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Abstract: Schistosoma mekongi, a blood fluke that causes Asian zoonotic schistosomiasis, is distributed
in communities along the Mekong River in Cambodia and Lao People’s Democratic Republic. Decades
of employing numerous control measures including mass drug administration using praziquantel
have resulted in a decline in the prevalence of schistosomiasis mekongi. This, however, led to a
decrease in sensitivity of Kato—Katz stool microscopy considered as the gold standard in diagnosis.
In order to develop a serological assay with high sensitivity and specificity which can replace
Kato—Katz, recombinant S. mekongi thioredoxin peroxidase-1 protein (rSmekTPx-1) was expressed and
produced. Diagnostic performance of the rSmekTPx-1 antigen through ELISA for detecting human
schistosomiasis was compared with that of recombinant protein of S. japonicum TPx-1 (rSjTPx-1)
using serum samples collected from endemic foci in Cambodia. The sensitivity and specificity
of rSmekTPx-1 in ELISA were 89.3% and 93.3%, respectively, while those of rSjTPx-1 were 71.4%
and 66.7%, respectively. In addition, a higher Kappa value of 0.82 calculated between rSmekTPx-1
antigen ELISA and Kato—Katz confirmed better agreement than between rSjTPx-1 antigen ELISA and
Kato-Katz (Kappa value 0.38). These results suggest that ELISA with rSmekTPx-1 antigen can be a
potential diagnostic method for detecting active human S. mekongi infection.
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1. Introduction

Schistosomiasis, also known as bilharzia, is a parasitic disease caused by blood-dwelling
flukeworms or flatworms, belonging to the class Trematoda and genus Schistosoma [1]. This
remains a serious public health concern in humans worldwide, with more than 230 million
people infected with Schistosoma spp. and 800 million individuals at risk of infection [2,3].
Human schistosomiasis is mainly caused by S. mansoni, S. haematobium, S. intercalatum,
S. japonicum and S. mekongi [4]. S. japonicum and S. mekongi are the two species causing
Asian zoonotic schistosomiasis. S. japonicum is endemic in the Philippines, the People’s
Republic of China and parts of Indonesia [5,6]. On the other hand, S. mekongi is found in
Cambodia and Lao People’s Democratic Republic (Lao PDR) [1]. It has been reported that
these two species are closely related based on morphological and molecular studies [7].
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Schistosomiasis mekongi was discovered in Lao PDR and Cambodia fifty years ago,
and until now, the disease is still a public health concern for residents in the endemic
area [7-9]. The diagnosis of S. mekongi infection is based on the simple and low-cost
Kato-Katz technique which detects schistosome eggs in stool samples and has been rec-
ommended as the “gold standard” by the World Health Organization (WHO) [10]. The
Kato—Katz technique shows high sensitivity in community settings having high schisto-
somiasis prevalence and it can estimate the intensity of the infection as eggs per gram
(EPG) [11]. However, this technique shows decreased sensitivity when it is used in endemic
areas with low prevalence, such as the foci in Cambodia and Lao PDR [12]. As such, this
may lead to underestimation of the actual prevalence [10,13,14]. In addition, the Kato-Katz
technique requires expertise on the egg’s morphological identification under microscopic
observation. This technique is also not suitable for large-scale surveillance since it is labo-
rious and time-consuming [15,16]. Therefore, an appropriate diagnostic method that can
replace the Kato-Katz technique is needed for effective treatment and accurate prevalence
surveys of S. mekongi infection in Lao PDR and Cambodia.

It has been reported that ELISA with recombinant antigen showed higher sensitivity
than that of the Kato—Katz technique for detecting human schistosomiasis [17-19]. Several
recombinant antigens have been evaluated for detecting S. japonicum infection in humans
and animals in the locations where the disease has been nearly eliminated [14,17,20-22].

Thioredoxin peroxidase-1, which is expressed in the tegument and as the excre-
tory/secretory products of adult worms and larvae of S. japonicum (S5jTPx-1), has been
identified as a good antigen in ELISA for detecting human [23,24] and animal schistoso-
miasis [22,25]. In this study, the cDNA coding for TPx-1 of S. mekongi was cloned and
the recombinant protein was expressed. The recombinant protein was evaluated for its
diagnostic performance as an antigen in ELISA for detecting S. mekongi infection in humans.

2. Materials and Methods
2.1. Human Serum Samples

Archived serum samples collected from schistosomiasis mekongi patients and in-
dividuals in the disease non-endemic area in Cambodia by National Center for Para-
sitology, Entomology and Malaria Control, Ministry of Health in Cambodia, were used.
Twenty-eight serum samples were collected from endemic areas in Kratie province, with
patients whose infections were confirmed by the Kato-Katz technique. Thirty endemic
negative serum samples were collected from individuals in Phnom Penn [26]. Thirty non-
endemic negative serum samples from healthy United States volunteers (BioreclamationIVT,
Baltimore, MD, USA) were used to calculate cut-off values as the mean +3 standard deviation (SD).
In addition, 53 serum samples from patients infected with other parasites were also used
to evaluate cross-reaction with the recombinant antigens in ELISA, including 48 serum
samples from Thai patients infected with Opisthorchis viverrini and 5 serum samples from
Japanese patients infected with Paragonimus westermani.

2.2. TPx-1 Sequence

So far, the whole genome information of S. mekongi has not yet been available. The
sequence information of the gene coding for TPx-1 of S. mekongi (SmekTPx-1) was retrieved
from the S. mekongi genome project which is currently underway in collaboration with the
Research Center for Zoonosis Control (CZC), Hokkaido University and Veterinary School
of Rakuno Gakuen University, Japan (unpublished data). The coding sequence of TPx-1 of
S. japonicum (SjTPx-1) was obtained from GenBank accession no. AB126036.2).

2.3. Recombinant Protein Preparation

The recombinant protein of SfTPx-1 was expressed as previously described in [23]. For
expression of the recombinant protein of SmekTPx-1, total RNA was isolated from 10 pairs
of S. mekongi adult worms [27] using TRIzol reagent (Invitrogen, San Diego, CA, USA)
following the manufacturer’s protocol. The cDNA was synthesized using the Ready-To-Go
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T-Primed First Strand Kit (Amersham Biosciences, Chalfont St Giles, UK) with oligo (dT)
primer. The double-stranded full-length coding sequence was amplified by PCR. The
Primers were designed according to SmTPx-1 with BamHI and Xhol restriction enzyme sites
(underlined) as follows: the forward (5'-GC GGA TCC ATG GTA CTT CC-3’) and reverse
primers (5'-GC CTC GAG TTA GTG ATT AGT TTT AAT TC-3'), respectively. The PCR prod-
uct was cloned into pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA). The identity of
the cloned sequence with the sequence in the draft genome was confirmed by sequencing
using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA). The
coding sequence was inserted into pET28 vector (Novagen, Madison, WI, USA) and the
plasmid was transformed into Escherichia coli Rosetta (DE3) (Novagen) and was grown
in LB medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 50 ug/mL of
kanamycin. Induction of the expression of the recombinant proteins with 0.5 mM isopropyl-
thio-f3-D-galactoside (IPTG) was done in the SOB medium (BD, Sparks, MD, USA) and then
maintained at 37 °C for 3 h. Using nickel nitrilotriacetic acid (Ni-NTA) agarose (Qiagen,
Hilden, Germany), the recombinant protein was recovered and purified, followed by elu-
tion and dialysis with 20 mM Tris, pH 8.0, according to the manufacturer’s instructions.
The quality of the protein was then evaluated using 12% polyacrylamide gel electrophoresis
(SDS-PAGE) while the quantity was measured using a bicinchoninic acid (BCA) assay kit
(Thermo Fisher Scientific Inc., Rockford, IL, USA). The recombinant proteins were stored in
aliquots at —80 °C until used.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Indirect ELISA was performed as described in our previous studies [19,23]. In brief, a
96-well polystyrene plate (Thermo Fisher Scientific) was coated with 200 ng in 100 pL/well
of recombinant antigens diluted with carbonate/bicarbonate buffer (pH 9.6) at 4 °C
overnight. Each well was washed three times with phosphate buffered saline (PBS) con-
taining 0.05% Tween 20 (T-PBS) and blocking was done for 20 min at room temperature
with 130 uL/well of T-PBS containing 1% bovine serum albumin. One hundred pL of
serum sample diluted at 1:400 in blocking buffer was added into each well in triplicate and
incubated at 37 °C for 1 h. After washing the wells with T-PBS for three times, 100 uL of
horseradish peroxidase-conjugated anti-human IgG goat serum (Proteintech Group, Inc.,
Rosemont, IL, USA) as the secondary antibody which had been diluted at 1:10,000 with
blocking buffer was added into each well. The plate was incubated at 37 °C for 1 h. After
washing the wells with T-PBS for three times, a color reaction was induced by adding
the Peroxidase Substrate Solution (KPL, Gaithersburg, MD, USA) and the optical density
(OD) was measured at 450 nm using Multiskan SkyHigh Microplate Spectrophotometer
(Thermo Fisher Scientific).

2.5. Statistical Analysis

The sensitivity, specificity, positive predictive value (PPV) and negative predictive
value (NPV) for the recombinant antigens were calculated using the online software
MedCalc at https:/ /www.medcalc.org/calc/diagnostic_test.php (accessed on 12 August 2022).
An agreement between the ELISA and the Kato-Katz technique for detecting the patients
was estimated as a Kappa value [28].

3. Results
3.1. Cloning and Sequencing of SmekTPx-1

The coding sequence of SmekTPx-1 was successfully amplified and sequenced. The
555 bp of the sequence coded a protein comprising 184 amino acids. SmekTPx-1 showed
94.8% identity with the coding sequence of SjTPx-1 (GenBank accession no. AB126036.2).
SmekTPx-1 showed 81.8% identity with the coding sequence of S. mansoni TPx-1 (GenBank
accession no. AF121199.1) (Figure S1).
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3.2. Expression and Purification of Recombinant Antigens

The coding sequence of recombinant antigen SmekTPx-1 was successfully expressed
as a 6xHis-tag fusion protein and was assessed by SDS-PAGE. The SDS-PAGE and Western
blotting experiments confirmed rSmekTPx-1 with the expected molecular weight of 22 kDa
including the 6x-His tag (Figures S2 and S3, respectively).

3.3. ELISA

ELISA results showed that rSmekTPx-1 antigen detected 25 out of 28 patients’ serum
samples as positive and confirmed 20 out of 30 serum samples from individuals in the
disease non-endemic area as negative. On the other hand, rSjTPx-1 antigen detected 20 out
of 28 patient’s serum samples as positive (Figure 1). In comparison with rSjTPx-1 antigen,
rSmekTPx-1 antigen showed higher sensitivity, specificity PPV, and NPV (89.3% vs. 71.4%,
97.3% vs. 66.7%, 92.6% vs. 66.7% and 90.3% vs. 71.4%, respectively) as shown in Table 1.
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Figure 1. Results of ELISA with 1SmekTPx-1 antigen (rSmekTPx-1 ELISA) (a) and rSjTPx-1 ELISA (b).
The panel of serum samples tested included non-endemic negative serum samples from USA
volunteers (NN), endemic negative serum samples collected from individuals in Phnom Penh (EN)
and serum samples collected from patients in Kratie that were confirmed positive by the Kato-Katz
technique (KK+). The cut-off OD values were calculated from the values of 28 NN as mean + 35D
and were presented by the red dotted lines. Numbers in the figures indicate the number of samples
with OD value higher than the cut-off values (positive samples) /number of samples tested.
Table 1. Statistical analysis of ELISA results with rfSmekTPx-1 and rSjTPx-1.
Antigen Sensitivity (%) Specificity (%) PPV (%) NPV (%) K1
89.3 93.3 92.6 90.3
SmekTPx-1 (95% CI: 71.8-97.3)  (95% CI:77.9-99.2)  (95% CI:76.5-97.7)  (95% CI: 76.1-96.5) 082
. 71.4 66.7 66.7 714
STPx-1 (95% CI: 51.3-86.8)  (95% CI:47.2-82.7)  (95% CI:53.4-77.7)  (95% CI: 56.9-82.6) 038

1 Kappa values were estimated against the Kato-Katz technique.

The rSmekTPx-1 antigen showed cross-reactions with 18 out of 48 samples positive for
O. viverrini infection, while the r§jTPx-1 antigen showed cross-reactions with 22 samples
(Figure 2). Both recombinant antigens did not show cross-reaction with samples positive
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for P. westermani infection (Figure 2). The Kappa value calculated between ELISA with
rSmekTPx-1 antigen and Kato-Katz was 0.82, which was higher than that calculated
between ELISA with r§jTPx-1 antigen and Kato-Katz (0.38) (Table 1). The results confirmed
a good agreement between ELISA with rSmekTPx-1 antigen and Kato-Katz for detecting
the patients with S. mekongi infection. The results suggested that the ELISA may also detect
active infection.
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Figure 2. Cross-reactions observed in rSmekTPx-1 ELISA (a) and rSjTPx-1 ELISA (b) with non-
endemic negative serum samples from USA volunteers (NN), serum samples obtained from patients
infected with Opisthorchis viverrini (OV) and serum samples obtained from patients infected with
Paragonimus westermani (PW). The cut-off OD values were calculated from the values of 28 NN
as mean + 3SD and were presented by the red dotted lines. Numbers in the figures indicate the
number of samples with OD value higher than the cut-off values (positive samples)/number of

samples tested.

4. Discussion

Several recombinant antigens have been evaluated for their diagnostic potential for hu-
man and animal schistosomiasis [20,23,29]. Recombinant antigens of the proteins expressed
on the tegument of S. mansoni, such as rSM200, had been successfully applied for serologi-
cal diagnosis of the schistosomiasis in humans with high sensitivity and specificity [30].
Another recombinant antigen, rRP26, had also been used in ELISA for detecting S. mansoni
infection in humans with low cross-reactivity against other parasitic infections [31]. Sev-
eral recombinant antigens have been evaluated for their potential in detecting acute and
chronic S. japonicum infections [21]. In contrast, very few studies have been reported so
far on serological diagnosis of S. mekongi infection with recombinant antigens [32,33]. An
immunochromatographic test or ICT has been utilized for S. mekongi infection with 78.6%
sensitivity and 97.6% specificity [33]. However, cross-reactivity, especially in the setting of
co-infection with other helminthic parasites, should be addressed by using other diagnostic
tools [34]. The point of care circulating cathodic antigen test (POC-CCA) is one of the
sensitive diagnostic methods for detecting circulating antigens of schistosomes including
S. mekongi that have been evaluated, with higher sensitivity compared to the Kato—Katz
technique [35]. Nonetheless, high risk of false positive results from the CCA shared epi-
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topes with several human components, and cross-reactivity between the POC-CCA and
opisthorchiasis, should be concerns [36,37]. Sangfuang et al. (2016) evaluated the recom-
binant antigen of S. mekongi cathepsin B (rSmekcatB) for detecting the infection in mice.
The rSmekcatB showed 91.7% sensitivity and 100% specificity against the mice infection;
however, the antigen was not evaluated for its potential against S. mekongi infections in
humans [38].

TPxs are members of the peroxidase family, important for antioxidant defense in
schistosome parasites [39]. TPxs protect parasites from oxidative stress caused by a va-
riety of peroxides and alkyl hydroperoxides in cells [40]. Four types of TPxs have been
successfully cloned and characterized in S. japonicum, including SjTPx-1, SjTPx-2, SjTPx-3
and SjPrx-4 [19,41]. Three TPxs, including SmTPx-1, SmTPx-2 and SmTPx-3, have also
been cloned and characterized in S. mansoni [39,42]. Among TPxs of the parasites, TPx-1 of
S. japonicum has been reported to be a potential antigen with high sensitivity and specificity
in ELISA [20,22,24]. TPx-1 is expressed mainly in the tegument of adult and larval worms
of the parasite, and that direct exposure to the host immune system makes the protein
a good antigen for serological diagnosis [43]. In the present study, TPx-1 of S. mekongi
was cloned and the recombinant protein was expressed for evaluation of its diagnostic
potential as an antigen in ELISA. The amino acid sequence of S. mekongi TPx-1 showed
high identity of 93.5% with S. japonicum TPx-1, suggesting a close relation between the two
species according to the previous studies [7,44—46].

The rSmekTPx-1 antigen showed good diagnostic performance in ELISA with high sen-
sitivity, specificity, PPV, NPV and Kappa value against the Kato—Katz technique (Table 1).
Although the ELISA results showed that the rSmekTPx-1 could detect those samples
from individuals with active infections, the recombinant protein should also be tested
in post-treatment samples to confirm its capability to detect only the present infection.
However, rSjTPx-1 has been proven to show negative results in post-treatment samples,
which might be the same for rSmekTPx-1 [23]. To date, there have been a few stud-
ies on ELISA for the diagnosis of S. mekongi infection [47]. The soluble egg antigen of
S. mekongi (SmekSEA) has been used in ELISA for the diagnosis of patients with 100%
sensitivity and specificity [48]. However, SmekSEA showed cross-reactivity against other
parasitic infections including ascariasis, echinostomiasis, opisthorchiasis and hookworm
infection [48,49]. Nickel et al. (2015) reported that soluble adult worm antigen (SWAP)
prepared from S. mansoni showed 94.5% sensitivity in ELISA for diagnosis of S. mekongi
infection in humans [50]. However, the preparation of crude antigens such as SEA and
SWAP is problematic due to observed low yields and poor quality control [51]. In addition,
wide and high cross-reactions against other trematode infections are of concern when they
are used in prevalence surveys [23]. In this study, the rSmekTPx-1 antigen showed no
cross-reaction with serum samples from paragonimiasis patients. However, it showed
38% cross-reactions with serum samples from opisthorchiasis patients (Figure 2). It is
recommended that the amino acid sequence between SmekTPx-1 and O. viverrini TPx-1
should be compared in order to modify rSmekTPx-1 by removing the peptide sequence
with high identity between these parasite species which may trigger the cross-reaction.

5. Conclusions

In the present study, SmekTPx-1, the gene coding for S. mekongi TPx-1, was cloned
and the recombinant protein, rSmekTPx-1, was successfully expressed. The rSmekTPx-1
antigen showed higher sensitivity and specificity as compared to those of the r5jTPx-1
antigen in ELISA with a panel of serum samples. A good agreement between ELISA with
rSmekTPx-1 antigen and Kato-Katz suggested that the ELISA can detect an active infection,
which requires treatment with praziquantel. The results suggested that rtSmekTPx-1 can be
a potential antigen in ELISA for diagnosis of schistosomiasis mekongi in the regions where
the disease is still endemic. Field evaluation should be done to determine the performance
of the rSmekTPx-1 ELISA in areas with low prevalence in the future study.



Diagnostics 2022, 12, 3077 7 0of9

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12123077 /s1.

Author Contributions: Conceptualization, A.W., ] M.M.A. and S.-1.K.; methodology, A.W.; validation,
AW, JMM.A. and S.-i.K,; formal analysis, A W., Y.O., ].Y. and S.-i.K,; resources, M.K.; data curation,
AW, AM.CM. and K.A.L.O.; writing—original draft preparation, A.W.; writing—review and
editing, AW.,, AM.CM.,, K ALO., ]JMM.A. and S.-1.K; visualization, A.W., AM.C.M. and S.-i.K.;
supervision, S.-i.K.; project administration, S.-1.K., JM.M.A. and A.Y,; funding acquisition, S.-i.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Japan Society for the Promotion of Science to SK, 19KK0173.

Institutional Review Board Statement: This study was approved by the Committee for Research
Ethics of Obihiro University of Agriculture and Veterinary Medicine (Approval no. 2020-01-2).

Informed Consent Statement: Archived samples were provided by the Department of Tropical
Medicine and Parasitology, Dokkyo Medical University. Informed consent was obtained from all
subjects who contributed to the archive.

Data Availability Statement: The data relating to this manuscript are available upon request.

Acknowledgments: The authors would like to thank the members of the research unit for advance
preventive medicine, National Research Center for Protozoan Diseases, Obihiro University of Agri-
culture and Veterinary Medicine. We are grateful to Wilawan Pumidonming, Medical Parasitology,
Naresuan University, Thailand, for the O. viverrini positive serum samples, Haruhiko Maruyama,
Miyazaki university Graduate School of Medicine, Japan, for the P. westermani positive serum samples
and Virak Khieu, National Center for Parasitology, Entomology and Malaria Control, Ministry of
Health, Phnom Penh, Cambodia, for the S. mekongi positive serum samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gordon, C.; Kurscheid, J.; Williams, G.; Clements, A.; Li, Y.; Zhou, X.-N.; Utzinger, ].; McManus, D.; Gray, D. Asian Schistosomiasis:
Current Status and Prospects for Control Leading to Elimination. Trop. Med. Infect. Dis. 2019, 4, 40. [CrossRef]

2. Steinmann, P; Keiser, J.; Bos, R.; Tanner, M.; Utzinger, ]. Schistosomiasis and Water Resources Development: Systematic Review,
Meta-Analysis, and Estimates of People at Risk. Lancet Infect. Dis. 2006, 6, 411-425. [CrossRef]

3. Colley, D.G.; Bustinduy, A.L.; Secor, W.E.; King, C.H. Human Schistosomiasis. Lancet 2014, 383, 2253-2264. [CrossRef]

4. McManus, D.P.;; Dunne, D.W.; Sacko, M.; Utzinger, J.; Vennervald, B.J.; Zhou, X.-N. Schistosomiasis. Nat. Rev. Dis. Primers 2018,
4,13. [CrossRef]

5. He, Y.-X,; Salafsky, B.; Ramaswamy, K. Host—Parasite Relationships of Schistosoma japonicum in Mammalian Hosts. Trends Parasitol.
2001, 17, 320-324. [CrossRef]

6. Gordon, C.A.; Acosta, L.P; Gobert, G.N,; Jiz, M.; Olveda, RM.; Ross, A.G.; Gray, D.J.; Williams, G.M.; Harn, D.; Li, Y,; et al. High
Prevalence of Schistosoma japonicum and Fasciola gigantica in Bovines from Northern Samar, the Philippines. PLoS Negl. Trop. Dis.
2015, 9, e0003108. [CrossRef]

7. Houston, S.; Kowalewska-Grochowska, K.; Naik, S.; McKean, J.; Johnson, E.; Warren, K. First Report of Schistosorma mekongi
Infection with Brain Involvement. Clin. Infect. Dis. 2004, 38, el—e6. [CrossRef]

8.  Dupont, V,; Bernard, E.; Soubrane, J.; Halle, B.; Richir, C. Hepatosplenic Form of Bilharziasis Caused by Schistosoma japonicum
Manifested by Severe Hematemesis. Bull. Mem. Soc. Med. Hop. Paris 1957, 73, 933-941.

9.  Schneider, C.R.; Kitikoon, V.; Sornmani, S.; Thirachantra, S. Mekong Schistosomiasis. III: A Parasitological Survey of Domestic
Water Buffalo (Bubalus Bubalis) on Khong Island, Laos. Ann. Trop. Med. Parasitol. 1975, 69, 227-232. [CrossRef]

10. Lin, D.D,; Liu, ].X;; Liu, YYM.; Hu, F; Zhang, Y.Y,; Xu, ] M,; Li, ].Y; Ji, M.].; Bergquist, R.; Wu, G.-L.; et al. Routine Kato—Katz
Technique Underestimates the Prevalence of Schistosoma japonicum: A Case Study in an Endemic Area of the People’s Republic of
China. Parasitol. Int. 2008, 57, 281-286. [CrossRef] [PubMed]

11. Bosch, E; Palmeirim, M.S.; Ali, S.M.; Ame, S.M.; Hattendorf, J.; Keiser, J. Diagnosis of Soil-Transmitted Helminths Using the
Kato-Katz Technique: What Is the Influence of Stirring, Storage Time and Storage Temperature on Stool Sample Egg Counts?
PLoS Negl. Trop. Dis. 2021, 15, €0009032. [CrossRef]

12. Khieu, V,; Sayasone, S.; Muth, S.; Kirinoki, M.; Laymanivong, S.; Ohmae, H.; Huy, R.; Chanthapaseuth, T.; Yajima, A.;
Phetsouvanh, R.; et al. Elimination of Schistosomiasis Mekongi from Endemic Areas in Cambodia and the Lao People’s Demo-
cratic Republic: Current Status and Plans. Trop. Med. Infect. Dis. 2019, 4, 30. [CrossRef]

13. Lier, T,; Simonsen, G.S.; Wang, T.; Lu, D.; Haukland, H.H.; Vennervald, B.J.; Hegstad, J.; Johansen, M.V. Real-Time Polymerase

Chain Reaction for Detection of Low-Intensity Schistosoma japonicum Infections in China. Am. J. Trop. Med. Hyg. 2009, 81, 428-432.
[CrossRef]


https://www.mdpi.com/article/10.3390/diagnostics12123077/s1
https://www.mdpi.com/article/10.3390/diagnostics12123077/s1
http://doi.org/10.3390/tropicalmed4010040
http://doi.org/10.1016/S1473-3099(06)70521-7
http://doi.org/10.1016/S0140-6736(13)61949-2
http://doi.org/10.1038/s41572-018-0013-8
http://doi.org/10.1016/S1471-4922(01)01904-3
http://doi.org/10.1371/journal.pntd.0003108
http://doi.org/10.1086/379826
http://doi.org/10.1080/00034983.1975.11687005
http://doi.org/10.1016/j.parint.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18485807
http://doi.org/10.1371/journal.pntd.0009032
http://doi.org/10.3390/tropicalmed4010030
http://doi.org/10.4269/ajtmh.2009.81.428

Diagnostics 2022, 12, 3077 80f9

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chen, C.; Guo, Q.; Fu, Z; Liu, J.; Lin, J.; Xiao, K.; Sun, P; Cong, X.; Liu, R.; Hong, Y. Reviews and Advances in Diagnostic Research
on Schistosoma japonicum. Acta Trop. 2021, 213, 105743. [CrossRef]

Zhang, Y.Y; Luo, J.P; Liu, YM.; Wang, Q.Z.; Chen, J.H.; Xu, M.X.; Xu, ] M.; Wy, J.; Tu, X.M.; Wu, G.L,; et al. Evaluation of
Kato—Katz Examination Method in Three Areas with Low-Level Endemicity of Schistosomiasis Japonica in China: A Bayesian
Modeling Approach. Acta Trop. 2009, 112, 16-22. [CrossRef]

Zhang, M.; Fu, Z,; Li, C,; Han, Y.; Cao, X.; Han, H.; Liu, Y.; Lu, K;; Hong, Y,; Lin, ]J. Screening Diagnostic Candidates for
Schistosomiasis from Tegument Proteins of Adult Schistosoma japonicum Using an Immunoproteomic Approach. PLoS Negl. Trop.
Dis. 2015, 9, e0003454. [CrossRef]

Moendeg, K.J.; Angeles, ] M.M.; Goto, Y.; Leonardo, L.R.; Kirinoki, M.; Villacorte, E.A.; Rivera, P.T.; Inoue, N.; Chigusa, Y.;
Kawazu, S. Development and Optimization of Cocktail-ELISA for a Unified Surveillance of Zoonotic Schistosomiasis in Multiple
Host Species. Parasitol. Res. 2015, 114, 1225-1228. [CrossRef]

Belizario, V., Jr.; Bungay, A.A.; Su, G.S.; de Veyra, C.; Lacuna, ].D. Assessment of Three Schistosomiasis Endemic Areas Using
Kato-Katz Technique and ELISA Antigen and Antibody Tests. Southeast Asian J. Trop. Med. Public Health 2016, 47, 13.
Dang-Trinh, M.-A.; Angeles, ] M.M.; Moendeg, K.J.; Macalanda, A.M.C.; Nguyen, T.-T.; Higuchi, L.; Nakagun, S.; Kirinoki,
M.; Chigusa, Y.; Goto, Y.; et al. Analyses of the Expression, Immunohistochemical Properties and Serodiagnostic Potential of
Schistosoma japonicum Peroxiredoxin-4. Parasit Vectors 2020, 13, 436. [CrossRef] [PubMed]

Jin, Y;; Lu, K.; Zhou, W.-F; Fu, Z.-Q.; Liu, ].-M,; Shi, Y.-J.; Li, H.; Lin, J.-]. Comparison of Recombinant Proteins from Schistosoma
Japonicum for Schistosomiasis Diagnosis. Clin. Vaccine Immunol. 2010, 17, 476—480. [CrossRef]

Zhou, X.-H.; Wu, J.-Y,; Huang, X.-Q.; Kunnon, S.P.; Zhu, X.-Q.; Chen, X.-G. Identification and Characterization of Schistosoma
japonicum Sjp40, a Potential Antigen Candidate for the Early Diagnosis of Schistosomiasis. Diagn. Microbiol. Infect. Dis. 2010,
67,337-345. [CrossRef] [PubMed]

Angeles, ] M.M.; Goto, Y.; Kirinoki, M.; Asada, M.; Leonardo, L.R; Rivera, P.T,; Villacorte, E.A.; Inoue, N.; Chigusa, Y.; Kawazu, S.
Utilization of ELISA Using Thioredoxin Peroxidase-1 and Tandem Repeat Proteins for Diagnosis of Schistosoma japonicum Infection
among Water Buffaloes. PLoS Negl. Trop. Dis. 2012, 6, €1800. [CrossRef] [PubMed]

Angeles, ].M.; Goto, Y.; Kirinoki, M.; Leonardo, L.; Tongol-Rivera, P; Villacorte, E.; Inoue, N.; Chigusa, Y.; Kawazu, S. Human
Antibody Response to Thioredoxin Peroxidase-1 and Tandem Repeat Proteins as Inmunodiagnostic Antigen Candidates for
Schistosoma japonicum Infection. Am. J. Trop. Med. Hyg. 2011, 85, 674-679. [CrossRef] [PubMed]

Macalanda, A.M.C.; Angeles, . M.M.; Moendeg, K.J.; Dang, A.T.M.; Higuchi, L.; Inoue, N.; Xuan, X,; Kirinoki, M.; Chigusa, Y.;
Leonardo, L.R.; et al. Evaluation of Schistosoma Japonicum Thioredoxin Peroxidase-1 as a Potential Circulating Antigen Target for
the Diagnosis of Asian Schistosomiasis. J. Vet. Med. Sci. 2018, 80, 156-163. [CrossRef] [PubMed]

Angeles, ] M.M.; Goto, Y.; Kirinoki, M.; Villacorte, E.A.; Moendeg, K.J.; Rivera, P.T.; Chigusa, Y.; Kawazu, S. Field Evaluation of
Recombinant Antigen ELISA in Detecting Zoonotic Schistosome Infection Among Water Buffaloes in Endemic Municipalities in
the Philippines. Front. Vet. Sci. 2020, 7, 592783. [CrossRef]

Kirinoki, M.; Hu, M.; Yokoi, H.; Kawai, S.; Terrado, R.; Ilagan, E.; Chigusa, Y.; Sasaki, Y.; Matsuda, H. Comparative Studies
on Susceptibilities of Two Different Japanese Isolates of Oncomelania Nosophora to Three Strains of Schistosoma japonicum
Originating from Japan, China, and the Philippines. Parasitology 2005, 130, 531-537. [CrossRef] [PubMed]

Shimada, M.; Kato-Hayashi, N.; Chigusa, Y.; Nakamura, S.; Ohmae, H.; Sinuon, M.; Socheat, D.; Kitikoon, V.; Matsuda, H. High
Susceptibility of Neotricula aperta Gamma-Strain from Krakor and Sdau in Cambodia to Schistosoma mekongi from Khong Island in
Laos. Parasitol. Int. 2007, 56, 157-160. [CrossRef]

Viera, AJ.; Garrett, ] M. Understanding Interobserver Agreement: The Kappa Statistic. Fam. Med. 2005, 37, 360-363.

Lv, C; Hong, Y;; Fu, Z,; Lu, K,; Cao, X.; Wang, T.; Zhu, C.; Li, H.; Xu, R,; Jia, B.; et al. Evaluation of Recombinant Multi-Epitope
Proteins for Diagnosis of Goat Schistosomiasis by Enzyme-Linked Immunosorbent Assay. Parasit. Vectors 2016, 9, 135. [CrossRef]
Grenfell, REQ.; Martins, W.; Enk, M.; Almeida, A.; Siqueira, L.; Silva-Moraes, V.; Oliveira, E.; de Figueiredo Carneiro, N.F;
Coelho, PM.Z. Schistosoma mansoni in a Low-Prevalence Area in Brazil: The Importance of Additional Methods for the Diagnosis
of Hard-to-Detect Individual Carriers by Low-Cost Immunological Assays. Mem. Inst. Oswaldo Cruz 2013, 108, 328-334. [CrossRef]
Makarova, E.; Goes, T.S.; Leite, M.E; Goes, A.M. Detection of IgG Binding to Schistosoma Mansoni Recombinant Protein RP26 Is
a Sensitive and Specific Method for Acute Schistosomiasis Diagnosis. Parasitol. Int. 2005, 54, 69-74. [CrossRef]

Rahman, M.O.; Sassa, M.; Parvin, N.; Islam, M.R.; Yajima, A.; Ota, E. Diagnostic Test Accuracy for Detecting Schistosoma japonicum
and S. mekongi in Humans: A Systematic Review and Meta-Analysis. PLoS Negl. Trop. Dis. 2021, 15, e0009244. [CrossRef]
Rodpai, R.; Sadaow, L.; Sanpool, O.; Boonroumkaew, P.; Thanchomnang, T.; Laymanivong, S.; Janwan, P.; Limpanont, Y.;
Chusongsang, P.; Ohmae, H.; et al. Development and Accuracy Evaluation of Lateral Flow Immunoassay for Rapid Diagnosis of
Schistosomiasis Mekongi in Humans. Vector Borne Zoonotic Dis. 2022, 22, 48-54. [CrossRef]

Hoermann, J.; Kuenzli, E.; Schaefer, C.; Paris, D.H.; Biihler, S.; Odermatt, P.; Sayasone, S.; Neumayrt, A.; Nickel, B. Performance of
a Rapid Immuno-Chromatographic Test (Schistosoma ICT IgG-IgM) for Detecting Schistosoma-Specific Antibodies in Sera of
Endemic and Non-Endemic Populations. PLoS Negl. Trop. Dis. 2022, 16, €0010463. [CrossRef]

Vonghachack, Y.; Sayasone, S.; Khieu, V.; Bergquist, R.; van Dam, G.J.; Hoekstra, P.T.; Corstjens, P.L.A.M.; Nickel, B.; Marti, H.;
Utzinger, J.; et al. Comparison of Novel and Standard Diagnostic Tools for the Detection of Schistosoma Mekongi Infection in Lao
People’s Democratic Republic and Cambodia. Infect. Dis. Poverty 2017, 6, 127. [CrossRef]


http://doi.org/10.1016/j.actatropica.2020.105743
http://doi.org/10.1016/j.actatropica.2009.05.020
http://doi.org/10.1371/journal.pntd.0003454
http://doi.org/10.1007/s00436-015-4312-7
http://doi.org/10.1186/s13071-020-04313-w
http://www.ncbi.nlm.nih.gov/pubmed/32867818
http://doi.org/10.1128/CVI.00418-09
http://doi.org/10.1016/j.diagmicrobio.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20638601
http://doi.org/10.1371/journal.pntd.0001800
http://www.ncbi.nlm.nih.gov/pubmed/22953018
http://doi.org/10.4269/ajtmh.2011.11-0245
http://www.ncbi.nlm.nih.gov/pubmed/21976571
http://doi.org/10.1292/jvms.17-0579
http://www.ncbi.nlm.nih.gov/pubmed/29187698
http://doi.org/10.3389/fvets.2020.592783
http://doi.org/10.1017/S0031182004006924
http://www.ncbi.nlm.nih.gov/pubmed/15991496
http://doi.org/10.1016/j.parint.2007.01.006
http://doi.org/10.1186/s13071-016-1418-4
http://doi.org/10.1590/S0074-02762013000300011
http://doi.org/10.1016/j.parint.2004.12.001
http://doi.org/10.1371/journal.pntd.0009244
http://doi.org/10.1089/vbz.2021.0053
http://doi.org/10.1371/journal.pntd.0010463
http://doi.org/10.1186/s40249-017-0335-x

Diagnostics 2022, 12, 3077 90f9

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Homsana, A.; Odermatt, P.; Southisavath, P.; Yajima, A.; Sayasone, S. Cross-Reaction of POC-CCA Urine Test for Detection of
Schistosoma Mekongi in Lao PDR: A Cross-Sectional Study. Infect. Dis. Poverty 2020, 9, 114. [CrossRef]

Polman, K.; Diakhate, M.M.; Engels, D.; Nahimana, S.; Van Dam, G.]J.; Falcao Ferreira, S.T.; Deelder, A.M.; Gryseels, B. Specificity
of Circulating Antigen Detection for Schistosomiasis Mansoni in Senegal and Burundi. Trop. Med. Int. Health 2000, 5, 534-537.
[CrossRef]

Sangfuang, M.; Chusongsang, Y.; Limpanont, Y.; Vanichviriyakit, R.; Chotwiwatthanakun, C.; Sobhon, P; Preyavichyapugdee, N.
Schistosoma Mekongi Cathepsin B and Its Use in the Development of an Immunodiagnosis. Acta Trop. 2016, 155, 11-19. [CrossRef]
Kwatia, M.A.; Botkin, D.J.; Williams, D.L. Molecular and Enzymatic Characterization of Schistosoma mansoni Thioredoxin
Peroxidase. J. Parasitol. 2000, 86, 908-915. [CrossRef]

Hong, Y,; Han, Y.; Fu, Z,; Han, H.; Qiu, C.; Zhang, M.; Yang, ]J.; Shi, Y.; Li, X.; Lin, J. Characterization and Expression of the
Schistosoma Japonicum Thioredoxin Peroxidase-2 Gene. J. Parasitol. 2013, 99, 68-76. [CrossRef]

Kumagai, T.; Osada, Y.; Kanazawa, T. 2-Cys Peroxiredoxins from Schistosoma japonicum: The Expression Profile and Localization
in the Life Cycle. Mol. Biochem. Parasitol. 2006, 149, 135-143. [CrossRef]

Sayed, A.A.; Cook, S.K.; Williams, D.L. Redox Balance Mechanisms in Schistosoma mansoni Rely on Peroxiredoxins and Albumin
and Implicate Peroxiredoxins as Novel Drug Targets. J. Biol. Chem. 2006, 281, 17001-17010. [CrossRef]

Fonseca, C.T.; Braz Figueiredo Carvalho, G.; Carvalho Alves, C.; de Melo, T.T. Schistosoma Tegument Proteins in Vaccine and
Diagnosis Development: An Update. ]. Parasitol. Res. 2012, 2012, 1-8. [CrossRef]

Hofstetter, M.; Nash, T.E.; Cheever, A.W.; dos Santos, J.G.; Ottesen, E.A. Infection with Schistosoma Mekongi in Southeast Asian
Refugees. |. Infect. Dis. 1981, 144, 420-426. [CrossRef]

Upatham, E.S.; Merenlender, A.M.; Viyanant, V.; Woodruff, D.S. Genetic Variation and Differentiation of Three Schistosoma Species
from the Philippines, Laos, and Peninsular Malaysia. Am. . Trop. Med. Hyg. 1987, 36, 345-354. [CrossRef]

Hirose, Y.; Matsumoto, J.; Kirinoki, M.; Shimada, M.; Chigusa, Y.; Nakamura, S.; Sinuon, M.; Socheat, D.; Kitikoon, V.; Matsuda, H.
Schistosoma mekongi and Schistosoma japonicum: Differences in the Distribution of Eggs in the Viscera of Mice. Parasitol. Int. 2007,
56, 239-241. [CrossRef]

Hinz, R.; Schwarz, N.G.; Hahn, A.; Frickmann, H. Serological Approaches for the Diagnosis of Schistosomiasis—A Review. Mol.
Cell. Probes 2017, 31, 2-21. [CrossRef]

Kirinoki, M.; Chigusa, Y.; Ohmae, H.; Sinuon, M.; Socheat, D.; Matsumoto, J.; Kitikoon, V.; Matsuda, H. Efficacy of Sodium
Metaperiodate (SMP)-ELISA for the Serodiagnosis of Schistosomiasis Mekongi. Southeast Asian J. Trop. Med. Public Health 2011,
42,25-33.

Zhu, Y.C,; Socheat, D.; Bounlu, K,; Liang, Y.S.; Sinuon, M.; Insisiengmay, S.; He, W.; Xu, M.; Shi, W.Z.; Bergquist, R. Application of
Dipstick Dye Immunoassay (DDIA) Kit for the Diagnosis of Schistosomiasis Mekongi. Acta Trop. 2005, 96, 137-141. [CrossRef]
Nickel, B.; Sayasone, S.; Vonghachack, Y.; Odermatt, P.; Marti, H. Schistosoma mansoni antigen detects Schistosoma mekongi infection.
Acta Trop. 2015, 141, 310-314. [CrossRef]

Tanaka, M.; Kildemoes, A.O.; Chadeka, E.A.; Cheruiyot, B.N.; Sassa, M.; Moriyasu, T.; Nakamura, R.; Kikuchi, M.; Fujii, Y.;
de Dood, C.J.; et al. Potential of Antibody Test Using Schistosoma mansoni Recombinant Serpin and qRP26 to Detect Light-Intensity
Infections in Endemic Areas. Parasitol. Int. 2021, 83, 102346. [CrossRef] [PubMed]


http://doi.org/10.1186/s40249-020-00733-z
http://doi.org/10.1046/j.1365-3156.2000.00600.x
http://doi.org/10.1016/j.actatropica.2015.11.017
http://doi.org/10.1645/0022-3395(2000)086[0908:MAECOS]2.0.CO;2
http://doi.org/10.1645/GE-3096.1
http://doi.org/10.1016/j.molbiopara.2006.05.004
http://doi.org/10.1074/jbc.M512601200
http://doi.org/10.1155/2012/541268
http://doi.org/10.1093/infdis/144.5.420
http://doi.org/10.4269/ajtmh.1987.36.345
http://doi.org/10.1016/j.parint.2007.03.004
http://doi.org/10.1016/j.mcp.2016.12.003
http://doi.org/10.1016/j.actatropica.2005.07.008
http://doi.org/10.1016/j.actatropica.2014.08.001
http://doi.org/10.1016/j.parint.2021.102346
http://www.ncbi.nlm.nih.gov/pubmed/33857597

	Introduction 
	Materials and Methods 
	Human Serum Samples 
	TPx-1 Sequence 
	Recombinant Protein Preparation 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Statistical Analysis 

	Results 
	Cloning and Sequencing of SmekTPx-1 
	Expression and Purification of Recombinant Antigens 
	ELISA 

	Discussion 
	Conclusions 
	References

