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Schistosoma species are the causative agent of schistosomiasis and shows worldwide distribution. There is a great need to develop a sensitive diagnostic approach for controlling the disease. Previously, we identified large numbers of Extracellular Vesicle (EV) proteins from Schistosoma japonicum (S. japonicum), but rarely these proteins have been evaluated for their diagnostic potential. In the present study, we performed bioinformatic analyses of S. japonicum identified EV-associated proteins from the previous study and then identified Schistosoma-specific proteins with potentially secreted capability. Among them, we selected SJCHGC02838 protein, SJCHGC05593 protein, SJCHGC05668 protein and a hypothetical protein (SJHYP) to evaluate their diagnostic potential for detecting S. japonicum infection. First, we determined the expression of these four proteins at the transcript levels using qRT-PCR and revealed that all these genes showed higher expression in adult stage. Then, we cloned the full-length cDNA for each protein into a prokaryotic expression vector and successfully generated the recombinant proteins. Upon the purification of recombinant proteins, we developed an indirect ELISA method to evaluate the diagnostic potential of these purified recombinant proteins. The results showed high sensitivity for detecting Schistosoma infection. Additionally, these proteins also displayed a good potential for detecting Schistosoma infection, especially SJCHGC05668 protein at an early stage. The diagnostic potentials of these recombinant proteins were further evaluated by Western blot and comparatively analyzed by our previously developed cfDNA methods.
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Introduction

Schistosomiasis is a neglected tropical disease caused by Schistosoma species, particularly S. japonicum, S. mansoni and S. haematobium (Colley et al., 2014) and about 251.4 million people require preventive treatment for schistosomiasis (Kokaliaris et al., 2022). S. japonicum is mainly prevalent in China, Philippines, and Indonesia (Chitsulo et al., 2000). Lacking a sensitive diagnostic tool is the main obstacle to eliminate this disease.

The traditional diagnostic method is to check the eggs in the stool or urine samples by microscopy. The method is time-consuming and lacks sensitivity, particularly for low-intensity infection (Rabello et al., 2002). Recent studies have focused on immunodiagnosis of schistosomiasis since it is more sensitive and less time-consuming than the traditional method. Although several diagnostic antigens such as soluble egg antigen (SEA), soluble worm antigens (SWA) and excretory and secretory (ES) products were shown to have good potential for diagnosing schistosomiasis, cross-reactions with antibodies from other parasite infections were observed to some extent (Zhou et al., 2008; Ludolf et al., 2014; Sotillo et al., 2016). Hence, researchers have focused on pure Schistosoma-specific proteins for serological diagnosis. To date, several diagnostic biomarkers have been identified and characterized. For example, the members of the saposin-like proteins (SjSALP) family were highlighted for schistosomiasis diagnosis. S. mansoni-SLP-1 (a member of SmSALP family) was shown to be specifically recognized by serum samples from S. mansoni-infected mice and patients (Don et al., 2008). Furthermore, SjSP-13, another member of SjSALP, was also evaluated as a diagnostic antigen and a 6-fold increase in sensitivity has been achieved (Xu et al., 2014). In addition, SjSALP4 and SjSALP5, from SjSALP family, could also be recognized by serum samples from both S. japonicum-infected laboratory animals and patients, with a higher sensitivity of 98% and 96%, respectively, and 100% specificity (Liu et al., 2016). In addition to members of SALP family, S. japonicum proteins such as cathepsin B (Macalanda et al., 2019), thioredoxin peroxidase-1 (Angeles et al., 2011, Angeles et al., 2012; Macalanda et al., 2018) and multidrug resistance-associated protein 1 (Feng et al., 2017) have shown good diagnostic capability for detecting S. japonicum infection.

S. japonicum extracellular vesicles (SjEVs) have been found to play important roles in parasite-host interactions. It was shown that SjEVs could be implicated in the pathogenesis of schistosomiasis via transferring their cargo miRNA to hosts (Zhu et al., 2016) and it can mediate M1-type immune-activity of macrophage (Wang et al., 2015). More recently, SjEVs were shown to be uptake by macrophages and peripheral blood immune cells and their miRNA cargo can be transferred to recipient cells, resulting in increased macrophage proliferation and TNF-α production (Liu et al., 2019). In addition to functional miRNA, numerous proteins were identified from the secreted EVs (Zhu et al., 2016), suggesting that these proteins may be easily recognized by host immune system, which could serve as effective biomarkers for diagnosing parasite infection. A recent report found that CD63 identified from SjEVs exhibited diagnostic potential (Wang et al., 2018) and another study predicted the epitope of several SjEV proteins and found two of the antigens having diagnostic potential (Chen et al., 2020). Further combining these two EV protein epitopes demonstrated that SjEV proteins could serve as potential diagnostic markers (Chen et al., 2020).

In the present study, we performed bioinformatic analyses based on our previously identified EV associated proteins from S. japonicum adults and then evaluated the diagnostical potential of Schistosoma-specific proteins with potentially secreted capability. The results indicated that these selected proteins displayed high sensitivity for detecting Schistosoma infection, particularly SJCHGC05668 protein at an early stage. Their diagnostic potentials of these recombinant proteins were further confirmed by Western blot and ELISA and were also comparatively analyzed by our previously developed cfDNA methods.





Materials and methods




Ethics approval for animal experiments and collection of parasite materials

All animal experiments were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People’s Republic of China. All efforts were made to minimize suffering. All animal procedures were approved by the Animal Management Committee and Technology Commission of Shanghai municipal government for Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, China (Permit number: SYXK 2016–0010). The life cycle of S. japonicum (Jiangxi isolate) was maintained in Kunming mice (Shanghai JieSiJie Laboratory Animal Co., Ltd, Shanghai, China) and Oncomelania hupensis was obtained from Center of National Institute of Parasitic Disease, Chinese Center for Disease Control and Prevention, Shanghai, China. Mice were infected with approximately 200 cercariae, respectively via the skin of the abdomen. Before infection and at 5-, 10-, 22- and 28-days post-infection (dpi), blood was collected from the mice by retro-orbital bleeding. After collection, the whole blood was allowed to clot at room temperature for 30 min, centrifuged at 3000 ×g for 10 min at 4°C. The resulting sera were collected and stored at -80°C until use. In addition, human serum samples infected with S. japonicum were provided by Institute of Biology, University of the Philippines Diliman. Worms were collected from infected mice by perfusion at 7, 14, 21 and 28 dpi. Eggs were isolated from the livers of infected animals as described elsewhere (Lewis et al., 1986). All collected parasites were stored in liquid nitrogen until further use.





Analysis and selection of the four S. japonicum extracellular vesicle proteins

Based on our previous study, Zhu et al. (2016) identified 403 proteins in S. japonicum EVs by LC-MS/MS, and there were 116 proteins identified from a total of 9 gel blocks. SJCHGC Hypothetical protein (UniProtKB/SwissProt ID: C1L4B9), SJCHGC02838 protein (UniProtKB/SwissProt ID: Q5DGI7), SJCHGC05593 protein (UniProtKB/SwissProt ID: Q5BW52), and SJCHGC05668 protein (UniProtKB/SwissProt ID: Q5DD37) were selected because they all possess signal peptide and are predicted to be SjEVs structure-associated and secreted proteins (Zhu et al., 2016), one of which previously showed diagnostic potential (Wang et al., 2018).





Expression profiles of four S. japonicum EV proteins at transcript levels

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to analyze the expression profiles of these four S. japonicum genes in eggs, cercariae, and parasites collected at 7, 14, 21 and 28 dpi. Total RNA was isolated from eggs and parasites from different developmental stages using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). The isolated RNA was quantified using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA) and stored at -80°C until further use. To determine the transcriptional levels of these genes at different developmental stages of S. japonicum, 500 ng RNA from each stage was reverse transcribed to cDNAs using a PrimeScript RT reagent Kit (TaKaRa, China). The level of mRNA of these genes under different conditions were analyzed by qRT-PCR using specific primers as follows: the forward primer for SJHYP 5’: GTTAGTCTTTATGTTGGTTGTCCTT and the reverse primer for SJHYP 3’: CAATTCTACTTGATTACTTCTCGATT, the forward primer for SJCHGC05668 protein 5’: AAAAGTAAATCAGAAAGTGTGTATTG and the reverse primer for SJCHGC05668 protein 3’: AGTTCAAACAGGAATAACAACTGA, the forward primer for SJCHGC05593 protein 5’: CGATTAAATCTTTCGCAGACC and the reverse primer for SJCHGC05593 protein 3’: ATCTTCAAAGGGTATTGGATGT, the forward primer for SJCHGC02838 protein 5’: AGTGAGATCATCAGGATGGTTAG and the reverse primer for SJCHGC02838 protein 3’: AGAGGAGCCTGTCACAGATA. S. japonicum nicotinamide adenine dinucleotide dehydrogenase (NADH) gene was used as an internal control using the forward primer: CGAGGACCTAACAGCAGAGG and the reverse primer: TCCGAACGAACTTTGAATCC (Liu et al., 2012). qRT-PCR was performed using SYBR Premix Ex Taq (TaKaRa) using the following cycling conditions: 95°C for 30 s, followed by 40 cycles of amplification (95°C for 5 s, 60°C for 30 s, 72°C for 20 s). Relative mRNA expression was calculated using the 2−ΔCt method (Livak and Schmittgen, 2001).





Cloning, expression and purification of recombinant proteins

The extracted total RNA of S. japonicum adult worms was reverse transcribed to cDNA as described above. The full-length of SJHYP, SJCHGC02838, SJCHGC05593 and SJCHGC05668 were amplified by PCR from the reverse transcribed cDNA using the forward primer for SJHYP-5’: GACAGCCCAGATCTGGGTACCATGAAACTTGTGTTAGTCTTTATG and the reverse primer for SJHYP-3’: GGTGCTCGAGTGCGGCCGCAAGCTTTCATTCCTCACGAGTAGAC, the forward primer for SJCHGC02838–5’: GACAGCCCAGATCTGGGTACCATGTGGTCAATATTCATCTTG and the reverse primer for SJCHGC02838–3’: GGTGCTCGAGTGCGGCCGCAAGCTTTCACTCGATCGATTTTCTC, the forward primer for SJCHGC05593–5’: GACAGCCCAGATCTGGGTACCATGGGGGGCTTGTTTTCAG and the reverse primer for SJCHGC05593–3’: GGTGCTCGAGTGCGGCCGCAAGCTTTTATAATATCTTGAAGTGCAGATTTATTTTTTCAATTTTC, the forward primer for SJCHGC05668–5’: GACAGCCCAGATCTGGGTACCATGAACAGTGGTTTTAAATTC and the reverse primer for SJCHGC05668–3’: GGTGCTCGAGTGCGGCCGCAAGCTTTTATAGAATGTATCCACTGATTG. The amplification reaction contained 12.5 μL 2×Hieff®PCR Master Mix (With Dye) (Yeason, Shanghai, China), 2 μL cDNA, 0.4 μM primers, and ddH2O up to 25 μL. The PCR conditions were, 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 59°C for 30 s, 72°C for 90 s and a final extension step of 72°C for 10 min. Then purified amplicons were cloned into plasmid pET32a (+) using double-restriction digestion of KpnI and HindIII. The recombinant plasmids were transformed into Escherichia coli DH5α (Novagen, Germany) and further confirmed by double restriction digestion and sequencing (Shanghai Jieyi Biotechnology Co., Ltd, Shanghai, China).

The recombinant plasmids with correct insertion were transformed into E. coli BL21(DE3) (Novagen) competent cells for the expression of these four recombinant proteins. The fusion proteins with His-tags were induced by adding 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) at 37°C and 220 rpm. After 8 h, bacterial cells were collected and broken by sonication for 30 min on ice at 10 s intervals (Sonics & Materials Inc., Newtown, CT, USA). The enriched recombinant proteins were purified using the Ni-NTA Agarose (TYHF Biological Science and Technology Co., Ltd, Wuhan, China) according to the manufacturer’s instructions. To check the purification outcome, the recombinant proteins were separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and stained in Coomassie Brilliant Blue G-250. The photos were taken by iBright image system (ThermoFisher Scientific, USA). The concentrations were determined by a BCA protein assay kit (Beyotime, Shanghai, China) and purified proteins were aliquot and stored at -80°C until further use.





Western blot

The purified recombinant proteins were separated using 12% SDS-PAGE under reducing conditions, transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA), and blocked in phosphate-buffered saline (PBS, pH 7.4) containing 0.1% Tween-20 (PBST, Sigma-Aldrich, St. Louis, MO, USA) and 5% non-fat dry milk for 2 h at room temperature. The membranes were incubated overnight at 4°C with S. japonicum-infected mice sera (1:200 dilution) collected at 7, 14, 21 and 28 dpi separately and washed 3 times for 10 min each with PBST. The membranes were further incubated with the secondary goat anti-mouse immunoglobulin (Ig) G antibody conjugated with horseradish peroxidase (1:5000 dilution; BWBIO, Beijing, China) at room temperature for 1 h. After three washes with PBST, the membrane was developed using the Immobilon Western kit (Millipore, Billerica, MA, USA). The immunoreactive bands were detected by iBright image system (ThermoFisher Scientific).





Enzyme-linked immunosorbent assay conditions of four recombinant proteins recognized by mice sera

Several pre-experiments were conducted to determine the coating concentration of recombinant proteins (2 μg/mL), the dilution of mice serum (1:200), the optimal dilution of the secondary antibody (1: 5000), the optimal reaction time (15 min) of substrate solution. The 96-well ELISA plates (BBI, Sangon Biotech, Shanghai, China) coated with 100 µL/well of each protein diluted in carbonate buffer (disodium carbonate [Na2CO3]: 1.59 g/L and sodium bicarbonate [NaHCO3]: 2.93 g/L) were incubated overnight at 4°C. Non-specific binding was blocked using 200 µL/well PBS (pH 7.4) containing 0.1% Tween-20 (Sigma-Aldrich) and 5% non-fat dry milk for 1 h at 37°C. Then, the plates were washed 5 times for 2 min each with PBST, and incubated with 100 µL/well serum diluted with PBST for 1 h at 37°C. After five washes with PBST, 100 µL/well horseradish peroxidase-conjugated goat anti-mouse (to detect mice sera) or rabbit anti-human (to detect human sera) IgG (Beijing CoWin Biotech Co., Ltd. Beijing, China) diluted with PBST was added and incubated at 37°C for 1 h. The plates were washed five times with PBST, 100 µL/well 3,3′,5,5′-tetramethyl benzidine dihydrochloride (TMB) single-component substrate solution (Solarbio, Beijing, China) was added, and the reaction was stopped 15 min later using 50 µL/well ELISA Stop Solution (Solarbio). The absorbance was determined using a microplate reader (BioTek, USA) at 450 nm and each ELISA included a negative serum control.

ELISA was used to identify the levels of the four purified recombinant proteins separately recognized by serum of mice (n=5) infected with S. japonicum 200 cercariae collected at 5, 10, 22 and 28 dpi respectively, each ELISA included a negative serum control. Besides, based on the levels of four recombinant proteins and their mixtures recognized by the serum of mice (n=16) at 28 dpi, the diagnostic potentials of rSJHYP, rSJCHGC02838, rSJCHGC05593, rSJCHGC05668 separately and their equal mixture were preliminarily evaluated and compared. In addition, we also determined the diagnostic potential of these four proteins for mice infected with 10 and 20 cercariae at 3 and 5 dpi. The different number of S. japonicum cercariae for mice infection (10, 20, 200 cercariae) was also evaluated (n=3).





ELISA conditions of SJCHGC05668 recombinant proteins recognized by human sera

ELISA conditions were optimized for different coating concentrations (2, 4, 6 μg/mL), serum dilutions (1:100, 1:200, 1:400 and 1:800), secondary antibody dilutions (1: 2500, 1: 5000, 1: 10000, 1: 20000), and the reaction time of substrate solution (5, 10, 15, 20 min). The rSJCHGC05668-indirect ELISA results of 38 human serum samples were compared with PCR results using cfDNA extracted from human sera as templates. The positive and negative sera were ratio diluted (1:100, 1:200, 1:400, 1:800,1:1600, 1:3200, 1:6400 and 1:12800) respectively to test the sensitivity of the human sera for this method. Five human serum samples were selected randomly to detect and evaluate the repeatability of intra and inter batch test results.





Circulating cell-free DNA isolation

cfDNA was isolated from human serum samples using QIAamp Circulating Nucleic Acid kit following the manufacturer’s instructions. The isolated DNA was eluted using 25–50 µL of RNase-free water and measured the concentration and purity of eluted DNA were in a Nanodrop2000 spectrophotometer (Thermo Fisher Scientific).





Statistical analysis

The data are represented as mean ± standard error (S.E.) derived from triplicate experiments. The significant differences between two groups were compared using the Student’s T-test considering P ≤ 0.05 is statically significant. The diagnostic potentials of the recombinant proteins were preliminarily evaluated by Receiver Operating Characteristic (ROC) analysis. We used GraphPad Prism 8.0 software to perform statistical analyses and plot the graphs and curves.






Results




Expression profiles of four S. japonicum EV proteins at transcript levels

Based on our previous study (Zhu et al., 2016), we performed bioinformatics analysis and identified 41 proteins with secreted signal peptides out of 403 S. japonicum EVs proteins that could be recognized by the S. japonicum infected sera. Further BLASTP analysis revealed that out of 41 proteins segregated into 7 repeated proteins, 6 proteins were homologous to the host, 16 proteins were homologous to other helminths and 12 were schistosome-specific (Figure 1). Out of these proteins 16 were homologous to other helminths and 12 were schistosome specific proteins, we selected the proteins namely SJHYP, SJCHGC02838 and SJCHGC05593; and SJCHGC05668 protein, respectively because these proteins were showing highest similarity to S. mansoni. Expression profiles of the transcript level of these four genes in eggs, cercariae and parasites collected at 7, 14, 21 and 28 dpi were determined by qRT-PCR analysis. The results indicated that these four genes were expressed in all of the developmental stages investigated; showed higher expression in worms collected at 14, 21 and 28 dpi than in worms collected at 7 dpi and were expressed at relatively low levels in cercariae and eggs (Figures 2A-D). Results suggest that these four S. japonicum EV proteins are probably important in the regulation of adult development.




Figure 1 | Flow-chart for analyzing and selecting the four S. japonicum extracellular vesicle proteins.






Figure 2 | Expression profiles of four S. japonicum EV genes at different developmental stages of S. japonicum. Quantitative real-time PCR (qRT-PCR) was used to analyze the relative mRNA expression levels of these genes including SJHYP (A), SJCHGC02838 (B), SJCHGC05593 (C) and SJCHGC05668 (D) in eggs, cercariae, and parasites collected at 7, 14, 21 and 28 dpi. Relative mRNA expression levels were calculated using the 2−ΔCt method. Representative results are shown as means and standard errors derived from triplicate experiments.







Cloning, expression and purification of SJHYP, SJCHGC02838, SJCHGC05593, SJCHGC05668 recombinant proteins

Complete sequences of Opening Reading Frames for SJHYP (261 bp), SJCHGC02838 (1524 bp), SJCHGC05593 (720 bp) and SJCHGC05668 (579 bp) were amplified by PCR using the cDNA reversely transcribed from the total RNA isolated from S. japonicum adult worms as templates and then cloned into plasmid pET-32a(+), respectively (Figure 3A). These four recombinant proteins were expressed in E. coli BL21(DE3) and purified using Ni-NTA agarose. SDS-PAGE analysis showed all four His-tagged recombinant proteins were purified and their rough molecular weight with 26 kDa (rSJHYP), 75 kDa (rSJCHGC02838), 44 kDa (rSJCHGC05593) and 37 kDa (rSJCHGC05668) corresponded to their expected sizes (Figures 3B, C).




Figure 3 | Cloning, expression, purification and immunological analyses of the SJHYP, rSJCHGC02838, SJCHGC05593 and SJCHGC05668 recombinant proteins recognized by sera from mice infected with S. japonicum cercariae. (A) Identification of four recombinant plasmids by double restriction digestion. M, marker; 1, 2, 3, 4 and 5 represents pET32a(+), pET32a(+)-SJHYP, pET32a(+)-SJCHGC02838, pET32a(+)-SJCHGC05593, and pET32a(+)-SJCHGC05668 recombinant plasmids, respectively; 6, 7, 8, 9 and 10 represents pET32a(+), pET32a(+)-SJHYP, pET32a(+)-SJCHGC02838, pET32a(+)-SJCHGC05593, pET32a(+)-SJCHGC05668 recombinant plasmids after restriction digestion, respectively. (B) Expression and purification of SJHYP recombinant protein. M, marker; 1, SJHYP recombinant protein induced by IPTG; 2, purified SJHYP recombinant protein. (C) Expression and purification of SJCHGC02838, SJCHGC05593 and SJCHGC05668 recombinant proteins. M, marker; 1, 2 and 3 represent SJCHGC02838, SJCHGC05593, SJCHGC05668 recombinant proteins induced by IPTG, respectively; 4, 5 and 6 represent purified rSJCHGC02838, rSJCHGC05593 and rSJCHGC05668 recombinant proteins, respectively. Western blot analysis of SJHYP (D), rSJCHGC02838 (E), rSJCHGC05593 (F) and rSJCHGC05668 (G) recognized by sera from mice infected with S. japonicum at different times of post-infection. Analysis of SJHYP (H), rSJCHGC02838 (I), rSJCHGC05593 (J) and rSJCHGC05668 (K) recombinant proteins recognized by sera from mice (n=5) infected with approximately 200 S. japonicum cercariae at different times of post-infection by Enzyme-linked immunosorbent assay (ELISA). Serum samples were collected from mice at 5, 10, 22 and 28 dpi. Analysis of SJHYP (L), rSJCHGC02838 (M), rSJCHGC05593 (N) and rSJCHGC05668 (O) recombinant proteins recognized by sera from mice (n=3) infected with approximately 20 S. japonicum cercariae at 3 by ELISA. Analysis of SJHYP (P), rSJCHGC02838 (Q), rSJCHGC05593 (R) and rSJCHGC05668 (S) recombinantproteins recognized by sera from mice (n=3) infected with approximately 10, 20 and 200 S. japonicum cercariae at 5 dpi by ELISA. Data are represented as means± S.E. and the significant differences between two groups were compared using Student’s T-test considering *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001 (Student’s t-test).







Immunological analysis of four recombinant proteins using sera collected from S. japonicum-infected mice

To evaluate immune responses against four S. japonicum EV proteins in final hosts, we used Western blot to test the immunological recognition of these recombinant proteins at different time points of post-infection. Serum samples were collected from mice before infection and at 7, 14, 21 and 28 dpi. The results showed that all the four recombinant proteins could be specifically recognized by the serum samples of S. japonicum-infected mice (Figures 3D-G). Specifically, rSJHYP could be recognized by serum samples collected at 7–21 dpi and stronger recognition was observed with serum samples at 28 dpi (Figure 3D); rSJCHGC02838 could be specifically recognized at 14, 21 and-28 dpi (Figure 3E); SJCHGC05593 could be weakly recognized by the serum samples collected at 7 dpi and the recognition is stronger with serum samples collected at 14, 21 and 28 dpi (Figure 3F); rSJCHGC05668 could be recognized by serum samples collected at 7, 14, 21 and 28 dpi (Figure 3G). Furthermore, ELISA was used to identify the levels of the four purified recombinant proteins separately recognized by serum of mice infected with S. japonicum cercariae collected at 5, 10, 22, and 28 dpi respectively (Figures 3H-K). P/N value greater than or equal to 2.1 is considered positive. Compared with the results of Western blot, it exhibited similar trends, all four recombinant proteins could be diagnosed as positive at 28 dpi and rSJCHGC05668 could be diagnosed as positive as early as 5 dpi. These results suggested that all four S. japonicum EV proteins can serve as potential diagnostic antigens but the diagnostic potentials varied. To further evaluate the potential of four SjEV proteins as effective biomarkers for early diagnosis, we defined mice infected with approximately 10 and 20 cercariae as having a known level of infection. ELISA was used to identify the levels of the four purified recombinant proteins separately recognized by serum collected at 3 and 5 dpi respectively (Figures 3L-S). It was shown that only rSJCHGC05668 could be diagnosed as positive at 5 dpi, even at low levels of infection.

Therefore, we used ELISA to further identify the levels of four recombinant proteins and their mixtures recognized by the serum of mice at 28 dpi which was positive and before infection which was negative (Figures 4A-E). The diagnostic potentials of the rSJHYP, rSJCHGC02838, SJCHGC05593, rSJCHGC05668 and the equal mixture of four recombinant proteins were preliminarily evaluated by Receiver Operating Characteristic (ROC) analysis (Figures 4F-J). The Area under Curve (AUC) of the mixtures was highest but rSJCHGC05668 was pretty close. Besides, the diagnostic potentials of the other three recombinant proteins were less effective compared to rSJCHGC05668.




Figure 4 | Analysis and comparison of the equal mixture of four recombinant proteins (A), rSJHYP (B), rSJCHGC02838 (C), rSJCHGC05593 (D), rSJCHGC05668 (E) respectively for the diagnosis of mice (n = 16) infected/uninfected with S. japonicum at 28 dpi using ELISA. The diagnostic potentials of the equal mixture of four recombinant proteins (F), rSJHYP (G), rSJCHGC02838 (H), rSJCHGC05593 (I), rSJCHGC05668 (J) were preliminarily evaluated by receiver operating characteristic (ROC) analysis. Data are represented as means ± S.E. and the significant differences between two groups were compared using Student’s T-test considering P ≤ 0.05 is statically significant. **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.







Development and application of rSJCHGC05668-indirect ELISA for diagnosis of S. japonicum-infected/uninfected human sera

According to the results of the above detection of mice sera, we established rSJCHGC05668-indirect ELISA for the diagnosis of S. japonicum-infected/uninfected human sera. ELISA conditions were optimized and the best conditions (coating concentration 4 μg/ml, serum dilution 1:200, secondary antibody dilution 1: 5000 and reaction time of substrate solution 15 min) were subsequently used (Supplementary Figures 1A-C). Using established rSJCHGC05668-indirect ELISA to detect the 16 human serum samples which were identified as negative for S. japonicum-infection by PCR using cfDNA extracted from human sera as templates (Figure 5A). The average and standard deviation (SD) of absorbance at 450 nm was calculated, the cut-off value was considered as  . Besides, to avoid false positive results, a suspicious interval ( ,  ) was set. Compared with PCR results, 16 samples identified as negative for S. japonicum-infection by PCR were also detected as negative by ELISA, while among 22 samples identified as positive for S. japonicum-infection by PCR, 4 samples were detected as negative, 6 samples were detected as suspected positive and 12 samples were detected as positive by ELISA. The diagnostic potential of the rSJCHGC05668 recognized by human serum was preliminarily evaluated by Receiver Operating Characteristic (ROC) analysis (Figure 5B). The Area under Curve (AUC) indicated its excellent diagnostic capability. The positive and negative sera were ratio diluted to test the sensitivity of the human sera for this method was 1:3200 (Figure 5C). There are 5 human serum samples were selected randomly to detect and evaluate the repeatability of intra and inter-batch test results (Table 1). The intra and inter-batch coefficient of variation (CV) of the established rSJCHGC05668-indirect ELISA was less than 15%, with good repeatability and stable detection results.




Figure 5 | Development and application of rSJCHGC05668-indirect ELISA for diagnosis of human (n = 38) infected/uninfected with S. japonicum sera and comparison with PCR results using cfDNA extracted from these human sera as templates. (A) Comparison of PCR results using cfDNA extracted from human sera as templates and rSJCHGC05668-indirect ELISA results. (B) The ROC curve of rSJCHGC05668-indirect ELISA results. (C) The results of the S. japonicum-infected human sera sensitivity test. Data are represented as means ± S.E.




Table 1 | Repeatability test of rSJCHGC05668-indirect ELISA.








Discussion

Significant progress has been achieved in controlling schistosomiasis japonica in China, but it remains an important public health concern (Gray et al., 2010). Current standard diagnostic tool for schistosomiasis still depends on stool microscopy such as the Kato-Katz method recommended by the World Health Organization (World Health Organization, 2002). However, it is difficult to detect the infection in low-endemic areas using the traditional parasitological method (Wang et al., 2006). The development of new diagnostic tools is important to prevent and control this disease. Recent studies have focused on serological methods to detect S. japonicum infection. To minimize the cross-reactions with other parasites and hosts, searching for effective S. japonicum-specific proteins as diagnostic antigens have attracted recent attentions and several recombinant proteins have been tested for their diagnostic potential (Sangfuang et al., 2016; Wang et al., 2018).

S. japonicum EV has been extensively studied in recent years for its regulatory role in host-parasite interaction (Zhu et al., 2016). Recent studies have suggested that S. mansoni EVs and its cargo have the potential for diagnosis of schistosomiasis (Sotillo et al., 2016; Samoil et al., 2018). We have previously identified several proteins isolated from S. japonicum EVs (Zhu et al., 2016) and demonstrated that SjEV proteins could serve as potential diagnostic markers (Chen et al., 2020). However, our knowledge regarding the role of SjEV proteins is very limited. This study aims to investigate four S. japonicum EV proteins and evaluate their potential for diagnosing schistosomiasis. SJHYP, SJCHGC02838, SJCHGC05593 and SJCHGC05668 were selected because they all possess signal peptides and were predicted to be SjEVs structure-associated and secreted proteins (Zhu et al., 2016), one of which has been demonstrated to have diagnostic potential previously (Wang et al., 2018).

In this study, we firstly investigated transcript levels of these four proteins at different stages of S. japonicum (Figure 2). qRT-PCR results showed that the transcript profiles of these four SjEV proteins shared a similar expression pattern with the known SjEV protein CD63, which exhibited expression across the developmental stages of S. japonicum, with higher expression levels in adult stages compared to that in eggs and cercariae. In a previous study, it was shown that SjEV protein CD63 can be specifically recognized by serum samples from S. japonicum-infected mice (Wang et al., 2018). To investigate whether these four proteins could be recognized by S. japonicum-infected serum samples, we produced four recombinant proteins and investigated their interaction with serum samples collected at different time points post-infection. Western blot and ELISA results showed that all four recombinant proteins could be specifically recognized by serum samples from S. japonicum-infected mice as positive at 22 and 28 dpi and rSJCHGC05668 could be diagnosed as positive as early as 5 dpi (Figure 3). The diagnostic potentials of the four SjEV proteins varied, the mixtures were highest but the rSJCHGC05668 showed very close results (Figure 4).

We developed and applied the rSJCHGC05668-indirect ELISA for the diagnosis of clinical serum samples of human infected/uninfected with S. japonicum and compared them with PCR results using cfDNA extracted from these human sera as templates (Figure 5). There were some differences in the detection results of the two experimental methods for the same human serum samples probably due to separate techniques for different target molecules. Although compared with cfDNA methods, the rSJCHGC05668-indirect ELISA showed a low detectable rate, ELISA is used as a preferential method due to its low-cost.

These results further confirmed that the SjEV proteins at least those four selected proteins including SJHYP, SJCHGC02838, SJCHGC05593 and SJCHGC05668 have potential for diagnosing schistosomiasis. Especially, it was shown that rSJCHGC05668 protein served as a good biomarker for early diagnosis, even at low levels of infection.





Conclusions

In the present study, we screened the previously identified S. japonicum EV proteins and selected 4 proteins to evaluate their potential for schistosomiasis diagnosis. The results of Western blot and ELISA showed detectable antibody levels against the four selected antigens in mice infected with S. japonicum. In addition, we developed and applied the rSJCHGC05668-indirect ELISA for the diagnosis of human clinical serum samples infected/uninfected with S. japonicum and compared with PCR results using cfDNA extracted from same samples. Our results indicated that S. japonicum EV proteins could be potentially effective biomarkers for diagnosing schistosomiasis.
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References

 Angeles, J. M., Goto, Y., Kirinoki, M., Asada, M., Leonardo, L. R., Rivera, P. T., et al. (2012). Utilization of ELISA using thioredoxin peroxidase-1 and tandem repeat proteins for diagnosis of Schistosoma japonicum infection among water buffaloes. PloS Negl. Trop. Dis. 6, e1800. doi: 10.1371/journal.pntd.0001800

 Angeles, J. M., Goto, Y., Kirinoki, M., Leonardo, L., Tongol-Rivera, P., Villacorte, E., et al. (2011). Human antibody response to thioredoxin peroxidase-1 and tandem repeat proteins as immunodiagnostic antigen candidates for Schistosoma japonicum infection. Am. J. Trop. Med. Hyg 85, 674–679. doi: 10.4269/ajtmh.2011.11-0245

 Chen, Y., Giri, B. R., Li, X., He, X., Jing, Z., and Cheng, G. (2020). Preliminary evaluation of the diagnostic potential of Schistosoma japonicum extracellular vesicle proteins for Schistosomiasis japonica. Acta Trop. 201, 105184. doi: 10.1016/j.actatropica.2019.105184

 Chitsulo, L., Engels, D., Montresor, A., and Savioli, L. (2000). The global status of schistosomiasis and its control. Acta Trop. 77, 41–51. doi: 10.1016/S0001-706X(00)00122-4

 Colley, D. G., Bustinduy, A. L., Secor, W. E., and King, C. H. (2014). Human schistosomiasis. Lancet 383, 2253–2264. doi: 10.1016/S0140-6736(13)61949-2

 Don, T. A., Bethony, J. M., and Loukas, A. (2008). Saposin-like proteins are expressed in the gastrodermis of Schistosoma mansoni and are immunogenic in natural infections. Int. J. Infect. Dis. 12, e39–e47. doi: 10.1016/j.ijid.2007.10.007

 Feng, J., Xu, R., Zhang, X., Han, Y., He, C., Lu, C., et al. (2017). A candidate recombinant antigen for diagnosis of schistosomiasis japonica in domestic animals. Vet. Parasitol. 243, 242–247. doi: 10.1016/j.vetpar.2017.06.015

 Gray, D. J., Mcmanus, D. P., Li, Y., Williams, G. M., Bergquist, R., and Ross, A. G. (2010). Schistosomiasis elimination: lessons from the past guide the future. Lancet Infect. Dis. 10, 733–736. doi: 10.1016/S1473-3099(10)70099-2

 Kokaliaris, C., Garba, A., Matuska, M., Bronzan, R. N., Colley, D. G., Dorkenoo, A. M., et al. (2022). Effect of preventive chemotherapy with praziquantel on schistosomiasis among school-aged children in sub-Saharan Africa: a spatiotemporal modeling study. Lancet Infect. Dis. 22, 136–149. doi: 10.1016/S1473-3099(21)00090-6

 Lewis, F. A., Stirewalt, M. A., Souza, C. P., and Gazzinelli, G. (1986). Large-scale laboratory maintenance of Schistosoma mansoni, with observations on three schistosome/snail host combinations. J. Parasitol. 72, 813–829. doi: 10.2307/3281829

 Liu, J., Zhu, L., Wang, J., Qiu, L., Chen, Y., Davis, R. E., et al. (2019). Schistosoma japonicum extracellular vesicle miRNA cargo regulates host macrophage functions facilitating parasitism. PloS Pathog. 15, e1007817. doi: 10.1371/journal.ppat.1007817

 Liu, S., Cai, P., Hou, N., Piao, X., Wang, H., Hung, T., et al. (2012). Genome-wide identification and characterization of a panel of house-keeping genes in Schistosoma japonicum. Mol. Biochem. Parasitol. 182, 75–82. doi: 10.1016/j.molbiopara.2011.12.007

 Liu, S., Zhou, X., Piao, X., Hou, N., Shen, Y., Zou, Y., et al. (2016). Saposin-like proteins, a multigene family of schistosoma species, are biomarkers for the immunodiagnosis of schistosomiasis japonica. J. Infect. Dis. 214, 1225–1234. doi: 10.1093/infdis/jiw188

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Ludolf, F., Patrocinio, P. R., Correa-Oliveira, R., Gazzinelli, A., Falcone, F. H., Teixeira-Ferreira, A., et al. (2014). Serological screening of the Schistosoma mansoni adult worm proteome. PloS Negl. Trop. Dis. 8, e2745. doi: 10.1371/journal.pntd.0002745

 Macalanda, A. M. C., Angeles, J. M. M., Moendeg, K. J., Dang, A. T., Higuchi, L., Inoue, N., et al. (2018). Evaluation of Schistosoma japonicum thioredoxin peroxidase-1 as a potential circulating antigen target for the diagnosis of Asian schistosomiasis. J. Vet. Med. Sci. 80, 156–163. doi: 10.1292/jvms.17-0579

 Macalanda, A. M. C., Angeles, J. M. M., Moendeg, K. J., Dang-Trinh, M. A., Higuchi, L., Kirinoki, M., et al. (2019). Schistosoma japonicum cathepsin B as potential diagnostic antigen for Asian zoonotic schistosomiasis. Parasitol. Res. 118, 2601–2608. doi: 10.1007/s00436-019-06410-x

 Rabello, A., Pontes, L. A., and Dias-Neto, E. (2002). Recent advances in the diagnosis of Schistosoma infection: the detection of parasite DNA. Mem Inst Oswaldo Cruz 97 Suppl 1, 171–172. doi: 10.1590/S0074-02762002000900033

 Samoil, V., Dagenais, M., Ganapathy, V., Aldridge, J., Glebov, A., Jardim, A., et al. (2018). Vesicle-based secretion in schistosomes: Analysis of protein and microRNA (miRNA) content of exosome-like vesicles derived from Schistosoma mansoni. Sci. Rep. 8, 3286. doi: 10.1038/s41598-018-21587-4

 Sangfuang, M., Chusongsang, Y., Limpanont, Y., Vanichviriyakit, R., Chotwiwatthanakun, C., Sobhon, P., et al. (2016). Schistosoma mekongi cathepsin B and its use in the development of an immunodiagnosis. Acta tropica 155, 11–19. doi: 10.1016/j.actatropica.2015.11.017

 Sotillo, J., Pearson, M., Potriquet, J., Becker, L., Pickering, D., Mulvenna, J., et al. (2016). Extracellular vesicles secreted by Schistosoma mansoni contain protein vaccine candidates. Int. J. Parasitol. 46, 1–5. doi: 10.1016/j.ijpara.2015.09.002

 Wang, L., Giri, B. R., Chen, Y., Xia, T., Liu, J., Li, H., et al. (2018). Molecular characterization, expression profile, and preliminary evaluation of diagnostic potential of CD63 in Schistosoma japonicum. Parasitol. Res. 117, 3625–3631. doi: 10.1007/s00436-018-6063-8

 Wang, L., Li, Z., Shen, J., Liu, Z., Liang, J., Wu, X., et al. (2015). Exosome-like vesicles derived by Schistosoma japonicum adult worms mediates M1 type immune- activity of macrophage. Parasitol. Res. 114, 1865–1873. doi: 10.1007/s00436-015-4373-7

 Wang, X. H., Wu, X. H., and Zhou, X. N. (2006). Bayesian estimation of community prevalences of Schistosoma japonicum infection in China. Int. J. Parasitol. 36, 895–902. doi: 10.1016/j.ijpara.2006.04.003

 World Health Organization. (2002). Prevention and control of schistosomiasis and soil-transmitted helminthiasis. Technical Report Series N°912, 1–57. Available at: https://www.who.int/publications/i/item/WHO-TRS-912.

 Xu, X., Zhang, Y., Lin, D., Zhang, J., Xu, J., Liu, Y. M., et al. (2014). Serodiagnosis of Schistosoma japonicum infection: genome-wide identification of a protein marker, and assessment of its diagnostic validity in a field study in China. Lancet Infect. Dis. 14, 489–497. doi: 10.1016/S1473-3099(14)70067-2

 Zhou, Y. B., Yang, M. X., Tao, P., Jiang, Q. L., Zhao, G. M., Wei, J. G., et al. (2008). A longitudinal study of comparison of the Kato-Katz technique and indirect hemagglutination assay (IHA) for the detection of schistosomiasis japonica in China 2001–2006. Acta Trop. 107, 251–254. doi: 10.1016/j.actatropica.2008.06.009

 Zhu, L., Liu, J., Dao, J., Lu, K., Li, H., Gu, H., et al. (2016). Molecular characterization of S. japonicum exosome-like vesicles reveals their regulatory roles in parasite-host interactions. Sci. Rep. 6, 25885. doi: 10.1038/srep25885




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wu, Giri, Li, Zheng, Yan and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im2.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Schistosoma japonicum extracellular vesicle proteins serve as effective biomarkers for diagnosing parasite infection

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethics approval for animal experiments and collection of parasite materials

          



          		

            Analysis and selection of the four S. japonicum extracellular vesicle proteins

          



          		

            Expression profiles of four S. japonicum EV proteins at transcript levels

          



          		

            Cloning, expression and purification of recombinant proteins

          



          		

            Western blot

          



          		

            Enzyme-linked immunosorbent assay conditions of four recombinant proteins recognized by mice sera

          



          		

            ELISA conditions of SJCHGC05668 recombinant proteins recognized by human sera

          



          		

            Circulating cell-free DNA isolation

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Expression profiles of four S. japonicum EV proteins at transcript levels

          



          		

            Cloning, expression and purification of SJHYP, SJCHGC02838, SJCHGC05593, SJCHGC05668 recombinant proteins

          



          		

            Immunological analysis of four recombinant proteins using sera collected from S. japonicum-infected mice

          



          		

            Development and application of rSJCHGC05668-indirect ELISA for diagnosis of S. japonicum-infected/uninfected human sera

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-14-1391168-g005.jpg
B Cc

Comparison of PCR and ELISA results ROC curve of rSICHGC05668-human Results of sensitivity test
0.3 1.0
®
N4
§ 0.8
Q
g

g ¢ 0.2 E 0.6 El
S5 Z S
%3 5 04 ’ z
- = © & ~
- i &
5" 01 ..0.106 / AUC=0.9361
g g 0.087 0.2 '

-+ 0.069 . P value<0.0001
%
a 0.0 :
=]

L S S —
00 00 02 04 06 08 1.0 N
co SN S S
Specificity R A G O A

Dilution of human serum





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1391168-g003.jpg
M 1 2 3 4 5 6

180 kD ==
130 kD we

100 kD w—

D rSJHYP E rSJCHGC02838 rSICHGC05593 rSJCHGC05668

A RE b BY
 ait Bl

T

e e oo Gt

PIN Value of SjHyp
PIN Value of $j2838
P/N Value of Sj5668

- = ¥ = ¥

5 z s

- 2 =

% = 5

H I MO o AR

= 27 32

= = . ES

2 x ns -3

= 3 =

H g1 21

= z Z

s s z

z z z

H £, Sy

& &
& &
& & &

< & & &
Numbers of 8. japonicum cercariae Numbers of S. japonicum cereariae Numbers of S. japonicum cercariae Numbers of S. japonicum cereariae

'E" 'E.J .;3
5 5 2
- - -
e
i':'l §1 ;2
s 5 T
_EI EI _§I
= B 5
z g g
L = =0
NP

g e

B
&

Numbers of S. japonicum cercariac Numbers of S. japonicum cercariae Numbers of S. japonicum cercariae Numbers of 8. japonicum cercariae





OEBPS/Images/fcimb-14-1391168-g001.jpg
Proteins (41) with secreted signal out of Schistosoma

japonicum EV proteins (403) from infected sera

l BLASTP

6 proteins 16 proteins 12 proteins
7 repeated :
: homologous to homologous to schistosome-
proteins

the hosts other helminths specific

SJHYP, SICHGC02838, SJICHGC05668
SJICHGCO05593 proteins selected || protein selected

qRT-PCR | | Prokaryotic expression ELISA





OEBPS/Images/im3.jpg





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/im1.jpg





OEBPS/Images/fcimb-14-1391168-g004.jpg
3
g
Z

OD 459y of mixture

0.3

S
1

e
=

0.0

1.0

0.8

0.4

02

0.0

Serum samples of mice

ROC curve of mixture

+esss sese soe

AUC=0.9941
P value<0.0001

0.0 02 04 06 08 10

Specificity

0.20
=]
= 0.15
==
=
@
4
% 0.10
£
£
a
0.05
©
0.00
& N
S o
o
Serum samples of mice
ROC curve of ISTHYP
10 L St
cosee
08
£ o6
£ 04
&
02 AUC=0.9023
P value<0.0001
0.0
—r T 1T 1T 1

00 02 04 06 08 10

Specil

H

OD 454 of rSICHGC02838

Sensitivity

0.20
0.15
0.10
0.05
0.00
é&\.z a}.&.c

1.0

0.8

0.6

0.4

02

0.0

Serum samples of mice

ROC curve of ISICHGC02838

3

.

AUC=0.8008
P value=0.0037

OD 50y of rSJICHGC05593

Sensitivity

0.20

0.00

1.0

0.8

0.6

0.4

02

0.0

e
=
n

0.10

e
2
P

Serum samples of mice

ROC curve of ISICHGC05593

AUC=0.8555
P value=0.0006

00 02 04 06 08 10

Specifici

OD 4540 Of rSICHGC05668

Sensitivity

0.20

Fokkk
0.15
0.10
0.05
0.00

& g

05\ « @
< <

Serum samples of mice

ROC curve of rSJTCHGC05668

.

1.0 gooe

08
0.6
04
02 AUC=0.9727
P value<0.0001
0.0
1T T T 1

00 02 04 06 08 1.0
Specificity






OEBPS/Images/fcimb.2024.1391168_cover.jpg
& frontiers | Frontiers in Cellular and

fection Microbiology

Schistosoma japonicum extracellular vesicle
proteins serve as effective biomarkers for
diagnosing parasite infection





OEBPS/Images/table1.jpg
Sample No. Intra batch CV%

T+s
1 0.156+0.002
2 0.091+0.002
3 0.118+0.001
4 0.092+0.002
5 ‘ 0.102+0.003

T3

1.68

098

1.88

259

Inter batch CV%

0.150+0.008
0.089+0.002
0.111£0.013
0.0900.006

0.099+0.010

529

1.95

1142

6.14

9.98






OEBPS/Images/fcimb-14-1391168-g002.jpg
- = o - =
899S0DDHOI'S JO Uolssaadxa daney
(a]

© =]

£65S0DDHOI'S Jo uoissadxa aane
(&)

0.5
0.

KT SRSy

* © - o s
$E8TODDHOI'S JO UolssaIdxd dAnEY
[a1]

w = w o

JAHCS Jo uoissaadxo aAne[y

P~ d





