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Abstract

Identification of promising schistosome antigen targets is crucial for the development of anti-

schistosomal strategies. Schistosomes rely on their neuromuscular systems to coordinate

important locomotory behaviors. Tyrosine hydroxylase (TH) is critical in the initial rate-limit-

ing step in biosynthesis of catecholamine, the important neuroactive agents, which promote

the lengthening of the worm through muscular relaxation and are therefore of great impor-

tance to the movement of the organism both within and between its hosts. THs from both

Schistosoma mansoni and Schistosoma japonicum and their enzyme activities have been

discovered; however, the role of these proteins during infection have not been explored.

Herein, a recombinant protein of the nonconserved fragment of S. japonicum TH (SjTH)

was produced and the corresponding polyclonal antibody was generated. The expression

and antigenicity of SjTH were detected by qRT-PCR, western blotting, immunofluorescence

assays, and ELISA. Mice immunized with the recombinant SjTH were challenged with cer-

cariae to evaluate the immunoprotective value of this protein. Our results showed SjTH not

only distributed in the head associated with the central nervous system, but also expressed

along the tegument and the intestinal intima, which are involved in the movement, coupling

and digestion of the parasites and associated with the peripheral nervous system. This pro-

tein can effectively stimulate humoral immune responses in mammalian hosts and has high

potential as a biomarker for schistosomiasis immunodiagnosis. Furthermore, immunization

with recombinant SjTH showed to reduce the worm and egg burden of challenged mice, and

to contribute to the systemic balance of the Th1/Th2 responses. Taken together, these

results suggest that SjTH is an important pathogenic molecule in S. japonicum and may be

a possible target for anti-schistosomal approaches.
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Author summary

Schistosomiasis is still a disease imposing great threat to human life and which is far from

elimination. The identification and function of many schistosome antigens remains lim-

ited, which constrains the development of schistosomiasis vaccines and new diagnostics

markers. Schistosomes rely on their neuromuscular systems to coordinate important loco-

motory behaviors. Tyrosine hydroxylase (TH) is critical for normal physiological and

neuropathological conditions, which are of great importance to the movement of the par-

asites both within and between its hosts. THs from both S. mansoni and S. japonicum and

their enzyme activities have been discovered, however, the role of these proteins during

infection have not been explored. In this study we show SjTH may be expressed in the

head, on the tegument surface, and along the intestinal intima of the parasites, associated

with both central nervous system and peripheral nervous system. This protein effectively

stimulates the host immune response and exhibited highly encouraging performance for

schistosomiasis immunodiagnosis. We also show that immunization with the recombi-

nant SjTH was able to protect mice from a challenge S. japonicum infection. Overall, these

results indicate the SjTH holds potential value as an immunoprotection target.

Introduction

Schistosomiasis is estimated to cause 280,000 deaths annually across 78 countries and approxi-

mately 3.8 million disability-adjusted life years are credited to this disease [1,2]. The three

major schistosome species known to infect humans are Schistosoma mansoni, Schistosoma hae-
matobium, and Schistosoma japonicum [3,4]. Over 90% of schistosomiasis are concentrated in

sub-Saharan Africa induced by S. mansoni and S. haematobium, while Schistosomiasis japon-

ica was largely brought under control and is mainly located in the People’s Republic of China,

Philippines, and Indonesia [1,2]. Substantial progress has been made in the past decade to

eliminate schistosomiasis; nevertheless, the available public health interventions remain inade-

quate. Identification of promising schistosome antigen targets is crucial for the development

of more efficient diagnostic methods, chemotherapeutic drugs, and vaccines.

One area of interest in the development of new anti-schistosomal strategies is the nervous

system of the parasites. Catecholamines, such as dopamine, norepinephrine, and epinephrine,

are important neuroactive agents in various vertebrates and invertebrates, and are also present

in several parasitic helminths, including S. mansoni [5,6]. They are inhibitory neurotransmit-

ters that promote the lengthening of the worm through muscular relaxation [7–9], and are

therefore of great importance to the movement of the organism both within and between its

hosts. Tyrosine hydroxylase (TH) catalyzes the conversion of L-tyrosine into L-dihydroxyphe-

nylalanine, which is rapidly metabolized to produce active catecholamines through a multistep

enzymatic pathway. This is the initial rate-limiting step in catecholamine biosynthesis [10–12].

Therefore, regulation of TH activity is a critical step in catecholamine synthesis, and is essential

for normal physiology and neuropathological conditions. TH is commonly expressed in the

central nervous system (CNS), and is predominantly present in the cytoplasm of cells [13].

However, many studies have reported the present of TH in the brain, gut, retina, sympathetic

nervous system, and adrenal medulla of various species [12,14–17], which are associated with

the peripheral nervous system (PNS). There are four TH protein isoforms expressed in

humans, two in anthropoids and Drosophila, and only one in other species investigated to

date, including rats and cows [18,19]. Noteworthy, THs from S. mansoni and S. japonicum
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have been cloned, and their activities have been studied [20,21]. Both recombinant S. mansoni
TH (SmTH) and S. japonicum TH (SjTH) are approximately 54 kDa and have similar struc-

tures and catalytic properties to those of the mammalian enzymes. Moreover, TH of schisto-

soma was found to play an important role in the biosynthesis of catecholamines, similar to the

mammalian enzyme, showing the same absolute requirement for a tetrahydrobiopterin cofac-

tor and similar sensitivity to be inhibited by high concentrations of the substrate tyrosine

[20,21].

However, there are few studies on schistosome TH, and the only investigations on SmTH

and SjTH mainly focused on their enzyme activity features [20,21], while the role of SjTH in

the course of infection has not been explored. The present study aimed to provide clues for

bridging this knowledge gap; thus, the expression of SjTH in schistosome parasites and SjTH

antigenicity in hosts were studied. In addition, mice were immunized with recombinant pro-

teins of the non-conserved fragment of SjTH, and challenge experiments were performed to

evaluate the potential of this enzyme as an immunoprotective target for anti-schistosomal

approaches.

Materials and methods

Ethical statement

All experiments using human samples were performed in accordance with the tenets of the

Declaration of Helsinki. Serum samples were donated by patients and healthy volunteers.

Written informed consent was obtained from all participants and all information pertaining to

the individuals was anonymized. All animal procedures in this study were conducted in accor-

dance with the animal husbandry guidelines of the Chinese Academy of Medical Sciences.

Studies on both humans and animals were reviewed and approved by the Ethical Committee

and the Experimental Animal Committee of the Chinese Academy of Medical Sciences, with

ethical clearance numbers IPB-2016-9 and IPB-2021-6.

Parasites and animals

Snails (Oncomelania hupensis) artificially infected with S. japonicum were provided by the

Jiangxi Provincial Institute of Parasitic Diseases, Jiangxi, China. The sex of cercariae released

by the snails were determined using duplex real-time PCR method [22]. Freshly released cer-

cariae stimulated by light were harvested immediately. Six-week-old pathogen-free male

BALB/c mice were percutaneously infected with 20 ± 1 male cercariae and 20 ± 1 female cer-

caria. New Zealand white rabbits (both obtained from Vital River Laboratory Animal Technol-

ogy Co., Beijing, China) were percutaneously infected with cercariae (1000 ± 100 per rabbit).

Serum samples from the infected animals were collected at 0, 7, 14, 21, 28, 35, 42 and 56 days

post infection (dpi). Hepatic schistosomula (14 dpi) and adult worms (42 dpi) were manually

isolated by portal perfusion via the vascular system of the infected mice under a light micro-

scope. Eggs were purified from the liver tissues of infected mice 42 dpi by enzyme digestion, as

previously described [23].

Human samples

Twenty patients with schistosomiasis japonica, confirmed by the Kato-Katz method, were

recruited from March 2016 to February 2017 in the Hunan province, China. Serum samples

were collected before and 3 months after praziquantel treatment. Healthy volunteers (n = 20)

were recruited from Heilongjiang, a province not endemic for schistosomiasis japonica.

Patients with echinococcosis (n = 15) were recruited from the Xinjiang Uyghur Autonomous
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Region and confirmed by clinical diagnosis, parasitological detection, and medical history rec-

ords. A summary of patient information is presented in S1 Table.

Quantitative real-time polymerase chain reaction (qRT-PCR)

The transcriptional expression of SjTH (GenBank ID: HQ234745.1) was determined using

qRT-PCR. Briefly, total RNA was extracted from parasites using RNeasy Mini Kit (Qiagen,

Hilden, Germany). Total RNA (1 μg) was reverse-transcribed into cDNA using the Invitrogen

SuperScript III reverse transcriptase kit (Thermo Fisher Scientific, Waltham, MA, USA)

according to the manufacturer’s instructions. The 26S proteasome non-ATPase regulatory

subunit 4 (PSMD4; GenBank ID: FN320595) was used as reference gene [24]. Triplicate reac-

tions, detecting the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Gen-

Bank ID: FN324551) in standard cDNA (equally mixed cDNA from parasites of the five

stages), were arranged for standard controls. The following specific primers were used: SjTH,

forward: 50–CACGCTACTAGAGCATGCAA–30 and reverse: 50–ACCAGCGACAGGTC

GAATAC–30; PSMD4, forward: 50–CCTCACCAACAATTTCCACATCT–30 and reverse:

50–GATCACTTATAGCCTTGCGAACAT–30; α-Tubulin, forward: 50-ATGGAACAAG-

GATGGTGCTGAG-30 and reverse: 50-CAACAAACATGGGTGCGTCT-30. QRT-PCR was

performed in technical triplicates using Brilliant II SYBR Green QPCR Master Mix Kit (Agi-

lent Technologies, Santa Clara, CA, USA) and an Applied Biosystems 7500 Real-time PCR Sys-

tem (Thermo Fisher Scientific), according to the manufacturers’ instructions. The data were

analyzed using Applied Biosystems 7500 system software version 1.3.1. The gene expression

values of the parasite at specific developmental stages were normalized to the standard control

(GAPDH in the standard parasite cDNA).

Recombinant protein production and polyclonal antibody generation

Recombinant proteins of SjTH (rSjTH) were prepared using Invitrogen Gateway Technology

with Clonase II (Thermo Fisher Scientific), according to the manufacturer’s instructions.

Briefly, specific primers comprising 25 bp-attB sites were designed using Primer BLAST

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/): forward primer, 50–GGGGA-

CAAGTTTGTACAAAAAAGCAGGCTGACCACCTATTACTGCATCCAA–30 and reverse

primer, 50–GGGGACCACTTTGTACAAGAAAGCTGGGTACATGGTGATCCTATACCT-

GAA–30. Gene fragments (211–543 bp) of SjTH were amplified from the schistosome cDNA

using high-fidelity Phusion DNA polymerase (Finnzymes Oy, Espoo, Finland). The amplified

product was cloned into the Gateway entry plasmid pDONR221 (Thermo Fisher Scientific)

using the BP recombination reaction and then transferred to the Gateway expression plasmid

pDEST17 (Thermo Fisher Scientific) using the LR recombination reaction. Escherichia coli
Transetta (DE3) cells (TransGen Biotech, Beijing, China) were used to generate recombinant

proteins with positive clones. His-tagged fusion proteins were purified using Ni-NTA agarose

(Qiagen). Proteins were analyzed by 12% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) and western blotting using monoclonal antibodies against His-tag (Cell

Signaling Technology, Danvers, MA, USA). Recombinant S. japonicum secreted protein 13

(SjSP-13) was generated as previously described [25]. Rabbit polyclonal antibodies were pre-

pared by Beijing Protein Innovation (Beijing, China) by immunizing New Zealand white rab-

bits with recombinant proteins.

Western blotting

The immunogenicity of SjTH was detected by western blotting. Total proteins were separated

on 12% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes
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(Millipore, Bedford, MA, USA). After blocking with 5% skimmed milk, sera from schistosomi-

asis japonica patients, S. japonicum infected mice, and rabbits were used as primary antibodies

(diluted 1:500). Sera from uninfected individuals and animals were used as negative controls.

Detection was performed by incubation with IRDye 800 CW conjugated goat anti-human IgG

(H+L), goat anti-mouse IgG (H+L), and goat anti-rabbit IgG (H+L) antibodies (all from Li-

COR Biosciences, Lincoln, NE, USA).

Parasites, stored at −80˚C, were homogenized by grinding in liquid nitrogen, followed by

incubation with lysis buffer (8 M urea, 4% CHAPS, 1% dithiothreitol, 1% ethylenediaminetet-

raacetic acid, 10 mM Tris, and 35 μg/mL phenylmethylsulfonyl fluoride) for 30 min on ice,

and then centrifuged at 12,000 rpm for 30 min at 4˚C. The protein extracts (10 μg) were sepa-

rated on 12% SDS-PAGE gels and transferred to PVDF membranes. Rabbit polyclonal anti-

bodies against recombinant SjTH (rSjTH) were used as primary antibodies (dilution 1:1,000),

and rabbit IgG was used as a control. Detection was performed by incubation with IRDye 800

CW conjugated goat anti-rabbit IgG (H+L) antibodies, using Odyssey (Li-COR Biosciences).

Enzyme linked immunosorbent assay (ELISA)

Plates (96-well) were coated with 1 μg/mL rSjTH (100 μL/well) in a coating buffer (Sigma-

Aldrich, St. Louis, MO, USA) for more than 10 hours at 4˚C. Triplicate reactions of human

IgG, mouse IgG, and rabbit IgG were arranged on the plate as positive controls and phos-

phate-buffered saline (PBS) were used as negative control. Serum samples (100 μL, 1:100 dilu-

tion) were added to the wells after blocking with 10% skim milk. Goat anti-mouse, -rabbit, and

-human polyvalent immunoglobulin (α-, γ-, and μ-chain specific) conjugated to alkaline phos-

phatase (Sigma-Aldrich) were used as secondary antibodies (1:10,000 dilution). The reaction

was developed using p-nitrophenyl phosphate (Sigma-Aldrich) and stopped with 3 M sodium

hydroxide. The optical density (OD) of each well was measured at 405 nm, and the OD values

on different plates were weighted by the OD value of the control IgG at 0.1 μg/mL. For the

detection of mouse and rabbit sera, the final OD value was calculated as (ODsample−ODblank)/

ODcontrol IgG. For the detection of human samples, the cutoff value of the positive test was set

at 2.1-times the mean OD value of serum samples of healthy individuals. Sensitivity was

defined as true positives/(true positives + false negatives), and specificity as true negatives/

(false positives + true negatives).

Immunofluorescence

The parasites were embedded in OCT compound and serial cryosections (5–7 μm) were

obtained. The tissue sections were fixed for 10 min in 4% formaldehyde and rinsed with PBS

containing 0.3% Triton X-100, and were then incubated in blocking solution (5% bovine

serum albumin in PBS) for 2 h at 25˚C, followed by rabbit polyclonal antibodies against rSjTH

(2 mg/mL, 1:500 dilution) and IgG from a non-immunized rabbit in blocking solution over-

night 4˚C. Parasite tissue sections were further incubated with Alexa Fluor 555 donkey anti-

rabbit IgG (H+L) and 4’, 6-diamidino-2-phenylindole (DAPI, all from Invitrogen, Waltham,

MA, USA). Fluorescence was visualized using a TCS SP5 confocal microscope (Leica Micro-

systems, Wetzlar, Germany).

In vivo immunization and challenge experiments

Mice in each group were subcutaneously injected with 60 μg proteins (rSjTH or SjSP-13) or

the same volume of PBS emulsified with complete Freund’s adjuvant for the first immuniza-

tion, and 30 μg protein or PBS emulsified with incomplete Freund’s adjuvant every 2 weeks for

a total three immunizations. Antibody titers in mouse sera were measured by ELISA, as
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described above. After successful immunization, mice were percutaneously challenged with

cercariae (40 ± 2 parasites per mice) released from infected O. hupensis snails. Basic physical

signs of all mice were observed and recorded. Adult worms and eggs were isolated and counted

at 42 dpi. The livers of mice 42dpi were removed and serial paraffin sections of 5 μm were

obtained. The slides were fixed with 4% paraformaldehyde and stained with hematoxylin and

eosin (HE). The histological samples were observed using Nikon ECLIPSE 80i (Nikon, Tokyo,

Japan) and the granuloma areas were measured using ImageJ software (https://imagej.nih.gov/

ij/index.html). Cytokines in mouse sera were detected using the Mouse TNF-alpha Quantikine

ELISA Kit, Mouse IFN-gamma Quantikine ELISA Kit, Mouse IL-4 Quantikine ELISA Kit, and

Mouse IL-10 Quantikine ELISA Kit all from R&D Systems, Minneapolis, MN, USA) according

to the manufacturer’s instructions.

Statistical analysis

Data were analyzed using Prism 5.0 (GraphPad Software, San Diego, CA, USA) and Microsoft

Excel 2010 (Microsoft Corporation, Redmond, WA, USA). The statistical significance of the

experimental data was evaluated between two groups using two-tailed paired or nonparamet-

ric Student’s t-tests and among more groups using one-way analysis of variance. Statistical sig-

nificance was set at p< 0.05.

Results

SjTH is mainly expressed in hepatic schistosomula and adult worms

Quantitative RT-PCR showed that the transcriptional expression of SjTH was highest in

hepatic schistosomula compared with that in the other four parasite stages (Fig 1A). Herein, a

polyclonal antibody against SjTH was used to detect SjTH levels. The C-terminus of SjTH is

highly conserved, especially its sequence within amino acid positions 190–400 [20]. To ensure

the specificity of the antibody, sequence fragments of SjTH (211–543 bp) encoding the 71–181

amino acids were amplified to construct the clones. A 14 kDa recombinant protein of partial

SjTH was obtained, analyzed by SDS-PAGE and Coomassie brilliant blue staining, and further

confirmed by western blotting with an anti-His tag mouse monoclonal antibody (S1 Fig).

Western blotting showed that the natural SjTH was approximately 45 kDa, and was mainly

expressed in hepatic schistosomula and adults, with very low expression in cercariae and

almost no expression in eggs (Fig 1B). Further analysis by immunofluorescence revealed that

SjTH was present in the head (Fig 2A), on the tegument surface (Fig 2B, 2C and 2D) and along

the intestinal intima (Fig 2B, 2C and 2D) of male adult, female adult and hepatic

schistosomulum.

SjTH-specific antibodies are increased in S. japonicum-infected hosts

Antibodies against SjTH in sera derived from S. japonicum infected patients, BALB/c mice and

New Zealand rabbits 42 dpi were identified by western blotting (S1 Fig). The dynamics of

SjTH-specific IgG in mouse and rabbit sera were evaluated at 0, 7, 14, 21, 28, 42, and 56 dpi by

ELISA. Overall, the antibody titers in infected mouse sera began to rise at 28 dpi and peaked at

42 dpi (Fig 3A), and those of infected rabbit sera began to rise as early as 14 dpi, and peaked at

28 or 42 dpi (Fig 3B).

ELISAs were further performed to analyze the levels of antibodies against SjTH in human

serum samples (Fig 3C). Sera from healthy volunteers were used as negative controls, whereas

sera from patients with echinococcosis were used to assess the analysis specificity and cross-

reactivity. SjSP-13, which was recently identified as a novel diagnostic protein for
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schistosomiasis japonica with outstanding sensitivity and specificity [26], was used as positive

control (Fig 3D). The recombinant SjTH exhibited promising sensitivity (100%, 95% confi-

dence interval: 87.7–100%, two-tailed Student’s t-test) and specificity (100%, 87.7–100%) for

detecting S. japonicum infection. The results of SjSP-13 in this study were similar to those

reported by Xu et al. (90.4% sensitivity and 98.9% specificity). Moreover, the antibody titers

against SjTH were not significantly different between patients before and after 3-month prazi-

quantel treatment.

SjTH immunization protects against S. japonicum infection

To assess the immunoprotective role of SjTH against schistosome infection, BALB/c mice

were immunized with His-tagged rSjTH, followed by challenge experiments. Immunization

with rSjTH significantly prevented body weight loss in immunized and challenged mice (Fig

4A), but had no effect on splenomegaly and hepatomegaly in infected mice (Figs 4B and 4C

and S2A). Next, each mouse was challenged with approximately 40 cercariae. The ratio of

adult worms to cercariae in the control group was 71.0%, indicating that the cercariae were

highly infective (Fig 4D). Immunization with rSjTH partially protected mice from S. japoni-
cum infection, with a reduction in worm and egg numbers of 34.9% and 48.3%, respectively

(Fig 4D and 4E), which led to decreased granulomatous area in the livers (Figs 4F and S2B),

whereas SjSP-13 showed no protective effect. Furthermore, immunization with rSjTH signifi-

cantly reduced the levels of interferon (IFN)-γ and tumor necrosis factor (TNF)-α (character-

istic T helper type 1 [Th1] effector cytokines) in the serum of mice infected with schistosomes

(Fig 5A and 5B), to levels close to those of uninfected mice. The characteristic T helper type 2

(Th2) effector cytokines, interleukin (IL) -4 and IL-10, were also reduced in the sera of rSjTH-

immunized mice infected with schistosomes compared with control mice, but their levels were

still higher than those of uninfected mice (Fig 5C and 5D).

Discussion

Schistosomes rely on their neuromuscular systems to coordinate important locomotory behav-

iors, particularly the penetration of cercariae through the skin and subsequent migration of

schistosomula in the bloodstream [7]. In addition to movement, the schistosome neuromuscu-

lar system also controls the muscles of the suckers, the muscle lining the reproductive, diges-

tive, and excretory tracts, and the tight coupling of males and females [7]. These physiological

functions are vital for the survival of these parasites. Thus, drugs that disrupt these

Fig 1. Expression of SjTH in parasites at different developmental stages. (A) Relative mRNA expression of SjTH in the five

developmental stages of S. japonicum, cercariae (C), eggs (E), adult females (F), adult males (M, 42 days post-infection) and hepatic

schistosomula (S, 14 days post-infection), was detected by qRT-PCR. Data represents the mean + standard deviation. *, #, Δ, and F

indicate S group was compared with the E, C, M and F groups, respectively. *p< 0.01, ##, ΔΔ, FFp< 0.01 (Mann-Whitney test). (B)

Expression of SjTH and Actin in the five developmental stages of S. japonicum detected by western blot.

https://doi.org/10.1371/journal.pntd.0011389.g001
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Fig 2. Localization of SjTH in schistosome parasites. Cryosections of anterior (A) of male adults, and mid-section of

male adults (B, E), female adults (C), and hepatic schistosomula (D) were incubated with rabbit anti-SjTH polyclonal

antibodies (A, B, C) or an IgG control (D), followed by Alexa Fluor 555 donkey anti-rabbit IgG (green fluorescence).

The samples were counterstained with DAPI (in blue). Positive staining is indicated by red arrows. Results are

representative of parasites from three independent experiments, and at least 3 worms of each experiment were

analyzed for each stage. Abbreviations: F, female adult; M, male adult; S, hepatic schistosomula; I, intestine; VS, ventral

sucker.

https://doi.org/10.1371/journal.pntd.0011389.g002
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physiological functions are expected to interfere with the normal life cycle and ultimately elim-

inate parasites from the host. Praziquantel, the currently only available anti-schistosomal drug,

works in part by disrupting the normal muscle function and causing paralysis in the worm

[27,28]. Catecholamines cause muscular relaxation and lengthening of the parasite, thereby

controlling movement [7–9]. TH is critical for normal physiological and neuropathological

conditions as a rate-limiting enzyme in the synthesis of catecholamines [10,11]. Although

schistosome TH has been discovered [20,21], little research has been done on its characteris-

tics. Our results discovered SjTH not only distributed in the head associated with the CNS, but

also expressed by the cells lining the membrane and the digestive tracts, which are involved in

the movement, coupling and digestion of the parasites and associated with the PNS. Thus, it

may be a promising target for anti-schistosomal therapy. However, the highly conserved cata-

lytic domain of the enzyme makes it difficult to design drugs that can specifically act on the

schistosome TH without affecting mammalian TH activity. Schistosome TH appears to be

much closely related to mammalian enzymes, particularly bovine and human enzymes [20,21].

The greatest degree of sequence conservation among all species is in the C-terminal half to

Fig 3. Levels of SjTH-specific antibodies in host serum. (A, B) BABL/c mice and New Zealand white rabbits were percutaneously infected with cercariae

(40 ± 2 parasites per mouse and 1,000 ± 100 parasites per rabbit). Sera from infected animals were collected on days 0, 7, 14, 21, 28, 35, 42, and 56 post infection

(dpi). Antibody titers against SjTH in these sera were determined by ELISA. The linear charts show the detailed dynamics of antibodies against SjTH. *, #, and Δ

indicate comparisons with day 0, 28, and 42 dpi, respectively. ***, ###, ΔΔΔ indicate p< 0.0001. (C, D) SjTH-specific antibodies (C) and SjSP-13-specific

antibodies (D) in human serum samples were determined by ELISA. Sera from patients with confirmed schistosomiasis japonica (Sj, n = 20), from the same

patients 3 months after praziquantel treatment (Sj-3M, n = 20), from patients with confirmed echinococcosis (Es, n = 15), and from healthy individuals

(healthy, n = 20) were included in the assay. The cutoff value for positive results was set at� 2.1-times the mean optical density (OD) value of healthy

individuals (dotted lines). Red and black dots indicate positive and negative individuals.

https://doi.org/10.1371/journal.pntd.0011389.g003

PLOS NEGLECTED TROPICAL DISEASES The role of SjTH in S. japonicum infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011389 June 5, 2023 9 / 16

https://doi.org/10.1371/journal.pntd.0011389.g003
https://doi.org/10.1371/journal.pntd.0011389


two-thirds of the TH, which comprises the catalytic domain of the enzyme [29–31]. SjTH has

high homology with TH in mice (40%), humans (40%), and bovines (40%) [20].

In addition to drugs, vaccines represent the most cost-effective method for long-term con-

trol of schistosomiasis. Evidence from clinical and preclinical studies offers hope for develop-

ing an effective vaccine for long-term protection against schistosomiasis [32,33]. Over the past

2–3 decades, many candidate antigens have been characterized and tested against schistosome

species. There are currently four schistosome antigens being evaluated in human clinical trials,

including S. haematobium 28-kD glutathione S-transferase (rSh28GST) [34,35], S. mansoni
14-kDa fatty acid-binding protein (Sm14) [36], S. mansoni tetraspanin (Sm-TSP-2) [37], and

the large subunit of S. mansoni calpain (Sm-p80) [38]. However, schistosome vaccines under-

going clinical trials are still lacking for schistosomiasis japonica, which is responsible for

hepatic/intestinal disease (Asiatic or Oriental schistosomiasis) in the People’s Republic of

China, Philippines, and Indonesia [39]. Immunization with rSjTH reduced the worm and egg

burden, and lessened the body weight loss in S. japonicum-challenged mice, which suggests

that rSjTH may hold potential as a schistosomiasis vaccine candidate. However, the worm and

egg reduction by rSjTH immunization remained limited. Compared to the 67% worm reduc-

tion of Sm14 [36] and 57% of Sm-TSP-2 [37] in immunized mice, as well as the 93% reduction

of female adult worms by Sm-p80 in immunized baboons [38], the worm reduction of SjTH

was only of 34.9%. Moreover, the 64% reduction in liver egg burden achieved by Sm-TSP-2 in

immunized mice [37] and 90% reduction in tissue egg load by Sm-p80 [38] in immunized

baboons were also much higher than the reduction in liver egg burden obtained with SjTH,

which was of only 48.3%. Thus, further optimization of the rSjTH is warranted. Nevertheless,

Fig 4. Evaluation of the protective effect of SjTH in S. japonicum-infected mice. To assess the protective role of SjTH as a vaccine candidate against

schistosome infection, mice (n = 10 per group) were immunized with His-tagged recombinant SjTH, SjSP-13 (a novel diagnostic marker for schistosomiasis),

or phosphate-buffered saline (PBS) as control. After immunization, the mice were challenged with cercariae (40 ± 2 per mouse). The blank group was

immunized with PBS and received no cercariae. Results are representative of two independent experiments. The weight of the bodies (A), spleens (B) and livers

(C) were determined and compared between the groups at 42 days post infection. The number of perfused adult worms (D) and liver eggs (E) was determined

by microscopy at 42 days post infection. (F) Granuloma formation in livers was detected by haematoxylin-eosin staining. The proportion of total area of

granulomas was compared between the groups. The results are representative of two independent experiments. Data are presented as mean±SD.* indicates

p< 0.05, ** p< 0.01, and *** p< 0.0001 as compared with the control (PBS) group.

https://doi.org/10.1371/journal.pntd.0011389.g004
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is noteworthy that the effectiveness of S. japonicum antigens is generally lower than that of S.

mansoni antigens [39]. S. japonicum antigens currently under research mainly include S. japo-
nicum paramyosin (Sj97), S. japonicum triosephosphate isomerase (SjTPI), S. japonicum cyto-

solic fatty acid-binding protein (SjFABPc), S. japonicum 23-kDa integral membrane protein

(Sj23), and S. japonicum 16-kDa surface protein (Sj16) [40–43]. Worm burden reduction with

Sj97 [40], SjTPI [41], SjFABPc [42], and Sj23 [43] in mice reached 32%, 31.9%, 49%, and

45.5%, respectively; and the reduction in liver egg burden was of 34–66%, 13.7–18.6%, 27.2%,

58.4%, respectively. Our recent study reported a group of novel hepatic schistosomula antigens

as potential schistosomiasis japonica vaccine candidates, with the most promising antigen

SjScP25 generating about 50% worm reduction and 65% egg reduction in mice challenged

with infective cercariae [44]. Thus, for S. japonicum infection, the discovery of additional can-

didate antigens cannot be overemphasized. In addition, compared with single-antigen immu-

nization, multiantigen-combined immunization may be a more feasible direction of vaccine

development for schistosomiasis, in particular for schistosomiasis japonica.

About 5–6 weeks post infection, schistosome induces Th1 dominant responses of the host

with the upregulation of effector cytokines (such as TNF-α and IFN-γ) [44,45]. Soluble egg

antigens (SEA) are key factors driving the dramatic transition from a Th1 to a Th2 dominant

Fig 5. SjTH immunization reduces cytokines of both Th1 and Th2 response in the sera of S. japonicum-infected mice. Mice (n = 10 per group) were

immunized with His-tagged recombinant SjTH, SjSP-13, or PBS as control, and were then challenged with cercariae (40 ± 2 per mouse). The blank group

was immunized with PBS and received no cercariae. Results are representative of two independent experiments. The levels of interferon (IFN)-γ (A), tumor

necrosis factor (TNF)-α (B) interleukin (IL)-4 (C) and IL-10 (D) in the sera 42 days post infection were determined by ELISA and compared between the

groups. # and * indicate comparisons with the blank and control (PBS) groups, respectively. * indicates p< 0.05, **, ## p< 0.01, and *** p< 0.0001.

https://doi.org/10.1371/journal.pntd.0011389.g005
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response. IL-4 is recognized as the dominant cytokine for Th2 response and granuloma devel-

opment, as the Th1 response during the early stages of schistosomiasis is downregulated by IL-

4 and -10 [46,47]. Murine studies have shown that extreme immune deviation toward either

Th1 or Th2 response induced by schistosome results in increased pathology and premature

death [47,48]. Therefore, maintaining Th1/Th2 balance is important for controlling the exces-

sive pathology of schistosomiasis [49]. In this study, both serum Th1 and Th2 cytokine levels

in rSjTH immunized mice decreased with the decrease of the number of worms and eggs.

Whether rSjTH immunization may contribute to maintain systemic Th1/Th2 response bal-

ance in schistosomiasis remains to be further investigated.

Although SEA is the most widely used antigen for the diagnosis of schistosomiasis, its prep-

aration cost is high and its yield is low, while recombinant antigen is low in cost and easier to

prepare, so it is more suitable for schistosomiasis immunodiagnosis [50]. In recent years, the

immunodiagnostic techniques of schistosomiasis japonica have developed rapidly, many novel

schistosome antigens for enzyme-linked immunosorbent assay with both high sensitivity and

specificity and has been discovered, such as, S. japonicum recombinant phosphoglycerate

mutase (rSjPGM) [51], S. japonicum Saposin-like protein 4 (SjSAPLP4) and SjSAPLP5 [25], S.

japonicum cathepsin B (SjCatB) [52], SjScP25 [44]. In this study, SjTH also showed high anti-

genicity and effectively stimulated the humoral immune response in mammalian hosts, and

the herein described rSjTH, the nonconserved fragment of naïve SjTH, exhibited excellent sen-

sitivity and specificity for the diagnosis of S. japonicum.

In summary, our study revealed that SjTH, which is mainly expressed in the intestinal tract

and membranes of larvae and adult worms of S. japonicum, not only exhibits promising sensi-

tivity and specificity for schistosomiasis japonica immunodiagnosis, but also holds potential

value as an immunoprotection target. Hence, SjTH may be helpful to control S. japonica infec-

tion and spreading. However, this study about SjTH is still in the preliminary stage, the exact

location of SjTH and its specific mechanism in schistosome development need to be further

investigated.
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S1 Table. Clinical characteristics of the enrolled subjects whose sera were used in ELISA

for diagnosis.

(DOCX)

S1 Fig. Detection of recombinant protein of SjTH by SDS-PAGE and western blot. Recom-

binant protein of SjTH (71–181 amino acids) were resolved in 12% SDS-PAGE and stained by

Coomassie brilliant blue staining (Lane 1), and then detected by western blot with an anti-His

tag mouse monoclonal antibody (Lane 2), a mixture of serum samples (equal volumes) from

10 schistosomiasis japonica patients (Lane 3) or 10 healthy volunteers (lane 4), a mixture of

serum samples (equal volumes) from 6 infected BALB/c mice 42 days p.i. (Lane 5) or normal

mice (Lane 6), and a mixture of serum samples (equal volumes) from 5 infected rabbits 42

days p.i. (Lane 7) or normal rabbits (Lane 8).

(TIF)

S2 Fig. Pathological changes of livers and spleens in SjTH immunized mice. Mice (n = 10

per group) were immunized with His-tagged recombinant SjTH, SjSP-13, or PBS as control,

and were then challenged with cercariae (40 ± 2 per mouse). The blank group was immunized

with PBS and received no cercariae. Results are representative of two independent experi-

ments. (A) The morphology of the livers and spleen from each group of mice are shown. (B)
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Granuloma formation was detected by haematoxylin-eosin staining.

(TIF)

Acknowledgments

We thank Jiangxi Provincial Institute of Parasitic Diseases for providing S. japonicum infected

Snails. We thank editage (www.editage.cn) for language polishing.

Author Contributions

Conceptualization: Nan Hou.

Data curation: Xianyu Piao, Jiamei Duan.

Formal analysis: Xianyu Piao, Ning Jiang, Nan Hou.

Funding acquisition: Nan Hou, Qijun Chen.

Investigation: Xianyu Piao, Jiamei Duan, Shuai Liu, Nan Hou.

Methodology: Xianyu Piao, Nan Hou.

Project administration: Nan Hou.

Resources: Ning Jiang, Nan Hou, Qijun Chen.

Software: Jiamei Duan.

Supervision: Nan Hou, Qijun Chen.

Validation: Xianyu Piao, Jiamei Duan.

Visualization: Xianyu Piao, Nan Hou.

Writing – original draft: Nan Hou.

Writing – review & editing: Ning Jiang, Nan Hou, Qijun Chen.

References
1. Toor J, Alsallaq R, Truscott JE, Turner HC, Werkman M, Gurarie D, et al. Are we on our way to achiev-

ing the 2020 goals for schistosomiasis morbidity control using current World Health Organization guide-

lines? Clin Infect Dis. 2018, 66(suppl_4):S245–S252. https://doi.org/10.1093/cid/ciy001 PMID:

29860290

2. World Health Organization. WHO fact sheet on Schistosomiasis. 2019, World Health Organization,

Geneve.

3. Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J. Schistosomiasis and water resources develop-

ment: systematic review, meta-analysis, and estimates of people at risk. Lancet Infect Dis. 2006, 6

(7):411–425. https://doi.org/10.1016/S1473-3099(06)70521-7 PMID: 16790382

4. McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou XN. Schistosomiasis. Nat Rev

Dis Primers. 2018, 4(1):13. https://doi.org/10.1038/s41572-018-0013-8 PMID: 30093684

5. Gianutsos G, Bennett JL. The regional distribution of dopamine and norepinephrine in Schistosoma

mansoni and Fasciola hepatica. Comp Biochem Physiol C Comp Pharmacol. 1977, 58(2C):157–159.

6. Larsen MB, Fontana AC, Magalhaes LG, Rodrigues V, Mortensen OV. A catecholamine transporter

from the human parasite Schistosoma mansoni with low affinity for psychostimulants. Mol Biochem

Parasitol. 2011, 177(1):35–41.

7. Ribeiro Paula, Patocka Nicholas. Neurotransmitter transporters in schistosomes: structure, function

and prospects for drug discovery. Parasitol Int. 2013, 62(6):629–38. https://doi.org/10.1016/j.parint.

2013.06.003 PMID: 23800409

8. Ribeiro Paula, Gupta Vandana, EI-Sakkary Nelly. Biogenic amines and the control of neuromuscular

signaling in schistosomes. Invert Neurosci. 2012, 12(1):13–28. https://doi.org/10.1007/s10158-012-

0132-y PMID: 22526557

PLOS NEGLECTED TROPICAL DISEASES The role of SjTH in S. japonicum infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011389 June 5, 2023 13 / 16

http://www.editage.cn/
https://doi.org/10.1093/cid/ciy001
http://www.ncbi.nlm.nih.gov/pubmed/29860290
https://doi.org/10.1016/S1473-3099%2806%2970521-7
http://www.ncbi.nlm.nih.gov/pubmed/16790382
https://doi.org/10.1038/s41572-018-0013-8
http://www.ncbi.nlm.nih.gov/pubmed/30093684
https://doi.org/10.1016/j.parint.2013.06.003
https://doi.org/10.1016/j.parint.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/23800409
https://doi.org/10.1007/s10158-012-0132-y
https://doi.org/10.1007/s10158-012-0132-y
http://www.ncbi.nlm.nih.gov/pubmed/22526557
https://doi.org/10.1371/journal.pntd.0011389


9. Pax RA, Siefker C, Bennett JL. Schistosoma mansoni: differences in acetylcholine, dopamine, and

serotonin control of circular and longitudinal parasite muscles. Exp Parasitol. 1984, 58(3):314–324.

10. Nagatsu T, Levitt M, Udenfriend S. Tyrosine Hydroxylase. The Initial Step in Norepinephrine Biosynthe-

sis. J Biol Chem. 1964, 239:2910–2917. PMID: 14216443

11. Nagatsu T, Nakashima A, Ichinose H, Kobayashi K. Human tyrosine hydroxylase in Parkinson’s dis-

ease and in related disorders. J Neural Transm (Vienna). 2019, 126(4):397–409. https://doi.org/10.

1007/s00702-018-1903-3 PMID: 29995172

12. Fernstrom JD, Fernstrom MH. Tyrosine, phenylalanine, and catecholamine synthesis and function in

the brain. J Nutr. 2007, 137(6 Suppl 1):1539S–1547S. https://doi.org/10.1093/jn/137.6.1539S PMID:

17513421

13. Haycock JW, George RJ, Waymire JC. In situ phosphorylation of tyrosine hydroxylase in chromaffin

cells: Localization to soluble compartments. Neurochem Int. 1985, 7(2):301–308. https://doi.org/10.

1016/0197-0186(85)90119-6 PMID: 20492928

14. Lewis DA, Melchitzky DS, Haycock JW. Four isoforms of tyrosine hydroxylase are expressed in human

brain. Neuroscience. 1993, 54(2):477–492. https://doi.org/10.1016/0306-4522(93)90267-j PMID:

8101641

15. Olsson C. Tyrosine hydroxylase immunoreactivity is common in the enteric nervous system in teleosts.

Cell Tissue Res. 2016, 364(2):231–243. https://doi.org/10.1007/s00441-015-2314-5 PMID: 26572541

16. Jeon JY, Lee ES, Park EB, Jeon CJ. The organization of tyrosine hydroxylase-immunopositive cells in

the sparrow retina. Neurosci Res. 2019, 145:10–21. https://doi.org/10.1016/j.neures.2018.08.010

PMID: 30243906

17. Tatano Y, Yasumoto K, Shimizu T, Sano C, Sato K, Yano S, et al. Comparative study for the virulence

of Mycobacterium avium isolates from patients with nodular-bronchiectasis- and cavitary-type diseases.

Eur J Clin Microbiol Infect Dis. 2010, 29(7):801–806. https://doi.org/10.1007/s10096-010-0930-2

PMID: 20440531

18. Haycock JW. Species differences in the expression of multiple tyrosine hydroxylase protein isoforms. J

Neurochem. 2002, 81(5):947–953. https://doi.org/10.1046/j.1471-4159.2002.00881.x PMID:

12065606

19. Vie A, Cigna M, Toci R, Birman S. Differential regulation of Drosophila tyrosine hydroxylase isoforms by

dopamine binding and cAMP-dependent phosphorylation. J Biol Chem. 1999, 274(24):16788–16795.

20. Hu Y, Shi D, Luo Q, Liu Q, Zhou Y, Liu L, et al. Cloning and characterization of a novel enzyme: tyrosine

hydroxylase from Schistosoma japonicum. Parasitol Res. 2011, 109(4):1065–1074.

21. Hamdan FF, Ribeiro P. Cloning and characterization of a novel form of tyrosine hydroxylase from the

human parasite, Schistosoma mansoni. J Neurochem. 1998, 71(4):1369–1380.

22. Liu S, Piao X, Hou N, Cai P, Ma Y, Chen Q. Duplex real-time PCR for sexing Schistosoma japonicum

cercariae based on W chromosome-specific genes and its applications.

23. Cai P, Piao X, Hao L, Liu S, Hou N, Wang H, et al. A deep analysis of the small non-coding RNA popula-

tion in Schistosoma japonicum eggs. PLoS One. 2013, 8(5):e64003.

24. Liu S, Cai P, Hou N, Piao X, Wang H, Hung T, et al. Genome-wide identification and characterization of

a panel of house-keeping genes in Schistosoma japonicum. Mol Biochem Parasitol. 2012, 182(1–

2):75–82.

25. Liu S, Zhou X, Piao X, Hou N, Shen Y, Zou Y, et al. Saposin-like Proteins, a Multigene Family of Schis-

tosoma Species, are Biomarkers for the Immunodiagnosis of Schistosomiasis Japonica. J Infect Dis.

2016, 214(8):1225–1234. https://doi.org/10.1093/infdis/jiw188 PMID: 27190177

26. Xu X, Zhang Y, Lin D, Zhang J, Xu J, Liu YM, et al. Serodiagnosis of Schistosoma japonicum infection:

genome-wide identification of a protein marker, and assessment of its diagnostic validity in a field study

in China. Lancet Infect Dis. 2014, 14(6):489–497.

27. Greenberg RM. Are Ca2+ channels targets of praziquantel action? Int J Parasitol. 2005, 35(1):1–9.

https://doi.org/10.1016/j.ijpara.2004.09.004 PMID: 15619510

28. Jeziorski MC, Greenberg RM. Voltage-gated calcium channel subunits from platyhelminths: potential

role in praziquantel action. Int J Parasitol. 2006, 36(6):625–632. https://doi.org/10.1016/j.ijpara.2006.

02.002 PMID: 16545816

29. Nagatsu T, Ichinose H. Comparative studies on the structure of human tyrosine hydroxylase with those

of the enzyme of various mammals. Comp Biochem Physiol C Comp Pharmacol Toxicol. 1991, 98

(1):203–210. PMID: 1673911

30. Goodwill KE, Sabatier C, Marks C, Raag R, Fitzpatrick PF, Stevens RC. Crystal structure of tyrosine

hydroxylase at 2.3 A and its implications for inherited neurodegenerative diseases. Nat Struct Biol.

1997, 4(7):578–585. https://doi.org/10.1038/nsb0797-578 PMID: 9228951

PLOS NEGLECTED TROPICAL DISEASES The role of SjTH in S. japonicum infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011389 June 5, 2023 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/14216443
https://doi.org/10.1007/s00702-018-1903-3
https://doi.org/10.1007/s00702-018-1903-3
http://www.ncbi.nlm.nih.gov/pubmed/29995172
https://doi.org/10.1093/jn/137.6.1539S
http://www.ncbi.nlm.nih.gov/pubmed/17513421
https://doi.org/10.1016/0197-0186%2885%2990119-6
https://doi.org/10.1016/0197-0186%2885%2990119-6
http://www.ncbi.nlm.nih.gov/pubmed/20492928
https://doi.org/10.1016/0306-4522%2893%2990267-j
http://www.ncbi.nlm.nih.gov/pubmed/8101641
https://doi.org/10.1007/s00441-015-2314-5
http://www.ncbi.nlm.nih.gov/pubmed/26572541
https://doi.org/10.1016/j.neures.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30243906
https://doi.org/10.1007/s10096-010-0930-2
http://www.ncbi.nlm.nih.gov/pubmed/20440531
https://doi.org/10.1046/j.1471-4159.2002.00881.x
http://www.ncbi.nlm.nih.gov/pubmed/12065606
https://doi.org/10.1093/infdis/jiw188
http://www.ncbi.nlm.nih.gov/pubmed/27190177
https://doi.org/10.1016/j.ijpara.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15619510
https://doi.org/10.1016/j.ijpara.2006.02.002
https://doi.org/10.1016/j.ijpara.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16545816
http://www.ncbi.nlm.nih.gov/pubmed/1673911
https://doi.org/10.1038/nsb0797-578
http://www.ncbi.nlm.nih.gov/pubmed/9228951
https://doi.org/10.1371/journal.pntd.0011389


31. Gabrielle D Briggs Jesse Bulley, Phillip W Dickson. Catalytic domain surface residues mediating cate-

cholamine inhibition in tyrosine hydroxylase. J Biochem. 2014, 155(30):183–193.

32. Colley DG, Secor WE. Immunology of human schistosomiasis. Parasite Immunol. 2014, 36(8):347–

357. https://doi.org/10.1111/pim.12087 PMID: 25142505

33. Fonseca CT, Oliveira SC, Alves CC. Eliminating Schistosomes through Vaccination: What are the Best

Immune Weapons? Front Immunol. 2015, 6:95. https://doi.org/10.3389/fimmu.2015.00095 PMID:

25806033

34. Boulanger D, Warter A, Sellin B, Lindner V, Pierce RJ, Chippaux JP, et al. Vaccine potential of a recom-

binant glutathione S-transferase cloned from Schistosoma haematobium in primates experimentally

infected with an homologous challenge. Vaccine. 1999, 17(4):319–326.

35. Johnson KA, Angelucci F, Bellelli A, Herve M, Fontaine J, Tsernoglou D, et al. Crystal structure of the

28 kDa glutathione S-transferase from Schistosoma haematobium. Biochemistry. 2003, 42

(34):10084–10094.

36. Moser D, Tendler M, Griffiths G, Klinkert MQ. A 14-kDa Schistosoma mansoni polypeptide is homolo-

gous to a gene family of fatty acid binding proteins. J Biol Chem. 1991, 266(13):8447–8454.

37. Smyth D, McManus DP, Smout MJ, Laha T, Zhang W, Loukas A. Isolation of cDNAs encoding secreted

and transmembrane proteins from Schistosoma mansoni by a signal sequence trap method. Infect

Immun. 2003, 71(5):2548–2554.

38. Siddiqui AA, Zhou Y, Podesta RB, Karcz SR, Tognon CE, Strejan GH, et al. Characterization of Ca(2

+)-dependent neutral protease (calpain) from human blood flukes, Schistosoma mansoni. Biochim Bio-

phys Acta. 1993, 1181(1):37–44.

39. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis. Lancet. 2014, 383

(9936):2253–2264.

40. McManus DP. A vaccine against Asian schistosomiasis: the story unfolds. Int J Parasitol. 2000, 30

(3):265–271. https://doi.org/10.1016/s0020-7519(99)00200-3 PMID: 10719119

41. Cheng G, Li X, Qin F, Xu R, Zhang Y, Liu J, et al. Functional analysis of the Frzb2 gene in Schistosoma

japonicum. Vet Res. 2019, 50(1):108.

42. Liu JM, Cai XZ, Lin JJ, Fu ZQ, Yang GZ, Shi FH, et al. Gene cloning, expression and vaccine testing of

Schistosoma japonicum SjFABP. Parasite Immunol. 2004, 26(8–9):351–358.

43. Gan Y, Shi YE, Bu LY, Zhu XH, Ning CX, Zhu HG. Immune responses against Schistosoma japonicum

after vaccinating mice with a multivalent DNA vaccine encoding integrated membrane protein Sj23 and

cytokine interleukin-12. Chin Med J (Engl). 2004, 117(12):1842–1846.

44. Hou N, Piao X, Jiang N, Liu S, Cai P, Liu B, et al. Novel hepatic schistosomula antigens as promising

targets for immunodiagnosis and immunoprotection of Schistosomiasis japonica. J Infect Dis. 2022,

225(11):1991–2001. https://doi.org/10.1093/infdis/jiac077 PMID: 35235942

45. de Jesus AR, Silva A, Santana LB, Magalhaes A, de Jesus AA, de Almeida RP, et al. Clinical and immu-

nologic evaluation of 31 patients with acute schistosomiasis mansoni. J Infect Dis. 2002, 185(1):98–

105. https://doi.org/10.1086/324668 PMID: 11756987

46. Bogen SA, Flores Villanueva PO, McCusker ME, Fogelman I, Garifallou M, el-Attar ES, et al. In situ

analysis of cytokine responses in experimental murine schistosomiasis. Lab Invest. 1995, 73(2):252–

258. PMID: 7637326

47. Cheever AW, Williams ME, Wynn TA, Finkelman FD, Seder RA, Cox TM, et al. Anti-IL-4 treatment of

Schistosoma mansoni-infected mice inhibits development of T cells and non-B, non-T cells expressing

Th2 cytokines while decreasing egg-induced hepatic fibrosis. J Immunol. 1994, 153(2):753–759.

PMID: 8021510

48. Hoffmann KF, Cheever AW, Wynn TA. IL-10 and the dangers of immune polarization: excessive type 1

and type 2 cytokine responses induce distinct forms of lethal immunopathology in murine schistosomia-

sis. J Immunol. 2000, 164(12):6406–6416. https://doi.org/10.4049/jimmunol.164.12.6406 PMID:

10843696

49. Rutitzky LI, Hernandez HJ, Stadecker MJ. Th1-polarizing immunization with egg antigens correlates

with severe exacerbation of immunopathology and death in schistosome infection. Proc Natl Acad Sci

U S A. 2001, 98(23):13243–13248. https://doi.org/10.1073/pnas.231258498 PMID: 11606762

50. Chen C, Guo Q, Fu Z, Liu J, Lin J, Xiao K, et al. Reviews and advances in diagnostic research on Schis-

tosoma japonicum. Acta Trop. 2021, 213:105743.

51. Zhang M, Fu Z, Li C, Han Y, Cao X, Han H, et al. Screening diagnostic candidates for schistosomiasis

from tegument proteins of adult Schistosoma japonicum using an immunoproteomic approach. PloS

Negl Trop Dis. 2015, 9(2):e0003454.

PLOS NEGLECTED TROPICAL DISEASES The role of SjTH in S. japonicum infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011389 June 5, 2023 15 / 16

https://doi.org/10.1111/pim.12087
http://www.ncbi.nlm.nih.gov/pubmed/25142505
https://doi.org/10.3389/fimmu.2015.00095
http://www.ncbi.nlm.nih.gov/pubmed/25806033
https://doi.org/10.1016/s0020-7519%2899%2900200-3
http://www.ncbi.nlm.nih.gov/pubmed/10719119
https://doi.org/10.1093/infdis/jiac077
http://www.ncbi.nlm.nih.gov/pubmed/35235942
https://doi.org/10.1086/324668
http://www.ncbi.nlm.nih.gov/pubmed/11756987
http://www.ncbi.nlm.nih.gov/pubmed/7637326
http://www.ncbi.nlm.nih.gov/pubmed/8021510
https://doi.org/10.4049/jimmunol.164.12.6406
http://www.ncbi.nlm.nih.gov/pubmed/10843696
https://doi.org/10.1073/pnas.231258498
http://www.ncbi.nlm.nih.gov/pubmed/11606762
https://doi.org/10.1371/journal.pntd.0011389


52. Macalanda AMC, Angeles JMM, Moendeg KJ, Dang-Trinh MA, Higuchi L, Kirinoki M, et al. Schistosoma

japonicum cathepsin B as potential diagnostic antigen for Asian zoonotic schistosomiasis. Parasitol

Res. 2019, 118(9):2601–2608.

PLOS NEGLECTED TROPICAL DISEASES The role of SjTH in S. japonicum infection

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011389 June 5, 2023 16 / 16

https://doi.org/10.1371/journal.pntd.0011389

