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Abstract

Schistosomiasis is a neglected tropical disease caused by an infection of the parasitic flat-

worms schistosomes. Schistosoma mekongi is a restricted Schistosoma species found

near the Mekong River, mainly in southern Laos and northern Cambodia. Because there is

no vaccine or effective early diagnosis available for S. mekongi, additional biomarkers are

required. In this study, serum biomarkers associated with S. mekongi-infected mice were

identified at 14-, 28-, 42-, and 56-days post-infection. Circulating proteins and antigens of S.

mekongi in mouse sera were analyzed using mass spectrometry-based proteomics. Serine

protease inhibitors and macrophage erythroblast attacher were down-regulated in mouse

sera at all infection timepoints. In addition, 54 circulating proteins and 55 antigens of S.

mekongi were identified. Notable circulating proteins included kyphoscoliosis peptidase and

putative tuberin, and antigens were detected at all four infection timepoints, particularly in

the early stages (12 days). The putative tuberin sequence of S. mekongi was highly similar

to homologs found in other members of the genus Schistosoma and less similar to human

and murine sequences. Our study provided the identity of promising diagnostic biomarkers

that could be applicable in early schistosomiasis diagnosis and vaccine development.

Introduction

Human schistosomiasis is a tropical parasitic disease caused by infections by blood flukes of

the genus Schistosoma [1]. Among human parasitic diseases in general, schistosomiasis is

ranked the second most widespread with regards to the numbers of morbidities and mortali-

ties [2]. Over 250 million people worldwide are infected with schistosomiasis, and it is espe-

cially prevalent in Africa. The estimated annual mortality and risk of infection are 280,000 and

732 million cases, respectively, worldwide [2–4]. Schistosomes infect humans and other mam-

malian hosts when direct contact is made with freshwater contaminated with cercariae, allow-

ing the cercariae to penetrate the skin [5]. Currently, there are six common causative species of

human schistosomiasis, including S. haematobium, S. mansoni, S. japonicum, S. guineensis, S.
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intercalatum, and S. mekongi [2, 6]. S. mekongi has a distribution restricted to the area along

the Mekong river, particularly in southern Laos and northern Cambodia [7–9]. Over 140,000

people are estimated to be infected with S. mekongi overall in the two countries [10].

The course of schistosomal infections are classified into three general stages: acute, estab-

lished active, and late chronic, depending on egg excretions and clinical symptoms [6]. Unfor-

tunately, there is no commercially available schistosomiasis vaccine [11]. Reliable initial

diagnosis and the early treatment can dramatically decrease the morbidity and mortality risk

of this disease. Until now, four main diagnoses for schistosomal infections have been reported:

parasitological diagnosis, immunological detection, DNA-based detection, and biomarker

detection [12]. Parasitological diagnosis (the Kato–Katz method) refers to the detection of eggs

in stool and urine samples using microscopy. Because schistosome eggs are laid approximately

4–12 weeks post-infection, this method is not sensitive enough for an early diagnosis of schis-

tosomiasis [13]. Immunological methods with higher sensitivity are also available, including

the detection of schistosome antigens/host antibodies in the host’s blood circulation. However,

antigen detection may not be appropriate for light infections [6]. Furthermore, antibody detec-

tion cannot distinguish between active and inactive infections because the antibodies can

remain detectable for several years post-treatment [14]. Although DNA-based methods are

applicable for early diagnosis because of their high sensitivity, their reliability is limited for

patients after chemotherapy. Furthermore, S. japonicum DNA was reported to be undetectable

by conventional PCR and loop-mediated isothermal amplification (LAMP) at weeks 8 and 14

post-chemotherapy, respectively. Thus, the DNA-based method is not ideal for distinguishing

among different stages of infection or monitoring medical treatment efficacy [13]. As opposed

to the other diagnostics, protein biomarkers can be applied to the detection of schistosomiasis

at all stages, acute, i.e., established active, late chronic, and post-chemotherapy. Therefore, the

identification of reliable biomarkers is important for the development and optimization of

new diagnostic approaches with high efficiency [15]. Recently, many research efforts have

focused on the identification of biomarkers for Schistosoma spp., such as S. haematobium [16,

17], S. mansoni [18], and S. japonicum [19, 20], to develop diagnostic sensitivity and specificity.

Additionally, biomarkers are beneficial for the development of preventive and curative medi-

cations [15]. However, specific biomarkers are imperative for the diagnosis of Schistosoma.

Many false-positive cases of schistosome infection are reported because of the low diagnosis

specificities among healthy adults, pregnant women, and patients with other urine infections

and hematuria [21, 22]. Even though some proteomic information on S. mekongi is available,

and there are several biomarker candidates [23–26], those antigens may not be present at levels

that facilitate immunological application. Thus, the search for novel biomarkers of S. mekongi
for diagnosis and vaccine development is still ongoing [11].

The identification of reliable biomarker proteins can be performed using mass-spectrome-

try-based proteomic approaches [27]. Proteomics is a powerful technology for the study of

proteins, including their structure, function, interaction, and composition [28], and has been

applied to drug discovery, vaccine development, and diagnostic biomarker research [27, 29,

30]. Proteomics analysis of S. mekongi eggs has been used successfully to reveal somatic and

excretory-secretory proteins [23, 25]. Moreover, phosphoproteomes of adult S. mekongi
worms [22], and the effect of the commercial drug Praziquantel, has also been explored using

this technique [31]. Although these studies provided useful data that are applicable for drug

and vaccine development, only a few have focused on the discovery of reliable biomarkers for

early-stage schistosomiasis diagnosis.

Therefore, this study aimed to identify additional diagnostic biomarkers for the early detec-

tion of S. mekongi and quantify changes in mouse serum proteins after S. mekongi infection at

different timepoints (14-, 28-, 42-, and 56-days post-infection). Using mass-spectrometry-
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based proteomics, we also identified circulating parasitic proteins and antigens in infected

mouse sera. Our work has provided a dataset of proteins detectable in S. mekongi-infected

mouse sera, including reliable biomarker proteins that might be applied for vaccine develop-

ment and the early diagnosis of schistosomiasis.

Materials and methods

Animals

The animal experiments were approved by the Faculty of Tropical Medicine Animal Care and

Use Committee (FTM-ACUC), Mahidol University (approval number 015/2021). The experi-

ments were conducted in eight-week-old female ICR mice. All efforts were made to minimize

the number of animals (n = 3) used for the reliable statistical analysis.

Infection of mice with S. mekongi
The mice were maintained in the Animal Care Unit, Faculty of Tropical Medicine, Mahidol

University. Eight-week-old female ICR mice were percutaneously infected using abdominal

exposure with cercariae of S. mekongi. Briefly, microscopic-counted 30 cercariae were picked

up using hairloop and then gently touched at the abdomen of mice. Nembutal1 (Pentobarbi-

tal) was used as an anesthesia. The mice did not show any sign of illness during 56 days after

infection. Animal health and behaviour were monitored twice a day. Blood was collected from

the submandibular vein before (pre-infection) and at 14, 28, 42, and 56 days post-infection.

The collection tubes were left at room temperature for 30 min to allow blood clotting. Sera

were then harvested using centrifugation (2,000g) at 4˚C for 10 min and stored at -20˚C until

use. Three biological replications were performed. After experiments at 56 days post-infection,

mice were simultaneously euthanized using the CO2-compressed carbon dioxide gas in

cylinders.

Separation of protein from mouse serum

Mouse sera (30 μg) from different infection time points (14, 28, 42, and 56 days post-infection)

were separated using 12% SDS-PAGE. Protein bands were stained with Coomassie Blue G.

After de-staining, protein bands were cut into 12 small pieces for in-gel digestion.

Extraction of S. mekongi circulatory antigen

The co-immunoprecipitation between host antibody and S. mekongi circulatory antigen was

performed using protein A/G magnetic beads (PierceTM, Thermo Scientific, Waltham, MA

USA), following the manufacturer’ instructions. Briefly, magnetic beads (50 μL; 0.5 mg) was

gently mixed with 150 μL of binding/washing buffer and the supernatant was then discarded.

Pooled sera (10 μL) at different infection time points were diluted with binding/washing buffer

(490 μL), and mixed with beads at room temperature for 1 h. The supernatant was then dis-

carded and beads were washed twice with 500 μL of binding/washing buffer. The elution was

performed by addition of elution buffer (50 μL; 0.1M glycine, pH 2.0) and incubated at room

temperature for 10 min by shaking, follows by supernatant collection using centrifugation.

Eluted proteins were separated in 12% SDS-PAGE gel, and protein bands were visualized by

staining with Coomassie Blue G. After de-staining, protein bands from each sample were cut

into 10 pieces for the trypsin digestion.
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In-gel digestion

Protein gels were incubated in 25 mM ammonium bicarbonate buffer with 50% acetonitrile to

eliminate Coomassie dye. Both protein reduction and alkylation were performed using 4 mM

dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM ammonium bicarbonate buffer

and 250 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO, USA), respectively. Gels were

then dehydrated with 100% acetonitrile and supernatant were discarded. Proteins were

digested with trypsin (10 ng; Sigma-Aldrich, St. Louis, MO, USA) dissolved in 200 μL of 50

mM ammonium bicarbonate buffer, containing 5% acetonitrile. Tryptic peptides were

extracted from gel by incubation with 200 μL of acetonitrile for 20 min. Supernatant was col-

lected, and dried using a centrifuge vacuum concentrator. Peptides were then dissolved in

0.1% v/v formic acid for mass-spectrometric analysis.

Mass spectrometric analysis

Mixture of tryptic peptides were applied to a nano liquid chromatography system (Dionex

UltiMate 3000, Surrey, UK). Peptides were separated using an Acclaim PepMap RSLC nanovi-

per analytical column (75 μm x 15 cm, C18, 2 μm particle size, 100˚A pore size; Thermo Scien-

tific, Waltham, MA, USA) at flow rate of 300 nL/min. Both 0.1% formic acid in water (A) and

80% acetonitrile in 0.1% formic acid (B) were used as a mobile phase. Peptides were eluted

using a 30 min gradient from 4% to 50% B, and applied into a micrO-TOF-Q mass spectrome-

ter (Bruker Daltonics, Bremen, Germany). Data of mass spectrometry (MS) and tandem mass

spectrometry (MS/MS) covered m/z ranges of 400–2000 and 50–1500, respectively. The expo-

nentially modified protein abundance index (emPAI) values is used for estimation of protein

amount in the proteomics [32, 33]. A Mascot generic file (.mgf) was obtained using the DataA-

nalysis 3.4 software (Bruker Daltonics, Bremen, Germany). The mgf. files were merged and

proteins were identified using a Mascot Daemon version 2.3.2 (Matrix Science, London, UK).

The in-house sequence database of S. mekongi was used to identify circulating antigens and

proteins in mouse serum. The Mascot search accepted up to 1 missed cleavage and 0.8 Da of a

peptide tolerance for MS and MS/MS spectra. Cysteine carbamidomethylation and methio-

nine oxidation were identified as variable modifications. The exponentially modified protein

abundance index was used to determine the protein abundance, semi-quantitatively. Data

were obtained using a volcano plot with the statistical significance (t-test, p< 0.05) as calcu-

lated by the Perseus software platform. Protein-protein interactions were analysed using the

STRING database.

Bioinformatics

Sequence alignment and identity calculation were performed using the Clustal Omega soft-

ware. All sequences were obtained from the non-redundant protein sequence database of the

NCBI. Signal peptides existed in identified proteins were predicted using the SignalP 5.0 server

with a SignalP score greater than 0.9 [34]. The prediction of non-classical protein secretion

was performed using the SecretomeP 2.0 server with a SecretomeP score greater than 0.6 in

mammalian proteins [35].

Results

Proteomic analysis of mouse sera infected with S. mekongi
Differential protein concentrations in mouse serum before infection and at 14-, 28-, 42, and

56-days post-infection were determined by separation with SDS-PAGE (Fig 1). Mass spec-

trometry analysis of the protein bands was used to identify the proteins (S1 Table).
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A comparison between the proteomes of uninfected and infected mouse sera was per-

formed to determine both the up-regulation and down-regulation of protein expression levels.

Many significantly differential mouse serum proteins were detected from all four post-infec-

tion timepoint samples (Fig 2). Overall, there was a higher number of down-regulated proteins

than up-regulated proteins, i.e., 19 vs 24, respectively (Fig 3 and Table 1).

Fourteen-days post-infection, four mouse serum proteins were up-regulated (various Ig

kappa and heavy chains) and four proteins were down-regulated (serine protease inhibitor

A3F, keratin type I cytoskeletal 19, actin alpha skeletal muscle, and 25-hydroxyvitamin D-1

alpha hydroxylase). On day-28 post-infection, Ig heavy chain V region MOPC 104E and kera-

tin type II cytoskeletal 6A were up-regulated, whereas 11 proteins were down-regulated in the

infected mouse: alkaline phosphatase, serine protease inhibitors (A3G, A3N, and A3F), macro-

phage erythroblast attacher, keratin type I cytoskeletal 40, actins (alpha skeletal and cardiac

muscle), Ig kappa chain, glutathione peroxidase 3, and complement C3. At 42-days post-infec-

tion, 12 infected mouse serum proteins were up-regulated, including various Ig kappa and

heavy chains, stromelysin-1, nuclear protein localization protein 4, cysteine/serine-rich

nuclear protein 3, and complement factor B. Four proteins were down-regulated (serine prote-

ase inhibitor and macrophage erythroblast attacher). At 56-days post-infection, 11 mouse

serum proteins were up-regulated (various Ig kappa and heavy chains, haptoglobin, inter-

alpha-trypsin inhibitor heavy chain H3, complement factor [H and B], ceruloplasmin, and F-

box/LRR-repeat protein 12) and 19 were down-regulated (various keratin types, MAGUK p55

subfamily member 4, serum amyloid A-4 protein, serine protease inhibitors, macrophage

erythroblast attacher, actin alpha cardiac muscle 1, apolipoprotein M, and hemoglobin subunit

epsilon-Y2). The up-regulated and down-regulated mouse serum proteins significantly

increased in a manner correlated with infection time. Although there was no discernable pat-

tern to the protein changes, the highest number of both up-regulated and down-regulated pro-

teins was observed at 56-days post-infection. Notably, one up-regulated protein (Ig heavy

chain V region MOPC 104E) and one down-regulated protein (serine protease inhibitor A3F)

were identified at all four infection timepoints. Therefore, these differential proteins might be

useful when studying host responses against S. mekongi infection.

Fig 1. SDS-PAGE analysis of S. mekongi-infected mouse serum at 0- (pre-infection), 14-, 28-, 42-, and 56-days post-infection. M: marker; No. 1–3: mice

number 1–3. The 12 horizontal sections represent excised protein bands used in mass spectrometric analysis.

https://doi.org/10.1371/journal.pone.0275992.g001
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Fig 2. Comparison of protein expression in uninfected and infected mouse sera at 14- (D14), 28- (D28), 42- (D42), and 56- (D56) days post-infection

with S. mekongi using volcano plots. Two vertical red lines represent differences as a minimum 2-fold changes relative to pre-infection conditions. The

horizontal red line represents statistically significant at p-value<0.05. Dots above the horizontal red line with the difference more than 1 and less than -1

indicate up-regulated and down-regulated mouse serum proteins, respectively. Arrows indicate differential proteins found in all four post-infection time

points.

https://doi.org/10.1371/journal.pone.0275992.g002

Fig 3. Up-regulated (A) and down-regulated (B) mouse serum proteins 14-, 28-, 42-, and 56-days post-infection with S. mekongi.

https://doi.org/10.1371/journal.pone.0275992.g003
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Table 1. Differential mouse serum proteins at 14-, 28-, 42-, and 56-days post-infection with S. mekongi. Up-regulated (bold) and down-regulated proteins were identi-

fied by a comparison between uninfected and infected mouse sera using LC-MS/MS and the UniProt protein database. Mus musculus was used as the taxonomy filter.

Only significant differences detected in all three mice are shown in this table (p-value� 0.05).

Accession Protein Score Mass Peptides %cov pI Dif -logP

Day 14

KV5A4 Ig kappa chain V-V region MOPC 149 164 12023 3 34.3 6.92 2.27 4.58

HVM12 Ig heavy chain V region MOPC 104E 125 12975 4 53.8 6.84 2.44 4.28

KV5AB Ig kappa chain V-V region HP R16.7 243 11903 4 44.4 7.97 3.31 3.71

KV3AI Ig kappa chain V-III region PC 6684 180 12032 4 34.2 7.98 3.27 3.39

SPA3F Serine protease inhibitor A3F 91 49952 6 17.8 4.79 -1.87 3.02

K1C19 Keratin, type I cytoskeletal 19 96 44515 3 9.7 5.28 -1.80 2.73

ACTS Actin, alpha skeletal muscle 241 42024 6 34 5.23 -2.21 2.68

CP27B 25-hydroxyvitamin D-1 alpha hydroxylase,mitochondrial 39 56189 6 15 8.57 -1.03 1.97

Day 28

HVM12 Ig heavy chain V region MOPC 104E 125 12975 4 53.8 6.84 2.54 4.15

K2C6A Keratin, type II cytoskeletal 6A 113 59299 5 13.4 8.04 1.42 1.89

PPBT Alkaline phosphatase, tissue-nonspecific isozyme 59 57419 5 14.7 6.42 -1.25 5.19

SPA3G Serine protease inhibitor A3G 78 48990 7 21.8 6.06 -1.70 5.02

MAEA Macrophage erythroblast attacher 69 45307 6 17.4 8.95 -1.43 3.62

K1C40 Keratin, type I cytoskeletal 40 67 48896 4 12.5 4.48 -1.47 3.50

ACTS Actin, alpha skeletal muscle 241 42024 6 34 5.23 -1.86 2.96

KV3AJ Ig kappa chain V-III region PC 7175 131 12003 4 34.2 7.01 -2.83 2.75

SPA3N Serine protease inhibitor A3N 134 46688 6 19.1 5.59 -1.75 2.64

ACTC Actin, alpha cardiac muscle 1 192 41992 6 27.6 5.23 -1.81 2.57

SPA3F Serine protease inhibitor A3F 91 49952 6 17.8 4.79 -1.60 2.41

GPX3 Glutathione peroxidase 3 189 25409 6 37.2 8.33 -2.26 1.57

CO3 Complement C3 2149 186365 54 36.2 6.39 -1.38 1.36

Day 42

KV3AM Ig kappa chain V-III region PC 2154 90 11692 2 27.8 5.83 2.35 4.67

KV3A7 Ig kappa chain V-III region TEPC 124 204 12331 4 35.7 10.02 3.17 4.09

MMP3 Stromelysin-1 58 53811 6 17.8 5.74 1.41 3.74

KV3AI Ig kappa chain V-III region PC 6684 180 12032 4 34.2 7.98 3.18 3.28

HVM12 Ig heavy chain V region MOPC 104E 125 12975 4 53.8 6.84 2.73 3.18

KV3A4 Ig kappa chain V-III region 50S10.1 149 12035 3 44.1 4.9 2.45 3.04

NPL4 Nuclear protein localization protein 4 homolog 59 67974 5 13 6.01 1.42 2.94

KV5A4 Ig kappa chain V-V region MOPC 149 164 12023 3 34.3 6.92 2.39 2.59

KV5A3 Ig kappa chain V-V region K2 (Fragment) 238 12573 4 32.2 8.5 2.79 2.40

CSRN3 Cysteine/serine-rich nuclear protein 3 71 66080 8 15.6 4.65 1.15 1.49

CFAB Complement factor B 765 84951 14 20.4 7.18 1.41 1.49

HVM63 Ig heavy chain Mem5 (Fragment) 144 25333 4 32.1 8.13 1.65 1.30

SPA3N Serine protease inhibitor A3N 134 46688 6 19.1 5.59 -2.07 3.44

SPA3F Serine protease inhibitor A3F 91 49952 6 17.8 4.79 -1.69 3.33

MAEA Macrophage erythroblast attacher 69 45307 6 17.4 8.95 -1.72 2.97

CS068 Uncharacterized protein C19orf68 homolog 45 50434 4 11 9.42 -1.65 2.51

Day 56

KV3A7 Ig kappa chain V-III region TEPC 124 204 12331 4 35.7 10.02 3.18 4.14

HVM12 Ig heavy chain V region MOPC 104E 125 12975 4 53.8 6.84 2.29 4.04

KV5A3 Ig kappa chain V-V region K2 (Fragment) 238 12573 4 32.2 8.5 2.83 3.70

KV3AI Ig kappa chain V-III region PC 6684 180 12032 4 34.2 7.98 3.20 3.30

HPT Haptoglobin 763 38727 18 49.3 5.88 3.69 2.86

(Continued)
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Protein–protein interaction analysis of S. mekongi-infected mouse sera

Protein–protein interactions in the infected mouse sera at different timepoints (14-, 28-, 42-,

and 56-days post-infection) were analyzed using the STRING database (Fig 4), and all samples

revealed differential molecular processes. Intermediate filament and vitamin D metabolism

were differential pathways associated with S. mekongi infection on day 14, and complement

activation was a differential pathway in mouse serum on day-28 post-infection. Additionally,

ubiquitin-dependent and complement activation processes were predicted differential path-

ways in the 42-day post-infection serum, whereas day-56 mouse serum contained two differ-

ential pathways: intermediate filament and serine-type endopeptidase inhibitor activity. This

work provides additional information on host responses during schistosomiasis.

Detection of circulating S. mekongi proteins in infected-mouse sera

Fifty-four circulating proteins from S. mekongi were identified based on a proteomics

approach (Table 2 and S2 Table). S. mekongi proteins were detected at all four infection time-

points (14-, 28-, 42-, and 56-days post-infection), whereas no S. mekongi proteins found in

uninfected mouse sera. At 14-days post-infection, putative pre-mRNA-splicing factor ATP-

dependent RNA helicase (Gene.11529::comp3258), kyphoscoliosis peptidase (Gene.7318::

comp2030), and guanine nucleotide-releasing factor 2 (Gene.23156::comp7299) from the para-

site were identified with high confidence. Putative DNA replication helicase DNA2

(Gene.8202::comp2307) and putative nephrin (Gene.21550::comp6617) had the highest scores

Table 1. (Continued)

Accession Protein Score Mass Peptides %cov pI Dif -logP

ITIH3 Inter-alpha-trypsin inhibitor heavy chain H3 355 99304 9 12.1 5.7 1.54 1.82

CFAH Complement factor H 1293 138992 36 34.5 6.6 1.12 1.80

CERU Ceruloplasmin 1439 121074 36 32.1 5.53 1.09 1.75

CFAB Complement factor B 765 84951 14 20.4 7.18 1.68 1.71

FXL12 F-box/LRR-repeat protein 12 42 37207 5 20.2 8.99 1.28 1.53

KV5A5 Ig kappa chain V-V region T1 54 14376 3 28.9 8.79 1.72 1.31

K1H2 Keratin, type I cuticular Ha2 73 46360 4 13.3 4.75 -1.53 5.24

K1C40 Keratin, type I cytoskeletal 40 67 48896 4 12.5 4.48 -1.55 4.32

CS068 Uncharacterized protein C19orf68 homolog 45 50434 4 11 9.42 -1.43 4.31

MPP4 MAGUK p55 subfamily member 4 65 71955 7 18 5.31 -1.23 4.29

SAA4 Serum amyloid A-4 protein 130 15078 3 34.6 9.3 -3.00 3.84

SPA3G Serine protease inhibitor A3G 78 48990 7 21.8 6.06 -1.81 3.68

KT33B Keratin, type I cuticular Ha3-II 98 45834 8 25.2 4.79 -1.95 3.54

K1C18 Keratin, type I cytoskeletal 18 118 47509 6 15.8 5.22 -1.92 3.45

MAEA Macrophage erythroblast attacher 69 45307 6 17.4 8.95 -1.46 3.44

K1C13 Keratin, type I cytoskeletal 13 171 47724 7 19.9 4.79 -2.33 3.33

K1C19 Keratin, type I cytoskeletal 19 96 44515 3 9.7 5.28 -1.96 3.20

KRT35 Keratin, type I cuticular Ha5 75 50497 6 15.6 4.9 -1.80 3.20

SPA3F Serine protease inhibitor A3F 91 49952 6 17.8 4.79 -1.86 3.14

K1C15 Keratin, type I cytoskeletal 15 119 49107 8 21.9 4.79 -1.53 3.07

ACTC Actin, alpha cardiac muscle 1 192 41992 6 27.6 5.23 -2.06 3.01

APOM Apolipoprotein M 103 21259 5 24.7 6.08 -2.20 2.84

SPA3N Serine protease inhibitor A3N 134 46688 6 19.1 5.59 -2.04 2.63

KRT36 Keratin, type I cuticular Ha6 90 52757 9 23.5 4.99 -1.39 1.96

HBE Hemoglobin subunit epsilon-Y2 66 16126 3 29.9 7.9 -2.01 1.36

https://doi.org/10.1371/journal.pone.0275992.t001
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in the 28-day-infected mouse sera. On day-42 post-infection, the parasite proteins DNA poly-

merase (Gene.25399::comp8617), putative nephrin, protein split ends (Gene.12563::

comp3554), microtubule-associated serine/threonine-protein kinase 4 (Gene.7582::

comp2109), neuropathy target esterase/swiss cheese-related protein (Gene.7383::comp2055),

putative dynein heavy chain (Gene.30001::comp18484), and kyphoscoliosis peptidase were

detected with the highest scores. Additionally, putative tensin (Gene.10459::comp2932), roo-

tletin (Gene.26160::comp9193), putative helicase (Gene.4291::comp1166), and aminopeptidase

N (Gene.20904::comp6346) were found with the highest confidence on day-56 post-infection.

Importantly, only one protein was observed at all four infection timepoints, namely kyphosco-

liosis peptidase (Fig 5). Kyphoscoliosis peptidase could not be observed in the uninfected

mouse sera at any time (S3 Table); therefore, it may be an applicable biomarker for diagnosis

in the early stages (2 weeks) and other diagnostic stages of S. mekongi infection.

Determination of circulating S. mekongi antigens in mouse antigen–

antibody complexes

Immune complexes in mouse sera were separated and observed using SDS-PAGE (Fig 6).

Analysis of uninfected mouse sera revealed protein bands corresponding to common

Fig 4. Protein-protein interactions of up-regulated and down-regulated S. mekongi-infected mouse serum proteins at 14-, 28-, 42-, and 56-days post-

infection. The protein-protein interaction network was created using String database. Red and blue nodes indicate proteins in each pathway predicted to be

altered with S. mekongi infection. Color nodes (red and blue) represent query proteins with first shell of interactors. White nodes represent proteins with

second shell of interactors. Empty nodes indicate unknown 3D structural protein. Filled nodes indicate proteins with known or predicted 3D structure. Edges

represent protein-protein associations with different types; red line: presence of fusion evidence; green line: neighborhood evidence; blue line: cooccurrence

evidence; purple line: experimental evidence; yellow line: textmining evidence; light blue line: database evidence; black line: co-expression evidence. Acta1:

actin alpha 1 skeletal muscle; Gsn: gelsolin; Cfl1: cofilin 1; Vasp: vasodilator stimulated phosphoprotein; Cyp27b1: cytochrome P450 family 27 subfamily B

member 1; Cyp2r1: cytochrome P450 family 2 subfamily R member 1; Vdr: vitamin D receptor; C3: complement C3; Cfp: complement factor properdin; Cfh:

complement factor H; Cfb: complement factor B; Cfd: complement factor D; Ufd1: ubiquitin recognition factor in ER associated degradation 1; Vcp: valosin

containing protein; Nploc4: NPL4 homolog, ubiquitin recognition factor; Serpina3f: serpin clade A member 3F; Serpina3n: serpin clade A member 3N;

Serpina3g: serpin clade A member 3G; Ithi3: inter-alpha-trypsin inhibitor heavy chain 3; Krt: keratin.

https://doi.org/10.1371/journal.pone.0275992.g004
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Table 2. Circulating proteins of S. mekongi identified in infected mouse sera at 14-, 28-, 42-, and 56-days post-infection. LC-MS/MS and the in-house database were

used, with S. mekongi set as the taxonomy filter. The SignalP score (>0.9) and Secretome score (>0.6) were used to define classical and non-classical protein secretion,

respectively.

Accession Protein Score Mass Peptides %cov pI Ref.

Day 14

Gene.10399::comp2913 Uncharacterized protein 294 282914 12 7.6 7.83 -

Gene.11529::comp3258 Putative pre-mRNA-splicing factor ATP-dependent RNA helicase (EC 3.6.1.-) 221 86647 9 15.8 7.08 -

Gene.20085::comp5987 Uncharacterized protein 174 70000 7 12.8 6.79 -

Gene.22185::comp6852 Putative hepatoma derived growth factor 174 111836 7 9.7 6.55 -

Gene.22377::comp6941 Uncharacterized protein 93 77293 6 14.1 6.61 -

Gene.23156::comp7299 Guanine nucleotide-releasing factor 2 203 169577 9 9.6 6.35 -

Gene.26208::comp9251 Uncharacterized protein (Fragment) 130 26229 5 26.9 9.11 -

Gene.2677::comp680 Uncharacterized protein 180 88517 10 20.6 6.14 -

Gene.26963::comp10046 Putative erythrocyte membrane protein 195 189608 8 8.1 5.45 -

Gene.27657::comp11049 Uncharacterized protein 96 136193 3 2.3 5.94 -

Gene.28495::comp12673 FMRFamide receptor 92 55904 3 4.8 9.23 [36]

Gene.29504::comp15887 Uncharacterized protein 178 117178 12 14.2 6.63 -

Gene.7318::comp2030 Kyphoscoliosis peptidase 211 177264 9 9 6.29 [37]

Day 28

Gene.15005::comp4331 Eukaryotic translation initiation factor 2 171 80568 7 16.2 8.52 [36]

Gene.21550::comp6617 Putative nephrin 191 177909 8 6.8 7.57 [36]

Gene.23554::comp7498 Uncharacterized protein 157 195126 6 4.9 6.8 -

Gene.27713::comp11132 Uncharacterized protein CXorf22 261 244776 14 8.9 7.11 -

Gene.8202::comp2307 Putative dna replication helicase dna2 271 166438 12 11 8.03 -

Gene.7318::comp2030 Kyphoscoliosis peptidase 174 177264 7 6.8 6.29 [37]

Day 42

Gene.12563::comp3554 Protein split ends 296 283955 14 7.3 9.02 [36]

Gene.12644::comp3565 Uncharacterized protein 190 95572 8 11.6 5.87 -

Gene.13033::comp3680 Zinc finger MYND domain-containing protein 11 182 129919 9 12 8.95 -

Gene.14322::comp4118 Uncharacterized protein (Fragment) 225 245658 13 9.5 6.94 -

Gene.15408::comp4438 Uncharacterized protein 110 39582 5 15.5 6.79 -

Gene.16168::comp4709 Putative ubiquitin-protein ligase 211 133726 9 10 8.72 -

Gene.16334::comp4756 Putative polybromo-1 214 235501 9 6.9 6.68 [36]

Gene.18895::comp5607 DNA helicase (EC 3.6.4.12) 236 100413 10 12.2 6.51 -

Gene.19132::comp5686 Voltage-dependent calcium channel 238 143033 10 11.1 6.78 -

Gene.19910::comp5936 Niemann-Pick C1 protein 137 122638 5 7.5 6.41 -

Gene.20208::comp6064 Uncharacterized protein 236 113015 10 15.9 7.32 -

Gene.20548::comp6198 Putative otopetrin 131 76266 5 10.8 8.68 -

Gene.20727::comp6262 Intron-binding protein aquarius 186 186768 10 9.1 6.05 -

Gene.20796::comp6283 Centrosomal protein of 135 kDa 211 103964 8 10.6 6.05 [36]

Gene.21550::comp6617 Putative nephrin 313 177909 12 9.4 7.57 [36]

Gene.23824::comp7615 GDNF-inducible zinc finger protein 1 185 132913 10 10.3 7.33 -

Gene.25399::comp8617 DNA polymerase (EC 2.7.7.7) 330 248957 14 10.6 6.14 -

Gene.27713::comp11132 Uncharacterized protein CXorf22 236 244776 13 9.5 7.11 -

Gene.28162::comp11926 Uncharacterized protein (Fragment) 155 116439 8 9.3 8.85 -

Gene.30001::comp18484 Putative dynein heavy chain 274 208883 11 9.1 5.73 [36]

Gene.4085::comp1122 Uncharacterized protein 283 127610 12 14.9 6.54 -

Gene.6274::comp1757 NADH dehydrogenase (Ubiquinone) Fe-S protein 2 136 56398 5 16.3 8.69 -

Gene.7318::comp2030 Kyphoscoliosis peptidase 263 177264 10 7.7 6.29 [37]

Gene.7383::comp2055 Neuropathy target esterase/swiss cheese-related protein 276 196893 12 9 8.15 -

(Continued)
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antibodies in mouse blood. Compared with uninfected sera, the infected sera showed 55 and

26 kDa protein bands of significantly increased intensity. Thus, gels 5 and 7 were analyzed and

identified using mass spectrometry and the UniPlot protein database. As expected, no S.

mekongi proteins were detected in the immune complexes of the uninfected mouse sera. Over-

all, 55 circulating S. mekongi antigens were identified from immune complexes of infected

mouse sera (Fig 7, Table 3 and S4 Table), in which the numbers of S. mekongi antigens identi-

fied at 14-, 28-, 42-, and 56-days post-infection were 12, 14, 19, and 19, respectively. Notably,

putative tuberin (Gene.10133::comp2839) was detected at all four post-infection timepoints,

whereas tubulin tyrosine ligase-related protein (Gene.29353::comp15247) and suppressor of

cytokine signaling 7 (Gene.22611::comp7045) were identified in the early stages of infection

(14 days). Therefore, these three identified proteins might be useful for the development of

diagnostic tests sensitive to the early stages.

Alignment of circulating S. mekongi protein and antigen sequences

Because the putative tuberin antigen was detected in mouse sera at all four infection time-

points, it may be a reliable biomarker for S. mekongi diagnosis throughout the course of infec-

tion, but especially the early stages. To evaluate the suitability of putative tuberin as a universal

biomarker for schistosome infections, a comparison of S. mekongi putative tuberin protein

sequence homology with homologs from the three most prevalent global Schistosoma spp.,

including S. haematobium, S. mansoni, and S. japonicum, was performed (Fig 8), and putative

tuberin protein sequences from mice (M. musculus) and humans (H. sapiens) were also com-

pared for homology with the schistosome proteins. In the homology analysis, putative tuberin

of S. mekongi aligned with the highest similarity to a S. japonicum sequence (89.1%). Addition-

ally, S. mekongi putative tuberin was similar to those of S. mansoni and S. haematobium, with

68.63% and 66.65% similarity, respectively. Because the putative tuberin sequence from S.

Table 2. (Continued)

Accession Protein Score Mass Peptides %cov pI Ref.

Gene.7582::comp2109 Microtubule-associated serine/threonine-protein kinase 4 295 279663 13 8.1 7.78 -
Gene.8602::comp2420 Type II inositol 1,4,5-trisphosphate 5-phosphatase 140 135075 10 13.2 6.58 -

Gene.9495::comp2699 Uncharacterized protein 246 224841 12 9.2 9.21 -

Day 56

Gene.10459::comp2932 Putative tensin 257 214499 11 8.8 8.78 -

Gene.14384::comp4145 Putative homeodomain transcription factor 2 (Fragment) 231 180240 10 9.8 8.68 -

Gene.1799::comp453 Translation initiation factor IF-2 unclassified subunit 113 71016 4 6.4 6.23 -

Gene.20085::comp5987 Uncharacterized protein 143 70000 6 14 6.79 -

Gene.20229::comp6072 Putative stromal antigen 197 151673 10 11.1 5.99 -

Gene.20904::comp6346 Aminopeptidase N 247 91200 10 16.7 6.39 [36, 37]

Gene.21793::comp6693 Serine/threonine-protein phosphatase (EC 3.1.3.16) 130 75414 6 11.1 6.22 [36]

Gene.22888::comp7169 Uncharacterized protein 222 146198 10 11.7 6.06 -

Gene.26160::comp9193 Rootletin 251 278235 18 8.7 5.66 [36]

Gene.4291::comp1166 Helicase, putative 249 183327 13 12.2 6.09 -

Gene.7318::comp2030 Kyphoscoliosis peptidase 191 177264 13 10.1 6.29 [37]

Gene.7365::comp2049 Tensin-3 201 134542 9 12.6 9.24 -

Gene.7749::comp2156 WD repeat protein 57 137 40426 5 19.6 7.6 -

Gene.8969::comp2536 Uncharacterized protein 271 332314 12 6.3 6.75 -

�Ref: Secreted S. mekongi proteins identified in previous study

https://doi.org/10.1371/journal.pone.0275992.t002
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mekongi had a low percentage similarity (less than 50%) with the murine and human proteins,

it is not expected to show cross-reactivity during diagnosis and treatment. Hence, because

putative tuberin is specific to all globally prevalent Schistosoma spp., it is a promising candidate

biomarker for the reliable diagnosis of schistosomiasis and vaccine development.

Discussion

Proteomic information for mouse sera before and after S. mekongi infection was explored in

this study. After infection, differential mouse serum proteins were identified, including 19 up-

regulated and 24 down-regulated proteins. At 14-days post-infection, immunoglobulin pro-

teins were up-regulated, corresponding to a previous report that infection with S. mansoni
stimulated transient immunoglobulin IgM responses in mice at 1-week post-infection [38]. In

contrast, three serum proteins were down-regulated in infected mice: serine protease inhibitor

(serpin) A3F, actin-alpha skeletal muscle, and 25-hydroxyvitamin D-1 alpha hydroxylase (1α-

hydroxylase). Serpina3f (antichymotrypsin) plays a role in immune and inflammatory

responses through the inhibition of chymotrypsin and cathepsin G [39, 40]. Because the ser-

pina3 gene is regulated by various cytokines [41], its down-regulation may correspond to para-

site infection and survival. Parasites regulate the host immune system by suppressing some

immune-activated pathways to ensure their survival in the host [42]. Actin-alpha of skeletal

muscle belongs to the actin family, which is important for the maintenance of cytoskeletons

[43], and the down-regulation of actin-alpha is thought to be caused by changes to the skeletal

Fig 5. Circulating proteins of S. mekongi identified in infected mouse sera at 14-, 28-, 42-, and 56-days post-

infection using mass-spectrometric analysis. Numbers represent the number of S. mekongi circulating proteins

identified by mass spectrometry.

https://doi.org/10.1371/journal.pone.0275992.g005
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muscles related to the pathophysiology of schistosomiasis [44]. The enzyme 1α-hydroxylase

catalyzes the synthesis of active vitamin D. In a previous report, deficiency of vitamin D was

typical in patients with hepatic fibrosis caused by schistosomiasis [45].

Immunoglobulin proteins were also up-regulated in mouse serum at 28-days post-infec-

tion. However, there were many down-regulated proteins, including alkaline phosphatase,

macrophage erythroblast attacher, glutathione peroxidase 3, and complement C3. Alkaline

phosphatase is an enzyme involved in skeletal mineralization [46], and it seems to play key

roles in the anti-microbial activity of neutrophils by promoting the migration of neutrophils

and the generation of ROS. Therefore, the down-regulation of alkaline phosphatase during S.

mekongi infection may facilitate parasite survival [47]. However, this issue has to be explored

more intensively prior to making a definite conclusion. Macrophage erythroblast attacher is

an adhesion molecule involved in the formation of erythroblastic islands and the maintenance

Fig 6. SDS-PAGE analysis of circulating antigens from immune complexes in sera from mice with and without S.

mekongi infection. Immune complexes were enriched using protein A/G magnetic beads and separated with 12%

SDS-PAGE. M: Marker; NI: Uninfected; 14-, 28-, 42-, and 56-days post-infection. The 10 horizontal sections represent

regions excised for mass spectrometric analysis.

https://doi.org/10.1371/journal.pone.0275992.g006
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of hematopoietic stem cells [48, 49], whereas complement C3 is the most abundant comple-

ment system protein in serum, involved in inflammation, autoimmunity, and the host defense

system [50]. Additionally, glutathione peroxidase was down-regulated in a manner corre-

sponding to the decrease of glutathione peroxidase activity in S. mansoni-infected mice caused

by schistosomiasis [51]. Both stromelysin-1 and complement factor B were up-regulated at

42-days post-infection. Stromelysin-1 belongs to matrix metalloproteinases, involved in bone

growth and remodeling [52], and complement factor B relates to host inflammatory responses

against parasitic invasion via the generation of proinflammatory molecules [53]. At 56-days

post-infection, two proteins, inter-alpha-trypsin inhibitor heavy chain H3 and ceruloplasmin,

were up-regulated: while inter-alpha-trypsin inhibitor heavy chain H3 is related to inflamma-

tion and carcinogenesis [54, 55], ceruloplasmin is a serum glycoprotein related to the acute

phase of infection. The concentration of ceruloplasmin in serum was increased during the

mediation of inflammation by cytokines [56, 57]; therefore, the up-regulation of these two pro-

teins might be involved in mouse immune system attack against S. mekongi. In contrast, serum

amyloid A4-protein and apolipoprotein M were down-regulated on day-56 post-infection.

The down-regulation of serum amyloid might be caused by errors during switching between

two distinct configurations related to the regulation of inflammation [58]. Apolipoprotein M

(ApoM) is major component of high-density lipoprotein related to the modulation of immune

responses and inflammation [59, 60]. The down-regulation of ApoM in the mice corresponds

to a previous report in which the concentration of serum ApoM was described as decreased in

Fig 7. Circulating antigens of S. mekongi identified in infected mouse sera at 14-, 28-, 42-, and 56-days post-

infection using mass spectrometric analysis. Numbers represent number of S. mekongi circulating antigens identified

by mass spectrometry.

https://doi.org/10.1371/journal.pone.0275992.g007
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Table 3. Identification of circulating S. mekongi antigens from infected mouse immune complexes at 14-, 28-, 42-, and 56-days post-infection. S. mekongi proteins

were identified using LC-MS/MS and the in-house database, with S. mekongi set as the taxonomy filter.

Accession Protein Score Mass Peptides %cov pI

Day 14

Gene.29853::comp17559 Uncharacterized protein 36 11834 1 8.7 9.67

Gene.6613::comp1814 DNA-directed RNA polymerase subunit 56 12712 2 29.9 8.29

Gene.28118::comp11837 Putative vasohibin 43 24891 1 7.4 10.25

Gene.29887::comp17726 Uncharacterized protein 38 41000 1 2.8 8.47

Gene.17102::comp4985 Putative zinc finger protein 43 46833 1 5.6 8.77

Gene.148::comp23 Uncharacterized protein 58 46501 2 8 9.76

Gene.4692::comp1288 SJCHGC07480 protein (Fragment) 45 51777 1 4.7 7.23

Gene.29353::comp15247 Tubulin tyrosine ligase-related 45 123189 1 1.5 8.72

Gene.22611::comp7045 Suppressor of cytokine signaling 7 99 111285 4 6.7 8.86

Gene.10470::comp2937 WD repeat-containing protein 26 118 109261 5 8.9 5.7

Gene.10133::comp2839 Putative tuberin 125 242948 5 3.9 6.03

Gene.15811::comp4573 HEAT repeat-containing protein 1 222 251512 10 6.8 6.9

Day 28

Gene.391::comp63 Ribosomal protein L26 (SJCHGC01959 protein) 38 16669 1 7 10.74

Gene.31564::comp30758 Endonuclease-reverse transcriptase 43 22141 1 6.9 6.04

Gene.4251::comp1155 Px19-like protein 36 24482 1 4.7 9.64

Gene.27438::comp10660 Uncharacterized protein 80 37875 3 13 5.78

Gene.4692::comp1288 SJCHGC07480 protein (Fragment) 42 51777 1 4.7 7.23

Gene.25955::comp9018 Uncharacterized protein 36 52664 1 2 8.43

Gene.7015::comp1924 Guanine-nucleotide-exchange-factor, putative 44 71738 1 4.1 9.39

Gene.13969::comp4009 Uncharacterized protein 42 80571 1 2 7.89

Gene.27309::comp10463 Uncharacterized protein 61 92839 2 3.9 8.63

Gene.17389::comp5102 Uncharacterized protein 100 78741 4 11.1 7.41

Gene.10078::comp2826 Transducin-like enhancer protein 3 136 102178 6 5.6 6.64

Gene.7023::comp1924 Ras-specific guanine nucleotide-releasing factor RalGPS2 64 157220 2 3.4 9.09

Gene.23237::comp7329 Protein kinase 76 172673 3 2.1 9.21

Gene.10133::comp2839 Putative tuberin 88 242948 3 2.5 6.03

Day 42

Gene.29853::comp17559 Uncharacterized protein 37 11834 1 8.7 9.67

Gene.6609::comp1814 DNA-directed RNA polymerase subunit 37 13384 1 7.8 5.81

Gene.391::comp63 Ribosomal protein L26 (SJCHGC01959 protein) 38 16669 1 7 10.74

Gene.6633::comp1824 SJCHGC05758 protein 57 23991 2 4.9 8.63

Gene.3240::comp844 Serine/threonine-protein phosphatase (EC 3.1.3.16) 64 37322 2 10.7 6.34

Gene.24866::comp8236 Uncharacterized protein 62 44698 2 11.5 6.89

Gene.2701::comp687 Putative slit-robo rho gtpase activating protein 37 57525 1 2.5 4.92

Gene.29214::comp14782 p2X purinoceptor 4 37 52483 1 2 5.48

Gene.29102::comp14476 Cystic fibrosis transmembrane conductance regulator 62 64435 2 5.7 9.87

Gene.2210::comp533 Cullin 3 57 63525 2 4.6 6.54

Gene.9306::comp2645 Tyrosine-protein phosphatase non-receptor type 11 65 87197 2 4.7 7.02

Gene.17809::comp5238 Mername-AA248 (C02 family) 63 78103 2 6.8 6.16

Gene.26966::comp10053 Helicase POLQ-like 97 94383 4 5.6 6.96

Gene.29213::comp14782 p2X purinoceptor 4 57 101436 2 2.6 8.85

Gene.22090::comp6811 Uncharacterized protein 79 142820 3 3.1 6.94

Gene.19940::comp5946 Protein Smaug 2 77 168752 3 2.6 6.05

Gene.10133::comp2839 Putative tuberin 110 242948 4 4.2 6.03

(Continued)
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patients with inflammation [61]. Although there is possibility that proteomic changes between

uninfected (day 0) and infected mice (day 14, 28, 42 and 56 post-infection) might be cause by

the age difference, using the same mice for both uninfected and infected conditions could

reduce the biological variation in this study. In the proteomic analysis, Ig heavy chain V region

Table 3. (Continued)

Accession Protein Score Mass Peptides %cov pI

Gene.23196::comp7320 Acetyl-CoA carboxylase / biotin carboxylase (Fragment) 220 302581 10 6.4 6.33

Gene.3614::comp956 Subfamily M23B non-peptidase homologue (M23 family) 118 242425 5 3.8 6.39

Day 56

Gene.33195::comp60874 Alpha-2-macroglobulin-like protein 1 54 31684 4 23.5 5.91

Gene.23907::comp7644 Uncharacterized protein 39 15830 1 6.8 7.12

Gene.391::comp63 Ribosomal protein L26 (SJCHGC01959 protein) 56 16669 1 7 10.74

Gene.29708::comp16756 SJCHGC02480 protein (Fragment) 16 16797 2 21.5 8.86

Gene.34419::comp125314 Uncharacterized protein 37 23344 2 17.8 8.99

Gene.3059::comp801 Uncharacterized protein 17 30597 1 3.6 6.23

Gene.26154::comp9180 Uncharacterized protein 27 36988 1 3.1 9.2

Gene.30784::comp23275 Uncharacterized protein 17 40681 2 6.3 9.11

Gene.24745::comp8149 5-hydroxytryptamine receptor 1 21 47002 1 2.4 8.81

Gene.21224::comp6490 Transcription initiation factor tfiid 55 kD subunit-related 30 61621 1 2.5 4.7

Gene.9306::comp2645 Tyrosine-protein phosphatase non-receptor type 11 23 87197 2 4.4 7.02

Gene.29353::comp15247 Tubulin tyrosine ligase-related 23 123189 4 7.4 8.72

Gene.9257::comp2626 Nuclear cap-binding protein subunit 1 17 115297 3 3.9 5.47

Gene.23242::comp7333 Aminopeptidase (EC 3.4.11.-) 13 93962 4 6.2 5.97

Gene.10133::comp2839 Putative tuberin 33 242948 3 2.4 6.03

Gene.7877::comp2202 Putative tpr 27 279132 5 2.8 4.81

Gene.2580::comp653 Putative myosin-10 24 230961 6 3.5 5.75

Gene.16843::comp4930 Meiotic checkpoint regulator cut4, putative 21 248934 7 5.4 6.62

Gene.17963::comp5299 Transcription-associated protein 1 17 232379 1 0.4 5.97

https://doi.org/10.1371/journal.pone.0275992.t003

Fig 8. Percentage similarity in protein sequence alignment of putative tuberin among Schistosoma spp., Mus musculus, and Homo sapiens. All protein

sequences were obtained from the non-redundant protein sequence databases of NCBI. Sequence alignment and identity calculations were performed using

Clustal Omega software. Regions of highest similarity (green), high similarity (yellow), and lower similarity (red) are indicated.

https://doi.org/10.1371/journal.pone.0275992.g008
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MOPC 104E and serine protease inhibitors A3F were differential proteins found in infected

mouse sera at all four timepoints; therefore, these proteins may be useful for studying host

responses against S. mekongi.
The protein–protein interaction network reported five differential pathways in S. mekongi-

infected mouse sera, including intermediate filament, vitamin D metabolism, complement

activation, ubiquitin-dependent ER-associated degradation (ERAD), and serine-type endopep-

tidase inhibitor activity. Intermediate filaments are structural cytoskeletal components consist-

ing of actin filaments and microtubules [62] and play roles in cell structural support as well as

the regulation of many fundamental cellular processes [63]. The interactions between S.

mekongi-infected mouse proteins and intermediate filaments may be related to the skeletal

muscle changes seen with schistosomiasis as granuloma were detected in skeletal muscles of S.

mansoni infected mice [44]. The active form of vitamin D is catalyzed by 1α-hydroxylase;

therefore, the down-regulation of 1α-hydroxylase in S. mekongi-infected mouse sera may affect

the vitamin D metabolism pathway [64]. In addition, complement proteins are associated with

inflammation and the host defense system [50]. Ubiquitin is important for the tracking of tar-

get proteins via the ubiquitin-dependent ERAD pathway, a quality control process for the deg-

radation of target misfolded ER proteins [65], and the ubiquitin-proteasome proteolytic

pathway has been reported to play key roles during S. mansoni parasitic development [66, 67].

S. mekongi infection may affect serine-type endopeptidase inhibitor activity via the down-regu-

lation of serpin, which is associated with the suppression of host immune responses during

parasitic infection [42].

Parasitological and immunological diagnosis methods are not sensitive enough for the early

detection of schistosomiasis because of infection features that include the absence of stool ova,

low circulating antigen levels, and low specific antibody levels [6, 13]. Hence, circulating pro-

teins and antigens of S. mekongi in infected mouse sera were identified in this study to obtain

additional applicable biomarkers that can be applied to early schistosomiasis diagnosis. Fifty-

four S. mekongi proteins were detected in infected mouse sera, one of which was an FMRFa-

mide receptor detected at 14 days post-infection. FMRFamide-like peptides (FLPs) are key

players in the neuromuscular biology of parasites; they are found throughout the flatworm

nervous system, where they are involved in the excitation of muscle [68]. Many S. mekongi
proteins were identified in infected mouse sera at 42-days post-infection. Voltage-dependent

calcium (Ca2+) channel allows for Ca2+ influx, resulting in Ca2+-dependent responses in excit-

able tissue, such as muscles and nerves. In schistosomes, voltage-gated Ca2+ channels are sensi-

tive to praziquantel, a drug commonly used in the treatment of schistosomiasis [69]. In

helminths, several proteins are secreted using alternative export mechanism, membrane-

bound vesicle, especially membrane proteins, cytoskeletal proteins, and heat shock proteins.

However, the secretory mechanism is still unknown [70–72]. Niemann–Pick C1, a cholesterol-

trafficking protein, belongs to the cholesterol-uptake pathway and is associated with Nie-

mann–Pick disease type C in humans [73]. A homolog of Niemann–Pick Type C1 protein

identified in Plasmodium parasites was reported to be important for the composition of para-

site plasma membranes and the generation of digestive vacuoles [74]. Thus, Niemann–Pick

Type C1 protein is considered to be involved in the formation of plasma membranes in S.

mekongi. Schistosomes possess several components associated with the actin-based cytoskeletal

system; e.g., dynein is a cytoskeletal motor consisting of light and heavy chains, the latter of

which plays a key role in the movement of dynein [75, 76]. Hence, the up-regulated putative

dynein heavy chain is expected to be involved in the cytoskeletal system of S. mekongi. NADH

dehydrogenase (ubiquinone) Fe-S protein 2 is a NADH ubiquinone oxidoreductase subunit

that functions in respiratory chains. Additionally, ubiquinone Fe-S protein 7 was identified in

S. mansoni [77]. Neuropathy target esterase/swiss-cheese-related protein is an integral
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membrane protein in many species, including nematodes [78]. One of the proteins identified

at 56-days post-infection, tensin, is an important binding component of the actin cytoskeleton

[79]. The detection of aminopeptidase N is consistent with a previous study showing amino-

peptidase activity in adult S. rodhaini [80]. Additionally, serine and threonine protein phos-

phatases play roles in the regulation of reproduction and growth in S. japonicum [81].

Rootletin, which was detected in this work, is expected to originate from miracidia in the cili-

ated larval stage [36]. Importantly, an enzyme identified at all four infection timepoints,

kyphoscoliosis peptidase, plays key roles in the maturation and stabilization of neuromuscular

junctions, resulting in normal muscle growth [82]. Kyphoscoliosis peptidase was detected in

the cercariae and schistosomula of S. japonicum and is involved in the parasite’s invasion of

hosts [83]. Kyphoscoliosis peptidase could not be observed in uninfected mice, thus it might

be a promising specific biomarker for S. mekongi infection. The circulating protein data

described in this work provide several candidate biomarkers for the diagnosis of S. mekongi
infection, particularly kyphoscoliosis peptidase, voltage-dependent calcium (Ca2+) channel

protein, and putative dynein heavy chain.

To provide information on immune complexes in the circulation, antigens of S. mekongi in

infected mouse serum were identified. This information is useful for understanding parasitic

immune evasion and for vaccine development. SDS-PAGE analysis revealed differential pro-

tein bands at 55 kDa and 26 kDa in the infected mouse serum, corresponding to the heavy-

chain and light-chain of mouse immunoglobulin G (50 kDa and 25 kDa, respectively) [84].

Several circulating S. mekongi antigens were identified from infected mouse serum. Putative

vasohibin, which is an angiogenesis inhibitor, was found to be up-regulated; thus S. mekongi
may mediate angiogenesis inhibition in the host [85]. Tubulin tyrosine ligase-related protein is

involved in the recruitment of microtubule-interacting proteins, and it was also identified in

adult worms of S. mansoni [86, 87]. Moreover, suppressor of cytokine signaling 7 may be

involved in the suppression of host immune responses via the inhibition of cytokine-inducible

activator of transcription-mediated signal transduction [88, 89]. In schistosomes, protein

kinase plays essential roles in growth, development, and host interaction; therefore, they have

been considered as targets for drugs against parasitic diseases in many research efforts [90].

Serine/threonine protein phosphatases are important for the control of S. japonicum growth

and reproduction [81], whereas cullin-3 is a core component of the E3 ubiquitin ligase com-

plex and may play roles in the development of the reproductive organs of S. mekongi [24, 91].

The 5-hydroxytryptamine receptor 1 is generally a subtype of serotonin receptor [92]. In schis-

tosomes, serotonin stimulates movement and motor activity [93]. In addition, S. mansoni
responds to serotonin by activating serotonin receptors, with similar responses seen in the spo-

rocyst stage and adult worms [94]. Putative tetratricopeptide repeat is a structural motif pres-

ent inside the O-glycosyltransferase of schistosomes and is also highly expressed in female

flukes [95]. Myosin X is involved in the movement of actin bundles, and the muscles of schis-

tosomes contain both muscle-like myosin filaments and smooth muscle-like actin filaments

[96].

Notably, putative tuberin was the only circulating antigen identified at all four infection

timepoints. Tuberin, which is encoded by the expression of the tuberous sclerosis-2 gene [97],

works together with hamartin to promote tumor suppression. In addition, a mutation of

tuberin was found to lead to uncontrollable cell proliferation [98]. Therefore, tuberin may play

important roles in the control of cell growth and proliferation in S. mekongi. To evaluate the

specificity of a diagnosis based on tuberin, alignment and homology comparisons of tuberin

protein sequences from Schistosoma spp. were made. While putative tuberin of S. mekongi had

high similarity to tuberin sequences of other schistosomes, it was less similar to those of

humans and mice. Therefore, the circulating antigen putative tuberin could be used as a
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specific target in schistosome immune-based diagnosis and vaccine development. Antigen-

based detection is useful for diagnosis because it can discriminate active infections from past

infections, and it can be used for evaluation during chemotherapy. However, the candidate

biomarkers in this study were identified from mice sera; therefore, proteomic studies should

be carefully performed in schistosomiasis patients. Additionally, the validation of synthetic

potential biomarkers should be also performed in future. The identification of biomarkers in

human and other host models could be beneficial for the early diagnosis of schistosomiasis.

Conclusion

This study has provided proteomic information on differential proteins in S. mekongi-infected

mouse sera. Circulating proteins and antigens of S. mekongi were discovered at different infec-

tion timepoints. Several additional proteins were identified as candidate biomarkers for the

early diagnosis of schistosomiasis. The identification of these promising biomarkers is useful,

and they may be applicable to the development of treatments, vaccines, and diagnostics for

schistosomiasis.
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