellulosae ESAs were screened in the region with FC < 1/1.5. 
FCA/B indicates the proportion of the change in protein expression 
of A relative to B. The lower the ratio, the higher the expression of 
ESAs. Then, the differential proteins of C. cellulosae ESAs were 
analyzed by gene ontology (GO) and biological function 
annotation to screen for TPx protein in C. cellulosae ESAs.

Validation of TPx protein

Cysticercus cellulosae and its ESAs were subjected to equimolar 
enzymatic digestion, and the volume was adjusted to uniformity 
with the lysing solution. Then, 20% trifluoroacetic acid (Thermo 
Fisher, Wyman Street, Waltham, MA, USA) was slowly added, 
mixed by vortex, and precipitated at 4°C for 2 h. The solution was 
centrifuged at 4,500 rpm for 5 min, the supernatant was discarded, 
and the precipitate was washed with pre-chilled acetone 2–3 times. 
After drying the precipitate, 200 mM tetraethylammonium 
bromide was added, the precipitate was ultrasonically dispersed, 
trypsin (Promega, Madison, Wisconsin, USA) was added at a ratio 
of 1:50 (protease: protein, m/m), and the mixture was incubated 
overnight for enzymolysis. Dithiothreitol (Sigma, St. Louis, MI, 
USA) was added to a final concentration of 5 mM at 56°C for 
30 min. Then, iodoacetamide (Sigma, USA) was added to a final 
concentration of 11 mM, and the mixture was incubated at room 
temperature for 15 min in the dark.

The peptides were dissolved using liquid chromatography 
mobile phase A [aqueous solution containing 0.1% formic acid 
(Fluka, Selzer, Germany) and 2% acetonitrile (Thermo Fisher, 
USA)] and separated using the EASY-nLC 1,000 ultra-high 
performance liquid chromatography system. Afterward, the 
peptides were injected into an NSI ion source for ionization and 
then analyzed using Q ExactiveTM Plus mass spectrometer. The 
ion source voltage was set to 2.1 kV, and the peptide precursor ions 
and their secondary fragments were detected and analyzed using 
high-resolution Orbitrap.

Recombinant protein preparation

The TPx gene sequence of T. solium was obtained from the 
NCBI database (GenBank: AHZ89374.1) for the full gene 
synthesis of TPx. The TPx target gene was digested with EcoR1 
and BamHI (Takara Biotech, Beijing, China) and then 
connected to the eukaryotic expression vector pcDNA3.4 
(Zhongding Biotech, Nanjing, China) to construct the 
recombinant plasmid pcDNA3.4-TPx. The incubated plasmids 
were added to HEK293 cells (Zhongding Biotech, China), 
cultured in suspensions at 37°C for 6 days, centrifuged at 
5000 rpm for 15 min, and the supernatant of the cell secretion 
medium was collected. The cells were re-suspended in PBS, 
disrupted by ultrasonic waves, and lysed, and the cell lysis 
supernatant and cell lysis pellet were collected. The cell 

secretion medium supernatant was placed in a Nickel (Ni) 
column (Lanxiao Technology Materials, Xi’an, China), 
incubated at 4°C in a rotary incubator for 3–4 h, and then 
slowly added to a purified empty column. The column was 
washed with washing buffer (20 mM imidazole, 50 mM Tris, 
300 mM NaCl, pH 8.0) at a flow rate of 1 ml/min until the 
OD280 value of the effluent reached the baseline, and the 
effluent and washing liquids were collected. The target protein 
was eluted with elution buffer (200 mM imidazole, 50 mM 
Tris, 300 mM NaCl, pH 8.0) at a flow rate of 1 ml/min, and the 
elution solution was collected. Then, the recombinant TPx 
protein was purified and identified by western blotting as 
previously described (Li and Zhou, 2022).

Peripheral blood mononuclear cells 
isolation and culture

The protocol for piglet PBMC isolation was slightly modified 
according to a previous procedure (Islam et al., 2016). Briefly, 
under sterile conditions, 10 ml of heparinized anticoagulant blood 
was extracted from the jugular vein of healthy piglets, and the 
fresh blood was mixed with the sample diluent in a 1:1 ratio 
according to the porcine peripheral blood lymphocyte separation 
medium kit (TBD Sciences, Tianjin, China). Then, the same 
amount of diluted blood was slowly added to the separation liquid 
surface. The solution was centrifuged at 500 rpm by density 
gradient centrifugation for 30 min, and the PBMCs layer was 
obtained. PBMCs were collected and washed three times with 
cleaning solution. Erythrocyte lysis buffer (Solarbio Sciences, 
Beijing, China) was used to eliminate erythrocyte contamination. 
PBMCs were re-suspended in RPMI 1640 medium containing 
10% fetal bovine serum (Solarbio Sciences, China) and antibiotics 
(100 U/ml penicillin, 100 μg/ml streptomycin; Solarbio 
Sciences, China).

To investigate the effect of TPx on the differentiation of T-cell 
subsets induced by phytohemagglutinin (PHA; Solarbio Sciences, 
China), PBMCs were labeled with carboxyfluorescein diacetate 
succinimidyl ester (CFSE) (Thermo Fisher, USA), and then TPx 
(50 μg/ml) was added. Under standard conditions, PHA (2.5 μg/
ml) was added after 3 h of culture. PBMCs were cultured in 6-well 
plates at 37°C and in 5% CO2, with 1 × 106 cells/well. ESAs (50 μg/
ml), ConA (10 μg/ml) (Sigma, USA), and RPMI 1640 medium 
were added as control groups, respectively. After 48 h of culture, 
CD4+ and CD8+ T cells were stained and analyzed by 
flow cytometry.

To further analyze whether TPx can induce the production of 
Treg cells in PBMCs, PBMCs were cultured in 6-well plate with 
1 × 106 cells/well, and TPx (50 μg/ml) was added. ESAs (50 μg/ml), 
LPS (2 μg/ml; Sigma, USA), and 1,640 medium were added as 
control groups, respectively. Under standard conditions, the cells 
were collected after culturing in 5% CO2 at 37°C for 48 h. The 
expressions of CD4, CD25, and Foxp3 were detected by 
flow cytometry.
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T lymphocyte differentiation

After healthy piglets were anesthetized, 20 ml of bone marrow 
was extracted by puncturing the posterior superior iliac spine, and 
DCs derived from the bone marrow premonomer cells were 
isolated under sterile conditions. The cells were grown under 
standard conditions, and immature DCs were induced. To 
determine the effect of TPx on the differentiation of T-cell subsets, 
CD4+ T cells were isolated from the spleen of healthy piglets using 
anti-CD4 positive selection magnetic beads (Miltenyi Biotec, 
Bergisch Gladbach, Germany), according to the manufacturer’s 
instructions, and approximately 90% of CD4+ T cells were 
harvested using a flow sorter. The concentration of CD4+ T cells 
was adjusted to 1 × 106 cells/ml with RPMI 1640 complete 
medium, and that of immature DCs was adjusted to 1 × 105 cells/
ml, giving a ratio of CD4+ T cells to DCs of 10:1. The cells were 
stimulated with TPx (50 μg/ml) for the experimental group and 
ESAs (50 μg/ml), LPS (10 μg/ml) (Sigma, USA), and RPMI 1640 
medium for the control groups. The cells were co-cultured at 37°C 
for 24 h, centrifuged, and then added to RPMI 1640 complete 
medium containing 10 ng/ml porcine rIL-2 (Abcam, Cambridge, 
UK). The culture was continued at 37°C for 24, 48, and 72 h. The 
supernatant was collected by centrifugation, and cytokines 
including IL-4, IL-5, IL-10, IL-17, and IFN-γ were detected using 
an ELISA kit.

Flow cytometry and antibodies

For cell surface staining, cells were washed three times in 
pre-chilled staining buffer and then re-suspended in the staining 
buffer. According to the manufacturer’s instructions, cells were 
incubated with the appropriate amount of fluorescent antibodies 
for 30 min at 4°C in the dark. Cells were washed twice with 
staining buffer and then tested by flow cytometry. The T-cell 
epifluorescent antibodies were as follows: CD4a: PE-Cy7 (BD 
Pharmingen, Franklin Lakes, NJ, USA), CD8a: AF647 (BD 
Pharmingen, USA), and CD25: Alexa Fluor 647 (Thermo Fisher, 
USA). It is necessary to break the membrane to detect 
intracellular antigens. After incubating cells with surface 
fluorescent antibodies at 4°C for 30 min in the dark, the washed 
cells were re-suspended in the staining buffer. According to the 
manufacturer’s instructions, cells were incubated with 
transcription factor buffer at 4°C for 50 min in the dark, and then 
incubated with the intracellular fluorescent antibody Foxp3: 
FITC (Thermo Fisher, USA) at 4°C for 45 min in the dark. All 
data were analyzed by Flowjo software (TreeStar, Ashland, 
OR, USA).

ELISA for cytokine secretion

The culture supernatants were collected, and the levels of 
cytokines were determined using porcine IFN-γ, IL-4, IL-5, IL-10, 

and IL-17 ELISA kits (Cloud-Clone Corp, Wuhan, China), 
according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was conducted using IBM SPSS Statistics 
software version 26.0 (IBM, Inc.). After normal analysis and the 
homogeneity of variance test, one-way analysis of variance 
(one-way ANOVA) was used for comparison between multiple 
groups. Pairwise comparison between groups was performed by 
Least-Significant Difference-t (LSD) test. All experiments were 
run in triplicate. Graphing was done with GraphPad Prism 8.0.2. 
In all figures, NS stands for not significant; *p ≤ 0.05; **p ≤ 0.01; 
and ***p ≤ 0.001.

Results

Screening and validation of TPx protein

The differential proteins of C. cellulosae ESAs were analyzed 
by GO analysis, and 43 of them were found to be involved in the 
immune response process. Subsequently, the biological functions 
of the differential proteins were annotated, and it was discovered 
a total of five proteins including tyrosine-protein phosphatase 
domain-containing protein, proteasome subunit beta, receptor 
protein-tyrosine kinase, t-SNARE Coiled-coil homology domain-
containing protein, and TPx played a role in regulating T-cell 
immune responses. TPx protein (A0A0R3W7L6) with the greatest 
differential expression was selected as the key research target 
(Table 1; Figure 1A). The screened TPx protein was verified by 
parallel reaction monitoring (PRM) technology. In addition, the 
differential expression of TPx protein showed consistent trends in 
LFQ and PRM (Figure 1B), indicating that TPx protein is highly 
expressed in C. cellulosae ESAs.

Cysticercus cellulosae ESAs and TPx 
induced CD4+ and CD8+ T lymphocyte 
responses in PBMCs

Cysticercus cellulosae ESAs and TPx were cultured with piglet 
PBMCs for 48 h, respectively, and the expression of CD4+ and 
CD8+ T-cell subsets was detected by flow cytometry. Compared 
with the normal group, both ESAs and TPx induced a significant 
increase in the number of CD4+ T cells (Figure 2A), but there was 
no significant increase or decrease in CD8+ T cells (Figure 2B). 
The CD4+/CD8+ T-cell ratio in the control, ESAs, and TPx groups 
was approximately 0.5004, 0.7263, and 0.8409, respectively 
(Figure 2C). Compared with the ConA group, C. cellulosae ESAs 
and TPx significantly increased the number of CD4+ T cells but 
decreased the number of CD8+ T cells (Figures 2A,B). Compared 
with the ESAs group, TPx did not induce a statistically significant 
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increase in the number of CD4+ and CD8+ T cells (Figures 2A,B). 
Therefore, both C. cellulosae ESAs and TPx could induce the 
increase in the CD4+/CD8+ T-cell ratio in piglet PBMCs, leading 
to T cells imbalance and immune dysfunction.

Cysticercus cellulosae ESAs and TPx 
induced an increase in the number of 
CD4+CD25+Foxp3+ Tregs in PBMCs

Cysticercus cellulosae ESAs and TPx were cultured with piglet 
PBMCs for 48 h, respectively, and the expression of Tregs was 
detected by flow cytometry. Compared with the control group, 
both C. cellulosae ESAs and TPx increased the expression of Foxp3 
by lymphocytes in PBMCs (Figure 3A). Tricolor flow cytometry 
showed that C. cellulosae ESAs and TPx induced an increase in the 
number of CD4+CD25+Foxp3+ Tregs in PBMCs (Figure  3B). 
Compared with the ESAs and LPS groups, TPx induced a 
significant decrease in the number of Foxp3+ lymphocytes and 
CD4+CD25+Foxp3+ Treg cells in PBMCs (Figures 3A,B).

Cysticercus cellulosae ESAs and TPx 
induced T helper subpopulation 
differentiation

To investigate the effect of C. cellulosae ESAs and TPx on the 
differentiation of Th subpopulations, secretion levels of IFN-γ, 
IL-4, IL-5, IL-10, and IL-17 were examined via ELISA at different 
time periods. Naive CD4+ T cells with >90% purity were obtained 
from the spleen of piglets by magnetic bead sorting (Figures 4A,B). 
DC-CD4+ T cells exposed to C. cellulosae ESAs and TPx produced 
different levels of cytokines (Figures 4C–G). Cysticercus cellulosae 
ESAs induced DC-CD4+ T cells to secrete significantly high 
IFN-γ, IL-5, and IL-10 levels in the early stage (24 h), but there was 
no significant increase in IL-4 secretion at this stage. In the middle 

and late stages (48 and 72 h), it mainly promoted the secretion of 
IL-4, IL-5, IL-10, and IL-17. TPx induced DC-CD4+ T cells to 
secrete significantly high IL-4 levels in the early stage (24 h), while 
there was a remarkable increase in IFN-γ and IL-10 secretion. 
Moreover, it mainly promoted the secretion of IL-4 and IL-10 in 
the middle stage (48 h), inhibited the secretion of IFN-γ in the late 
stage (72 h), and inhibited the secretion of IL-5 and IL-17 at all 
stages. Therefore, both C. cellulosae ESAs and TPx could induce 
Th subsets to secrete different cytokines at different time periods, 
which played an important regulatory role in the immune 
response of Th cells.

Discussion

Taenia solium cysticercosis is a major public health problem 
and a great hindrance to pig breeding in endemic areas. The 
development of a protective vaccine is the most effective and 
economical means of treating C. cellulosae (Gulelat et al., 2022; 
Zhang et al., 2022). However, the complex immune pathogenesis 
of C. cellulosae has not been fully clarified, and this is one of the 
important bottlenecks restricting the development of effective 
vaccines against it (Rosales-Mendoza et  al., 2018; Kaur et  al., 
2021). The reason may be that C. cellulosae as a parasite in the host 
can directly excrete and secrete mixed products. The composition 
of C. cellulosae ESAs is complex, and it is regularly updated and 
replaced during metabolism. Thus, the interaction mechanism 
between C. cellulosae ESAs and host immune cells is not clear 
(Harnett, 2014). Due to the fact that the key protein molecules in 
C. cellulosae ESAs involved in regulating T-cell immune responses 
have not been elucidated, this study sort to screen for TPx protein 
and verify its existence in C. cellulosae ESAs, based on previous 
LFQ proteomic analysis of C. cellulosae ESAs. The eukaryotic 
protein expression was used to obtain recombinant TPx protein, 
which further verified the effect of TPx protein in C. cellulosae 
ESAs on piglet T-cell immune responses in vitro.

TABLE 1 Proteins with the function of regulating T-cell immune responses.

Protein 
accession

Protein 
description

A1 A2 A3 B1 B2 B3 FCA/B p Value

A0A0R3WDB8 Tyrosine-protein 

phosphatase domain-

containing protein

0.7054 0.7299 0.8065 1.3211 1.1908 1.2463 0.5965 0.00049870

A0A0R3VT49 Proteasome subunit 

beta

0.6016 0.5615 0.5614 1.1370 1.1783 1.1601 0.4962 0.00001026

A0A158R9E3 Receptor protein-

tyrosine kinase

0.5956 0.8783 0.4806 1.4320 1.2638 1.3498 0.4831 0.01361241

A0A158R8G6 t-SNARE coiled-coil 

homology domain-

containing protein

0.6901 0.7125 0.7038 1.4868 1.4914 1.5154 0.4687 0.00000027

A0A0R3W7L6 Thioredoxin 

peroxidase

0.6023 0.5306 0.5999 1.5996 1.5259 1.4416 0.3794 0.00004629

Expression levels of differential proteins that regulate T-cell function. The differential expression of TPx protein is the largest, and p < 0.05.
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Proteomics techniques have been widely studied and applied 
in the field of tapeworm research, and targeted proteomics has 
become a powerful tool for protein quantification, of which PRM 
is the mainstream method for targeted proteomics data acquisition 
(Shi et  al., 2016; Jeferson et  al., 2017; José et  al., 2017). The 
advantage of PRM is that it is extremely specific, provides higher 
selectivity in complex biological samples, and more effectively 
distinguishes the product ion signal of the target protein or target 
peptide from co-eluting interference, thereby improving the 
quality of data analysis (Peterson et al., 2012; Sobsey et al., 2020). 
Given the complexity of C. cellulosae and its ESA components, this 

experiment was performed to validate the TPx protein values 
using PRM technology, and the results showed that the trend of 
TPx protein expression was consistent between LFQ and 
PRM. This suggests that TPx protein is expressed in both 
C. cellulosae and its ESAs, and that the expression level of TPx 
protein is significantly higher in C. cellulosae ESAs than in 
C. cellulosae.

Under normal circumstances, CD4+ and CD8+ T cells 
regulate each other to maintain the balance of immune function 
(Khan et al., 2019). In this study, both C. cellulosae ESAs and 
TPx could significantly increase the number of CD4+  

A

B

FIGURE 1

Screening and validation of TPx protein. (A) Statistical plots of the differential expression of five proteins, among which the TPx protein had the 
largest differential expression; (B) The change in the trend of TPx protein expression between the label-free quantification and parallel reaction 
monitoring results was consistent. *p < 0.05.
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T lymphocytes, but the number of CD8+ T lymphocytes did not 
change significantly, causing an increase in the CD4+/CD8+ 
ratio and immune function imbalance. It is suggested that 
C. cellulosae ESAs and TPx play a potential regulatory role in T 
lymphocyte homeostasis, which can disrupt the immune 
function of T lymphocytes. The result was similar to some of the 
previous studies on Schistosoma japonicum TPx-3, which 
induced an increase in the proportion of CD4+ T cells in mice 
peripheral blood (Han et  al., 2017). However, this result is 
contrary to a previous study on the regulation of T lymphocytes 
by C. cellulosae ESAs (Fan et  al., 2021), indicating that the 
CD4+/CD8+ ratio is in dynamic change, which may be related 
to the time and degree of infection (Mülayim et al., 2022). In 
this study, although TPx could induce immune function 

disorder in piglet T lymphocytes, it could not dynamically 
reflect the changes in the number of CD4+ and CD8+ T 
lymphocytes. Therefore, we  need to further optimize the 
experiment by setting different time periods and concentration 
gradients, which can more objectively reflect the dynamic 
changes of TPx and the CD4+/CD8+ ratio.

As an important immunosuppressive cell in the immune 
system, Treg cells account for 5–10% of the total CD4+ T cells 
and highly express CD25 (IL-2 receptor alpha chain, IL-2Rα) 
on their surface. Competitive binding of IL-2 with IL-2Rα can 
activate the signal molecule STAT5 downstream of IL-2R, 
further maintain the activity of Treg cells, and inhibit the 
activation of effector T cells (Malek, 2003; Hayes et al., 2020; 
Huang et  al., 2022). Foxp3 is a highly specific nuclear 

A

B

C

FIGURE 2

T-cell immune response assay. (A) Both Cysticercus cellulosae excretory-secretory antigens (ESAs) and TPx induced a significant increase in the 
number of CD4+ T lymphocytes. (B) Neither C. cellulosae ESAs nor TPx induced an increase in CD8+ T lymphocytes with statistical significance. 
(C) Both C. cellulosae ESAs and TPx induced a significant increase in the ratio of CD4+/CD8+ T cells. All data were represented by means ± SD, NS 
stands for not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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transcription factor in Treg cells, which plays an 
immunosuppressive role by secreting IL-10 and TGF-β 
(Georgiev et al., 2019). It was found in the peripheral blood and 
cerebrospinal fluid of NCC patients that the number of 
CD4+CD25highFoxp3+ Treg cells was significantly increased, 
accompanied by a decrease in active CD4+ and CD8+ T cells, 
suggesting that Treg cells play an immunosuppressive role and 
are beneficial to the survival of cerebral C. cellulosae (Adalid-
Peralta et  al., 2012). In this study, we  found that both 
C. cellulosae ESAs and TPx induced a significant increase in 
CD4+CD25+Foxp3+ Treg cells in piglet PBMCs. This was similar 
to a previous study on Fasciola gigantica TPx, which could 
induce the production of Treg cells in goat PBMCs (Tian et al., 
2020). The result suggests that C. cellulosae ESAs can induce an 
increase in Treg cells in piglet PBMCs, which may be one of the 
main roles played by TPx protein in the ESAs.

When stimulated by antigens, immature DCs recognize, 
uptake, and process antigens, and gradually mature in the 
process of migration. Mature DCs present antigens to naive 
CD4+ T cells through the major histocompatibility complex-II 
(MHC-II), thereby enabling CD4+ T cells to be activated and to 
differentiate into different cell subsets that secrete various 
cytokines, resulting in different types of adaptive immune 
responses, such as Th1, Th2, Th17, and Tregs (Letendre et al., 
2018; Corripio-Miyar et al., 2022). Under normal circumstances, 

IFN-γ secreted by Th1 and IL-4 secreted by Th2 antagonize each 
other to maintain immune balance in the body. Once infected, 
the pathogen disrupts the Th1/Th2 immune balance and drifts 
the immune response toward Th2 (Butcher and Zhu, 2021) to 
escape the host’s immune attack, and the same is true between 
Th17 and Tregs (Zhang et al., 2021). In addition, the disease will 
be aggravated if the body is in an excessive inflammatory state 
for a long period. Currently, IL-10 plays an important role as a 
negative feedback immunosuppressive factor, which can weaken 
the antigen-presentation ability of antigen-presenting cells 
(APC) and play an immunosuppressive role by inhibiting the 
activation of T cells and the secretion of pro-inflammatory 
factors (Nakamae et al., 2019; Steen et al., 2020). This study 
found that when DCs were co-cultured with naive CD4+ T cells, 
C. cellulosae ESAs initiated a mixed Th1/Th2 immune response 
by secreting IFN-γ, IL-5, and IL-10 in the early culture, and 
mainly secreted IL-4, IL-5, and IL-10 in the mid to late stage, 
initiating a predominantly Th2-type immune response. 
Meanwhile, TPx could induce DC-CD4+ T cells to secrete IL-4 
but not IFN-γ and IL-10 during early culture, mainly initiating 
the Th2 immune response. Moreover, they secreted higher IL-4 
and IL-10 levels in in the middle stages and inhibited the 
secretion of IFN-γ and IL-17 at 72 h, indicating that the TPx 
stimulation could induce a Th2 immune response and inhibit 
the Th1/Th17 immune response in piglets. This result is similar 

A

B

FIGURE 3

Tregs induction assay. (A) C. cellulosae ESAs and TPx significantly induced the expression of Foxp3+ lymphocytes, both of which were statistically 
significant. (B) C. cellulosae ESAs and TPx caused an increase in the number of CD4+CD25+Foxp3+ Tregs in peripheral blood mononuclear cells, 
and the difference was statistically significant. All data were expressed as the mean ± SD, NS stands for not significant, *p < 0.05, **p < 0.001, 
***p < 0.001.
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to the results of previous research on Fasciola hepatica TPx and 
Trichinella spiralis TPx, both of which could secrete high levels 
of IL-4, induce Th2 immune responses, and inhibit Th1 immune 
responses (Donnelly et al., 2008; Jin et al., 2020).

In conclusion, both ESAs and TPx of C. cellulosae could 
induce an increase in the number of CD4+CD25+Foxp3+ Treg cells 
and trigger a Th2-type immune response in piglets in the middle 
and late stages. ESAs induced Treg cell differentiation and initiated 
a Th2-type immune response, which may be one of the key roles 
played by the TPx protein component, as Th2-type immune 
response is associated with susceptibility of C. cellulosae to long-
term parasitism in the host (Mendlovic et al., 2015). This study 
revealed that TPx protein in C. cellulosae ESAs could regulate the 

host T-cell immune response. Subsequently, we will investigate the 
signaling pathway molecules responsible for the effect of TPx 
protein on host T-cell differentiation, laying a foundation for the 
discovery of new potential targets and the development of 
immunomodulatory interventions for the control of 
T. solium cysticercosis.
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FIGURE 4

Detection of cytokines in the Th subsets. (A,B) The purity of naive CD4+ T cells was detected by flow cytometry. (C) Th1: C. cellulosae ESAs 
significantly promoted the secretion of interferon-γ (IFN-γ) at 24 h, but the secretion of IFN-γ was not remarkable with the extension of the culture 
time. TPx did not induce the secretion of FN-γ at 24 and 48 h but inhibited the secretion of IFN-γ at 72 h. (D,E) Th2: The secretion of IL-4 by C. 
cellulosae ESAs was not obvious at 24 h. With the prolongation of the culture time, the level of IL-4 secretion increased significantly, and the 
secretion of IL-5 was promoted at 24, 48, and 72 h. TPx promoted the secretion of IL-4 but inhibited secretion of IL-5 at 24, 48, and 72 h. (F) Th2/
Treg: C. cellulosae ESAs promoted the secretion of IL-10 at 24, 48, and 72 h. However, the level of secreted IL-10 induced by TPx did not increase 
significantly at 24 h, but significantly increased at 48 h. (G) Th17: C. cellulosae ESAs did not induce a significant increase in IL-17 level at 24 h. With 
the prolongation of culture time, the secretion of IL-17 was significantly increased, while TPx inhibited the secretion of IL-17 at 24, 48, and 72 h. All 
data were represented by means ± SD; NS stands for not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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