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Editorial on the Research Topic 
Cellular and Molecular Basis in Parasitic Diseases Control: Research Trends

Significant progress in parasite disease control has been made recently by applying novel tools and methodologies developed in genomic, epigenomic, proteomics, and metabolomics research. The research topic aimed to introduce some of the key developments and challenges of the field, focusing on parasite-induced immune response, genetic and epigenetic regulation mechanisms, and potential therapeutics. This Research Topic comprises 41 papers, including three reviews and 38 original research articles, spans topics that cover parasite biology, host pathology, epidemiology, and prevention and control programs.
Whole-genome sequencing (WGS) provides the most comprehensive characterization of the genome of a given organism. It allows for discovering previously unknown genes or variants associated with a unique parasite phenotype. Liu et al. successfully obtain a high-quality genome assembly of Moniezia expansa (M. expansa) by applying the next-generation sequencing techniques (Illumina, PacBio, and BioNano) (Figure 1). De novo sequencing and genome annotation reveal a total length of 142 Mb and 8,104 coding genes in the M. expansa genome. Notably, identifying this parasite’s specific fatty acid metabolism and reproductive stem cell regulatory network provides potential target molecules for effectively treating parasitic diseases. Although the long reads sequencing technology has dramatically changed the landscape of whole-genome sequencing, genome assembly is still a challenging task, particularly for the non-model species (Chen et al., 2021). An original article by Wang et al. systematically evaluated the performance of nine de novo assemblers for Oxford Nanopore Technology (ONT) on different coverage depth datasets of Piroplasm (Figure 1). The authors carefully provide the guidelines for selecting the assembly tools under specific conditions. The advantage and disadvantages of each tool are presented, which may provide critical information for improving the current de novo genome assembly tools and help for the future development of highly efficient assemblers. In addition to these de novo genome assembly studies, mining the well-annotated genome data with cross-species knowledge could likewise contribute to the novel molecular discovery, as shown by the study of Wu et al. in this research topic (Figure 1). It has long been recognized that expression of VAR2CSA on plasmodium parasite-infected RBC bind to distinct 4-O-sulfated chondroitin sulfate (CS) in the normal placenta (Ma et al., 2021). The parasite-specific molecular VAR2CSA was recently identified to bind various cancer cells through the same ligand (Salanti et al., 2015). However, the biosynthesis and functions of these chondroitin sulfates in tumors or placenta have not been fully elucidated. Here, Wu et al. systematically analyzed the key glycogenes in the biosynthesis of the common tetrasaccharide linkage, repeating disaccharide region of CS, and the glycogenes involved in sulfate modification in colorectal cancer and placenta. The results indicate that glycogenes in oncofetal chondroitin sulfate (ofCS) biosynthesis are differently expressed and correlated significantly with immune response in the placenta and colorectal cancer, indicating a potential biomarker or immune therapy targets for CRC.
[image: Figure 1]FIGURE 1 | Seleted articles in the research topic of the cellular and molecular basis in parasitic dieases control-research trends.
In addition to the genomic study, epigenomics deals with global analyses of epigenetic changes across the entire genome, revealing how the genome is folded inside the cell’s nucleus, bound by proteins, and modified by enzymes, which regulate the gene expression without the DNA alteration. Feng et al. carried out the first comprehensive comparative epigenomic analysis in Trichinella species (Figure 1). The genome-wide methylome and transcriptome analysis of the 12 Trichinella species enables deciphering the environmental effects on differential adaptation and parasitism of Trichinella. Similarly, without the changes in its sequence, RNA molecules can promote rapid responses to changing environmental conditions and enhance regulation at the transcription level through structural transformation (Bevilacqua et al., 2016). The RNA secondary structurome study by Qi et al. revealed distinct thermoregulation in plasmodium falciparum (Figure 1). In this study, the authors applied in vitro and in vivo transcriptomic-wide secondary structurome approach, icSHAPE, to measure the temperature associated RNA structure changes in different stages of P. falciparum. Multi-omics analysis of transcriptome and RNA structure data reveals the specific RNA secondary structure in the transcriptional regulation for parasites in response to temperature changes. Identifying potential cold response molecules may yield new insights into the molecular mechanism of the parasite virulence and development.
Host-parasite interactions play a central role in the evolution and dramatically influence their biology. Identification of the critical determinants of the host-parasite interactions could provide novel molecular targets for developing tools against parasitic diseases. This research topic covered various interactions between parasites and their host (Figure 1), such as Toxoplasma gondii—human host (Yao et al.); Toxocara canis—dog (Zheng et al.); Coccidia microbiota—host (Lu et al.); Cysticercus cellulosae—host (Fan et al.); Schistosome japonicum—human host (Yang et al.) and Trichinella spiralis—mice (Hao et al.). For example, Yao et al. found that T. gondii virulence factor ROP18 of the type I RH strain (TgROP18I) interacted with human TRIM21. This E3 ligase plays a vital role in anti-infection responses against intracellular pathogens for its immune escape. The supporting evidence includes 1) the interaction of TgROP18I with human TRIM21, 2) the phosphorylation of TRIM21 promoted by gROP18I, 3) TgROP18I promoted TRIM21 degradation, and 4) TRIM21 restricted T. gondii replication through NF-κB activation. This study revealed the possible mechanisms of the different disease outcomes caused by type I and type III T. gondii. In the review article by Lu et al., Coccidia microbiota interactions and their effects on the host were discussed. The direct and indirect interactions between Coccidia and gut microbiota were highlighted. The role of mechanical mucosal damage, chemical mucosal damage, disruption of the immune system, and probiotics on Coccidia development were discussed.
Together, this research topic brings important new data and provides a broad and diverse overview of cellular and molecular basis in parasitic diseases control. The collected articles are timely and address important questions in the field with overwhelmingly positive feedback (total 534,000 views and over 1,000 views for most articles). We hope this research topic will promote further investigations and drive the field toward better control for parasitic diseases.
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Toxoplasma gondii is an intracellular pathogen that exerts its virulence through inhibiting host’s innate immune responses, which is mainly related to the type II interferon (IFN-γ) response. IFN-γ inducible tripartite motif 21 (TRIM21), an E3 ligase, plays an important role in anti-infection responses against the intracellular pathogens including bacteria, virus, and parasite. We found that T. gondii virulence factor ROP18 of the type I RH strain (TgROP18I) interacted with human TRIM21, and promoted the latter’s phosphorylation, which subsequently accelerated TRIM21 degradation through lysosomal pathway. Furthermore, TRIM21 protein level was found to be upregulated during RH and CEP strains of T. gondii infection. TRIM21 knocking down reduced the ubiquitin labeling on the parasitophorous vacuole membrane (PVM) [which led to parasitophorous vacuole (PV) acidification and death of CEP tachyzoites], and relieved the inhibition of CEP proliferation induced by IFN-γ in human foreskin fibroblast (HFF) cells which was consistent with the result of TRIM21 overexpression. On the other hand, TRIM21 overexpression enhanced the inhibition of CEP proliferation, and inhibited the binding of IκB-α with p65 to activate the IFN-γ-inducible NF-κB pathway, which might be resulted by TRIM21-IκB-α interaction. In brief, our research identified that in human cells, IFN-γ-inducible TRIM21 functioned in the innate immune responses against type III T. gondii infection; however, TgROP18I promoted TRIM21 phosphorylation, leading to TRIM21 degradation for immune escape in type I strain infection.

Keywords: Toxoplasma gondii, TRIM21, TgROP18I, NF-κB, ubiquitin


INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoon, and about 30% of the world population is serum positive with its antibodies (Montoya and Liesenfeld, 2004). Human infections are mostly asymptomatic, but bring a lifelong threat to the infected population because of the latent stage (bradyzoites) in the tissues and organs (Harker et al., 2015). T. gondii infection can cause life-threatening symptoms such as encephalitis and retinochoroiditis in immunocompromised individuals, and adverse pregnancy outcomes such as stillbirth, abortion, and tetras in pregnant women in the primary infection (Montoya and Liesenfeld, 2004; Elmore et al., 2010; Torgerson and Mastroiacovo, 2013; Hide, 2016).

During infection, T. gondii rhoptries discharge many effectors to the host cytoplasm and the parasitophorous vacuole (PV) to modulate the homeostasis between the host cell and the parasite (Bradley et al., 2005; Boothroyd and Dubremetz, 2008; Hakimi et al., 2017). Among these effectors, TgROP18I is considered to be a key determinant related to the high mortality phenotype of type I strains (Saeij et al., 2006; Taylor et al., 2006). As a protein kinase of the ROP2 subfamily, TgROP18I is discharged into the host cell and mediates some host proteins for successful parasitism (Bradley et al., 2005; Sinai, 2007). On the other hand, host cells have to trigger a rapid recognition and defense immunity to control the multiplication of the intracellular pathogens (Bianchi and van den Bogaart, 2020). The cytokine gamma interferon (IFN-γ) is induced in the early infection of the intracellular pathogens including T. gondii (MacMicking, 2012), which is crucial to restrain both the acute infection and chronic infection (Suzuki et al., 1988; Yap and Sher, 1999). The transcription of genes related to host immune system can be upregulated by IFN-γ treatment (Platanias, 2005); T. gondii can also manipulate some of these genes’ transcription in infected cells to maintain its replication (Platanias, 2005; Kim et al., 2007).

NF-κB signaling pathway, as one of the major IFN-γ-inducible signaling cascades involved in host’s innate immunity, could be regulated by T. gondii (Ge et al., 2014). In infected human foreskin fibroblasts (HFFs), type I T. gondii prohibits NF-κB activation by inhibiting p65/RelA phosphorylation and translocation to the nucleus (Shapira et al., 2005). Moreover, it has been confirmed that T. gondii inhibits IκB-α degradation and p65 phosphorylation, which results in an inhibition of caspase-1 cleavage in the infected neutrophils (Lima et al., 2018), but these phenomena are not found in the infected human monocytes (Gov et al., 2013, 2017). These reports imply that T. gondii regulates host NF-κB pathway through varied ways in different host cells.

Tripartite motif (TRIM) proteins have emerged as an important family of E3 ligases that play a versatile role in innate immunity against infection (Giraldo et al., 2020; Koepke et al., 2020; Lee et al., 2020; Wang and Hur, 2021). For instance, TRIM31 promotes the K63-linked polyubiquitination of mitochondrial antiviral signaling protein (MAVS) by inducing expression of interferons (IFNs) to against viral infection (Liu et al., 2017). TRIM 21, also known as Ro52/SS-A, is involved in innate and acquired immunity against viruses and bacteria via the ubiquitination of interferon regulatory factors IRF3, IRF5, IRF7, and IRF8, but little is known about its role in parasitic infection (Lazzari et al., 2014; Liu et al., 2018). Following Salmonella typhimurium infection, TRIM21 is also essential to promote cell death through conferring p62 ubiquitination and proteasomal degradation (Pan et al., 2016; Hos et al., 2020). Furthermore, it has been reported that TRIM21 mediates NF-κB activation to aggravate the inflammatory response in psoriasis (Yang et al., 2020).

In this research, based on the finding of the interaction of TgROP18I with human TRIM21, we investigated the role of TRIM21 in T. gondii infection.



MATERIALS AND METHODS


Parasite and Cell Culture

All T. gondii strains used in this study were maintained by serial passage of tachyzoites in HFF monolayers cultured at the condition of 37°C and 5% CO2. The T. gondii strains used in our study included Type-I strain RH, type-III strain CEP, the ROP18 knockout strain (RH-Δrop18), and the recombinant CEP expressing type I ROP18 (CEP-rop18I). HFF and human embryonic kidney 293T (HEK293T) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Thermo Fisher Scientific, Shanghai, China) supplemented with 10% fetal bovine serum (FBS, Invitrogen, Thermo Fisher Scientific, Shanghai, China), and 50 mg/ml of penicillin and streptomycin.



Detection of TRIM21 Transcription and Protein Level During RH and CEP Infection

Human foreskin fibroblast cells were cultured in 12-well plates and infected with the RH or CEP tachyzoites at Multiplication of Infection (MOI) three for 1 h or 24 h, or left uninfected. The TRIzolTM Reagent (Invitrogen, Thermo Fisher Scientific, Shanghai, China) was used for total RNA extraction from HFFs (1.0 × 106 cells per well), and cDNA was synthesized with Random Primer (N9) using TransScript® All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal) (Transgen Biotech, Beijing, China) and subjected to Real-time PCR with the primers shown in Supplementary Table 1. For protein level detection, HFF cells were harvested and subjected to Western blotting.



Identification of the Effects of TRIM21 Overexpression and Knockdown on RH and CEP Infection

Human foreskin fibroblast cells were seeded in 12-well plate and stimulated with 100 U/ml IFN-γ for 24 h, or transfected with 0.5 μg pcDNA3.1-TRIM21-HA for 24 h, or 80 nmol of si-TRIM21 (combining of si-TRIM21-1, si-TRIM21-2, and si-TRIM21-3) or si-NC for 48 h (the sequence of si-TRIM21 are shown in Supplementary Table 2), and then stimulated with 100 U/ml IFN-γ for 24 h. After these treatments, the HFF cells were infected with RH tachyzoites (MOI = 3) for 18 h, or CEP tachyzoites (MOI = 3) for 24 h. Subsequently, cell monolayers were subjected to immunofluorescence assay (IFA) to determine the average number of parasites within 100 PVs or the number of PVs containing 1, 2, 4, or 8 tachyzoites from 25 separated fields of view (He et al., 2017). Anti-SAG1 mouse monoclonal antibody (Abcam, Cambridge, United Kingdom), and Goat anti-Mouse IgG (H + L) highly cross-adsorbed secondary antibody and Alexa Fluor Plus 488 (Invitrogen, United States) were used. Experiments were repeated three times for statistical analysis.



Verification of TgROP18I-TRIM21 Interaction and the Interaction Motif

HEK293T cells were seeded in T25 flasks to 90% confluence, and then transfected with pcDNA3.1-ROP18I-FLAG, pcDNA3.1-ROP18I-KD-FLAG, and pcDNA3.1-TRIM21-HA (or the truncation mutants of TRIM21) alone or in combination for 48 h, using Lipofectamine® 3000 reagent (Thermo Fisher Scientific). The cell lysates were subjected to immunoprecipitation with anti-HA-Tag rabbit monoclonal antibody (Abcam, Cambridge, United Kingdom) or anti-FLAG M2 mouse monoclonal antibody (Sigma, St. Louis, MO, United States) followed by Western blotting.



Detection of TRIM21 Phosphorylation Level in the Cells With Expression of TgROP18I

HEK293T cells were seeded in T25 flasks to 90% confluence, and transfected with pcDNA3.1-ROP18I-FLAG using Lipofectamine® 3000 reagent (Thermo Fisher Scientific) for 24 h. The cell lysates were subjected to immunoprecipitation with anti-TRIM21 rabbit polyclonal antibody (Proteintech, IL, United States) followed by Western blotting.



Identification of TRIM21 Degradation Through Lysosomal Pathway by TgROP18I

HEK293T cells were seeded in 6-well plate to 90% confluence, and transfected with 0, 0.6, or 1.2 μg of pcDNA3.1-ROP18I-FLAG for 24 h; or co-transfected with 1 μg pcDNA3.1-TRIM21-HA and the increased amounts of pcDNA3.1-ROP18I-FLAG (0, 0.5, or 1.0 μg) for 24 h; or co-transfected with 1 μg pcDNA3.1-TRIM21-HA and the increased amounts of pcDNA3.1-ROP18I-FLAG (0, 0.25, 0.5, or 1.0 μg) for 24 h. The cells were then treated with 10 μM MG132 or Leupeptin for 12 h, or left untreated. After that, the cells were harvested and the cell lysates were subjected to Western blotting for TRIM21 detection.



Detection of the IFN-γ-Induced Ubiquitin Labeling on CEP Parasitophorous Vacuole Membrane (PVM) After TRIM21 Knockdown

Human foreskin fibroblasts were grown on coverslips in 12-well plate to 30–50% confluence. The cells were then transfected for 48 h with either 80 nmol of non-targeting small interfering RNA (si-NC) or siRNA specific for TRIM21 (si-TRIM21) (which were synthetized in RiboBio, Guangzhou, China; the sequences are shown in Supplementary Table 2), using Lipofectamine® 3000 Transfection Reagent (Thermo Fisher Scientific) following the manufacturer’s instruction. The efficiency of TRIM21 knockdown was verified by Western blotting. After the following stimulation with 100 U/ml IFN-γ, the HFF cells were infected with CEP tachyzoites for 6 h, and then subjected to IFA with anti-ubiquitin FK-2 mouse monoclonal antibody (Enzo Life Sciences, NY, United States), and Goat anti-Mouse IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor Plus 594 (Invitrogen, United States).



Identification of IFN-γ-Induced Ubiquitin Labeling on CEP PVM Leading to Acidification of the CEP Parasitophorous Vacuole

Human foreskin fibroblasts were grown on the coverslips in 12-well plate to 90% confluence, and stimulated with 100 U/ml IFN-γ for 24 h or not, followed by CEP infection for 2 h. HFFs were then treated with 50 mM LysoTracker® Deep Red dye (Invitrogen, United States) for another 2.5 h, which specifically stained the acidic organelles in live cells including lysosomes. The infected cells were then washed with phosphate buffered saline (PBS) for three times, rinsed with ddH2O and mounted with mounting-oil containing DAPI. The PV labeling was observed under a fluorescence microscope (ECLIPSE Ni, NA = 1.4, Nikon, Tokyo, Japan).



Verification of TRIM21 Binding to IκB-α and Resulting in Inhibition of p65-IκB-α Interaction

HEK293T cells were seeded in T25 flasks to 90% confluence, and then transfected with pcDNA3.1-TRIM21-HA for 24 h, or treated with 100 U/ml IFN-γ for 0, 12, or 24 h. The cells were then harvested and the cell lysates were subjected to immunoprecipitation with anti-TRIM21 rabbit polyclonal antibody (Proteintech, IL, United States) or anti-p65 mouse monoclonal antibody (Cell Signaling Technology, MA, United States). The immunoprecipitates were further analyzed by Western blotting.



Quantitative Reverse Transcription PCR

Quantitative reverse transcription PCR (qRT-PCR) was performed with Hieff® qPCR SYBR® Green Master Mix (Low Rox Plus) (Yeasen, China) according to the manufacturer’s instruction. Real-time PCR was carried out on QuantStudio 6 Real-Time PCR System (Thermo Fisher Scientific, United States) using iQ SYBR Green Supermix (Bio-Rad, CA, United States), primers used were shown in Supplementary Table 1 and all primers were synthesized in GENERAY, Shanghai, China. The specificity of the PCR amplification was verified by a dissociation curve analysis. Each sample was run in triplicate and relative quantitation was determined using comparative Ct method with data normalized to the housekeeping gene, β-actin. Real-time PCR results were presented as fold change compared to the uninfected sample, and data were derived from four independent experiments.



Western-Blot and Antibodies

The transfected or infected HEK293T, or HFF cells, were harvested and boiled in 1 × loading buffer (0.08 M Tris, pH 6.8, with 2.0% SDS, 10% glycerol, 0.1 M dithiothreitol, and 0.2% bromophenol blue). The cell lysates were loaded onto a 12% polyacrylamide gel for separation, and the proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked in blocking buffer [PBS containing 5% Bovine Serum Albumin (BSA) and 0.05% Tween-20] at room temperature for 2 h, and then incubated in the primary antibodies, followed by incubation in the secondary antibodies conjugated with horseradish peroxidase (HRP) at room temperature for 2 h, following the manufacturer’s instruction. Specific proteins on membranes were visualized by luminescence generated by using ClarityTM Western ECL Substrate (Bio-Rad, CA, United States) and photographed with a ChemiDocTM Touch Imaging System (Bio-Rad, CA, United States).

The antibodies used in these experiments were anti-TRIM21 rabbit polyclonal antibody (Proteintech, IL, United States), anti-HA-Tag rabbit monoclonal antibody (Abcam, Cambridge, United Kingdom), anti-p65 rabbit monoclonal antibody (Abcam, Cambridge, United Kingdom), anti-p-p65 Ser536 rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA, United States), anti-IκB-α rabbit polyclonal antibody (GeneTex, Irvine, CA, United States), anti-ubiquitin FK-2 monoclonal antibody (Enzo Life Sciences, NY, United States), anti-ubiquitin (linkage-specific K63) rabbit monoclonal antibody (Abcam, Cambridge, United Kingdom), anti-Phospho-(Ser/Thr) rabbit monoclonal antibody (Abcam, Cambridge, United Kingdom), anti-DDDDK-Tag rabbit polyclonal antibody (Abcam, Cambridge, United Kingdom), anti-SAG1 rabbit polyclonal antibody (Abcam, Cambridge, United Kingdom), anti-GAPDH mouse monoclonal antibody (Enzo Life Sciences, NY, United States), anti-β-actin rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA, United States), and goat anti-rabbit or goat anti-mouse IgG-HRP (ABclonal Technology, Wuhan, China).



Statistical Analysis

Statistical analyses were performed using GraphPad Prism v5 software. Differences between groups were assessed by two-tailed unpaired Student t test or one-way ANOVA with repeated measures when more than two groups were analyzed. The significance of T. gondii proliferation difference between groups was analyzed by two-way ANOVA. Differences were labeled ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ (p < 0.001), and no significant difference was presented as “ns.” All experiments were repeated at least three times for statistical analysis.



RESULTS


TgROP18I Interacted With the PRY-SPRY Domain of TRIM21

Our co-immunoprecipitation (Co-IP) assay identified the interaction of TgROP18I with human TRIM21 (Figure 1A). Meanwhile, we found that the kinase dead mutant ROP18-KD still interacted with TRIM21 (Figure 1B). Furthermore, as a potent proteasome inhibitor, MG132 treatment promoted the interaction of TgROP18I-TRIM21 (Figures 1B,C). As we know, TRIM21 contains four domains: RING, B box, CC (coiled-coil domain), and PRY-SPRY. We therefore further identified the domains of TRIM21 required for TgROP18I interaction. We successfully constructed the truncated mutants of TRIM21 as shown in the schematic diagram (Figure 1D) using the primers shown in Supplementary Table 3. The Co-IP results showed that PRY-SPRY domain deletion resulted in TgROP18I loss (Figure 1E), indicating that the PRY-SPRY domain of TRIM21 is responsible for the interaction with TgROP18I. Together, these results suggested that TRIM21 interacted with TgROP18I via its PRY-SPRY domain.
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FIGURE 1. TgROP18I interacted with TRIM21’s PRY-SPRY domain. (A) The Co-IP result indicated the interaction of TgROP18I and TRIM21. (B,C) The Co-IP result indicated that ROP18-KD still bound with TRIM21. (D) Sketch map of TRIM21 WT and truncation mutants. (E) The Co-IP results showed the PRY-SPRY domain of TRIM21 was indispensable for TgROP18I-TRIM21 interaction. The experiments were repeated three times. The values were analyzed using the one-way ANOVA. Data were expressed as the mean ± SEM (**p < 0.01; ***p < 0.001; IP, immunoprecipitation).




TgROP18I Promoted the Phosphorylation of TRIM21

Our immunoprecipitation (IP) result indicated that TgROP18I overexpression in the HEK293T cells elevated the phosphorylation level of TRIM21; the more pcDNA3.1-ROP18I-FLAG was transfected, the more phosphorylated TRIM21 was precipitated, and the differences between groups were significant (Figures 2A,B). A consistent result was observed in CEP and CEP-rop18I infection to HFF cells. The phosphorylation level of TRIM21 in CEP infected cells was not significantly different from that in the uninfected cells (Figures 2C,D). However, the TRIM21 phosphorylation level in CEP-rop18I infected HFF cells was significantly higher than that in the uninfected cells and the CEP infected cells (Figures 2C,D).
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FIGURE 2. TgROP18I promoted the phosphorylation of TRIM21. (A,B) HEK293T cells were transfected with different amount of pcDNA3.1-ROP18I-FLAG as indicated, and the cell lysates were subjected to TRIM21 IP and Western blotting. The more plasmids were transfected to HEK293T cells, the higher levels of phosphorylated TRIM21 were observed, and the differences between groups were significant. (C,D) HFF cells were infected with CEP or CEP-rop18I, and then the total protein was extracted and subjected to TRIM21 IP and Western blotting. The results showed that more phosphorylated TRIM21 was detected in the CEP-rop18I infected cells than which detected in the CEP infected cells and uninfected cells, while the phosphorylation levels of TRIM21 were not significantly different between the CEP infected and uninfected cells. The experiments were repeated three times. The values were analyzed using the one-way ANOVA. Data were expressed as the mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001).




TgROP18I Promoted Degradation of TRIM21 Through Lysosomal Pathway

We further investigated the result of TRIM21-TgROP18I interaction. We found that the endogenous TRIM21 protein level was decreased with the increased TgROP18I level (Figure 3A). Co-transfection of a stable amount of pcDNA3.1-TRIM21-HA with the increased amounts of pcDNA3.1-ROP18I-FLAG in HEK293T cells showed that, the over-expressed TRIM21 was decreased by TgROP18I in a dose-dependent manner (Figure 3B). Furthermore, compared to ROP18 overexpression, the ROP18-KD overexpression resulted in less degradation of TRIM21 (Figure 3C). This result indicated that the kinase activity of TgROP18I was required for TgROP18I-mediated TRIM21 degradation. This phenomenon was further verified by the parasitic infection experiment. HFFs were infected with RH and RH-△rop18 strains. Comparing to RH-△rop18 infection, RH infection led to a significant degradation of TRIM21 (Figure 3D). To identify the pathway that involved in TRIM21 degradation, HEK293T cells were co-transfected with a stable amount of pcDNA3.1-TRIM21-HA and increased amounts of pcDNA3.1-ROP18I-FLAG as indicated in Figure 3E. Before cell harvest, the cells were treated with MG132 or the lysosome inhibitor Leupeptin. From the results, we found that MG132 treatment had no effect on the TRIM21 degradation mediated by TgROP18I; however, Leupeptin treatment resulted in a stable TRIM21 protein level regardless of TgROP18I existence or not (Figure 3E). In conclusion, our experiments demonstrated that TgROP18I targeted human TRIM21 and resulted in TRIM21 degradation through lysosomal pathway, which was dependent on its kinase activity.
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FIGURE 3. TgROP18I promoted TRIM21 degradation through lysosomal pathway. (A) HEK293T cells were transfected with the increased amounts of pcDNA3.1-ROP18I-FLAG as indicated. (B) HEK293T cells were co-transfected with a stable amount of pcDNA3.1-TRIM21-HA and the increased amounts of pcDNA3.1-ROP18I-FLAG as indicated. The endogenous or overexpressed TRIM21 level was decreased with the increased ROP18 level. (C) HEK293T cells were co-transfected with pcDNA3.1-TRIM21-HA and pcDNA3.1-ROP18I-FLAG or pcDNA3.1-ROP18I-KD-FLAG as indicated. The results of Western blotting detection with the cell lysates indicated that much more TRIM21 was detected in the ROP18-KD overexpression group than in the ROP18 overexpression group. (D) Lysates of HFFs infected with RH or RH-△rop18 was detected by Western blotting, and more TRIM21 was detected in the RH-△rop18 infection group than in the RH infection group. (E) HEK293T cells were co-transfected with 1mg of pcDNA3.1-TRIM21-HA and increased amounts of pcDNA3.1-ROP18I-FLAG. The cells were treated with MG132 or Leupeptin, or left untreated. Cell lysates were subjected to Western blotting, and the results showed that TRIM21’s level was decreased with the increased amount of TgROP18I in the cells treated with MG132 or DMSO. However, TRIM21’s level was kept stable in the Leupeptin treated group. All the experiments were repeated three times. IB, immunoblot.




Toxoplasma gondii Infection Elevated TRIM21 Transcription and Translation Level

To investigate whether the IFN-γ inducible TRIM21 expression is regulated by T. gondii infection, we infected HFFs with RH or CEP strains, and evaluated the relative transcription and translation level of TRIM21. The qRT-PCR result indicated that, compared to the normal HFFs, T. gondii RH and CEP infection led to significantly upregulated transcription of TRIM21 at 1 h post-infection; however, with the infection going on, only T. gondii RH infection kept the significantly upregulated transcription of TRIM21 at 24 h post-infection, CEP infection led to a similar transcription level as in the uninfected cells (Figure 4A). Similarly, compared with the uninfected cells, a significantly higher TRIM21 protein level was detected in the HFFs infected with either RH or CEP, at 1–12 h post infection (Figures 4B,C). These results demonstrated that transcription and translation level of TRIM21 were upregulated during T. gondii infection in HFFs.
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FIGURE 4. TRIM21 transcription and translation levels were upregulated following T. gondii infection. HFF cells infected with RH or CEP were harvested for detection of TRIM21 transcription and translation level. (A) Comparison of the TRIM21 transcription levels between the indicated groups with qRT-PCR. The CEP infection resulted in the highest TRIM21 transcription level, followed by RH infection, and uninfection at 1 h post infection, the differences between groups were significant. At 24 h post infection, the RH infection resulted in a significant higher TRIM21 transcription level than in CEP infection or uninfection groups between which no significant difference was observed in TRIM21 transcription level. (B,C) Comparison of the translation level of TRIM21 in the HFF cells infected with RH or CEP for the indicated time with Western blot (up panels). The densitometrical analysis for the intensity of TRIM21 bands normalized to its corresponding GAPDH intensity showed that, both CEP and RH infection resulted in significant higher transcription levels of TRIM21 than in uninfected cells (down panels). All the experiments were repeated four times. The values were analyzed using the one-way ANOVA. Data were expressed as the mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001).




TRIM21 Was Involved in the IFN-γ Induced Inhibition of CEP (but Not RH) Proliferation in HFFs

TRIM21 protein level was upregulated after stimulation with IFN-γ regardless of the concentrations (Figure 5A). Calculating for the number of tachyzoites per vacuole (Figure 5B) and the percentages of the vacuoles containing 1, 2, 4, and 8 tachyzoites (Figure 5C), the results showed the proliferation of both RH and CEP strains was significantly inhibited following IFN-γ treatment (Figures 5B,C). We therefore wanted to know what the role of TRIM21 on T. gondii proliferation. HFF cells were transfected with pcDNA3.1-TRIM21-HA, and the overexpression of TRIM21 was detected by Western blot (Figure 5D); the proliferation of the parasites was determined by IFA. We found that TRIM21 overexpression resulted in the inhibition of CEP replication, but did not affect RH replication (Figures 5E,F). We next wondered if TRIM21 loss affected CEP replication, we examined the CEP replication in the HFFs with TRIM21 knockdown. We found that si-TRIM21 transfection resulted in a significantly reduced TRIM21 level compared to that in the control group (Figure 5G and Supplementary Figure 1A). Though the replication of CEP was significantly inhibited in the IFN-γ treated HFFs, but it was not affected in the TRIM21 knockdown groups regardless of IFN-γ treatment or not (Figures 5H,I and Supplementary Figures 1B,C).
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FIGURE 5. TRIM21 is involved in the IFN-γ induced inhibition of CEP proliferation (but not RH proliferation) in HFFs. The proliferation of RH and CEP tachyzoies in the HFFs was evaluated after stimulation with IFN-γ for 24 h (A–C), or transfection with pcDNA3.1-TRIM21-HA for 24 h (E–F); and proliferation of CEP-WT was evaluated after transfection with si-TRIM21 for 48 h in HFFs followed by IFN-γ treatment for 24 h (H–I). TRIM21 protein levels were measured by Western blotting (A,D,G). The average number of tachyzoites in 100 parasitophorous vacuoles (PVs) was counted (B,E,H), and the percentage of the PVs containing 1, 2, 4, or 8 parasites was determined by immune fluorescence assay (C,F,I). (A) The TRIM21 protein level was significantly up-regulated under IFN-γ stimulation in a dose-dependent manner, with the response concentration ranged from 50 to 500 U/ml. (B,C) The proliferation of the RH and CEP tachyzoites in HFFs was significantly inhibited after IFN-γ stimulation. (D) The overexpression of TRIM21 was detected. (E,F) The overexpression of TRIM21 significantly inhibited the CEP proliferation, but not affected RH proliferation. (G) The si-TRIM21 transfection significantly inhibited the TRIM21 translation. (H,I) The IFN-γ induced inhibition of CEP proliferation was relieved by TRIM21 knockdown. All the experiments were repeated three times. The values were analyzed using the one-way ANOVA and two-way ANOVA. Data were expressed as the mean ± SEM (*p < 0.05; **p < 0.01; ***p < 0.001).




TRIM21 Knockdown Relieved the IFN-γ-Induced Ubiquitin Labeling on CEP Parasitophorous Vacuole Membrane in HFFs

To determine whether TRIM21 was involved in IFN-γ-induced ubiquitin labeling on CEP PVM, we conducted an IFA with anti-FK-2 antibody. We found that IFN-γ induced ubiquitin labeling on the CEP PVM, but this labeling was relieved by TRIM21 knockdown regardless of IFN-γ simulation or not (Figures 6A,B). Furthermore, we investigated the outcome of the CEP tachyzoites in the PVs labeled by ubiquitin with LysoTracker® staining, finding that IFN-γ induced acidification of CEP’s PV (Figures 6C,D). These results indicated that TRIM21 knockdown in HFFs relieved the ubiquitin labeling on CEP’s PV induced by IFN-γ, which would result in PV acidification to kill the parasite in it.
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FIGURE 6. TRIM21 knockdown relieves the IFN-γ-induced ubiquitin labeling on CEP parasitophorous vacuole membrane (PVM) in HFFs. (A,B) HFFs were transfected with negative control siRNA (si-NC) or siRNA specific against TRIM21 (si-TRIM21), and stimulated with IFN-γ or not as indicated. After T. gondii infection, HFFs were subjected to immunofluorescence assay (IFA). IFN-γ induced ubiquitin labeling on the CEP PVM, but this labeling was relieved by TRIM21 knockdown regardless of IFN-γ simulation or not. (C,D) HFFs were stimulated with IFN-γ or not, and infected with CEP. The cells were then treated with LysoTracker® (acidic dye) and subjected to immunofluorescence assay (IFA). The result showed us that IFN-γ induced acidification of CEP. On the left, a representative fluorescent image is shown for the T. gondii CEP strain expressing GFP. The yellow box inside each representative image is shown as magnified pictures nearby (A,C). The percentage of vacuoles stained red with ubiquitin labeling or LysoTracker® was shown in the right bar diagram (B,D). Scale bar is 10 μm. The experiments were repeated three times. The values were analyzed using the one-way ANOVA or two-tailed unpaired Student t test. Data were expressed as the mean ± SEM (**p < 0.01; ***p < 0.001).




TgROP18I Relieved the Inhibition of Toxoplasma gondii Proliferation Caused by TRIM21

As we had identified that IFN-γ treatment resulted in the inhibition of RH and CEP replication, which also induced TRIM21 expression in HFFs (Figure 5). However, TRIM21 overexpression resulted in the inhibition of CEP replication, but did not affect RH replication (Figure 5); furthermore, TRIM21 knockdown relieved the IFN-γ induced inhibition of CEP (but not RH) proliferation (Figure 5). We therefore deduced that TRIM21 only functioned in CEP infection, but not in RH infection. As CEP strain does not express ROP18 as RH strain does, we speculated that the “loss of function” for TRIM21 during RH infection might be resulted by TgROP18I which degraded TRIM21 through lysosomal pathway (Figure 3).

To assess whether upregulated TRIM21 can be reversed by TgROP18I during RH infection, we conducted a proliferation assay with RH-△rop18 and CEP-rop18I strains. The result showed that TRIM21 overexpression resulted in the inhibition of RH-△rop18 proliferation (Figures 7A,B), but had no effect on CEP-rop18I proliferation (Figures 7C,D). These results confirmed that TRIM21 medicated inhibition of T. gondii proliferation was relieved by TgROP18I, and was irrelevant to T. gondii strain types.
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FIGURE 7. TgROP18I relieved TRIM21 mediated inhibition of T. gondii proliferation regardless of strain types. (A–D) HFFs were transfected with pcDNA3.1-TRIM21-HA or pcDNA3.1(+) for control, and infected with RH-△rop18 (A,B) or CEP-rop18I (C,D) parasites as indicated. Parasitic proliferation was measured at 18 h (RH-△rop18) or 24 h (CEP-rop18I) post-infection. The average number of tachyzoites in 100 vacuoles (A,C) or the number of vacuoles containing 1, 2, 4, or 8 parasites (B,D) was determined by fluorescence microscopy. The results indicated that TRIM21 overexpression inhibited the RH-△rop18 multiplication, but had no significant effect on CEP-rop18I multiplication. The experiments were repeated three times. The values were analyzed using the two-tailed unpaired Student t test and two-way ANOVA. Data were expressed as the mean ± SEM (**p < 0.01).




TRIM21 Medicated NF-κB Activation

As p65 phosphorylation represents the activation of NF-κB, both p-p65 (Ser536) and TRIM21 levels were upregulated by IFN-γ treatment in HFF cells, compared to which in the untreated cells (Figures 8A,B). To further reveal the relation between TRIM21 and NF-κB, we overexpressed TRIM21 in HFFs to detect p65 (S536) phosphorylation. The result showed us that the p-p65 (S536) level was significantly upregulated (representing significant NF-κB activation) by TRIM21 overexpression in dose-dependent manner (Figures 8C,D). After that, HFFs were transfected with si-TRIM21, and the TRIM21 knockdown was verified in si-TRIM21 transfected cells (Figure 8E). The result indicated that the phosphorylation of p65 (Ser536) was downregulated by TRIM21 knockdown (Figures 8E,F). We therefore concluded that TRIM21 functioned in NF-κB activation.
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FIGURE 8. TRIM21 mediated NF-κB activation. (A,B) In the HFF cells stimulated with the indicated concentrations of IFN-γ for 24 h, the p-p65 (S536) level was significantly higher than that in the untreated group. (C,D) Western-blot detection of p-p65 (S536) level showed that TRIM21 overexpression significantly elevated p-p65 (S536) phosphorylation in dose-dependent manner. (E,F) In the siRNA-TRIM21 transfected groups, TRIM21 expression was suppressed, but no significant difference was found in the p-p65 (S536) levels between the TRIM21 knockdown group with or without IFN-γ induction. The experiments were repeated three times. The values were analyzed using the one-way ANOVA and the data were expressed as the mean ± SEM (**p < 0.01; ***p < 0.001).




TRIM21 Blocked the Interaction of p65 and IκB-α

As the interaction of p65 and IκB-α was essential for NF-κB activation, we next sought to find out whether their interaction regulated by TRIM21. We firstly performed immunoprecipitation with anti-TRIM21 antibody. The result showed that TRIM21 interacted with IκB-α and TRIM21 overexpression promoted the interaction of TRIM21 and IκB-α, this phenomenon was also confirmed with IFN-γ stimulation (Figures 9A,B). Furthermore, their interaction was promoted with the prolonged IFN-γ treating time (Figure 9C). Moreover, the complex of IκB-α-TRIM21-p65 was detected after immunoprecipitation with anti-p65 antibody, and TRIM21 overexpression resulted in inhibition of IκB-α and p65 interaction in the HEK293T cells, for less IκB-α was detected in the over-expression cells than in the normal cells (Figure 9D). Since TRIM21 is an E3 ubiquitin ligase, we next examined the p65 ubiquitination level in the TRIM21 overexpressed HEK293T cells. An increased ubiquitinated p65 level was observed in the TRIM21 overexpression cells (Figure 9E). Moreover, the result showed us that the p65-ubiquitin was mainly of K63 linkage type (Figure 9E). Together, these results suggested that TRIM21 interacted with p65 and IκB-α, so as to inhibit the interaction of p65 and IκB-α and promote p65-K63 ubiquitination. As a result, NF-κB activation was inhibited.
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FIGURE 9. The interaction of p65 and IκB-α was suppressed with TRIM21 overexpression. Interaction of TRIM21 and IκB-α in the total cell lysates of HEK293T cells were analyzed by IP and Western-blot after either treatment with IFN-γ or transfection with pcDNA3.1-TRIM21-HA for the indicated time. (A–C) The IP with the anti-TRIM21 antibody identified the interaction of IκB-α with the overexpressed and the endogenous TRIM21. TRIM21 overexpression promoted TRIM21-IκB-α interaction (A). IFN-γ induction elevated TRIM21 production and promoted TRIM21-IκB-α interaction (B). The TRIM21 production induced by IFN-γ increased with the prolonged treating time and promoted TRIM21-IκB-α interaction (C). (D,E) The IP with the anti-p65 antibody identified the complex of IκB-α-TRIM21-p65 (D), and the interaction of p65-ubiquitin (E). The experiments were repeated three times. The TRIM21 band is indicated with “*”, and the IκB-α band is indicated with a black arrow.




DISCUSSION

TRIM21 was originally identified as an autoantigen in autoimmune diseases, including rheumatoid arthritis, Systemic lupus erythematosus, and Sjogren’s syndrome (Schulte-Pelkum et al., 2009). TRIM21 acts as an important factor involved in the innate immune responses against microbial infection, including bacterial, viral, and parasite (Hos et al., 2020; Mu et al., 2020; Xie et al., 2020), however, little about TRIM21 is known for parasites infection. In this study, we reported that T. gondii RH and CEP infection upregulated the expression of TRIM21, thus restricted parasite replication through NF-κB activation. Moreover, TRIM21 suppressed the p65-IκB-α interaction to activate NF-κB pathway through binding with IκB-α.

Interferon gamma (IFN-γ) is the major cytokine responsible for controlling T. gondii infection (Suzuki et al., 1988; Yap and Sher, 1999; MacMicking, 2012). Previous studies reported that TRIM21 can be upregulated by pathogens and suppress pathogens by interacting with the unique host factor, causing the ubiquitination and degradation of the pathogens through the proteasome pathway (Vaysburd et al., 2013; Rhodes and Isenberg, 2017). As an interferon stimulating gene (Rhodes et al., 2002), TRIM21 level was upregulated after stimulation with IFN-γ or T. gondii infection. We found that T. gondii proliferation was inhibited by IFN-γ stimulation, which is consistent with the other reports (Suzuki et al., 1988; Yap and Sher, 1999).

Our research revealed one of the mechanisms for the different outcomes when human cells were infected by type I and type III T. gondii. The virulence factor discharged by intruder has become one of the most effective ways for immune escape (Ashida et al., 2010; Sanada et al., 2012; Zhou and Zhu, 2015). During S. typhimurium infection, SPI-1-encoded effector protein SopA discharged by bacteria promoted TRIM65 and TRIM56 ubiquitination and degradation (Fiskin et al., 2017). TgROP18I, as the key virulence factor during T. gondii infection (El Hajj et al., 2007), is a Ser/Thr kinase of ROP2 subfamily, which interacted and phosphorylated host immune factor, including p65 (Du et al., 2014), p53, p38, UBE2N and Smad1 (Yang et al., 2017). In this study, we found the interaction of TgROP18I with human TRIM21 on the PRY-SPRY domain of TRIM21, and it promoted TRIM21 phosphorylation, and resulted in TRIM21 degradation through lysosomal way. We identified that IFN-γ treatment resulted in the inhibition of RH and CEP replication, and induced TRIM21 expression in HFFs. However, TRIM21 overexpression resulted in the inhibition of CEP replication, but did not affect RH replication; on the other hand, TRIM21 knockdown relieved the IFN-γ induced inhibition of CEP (but not RH) proliferation. Therefore, we deduced that TRIM21 only functioned in CEP infection, but not in RH infection. TgROP18I may be the reason for the different responses of host cells mediated by TRIM21 during RH and CEP infection.

Furthermore, our proliferation assay conducted with RH-△rop18 and CEP-rop18I strains showed that TRIM21 overexpression resulted in the inhibition of RH-△rop18 proliferation, but had no effect on CEP-rop18I proliferation. A recent study reported that deletion of TRIM21 gene promoted T. gondii replication (Foltz et al., 2017), while the effect of TRIM21 overexpression on T. gondii infection needed further investigations. Therefore, we concluded that TRIM21 medicated inhibition of T. gondii proliferation was relieved by TgROP18I, and was irrelevant to strain types.

TRIM family members have been regarded as key factors of innate immunity (Giraldo et al., 2020; Koepke et al., 2020). Accumulating studies have been reported that some members of the TRIM family positively regulated the NF-κB pathway (Kawai and Akira, 2011; Li et al., 2011; Hu et al., 2014). For instance, a recent study suggested that TRIM13 interfered TNF receptor associated factor 6 (TRAF6) to upregulate NF-κB activity (Huang and Baek, 2017). TRIM21 has been shown to stimulate NF-κB pathway activation (Yang et al., 2020). Moreover, IκB-α binds p65 subunit, which inhibits NF-κB activation and the IκB proteins are degraded, which promotes p65 entering the nucleus to activate NF-κB (Scheidereit, 2006). In consistence with these reports, we found that TRIM21 overexpression suppressed the p65-IκB-α interaction to promote the activation of NF-κB, which resulted in the inhibition of CEP proliferation. On the other hand, a suppressed NF-κB activation was observed in TRIM21 knockdown HFFs after CEP infection, but had no effects on CEP proliferation.

We also found that the IFN-γ-induced ubiquitin labeling of PVM was tightly controlled by TRIM21. Ubiquitin contains seven lysine residues that can form polyubiquitin chains (Komander and Rape, 2012). The formation of ubiquitin chains at different lysine residues leads to distinct outcomes (Zhao and Ulrich, 2010). Lysine 63 (K63) polyubiquitination to substrates is important for activation of signal transduction (Zhao and Ulrich, 2010; Komander and Rape, 2012). In our study, we identified that TRIM21 interacted with p65 and increased the p65 K63-ubiquitination level to promote NF-κB activation, which may be a possible mechanism for TRIM21 enhancing NF-κB activation to inhibit the proliferation of T. gondii. Ubiquitin recognition of intracellular bacteria and virus has become the hallmark event to mediate cellular immune response for restriction of the intruders (Heaton et al., 2016; Kuo et al., 2018; Wang et al., 2018). The coating of intracellular pathogens with ubiquitin is considered as a conserved defense mechanism from fruit flies to humans (Boyle and Randow, 2013; Manzanillo et al., 2013). Ubiquitin recognition of the substrates depends on the specificity of E3 ubiquitin ligases, and it’s important to screen the specific E3 ubiquitin ligases responsible for the interaction of host and pathogens. For instance, Salmonella was directly recognized by an E3 ubiquitin ligase, leucine rich repeat and sterile alpha motif containing 1 (LRSAM1), which led to the ubiquitination and autophagy of the bacterium (Huett et al., 2012). During T. gondii infection, K63-ubiquitin recognition of PVM conferred it to acidic destruction and proliferation obstacle in human umbilical vein endothelial cells (HUVEC) (Clough et al., 2016). We also found that TRIM21 knockdown relieved the ubiquitin labeling on PVM in IFN-γ primed HFFs, which indicated that TRIM21, as an E3 ubiquitin ligase, contributed to the IFN-γ-induced ubiquitin immune response against T. gondii infection.

In conclusion, our findings are highlighted as follows (Figure 10). 1. Host IFN-γ-induced factor TRIM21 restricted T. gondii replication through NF-κB activation and TRIM21 overexpression suppressed the p65-IκB-α interaction to activate NF-κB pathway. 2. TgROP18I which was discharged by T. gondii, interacted with the PRY-SPRY domain of human TRIM21, promoted TRIM21 phosphorylation, and induced TRIM21 degradation via lysosomal pathway. 3. IFN-γ induced ubiquitin labeling on the CEP PVM which resulted in PV acidification and death of parasites, but this labeling was relieved by TRIM21 knockdown regardless of IFN-γ simulation or not.


[image: image]

FIGURE 10. TgROP18I targets host TRIM21 for immune escape. 1. Host IFN-γ-induced factor TRIM21 restricted T. gondii replication through NF-κB activation and TRIM21 overexpression suppressed the p65-IκB-α interaction to activate NF-κB pathway. 2. TgROP18I which was discharged by T. gondii, interacted with the PRY-SPRY domain of human TRIM21, promoted TRIM21 phosphorylation, and induced TRIM21 degradation via lysosomal pathway. 3. IFN-γ induced ubiquitin labeling on the CEP PVM which resulted in PV acidification and death of parasites, but this labeling was relieved by TRIM21 knockdown regardless of IFN-γ simulation or not.
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Schistosoma japonicum infection showed protective effects against allergic airway inflammation (AAI). However, controversial findings exist especially regarding the timing of the helminth infection and the underlying mechanisms. Most previous studies focused on understanding the preventive effect of S. japonicum infection on asthma (infection before allergen sensitization), whereas the protective effects of S. japonicum infection (allergen sensitization before infection) on asthma were rarely investigated. In this study, we investigated the protective effects of S. japonicum infection on AAI using a mouse model of OVA-induced asthma. To explore how the timing of S. japonicum infection influences its protective effect, the mice were percutaneously infected with cercaria of S. japonicum at either 1 day (infection at lung-stage during AAI) or 14 days before ovalbumin (OVA) challenge (infection at post–lung-stage during AAI). We found that lung-stage S. japonicum infection significantly ameliorated OVA-induced AAI, whereas post–lung-stage infection did not. Mechanistically, lung-stage S. japonicum infection significantly upregulated the frequency of regulatory T cells (Treg cells), especially OVA-specific Treg cells, in lung tissue, which negatively correlated with the level of OVA-specific immunoglobulin E (IgE). Depletion of Treg cells in vivo partially counteracted the protective effect of lung-stage S. japonicum infection on asthma. Furthermore, transcriptomic analysis of lung tissue showed that lung-stage S. japonicum infection during AAI shaped the microenvironment to favor Treg induction. In conclusion, our data showed that lung-stage S. japonicum infection could relieve OVA-induced asthma in a mouse model. The protective effect was mediated by the upregulated OVA-specific Treg cells, which suppressed IgE production. Our results may facilitate the discovery of a novel therapy for AAI.
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INTRODUCTION

The prevalence of asthma has increased dramatically in the past three decades (Eder et al., 2006; Ali, 2011) and represents a great health burden, especially in developed countries (Barnes, 2004; Thomsen, 2015). Atopic asthma is the most common form of asthma. It is an immunological disorder characterized by inflammation of the airways and lungs triggered by allergen with marked TH2 responses, overactive immunoglobulin E (IgE) production, mucus hypersecretion, and large amount of eosinophil influx to the airways (Lambrecht and Hammad, 2015).

The exact social and environmental factors that lead to the hyperreactive immune disorder is not fully understood. A leading theory behind the rapid rise of allergy and asthma rates is the “hygiene hypothesis,” which suggests that the decreasing incidence of infections in Western countries may contribute to the rise of both autoimmune and allergic diseases (Okada et al., 2010). This hypothesis was supported by an observation showing that the Western lifestyle was linked with significantly higher prevalence of atopic diseases (Herbert et al., 2009). A putative explanation to this phenomenon is that the overall reduction in common TH1-inducing (bacterial, viral, and parasitical) infections results in a decreased ability to counterbalance TH2-polarized allergic diseases (Umetsu, 2012; Yang et al., 2016; Stiemsma and Turvey, 2017). Following this lead, a variety of experimental studies have shown that helminth infections can downregulate host immunity and immunopathology in allergy and other immune disorders (Sitcharungsi and Sirivichayakul, 2013; Maizels, 2016; Maizels and McSorley, 2016). Schistosome was one of the parasites that have been found to have protective effects against autoimmune diseases and allergies such as arthritis and asthma (Osada et al., 2009; Janssen et al., 2016; Qiu et al., 2017). These explorations hold great promise in identifying a new and more specific intervention measure for atopic asthma that does not result in certain side effects, such as increased susceptibility to infection and necrosis, which can be triggered by steroid hormone drugs such as dexamethasone (Kuprys-Lipinska and Kuna, 2014; Al-Ahmad et al., 2018; Falk, 2018).

Schistosome is an ancient parasite affecting more than 230 million people in 78 tropical and subtropical countries (LoVerde, 2019). During its life stages in definitive hosts, schistosome invades its mammalian hosts through the skin, migrates from skin to lung, and then develops and matures in the liver, finally residing in the mesenteric venules (McManus et al., 2018). Although it has been shown by multiple studies that schistosome could abate allergic airway inflammation (AAI), the understanding of its underlying mechanisms remains limited. Most previous studies focused on testing the preventive effect (infection before allergen sensitization) of the Schistosoma japonicum infection against allergic asthma. Under this setting, controversial results have been reported regarding both the timing of the infection (acute vs. chronic) (Smits et al., 2007; van der Vlugt et al., 2012; Layland et al., 2013) and the effector component (egg vs. worms) (Mangan et al., 2006; Pacifico et al., 2009; Obieglo et al., 2018), which reflects the complexities of the schistosome life cycle and its immune regulatory components. Moreover, contradictory results were also reported regarding the roles of regulatory T cells (Treg cells) in schistosome-mediated protection. Some studies showed that Treg cell was an important effector in schistosome-mediated protection against asthma (Medeiros et al., 2003; Smits et al., 2007; Pacifico et al., 2009; Layland et al., 2013; Zhang et al., 2019), whereas a more recent study showed that the protection was independent of Treg cells (Obieglo et al., 2018).

Unlike previous studies that were focused on testing the preventive effect (infection before allergen sensitization) of S. japonicum infection against allergic asthma, the primary goal of this study was to investigate the protective effect of S. japonicum infection on asthmatic inflammation (infection after allergen sensitization) and to clarify the underlying mechanism. To this aim, mice were percutaneously infected with cercaria of S. japonicum at either 1 day before OVA-induced asthma attack (infection at lung-stage during AAI) or 14 days before OVA-induced asthma attack (infection at post–lung-stage during AAI). We found that only lung-stage S. japonicum infection could upregulate the frequency of allergen-specific Treg cell, which significantly alleviated AAI by inhibiting IgE production and inflammatory cytokine secretion.



MATERIALS AND METHODS


Ethics Statement

All experiments and methods were performed in accordance with relevant guidelines and regulations. Mice experiments were carried out at the National Institute of Parasitic Disease, Chinese Center for Disease Control and Prevention (NIPD, China CDC) in Shanghai, China. All animal experiment protocols used in this study were approved by the Laboratory Animal Welfare & Ethic Committee of the National Institute of Parasitic Diseases (permit no. IPD-2016-7).



OVA-Induced AAI and S. japonicum Infection

Female BALB/c mice (6–8 weeks old) were randomly divided into six groups in this experiment, which were OVA-induced AAI (OVA) group, OVA-induced AAI with lung-stage S. japonicum infection (OVA + INF, lung stage) group, OVA-induced AAI with post–lung-stage infection (OVA + INF, post–lung stage) group, and OVA-induced AAI with dexamethasone (DXM) treatment (OVA + DXM) group, as well as infection (INF) group and normal (NOR) group. For OVA-induced AAI, the mice were sensitized by injecting 10 μg of alum-adjuvanted ovalbumin (OVA; cat. # 77120 and 77161; Thermo Fisher, United States) intraperitoneally on days 0 and 14. Subsequently, the mice were challenged with aerosolized OVA [1% in phosphate-buffered solution (PBS)] for 30 min in the chamber of a Medical Compressor Nebulizer (DEDAKJ, Germany) on days 21 to 24 (Figures 1A,B). The mice of the normal control and S. japonicum infection control groups were challenged with PBS. To test the protective effect of infection on OVA-induced AAI, mice were infected with 15 cercaria of S. japonicum at either 1 day (infection within 6 days: lung-stage infection) or 14 days before OVA-induced asthma attack (20 days within infection: post–lung-stage infection).
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FIGURE 1. Lung-stage S. japonicum infection alleviated the attack of OVA-induced AAI, whereas post–lung-stage infection did not. Experimental design of OVA-induced AAI treated with either lung-stage (A) or post–lung-stage (B) S. japonicum infection in murine model. (C,D) Inflammatory cell (total cell, macrophage, eosnophils, lymphocytes, neutrophils) infiltration in BALF of mice after OVA challenge was compared in NOR, INF, OVA, OVA + INF, and OVA + DXM groups (n = 5 or 6 mice per group, experiment performed twice). (E,F) Representative images of H&E and PAS staining of lung tissue after OVA challenge. Statistical analysis of inflammation score and mucus secretion score are also shown in (E,F), respectively, among five groups (n = 5 or 6 mice per group, experiment performed twice). NOR, normal mice (without OVA sensitization and challenge); INF, mice without OVA sensitization and challenge but infected with schistosome; OVA, mice with OVA sensitization and challenge but without S. japonicum infection; OVA + INF, mice sensitized and challenged with OVA and treated with S. japonicum infection; OVA + DXM, mice sensitized and challenged with OVA and treated with dexamethasone. All data are shown as mean ± SEM. *P < 0.05, **P < 0.01; NS, not significant by one-way analysis of variance (ANOVA) with Tukey test. #, ##, and ### indicate P < 0.05, <0.01, and <0.001, respectively, OVA versus NOR (C,D). *, **, *** indicated P < 0.05, <0.01, and <0.001, respectively, OVA + INF or OVA + DXM versus OVA (C,D).




Bronchoalveolar Lavage Collection and Cell Counting

Mice were euthanized 48 h after the last aerosolized OVA challenge (day 26), and bronchoalveolar lavage fluids (BALFs) were collected as previously reported method (Li et al., 2012). Briefly, after euthanasia, tracheotomy was carried out, and an arteriovenous indwelling needle (20-gauge; BRAUN, Germany) was inserted into the trachea. Lavages were collected by washing the lung twice with 0.3 mL PBS. Cells in BALFs were harvested after centrifugation, and the supernatants were stored at –80°C for cytokine detection. Cell pellet was fixed with paraformaldehyde (4%) and stained with a hematoxylin–eosin (H&E). A total of 1,000 cells from multiple fields were examined for each slide. Counts of total cells, eosinophils, macrophage, neutrophils, and lymphocytes were performed on blinded samples, as described previously (Chang and Yen, 2004).



Lung Histopathology

Lung tissues were fixed in 4% phosphate-buffered formaldehyde overnight and then embedded in paraffin and cut for H&E and periodic acid–Schiff (PAS) staining. Images of the stained sections were captured with a NIKON DS-U3 microscope (NIKON, Japan). Lung inflammation and the intensity of goblet cell metaplasia were assessed and scored 0 to 4 by two blinded, independent investigators, as described previously (Hopfenspirger and Agrawal, 2002).



Determination of Total and OVA-Specific IgE in Serum

The levels of total and OVA-specific IgE in serum were measured using enzyme-linked immunosorbent assay. Briefly, Maxisorp 96-well microtiter plates (Thermo Fisher Scientific, United States) were coated with rat monoclonal anti-mouse IgE antibody for total IgE detection (1:1,000; cat. # ab99571, Abcam, United Kingdom) or 10 μg/mL OVA for OVA-specific IgE (cat. # A5503, Sigma, United States) 100 μL/well, respectively, in carbonate–bicarbonate buffer, pH 9.6, for 12–16 h at 4°C. Then, the plates were blocked for at least 2 h at 37°C with 100 μL/well of PBS plus bovine serum albumin (BSA) (1%). After wash, 100 μL serum diluted with PBS containing 0.05% Tween 20 (PBST) (1:40 for total IgE; 1:5 for OVA-specific IgE) was added to each well and incubated at 37°C for 2 h. Next, horseradish peroxidase–labeled goat anti-mouse IgE antibody was diluted with PBST (1:2,000; cat. # ab99574, Abcam, United Kingdom) and added to each well at 100 μL/well. After 2 h of incubation at 37°C, the plates were washed with PBST five times. Finally, color was developed by addition of 100 μL/well of TMB (cat. # PA107, TIANGEN, China), and after incubation at room temperature for maximal 30 min, the reaction was stopped with 5% sulfuric acid (50 μL/well). Optical density values were determined at 450 nm using the multimode microplate readers (BioTek, United States). The concentration of total IgE was then calculated according to the standard curve.



Cytokine Detection in BALFs

Levels of interleukin 4 (IL-4), IL-5, IL-13, IL-10, eotaxin, and interferon γ (IFN-γ) in BALFs were measured using a custom-made Bio-Plex Pro Reagent Kit V (6-plex customization) (cat. # MHSTCMAG-70K, Wayen Biotechnologies, China) according to the manufacturer’s instructions. The fluorescence-labeled beads were detected using a corrected Bio-Plex MAGPIX system (Bio-Rad, Luminex Corporation, Austin, TX, United States), and the cytokine concentrations were calculated using Bio-Plex manager 6.1 (Bio-Rad).



Lymphocyte Isolation From Lung Tissues

After collection, lung tissues were washed three to four times with RPMI (Roswell Park Memorial Institute) medium, minced to tiny pieces, and then digested in 0.1% type IV collagenase (cat. # C8160, Solarbio, China) solution at 37°C for 30 min. Digested lung tissues were filtered through a 70-μm cell strainer, and erythrocytes were lysed with a red blood cell lysis buffer (cat. # R1010, Solarbio, China).



Flow Cytometry Assay

Single-cell suspensions were stained with a panel of surface monoclonal antibodies (mAbs) in FACS buffer (PBS containing 2 mM EDTA and 0.5% BSA) for 30 min on ice, including fluorescein isothiocyanate (FITC)–conjugated anti-CD4 (clone # 88-8111-40, eBioscience, United States), APC-conjugated anti-CD25 mAb (clone # 88-8111-40, eBioscience, United States), SuperBright645-conjugated anti-CD45.1 (clone # 64-0453-82, eBioscience, United States), and Pe-cyanine7–conjugated anti-CD45.2 (clone # 25-0453-82, eBioscience, United States). Subsequently, cells were fixed with fix/perm buffer (clone # 88-8111-40, eBioscience, United States) on ice for 20 min, and then stained with mAbs targeting intracellular markers in a Perm/wash buffer for 30 min on ice. For the detection of Treg cell, PE-labeled anti-Foxp3 mAb (clone # 88-8111-40, eBioscience, United States) was used. For detecting OVA-specific IL-4 and IFN-γ secretion, isolated lymphocytes were initially stimulated for 6 h with 5 μg/mL OVA peptide (323-339) (China peptides, China); leukocyte activation cocktail, with BD GolgiPlug (BD, United States) was added for another 4 h and then stained with mAbs Perp-cy5.5–conjugated anti-CD3 (clone # 145-2C11, eBioscience, United States) and FITC-conjugated anti-CD4 (clone # 88-8111-40, eBioscience, United States) for 30 min on ice. Subsequently, cells were fixed with fix/perm buffer (clone # 88-8111-40, eBioscience, United States) on ice for 20 min. Then PE-conjugated anti–IL-4 (clone # 12-7041-81, eBioscience, United States) or APC-conjugated anti-IFN-γ (clone # 17-7311-81, eBioscience, United States) for 30 min on ice was used. Finally, after two washes, all cells were resuspended in PBS containing 1% paraformaldehyde and subjected to flow cytometry analysis (Cytometer LX, Beckman).



Adoptive Transfer of Naive CD4+ T Cells

Naive CD4+ T cells of CD45.1+ OT II mice were purified using EasySep Mouse Naive CD4+ T Cell Isolation Kit (cat. # 19765, StemCell, United States) according to the manufacturer’s protocol. The purity of isolated cells was checked by flow cytometry and was confirmed to be >85%. Freshly purified naive CD4+ T cells were suspended in PBS and injected intravenously into CD45.2+ congenic C57BL/6 recipient mice, 1 × 106 cells/mouse. The induction of AAI and S. japonicum infection was performed as described above.



In vivo Depletion of Treg Cells

Anti-CD25 antibody clone PC61 has been widely used to deplete Treg cells for characterizing Treg cell function in vivo (Setiady et al., 2010); 100 μg/mouse anti-CD25 antibody (cat. # 16-0251-85, clone # PC61.5, eBioscience, United States) or isotype IgG (cat. # 16-4301-85, clone # eBRG1, eBioscience, United States) was dissolved with 150 μL sterile PBS and injected intravenously into the mice 21 days after OVA sensitization. A second shot of 50 μg/mouse antibodies was given on day 23 after OVA sensitization (Figure 7A). After depletion, the mice were randomly divided into two groups: OVA + INF + αCD25 and OVA + INF + IgG. OVA sensitization, aerosol challenge, and S. japonicum infection were performed as described above.



RNA Sequencing

Total RNA was extracted from lung tissues by using Trizol reagent (cat. # 15596026, Invitrogen). RNA purity was checked using the Nano Photometer spectrophotometer (IMPLEN, CA, United States). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, United States); 1 μg total RNA from each sample was used to construct the sequencing library using Poly(A) mRNA Capture Module (cat. # RK20340, Abclonal, United States) and Fast RNA-seq Lib Prep Module for Illumina (cat. # RK20304, Abclonal, United States). Index codes were added to attribute sequences of each sample. Then, the libraries were sequenced on Illumina Novaseq platform [2 × 150 base pairs (bp)]. A total of seven samples, three from the OVA group and four from the OVA + INF group, were sequenced in one lane, producing more than 30 million reads per library.



Differential Expression Genes Analysis and Functional Enrichment Analysis

Sequencing quality was evaluated by FastQC software1. Poor-quality reads and adaptors were trimmed by Trimmomatic software (released version 0.222), and only reads longer than 50 bp were used for further analysis. The high-quality reads were mapped to mouse genome (mouse BALB/cJ) downloaded in Ensembl database. The HTseq (Anders et al., 2015) was used to quantify gene expression, and R DEseq2 package (Anders and Huber, 2010) was employed for differential expression analysis. Only genes with false discovery rate (FDR) adjusted P < 0.05 and absolute value of fold change > 2 were considered as differential expression genes (DEGs). Functional enrichment of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes analyses of DEGs were conducted by R Cluster Profiler package (Yu et al., 2012) with FDR correction. Significantly enriched GO terms and KEGG pathways were identified with corrected P < 0.05. DEG-related pathways enrichment terms were performed with the Panther Classification System3.

Data and materials availability: RNA sequencing data are deposited in the SRA database SRA (SRA accession no. PRJNA609083).



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA, United States). The data of quantitative variables were presented as mean ± standard error of mean (SEM). P < 0.05 was considered statistically significant.



RESULTS


Lung-Stage S. japonicum Infection Ameliorated OVA-Induced AAI in a Murine Model

A mouse model of OVA-induced AAI was adopted to test the protective effect of S. japonicum infection on allergic asthma (Figures 1A,B). Compared to the control group, mice in the OVA group showed significant infiltration of inflammatory cells in BALFs (Figures 1C,D), which resembled the main clinical feature of AAI (Persson, 2019). Moreover, after S. japonicum infection, the results showed that the lung-stage infection significantly reduced the infiltration of inflammatory cells, especially eosinophils (Figure 1C), whereas post–lung-stage infection did not (Figure 1D). Histopathologic examination further confirmed the above findings by showing that lung-stage infection significantly suppressed the OVA-induced eosinophil-rich leukocyte infiltration and mucus hypersecretion (Figure 1E), whereas post–lung-stage infection showed no obvious protective effect (Figure 1F).



Lung-Stage S. japonicum Infection Inhibited IgE Production and Suppressed TH2 Cytokine Secretions

IgE is the key factor mediating the pathological immune responses that lead to allergic asthma (Galli and Tsai, 2012). To further characterize the protective effects of S. japonicum infection, we measured the total and OVA-specific IgE in serum of mice. The results showed that lung-stage infection significantly downregulated both the total and OVA-specific IgE to levels comparable with DXM treated mice (Figures 2A,B). In contrast, post–lung-stage infection tended to elevate the total and OVA-specific IgE levels despite no significant difference was reached (Figures 2C,D). Moreover, we also measured a panel of cytokines and chemokines in BALFs and found that lung-stage infection altered the cytokine/chemokine secretion pattern induced by aerosolized OVA challenge (Figure 3A and Supplementary Figure 1). More specifically, IL-5 and eotaxin were reduced to levels that are similarly attained with DXM treatment (Figure 3B). On the contrary, post–lung-stage infection increased IL-4 and IL-5 secretion (Figure 3B).
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FIGURE 2. Lung-stage S. japonicum infection suppressed both the total and OVA-specific IgE after OVA challenge, whereas post–lung-stage infection did not. (A,C) OVA-specific IgE in sera were measured by enzyme-linked immunosorbent assay from NOR, INF, OVA, OVA + INF, and OVA + DXM groups (n = 5 or 6 mice per group, experiment performed twice). (B,D) The concentrations of total IgE in mouse serum were compared among all groups after OVA challenge (n = 5 or 6 mice per group, experiment performed twice). All data are shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant by one-way analysis of variance (ANOVA) with Tukey test.
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FIGURE 3. Lung-stage S. japonicum infection inhibited TH2 cytokine secretion after OVA challenge, while post–lung-stage infection did not. (A) Heatmaps of multiple cytokines in BALF of mice treated with lung-stage S. japonicum infection (left) and post–lung-stage S. japonicum infection (right) after OVA challenge by Luminex (n = 5 or 6 mice per group, experiment performed twice). (B) Concentrations of IL-4, IL-5 and eotaxin in BALFs were compared among all groups (n = 5 or 6 mice per group, experiment performed twice). Data are shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant by one-way analysis of variance (ANOVA) with Tukey test.




Lung-Stage S. japonicum Infection Upregulated the Frequencies of Treg Cells Especially OVA-Specific Treg Cells in Lung

Treg cell was suggested to be a key factor of S. mansoni–mediated protection against AAI (Layland et al., 2013). Here, we first assessed the frequencies of total Treg cells (CD4+CD25+Foxp3+ Treg cell) in spleen and lung. As shown in Figure 4A, lung-stage infection upregulated the frequency of total Treg cells both in lung and spleen (Figure 4A), whereas post–lung-stage infection only slightly improved the proportion of Treg cells in the spleen (Figure 4B). Then, by adoptive transfer of OVA-specific naive CD4+ T cells (CD45.1+) into wide-type CD45.2+ mice (Figure 5A), we found that the frequency of OVA-specific Treg cells (CD45.1+ Treg) in lung increased by more than threefold after S. japonicum infection (P < 0.001), whereas the frequency of endogenous Treg cells (CD45.2+ Treg cell) in lung was not significantly improved (Figures 5B,C). The proportion of total Treg cells was increased in lung and LDLNs after S. japonicum infection (Figures 5B,C).


[image: image]

FIGURE 4. Lung-stage S. japonicum infection upregulated Treg cell frequency in lung and spleen after OVA challenge. (A,B) Comparisons of Treg cell populations (CD4+CD25+Foxp3+ Treg cell) in lungs and spleens among all groups. Representative data of flow cytometry analysis for each group are shown together with statistical comparisons. n = 5 or 6 mice per group, experiment performed twice. *P < 0.05, **P < 0.01 by one-way analysis of variance (ANOVA) with Tukey test.
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FIGURE 5. Lung-stage S. japonicum infection upregulated OVA-specific Treg cells after OVA challenge. (A) Design of experiment for testing the protective effect of lung-stage S. japonicum infection on OVA-induced AAI after adoptive transfer of OVA-specific naive CD4+ T cells. (B,C) Gate strategy and statistical comparisons of flow cytometry analysis for total Treg, CD45.1+ Treg cells (OVA-specific) and CD45.2+ Treg cells in lung and lung draining lymph nodes (LDLN). n = 5 or 6 mice per group, experiment performed twice. *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant by the one-way analysis of variance (ANOVA) with Tukey test.


We also found that the ratio of OVA-specific IL-4+ versus IFN-γ+ CD4+ T cells significantly decreased after lung-stage S. japonicum infection (Supplementary Figure 2), suggesting that specific CD4+ T cell responses shifted from TH2 toward TH1 responses.



The Protective Effect of Lung-Stage S. japonicum Infection Was Treg Cell–Dependent

Significant negative correlations between the frequency of Treg cells and OVA-specific IgE or IgG (Figure 6) were observed, indicating that the protective effect of S. japonicum infection on AAI might be mediated by Treg cell. To elucidate the role of Treg cell, we performed in vivo depletion of Treg cells using anti-mouse CD25 antibody (Figure 7A). The efficiency of Treg cell deletion is demonstrated by the significantly reduced percentage of CD25+ Treg cells as shown in Supplementary Figure 3. Our data showed that Treg depletion (OVA + INF + αCD25 group) aggravated OVA-induced AAI compared to isotype control group. Inflammatory cell infiltration, mucus secretion (shown by PAS staining), OVA-specific IgE production, and eotaxin secretion significantly increased after Treg depletion (Figure 7).
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FIGURE 6. The frequency of Treg cells in lung negatively correlated with OVA-specific IgE and IgG. Correlation analysis between Treg cell frequency in lung and the optical density values of OVA-specific IgE (left) and IgG (right) in serum (n = 5 or 6 mice per group, experiment performed twice).
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FIGURE 7. In vivo depletion of Treg cells counteracted the protective effect of lung-stage S. japonicum infection on OVA-induced AAI. (A) Design of experiment for testing the role of Treg cells in the protective effect mediated by lung-stage S. japonicum infection. (B) Comparisons of total inflammatory cell counts in BALF between lung-stage schistosome-infected mice treated with either anti-CD25 antibody or isotype control IgG (n = 8 mice per group, experiment performed twice). (C) Lung histopathology analysis of lung-stage schistosome–infected mice treated with either anti-CD25 antibody or isotype control IgG. Upper, H&E staining; lower, PAS staining (n = 8 mice per group, experiment performed twice). (D) Comparisons of OVA-specific IgE and IgG in sera between Treg cell–depleted and control mice (n = 8 mice per group, experiment performed twice). (E) Comparisons of eotaxin levels in BALF between lung stage–infected mice treated with either anti-CD25 antibody or isotype control (n = 8 mice per group, experiment performed twice). Data are shown as mean ± SEM. *P < 0.05, ***P < 0.001 by one-way analysis of variance (ANOVA) with Tukey test.




Lung-Stage S. japonicum Infection Molded the Microenvironment to Facilitate the Generation of Treg Cells

To reveal factors that contributed to the induction of Treg cells upon lung-stage S. japonicum infection, we created transcriptomic profiles of the lung tissues from the schistosome infected and non-infected mice after OVA challenge. The results showed that 203 genes were upregulated, and 279 genes were downregulated after lung-stage S. japonicum infection (Figure 8A and Supplementary Data File 1). GO analysis of DEGs showed that the top three terms of significantly enriched genes (P < 0.05) are mainly distributed in the T cell activation, the leukocyte proliferation, and the regulation of leukocyte proliferation (Figure 8B) pathways. Panther analysis showed that 84 DEGs are related to immune system processes (Supplementary Figure 4), and 70 of them were downregulated (Supplementary Data File 1). Further analysis showed that three genes (CD46, Epor, and Klra17) reported to promote Treg cell response were upregulated (Gehrie et al., 2011; Tsai et al., 2012; Purroy et al., 2017), and eight genes (Clec7a, CCR6, Spi-B, ABCG1, ADA, Ctsk, Ctss, and Ptgir) reported to inhibit Treg cell response were downregulated (Liu et al., 2013; Tang et al., 2015; Cheng et al., 2016; Naval-Macabuhay et al., 2016; Rauch et al., 2016; Yan et al., 2017; Zhou et al., 2017; Kulkarni et al., 2018; Figure 8C and Table 1) in schistosome-infected mice. We postulated that lung-stage S. japonicum infection generated a microenvironment facilitating Treg cell development in lung (Figure 8C).
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FIGURE 8. Transcriptomic analysis of differentially expressed genes (DEGs) between lung tissues of OVA-induced asthmatic mice treated with and without lung-stage S. japonicum infection. (A) Volcano plot of detected gene transcription profile in lung tissues of OVA-induced asthmatic mice treated with lung-stage schistosome infection compared with no-treatment control mice after OVA challenge. (B) The top eight functional enrichment pathways of Gene Ontology (GO) analysis for biological process in DEGs (P < 0.05). (C) Predicted gene network that might promote the generation of Treg cells in DEGs. Data were from at least three individuals per group per experiment, experiment performed twice.



TABLE 1. Differential expression genes reported to promote or inhibit Treg cell response.
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In addition, we found that eight genes (DOCK2, IRF4, Rac2, Lgals3, H2-Oa, Pdcd1lg2, Sash3, and Mzb1) related to B cell function or differentiation (Croker et al., 2002; Scheikl et al., 2009; Flach et al., 2010; Gu et al., 2013; Peng and Eckhardt, 2013; de Oliveira et al., 2018; Jing et al., 2019; Low et al., 2019) were also downregulated after S. japonicum infection (Table 2), which might potentially contribute to the inhibition of IgE response. Genes related to lung development (FOXF1, ANO9, TRIM6, MMP27, Epor, Gata1, and Serpina) (Nuttall et al., 2004; Rock et al., 2008; Sato et al., 2012) and cell integrity (Villin and CRB1) (Mehalow et al., 2003; Khurana and George, 2008) were also found to be upregulated too, which indirectly supported the observed protective effect of S. japonicum infection (Table 2).


TABLE 2. Differential expression genes reported to facilitate B cell or plasma cell, lung development, and cellular morphology.
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DISCUSSION

The eradication of helminths (and other pathogens) is suggested to have resulted in decreased immune-regulatory ability, which might be the cause of the increasing prevalence of allergic and autoimmune disorders especially in developed and urbanized countries (de Ruiter et al., 2017; Harnett and Harnett, 2017; Bach, 2018). The protective effect of parasitic infection against allergies and autoimmune disease has been extensively explored especially after the hygiene hypothesis was introduced into this field (Maizels et al., 2014), among which the immunoregulation of schistosome is best illustrated (Capron, 2011; Layland et al., 2013; Qiu et al., 2017).

In this study, to investigate how the timing of S. japonicum infection influenced the development of allergic asthma, we compared the protective effect of two phases of S. japonicum infection: lung stage and post–lung stage. We found that lung-stage S. japonicum infection significantly relieved OVA-induced AAI, but post–lung-stage infection showed no protective effect. Within lung-stage infection (3–7 days postinfection), schistosomula transformed from cercaria were completely located in lung tissue of the host (Rheinberg et al., 1998), which might modulate the local immune response to abate OVA-induced AAI. We postulated that this might be the reason that the protective effect of lung-stage infection was superior to post–lung-stage infection. And indeed, we found that lung-stage infection significantly upregulated Treg cell response in lung tissues.

Multiple factors such as worm species, timing, intensity and chronicity of infection, and host genetics have been investigated to illustrate the mechanisms of helminth-mediated regulation of host immunity (Cooper, 2009). Nonetheless, the relationship between helminths and asthma still remains not well understood. Mechanistic studies reported contradictory results; for example, one study showed that S. mansoni–mediated suppression of AAI was patency dependent and mediated by infection-induced Treg cells (Layland et al., 2013), whereas another study showed that protection mediated by S. mansoni egg was independent of either Treg cells or Breg cells (Obieglo et al., 2018). In the current study, we found that lung-stage S. japonicum infection that occurred during OVA challenge could upregulate the frequency of Treg cells and suppress OVA-specific IL-4 response. Upregulation of Treg cells by S. japonicum infection has been reported by few previous studies (Baru et al., 2010; Layland et al., 2013); however, to our knowledge, this is the first proof showing that the lung-stage S. japonicum infection can upregulate allergen OVA-specific Treg cell.

To elucidate the role of Treg cells in S. japonicum infection–mediated alleviation of AAI, we first analyzed the relationship between Treg cells and OVA-specific IgE and found that the frequency of Treg cells in lung negatively correlated with OVA-specific IgE. The suppression of IgE secretion by Treg cells has been observed and described by multiple previous studies (Meiler et al., 2008; Wing et al., 2008; Khan, 2020). IL-10 and CTLA-4 pathways were suggested to be associated with the suppression of IgE; however, the detailed molecular mechanism is still elusive. Furthermore, by in vivo depletion of Treg cell, we found that the decrease in IgE secretion was Treg cell–dependent. IgE acts as the major mediator contributing to AAI (Gabet et al., 2019). Our results demonstrated that the protective effect of S. japonicum infection on AAI was mediated by Treg cell–dependent inhibition of IgE, which was consistent with a previous report showing that the preventive effect of chronic S. mansoni infection against later AAI was also Treg cells dependent (Layland et al., 2013).

Mechanisms underlying the induction of Treg or Breg cells by helminth-related antigens have been reported (Zaccone et al., 2009; Haeberlein et al., 2017). However, we did not find out the exact active molecules of schistosome that led to the upregulation of Treg cells in this study. Nonetheless, we think that it is very likely that the observed protective effect was a collective result of multiple components of the schistosome, as previous studies showed that multiple enzymes released by schistosomula could regulate host immunity (Hansell et al., 2008; Liu et al., 2015). We plan to acutely define these components in the future.

Instead of identifying effector antigens, in this study, we tried to understand how the lung-stage S. japonicum infection influences local immune responses in lung. To do so, we performed a transcriptomic comparison between lung tissues of schistosome-infected and non-infected mice. The results showed that, after lung-stage S. japonicum infection, most genes related to immune response were downregulated (70/84), which implied that the general immune state in lung tended to be downregulated by S. japonicum infection. Among these genes, we found that three genes (CD46, Epor, and Klra17) reported to promote Treg cell response were upregulated, and eight genes (Clec7a, CCR6, Spi-B, ABCG1, ADA, Ctsk, Ctss, and Ptgir) reported to inhibit Treg cell response were downregulated in schistosome-infected mice, suggesting that S. japonicum infection generated a milieu facilitating Treg cell induction in the lung. In the meantime, we also observed that some molecules reported to facilitate the function of B cells or plasma cells were downregulated, which was consistent with our finding that IgE response was suppressed.

Collectively, our study showed that lung-stage S. japonicum infection established a regulatory environment in the lungs, which can help to relieve OVA-induced AAI in a mouse model. Although the exact mechanism of Treg cell upregulation remains elusive, our data showed that lung-stage S. japonicum infection can improve the population of allergen-specific Treg cells that suppress IgE production. These results highlight the value of lung-stage S. japonicum infection as a potential therapy for allergic asthma.
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Licarin-B Exhibits Activity Against the Toxoplasma gondii RH Strain by Damaging Mitochondria and Activating Autophagy
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Toxoplasma gondii is an obligate intracellular pathogen that infects warm-blooded animals and humans. However, side effects limit toxoplasmosis treatment, and new drugs with high efficiency and low toxicity need to be developed. Natural products found in plants have become a useful source of drugs for toxoplasmosis. In this study, twenty natural compounds were screened for anti-T. gondii activity by Giemsa staining or real-time fluorescence quantitative polymerase chain reaction (qPCR) in vitro. Among these, licarin-B from nutmeg exhibited excellent anti-T. gondii activity, inhibiting T. gondii invasion and proliferation in a dose-dependent manner, with an EC50 of 14.05 ± 3.96 μg/mL. In the in vivo, licarin-B treatment significantly reduced the parasite burden in tissues compared to no treatment, protected the 90% infected mice from to death at 50 mg/kg.bw. Flow cytometry analysis suggested a significant reduction in T. gondii survival after licarin-B treatment. Ultrastructural changes in T. gondii were observed by transmission electron microscopy (TEM), as licarin-B induced mitochondrial swelling and formation of cytoplasmic vacuoles, an autophagosome-like double-membrane structure and extensive clefts around the T. gondii nucleus. Furthermore, MitoTracker Red CMXRos, MDC, and DAPI staining showed that licarin-B promoted mitochondrial damage, autophagosome formation, and nuclear disintegration, which were consistent with the TEM observations. Together, these findings indicate that licarin-B is a promising anti-T. gondii agent that potentially functions by damaging mitochondria and activating autophagy, leading to T. gondii death.
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INTRODUCTION

Toxoplasma gondii, which causes toxoplasmosis, is the most successful intracellular protozoan parasite that infects virtually all warm-blooded vertebrates (Weiss and Kim, 2013). Although T. gondii infections are generally symptomless in healthy individuals, T. gondii infection often results in major problems in immune-compromised individuals, such as untreated AIDS patients (Ahmadpour et al., 2014; Machala et al., 2015). Furthermore, during pregnancy, T. gondii infection can result in vertical transmission and lead to miscarriage, fetal malformations and even fetal death (Fallahi et al., 2018).

Currently, among the therapies of choice for toxoplasmosis, pyrimethamine, and sulfadiazine are the gold-standard chemotherapy. However, these therapeutic options are limited by poor tolerance (Rothova et al., 1993; Bosch-Driessen et al., 2002; de-la-Torre et al., 2011; Guaraldo et al., 2018). Moreover, available treatments are not effective against latent infections. Therefore, novel therapies are needed for treating toxoplasmosis. In recent years, many efforts have been focused on finding safe drugs for T. gondii infection. In general, screening a vast array of natural compounds is a viable option for antiparasitic drug discovery. The natural products found in plants have become a useful source of drugs for clinical use (Sepulveda-Arias et al., 2014), and some of these new compounds may serve as good starting points for the discovery of effective new drugs, such as ursolic acid, resveratrol, licochalcone A, and myrislignan (Montazeri et al., 2017; Chen et al., 2019; Guo et al., 2019; Zhang J. et al., 2019). Indeed, screening natural products might reveal viable sources of alternative therapies for parasitic infection. In this study, we screened 20 compounds comprising natural products to identify candidates that suppress the growth of T. gondii, and many exhibited activities against T. gondii. Licarin-B, a compound from spice nutmeg, showed excellent anti-T. gondii activity. Subsequently, we explored the activity of licarin-B against T. gondii in vitro and preliminarily investigated its mechanism of action.



MATERIALS AND METHODS


Cells and Parasites

Human foreskin fibroblasts (HFFs) were obtained from the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, United States) with streptomycin (100 μg/mL, Gibco, United States), penicillin (100 U/mL, Gibco, United States), 1% GlutaMAX (Gibco, United States), 1% non-essential amino acids (NEAAs, Gibco, United States) and 10% heat-inactivated fetal bovine serum (FBS, Gibco, United States) at 37°C in a 5% CO2 atmosphere (Sepulveda-Arias et al., 2014).

Tachyzoites of the T. gondii strain RH used in this study were a gift from the Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The tachyzoites were maintained in HFF layers as described previously (Sepulveda-Arias et al., 2014).



Drugs

Licochalcone B (HY-N0373), licochalcone C (HY-N0374), isoliquiritigenin (HY-N0102), licorice glycosides (HY-N6980), echinatin (HY-N0269), genistin (HY-N0595), genistein (HY-14596), glycitein (HY-N0016), D-mandelic acid (HY-Y0585), limonin (HY-17411), maslinic acid (HY-N0629), thymol (HY-N6810), chlorogenic acid (HY-N0055), myristic acid (HY-N2041), dehydrodiisoeugenol (HY-N0589), and methyl myristate (HY-Y1298) were purchased from MedChemExpress Co., Ltd. (United States), and all had purities greater than 98%. L-mandelic acid (S61263), piperitone (B29297), and myristicin (B21076) were purchased from Yuanye Biotechnology Co., Ltd. (Shanghai, China) had had purities greater than 98%. Licarin-B ([5-[(2S)-2,3-D\dihydro-7-methoxy-3β-methyl-5-[(E)-1-propenyl] benzofuran-2-yl]-1,3-benzodioxole], batch number DL0060) was purchased from Desite Biotechnology Co., Ltd. (Chengdu, China) and had a purity above 98%. Among these, some of the natural compounds of flavonoid isolates from licochalcone root, including licochalcone B, licochalcone C, isoliquiritigenin, licorice glycosides, and echinatin; genistin, genistein, and glycitein, were isolated from soybean. In addition, D-mandelic acid, L-mandelic acid, limonin, maslinic acid, thymol, piperitone, and chlorogenic acid were isolated from Amygdalus communis L., grapefruit, maythorn, Piper nigrum, and Lonicera japonica Thunb, and myristic acid, myristicin, licarin-B, dehydrodiisoeugenol, and methyl myristate were isolated from nutmeg. In the cytotoxicity assay, the natural compounds were dissolved in dimethyl sulfoxide (DMSO, Sigma, United States) and diluted in DMEM containing 1% FBS to different concentrations. Sulfadiazine and pyrimethamine (Sigma, United States), which were used as positive controls, were dissolved in DMEM with 1% FBS to 8.6 and 1.0 μg/mL, respectively (Neville et al., 2015).



Ethics Statement

Ethics BALB/c mice (8 weeks, 18–20 g, female) were kept in cages with an adequate temperature (25 ± 2°C) and provided water and food. All experiments were approved by the Animal Administration and Ethics Committee of Lanzhou Institute of Husbandry and Pharmaceutical Sciences, Chinese Academy of Agricultural Sciences. The certificate number was SCXK (Gan) 2019-0012. All procedures in this study were strictly carried out accordance with good laboratory animal practice standards according to the Animal Ethics Procedures and Guidelines of the People’s Republic of China. All efforts were made to minimize animal suffering.



Cytotoxicity Assay

The cytotoxicities of the natural compounds were determined using the previously published Cell Counting Kit-8 (CCK-8) method (Zhang J. et al., 2019). In brief, HFFs (1 × 104 cells/well) were seeded in 96-well plates in a monolayer and incubated with different concentrations of the compounds in DMEM with 1% FBS; DMEM without compound was used as a control. After 24 h, CCK-8 solution (Biomake, United States) was added, and absorbance was measured at 450 nm using a Multiskan GO instrument (Thermo Fisher Scientific, MA, United States). The cell viability values are expressed as percentages of the control value (considered as 100% survival). The concentration of natural compound that had no toxicity for HFFs was used for in vitro screening experiments. Triplicate independent experiments were performed.



In vitro Screening of Anti-T. gondii Activity

Human foreskin fibroblasts were seeded in 6-well plates and infected with 3 × 104 fresh T. gondii tachyzoites. After 8 h, the natural compounds in DMEM supplemented with 1% FBS were added. Sulfadiazine and pyrimethamine were included as positive drug controls. After incubation for 24 h, the cells were washed twice with PBS, stained with Giemsa, and observed by light microscopy. In addition, total DNA was isolated from the cells using DNAiso Reagent (Takara), and a 529-bp repeat element was amplified by quantitative polymerase chain reaction (qPCR) with the following primers: Tox-F (5′-AGG AGA GAT ATC AGG ACT GTA G-3′), Tox-R (5′-GCG TCG TCT CGT CTA GAT CG-3′), and the Taqman probe Tox-TP (6-Fam CCG GCT TGG CTG CTT TTC CT BHQ1), as described in a previous study (Zhang J.L. et al., 2019). The inhibition rates against T. gondii proliferation for the natural compounds at concentrations with no HFF toxicity were calculated, and the inhibition rate in each treatment group was presented as the % of the control group. The experiment was repeated three times.



Anti-Proliferation Activity of Licarin-B

Human foreskin fibroblast monolayers in 6-well plates were infected with 3 × 104 parasites per well for 8 h, after which various concentrations of licarin-B (4.5, 6, 7.5, 9, 13.5, 18, 22.5, 27, 31.5, 36, 40.5, or 45 μg/mL) in DMEM supplemented with 1% FBS were added to the cells. DMEM without drugs was used as a parasite control. Sulfadiazine (0.4 μg/mL), was added under identical conditions as a positive drug control. After 24 h, the cells were washed twice with PBS, and total genomic DNA from the cells was obtained as described in a previous study (Zhang J.L. et al., 2019). The 50% effective concentration (EC50) of licarin-B on T. gondii was calculated. The results represent the means ± standard deviations (SD) from at least three independent experiments.



Anti-Invasion Assessment of Licarin-B in vitro

Human foreskin fibroblasts were seeded in 6-well plates and incubated with different concentrations of licarin-B (4.5, 9, 13.5, 18, or 22.5 μg/mL), sulfadiazine (0.4 μg/mL, as a positive control) or without drugs in DMEM supplemented with 1% FBS and then infected with 3 × 106 fresh parasites per well. The anti-invasion capability of licarin-B was determined by qPCR after 2 h of infection, as described in a previous study (Zhang J.L. et al., 2019). Triplicate independent experiments were performed.



In vivo Anti-T. gondii Activity of Licarin-B

The therapeutic effect on acute infection was evaluated as described by Zhang; female BALB/c mice were divided into four groups consisting of 10 mice each, and each mouse was injected with 2 × 103 tachyzoites by intraperitoneal injection. Then, the mice were treated with licarin-B (25 or 50 mg/kg⋅bw), the positive drugs (100 mg/kg⋅bw sulfadiazine, 50 mg/kg⋅bw pyrimethamine, or 15 mg/kg⋅bw folinic acid) or PBS (as control) (Si et al., 2018). Positive drugs were administered by oral administration, and licarin-B was administered by intraperitoneal injection. The treatments were administered once per day for 15 consecutive days, and the mice were observed for 15 days after treatment cessation. The survival times of the infected mice and the number of deaths were monitored and recorded twice daily for 30 days.

To evaluate the therapeutic effect of licarin-B on acute infection, mice were infected intraperitoneally with 1 × 104 tachyzoites and then divided into three groups (six mice/group) for treatment with PBS (as a parasite control), licarin-B (50 mg/kg⋅bw), or a positive control drug, as described above (Zhang J.L. et al., 2019). The treatments were administered for 4 consecutive days, and then, the number of parasites in the tissue and blood samples were deduced from standard curves constructed using known numbers of tachyzoites, as previously described.

Dose safety assessment in vivo was performed to determine safe doses of licarin-B, as previously described. The mice were treated with the drug dosages outlined above for 30 days, and no discernible clinical toxicity was observed with any of the tested drug doses during this time period.



Flow Cytometry Analysis

Approximately 1 × 106 extracellular tachyzoites were incubated with licarin-B (18 or 36 μg/mL) in DMEM or with no drug as a control for 24 h, followed by centrifugation at 1,500 × g for 10 min. The samples were washed with PBS and suspended in 100 μL of binding buffer with 5 μL of annexin V-PE and 5 μL of 7-AAD dye in the dark for 20 min at 37°C. Double mixtures were acquired and analyzed by flow cytometry (BD FACSVerse, United States) (Giovati et al., 2018). The experiment was repeated three times.



Transmission Electron Microscopy Analysis

For transmission electron microscopy (TEM) analysis, HFFs were seeded to confluence in T25 flasks and infected with 1.5 × 106 T. gondii tachyzoites for 8 h. After the addition of 18 μg/mL licarin-B, the cells were cultured for 4, 8, or 16 h, digested with TrypLE Express for 2 min, washed twice with PBS, fixed with 2.5% glutaraldehyde at 4°C for 12 h, washed with PBS to remove glutaraldehyde and post-fixed with 1% osmium acid solution for 1.5 h in the dark. The samples were then washed with PBS, dehydrated in a graded alcohol series, dehydrated in acetone and embedded in Epon. Ultrathin sections were stained with uranyl acetate and lead citrate and observed under a transmission electron microscope (Tecnai Spirit Bio-TWIN, Thermo Fisher Scientific, FEI, United States).



Evaluation of the Licarin-B Effect on T. gondii Tachyzoites in Mitochondria

Extracellular parasites (1 × 105 per group) were incubated in DMEM with licarin-B (18 μg/mL) for 4, 8, or 16 h at 37°C; with licarin-B (18, 27, or 36 μg/mL) for 8 h at 37°C; or without any drug (as a control). Then, all the samples were stained with the MitoTracker Red CMXRos probe (50 nM, Invitrogen, United States) for 20 min.

(Zhang J.L. et al., 2019). The fluorescence intensity was observed by laser confocal microscopy (ZEISS LSM-800, Jena, Germany).



Monodansylcadaverine Staining

For each sample, approximately 1 × 105 tachyzoites were treated with licarin-B (18 μg/mL) in DMEM for 4, 8, or 16 h at 37°C; licarin-B (18, 27, or 36 μg/mL) in DMEM for 8 h at 37°C; or no drug (as a control) in DMEM. Then, the samples were washed with PBS (pH 7.4), suspended in monodansylcadaverine (MDC) working solution (100 μM) at 37°C for 1 h after centrifugation, and washed twice with PBS. The tachyzoites were resuspended in 500 μL of PBS, and the fluorescence in each group was visualized by laser scanning confocal microscopy.



Evaluation of the Licarin-B Effects on T. gondii Tachyzoites in the Nucleus

Extracellular parasites (1 × 105 per group) were incubated in DMEM with licarin-B (18, 27, or 36 μg/mL) or without any drug (as a control) for 16 h at 37°C. All the samples were stained with 4′,6-diamidino-2-phenylindole (DAPI) at 37°C for 10 min, and fluorescence intensity was observed by laser confocal microscopy.



Statistical Analyses

The EC50 of licarin-B for tachyzoite growth inhibition was plotted as a function of the compound concentration via non-linear curve analysis using SPSS 19.0 software (SPSS Inc., Chicago, IL, United States). The results of the anti-invasion and anti-proliferation tests, the in vivo assays of the survival rate and parasite burden and data comparisons between the parasite control and treatment groups were statistically analyzed by one-way analysis of variance (ANOVA) using SPSS software. Differences were considered statistically significant at a p-value < 0.01.



RESULTS


Screening of the Anti-T. gondii Activity of Natural Compounds in vitro

The structures of the 20 natural compounds are shown in Supplementary Figure 1. To determine safe concentration ranges for these natural compounds, cytotoxicity was measured by the CCK-8 assay. Table 1 shows the ranges of the natural compound concentrations that were not toxic for HFFs, representing the safe concentration ranges for the subsequent screening of the anti-T. gondii activity of the compounds in vitro using Giemsa staining and qPCR. Accordingly, compared with the control group, licochalcone B, licochalcone C, isoliquiritigenin, licorice glycosides, echinatin, genistin, genistein, glycitein, D-mandelic acid, L-mandelic acid, limonin, maslinic acid, thymol, piperitone, chlorogenic acid, myristic acid, myristicin, licarin-B, dehydrodiisoeugenol, and methyl myristate showed activity against T. gondii growth, with inhibition rates of 51.67 ± 6.71, 54.91 ± 4.85, 42.82 ± 7.92, 35.93 ± 4.78, 63.06 ± 10.65, 26.33 ± 3.54, 22.32 ± 5.91, 8.11 ± 2.19, 9.30 ± 3.76, 11.87 ± 2.84, 72.19 ± 9.78, 65.44 ± 4.53, 25.66 ± 2.31, 31.14 ± 1.97, 34.56 ± 2.77, 26.33 ± 1.32, 22.33 ± 3.46, 99.76 ± 5.81, 8.14 ± 2.15, and 7.65 ± 2.64%, respectively (Table 2). Furthermore, Giemsa staining analysis revealed the corresponding dose-response anti-parasitic activities of the 20 compounds, as shown in Figure 1. Accordingly, preliminary screening results showed that licarin-B (200 μg/mL) exhibited excellent anti-proliferative activity, causing no parasitophorous vacuoles (PVs) in host cells (Figure 1R). Therefore, we further explored the anti-T. gondii activity of licarin-B in vitro and the mechanism of action.


TABLE 1. Ranges of natural compound concentrations that were not toxic to HFF cells.
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TABLE 2. Screening of anti-T. gondii activity of natural compounds in vitro.
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FIGURE 1. Anti-T. gondii activity of natural compounds as determined by Giemsa staining. HFFs were infected with T. gondii tachyzoites for 8 h and incubated with compounds in DMEM supplemented with 1% FBS for 24 h. The cells were washed twice with PBS, stained with Giemsa, and observed by light microscopy. Licochalcone B (A), Licochalcone C (B), Isoliquiritigenin (C), Licorice glycosides (D), Echinatin (E), Genistin (F), Genistein (G), Glycitein (H), D-mandelic acid (I), L-mandelic acid (J), Limonin (K), Maslinic acid (L), Thymol (M), Piperitone (N) and Chlorogenic acid (O), Myristic acid (P), Myristicin (Q), Licarin-B (R), Dehydrodiisoeugenol (S), Methyl myristate (T), Pyrimethamine (U), Sulfadiazine (V), Parasite control (W), Host cell control (X). The arrows indicated parasitophorous vacuoles (PVs) and tachyzoites in the host cells. Scale bars: 50 μm.




Licarin-B Inhibited T. gondii Tachyzoite Proliferation and Invasion

The ability of licarin-B to suppress the intracellular proliferation of T. gondii tachyzoites was evaluated by qPCR. Compared with the control group, licarin-B significantly (p < 0.01) inhibited T. gondii tachyzoite intracellular proliferation in a concentration-dependent manner in the range of 4.5–45 μg/mL (Figure 2A). The EC50 of licarin-B for T. gondii tachyzoite growth inhibition was 14.05 ± 3.96 μg/mL. Sulfadiazine (0.4 μg/mL), as the positive control drug, inhibited T. gondii tachyzoite intracellular proliferation by 40.82%.
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FIGURE 2. Licarin-B inhibited T. gondii tachyzoite intracellular proliferation and invasion in vitro. (A) Assessment of the anti-proliferative effect of licarin-B on T. gondii-infected HFFs by qPCR. HFFs were infected with T. gondii and then cultured in DMEM with licarin-B (4.5, 6, 7.5, 9, 13.5, 18, 22.5, 27, 31.5, 36, 40.5, or 45 μg/mL), sulfadiazine (0.4 μg/mL), or no drug (parasite control). After 24 h, a 529-bp repeat element of the T. gondii genome was amplified by PCR. The percent inhibition of tachyzoite proliferation in each group was compared with that in the parasite control group. (B) Effects of licarin-B on T. gondii invasion. HFFs were cultured in DMEM containing licarin-B (4.5, 9, 13.5, 18, or 22.5 μg/mL), sulfadiazine (0.4 μg/mL), or no drug (parasite control) and infected with T. gondii tachyzoites. The anti-invasion capability of licarin-B was determined by qPCR after 2 h of infection. The percentage of invasive cells is expressed as the number of infected cells compared with the total number of host cells. Triplicate independent experiments were performed, and the data are presented as the mean ± SD. *p < 0.01 compared with the parasite control.


In the anti-invasion assay, compared with the control group, licarin-B (4.5–22.5 μg/mL) significantly (p < 0.01) inhibited T. gondii invasion (Figure 2B). The anti-invasion inhibition rate of the positive drug (sulfadiazine) control group was 56.5%.



Licarin-B Exhibited Anti-T. gondii Activity in vivo

To determine the effect of licarin-B on the survival rate of acutely infected mice, T. gondii-infected mice were treated with licarin-B during a 30-day test period. All the infected mice in the parasite control and solvent-treated groups succumbed to infection by day 7, as shown in Figure 3A. Licarin-B had a significant (p < 0.01) anti-T. gondii activity, as demonstrated by survival rates of 60 and 90% of the infected mice after the 15-day period of continuous administration 25 and 50 mg/kg⋅bw, respectively. All the mice in the positive control drug groups survived. Licarin-B and the positive control drug treatments significantly (p < 0.01) reduced the parasite loads in the blood and brain, liver, and spleen tissues compared with those found in the parasite control untreated group, as shown in Figure 3B.
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FIGURE 3. Effect of licarin-B on the survival rate of acutely infected mice (A). All the mice were infected with T. gondii tachyzoites and then treated with licarin-B (25 or 50 mg/kg⋅bw), a positive control drug PBS once daily for 15 days. The mice were then observed for an additional 15 days, and the survival times of the infected mice were recorded for 30 days. Licarin-B treatment reduced the parasite burden in blood or tissues from the acutely infected mice (B). The mice were challenged intraperitoneally with T. gondii tachyzoites and then treated with licarin-B or PBS once daily for 7 days. The parasite loads in the blood and brain, liver, and spleen tissues of the infected BALB/c mice were isolated and homogenized. Total genomic DNA was isolated, and the T. gondii 529-bp gene was detected by qPCR. The quantified parasite loads in the tissues and blood of mice are presented as the log10 values of the numbers of tachyzoites per 20 mg of tissue or 50 μL of blood. *p < 0.01 compared with the parasite control.




Licarin-B Induced T. gondii Death

To determine whether treatment with licarin-B was correlated with T. gondii death, the parasite survival rate was monitored by flow cytometry analysis. As shown in Figure 4, licarin-B treatment significantly (p < 0.01) reduced T. gondii survival, as indicated by rates of approximately 45 and 26% in the 18 and 36 μg/mL licarin-B treatment groups, respectively (Figures 4B,C). Conversely, the control group showed a survival rate of approximately 80% (Figure 4A). The proportions of T. gondii surviving after treatment with licarin-B (18 or 36 μg/mL) or not for 24 h are shown in Figure 4D.
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FIGURE 4. Licarin-B induced death in T. gondii, as determined by flow cytometry. The control group showed a T. gondii survival rate of approximately 80% (A). Licarin-B treatment significantly reduced the T. gondii survival rate, with rates of approximately 45 and 26% in the 18 and 36 μg/mL licarin-B treatment groups, respectively (B,C). The proportions of T. gondii surviving after treatment with licarin-B (18 or 36 μg/mL) for 24 h are shown (D).




Ultrastructural Changes in T. gondii Tachyzoites After Licarin-B Treatment

Transmission electron microscopy analysis showed that the control groups displayed well-preserved tachyzoite structures, including rhoptries (R), dense granules (DGs), nuclei (N), and mitochondria (M) with an electron-dense matrix (Figure 5A). In contrast, after incubation with licarin-B (18 μg/mL) for 4 h, the parasites exhibited alterations in the tachyzoite cytoplasm, such as slight mitochondrial swelling and a double membrane structure (a hallmark of autophagy), as shown by the arrow in Figure 5B. After 8 h of incubation, licarin-B (18 μg/mL) induced mitochondrial swelling, cristae disruption, vacuole formation, and an autophagy-like double membrane structure in the cytoplasm, as indicated by the arrows (Figure 5C). Furthermore, extensive clefts around the nucleus, nuclear membrane disappearance, and progressive degeneration of the parasites were observed after 16 h of incubation with licarin-B (18 μg/mL), as depicted in Figure 5D.
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FIGURE 5. Ultrastructural changes in T. gondii tachyzoites after licarin-B. HFFs were infected with 1.5 × 106 T. gondii tachyzoites; 18 μg/mL licarin-B was then added, and the cells were cultured for 4, 8, or 16 h. In the control group, the well-preserved tachyzoite structures were maintained, including the rhoptries (R), dense granules (DGs), nucleus (N), and mitochondrion (M) (A). Licarin-B treatment of the parasites for 4 h induced cytoplasmic alterations, such as slight mitochondrial swelling and a double membrane structure (B). After 8 h of incubation, licarin-B induced aggravated mitochondrial swelling, disrupted cristae, vacuole formation, and autophagy-like double membrane structures in the cytoplasm (C). Furthermore, extensive clefts around the nucleus, nuclear membrane disappearance, and progressive degeneration of the parasites were observed after 16 h incubation with licarin-B (D). Scale bars: 1 μm (A,B); 2 μm (C,D).




Licarin-B Induced Mitochondrial Damage in T. gondii

The MitoTracker Red CMXRos dye shows red fluorescence at high mitochondrial membrane potential (ΔΨm), and the change in its fluorescence color is thus considered an indicator of the mitochondrial state. T. gondii tachyzoites had complete ΔΨm in the control group without licarin-B incubation, and licarin-B decreased the ΔΨm in T. gondii in a time-dependent manner in the presence of licarin-B (18 μg/mL) for an extended period (Figure 6A). As the licarin-B concentration increased (18, 27, or 36 μg/mL), the ΔΨm was reduced in a dose-dependent manner after treatment for 8 h, as shown in Figure 6A.
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FIGURE 6. Licarin-B induced mitochondrial damage in T. gondii (A). T. gondii were incubated with licarin-B (18 μg/mL) for 4, 8, or 16 h and with licarin-B (18, 27, or 36 μg/mL) for 8 h or without any drug (as a control). Then, all the samples were stained with the MitoTracker Red CMXRos and observed by laser confocal microscopy. Licarin-B induced autophagy formation in T. gondii (B). Tachyzoites were treated with licarin-B (18 μg/mL) for 4, 8, or 16 h; with licarin-B (18, 27, or 36 μg/mL) for 8 h at 37°C; or with no drug (as a control). They were then stained with MDC working solution (100 μM), and visualized by laser scanning confocal microscopy. Licarin-B induced nuclear disintegration (C). T. gondii were treated with licarin-B (18, 27, or 36 μg/mL) or without drug as a control for 16 h and stained with DAPI; the fluorescence intensity was observed by laser confocal microscopy. Scale bars: 2 μm. The intensity mean value of MitoTracker Red CMXRos, MDC, or DAPI staining were calculated. *p < 0.01 compared with the parasite control.




Licarin-B Induced Autophagy Formation in T. gondii

To verify autophagy formation after licarin-B incubation, we performed labeling experiments with MDC. After 4, 8, or 16 h of treatment with licarin-B (18 μg/mL), some parasites were positive for MDC, which labels autophagosomes (Figure 6B). Furthermore, the labeled tachyzoites showed intense green fluorescence in the groups treated with 18, 27, and 36 μg/mL licarin-B for 8 h, which indicated that autophagy was induced in T. gondii in a concentration-dependent manner (Figure 6B). However, MDC staining was negative in the control group (Figure 6B). Together, these results were consistent with the TEM analysis.



Licarin-B Induced Nuclear Disintegration in T. gondii

To verify nuclear damage after licarin-B incubation, DAPI staining revealed a diffuse fluorescent signal in the parasite nuclei after licarin-B (18, 27, or 36 μg/mL) treatment for 16 h (Figure 6C), as indicated by the arrows, depicting a disaggregated nucleus. T. gondii exhibited morphological changes, such as membrane blebs, as indicated by the arrows, which are usually seen in T. gondii apoptosis or autophagy. The control group displayed a normally dense fluorescent signal (Figure 6C).



DISCUSSION

Natural products have proven useful as core sources of novel compounds, and the discovery and development of anti-T. gondii drugs support the function of strong anti-T. gondii activity of natural products (Guo et al., 2019). In this study, the screening of a vast array of natural compounds was used as an approach to identify new therapeutic targets for the treatment of T. gondii infection.

The safe concentration ranges of these natural compounds were evaluated by a cytotoxicity assay, and the maximum concentrations of the natural compounds that were safe for HFFs were used in anti-T. gondii assays in vitro with Giemsa staining or qPCR. Most natural compounds inhibited T. gondii intracellular proliferation to varying degrees. However, after incubation of the natural compounds at the maximum safe dose, T. gondii survival and PV formation still occurred in all treatment groups except for the licarin-B group. Licarin-B is a natural compound from nutmeg, the seeds of Myristica fragrans Houtt (Myristicaceae), known as the Spice Islands (Van Grol et al., 2010). Licarin-B has excellent anti-T. gondii activity, clearing almost all parasites from host cells. Recent studies report that some compounds from nutmeg have anti-T. gondii activity; for example, nutmeg essential oil and myrislignan exert anti-T. gondii activity, with EC50 values of 24.45 and 32.41 μg/mL, respectively (Pillai et al., 2012; Zhang J. et al., 2019). In comparison, licarin-B showed an EC50 of 14.05 ± 3.96 μg/mL for intracellular replication, indicating that the anti-T. gondii activity of licarin-B was better than that of myrislignan. Furthermore, 50 mg/kg.bw licarin-B exhibited significant anti-T. gondii activity, resulting in a 90% survival rate in mice upon acute infection, which is higher than that for myrislignan, which resulted in a 50% survival rate at 50 mg/kg.bw. The parasite burdens in the liver, spleen, brain and blood after licarin-B treatment were significantly decreased compared with those in the parasite control group. The cytotoxicity of licarin-B was similar to that of myrislignan in our previous study. Taken together, the findings indicate that licarin-B inhibits T. gondii tachyzoite proliferation and reduces tachyzoite cell invasion. Subsequently, flow cytometry analysis showed that licarin-B also caused T. gondii death in a dose-dependent manner. However, the mechanism of action of licarin-B against T. gondii was not clear.

Recently, natural compounds, such as ursolic acid, resveratrol, and licochalcone A, have provided the most important sources of lead compounds in the discovery of anti-T. gondii drugs. Resveratrol directly inhibits Toxoplasma activity by reducing the population of extracellularly grown tachyzoites, probably by disturbing the redox homeostasis of the parasites (Chen et al., 2019). Furthermore, (+)-usnic acid derivatives exert a strong antioxidant effect against T. gondii infection (Guo et al., 2019), and licochalcone A may exert an anti-T. gondii effect by interfering with its lipid metabolism (Si et al., 2018). Myrislignan has potent anti-T. gondii activities both in vitro and in vivo, and these activities might involve the interruption of mitochondrial function (Zhang J. et al., 2019). To explore the possible mechanism of action of licarin-B on T. gondii, TEM analysis was used. Herein, licarin-B induced mitochondrial swelling, an autophagy-like double membrane structure, cytoplasmic vacuoles, and nuclear disintegration. Subsequently, we confirmed that licarin-B reduced the ΔΨm in a time- and dose-dependent manner using the MitoTracker Red CMXRos probe. Notably, a critical difference between T. gondii and mammalian cells is that T. gondii has a single, double-membraned conventional protozoan mitochondrion, which is the powerhouse of T. gondii, and respiration and oxidative phosphorylation occur in T. gondii mitochondria (Bhatia-Kissova and Camougrand, 2010; Narendra and Youle, 2011; Weiss and Kim, 2013). Therefore, mitochondria are required for the survival of T. gondii (Melo et al., 2000; Ghosh et al., 2012). Studies have indicated that mitochondrial damage can lead to autophagic death in T. gondii (Ghosh et al., 2012). Furthermore, MDC staining and DAPI staining confirmed autophagy formation and nuclear disintegration, which usually accompanies apoptosis or autophagy in T. gondii. These results were consistent with the TEM analysis. Recently, a report showed that monensin kills T. gondii by inducing autophagy, a novel mechanism of cell death in response to an antimicrobial drug (Lavine and Arrizabalaga, 2012). In the present, we also investigated licarin-B-induced death in T. gondii. Given the results, licarin-B may induce autophagy by damaging the mitochondria, eventually leading to T. gondii death and nuclear disintegration.



CONCLUSION

In conclusion, all 20 natural compounds tested exhibited a certain degree of anti-Toxoplasma activity, but licarin-B had a strong anti-Toxoplasma effect. Through an in-depth study, it was found that licarin-B can inhibit the invasion and proliferation of T. gondii in vitro, and also protect the infected mice from to death, reduce the parasite load in tissues and blood. Licarin-B may cause the death of T. gondii by damaging mitochondria and activating autophagy. Further studies are necessary to explore the mechanism of action.
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Comparative epigenomics provides new insights on evolutionary biology in relation with complex interactions between species and their environments. In the present study, we focus on deciphering the conservation and divergence of DNA methylomes during Trichinella evolution. Whole-genome bisulfite sequencing and RNA-seq were performed on the two clades of Trichinella species, in addition to whole-genome sequencing. We demonstrate that methylation patterns of sing-copy orthologous genes (SCOs) of the 12 Trichinella species are host-related and can mirror known phylogenetic relationships. Among these SCOs, we identify a panel of genes exhibiting hyper-/hypo-methylated features in gene-bodies or respective promoters that play pivotal roles in transcriptome regulation. These hyper-/hypo-methylated SCOs are also of functional significance across developmental stages, as they are highly enriched species-specific and stage-specific expressed genes both in Ad and ML stages. We further identify a set of parasitism-related functional genes that exhibit host-related differential methylation and expression among those SCOs, including p53-like transcription factor and Cdc37 that are of functional significance for elucidating differential parasitology between the two clades of Trichinella. This comparative epigenome study can help to decipher the environmental effects on differential adaptation and parasitism of the genus Trichinella.

Keywords: comparative epigenomics, host-related methylomes, hyper-/hypo-methylated SCOs, differential parasitism, Trichinella


INTRODUCTION

Dissecting complex interaction between species and their environments has long been a research hot spot in ecology and evolutionary biology (Duncan et al., 2014). Various factors, such as dietary components, temperature changes, and other external stresses, could modulate the establishment and maintenance of epigenetic modifications, thereby influencing gene expression and phenotype (Feil and Fraga, 2012). As the most studied type of epigenetic modifications found in many taxa, DNA methylation has been confirmed to play a crucial role in transposon silencing, transcriptional regulation, and thus rapid phenotypic variation, which could provide us a deep understanding of how species epigenetically cope with rapidly changing environments (Bender, 2004).

Trichinella spp. are the causative agents of human trichinellosis, a parasitic disease that causes substantial morbidity and mortality in billions of animals and humans worldwide, as well as significant losses to the global food production annually (Wang and Cui, 2001; Gottstein et al., 2009; Jiang et al., 2016). All 12 recognized taxa of Trichinella spp. identified by molecular means and phylogenetic analyses are genetically and biologically delineated into two distinct clades characterized by the presence or absence of an intramuscular collagen capsule (Zarlenga et al., 2006). Thus, one clade is represented by all species and taxa that accordingly encapsulate in host muscle tissue (T. spiralis, T1; T. nativa, T2; T. britovi, T3; T. murrelli, T5; T. nelsoni, T7; T. patagoniensis, T12; and Trichinella genotypes T6, T8, and T9), and the other one does not encapsulate after muscle cell dedifferentiation (T. pseudospiralis, T4; T. papuae, T10; and T. zimbabwensis, T11). Both evolutionary clades share the same life cycles occupying two distinct intracellular niches, intestinal epithelium, and skeletal muscle cells. The muscle larvae (ML) of Trichinella, released by host gastric fluids, invade intestine epithelium and subsequently develop into adult worms (Ad). The newborn larvae (NBL) delivered by female adults migrate to skeletal muscles and invade muscle cells where they develop into ML and survive for years (Gottstein et al., 2009). Despite the similarity in life cycles, the two clades showed substantial differences in parasitological, pathological, and immunological characteristics (Wu et al., 2001, 2002; Boonmars et al., 2005). It has been demonstrated that these differences were driven by post-miocene expansion, colonization, and host switching (Zarlenga et al., 2006). Moreover, the two clades also differed significantly from each other in classes of host species. The encapsulated species can only complete their life cycle in mammals by requiring host body temperature ranging from 37 to 40°C, whereas the non-encapsulated species shows a broader host spectrum, including mammals, birds, and reptiles, as it can complete its life cycle at host body temperature ranging from 25 to 42°C (Pozio, 2005). Previous studies have demonstrated that host body temperature had a significant impact on the epidemiology and parasitology of the parasites using experimental and natural infections of reptiles with all of the encapsulated species and non-encapsulated species, T. pseudospiralis (Pozio, 2005). Similar results were also obtained in other experimental infections of reptiles belonging to other orders (Loricata, Squamata, and Chelonide) (Pozio et al., 2004). However, experimental infections of birds (e.g., hens, ducks, pigeons, crows, and herons) have shown that these vertebrates are suitable hosts only for non-encapsulated species, T. pseudospiralis (Kapel, 2000). Therefore, vertebrate host classes could act as crucial environmental factors to be capable of activating different physiological and immunological mechanisms for parasite development and survival.

Previously, we have characterized DNA methylation profiles in T. spiralis and revealed its functional roles on life cycle transition and transcriptome regulation (Gao et al., 2012). Further, we recently documented substantial epigenome differences between the two representative species T. pseudospiralis and T. spiralis, and confirmed these epigenomic divergences could induce differential interactions at the host-parasite interface (Liu et al., 2021). As a deep coevolutionary association between Trichinella species and vertebrate host classes has been investigated using both nuclear small-subunit rDNA (Zarlenga et al., 2006) and protein-coding gene sets (Korhonen et al., 2016), we speculate that epigenetics in relation with host diversity also play a key role in the evolution and adaptation of the 12 Trichinella species.

Here, we performed whole-genome, methylome, and transcriptome sequencing on the 12 Trichinella species. We observed that methylome divergence of these Trichinella species is host-related, and this epigenomic conservation is a regulatory mechanism of transcription. By dividing SCOs into hyper- or hypo-methylated categories, we showed that these two classes of genes exhibiting functional significance on gene expression, especially for hypo-methylated ones, which are related to active transcription. We further revealed that stage-specific expressed genes are also highly enriched in those genes of the two categories. By comparing DNA methylation patterns between the two clades of Trichinella, we identified a panel of parasitism-related genes exhibiting differential expression under epigenetic regulation, including p53-like transcription factor and Cdc37, etc.



MATERIALS AND METHODS


Parasite Culture and Collection

Twelve isolates representing all 12 recognized species and genotypes of Trichinella were provided by the International Trichinella Reference Center and preserved by serial passage in BALB/c mice in OIE Collaborating Center on Foodborne Parasites in Asian-Pacific Region. The 12 isolates included the following: T. spiralis (ISS534), T. nativa (ISS70), T. britovi (ISS120), T. pseudospiralis (ISS13), T. murrelli (ISS417), T. nelsoni (ISS37), T. papuae (ISS1980), T. zimbabwensis (ISS1029), and T. patagoniensis (ISS2496) as well as Trichinella genotypes T6 (ISS34), T8 (ISS124), and T9 (ISS409). Muscle larvae (ML), adult worms (Ad), and newborn larvae (NBL) were recovered as described previously (Liu et al., 2011). Briefly, infectious muscle larvae were harvested by 1% pepsin-HCl digestion of minced muscle tissue from rats 35 days post-infection (dpi). Purified adult worms and newborn larvae were collected from intestines of Wistar rats at 30 h or 6 dpi which were inoculated with each Trichinella species with a dose of 8000 larvae per rat. Each sample was snap-frozen in liquid nitrogen and stored at −80°C until nucleic acid isolation. The intestines were then fragmented and further incubated with 0.9% sodium chloride solutions at 37°C for 3 h. Adult worms were harvested by centrifugation. To obtain newborn larvae, adult worms collected at 6 dpi were incubated in Iscove’s Modified Dulbecco’s Medium (IMDM) in 75-cm2 cell culture plates at 37°C. The newborn larvae were harvested every 12 h. The animals were treated according to the guidelines of the National Institutes of Health (publication no. 85-23, revised 1996).



Identification of SCOs in Trichinella spp.

The genomic data resources of the 12 Trichinella species were downloaded from NCBI BioProject database with the following accession codes: PRJNA12603 for T. spiralis, PRJNA451013 for T. pseudospiralis, and PRJNA257433 for 10 other Trichinella species. OrthoMCL (Fischer et al., 2011) was used to cluster protein sequences of the 12 Trichinella species into orthologous groups based on their sequence similarity. As a result, a total of 2708 SCOs among these 12 Trichinella species were identified (Supplementary Data 1).



Whole-Genome Sequencing and Phylogenetic Analysis

High molecular DNA from the 12 Trichinella species were extracted using the phenol-chloroform extraction method from freshly collected muscle larvae. Ultraviolet-Vis spectrophotometry with a NanoDrop 2000 (Thermo Fisher Scientific, CA, United States) was used to determine the quantity and quality of total DNA. Paired-end sequencing libraries with an insert size of 300 bp were conducted on HiSeq 2,500 platform, according to instructions provided by Illumina. FastQC (v0.11.7)1 was used to assess the quality of sequence reads. Adapters and low-quality reads were removed from raw sequencing reads by Trimmomatic (v0.36) (Bolger et al., 2014) with the following parameters: LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:75. Clean reads from each species were mapped to the respective reference genome with BWA-MEM algorithm (Li and Durbin, 2010). Approximately 86.5% of these clean reads could be uniquely aligned to the respective reference genome (Supplementary Data 2). The mapping results were converted to bam format by SAMtools (v1.6) (Li et al., 2009). The resulting bam files were sorted by coordinate using SortSam.jar embedded in Picard-tools (v1.118). The flow chart in Supplementary Figure 1 describes the strategies we used to identify single nucleotide variant (SNVs) among the 12 Trichinella species. Firstly, we conducted intraspecific single nucleotide polymorphism (SNPs) by Genome Analysis Tool Kit (GATK). Subsequently, we used MUMmer (v3.0) (Kurtz et al., 2004) to examine interspecific SNPs between reference genomes of T. pseudospiralis and other 11 Trichinella species. Lastly, SNPs from uniquely aligned regions with homozygous genotypes (GT = 1/1) constituted the final set of SNVs. In total, we obtained 5,395,250 common SNVs across the 12 Trichinella species. FastTreeMP2 was used to construct a phylogenetic tree of the 12 Trichinella species under GTR+CAT model based on the concatenated common SNVs.



WGBS Library Construction, Sequencing, and Data Analysis

Genomic DNA were extracted using phenol-chloroform extraction method. The quantity and quality of DNA were tested by ultraviolet-Vis spectrophotometry with a NanoDrop 2000 (Thermo Fisher Scientific, CA, United States). Genomic DNA from the three life stages (Ad, ML, and NBL) of all Trichinella species were selected for WGBS library construction as previously described (Jeong et al., 2016). Briefly, approx. two to five micrograms of genomic DNA were first fragmented by Covaris to an average size of 200–300 bp. End-repair, A-tailing, and ligation were conducted as the Illumina PE genomic DNA sample prep kit protocol, except that ligation was performed using methylated cytosine PE adapters provided by Illumina previously (Jeong et al., 2016). Ligation products were purified and bisulfite converted using the EZ DNA Methylation-Gold Kit (ZYMO) according to the manufacturer’s instructions. The libraries were sequenced using Illumina HiSeq 2,500 platform.

After base calling, raw sequencing reads with more than 30% “N”s in over 10% of the reads or smaller than 30 bp were discarded. Clean reads were aligned to the respective reference genome using BSMAP (v2.73) with a maximal four mismatches and gap size up to 2 nucleotides (Xi and Li, 2009). The methylation level of each cytosine was calculated as the number of reads ascertained methylated to the total number of reads for each covered CpG site. Density methylation of any genomic region was measured by the number of methylated CpGs to the total number of CpG sites. To accurately investigate methylation levels in each species, we used CpG sites with a minimal 5× sequencing depth per strand. In total, an average of 33 million reads was generated for each species, among which 84.28% could be uniquely aligned to the respective reference genome after quality control, reaching an average read depth of 19.55× at the covered methylated sites. The mean bisulfite conversion rate of C to T was up to 99.48% (Supplementary Data 2).



RNA-Seq Library Construction, Sequencing, and Data Analysis

Total RNA of the three life stages (Ad, NBL, and ML) of all Trichinella species were extracted using Trizol reagent (Invitrogen, CA, United States) according to the manufacturer’s instructions. Paired-end sequencing libraries with an insert size of 300 bp were conducted on the HiSeq 2,500 platform following Illumina’s protocols. SOAPnuke (Chen et al., 2018) was used for trimming adapters and filtering on length and quality of the raw sequencing reads, with the following parameters: -q 0.5 -d -Q 2 –sanger -l 20. Clean reads were mapped to the respective reference genome using hisat2 (Kim et al., 2015) with default settings. The gene expression levels were quantified using Cufflinks (v2.2.1) (Trapnell et al., 2012) with reads per kilobase million (RPKM). We obtained an average of 41 million raw reads for the three life stages of each species. After quality control and removal of duplication, approximately 66.59% could be uniquely mapped to the respective reference genome. Of total predicted genes in the respective reference genome, the expression levels of 9,060 genes (82.95%) were quantified based on sequenced reads, averagely (Supplementary Data 2).

We adopted the following approaches to identify stage-specific expressed genes for each of these Trichinella species. Firstly, differentially expressed genes between any two developmental stages were identified using DESeq2 (Love et al., 2014). Subsequently, genes exhibiting differential expression both in Ad and NBL stages when comparing with ML stage, whereas differential expression was not observed between Ad and NBL stages, were identified as stage-specifically expressed genes by ML stage (multiple-testing corrected P ≤ 0.05). The same forward approach was applied to identify genes that were specifically expressed by Ad and NBL stages.



Quantifying Evolutionary Changes of DNA Methylation Levels, Gene Expression Levels, and Genomic Sequences

To investigate the evolutionary associations among DNA methylation levels, gene expression levels, and genomic sequences, we examined multiple alignments of the SCOs between T. pseudospiralis and 10 other Trichinella species using mafft (v7.158b) with automatic detection strategy (except for T. spiralis). Then we quantified the epigenetic conservation level using the P-values generated by comparing the common mCGs of orthologous genes between the two species under consideration. In each comparison, the expression level of every gene was regressed to the DNA methylation level of the upstream 2-Kb region of the gene. The predicted interspecies gene expression differences were regressed to the epigenomic differences. Sequence differences were estimated using blastn score differences by comparing differences between the maximum log blastn score of all orthologous promoters (4,000 bp centered at transcriptional start sites) and the blastn score of the orthologous promoter pair under consideration (Xiao et al., 2012).



Classification of SCOs Into Hyper- and Hypo-Methylation Categories

We used two different approaches to distinguish genes into high and low methylation categories following the method described in Sarda et al. (2012). We first used the observed vs. expected proportion of CpG dinucleotides (CpGO/E), which could assess the depletion of CpG dinucleotides for genomic regions of interest. Briefly, this measurement is described as:
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where PCpG, PC, and PG represent the frequencies of CpG dinucleotides, C nucleotides, and G nucleotides, respectively. Genes with a CpGO/E value lower than 0.8 were classified as hyper-methylated genes, whereas genes with CpGO/E greater than 1.0 were classified as hypo-methylated genes. In the second approach, we divided genes into high and low categories using fraction methylation levels. If the methylation level of a gene is 0.01 lower than the average methylation level of whole genes, thus the gene could be classified as a low category. Otherwise, the gene could be classified as a high category. The cut-off values of the two approaches were chosen manually, based on density distributions of the respective data. Genes meeting the above two criteria were classified as hyper- or hypo-methylated SCOs. The same forward approach was also applied to promoter regions of the 2708 SCOs.



Statistical Analysis

Hierarchical clustering analysis was performed using “pvclust” package in R (version 3.6.2) based on fractional methylation levels of gene-bodies or promoters of the 2708 SCOs. Differentially methylated SCOs were identified as follows: Firstly, density methylation of genes or promoters of members of SCOs between the two clades of Trichinella species were compared using the Mann-Whitney U test. Subsequently, gene-bodies or promoters with Benjamini-Hochberg corrected P ≤ 0.05 were identified as differentially methylated SCOs. Functional enrichment analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID, v6.8) (Sherman and Lempicki, 2009). Linear regression analysis was conducted using “lm” package in R (version 3.6.2). Expression levels of SCOs between different host classes of Trichinella species were compared using t-test in R (version 3.6.2), and multiple testing-corrected P ≤ 0.05 were reported as differentially expressed genes.



RESULTS


Phylogenetic Analysis Across Trichinella spp.

In the present study, we applied a multi-omics strategy to thoroughly decipher the molecular characteristics in response to speciation and adaptation in the genus Trichinella based on their genetic and geographic diversity. Thus, we generated three types of high-resolution sequencing datasets, including whole-genome sequencing for the ML stage, and whole-genome bisulfite sequencing (WGBS) and RNA-sequencing for the three life stages, for the 12 Trichinella species. In total, all of these sequencing reads were well aligned to the respective reference genome after quality control (see section “Materials and Methods” and Supplementary Data 2). Based on the whole-genome sequencing data generated, we obtained high-quality SNV maps/profiles for each of the 12 Trichinella species. A consensus tree was constructed by those common SNVs (N = 5,395,250) across the 12 Trichinella species (see section “Materials and Methods” and Figure 1), which was in agreement with previous phylogenetic analysis using concatenated protein sequence data of other 12 Trichinella species in Korhonen et al. (2016), indicating a similar genomic variation of these Trichinella species in our dataset.
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FIGURE 1. Phylogenetic analysis of the 12 Trichinella species based on common SNVs.




DNA Methylation Patterns Across Trichinella spp.

Reciprocal best BLAST searches confirmed the orthologous genes encoding the machinery for establishing and maintaining DNA methylation in all 12 Trichinella genomes. Phylogenetic analysis further revealed that these three DNMT genes are highly conserved across Trichinella spp. (Supplementary Figure 2). RNA-seq analyses indicated these genes of DNA methylation machinery are functionally expressed in all three life stages (Supplementary Figure 3). Accordingly, our data generated via WGBS revealed a similar distribution pattern of genome-wide methylated cytosines for the 12 Trichinella species. The highest amount of methylated Cs detected in Ad and ML stages were in the CpG sequence context, whereas NBL stage showed higher numbers of mCHH (H represents A, C, or T). Further, the average percentage of methylated CpG was 10.44 and 10.27% in Ad and ML stages, respectively, whereas NBL stage showed rare traces of DNA methylation (0.46%) (Supplementary Data 2). By profiling methylated CpGs around genic regions, a notable trend was observed in the density of methylated CpG and the distance from the transcriptional start site (TSS), with methylated CpG density increasing toward the transcriptional end sites and returned to the same level as 2-Kb upstream at the 2-Kb downstream (Supplementary Figure 4). Further, exons exhibited higher methylation levels in comparison to introns or flanking regions (Supplementary Figure 5). Similar to plants and mammals, DNA methylation levels of repetitive sequences were significantly higher than those in gene-body regions (Supplementary Figure 6).



Host-Related Methylome Variation of SCOs Could Reflect Evolutionary History

We then calculated pairwise sequence differences and methylome variations of conservative sites between these 12 Trichinella species. Upon comparison of sequence divergence and methylation variation of common CpG sites, we showed that interspecies nucleotide substitution rates exhibited a significantly positive correlation with DNA methylation differences (P = 0.0003; Figure 2A).
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FIGURE 2. Interspecies methylome variation could reflect evolutionary history across Trichinella spp. (A) Methylation changes correlate with sequence differences. The x-axis represents the number of nucleotide substitutions between the two species per kb. The y-axis represents methylation differences of interspecies conservative methylated CpG sites. (B,C) Hierarchical clustering analysis based on DNA methylation levels of the gene-bodies (B) or promoters (C) of the 2708 SCOs in Ad stage.


Next, we detected interspecies methylome divergence of the 12 Trichinella species. A hierarchical clustering analysis based on gene-body methylation (gbM) levels of the 2708 SCOs revealed that these 12 Trichinella species were clustered into two main clades according to host classes in Ad stage (Figure 2B): (i) species that can only complete their life cycle in mammals requiring a host body temperature ranging from 37 to 40°C, including all of the nine encapsulated species; (ii) species that can complete their life cycle in mammals, reptiles, and birds at host body temperature ranging from 25 to 42°C, including the three non-encapsulated larvae. A similar trend was also observed in DNA methylation levels of promoter regions of these SCOs in Ad stage (Figure 2C), suggesting that promoter sequences of these SCOs also exhibited similar conservative features with that observed in gene-bodies under the strength of evolutionary constraints. An almost identical pattern of hierarchical clustering was achieved for the DNA methylation levels of ML stage both in gene-bodies and promoters among these 12 Trichinella species (Supplementary Figure 7). The results of the clustering pattern based on methylation levels are also in concordance with phylogenetic analysis based on common SNVs of the 12 Trichinella species (Figure 1), suggesting that DNA methylation divergence of conservative sites might be associated with the evolutionary history of these Trichinella species. Further study of the correlation between CpG DNA methylation and proximal genetic variations provided strong support for this observation (Supplementary Figure 8).



Interspecies Methylome Variation of SCOs Could Be Predictive of Gene Transcription Changes Across Trichinella spp.

Previously, we have indicated that interspecies epigenomic changes could be predictive of interspecies changes of gene expression, whereas differences of genomic sequences are not well correlated with gene expression changes (Liu et al., 2021). To test whether this trend is pervasive among the genus Trichinella, we compared epigenomic differences to both genomic and transcriptomic changes between reference species T. pseudospiralis and 10 other Trichinella species. Concordant with our previous findings, here, we observed interspecies epigenomic differences exhibited no clear correlations with sequence differences. However, a much higher correlation was observed between epigenomic and transcriptional changes both in the species of encapsulated (Figure 3A and Supplementary Figure 7) and non-encapsulated clade (Figure 3B and Supplementary Figure 9), suggesting that epigenomic variation can provide a better foundation to evaluate the functional divergence of Trichinella species.
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FIGURE 3. Interspecies methylome conservation is a regulatory mechanism of transcription across Trichinella spp. Correlations among DNA methylation changes, gene expression alterations, and sequence differences in T. nativa (A) and T. papuae (B) when comparing with reference species T. pseudospiralis. Epigenetic differences were computed using the P-values generated by comparing the common methylated CpGs of orthologous genes between the two species under consideration. Predicted gene expression differences of every gene were regressed to the DNA methylation level of the upstream 2-Kb region of the gene. Sequence differences were estimated using blastn score differences by comparing differences between the maximum log blastn score of all orthologous promoters (4,000 bp centered at transcriptional start sites) and the blastn score of the orthologous promoter pair under consideration. R2, square of the sample correlation coefficient.




Gene Expression Patterns of Hyper-/Hypo-Methylated SCOs

To further examine the impact of DNA methylation variation on transcriptome regulation of these SCOs (N = 2708) during Trichinella evolution, we classified these SCOs into high and low categories according to mean methylation levels and CpGO/E values of gene-bodies (section “Materials and Methods”). In total, we identified an average of 774 hyper-methylated (mean = 774 ± 30) and 1,444 hypo-methylated (mean = 1,444 ± 55) genes in Ad stage (Figure 4A). As exemplified by analysis of T. pseudospiralis, functional annotation revealed that many biological processes and pathways bear relevance to Trichinella parasitism, such as regulation of transcription (GO:0006355, P = 6.08E-8), transcription factor activity (GO:0003700, P = 1.15E-5), G-protein coupled receptor activity (GO:0004930, P = 1.5E-4), and collagen trimer (P = 5.6E-4) (Supplementary Data 3). Then we examined the expression patterns of these two categories of genes in comparison to the genome overall. We observed that the hypo-methylated SCOs displayed significantly higher expression levels, whereas hyper-methylated SCOs exhibited similar expression patterns relative to the genome overall in Ad stage (Figure 4B). Next, we adopted a similar approach to analyze the regulatory roles of promoter methylation of these SCOs on mRNA expression levels. Herein, we identified an average of 738 hyper-methylated (mean = 738 ± 40) and 1,459 hypo-methylated (mean = 1,459 ± 47) promoters in Ad stage (Figure 4C). Similarly, a more prominent trend was observed for genes with hypo-methylated promoters to have higher expression levels such that genes with hyper-methylated promoters exhibited extensive expression spectrum similar to the genome overall in Ad stage in T. pseudospiralis (Figure 4D). Such expression patterns were also observed in the SCOs with hyper-/hypo-methylated gene-bodies or promoters of 11 other Trichinella species (data not shown).
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FIGURE 4. Gene expression patterns of SCOs with hypo/hyper-methylated gene-bodies or promoters of T. pseudospiralis. (A,C) Numbers of hyper-/hypo-methylated SCOs in gene-body (A) and promoter (C) regions. (B,D) Comparison of expression level density of genes exhibiting hyper-/hypo- features in gene-bodies (B) or promoters (D) in Ad stage. “Total” represents the number of total genes across the whole genome and is color-coded in blue. “Hyper” and “Hypo” represent the number of genes with hyper- or hypo- methylated SCOs in gene-bodies or corresponding promoters and are color-coded in red and green, respectively.




Functional Significance of Hyper-/Hypo-Methylated SCOs Across Developmental Stages

We then decipher the functional roles of these hyper-/hypo-methylated SCOs across developmental stages of the 12 Trichinella species. As some proteins involved in parasite development and survival against host physiology in Trichinella are expressed in a stage-specific manner, we focused on characterizing the stage-specific expressed genes in each of the 12 Trichinella species. Based on a stringent criterion (section “Materials and Methods”), an average of 410 Ad stage-specific expressed genes (mean = 410 ± 71) were identified for the 12 Trichinella species (Figure 5A), including casein kinase II subunit alpha, putative kinesin motor domain protein, and putative low-density lipoprotein receptor domain class A, etc. The majority of these genes have been previously reported to play crucial roles at the host-parasite interface, parasite survival, and immune evasion in Trichinella spp. (Nagano et al., 2009). Then we detected an overlapping trend between these stage-specific expressed genes and the aforementioned SCOs showing hyper-/hypo-methylated features in gene-body or promoter regions. In total, we obtained a panel of 390 non-redundant genes (mean = 390 ± 82), accounting for approximately 95.4% of the total stage-specific expressed genes, might be under hyper-/hypo-methylated gene-body or promoter regulation in Ad stage. Accordingly, a similar proportion (mean = 290 ± 67; 95.2%) of ML stage-specific expressed genes were identified, which contains an average of 304 genes (mean = 304 ± 72) across the 12 Trichinella species (Figure 5B). However, these stage-specific expressed genes under hyper-/hypo-methylation regulation are seldomly conserved across the 12 Trichinella species, as only three SCOs (fam2462, fam2831, and fam3343) were identified in Ad stage (Supplementary Data 4), suggesting functional divergence of these stage-specific expressed genes in the genus Trichinella.
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FIGURE 5. Functional significance of hyper-/hypo-methylated SCOs across developmental stages. Numbers of stage-specific expressed genes of the 12 Trichinella species both in Ad (A) and ML (B) stages. “Total” represents the number of total genes across the whole genome. “Hyper” represents the number of genes with hyper-methylated SCOs in gene-bodies or corresponding promoters. “Hypo” represents the number of genes with hypo-methylated SCOs in gene-bodies or corresponding promoters. Numbers in and outside the brackets represent the number of stage-specific expressed genes and the total number of genes of the respective category, respectively.




Functional Significance of Hyper-/Hypo-Methylated SCOs Between the Two Clades of Trichinella

Based on the methylome variation suggested by the hierarchical clustering analysis, we then focused our analysis on methylation changes of those hyper-/hypo-methylated SCOs between the encapsulated and non-encapsulated clade. Firstly, we merged the SCOs exhibiting hyper-/hypo-methylated gene-body or promoter features together, thus obtained a panel of 1,076 candidate SCOs in Ad stage across the 12 Trichinella species. By a cut-off of P ≤ 0.05, we identified 139 SCOs that exhibited differentially methylation in gene-body or corresponding promoter regions of these candidates, among which 122 and 17 SCOs exhibited hyper- and hypo-methylation in the encapsulated clade when comparing with the non-encapsulated clade, respectively (Figure 6A). Among these differentially methylated SCOs, 18 of them showed differential expression between the two clades of Trichinella (Figure 6B). Thirteen of them have known functional annotations, such as peptidase activity (GO:0008233), peptidase inhibitor (GO:0030414), and gluconeogenesis (GO:0006094) (Supplementary Data 5). Of note, we observed fam4516, encoding an Hsp90 co-chaperone Cdc37, was an Ad stage-specific expressed SCO with significantly higher methylation in gene-body regions, which results in lower expression levels of fam4516 in the three non-encapsulated species (Figure 6C). Moreover, using similar criteria with Ad stage, we identified a total of 87 SCOs that exhibited differentially methylation in ML stage, among which 54 and 33 SCOs showed hyper- and hypo-methylation, respectively (Figure 6D). Among those SCOs, 21 of them showed differential expression between the two clades of Trichinella (Figure 6E). Functional annotation revealed that majority of these genes involved in biological processes, such as protein kinase activity (GO:0004672), serine-type peptidase activity (GO:0008236), and ATPase activity (GO:0016887) (Supplementary Data 5). Of note, we observed a non-stage-specific expressed SCO fam2698, a p53-like transcription factor involved in the apoptotic process, exhibited higher expression levels in non-encapsulated clade, which might be modulated by hypo-methylation in its corresponding promoter regions when compared to the encapsulated clade (Figure 6F).
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FIGURE 6. Functional significance of hyper-/hypo-methylated SCOs between the two clades of Trichinella. (A,D) Scatter plot of differentially methylated genes in Ad (A) and ML (D) stages, with density at each point (red for high density, blue for low density). (B,E) Heatmaps depicting the hierarchical clustering of differentially expressed genes that exhibited differential methylation in gene-bodies or corresponding promoter regions in Ad (B) and ML (E) stages between the two clades of Trichinella. (C,F) Methylation and expression levels of fam4516 (C) and fam2698 (F) of the 12 species.




DISCUSSION

Comparative epigenomics is a powerful tool to understand the conservation and divergence of DNA methylation patterns and regulatory machinery in eukaryotic organisms (Zhong, 2016). For the parasitic nematode Trichinella, which possess a complicated life cycle and undergoing a complex developmental regulation of genes, addressing the epigenetic conservation and variation during Trichinella evolution may help to understand the differential parasitism and adaptation to different host classes. To date, much of the focus in the genus Trichinella has been on the comparison of differential parasitism between the two representative species, T. spiralis and T. pseudospiralis, using traditional molecular biology (Wu et al., 2001; Boonmars et al., 2005). Studies regarding differential regulation of epigenetic mechanisms across all 12 Trichinella species remain largely uncharacterized.

Here we carried out the first comprehensive comparative epigenomic analysis among these Trichinella species and revealed that methylome changes in the genus Trichinella were host-related, which could recapitulate the known phylogenetic relationships arising from the sequence composition. Paralleled patterns between gbM tree and sequence tree were also observed from other four distantly related invertebrate species, including C. intestinalis, N. vectensis, B. mori, and A. mellifera, even though the two trees differ dramatically from the branch length (Sarda et al., 2012). This high interspecies conservation of methylation of orthologous groups implies biological significance, such as assisting acclimatization by modulating gene expression (Takuno and Gaut, 2013; Bewick et al., 2016). That methylation conservation is a regulatory mechanism for transcription is supported by a previous study in which regulatory roles of epigenomic modifications were intensively studied in human, mouse, and pig pluripotent stem cells (Xiao et al., 2012), suggesting that transcriptomes and epigenomes exhibited coevolutionary patterns among those distantly related species.

Relationships between patterns of gbM and transcription regulation in invertebrates have been investigated previously. In insects, genes with high methylation levels tended to be expressed at moderate to high levels. Conversely, a gene with low methylation levels displayed a broad spectrum of mRNA levels (Hunt et al., 2010). In contrast, in C. gigas, a negative correlation was observed between gbM and the mRNA expression levels (Riviere et al., 2013). Thus, associations between gbM and transcription may exhibit species-specific features and heavily depend on the density of methylation (Riviere, 2014). Indeed, here, we observed that in the genus Trichinella, genes heavily methylated exhibited a broad range of expression, whereas genes weakly methylated expressed at high levels. This contradicts the associations observed in other invertebrate species, suggesting more subtle roles and functional outcomes for this epigenetic mark in the genus Trichinella.

Characterization of stage-specific expressed genes that are developmentally regulated in the parasite life-cycle is an essential step toward understanding parasite biology and host-parasite interactions in the genus Trichinella (Liu et al., 2007, 2015; Ren et al., 2019). Yang and colleagues have characterized an NBL stage-specific expressed serine proteinase using monoclonal antibodies and proved its usage as major antigen in the early detection of T. spiralis infection (Yang et al., 2015). However, homologous E/S products may exhibit species-specific antibody responses, such as 53-kDa glycoprotein in mice with infection of five Trichinella species using recombinant antigens, suggesting the need to design species-specific antigens in immunodiagnosis in different host classes (Nagano et al., 2008). This observation is concordant with our findings that there are only three conserved SCOs of stage-specific expressed genes among these Trichinella species. Furthermore, in our recent publication, we revealed that epigenetic mechanism plays a role in regulating the expression of several stage-specific expressed genes, such as TP12446 (Liu et al., 2021), further demonstrating functional significance of these hyper-/hypo-methylated SCOs for the elucidation of parasite development and survival within the host.

Based on these findings, we further assessed the functional significance of SCOs with hyper-/hypo-methylated gene-bodies or promoters on transcriptome variation between the two clades of Trichinella species. We observed fam4516, an Ad stage-specific expressed SCO encoding a kinase-specific co-chaperone Cdc37, was highly expressed in the non-encapsulated clade. Functional roles of Cdc37 have been investigated in rabies virus, which could be proposed as therapeutic targets against rabies by directly affecting the life cycle of rabies virus and stability of viral P protein (Xu et al., 2016). The observed hypermethylation of gene-bodies of Cdc37 in the three species of non-encapsulated clade might provide potential DNA methylation markers preventing parasite invasion and survival. Further, we observed members of fam2698, which was annotated as a p53-like transcription factor, were hypomethylated in promoters with increased expression in ML stage in the non-encapsulated clade. Functions of p53 or p53-like transcription factors have been investigated in Leishmania spp., which has been mediating the apoptosis process of infected host macrophages and thus acting as one of the survival mechanisms of the parasites (Moshrefi et al., 2017). We speculate this higher expression of fam2698 in non-encapsulated clade may be associated with enhanced ability of parasite invasion and attack to adapt to their non-encapsulated phenotype in ML stage.

In the present study, we described the first comprehensively comparative epigenome study in the genus Trichinella. We observed SCOs with hyper-/hypo-methylated features in gene-bodies or promoters exhibited functional roles in gene regulation, especially for stage-specific expressed genes, which showed divergent features among those Trichinella species. By comparing the two clades of Trichinella in epigenomics and transcriptomics, we identified a panel of SCOs with altered methylation and expression, which were important for elucidating differential parasitology and epidemiology between the two clades of Trichinella. Our data provided here could be fully understanding the conservation and divergence of DNA methylation on differential adaptation and parasitism of these Trichinella species, which could lead to the development of new drugs by targeting the DNA methylation process for the treatment of trichinellosis.
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Drug-resistant Plasmodium vivax malaria impedes efforts to control, eliminate, and ultimately eradicate malaria in Southeast Asia. P. vivax resistance to antifolate drugs derives from point mutations in specific parasite genes, including the dihydropteroate synthase (pvdhps), dihydrofolate reductase (pvdhfr), and GTP cyclohydrolase I (pvgch1) genes. This study aims to investigate the prevalence and spread of drug resistance markers in P. vivax populating the China-Myanmar border. Blood samples were collected from symptomatic patients with acute P. vivax infection. Samples with single-clone P. vivax infections were sequenced for pvdhps and pvdhfr genes and genotyped for 6 flanking microsatellite markers. Copy number variation in the pvgch1 gene was also examined. Polymorphisms were observed in six different codons of the pvdhps gene (382, 383, 512, 549, 553, and 571) and six different codons of the pvdhfr gene (13, 57, 58, 61, 99, 117) in two study sites. The quadruple mutant haplotypes 57I/L/58R/61M/117T of pvdhfr gene were the most common (comprising 76% of cases in Myitsone and 43.7% of case in Laiza). The double mutant haplotype 383G/553G of pvdhps gene was also prevalent at each site (40.8% and 31%). Microsatellites flanking the pvdhfr gene differentiated clinical samples from wild type and quadruple mutant genotypes (FST= 0.259-0.3036), as would be expected for a locus undergoing positive selection. The lack of copy number variation of pvgch1 suggests that SP-resistant P. vivax may harbor alternative mechanisms to secure sufficient folate.




Keywords: Plasmodium vivax, sulfadoxine-pyrimethamine, dihydropteroate synthase gene, dihydrofolate reductase gene, GTP cyclohydrolase I gene



Introduction

Plasmodium vivax, the most broadly distributed source of severe malarial morbidity and mortality, puts almost 40% of the world population at risk (Naing et al., 2014; Rahimi et al., 2014; WHO, 2020), resulting in cases that can be life threatening (Gupta et al., 2015; Gupta et al., 2016). Data from 2017 shows that about 3.3 billion people live in the P. vivax transmission areas, and about 1.5 billion people are at risk of exposure in foci of stable transmission (Battle et al., 2019). Southeast Asian countries shoulder the highest proportion of global burden, with about 7.3 million people infected with P. vivax in 2017, alone (Battle et al., 2019).

Asia is the focus of P. vivax transmission, and Myanmar is among the most severely affected in the region. As one of the most severe malaria burden countries from this area, Myanmar is a source of cases exported to neighboring countries such as mainland China, where low endemic transmission is otherwise leading to successful eradication. From 2010 to 2014, there were 1893 P. vivax malaria cases imported from Myanmar into China, far exceeding importation from any other Asian country (Zhou et al., 2016). Most imported cases are adult male Chinese laborers working in farming, construction, and mining (Zhou et al., 2016). Reported cases in Myanmar have risen steadily since 2012 (WHO, 2016).

Most cases imported to China occur in Yunnan province, the southwestern frontier which borders Myanmar to the west, and Laos and Vietnam to the south (Lai et al., 2019). In particular, Tengchong County (in Yunnan, China) reported the highest number of imported malaria cases from Myitsone, Myanmar from 2010 to 2014 (Wang et al., 2015). Previous studies identified boundary townships, where roads span the China-Myanmar Border, facilitate the spread of P. vivax (Hu et al., 2016; Xu et al., 2016).Therefore, the area merits significance for global malaria control.

The recommended first-line medication for vivax malaria patients in Myanmar is a radical cure with chloroquine-primaquine (CQ-PQ) (Htun et al., 2017). However, most local cases of malaria derive from Plasmodium falciparum (or from mixed infections with P. falciparum and P. vivax). Although the prevalence of mixed-species malaria infections was previously estimated at <2% in some surveys of Asian locales, therapeutic studies identify coinfection in over 30% of cases (Mayxay et al., 2004). The incidence of P. vivax infection after falciparum malaria treatment exceeds that which would be expected from entomological inoculation rates in Southeast Asia (Douglas et al., 2011). A survey from 2008 to 2012 in Yunnan found 17% of malaria cases were co-infections with P. vivax and P. falciparum, underscoring the difficulty in diagnosing low-level and co-infection cases (Zhou et al., 2014).

Given such high rates of coinfection, treatments meant to target chloroquine-resistant P. falciparum likely impose substantial selective pressure for resistance to sulfadoxine-pyrimethamine (SP) in the local P. vivax population, and may induce high-grade antifolate resistance in P. vivax. SP has been the recommended treatment for falciparum and other non-vivax malaria since the 1980s, replacing chloroquine (CQ) as the front-line anti-malaria treatment when large-scale CQ resistance developed in many countries; but growing drug resistance soon necessitated replacement of SP with artemisinin-based combination therapy (ACT) (Jiang et al., 2020). In addition to typical treatment proscribed by WHO guidelines (WHO, 2013), SP is also used for intermittent preventive treatment in infants (IPTi) and pregnant women (IPTp) in areas endemic for malaria.

Meanwhile, China developed its own strategy of malaria control: seasonal mass drug administration with pyrimethamine and primaquine. This approach attempts to treat carriers of P. vivax before seasonal transmission begins (Hsiang et al., 2013). These several uses of such antimalarials near the China-Myanmar Border necessitate continuous monitoring of antifolate resistance in P. vivax in this area. Given growing concerns of drug resistance, it is essential to monitor antifolate resistance in P. vivax in this area, which has undergone changes in transmission intensity and drug therapy.

Antifolate resistance derives, in part, from point mutations of enzymes used by the parasite to synthesize folate. These include dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR). Barriers to continuous culture of P. vivax severely limit efforts to link pvdhfr and pvdhps genotypes with parasite responses to SP in vitro. Instead, investigators assay drug sensitivity by expressing P. vivax DHPS and DHFR in E. colior yeast (Auliff et al., 2010). In P. falciparum, SP resistance has also been attributed to amplification of GTP-cyclohydrolase (gch1), the first gene in the folate biosynthesis pathway (Nair et al., 2008); this phenomenon has not yet been demonstrated in P. vivax. Drug resistance was last surveyed from the vicinity (Nabang Town, Yingjiang County, Yunnan Province, and Kachin, Myanmar were surveyed in 2015 and 2017) (Wang et al., 2020; Zhao et al., 2020); sampling from Myitsone has not yet been reported.

Despite their likely contribution to emerging regional drug resistance, the presence and prevalence of mutations in genes of the folate biosynthesis pathways in P. vivax remain uncharacterized. This study aims to investigate the extent and spread of SP drug resistance alleles in P. vivax from local people in Laiza, Myanmar and from migrant Chinese laborers returning from Myitsone, Myanmar between 2012 and 2015.To do so, we sought signatures of selection by sequencing SP resistance-associated molecular markers and genotyped microsatellite markers around target genes.



Material and Methods


Samples

Between 2012 and 2015, finger-prick blood samples were collected from symptomatic patients with acute P. vivax infection. Infections were diagnosed by microscopy using Giemsa-stained thick and thin blood films at 13 local clinics around the Laiza township (N 24° 45’ 24”, E 97° 33’ 02”), Myanmar, and in returning migrant Chinese laborers from the Myitsone area (N 25° 41’ 23”, E 97° 31’ 04”), Myanmar (Figure 1). Patients who provided blood were well-informed by our study team and signed a consent form before sampling. The Institutional Review Board of Kunming Medical University, China, and the local Bureau of Health, Kachin State, Myanmar approved the sampling procedures.




Figure 1 | Map of sampling sites.



Parasite DNA was extracted from each sample using the High Pure PCR Template Preparation Kit (Roche, Germany). Multiclonal infections were identified by genotyping the single-copy antigenic genes msp-3α and msp-3β as described previously (Khan et al., 2014); these were excluded from the ensuing analysis, leaving a total of 308 single-clone P. vivax isolates (101 from Myitsone, 207 from Laiza). A sample of fewer than 100 would suffice to achieve 80% power (with a type I error <.05) given reported mutation frequencies of in pvdhfr and pvdhps.



Pvdhfr and pvdhps Gene Sequencing, Pvgch1 Copy Number Quantification, and Microsatellite Genotyping

Parasite genes pvdhfr and pvdhps were amplified by nested PCR using Premix Taq Version 2.0 plus dye (TaKaRa Bio, Japan), according to the manufacturer’s instructions. Primers and PCR conditions were as described in Supplementary Table S1. PCR products were purified and sequenced by Sanger at SinoGenoMax (Kunming, China). For accuracy, sequences from the forward and reverse were examined by alignment using DNASTAR software (v.7.1). To avoid technical contamination, all PCR and sequencing assays include positive control (MRA-41 Sal I, gDNA, MR4/Bei resources) and negative controls (uninfected samples and water). Mutations were scored only when confirmed by each bidirectional sequencing read with high quality BioEdit (v.7.2.5) (Sarmah et al., 2017) was used to compare individual sequences with the reference sequences pvdhfr (PVX_089950) and pvdhps (PVX_123230). Nucleotide sequences were translated into amino acid sequences to examine mutant codons.

To determine copy number variation in pvgch1, PCR primers were designed (Supplementary Table S1) and quantitative real-time (qRT-PCR) performed using SuperRealPreMix Plus (SYBR Green) (TIANGEN, China) on the Stratagene Mx3000P PCR machine (Stratagene, CA, USA), according to the manufacturer’s instructions. The threshold cycle value (Ct value) of pvgch1 was estimated using pvaldolase the reference gene. In particular, we assessed, via real-time PCR, the proportion of mutant alleles of pvgch1 compared with the reference allele. This was calculated using Pfaffl method for each patient sample as amplification efficiency of the target and reference was not similar. Results were recorded as a ratio calculated from the mean Ct values for each gene in each sample. The pUC57 plasmid inserted with a single copy of pvgch1 or pvaldolase was purchased from Sangon Biotech (Shanghai, China) and used for amplification efficiency calibration.

Microsatellites flanking the pvdhfr gene were genotyped as previously reported (Ding et al., 2013). In brief, we analysed six microsatellite loci, with more than eight repeats, located proximate to the dhfr gene (-93 kb, -38 kb, -2.6 kb, +4.9 kb, +37 kb, and +94 kb) on chromosome 5 (GI: 157098056). Products were amplified by PCR using Premix TaqVersion 2.0 plus dye (TaKaRa Bio, Japan). Products labelled with Hex fluorophore were separated and detected on ABI 3730 capillary sequencer (Thermo Fisher Scientific, US) by Sangon Biotech (Shanghai, China). DNA fragment sizes were determined and visualized using Gene Marker software (v.1.5.).



Data Analysis

Population genetic parameters, pairwise linkage disequilibrium (LD), and tests of neutrality were estimated using DNASP software (v.5.0.) (Mardani et al., 2012). The copy number of pvgch1 in each sample was estimated by the Pfaffl method using the Ct value, rounded to the nearest integer (Raju et al., 2019).

The Chi-square test and Fisher’s exact test were employed to compare the independence of categorical variables, using GraphPad Prism 9.0.0 software. A statistical significance was set at the P-value of < 0.05. The length polymorphism of microsatellite loci and allele frequencies were calculated using GenAlEx software (v.6.5.) (He et al., 2018). Expected heterozygosity (He) was estimated for each locus based on allele frequencies following previously reported methods (Anderson et al., 2000). The sampling variance for He was estimated using ARLEQUIN software (v.3.5.), allowing estimation of genetic diversity indices and assessment of population differentiation between haplotypes. The Bottleneck program (Cornuet and Luikart, 1996) was used to investigate the influence of selection on allele distributions under the infinite alleles (IMM) and step wise mutation models (SMM). Wilcoxon tests were used to determine the significance of departures from He.




Results


Genetic Diversity of pvdhfr and pvdhps and Copy Number of pvgch1

A total 237 (76.9%) samples for pvdhfr (86 of Laiza and 151 of Myitsone) and 240 (77.9%) samples for pvdhps (98 of Laiza and142 of Myitsone) were successfully sequenced and analysed (Table 1). The amplification products of pvdhfr and pvdhps were 632 bp (PVX_089950, nucleotide positions at -38 to 5941-767, amino acids positions at 1-198)) and 767 bp (PVX_123230, nucleotide positions at 1380-2146, amino acid positions at 349-604), respectively. No length polymorphism was detected in either gene. More variant sites haplotypes were observed in pvdhps (14, 16) than pvdhfr (10,14).


Table 1 | Genetic diversity and tests of neutrality of the pvdhps and pvdhfr genes in P. vivax samples from the China/Myanmar border.



Nucleotide diversity in pvdhfr was almost twice as great in Laiza than in Myitsone (0.006496 v.s.0.003381); diversity was lower, and more regionally uniform, in pvdhps (0.002263 v.s.0.002037). For the Laiza population, neutrality tests showed significant positive values for Tajima’s D in the pvdhfr gene, indicating a dearth of singletons and consistent with balancing selection. However, for the pvdhps gene, we observed negative values for Fu & Li’s F and Tajima’s D, which indicates an excess of low-frequency alleles more consistent with population expansions or positive selection.

In the pvdhfr gene, Myitsone samples and Laiza samples contained mutations at six codons (13, 57, 58, 61, 99, 117)(Table 2). Compared to the pvdhfr reference sequence in Salvador I (PVX_089950), more than ninety percent of samples from each sampling locale had at least one codon change. Mutations in codons F57I/L, S58R, T61M, and S117T/N were highly prevalent in both populations. In the Myitsone samples, the F57I/L, S58R, T61M and S117T/N mutation in pvdhfr was significantly more frequent than in the Laiza samples; the H99R/S mutation in the Laiza samples was significantly more frequent than in the Myitsone samples. The quadruple mutant L57R58M61T117was observed significantly more frequent in Myitsone (44.2%) than in Laiza (12.6%) (Table 3). The quadruple mutant I57R58M61T117was observed in both areas (32.6% in Myitsone and 31.1% in Laiza). Genotypes R99 and S99 were only in Laiza (37.8%) (Table 2). Rare genotypes with triple mutations I57R58M61 (5 cases, 3.3%), R58R99T117 (1 case, 0.7%), and R58S99T117 (1 case, 0.7%) were also found in Laiza. The double mutant allele R58N117 existed in both areas, with prevalence of 5.8% and 4.6% in Myitsone and Laiza, respectively (Table 3).


Table 2 | Prevalence distribution of pvdhfr and pvdhps gene mutations among two sites.




Table 3 | Prevalence of pvdhfr and pvdhps haplotypes in two sites



For the pvdhps gene, nucleotide polymorphisms were observed at five different codons (382, 383, 512, 549, and 553) in samples from Myitsone and five codons (382, 383, 512, 553, and 571) from Laiza. As compared to the reference dhps sequence in Salvador I (PVX_123230), more than ninety percent and seventy percent of the samples had at least one codon change in Myitsone and Laiza samples, respectively. The most prevalent mutations were at codon A383G and A553G (Table 2). Similarly, these two codons also were more prevalent in the Myitsone population (84.7 and 65.3%, respectively) than in the Laiza population (74 and 38.1%, respectively). Mutation S382A also reached a high frequency (20.4%) in the Myitsone population. In the Myitsone samples the S382A/C and A553G mutation in pvdhps was significantly more frequent than in the Laiza samples; the E571Q mutation in the Laiza samples was significantly more frequent than in the Myitsone samples.

The parasites in Mytsome and Laiza each possessed certain unique pvdhps haplotypes (Table 3). For instance, parasites carrying the double mutations G383Q571 were identified only in Laiza, where they reached a sample prevalence of 6.3%. The double mutation A382G383 in pvdhps were 8.2% in Myitsone but not found in Laiza. Also, genotypes with triple mutations G383M512G553 (in 2 cases, 2%), G383T512G553 (in 3 cases, 3.1%), and G383D549G553 (in 1 case, 1%) were only found in Myitsone. However, the genotype with G383E512G553 were only found in 1 case (0.7%) in Laiza. Multiple mutations 382C/383G/512E/553G were found in 4 cases (3%) from Laiza. The distribution of major haplotypes of the pvdhfr and pvdhps genes in P. vivax from the two study areas are listed in Table 3.

Pairwise LD analysis revealed significant associations between several different nucleotide sites (as shown in Supplementary Tables S2, S3). The proportion of locus pairs showing significant LD was twice as high in Laiza (53.6%, 15/18 for pvdhfr; 50.9%, 28/55 for pvdhfr) than in Myitsone (25.0%, 7/28 for pvdhfr; 26.7%, 4/15 for pvdhfr). Only 7 of 101 samples in Myitsone had two copies of gch1; only 2 out of 101 had two gch1 copies in Laiza (Supplement Figure S1). There was no significant difference in the two regions (P >0.05, Fisher’s exact test).



Genetic Hitchhiking of Microsatellites Flanking the pvdhfr Gene

Polymorphisms of six microsatellite loci flanking pvdhfr (located at -93 kb, -38 kb, -2.6 kb, +4.9 kb, +37 kb, and +94 kb from the pvdhfr gene on chromosome 5) were examined in 100 samples from Laiza and 101 from Myitsone. Genotypes were obtained from 81 to 99 of the Myitone samples at these six loci, and from 65 to 97 of the Laiza samples (Table 4).


Table 4 | Genetic diversity measured by microsatellites in the two population of P. vivax in Myanmar.



The mean number of observed alleles was higher in Laiza (10.2 ± 4.2) than in Myitsone (6.3 ± 2.3). A significant reduction in variability (compared to wild-type isolates) occurred across at the +4.9 kb region in Laiza samples and over a 7.5 kb region (spanning -2.6 to +4.9 kb) in Myitsone samples (P<0.01, Tukey’s multiple comparisons test) (Figures 2 and 3).




Figure 2 | Reduced haplotype diversity proximate to mutant pvdhfr alleles in parasites sampled from Lazia (He, compared to wild type).






Figure 3 | Reduced haplotype diversity proximate to mutant pvdhfr alleles in parasites sample from Myitsone (He, compared to wild type).



Tests using Bottleneck software, assuming the stepwise mutation model (SMM), indicated that parasites with the haplotype 57I/L-58R-61M-117T in the Myitsone population had significant heterozygote deficiency (P<0.05), suggestive of positive selection (Supplementary Table S4). However, significant heterozygosity excess (P<0.05) was found in parasites with genotype S58R-S117N in the Myitsone population, indicating that they could be suffering a bottleneck. There was no bottleneck effect detected in parasites with wild-type genotypes in either population when either an infinite allele (IMM) or stepwise mutation model (SMM) was assumed, suggesting parasite population under mutation-drift equilibrium. Significant genetic differentiation was observed between the wild type and the quadruple mutant genotypes 57I/L/58R/61M/117T (FST=0.25492 for 57I/L/58R/61M/117T, P<0.00, FST=0.30369 for 57I/L/58R/61M/117T, P<0.001) (as shown in Table 5).


Table 5 | FST values for allele comparisons between different genotypes, determined using microsatellites around dhfr of P. vivax population in two regions of Myanmar.






Discussion

An increasing number of drug resistance markers in P. vivax have spread throughout Southeast Asia (Lu et al., 2010; Thongdee et al., 2013; Asih et al., 2015). These include polymorphisms at codon 373, 380, 382, 383, 384, 512, 553, 585, and 601 in the pvdhps gene, which are associated with resistance to sulfadoxine, and mutations at codon 15, 33, 50, 57, 58, 61, 64, 117, and 173 in the pvdhfr gene, contributing to treatment failure using pyrimethamine. We found polymorphisms in five different codons of the pvdhfr gene (13, 57, 58, 61, 117) in each locale; mutations in a sixth codon (99) were restricted to Laiza. These locales each had polymorphisms in codons 382, 383, 512, 553 of the pvdhps gene; observed polymorphisms in codon 549 were restricted to Myitsone, and in codon 571 were restricted to Laiza. These results were consistent with those reported previously in Southeast Asia (Lu et al., 2010; Thongdee et al., 2013; Asih et al., 2015).

Though most of the pvdhfr and pvdhps haplotypes identified in this study have been reported in previous studies, some new haplotypes were also detected. For example, 2 cases each from Laiza and Myitsone bore quintuple-mutant 13L/57I/58R/61M/117T pvdhfr allele. To the best of our knowledge, this is the first report of this haplotype in the China-Myanmar border region. The S117N mutation has been suggested to represent the first mutational step conferring drug-resistance (Brega et al., 2004). However, as shown in the Table 6, only 5 cases in Myitsone bore the single S117N mutation, and the quadruple pvdhfr 57L/58R/61M/117T allele was the most prevalent; this differs from Yangon, Myanmar, where the double 58R/117N allele was most common (Lu et al., 2010).


Table 6 | Distribution of major haplotypes of the pvdhfr and pvdhps genes in P. vivax from different regions in Myanmar and Yunnan, China.



Studies in China and Myanmar have found the prevalence of pvdhfr and pvdhps drug-resistant mutations in P. vivax in regions of Yunnan province, China, including the Xishuangbanna prefecture and areas along the Nu River, and these studies identified parasites highly resistant to SP in subtropical China and Yangon, Myanmar from 2010 to 2014 (Lu et al., 2010; Ding et al., 2013; Huang et al., 2014). The quadruple-mutant 57L/58R/61M/117T allele was the most prevalent pvdhfr allele in two study sites in the Yunnan province. However, there were no mutations at positions 13 or 173 in the pvdhfr gene reported in parasites from the Xishuangbanna. An altered 173 allele was, however, found in 3.18% of samples analyzed from areas along the Nu River. In addition to this, Yunnan province also reported haplotypes with quintuple allelic variants. Our study profiled mutations in marker genes associated with SP resistance among the P. vivax from the China-Myanmar border. The quadruple-mutant 57I/58R/61M/117T allele was also prevalent in Myitsone, Myanmar, and in Yunnan, China (Ding et al., 2013; Huang et al., 2014) but absent from our survey of Laiza and from a previous study in Yangon, Myanmar (Lu et al., 2010).

Beneficial mutations reduce variation in physically proximate regions of the chromosome through “genetic hitchhiking” (McCollum et al., 2008; Artimovich et al., 2015). The polymorphism in six microsatellite loci flanking mutant pvdhfr (S58R-S117N and the quadruple mutant genotypes 57I/L/58R/61M/117T) was significantly less than that would be expected in wild type genetic backgrounds. The valley of reduced variation spanning pvdhfr is resembles that found for samples from Yunnan and central China (Ding et al., 2013). In each, an approximately 100 kb region suggests local genomic variability has been suppressed by a recent selective sweep. These results strengthen the evidence for a relationship between the specific mutant alleles and selection for drug drug-resistant phenotypes.

Furthermore, favorable alleles experience increased linkage disequilibrium (LD), at least until sufficient time has elapsed to enable recombination to distribute alleles randomly among haplotypes in the haploid blood stages of Plasmodium parasites. Therefore, the multiple mutations with S117T can serve as a marker for drug resistance at the China-Myanmar Border. Interestingly, 36.4% of Laiza samples bore the single H99S mutation, which has been reported from other studies (Lu et al., 2012; Huang et al., 2014; Wang et al., 2020).

Our results also elucidate the drug pressure exerted by the antifolatesulfadoxine. Previous study has focused on the A383G and A553G in pvdhps gene, which are directly related to sulfadoxine resistance (Korsinczky et al., 2004). All of the mutant cases from our study carried at least one of these two mutations. The most prevalent pvdhps haplotype we observed was the double mutant 383G/553G allele. There are additional mutant alleles found in Yunnan, including one non-synonymous mutation at codon 512T/M and triple mutant alleles at codons 372, 495, 561. We observed the triple mutant 382A/383G/553G allele and the double mutant 382A/383G allele in Myitsone, Myanmar, and Yunnan, China, but not in Laiza. Nor were these previously observed in Yangon, Myanmar (Lu et al., 2010). We observed the double mutant 383G/571Q only in nine Laiza cases. Besides the common triple mutant 382A/383G/553G allele described earlier, there are other types of triple mutant pvdhps alleles in Laiza and Myitsone. They included one case from Laiza with a 383G/512E/553G allele, one from Myitsone with a 383G/549D/553G allele, two from Myitsone with a 383G/512M/553G allele, and three from Myitsone with a 383G/512T/553G allele. Moreover, we observed the quadruple-mutant 382A/383G/512E/553G allele in four Myitsone cases.

SP combination therapy targets two enzymes in the folate-synthesis pathway, dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR). The first enzyme in this pathway, GTP-cyclohydrolase 1 (GCH-1), might also respond to drug pressure. Previous work on P. falciparum (Kümpornsin et al., 2014) suggested a compensating effect, by copy-number variation (CNV) of gch-1, in parasites bearing resistance mutations in dhps and dhfr. However, such a relationship has not been established in P. vivax.Our study, the first to explore such a relationship in P. vivax, identified little evidence of copy number variation in pvgch1, suggesting that SP-resistant P. vivax may harbor alternative mechanisms to secure sufficient folate. Although microsatellite analysis showed that drug resistance genes experience selective pressure, pvgch1 copy number variation was only observed only in a small number of cases, suggesting that P. vivax population might not undergo pvgch1 compensation.

The first-line medication for vivax malaria patients in Myanmar is CQ-PQ. Currently, the molecular markers of primaquine resistance are still unknown. And no molecular markers are confirmed for chloroquine resistance in P. vivax, while pvmdr1 and pvcrt-o have often been queried since these two genes are involved in chloroquine resistance in P. falciparum, but the possible role of Pvcrt-o and pvmdr1 in chloroquine resistance is controversial. At this area, the pvmdr1 and pvcrt-o genes were reported (Li et al., 2020).The limit of detection of the PCR and sequencing assays used in the study may rule out the possibility of low-frequency mutation isolates. If we want to get the results, deep-sequence needed to be involved in further study.



Conclusion

We found that most P. vivax sampled from symptomatic patients at the China-Myanmar boarder harbor mutations in pvdhfr and pvdhps genes associated with drug resistance. In this region of intense transmission, which is the source of many cases of vivax malaria introduced to China, pvdhfr, a single mutation (S117T) serves as a marker for the presence of multiple mutations. All of the mutant cases from our study carried mutation A383G or A553G in this gene. Parasites throughout the studied region show genetic evidence of undergoing strong drug pressure. The lack of copy number variation of pvgch1 suggests that SP-resistant P. vivax may harbor alternative mechanisms to secure sufficient folate.
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Bone marrow is the main hematopoietic organ that produces red blood cells, granulocytes, monocyte/macrophages, megakaryocytes, lymphocytes, and myeloid dendritic cells. Many of these cells play roles in the pathogenesis of Toxocara canis infection, and understanding how infection alters the dynamics of transcription regulation in bone marrow is therefore critical for deciphering the global changes in the dog transcriptional signatures during T. canis infection. In this study, long non-coding RNA (lncRNA) and messenger RNA (mRNA) expression profiles in the bone marrow of Beagle dogs infected with T. canis were determined at 12 h post-infection (hpi), 24 hpi, 96 hpi, and 36 days post-infection (dpi). RNA-sequencing and bioinformatics analysis identified 1,098, 984, 1,120, and 1,305 differentially expressed lncRNAs (DElncRNAs), and 196, 253, 223, and 328 differentially expressed mRNAs (DEmRNAs) at 12 h, 24 h, 96 h, and 36 days after infection, respectively. We also identified 29, 36, 38, and 68 DEmRNAs potentially cis-regulated by 44, 44, 51, and 80 DElncRNAs at 12 hpi, 24 hpi, 96 hpi, and 36 dpi, respectively. To validate the sequencing findings, qRT-PCR was performed on 10 randomly selected transcripts. Many altered genes were involved in the differentiation of bone marrow cells. GO of DElncRNAs and GO and KEGG pathway analyses of DEmRNAs revealed alterations in several signaling pathways, including pathways involved in energy metabolism, amino acid biosynthesis and metabolism, Wnt signaling pathway, Huntington's disease, HIF-1 signaling pathway, cGMP–PKG signaling pathway, dilated cardiomyopathy, and adrenergic signaling in cardiomyocytes. These findings revealed that bone marrow of T. canis-infected dogs exhibits distinct lncRNA and mRNA expression patterns compared to healthy control dogs. Our data provide novel insights into T. canis interaction with the definitive host and shed light on the significance of the non-coding portion of the dog genome in the pathogenesis of toxocariasis.

Keywords: Toxocara canis, toxocariasis, transcriptomics, Beagle dog, bone marrow


INTRODUCTION

Toxocariasis, caused by Toxocara canis infection, is a significant public health problem in many parts of the world. Dogs serve as the definitive host for T. canis, where they harbor the adult nematodes in their intestine, which shed eggs in the feces. Humans are accidentally infected when they ingest food or water contaminated with T. canis eggs, where larvae hatch and migrate throughout the body, leading to various inflammatory conditions (e.g., visceral, ocular, and neural larva migrans) without developing into adult worms (Strube et al., 2013; Chen et al., 2018; Rostami et al., 2019a). The global prevalence of T. canis infection in humans and dog is 19 and 11.1%, respectively (Rostami et al., 2019b, 2020). Infection with this parasite is more widespread in socioeconomically disadvantaged populations, especially in tropical and subtropical regions (Ma et al., 2018). Toxocariasis is listed among the six Neglected Parasitic Infections targeted by the United States Centers for Disease Control and Prevention for public health action (https://www.cdc.gov/parasites/npi/).

Due to their self-renewal capacity, bone marrow-derived hematopoietic stem cells (HSCs) can differentiate into different cell types, including erythrocytes, granulocytes (neutrophils, eosinophils, and basophils), monocyte/macrophages, megakaryocytes/platelets, lymphocytes, and myeloid dendritic cells (Song et al., 2016); many of these contribute to the immune response against T. canis and can thus play important roles in the pathogenesis of toxocariasis. For example, eosinophils alone (Klion and Nutman, 2004) or in conjunction with other innate immune cells, such as neutrophils (Galioto et al., 2006), play a critical role in controlling helminth infection by producing toxic granule proteins and/or reactive oxygen intermediates, which damage the cuticle of the worms. Eosinophilia is a common feature of the host's response to helminth infection (Huang and Appleton, 2016) and has been detected in puppies infected by T. canis at 12 h post-infection (hpi), 24 hpi, 10 days post-infection (dpi), and 36 dpi (Zheng et al., 2019).

Previous genomics, transcriptomics, and proteomics studies on T. canis have improved the understanding of the genetic constitution and pathophysiology of T. canis infection (Ma et al., 2018; Zheng W. B. et al., 2020). Differences in neurotoxocarosis caused by T. canis and T. cati have been investigated by microarray analysis (Janecek et al., 2015). Additionally, metabolomics of serum and transcriptomics of lung tissue revealed several metabolic pathways and a considerable number of coding genes and long non-coding RNAs (lncRNAs), which mediate the interaction between T. canis and its canine host (Zheng et al., 2019, 2021). Despite these efforts, our understanding of the temporal changes of lncRNA, which are important transcriptional regulators of the immune and inflammatory responses to infection (Wang et al., 2015), in the bone marrow in dogs during T. canis infection is unknown.

In the present study, we investigated the changes in the global expression of lncRNAs and messenger RNAs (mRNAs) of bone marrow in Beagle dogs infected by T. canis. This comprehensive transcriptional analysis identified gene expression trajectories and novel mRNAs and lncRNAs that may play roles in the pathogenesis of toxocariasis.



MATERIALS AND METHODS


Animals and Sample Collection

A total of 24 Beagle dogs, 6–7 weeks old, were purchased from and housed at the National Canine Laboratory Animal Resource Center (Guangzhou, China). The dogs did not receive any vaccination or medication before or during the experiment. They were quarantined for 1 week prior to initiation of this study for general health observations. Dogs were divided into four groups corresponding to four different time-points post-infection: 12 hpi, 24 hpi, 96 hpi, and 36 dpi. Complete blood examination using automated blood analyzer (XT2000 iv; Sysmex, Kobe, Japan) and fecal examination using a sugar floating method were performed to ensure that all puppies are free of any intestinal parasitic infection prior to the study. Puppies from the same litters were allocated randomly by a researcher unaware of experimental design into infected group and control group, with three biological replicates in each group to reduce background differences. Puppies of the infected groups were infected orally with 1 ml of saline solution containing 300 infectious T. canis eggs, while puppies of the control groups were mock-infected orally with 1 ml saline only. At each of the above indicated time points post-infection, puppies from one infected group and a matched control group were euthanized by injecting KCl into the heart under general anesthesia using Zoletil 50 (Virbac, Nice, France). Then, the tibia of each puppy was rapidly separated, and the tibial bone marrow was collected under sterile conditions and stored in liquid nitrogen for RNA extraction. The liver and half of the lungs of each puppy were shredded to recover T. canis larvae, as described previously (Zheng et al., 2019). Blood profiling of each puppy was performed using automated blood analyzer to count the number of red blood cells, white blood cells, neutrophils, and eosinophils. The potential laboratory waste and infectious clinical waste, such as the infectious eggs and remaining puppy's tissues, were decontaminated by autoclaving prior to disposal.



RNA Extraction and Transcriptome Sequencing (RNA-seq) Analysis

Total RNA of each bone marrow was extracted using TRIZOL (Life Technologies, Carlsbad, USA), and genomic DNA was removed from total RNA using DNase I (NEB, Ipswich, USA). The ribosomal RNA was depleted from the total RNA using the Epicentre Ribo-zeroTM rRNA Removal Kit (Madison, WI, USA), and rRNA-free residue was cleaned up by ethanol precipitation. Then, 24 cDNA sequencing libraries were generated and RNA-Seq were performed on the Illumina NovaSeq platform and 150 bp paired-end reads were generated.



Identification of lncRNAs and Differentially Expressed lncRNAs and mRNAs

Clean reads were obtained by removing reads with poly-N, adapters, insert tags, and low quality reads and were mapped to the reference genome of Canis lupus familiaris using HISAT2 (v2.0.4) (Langmead and Salzberg, 2012). Genome and annotation files of Canis lupus familiaris were downloaded from the Ensembl database (CanFam3.1), and the mapped reads were aligned and assembled using StringTie (v1.3.3) (Pertea et al., 2016). The sequences of the coding genes were quantified by HTSeq (v0.11.4) (Anders et al., 2015). The fragments per kilobase of exon model per million mapped reads (FPKM) was used for transcripts analysis. Transcripts with exon ≥2 and length >200 bp were used to identify lncRNA. Transcripts that have coding potential were filtered out by using CNCI (coding-non-coding index), CPC2 (coding potential calculator), and PFAM protein domain analysis (Punta et al., 2012; Sun et al., 2013; Kang et al., 2017), and the rest of transcripts without coding potential were considered as novel lncRNAs. Differential expression analysis of lncRNA and mRNA between each infected and control group was performed using the bioconductor package DESeq2 (Love et al., 2014). A significance threshold of |log2 (fold change)| ≥1 and P < 0.05 was used to identify differentially expressed genes.



Target Gene Prediction of lncRNAs and Functional Analysis of lncRNAs and mRNAs

The cis target gene, located within the upstream or downstream 100 kb of lncRNAs, was analyzed to predict the lncRNA function. To investigate the functions of the differentially expressed lncRNAs (DElncRNAs) and differentially expressed mRNAs (DEmRNAs) in puppies' bone narrow, GOseq R package (Young et al., 2010) was used to perform Gene Ontology (GO) analysis based on the cis target gene of DElncRNAs and DEmRNAs. GO terms were classified into three categories, including biological process (BP), cellular component (CC), and molecular function (MF). In addition, KOBAS (Wu et al., 2006) was used to map genes and to identify KEGG signaling pathways based on the DEmRNAs. GO terms and KEGG pathways with P < 0.05 were considered significantly enriched. The relationship between DElncRNAs and its cis DEmRNAs was visualized by Cytoscape v.3.5 (Lotia et al., 2013).



Quantitative RT-PCR Validation of RNA-seq Results

Ten transcripts (five DEmRNAs and five DElncRNAs) at each of the four infection stages were randomly selected to validate the RNA-Seq results by quantitative real-time PCR (qRT-PCR) on LightCycler480 (Roche, Basel, Switzerland). Commercial kits, amplification conditions, and melting curve analysis for mRNA and lncRNA amplification were performed as described previously (Zheng et al., 2021). The expression levels of the selected DEmRNAs and DElncRNAs were normalized to that of the house-keeping genes. All genes and primers are shown in Supplementary Table 1.




RESULTS


Confirmation of T. canis Infection

The number of eosinophils increased gradually from 12 hpi to 36 dpi; however, the difference between infected and control dogs was statistically significant only at 12 hpi (P < 0.05). There was no significant difference in the number of red blood cells, white blood cells, or neutrophils between infected and control dogs at any time point after infection (Figure 1). At 12 and 24 hpi, T. canis larvae were found in the livers of all infected puppies with an average of 1.33 and 9 larvae per liver, respectively. At 96 hpi, T. canis larvae were found in livers and lungs of all infected puppies with an average of 21 and 27.3 larvae per liver and lung, respectively. At 36 dpi, only two larvae were found in one liver, and an average of 75.3 T. canis adult roundworm were found in small intestines of all infected puppies (Table 1). As expected, no T. canis was found in puppies in the control groups. These results are consistent with those reported previously (Zheng et al., 2021).


[image: Figure 1]
FIGURE 1. The number of eosinophils, red blood cells, white blood cells, and neutrophils in the blood of Toxocara canis-infected (infection) and uninfected (control) groups of Beagle dogs at the indicated time points post-infection. The graphs represent the means ± standard deviations of the results obtained from three dogs per group. Statistical analysis was performed using t-test using GraphPad Prism 5 software. Asterisk denotes significance (*P < 0.05).



Table 1. The recovery of Toxocara canis larvae from the liver, lung, and small intestine of infected puppies at four time points post-oral infection with 300 infectious T. canis eggs.

[image: Table 1]



Overview of RNA-seq and Differential Expression of lncRNAs and mRNAs

A total of 24 puppies bone marrow were used for RNA-seq, generating 3,378,382,852 raw reads and 3,297,334,736 clean reads, with an average of 20.61 Gb clean data from each sample. A total of 1,272 annotated lncRNA transcripts, 24,794 novel lncRNA transcripts, and 25,157 mRNA transcripts were identified. The workflow of data processing and the associated outputs are shown in Figure 2. At 12 hpi, 1,098 DElncRNAs and 196 DEmRNAs were identified between infected and uninfected groups. At 24 hpi, 984 DElncRNAs and 253 DEmRNAs were identified. At 96 hpi, 1,120 DElncRNAs and 223 DEmRNAs were identified. At 36 dpi, 1,305 DElncRNAs and 328 DEmRNAs were detected (Figure 3; Supplementary Table 2). The RNA-seq results were validated using five DEmRNAs and five DElncRNAs at each infection stage using qRT-PCR analysis (Figures 4A–D). The qRT-PCR results showed an overall consistency in the trend and magnitude of the expression obtained by RNA-seq analysis.


[image: Figure 2]
FIGURE 2. The workflow of data processing. First, long non-coding RNAs (lncRNAs) and mRNAs were obtained by sequencing and the differentially expressed (DE) transcripts of lncRNAs and mRNAs were determined in the bone marrow of Beagle dogs at different stages of Toxocara canis infection. Then, Gene Ontology (GO) terms of the target genes of DElncRNAs, as well as GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of DEmRNAs were determined. Increased and decreased expression of the transcripts are indicated by red upward pointing arrows and blue downward pointing arrows, respectively.



[image: Figure 3]
FIGURE 3. Comparisons of differentially expressed lncRNAs and mRNAs in the bone marrow of Beagle dogs infected by Toxocara canis at 12 h post-infection (hpi), 24 hpi, 96 hpi, and 36 day post-infection (dpi). (A) The number of DElncRNAs and DEmRNAs at four infection stages. Green, red, and blue colors represent the number of total, upregulated, and downregulated transcripts, respectively. (B,C) Venn diagrams showing the common and unique DElncRNAs and DEmRNAs at the four indicated time points after infection between infected and control groups.
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FIGURE 4. Verification of the expression of DEmRNAs and DElncRNAs using qRT-PCR at (A) 12 hpi, (B) 24 hpi, (C) 96 hpi, and (D) 36 dpi. The Y-axis denotes the log2 fold change, and the X-axis shows the analyzed DEmRNAs and DElncRNAs. The error bars represent the standard deviation based on three replicates.




Target Gene Prediction and GO Annotation Analysis of lncRNAs

A total of 22,736 mRNA transcripts were found within the upstream and downstream 100 kb of the 22,393 lncRNA transcripts. At 12 hpi, 29 DEmRNA transcripts (e.g., fgf17 and egr3) were found within the upstream and downstream of 44 DElncRNA transcripts, forming 45 pairs. At 24 hpi, 36 DEmRNA transcripts (e.g., hdac2 and cd34) were found within the upstream and downstream of 44 DElncRNA transcripts, forming 49 pairs. At 96 hpi, 38 DEmRNA transcripts (e.g., nfix and relb) were found within the upstream and downstream of 51 DElncRNA transcripts, forming 53 pairs. At 36 hpi, 68 DEmRNA transcripts (e.g., rac1 and cd34) were found within the upstream and downstream of 80 DElncRNA transcripts, forming 91 pairs (Supplementary Figure 1; Supplementary Table 3). GO annotation analysis was performed using target genes of DElncRNAs, showing that 2,926 target genes were significantly enriched in 681 GO terms at 12 hpi, including regulation of defense response, protein–DNA complex, and regulation of response to stress; 2,623 target genes were significantly enriched in 688 GO terms at 24 hpi, including double-stranded RNA binding, nucleoplasm, and nuclear part; 3,023 target genes were significantly enriched in 676 GO terms at 96 hpi, including intracellular membrane-bounded organelle, intracellular part, and membrane-bounded organelle; 3,268 target genes were significantly enriched in 650 GO at 36 dpi, including immunoglobulin complex, complement activation, classical pathway, and endomembrane system (Supplementary Table 4). The top 30 differential GO terms of DElncRNA target genes are shown in Supplementary Figure 2.



GO and KEGG Pathway Analysis of Differentially Expressed mRNAs

GO annotation analysis identified 126 DEmRNAs that were significantly enriched in 358 GO terms at 12 hpi, including 270 BP terms, 36 CC terms, and 52 MF terms, including collagen type I, glial cell line-derived neurotrophic factor secretion, and mitochondrial sorting and assembly machinery complex. At 24 hpi, 189 DEmRNAs were significantly enriched in 415 GO terms, including 295 BP terms, 53 CC terms, and 67 MF terms, including response to interferon-beta, organelle membrane, and spongiotrophoblast layer development. At 96 hpi, 162 DEmRNAs were significantly enriched in 232 GO terms, including 142 BP terms, 32 CC terms, and 58 MF terms, including structural molecule activity, synapse maturation, and ribosomal large subunit assembly. At 36 dpi, 222 DEmRNAs were significantly enriched in 297 GO, including 210 BP terms, 22 CC terms, and 65 MF terms, including defense response to virus, cellular response to interferon-beta, and immune effector process (Supplementary Table 5). The top 30 differential GO terms are shown in Figure 5.


[image: Figure 5]
FIGURE 5. Scatter plots of the top 30 enriched Gene Ontology (GO) terms (including biological process, cellular component, and molecular function categories) of the DEmRNAs at (A) 12 hpi, (B) 24 hpi, (C) 96 hpi, and (D) 36 dpi. The X-axis label represents the rich factor; the Y-axis label shows the GO terms. The rich factor reflects the proportion of DEmRNAs in a given GO term. The greater the rich factor, the greater the degree of enrichment. The color of the dots represents the enrichment score [–log10(P-value)], where red color indicates high enrichment, while green color indicates low enrichment. Dot size represents the number of DEmRNAs in the corresponding GO term (bigger dots indicate larger DEmRNA numbers).


The mRNA-pathway network was constructed to identify the DEmRNAs that connect the pathways (Figure 6). These results showed that 26 DEmRNAs (e.g., col1a1, col1a2, and nos3) were significantly enriched in 9 pathways at 12 hpi, including calcium signaling pathway, platelet activation, and Wnt signaling pathway; 33 DEmRNAs (e.g., casp3, hip1, and insr) were significantly enriched in seven pathways at 24 hpi, including phagosome, Huntington's disease, and hematopoietic cell lineage; 36 DEmRNAs (e.g., apaf1, c1r, and ncf2) were significantly enriched in seven pathways at 96 hpi, including ribosome, legionellosis, and cGMP–PKG signaling pathway; 24 DEmRNAs (e.g., itga11, crem, and gnas) were significantly enriched in nine pathways at 36 dpi, including protein digestion and absorption, pancreatic secretion, and RIG-I-like receptor signaling pathway (Supplementary Table 6). The top 20 most highly represented pathways in each group are shown in Supplementary Figure 3.


[image: Figure 6]
FIGURE 6. The network of DEmRNA-pathway using KEGG analysis at (A) 12 hpi, (B) 24 hpi, (C) 96 hpi, and (D) 36 dpi. Diamonds represent the DEmRNA, and ellipses represent the significantly enriched pathways. Red color indicates upregulation, while green color indicates downregulation.





DISCUSSION

We have generated a new resource of transcriptional signatures from the bone marrow of dogs during T. canis infection to improve the understanding of the pathogenesis for toxocariasis. We determined the lncRNA and mRNA expression patterns at 12 hpi, 24 hpi, 96 hpi, and 36 dpi using RNA-seq analysis. At 12 hpi, the transcripts of fibroblast growth factor 17 (fgf17) were significantly decreased to 0. The fgf17 gene plays a role in the brain development, and its deficiency causes abnormal social behaviors in mice (Ford-Perriss et al., 2001; Scearce-Levie et al., 2008). FGF17 is also an autocrine prostatic epithelial growth factor and plays a role in human prostate carcinogenesis (Polnaszek et al., 2004). In this study, three upregulated and three downregulated lncRNA transcripts that are located in the vicinity of fgf17 were identified, suggesting that in the bone marrow, fgf17 and its related lncRNAs may play roles during the early stage of T. canis infection. Early growth response gene 3 (egr3), a member of zinc-finger transcription factors family, is a key negative regulator of T cell activation, and its overexpression inhibits transcription of IL-2 promoter (Safford et al., 2005). Also, egr3 is a potent inhibitor of HSCs (Cheng et al., 2015). The transcription level of egr3 was significantly decreased to 0 at 12 hpi. The downregulation of egr3 may lead to the activation of common lymphoid and myeloid progenitors. Moreover, the level of XLOC_596134, which is located in the vicinity of the egr3 gene, was upregulated 18.4 times.

At 24 hpi, the transcription level of histone deacetylase 2 (hdac2) was upregulated 6.61 times. This gene plays a role in HSC's homeostasis (Heideman et al., 2014). Simultaneous loss of hdac1 and hdac2 genes results in the depletion of HSCs and early hematopoietic progenitors, leading to anemia and thrombocytopenia (Wilting et al., 2010; Heideman et al., 2014). In the present study, the transcription level of hdac1 was not significantly altered; however, hdac2 was significantly upregulated, which may contribute to self-renewal of HSCs and hematopoietic differentiation at 24 hpi. In addition, the level of XLOC_159843, which is located in the vicinity of hdac2, was downregulated 49.74 times, which may contribute to the transcription of hdac2. CD34 is a well-known marker of hematopoietic stem/progenitor cells (HSPCs), and its expression is typically lost as these cells mature into terminal effectors (Hughes et al., 2020). Eosinophils arise from eosinophil-committed CD34+ bone marrow progenitors (pEo) (Robida et al., 2018). Mature eosinophils lose CD34 during terminal differentiation under homeostatic conditions; however, during inflammatory responses, CD34+ progenitors expand in the bone marrow and are released into circulation (Rådinger et al., 2011). In this study, the transcription level of CD34 was upregulated, and XLOC_1055137, which is located in the vicinity of CD34, was downregulated at 12 hpi and 24 hpi, which may play a role in the induction of eosinophilia in the peripheral blood of infected puppies during early infection.

At 96 hpi, the upregulation of Nuclear factor I/X (NFIX) transcription may be affected by the downregulation of XLOC_471504 and the upregulation of XLOC_459365 located in the vicinity of the NFIX (Supplementary Figure 1C). NFIX, a member of the nuclear factor I (NFI) family of transcription factors, is highly expressed by HSPCs of bone marrow (Holmfeldt et al., 2013) and can influence the fate of HSPCs; loss of nfix expression promotes B lymphopoiesis and impairs myelopoiesis (O'Connor et al., 2015). Therefore, upregulation of nfix at 24 hpi may contribute to the formation of eosinophils and other granulocytes. The relb, an NF-κB family transcription factor, is required for bone marrow-derived dendritic cell (DC) development, and its expression level determines the role of DCs in immune responses (Wu et al., 1998) and contributes to the differentiation of various progenitors (Cejas et al., 2005). The transcription level of relb was upregulated 10.84 times at 96 hpi, suggesting that progenitor cells were differentiated into well-developed DCs. The downregulation of XLOC_029260 may contribute to the upregulation of relb.

At 36 hpi, the transcription level of Ras-related C3 botulinum toxin substrate 1 (rac1) was significantly upregulated. Rac1 is a highly conserved member of the RHO family of small GTPases and plays roles in numerous cellular processes via downstream effectors, such as actin dynamics, differentiation, inflammatory responses, proliferation, survival, and reactive oxygen species production (Cannon et al., 2020). Hematopoietic stem and progenitor cell adhesion, maintenance, and migration can be enhanced by rac1 activation (Nguyen et al., 2017). Therefore, the upregulation of rac1 may play an important role in maintaining HSPC self-renewal, proliferation, and differentiation during T. canis infection. Different from the transcription level of CD34 at 12 hpi and 24 hpi, the transcription level CD34 was significantly downregulated at 36 dpi. The downregulation of CD34 suggests that the number of HSPCs and eosinophils was decreased in bone marrow at 36 dpi. The temporal differences in the transcription level of CD34 in the bone marrow (increase at 12 hpi and 24 hpi and decrease at 36 dpi) may suggest infection stage-specific differences in the level of eosinophilia and can be attributed to the differential expression of XLOC_1055137; however, this requires further investigation.

At 12 hpi, some altered genes (e.g., aco1, mdh1, and idh3g) were enriched in signaling pathways associated with energy metabolism, and amino acid biosynthesis and metabolism, suggesting that the bone marrow metabolism of infected puppies was altered during the early stage of T. canis infection. In addition, many altered genes were associated with the differentiation of bone marrow mesenchymal stem cells (MSCs) at 12 hpi, of which two downregulated genes (itpr1 and nos3) and three upregulated genes (col1a1, col1a2, and ppp1r12b) were enriched in platelet activation signaling pathway. The col1a1 and col1a2 genes encode two α chains of the type i collagen, which is the major component of the bone matrix (Pollitt et al., 2006); three downregulated genes (itpr1, nos3, and pde1a) and three upregulated genes (grin2c, slc25a4, and phka1) were enriched in calcium signaling pathway, which contributes to the osteogenic differentiation of MSCs (Hui et al., 2019). Furthermore, Wnt signaling pathway was significantly upregulated at 12 hpi, which may enhance the differentiation and mineralization of bone marrow MSCs (Ruan et al., 2021). These results suggest that metabolic alterations and MSCs differentiation in the bone marrow may be involved in the pathogenesis of T. canis infection at 12 hpi.

At 24 hpi, 189 DEmRNAs were significantly enriched in 415 GO terms (Supplementary Table 5) and 33 DEmRNAs were significantly enriched in 7 KEGG signaling pathways at 24 hpi (Figure 6B). Hdac2 belongs to Huntington's disease pathway, which was significantly altered at 24 hpi. There were three upregulated genes (e.g., hdac2, casp3, and dctn4) and four downregulated genes (e.g., dnah3, hip1, ENSCAFG00000020261, and ENSCAFG00000031413) in this signaling pathway. Caspase-3 (casp3) is a cysteine protease that plays a crucial role in apoptosis and inflammatory responses (Takashi et al., 2020) and osteogenic differentiation of bone marrow stromal stem cells (Miura et al., 2004). Our observation that the expression of casp3 in the bone marrow was increased 30.49 times at 24 hpi is consistent with a previous result detected in Beagle's lungs infected T. canis at the same time after infection (Zheng et al., 2021), suggesting that casp3 may play various roles during T. canis infection. Huntingtin interacting protein 1 (HIP1) is necessary to maintain cellularity in multiple tissue types, and the mutation of hip1 gene in mouse can cause abnormal hematopoiesis and spinal defects (Oravecz-Wilson et al., 2004). HIP1 is also an endocytic protein and is overexpressed in a variety of human cancers. Moreover, the overexpression of hip1 in bone marrow is associated with a lower overall survival in acute myeloid leukemia patients (Wang et al., 2017). The transcription level of hip1 was significantly decreased 81.73 times at 24 hpi, which may contribute to limiting of the proliferation of myeloid primordial cells in the hematopoietic system and maintaining the homeostasis of the bone marrow environment during T. canis infection. The HIF-1 signaling pathway was another significantly enriched signaling pathway with one downregulated gene (insr) and four upregulated genes (arnt, nos3, ENSCAFG00000023227 and ENSCAFG00000008828) at 24 hpi (Figure 6B). The upregulation of HIF-1 signaling pathway can promote the metabolism and behavior of MSCs (Zhou et al., 2020). Moreover, hematopoietic cell lineage was enriched with two downregulated genes and two upregulated genes at 24 hpi (Figure 6B). These results show that many altered genes or signaling pathways associated with maturation and/or differentiation of HSPCs and MSCs are identified at 24 hpi, which provides the basis for the differentiation of HSPCs into different types of cells and changes the hematopoietic microenvironment after T. canis infection.

Similar to 24 hpi, Huntington's disease pathway was significantly enriched at 96 hpi with three upregulated genes (creb3l1, dnah3, and ENSCAFG00000011707) and four downregulated genes (apaf1, itpr1, polr2a, and lc25a4), among which apoptotic protease activating factor 1 (APAF1) is a key molecule in the intrinsic and mitochondrial pathway of apoptosis (Shakeri et al., 2017). Apoptosis is highly important for the homeostasis and development of the hematopoietic system, and deregulation of apoptosis leads to the development of a number of human diseases (Testa and Riccioni, 2007). The inactivation or inhibition of apaf1 expression contributes to the development of acute myeloid leukemia (Testa and Riccioni, 2007; Rostami et al., 2017). In the present study, the expression of apaf1 was decreased to 0 at 96 hpi, suggesting that the decrease of apaf1 transcription level induced by T. canis infection may cause abnormal differentiation of HSPCs. Moreover, ECM–receptor interaction and cGMP–PKG signaling pathway were significantly upregulated at 96 hpi, which may play important roles in the homeostasis of bone marrow microenvironment. Phagosome is another pathway that seems to play roles during early T. canis infection, with one upregulated gene and four downregulated genes at 12 hpi, three upregulated genes and four downregulated genes at 24 hpi, as well as five upregulated genes and one downregulated gene at 96 hpi (Figure 6C), among which c1r, mrc1/2, ncf2, and ppp1r8 may play roles in T. canis–host interaction.

At 36 dpi, dilated cardiomyopathy was the most significantly enriched pathway with four upregulated genes (cacna1c, itga11, tnnt2, and ENSCAFG00000030258) and two downregulated genes (gnas and ryr2). The adrenergic signaling pathway in cardiomyocytes was also highly enriched with three upregulated genes (cacna1c, tnnt2, and crem) and four downregulated genes (gnas, ryr2, kcnq1, and scn4b). Integrin alpha11 (ITGA11) is an osteolectin receptor, and the deletion of itga11 in mouse and human bone marrow stromal cells impairs osteogenic differentiation and blocks their response to osteolectin (Shen et al., 2019). The cAMP responsive element modulator (CREM) proteins are members of the activating transcription factor/cAMP response element binding protein (ATF/CREB) transcription factor family (De Cesare and Sassone-Corsi, 2000). Crem knock-out mice can display slightly decreased osteoclast number and increased long bone mass (Liu et al., 2007). Guanine nucleotide binding protein subunit α (gnas) is a key component of the cell membrane receptor pathway, and downregulation of gnas can repress osteogenic differentiation of bone marrow-derived MSCs, aggravating the progression of osteoporosis (An et al., 2019; Zheng X. et al., 2020). The expression of itga11 and crem was upregulated 158.10 times and 6.23 times in bone marrow at 36 dpi, respectively, while the expression of gnas was downregulated 86.31 times at 36 dpi, suggesting that although T. canis worms mainly reside in the intestine at 36 dpi, they can still influence the bone marrow, especially the host MSCs. The effects of these altered genes at 36 dpi on T. canis–host interaction merits further investigation.

In the RIG-I-like receptor signaling pathway, the four upregulated genes included cxcl10, dhx58, isg15, and ENSCAFG00000006557. CXC motif chemokine 10 (CXCL10), also known as IP-10, is a small cytokine-like protein secreted by various cell types and plays a role in chemotaxis, immunomodulation, inflammation, leukocyte trafficking, and hematopoiesis (Bagheri et al., 2020). CXCL10 plays a protective role during parasitic protozoa infection, such as Leishmania infantum and Toxoplasma gondii (Vargas-Inchaustegui et al., 2010; Norose et al., 2011). The expression of cxcl10 was upregulated 7.32 times in bone marrow at 36 dpi; however, the role of cxcl10 during T. canis infection remains unknown. Interferon-stimulated gene product 15 (ISG15) is a ubiquitin-like protein, which is critical for controlling microbial infections, especially viral infection (Perng and Lenschow, 2018). In this study, the expression of isg15 was upregulated 3.73 times; however, its role in T. canis–host interaction remains to be elucidated.



CONCLUSIONS

We have identified many dysregulated lncRNAs and mRNAs in bone marrow samples obtained from T. canis-infected compared to uninfected Beagle dogs. GO and KEGG pathway analyses revealed DElncRNAs and DEmRNAs involved in a number of key biological processes and pathways, which may have relevance to the pathogenesis of toxocariasis. Further investigations are required to determine the underlying biological functions of the dysregulated lncRNAs and mRNAs in the pathogenesis of toxocariasis and to test their potential utility as diagnostic biomarkers for toxocariasis.
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Supplementary Figure 1. Co-localization between the differentially expressed lncRNAs and their predicted differentially expressed target mRNAs. Red and green colors represent upregulated and downregulated transcripts, respectively. The ellipses denote mRNAs, and diamonds denote lncRNAs. (A–D) Represent the co-localization relationships at 12 hpi, 24 hpi, 96 hpi, and 36 dpi, respectively.

Supplementary Figure 2. Scatter plots of the top 30 enriched Gene Ontology (GO) terms (including biological process, cellular component, and molecular function categories) of the DElncRNA target genes at (A) 12 hpi, (B) 24 hpi, (C) 96 hpi, and (D) 36 dpi. The X-axis label represents the rich factor; the Y-axis label shows the GO terms. The rich factor reflects the proportion of DEmRNAs in a given GO term. The higher the rich factor, the greater the degree of enrichment. The color of the dots represents the enrichment. Score [–log10(P-value)], where red color indicates high enrichment, while green color indicates low enrichment. Dot size represents the number of DEmRNAs in the corresponding GO term (bigger dots indicate larger DEmRNA numbers).

Supplementary Figure 3. Scatter plots of the top 20 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the DEmRNAs at (A) 12 hpi, (B) 24 hpi, (C) 96 hpi, and (D) 36 dpi. The X-axis label represents the rich factor; the Y-axis label shows the KEGG pathways. The rich factor reflects the proportion of DEmRNAs in a given pathway. The greater the rich factor, the greater the degree of pathway enrichment. The color of the dots represents the enrichment score [–log10(P-value)], where red color indicates high enrichment, while green color indicates low enrichment. Dot size represents the number of DEmRNAs in the corresponding pathway (bigger dots indicate larger DEmRNA numbers).

Supplementary Table 1. The primers used in the qRT-PCR experiment.

Supplementary Table 2. The differentially expressed lncRNAs and mRNAs at 12 hpi, 24 hpi, 96 hpi, and 36 dpi.

Supplementary Table 3. Co-localization between the differentially expressed lncRNAs and their predicted differentially expressed cis target genes.

Supplementary Table 4. Gene Ontology (GO) terms of cis target genes of the differentially expressed lncRNAs.

Supplementary Table 5. Gene Ontology (GO) terms of the differentially expressed mRNAs.

Supplementary Table 6. Signaling pathways of the differentially expressed mRNAs.
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Moniezia expansa (M. expansa) parasitizes the small intestine of sheep and causes inhibited growth and development or even death. Being globally distributed, it causes considerable economic losses to the animal husbandry industry. Here, using Illumina, PacBio and BioNano techniques, we obtain a high-quality genome assembly of M. expansa, which has a total length of 142 Mb, a scaffold N50 length of 7.27 Mb and 8,104 coding genes. M. expansa has a very high body fat content and a specific type of fatty acid metabolism. It cannot synthesize any lipids due to the loss of some key genes involved in fatty acid synthesis, and it may can metabolize most lipids via the relatively complete fatty acid β-oxidation pathway. The M. expansa genome encodes multiple lipid transporters and lipid binding proteins that enable the utilization of lipids in the host intestinal fluid. Although many of its systems are degraded (with the loss of homeobox genes), its reproductive system is well developed. PL10, AGO, Nanos and Pumilio compose a reproductive stem cell regulatory network. The results suggest that the high body lipid content of M. expansa provides an energy source supporting the high fecundity of this parasite. Our study provides insight into host interaction, adaptation, nutrient acquisition, strobilization, and reproduction in this parasite and this is also the first genome published in Anoplocephalidae.
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Introduction

M. expansa (Cyclophyllidea, Anoplocephalidae) is a parasitic flatworm with a cosmopolitan distribution and is mainly a parasite of Perissodactyla, Artiodactyla, and Primates (including humans) (Zhao et al., 2009). M. expansa mainly parasitizes the small intestine and harms host animals in three ways. First, the worms take in large amounts of nutrients from the host body and grow rapidly in the intestine, causing weight loss and weakness. Second, if a large number of eggs (such as cysticerci) are swallowed, the organisms can agglomerate during their development into adults, hindering the passage of chyme and causing intestinal blockage or even death. Third, the worms secrete large amounts of toxic substances during development that damage the host’s nervous system and clinically manifest as neurological symptoms in regions such as the head and back of the neck (Akrami et al., 2018).

M. expansa individuals can be up to 10 m long and are able to grow rapidly because the neck proglottids can continuously produce new proglottids to the rear. Individuals can grow up to 8~12 cm a day. Each proglottid carries a set of reproductive systems, and the sexual organs in gravid proglottids have degraded, with only the uterus fully developing and occupying the whole proglottid; thus, the individuals are said to be “egg-laying machines” (Gerald, 1986). Reproduction is one of the most important activities of an organism, and lipids play important physiological roles in this process. Stored lipids can be used as both a potential energy source and an active organ for the storage, metabolism and release of steroid hormones. The normal accumulation of total fat, triglycerides, phospholipids, and unsaturated fatty acids is critical to gonad development and embryonic and early larval growth. Triglycerides and phospholipids are the main lipid components of the gonads that provide energy for embryonic development (Sargent, 1995). In female humans, 22% body fat is necessary to maintain a menstrual cycle with ovulation, and a reduction in body fat below this threshold affects androgen conversion to estrogen under the catalysis of aromatase, leading to amenorrhea (Frisch, 1984). In the production of commercial pigs, body lipid loss is an important contributor to the low reproductive efficiency of many sows. Sows with “thin sow syndrome” become thin and neither show estrus nor successfully breed (Gatlin et al., 2002). During reproduction in corals, the lipid content greatly increases by up to approximately 85% to facilitate the breeding process (Leuzinger et al., 2003). M. expansa has a high lipid content, but it is unclear whether this high content is related to high fecundity in this species.

The lipid content of adults of Schistosoma mansoni (S. mansoni) is greater than 40%. In this species, the role of triglycerides during the life cycle is unclear, although it is known that they do not contribute to the formation of other lipids. Moreover, their use as an energy supply has not been determined. However, S. mansoni has lipases that can break down triglycerides, which may prevent excessive fatty acid concentrations in cells (Berriman et al., 2009). In Echinococcus spp., the fatty acid-binding protein (FABP) and antigen B gene families are the most expressed genes in the metacestode stage, suggesting that fatty acid intake is critical in these species (Tsai et al., 2013). Antigen B is the most abundant and immunogenic antigen produced in the larval stage (cytoplasm) of Echinococcus granulosus (E. granulosus). The structure and function of this lipoprotein have not been fully elucidated. In vitro studies have shown that antigen B apolipoprotein can bind fatty acids (Olson et al., 2012).

Enhancing our understanding of reproductive mechanisms in M. expansa is important for not only understanding the strong adaptability of parasites to their environments but also raising awareness of sheep health and reproductive diseases. However, little is known about the genes that regulate reproduction in M. expansa, representing a crucial gap in our knowledge of tapeworm biology. In this study, single molecule real-time sequencing (Pacific Biosciences; PacBio) and BioNano techniques were used to assemble the M. expansa genome for the first time. We examined genes and pathways possibly linked to the high body lipid content and high reproductive capacity of M. expansa. These data contribute to the growing global database for identifying parasites and parasite provenances. This study also provides insight into reproductive mechanisms and suggests some potential target molecules for effectively treating parasitic diseases.



Materials and Methods


Sample Information

Whole adult individuals from the intestines of freshly slaughtered sheep in the designated slaughterhouse for cattle and sheep in Shihezi City were sampled as the genome sequencing materials. The samples were placed in 37°C phosphate buffer brine (pH 7.4) in an insulated bucket and immediately transferred to the laboratory. The collected Moniezia individuals were classified as Moniezia benedeni (M. benedeni) or M. expansa based on the intersegmental glands following hematoxylin staining. In M. expansa, the intersegmental glands appear as a continuous row of circles distributed along the posterior edge of the internode. The transcriptome material datasets employed were from [https://dataview.ncbi.nlm.nih.gov/object/PRJNA542191] (SRA: PRJNA542191) (Liu et al., 2019).



Genome Sequencing and Assembly

One PacBio library with an insert size of 20 kb and one BioNano library were constructed. The PacBio library was sequenced on a PacBio Sequel sequencer (Pacific Biosciences, Menlo Park, CA, USA). BioNano optical mapping was performed with Saphyr’s streamlined workflow (BioNano Genomics, San Diego, CA, USA). The genome size of M. expansa was estimated based on the k-mer spectrum. Using Jellyfish (v2.1.3) (Marçais & Kingsford, 2011), 17-mers were counted from short clean reads. With the long reads generated from the PacBio Sequel platform, contig assembly was carried out using the FALCON assembler (v1.2.4) (Pendleton et al., 2015). Then, the assembly from the PacBio data was polished by Quiver (smrtlink 5.0.1) (Chin et al., 2013). Heterozygous portions of the assembly were removed with Purge Haplotigs software (Roach et al., 2018). After filtering the data by molecule length and label density, high-quality labeled molecules were pairwise aligned, clustered and assembled into contigs with the BioNano Genomics assembly pipeline IrysSolve. Next, to create hybrid scaffolds, optical maps were aligned to PacBio assembled contigs and scaffolded with BioNano’s hybrid-scaffold tool. Consensus sequences of assemblies were then subjected to mapping of approximately 80X Illumina paired-end reads using BWA (v0.7.10-r789) (Li & Durbin, 2010) and were corrected by Pilon (v1.22) (Walker et al., 2014). Accuracy of the genome was assessed at the single-base level. Briefly, short reads generated by the Illumina platform were mapped to the M. expansa genome using BWA, and variant calling was performed with SAMtools (Li, 2011). The completeness of the genome assembly was assessed by two approaches as follows. Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis (Simão et al., 2015) was performed by searching against the BUSCO metazoan_odb9 database (v3.0.2). Core Eukaryotic Genes Mapping Approach (CEGMA) analysis (Parra et al., 2007) was carried out based on a core gene set including 248 evolutionarily conserved genes from six eukaryotic model organisms.



Genome Annotation

Two technologies, homologous comparison and ab initio prediction, were applied to annotate the repeated sequences within the M. expansa genome assembly. For homologous comparison, RepeatMasker (Bergman and Quesneville, 2007) and the associated RepeatProteinMask were employed for homolog comparison to align against the Repbase database and the TE protein database, respectively (Bao et al., 2015). For ab initio prediction, LTR_FINDER (Xu and Wang, 2007), Repeat Scout (Price et al., 2005) and Repeat Modeler (v2.1) (Smit and Hubley, 2015) were used for de novo construction of the candidate database of repetitive elements of the M. expansa genome. The repeated sequences were then annotated using RepeatMasker. Tandem repeat sequences were ab initio predicted using Tandem Repeats Finder software (v4.07b) (Benson, 1999).

Three approaches were applied to predict the protein-coding genes in the M. expansa genome, including homology-based prediction, ab initio prediction, and transcriptome-based prediction. For homologous annotation, protein sequences from 12 species were aligned to the M. expansa genome using TBLASTN with an e-value cutoff of 1e-5. (Species information is provided in Supplementary Table 6). The BLAST hits remaining from each query were then conjoined by Solar (v0.9.6) (Yu et al., 2006). Genewise (v2.4.1) (Birney  et al., 2004) was used to predict the exact gene structure of the corresponding genomic region for each candidate gene extended upstream and downstream by 1000 bp. Homology predictions were denoted as “Homology-set”. For transcriptome-based prediction, RNA-seq data were assembled with Trinity (v2.0) (Grabherr et al., 2011), and the assembled sequences were then aligned to the M. expansa genome using Program to Assemble Spliced Alignments (PASA) (Haas et al., 2008). Gene models created by PASA were denoted as “PASA-T-set” (PASA Trinity set). In addition, RNA-seq reads were directly mapped to the genome using TopHat2 (v2.0.13) (Kim et al., 2013), and the mapped reads then were assembled into gene models (“Cufflinks-set”) by Cufflinks (v2.1.1) (Trapnell et al., 2012). For ab initio prediction, Augustus (v3.2.3) (Stanke and Morgenstern, 2005), GeneID (v1.4) (Guigó et al., 1992), GENESCAN (Burge and Karlin, 1997), GlimmerHMM (v3.0.4) (Majoros et al., 2004), and SNAP (v2013-11-29) (Korf, 2004) software programs were simultaneously employed for gene model prediction, in which Augustus, SNAP, and GlimmerHMM were trained by PASA-H-set gene models. After applying these three approaches, all the gene models were finally integrated by EvidenceModeler (v1.1.1) (Haas et al., 2008). The weights were set for each type of evidence as follows: PASA-T-set > Homology-set > Cufflinks-set > Augustus > GeneID = SNAP = GlimmerHMM = GENESCAN. To obtain information on the untranslated regions (UTRs) and alternative splicing variation, PASA was applied to update the gene models. Furthermore, predicted genes less than 50 amino acids in length, supported only by ab initio evidence or having expression values < 1 were filtered out.

Functional annotation of protein-coding genes in the M. expansa genome was performed based on homologous searches in the SwissProt, NR (from NCBI), InterPro and KEGG Pathway databases. The InterPro Scan tool (Jones et al., 2014) was applied in coordination with the InterPro database to predict protein function based on the conserved protein domains and functional sites. The SwissProt, NR and KEGG Pathway databases were mainly mapped by gene set to identify the best match for each gene.

In addition, the gene structures of noncoding RNAs in the M. expansa genome were predicted. Briefly, tRNAs were predicted using the t-RNAscan-SE tool (1.3.1) (Lowe & Eddy, 1997). rRNA sequences were predicted by searching against the invertebrate rRNA database using BLAST with an E-value of 1E-10. Small nuclear and nucleolar RNAs and miRNAs were annotated using the Infernal tool (v1.1rc4) (Nawrocki et al., 2009) based on the Rfam database.



Phylogenetic Reconstruction and Divergence Estimation

Protein-coding sequences and protein sequences of 12 species were retrieved from the WormBase database (https://parasite.wormbase.org/) (Supplementary Table 9). For gene models with multiple alternative isoforms, only the longest transcript was selected to represent the gene. Subsequently, the all-against-all search algorithm with a cutoff of 1E-7 was implemented to identify orthologous gene relationships between M. expansa and other species, in which more than 30% coverage of the aligned regions in both orthologous genes was required. The alignments were clustered into gene families according to the OrthoMCL (Li et al., 2003) pipeline with the parameter “-inflation 1.5”.

The phylogenetic relationships between M. expansa and other species were reconstructed using the shared single-copy orthologous genes. The protein-coding sequences of the genes were aligned by the MUSCLE tool (Edgar, 2004) with default parameters. Sequences were then concatenated to one supergene sequence for each species and formed into a data matrix. Phylogenetic analysis was performed using the maximum-likelihood (ML) algorithm in RAxML (v8.0.19) (Stamatakis, 2006) with the GTR-GAMMA substitution model and with C. elegans and Trichinella spiralis as outgroups. The robustness of the maximum likelihood tree was assessed using the bootstrap method (100 pseudoreplicates). Furthermore, divergence times between M. expansa and other species were estimated using a Monte Carlo Markov chain algorithm implemented with the MCMCtree tool in the PAML package (v4.5). Three reference divergence time values (428.3~451.1 million years ago (MYA) for C. elegans and T. spiralis; 0.74~0.90 MYA for T. saginata and T. asiatica; and 492~1160 MYA for C. elegans and S. mediterranea) obtained from the TimeTree database (Kumar et al., 2017) were used to calibrate the divergence dates of other nodes on the phylogenetic tree.



Expansion and Contraction of Gene Families

The evolutionary dynamics of gene families were analyzed with the CAFÉ tool (v4) (De Bie et al., 2006), which can identify gene families that have expanded or contracted using a stochastic birth and death model. The model can estimate the global parameter λ (based on the phylogenetic tree and the datasets of gene family clustering), which represents the birth and death rates of all gene families and identifies the significantly changed families. A p-value of 0.05 was taken as the threshold to identify significantly expanded or contracted gene families.



Pathway Mapping

The metabolic and regulatory pathways of M. expansa were reconstructed on the basis of the KEGG Pathway database. The KEGG orthology identifier was used to link genes and pathways. The assignment of M. expansa genes to KEGG orthologs was performed with a modified bidirectional-best-BLAST-hits method.



Analysis of Genes Involved in the Fatty Acid Synthesis Pathway

The M. expansa genome sequence assembly was searched by TBLASTN (E-value=10-5) with the amino acid sequences for all genes in the fatty acid synthesis pathway from a range of deuterostome genera as well as S. japonicum, S. mansoni, Homo sapiens (H. sapiens) and Mus musculus (M. musculus). The BLAST hits were then conjoined by Solar (v0.9.6) (Yu et al., 2006) and adjusted using phylogenetic information. The classification of deduced proteins and their integrity were verified using BLASTP against the NR database. Protein-domain information for other species was sourced from the Pfam database.



Germ Cell Marker and Domain Analysis

Homologous sequences of other species downloaded from the NCBI database according to accession number were taken as the query sequences for identification of germ cell marker genes in the M. expansa genome. The candidate germ cell marker genes in the M. expansa genome were identified by BLASTP (E-value = 1e-5) software. In combination with domain (based on the Pfam database) and function (based on the NR database) annotation of the candidates, the final germ cell marker genes were identified. We determined whether the candidates had representative domains/motifs (Tsai et al., 2013; Milani et al., 2017) and known function annotations of germ cell marker genes. (The specific conserved domains/motif numbers are provided in Supplementary Table 15).



In Situ Hybridization and Immunofluorescence

Paraffin sections of the scolex and neck together and of immature, mature and gravid proglottids were made. The four parts were all approximately 10 mm long. The scolex and neck samples included the scolex, neck and a few immature proglottids. The immature samples were 20-30 mm from the scolex. The mature samples were from approximately the middle of the strobila where both the male and female systems were mature, as confirmed by staining of the segments. The gravid samples were collected from the end of the strobila where the internal reproductive organs had degenerated and were full of eggs. The probe was synthesized in Guangzhou Exon Biotechnology Co., Ltd. For in situ hybridization, a rhodamine-labeled PL10 probe was used. For immunofluorescence, endogenous peroxidase was inactivated, and the responsive samples were incubated with goat serum and goat anti-rabbit fluorescent secondary antibody. The secondary antibody is labeled with fluorescein isothiocyanate (FITC). PL10 is the identified evm.model.Contig51.208, and the primer sequence: 5 ‘GAAGCAAATCATCGGAAGC 3’ (F), 5 ‘CTCAAAACCCATGTCAAGC 3’ (R).




Results and Discussion


Genome Assembly and Annotation

A total of 30.02 Gb of PacBio (158X), 60.7 Gb of BioNano (319X) and 15.26 Gb paired-end reads derived from single adult worms were used for M. expansa genome assembly. The final assembly was approximately 142.23 Mb, with a contig N50 value of 3.39 Mb and a scaffold N50 value of 7.27 Mb (Supplementary Tables 1  and 2). The accuracy and completeness of the genome indicated high assembly integrity and sequencing uniformity. The mapping rate of reads from the small library was 95.79%, and the genome coverage was 99.20%. In addition, CEGMA analysis revealed that 222 of the 248 Core eukaryotic genes (CEGs) (89.52%) had been successfully assembled in the M. expansa genome. Similarity, BUSCO analysis revealed that 606 of the 978 metazoan BUSCOs were present in the genome assembly. This phenomenon of low BUSCO values exists throughout the platyhelminths, probably because of their sheer number of orthologous single-copy genes (Table 1). The GC content of M. expansa (38.82%) was similar to that of other members of Cestoda (35.2-43.8%, Supplementary Table 3 and Table 1).


Table 1 |  The genomic features of 32 species published in platyhelminthes.



According to WormBase database statistics, data for 15 species of Cestoda have been published, with the species concentrated in two orders (Pseudophyllidea and Cyclophyllidea), and the genome sizes of Pseudophyllidea (D. latum, 531 Mb; Spirometra erinaceieuropaei, 1258 Mb) are much larger than those of Cyclophyllidea (103~240 Mb). M. expansa belongs to Cyclophyllidea, in the family Anoplocephalidae, and the assembled genome size of M. expansa was 142 Mb, including 119 (84%) Mb unique contigs and 23.04 (16%) Mb repeats (Supplementary Table 4). The repeat sequences mainly included long interspersed nuclear elements (LINEs) (5.79%), long terminal repeats (LTRs) (4.16%), DNA transposons (0.69%) and short terminal repeats (SINEs) (0.11%) (Supplementary Table 5).

A total of 8,104 genes were obtained by homology-based, transcriptome-based and ab initio-based predictions (Supplementary Table 6). Of these genes, 97.70% (7,914) have homologues in public databases (Supplementary Table 7). Among the noncoding RNAs, 126 tRNAs, 12 rRNAs, 3 miRNAs and 178 snRNAs were identified (Supplementary Table 8).



Comparative Genomic Analysis

There were 21,832 gene families in 13 species and 386 single-copy gene families shared by all species (Figure 1 and Supplementary Table 9). A total of 54 gene families were specific to M. expansa relative to other members of Cestoda (Blue legend of Figure 1). Interestingly, the KEGG enrichment results of these gene families were enriched in several pathways related to fatty acid transport and degradation, for instance, the pathways ABC transporters, Fatty acid degradation and Bile secretion, implying that its fatty acid metabolism is special (Supplementary Figure 1). Phylogenetic analysis suggested that M. expansa, H. microstoma and H. nana formed a branch with a divergence time of 126.6 million years, with a bootstrap support value of 100 (Figure 1). M. expansa and H. microstoma have similar life histories; their intermediate hosts are numerically dominant arthropod groups (armored mites and beetles), and the adult parasites live in the small intestines of mammals (Akrami et al., 2018). The positions of other species on the evolutionary tree were consistent with the results of other published articles (Wang et al., 2016).




Figure 1 | Phylogenetic tree and the distribution of genes in different species. Numbers in the branches are estimates of divergence time.





Specific Fatty Acid Metabolism

The key gene fatty acid synthase (FASN), fatty acid synthase subunit β (FAS1) and fatty acid synthase subunit α (FAS2) were not observed in M. expansa (Supplementary Figure 2). Although the key genes for fatty acid synthesis are lacking in in M. expansa, some genes related to fatty acid synthesis are present, for instance, acetyl-CoA carboxylase (ACACA), 3-oxoacyl-acyl-carrier protein reductase (FabG), enoyl-acyl-carrier protein reductase I (FabI), enoyl-acyl-carrier protein reductase III (FabL), 3-acyloxyacyl-acyl-carrier-protein synthase II (FabF) and acyl-carrier-protein S-malonyltransferase (FabD). ACACA, FabD and FabF also appear in E. granulosus (Zheng et al., 2013), whereas S. japonicum harbors only FabF (Schistosoma japonicum Genome Sequencing and Functional Analysis Consortium, 2009). Nevertheless M. expansa cannot synthesize fatty acids, it may can degrade fatty acids because of the relatively completeness of the fatty acid β-oxidation pathway (Supplementary Figure 3). A comparison of Opisthorchis viverrini (Supplementary Figure 4) has been added to the fatty acid degradation pathway. O. viverrini has relatively complete fatty acid degradation pathways for living in the bile, a fatty acid-rich environment as well as small intestine solution, while Schistosoma mansoni (Supplementary Figure 5) have only a few fatty acid degradation genes may for living in blood. The above reference data are all from KEGG (https://www.kegg.jp/).

In addition, M. expansa encodes a variety of lipid transporters and lipid binding proteins, including ATP-binding cassette (ABC) transporters, CD36 scavenger receptor long-chain fatty acid transporters, apolipoprotein-binding proteins, solute carrier families, low-density lipoprotein receptor proteins, phosphatidyl inositol transfer proteins, fatty acid binding proteins, and triglyceride transfer proteins, to utilize lipids in the host intestinal fluid (Supplementary Table 11). The expression of most lipid transporters and lipid binding proteins in mature adult and gravid proglottids was higher than that in the scolex, neck and immature proglottids (Supplementary Table 11). I-FABP (FABP2) is the most abundant fatty acid binding protein in M. expansa and is associated with the parasite’s ability to survive the environment of the small intestine (Supplementary Figure 6).

KEGG analysis showed that M. expansa can utilize carbohydrates, including glucose, through processes and pathways such as glycolysis/gluconeogenesis, the pentose phosphate pathway, phosphoinositide metabolism, and the citrate cycle (TCA cycle), which are all complete in M. expansa. The resulting NADH is used for ATP production by a complete mitochondrial electron transport system (the oxidative phosphorylation pathway). Although M. expansa cannot synthesize any lipids (including unsaturated fatty acids, steroids, and steroid hormones), it can metabolize most lipids, including clycerolipids, clycerophospholipids, ether lipids, sphingolipids and arachidonic acids (except linoleic acid and α-linolenic acid) (Figure 2 and Supplementary Table 10). The fat content in M. expansa was detected by Soxhlet extraction and found to be very high (dry weight), and fifteen kinds of fatty acids were detected from 37 fatty acids according to national food safety standard GB5009.168-2016 (Supplementary Table 12). Although M. expansa cannot synthesize lipids, it can transport lipids from the small intestine of the host to its body through lipid transporters and lipid binding proteins to provide energy for mass reproduction.




Figure 2 | Lipid metabolic pathways in M. expansa. Black solid lines indicate direct chemical reactions, whereas red dashed arrows indicate that chemical reactions cannot be completed.



In addition to examining pathways related to lipid metabolism, we examined pathways of nucleotide and amino acid metabolism. The metabolism of nucleotides (purine and pyrimidine) is indispensable. However, M. expansa cannot synthesize any of the following seven amino acids: valine, leucine, isoleucine, lysine, phenylalanine, tyrosine and tryptophan. The only amino acid that it can synthesize is arginine. Nevertheless, M. expansa can metabolize many amino acids, such as alanine, aspartic acid, glutamic acid, glycine, serine, threonine, cysteine, methionine, arginine, proline, histidine and tryptophan (but not lysine or phenylalanine) (Supplementary Table 10).



Reproductive Stem Cell Regulatory Network

Vasa, Piwi and Nanos are thought to play conserved roles in reproductive stem cell maintenance and protection throughout the metazoan life cycle. Recent evidence in planarians supports these roles; furthermore, these genes have been shown to play roles in pluripotent stem cell maintenance and regeneration (Rebscher et al., 2012). In the present study, we use bioinformatics methods and experiments to explore the phylogeny and expression of these proteins in M. expansa. The numbers and specific gene numbers identified in each species are provided in Table 2 and Supplementary Table 14.


Table 2 | The numbers of reproductive stem cell marker genes identified in each species.



We found only one member (evm.model.contig71.716) of the Nanos family in M. expansa. Phylogenetic trees constructed from the homologous sequences of 19 species did not show specific branches, indicating that Nanos members were conserved in the process of evolution. Three Pumilio family members (evm.model.contig489.35, evm.model.contig82.8 and evm.model.contig71.399) were identified in M. expansa. Both evm.model.contig82.8 and evm.model.contig71.399 had an obvious Puf domain (PUM-HD) (Supplementary Figure 7). The Pumilio phylogenetic tree showed three branches: one of all species, one of platyhelminths and one of species excluding platyhelminths. Evm.model.contig489.35 was found in all species, including higher vertebrates, arthropods, and platyhelminths. While evm.model.contig82.8 and evm.model.contig71.399 were identified as specialized sequences in platyhelminths (Supplementary Figure 8).

To clarify the boundary between PL10 and Vasa, we searched for PL10 and Vasa copies in a representative range of multicellular animals, focusing on all published members of flatworms. Vasa members were obviously missing in M. expansa but were present in both Cestoda and Trematoda (Supplementary Figure 9). Evm.model.Contig51.208 was the only PL10 gene found in M. expansa. Fluorescence in situ hybridization was used to locate it in M. expansa. PL10 was found to be distributed in the vitelline gland, cirrus pouch, egg, and testis of mature proglottids. The immunofluorescence analysis showed that PL10 was distributed in the intersegmental gland, vitelline gland, egg, mature testis and gravid proglottids (Figure 3). The body of the worm has autofluorescence, so the standard for our judgment is that the part that clearly emits red and green light is determined to be positive, and it is judged to be negative if it is similar to the background. Figure 3 showed that the expression in the intersegmental gland, epidermis and part of the reproductive organs was obvious red/green, which was confirmed as positive expression. In addition, we noticed that another branch of DEAD-box helicases, DDX5, was present in platyhelminths (Supplementary Figure 9). The existence of subfamilies other than Vasa may cause Vasa to become redundant in Cestoda and Trematoda.




Figure 3 | Fluorescence in situ hybridization and immunofluorescence of M. expansa PL10 (10X). (A1-B3), in situ hybridization results for PL10. (A1, B1) are images after rhodamine- labeled probe hybridization (red); (A2, B2) are images after DAPI stains the nucleus; and (A3, B3) are merged images. (C1-E3), Immunofluorescence results for PL10. (C1, D1, E1) are images after FITC labeled goat anti-rabbit antibody binding (green); (C2, D2, E2) are images after DAPI staining; (C3, D3, E3) are merged images. (a), Cirrus pouch; (b), Vitelline gland; (c), Testis; (d), Eggs; (e), Intersegmental gland.



The phylogeny showed that the AGO protein has split into AGO branches, Piwi branches, a C. elegans group 3 Argonaute branch and a new group 4 branch (Supplementary Figure 10), consistent with previous studies (Tsai et al., 2013). A difference between the present and previous phylogenies is that the new group 4 branch includes a copy of the free-living planarian S. mediterranea (mk4.000678.05), whereas previous results identify this clade as parasitic-flatworm specific. With the exception of S. mediterranea, Cestoda and Trematoda showed no members in Piwi branches. In addition, the group 4 Tudor proteins that interact with Piwi proteins (with at least two Tudor domains typically present) are found only in planarians, which is consistent with Piwi present in S. mediterranea (Supplementary Figure 11). Dicer and Drosha members are present in the M. expansa genome (Supplementary Figure 12).

We also identified some development-related signaling pathwangs: Wnt, Hedgehog, TGF-β, and Hippo signaling pathways (Supplementary Table 15). In each pathway, there were copies of all major components, including ligands and receptors, and the domains were recognizable and complete, indicating that the pathway was conserved.



Loss of Homeobox Genes

Compared with those in other species, many homeobox genes have been lost in M. expansa. There are only 32 sequences in M. expansa (Table 3), whereas humans have 297 sequences, zebrafish have 344 sequences, Drosophila has 107 sequences, and C. elegans has 99 sequences (based on data from HomeoDB) (Zhong & Holland, 2011). Although M. expansa has lost some neurodevelopment-related homeobox genes, it has retained many others (Lbx, Prrx, Pou4, Pou6, Rax, and Gsx), a finding possibly related to its underdeveloped nervous system.


Table 3 | Homeobox genes of M. expansa.






Discussion


Loss of Key Genes Involved in Fatty Acid Synthesis

Loss of the FASN gene is observed throughout the platyhelminths, including free-living worms (Grohme et al., 2018). The fatty acid synthase encoded by FASN plays an important role in every step of the de novo synthesis of fatty acids. Its loss indicates the dependence of parasites on host lipids and is an adaptation to parasitic life. In addition to FASN, FAS1 and FAS2 are also key genes in fatty acid synthesis. The initial stage of fatty acid synthesis requires acetyl CoA and malonyl CoA to be covalently linked to a thiol group on the ACP reactive group to form acetyl ACP and malonyl-ACP, and FAS1 encodes a key enzyme, fatty acid synthase β subunit, in this process. In the immediate fatty acid elongation process, acetyl ACP and malonyl-ACP undergo continuous condensation, reduction, dehydration and reduction of the two-carbon unit, which requires the fatty acid synthase β subunit and the fatty acid synthase α subunit. Therefore, M. expansa cannot synthesize fatty acids without FAS1 and FAS2.

Except for FabL, the other 5 enzymes (ACACA, FabG, FabI, FabF and FabD) in M. expansa are all necessary for FASII pathway of fatty acid synthesis. The FASII pathway of the apicoplast begins with the import of substrates from the cytoplasm, and through a series of reactions involving nine separate enzymes and the acyl carrier protein (ACP), results in the production of saturated fatty acids eight or more carbons in length (Shears et al., 2015). M. expansa belongs to the platyhelminthes and lacks the unique apicoplast structure of the Apicomplexa. Even the Theileria spp with apicoplast, are missing from some apicoplast proteins identified in Plasmodium spp., such as the enzymes for FASII pathway of fatty acid synthesis and heme and other housekeeping proteins such as SufC involved in plastidic Fe-S cluster assembly system (Sato, 2011). In addition, the enzymes found in M. expansa only occupies part of the FASII pathway, and some enzymes of the elongation phase of FASII extend the growing fatty acid by two carbons per cycle were absent in M. expansa, for instance, the 3-oxoacyl-[acyl-carrier-protein] synthase III (FabH), 3-oxoacyl-[acyl-carrier-protein] synthase I (FabB), 3-hydroxyacyl-[acyl-carrier-protein] dehydratase (FabZ). The Supplementary Figure 2 showed the specific fatty acid synthesis pathways of M. expansa, including the FASII pathway that exists in the Apicomplexa parasites. So we found that M. expansa still does not have the ability to synthesize fatty acid de novo. Therefore, M. expansa has lost the ability to synthesize fatty acids to adapt to its living environment but has retained some genes related to fatty acid synthesis, presumably to modify the fatty acid chain.



The Relatively Complete Fatty Acid β-Oxidation Pathway

O. viverrini (Young et al., 2014), which parasitizes bile, a lipoprotein-rich environment, can use lipids to provide energy, but other trematodes, such as S. japonicum (Schistosoma japonicum Genome Sequencing and Functional Analysis Consortium, 2009), S. mansoni (Berriman et al., 2009) and S. haematobium (Young et al., 2012), cannot complete the β-oxidation of fatty acids. S. japonicum has only enol-CoA hydratase (echA) and 3-hydroxyacyl-CoA dehydrogenase (HADH), and both S. mansoni and S. haematobium contain only long-chain acyl-CoA synthetase (ACSL) and acetyl-CoA-C-acetyl transferase (atoB). These organisms are all parasitic in the host’s blood and directly absorb small-molecule nutrients in veins from the intestine of mammalian hosts, so they do not have the ability to degrade long-chain fatty acids. The presence of the relatively complete fatty acid β-oxidation pathway in the M. expansa genome may contribute to the parasite’s use of the long-chain fatty acids in its host intestinal. The intestinal solution is rich in high-, medium-, low- and very low-density lipoproteins composed of different proportions of phospholipids, cholesterol and triglycerides.



M. expansa Encodes Multiple Lipid Transporters and Lipid Binding Proteins

The main function of fatty acid binding proteins is to transport fatty acids, especially polyunsaturated fatty acids. The FABP family is divided into four broad categories. The first category consists of vitamin A derivative-specific binding proteins, including intracellular retinoid binding proteins (CRABPI and CRABPII) and intracellular retinol binding proteins (CRBPI, CRBPII, CRBPIII, and CRBPIV). The second type of FABP generally binds to larger ligands, such as bile acids, heme, and eicosanoids, including (ileum) I-LBP, (liver) L-FABP, and (liver basic) Lb-FABP. The third type of FABP has only one member (intestinal) I-FABP. The fourth type of FABP includes (heart) H-FABP, (adipocyte) AFABP, (epidermal) E-FABP, (myelin) M-FABP, (testis) T-FABP, and (brain) B-FABP (Haunerland & Spener, 2004). Many of the FABP families identified in the genome of M. expansa are I-FABP. In addition, previous studies have indicated that the processes of reproductive organ maturation and oviposition need abundant lipids (Leuzinger et al., 2003). The high expression of lipid transporters and lipid binding proteins in M. expansa may help meet the lipid requirements of these processes.



Nanos and Pumilio Genes Combine to Regulate Translation

In many species, Nanos combines with Pumilio to regulate translation. Pumilio targets mRNA through its PUM-HD, binding to the 3’ untranslated region (UTR) of the mRNA (Ewen-Campen et al., 2010). PUM-HD is evolutionarily conserved across species and is usually composed of eight tandem repeats, each consisting of 35-39 bases (Wang et al., 2002). In situ hybridization experiments showed that Pumilio is mainly distributed in the ovary and yolk gland of female S. japonicum. Upon silencing of Pumilio, obvious yolk gland atrophy was seen, and the number of eggs was reduced (Xia et al., 2020).



PL10 Is Necessary for Germ Cell Formation

DEAD-box helicases are named after the Asp (D)-Glu (E)-Ala (A)-ASP (D) motif in their amino acid chain (Cordin et al., 2006). DEAD-box helicases includes two particularly important stem cell markers, Vasa and PL10. The Vasa and PL10 subfamilies are thought to be closely related, and phylogenetic evidence suggests that Vasa members are derived from the existing related ancestor of the PL10 family (Skinner et al., 2012). Given that free-living flatworms have Vasa copies, previous authors have speculated that the loss of Vasa was a unique loss that occurred in the common ancestor of Cestoda and Trematoda (Tsai et al., 2013). However, the presence of Vasa in flatworms does not seem necessary for their gonadal formation or stem cell proliferation (De Mulder et al., 2009). PL10 has the same DEAD and helicase C domain combination as Vasa. The present of PL10 in Cestoda and Trematoda predict that in Cestoda and Trematoda, Vasa is not essential for germ cells and that PL10 might have a role equally important as that of Vasa in most metazoan animals, which will be the subject of future investigations.



The Absence of the Piwi Family

The Argonaute family of proteins is characterized by the existence of two domains: the Piwi domain and the PAZ domain. The Piwi domain can promote ribonuclease folding, creating pockets in which small RNA can be stored. The PAZ domain creates a hydrophobic pocket to bind to the 3’ end of the RNA (Batista & Marques, 2011). AGO binds siRNA and miRNA, and these RNAs require processing into mature small RNAs by the ribonuclease III enzyme Dicer and may require initial processing by the related enzyme Drosha (Wei et al., 2012). In contrast, Piwi only combines piRNA and rasiRNA, and one of the key characteristics of Piwi and piRNA is that throughout the animal kingdom, they have been shown to be almost exclusively associated with the germline (Houwing et al., 2007). Although Piwi was absent in Cestoda and Trematoda, the royal family proteins, which play a role in piRNA biosynthesis, were almost all present. The royal family’s retention suggests that the piRNA approach may still be functional in M. expansa.



Development-Related Signaling Pathways

The Wnt signaling pathway can accurately guide regeneration in planarians, regulate the formation of the front and rear (AP) axis, and maintain gene gradient expression along the AP axis in muscle cells and stem cells (Lin & Pearson, 2014). Generally, compared to those without active cell differentiation, cells and tissues with active cell differentiation, such as osteoblasts, kidney, bone marrow, and fetal liver hematopoietic cells, often contain higher levels of TGF-β signals, and TGF-β signals can be detected in almost all tumor cells. The Hedgehog signaling pathway is one of the major regulators of embryonic development and tissue homeostasis in multicellular organisms (Zhu et al., 2020). The Hippo pathway is an evolutionarily conserved signaling cascade that controls organ size during development by regulating cell proliferation and apoptosis and stem cell self-renewal ability (Yin et al., 2020). Germline stem cells may transmit signals to the nucleus through receptors on the cell membrane via these four signaling pathways. On the other hand, the DEAD-box helicases and Argonaute families protect DNA from transposons during transcription, and Nanos and Pumilio combine to regulate the next translation process.



Loss of Homeobox Genes-Degradation of Other Systems Except for the Reproductive System

The loss of homeobox genes is inseparable from parasitic life; such genes include CDX and Pou5, which are associated with intestinal mucosal and gastric mucosal development; Hox5 and Pitx, which play roles in lung morphogenesis; Hox9-13, Pax2/8 and Hnf1, which are expressed during kidney development; the main control genes Pdx and Isl, which are expressed in the pancreas; Hhex transcriptional regulators, which are involved in vascular development; Hox3, Six1/2, Pax6, Prox and Vsx, which are related to eye development; Emx, Prop and Lhx6, which are associated with taste phenotypic expression; Mkx, Tshz1 and Pax3/7, which regulate muscle development to determine muscle fiber type; Otp, Pax4 and Pou1, which are associated with the secretion of various hormones; Six4/5 and Lhx2/9, which control the differentiation of stem cells into the olfactory cortex; Tshz1, Shox and Uncx, which are important for cartilage development; Lhx6/8 and Zeb, which direct the differentiation of undifferentiated odontogenic mesenchymal cells into preodontoblast cells; Otx, which is associated with photoreceptor neurons; and Evx, Dlx and Uncx genes, which are associated with neuronal differentiation. The remaining M. expansa homeobox genes also play roles in a variety of activities. Meox is expressed in the mesoderm, epithelial segment and cutaneous muscle segment during development; Gbx promotes the reprogramming of mouse mesoderm stem cells to a state similar to that of mouse embryonic stem cells; ISX maintains immunity and tolerance; Rhox plays important roles in the occurrence, development and differentiation of the reproductive system; and Barx2 plays key roles in postnatal myocyte formation, including muscle maintenance during senescence. The attached table (Supplementary Table 14) provides functional references corresponding to the abovementioned homeobox genes.




Conclusions

We applied Illumina, PacBio and BioNano technologies to conduct genome assembly of M. expansa, yielding a final genome with a total length of 142 Mb, a contig N50 value of 3.39 Mb and a scaffold N50 value of 7.27 Mb. The genome contains 8,104 protein-coding genes, and 16% of the genome is composed of repeat sequences. Among the studied taxa, H. microstoma had the closest evolutionary relationship with M. expansa, with the two lineages differentiating 66.4 MYA. Although the body fat content of this species is high, it cannot synthesize any lipids because of its lack of FASN, FAS1 and FAS2 genes, which are involved in fatty acid synthesis. M. expansa has the relatively complete fatty acid β-oxidation pathway and can metabolize most lipids through lipid transporters and lipid binding proteins to utilize lipids present in the host intestinal fluid. In adapting to parasitic life, M. expansa has undergone degradation of many of its systems, although not its reproductive system. PL10, AGO, Nanos and Pumilio, which play conserved roles in reproductive stem cell maintenance and protection, weave their powerful reproductive regulatory networks together with the Wnt, Hedgehog, TGF-β, and Hippo signaling pathways. The M. expansa genome sequences provided in this study enhance our understanding of the Anoplocephalidae.
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In the past 30 years, few researches focus on the efficacy of adjuvant against Trichinella spiralis infection. Identifying new, improved vaccine adjuvants for T. spiralis infection are required. β-glucan are effective and safe as adjuvant for infectious diseases. In this paper, we first observed the adjuvanticity of β-glucan as adjuvant for defensing helminth T. spiralis in vivo. We showed that IgG and IgE were elevated in the mice immunized with β-glucan combined with recombinant T. spiralis serine protease inhibitor (rTs-Serpin), which is one of the vaccine candidates. Furthermore, in vitro, the combination of β-glucan and rTs-Serpin enhanced the maturation of bone marrow dendritic cells (BMDCs) compared to rTs-Serpin alone. We showed that β-glucan + rTs-Serpin –treated BMDCs secreted higher production of IL-12 and IL-10. Moreover, β-glucan + rTs-Serpin –treated BMDCs not only promoted the population of CD4+ IFN-γ+ T cells, but also enhanced the population of CD4+ IL-4+ T cells. These findings suggested that β-glucan, as an adjuvant, have the capacity to protect against T. spiralis infection via activating both Th1 and Th2 immune response.

Keywords: Trichinella Spiralis, β-glucan, adjuvant, dendritic cells, Th1/Th2 response


INTRODUCTION

Trichinellosis is one of the most common parasitic diseases worldwide in various wild and domestic animals and human (Robertson, 2018). Over the past 30 years, a large number of vaccinations have been undertaken to control Trichinella spiralis infection, however, few researches focus on the protection of adjuvant against T. spiralis infection (Zhang et al., 2018b). Freund’s adjuvant is efficient but not accepted due to animal welfare. Aluminium-based adjuvants cannot produce enough immunity to the antigens with the application of recombinant subunit vaccine and synthetic vaccine (Temizoz et al., 2016). Thus, there is an urgent need to develop new, improved vaccine adjuvants for the control of T. spiralis.

Many polysaccharides are recognized by innate immune cells, thereby regulating immunity in the host (Hou et al., 2016; Zhao et al., 2016; Wattanasiri et al., 2017; Gu et al., 2019). More importantly, many natural polysaccharides are safe with no tissue deposition in the host (Sun et al., 2018). Previously, we showed that lentinan derived from mushrooms can improve the protective immunity of the vaccine on T. spiralis infection (Jin et al., 2020b). β-glucans is also present in mushrooms, yeast, oats, barley, seaweed and many other organism species, but does not exist in mammals. It is used as an adjuvant and anti-tumor immunity in vaccines against viral infections as well as immunomodulators in anti-cancer immunotherapy (Borchani et al., 2016). Glucans can stimulate various immune responses, including the production of antibodies, without any negative side effects, and is regarded as a promising immune adjuvant (Cordeiro et al., 2015; Moreno-Mendieta et al., 2017). Up to now, the adjuvanticity of β-glucan on helminth infection such as T. spiralis remains undetermined.

Dendritic cells (DCs), the strongest antigen-presenting cell population, are recognized as having unparalleled ability to activate innate and adaptive immune pathways. Adjuvants could activate the mature DCs and have the potential to promote the T cell responses (Saxena and Bhardwaj, 2017), thereby establishing the protection against T. spiralis (Coakley and Harris, 2020). The process of DCs maturation includes the secretion of inflammatory cytokines, the increase of MHC class II (MHC-II) cell surface expression, the increase of costimulatory molecules, so that the antigen is presented to the naive T cells (Sato et al., 2017). The immunostimulatory effect of β-glucan and the antigenic protein on DCs are not well described.

Previous studies showed that an antigenic protein, Ts-Serpin identified as a vaccine for protecting host against T. spiralis (Wu et al., 2009; Xu et al., 2017; Song et al., 2018). Based on this vaccine, in this paper, we evaluated the adjuvanticity of β-glucan in the protection against T. spiralis in vivo and in vitro.



MATERIALS AND METHODS


Ethics Statement

C57BL/6J mice (female, 4–6 weeks old) were purchased from the Experimental Animal Centre of College of Basic Medical Sciences, Jilin University (Changchun, China) and kept in a temperature-controlled room (22 ± 2°C) under a 12 h dark–light cycle. All animal experiments were performed according to regulations of the Administration of Affairs Concerning Experimental Animals in China. The protocol was approved by the Institutional Animal Care and Use Committee of Jilin University (Permit No. 20170318).



Generation and Maintenance of T. spiralis

The T. spiralis isolate (ISS534), genotyped and proved by OIE Collaborating Center on Foodborne Parasites in Asian-Pacific Region, was preserved by serial passages in Wistar rats as described previously (Jin et al., 2020b). Briefly, Wistar rats were orally infected with 3000 infective larvae, and T. spiralis muscle larvae were recovered at 35 days post infection (dpi) via artificial digestion with pepsin-HCl (1% pepsin and 1% HCl at 37°C for 2 h).



Preparation of Recombinant Ts-Serpin (rTs-Serpin)

Recombinant Ts-Serpin (rTs-Serpin) was expressed in Escherichia coli (BL21) and purified as previously described (Xu et al., 2017; Jin et al., 2020b). The contaminated endotoxin was effectively removed by ToxOut High Capacity Endotoxin Removal Kit (Biovision, United States), approximately equivalent to 20 pg/mg endotoxin in rTs-Serpin (Jin et al., 2020b).



Immunization and Challenge Infection

To determine the adjuvanticity of the β-glucan, female C57BL/6J mice were randomly divided into four groups (n = 20): (1) control group mice (immunized with PBS only), (2) mice immunized with 50 μg of rTs-Serpin, (3) mice immunized with rTs-Serpin emulsified with Freund’s adjuvants (FCA/FIA) (St. Louis, Mo, United States), (4) mice immunized with rTs-Serpin emulsified with 200 μg of β-glucan in PBS. β-glucan (No. G6513) from barley was purchased from Sigma-Aldrich. The purity of β-glucan was >95% determined by high performance liquid chromatography. Immunization was performed subcutaneously 3 times at 2 week interval. 2 weeks after the final vaccination, all mice were orally infected with 500 T. spiralis muscle larvae/mouse.



Helminth Burden

Intestinal adult worms were collected at 7 dpi, and muscle larvae were recovered and counted at 35 dpi as previously described (Cui et al., 2019). The helminth burden and the percent of reduction in the mean number of adult worms or the recovered muscle larvae per gram (LPG) of muscle by artificially digesting the carcasses were calculated.



Antibody Determination

Specific antibodies against rTs-Serpin were evaluated at 6 weeks post vaccination (wpv). Blood was collected from mice at 2, 4, and 6 wpv. The titers of anti- rTs-Serpin IgG, IgG1, IgG2a subclasses, and IgE were measured using an indirect enzyme-linked immunosorbent assay (ELISA) as described previously (Jin et al., 2020b).



Cytokine Production From Spleens

Cytokine production from splenocyte culture supernatants was tested as described previously (Jin et al., 2020b). Briefly, 1 week after the final immunization, CD4+ T cells in spleens derived from mice were purified using anti-CD4 magnetic beads (Miltenyi Biotec). The purified CD4+ T cells had >90% purity. The CD4+ T cells were cultured to 1 × 106 cells/mL in complete RPMI-1640 containing 10% fetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100 μg/mL) and treated with rTs-Serpin at a concentration of 20 μg/mL at 37°C for 72 h. The supernatants of CD4+ T cells were collected for determining the levels of IFN-γ and IL-4 by ELISA (R&D Systems).



Isolation and Stimulation of Dendritic Cells

Bone marrow-dendritic cells (BMDCs) were isolated from mouse bone marrow cells as previously described (Jin et al., 2019a). Briefly, bone marrow cells were isolated and cultured in RPMI 1640 medium containing 20 ng/mL recombinant GM-CSF (Sigma–Aldrich), 20 ng/mL IL-4 (Sigma–Aldrich) and 10% FBS at 37°C and 5% CO2. Immature DCs were collected on day 7 for further experiments. The DCs were treated with rTs-Serpin (10 μg/mL) alone or combination of rTs-Serpin (10 μg/mL) and β-glucan (50 μg/mL) in vitro for 24 h. Dendritic cells were treated with sterile PBS as a control. Cytokines (IL-12p70 and IL-10) levels in the supernatant were quantified by ELISA (R&D Systems). The stimulated DCs were stained with a FITC-conjugated monoclonal antibody (mAb) to CD11c, APC-conjugated mAbs to CD86 (Biolegend, United States) and PE-conjugated mAbs to MHC-II (Biolegend, United States). The cells were analyzed by using a BD FACSCalibur Flow Cytometer and FlowJo software (Tree star Inc, Ashland, OR) (Jin et al., 2020a).



Co-culture of BMDCs With CD4+ T Cells in vitro

Spleen CD4+ T cells derived from OT-II mice were purified using anti-CD4 magnetic beads (Miltenyi Biotec) as previously described (Jin et al., 2019b). The purified CD4+ T cells had >90% purity. DCs (1 × 105/well) and CD4+ T cells (1 × 106/well) were cocultured for 72 h with OVA (1 mg/mL). To determine the cytokine production, cells were stimulated with 10 mg/mL Brefeldin A (eBioscience), 50 ng/mL phorbol 12-myristate 13-acetate (PMA) (eBioscience), and 750 ng/mL Ionomycin (eBioscience) for 6 h at 37°C. Cells were stained with FITC-anti-CD4 antibodies (BD Biosciences) for 35 min at 4°C. These cells were fixed, permeabilized using a FIX/PERM set (Biolegend) and blocked in 5% rat serum for 10 min at room temperature in the dark prior to intracellular staining with APC-conjugated mAbs to IFN-γ and PE-conjugated mAbs to IL-4 (Jin et al., 2020a).

To determine CD4 + T-cell proliferation induced by DCs, CD4 + T cells (5 × 105/well) were stained with 5-and 6-carboxyfluorescein diacetate succinimidyl ester (CFSE) (eBioscience) before co-culture with DCs. Samples were analyzed using a BD FACS Calibur Flow Cytometer and FlowJo software (Tree star Inc, Ashland, OR) (Jin et al., 2019b).



Statistical Analysis

All results are expressed as the mean ± SD. Statistical analysis was performed using the GraphPad Prism 8 software for Windows. One-way, two-way analysis of variance (ANOVA) and independent exponent t-test were used to compare the means and determine statistically significant differences between different conditions. P values are expressed as ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001.



RESULTS


β-Glucan Improved the Immune Protection of Vaccine Against T. spiralis

To explore the effect of β-glucan as adjuvant against T. spralis infection, combination of β-glucan and rTs-Serpin was administered prior to T. spralis challenge. We analyzed the adult worm burden at 7 dpi and muscle larvae burden at 35 dpi. rTs-Serpin significantly reduced the helminth burden compared to the PBS group. Compared with mice from PBS or rTs-Serpin group, immunization could lead to reduced adult worm burden and muscle larvae burden in the mice from FCA + rTs-Serpin group and β-glucan + rTs-Serpin group. And β-glucan + rTs-Serpin significantly decreased the helminth burden compared with FCA + rTs-Serpin (Figures 1A,C). Our results demonstrated that the reduction rate of β-glucan + rTs-Serpin was significantly higher than FCA + rTs-Serpin (Figures1B,D).
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FIGURE 1. Helminth burden in the immunized mice. (A) The number of adults recovered from intestines from immunized mice after challenge with 500 ML of T. spiralis. (B) The reduction rates of adult worms were analyzed based on the mean number of adult worms. (C) The number of muscle larvae (ML) per gram (LPG) in skeletal muscles from immunized mice after challenge with 500 ML of T. spiralis. (D) The reduction rates muscle larvae were analyzed based on the mean number of recovered muscle larvae per gram (LPG) of muscle from vaccinated groups compared with PBS group. Results are expressed as the mean ± SD of 10 mice per group. The data shown are representative of three independent experiments. *P < 0.05 as indicated by the line (Tukey multiple comparison following ANOVA).




β-Glucan Upregulated the Levels of Specific Antibodies and the Production of Th1/Th2 Cytokines

To test humoral antibody responses to β-glucan in the host, the levels of IgG and IgE were measured by ELISA. After the second immunization, ELISA results showed the significant enhancement in total IgG level in the mice from β-glucan + rTs-Serpin group, compared with FCA + rTs-Serpin group (Figure 2A). Combination of β-glucan + rTs-Serpin induced elevated levels of IgG1 and IgG2a, compared with FCA + rTs-Serpin group (Figures 2C,D). The levels of specific IgE were also significantly increased in the mice from β-glucan + rTs-Serpin group than FCA + rTs-Serpin group (Figure 2B).
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FIGURE 2. Analysis of humoral immune responses. (A) The levels of IgG in the serum were measured by ELISA. (B) The levels of IgE in the serum were measured by ELISA. (C) The levels of IgG1 in the serum were measured by ELISA at different time points. (D) The levels of IgG2a in the serum were measured by ELISA at different time points. The values shown for each group are the mean + SD of the antibody levels (n = 10) from three individual experiments *P < 0.05 as indicated by the line (one-way ANOVA with Tukey’s post-test).


Furthermore, to confirm whether Th1/Th2-mixed response was induced by administration with β-glucan, levels of Th1/Th2 cytokines, including IFN-γ and IL-4, were detected. Compared with FCA + rTs-Serpin group, elevated production of IFN-γ and IL-4 were observed in the mice from β-glucan + rTs-Serpin group (Figure 3), indicating thatβ-glucan induced a stronger Th1/Th2-mixed response based on the vaccine.
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FIGURE 3. Analysis of cytokine production from CD4+ T cells. (A) The level of IFN-γ was measured by ELISA one week after the final immunization. (B) The level of IL-4 was measured by ELISA one week after the final immunization. The data are the mean ± SD of each group (n = 10) from three independent experiments. *P < 0.05 as indicated by the lines.




β-Glucan + rTs-Serpin Regulated the Phenotype of DCs

An important way of adjuvant is to prolong the antigen exposure and induce the maturation of DCs (Ho et al., 2018). rTs-Serpin significantly enhanced the population of CD11c+ CD86+ MHC-II+ DCs compared to the PBS. We also showed that β-glucan + rTs-Serpin induced the expansion of CD11c+ CD86+ MHC-II+ DCs compared to the PBS or rTs-Serpin (Figures 4A,B). Moreover, rTs-Serpin significantly promoted the level of IL-10, but not IL-12p70. Combination of β-glucan + rTs-Serpin could induce higher levels of IL-12p70 and IL10 compared to rTs-Serpin (Figure 4C).
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FIGURE 4. DC phenotype induced by β-glucan + rTs-Serpin. Immature DCs were treated with rTs-Serpin (10 μg/mL) or combination of rTs-Serpin and β-glucan (50 μg/mL) in vitro for 24 h. (A) (I) gating on viable cells and (II) gating on CD11c+ cells. (B) Expression of CD11c+ CD86+ MHC-II+ cells were measured. (C) Cytokines (IL-12p70 and IL-10) levels in the supernatant were quantified by ELISA Data represent mean ± SD deviations (n = 3) of the results from three individual experiments *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the control groups.




β-Glucan + rTs-Serpin –Treated DCs Promoted the Population of Th1/Th2 Cytokines and the Proliferation of CD4+ T Cells

It is critical that vaccines contain adjuvants that induce strong T cell proliferation and immune response (Jin et al., 2018). We observed that rTs-Serpin –treated DCs significantly increased the population of CD4+ IL-4+ T cells compared to PBS group. However, there is no significant difference in the levels of CD4+ IFN-γ+ T cells. Notably, β-glucan + rTs-Serpin –treated DCs significantly promoted these two different type T cells compared to rTs-Serpin –treated DCs (Figures 5A,B). Moreover, we demonstrated that the proliferation of CFSE –labeled CD4+ T cells induced by rTs-Serpin –treated DCs was not increased significantly compared to PBS –treated DCs. FACS results showed that β-glucan + rTs-Serpin –pulsed DCs boosted the proliferation of CD4+ T cells compared to DCs treated with rTs-Serpin alone (Figure 5C).
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FIGURE 5. CD4 + T cells response induced by β-glucan + rTs-Serpin –treated DCs. The purity of CD4+ T cells were analysis by FACS after magnetic sorting using anti-CD4 magnetic beads. The purified CD4+ T cells had > 90% purity. DCs (1 × 105/well) and CD4+ T cells (1 × 106/well) were cocultured for 72 h with OVA (1 mg/mL), then cells were incubated with 10 mg/mL Brefeldin A, 50 ng/mL phorbol 12-myristate 13-acetate (PMA) and 750 ng/mL Ionomycin for 6 h at 37°C. (A) (I) gating on viable cells and (II) gating on CD4+cells. (B) Percentage of CD4+ IFN-γ+ and CD4+ IL-4+ T cells were determined by flow cytometry. (C) CD4 + T cells were stained with CFSE before co-culture with DCs. The proliferation of CD4 + T cells were determined by flow cytometry. Results are shown as mean ± SD (n = 3) of three different experiments. *P < 0.05, **P < 0.01, ***P < 0.001 as indicated by line (one-way ANOVA with Tukey’s post test).




DISCUSSION

Trichinella spiralis causes a huge economic burden to animal husbandry (Bai et al., 2017). Most vaccine trials are conducted in the host generally with FCA (Zhang et al., 2018b), but which is unacceptable due to the toxicity of FCA, which can cause animal pain and damage to meat quality. Oil based adjuvants are widely used in veterinary vaccines, but the host displays the local and systemic reactions (Aucouturier et al., 2001). In addition, aluminium-based adjuvants have the tolerability in the host, however, excessive level of aluminum can lead to reduced renal function, affecting neurological syndromes and dialysis-related dementia (Petrovsky and Aguilar, 2004). We aimed to explore the effect of a novel adjuvant on helminth infection.

Adjuvants based on polysaccharide have the characteristics of low toxicity and safety (Liu et al., 2016; Wattanasiri et al., 2017; Sun et al., 2018). β-glucan are glucose polymers found from yeast cells and bacteria as well (Chan et al., 2009). A high dose up to 10 mg/kg is well tolerated in vivo, and no adverse reactions have been seen, which proves that β-glucan is non-toxic (Zhang et al., 2018a). Previously, we found that immunization of β-glucan alone could not reduce the burden of T. spiralis (data not shown). However, it has been reported that β-glucan is a powerful adjuvant for favor in antiviral immunity (Soares et al., 2019). However, adjuvanticity of β-glucan against helminth infection is still unknown. T. spiralis serine protease inhibitor is likely the potential vaccine target against T. spiralis (Song et al., 2018). Our data first demonstrated that β-glucan promoted the vaccine -triggered host defense against T. spiralis infection than FCA through upregulating the levels of specific IgG and IgE. Recently it was proposed that β-glucan enhance immunological memory following initial infectious exposure and may provide protection against reinfection (Domínguez-Andrés et al., 2019). Many studies proposed the term “trained immunity” for the enhanced state of innate cells by β-glucan, leading to increased resistance to infection (Netea et al., 2011). Further studies will focus on the role of trained immunity in β-glucan –induced immunoprotecion against T. spiralis infection.

Cellular immunity was important for protective immunity. In our study, β-glucan administration could induce immune response that involved both Th1 (IFN-γ) and Th2 (IL-4) cytokines in vivo, as other research has shown (Liu et al., 2011). Glycans have been proven to play an important role in the induction of Th2 immune response by T. spiralis in vivo (Cvetkovic et al., 2014). We showed that β-glucan triggered a mixed IgG1 (Th2)/IgG2a (Th1) antibody response. Delayed clearance of T. spiralis exists in mice deficient IL-4 deficient mice (Scales et al., 2007). Moreover, it was proved that decreased burden of muscle larvae is associated with higher IFN-γ level (Helmby and Grencis, 2003), which could enhance the cytotoxic killing effect of eosinophils, granulocytes and activated macrophages, and exert its protective effect against T. sprialis (Yang et al., 2019).

Dendritic cells (DCs) have the ability to regulate naïve T cells responses (Zhu et al., 2010). An ideal adjuvant can induce the generation of DC –mediated immune response through modulation of the phenotype of DCs. We showed that β-glucan administration with recombinant protein led to activation of mature DCs characterized by higher expressions of CD86 and MHC-II, which could trigger T cell proliferation. Our results demonstrated that β-glucan -treated DCs have shown a remarkable capacity for inducing proliferation of CD4+ T cells. It has been found that β-glucan also up-regulated CD4+ T cell level in vivo (Zou et al., 2019). Furthermore, we observed lower production of IL-12 and elevated levels of IL-10 secreted by rTs-Serpin -treated-DCs. IL-10 by DCs can promote the development of Th2 cells (Williams et al., 2013). As expected, these DCs induced strong Th2 immune response, but not Th1 immune response. Interestingly, combination of β-glucan and rTs-Serpin not only promoted CD4+ T cells proliferation, but also stimulated a mixed higher levels of Th1 and Th2 immune responses. In other study, β-glucan also showed an excellent adjuvant effect on H5N1 vaccine via promoting the production of Th1 and Th2 related cytokines (Wang et al., 2016).



CONCLUSION

We demonstrated that β-glucan significantly improved the efficacy of the vaccine against T. spiralis infection in vivo. And β-glucan induced mature DCs and modulated the cytokine production by DCs, thereby resulting in the proliferation of CD4+ T cells and expansion of mix Th1/Th2 immune response in vitro. Thus, β-glucan could be used as an effective immune adjuvant for a vaccine against T. spiralis.
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Molting is of great importance for the survival and development of nematodes. Nematode astacins (NAS), a large family of zinc metalloproteases, have been proposed as novel anthelmintic targets due to their multiple roles in biological processes of parasitic nematodes. In this study, we report a well conserved nas-33 gene in nematodes of clade V and elucidate how this gene is involved in the molting process of the free-living nematode Caenorhabditis elegans and the parasitic nematode Haemonchus contortus. A predominant transcription of nas-33 is detected in the larval stages of these worms, particularly in the molting process. Knockdown of this gene results in marked molecular changes of genes involved in cuticle synthesis and ecdysis, compromised shedding of the old cuticle, and reduced worm viability in H. contortus. The crucial role of nas-33 in molting is closely associated with a G protein beta subunit (GPB-1). Suppression of both nas-33 and gpb-1 blocks shedding of the old cuticle, compromises the connection between the cuticle and hypodermis, and leads to an increased number of sick and dead worms, indicating essentiality of this module in nematode development and survival. These findings reveal the functional role of nas-33 in nematode molting process and identify astacins as novel anthelmintic targets for parasitic nematodes of socioeconomic significance.

Keywords: nematode astacin, nas-33, gpb-1, molting, anthelmintic target


INTRODUCTION

Both free-living and parasitic nematodes develop through four to five larval stages, which are distinguishable by their different size and separated by the temporal shedding of cuticle (i.e., molting). The cuticle is a crucial structure that maintains post-embryonic body shape, acts as an exoskeleton, and permits mobility and elasticity of nematodes (Bird and Bird, 1991; Page and Johnstone, 2007), whereas molting is a series of biological processes including separation of the surface coat from the epidermis (i.e., apolysis), synthesis of a new cuticle during an inactive stage (i.e., lethargus), and shedding of the old cuticle (i.e., ecdysis) (Page, 2001). Proper synthesis of cuticle and regular molting between two life stages are essential for the survival and development of nematodes in the environment or within host animals. In particular, the cuticle of parasitic nematodes is the interface of host-parasite interactions, playing roles in immune recognition and immune evasion within host animals (Maizels, 2013). A wealth of information about the cuticle and the molting process is now available for nematodes, predominantly based on the nematode model organism Caenorhabditis elegans (Politz and Philipp, 1992).

Molecules involved in molting include zinc metalloproteases, leucine amino-peptidases and cysteine proteases (Rogers, 1982; Gamble et al., 1989; Lustigman, 1993). Astacins are a large family of zinc metalloproteases belonging to the M12A family, which was first reported in the crayfish Astacus astacus (Pfleiderer et al., 1967; Mohrlen et al., 2006). In C. elegans, there are 40 genes coding for nematode astacins (nas), representing six subgroups (I, II, III, IV, V, and VI) of astacin-like proteins based on the deduced domain architectures (Mohrlen et al., 2003). These molecules have been reported predominantly expressed in the pharynx, intestine, body wall muscle and hypodermis, with a few of them expressed in neurons and the reproductive tissues of C. elegans (Park et al., 2010). Members of the astacin family exhibit numerous physiological functions in hatching, digestion, peptide processing and pattern formation. In particular, dpy-31 (also known as nas-35), nas-36 and nas-37 have been reported to be involved in the nematode molting process (Maeda et al., 2001; Kamath et al., 2003). Specifically, worms lacking dpy-31/nas-35 showed a dumpy appearance (Novelli et al., 2004, 2006), whereas suppression of nas-36 and nas-37 led to molting defect and temperature-sensitive lethal phenotype (Davis et al., 2004; Suzuki et al., 2004). By contrast, only a few astacin-coding genes have been identified in parasites, such as Brugia malayi (a filarial worm of medical importance), Haemonchus contortus and Teladorsagia circumcincta (highly pathogenic worms of veterinary significance) (Stepek et al., 2010, 2011), and little is known about their functional details in parasitic nematodes. Nonetheless, chemical inhibition of DPY-31/NAS-35 in these parasitic nematodes elicited severe dumpy and immobile phenotypes (France et al., 2015; Stepek et al., 2015), suggesting the possibilities of NAS as drug targets in major parasitic worms of socioeconomic importance. Protease inhibitors that can specifically bind to certain proteases have been used in the therapeutic treatment of parasitic diseases (Shamsi et al., 2016; Deu, 2017). For instance, vinyl sulfone cysteine protease inhibitor K11777 (a substrate-based inhibitor of the gut-associated cathepsin B1 cysteine protease) showed significant efficacy on schistosomiasis in murine model (Abdulla et al., 2007). In addition, screening of inhibitory compounds targeting essential proteases has been an emerging area for Plasmodium falciparum (Sharma et al., 2015; Roy, 2017; Singh et al., 2021). Therefore, a better understanding of the functional roles of nas genes in free-living and parasitic nematodes should underpin the biological understanding of this metalloprotease-coding gene and lay a basis for the discovery of novel interventions.

In this study, we report a zinc metalloprotease coding gene nas-33 that is well conserved in clade V parasitic nematodes, and elucidate the essential roles of this gene in molting process in the free-living nematode C. elegans and the parasitic nematode H. contortus. Novel insights into the essentiality of nas-33, which represents a conserved nematode-specific gene family, should lay a solid foundation for the discovery and development of novel anthelmintics.



MATERIALS AND METHODS


Nematodes

Caenorhabditis elegans N2 strain was acquired from the Caenorhabditis Genetics Center (CGC), maintained on nematode growth media (NGM) plates at 20°C following the standard protocol (Brenner, 1974). Gravid worms were bleached with hypochlorite solution to collect eggs, which were then incubated in M9 buffer on a rotator for 24 h at 20°C to synchronize all animals at the first larval (L1) stage (Sulston and Hodgkin, 1988). By contrast, H. contortus (ZJ strain; anthelmintic susceptible) were maintained in Hu sheep under a helminth-free condition as described previously (Yan et al., 2014). Adult worms were collected from the abomasa of infected sheep, and eggs were isolated from the uteri of adult female worms, placed on 2% agar plates and cultured at 28°C for 7 days to synchronize all worms at the third larval (L3) stage.



Molecular Cloning and Sequence Analysis

Genomic DNA and total RNA were extracted from the adult worms of H. contortus using a TIANamp Genomic DNA kit (Tiangen Biotech Co., Ltd., Beijing) and the Trizol reagent (Invitrogen, United States), respectively. The first strand cDNA was synthesized using a First Strand cDNA Synthesis Kit (Toyobo Co., Ltd., Japan). Rapid amplification of cDNA ends (RACE) was conducted using the 5′- and 3′-Full RACE kit (Takara Biotechnology Co., Ltd.) to extend a sequence fragment HCISE01811400.t1 in the Sanger database1, a potential nas-33 homolog in H. contortus. PCR products were cloned into a pMD19-T vector and sequenced. Based on the obtained sequence, primers were designed to perform a Genome Walking experiment to acquire the flanking sequences. Primers used were listed in Supplementary Table 1. Functional domain predictions were carried out by searching the predicted amino acid sequences against NCBI2 and InterPro3 databases. Sequence alignment and phylogenetic analyses were performed using MEGA5.



Quantitative Real-Time PCR (qRT-PCR)

Arrested L1s of C. elegans were placed on NGM plates seeded with Escherichia coli strain OP50 and cultured at 20°C. Nematode samples were collected every 2 h until 40 h post incubation for RNA extraction. Transcriptional alteration of Ce-nas-33 during the development was determined by qRT-PCR using SYBR® Green PCR Master Mix (Toyobo, Japan) on a T100 Real-Time PCR System (Bio-Rad, United States). Actin coding gene act-1 was used as an internal control, and cathepsin L-like cysteine protease coding gene cpl-1, nas-37 (apolysis), collagen coding gene col-12 (late lethargus), thioredoxin reductase coding gene trxr-1 or glutathionine reductase coding gene gsr-1 (ecdysis) were selected as markers for molting processes (Hashmi et al., 2002; Davis et al., 2004; Stenvall et al., 2011). Differently, synchronized L3s of H. contortus were used to orally infect sheep, and to collect ∼10,000 eggs, ∼8,000 L1s, 8,000 L2s, 6,000 L3s, 100 L4s and adults for RNA extraction. For each sample, 0.5-1 μg of total RNA was used to prepared cDNA for qRT-PCR performed to determine the transcriptional levels of Hc-nas-33 in different developmental stages of H. contortus. In particular, transcription of Hc-nas-33 in larvae during L1, L1-L2 molting, L2 and L2-L3 molting were measured. 18S rRNA was used as an internal control in H. contortus. Primer sets used can be found in Supplementary Table 1. All experiments were conducted at least three times, and the qRT-PCR data were analyzed using the 2–△Ct method.



RNA Interference (RNAi)

A feeding method was employed to conduct the RNAi assay on H. contortus (Zawadzki et al., 2012). Specific PCR primers were designed to amplify Hc-nas-33 (613–1,569 nt). The PCR products were cloned into the L4440 vector, then transformed into E. coli HT115 strain (DE3) cells. Beta-tubulin isotype-1 coding gene Hc-iso-1 was used as a positive control in H. contortus RNAi assays (Samarasinghe et al., 2011), whereas Bt-cry1Ac from Bacillus thuringiensis (GenBank Accession No. GU322939.1) was used as an “irrelevant” control. Primers used were listed in Supplementary Table 1. Eggs (n ≈ 4,000) of H. contortus were sterilized with antibiotic-antimycotic, washed thoroughly, and incubated with the transformed bacteria at 28°C for 6–10 days. Hatching rate and subsequent larval development of H. contortus were monitored under a microscope on days 1, 3, and 7. On day 3, ∼4,000 larvae were harvested for the extraction of RNA and synthesis of cDNA. Gene knockdown of Hc-nas-33 and associated transcriptional alterations of genes involved in cuticle synthesis (col-12, col-14, cuticle procollagen coding gene dpy-5 and dpy-13), ecdysis (serine/threonine protein kinase coding gene nekl-2, ankyrin repeat and sterile alpha motif domain containing protein coding gene mlt-3 and tropomyosin coding gene lev-11) and remodeling of cuticle-epidermis linkage (muscle attachment abnormal associated gene mua-3 and myotactin coding gene let-805) in RNAi-treated worms were assessed by qRT-PCR.



Yeast Two-Hybrid Screening

Total RNA was isolated from the L3s of H. contortus to construct a cDNA library, which was then transformed into the Y187 yeast strain. The full-length nas-33 cDNA was amplified and subcloned into pGBKT7, then transformed into yeast strain Y2H Gold. The NAS33 protein was used as a bait to screen the yeast cDNA library according to the manufacturer’s user guide (Matchmaker® Gold Yeast Two-Hybrid System User Manual). Clones grown on the SD/-Leu/-Trp/-His/-Ade plates were confirmed by further selection and used to extract plasmids for sequencing inserts. Among the candidate genes after library screening, one insert was predicted to encode a 321 amino acid polypeptide that shares homology with the guanine nucleotide-binding protein subunit beta-1, which was renamed here as Hc-gpb-1.



In vitro Pull-Down Assay

Bait protein (GST-fused Hc-NAS-33) was expressed using a Bac-to-Bac Baculovirus Expression System, immobilized with GST beads at 4°C for 4 h and then washed by phosphate buffer saline (PBS) containing 1% Triton X-100. Potential prey protein (HA-tagged Hc-GPB-1) was produced in HEK 293T cells transfected with pGEX-4t-1-Hc-gpb-1. Immobilized bait protein was incubated with 300 μl cell lysates containing HA-tagged protein at 4°C for 2 h, followed by washing with PBS. Protein-protein interaction complex was eluted, resuspended in 40 μl 2 × SDS loading buffer, boiled and separated by SDS-PAGE. Anti-GST and Anti-HA antibodies were used to analyze the interaction of Hc-NAS-33 and Hc-GPB-1.



Co-immunoprecipitation (Co-IP)

HA-tagged Hc-NAS-33 and FLAG-tagged Hc-GPB-1 proteins were prepared from transfected HEK 293T cells, then incubated with anti-FLAG agarose at 4°C for 2 h. After that, the proteins were washed with immunoprecipitation buffer (136.89 mM NaCl, 2.67 mM KCl, 8.1 mM Na2HPO4, 1.76 mM KH2PO4 and 0.5% Tween 20) for eight times, mixed with 50 μl 5 × SDS loading buffer and boiled for 10 min. Protein samples were separated by SDS-PAGE, and subjected to Western Blot analysis. Anti-HA and anti-FLAG antibodies were used to detect fused proteins Hc-NAS-33 and Hc-GPB-1, respectively. Co-IP of Hc-NAS-33 and Hc-GPB-1 with exchanged tags was also performed.



Co-localization

Promoters of Ce-nas-33 (sequence between K04E7.4 and Ce-nas-33 start codon) and Ce-gpb-1 (sequence between F44E5.14 and Ce-gpb-1 start codon), as well as sequences 2,000 nt upstream Hc-nas-33 and Hc-gpb-1 were used to drive gene expression of Hc-nas-33 and Hc-gpb-1 in C. elegans, respectively. Plasmid expressing Hc-NAS-33-GFP (pPD95_77-Cep-Hc-nas33) was constructed by inserting the promoter of Ce-nas-33 cloned from C. elegans DNA and Hc-nas-33 full-length cDNA into the germline expression vector pPD95_77 via BamH I and Kpn I restriction site successively. As the same, the promoter of Ce-gpb-1 was cloned into pPD95_77 at BamH I restriction site and Hc-gpb-1-mCherry overlapped sequence was inserted afterward to obtain plasmid expressing Hc-GPB-1-mCherry (pPD95_77-Cep-Hc-gpb1-mCherry). Recombinant plasmids were microinjected into the gonads of young adult worms as described previously (Mello et al., 1991), together with pRF4 plasmids (50 ng/μl) introducing mutant allele of rol-6 gene. F2 larvae with a roller phenotype were selected to examine the expression patterns of fusion proteins in the transgenic worms using a fluorescent microscope (Zeiss LSM 780). In addition, Hc-nas-33 and Hc-gpb-1 was cloned into C2-EGFP vector and pcDNA3 (+)-mCherry vector, respectively. Recombinant plasmids were co-transfected into the human embryonic kidney 293T (HEK 293T) cell line using Lipofectamine 2000 (Invitrogen). Transfected cells were further cultured at 37°C in 5% CO2 for 24–48 h, then stained with DAPI for 30 min at room temperature. GFP and mCherry expression in HEK 293T cells were analyzed using a fluorescent microscope (Zeiss LSM 780).



Transmission Electron Microscopy (TEM)

About 2000 RNAi-treated and -untreated worms were collected on day 5, washed in physiological saline and fixed in 2.5% glutaraldehyde and 1% Triton X-100 and 0.1 M sodium phosphate buffer at 4°C for 7 days. Fixed samples were mounted into agar blocks and postfixed in 1% OsO4 and 0.1 M sodium phosphate buffer for 2 h, and further processed for dehydration and infiltration. Processed specimens were placed in Eppendorf tubes containing Spurr resin and heated at 70°C overnight, then sectioned and stained with uranyl acetate for 5 min and alkaline for 10 min. TEM scanning was performed using a Hitachi Model H-7650 TEM microscope. Micrographs (n = 4) captured at the middle of worms were selected for analysis. Thickness of the worm cuticle was measured using the ImageJ.



Developmental and Survival Assay

Separate (Hc-nas-33 or Hc-gpb-1) and simultaneous (Hc-nas-33 + Hc-gpb-1) RNAi assays were conducted on the early larval stage of H. contortus using the feeding method described above. Gene knockdown analyses were performed to estimate the transcriptional association of these two genes in the treated worms, using qRT-PCR as described above. Primer sets used were listed in Supplementary Table 1. Developmental and survival variations of treated worms were assessed in terms of the morphology, molting and morbidity (i.e., sickness and death) of free-living L1s, L2s, and L3s (infective) of H. contortus. In brief, three sub-samples of 200 μl culture medium (containing about 200 larvae) were taken from the culturing system and transferred into 6-well culture plate on days 3 and 7. The treated larvae were examined by microscopy, in aspects of larval development and survival. Experiments were repeated for three times on different days.



Statistical Analysis

Data were presented as mean ± standard deviation (SD). Statistical analyses of gene transcription, cuticle thickness and larval development were carried out by Student’s t-test with the GraphPad Prism 8 (GraphPad Software, United States). P < 0.05 was considered as statistically significant difference.




RESULTS


nas-33 Is Relatively Conserved in Free-Living and Parasitic Nematodes

Apart from C. elegans, orthologs of nas-33 were commonly identified in nematodes of clade V, including the free-living Pristionchus pacificus and the parasitic Ancylostoma caninum, A. ceylanicum, and H. contortus. Specifically, the cDNA-confirmed Hc-nas-33 was 1714 bp (GenBank accession No. MT891116) with a 66-bp 5′ UTR and a 79-bp 3′ UTR (Supplementary Figure 1), which encoded a protein containing a ZnMc-astacin_like domain, an EGF domain and a CUB domain (Figure 1A). Notably, there was a missing thrombospondin type-1 (TSP1) repeat in the deduced Hc-NAS-33, compared with the domain architecture of Ce-NAS-33 (Figure 1A). The alignment of protein sequence with other nematode homologs showed a relatively high similarity within the predicted domains (Supplementary Figure 2).
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FIGURE 1. Developmental transcription analysis of nas-33 in Caenorhabditis elegans and Haemonchus contortus. (A) Schematic diagram for domain architectures of Ce-NAS-33 and Hc-NAS-33. (B) Ce-nas-33 shows a tightly regulated transcriptional pattern across four molting periods (black arrows) of C. elegans. (C) Transcriptional alterations of marker genes nas-37, col-12, trxr-1 for apolysis, late lethargus and ecdysis, and nas-33 during the molting of C. elegans. (D) Transcription levels of Hc-nas-33 in different development stages of H. contortus. (E) Hc-nas-33 shows a transcriptional peak during the first molting of H. contortus. (F) Transcriptional alterations of marker genes nas-37, col-12, gsr-1 for apolysis, late lethargus and ecdysis, and nas-33 during the first molting of H. contortus. Error bars indicate mean ± standard deviation (SD). A Non-linear Curve Fit is performed to indicate the dynamic transcriptional changes of marker genes involved in the molting processes.




nas-33 Is Highly Expressed During Late Lethargus

Developmental transcription analyses showed predominant gene expression of nas-33 in the larval (i.e., L1, L2, L3, and L4) stages of both C. elegans and H. contortus (Figures 1B,D). Specifically, four transcriptional peaks were identified for Ce-nas-33 across the development from the activated L1 stage to the adult stage of C. elegans (Figure 1B). In particular, Ce-nas-33 appeared to play a role in the late lethargus phase, with reference to the transcriptions of marker genes (i.e., nas-37, col-12, and trxr-1) for molting process (i.e., apolysis, late lethargus and ecdysis) (Figure 1C). A transcriptional peak was also found during the L1-L2 molting of H. contortus (Figure 1E). By contrast, unlike the peaked transcriptional level of nas-33 between apolysis and late lethargus steps in C. elegans, Hc-nas-33 appeared to be highly transcribed between late lethargus and ecdysis processes in H. contortus, which were defined based on the transcriptions of marker genes nas-37, col-12, and gsr-1 (Figure 1F).



Knockdown of nas-33 Leads to Molting Defects in H. contortus

Compared with the untreated worms, two layers of cuticles were observed in the nas-33 RNAi-treated larvae of H. contortus (Figure 2A). To confirm the association between phenotypic change and RNAi-mediated knockdown of nas-33 in H. contortus, transcriptional levels of nas-33 and iso-1 (positive control) were measured by qRT-PCR. Both of the two genes showed a significant (P < 0.05) decrease in the RNAi-treated larvae (Figure 2B), with the thickness of the L2 cuticle significantly (P < 0.001) thinner than that of untreated larvae (Figure 2C). In addition, successful gene knockdown of nas-33 led to marked transcriptional alterations of genes involved in the molting process of H. contortus. Specifically, lower transcriptional level of nas-33 (P < 0.01) in the RNAi-treated worms was linked to significant downregulation of four genes col-12 (P < 0.05), col-14 (P < 0.01), dpy-5 (P < 0.001), and dpy-13 (P < 0.01) involved in cuticle synthesis, three genes nekl-2 (P < 0.01), mlt-3 (P < 0.01), and lev-11 (P < 0.001) involved in ecdysis, and one gene mua-3 (P < 0.05) involved in junction remodeling (Figure 2D). In addition, suppression of nas-33 significantly compromised the molting process of L1s in H. contortus. Particularly, gene knockdown of Hc-nas-33 resulted in obvious molting defects (e.g., failure of shedding the old cuticle and corset phenotype), compared with negative control (Figure 3).
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FIGURE 2. Structural and transcriptional analyses of RNA interference-treated Haemonchus contortus. (A) Transmission electron microscopy of Bt-Cry1AC RNAi-treated (a) and nas-33 RNAi-treated (b) worms. Scale bar: 0.5 μm. L1C: L1 cuticle; L2C: L2 cuticle. (B) Gene knockdown analysis of iso-1 (positive control) and nas-33 in RNAi-treated worms, with reference to the transcriptions of these genes in the untreated worms. (C) Cuticle thickness (measured by ImageJ) of the second larval stage of H. contortus after RNAi. SC, surface coat; EP, epicuticle; CZ-CO, collagen rich layer of cortical zone; CZ-CU, cuticlin rich layer of cortical zone. (D) Relative transcriptional changes of molting related genes in RNAi-treated worms, compared with that in untreated worms. CSr genes, cuticle synthesis related genes (col-12, col-14, dpy-3, dpy-15); ECr genes, ecdysis related genes (nekl-2, mlt-3, lev-11); JRr genes, junction remodeling related genes (mua-3, let-805). Student’s t-test is used for the statistical analysis between treated and untreated worms. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance. Dotted line represents the transcriptional level in negative control worms.
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FIGURE 3. Knockdown of nas-33 leads to molting defects in Haemonchus contortus. (A–D) Defects in the first molting of H. contortus led to larva death. (E,F) Defects in the first molting of H. contortus resulted in attachment of the old cuticle to the second stage larva. Cuticles failed to be shed are marked with white arrows. (G,H) Phenotype of untreated larvae of H. contortus.




Hc-NAS-33 Interacts With a G Protein Subunit in vitro and in vivo

By screening the yeast two-hybrid cDNA library of H. contortus, several proteins were identified as candidates interacting with Hc-NAS-33, including a guanine nucleotide-binding protein subunit beta-1 (GPB-1). The interaction between Hc-NAS-33 and Hc-GPB-1 was verified by the GST pull-down assay in vitro (Figure 4A), and confirmed with the co-IP assay in vivo (Figure 4). In addition, protein expression analyses of Hc-NAS-33 and Hc-GPB-1 in both HEK 293T cells and tissues of C. elegans to some extent showed a similar protein distribution. In cells, Hc-NAS-33 was consistently colocalized with Hc-GPB-1 in the cytoplasm (Figure 4B), whereas in worms, scattered co-localization of Hc-NAS-33 and Hc-GPB-1 was observed in the intestine of adult worms but not in the pharynx area (Figure 5). Low efficiency and no activity were observed for the possible promoter sequences of Hc-nas-33 and Hc-gpb-1. Driven by promoters of Ce-nas-33 and Ce-gpb-1, heterologous protein expression of Hc-NAS-33 and Hc-GPB-1 were achieved in C. elegans, and confirmed by western blot (Supplementary Figure 3). Tissue distribution of Hc-GPB-1 is mostly consistent with the sites of Ce-gpb-1 promoter activity in worms, whereas interestingly, a discrepancy between Ce-nas-33 promoter activity and Hc-NAS-33 protein distribution was identified (Supplementary Figure 4).
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FIGURE 4. Hc-NAS-33 interacts with Hc-GPB-1 in vitro and in vivo. (A) Pull-down assay showing the interaction of Hc-NAS-33 and Hc-GPB-1. (B) Co-localization of Hc-NAS-33 and Hc-GPB-1 in HEK 293T cells. Scale bar: 5 μm. (C,D) Co-IP assay verifying the interaction of Hc-NAS-33 and Hc-GPB-1 in vivo.
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FIGURE 5. Co-localization of Hc-NAS-33 and Hc-GPB-1 in C. elegans. GFP, green fluorescent protein; mCherry, monmer cherry fluorescent protein.




Knockdown of NAS-33 and GPB-1 Blocked Development and Survival of Infective Larvae

In particular, suppression of Hc-nas-33 and Hc-gpb-1 led to obvious molting defects in treated H. contortus (Figure 6). Specifically, in nas-33 RNAi-treated worms, both old and new cuticles were found closely attached to the hypodermis (Figure 6B). In gpb-1 RNAi-treated worms, only one layer of cuticle was observed, with a loose connection to the hypodermis (Figure 6C). In nas-33 and gpb-1 RNAi-treated worms, both two layers of the cuticle and a loose connection to the hypodermis were identified (Figure 6D). In particular, compared with negative control, independent RNAi of gpb-1 was linked to a significant (P < 0.05) upregulation of nas-33 in treated worms, whereas knockdown of nas-33 resulted in significant (P < 0.05) downregulation of gpb-1 in H. contortus. Notably, simultaneous RNAi of nas-33 and gpb-1 significantly enhanced the knockdown efficacies of both nas-33 (P < 0.05) and gpb-1 (P < 0.0001) (Figure 7A).


[image: image]

FIGURE 6. Transmission electron microscopy of nas-33 and gpb-1 RNA interference-treated Haemonchus contortus. (A) Cuticle structure of Bt-Cry1AC RNAi-treated worm. (B) Two layers of cuticles of nas-33 RNAi-treated worm. (C) Loose connection between cuticle and epidermis in gpb-1 RNAi-treated worm. (D) Two layers of cuticles and loose connection between cuticle and epidermis of nas-33 and gpb-1 RNAi-treated worm. L1C, L1 cuticle; L2C, L2 cuticle. Black arrows point to the loose connections between cuticle and epidermis. Scale bar: 0.5 μm.
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FIGURE 7. Effects of nas-33 and gpb-1 RNA interference on the development and survival of Haemonchus contortus. (A) Influences of nas-33 or gpb-1 RNAi on the relative mRNA levels (normalized by the transcriptional level of Bt-Cry1AC) of nas-33 and gpb-1, respectively. (B) Influences of separate (Hc-nas-33 or Hc-gpb-1) and simultaneous (Hc-nas-33 + Hc-gpb-1) RNAi on the development and survival of H. contortus on day 3. (C) Influences of separate (Hc-nas-33 or Hc-gpb-1) and simultaneous (Hc-nas-33 + Hc-gpb-1) RNAi on the development and survival of H. contortus on day 7. Sick phenotype includes developmental delay, decreased mobility, abnormality and molting defect. Student’s t-test is used for the statistical analysis between treated and negative control. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.


Defects in larval molting resulted in developmental and survival variations in treated H. contortus (Figures 7B,C). In particular, simultaneous knockdown of nas-33 and gpb-1 resulted in delayed larval development, decreased mobility and sickness. Compared with negative control, increased number (∼40%) of sick larvae (P < 0.01) and decreased healthy larvae (P < 0.01) were found in RNAi-treated groups on day 3 (Figure 7B), and increased number (∼50%) of dead larvae (including the free-living L2s and the infective L3s) and decreased number of healthy larvae (P < 0.001) in treated groups on day 7 (Figure 7C). No significant difference was found between independent and simultaneous RNAi of nas-33 and gpb-1, in terms of phenotypic changes.




DISCUSSION

In this study, we report an essential zinc metalloprotease NAS-33 in nematode species. Our findings elucidated that this metalloprotease is likely to play a role in the larval molting process of the free-living C. elegans and the parasitic H. contortus. In particular, Hc-NAS-33 interacts with Hc-GPB-1 to control shedding of the old cuticle and remodeling of the connection between the new cuticle and the hypodermis of worms. Suppression of the Hc-NAS-33-GPB-1 module resulted in molting defects and a moderate lethal phenotype, suggesting the essentiality of nas genes in nematodes.

The astacin-like protein coding gene nas-33 is relatively conserved in free-living and parasitic nematodes. In C. elegans, nas-35, -36, and -37 encode astacins of subgroup V (NAS-33 to -38) which have the N-terminal astacin-like, C-terminal EGF (epidermal growth factor), CUB (C1r/C1s, embryonic sea urchin protein Uegf, Bmp-1) and TSP1 domains in order, implying an essential role of astacins of subgroup V in the molting, survival and development of nematodes. Compared with the domain architecture of Ce-NAS-33, Hc-NAS-33 lacks a TSP1 domain. This domain is usually found in extracellular matrix proteins (Zhang et al., 2020) and a number of proteins involved in the complement pathway (Patthy, 1988). In particular, the thrombospondin type 1 repeat containing proteins ADAMTS (a disintegrin-like and metalloprotease domain) have been proved to be principal mediators of ECM destruction (Apte and Parks, 2015; Liu et al., 2015). In nematodes, cuticle components are synthesized, secreted and modified in the extracellular matrix, and TSP1 of Ce-NAS-33 might function in the modification and arrangement of cuticle proteins during late lethargus. However, it is still not clear whether the difference in NAS-33 protein sequence is associated with the unique life cycle and living conditions of parasitic nematodes.

The gene nas-33 appears to play a role in the molting processes of H. contortus. First, predominant transcription of nas-33 in larval stages indicated that this gene might play roles in larvae development and survival. In C. elegans, genes involved in molting (apolysis, late lethargus and ecdysis) usually have a dynamic expression pattern (Hendriks et al., 2014; Turek and Bringmann, 2014). For instance, higher mRNA levels of Ce-nas-33 were detected in the apolysis and late lethargus stages. However, apart from body-size changes, no significant difference related to molting was observed in C. elegans after knockdown of Ce-nas-33 (Supplementary Figure 5), which might be explained by functional redundancy of nas genes in this free-living nematode. Interestingly, it was found that the mRNA level of Hc-nas-33 was higher in the late lethargus and early ecdysis (based on the transcription of marker genes nas-37, col-12 and gsr-1) in H. contortus, which is different from that of Ce-nas-33 in C. elegans, indicating subtle functional differences in molting between these two species. Second, downregulation of collagen-associated genes (col-12, col-14, dpy-5, and dpy-13; Johnstone and Barry, 1996; Mcmahon et al., 2003; Page and Johnstone, 2007) in RNAi-treated worms suggests that Hc-nas-33 is required in the synthesis of cuticle structure elements (Cox et al., 1981; Page, 2001), which is further confirmed by the change of cortical zone thickness. In addition, it was reported that nekl-2 and mlt-3 genes involved in nekl-mlt kinase network (Yochem et al., 2015; Lazetic and Fay, 2017), and lev-11 involved in muscle contraction spinning and flipping behavior (Frand et al., 2005; Barnes et al., 2018; Watabe et al., 2018) are essential for molting in C. elegans. Reduced expression of nekl-2, mlt-3 and lev-11 were observed in the Hc-nas-33RNAi experiment, indicating that Hc-nas-33 might be involved in ecdysis via muscle contraction regulation. These findings indicate that Hc-nas-33 and associated metalloproteases might be a target for reducing the population of H. contortus infected larvae, suggesting a possible approach to the prevention of haemonchosis, although it warrants further investigations.

Hc-NAS-33 and Hc-GPB-1 are required for cuticle synthesis and cuticle-epidermis linkage remodeling. This statement can be supported by the decreased thickness of cortical zone in Hc-nas-33 RNAi-treated worms and decreased thickness of both epicuticle and cortical zone in gpb-1 RNAi-treated worms (Supplementary Figure 6A). These results indicate that Hc-NAS-33 and Hc-GPB-1 are related to protein components synthesis, with Hc-GPB-1 likely required for lipid and glycolipid synthesis during the molting process. Additionally, it has been demonstrated that mua-3 and let-805/myotactin are component of hemidesmosome-like structures (HDLSs) through which the epidermis and cuticle are attached to each other. MUA-3 may help to link collagens in the basal zone to the epidermal cytoskeleton (Bercher et al., 2001), and LET-805 may guide the remodeling of basement membrane attachments during molting (Hresko et al., 1999). In the current work, silencing of Hc-nas-33 led to a predominant downregulation of mua-3, whereas knockdown of Hc-gpb-1 was linked to let-805 (Supplementary Figure 6B), suggesting their roles in both cuticle synthesis and the remodeling of basement membrane attachments.

Apart from molting, NAS-33 and GPB-1 might play additional roles in nematode species. This is because that the two proteins were partially co-localized in worms. Little has been reported on other functional roles of NAS-33, although it might play a role in embryogenesis or hatching as transcription of this gene was detected in H. contortus eggs. By contrast, GPB-1 expression has been observed in the neurons, hypodermal seam cells, gonad and vulva in both larval and adult stages of C. elegans. Such expression pattern is consistent with the phenotypes including abnormalities in early embryogenesis, sterility and abnormalities in the germ line caused by GPB-1 depletion (Zwaal et al., 1996). Additionally, the distribution of GPB-1 at the cell membrane is dynamic and asymmetric during the division of one-cell stage C. elegans embryos (Thyagarajan et al., 2011). However, these functional roles of NAS-33 or GPB-1 in H. contortus and associated parasitic nematodes warrants further investigations.

In conclusion, we identified an essential astacin protein NAS-33 in nematode species. Suppression of this protein and associated G protein subunit resulted in molting defect and death of infective larvae of a highly pathogenic strongylid nematode. Our work provides comprehensive insights into the essentiality of nas gene family in nematode molting and survival, and thereby lays a foundation for the discovery of potential targets for the prevention of parasitic diseases of socioeconomic significance.
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Supplementary Figure 1 | Isolation of Hc-nas-33 DNA and cDNA from Haemonchus contortus. (A) 5′- RACE. (B) 3′- RACE. (C) 5′- Genome Walking. (D) 3′- Genome Walking. (E) Cloning of Hc-nas-33 full length coding sequence by overlapping PCR. 1, 1–213 nucleotide sequence of Hc-nas-33; 2, 207–1,569 nucleotide sequence of Hc-nas-33; 3, full length coding sequence of Hc-nas-33. SP, specific primer; M, DNA marker.

Supplementary Figure 2 | Characterization of Hc-nas-33 in Haemonchus contortus. (A) Schematic diagram of Hc-nas-33 gene structure (GenBank accession No. MT891117). Black blocks represent exons and gray blocks represent non-coding 5′- and 3′-untranslated region (UTR) sequence. (B) Functional domain prediction and alignment of amino acid sequence of Hc-NAS-33 and homologs in other nematode species.

Supplementary Figure 3 | Western blotting of Hc-NAS-33 and Hc-GPB-1 expressed in transgenic worms. M, standard protein marker.

Supplementary Figure 4 | Promoter activity analysis of pCe-nas-33, pHc-nas-33, and pCe-gpb-1 in Caenorhabditis elegans. (A–C) Massive expression of pCe-nas-33:GFP in the epidermis of C. elegans. (D,E) Weak expression of pHc-nas-33:GFP in several intestine cells. (F,G) Specific expression of pCe-gpb-1:mCherry in the head and tail of C. elegans.

Supplementary Figure 5 | Effects of Ce-nas-33 knockdown on Caenorhabditis elegans. (A) Development of vulva showed no significant difference after Ce-nas-33 RNAi compared with negative control (Bt-Cry1AC). (B,C) Morphological changes (body width and body length) at 36 and 48 h after Ce-nas-33 RNAi treatment. Student’s t-test is used for the statistical analysis between treated and negative control. ∗∗∗P < 0.001.

Supplementary Figure 6 | Analysis of cuticle thickness and junction remodeling related genes after gpb-1 RNA interference. (A) Cuticle thickness (measured by ImageJ) changes of the second stage larva after gpb-1 RNAi. SC, surface coat; EP, epicuticle; CZ-CO, collagen rich layer of cortical zone; CZ-CU, cuticlin rich layer of cortical zone. (B) Influences of gpb-1 RNAi on the transcription of junction remodeling related genes (mua-3 and let-805). Student’s t-test is used for the statistical analysis between treated and negative control. ∗∗P < 0.01; ∗∗∗P < 0.001; ns, no significance.

Supplementary Table 1 | Information on primer sets used in this study.
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Giardia duodenalis, also known as Giardia lamblia or Giardia intestinalis, is an important opportunistic, pathogenic, zoonotic, protozoan parasite that infects the small intestines of humans and animals, causing giardiasis. Several studies have demonstrated that innate immunity-associated Toll-like receptors (TLRs) are critical for the elimination of G. duodenalis; however, whether TLR9 has a role in innate immune responses against Giardia infection remains unknown. In the present study, various methods, including reverse transcriptase–quantitative polymerase chain reaction, Western blot, enzyme-linked immunosorbent assay, immunofluorescence, inhibitor assays, and small-interfering RNA interference, were utilized to probe the role of TLR9 in mouse macrophage-mediated defenses against G. lamblia virus (GLV)–free or GLV-containing Giardia trophozoites. The results revealed that in G. duodenalis–stimulated mouse macrophages, the secretion of proinflammatory cytokines, including interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), and IL-12 p40, was enhanced, concomitant with the significant activation of TLR9, whereas silencing TLR9 attenuated the host inflammatory response. Notably, the presence of GLV exacerbated the secretion of host proinflammatory cytokines. Moreover, G. duodenalis stimulation activated multiple signaling pathways, including the nuclear factor κB p65 (NF-κB p65), p38, ERK, and AKT pathways, the latter three in a TLR9-dependent manner. Additionally, inhibiting the p38 or ERK pathway downregulated the G. duodenalis–induced inflammatory response, whereas AKT inhibition aggravated this process. Taken together, these results indicated that G. duodenalis may induce the secretion of proinflammatory cytokines by activating the p38 and ERK signaling pathways in a TLR9-dependent manner in mouse macrophages. Our in vitro findings on the mechanism underlying the TLR9-mediated host inflammatory response may help establish the foundation for an in-depth investigation of the role of TLR9 in the pathogenicity of G. duodenalis.
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INTRODUCTION

Giardia duodenalis, also known as Giardia lamblia and Giardia intestinalis, is an opportunist protozoan parasite that predominantly parasitizes the duodenum of humans, as well as of numerous domestic and wild animals, causing giardiasis. The disease is distinguished by a broad spectrum of clinical manifestations ranging from asymptomatic infection to vomiting, abdominal pain, weight loss, severe diarrhea, and malabsorption syndrome. Giardiasis is one of the most common pathogenic parasite infections in humans, with approximately 280 million cases of symptomatic giardiasis being reported annually worldwide (Einarsson et al., 2016). Giardiasis has been included in the World Health Organization’s neglected disease initiative since 2004 (Savioli et al., 2006), owing to its severe impact on children, which includes severe malnutrition, physical retardation, and poor cognitive function (Berkman et al., 2002). In addition, giardiasis has been reported to the Centers for Disease Control and Prevention (CDC) of the United States since 1992 and became a nationally notifiable disease in 2002 (Coffey et al., 2021). According to the CDC, because of poverty, poor drinking water quality, and limited treatment options, nearly 33% of the population in developing countries is afflicted with giardiasis, as is 2% of the adult population in the developed world (Kunz et al., 2017). Giardia infection has clearly become a non-negligible problem, attracting widespread research attention from an increasing number of scientists.

Giardia lamblia virus (GLV), first identified in 1986 (Wang and Wang, 1986), is a double-stranded RNA virus in the family Totiviridae that specifically infects trophozoites of G. duodenalis (Lagunas-Rangel et al., 2021). GLV is the only one of the known protozoal dsRNA viruses that can transmit efficiently by extracellular means, although the pathway involved is not well outlined (Wang and Wang, 1986; Miller et al., 1988). Similarly, several other protozoan parasites, including Leishmania, Trichomonas, and Cryptosporidium, also harbor small dsRNA viruses, and several studies have reported that these viruses can enhance the pathogenicity of their respective protozoa and thus exacerbate the disease (Wang et al., 1987; Jenkins et al., 2008; Ives et al., 2011; Fichorova et al., 2012, 2013). Although an early review found no significant correlation between GLV and Giardia virulence (Wang and Wang, 1991), it is currently unclear whether GLV affects Giardia infectivity.

Innate immunity and adaptive immunity, two main components of the immune system, are crucial for the eradication of Giardia infection (Fink and Singer, 2017). Innate immunity acts as the first line of defense against infections by pathogenic microorganisms. The mammalian innate immune system mainly serves to recognize pathogen-associated molecular patterns (PAMPs) found in viruses, bacteria, fungi, and parasites but absent in mammalian cells, through corresponding pattern recognition receptors (PRRs) (Vadillo and Pelayo, 2012), which, in turn, initiate the relevant immune responses. Toll-like receptors (TLRs) are an ancient family of innate immune receptors and play a significant role in resisting parasite infections (Gay and Gangloff, 2007). When TLRs recognize parasite-derived PAMPs, they can activate downstream regulatory factors, such as nuclear factor κB (NF-κB) and interferon regulatory factor (IRF), which regulate immune-related signal transduction and induce the transcription and expression of proinflammatory factors, interferons, and chemokines, among other factors. They can also initiate innate and adaptive immune responses targeting parasite infection through the regulation of antigen-presenting cells (Takeda and Akira, 2004).

TLR9 is known to specifically recognize unmethylated cytosine–phosphate–guanine (CpG) motifs present in bacterial and viral DNA, thereby eliciting innate immune responses (Kumagai et al., 2008; Yasuda et al., 2009; Wu and Kuo, 2015), whereas TLR3, which also recognizes nucleic acids, chiefly recognizes the dsRNA genome from viruses (Vercammen et al., 2008; Tatematsu et al., 2014). Additionally, CpG motifs in parasites such as Leishmania have been found to act as ligands for TLR9 (Gupta et al., 2015), and dsRNA genome of Leishmaniavirus can be recognized by the host’s TLR3 (Ives et al., 2011), whereas Leishmania parasites that do not carry Leishmaniavirus cannot express dsRNA for TLR3 recognition (Franco et al., 2017). TLR9 activation has been shown to promote a host-protective response in Leishmania-infected mouse macrophages (Srivastava et al., 2013). Ligand recognition by TLR9 results in the activation of the mitogen-activated protein kinase (MAPK), AKT, and NF-κB signaling pathways (Xu et al., 2003; Das et al., 2015), which promotes the secretion of proinflammatory cytokines (Gazzinelli and Denkers, 2006; Kawai and Akira, 2009). Macrophages are a key component of the innate immune system, and many PRRs, such as TLRs, localize to either the cell membrane (TLR1, TLR2, TLR4, TLR5, and TLR6) or endosomes (TLR3, TLR4, TLR7, TLR8, and TLR9) of these cells (Park et al., 2011; Cui et al., 2014; Liu et al., 2017). Activated macrophages can produce a wide array of cytokines, including interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), and IL-12 p40, which initiate the inflammatory response (Sodhi and Pandey, 2011). Furthermore, it has been demonstrated that mouse peritoneal macrophages (PMφs) infected with G. duodenalis secrete large amounts of these proinflammatory cytokines (Li et al., 2017). However, whether TLR9 plays a role in G. duodenalis–induced host macrophage-mediated inflammation and cytokine secretion, whether it plays a protective part in promoting host cytokine secretion or exacerbates disease progression or whether TLR9 has differential roles in host macrophages infected with GLV-free Giardia trophozoites and those infected with GLV-containing Giardia trophozoites remains unknown.

In the present study, we undertook an in vitro analysis of the role of TLR9 in the inflammatory response of mouse macrophages mediated by GLV-free and GLV-containing Giardia trophozoites and sought to identify the signaling pathways involved in this process. We found that, compared with GLV-free Giardia trophozoites, those containing GLV induced a stronger inflammatory response in mouse macrophages. We further found that TLR9 was significantly activated in mouse macrophages with G. duodenalis stimulation, an effect that involved proinflammatory cytokine production mediated by the TLR9–p38/ERK signaling pathways. These findings may establish the foundation for further research on the role of TLR9 in the pathogenicity of G. duodenalis.



MATERIALS AND METHODS


Cultivation of G. duodenalis Trophozoites and Separation of Mouse PMφs

Giardia lamblia virus-free Giardia trophozoites were derived from the G. duodenalis WB strain (ATCC30957; American Type Culture Collection, Manassas, VA, United States), and GLV-containing Giardia trophozoites were derived from G. duodenalis Assemblage A1 preserved in the parasite laboratory of College of Veterinary Medicine, Jilin University (Gong et al., 2020). GLV-free and GLV-containing Giardia trophozoites were both cultivated for 48 h in modified TYI-S-33 medium. To enrich macrophages, wild-type (WT) female C57BL/6 mice (6–8 weeks old) were intraperitoneally injected with 3 mL of sterile 2.98% Difo fluid thioglycolate medium (Becton, Dickinson and Company, Sparks, MD, United States) (Murphy et al., 2017). Four days later, the mice were euthanized by an overdose of diethyl ether and then sterilized by immersion in 75% ethanol for 10 min (Li et al., 2017). The mouse peritoneal cavity was rinsed twice with 16 mL of sterile phosphate-buffered saline (PBS; pH 7.4), and separated PMφs were collected by centrifugation at 1,000 × g for 10 min and then washed twice with 16 mL of sterile PBS. A total of 3 × 106 cells were incubated per well of 6-well culture plates (JET BIOFIL, Guangzhou, China) in 1 mL of RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO2. Unattached cells were removed, and fresh medium was added before stimulation. All animal experiments were performed strictly according to the Regulations for the Administration of Affairs Concerning Experimental Animals approved through the State Council of the People’s Republic of China (1988.11.1) and with the approval of the Animal Welfare and Research Ethics Committee at Jilin University (IACUC permit no. 20160612). The C57BL/6 mice were purchased from Changsheng Experimental Animal Centre (Anshan, China) and were housed in filter-top cages in an air-conditioned animal facility in the National Experimental Teaching Demonstration Center of Jilin University (Changchun, China). Water and normal mouse food were provided ad libitum.



Extraction of Genomic DNA (gDNA) From G. duodenalis Trophozoites

Giardia gDNA was extracted from GLV-free Giardia trophozoites using the TIANamp Genomic DNA Kit (Tiangen, Beijing, China). GLV-free Giardia trophozoites were collected by centrifugation at 1,000 × g for 10 min and washed three times with sterile PBS. GLV-free Giardia trophozoites (1 × 106 per sample) were digested with proteinase K for 1 h, following which gDNA was extracted according to the manufacturer’s instructions. The concentration of gDNA was measured by UV absorbance at 260 nm using a Nanodrop (Thermo Fisher Scientific, Waltham, MA, United States).



Analysis of TLR9 Gene Expression by Reverse Transcriptase-Quantitative Polymerase Chain Reaction

A total of 3 × 106 WT PMφs were stimulated with 1 × 106 G. duodenalis trophozoites for different times (2, 4, 6, 8, and 12 h). Unstimulated PMφs served as a blank control, whereas PMφs stimulated with 5 μM/mL CpG ODN 1668 (a murine TLR9 ligand; InvivoGen, San Diego, CA, United States) served as a positive control. Subsequently, 3 × 106 WT macrophages were stimulated with Giardia gDNA (3 μg of gDNA extracted from 1 × 106 GLV-free Giardia trophozoites), 1 × 106 GLV-free Giardia trophozoites, 1 × 106 GLV-containing Giardia trophozoites, or 5 μM/mL CpG ODN 1668 in 1 mL of RPMI 1640 medium containing 1% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO2. After treatment, the supernatants of the cell cultures were discarded, and total RNA was extracted from mouse macrophages using TRIzol reagent (Invitrogen, Carlsbad, CA, United States). Total RNA was reverse-transcribed into cDNA with oligo(dT) primers using the PrimeScript 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). The TLR9 mRNA level was normalized to that of β-actin. For polymerase chain reaction (PCR) amplification, the conditions were as follows: 95°C for 3 min, followed by 44 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 min. Melting curves were analyzed following the PCR run to validate the homogeneity of PCR products. All the primers were synthesized by Sangon (Shanghai, China) and contained the following sequences: TLR9, 5′-CTGCCCAAACTCCACACTCT-3′ forward primer and 5′-ACAAGTCCACAAAGCGAAGG-3′ reverse primer (Zhao et al., 2021); and β-actin, 5′-TGCTGTCCCTGTATGCCTCT-3′ forward primer and 5′-GGTCTTTACGGATGTCAACG-3′ reverse primer (Li et al., 2017).



SiRNA-Mediated Knockdown Assay

The TLR9-specific small-interfering RNA (siTLR9) (target sequence: 1#, 5′-GGAACTGCTACTACAAGAA-3′; target sequence 2#, 5′-CCTTCGTGGTGTTCGATAA-3′; and target sequence 3#, 5′-CCTATAACCTCATTGTCAA-3′) and scramble negative control of small-interfering RNA (siRNA) (siNC) were synthesized by RiboBio (Guangzhou, China). A total of 3 × 106 WT PMφs were incubated per well of a 6-well culture plate, following which adherent cells were transfected with the indicated siRNAs using Lipofectamine 2000 (Invitrogen). Lipofectamine 2000 and siRNA were separately diluted in serum-free and antibiotic-free Opti-MEM medium, separately incubated at room temperature for 5 min, mixed and incubated for 15 min at room temperature, and finally added to the cells. After 6 h, the transfection medium was discarded; the cells were washed twice with RPMI 1640 medium and maintained in 1 mL of RPMI 1640 medium plus 2% FBS for another 24 h at 37°C with 5% CO2. The cells were incubated with 1 × 106 GLV-free Giardia trophozoites or GLV-containing Giardia trophozoites for 18 h after transfection. The medium and bottom-layer cells were harvested separately for enzyme-linked immunosorbent assay (ELISA) and Western blot, respectively.



Analysis of Cytokine Levels by ELISA

A total of 3 × 106 WT or siTLR9-treated PMφs were stimulated with 1 × 106 GLV-free Giardia trophozoites, 1 × 106 GLV-containing Giardia trophozoites, 3 μg of Giardia gDNA, 5 μM/mL CpG ODN 1668, or 100 ng/mL lipopolysaccharide (LPS) (Escherichia coli 0111: B4; Sigma-Aldrich, St. Louis, MO, United States) for 18 h in 1 mL of RPMI 1640 medium containing 1% FBS at 37°C with 5% CO2 (Murphy et al., 2017; Li et al., 2019). The collected supernatants were temporarily stored at −80°C for ELISA. Cytokine concentrations in the supernatants were determined by uncoated ELISA kits specific for mouse IL-6 (88–7064), TNF-α (88–7324), and IL-12/IL-23 (total p40) (88–7120, all from eBioscience, San Diego, CA, United States) following the manufacturer’s instructions.



Western Blotting

A total of 3 × 106 WT PMφs were stimulated with 1 × 106 G. duodenalis trophozoites for different times (0.5, 1, 2, 3, 4, 5, and 6 h) with unstimulated PMφs serving as a blank control. Following stimulation, the medium was collected, and the bottom-layer cells were scraped with a cell scraper, followed by centrifugation at 12,000 × g for 30 min at 4°C. The harvested cells were lysed with RIPA buffer (BOSTER, Wuhan, China) containing protease/phosphatase inhibitors (Sangon, dilution 1/100). Protein was quantified by bicinchoninic acid assay. Equal amounts (30 μg) of protein from the different samples were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred to polyvinyl difluoride membranes (Millipore, Billerica, MA, United States). After blocking with 5% bovine serum albumin (BSA) in Tris-buffered saline 0.1 Tween 20 (TBST) for 2 h at room temperature, the membranes were incubated overnight at 4°C with primary antibodies targeting TLR9, p38, ERK, AKT, NF-κB p65, phospho-p38, phospho-ERK, phospho-AKT, phospho-p65, phospho-IκBα, β-actin (all rabbit), and IκBα (mouse) (all from Cell Signaling Technology, Danvers, MA, United States) diluted 1/1,000 in 5% BSA. The next day, the membranes were washed three times with TBST, incubated with secondary horseradish peroxidase–conjugated goat anti-rabbit immunoglobulin G (IgG) or anti–mouse IgG antibodies (Proteintech, Wuhan, China), diluted 1/5,000 in 5% non-fat milk for 45 min at room temperature, and then washed again three times with TBST. Protein bands were detected by enhanced chemiluminescence (Vigorous, Beijing, China). The protein expression level was densitometrically quantified using ImageJ.



Analysis of NF-κB p65 by Immunofluorescence

A total of 7.5 × 105 WT and siTLR9-treated PMφs were cultivated in 24-well culture plates on sterile glass coverslips and stimulated with 7.5 μg of Giardia gDNA, 2.5 × 105 GLV-free Giardia trophozoites, 2.5 × 105 GLV-containing Giardia trophozoites, or 5 μM/mL CpG ODN 1668 at 37°C with 5% CO2. After incubation for 60 min, the cells were washed three times with sterile PBS, fixed in 4% formaldehyde solution for 20 min at room temperature, washed three times with sterile PBS, permeabilized with 0.25% Triton X-100 for 20 min, washed three times, blocked in 3% BSA in PBST for 1 h at room temperature, and incubated overnight at 4°C with rabbit anti–NF-κB p65 antibody (Cell Signaling Technology) diluted 1/1,000 in 1% BSA. After washing three times, the cells were incubated with fluorescein isothiocyanate–conjugated goat anti–rabbit IgG (H + L) antibody (Proteintech) diluted 1/100 in 1% BSA for 1 h at room temperature, washed again three times, and then counterstained with DAPI at room temperature for 20 min. NF-κB p65 localization was visualized under a confocal microscope (LSM-710, Carl Zeiss, Oberkochen, Germany) equipped with a 63×, 1.4-NA, oil-immersion objective.



Inhibition Assay

Wild-type PMφs (3 × 106) were pretreated with the p38 inhibitor SB203580 (30 μM), ERK inhibitor PD98059 (40 μM), or AKT inhibitor MK-2206 2HCl (5 μM) (all from Selleck, Shanghai, China) for 30 min at 37°C with 5% CO2, followed by coincubation with 1 × 106 GLV-free Giardia trophozoites or 1 × 106 GLV-containing Giardia trophozoites in 1 mL of RPMI 1640 medium supplemented with 1% FBS. The medium and bottom-layer cells were separately harvested for ELISA and Western blot analysis.



Statistical Analysis

Data were expressed as means ± SD from three separate experiments. GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, United States) was utilized for ELISA data analysis. SPSS version 19.0 (SPSS Inc., Chicago, IL, United States) was employed for statistical analysis. Unpaired t tests were used to compare data between two groups, whereas one-way analysis of variance followed by Tukey test was used to compare data between multiple groups. p < 0.05 was considered statistically significant.



RESULTS


G. duodenalis Trophozoites Induced TLR9 Activation and Proinflammatory Cytokine Production in PMφs

To explore the role of TLR9 in Giardia infection, we first assessed TLR9 gene expression levels at different time points (0, 2, 4, 6, 8, and 12 h) using reverse transcriptase (RT)–quantitative PCR (qPCR). The results showed that PMφs incubated with G. duodenalis exhibited significantly enhanced transcription levels of TLR9 within 12 h compared to the control PMφs, peaking at 8 h and then decreasing (Figure 1A). To then address whether TLR9 activation was indeed due to stimulation by Giardia gDNA and not GLV or any other factor, we compared TLR9 mRNA levels among several stimulation groups, including a positive control group. RT-qPCR analysis indicated that TLR9 transcript levels in WT PMφs were increased to varying degrees, and no significant difference was found between PMφs stimulated with GLV-free and GLV-containing Giardia trophozoites (Figure 1B). Furthermore, to determine the effect of TLR9 on cytokine production by innate immune cells, we measured the production of IL-6, TNF-α, and IL-12 p40 in siTLR9-treated and WT PMφs. The results showed that incubation with G. duodenalis trophozoites increased the secretion levels of IL-6, TNF-α, and IL-12 p40 in WT PMφs; however, compared to WT PMφs, the secretion of these cytokines was markedly decreased in siTLR9-treated PMφs stimulated with CpG ODN 1668 or G. duodenalis trophozoites, but remained largely unchanged in the LPS-stimulated groups. In addition, WT PMφs stimulated with GLV-containing Giardia trophozoites exhibited significantly higher levels of cytokine secretion compared with stimulation with GLV-free Giardia trophozoites (Figure 1C and Supplementary Figure 1B).
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FIGURE 1. Giardia duodenalis trophozoites induced cytokine production in a TLR9-dependent manner. (A) RT-qPCR analysis of the relative fold change in the levels of TLR9 mRNA extracted from 3 × 106 mouse peritoneal macrophages stimulated with 1 × 106 Giardia lamblia virus (GLV)–containing Giardia trophozoites for various periods (0, 2, 4, 6, 8, and 12 h). (B) RT-qPCR analysis of the relative fold change in the levels of TLR9 mRNA extracted from 3 × 106 mouse peritoneal macrophages stimulated with gDNA (3 μg, extracted from 1 × 106 GLV-free Giardia trophozoites), 1 × 106 GLV-free Giardia trophozoites, 1 × 106 GLV-containing Giardia trophozoites, or CpG ODN 1668 (5 μM/mL). The TLR9 mRNA level was normalized to that of β-actin. (C) The secretion levels of IL-6, TNF-α, and IL-12 p40 in cell culture supernatants were measured by ELISA. Data are expressed as means ± SD from three separate experiments. ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.




G. duodenalis Trophozoites Induced Cytokine Secretion in PMφs by Activating the p38 and ERK Pathways via TLR9

To examine whether stimulation with G. duodenalis trophozoites could activate the p38 and ERK pathways in mouse macrophages, the phosphorylation levels of p38 and ERK in WT PMφs were measured by Western blot after stimulation with G. duodenalis trophozoites. The phosphorylation of p38 and ERK was increased within 6 h compared with that in control PMφs, with that of p38 peaking after 3 h and then decreasing and that of ERK peaking at 4 h followed by a decrease (Figure 2A). Additionally, to evaluate cytokine levels following G. duodenalis stimulation, we assessed the levels of secreted cytokines (IL-6, TNF-α, and IL-12 p40) in cell supernatants and found that production of these cytokines by WT PMφs showed a gradual increase (Figure 2B).
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FIGURE 2. Giardia duodenalis trophozoites activated the p38 and ERK/MAPK signaling pathways via TLR9. (A) A total of 3 × 106 wild-type (WT) mouse peritoneal macrophages were stimulated with 1 × 106 G. duodenalis trophozoites for various periods (0–6 h) following which the phosphorylation levels of p38 and ERK were analyzed by Western blot. (B) The secretion levels of IL-6, TNF-α, and IL-12 p40 in cell culture supernatants were measured by ELISA. (C) Macrophages treated or not with small-interfering RNA (siRNA) targeting TLR9 (siTLR9) were stimulated with Giardia lamblia virus (GLV)–free or GLV-containing Giardia trophozoites for 3 h. (D) A total of 3 × 106 WT macrophages pretreated or not with siTLR9 were incubated for 3 h with 1 × 106 GLV-free Giardia trophozoites or 1 × 106 GLV-containing Giardia trophozoites, following which TLR9 expression levels were analyzed by Western blot. Relative protein expression was quantified by densitometric analysis using β-actin as an internal reference. Data are expressed as means ± SD from three separate experiments. ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.


To estimate whether the G. duodenalis trophozoites–induced activation of the p38 and ERK pathways was mediated by TLR9, PMφs treated or not with siTLR9 were stimulated with GLV-free or GLV-containing Giardia trophozoites for 3 h at 37°C. Compared with WT or siNC-treated PMφs incubated with G. duodenalis trophozoites, the phosphorylation levels of p38 and ERK in siTLR9-treated PMφs incubated with G. duodenalis trophozoites were greatly decreased (Figure 2C). Furthermore, to assess the efficacy of siTLR9, we measured the TLR9 protein expression levels by Western blot in siTLR9-treated PMφs. The results showed that stimulated with LPS, CpG ODN 1668, GLV-free Giardia trophozoites, or GLV-containing Giardia trophozoites, protein expression levels of TLR9 significantly decreased in WT PMφs with TLR9-siRNA pretreatment compared with those in untreated PMφs (Figure 2D and Supplementary Figure 1A). These results suggested that G. duodenalis trophozoites–induced activation of the p38 and ERK signaling pathways was mediated via TLR9.

To evaluate the role of the p38 and ERK signaling pathways in modulating the production of IL-6, TNF-α, and IL-12 p40, PMφs were pretreated or not with the p38 inhibitor SB203580 or the ERK inhibitor PD98059 for 30 min at 37°C. Following incubation with GLV-free or GLV-containing Giardia trophozoites for 18 h, the bottom-layer cells were harvested for Western blotting, and the cell supernatants were used for the measurement of cytokine concentrations by ELISA. Western blot analysis demonstrated that p38 and ERK phosphorylation levels were markedly diminished in PMφs pretreated with the inhibitors compared with those in untreated PMφs (Figure 3A). Moreover, the G. duodenalis trophozoites–induced secretion of IL-6, TNF-α, and IL-12 p40 was significantly decreased in PMφs pretreated with the inhibitors compared with that of untreated PMφs (Figure 3B). These data demonstrated that the p38 and ERK pathways were activated via TLR9, leading to increased secretion of IL-6, TNF-α, and IL-12 p40 in PMφs exposed to G. duodenalis trophozoites.
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FIGURE 3. Giardia duodenalis trophozoites–induced cytokine production was disrupted by p38 and ERK inhibitor treatment. (A) A total of 3 × 106 wild-type (WT) mouse peritoneal macrophages were pretreated for 30 min with the p38 inhibitor SB203580 (30 μM) or the ERK inhibitor PD98059 (40 μM) before stimulation with 1 × 106 Giardia lamblia virus (GLV)–free Giardia trophozoites or 1 × 106 GLV-containing Giardia trophozoites. The phosphorylation levels of p38 and ERK were subsequently analyzed by Western blot. Relative protein expression was quantified by densitometric analysis using β-actin as an internal reference. (B) The production of IL-6, TNF-α, and IL-12 p40 in cell supernatants was measured by ELISA. Data are expressed as means ± SD from three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




G. duodenalis Trophozoites Reduced Cytokine Production by Activating the AKT Pathway

To investigate whether stimulation with G. duodenalis trophozoites could activate the AKT pathway in mouse macrophages, AKT phosphorylation levels in G. duodenalis trophozoites–incubated PMφs were determined by Western blot. The results showed that AKT phosphorylation levels were first increased compared with that of control PMφs, peaking at 3 h, and then decreased to baseline levels at 6 h (Figure 4A).
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FIGURE 4. Giardia duodenalis trophozoites induced the phosphorylation of AKT via TLR9. (A) A total of 3 × 106 wild-type (WT) mouse peritoneal macrophages were stimulated with 1 × 106 G. duodenalis trophozoites for various periods (0–6 h) after which the phosphorylation level of AKT was analyzed by Western blot. (B) A total of 3 × 106 macrophages treated or not with siRNA targeting TLR9 were stimulated with 1 × 106 Giardia lamblia virus (GLV)–free Giardia trophozoites or 1 × 106 GLV-containing Giardia trophozoites for 3 h. Data are expressed as means ± SD from three separate experiments. ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.


To assess whether the G. duodenalis trophozoites–induced activation of the AKT pathway was mediated via TLR9, AKT phosphorylation levels were measured in PMφs treated or not with siTLR9 and stimulated with GLV-free or GLV-containing Giardia trophozoites for 3 h at 37°C. AKT phosphorylation levels were significantly reduced in the siTLR9-treated groups with G. duodenalis trophozoites compared with those in stimulated WT PMφs. These results suggested that G. duodenalis trophozoites activated the AKT signaling pathway through TLR9 (Figure 4B).

To explore the role of the AKT signaling pathway in regulating the production of IL-6, TNF-α, and IL-12 p40, PMφs were pretreated or not with the AKT inhibitor MK-2206 2HCl for 30 min at 37°C. Following coincubation with GLV-free or GLV-containing Giardia trophozoites for 18 h, the bottom-layer cells were harvested for Western blotting, whereas the cell supernatants were used for the determination of cytokine concentrations by ELISA. Western blot analysis demonstrated that pretreatment with the AKT inhibitor significantly reduced AKT phosphorylation levels (Figure 5A). Furthermore, compared with untreated PMφs, the G. duodenalis trophozoites–induced secretion of IL-6, TNF-α, and IL-12 p40 was increased to varying degrees in PMφs pretreated with the AKT inhibitor (Figure 5B). These data indicated that G. duodenalis reduced the secretion of these cytokines in PMφs by activating the AKT signaling pathway.
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FIGURE 5. Giardia duodenalis trophozoites suppressed cytokine production by activating the AKT signaling pathway. (A) A total of 3 × 106 wild-type (WT) mouse peritoneal macrophages were pretreated for 30 min with the AKT inhibitor MK-2206 2HCl (5 μM) before stimulation with Giardia lamblia virus (GLV)–free or GLV-containing Giardia trophozoites. The AKT phosphorylation level was subsequently analyzed by Western blot. Relative protein expression was quantified by densitometric analysis using β-actin as an internal reference. (B) The secretion levels of IL-6, TNF-α, and IL-12 p40 in cell supernatants were measured by ELISA. Data are expressed as means ± SD from three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




G. duodenalis Trophozoites Induced the Nuclear Translocation of NF-κB p65 in SiTLR9-Treated and WT PMφs

To determine the effects of G. duodenalis trophozoites on NF-κB activation, immunofluorescence staining and Western blot were used to detect the localization and expression of NF-κB p65, respectively. Translocation of NF-κB p65 into the nucleus of PMφs following incubation with G. duodenalis trophozoites was visualized by laser confocal microscopy (Figure 6A). Western blot analysis showed that, in WT PMφs incubated with G. duodenalis trophozoites, NF-κB p65 phosphorylation peaked after 60 min and then gradually decreased, whereas the phosphorylation of IκBα peaked at 30 min and then gradually decreased (Figure 6B). Laser confocal microscopy revealed that after stimulation with G. duodenalis trophozoites for 60 min, NF-κB p65 could be seen in the nuclei of both siTLR9-treated and WT PMφs, whereas no nuclear translocation was detected in WT PMφs without G. duodenalis trophozoite stimulation as well as in group stimulated with CpG ODN 1668 or gDNA (Figure 6A). To further investigate whether the G. duodenalis trophozoites–induced activation of NF-κB was mediated via TLR9, PMφs treated or not with siTLR9 were stimulated with GLV-free or GLV-containing Giardia trophozoites for 60 min at 37°C. No differences in NF-κB p65 or IκBα phosphorylation levels were found between siTLR9-treated and WT PMφs (Figure 6C), confirming the results obtained by immunofluorescence staining. Combined, these results indicated that the G. duodenalis trophozoites–induced activation of NF-κB was not mediated via TLR9.
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FIGURE 6. Giardia duodenalis trophozoites activated the NF-κB signaling pathway by inducing NF-κB p65 nuclear translocation. (A) Laser confocal microscopic images showing the facilitation of the nuclear translocation of NF-κB p65 by G. duodenalis in wild-type (WT) mouse macrophages treated or not with small-interfering RNA (siRNA) targeting TLR9 (siTLR9). (B) A total of 3 × 106 WT macrophages were stimulated with 1 × 106 G. duodenalis trophozoites for various periods (0–120 min) after which the phosphorylation levels of NF-κB p65 and IκBα were analyzed by Western blot. (C) A total of 3 × 106 WT macrophages treated or not with siTLR9 were stimulated with 1 × 106 Giardia lamblia virus (GLV)–free Giardia trophozoites or 1 × 106 GLV-containing Giardia trophozoites for 60 min. Relative protein expression was quantified by densitometric analysis using β-actin as an internal reference. Data are expressed as means ± SD from three separate experiments. ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.




DISCUSSION

Giardia duodenalis colonization of the intestinal tract of the host damages the host intestinal mucosa (Roxström-Lindquist et al., 2005; Chen et al., 2013). This leads to macrophage recruitment in the intestine, which triggers the innate immune response, followed by the secretion of proinflammatory cytokines to defend against Giardia infection (Roxström-Lindquist et al., 2005; Maloney et al., 2015). Meanwhile, adaptive immune responses are initiated, including the mobilization and recruitment of dendritic cells (DCs) for antigen processing and presentation (Rescigno et al., 2001; Roxström-Lindquist et al., 2006), thereby further enhancing the host immune response to G. duodenalis. Throughout this process, macrophages play a pivotal role. It has been demonstrated that macrophages can intake G. duodenalis trophozoites and gather them in the lamina propria of the small intestine (Belosevic and Daniels, 1992; Maloney et al., 2015). TLRs are crucial components of innate immunity, mediating inflammatory responses to defend against invading pathogens. Located on the cell membrane and in intracellular endosomes, TLRs can monitor and recognize a range of PAMPs derived from bacteria, parasites, viruses, and fungi. Importantly, studies have revealed the functions and mechanisms associated with the innate immune responses mediated by TLR2 and TLR4 during Giardia infection (Lee et al., 2014; Li et al., 2017; Serradell et al., 2019; Zhao et al., 2021). Additionally, it has been shown that the Plasmodium falciparum–derived metabolite, hemozoin, can activate TLR9 in host macrophages and DCs, leading to the massive secretion of proinflammatory factors and chemokines (Kawai and Akira, 2009; Kumar et al., 2009). Here, we found that both GLV-free and GLV-containing Giardia trophozoites could significantly enhance TLR9 gene expression in WT mouse PMφs. Notably, our study was performed on mouse macrophages infected with G. duodenalis, whereas Giardia muris might be a better option for establishing a model of Giardia infection in mice (Roberts-Thomson et al., 1976; Stevens and Roberts-Thompson, 1978); moreover, Giardia-induced activation of TLRs, including TLR9, may differ among Giardia species (Koh et al., 2013; Bhargava et al., 2015). Given that the disparities between strains were not examined in this study, further studies are warranted to investigate the differences between Giardia strains in eliciting TLR-mediated host innate immune responses. In addition, G. duodenalis is the only known zoonotic protozoan parasite among Giardia species, and studies on the involvement of immune cells in host–pathogen interactions are commonly performed using human peripheral blood mononuclear cells (Cheng et al., 2017; Cromarty et al., 2019), which may be a better alternative than mouse macrophages for investigating the mechanisms involved in immune cell defenses against G. duodenalis infection. Relevant studies involving human immune cells and various animal models are needed to further validate the current findings.

The proinflammatory cytokines TNF-α and IL-6 are essential for the elimination and early control of giardiasis in mice (Zhou et al., 2003, 2007; Li et al., 2004). Interestingly, TNF-α deficiency does not affect the mechanisms involved in host defenses against Giardia infection, which includes the generation of IgA, the proliferation of mast cells, and the secretion of IL-6 or IL-4, suggesting that TNF-α does not exert its effects through these mechanisms mentioned previously in control of Giardia, but through other effector responses downstream of it (Zhou et al., 2007). IL-6 serves a vital function in the eradication of Giardia in infected mice (Zhou et al., 2003). For example, IL-6 deficiency can significantly affect the immune response to G. duodenalis (Bienz et al., 2003), and IL-6 can regulate B-cell maturation and induce a shift of antibody type to IgA in response to Giardia infection (Ekdahl and Andersson, 2005). Additionally, mast cells can rapidly produce IL-6 to control Giardia infection in mice (Li et al., 2004). Giardia induces inflammatory responses that involve blood platelets and the release of IL-6 and TNF-α in patients infected with G. duodenalis (Matowicka-Karna et al., 2009). Additionally, bone marrow–derived DCs coincubated with Giardia extracts and TLR ligands, including CpG DNA, exhibited increased secretion of IL-10 and diminished secretion of IL-12 (Kamda and Singer, 2009). The results of the present study indicated that, following stimulation with G. duodenalis trophozoites or CpG ODN 1668, the secretion levels of IL-6, TNF-α, and IL-12 p40 were significantly higher in WT macrophages than in macrophages treated with siTLR9, but were largely unchanged in the LPS-stimulated groups, suggesting that siTLR9 treatment specifically silenced TLR9 without blocking the activation of macrophages by another pathway. These data indicated that the G. duodenalis–induced secretion of proinflammatory cytokines in macrophages was in part TLR9-dependent. Furthermore, IL-6 and TNF-α are known to be involved in the elimination and early control of Giardia infection. In the present study, we further found that, with G. duodenalis trophozoite stimulation, the secretion levels of IL-6 and TNF-α were significantly lower in siTLR9-treated mouse macrophages than in WT mouse macrophages, suggesting that activated TLR9 not only has a role in the regulation of cytokine secretion by the host in the early stages of infection but also plays a host-protective role. Importantly, GLV-containing Giardia trophozoites elicited significantly greater production of proinflammatory cytokines, including IL-6, TNF-α, and IL-12 p40, than GLV-free Giardia trophozoites, suggesting GLV may be a factor that contributed to this difference. And it has been reported that the dsRNA genome of Leishmaniavirus is recognized by the host endosomal TLR3, which triggers the secretion of proinflammatory cytokines and chemokines (Ives et al., 2011; Zangger et al., 2014). In the present study, TLR9 in mouse macrophages could recognize CpG DNA motifs, which may exist in G. duodenalis rather than the dsRNA genome of GLV. That the TLR3 of the host recognizes dsRNA viral genomes, such as that of the Leishmania RNA virus, suggests that the GLV dsRNA genome in GLV-containing Giardia trophozoites may be recognized by TLR3 in mouse macrophages, thus causing the host to initiate a more intense inflammatory response. In addition, another potential explanation for the difference in host inflammatory response induced by G. duodenalis is that GLV-free and GLV-containing Giardia trophozoites are derived from different G. duodenalis isolates, rather than the effect of GLV. And studies have found that G. duodenalis assemblage B, including GS isolate, produces more inflammatory responses both in vitro and in vivo compared to G. duodenalis assemblage A (Hanevik et al., 2007; Bénéré et al., 2012; Lee et al., 2012).

Mitogen-activated protein kinase signaling cascades are crucial for monitoring the host’s immune responses to infection, regulating the transcription of numerous proinflammatory cytokine-related genes through the phosphorylation of transcription factors and the promotion of chromatin remodeling (Kirk et al., 2020). The expression of TLR2, TLR4, and TLR9 was reported to be significantly upregulated in HeLa cells stimulated with Trichomonas vaginalis in a p38 signaling pathway-dependent manner (Chang et al., 2006). G. duodenalis GS excretory/secretory products contain factors that prompt HT-29 cells to secrete IL-8 through activating the p38 and ERK1/2 signaling pathways (Lee et al., 2012). Our findings revealed that the phosphorylation levels of p38 and ERK/MAPKs in siTLR9-treated macrophages were significantly decreased compared with those of WT macrophages. Moreover, stimulation of mouse macrophages with GLV-free and GLV-containing Giardia trophozoites, respectively, resulted in different cytokines secretion, and higher secretion levels of IL-6, TNF-α, and IL-12 p40 were observed in macrophages with GLV-containing Giardia trophozoite stimulation compared to GLV-free Giardia trophozoites; however, such secretion of G. duodenalis–induced cytokines was abolished by pretreatment with p38 and ERK inhibitors. Corroborating the findings of our present study, the G. duodenalis–induced secretion of IL-6, TNF-α, and IL-12 p40 was decreased in siTLR9-treated mouse macrophages and WT mouse macrophages pretreated with p38 and ERK inhibitors, implying that the TLR9–p38/ERK signaling pathways activated by G. duodenalis may contribute to host defenses against Giardia infection. These findings suggested that the G. duodenalis–induced secretion of proinflammatory cytokines in macrophages was achieved via TLR9-mediated activation of p38 and ERK signaling.

AKT is a serine/threonine-protein kinase with a pivotal part in the regulation of cell metabolism, survival, and proliferation. In macrophage-mediated innate immunity, AKT regulates the expression and production of proinflammatory cytokines (Lee et al., 2011). Studies have shown that, under chronic stress, the levels of phospho-AKT are lower in TLR9-deficient macrophages than in WT macrophages (Xiang et al., 2015). Additionally, G. duodenalis exposure was reported to reduce the secretion of proinflammatory cytokines in a TLR2-mediated, AKT-dependent manner (Li et al., 2017). In our study, the phosphorylation of AKT in siTLR9-treated macrophages was significantly decreased compared with that in WT macrophages. Furthermore, pretreatment with an AKT inhibitor increased the secretion levels of IL-6, TNF-α, and IL-12 p40 in mouse macrophages stimulated with GLV-free or GLV-containing Giardia trophozoites, implying that both GLV-free and GLV-containing Giardia trophozoites can attenuate the secretion levels of these cytokines in mouse macrophages via the AKT signaling pathway. These data suggested that G. duodenalis trophozoites can downregulate cytokine secretion by mouse macrophages in an AKT-dependent manner. However, the differences between these results and those obtained with the TLR9 silencing assay and p38/ERK inhibition experiments suggest that the positive regulatory effects associated with the p38 and ERK pathways were more important than the negative regulatory effects related to the AKT pathway for the TLR9-mediated innate immune response against Giardia infection in mouse macrophages.

The NF-κB transcriptional complex is known to be a key regulator of cellular stress responses and immune responses to infection (Ashall et al., 2009). NF-κB activity in the nucleus is controlled by IκB proteins, which provide transient or dynamic regulation through their stimuli-responsive degradation and resynthesis (Adelaja and Hoffmann, 2019). Studies have suggested that the transition from p50 to p65 heterodimers to p50 homodimer in NF-κB may be involved in inflammation (Lawrence et al., 2001; Ashall et al., 2009). Additionally, as a TLR9 ligand, CpG DNA triggers the production of immune mediators by immune cells through TLR9-mediated signal transduction, which, in turn, leads to NF-κB activation (Xu et al., 2003). It has been reported that G. duodenalis may target NF-κB in a differential manner to modulate the inflammatory functions of macrophages (Faria et al., 2020). In our study, the immunofluorescence assay showed that both GLV-free and GLV-containing Giardia trophozoites could induce NF-κB p65 accumulation in the nucleus in both siTLR9-treated and WT mouse macrophages. Further, Western blot analysis showed that the phosphorylation levels of p65 and IκBα in siTLR9-treated macrophages were similar to those of WT macrophages. Additionally, GLV-free and GLV-containing Giardia trophozoites exerted similar effects on activating the NF-κB signaling pathway. These results indicated that G. duodenalis can activate NF-κB p65 signaling in a TLR9-independent manner in mouse macrophages.

Collectively, our results showed that G. duodenalis can induce the production of proinflammatory cytokines through the TLR9-mediated activation of the p38 and ERK signaling pathways in mouse PMφs, whereas GLV-containing Giardia trophozoites can enhance cytokine secretion in mouse macrophages to a greater extent than GLV-free Giardia trophozoites. Furthermore, G. duodenalis–induced activation of TLR9–p38/ERK signaling enhanced immune defense responses, thus forming a host-protective barrier. Our study complements those on TLR-mediated innate immune responses of host cells against Giardia infection and provides potential molecular targets for the further development of novel strategies for the treatment of giardiasis.
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Helminth infection modulates host regulatory immune responses to maintain immune homeostasis. Our previous study identified Trichinella spiralis paramyosin (TsPmy) as a major immunomodulatory protein with the ability to induce regulatory T cells (Tregs). However, whether TsPmy regulates gut Tregs and contributes to intestinal immune homeostasis remains unclear. Here we investigated the therapeutic effect of recombinant TsPmy protein (rTsPmy) on experimental colitis in mice, and elucidated the roles and mechanisms of colonic Tregs induced by rTsPmy in ameliorating colitis. Acute colitis was induced by dextran sodium sulfate (DSS) in C57BL/6J mice, and chronic colitis was induced by naïve T cells in Rag1 KO mice. Mice with colitis were pre-treated with rTsPmy intraperitoneally, and clinical manifestations and colonic inflammation were evaluated. Colonic lamina propria (cLP) Tregs phenotypes and functions in DSS-induced colitis were analyzed by flow cytometry. Adoptive transfer of cLP Tregs treated by rTsPmy into Rag1 KO chronic colitis was utilized to verify Tregs suppressive function. rTsPmy ameliorated the disease progress of DSS-induced colitis, reduced pro-inflammatory responses but enhanced regulatory cytokines production in DSS-induced colitis. Moreover, rTsPmy specifically stimulated the expansion of thymic-derived Tregs (tTregs) rather than the peripherally derived Tregs (pTregs) in the inflamed colon, enhanced the differentiation of effector Tregs (eTregs) with higher suppressive function and stability in colitis. This study describes the mechanisms of colonic Tregs induced by the Trichinella-derived protein rTsPmy in maintaining gut immune homeostasis during inflammation. These findings provide further insight into the immunological mechanisms involved in the therapeutic effect of helminth-derived proteins in inflammatory bowel diseases.
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INTRODUCTION

Inflammatory bowel disease (IBD) is widely described as an autoimmune disease characterized by chronic recurrent inflammation in the gastrointestinal tract as a result of excessive immune responses to gut lumen antigens in genetically susceptible individuals. The two most common IBDs are Crohn’s disease (CD) and ulcerative colitis (UC) (Xavier and Podolsky, 2007; Maloy and Powrie, 2011). Abdominal pain, diarrhea, and weight loss are the most common symptoms in patients with IBD. The incidence and prevalence of IBD are rising worldwide, particularly in newly industrialized regions (Kaplan, 2015; Zuo et al., 2018). Despite an increasing repertoire of therapeutic targets focusing on lymphocyte trafficking and activation, gut barrier function and matrix remodeling, and even manipulation of gut microbiota (Neurath, 2017), a large number of patients still have chronic intestinal inflammation.

Foxp3+ regulatory T cells (Tregs) represent a unique CD4+ T-cell subset essential for maintaining immune balance and homeostasis (Ohkura et al., 2013). The gut, especially the colon, has highly abundant Tregs in the lamina propria (LP), accounting for about 20–30% of total CD4+ T cells, and is responsible for adapting to resident antigens in the intestine such as commensal bacteria and food antigens (Tanoue et al., 2016). Tregs restrict inflammatory responses and maintain immune tolerance via various molecular mechanisms at a multitude of cellular levels, including (i) inhibition of T-cell proliferation and effector functions through the anti-inflammatory cytokines IL-10, TGF-β, and IL-35, (ii) apoptosis of effector T cells (Teffs) induced by starvation of IL-2, (iii) metabolic disruption of Teffs by converting ATP into adenosine, (iv) direct cytolysis against Teffs by galectin-1, granzyme B and perforin, and (v) contact-dependent neutralization of dendritic cell (DC) function by the interaction of Treg-derived CTLA4/TIGIT and CD80/CD155 on DCs (Shevach, 2009, 2018).

There is a shred of definitive evidence that patients with IBD have defects in quantity and quality of Tregs (Abdel-Motal et al., 2019), coupled with the fact that the colon is a primary site of inflammation; therefore, enhancing colonic Treg activity has become a compelling strategy for the immunotherapy of IBD. Several studies demonstrated that it was feasible to expand polyclonal Tregs from patients in vitro under good manufacturing practice (GMP) condition as a source of therapy, in which these Tregs sustained their stability and suppression capabilities (Canavan et al., 2016; Mathew et al., 2018). Antigen-specific Tregs are believed to be more effective than polyclonal Tregs (Clough et al., 2020); however, no antigen has yet been identified as a definite cause in IBD. Nonetheless, a French study reported a clinical trial with ovalbumin (OVA)-specific Tregs showing dose-related therapeutic efficacy in refractory CD (Desreumaux et al., 2012). More clinical trials using autologous Tregs expanded in vitro are ongoing for immunotherapy of CD (ClinicalTrails.gov Identifier: NCT03185000).

The increase in the prevalence of IBD has been attributed to improved hygiene and the disappearance of intestinal helminth and other infections. Based on the “hygiene hypothesis,” a lack of early childhood exposure to multiple antigens increases susceptibility to allergies and autoimmune diseases including IBD. It is possible that intestinal immune homeostasis requires the presence of helminth infections (Gause and Maizels, 2016; Bach, 2018). The differentiation, maintenance, and functional maturation of gut Tregs are orchestrated via various specific signals from the lumen environment (Tanoue et al., 2016). The activation of Tregs has emerged as a central explanation for the beneficial role of helminth infections in moderating inflammatory diseases such as allergies and autoimmune disorders including IBD (Weinstock, 2015; Gazzinelli-Guimaraes and Nutman, 2018). There is growing evidence demonstrating that helminths resident in the gut continuously release immunoregulatory small molecules to modulate intestinal Tregs to benefit immune homeostasis locally or systemically (Reynolds et al., 2015; Gause and Maizels, 2016; Lopes et al., 2016). Natural infection with intestinal helminths reduced pathology in patients with UC (Buning et al., 2008; Broadhurst et al., 2010). Clinical trials with eggs of Trichuris suum and hookworm Necator americanus decreased symptoms in patients with chronic CD or UC (Cheifetz et al., 2017). Although the benefits of helminth infection in colitis have been extensively investigated, the mechanism related to effect of helminth-expanded colonic Tregs on the mitigation of IBD has not been studied extensively (Lopes et al., 2016), even though several studies have showed that infection with intestinal helminths stimulated Tregs in the colon (Taylor et al., 2012) and were associated with therapeutic effects in colitis (Hang et al., 2013). Because of safety concerns in helminth therapy, it is more feasible and practical to identify the specific helminth-derived molecules that stimulate Tregs’ response as an immunotherapeutic target for chronic IBD and other inflammatory diseases.

Trichinella spiralis is a tissue-dwelling nematode with adult worms residing in small intestinal mucosa and larvae migrating to striated muscle to form encapsulated larvae. In order to survive in a hostile environment, T. spiralis adult worms and larvae secrete various proteins or other small molecules to modulate the host’s immune system to counter the host’s immunological attack (Qi et al., 2018; Song et al., 2018). Our previous study found that excretory/secretory (ES) products of T. spiralis adult worms are able to induce Treg proliferation through activating dendritic cells (Sun et al., 2019). Experimental treatment with T. spiralis ES products significantly reduced colitis induced by dextran sodium sulfate (DSS) in a mouse model through stimulating Tregs (Yang et al., 2014; Wang et al., 2020) or macrophage M2 polarization (Wang et al., 2020) to reduce inflammation in the colon. The adult worm extracts of T. spiralis also stimulated regulatory cytokines and reduced OVA-induced airway inflammation (Yuan et al., 2019). In an effort to identify the effective components in the nematode-secreted proteins that play immunomodulatory functions in host immune systems, it was found that paramyosin as a structural protein expressed on the surface and secreted products of T. spiralis larval and adult worms (TsPmy) is one of the major proteins involved in the immunomodulation of the host immune response through binding to human complement C1q (Sun et al., 2015; Wang et al., 2018) and C8/C9 (Zhang et al., 2011; Zhao et al., 2014) to inhibit complement response. The C9 binding domain of rTsPmy coupled with a membrane-bound signal reduced complement-related arthritis in a mouse model (Chen et al., 2020). Also, rTsPmy was able to activate systemic Tregs and induce the differentiation of Tregs through tolerogenic DCs (Guo et al., 2016). However, there is little knowledge about whether rTsPmy modulates intestinal Tregs and how these Tregs induced by rTsPmy maintains intestinal immune homeostasis in the inflammatory environment. In the present study, we demonstrated for the first time that rTsPmy promotes the expansion of thymic-derived Treg cells (tTregs), and maintained the stability and suppressive function of Tregs in the colon as the major mechanism involved in the therapeutic effect of rTsPmy in experimental colitis in mice.



MATERIALS AND METHODS


Animals

Female C57BL/6J mice (6–8 weeks) were provided by Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Female Foxp3eGFP reporter mice (B6.Cg-Foxp3TM 2Tch/J) and Rag1 KO mice (B6.129S7-Rag1TM 1Mom/J) were purchased from Jackson Laboratory (Bar Harbor, ME, United States). All mice were housed under specific pathogen-free conditions in the Laboratory Animal Services Center of Capital Medical University (Beijing, China) according to the NIH Guidelines for the Care and Use of Laboratory Animals. All experimental procedures were approved by the Capital Medical University Animal Care and Use Committee under projects AEEI-2017-140, AEEI-2016-008 and AEEI-2017-133.



Recombinant Protein Preparation

Trichinella spiralis paramyosin (GenBank# ABO09862.1) was expressed as recombinant protein (rTsPmy) in the baculovirus insect expression system (Invitrogen, Carlsbad, CA, United States). The rTsPmy with hexahistidine-tag at the C-terminus was expressed as partially soluble protein. After being denatured with guanidine hydrochloride, rTsPmy was purified by Ni-affinity chromatography (GE Healthcare, Boston, MA, United States) followed by a refolding process using a Protein Refolding Kit (Novagen/Merck KGaA, Darmstadt, Germany). The refolded soluble rTsPmy was characterized by SDS-PAGE and could be recognized by anti-rTsPmy sera by western blot.



DSS Induced-Colitis and Pathology

Acute colitis was induced in female C57BL/6J mice with DSS as previously described (Wirtz et al., 2017). In brief, mice received 3% DSS (36,000–50,000 MW, MP Biomedicals, Solon, OH, United States) in drinking water for 6 days followed by regular drinking water for 2 days. The pathological changes of DSS-induced colitis were evaluated by the following criteria:


Clinical Scoring

The clinical scoring of colitis was measured by the weight loss, stool consistency (diarrhea), and rectal bleeding as described (Yang et al., 2014; Table 1) from day 0 to day 8 using following criteria. The disease activity index (DAI) was calculated based on the sum of these scoring criteria.


TABLE 1. The criteria for scoring DSS-induced colitis.
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Histological Scoring

On day 8, all mice were euthanized, and the distal colons were fixed in 4% paraformaldehyde. Paraffin-embedded sections (5 μm) were stained with hematoxylin and eosin (H&E). Histological activity score was assessed as the sum of two parameters as follows (Okayasu et al., 1990): Crypt damage, 0 = none; 1 = basal 1/3 lost; 2 = basal 2/3 lost; 3 = crypts lost but surface epithelium present; 4 = entire crypt and epithelium lost. Inflammatory cell infiltration, 0 = none; 1 = infiltration around crypt bases; 2 = infiltration in the muscularis mucosa; 3 = extensive infiltration in the muscularis mucosa with edema; 4 = infiltration of the submucosa.




Myeloperoxidase (MPO) Staining

The colon tissue sections were reacted with rat anti-MPO mAb (Servicebio, Wuhan, China) at 1:500 dilution at 4°C overnight and then incubated with HRP-conjugated rabbit anti-rat IgG at room temperature for 50 min, followed by the diaminobenzidin (DAB) chromogenic reaction for MPO detection. The nuclei on all slides were counterstained with hematoxylin.



Treatment of rTsPmy in DSS-Induced Colitis

Female C57BL/6J mice were intraperitoneally treated with 20 μg of rTsPmy for three times at 2-week intervals. Right after the last treatment, all mice were challenged with DSS daily as described above. Each mouse was boosted with another treatment of rTsPmy (20 μg) on the day 5 of DSS induction. The pathological changes of DSS-induced colitis were measured as above.



Immunostaining of CD4+ T Cells in Colon Sections

To identify CD4+ T cells, colon sections were obtained from Foxp3eGFP reporter mice and reacted with rabbit anti-CD4 mAb (Servicebio, Wuhan, China) at 1:400 dilution at 4°C overnight and then incubated with Cy3-conjugated goat anti-rabbit IgG secondary antibody for CD4 detection. All slides were counterstained for nuclei with DAPI (1:5000 dilution, Sigma, St. Louis, MO, United States). Slides were observed using the Panoramic 250 Flash system (3DHISTECH, Budapest, Hungary) with Panoramic Viewer software (3DHISTECH, Budapest, Hungary).



Isolation of Lamina Propria Cells

The colons were removed and placed in Ca2+, Mg2+-free Hank’s balanced salt solution (HBSS; Gibco, Carlsbad, CA, United States). Colonic lamina propria (cLP) cells were isolated using the Lamina Propria Dissociation Kit (Miltenyi Biotec, GmBH, Cologne, Germany) in a gentleMACS Octo Dissociator at 37°C. In brief, the colons were incubated with Ca2+/Mg2+-free HBSS containing 1 mM dithiothreitol (DTT, Absin, Shanghai, China), 5 mM EDTA (Calbiochem, Merck, Darmstadt, Germany), 5% FBS (Gibco, Carlsbad, CA, United States), 100 U/mL penicillin, 100 U/mL streptomycin and 10 mM HEPES (Absin, Shanghai, China) for 50 min for two times at 37°C on a MACSmix Tube Rotator to remove epithelial layers. The remaining colon pieces were digested with an enzyme mix from a Lamina Propria Dissociation Kit for 30 min. The suspension was filtered through a MACS SmartStrainer (40 μm) and the single-cell suspension was washed once with PBS containing 5% FBS.



Cytokine Assay

Epithelial layer cells were cultured with 25 ng/ml PMA (phorbol 12-myristate-13-acetate) and 1 μg/ml ionomycin (Sigma) for 48 h. The cLP cells were stimulated with 2 μg/mL anti-CD3 and 1 μg/mL anti-CD28 mAbs (Biolegend, San Diego, CA, United States) for 48 h. Different cytokines in cell culture supernatants were measured by the multiplex Luminex immunoassay platform or ELISA.



Flow Cytometry

All detected antibodies are listed in Table 2. The suspended cells were pre-incubated with Zombie Violet Fixable Viability Kit (Biolegend, San Diego, CA, United States) to detect dead cells. FcγR was blocked with anti-CD16/CD32 antibody (clone 93, eBioscience, San Diego, CA, United States). For intracellular cytokine staining, LP cells (2 × 106/mL) were stimulated with a Cell Activation Cocktail (with Brefeldin A) (Biolegend) in complete medium (RPMI 1640 containing 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin) in 24-well plates for 5 h, then stained for intracellular cytokines IL-17A and IFN-γ using a Cytofix/Cytoperm kit (BD Bioscience, Franklin Lakes, NJ, United States) after staining surface antigens CD3ε and CD4. For intranuclear transcription factors staining, LP cells were stained for surface antigens CD3ε, CD4, and CD25, followed by staining intranuclear transcription factors for Foxp3, GATA3, and Helios using the Foxp3/Transcription Factor Fixation/Permeabilization staining buffer kit (eBioscience).


TABLE 2. The key resources in this study.
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The stained samples were detected on BD LSRFortessa with DIVA software (BD Biosciences) or Cytek Aurora Spectral Flow Cytometry with SpectroFlo2.2.0 (Cytek Biosciences, San Jose, CA, United States). For Treg subsets, the lymphocytes were gated by FSC vs. SSC, and the singlets were gated by FSC-A and FSC-H, and CD3+CD4+ T cells were gated by CD3 and CD4 fluorescencent antibodies, Foxp3+ Treg cells were gated by Foxp3 and CD4 fluorescencent antibodies. For Th17, Th1, and Treg cells, the lymphocytes were gated by FSC vs. SSC, and the singlets were gated by FSC-A and FSC-H, and CD3+CD4+ T cells were gated by CD3 and CD4 fluorescencent antibodies. In each experiment, the collected cells were pooled and stained with one specific directly labeled antibody to set up the compensation parameters. Background fluorescence was assessed by staining with isotype-matched control mAbs. Data were analyzed using FlowJo software (Tomy Digital Biology, Tokyo, Japan).



Adoptive Transfer of Naïve T Cells and Treg Cells to Rag1 KO Mice

To establish T-cell-induced colitis in Rag1 KO mice lacking mature T and B lymphocytes, CD4+ T cells were isolated from spleens of Foxp3eGFP reporter mice using the MACS CD4+ T-cell Isolation Kit (Miltenyi Biotec). CD45RBhiCD4+Foxp3– naïve T cells were purified via FACS sorting on FACSAria IIIu (BD Biosciences) to reach over 98%. The naïve T cells were adoptively transferred into Rag1 KO mice (1 × 106/0.1 mL per mouse) through tail vein injection. To observe the role of rTsPmy-induced Tregs in reducing naïve T cell-induced colitis in Rag1 KO mice, 1 week after being transferred with naïve T cells, the Rag1 KO mice were passively transferred with 1 × 105 Treg cells isolated from cLP of Foxp3eGFP reporter mice treated with 20 μg rTsPmy or PBS for four times. The body weight was recorded weekly. At 4 weeks after Treg cell transfer, the severity of colitis was evaluated by H&E staining and ELISA.



Statistical Analysis

Data are expressed as the mean ± SEM, and the differences between groups were analyzed using either unpaired two-tailed Student’s t-test or one-way ANOVA with the Bonferroni correction. A value of p < 0.05 is considered statistically significant.




RESULTS


T. spiralis Recombinant Paramyosin Ameliorates DSS-Induced Acute Colitis

To evaluate whether rTsPmy has prophylactic and therapeutic effects on DSS-induced acute colitis, mice were each intraperitoneally administered 20 μg rTsPmy for three times before DSS induction and boosted with one more treatment 5 days after DSS induction. The DSS-induced mice without treatment had typical clinical colitis, including progressive weight loss and diarrhea with bloody feces from day 3 to day 8 after DSS induction. In contrast, treatment with rTsPmy significantly reduced these clinical manifestations and the disease activity index as well compared to DSS-induced mice without treatment (receiving PBS only) (Figures 1A,B). In terms of pathological changes, the colons in mice with DSS-induced colitis were significantly shortened due to severe inflammatory edema, whereas, treatment with rTsPmy inhibited the colon shortening (Figure 1C). Histopathological sections displayed severe loss of crypts and infiltration of inflammatory cells (Figures 2A,B), especially neutrophils within the cLP extending to the muscularis mucosae and submucosa (Figures 2C,D), whereas administration of rTsPmy significantly alleviated the pathologic damage and reduced infiltration of inflammatory cells, including neutrophils, in the colon (Figures 2A–D). The colitis-characterized pro-inflammatory cytokines such as TNF-α secreted by epithelial layer cells and IL-1β of colon homogenate were significantly decreased in rTsPmy-treated mice in comparison to PBS-treated mice (Figures 2E,F). These observations indicate that rTsPmy suppresses the development of acute DSS-induced colitis and reduces colon inflammation.
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FIGURE 1. Treatment with rTsPmy alleviates clinical manifestations and colon shortening in DSS-induced acute colitis. Each mouse was treated with 20 μg of rTsPmy three times before being challenged with 3% DSS for 6 days. (A) Body weight changes (relative to initial weight) (n = 5). (B) The whole diseases activity index changes (n = 5). (C) Representative colons from each group are shown on the left; the average colon length from each group is shown on the right (n = 5). The data represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2. Treatment with rTsPmy improves the histopathological changes of DSS-induced acute colitis. (A) The representative histopathological sections of distal colon at objective 3x, 10x, and 20x. (B) The histological scores of colon in each group (n = 5). (C) Immunohistochemical (IHC) staining of myeloperoxidase (MPO) reflecting neutrophil infiltration (red arrows) in the distal colon. (D) The number of neutrophils of whole cross-section of distal colon in each group (n = 5). (E) The level of cytokines TNF-α derived by colonic epithelial layers cells (n = 5). (F) The level of cytokines IL-1β of colon homogenate (n = 5). The data represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




rTsPmy Reduces Inflammatory Responses and Enhances Regulatory Cytokines in cLP of Mice With DSS-Induced Colitis

Excessive and prolonged activation of CD4+ effector T cells is the direct cause of intestinal inflammation and tissue damage in patients with IBD (Caruso et al., 2020). In this study, we observed that CD4+ T cells were significantly recruited to the isolated lymphoid follicles (ILFs) in the colon of mice with DSS-induced colitis (Figure 3A), indicating CD4+ effector T cells are involved in the inflammatory process of colitis. Treatment with rTsPmy significantly reduced the infiltration of CD4+ effector T cells in the colon of DSS-treated mice (Figure 3B). After being treated with rTsPmy, the CD3+CD4+ T cells expressing IL-17A and IFN-γ were significantly reduced in the colonic lamina propria mononuclear cells (LPMCs) of mice with DSS-induced colitis compared to group treated with PBS only (Figures 4A,B), indicating the colitis-related inflammatory Th1 and Th17 responses were inhibited by TsPmy treatment.
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FIGURE 3. Treatment with rTsPmy reduces the recruitment of CD4+ effector cells in the isolated lymphoid follicles of mice with DSS-induced colitis. Immunofluorescent staining of the distal colon sections with antibodies for CD4 (red), counterstained with DAPI (blue). (A) Pathological process of DSS-induced colitis with increased recruitment of CD4+ effector cells in ILFs. Foxp3eGFP mice were used. (B) Distal colon sections of mice from different groups on day 5. Illustrations are representative of 3 mice per group. ILFs, isolated lymphoid follicles.
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FIGURE 4. Treatment with rTsPmy reduces pro-inflammatory responses and enhances regulatory cytokines in cLP of mice with DSS-induced colitis. Lamina propria mononuclear cells (LPMCs) were isolated from distal colons of mice treated with rTsPmy or PBS on day 8. Flow cytometry shows CD3+CD4+ expressed with IL-17A (A) or IFN-γ (B). The gating strategy is shown in Supplementary Figure 1. The statistical analyses of the percentage of cells are shown on the right (n = 5). (C) After being stimulated with anti-CD3/CD28 mAbs for 48 h, LPMCs secretions of IL-17A, IL-17F, IL-6, IFN-γ, IL-10, and TGF-β were measured in the culture supernatants by Luminex or ELISA. The data represent the mean ± SEM (n = 3–5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. cLP, colonic lamina propria.


The pro-inflammatory cytokine IL-17A, IL-17F, and IL-6 derived by LPMCs were significantly reduced in rTsPmy-treated mice; however, the level of IFN-γ was unexpectedly increased (Figure 4C). Meanwhile, the regulatory cytokines IL-10 and TGF-β were significantly increased in LPMCs of mice treated with rTsPmy compared to group that received PBS only (Figure 4C).



rTsPmy Promotes Thymus-Derived Tregs but Not Peripherally Derived Tregs in cLP of Mice With Colitis

CD4+Foxp3+ Tregs are most abundant in the colonic mucosa and regulate the immune system in the intestine (Tanoue et al., 2016). Given that rTsPmy can suppress the development of acute DSS-induced colitis, it is suggested that rTsPmy may target the colonic Foxp3+ Tregs compartment involved with potential benefits for intestinal homeostasis. Four treatments with rTsPmy led to the increase of Foxp3+ Tregs in the colon, especially in the proximal colon of Foxp3eGFP reporter mice (data not shown). However, in the inflammatory condition of colitis, the number of CD4+Foxp3+ Tregs was reduced in the colon of mice with colitis treated with rTsPmy compared to those mice with colitis that received PBS only (Figure 5A). Further investigation identified that rTsPmy actually stimulated thymus-derived Tregs (tTregs) expressed with the transcription factor Helios (Helios+) rather than the peripherally derived Tregs (pTregs) in the cLP of mice with DSS-induced colitis (Figure 5B); the former plays a more suppressive and regulatory role in the extreme inflammatory environment (Clough et al., 2020). These results demonstrate that rTsPmy promotes tTregs expansion but not total Tregs pool in the colon.
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FIGURE 5. Treatment with rTsPmy specifically increases Helios+ tTreg expansion but could not induce pTreg differentiation in mLN and cLP in colitis. (A) The percentage of CD4+Foxp3+ Tregs in cLP from rTsPmy- or PBS-treated mice. The gating strategy is shown in Supplementary Figure 2. Statistical analysis is shown on the right (n = 5). (B) The frequency of Helios+ cells in Foxp3+ T cells of cLP from rTsPmy- or PBS-treated mice. The gate strategy is shown in Supplementary Figure 3. Statistical analysis is shown on the right (n = 5). (C) The percentage of Foxp3+ (eGFP) cells in CD3+CD4+ T cells of mLN (top) and cLP (bottom) at 5 weeks after CD4+Foxp3–CD45RBhi naïve T-cell adoptive transfer into Rag1 KO mice. The gate strategy is shown in Supplementary Figure 4. Frequencies are shown on the right (n = 3). Naïve T cells were from Foxp3eGFP mice. Results are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. mLN, mesenteric lymph nodes. cLP, colonic lamina propria. See also in Supplementary Figure 5.


To further confirm that rTsPmy could not induce the de novo generation of pTregs under inflammatory conditions, we adoptively transferred CD45RBhiFoxp3–CD4+ naïve T cells from Foxp3eGFP reporter mice into T/B lymphocyte-deficient Rag1 KO mice to induce T-cell-mediated inflammation in the colon (Chen et al., 2017), followed by treatment with rTsPmy to assess the differentiation of pTregs in colon in lymphopenia/inflammation. Analysis of pTregs in recipient mice 5 weeks post transfer revealed the sparse population of Foxp3+ (eGFP) pTregs converted from transferred naïve T cells in the cLP, mLN (Figure 5C), and spleen (Supplementary Figure 5) in rTsPmy-treated mice. These results suggest rTsPmy promotes tTregs expansion but is unable to induce the de novo generation of pTregs in the colon.



rTsPmy Enhances Tregs Lineage Stability in DSS-Induced Colitis

The characteristic Th2 cell transcription factor GATA binding protein 3 (GATA3) forms a complex with Foxp3 to enhance the stability of Tregs and facilitates their accumulation in inflamed intestines (Wohlfert et al., 2011; Rudra et al., 2012). GATA3 expression among Foxp3+ Tregs was assessed in this study and results showed that the proportion of Foxp3+ Tregs expressing GATA3 was significantly elevated in cLP from rTsPmy-treated mice with colitis compared with mice with colitis that received only PBS (Figure 6A). Further investigation showed that rTsPmy increased the GATA3+Helios+ tTregs subset in cLP of mice with colitis (Figure 6B).
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FIGURE 6. rTsPmy increases the GATA3+Helios+ Tregs subset in the Th2 environment. The percentage of GATA3+ cells (A) and Helios+GATA3+ cells (B) in Foxp3+ T cells of cLP from rTsPmy- or PBS-treated mice. The antibody of GATA3 (A) was cut in FMO control samples. Blank control of antibodies of GATA3 and Helios (B) was shown. Statistical analyses are shown on the right (n = 5). (C) The LPMCs were isolated from rTsPmy- or PBS-treated mice and stimulated with anti-CD3/CD28 mAb for 48 h. IL-4, IL-5, and IL-13 in the culture supernatants were measured by ELISA (n = 3). Error bars represent the mean ± SEM. *p < 0.05; **p < 0.01. LPMCs, Lamina propria mononuclear cells. See also in Supplementary Figure 6.


IL-4Rα signaling is crucial for the accumulation of GATA3+ Tregs in the inflamed intestine during helminth infections (Abdel et al., 2018); therefore we analyzed the Th2 cytokines IL-4, IL-5, and IL-13 secreted by LPMCs in the colon. LPMCs from rTsPmy-treated mice secreted higher levels of IL-4, IL-5, and IL-13 (Figure 6C). We also analyzed and found that the proportion of GATA3+Foxp3– Th2 subset in the colon was increased in rTsPmy-treated mice compared with their counterparts (Supplementary Figure 6). Taken together, these results suggest that treatment with rTsPmy up-regulates GATA3 expression in Foxp3+ Tregs in the Th2 environment, possibly enhancing the stability of Tregs in cLP of mice with colitis.



rTsPmy Maintains the Suppressive Phenotypes of Tregs in DSS-Induced Colitis

The Tregs (CD4+Foxp3+) expressing CD62LloCD44hi are considered effector regulatory T cells (eTregs) with suppressive functions in inflammatory sites (Tanoue et al., 2016). To determine if rTsPmy plays a role in maintaining Tregs’ suppressive status in the inflamed colon, the Tregs expressing CD62LloCD44hi in cLP were measured with flow cytometry. The results showed that the eTregs were decreased in cLP when mice had inflammatory colitis. Treatment with rTsPmy significantly increased the percentage of eTregs expressing CD62LloCD44hi in cLP in mice with colitis compared to mice with colitis that received PBS only (Figure 7A), suggesting that rTsPmy maintains the Tregs in an activated state in the colon. Tregs exert robust suppressive functions via signature phenotype molecules, such as CD25, TIGIT (T-cell immunoreceptor with Ig and ITIM domains), CTLA4 (cytotoxic T-lymphocyte antigen 4), and GITR (TNFR-related protein) (Clough et al., 2020). In this study, we found that treatment with rTsPmy significantly increased the expression of TIGIT (Figure 7B) within CD4+Foxp3+ T cells and the proportion of CTLA4+Foxp3+ Treg cells in CD4+ T cells (Figure 7C) in mice with colitis compared with mice with colitis that received PBS only.


[image: image]

FIGURE 7. rTsPmy maintains majority of Tregs in an effective suppressor status (CD62LloCD44hi eTregs) with greater expression of functional phenotypes of TIGIT and CTLA4 in cLP with DSS-induced colitis. Flow cytometry results showed the frequencies of CD44hiCD62Llo cells (A) and TIGIT+ cells (B) in CD4+Foxp3+ T cells of cLP from rTsPmy or PBS-treated mice with or without DSS colitis. The blank control of antibodies of CD62L and CD44 (A) was shown, and the antibody of TIGIT (B) were cut in FMO control samples. The corresponding percentages are shown on the right (n = 5). (C) The frequency of Foxp3+CTLA4+ cells in CD3+CD4+ T cells. The antibody of CTLA4 was cut in FMO control samples. The corresponding percentage is shown on the right (n = 3–5). The bars represent the mean ± SEM. *p < 0.05. cLP, colonic lamina propria.




Adoptive Transfer of rTsPmy-Induced Tregs Reduces the Pathology and Inflammation of Colitis in Rag1 KO Mice

To determine if the inhibitory ability of rTsPmy-induced Tregs in colitis can be transferred to mice not receiving rTsPmy, we used a well-defined adoptive transfer model of Rag1 KO mice passively receiving Tregs isolated from cLP of Foxp3eGFP reporter mice treated with rTsPmy or PBS. Chronic colitis was induced in Rag1 KO mice by passive transfer with CD45RBhiCD4+CD25– naïve T cells from C57BL/6J mice exhibiting severe body weight loss (Figure 8A), loss of crypts in the colonic mucosa, infiltration of inflammatory cells (Figure 8B), and higher levels of IL-17A and IFN-γ production by LPMCs (Figure 8C). However, after being adoptively transferred with Tregs from cLP of Foxp3eGFP reporter donor mice treated with rTsPmy or PBS, these pathological conditions were significantly reduced in Rag1 KO mice with T-cell-induced colitis. More strikingly, the reduced pathology was more significant in Rag1 KO mice receiving rTsPmy-treated Tregs than in those receiving PBS-treated Tregs (Figures 8A–C). The results support that the inhibitory ability of rTsPmy-induced Tregs is transferable to mice to mitigate the inflammation in colon tissue.
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FIGURE 8. Adoptive transfer of rTsPmy-induced Tregs reduces the pathology and inflammation of naïve T-cell-induced colitis in Rag1 KO mice. (A) Changes in body weight (n = 3). (B) Hematoxylin and eosin (H&E) images of the distal colon at objective 10x, 20x, and 40x at 4 weeks after adoptive transfer of rTsPmy- or PBS-treated cLP Tregs compared to Rag1 KO mice receiving PBS. Histological scores of each group are displayed on the right (n = 3). (C) IL-17A and IFN-γ production of LPMCs in recipient Rag1 KO mice stimulated with anti-CD3/CD28 mAb for 48 h was determined by ELISA (n = 3). Data are presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. LPMCs, Lamina propria mononuclear cells.





DISCUSSION

Inflammatory bowel disease is intestinal immune disorder caused by environmental factors and genetic susceptibility. Excessive immune response dominated by Th17 and Th1 is the major driver of intestinal tissue inflammation and damage in IBD patients (Xavier and Podolsky, 2007). Tregs play a critical role in suppressing these immune responses and maintaining immune homeostasis in the intestine (Tanoue et al., 2016). Decrease in Treg number and impaired Treg function have been related to the occurrence of IBD and other inflammatory diseases (Raffin et al., 2020). Immunomodulatory effects of helminth infection and helminth-derived molecules have been widely applied in the experimental immunotherapy of allergic or autoimmune inflammatory diseases; some of them have even been used in the clinical trials of allergic diseases (Feary et al., 2010; Daveson et al., 2011) or IBD (Summers et al., 2005; Mortimer et al., 2006). “Helminth therapy” in IBD includes the use of viable ova/larvae, helminth-derived crude extracts, purified molecules and cellular immunotherapy with helminth extract/antigen-pulsed immune cells (Lopes et al., 2016).

In this study, we demonstrated that treatment with rTsPmy, the major immunomodulatory protein expressed by T. spiralis, significantly reduced the development of DSS-induced colitis in a mouse model, including improvements in clinical manifestations and mitigation of pathology in the inflamed colon (Figures 1, 2). We observed the dynamic changes in CD4+ effector T cells involved in the pathological process of DSS-induced colitis in the mouse colon. Upon exposure to DSS, the effector CD4+ T cells are recruited to the ILFs in the colon. As disease progresses, the influx of CD4+ effector T cells from ILFs to the colonic mucosa leads to mucosal erosion (Figure 3A). After being treated with rTsPmy, the recruitment of the CD4+ effector T cells was significantly reduced and the pathological process of DSS-induced colitis was mitigated (Figure 3B). The activated excessive CD4+ effector T cells producing IL-17A and IFN-γ (Th17 and Th1) are believed to play pivotal roles in the pathogenesis of IBD (Xavier and Podolsky, 2007). The reduced pathology is correlated with reductions in Th1 and Th17 cells, neutrophil infiltration, and the corresponding cytokines such as IL-17A, IL-17F, and IL-6 in colonic LPMCs (Figures 2, 4). Even though we found that rTsPmy reduced the proportion of Th1 (CD4+IFN-γ+) cells in LPMCs, the IFN-γ level secreted by LPMCs was increased regardless of reductions in other pro-inflammatory cytokines IL-17A, IL-17F, and IL-6. The increased level of IFN-γ in colitis is possibly related to the increased level of T-bet that we observed in rTsPmy-treated colonic Tregs during colitis (data not shown). Tregs have been shown to up-regulate the Th1-related transcription factor T-bet among Tregs that may stimulate the secretion of the pro-inflammatory cytokine IFN-γ (Di Giovangiulio et al., 2019). Interestingly, we observed significantly increased IL-10 and TGF-β levels secreted by LPMCs of mice with colitis treated with rTsPmy, indicating the regulatory pathway may be involved in the reduced Th1/Th17 inflammatory response induced by the treatment of rTsPmy (Figure 4), which is consistent with the previous study that recombinant Schistosoma japonicum secreted protein Sj16 diminishes pro-inflammatory cytokine production but up-regulates immunoregulatory cytokine production IL-10 and TGF-β (Wang et al., 2017) in colonic mucosa. Therefore, we would like to explore if the regulatory T cells (Tregs) are involved in the alleviation of colitis during treatment with rTsPmy.

Tregs are critical for maintaining intestinal immune homeostasis, especially in the colon (Tanoue et al., 2016). It has been observed that helminth infections elevate the number of colonic Tregs and Foxp3 expression (Taylor et al., 2012) that are important in maintaining the immune balance in the colon (Gause and Maizels, 2016). In our study, we observed significantly increased abundance of Tregs in the colon in Foxp3eGFP reporter mice after treatment with rTsPmy (data not shown), and these Tregs were able to significantly inhibit chronic colitis induced by naïve T cells in Rag1 KO mice (Figure 8). However, the number of total Tregs was not increased in the colon of mice with colitis treated with rTsPmy (Figure 5A) even though the levels of IL-10 and TGF-β were significantly higher in the inflamed colon (Figure 4C). Further investigation of the phenotype of Tregs found that the thymus-derived Tregs (tTregs) expressed with Helios were significantly increased in cLP of mice with DSS-induced colitis treated with rTsPmy (Figure 5B). Passive transfer with naïve T cells from Foxp3eGFP reporter mice into T/B lymphocyte cell-deficient Rag1 KO mice followed by the treatment of rTsPmy showed that treatment with rTsPmy did not induce, and even inhibited, the de novo generation of pTregs in the colon of recipient mice (Figure 5C). The results indicate that rTsPmy only promotes tTregs expansion but not the differentiation of pTregs in the colon in an inflammatory environment. Colonic Foxp3+ Tregs comprise thymus-derived Tregs (tTregs) and peripherally derived Tregs (pTregs) (Tanoue et al., 2016). The tTregs complete their development in the thymus where they escape negative selection and then migrate to the colon, while pTregs are generated from naïve T cells in the colon microenvironment that is rich in TGF-β, microbial antigens and metabolites (Tanoue et al., 2016). The tTregs, rather than pTregs maintain stable suppressive activity in the extreme inflammatory environment (Clough et al., 2020). The specific stimulation of tTregs by rTsPmy indicates the specific regulation of tTregs in the inflamed colon by helminth-derived protein. A recent study reported that Nippostrongylus brasiliensis and Heligmosomoides polygyrus bakeri drove the ST2+GATA3+ tTreg responses in intestinal mucosa through DC-derived IL-33 that suppressed helminth immunity (Schiering et al., 2014; Hung et al., 2020). During helminth infection, tTregs are believed to produce the initial regulation of Th2 protective immune responses, while pTregs are developed more slowly. Mice depleted of natural Tregs prior to filarial or S. mansoni infections showed an increased Th2-mediated worm expulsion, suggesting that tTregs play an important role in the early stage of infection (Hesse et al., 2004; Baumgart et al., 2006). More studies showed that helminth infection rapidly expanded natural CD4+Foxp3+ regulatory T cells (tTregs) to inhibit host protective immunity against helminth infection while adaptive pTregs were differentiated slowly with limited protection against helminth infection (Taylor et al., 2012). The adaptive pTregs responded slowly to helminth infection through a TGF-β mimic derived from a helminth antigen and may suppress protective immunity during a later infection stage (Grainger et al., 2010). Blockade of TGF-βR signaling after 4 weeks of H. polygyrus infection inhibited the generation of pTregs thereby increasing parasite killing (Grainger et al., 2010). The tTregs and pTregs may have distinct yet overlapping functions as regulators during helminth infection. In this study, we demonstrated that rTsPmy induced and expanded tTregs in the colon; however, it is still unknown if the induced tTregs are rTsPmy antigen-specific. It will be important to determine the antigenic specificity of rTsPmy-activated tTregs and its specific role in the inhibition of inflammatory diseases.

After we showed that rTsPmy was able to stimulate and expand the tTregs in colitis, the question remains if rTsPmy can maintain the stability of Tregs in the colon so they can exert their regulatory functions. The tTregs expressing GATA3 exhibit stable suppressive activity and do not undergo reprogramming in the extreme inflammatory environment (Tanoue et al., 2016). Intrinsic GATA3 expression by Tregs is essential to sustain high levels of Foxp3 expression in an inflammatory setting and is required for efficient accumulation of Tregs at inflamed sites (Rudra et al., 2012). In this study, we showed that treatment with rTsPmy significantly increased GATA3 expression in Foxp3+ Tregs in cLP of mice with colitis (Figure 6A). Nearly all GATA3+ Tregs also expressed Helios in this study (Figure 6B), indicating their origin in tTregs. These rTsPmy-induced GATA3+Helios+ Tregs should be a functional tTregs subset with more stability (Tanoue et al., 2016). It is believed that IL-4Rα signaling is crucial to up-regulate GATA3 in Tregs and promote the accumulation of GATA3+ Tregs in the inflamed intestine during helminth infection (Abdel et al., 2018). We investigated Th2 responses in LPMCs and found that rTsPmy elicited robust Th2 immune responses in the colon including strong secretion of IL-4, IL-5, and IL-13 (Figure 6C). The results indicate that the rTsPmy-induced Th2 environment facilitates GATA3 expression in Tregs, and therefore increases the stability of Tregs in the colon to exert a suppressive function on DSS-induced colitis.

To determine if rTsPmy plays a role in stimulating Tregs to maintain their suppressive status in inflammatory colon, we measured the effector regulatory T cells (eTregs) which express CD62LloCD44hi (Tanoue et al., 2016) in the colon in colitis. Our results identified that rTsPmy significantly increased the percentage of eTregs expressing CD62LloCD44hi in cLP of mice with colitis compared to mice treated with PBS only. The increased eTregs also expressed suppressive signature phenotype molecules of TIGIT and CTLA4 (Joller et al., 2014; Clough et al., 2020; Figure 7), further suggesting rTsPmy up-regulates eTregs to maintain effective suppressive status in the inflammatory colon. However, the increased expression of CTLA4 was observed only in CD4+Foxp3+ T cells in colitis. In normal mice, treatment with rTsPmy increased only CTLA4 in CD4+Foxp3– T cells (data not shown), not in CD4+Foxp3+ T cells, which is consistent with the results of infections with H. polygyrus, Strongyloides ratti, Brugia malayi, and Litomosoides sigmodontis (Finney et al., 2007; Taylor et al., 2007; Walsh et al., 2007; McSorley et al., 2008). The up-regulation of CTLA4 in Tregs in inflammatory conditions indicates that the helminth-secreted immunomodulatory molecules regulate Treg function more effectively when there is a greater degree of inflammation (D’Elia et al., 2009).

The suppressive effect of rTsPmy-induced Tregs was also confirmed by passive transfer to Rag1 KO mice with chronic colitis induced by CD45RBhiCD4+CD25– naïve T cells; they had fewer clinical manifestations and pathological damage in colon that was associated with reduced levels of IL-17A and IFN-γ production in colonic LPMCs. The findings further confirm that the therapeutic efficacy of rTsPmy in colitis results from induction of Tregs. The results are consistent with the investigation of H. polygyrus infection-induced Tregs, in which adoptive transfer of Tregs from the cLP of H. polygyrus-infected mice as opposed to uninfected-mice significantly inhibited chronic colitis induced by CD4+CD25– T cells in Rag1 KO mice (Hang et al., 2013).



CONCLUSION

We demonstrated the prophylactic and therapeutic effects of rTsPmy in the experimental colitis associated with colonic Tregs activation in this study. The therapeutic effect of rTsPmy-induced Tregs was transferrable to mice with chronic colitis. The more significant finding in this study is that rTsPmy specifically stimulated the differentiation and expansion of thymic-derived Tregs but not peripherally derived Tregs; the former play more suppressive and regulatory roles in the extreme inflammatory environment. Treatment with rTsPmy also enhanced the differentiation of effector Tregs with greater suppressive function in the colon with colitis. In addition, rTsPmy enhanced the stability of effective Tregs in the inflamed colon by stimulating the expression of GATA3 on Foxp3+ Tregs in Th2 environment. The findings in this study describe the systemic and dynamic activation of effective Tregs induced by a major immunomodulatory protein rTsPmy and the roles of rTsPmy-induced Tregs in maintaining gut immune homeostasis during inflammation, providing further insight into the immunological mechanisms involved in the therapeutic effect of helminth-derived proteins in inflammatory bowel diseases.
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The exact relationships and detailed mechanisms between autophagy and necroptosis remain obscure. Here, we demonstrated the link between accumulated autophagosome and necroptosis by intervening with autophagic flux. We first confirmed that the LC3 interacting region (LIR) domain is present in the protein sequences of RIPK1 and RIPK3. Mutual effects among LC3, RIPK1, and RIPK3 have been identified in myocardium and cardiomyocytes. Direct LC3-RIPK1 and LC3-RIPK3 interactions were confirmed by pull-down assays, and their interactions were deleted after LIR domain mutation. Moreover, after disrupting autophagic flux under normoxia with bafilomycin A1 treatment, or with LC3 or ATG5 overexpression adenovirus, RIPK1, RIPK3, p-RIPK3, and p-MLKL levels increased, suggesting necroptosis activation. Severe disruptions in autophagic flux were observed under hypoxia and bafilomycin A1 co-treated cardiomyocytes and myocardium and led to more significant activation of necroptosis. Conversely, after alleviating hypoxia-induced autophagic flux impairment with LC3 or ATG5 knockdown adenovirus, the effects of hypoxia on RIPK1 and RIPK3 levels were reduced, which resulted in decreased p-RIPK3 and p-MLKL. Furthermore, necroptosis was inhibited by siRNAs against RIPK1 and RIPK3 under hypoxia or normoxia. Based on our results, LIR domain mediated LC3-RIPK1 and LC3-RIPK3 interaction. Besides, autophagosome accumulation under hypoxia lead to necrosome formation and, in turn, necroptosis, while when autophagic flux was uninterrupted, RIPK1 and RIPK3 were cleared through an autophagy-related pathway which inhibited necroptosis. These findings provide novel insights for the role of LC3 in regulating cardiomyocyte necroptosis, indicating its therapeutic potential in the prevention and treatment of hypoxic myocardial injury and other hypoxia-related diseases.
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INTRODUCTION

Heart, an essential component of circulation system, plays an important role in maintaining life activity. The myocardium is exposed to hypoxic injury under several conditions, including long-term residence in plateau environments, coronary heart disease, traumatic hemorrhage, organ transplantation, pulmonary disease, pulmonary embolism, aspiration, cardiac arrest, and severe burns (Davies and Wedzicha, 1993; Cui et al., 2020). Therefore, a better understanding of the mechanisms underlying myocardial injury caused by hypoxia may yield new therapeutic targets against these pathological conditions.

Hypoxia has been reported to induce necroptosis in several pathological conditions. For example, the pigment epithelium-derived factor (PEDF) is shown to activate necroptosis by regulating RIPK3 in hypoxic cardiomyocytes; however, the detailed mechanisms of hypoxia-induced necrosome formation are still poorly understood (Gao et al., 2015). Necroptosis is a form of regulated necrosis. Receptor-interacting protein kinase (RIPK) 1 (RIPK1, also known as RIP1) was the first discovered molecule in the necroptosis pathway and has been identified as a component of the death complex (i.e., necrosome) (Lee et al., 2004; Mompeán et al., 2018). Upon inhibition of the Fas-associated death domain (FADD) or caspase activity by genetic or chemical methods, RIPK1 and RIPK3 (also known as RIP3) form the necrosome through the homotypic interaction motif (RHIM) domains. The necrosome phosphorylates RIPK3 at S227 (S232 for mouse RIPK3), and then the mixed lineage kinase domain-like pseudokinase (MLKL) is activated by phosphorylation at S358 (S345 for mouse MLKL) (Sun et al., 2012). The phosphorylated MLKL (p-MLKL) serves as a marker of necroptosis since p-MLKL transport to the plasma membrane is linked to cell death (Zhang et al., 2016). Therefore, the necrosome is a key regulator of necroptosis. Thus, determining the mechanisms underlying necrosome formation in hypoxic heart is important in preventing myocardial injury caused by hypoxia.

Autophagy, which we used here to refer to macroautophagy, is a highly regulated process involved in the degradation of proteins and damaged organelles through the lysosomal system (Mizumura et al., 2018). The initiation of autophagy is indicated by the development of a double-layered, crescent-shaped membrane known as a phagophore (Tanida et al., 2008). It elongates and matures into an autophagosome, accompanied by the conversion of the microtubule-associated protein 1A/1B-light chain 3 (LC3)-I to LC3-II. The autophagosomes sequester and engulf various proteins and damaged organelles, and then degrade them in lysosomes (Parzych and Klionsky, 2014). However, our previous studies have demonstrated that autophagosomes cannot be degraded in hypoxic cardiomyocytes (Cui et al., 2020). A number of studies have reported a possible link between autophagy and necroptosis; for instance, ischemic stroke leads to neuronal and astrocytic cell death via RIPK1 when autophagy is activated (Ni and Gu, 2018). On the other hand, suppressed autophagic flux contributes to cardiomyocyte death by activating necroptotic pathways (Ogasawara et al., 2017). Some studies have suggested that impaired autophagy promotes necroptosis by increasing the levels of reactive oxygen species (Zhang et al., 2017). These contradictory results may be caused by different research conditions and models. To date, the specific mechanisms of autophagy-regulated necroptosis remain unclear.

Therefore, in this study, in order to define the effects of autophagy on necroptosis in hypoxic cardiomyocytes, we exposed the cells or the mice to hypoxia and evaluated the relationships between LC3 and RIPK1/3. We found that LC3 interacts directly with RIPK1 and RIPK3 via LIR domain to regulate necroptosis in cardiomyocytes. The findings we present here provide a novel insight into the role of autophagic-related LC3 in regulating cardiomyocyte necroptosis, indicating that therapeutic potential of targeting autophagy in the prevention and treatment of myocardial hypoxia and related heart diseases.



MATERIALS AND METHODS


Animal Model and Procedures

Healthy male C57BL/6 mice (8–10 weeks old, weighing 18–22 g) were purchased from the Animal Center, Army Medical University (Third Military Medical University). The animals were fed with a standard diet and watered and housed under a 12 h light/dark cycle. Twenty-eight mice were allowed to acclimatize for 1 week before the experiments and were randomly divided into four groups: control, control+Baf A1 (bafilomycin A1, Farmingdale, United States), hypoxia, and hypoxia+Baf A1. The mice in the control +Baf A1 and hypoxia+Baf A1 groups were intraperitoneally injected once every other day with bafilomycin A1 (0.3 mg/kg) three times. For hypoxic exposure, mice were raised in an incubator filled with 7.5% O2 for 5 days (Dzal and Milsom, 2019). Meanwhile, the mice in control or Baf A1 group were subjected to the same procedures except to hypoxia. The mice immediately received inhalation anesthesia with 1% isoflurane (Rui Wo De, Shenzhen, China) and 7.5% O2 for echocardiography and were euthanized for collection of the myocardium samples for immunoblotting or co-immunoprecipitation analysis.



Cardiomyocyte Cultures and Hypoxia

Neonatal Sprague–Dawley rats (1–3 days old) were purchased from the Animal Center of the Army Medical University (Third Military Medical University). Neonatal rat ventricular cardiomyocytes were isolated and incubated as previously described (Hu et al., 2010). To achieve hypoxia, the cells were cultured in the incubator filled with 94% N2, 5% CO2, and 1% O2 for 6, 9, or 12 h. The cells in the control group were incubated in a normoxic environment composed of 5% CO2 at 37°C for similar periods.



Echocardiography Analysis

Echocardiography analysis was conducted based on our previous paper (Li et al., 2018). A mixture of isoflurane and oxygen were applied to anesthetize the mice. Criteria of cardiac function was tested by echocardiography with a Vivid 7 (GE Medical Systems, Chicago, IL, United States) instrument. The images were gathered from the view of the typical parasternal long-axis, apical four-chamber, and apical five-chamber. The GE Medical Systems software was used for data acquisition and further analysis.



Adenovirus Infection

LC3-OE adenovirus, RIPK1-OE adenovirus, RIPK3-OE adenovirus and LC3-KD adenovirus were purchased from Genechem (Shanghai, China). Meanwhile, the ATG5-KD adenovirus and ATG5-OE adenovirus were purchased from Obio Technology (Shanghai, China). mCherry-GFP-LC3 adenoviruses were purchased from Hanbio Biotechnology (Shanghai, China). Cardiomyocytes, cultured as before (Hu et al., 2010), were transfected with adenoviruses for 48 h, and CMV-null adenoviruses were used as negative controls. Infection efficiency was determined by western blotting.



Gene Silencing With siRNAs

siRIPK1 and siRIPK3 were purchased from Genechem (Shanghai, China). Cardiomyocytes were transfected with the targeting siRNAs or the negative control siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. All experiments were conducted after 48 h.



Western Blotting Assay

Left ventricular (LV) myocardium samples or cardiomyocytes were harvested in radioimmunoprecipitation assay (RIPA) buffer with protease inhibitor tablets (Beyotime, Shanghai, China) and then sonicated on ice. The lysate was then centrifuged at 14,000 rpm for 15 min at 4°C, and the supernatant was collected. Protein concentrations were assayed according to a previously published protocol using the Quick Start Bradford 1 × dye reagent (Bio-Rad, Hercules, CA, United States) (Cui et al., 2020). Proteins were separated using an SDS-PAGE gel (Bio-Rad) and then transferred to polyvinylidene fluoride membranes (Millipore, Burlington, MA, United States), where they were blocked with 5% skim milk. Then, the membranes were incubated at 4 °C overnight with the corresponding primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Specific protein bands were visualized using the Western Bright Sirius chemiluminescent HRP substrate (Pierce, Waltham, MA, United States) with a ChemiDoc XRS image detector (Bio-Rad). After 1:1,000 dilution, the following antibodies were used in this experiment: rabbit polyclonal anti-LC3B (L7543, Sigma-Aldrich, St. Louis, MO, United States), anti-SQSTM1/p62 (5114, Cell Signaling Technology, Danvers, MA, United States), anti-RIPK1(17519-1-AP, Proteintech Group, Rosemont, IL, United States), anti-RIPK3 (374639, Santa Cruz Biotechnology, Dallas, TX, United States), anti-p-RIPK3 (AF7443 Affinity Biotech, Cincinnati, OH, United States), anti-p-MLKL (AF7420, Affinity Biotech), anti-GAPDH (60004, Proteintech Group), anti-ATG5 (12994, Cell Signaling Technology), anti-GST (CSB-MA000304, CusAb, Wuhan, China), anti-His-tag (CSB-MA00159, CusAb, Wuhan, China), rabbit monoclonal mouse monoclonal anti-beta-actin (ab8226, Abcam, Cambridge, United Kingdom).



Immunoprecipitation

To determine the protein interaction between LC3 and RIPK1 or RIPK3, cardiomyocytes were lysed in RIPA buffer with a protease inhibitor tablets. The LC3B (L7543, Sigma-Aldrich) or RIPK1 (17519-1-AP, Proteintech Group) antibody was incubated with the cell lysate for 6 h at 4°C. Rabbit—derived IgG (B900610, Proteintech Group) was used as a negative control. Then, the mixture was precipitated with protein A/G-Sepharose (Santa Cruz Biotechnology) overnight at 4°C. The precipitates were washed 5 times with phosphate-buffered saline (PBS) at 4°C and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and probed using rabbit antibody by western blotting.



GST Pull-Down Assay

GST pull-down assays were performed by the Wuhan GeneCreate Biological Engineering CO., Ltd. In brief, lc3 gene was inserted into pGEX-6p-1 and the ripk1 and ripk3 genes were inserted into pET-SUMO. The three recombinant plasmids were expressed in an Escherichia coli expression system, which was followed by protein purification when GST-LC3, His-RIPK1, His-RIPK1(Mut1), His-RIPK1(Mut2), His-RIPK1(Mut3), His-RIPK3, His-RIPK3(Mut1), His-RIPK3(Mut2), and His-RIPK3(Mut3) was detected in the system. Mixed GST/His-RIPK(1/3/muts) and GST-LC3/His-RIPK(1/3/muts) proteins were measured and used as Input. The Pull-down assay was performed between simple GST tag proteins and His coupled RIPK1 or RIPK3 proteins performed as the negative control. GST pull-down was performed as previously described and analyzed by western blotting (Nishi et al., 2018), and detailed experimental procedure was put in Supplementary Material.



Electron Microscopy

The procedure of this part was performed based on a previous work (Zhang et al., 2019). Cardiomyocytes were fixed in 2.5% glutaraldehyde, dehydrated, sliced with a vibratome, recut on a microtome and stained with uranyl acetate and lead citrate overnight. The sections of cardiomyocytes were visualized by transmission electron microscopy (TEM) (TECNAI 12, Philips, Amsterdam, Netherlands).



Immunofluorescence and Confocal Microscopy

Cardiomyocytes were plated on glass coverslips, fixed with 4% paraformaldehyde for 10 min and blocked with 5% bovine serum albumin in PBS for 1 h at room temperature. Then, the cells were incubated with specific primary antibodies at 4°C overnight and were subsequently incubated with the corresponding secondary antibodies for 1 h at 37°C. The nuclei were stained for 5 min with 4′,6-diamidino-2-phenylindole (DAPI). Cells were imaged using a confocal microscope. The following primary antibodies were used in this experiment: mouse monoclonal anti-P-MLKL (AF7420, Affinity Biosciences), anti-RIPK1 (17519-1-AP, Proteintech Group), anti-RIPK1 (ab72139, Abcam), anti-RIPK3 (374639, Santa Cruz Biotechnology), anti-RIPK3 (ab62344, Abcam) and anti-LC3B (L7543, Sigma-Aldrich). The following secondary antibodies were purchased from Invitrogen: Alexa Flour 488 donkey anti-rabbit (A21206), Alexa Flour 568 donkey anti-mouse (A10037), and Alexa Flour 680 donkey anti-rabbit (A32802).



Cell Toxicity Assays

Cytotoxicity was detected with a CytoTox-ONE C homogeneous membrane integrity assay kit (Promega, Madison, WI, United States), which is a fluorometric method used to measure the amount of LDH released into the medium from inactive cells. All experiments were performed according to the manufacturer’s instructions and repeated three times. The percentage of LDH released into the medium were used to reflect cytotoxicity.



Statistical Analysis

The SPSS (Statistical Package for the Social Sciences) 22.0 and Image J 1.52v software were used to statistical analysis. Significant differences were determined by the unpaired Student’s t-test or one-way analysis of variance (ANOVA) followed by post hoc tests. The statistical charts were made using GraphPad. P < 0.05 was considered statistically significant for all comparisons.



RESULTS


Necroptosis Mediates Cardiac Dysfunction Caused by Hypoxia

To investigate the effects of hypoxia on cardiac function and necroptosis in vivo, we exposed male C57BL/6 mice (8–10 weeks old, weighting 18–22 g) to hypoxia (7.5% O2) for 5 days. Echocardiography was performed on all mice to evaluate cardiac function in vivo. Decreased ejection fraction and fractional shortening (Figure 1A, p < 0.05) suggest that hypoxia induced cardiac dysfunction in vivo. To determine the effects of hypoxia in vitro, primary cardiomyocytes of Neonatal Sprague-Dawley rats (1–3 days old) were subjected to 1% O2 for 6, 9, or 12 h, respectively. Western blotting was then performed to detect the effect of hypoxia on necroptosis-related proteins in vitro and in vivo. The levels of RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL significantly increased in the myocardium of hypoxia-treated mice (Figures 1B,C, p < 0.05) and in hypoxic cardiomyocytes (Figures 1D,E, p < 0.05), compared to the controls. In addition, cytotoxicity, measured through the lactate dehydrogenase (LDH) release assay, was significantly higher in hypoxic cardiomyocytes than in control cardiomyocytes, and cytotoxicity was reduced when the cardiomyocytes were pre-treated with Nec-1 (a necroptosis inhibitor) (Figure 1F, p < 0.05). The increase of p-MLKL protein level induced by hypoxia was also inhibited by Nec-1 (Figures 1G,H, p < 0.05). Furthermore, p-MLKL antibody was used to dye the cardiomyocytes plated on glass coverslips to measure p-MLKL level, and enhanced fluorescence intensity of p-MLKL was found in hypoxic cardiomyocytes, and it was reduced when the cardiomyocytes were pre-treated with Nec-1, indicating hypoxia augmented necroptosis (Figures 1I,J, p < 0.05). These data indicate that hypoxia can cause myocardial necroptosis and cardiac dysfunction simultaneously in vitro and in vivo, and inhibition of necroptosis can reduce the cytotoxicity of hypoxic cardiomyocytes. Therefore, necroptosis plays an important role in cardiac dysfunction caused by hypoxia.
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FIGURE 1. Necroptosis mediates cardiac dysfunction caused by hypoxia. (A) Echocardiography was performed to evaluate cardiac function after hypoxia treatment. Means ± SEM, n = 7. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group. (B,C) Representative bands of western blotting and statistical analysis, which were performed to detect RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL levels after hypoxia treatment in the myocardium, Means ± SEM, n = 5. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group. (D,E) Representative immunoblotting bands and statistical analysis of RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL in cardiomyocytes after hypoxic treatment for different durations, n = 5. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group. (F) Lactate dehydrogenase (LDH) leakage analysis was performed to determine cell death. Mean ± SEM, n = 5. ***p < 0.001 versus the control group, ##p < 0.01 versus the hypoxia group. (G,H) Immunostaining and statistical analysis of p-MLKL from Ctrl, Hypoxia, and Hypoxia+Nec-1 groups. Mean ± SEM, n = 3. **p < 0.01 versus the Ctrl group, ##p < 0.01 versus the Hypoxia group. (I,J) Representative confocal images and statistical analysis of p-MLKL after hypoxia treatment for 9 h. Scale bar, 10 μm. n = 3, Mean ± SEM. ***p < 0.001 versus the control group, ###p < 0.001 versus the hypoxia group.




RIPK1 and RIPK3 Mediates Necroptosis in Hypoxic Cardiomyocytes

To verify the importance of RIPK1 and RIPK3 in mediating necroptosis in hypoxic cardiomyocytes, siRNA targeting RIPK1 and RIPK3 were incubated with cardiomyocytes for 48 h before hypoxia. Transfection efficiency of siRNAs was determined by western blotting (Figures 2A,B). As shown in Figures 2A,B, siRIPK1 and siRIPK3 decreased p-RIPK3 and p-MLKL levels under normoxia (p < 0.05). Meanwhile, the increased p-RIPK3 and p-MLKL levels caused by hypoxia were also significantly decreased by siRIPK1 and siRIPK3 (Figures 2C,D p < 0.05). Furthermore, fluorescent staining showed that p-MLKL was decreased by siRIPK1 and siRIPK3 under both normoxia and hypoxia (Figures 2E–G). Similarly, cytotoxicity was also decreased by siRIPK1 and siRIPK3 under hypoxia or normoxia (Figures 2H,I). The data suggest that RIPK1 and RIPK3 play important roles in regulating necroptosis in hypoxic cardiomyocytes.
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FIGURE 2. RIPK1 and RIPK3 mediates necroptosis in hypoxic cardiomyocytes. (A–D) siRIPK1 and siRIPK3 were applied to disrupt necroptosis both under normoxia and hypoxia. Immunostaining bands and statistical analysis of RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL in normoxic or hypoxic cardiomyocytes. Mean ± SEM, n = 3. Ns means no statistical difference, **p < 0.01 and ***p < 0.001 versus the NC group. (E–G). Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panels (A–D) Scale bar, 10 μm, Mean ± SEM, n = 3. **p < 0.01 and ***p < 0.001 versus the NC group. (H) LDH leakage analysis was performed to determine cell death after addition of siRIPK1 and siRIPK3 under normoxia. Mean ± SEM, n = 5. ***p < 0.001 versus the NC group. (I) LDH leakage analysis was performed to determine cell death after addition of siRIPK1 and siRIPK3 under hypoxia. Mean ± SEM, n = 5. ***p < 0.001 versus the Hypoxia+NC group.




Impaired Autophagic Flux Leads to Autophagosome Accumulation and Necroptosis Under Hypoxia in vitro and in vivo

To investigate the mechanism of hypoxia-induced necroptosis in cardiomyocytes, we focused on the changes in autophagic flux, which plays an essential role in maintaining cardiac function (Liu et al., 2017). After same treatment as mentioned above, we explored the changes in the expression levels of autophagy-related proteins by western blot. As shown in Figures 3A–D, the expression levels of autophagy markers (LC3-II and p62) significantly increased in the myocardium and in cardiomyocytes after hypoxic exposure (p < 0.05). Furthermore, mCherry-GFP-tagged LC3 adenovirus was a typical measure to test autophagy flux. As GFP was quenched in the acidic environment of lysosome, small quantities of yellow dots would be observed under the Fluorescence microscope when autophagy flux was unobstructed. However, in present study, yellow dots were more abundant in the hypoxia group than in the control group, which had more free red dots (Figures 3E,F, p < 0.05). These data demonstrate that hypoxia-induced autophagic flux disruption accounts for autophagosome accumulation in cardiomyocytes.
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FIGURE 3. Impaired autophagic flux leads to autophagosome accumulation and necroptosis under hypoxia in vitro and in vivo. (A,B) Representative immunoblotting bands and statistical analysis of p62 and LC3 levels after hypoxia treatment in mouse myocardium. Mean ± SEM, n = 3. ***p < 0.001 versus the control group. (C,D) Representative immunoblotting bands and statistical analysis of p62 and LC3 levels after hypoxia treatment in cardiomyocytes. Mean ± SEM, n = 3. **p < 0.01, and ***p < 0.001 versus the control group. (E,F) Representative confocal images and statistical analysis of autophagic flux measured by mCherry-GFP-LC3 in cardiomyocytes. Scale bar, 10 μm, Mean ± SEM, n = 3. **p < 0.01, and ***p < 0.001. (G,H) Representative immunoblotting bands and statistical analysis of p62 and LC3 levels in mouse myocardium under normoxia and hypoxia with or without bafilomycin A1 (Baf A1). Mean ± SEM, n = 3. ***p < 0.001 and #p < 0.05. (I,J) Representative immunoblotting bands and statistical analysis of p62 and LC3 levels in normoxia and hypoxia cardiomyocytes with or without Baf A1. Mean ± SEM, n = 3. *p < 0.05, **p < 0.01 versus the control group and ##p < 0.01 versus the hypoxia group. (K) Representative images of autophagosomes analyzed by transmission electron microscopy (TEM) in cardiomyocytes exposed to normoxia and hypoxia with or without Baf A1. Yellow arrow indicates the autophagosome. Scale bar, 0.5 μm, n = 3.


To further determine whether impaired autophagic flux caused by hypoxia resulted in autophagosome accumulation, we applied bafilomycin A1 (Baf A1) to simulate autophagic flux impairment as Baf A1 can prevent the maturation of autophagic vacuoles by inhibiting the fusion of autophagosomes and lysosomes (Yamamoto et al., 1998). As shown in Figures 3G,H, whether under hypoxia or normoxia, myocardium treated with Baf A1 (0.3 mg/kg), had higher expressions of LC3-II and p62 than the myocardium without Baf A1 treatment (p < 0.05). Similarly, increased levels of LC3-II and p62 were detected in cardiomyocytes only exposed to Baf A1 or to hypoxia (Figures 3I,J, p > 0.05). In addition, more autophagosomes, visualized by transmission electron microscopy (TEM), were observed in the Baf A1 and hypoxia co-treated group than in the hypoxia-only group (Figure 3K). These data suggest that hypoxia and Baf A1 have similar effects on autophagy flux in cardiomyocytes.

These results indicated that autophagosome accumulation was caused by impaired autophagic flux in hypoxic cardiomyocytes and myocardium, which may drive necroptosis in hypoxic conditions.



Autophagosome Accumulation-Induced LC3 Overexpression Provides a Spatial Platform for Necrosome Formation Through LIR Domain Mediated LC3-RIPK1 and LC3-RIPK3 Direct Interaction

As reported previously, some studies have suggested that autophagosomes were cytotoxic, but the exact mechanism was unclear (Button et al., 2017; Ogasawara et al., 2017; Dong et al., 2018). Previous studies have confirmed that the interface formed by the N-terminal and C-terminal of LC3 molecules can interact with LC3-interacting region (LIR)-containing proteins (Goold et al., 2013; Fracchiolla et al., 2016). LIR is a short linear motif of up to 13 amino acids consisting of a core sequence with a generic formula of Θ-X-X-Γ, where Θ is an aromatic amino acid (W/F/Y), Γ is a hydrophobic amino acid (L/I/V), and X could be any amino acid (Goold et al., 2013; Fracchiolla et al., 2016). Here, we determined whether RIPK1 and RIPK3 contained the LIR motif through protein sequence alignment. The results showed that RIPK1 and RIPK3 contain three identical protein sequences that from the LIR motif which is conserved in various species, including mouse, human, rat, rabbit and pig (Supplementary Figures 1A,B).

Therefore, to further confirm the interaction between LC3 and RIPK1/3, immunoblot and immunoprecipitation assays were performed on the hypoxia-exposed myocardium and cardiomyocytes. As shown in Figures 4A–D, and interactions between LC3, RIPK1, and RIPK3 were observed in myocardium and cardiomyocytes both under normoxia and hypoxia. Furthermore, when compared with the control group, enhanced fluorescence intensities of LC3, RIPK1, and RIPK3 were observed in cardiomyocytes treated with hypoxia, suggesting increased expressions of these proteins. Besides, LC3, RIPK1, and RIPK3 antibodies were used to dye the cardiomyocytes plated on glass coverslips to measure the co-localizations of these molecules. Colocalization of LC3-RIPK1 and LC3-RIPK3 was tested by Pearson coefficient. And Pearson coefficient value was higher than 0.6, illustrating mutual effects of LC3-RIPK1 and LC3-RIPK3 (Figures 4E–H; Bolte and Cordelières, 2006; González-Domínguez et al., 2018). To further determine whether direct interactions occur between LC3 and RIPK1/3, exogenously expressed GST-LC3, His-RIPK1, His-RIPK3, and His-RIPK1 mutations and His-RIPK3 mutations were produced and measured (Supplementary Figures 2A–E, 3A–C), and then used for glutathione S-transferase (GST) pull-down assays. Results indicate that LC3 directly interacts with RIPK1 and RIPK3 in vitro. Further, mutations of the RIPK1 and RIPK3 LIR domains according to Supplementary Figures 1A,B were able to alter these interactions. Specifically, W165-L168 mutation (RIPK1 Mut1) and F215-V218 mutation (RIPK1 Mut2) of RIPK1 failed to impact LC3-RIPK1 direct interaction. However, the LC3-RIPK1 interaction was vanished after F279-I282 of RIPK1 was mutated (RIPK1 Mut3). Simultaneously, no matter W115-L118 mutation (RIPK3 Mut1), F212-L215 mutation (RIPK3 Mut2), or W217-L220 mutation (RIPK3 Mut3) of RIPK3 led to the vanish of the LC3-RIPK3 interaction (Figures 4I,J). To verify the biological function of LIR domain in cardiomyocyte, RIPK1-OE (Mut1)/ (Mut2)/(Mut3) and RIPK3-OE (Mut1)/(Mut2)/(Mut3) adenovirus were constructed. Infection efficiency of these adenovirus was determined by western blotting after incubation for 48 h. The results showed that all overexpression adenoviruses were effective (Supplementary Figures 4A–L, p < 0.05). The increased content of RIPK1 caused by RIPK1-OE (Mut1) and RIPK1-OE (Mut2) adenovirus under normoxic conditions became more obvious under hypoxia (p < 0.05). However, the content of RIPK1 increased by RIPK1-OE (Mut3) adenovirus under normoxic conditions was not augmented by hypoxia (p > 0.05). Meanwhile, the content of RIPK3 increased by RIPK3-OE (Mut1), RIPK3-OE (Mut2) and RIPK3-OE (Mut3) adenovirus under normoxic conditions was not augmented by hypoxia (Supplementary Figures 4A–L, p > 0.05). When compared with hypoxia + CMV group, the interaction between LC3 and RIPK1 was decreased in hypoxia+RIPK1-OE (Mut3) group, but not in hypoxia+RIPK1-OE (Mut1) and hypoxia+RIPK1-OE (Mut2) groups (Figure 4K). Further, either RIPK3-OE (Mut1), RIPK3-OE (Mut2) or RIPK3-OE (Mut3) adenovirus decreased the interaction between LC3 and RIPK3 in hypoxia (Figure 4L). These results indicated that RIPK1 contained one LIR domain like P62 and NDP52 molecules. While RIPK3 contained more than one LIR domains like NBR1 and STING molecules, specifically three LIR domains (Birgisdottir et al., 2013; Liu et al., 2019). And LIR domain plays an essential role both in the interaction of LC3-RIPK1 and LC3-RIPK3.
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FIGURE 4. Autophagosome accumulation-induced LC3 overexpression provides a spatial platform for necrosome formation by direct interaction with RIPK1 and RIPK3. (A,B) The myocardium was lysed and immunoprecipitated with anti-LC3 or anti-RIPK1 antibodies followed by immunoblotting with anti-LC3, anti-RIPK1 or anti-RIPK3 antibody (n = 3). (C,D) The cardiomyocytes were lysed and immunoprecipitated with anti-LC3 or anti-RIPK1 antibodies, followed by immunoblotting with anti-LC3, anti-RIPK1 or anti-RIPK3 antibody (n = 3). (E,F) Representative confocal images and statistical analysis of Pearson coefficient of co-localizing RIPK1 (red) and LC3 (green) in cardiomyocytes. Mean ± SEM, n = 3. *p < 0.05 versus control group. Scale bar, 10 μm, n = 3. (G,H) Representative confocal images and statistical analysis of Pearson coefficient of co-localizing RIPK3 (red) and LC3 (green) in cardiomyocytes. Mean ± SEM. *p < 0.05 versus control group. Scale bar, 10 μm, n = 3. (I,J) The GST pull-down assay was performed with GST, GST-LC3, His-RIPK1, and His-RIPK3, before or after LIR domains were mutated. (K,L) The cardiomyocytes were lysed and immunoprecipitated with anti-LC3 antibodies, followed by immunoblotting with anti-LC3, anti-RIPK1 or anti-RIPK3 antibody (n = 3).


To further identify the effects of LC3 on necrosome formation, cells were randomly divided into four groups: control+CMV, control+LC3-OE, hypoxia+CMV, and hypoxia+LC3-KD. Infection efficiency of adenovirus was determined by western blotting after incubation for 48 h. We found that the expression of LC3 was increased by LC3-OE adenovirus and was decreased by the LC3-KD adenovirus (Figures 5A,B). The co-localization of LC3-RIPK1-RIPK3 was detected by the immunofluorescence assay, the result showed that the trimer, consisted of LC3, RIPK1, and RIPK3, was increased in the LC3-OE and hypoxia group compared with the ctrl group, and it decreased in the LC3-KD group compared with hypoxia group (Figures 5C,D). The number of necrosome, consisting of RIPK1-RIPK, significantly increased in cardiomyocytes transfected with the LC3-OE adenovirus compared with corresponding CMV-null group (Figures 5E–G). In line with this, the necrosome significantly reduced by the LC3-KD adenovirus (Figures 5E–G). These results indicate that LC3 stimulates necrosome complex formation by providing a spatial platform for the aggregation of RIPK1 and RIPK3.
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FIGURE 5. RIPK1 and RIPK3 augmentation induced by autophagosome accumulation facilitates necroptosis under hypoxic conditions. (A,B) Infection efficiency of LC3 overexpression (OE), LC3 knockdown (KD), and MCMV-null adenoviruses were determined by western blotting. Mean ± SEM, n = 3. ***p < 0.001 versus the control+CMV group. ###p < 0.001 versus the hypoxia+CMV group. (C,D) Co-localization and statistical analysis of LC3, RIPK1 and RIPK3 in groups from panel (A). Mean ± SEM, ***p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Hypoxia+CMV group Scale bar, 10 μm, n = 3. (E) After regulating autophagy with LC3 overexpression or knockdown adenovirus under normoxia or hypoxia, protein samples were collected from cardiomyocytes and immunoprecipitated with anti-RIPK1 antibodies, followed by immunoblotting with anti-RIPK1 or anti-RIPK3 antibody (n = 5). (F,G) Co-localization and statistical analysis of RIPK1 and RIPK3 in groups from panel (A). *p < 0.05 and **p < 0.001 versus the Ctrl+CMV group, #p < 0.05 versus the Hypoxia+CMV group. Scale bar, 10 μm, n = 3. (H) Representative images of autophagosomes in corresponding groups in panel (D). Yellow arrow points to an autophagosome. Scale bar, 0.5 μm, n = 3. (I,J) Western blotting and statistical analysis of RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL from Ctrl+CMV, Ctrl+LC3-OE, Hypoxia+CMV, and Hypoxia+LC3-KD groups (n = 3). Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 versus the Ctrl+CMV group, #p < 0.05 and ##p < 0.01 versus the Hypoxia+CMV group. (K,L) Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panel (A). Mean ± SEM. ***p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Hypoxia+CMV group. Scale bar, 10 μm, n = 3. (M) Lactate dehydrogenase (LDH) leakage analysis was performed to determine cell death. Mean ± SEM, n = 5. ***p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Hypoxia+CMV group.




RIPK1 and RIPK3 Augmentation Induced by Autophagosome Accumulation Facilitates Necroptosis Under Hypoxia

To study the effects of autophagic flux on necroptosis, necroptosis was assayed after modulating autophagic flux using LC3-related adenovirus. As shown in Figures 5A,B, after identical treatment as previous paragraph, LC3 expression in cardiomyocytes were significantly affected by LC3-OE or LC3-KD adenovirus (p < 0.05). Similarly, increased autophagosome levels were observed in cardiomyocytes exposed to hypoxia or to LC3-OE adenovirus (Figures 5A,B,H, p < 0.05). However, after pre-treatment with LC3-KD adenovirus, the hypoxia-induced increased autophagosome abundance were significantly reduced (Figures 5A,B,H, p < 0.05). Meanwhile, the expression levels of RIPK1 and RIPK3 in cardiomyocytes increased after treatment with LC3-OE adenovirus and exposure to hypoxia, and were markedly reduced by the LC3-KD adenovirus under hypoxic conditions (Figures 5I,J, p < 0.05). These results suggest that accumulated autophagosome stimulates necrosome formation, while decreased autophagosome inhibits necrosome formation. In addition, the levels of p-RIPK3 and p-MLKL were augmented by the accumulated autophagosome induced by LC3-OE adenovirus or hypoxia, and were reduced by LC3-KD adenovirus, which restored the accumulated autophagosome to a certain degree (Figures 5I,J, p < 0.05). Moreover, fluorescent staining of p-MLKL showed similar alterations to p-MLKL levels (Figures 5K,L). Cytotoxicity, as assessed by LDH release, increased in the LC3-OE adenovirus group but significantly decreased in the LC3-KD adenovirus group under hypoxic conditions (Figure 5M, p < 0.05). These data showed that accumulated autophagosome induced by LC3 overexpression or hypoxia promoted necroptosis, and decreased autophagosome induced by LC3 knockdown inhibited necroptosis, which was indicated by the LC3-associated decrease of RIPK1 and RIPK3.

To further confirm the effects of autophagosome accumulation on necroptosis, ATG5 expression was manipulated through overexpression or knockdown before testing necroptosis. In detail, cells were randomly divided into four groups: control+CMV, control+ATG5-OE, hypoxia+CMV, and hypoxia+ATG5-KD. Infection efficiency of adenovirus was determined by western blotting after incubation for 48 h. As shown in Figures 6A–D, ATG5-OE adenovirus promoted autophagosome generation, as shown by the increased LC3-II and autophagosome, while ATG5-KD alleviated autophagosome accumulations under hypoxic conditions (p < 0.05). ATG5-OE also resulted in increased expression levels of RIPK1 and RIPK3, while ATG5-KD inhibited RIPK1 and RIPK3 expression. Moreover, ATG5-OE resulted in increased levels of p-RIPK3, MLKL and p-MLKL, and enhanced cytotoxicity in cardiomyocytes, while ATG5-KD lowered levels of p-RIPK3, MLKL and p-MLKL and lower cytotoxicity in cardiomyocytes under hypoxia (Figures 6A–C,E–G, p < 0.05). These results further suggested that autophagosome accumulations induced by ATG5 overexpression or hypoxia were able to stimulate necroptosis, and decreased autophagosome mediated by ATG5 knockdown inhibited necroptosis, which was reflected in the LC3-associated decrease in RIPK1 and RIPK3 levels. In addition, these increased indexes of necroptosis proteins, p-MLKL fluorescence intensity and cytotoxicity decreased significantly after the addition of LC3-KD adenovirus in ATG5-OE group (Supplementary Figures 5A–F). And these decreased indexes of necroptosis proteins, p-MLKL fluorescence intensity and cytotoxicity in hypoxia+ATG5-KD group increased significantly after the addition of LC3-OE adenovirus (Supplementary Figures 5G–L). These results suggest that the occurrence of cardiomyocyte necroptosis under hypoxia is closely related to the expression level of LC3 molecules.
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FIGURE 6. RIPK1 and RIPK3 augmentation induced by autophagic flux impairment facilitates necroptosis under hypoxia. (A–C) ATG5 overexpression and ATG5 knockdown adenovirus were used to regulate autophagy under normoxia or hypoxia, respectively. After that, western blot and statistical analysis was performed to detect the levels of ATG5, LC3, RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL. Mean ± SEM, n = 3. **p < 0.01 and ***p < 0.001 versus the Ctrl+CMV group, #p < 0.05, ##p < 0.01 and ###p < 0.001 versus the Hypoxia+CMV group. (D) Representative images of autophagosome in corresponding groups in panel (A). Yellow arrow indicates an autophagosome. Scale bar, 0.5 μm, n = 3. (E) LDH leakage analysis was performed to determine cell death. Mean ± SEM, n = 5. **p < 0.01 and ***p < 0.001 versus the Ctrl+CMV group, ##p < 0.01 versus the Hypoxia+CMV group. (F,G). Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panel (A). Mean ± SEM. ***p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Hypoxia+CMV group. Scale bar, 10 μm, n = 3. (H–K) Bafilomycin A1 (Baf A1) was used to adjust autophagic flux under normoxia and hypoxia both in vitro and in vivo. Western blot and statistical analysis were then performed to determine the levels of RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL in cardiomyocytes and myocardium, respectively. Mean ± SEM, n = 3. *p < 0.05, **p < 0.01 and ***p < 0.001versus the control group, #p < 0.05, ##p < 0.01 and ###p < 0.001 versus the hypoxia group. (L) LDH leakage analysis was performed to determine cell death of corresponding groups in panel (E). Mean ± SEM, n = 5. ***p < 0.001 versus the control group, ###p < 0.001 versus the hypoxia group. (M,N) Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panel (G). Mean ± SEM. ***p < 0.001 versus the Ctrl group, ###p < 0.001 versus the Hypoxia group. Scale bar, 10 μm, n = 3.


Because Baf A1 could induce autophagosome accumulation, it was then applied to investigate the role of autophagosome accumulation on necroptosis in cardiomyocytes. Noticeably, the expression levels of RIPK1 and RIPK3 were upregulated by Baf A1 or hypoxia treatment in cardiomyocytes and the myocardium, and RIPK1 and RIPK3 increased in the Baf A1+hypoxia group when compared to the hypoxia group (Figures 6H–K). Additionally, the levels of p-RIPK3 and p-MLKL, the fluorescence intensity of p-MLKL, and cytotoxicity were all augmented in Baf A1- or hypoxia-treated groups both in vivo and in vitro, and even more obviously increased in the Baf A1+hypoxia group (Figures 6H–N). Together, these data suggest that autophagosome accumulation contributes to RIPK1 and RIPK3 augmentation, and consequently results in the formation of the necrosome, which leads to necroptosis.



DISCUSSION

The specific mechanisms underlying hypoxia-induced autophagic flux impairment and necroptosis activation remain unclear. In this study, we mainly analyzed the effects of autophagosome accumulation on necroptosis in hypoxic cardiomyocytes. The salient findings presented here revealed that direct interactions existed between LC3-RIPK1 and LC3-RIPK3 through LIR domain. We further discovered that these interactions led to necrosome formation, resulting in necroptosis under hypoxic conditions, during which autophagic flux was impaired and failed to lower the RIPK1 and RIPK3 levels (Figure 7). Conversely, alleviating the hypoxia-induced autophagosome accumulation with LC3-KD or ATG5-KD adenovirus resulted in necrosome clearance and necroptosis inhibition. Collectively, these findings provide a novel insight into the roles of LC3 in regulating cardiomyocyte necroptosis and indicate its therapeutic potential in the prevention and treatment of hypoxic myocardial injury and other hypoxia-related diseases.
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FIGURE 7. Autophagy-related LC3 accumulation stimulates necroptosis through direct interaction of LC3 with RIPK1 and RIPK3 in hypoxic cardiomyocytes. Schematic diagram on the proposed process where impaired autophagic flux contributes to necroptosis through interaction between LC3, RIPK1, and RIPK3 in hypoxic conditions.


In this study, autophagic flux was disrupted in hypoxic cardiomyocytes. In detail, increased expression levels of LC3-II and p62, and autophagosome accumulation were observed in hypoxic cardiomyocytes and myocardium. Consistent with these results, a previous report has demonstrated that insufficient oxygen impaired autophagic flux through the ROS/HIF-1α/BNIP3/NIX signaling pathway (Li et al., 2015); a study by our group also showed that autophagic flux was disrupted in hypoxic cardiomyocytes (Cui et al., 2020). In addition, results of present study revealed that hypoxia stimulated necrosome formation and necroptosis activation as reflected by the enhanced fluorescence intensity of p-MLKL and increased levels of RIPK1, RIPK3, p-RIPK3, and p-MLKL. In line with our results, previous studies have also demonstrated that necroptosis is activated in hypoxic cardiomyocytes (Zhang et al., 2016). These observations led us to further investigate the exact association between these two essential biological processes in hypoxic cardiomyocytes.

Our data here suggest that autophagosome accumulation influences necroptosis in hypoxic cardiomyocytes. We have shown that autophagosome accumulation in hypoxic cardiomyocytes contributed to necrosome formation, indicated by augmented levels of RIPK1 and RIPK3, and resulted in the activation of necroptosis. We further confirmed the phenomenon by simulating autophagosome accumulation using Baf A1 in vitro and in vivo. In line with this, Liu et al. (2018) have reported that lysosomal dysfunction, one of the causes of autophagic flux impairment and autophagosome accumulation, sensitized cells to necroptosis by promoting RIPK1 and RIPK3 accumulation in a spinal cord injury model. Furthermore, increased levels of p62, another indicator of autophagic flux disruption and autophagosome accumulation, contributed to necrosome assembly by recruiting RIPK1, which resulted in necroptosis in Map3k7-deleted mouse prostate cells (Goodall et al., 2016). Although these published works supported our results, no further investigations about the effects of unobstructed autophagic flux on necroptosis were conducted. In our study, we alleviated the hypoxia-induced autophagosome accumulation using LC3 or ATG5 knockdown adenoviruses and then assayed necroptosis. Our results revealed decreased necrosome assembly and inhibited necroptosis in hypoxic cardiomyocytes when autophagosome accumulation was declined after LC3 or ATG5 knockdown. Our previous work has proved that 3-MA(3-methyladenine) can inhibit autophagy in hypoxic cardiomyocytes (Cui et al., 2020). Further, Liu et al. (2016) found that the addition of 3-MA during ischemia/reperfusion can effectively reduce necroptosis. These results suggest that it is feasible to reduce autophagosome accumulation to alleviate hypoxia induced necroptosis with chemical intervention. A protective function of smoothed autophagy flow has been previously demonstrated in cardiomyocytes, but direct evidence is yet to be found (Wang et al., 2018). Taken together, the modulatory effects of autophagy on necroptosis have been demonstrated in this study, but the underlying mechanisms still have to be determined.

Until now, LC3 has been identified as an autophagosome marker, and few studies have focused on the specific function of LC3. Phosphatidylethanolamine (PE) is required during the conversion of LC3-I to LC3-II, and PE is a key mediator of protein folding. Decreased PE activates endoplasmic reticulum stress (ERS) and cell injury (Patel and Witt, 2017). Therefore, LC3-II might be a crucial contributor of cell injury. More direct evidence provided by Mizumura et al. (2018) showed that dynamic interactions of the autophagy protein LC3B with caveolin-1 (Cav-1) and Fas regulated cigarette smoke-induced lung epithelial cell apoptosis. In our research, we used adenovirus including ATG5-OE, ATG5-KD, LC3-OE, LC3-KD, ATG5-OE/LC3-KD, and ATG5-KD/LC3-OE to treat cardiomyocytes, and the results showed that the change of protein content of LC3 molecule was closely related to the occurrence of necroptosis. These results confirmed that LC3 molecule was a functional molecule, which was consistent with the above research (Mizumura et al., 2018; Liu et al., 2019). Furthermore, studies on the structure of LC3 revealed that the interface formed by the N-terminal and C-terminal of LC3 molecules can interact with the LIR-containing proteins (Kalvari et al., 2014). LIR is a short linear motif of up to 13 amino acids whose core sequence conforms to the generic formula Θ-X-X-Γ—where Θ is an aromatic amino acid (W/F/Y), Γ is a hydrophobic amino acid (L/I/V), and X can be any amino acid (Liu et al., 2017). RIPK1 and RIPK3 are critical components of the necrosome and affect cell death, but whether they contain the LIR domain remains unclear (Cho et al., 2009). The results showed that RIPK1 and RIPK3 contained LIR domains, and LIR domains play an indispensable role in the interaction between LC3-RIPK1 and LC3-RIPK1. As for RIPK1 containing only one LIR domain and RIPK3 containing three LIR domains, we believe that this may be related to the spatial conformation of the molecule (Kronlage et al., 2019). It is possible that only one LIR domain of RIPK1 is exposed to the surface conceived in molecular space, so there is only one effective domain that interacts with LC3 molecules. On the other hand, all the LIR domains of RIPK3 molecules are exposed to the conformational surface of molecular space so that they can interact with LC3 molecules. These speculations need more evidence to confirm. The interactions between LC3, RIPK1 and RIPK3 were significantly enhanced in hypoxic cardiomyocytes and myocardium, which explains why hypoxia-induced autophagosome accumulation accelerated necrosome formation and eventually led to necroptosis.

In conclusion, our current work provides a new insight into the detailed mechanism for necrosome assembly and necroptosis induced by autophagosome accumulation in hypoxic cardiomyocytes and myocardium. In brief, we discovered that LIR domains-mediated LC3-RIPK1 and LC3-RIPK3 interactions led to necrosome formation, resulting in necroptosis under hypoxia, under which autophagic flux was impaired and was failed to lower the RIPK1 and RIPK3 levels. And the mechanism explains why undisrupted autophagic flux helps maintain cell homeostasis. Our results also imply that LC3 is an important mediator between autophagy and necroptosis. Even through, limitations are existed in this study, such as the mechanisms of degrading RIPK1 and RIPK3 when autophagy flux is unobstructed require further efforts. Based on our results, a novel therapeutic scheme targeting LC3 may help in the intervention of hypoxia-induced cardiac dysfunction or other hypoxia-related diseases.
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Supplementary Figure 1 | Protein sequence alignment of RIPK1 and RIPK3 with LIR motif. (A) Three identical protein sequences forming LIR motif, marked in red, in the protein sequences of mouse, human, rat, pig, and rabbit RIPK1. ∗ Represents relatively conserved protein sites in different species. (B) Three identical protein sequences forming LIR motif, marked in red, in the protein sequences of mouse, human, rat, and pig RIPK3. ∗ Represents relatively conserved protein sites in different species.

Supplementary Figure 2 | (A) GST-LC3, His-RIPK1, and His-RIPK3 were identified through Coomassie brilliant blue staining. Red arrows point to the three proteins. (B) Three mutated RIPK1 protein according to Supplementary Figure 1A were constructed, and identified through Coomassie brilliant blue staining. Red arrows point to the three proteins. (C) Three mutated RIPK3 protein according to Supplementary Figure 1B were constructed, and identified through Coomassie brilliant blue staining. Red arrows point to the three proteins. (D) Immunostaining of GST and GST-LC3. Red arrows point to the protein. (E) Immunostaining of His, His-RIPK1, and His-RIPK3. Red arrows point to the protein.

Supplementary Figure 3 | (A) Immunostaining of His and His-RIPK1(Mut2). Red arrows point to the protein. (B) Immunostaining of His, His-RIPK1(Mut1), and His-RIPK1(Mut3). Red arrows point to the protein. (C) Immunostaining of His, His-RIPK3(Mut1), His-RIPK3(Mut2), and His-RIPK3(Mut3). Red arrows point to the protein. (D,E) Input of Figure4i and Figure4j, respectively. (F,G) Input of Figure4k and Figure4l, respectively.

Supplementary Figure 4 | (A,B) Western blotting and statistical analysis of RIPK1 from Ctrl+CMV, Ctrl+RIPK1-OE(Mut1) and Hypoxia+RIPK1-OE(Mut1). Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl+CMV group, ##p < 0.01 versus the Ctrl+RIPK1-OE(Mut1) group. (C,D) Western blotting and statistical analysis of RIPK1 from Ctrl+CMV, Ctrl+RIPK1-OE(Mut2) and Hypoxia+RIPK1-OE(Mut2). Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl+CMV group, #p < 0.05 versus the Ctrl+RIPK1-OE(Mut2) group. (E,F) Western blotting and statistical analysis of RIPK1 from Ctrl+CMV, Ctrl+RIPK1-OE(Mut3) and Hypoxia+RIPK1-OE(Mut3). Mean ± SEM, n = 3. ∗∗p < 0.01 versus the Ctrl+CMV group, ns means no statistical difference versus the Ctrl+RIPK1-OE(Mut3) group. (G,H) Western blotting and statistical analysis of RIPK3 from Ctrl+CMV, Ctrl+RIPK3-OE(Mut1), and Hypoxia+RIPK3-OE(Mut1). Mean ± SEM, n = 3. ∗∗p < 0.01 versus the Ctrl+CMV group, ns means no statistical difference versus the Ctrl+RIPK3-OE(Mut1) group. (I,J) Western blotting and statistical analysis of RIPK3 from Ctrl+CMV, Ctrl+RIPK3-OE(Mut2) and Hypoxia+RIPK3-OE(Mut2). Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl+CMV group, ns means no statistical difference versus the Ctrl+RIPK3-OE(Mut2) group. (K,L) Western blotting and statistical analysis of RIPK3 from Ctrl+CMV, Ctrl+RIPK3-OE(Mut3) and Hypoxia+RIPK3-OE(Mut3). Mean ± SEM, n = 3. ∗∗p < 0.01 versus the Ctrl+CMV group, ns means no statistical difference versus the Ctrl+RIPK3-OE(Mut3) group.

Supplementary Figure 5 | (A–C) Western blotting and statistical analysis of ATG5, LC3, RIPK1, RIPK3, p-RIPK3, MLKL and p-MLKL from Ctrl+CMV, Ctrl+ATG5-OE, and Ctrl+ATG5-OE groups. Mean ± SEM, n = 3. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the Ctrl+CMV group, #p < 0.05 and ##p < 0.01 versus the Ctrl+ATG5-OE group. (D) LDH leakage analysis was performed to determine cell death of corresponding groups in panel (A). Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Ctrl+ATG5-OE group. (E,F) Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panel (A) Scale bar, 10 μm, Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl+CMV group, ###p < 0.001 versus the Ctrl+ATG5-OE group. (G–I) Western blotting and statistical analysis of ATG5, LC3, RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL from Hypoxia+CMV, Hypoxia +ATG5-KD, and Hypoxia +ATG5-KD+LC3-OE groups. Mean ± SEM, n = 3. Ns means no statistical difference, ∗∗p < 0.01, ∗∗∗p < 0.001 versus the Hypoxia+CMV group, ##p < 0.01 and ###p < 0.001 versus the Hypoxia+ ATG5-KD group. (J) LDH leakage analysis was performed to determine cell death of corresponding groups in panel (G). Mean ± SEM, n = 5. ∗∗p < 0.01 versus the Hypoxia+CMV group, ##p < 0.01 versus the Hypoxia +ATG5-KD group. (K,L) Representative confocal images and statistical analysis of p-MLKL in corresponding groups in panel (G) Scale bar, 10 μm, Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Hypoxia+CMV group, ###p < 0.001 versus the Hypoxia +ATG5-KD group.

Supplementary Figure 6 | (A,B) The PI staining and statistical analysis from Ctrl, Hypoxia, and Hypoxia+Nec-1 groups. Mean ± SEM, n = 3. ∗∗∗p < 0.001 versus the Ctrl group and ##p < 0.01 versus the Hypoxia group.


ABBREVIATIONS

KD, knockdown; LC3, microtubule-associated protein 1A/1B-light chain 3; LDH, lactate dehydrogenase; LIR, LC3-interacting region; MLKL, mixed lineage kinase domain-like pseudokinase; OE, overexpression; RIPK, Receptor-interacting protein kinase.
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Soluble inorganic pyrophosphatases (PPases) are essential for facilitating the growth and development of organisms, making them attractive functional proteins. To provide insight into the molecular basis of PPases in Schistosoma japonicum (SjPPase), we expressed the recombinant SjPPase, analyzed the hydrolysis mechanism of inorganic pyrophosphate (PPi), and measured its activity. Moreover, we solved the crystal structure of SjPPase in complex with orthophosphate (Pi) and performed PPi and methylene diphosphonic acid (MDP) docking into the active site. Our results suggest that the SjPPase possesses PPi hydrolysis activity, and the activity declines with increased MDP or NaF concentration. However, the enzyme shows unexpected substrate inhibition properties. Through PPi metabolic pathway analysis, the physiological action of substrate inhibition might be energy saving, adaptably cytoprotective, and biosynthetic rate regulating. Furthermore, the structure of apo-SjPPase and SjPPase with Pi has been solved at 2.6 and 2.3 Å, respectively. The docking of PPi into the active site of the SjPPase-Pi complex revealed that substrate inhibition might result from blocking Pi exit due to excess PPi in the SjPPase-Pi complex of the catalytic cycle. Our results revealed the structural features of apo-SjPPase and the SjPPase-Pi complex by X-ray crystallography, providing novel insights into the physiological functions of PPase in S. japonicum without the PPi transporter and the mechanism of its substrate inhibition.
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INTRODUCTION

Schistosoma japonicum is one of the major causative agents of schistosomiasis and has a complex life cycle. From egg to adult, S. japonicum undergoes one hatch and two parasitic processes. The three steps occur cyclically under natural conditions between Oncomelania snails and mammals successively (Han et al., 2009). In the mammalian body, S. japonicum develops from schistosomula to adult worms that lay eggs. The developmental stage of S. japonicum in mammals is key to accomplishing its life cycle from an immature worm incapable of laying eggs. During the developmental stages of S. japonicum, several biological macromolecules are rapidly synthesized in abundance.

The processing of these biosynthetic reactions enables the rapid hydrolysis of inorganic pyrophosphate (PPi, a by-product) by soluble inorganic pyrophosphatase (sPPase), further driving the reactions forward thermodynamically. Hence, sPPase might be significant for facilitating the growth and development of the organism.

Inorganic pyrophosphatase (PPase) is a one-domain globular enzyme containing several divalent metal ions that catalyze the hydrolysis of PPi to two orthophosphates (Pi). The hydrolytic reaction of PPi not only provides a thermodynamic pull for many biosynthetic reactions but also makes Pi available to many biochemical reactions in which inorganic phosphates are involved (Yi et al., 2012). Additionally, PPase is a type of metalloenzyme comprised of two parts—a divalent metal ion and apoenzyme. From a structural point of view, this type of enzyme has a core structure (Benini and Wilson, 2011) and contains a dimer interface and two chemical-binding sites (Sitnik et al., 2003; Sitnik and Avaeva, 2007). Generally, most eukaryotic PPases are homodimers except for the Trypanosoma brucei brucei PPase tetramer (Jamwal et al., 2015), whereas prokaryotic PPases are homohexamers (Benini and Wilson, 2011).

Studies on the roles of sPPase are at three different levels: molecular characteristics, functions in cells or protozoa, and metazoa. The properties of sPPase molecules primarily involve enzyme activity (Hoelzle et al., 2010; Stockbridge and Wolfenden, 2011; Costa et al., 2012), functioning in cells or protozoa by regulating the cytosolic concentration of PPi in Toxoplasma gondii directly (Pace et al., 2011) and eliminating excess pyrophosphate toxicity in Saccharomyces cerevisiae (Serrano-Bueno et al., 2013). Additionally, sPPase is a key polyphosphate metabolism enzyme in Leishmania (Espiau et al., 2006). Recent studies have shown that sPPase is necessary for the larval development of some metazoan species (Islam et al., 2003; Ko et al., 2007), such as Caenorhabditis elegans and the roundworm Ascaris. S. japonicum PPase (SjPPase) has shown that the expression quantity from cercaria to adult worm presents a trend from high to low, and expression level in the integument is higher than that in other parts at different stages in the adult (Liu et al., 2006; Chen J. H. et al., 2014). Nevertheless, the functions and molecular basis of SjPPase remain unclear.

This study analyzed substrate PPi metabolism, expressed recombinant SjPPase, and measured the activities under different conditions using colorimetric methods. Furthermore, we revealed the structural features of apo-SjPPase and the SjPPase–Pi complex by X-ray crystallography and provided molecular insights into substrate inhibition of SjPPase through docking experiments.



MATERIALS AND METHODS


Sequence Analysis

Amino acid analysis and molecular weight (MW) and electronic point (pI) determination of protein were performed using BioXM 2.6. Multiple sequence alignment was performed using MUSCLE1 and visualized online using ESPript 3.02 (Edgar, 2004; Robert and Gouet, 2014). Protein sequences were primarily selected from pathogens, yeast, and humans. The accession numbers for these sequences were 4QLZ and 4QMB for S. japonicum, EAX99718.1 for Trichomonas vaginalis G3, CCD82372.1 for S. mansoni, CCF72873 for Babesia microti strain RI, NP_218145.1 for Mycobacterium tuberculosis H37Rv, CAB37743.1 for Helicobacter pylori, 1IPW for Escherichia Coli, 1E9G for S. cerevisiae, and AAH01022.3 for Homo sapiens.



PPi Metabolic Pathway Analysis

Inorganic pyrophosphate metabolism was analyzed by enzymatic reaction analysis, a literature search, and sequence alignment. Enzymatic reactions involving PPi were searched using the search term “diphosphate” in the Enzyme Structures Database.3 Further confirmation was done “on a one by one basis” to ascertain the participation of PPi in these reactions. Furthermore, based on PPi location at product or substrate positions in the reactions, these catalysts were divided into PPi-generating enzyme and PPi-utilizing enzyme (including PPi hydrolyase). Enzymes involved in PPi metabolism were searched4 and investigated in humans and S. japonicum. Furthermore, PPi transporter and member-integrated PPi metabolism-related enzymes were investigated using a literature survey based on the PPi homeostasis model (Villa-Bellosta et al., 2013). Thereafter, a comparison of the PPi metabolic pathway between blood flukes and human hosts was performed using a sequence alignment search of genes and proteins related to PPi metabolism. To search for progressive ankylosis protein homology (ANKH) in Schistosoma, the query sequences (Supplementary File 1) were downloaded from UniProtKB. The search term “ANKH family” was used in the “Family and Domains > Protein family” field Databases and included S. haematobium, S. japonicum, and S. mansoni genomes.



Cloning, Expression, and Purification of Recombinant SjPPase and ScPPase

A forward primer (5′-AATGGGTCGCGGATCCATGTCGGT TGAACGTGGG-3′) and a reverse primer (5′-GGTGGTGGTGCTCGAGTTAAATATTCGTATTACAAAAAT GCC-3′) were used to amplify the SjPPase gene with cDNA as the template. The 25-μl reaction mixture comprised of 2× Taq PCR MasterMix (12.5 μl), 10 μM forward primer (1 μl), 10 μM reverse primer (1 μl), cDNA template (1 μl), and water (9.5 μl). The cycling conditions were set as follows: initial denaturation at 95°C for 5 min, 30 cycles of PCR including denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. The full-length gene of soluble PPase from S. japonicum was inserted by the In-fusion cloning method into plasmid pET-28a (+) between two restriction sites: BamH I and Xho I. The recombinant plasmid (SjPPase-pET-28a) was transformed into E. coli BL21 (DE3), and then the bacteria-harboring SjPPase-pET-28a was conserved in LB medium containing 15% glycerol and 50 mg kanamycin per liter at -80°C for protein expression. The product of small-scale expression was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting to verify the expression level of the target protein. The prepared bacteria was revived in 50 ml LB medium containing kanamycin at 37°C, and shaken at 165 rpm for 7 h. The suspension was then decanted into 1 L of LB culture, incubated at 37°C, and shaken at 165 rpm. When OD600 approached 1.4, 0.7 mM isopropyl-β-d-thiogalactoside (IPTG) was added to the culture; shaking speed and temperature were altered and set at 195 rpm and 24°C, respectively. After 9 h, the suspension was harvested by centrifugation at 5,000 rpm and a temperature of 4°C for 8 min. The pellet was re-suspended in nickel-nitrilotriacetic acid (Ni-NTA) column buffer A [300 mM NaCl, 50 mM phosphate buffer (pH 7.4), 10 mM imidazole, and 10% glycerol] containing 5 mM phenylmethylsulfonyl fluoride (PMSF) and lysed by sonication. The lysate was clarified by centrifugation at 13,000 rpm and temperature of 4°C for 30 min, and the supernatant was filtered using a 0.22-μm filter membrane. The flowed fraction was loaded into an affinity chromatography column of Ni-NTA resin at a 3-ml/min flow rate using an ÄKTA purifier 10 (GE Healthcare, Chicago, IL, United States). The resin was washed with Ni-NTA column buffer A until the value of UV approached 0 mU, washed again with a mixture of Ni-NTA column buffer B [300 mM NaCl, 50 mM phosphate buffer (pH 7.4), 500 mM imidazole, and 10% glycerol] and Ni-NTA column buffer A at a volumetric proportion of 1:9 until the value of UV approached 20 mU, then eluted with 20 ml buffer B. The eluted protein was dialyzed overnight against diethyl aminoethyl (DEAE) column buffer A [20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 5 mM EDTA, and 10% glycerol]. The protein solution was loaded into DEAE resin at a 3-ml/min flow rate using ÄKTA purifier 10. The resin was washed with DEAE column buffer A until the value of UV approached 0 mU, then eluted with 20 ml DEAE column buffer B [20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5 mM EDTA, and 10% glycerol]. Each fraction was performed by SDS-PAGE for purification analysis and molecular mass analysis. The eluted protein was dialyzed overnight against a dialysis buffer [50 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 10% glycerol]. The purification products were analyzed using SDS-PAGE, and the purified protein was concentrated to approximately 18 mg/ml using a microcon-10 kDa centrifugal filter (MilliporeSigma, Burlington, MA, United States). The S. cerevisiae PPase gene (ScPPase, 1E9G) was synthesized and further constructed in pET-28a (+). The ScPPase recombinant protein was prepared using the method for rSjPPase.



Native-PAGE

We prepared eight samples containing 100 μg rSjPPase in 100 μl PBS. First, these were equally separated into two groups in which 5 μl of 1 mM Mg2+ was added to one group while the other group was without Mg2+. Next, four samples from each group were treated with 5 μl of 1 mM glutathione (GSH), 5,5’-dithiobis(2-nitrobenzoic acid) (DNTB), imidodiphosphate (IDP), and 10 μl PBS for 5 min at room temperature. Thereafter, all samples were centrifuged at 3,000 rpm (4°C) for 2 min, and native-PAGE was performed for 3 h at 240 V in an ice bath.



Enzyme Assay of Recombinant SjPPase

Inorganic pyrophosphatase activity assay was based on a previously described method for HSP90 ATPase activity (Avila et al., 2006). The effects of some molecules, such as magnesium ions (Mg2+), PPi, sodium fluoride (NaF), and methylene diphosphonic acid (MDP), on the catalytic activities of SjPPase, were investigated. The detailed conditions are described in Supplementary Table 1. Each group comprised two reactions, test and control reactions, each of which was made up of a 100-μl reaction system. The SjPPase or ScPPase enzyme and magnesium ions, as well as inorganic pyrophosphate and NaF or MDP, were mixed to a 50-μl volume—VC signifies “various concentrations.” VCA represents a series of magnesium ions concentrations, including 500, 250, 100, 50, and 25 μM. Various PPi concentrations represented by VCB included 2,000; 1,000; 500; 250; 100; 50; 10; and 5 μM. Various NaF concentrations represented by VCC included 1 and 0.5 mM. Various concentrations of MDP represented by VCD included 2 and 1 mM. The reaction was incubated for 45 min and monitored every 2.5 min. A fluorescence microplate reader was used for fluorescence detection at an excitation of 560 nm and emission detection at 590 nm. All reactions were processed at 25°C. Protein concentration was tested using a bicinchoninic acid assay (BCA assay) using bovine serum albumin as the standard. The curves were analyzed by nonlinear fitting using the GraphPad Prism software, version 5.0 (GraphPad, San Diego, CA, United States). Data for ScPPase and Mg2+ ions concentration-response were generated by nonlinear regression to Michaelis–Menten kinetics. Data for SjPPase PPi concentration-response were analyzed by nonlinear regression to substrate inhibition.



Crystallization, Data Collection, and Structure Determination

Crystallization screening was performed in 96-well plates with sitting drops consisting of 1 μl protein solution mixed with an equal amount of precipitant. The indexTM PEG/Ion ScreenTM and the PEG/Ion 2 ScreenTM kit were used for screening (Hampton Research, Aliso Viejo, CA, United States). Colorless rectangular rod-like crystals were obtained after 2 weeks from the condition 0.2 M sodium malonate, 20% polyethylene glycol (PEG) 3,350. Crystallization conditions were optimized by fine-tuning the pH value, additive type, and salt and precipitation agent concentration. The final conditions (Supplementary Table 2) suitable for X-ray diffraction were reproduced manually in large volumes by the hanging-drop method in 24-well plates, equilibrating 1 μl protein and 1 μl precipitant against 1 ml precipitant. The protein concentration for crystallization was 16–18 mg/ml.

The crystals were collected at a wavelength of 0.9707 Å using an ADSC Quantum 315r CCD detector on a BL17U1 beamline at Shanghai Synchrotron Radiation Facility (SSRF), China. Data were processed and reduced using the HKL2000 package (Otwinowski and Minor, 1997), and relevant statistics are shown in Table 1.


TABLE 1. Summary of SjPPase crystallography data.
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The structures of SjPPase-Pi and apo-PPase were solved by the molecular-replacement (MR) method using yeast PPase (PDB code: 1E9G) as an initial search model on Phenix (Adams et al., 2010). Thereafter, refinements were conducted using REFMAC, and the models were checked and rebuilt using COOT (Emsley and Cowtan, 2004). Statistical data for the final rounds of refinement are presented in Table 1. The electron density maps were calculated using Phenix, and the figures were generated using PyMOL software (PyMOL molecular graphics system, version 1.3.1; Schrödinger, Inc, New York, NY, United States). The atomic coordinates and structure factors (code 4QLZ and 4QMB) were deposited in the Protein Data Bank.5



Structural Comparison

A structural comparison of the SjPPase and ScPPase ligand and cofactor binding sites was performed. A series of ScPPase PDBs (1e6a, 1e9g, 1m38, 1wgi, 2ihp, 2ik0, 2ik1, 2ik2, 2ik4, 2ik6, 2ik7, 2ik9, and 117e) and SjPPase 4qlz were used for searching the binding sites of ligands and apo-PPase. Combined with the multi-sequencing alignment results, some identical or varying residues between SjPPase and ScPPase at binding sites were found.



Docking Simulation

Docking simulations were carried out using the C-DOCKER module (Discovery Studio, version 2.1; Accelrys, San Diego, CA, United States). The X-ray crystal structure of SjPPase was used for docking calculation. All water molecules in the crystal structure were removed, while Co2+ (M1 and M2) ions in the active site were kept as part of the protein. The CHARMm-force field was applied for docking. The region within 12 Å of Pi was chosen as the active binding site. Random conformations of PPi and MDP were minimized using CHARMm-based molecular dynamics (1,000 steps), which were then docked into the defined binding site. The other parameters were set as default. The CDOCKING ENERGY scoring function was used to rank binding poses.




RESULTS


Protein Information

The 864 bp CDS encoded a 287-aa putative protein with a theoretical molecular weight and isoelectric point (pI) estimated at 32.7 kDa and 6.05, respectively. The protein contained only one pyrophosphatase region. Multiple sequence alignment shows that SjPPase contained the characteristics of a family I PPase, as DXDXXD signature motif and other 12 conserved residues (Figure 1). In addition, the SjPPase protein sequence exhibited 52% identity with ScPPase.
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FIGURE 1. Multisequencing alignment of inorganic pyrophosphatase (PPase) family I. There are 15 conserved residues (in consensus) in the sequences of the PPases. Identical residues are boxed in red. The sequence, DXDXXD, is the signature motif of PPase family I. Secondary structure elements (helices with squiggles, strands with arrows, and turns with TT letters) are displayed for chain A of 4QLZ and 4QMB. Accession numbers for the sequences: Schistosoma japonicum (4QLZ and 4QMB), Trichomonas vaginalis G3 (EAX99718.1), S. mansoni (CCD82372.1), Babesia microti strain RI (CCF72873), Mycobacterium tuberculosis H37Rv (NP_218145.1), Helicobacter pylori (CAB37743.1), Escherichia Coli (1IPW), Saccharomyces cerevisiae (1E9G), Homo sapiens (AAH01022.3). The abbreviation, ScPPA1, represents inorganic pyrophosphatase family I (PPA1) from S. cerevisiae. And so on, for other abbreviations.




Comparison of the PPi Metabolism in Schistosoma and Human

According to enzymatic reaction analysis, intracellular PPi (iPPi) was mainly generated from reactions catalyzed by nucleotidyltransferases, together with alkyl and aryl transferases, while PPi is a by-product. Generated PPi was hydrolyzed by PPase (EC 3.6.1.1) or alkaline phosphatase (AP, EC 3.1.3.1) or utilized by pentosyltransferases and phosphotransferases with an alcohol group as an acceptor. Based on a literature survey (Villa-Bellosta et al., 2011; Foster et al., 2012), PPi was pumped out from cells by ANKH. Extracellular PPi (ePPi) was hydrolyzed by tissue-nonspecific alkaline phosphatase (TNAP) or ectonucleotide pyrophosphatase phosphodiesterase-3 (NPP3). In addition, a part of ePPi was produced from pyrophosphorolysis of nucleoside triphosphate (NTP) catalyzed by ectonucleotide pyrophosphatase phosphodiesterase-1 (NPP1). All of these formed the general picture of iPPi and ePPi metabolism (Figure 2). We then further searched for protein sequences related to PPi metabolism in Schistosoma and humans (Supplementary Table 3). We observed that PPi transporter ANKH exists in the human genome (accession number: NP_473368.1) but was absent in the Schistosoma genome. Based on the preceding observations, the comparison of iPPi and ePPi metabolism between humans and Schistosoma is shown in Figure 2.
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FIGURE 2. The comparison of PPi metabolism between humans and Schistosoma. (A) PPi metabolism in humans. (B) PPi metabolism in Schistosoma. PPi, inorganic pyrophosphate; NTP, nucleotide triphosphates; R-PPi, alkyl and aryl diphosphate; Pi, phosphate; NTases, nucleotidyltransferases; PPase, inorganic pyrophosphatase; NPP1, ectonucleotide pyrophosphatase phosphodiesterase-1; NPP3, ectonucleotide pyrophosphatase phosphodiesterase-3; TNAP, tissue-nonspecific alkaline phosphatase; AP, alkaline phosphatase; ANKH, progressive ankylosis protein; 1, alkyl and aryl transferases; 2, pentosyltransferases and phosphotransferases with an alcohol group as acceptor.




Expression and Purification of Recombinant SjPPase and ScPPase

The Western blotting results suggested that target proteins were expressed in the supernatant of lysates (data not shown). Protein was purified using a Ni-NTA column followed by the DEAE column. The results (Figure 3A) were displayed by SDS-PAGE using coomassie blue staining.
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FIGURE 3. The SjPPases were identified and measured by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). (A) The purified results of SjPPase and ScPPase. The samples of SjPPase and ScPPase were loaded in lanes 2–4 and lanes 5–7, respectively. Lane 1, protein ladder; lanes 2 and 5, the fraction eluted by Ni column buffer B; lanes 3 and 6, the flow from the DEAE column; lanes 4 and 7, the elution from DEAE column buffer B; (B) Interaction between SjPPase and micromolecules. GSH, glutathione; DNTB, 5, 5’-Dithiobis (2-nitrobenzoic acid); IDP, Imidodiphosphate; plus sign (+) represents addition of the left molecule, and minus sign (–) represents non-addition.




Interaction Between SjPPase and Micromolecules

The interaction between PPase and micromolecules was based on the following: the divalent metal-ions as the co-iron of PPase, two substrate affinity sites on the surface of PPase, and cystine residues as the regulatory sites for enzyme activity. A 12% polyacrylamide gel was run for the designed mixtures to improve our understanding of the function of SjPPase micromolecules (Figure 3B). The major components of lanes 1, 2, 3, and 8 were at the same level of electrophoretic distance, while lanes 6 and 7 were at a higher level and lane 4 was at a lower level. The sample for lane 5 was precipitated after pre-treatment. The comparison between the nontreated sample (lane 1) and the sample treated with DNTB (lane 5) revealed that DNTB could destroy the structure of SjPPase. Having observed the differences between lanes 5 and 4 (samples treated with DNTB and Mg2+, respectively), this study shows that Mg2+ could stabilize the SjPPase structure. IDP can interact with apo-SjPPase (lanes 1 and 7) and the Mg2+-SjPPase complex (lanes 6 and 8). There were weaknesses in the interaction between GSH and SjPPase (lanes 1 and 3, or lanes 2 and 8).



Enzymatic Activity of Recombinant SjPPase

The PPase activity was analyzed using a Pi PerTM Phosphate assay Kit (Molecular Probes, Eugene, OR, United States). We investigated the influence of PPi on SjPPase and ScPPase activity (Figures 4A,B). In contrast to ScPPase (higher PPi concentration and higher activity), SjPPase presents a maximum activity at a concentration of 250 μM PPi. Inhibition of enzyme activity was observed when the concentration of PPi was over 250 μM. In addition, the effect of various concentrations of Mg2+ on the SjPPase activity was determined (Figure 4C). The enzyme activity of SjPPase increases with the concentration of Mg2+ from 25 to 500 μM. Subsequently, it was observed that the inhibitors NaF and MDP inhibited the enzymatic activity of SjPPase (Figure 4D).
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FIGURE 4. The rates of enzymic reaction under different conditions. Panels (A–D) represent various concentrations of inorganic pyrophosphates (PPi), magnesium ions (Mg2+), sodium fluoride (NaF), and methylene diphosphonic acid (MDP), respectively. The magnesium ion is not only a cofactor but also a partial component of the substrate. Inorganic pyrophosphates, together with magnesium ions, become the substrate of the enzyme PPase. NaF and MDP are the inhibitors against PPase.




Structure of SjPPase

The structures of apo-SjPPase (4QMB) and SjPPase-Pi (4QLZ) were similar. Overall, the root mean square deviation (RMSD) between the two structures was 0.454 Å (Supplementary Table 4). The two structures consist of two molecules in the asymmetric unit and also form a homodimer (Figure 5A). The two subunits in one asymmetric unit contain residues 1–284 and 1–283 out of a total of 287 residues, respectively. Superimposition of the two subunits leads to RMSDs of 0.29 Å (4QLZ) and 0.12 Å (4QMB). The monomers (Figure 5B) were arranged in a compact globular shape consisting of several β-sheets and α-helixes, one 310-helix, and some loops. The conservative residues of active sites were located at the core of the structure.
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FIGURE 5. Overall structure and active site of SjPPase. (A) The centrosymmetric dimer of SjPPase is seen on the surface. The blue site represents the active site of the enzyme formed by the conserved residues. (B) The structure of the SjPPase monomer (β: beta-sheet, α: alpha-helix, θ: 310 alpha-helix, N-ter: amino-terminal, C-ter: carboxyl-terminal). The β-sheets are in pink, and α-helices are in cyan. (C) The SjPPase active site. A stereoview of the active site in the SjPPase. The side chain of conserved residues is shown as a green stick. The 2Fo-Fc electron density map covering the Pi and cobalt ions is shown as a mesh at the 2.1 sigma. Hydrogen bonds are shown in dashed lines. The carbon skeleton of residues in red forms the product releasing channel.


The apo-SjPPase and SjPPase-Pi had some differences. The main distinction is that there were ligands (four cobalt ions and one phosphate) in one SjPPase-Pi unit but not in apo-SjPPase. By alignment of secondary structure, it becomes apparent that changes occur in residues 132–157 involving four conserved residues (Gly139, Asp145, Asp150, and Lys152) (Figure 1). Due to the interaction between these ligands and SjPPase, the β132–145-turn146–147-β148–157 of 4QMB becomes β132–141-loop142-β143–145-turn146–147-β148–149-loop150–151-β152–157 of 4QLZ (Figure 1).

The active site of SjPPase is shown in Figure 5C. The overall shape and size of the active site were very similar to those of ScPPases (Tuominen et al., 1998). Ligands including magnesium acted as metal cofactors, and phosphate hydrolyzed products were incorporated in this structure. These ligand interactions were mainly derived from the hydrogen donors/receptors and coordination bond atoms. From the perspective of the six-state mechanism of PPase (Oksanen et al., 2007), the structure of the SjPPase-Pi complex is in the F intermediate catalytic cycle, which is the stage at which one Pi is released after PPi hydrolysis. However, the F intermediates differ in the two structures (4QLZ and 2IHP). Therefore, the Pi in the ScPPase-Pi complex structure is at the P1 site (Figure 6A), and the Pi in the SjPPase-Pi complex structure is at the P2 site (Figure 6B).
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FIGURE 6. The comparison of F intermediate at the enzymatic site between SjPPase and ScPPase. (A) the F intermediate of ScPPase; (B) the F intermediate of SjPPase. The F intermediate refers to the state where one Pi remains in the active site, and another Pi has been released. However, the structural comparison suggests that the F state of SjPPase and ScPPase have a distinct discrepancy. The remaining Pi of the F intermediate was P2 (down) in SjPPase but P1 (up) in ScPPase.




Docking of PPi and MDP Into the SjPPase Active Site

Molecular studies were conducted using the CDOCKER program in the Discovery Studio 2.1 software package to provide information on the competitive inhibition of MDP on SjPPase. The X-ray crystal structure of SjPPase was used for docking calculation. The representative positions of MDP and PPi considered in this work are shown in Figure 7. Generally, MDP can mimic PPi precisely to interact with SjPPase at the same binding site. In addition, MDP exhibited a similar binding mode compared to PPi (Figures 7A,B), and the same was also observed in yeast PPase (Oksanen et al., 2007). A few important hydrogen bonds are involved in the interactions. The docking models illustrated that PPi might form four hydrogen bond interactions with three key residues in the active site of SjPPase (Arg76, Tyr190, and Lys191) (Figure 7C). In the case of MDP, except for the four hydrogen bonds, an extra hydrogen bond was formed between the carbonyl oxygen atom and Arg76, as shown in Figure 7D. Moreover, MDP has a lower CDOCKER energy than PPi (MDP: –186.23 kcal/mol; PPi: –171.50 kcal/mol). Furthermore, MDP could serve as a perfect PPi mimic; it is not surprising that MDP exhibits a significantly competitive inhibition effect on SjPPase.
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FIGURE 7. Molecular docking analysis of PPi and MDP with SjPPase. The protein is shown as a ribbon diagram, color-coded according to its secondary structure. Selected residues are displayed as gray backbones. PPi and MDP are colored according to atom type (phosphorous atoms are colored in orange, oxygen atoms in red, carbon atoms in gray, and Co ions in royal blue). Metals (M1 and M2) are represented by royal blue spheres, coordination bonds by black solid lines, and hydrogen bonds by green dashed lines. (A) Illustration of PPi docked into the active site of SjPPase. (B) Illustration of MDP docked into the active site of SjPPase. (C) Stereoview of PPi docked into the active site of SjPPase. (D) Stereoview of MDP docked into the active site of SjPPase.


Furthermore, docking simulations were performed using the CDOCKER program within Discovery Studio 2.1 software package to deepen our understanding of substrate inhibition of SjPPase by PPi. The simulation was carried out using the X-ray crystal structure of SjPPase. Results obtained show that PPi bound just at the entrance of the product release channel (Figure 8A), which was formed by Lys54, Lys71, Asn72, Lys74, Arg76, Tyr190, Lys191, and Lys196 (Figure 8B). PPi might form three hydrogen bond interactions with three key residues in the product release channel (Arg76, Tyr190, and Lys191) (Figure 8B). Product (Pi) was supposed to be released through the flexible positively charged channel (Oksanen et al., 2007), which could provide a low-energy pathway out by passing Pi along the chain of lysines (Oksanen et al., 2007). As shown in the simulation models, PPi blocked the exit of Pi and cut off its release pathway (Figure 8C), which might explain the mechanism of action of the substrate inhibition of SjPPase.
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FIGURE 8. Simulation models of substrate inhibition of SjPPase by PPi. (A) Overall structure of the SjPPase-Pi complex with PPi docked into its active site. The protein is shown as a ribbon diagram, color-coded according to its secondary structure. Metals (M1 and M2) are represented by royal blue spheres. (B) Stereoview of PPi in the product release channel of SjPPase. Selected residues are represented by gray backbones and hydrogen bonds by green dashed lines. (C) Surface view of PPi in the product release channel of SjPPase. The protein is shown in surface view, color-coded according to its interpolated charge.





DISCUSSION

Previous phylogenetic tree results (Sivula et al., 1999) suggested that soluble PPases (sPPase) are grouped into three subfamilies, i.e., plant PPases, prokaryotic PPases, and animal and fungal PPases. The alignment results and phylogenetic analysis (data not shown) indicate that inorganic pyrophosphatase from S. japonicum belongs to the animal PPases of sPPase family I. The alignment of protein sequences revealed that 15 residues are conserved in some family I sPPase sequences (Figure 1). Although these conserved residues are separated in sequence, they participated in forming the active site (Tuominen et al., 1998; Avaeva, 2000; Chao et al., 2006) for PPi hydrolysis from a structural standpoint (Figure 5C). Most eukaryotic PPases are homodimers; crystal structure results suggest that SjPPase is also a homodimer (Figure 5A). Interestingly, the activity of human PPase (HuPPase) depends on self-assemblies by interdimeric contacts of Arg52–Asp281 (Hu et al., 2020). The Arg52/Asp281 of HuPPase corresponds to Arg49/Glu278 of SjPPase in multiple alignments (data not shown). The effect of the Glu278 of SjPPase on its self-assembly and activity is subject to further studies.

To better understand the role of PPase in Schistosoma, we analyzed the metabolic pathway of substrate PPi by enzymatic reaction analysis, a literature search, and sequence alignment. iPPi was primarily generated by pyrophosphorolysis (Figure 2); the generated iPPi can be quickly hydrolyzed by sPPase. However, sPPase hydrolysis is not the only approach to reduce iPPi levels (Serrano-Bueno et al., 2013). Other ways, such as transshipment by the PPi transporter (ANKH) (Ryan, 2001; Netter et al., 2004), hydrolysis by alkaline phosphatase (AP) (Araujo-Montoya et al., 2011), and utilization by some enzymes, can also reduce iPPi concentration. ANKH genes are found in most vertebrate tissues (Ho et al., 2000; Nurnberg et al., 2001; Foster et al., 2012); however, no ANKH gene has been found in the genome of Schistosoma by sequence alignment. Enzymes that utilize PPi in Schistosoma mainly include some transferases (Yuan et al., 1990; Yang et al., 2007; Ge et al., 2011). In relation to these results (Figure 2), the iPPi generated by pyrophosphorolysis in Schistosoma is regulated by sPPase and AP together with transferases that utilize PPi.

Soluble inorganic pyrophosphatase is one of the cellular tools that reduce iPPi concentration in Schistosoma. As previously analyzed and exemplified (Islam et al., 2003; Ko et al., 2007), sPPase can facilitate the growth and development of organisms by hydrolyzing iPPi. Furthermore, sPPase can also eliminate the rapidly generated PPi to prevent cell injury or even death that might result from the accumulation of iPPi under certain conditions (George et al., 2010; Serrano-Bueno et al., 2013). Hence, the efficacy of sPPase catalytic activity is significant for performing its functions. The enzyme assay results suggested that SjPPase possesses PPi hydrolysis activity in a dose-dependent manner with Mg2+ (Figure 4C).

In addition, SjPPase activity that hydrolyzes PPi can be inhibited by different inhibitors with different mechanisms, including excess PPi, NaF, and MDP—their influence on PPase enzyme activity is shown in Figures 4A,D. The inhibition of PPase by NaF resulted from the substitution of a water molecule by NaF in the active site (Heikinheimo et al., 2001; Pohjanjoki et al., 2001). The force of interaction is stronger between Mg2+ and NaF than between Mg2+ and water molecules. Therefore, NaF substitutes water molecules in the active site and blocks water molecules from attacking pyrophosphate bonds. Consequently, the hydrolysis of PPi is inhibited by NaF. MDP is a substrate analog (Zyryanov et al., 2005) and substrate competitive inhibitor (Figure 7). Therefore, the inhibition of PPase by MDP was caused by the competitive binding of MDP and PPi to the active site (Figure 7; Gordon-Weeks et al., 1999). Due to high substrate similarity (Figures 7C,D), MDP easily binds to the PPase active site. PPase cannot hydrolyze MDP; therefore, the catalytic cycle is aborted at the inhibition-binding state. As a result, the hydrolysis of PPi is inhibited. Although the two inhibitors (NaF and MDP) show different mechanisms, their active sites are adjacent. This may give us a clue to pursue a novel inhibitor with high efficiency and selectivity.

The effect of substrate PPi on SjPPase suggests that excess PPi can inhibit enzyme activity (Figure 4A and Supplementary Figure 1). Due to the increasing concentration of Pi with the hydrolysis of PPi, two variable factors (the concentrations of PPi and Pi) are present in the reaction. Therefore, this leads to the question of which factor is directly responsible for inhibition. A Pi-time curve of the reaction (Supplementary Figure 1) revealed that PPi is the causative factor. The detailed explanation involves three arguments: (1) excess PPi inhibits SjPPase activity at the initial stage of the reaction (the concentration of Pi is extremely low); (2) the inhibition of SjPPase activity was not enhanced with an increase in Pi (Supplementary Figure 1); and (3) the inhibition of SjPPase activity was enhanced with increased PPi (Figure 4A and Supplementary Figure 1). Therefore, inhibition is caused by substrate PPi, and it is termed substrate inhibition.

Soluble inorganic pyrophosphatase is not just one of the cellular tools that reduce iPPi concentration in Schistosoma. Substrate inhibition is often regarded as a non-physiological phenomenon; however, previous reports have accumulated evidence proving that it is a biologically relevant regulatory mechanism (Reed et al., 2010). Substrate PPi is an energy-rich compound; therefore, with reference to energy utilization, substrate inhibition of SjPPase may reduce reserved energy wastage in PPi. In addition, the abundant PPi generated from pyrophosphorolysis reactions can participate in the reactions catalyzed by transferases utilizing PPi (Figure 2; Yuan et al., 1992). Furthermore, PPi hydrolysis is accompanied by the release of heat (da-Silva et al., 2004); as such, a situation whereby abundant PPi is rapidly generated and completely hydrolyzed in a cell might cause thermal injury, which could lead to the eventual death of the cell. However, the situation may not be completely hopeless; as mentioned earlier, cells containing ANKH, such as human cells (Figure 2A), do not die due to the heat produced by PPi hydrolysis because the PPi generated is pumped out of the cell by ANKH. The question is on what happens to Schistosoma cells without ANKH (Figure 2B). Evidently, Schistosoma cells do not die due to overheating caused by excessive PPi hydrolysis for the substrate inhibition of PPase. Furthermore, there is limited acceleration in the rate of macromolecular biosynthesis. Therefore, substrate inhibition of SjPPase is physiologically significant in organisms without ANKH, such as Schistosoma. Hence, substrate inhibition of SjPPase not only allows complete energy utilization but also helps prevent heat stress that may lead to cell injury and also regulates the rate of macromolecular biosynthesis.

Substrate inhibition of SjPPase is of great importance to Schistosoma, but its mechanism is still unknown. Therefore, the occurrence of substrate inhibition is quite interesting, albeit being problematic.

The inhibition phenomenon arising from excess PPi has been previously reported for PPase from the photosynthetic bacterium Rhodospirillum rubrum (Klemme and Gest, 1971); however, the mechanism remains unclear. A structural comparison method coupled with site-directed mutagenesis successfully identified the key residues related to substrate inhibition of betaine aldehyde dehydrogenase in Staphylococcus aureus (Chen C. et al., 2014). Using a similar method, we found that SjPPase and ScPPase ligand and cofactor binding sites were identical. Unfortunately, we were unable to identify the key residues contributing to substrate inhibition of SjPPase using this method.

Nevertheless, two exciting studies on PPi hydrolysis mechanisms by PPase (Heikinheimo et al., 2001; Oksanen et al., 2007) reported that hydrolysis undergoes a six-state mechanism in catalytic cycles. For the F intermediate (one of the six states), only one Pi binds to the active site, and this has ample room to accommodate at least three Pi (Oksanen et al., 2007). Therefore, the intermediate has enough space to accommodate another PPi. Hence, we proposed a substrate-inhibition hypothesis that substrate PPi binds to an F intermediate and blocks the exit of Pi from the active site, thereby causing the inhibition of enzymatic activity.

An SjPPase F intermediate crystal structure was first prepared to verify this hypothesis (Figure 5). The second Pi is located at the bottom of the product release channel in the intermediate (Figure 5C) and leaves the SjPPase active site momentarily.

It is important to have a good understanding of substrate inhibition regardless of whether PPi binds with SjPPase at the F intermediate and blocks Pi exit from the SjPPase active site. Therefore, we realized that the docking of PPi into the active site of the SjPPase F intermediate allows PPi to bind with the SjPPase F intermediate and block Pi exit (Figure 8).



CONCLUSION

In summary, SjPPase is a vehicle for PPi hydrolysis, and its hydrolysis activity toward PPi could be inhibited not only by NaF and MDP but also by excessive substrate PPi (substrate inhibition). Furthermore, the structure of the SjPPase F intermediate was solved at 2.3 Å. In addition, excess PPi blocked the exit of Pi by binding with enzymes in the docking experiment, indicating that substrate inhibition may be caused by excess PPi attacking the SjPPase F intermediate of the catalytic cycle. Lastly, our results provide novel insight into the mechanism of substrate inhibition.
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Background

Emerging long reads sequencing technology has greatly changed the landscape of whole-genome sequencing, enabling scientists to contribute to decoding the genetic information of non-model species. The sequences generated by PacBio or Oxford Nanopore Technology (ONT) be assembled de novo before further analyses. Some genome de novo assemblers have been developed to assemble long reads generated by ONT. The performance of these assemblers has not been completely investigated. However, genome assembly is still a challenging task.



Methods and Results

We systematically evaluated the performance of nine de novo assemblers for ONT on different coverage depth datasets. Several metrics were measured to determine the performance of these tools, including N50 length, sequence coverage, runtime, easy operation, accuracy of genome and genomic completeness in varying depths of coverage. Based on the results of our assessments, the performances of these tools are summarized as follows: 1) Coverage depth has a significant effect on genome quality; 2) The level of contiguity of the assembled genome varies dramatically among different de novo tools; 3) The correctness of an assembled genome is closely related to the completeness of the genome. More than 30× nanopore data can be assembled into a relatively complete genome, the quality of which is highly dependent on the polishing using next generation sequencing data.



Conclusion

Considering the results of our investigation, the advantage and disadvantage of each tool are summarized and guidelines of selecting assembly tools are provided under specific conditions.





Keywords: de novo genome assembly, Oxford Nanopore Technology, long reads, Babesia motasi, Piroplasm



Introduction

During the past two decades, the fast development of sequencing technology and rapid reduction in sequencing cost have enabled scientists to initiate projects to sequence the whole genome of any species. Next-generation sequencing (NGS) technology is relatively time saving, less labor intensive and more cost efficient (Lander et al., 2001). In particular, the dramatic success of the human genome project and the completeness of the whole-genome shotgun sequencing of some model organisms has inspired scientists to decode the genetic information of other non-model organisms (Abecasis et al., 2012). In most of these organisms, short reads from NGS were used, ranging from 35–150 bp paired reads and covering a depth range from 50 to 100-fold, which are too short to assemble genome-containing repetitive regions (Salzberg et al., 2012). To some extent, preparing the paired-end and mate-pair libraries and increasing the depth of sequencing coverage facilitate improvements in the accuracy and completeness of genomes. To obtain a complete genome, it is always necessary to make great additional efforts, such as Sanger sequencing and tailored assembly approaches (Salzberg et al., 2012). These methods cannot overcome the drawback of short reads especially in contiguity and assembling a genome with a high degree of repeats.

Thanks to the third generation sequencing technologies that are able to produce long reads, the issue of genomes containing highly repetitive regions has been overcome. It was first developed to produce long reads by Pacific Biosciences (PacBio) with a relatively high error rate (~10 to 15%) (Nagarajan and Pop, 2013). Subsequently, ONT was developed and provided reads of up to a few hundred thousand base pairs with tiny sequencers (Ashton et al., 2015; Laver et al., 2015). A 1D read from these sequencers has a ~75% rate of raw base accuracy, which has been improved to 80–88% for 2D reads (Ip et al., 2015; Lu et al., 2016). Assembly tools developed for NGS are not suitable for handling such long and high-error reads (Nagarajan and Pop, 2013). This intricate problem inspired scientists to develop new assembly and alignment algorithms, which were capable of making read error corrections using self-correction of PacBio reads/ONT reads or hybrid correction with NGS data.

One of the difficulties in assembling genomes comes from the newly emerged and existing many good assemblers, such as NECAT (Chen et al., 2021), Canu (Koren et al., 2017), wtdbg2 (Ruan and Li, 2020), SPAdes (Bankevich and Pevzner, 2016), Miniasm (Li, 2016), NextDenovo (https://github.com/Nextomics/NextDenovo), Smartdenovo (https://github.com/ruanjue/Smartdenovo), Flye (Kolmogorov et al., 2019) and Shasta toolkit (Shafin et al., 2020), that can produce good quality genomes which makes it difficult to choose which assembler to use. These assemblers, mainly based on Over-Layout-Consensus and De-Bruijn Graph algorithms, were developed to assemble genomes from human, plant, animal or bacteria. Briefly, Canu, wtdbg2, Miniasm and Smartdenovo are based on the overlap-Layout-Consensus algorithms, while Flye is based on a generalized Bruijn Graph. NECAT relays a novel progressive two-step error correction algorithm called NECAT with adaptive candidate-read selection for Nanopore raw reads (Chen et al., 2021). NextDenovo is a string graph-based de novo assembler for long reads. To date, there is limited available information on how to select de novo assembly tools or guidelines regarding how to evaluate the quality of an assembled genome using ONT data. In 2016, Sovic et al. (2016) compared the performance of five assembly tools for assembling ONT long reads from E. coli K-12 MG1655 and developed a framework for bacterial genome assembly. Several de novo assemblers were also evaluated these application in prokaryote whole genome assembly (Wick and Holt, 2019). Hyungtaek et al. (Jung et al., 2020) investigated the performance of five de novo tools in long reads from PacBio in 2020. Although they evaluated several criteria, such as CPU time, memory usage, contig numbers, N50 length and assembly accuracy, further investigation should be conducted to determine the performance of newly-developed assemblers, such as NextDenovo and NECAT. Whether these assemblers present a similar performance in Piroplasm genome assembly is a question that still needs to be investigated in the near future.

Babesiosis caused by pathogens of the genus Babesia, including economic and public health important species (Babesia divergens, B. microti, B. crassa, B. motasi, B. bovis), is one of the emerging and re-emerging tick-borne disease in the tropical and subtropical regions of the world. Till now, more than 100 Babesia species have been documented in human, wild and domestic animals. However, limited genomic information is available, which is one of main hinder to understand phylogenetic relationship, reveal gene family that may be critical for interactions between parasite and hosts or vectors. Genome size and GC content of these species ranges from ~6 Mbp to ~14 Mbp and ~36% to 50.6%. The possible reasons for low completeness of these genome is NGS short reads used to assemble genome, and even PacBio reads could not generate contiguity genome in some species, such as Babesia divergens and B. ovata (Guan et al., 2016; Yamagishi et al., 2017; Gonzalez et al., 2019). In other words, it is urgent to develop a high performance procedure of genome assembly for these species. In this study, we systematically evaluated publicly-available de novo assemblers in an attempt to provide answers to the following questions: 1) Which assembler will generate the ideal output? 2) What parameters should be applied to particular assembly tools and how they vary between organisms of the phylum? 3) What parameters should be used to evaluate the quality of a genome? 4) Is assembly correction using nanopore reads and Illumina seq-data required, and to what extent does merging individual and multiple assembly improve genomic quality? 5) What is the ideal output? Our results provided precise information that we then used for genome assembly using each assembler, which will make it possible for other researchers to replicate our work.



Methods and Materials


Sequencing and Preparation of Data

Two 6-month-old sheep were purchased from Jingtai county, Gansu Province, China, and confirmed to be free of piroplasm infection by microscopy, real time-PCR, nested PCR and ELISA assay (Guan G. et al., 2012; Yang et al., 2014; Niu et al., 2016; Yang et al., 2016). They were inoculated intravenously with 10 mL of cryopreserved blood infected with B. motasi Hebei. When parasitemia reached 20–40%, blood samples were collected into EDTA-coated tubes. Merozoites were purified from blood as previously described (Guan G. Q. et al., 2012). Genomic DNA was extracted using a commercial DNA extractions kit according to the manufacturer’s instructions (QIAamp DNA Blood Mini Kit; Qiagen, Hilden, Germany). The library for PromethION was constructed using a ligation kit (SQK- LSK109, Oxford Nanopore Technology, Oxford, UK) and then analyzed using two FLOMIN106 flow cells (v9.4.1). The raw FAST5 data were basecalled using Guppy (v3.2.2). The dataset was subsampled to six different coverages (approximately 15×, 30×, 50×, 70×, 100×, 120×) to test the effect of varying coverage on assembly quality. A library of 400-bp paired-end reads was sequenced using MGISEQ-2000RS (MGI Tech, Shenzhen, China). All test datasets are described in Table 1.


Table 1 | Basic information of the datasets used for evaluation.



For the Nanopore sequencing data, low-quality reads and contaminant reads were filtered by NanoFilt and NanoLyse (De Coster et al., 2018), respectively. Meanwhile, for NGS data, low quality base/reads and adaptor sequences were removed by trim_galore (https://github.com/FelixKrueger/TrimGalore).



De Novo Assembly Tools and Assessment

We selected nine de novo genome assemblers-NECAT (v0.0.1), Canu (v2.2.2), wtdbg2 (v2.5), SPAdes (v3.15.2), Miniasm (v0.3), NextDenovo (v2.4.0), Smartdenovo, Flye (v2.8.3) and Shasta toolkit (v0.7.0), which are freely available and suitable for sequence assembling of long reads generated by the nanopore sequencing platform. For each depth of coverage, each assembly tool was run with different parameters until we achieved optimal results. Contig N50 was used as the primary metric to determine whether the assembler was suitable for assembly, as the largest contigs were usually preferred.

Reads correction is an important step in genome assembly, frequently taking much longer than the assembly itself. To carry out a fair comparison, the following pipeline was applied to this study: 1) After genome assembly from nanopore data with several depths of coverage, we employed minimap2 + Racon and Medaka to perform self correction using clear ONT data. 2) To evaluate whether the further error correction is essential using Illumina data, secondary correction using NextPolish was performed to generate the final assembly output (Hu et al., 2020). 3) We also merged assembly outputs derived from distinct de novo tools to generate more contiguous assembly.

Benchmarking Universal Single-copy Orthologs (BUSCO v5.1.3) was applied to determine the completeness of the genome assembly using the core apicomplexan dataset (apicomplexa_odb10). Then, to evaluate the sequence accuracy, alignment between genome assembly and Illumina-seq reads was performed using BWA (Li and Durbin, 2009). In addition, Samtools was employed to determine the reads coverage of the genome assembly.




Results


N50 Length and Contig Numbers Are Closely Related to Coverage Depth

To measure whether and how the depth of coverage was related to the assembly performance of these nine tools, these freely-available tools were employed to assemble nanopore reads derived from B. motasi at different coverage depths (15×, 30×, 50×, 70×, 100×, 120×). It is clear from Figure 1 that seven de novo tools showed an increase in performance with increasing coverage depth in respect of N50. The values of N50 lengths presented an upward trend with increasing coverage depth from 15× to approximately 40×. When the coverage depth exceeded 40×, very similar values of N50 length reached plateaus for NECAT, NextDenovo Smartdenovo and Miniasm, which were significantly greater than those of wtdbg2 and Flye. To be precise, NECAT achieved the greatest N50 length, while that of NextDenovo, Smartdenovo and Miniasm were comparable to each other for tested datasets and slightly lower than NECAT. Meanwhile, Canu achieved a moderately high level of N50 length (slightly lower than NextDenovo and Smartdenovo). With regard to low sequencing coverage depth, it was impossible to obtain an ideal N50 length for wtdbg2 compared to NECAT, Canu, NextDenovo, Smartdenovo and Miniasm. The N50 length of Flye showed an increase with increasing coverage depth; however the greatest value was still significantly lower than other de novo tools. When the depth coverage increased up to 120×, the lowest was observed in SPAdes with 464,701 base pairs ((LOG(N50) = 5.667)) and Shasta toolkit with 989,623 base pairs ((LOG(N50) = 5.995)), respectively.




Figure 1 | Comparison of the effect of various sequencing depths and assemblers on N50 length in B. motasi assemblies.



The contig number was differentially affected by coverage depth. NECAT, NextDenovo, Flye and Miniasm reflected only slight changes with increasing depth of coverage, while for wtdbg2, Canu and Smartdenovo the numbers showed great changes (Supplementary Figure 1 and Supplementary Table 1). The greatest contig number (>1200) was observed in SPAdes, even when coverage depth reached up to 120×. The second greatest contig number (198) was produced by Shasta toolkit. With respect to N50 and contig numbers, we excluded SPAdes and Shasta toolkit in our subsequent study making a comparison with other de novo assemblers.



Computing Demand

Considering the computing environment and ease of operation, all tested tools are relatively user-friendly. All script and commands are provided in Supplementary Information. Computational demands are also important when selecting tools for de novo assembly. If tools require a lot of execution time and a great deal of memory usage, their use could be seriously limited. To reach a reasonable conclusion, we assigned 16 threads to genome assembly for the seven tools. Then, we measured the runtime demand for all seven tools (Table 2). This demonstrated that Miniasm was the fastest of all tested de novo assemblers, whereas Canu demanded the longest runtime for computation to assemble each coverage depth of dataset, compared with the other tools tested. According to the runtime, the seven tools could be classified as fast (Miniasm, wtdbg2 and NextDenovo), medium (Flye, Smartdenovo and NECAT) and slow (Canu) de novo assembly tools with increasing depth of coverage.


Table 2 | Comparison of runtime in computational test using different coverage depth datasets.





Genome Completeness

These seven de novo tools were employed to generate long contigs from nanopore sequencing long reads. Assessments of genome completeness of de novo tools showed that Miniasm yielded the lowest values, while relatively low values were observed in Miniasm with completeness less than 30%. Relatively high levels of genome completeness were observed in Canu, Flye, NECAT, NextDenovo and Smartdenovo (Figure 2A).

To determine whether base correction is capable of improving the completeness of assembled genomes, two steps of genome polishing were employed using nanopore data and NGS reads. First, minimap2 + Racon and Medaka (https://github.com/nanoporetech/medaka) were used to perform correction using ONT long reads. This correction step greatly facilitated the completeness of the genome for all de novo assemblies (Figure 2B). Medaka requires less runtime than minimap2 + Racon and contributes better to improve the completeness of genomes. Particularly in Miniasm, Flye and wtdbg2, the figures increased from 28.5 to 85.5%, 75.1 to 85.9% and 76.6% to 92.8%, respectively, while for other assembly tools, there were slight increases in genome completeness. Considering the high error rate of ONT reads, the second correction step was performed using NGS reads with the nextPolish and Pilon software package (Walker et al., 2014). As expected, the figures for all seven de novo tools increased from ~85% to ~95%. As an alternative, we assessed the genome completeness of the correctional genome, in which the second correction step was directly performed against the assembled outputs generated from these de novo tools, and found that it could also achieve a level almost equal to the two steps of genome polishing. NextPolish and Pilon showed a similar performance in improving the genome completeness (Figure 2C).




Figure 2 | Assessment of genome assemblies using BUSCO. (A) Outputs from assemblies without further base correction; (B) Assemblies corrected using Minimap2 + Racon or Medaka with ONT reads; (C) Assemblies corrected using NextPolish or Pilon with Illumina reads; (D) Merged multiple assemblies corrected with nanopore and NGS reads.



We next measured the percentage of genome coverage by calculating the assembly aligned to the Illuminia short reads (Table 3). Although assembly quality for Flye and wtdbg2 presented a noticeable low in terms of N50 and contig numbers, these genomes managed to cover almost the whole genome (>95%). Relatively high genome coverage was also achieved by NECAT, Canu and Smartdenovo. It seems that more than 30× coverage was sufficient for NECAT, Canu and NextDenovo to generate good outputs. In addition, the Samtools software package was applied to evaluate the accuracy of assemblies by calculating single nucleotide polymorphisms (SNPs). The values of SNPs were obtained by aligning NGS reads with each assembly (Supplementary Table 1). Most accurate assemblies were generated by NECAT and Smartdenovo, while Flye produced low quality assembly.


Table 3 | Genome coverage percentages of assemblies from different sequencing depths.





Comparison of Seven De Novo Assemblers Using Multiple Parameters

To compare the performance of these de novo tools, each assembler was given a score ranging from 4 to 10 in respect of runtime, N50 length, contig numbers, computation demand, ease of operation, genomic coverage and genomic completeness. To be exact, each assembler was ranked from best to worst for specific criteria, so the best performance of the tool was scored as 10, whereas the worst was given a score of 4. Figure 3 provides a summary of the advantages and disadvantages of these seven tested assemblers.




Figure 3 | Relative performance of de novo assemblers in terms of quality of genome and recommendation.





Genome Post-Processing After Assembling

To evaluate whether merging genomes from each assembler could yield a high quality genome, quickmerge was employed to generate a merged assembly (https://github.com/mahulchak/quickmerge). As the quality of the input assembly directly affects that of the final output, we used corrected assembly using ONT reads and Illumina seq-data as inputs to evaluate post-processing assembly performance. We tested all 120 possible combinations, from merging two individual assemblies to seven assemblies, and the results indicated that some merging improved completeness of the genome, contig size and genome contiguity. The top eight combinations of individual and multiple inputs are listed in Figure 2D and Supplementary Table 1, which had positive effects on improving the completeness of the genome, resulted in longer contigs and a less contig numbers (Figure 2D and Supplementary Table 1).




Conclusions and Discussions

N50 length has been widely used as a metric of assembly contiguity. However N50 is not always a “gold standard” to assess the performance of assemblers (Yandell and Ence, 2012). It is critical to note that a larger N50 is not always reasonable when long reads are not correctly connected (Salzberg et al., 2012). These assemblies can generate large contigs, but result in worse assembly. In an extreme case, an assembly with the largest N50 could contain a very long scaffold and many short scaffolds (Bradnam et al., 2013). Because a reference genome was not available in this study, assembly accuracy could not be evaluated by aligning to the reference genome. When the genome assembly is finished, the main purpose of a genome project is to denote the gene structure and function. Consequently gene completeness is an alternative metric. The results of evaluation of genome completeness using Benchmarking Universal Single-copy Orthologs (BUSCO) and genome coverage revealed that high quality assembly was achieved. Yandell et al. (Yandell and Ence, 2012) proposed that a “gene sized” scaffold N50 could be a preferable criterion. A good assembly has the largest number of scaffolds that are greater than the “gene sized” scaffold N50. In our assembly, all contigs generated from the seven tested de novo tools were longer than the mean length of the gene in Apicomplexa (Gardner et al., 2005; Cornillot et al., 2012; Yamagishi et al., 2017; Bogema et al., 2018).

Alignment reads to assembly can be used to assess the assembly quality in terms of the completeness and accuracy, which are critically important for multiple applications in subsequent studies. Transcriptome data and genome sequencing data could be mapped back to assembly to evaluate the quality of the genome assembled. As transcriptome data were not available in this study, we focused our attention on mapping the Illumina reads to assembled contigs. It is also considered as one of the efficiency criteria of the assembler. Commonly, a good-performing de novo tool has a high genome coverage. Except for SPAdes, good genome coverage was produced by all tested assemblers, reflecting a stable performance among the different datasets. According to this metric, when the coverage depth was over 30×, NECAT, Canu, NextDenovo and Smartdenovo yielded admirable results with ~98% of genome coverage. However Miniasm, Flye and wtdbg2 were found not to be good choices as candidate assemblers.

As expected, error correction procedure can increase both contiguity of assembly and completeness of corn conserved genes. It was noticed that except for Smartdenovo, assemblers (Miniasm, wtdbg2 and Flye) without an included error correction module generated less contiguity assembly or low level completeness of the genome, whereas NECAT, Canu and NextDenovo presented good performance in respect of N50 and BUSCO assessment. Further base corrections with nanopore data and Illumina data had greater or lesser positive effects on the quality of assembly, which could be observed in the results of BUSCO assessments.

Furthermore, post-processing assembly, such as merging different assemblies from several assemblers, was performed to create conserved genome regions to reduce the complexity of de novo assembly. We tested 120 possible combinations, which merged multiple assemblies, generated from seven de novo tools, to assess their contribution to improving the quality of the genome. Based on our observation, although the outputs of post-processing assembly neither contributed to contig size nor to BUSCO assessment results, several merges improved these of the assembly, such as Canu + NECAT, Canu + Smartdenovo, and NextDenovo + Smartdenovo. Hyungtaek et al. and Alhakami et al. proposed that increasing the number of inputs provided a great contribution to improving the contiguity (more longer N50) of assembly; however, a similar situation was not observed in our study. This may vary between different datasets and different genome structures.

In this study, limited datasets were used to evaluate the performance of nine de novo assemblers, so to identify whether the optimized pipelines of de novo assembly present similar performance in other species will need to be investigated in the near future. Any of Canu, Flye or Miniasm + minimap + Racon presented a good performance in genome assemblies of plants and crops (Jung et al., 2020). In contrast, when post-processing assembly was not performed, neither Flye nor Miniasm proved a good choice for genome assembly in the present study. Again for SPAdes, it has advantages in the hybrid assembly pipeline, which uses ONT reads and NGS reads as inputs (Sovic et al., 2016). In addition, Shasta toolkit enables efficient de novo assembly of the human genome in terms of accuracy, speed and contiguity (Shafin et al., 2020). Conversely, SPAdes and Shasta toolkit produce less contiguity of assemblies in B. motasi. Taking the available results together, a benchmarking framework for de novo assembly may present different performances among various organisms. That is to say, high performance of an assembly framework should be developed targeted to a specific species. Our results provided a reference, when weighing the advantages and disadvantages of each tested de novo tool, for selecting acceptable tools, designing sequencing projects, and improving the quality of assemblies (Figure 3).

A limitation of our study was that relatively small datasets were used to evaluate the performance of assemblers; however, the genome assembly framework, developed in this study, provided valuable information for genome analyses of piroplasm parasites (Figure 4). Determining and understanding the limitations of specific tools may provide critical information for de novo genome assembly and point the direction for improving performance of current tools and developing highly-efficient assemblers.




Figure 4 | The framework of genome assembly. In the stage of assembly correction, either strategy (A) or (B) could achieve similar results. There were seven optional post-processing strategies that are recommended to produce a high quality assembly.
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Antimalarial drug resistance has emerged as a major threat to global malaria control efforts, particularly in the Greater Mekong Subregion (GMS). In this study, we analyzed the polymorphism and prevalence of molecular markers associated with resistance to first-line antimalarial drugs, such as artemisinin, chloroquine, and pyrimethamine, using blood samples collected from malaria patients in the China–Myanmar border region of the GMS from 2008 to 2017, including 225 cases of Plasmodium falciparum and 194 cases of Plasmodium vivax. In artemisinin resistance, only the C580Y mutation with low frequency was detected in pfk13, and no highly frequent stable mutation was found in pvk12. In chloroquine resistance, the frequency of K76T mutation in pfcrt was always high, and the frequency of double mutations in pvmdr1 of P. vivax has been steadily increasing every year. In pyrimidine resistance, pfdhfr and pvdhfr had relatively more complex mutant types associated with drug resistance sites, and the overall mutation rate was still high. Therefore, artemisinin-based combination therapies are still suitable for use as the first choice of antimalarial strategy in the China–Myanmar border region in the future.
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Introduction

Malaria is one of the major life-threatening infectious diseases in humans and is particularly prevalent in tropical and subtropical regions worldwide. Humans can be infected by five species of Plasmodium, including Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium malariae, and P. knowlesi (Singh and Daneshvar, 2013). P. falciparum and P. vivax have the highest incidences, followed by P. ovale and P. malariae, while some patients are also infected by P. knowlesi. Almost all malaria deaths occurring in Southeast Asia have been caused by P. falciparum. Globally, approximately 1.5 billion people were infected and 7.6 million patients died from malaria between 2000 and 2019. The majority of infections (82%) and deaths (94%) occurred in the WHO African Region, followed by the WHO South-East Asia Region (10% of infections, 3% of deaths) (WHO, 2020).

The effectiveness and longevity of antimalarial drugs in malaria control are largely dependent on in-depth studies of the determined markers in vitro and monitoring programs in vivo. In addition, it is critical to identify molecular markers that can predict resistance or reduce susceptibility to malaria to actively monitor the temporal trend of parasite susceptibility (Haldar et al., 2018). However, the emergence and spread of multidrug resistance have caused a permanent obstacle to the extinction of malaria. Malaria therapeutics have been plagued by recurring problems for more than 60 years. As first-line therapy, artemisinin-based combination therapies (ACTs) have been used for uncomplicated malaria infections in the Greater Mekong Subregion (GMS). However, the confirmed occurrence of artemisinin resistance in western Cambodia is a major threat to malaria control and elimination (Dondorp et al., 2009; Ashley et al., 2014). Both chloroquine (CQ) and sulfadoxine-pyrimethamine (SP) resistance have emerged in other areas of mainland Southeast Asia (Wellems and Plowe, 2001; Roper et al., 2004).

Mutations in the pfk13 (artemisinin resistance-related gene) propeller domain are recommended for conducting molecular surveillance as an assistant tool for monitoring local resistance to artemisinin. At present, the mutations P441L, F446I, S449A, N458Y, P553L, V568G, P574L, and L675V in pfk13 have been associated with delayed parasite clearance. In addition, the five mutations Y493H, I543T, R539T, R561H, and C580Y have been validated as artemisinin resistance mutations in vitro and in vivo (WHO, 2015) Pvk12 was identified as a homolog of pfk13 in P. vivax (Deng et al., 2016). Currently, there is no molecular evidence of high frequency mutations in pvk12, even in Southeast Asia (Deng et al., 2016; Deida et al., 2018; Tantiamornkul et al., 2018). The mutation V552I (Hassett et al., 2017) was subsequently observed in a P. vivax isolate from Cambodia and examined in this study.

The CQ resistance transporter gene of P. falciparum (pfcrt) is located on chromosome 7; it encodes a structural protein of the food vesicular membrane of P. falciparum, which functions as a CQ transporter. When the wild-type K76 of the carrier protein was mutated to threonine (T), the efficiency of CQ diffusion into the food vesicles of Plasmodium was decreased, and the Plasmodium showed resistance to CQ. Therefore, K76T can be used for clinical drug resistance monitoring of CQ (Nair et al., 2008; Dondorp et al., 2010; Lubell et al., 2011). The insertion of a lysine residue behind the tenth amino acid was observed in the homologous gene pvcrt of P. vivax, which may be related to CQ resistance (Basco and Ringwald, 1998); therefore, this site was also identified.

Field studies have shown that point mutations in pfmdr1 in different geographical regions have different predictive values for CQ resistance and amino acid changes (Foote et al., 1990; Duraisingh et al., 1997). Five mutation sites in Pfmdr1 (N86Y, Y184F, S1034C, N1042D, and D1246Y) have been reported to be associated with susceptibility to CQ (Antony and Parija, 2016). A polymorphism of P. vivax pvmdr1, which is homologous to that in P. falciparum, has been associated with CQ resistance in many studies (Brega et al., 2005; Villena et al., 2020). Whole-genome sequencing and microarray analysis of a single isolate of P. vivax from Pu’er revealed a selective pressure on putative drug resistance genes and found the previously reported T958M mutation to be associated with drug resistance (Orjuela-Sanchez et al., 2009; Dharia et al., 2010). The Y976F and F1076L mutations of pvmdr1 are present in all malaria endemic areas where CQ is used as a first-line antimalarial drug (Suwanarusk et al., 2007; Kim et al., 2011; Lu et al., 2011; Rungsihirunrat et al., 2015). Isolates carrying only the F1076L mutation are not associated with CQ resistance (Barnadas et al., 2008; Orjuela-Sanchez et al., 2010). This observation supports the fact that resistance of P. vivax to CQ requires the presence of two mutations. F1076L is a prerequisite for the secondary product of Y976F, which is responsible for the reduction in CQ sensitivity (Barnadas et al., 2008). However, no other studies have found an association between Y976F mutations and resistance phenotypes (Fernandez-Becerra et al., 2009; Gama et al., 2009). Some studies have found an increase in the copy number of pvmdr1, which seems to be associated with increased susceptibility to CQ (Suwanarusk et al., 2007; Imwong et al., 2008; Lu et al., 2011; Melo et al., 2014). Recently, it has been shown that CQ resistance and clinical severity of P. vivax are associated with increased expression of pvmdr1 and pvcrt-o (Sa et al., 2019), and the CQ resistance ortholog gene in P. vivax (also called pvcrt or pvcg10) (Sa et al., 2006).

The role of dihydrofolate reductase (pfdhfr) mutations in the mechanism of SP resistance has been well described (Wernsdorfer and Noedl, 2003). Pyrimidine resistance can be produced by a single point mutation (S108N) in pfdhfr, but the reductase reactivity to cyclochloroguanidine is only slightly reduced. A previous in vitro assay showed that the IC50 values of the single mutant (I164L) isolates were 6-fold higher than those of the wild-type and close to those usually reported for simple mutants S108N (roughly10-fold higher than wild type) (Andriantsoanirina et al., 2011). High resistance to pyrimidine requires coexisting mutations at other sites, including N51I or C59R. The mutation associated with cyclochloroguanidine resistance was S108N with A16V in pfdhfr. At the same time, the susceptibility of the resistant strain to pyrimidine did not vary significantly. Similarly, polymorphisms in pvdhfr and pvdhps are associated with antifolate drug resistance in P. vivax. The S58R and S117N polymorphisms in pvdhfr were highly correlated with pyrimidine resistance. Additional mutations, including P33L, N50I, F57L, T61M, V64L, and I173L, increased the degree of drug resistance and showed significantly high IC50 values for pyrimethamine (de Pecoulas et al., 1998; Hastings et al., 2004; Sinclair et al., 2011).

In this study, the polymorphism and prevalence of molecular markers associated with resistance to first-line antimalarial drugs, such as artemisinin, CQ, and pyrimethamine, were analyzed using blood samples collected from malaria patients in the China–Myanmar border region of the GMS over a 10-year duration. The results of this study will help develop novel treatment strategies for malaria patients with antimalarial drug resistance.



Materials and Methods


Ethics Statement

These studies were approved by the Yunnan Institute of Parasitic Diseases (No.: 202009) and performed according to the Ethical Committee guidelines. Genetic testing was performed on stored blood samples obtained as part of routine diagnostic work-up for patients with symptoms of malaria. Although there is an absence of risk and anonymous data processing, informed consent was obtained for the collection of samples from persons suspected of malaria.



Subjects and Malarial Blood Sample Collection

From 2008 to 2017, a total of 419 venous blood samples on filter paper, including 225 cases of P. falciparum malaria and 194 cases of P. vivax malaria, were smeared and observed under an optical microscope to confirm the presence of the corresponding type of pathogen. No other clinical symptom was recorded. The samples were collected from malaria parasite-infected patients in the China–Myanmar border region of the GMS. Subjects who agreed to participate in the study took blood from their fingertips and dropped it on a filter paper with a diameter of approximately 5 mm. After drying in air, the samples were placed in a sealed plastic bag and stored at 4°C for a long time. All the samples were provided by the Yunnan Institute of Parasitic Diseases.



Preparation of DNA Template From Blood Samples

Blood membranes with a diameter of 5 mm were taken from each sample, and the Blood DNA Kit (Omega D3392-02) was used for Plasmodium genome extraction. The procedure was modified slightly based on the manufacturer’s instructions: samples were heated with proteinase K at 56°C for 1 h to improve the extraction rate. Finally, 30 µl of polymerase chain reaction (PCR)-grade H2O was used to elute the DNA into the QSP EP tube. The DNA template was then concentrated to 10 µl at 45°C using a Thermo concentrator. The concentrated DNA sample (3 µl) was used as the PCR template, and the remaining DNA samples were stored in a refrigerator at −20°C.



Amplification of Drug-Resistance Gene

Nested PCR amplification using 2×Taq PCR Mix (Tiangen, KT201) was performed to amplify the resistance genes in each DNA sample from patients infected with P. falciparum (the kelch domain of pfk13, pfcrt, pfmdr1, and pfdhfr) or P. vivax (pvk12, pvcrt-o, pvmdr1, and pvdhfr). The primer sequences and reaction product fragment sizes for the two rounds of PCR are listed in Supplementary Table S1. The total volume for the first round of the nested PCR reaction was 10 µl containing 3 μl DNA template, 5 μl 2×Taq PCR mix, and 1 μl each of Primer-PF and Primer-PR (10 mmol/L). The first round PCR conditions were as follows: denaturation at 94°C for 3 min; 35 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 62°C 3 min; and final extension at 62°C for 7 min. The total volume of the second round PCR was 50 µl containing 2 μl amplified product from the first round as the DNA template for the second round of PCR, 25 μl 2×Taq mix, 2 μl each of Primer-NF and Primer-NR (10 mmol/L), and then sterile ddH2O to make up the reaction system to 50 μl. The conditions of the second round of PCR were denaturation at 94°C for 3 min; 35 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 62°C for 60 s; and final extension at 62°C for 7 min. One microliter of the second-round amplification products and positive amplification products was used for electrophoresis detection using 1% and 2% agarose gels, respectively. Positive bands were selected, and DNA was extracted using a Gel Extraction Kit (Omega D2500-02). DNA marker was purchased from Sangon Biotech (Shanghai, China). DNA fragments were sequenced by Parsons Biotech (Shanghai, China).



SNP Statistics and Sequence Analysis

Sequencing results, together with resistance-related gene sequences of the P. falciparum wild-type standard strain 3D7 (ID No. for pfk13: PF3D7_1343700, pfcrt: PF3D7_0709000, pfmdr1: PF3D7_0523000, pfdhfr: PF3D7_0417200), P. vivax strain P01 (ID no. for pvk12: PVP01_1211100), and P. vivax standard strain (pvcrt:PVX_087980, pvmdr1: PVX_080100 pvdhfr: PVX_089950) were aligned on the PlasmoDB website, using MEGA5.04 software to translate the DNA sequences into corresponding amino acid sequences, count SNPs, and analyze correlations with their drug resistance sites (Matlani et al., 2021).




Results


The Geographical Origin of the Study Samples

Blood samples were collected from Gambati and Laiza in Kachin State of Myanmar and Tengchong, Yingjiang, Ruili, and Mengla in the Yunnan Province of China (Figure 1A). A total of 419 blood samples, including 225 cases of P. falciparum and 194 cases of P. vivax (Figure 1B), were collected during the 10-year period from 2008 to 2017. The blood sample was taken from the fingertips, placed on a 5-mm filter paper, dried in air, and stored in a sealed plastic bag at −20°C for a prolonged duration.




Figure 1 | Information about blood samples. (A) Geographic locations of blood samples. The red star represents the region of Yunnan, China, and the blue triangles represent the region of Myanmar. The map was produced using Photoshop. (B) The number of P. falciparum- and P. vivax-infected malaria patient samples in 10 years from 2008 to 2017.





Artemisinin Resistance-Related Genes, Pfk13 and Pvk12

The P. vivax K12 gene, which is homologous to pfk13 in P. falciparum, was studied based on the mutation sites of molecular markers of artemisinin-associated resistance genes. As shown in Table 1, one mutant C580Y was identified in P. falciparum in 2014 and 2015. In 2016 and 2017, this point mutation did not appear and it was speculated to have disappeared; however, there were still chances of unknown vulnerabilities. Mutation P574L was reported in 2011 and 2013. This study also included some mutations at a higher frequency, such as R528K, E556K, R575K, and E620K, whose mutant frequencies were greater than 5%, and it can be intuitively observed that there was an increasing trend from 2013 to 2016 (Figure 2A). It is reasonable to assume that these point mutants were associated with the development of artemisinin resistance, but they should be specifically validated in insect strains in vitro. There was no locus of V552I as reported in P. vivax, but the presence of mutation codons S452R, K465K, R501K, and E553K was observed, which then disappeared in 2010 and 2011. Until 2017, V541A, C566G, and N57I showed slightly higher mutation frequencies of 5%, 10%, and 10%, respectively, in the collected samples. Further studies are needed to verify whether these point mutations lead to artemisinin resistance. In general, there were no stable high-frequency mutant loci in P. vivax samples (Figure 2B).


Table 1 | Statistical analysis of the mutation sites and their frequency in pfk13 and pvk12.






Figure 2 | Mutant locus frequency and distribution of pfk13 and pvk12. (A, B) Histogram analysis for pfk13 and pvk12 in Table 1, respectively. The star indicates the loci associated with artemisinin resistance.





CQ Resistance-Related Genes, Pfcrt, Pvcrt-o, Pfmdr1, and Pvmdr1

K76T is the CQ-resistant marker of pfcrt in P. falciparum, and K10 insertion is the CQ-resistant marker of pvcrt-o in P. vivax. These markers showed a general decreasing trend in mutant frequency over the 10-year period (Figures 3A, B). However, K76T in pfcrt still had a high mutation frequency (>40%) in 2017 (Figure 3A), which may have led to the poor therapeutic effect of CQ against P. falciparum malaria. As the frequency of K10 insertion in pvcrt-o decreased to 10% in 2017 (Figure 3B), reusing CQ may be considered for P. vivax malaria treatment in this region.




Figure 3 | Genotype frequency variation of pfcrt, pvcrt-o, pfmdr1, and pvmdr1. (A, B) Mutant locus frequency of K76T in pfcrt and K10 insertion in pvcrt-o. (C) Mutant locus frequency of N86Y in pfmdr1 is given in blue and red, respectively. (D) Mutant locus frequency of triple mutant and double mutant in pvmdr1 is given in blue and red, respectively.



Another factor affecting CQ resistance is the polymorphism of Pfmdr1. Only N86Y and Y184F of pfmdr1 were detected in P. falciparum samples, of which only one N86Y mutant locus was found in 2014. The frequency of Y184F locus dropped to 4% in 2014, but subsequently reached 52% in 2017 (Figure 3C). Overall, the main factor for CQ resistance in this region was the widespread prevalence of K76T in pfcrt. In the samples of P. vivax, three mutations were detected in pvmdr1, including Y976F, F1067L, and T958M; there may be simultaneous mutations in each mutant strain, possibly yielding multiple combinations. T958M is a secondary product of mutation formation and was observed in all mutant strains. The combination type of M958F976L1067 showed the highest resistance rate to CQ. Fortunately, its frequency remained low. However, the double mutant frequency of M958F976F1067 and M958Y976L1067 showed a steady increasing trend with each passing year, reaching 60% in 2017 (Figure 3D).



Pyrimidine Resistance-Related Genes, Pfdhfr and Pvdhfr

N51I, C59R, S108N, and I164L were detected in pfdhfr of P. falciparum, and there were several combinations in the same mutant strain (Figures 4A, B). The four-fold mutant form I51R59N108I164 was highly resistant to pyrimethamine, followed by the triple mutant form containing S108N. Quadruple mutations were dominant and maintained a high mutant frequency until 2012, which began to decrease sharply from 77.3% in 2012 and remained at approximately 20% in the next few years (Figure 4A). The frequency of triple mutations increased to 56.5% in 2017, which may indicate that resistance to pyrimethamine was reduced. F57I/L, S58R, T61M, and S117N/T were detected in pvdhfr of P. vivax, along with multiple mutant types (Figures 4C, D), in which multiple mutant forms containing S58R or S117N were highly resistant to pyrimethamine. pvdhfr has always been dominated by quadruple mutations, but the polymorphism F57I/L may have changed from F57L to F57I in 2011, which may be related to the control of medication.




Figure 4 | Genotype frequency variation of pfdhfr and pvdhfr. (A, C) Popular tendency of all genotypes from 2008 to 2017 in pfdhfr and pvdhfr according to the list as given in (B, D), respectively.






Discussion

In this study, we successfully performed a molecular surveillance of the mutation loci of the genes responsible for resistance to several first-line antimalarial drugs, such as artemisinin, CQ, and pyrimethamine, by analyzing their resistance-related gene polymorphisms in samples collected from the China–Myanmar border region from 2008 to 2017. Overall, for both P. falciparum and P. vivax, mutations of artemisinin resistance genes are becoming more and more complex and diverse, but the CQ and pyrimethamine drug resistance marker gene mutation rate has declined. For artemisinin resistance, only C580Y at low frequency was detected in pfk13, and no stable mutation with high frequency was found in pvk12. For CQ resistance, K76T in pfcrt has shown an overall declining trend since 2008, while keeping a high mutation frequency. The frequency of K10 insertion in pvcrt-o of P. vivax was almost 100% in 2008 and 2009, and decreased gradually each year, to about 10% in recent years. These indicated the unreliability of this marker for CQ resistance in P. vivax. As the CQ resistance in P. vivax has been linked to pvcrt (pvcrt-o) transcription level, a genetic-cross study supported an upregulated pvcrt expression as a mechanism of CQ resistance (Sa et al., 2019); this was also supported by a recent field study (Rovira-Vallbona et al., 2021). Herein, we observed that the frequency of double mutants in pvmdr1 has been steadily increasing each year. In general, CQ may not be suitable as a first-line treatment for a long time in this region. For pyrimidine resistance, there were complex types of genotypes in drug resistance-related loci in both pfdhfr and pvdhfr, and the overall mutation frequency was high. In summary, artemisinin is still available as a first-line drug in this region.

In terms of artemisinin resistance, our study not only clarified the mutation history of pfk13 in the China–Myanmar border region over the past ten years, but also detected some PfK13 amino acid non-synonymous mutation trends. In pfk13, in addition to the locus C580Y, which has been confirmed to be related to drug resistance in previous reports, four other loci were detected: the non-validated mutation locus R575K, which has been reported with a high mutation rate along the Thai-Myanmar border as early as 2007 and with low mutation frequency in other GMS regions (Nyunt et al., 2015; Talundzic et al., 2015), and the three mutant loci, R528K (Laminou et al., 2018), E556K (Guerra et al., 2017), and E620K (de Laurent et al., 2018), which have been reported with a low mutant frequency in the Africa regions recently, but with a high steady mutant frequency in the China–Myanmar border in this study. Some mutation sites (P574L and C580Y) detected in this study were similar to those reported by other studies conducted in Myanmar or the China–Myanmar border region using parasites collected from the China–Myanmar border region from 2007 to 2012 (Wang et al., 2015) and to those detected in Myanmar and relevant border regions of Thailand and Bangladesh between 2013 and 2014 (Tun et al., 2015). The F446I mutation is the most prevalent mutation at the China–Myanmar border and north of Myanmar, and introduction of F446I mutation into PfK13 leads to increased ring survival rates in P. falciparum isolates in vitro, but no mutation was detected in our study (Wang et al., 2018). These results indicated that the artemisinin resistance marker Pfk13 mutations are very complex and exhibited an increasing trend. Our study provides a strong theoretical basis for subsequent ACTs, but new mutant loci that are directly related to developing resistance by in vitro parasites require to be studied further using allelic exchange genetic modification methods, such as CRISPR/Cas9 genomic editing, combined with in vitro drug screening tests (Xiao et al., 2019; Huang et al., 2020). The mechanism of action of artemisinin remains controversial, and our study provides some evidence of artemisinin drug resistance. In vivo artemisinin resistance has been proposed (Noedl, 2005) and identified by the presence of significantly decreased parasite reduction rates, manifested clinically by markedly longer parasite clearance times from the body (Noedl et al., 2008; Noedl et al., 2010). A recent study suggested that interconnected mechanisms might poise K13 mutant parasites to survive dihydroartemisinin treatment and increase the proteostatic capacity of the parasite. These mechanisms include an enhanced ability to eliminate damaged proteins through the unfolded protein response and ubiquitin–proteasomal machinery, and remodeling of secretory and vesicular transport processes that impact hemoglobin endocytosis and protein and lipid trafficking (Mok et al., 2021).

However, there are still some limitations in this study. We only collected about 20 samples of P. falciparum and P. vivax from 2007 to 2018 in the China–Myanmar border, and thus, the expansion of the sample size to make a more representative conclusion and further experimental validations to the new mutation pattern of the artemisinin resistance gene PfK13 are urgently needed. Overall, the new mutations reported in our study may provide a basis for further research on novel molecular mechanisms of antimalarial drugs as well as on malaria patient treatment.
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Cysticercus cellulosae (C. cellulosae) excretes and secretes antigens during the parasitic process to regulate the host immune response; however, resulting immune response and cytokine production in the host during infection still remains unclear. We used C. cellulosae crude antigens (CAs) as controls to explore the effect of excretory secretory antigens (ESAs) on T-cell immune responses in piglets. C. cellulosae ESAs induced imbalanced CD4+/CD8+ T-cell proportions, increased the CD4+Foxp3+ and CD8+Foxp3+ T-cell frequencies, and induced lymphocytes to produce interleukin-10, which was mainly attributed to CD4+ and CD4−CD8− T cells. The ESAs also induced Th2-type immune responses. The results showed that the ability of C. cellulosae to escape the host immune attacks and establish a persistent infection may be related to host immune response regulation by the ESAs.
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Introduction

Taenia solium (T. solium) is a cestode parasite that has zoonotic importance and is harmful to human health. Its developmental stages include four life cycles: eggs, oncospheres, larvae, and adults (Arora et al., 2017). Both larval form of this parasite, termed as Cysticercus cellulosae and the adult worms, are responsible for human disease. Adult parasites of T. solium infected the human intestine and caused taeniasis, whereas, C. cellulosae infected the subcutaneous tissues, muscle, brain, eyes, and other sites of intermediate host and caused cysticercosis, and neurocysticercosis (NCC) is the most serious form of the disease (Gonzales et al., 2016). Patients with NCC exhibit varying symptoms; these can be asymptomatic or have mild clinical manifestations (e.g., headache, dizziness, and occasional seizures) to a severe neurological syndrome (e.g., seizures, intracranial hypertension, hydrocephalus, cerebrospinal fluid blockage, cognitive deficit, and other features), which is chronic with a very high mortality rate (Fleury et al., 2016; Gonzales et al., 2016).

Parasitic infections are an important public health problem worldwide (Gazzinelli-Guimaraes and Nutman, 2018). Helminth parasites can regulate and evade host immune attacks through various means (Maizels and McSorley, 2016). Regulatory T cells (Tregs) could produce interleukin (IL)-10 and transforming growth factor (TGF)-β to suppress host immune responses (Arce-Sillas et al., 2016); thus, immune escape by parasites may be attributed to Tregs production. Host immunity determines parasite susceptibility (Tharmalingam et al., 2016), and CD4+ T cells play important roles in host immunoregulation (Zhu et al., 2010). Dendritic cells (DCs) are the most efficient antigen-presenting cells (Clotilde and Amigorena, 2001), which can present foreign antigens to naive CD4+ T cells, which then activate and differentiate into Tregs and helper T cells (Th), including Th1, Th2, and Th17. Th1-type immune responses inhibit infections, and Th2-type immune responses aggravate infections (Tharmalingam et al., 2016).

Both larval and adult form of T. solium excrete and secrete various products into the host; these products make direct contact with the hosts’ immune system and interfere with immunoregulation (Hewitson et al., 2009; White and Artavanis-Tsakonas, 2012; Sun et al., 2019). Among these products, excretory secretory antigens (ESAs) include many antigenic substances, which can be obtained in vitro via cultivation technology (Iddawela et al., 2007; Stefan et al., 2011; Wang et al., 2017). Compared with parasitic crude antigens (CAs) and soluble antigens (SAs), ESAs are involved in parasitic pathogenesis and immune evasion and are considered diagnostic and treatment targets (Hayam et al., 2013; Gazzinelli-Guimaraes and Nutman, 2018). For example, CD4+ and CD8+ T-cell proliferation are decreased and the mice’s immunoreaction to the worms is suppressed when mice are infected with ESAs from adult hookworms, thus increasing the worm’s ability to survive in the host (Nicholas and Blaise, 2017). ESAs from adult nematodes can selectively inhibit interferon (IFN)-γ and IL-2 production, but not IL-4 or IL-10 production, in CD4+ and CD8+ T cells of rat mesenteric lymph nodes. It shows that Th2 immune responses are closely related to persistent parasitic infections (Uchikawa et al., 2000).

C. cellulosae ESAs from T. solium induced angiogenesis in the brains of rat models of NCC, which may be related to the NCC pathology (Carmen-Orozco et al., 2019). Studies have shown that the sensitivity and specificity of enzyme-linked immunoelectrotransfer blots (EITB) for detecting anti-ESA antibodies in the serum of patients with NCC were higher than the lower molecular mass (LMM) antigenic fractions of C. cellulosae. Moreover, detecting anti-ESA antibodies via enzyme-linked immunosorbent assay (ELISA) enables evaluating the treatment responses of these patients. C. cellulosae survival is directly related to the existence of anti-ESA antibodies, and these antibodies can be used in new diagnostic tests and subsequent treatments (Molinari et al., 2002;Atluri et al., 2010; Atluri et al., 2014; Paredes et al., 2016). Thus, we conducted this study to explore the effects of C. cellulosae ESAs from T. solium on the immunoresponses of T lymphocytes.



Materials and Methods


Animals and Infection

A whole adult T. solium worm was obtained from a patient with taeniasis from a taeniasis-endemic area in Yajiang, Ganzi, Sichuan Province. To generate T. solium larvae, each healthy piglet was infected by feeding 5 pieces mature gravid proglottids from the worm at the Animal Experimental Center of Zunyi Medical University. There were 12 piglets in this infection experiment, including 10 piglets in the infection group and 2 piglets in the control group. The healthy piglets were confirmed to be pathogen-free before infection and raised under standard conditions. The Animal Care and Use Committee of Zunyi Medical University approved the experiments.



Preparation of C. cellulosae ESAs and CAs

To prepare the ESAs and CAs of the T. solium larvae, the infected piglets were euthanized 2–3 months postinfection, and C. cellulosae were harvested from the muscle tissue. The C. cellulosae were washed three times in physiological saline and sterile phosphate-buffered saline (PBS: 0.02 M Na2HPO4/NaH2PO4, 0.15 M NaCl, pH 7.2), then cultivated at 37°C and 5% CO2 in RPMI 1640 medium (cat. #31800, Solarbio, Beijing, China) containing penicillin G (100 U/ml) and streptomycin (100 μg/ml). Then the culture supernatants were collected aseptically after 72 h. The supernatants were filtered through 0.22 μm sterile filters, then concentrated by transferring them into a 3 kDa ultrafiltration tube (cat. #UFC900396, Millipore, MA, USA). The liquid after concentration was C. cellulosae ESAs, and its protein concentration was determined using a Bradford protein assay kit (cat. #UFC0010, Solarbio, Beijing, China) per the manufacturer’s instructions and stored at −80°C until used.

The C. cellulosae CAs were prepared as previously described with some modifications (Verastegui et al., 2001). The C. cellulosae were collected and washed three times with physiological saline and PBS, then homogenized in a homogenizer (70 Hz/s, 10 s/time) at 4°C until completely lysed. The supernatants were collected via centrifugation as C. cellulosae CAs, and its protein concentration was measured using a Bradford protein assay kit per the manufacturer’s instructions and stored at −80°C until further use.



Peripheral Blood Mononuclear Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated as previously described with minor modifications (Valent et al., 2017). Briefly, under sterile conditions, 10 ml of heparinized anticoagulated blood was collected from the healthy piglets via jugular venipuncture and diluted 1:1 with sample diluent according to the lymphocyte separation solution kit (cat. #LTS1110, TBD Sciences, Tianjin, China) as per manufacturer’s instructions. The diluted blood was added to the surface of an equal volume of separation liquid. The solutions were centrifuged at 2,500 rpm for 20 min according to the density gradient centrifugation to obtain the PBMCs layer. PBMCs were collected and washed twice with cleaning solution. Erythrocyte lysis buffer (cat. #R1010, Solarbio, Beijing, China) was used to eliminate erythrocyte contamination. PBMCs were suspended in RPMI 1640 medium with 10% inactivated fetal calf serum (cat. #11011-8611, Sijiqing, Zhejiang, China) after ensuring that the cell viability exceeded 95% via trypan blue staining.



Cell Cultures

To analyze the effects of ESAs and CAs on mitogen-induced lymphocyte proliferation, PBMCs were cultured in 96-well plates at 1×106 cells/well at 37°C and 5% CO2 and separately incubated with control medium, concanavalin A (ConA, 10 μg/ml) (cat. #C5275, Sigma, Saint Louis, MO, USA), ESAs (40 μg/ml), or CAs (40 μg/ml). Phytohemagglutinin (cat. #P8090, Solarbio, Beijing, China) was added to a final concentration of 2.5 μg/ml after cultivation for 3 h. Cells were harvested on day 2, stained with CD4 and CD8, and analyzed via flow cytometry.

To further analyze whether ESAs and CAs can induce Treg production, PBMCs were incubated in 96-well plates at 1×106 cells/well and treated with control medium, ConA, ESAs, or CAs for 48 h under standard conditions. The cells were then collected and analyzed for Foxp3, CD4, and CD8 expression by flow cytometry. Foxp3 and Helios mRNA expression levels were calculated via quantitative real-time PCR (qRT-PCR).

To investigate whether ESAs and CAs can induce IL-10 production, PBMCs were cultured in 96-well plates at 1×106/well and added with ESAs, CAs, 2 μg/ml lipopolysaccharide (LPS: cat. #L2880, Solarbio, Beijing, China), ESA+LPS, CA+LPS, or control medium. The culture supernatants were harvested after 24 h, and IL-10 expression was measured via ELISA.

The lymphocyte subsets expressing IL-10 were evaluated via intracellular cytokine staining. PBMCs were cultured in 96-well plates at 1×106/well and stimulated with ESAs, CAs, LPS, ESA+LPS, CA+LPS, or control medium. During the last 12 h of culturing, 5 μg/ml of Brefeldin A (cat. #abs810012, Absin, Shanghai, China) was added to block intracellular cytokine secretion into the extracellular area. After 24 h, the cells were stained with IL-10, CD4, CD8, IL-10, and Foxp3 and analyzed via flow cytometry.



T-Lymphocyte Polarization

Healthy piglets were anesthetized, 20 ml bone marrow was extracted, and the bone marrow precursor cells were isolated under sterile conditions. The cells were cultured under standard conditions, and the immature DCs were induced. The purity of immature DCs was more than 80% by flow cytometry. To determine the influence of C. cellulosae ESAs and CAs on T-cell polarization, CD4+ T cells were enriched from the spleens of the healthy piglets via positive selection using anti-CD4 magnetic beads (cat. #130-091-652, Miltenyi Biotec, Bergisch Gladbach, Germany) and a lymphocyte separation solution kit (cat. #LTS1110, TBD Sciences, Tianjin, China) as per manufacturer’s instructions. CD4+ T cells at 1×107 were co-cultivated with 1×106 immature DCs in 96-well pates and added with ESAs (40 μg/ml), CAs (40 μg/ml), ConA (10 μg/ml), or control medium stimulation. The medium was removed via centrifugation, and 10 ng/ml pig recombinant IL-2 (cat. #ab238302, ABCAM, Cambridge, UK) was added to promote polarization and maintain T-lymphocyte activity when 24 h of culture. After 48 h, the culture supernatants were collected, and the expression levels of IFN-γ (Th1), IL-4 (Th2), and IL-17 (Th17) were analyzed via ELISA.



Flow Cytometry and Antibodies

For cell surface staining, cells were washed twice in precooling staining buffer, then resuspended in staining buffer and incubated with primary antibodies for 30 min on ice in the dark. Cells were then washed once with staining buffer and resuspended in it. The antibodies were used as CD4a:PE-Cy7 (clone #561473, BD Pharmingen, Franklin Lakes, NJ, USA) and CD8a:AF647 (clone #561475, BD Pharmingen, Franklin Lakes, NJ, USA). To detect the intracellular antigens, cells were first incubated for 30 min with surface-labeled antibodies, then washed and resuspended in staining buffer. Cells were then fixed and permeabilized for 45 min with transcription factor buffer (cat. #562574, BD Pharmingen, Franklin Lakes, NJ, USA) as per manufacturer’s instructions, then incubated with intracellular antigens fluorescent antibodies for 45 min on ice in the dark. The antibodies were used as CD4a:PE-Cy7, CD8a:AF647, Foxp3:FITC (clone #11577382, Thermo Fisher, Waltham, MA, USA), and IL-10:PE (clone #12710841, Thermo Fisher, Waltham, MA, USA).



ELISA for Cytokine Secretion

Cytokine secretion was detected using pig IFN-γ, IL-4, and IL-17 ELISA kits (cat. #SEA056Po, Cloud-Clone Corp., Wuhan, China). The culture supernatants were collected, and then the cytokine production levels were analyzed as per manufacturer’s instructions.



qRT-PCR

The relative changes of Foxp3 and Helios mRNA expression levels in the PBMCs were measured via qRT-PCR. The primer sequences used were pig GAPDH (F: 5′-TCGGAGTGAACGGATTTGGC-3′, R: 5′-TGACAAGCTTCCCGTTCTCC-3′), pig Foxp3 (F: 5′-GGTGCAGTCTCTGGAACCAAC-3′, R: 5′-GGTGCCAGTGGCTACAATAC-3′), and pig Helios (F: 5′-AGGAGGTACATGGTGACTCA-3′, R: 5′-CTCACAGGACACCTCAGGAC-3′). TRIzol universal total RNA extraction reagent (cat. #D424, Tiangen) was used to extract total RNA from the stimulated cells per the manufacturer’s instructions. Reverse transcription and qRT-PCR were performed using RevertAid First Strand cDNA synthesis kit (cat. #K1622, Thermo Fisher) and FastStart Universal SYBR Green Master (Rox) (cat. #04 913 914 001, Roche, Basel, Switzerland). The cycle conditions were one cycle at 95°C for 15 s, 56°C for 30 s, and 72°C for 20 s for 44 cycles. The relative Foxp3 and Helios mRNA expression levels were determined via the 2−ΔΔCT method.



Statistical Analysis

One-way analysis of variance was used for multiple-group comparisons, and the least significant differences test was used for pairwise comparisons between groups. P<0.05 was considered the lowest statistically significant; P<0.01 was considered moderately statistically significant; P<0.001 was considered the highest statistically significant.




Results


C. cellulosae ESAs and CAs Induced CD4+ and CD8+ T-Lymphocyte Responses

Piglet PBMCs were cultured with ESAs and CAs for 48 h, then the CD4+ and CD8+ T-cell subset expressions were detected via flow cytometry. The ESAs-induced CD8+ T cells increased to levels near those of ConA. Compared with the normal controls, the CAs-induced CD8+ T cells were elevated, but CD4+ T cells were decreased, and both levels were lower than those of ConA (Figure 1). Compared with CAs, ESAs induced a significant increase in CD4+ and CD8+ T cells (Figures 1A, B). Thus, both C. cellulosae ESAs and CAs can stimulate an immune imbalance in the T-lymphocyte subsets.




Figure 1 | T cells immune response assay. The frequencies of CD4+ and CD8+ T lymphocytes were detected by flow cytometry. (A) Cysticercus cellulosae CA inhibited the expression of CD4+ T lymphocytes but ESA had no significant effect on them. Cysticercus cellulosae ESA significantly induced the expression of CD4+ T lymphocytes compared with CA. (B) Both Cysticercus cellulosae ESA and CA induced the production of CD8+ T lymphocytes, and compared with CA, ESA significantly stimulated the expression of CD8+ T lymphocytes. All dates were represented by means ± SD, ***P < 0.001.





C. cellulosae ESAs and CAs Stimulated Tregs Subsets Expression

The effects of C. cellulosae ESAs and CAs on Treg production were checked. We analyzed the expressions of Treg subsets via flow cytometry. C. cellulosae ESAs increased Foxp3+ lymphocyte expression and had a statistical significance. The CAs also slightly increased the Foxp3+ lymphocytes, but the increase was not statistically significant compared with the controls (Figure 2A). Tricolor flow cytometry showed that C. cellulosae ESAs stimulated CD4+ and CD8+ lymphocytes, which are the main source of Foxp3 expression. CAs stimulated only the production of CD4+Foxp3+ Tregs (Figures 2B, C). Neither the ESAs nor the CAs of C. cellulosae significantly affected the expressions of CD4+CD8+Foxp3+ or CD4−CD8−Foxp3+ Tregs (Figures 2D, E).




Figure 2 | Tregs inducing assay. PBMCs were stimulated for 48 hours with Cysticercus cellulosae ESA and CA respectively, then the cells were collected and measured the expression of Tregs subsets via flow cytometry. (A) Cysticercus cellulosae ESA significantly induced the expression of Foxp3+ lymphocytes, while, CA had no obvious impacts on the expression. (B) Both Cysticercus cellulosae ESA and CA could promote the frequency of CD4+Foxp3+Tregs. (C) The frequency of CD8+Foxp3+ Tregs was increased only by Cysticercus cellilosae ESA. (D, E) Both Cysticercus cellulosae ESA and CA had no effects on the expression of CD4+CD8+Foxp3+ and CD4-CD8-Foxp3+Tregs. Dates were expressed as the means ± SD, *P < 0.05, **P < 0.001, ***P < 0.001.





C. cellulosae ESAs and CAs Decreased the Relative Foxp3 and Helios mRNA Expression Levels

Because Foxp3+ Tregs also express Helios, we preliminarily detected the mRNA expression levels of Foxp3 and Helios in PBMCs stimulated with C. cellulosae ESAs and CAs via qRT-PCR. Compared with those of the normal controls, C. cellulosae ESAs and CAs significantly reduced the Foxp3 and Helios mRNA expression levels in the PBMCs (Figures 3A, B).




Figure 3 | qRT-PCR revealed the mRNA expression levels of Foxp3 and Helios in PBMCs. (A) The Foxp3 mRNA expression quantity was inhibited by Cysticercus cellulosae ESA and CA compered with 1640 group. (B) Similiar to the change of Foxp3, ESA and CA also reduced the mRNA expression level of Helios inPBMCs. Results were expressed as the mean ± SD, ****P < 0.0001.





IL-10 Secretion in PBMCs

PBMCs were stimulated with ESAs and CAs for 24 h, then the culture supernatants were collected, and the IL-10 secretion levels were detected via ELISA. In the absence of LPS, both C. cellulosae ESAs and CAs increased the IL-10 secretion in the PBMCs compared with that of the controls. Additionally, C. cellulosae ESAs induced lower IL-10 secretion levels than did the CAs. However, stimulating the ESAs and CAs with LPS significantly reduced the IL-10 secretion levels. Compared with CAs+LPS, ESAs+LPS decreased the IL-10 secretion (Figure 4).




Figure 4 | IL-10 secretion. The secretion level of IL-10 in cultured supernatant was measured by ELISA. Cysticercus cellulosae ESA and CA treated PBMCs for 24 hours without LPS, ELISA showed both ESA and CA could be capable to induce IL-10 secretion. But, under the presence of LPS, the secretion of IL-10 was inhibited by ESA and CA in PBMCs. Dates were represented by means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.





C. cellulosae ESAs and CAs Induced IL-10 Expression in Lymphocytes

To further investigate IL-10 expression in lymphocytes, we used tricolor flow cytometry to detect the IL-10+, CD4+IL-10+, CD8+IL-10+, and CD4+/−CD8+/−IL-10+ lymphocyte frequencies. Without LPS, both C. cellulosae ESAs and CAs significantly increased the IL-10+ lymphocyte frequencies. Additionally, the induction effects of the ESAs and CAs on IL-10+ lymphocytes were stronger in the presence LPS (Figure 5A). CD4+ T lymphocytes were the main sources of C. cellulosae ESA- and CA-induced IL-10 secretion (Figure 5B). ESAs also induced CD4−CD8−IL-10+ lymphocyte expression (Figure 5D). Conversely, IL-10 expression was significantly inhibited in the CD8+ and CD4+CD8+ T lymphocytes (Figures 5C–E). When cells were co-cultured with C. cellulosae ESA+LPS and CA+LPS, the CD4+IL-10+ lymphocyte frequencies increased markedly, but the CD8+IL-10+ lymphocyte expression decreased significantly (Figures 5B, C). C. cellulosae ESAs stimulated with LPS significantly inhibited the frequency of CD4+CD8+IL-10+ cells but increased the expression frequency of CD4−CD8−IL-10+ cells. However, C. cellulosae CAs stimulated with LPS decreased the CD4−CD8−IL-10+ cells production (Figures 5D, E).




Figure 5 | IL-10+ lymphocyte assay. The production of IL-10+ lymphocyte subsets by flow cytometry. (A) Both Cysticercus cellulosae ESA and CA induced the production of IL-10+ lymphocyte. (B) CD4+T lymphocyte was the main source Cysticercus cellulosae ESA and CA-induced IL-10 expression. (C) In the presence or absence of LPS, Cysticercus cellulosae ESA and CA significantly inhibited the expression frequency of CD8+IL-10+ lymphocyte. (D) Cysticercus cellulosae ESA could be induced the expression of CD4-CD8-IL-10+ cell under the presence or absence of LPS. While, CA only decreased the expression in the presence of LPS. (E) Similar to (C), the production of IL-10 in CD4+CD8+ lymphocyte was inhibited by Cysticercus cellulosae ESA. All dates were shown as the means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.



Co-staining IL-10 and Foxp3 without LPS revealed that C. cellulosae ESAs inhibited the Foxp3+IL-10+ lymphocyte production, but no significant differences were noted between the CAs and the controls. Interestingly, only C. cellulosae CAs reduced the Foxp3+IL-10+ lymphocytes expression when combined with LPS (Figure 6).




Figure 6 | The production of Foxp3+IL-10+lymphocyte. The co-expressing Foxp3 and IL-10 cell were detected via tricolor flow cytometry, which shown that the production of Foxp3+IL-10+ lymphocyte was inhibited by Cysticercus cellulosae ESA. Besides, CA had significantly decreased the production only under the presence of LPS. Results were expressed as the mean± SD, *P < 0.05.





Th1, Th2, and Th17 Cell Differentiation

To investigate the modulatory effects of C. cellulosae ESAs and CAs on Th subset production, IFN-γ, IL-4, and IL-17 secretion levels were examined via ELISA. DC-CD4+ T cells exposed to C. cellulosae ESAs and CAs produced different cytokine levels (Figures 7A–C). Stimulation with C. cellulosae CAs significantly induced IL-4, IL-17, and IFN-γ secretion, and the IL-4 and IL-17 secretion levels were higher than those of the positive controls. However, C. cellulosae ESAs strongly promoted IL-4 and IL-17 secretion, but it was lower than that of the CAs. Importantly, both ESAs and CAs dramatically induced IL-4 production (Figure 7D). Therefore, C. cellulosae ESAs and CAs stimulation played strong regulatory roles in Th cell immune responses by altering the cytokine secretion.




Figure 7 | Th cytokines secretion. The secretion levels of IFN-γ, IL-4 and IL-17 were measured by ELISA. (A) Only Cysticercus cellulosae CA induced IFN-γ secretion, ESA had no effect on it. (B) Both Cysticercus cellulosea ESA and CA significantly induced the production of IL-4 and the latter was higher than the former. (C) Cysticercus cellulosae CA obviously up-regulated the secretion level of IL-17 compared with ESA. (D) Both Cysticercus cellulosae ESA and CA dramatically induced IL-4 secretion. All dates were represented by means ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Cysticercosis is a complex disease involving host-parasite interactions. The extent and nature of the host immune response, as well as the active immunomodulatory mechanisms produced by the parasite, determine the disease occurrence and development (Garcia et al., 2014). Under normal conditions, T-cell subsets regulate each other and maintain a balanced immune function. In this study, C. cellulosae ESAs and CAs increased the number of CD8+ T cells without significantly changing or decreasing the number of CD4+ T cells, thus decreasing the CD4+/CD8+ T-cell ratios. Thus, the immune imbalance induced by cysticercosis may be related to regulation of the T-cell immune responses by C. cellulosae ESAs and CAs, indicating that these two have potential regulatory roles in lymphocytes homeostasis.

Similar to human Tregs, CD4+Foxp3+ T cells are markers of porcine Tregs, and porcine CD8+Foxp3+ Tregs have also been identified (Wang et al., 2016). Tregs can exert suppressive functions by prompting secretion of the immunosuppressive cytokines, IL-10 and TGF-β, as well as play important roles in immunotolerance and immune homeostasis (Georgiev et al., 2019). The transcription factor, Foxp3, a dominant regulator and highly specific marker of Tregs, is the prerequisite for Treg cells to produce and exert their immunosuppressive effects (Deng et al., 2019). Foxp3-defective Tregs have decreased IL-10 and TGF-β production levels and weaker suppression abilities (Jia et al., 2015). During parasitic infections, Tregs are increased and exert immunosuppressive functions, enabling the parasites to escape immune attack and survive for long periods in the host. Here, C. cellulosae ESAs induced Foxp3 expression in piglet lymphocytes, but the CAs showed no significant differences compared with those of the controls. These results are similar to those of a previous study on Toxocara canis ESAs in canine Foxp3+ Tregs (Junginger et al., 2017). The results showed that C. cellulosae ESAs may induce Treg production and exert immunosuppressive effects in natural hosts. Further analysis of the lymphocyte subsets expressing Foxp3 showed that ESAs and CAs promoted Foxp3 expression in CD4+T lymphocytes, which are typical immunosuppressive cells. Additionally, C. cellulosae ESAs also induced production of CD8+Foxp3+ Tregs, which inhibited T-cell activation and proliferation and induced de novo generation of CD4+Foxp3+ Tregs (Erika et al., 2012). These results were similar to those of previous studies in that induction of Tregs by parasitic ESAs was more significant than that of CAs (Wang et al., 2015; Grainger et al., 2020). The differences in Treg subsets induced by ESAs and CAs may be related to the different components of the two antigens. In summary, ESAs and CAs could induce Treg expression, which may be one mechanism by which C. cellulosae evades the host immune attacks.

Foxp3+ Tregs can be divided into Helios+ and Helios− Tregs in mice. In human Tregs, Helios knockout downregulated Foxp3 expression, thereby weakening Treg inhibition (Eyad et al., 2015). qRT-PCR was used to detect relative mRNA expression levels of Foxp3 and Helios in ESA- and CA-stimulated cells to preliminarily evaluate the change trend of Foxp3 and Helios in these cells. The relative expression trend of the Helios mRNA coincided well with the Foxp3 mRNA in PBMCs stimulated with T. solium larva ESAs and CAs and were significantly lower than those of the controls. One study found reduced Foxp3 mRNA levels in splenocytes and placental cells in mice infected with Toxoplasma gondii (Ge et al., 2010). Helios was originally thought to be expressed only in Tregs, but studies have shown that it is also expressed in CD8+ cells, NK cells, B cells, and other human and mouse cells, but its function in these cells is unclear (Eyad et al., 2015; Thornton and Shevach, 2019). In summary, whether porcine Foxp3 and Helios are expressed in immune cells other than CD4+ and CD8+ T cells and whether play immunosuppressive roles in these immune cells require further study.

IL-10 is an inhibitory anti-inflammatory factor that inhibits T-cell proliferation by inhibiting the production of proinflammatory factors and downregulating the expression of MHC-II and costimulatory molecules on the surface of antigen-presenting cells and directly acts on T cells to induce an unresponsive state (Kumar et al., 2019; Ouyang and O’Garra, 2019; Saraiva et al., 2019). Clinical malaria models and human studies have shown that IL-10 could inhibit antiparasitic immunity (Kumar et al., 2019). In our study, C. cellulosae ESAs and CAs stimulated IL-10 secretion in PBMCs, which is similar to the findings of previous (Javaid et al., 2016). In summary, increased IL-10 secretion may inhibit the host’s immune responses against cysticercosis, leading to a persistent infection. One study showed that LPS induced IL-10 synthesis and release (Chanteux et al., 2007). In addition to Treg cells, IL-10 is also derived from Th2, CD4, and CD8 T lymphocytes (Weiss et al., 2011). Additionally, C. cellulosae ESAs and CAs significantly inhibited IL-10 secretion in the presence of LPS. This result may be related to the interregulation of IL-10 among different cells.

Three-color flow cytometry showed that CD4+ T lymphocytes were mainly responsible for ESA- and CA-induced IL-10 expression. Their production can inhibit nitrous oxide pathway-mediated insecticidal immunity and protect parasites from host immune attacks (Zhou et al., 2014). Additionally, ESAs can also induce production of CD4−CD8−IL-10+ T lymphocytes, which can express IL-10 in vitro and inhibit CD4+ T-cell proliferation (Passos et al., 2017). Thus, CD4+IL-10+ and CD4−CD8−L-10+ T cells play essential roles in immunoregulation of parasitic infections, which may be one mechanism of immune evasion by C. cellulosae. ESAs and CAs can also regulate the production of IL-10+ lymphocytes via LPS-related pathways, but the specific molecular mechanism remains unclear. Although ESAs and CAs can induce the IL-10+, CD4+IL-10+ and CD4−CD8−IL-10+T lymphocyte production, it is unknown whether these cells represent Tregs. Further found ESAs inhibited Foxp3+IL-10+ cell production, but CAs did not. In summary, IL-10 secretion in lymphocytes induced by C. cellulosae ESAs and CAs may be unrelated to Foxp3 expression; the two were likely independent of each other and exerted inhibitory effects.

Th cells specialize in producing effector cytokines and play significant roles in adaptive immune responses. Activated CD4+ T cells can obtain different effector phenotypes, such as those of Th1, Th2, and Th17 (Bianchi et al., 2000). IFN-γ produced by Th1 and IL-4 produced by Th2 can amplify themselves but antagonize each other (Wan and Flavell, 2009). Once infected, the pathogens will actively regulate the immune balance of Th1/Th2 cells and escape from host immune attacks. Both C. cellulosae CA and ESA stimulation led to imbalanced Th immune responses and dominated by Th2-type immunity, which could be interpreted as the manifestation of cytokine cross-regulation. Th2-type immune responses are related to parasite susceptibility (Mendlovic et al., 2015), which may be one reason for the persistent development of cysticercosis. C. cellulosae CAs induced Th2-type immune responses more significantly than did the ESAs, which may be related to the different abilities of DCs antigen presentation induced by the two antigens and the change in Th-type responses with the infection course. The specific immunoregulatory mechanism requires further study (Xu et al., 2016; Musumeci et al., 2019).



Conclusion

In summary, both C. cellulosae ESAs and CAs induced T-cell immune imbalances, which in turn induced immunosuppressive Treg cells, IL-10, and Th2-type immune response production. These may be related to the ability of C. cellulosae to evade the host immune attacks. Our research provides an experimental basis for developing anticysticercosis treatments and disease control strategies, but the cellular and molecular mechanisms involved in regulation of the host immune responses by C. cellulosae require further study.
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Caused by schistosomes, the human schistosomiasis is a tropical zoonotic parasitic disease. Pathologically, it occurs most often in the intestines and the liver, the sites of Schistosoma japonicum egg accumulation. The parasites’ produced eggs cause the main pathology in patients. Deposited parasite eggs in the liver induce the production of multiple cytokines that mediate the immune response, which in turn leads to granulomatous responses and liver fibrosis. These impact the hosts’ quality of life and health status, resulting in severe morbidity and even mortality. In this study, differentially expressed genes (DEGs) between ordinary samples and  three 6- week infected mice were mined from microarray analysis based on the limma package. In total, we excavated the differential expression LCN2 was exhibited high expressions profile in GSE59276, GSE61376 demonstrated the result. Furthermore, CIBERSORT suggested detailed analysis of the immune subtype distribution pattern. In vivo experiments like real-time quantitative PCR, immunohistochemical (IHC) staining, and immunofluorescence (IF) demonstrated the expressions of LCN2 was significantly upregulated in S. japonicum–infected mice liver tissues and located in macrophages. Previous studies have shown that macrophages act as the first line of defense during schistosome infection and are an important part of liver granuloma. We used S. japonicum soluble worm antigens (SWA) to induce RAW264.7 cells to construct an in vitro inflammatory model. The current study aimed to investigate whether the NF-κB signaling network is involved in LCN2 upregulation induced by SWA and whether LCN2 can promote M1 polarization of macrophages under SWA treatment. Our research work suggests that LCN2 is significant in the development of early infection caused by S. japonicum and is of great value for further exploration. Collectively, the findings indicated that SWA promoted the expression of LCN2 and promoted M1 polarization of macrophages via the upregulation of NF-κB signaling pathway. Our findings demonstrate that NF-κB/LCN2 is necessary for migration and phagocytosis of M1 macrophages in response to SWA infection. Our study highlights the essential role of NF-κB/LCN2 in early innate immune response to infection.




Keywords: schistosomiasis, bioinformatics, LCN2, macrophage, NF-κB



Introduction

A kind of digenetic trematode, schistosomes are zoonotic parasites that cause human schistosomiasis. On a global scale, approximately more than 240 million individuals from 76 nations have been afflicted with schistosomiasis (Lo et al., 2018). While several schistosoma species do exist, the primary pathogens against humans include Schistosoma mansoni (S. mansoni), Schistosoma haematobium (S. haematobium), and Schistosoma japonicum (S. japonicum) (Ross et al., 2013). Schistosoma japonicum is deemed the most dangerous among the three pathogens because of its greatest egg yield from female worms, as well as the potentially greatest life expectancy for adult worms (Chen, 2014). After infection, within three (3) weeks the schistosomes present inside the host body are depicted as the primary target of the immune defense. Around 2 weeks afterward, they start to emit eggs, which are then attached onto the host’s tissues to induce granulomatous reactions. By the 8th week after infection, these reactions are at the highest point, consequently bringing severe symptoms to the host. By the 11th to 13th week, also known as the chronic infection stage, hepatic stellate cell (HSC) activation occurs, which in turn leads to the growing deposition of collagen in the liver of the host, resulting in the development of fibrosis (Pearce and MacDonald, 2002; Burke et al., 2009; Burke et al., 2011). The quality of health and life of the host is seriously impacted, resulting in acute morbidity and mortality also.

The macrophages are most essential innate cells that play various roles in host immune regulation and protection, schistosome-induced inflammation, and fibrosis. Previous studies have shown that in the acute stage of infection, Th1 cells play a pro-inflammatory role and can activate M1 macrophages, which elicit a microbicidal response that causes responses of anti-infection, pro-inflammation, and cell killing. The excessive polarization of M1 macrophages will aggravate tissue damage, but this pathological damage will be inhibited by IL-4 and IL-10 cytokines (Zheng et al., 2020). Th2 cells can induce M2 macrophage polarization during infection and play an anti-inflammatory, tissue repair, and fibrotic role. Its secreted IL-4 and IL-10 cytokines can aggravate the process of granuloma and the development of fibrosis. It will be significantly improved after treatment with anti-IL-4 neutralizing antibody (Fallon et al., 2000). During the process of S. japonicum infection, a large number of macrophages gather around the liver tissue during the acute granulomatous inflammation and hepatic fibrosis. Therefore, it is important to understand the molecular mechanism behind the macrophage polarization process underlying the S. japonicum infection processes (Burke et al., 2010).

Of late, high-throughput sequencing and in-silico development have paved the way for molecular innovation, bringing forth effective means to decode vital genetic or epigenetic changes for several aspects of medicine. From these innovative developments, molecular arrangements and systems and efficient biomarkers to address more illnesses have been determined. For instance, DNA microarrays, better known as gene chips, have rendered extensive and effectual realization toward profiling diverse diseases gene expressions. As a result, an all-encompassing and widespread public repository database known as Gene Expression Omnibus (GEO) has been promoted by the National Center for Biotechnology Information (NCBI). Furthermore, to settle any irregularity caused by heterogeneous trials or distinct detection policies, integrated bioinformatics analyses have been generally applied.

The 24p3, a secreted glycoprotein having a molecular weight of 25 kilodaltons (kDa), and Lipocalin 2 (LCN2) are also known as neutrophil gelatinase‐associated lipocalin (NGAL). LCN2 is expressed in cells such as neutrophils, macrophages, epithelial cells, adipocytes (Xiao et al., 2017). LCN2 is primally believed as a chief regulator of immune response. To efficiently diagnose inflammatory stimuli and induce successful cytokine responses, LCN2 was reported to be increased in macrophages. LCN2 potentiates the M1 phenotype of microglia, which is a chemokine inducer in the CNS (Jang et al., 2013). Previous studies have shown that the deficiency of LCN2 might hinder the usual expression of inflammatory factors secreted by macrophages after stimulation of E. coli O157:H7 (Wang et al., 2019). SWA is one of the major schistosome antigen mixtures and participates in the primary soluble proteins associated with the S. japonicum infection-induced adaptive immune response (Yang et al., 2017). SWA exclusively persuades the macrophages to M1 type cells. In spite of these recent studies, the understanding of LCN2 expression with its relationship to molecular mechanism in an early stage of schistosome infection remains largely unclear.

For this research, microarray analysis was conducted on the analysis of differentially expressed genes (DEGs) between ordinary samples and those obtained from three distinct mice for a 6-week group. The GSE61376 database was further used for validation on human chronic hepatic S. japonicum, and quantitative real‐time PCR (qRT-PCR) assay and IHC were further utilized to verify the distinctions in mice liver tissues following infection. Eventually, LCN2 was discovered, which can further determine the manifestation and development of S. japonicum, as well as the dysregulated pathways that may be engaged toward developed liver injury risk because of S. japonicum infection. Furthermore, we constructed the inflammation model to explore the molecular mechanism, and we found that SWA promoted the initiation of the NF-κB signaling pathway and induced the increase of LCN2 expression, which makes macrophage M1 phenotype. Workflow of this work has been submitted in Supplementary Figure 1.



Materials and Methods


Dataset Source and Preprocessing

To investigate the differential gene expression between S. japonicum infection samples and normal samples, the gene expression profiles of GSE61376 and GSE59276 were acquired and then assessed from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/), an open database that documents high-throughput microarray empirical data (Edgar et al., 2002). These RNA profiles were provided on GPL6885 (Illumina MouseRef-8 v2.0 expression beadchip) and GPL6947 (Illumina HumanHT-12 V3.0 expression beadchip). GSE59276_RAW. tar and Series Matrix File were downloaded and classified S. japonicum infection groups and normal groups, and GSE61376 was downloaded to validate the hub genes.



Identification of DEGs

Differential expression analyses are controlled by the limma package to conduct microarray and RNA-sequencing experiments. Excluding the genes with very low expression, in order to identify the DEGs between the normal and the S. japonicum infection groups (Ritchie et al., 2015), the significance analysis of the limma package was applied. P-value <0.01 and |logFC| > 2 were used as the cut-off criteria to select the significant DEGs. The genes with logFC > 2 were thought to be upregulated genes, and those with logFC < −2 were regarded as downregulated genes. Then we validated differences between human liver LCN2 expression for chronic patients with S. japonicum infections and people without history or indicators of schistosomiasis via the GSE61376 dataset.



Analysis of Immune-Infiltrating cells

The evaluation of the qualified sizes of the 22 kinds of infiltrating immune cells was done through the CIBERSORT deconvolution, which included the Neutrophils and Eosinophils, Mast cells activated, Mast cell resting, Dendritic cells activated, Dendritic cells resting, Macrophages M0, Macrophages M1, Monocytes, NK cells resting, NK cell activated, T cells CD8, T cells gamma delta, T cells regulatory (Tregs), T cells follicular helper (Tfhs), T cells CD4 memory activated and resting, T cells CD4 naive, and B cells memory, and naive gene expression matrix was utilized (Newman et al., 2015). For establishing the gene expression datasets, the standard annotation files and the default signature matrix at 1,000 permutations were used.



Animal Models

Six-week-old wild C57BL/6 mice subjects, with weights ranging between 18 and 22 g, were produced from Nantong University’s Laboratory Animal Center. Snails Oncomelania hupensis infected by nature were the sources of S. japonicum cercariae and were acquired from the Jiangsu Institute of Parasitic Disease in Wuxi, China. Similarly, to generate the models that were infested by S. japonicum, the subjects were infected through their skins with 15 ± 2 S. japonicum cercariae; afterward, at 0, 3, 6, 12 weeks, they were euthanized (n = 3 for each group, and every experiment was performed three times with similar results). Four groups were created after dividing the subjects, whilst the mice (C57BL/6) were casually separated into infected and normal groups. Animal precautions and experimental processes were sanctioned by Nantong University’s Animal Ethics Committee.



Immunofluorescence

Paraffin was used for embedding the liver specimens, which were then sliced into 3 um thickness of tissue sections. Correspondingly, antibodies of F4/80+ and LCN2 macrophages were diluted by 200-fold. For 30 min tissues were blocked with 5% BSA, and then overnight the primary antibodies were incubated at 4°C. PBS was used for washing tissue sections three times followed by incubation with secondary Alexa Fluor® 555 conjugate antibody (Invitrogen, USA) and Alexa Fluor® 488 conjugate antibody (Jackson Immuno Research Laboratory, USA) for 1 h at 37°C. Once again the washing process was repeated with PBS for three times, nuclei were stained using DAPI, and fluorescence analysis was performed via a confocal laser scanning microscope.



Immunohistochemical Staining

The liver tissues of the mice were cut into sections (4 µm thick) after embedding them with paraffin. For granuloma analysis, liver sections were stained and dewaxed with hematoxylin and eosin (H&E). Using a graded ethanol series, the sections were rehydrated after their dewaxing in xylene. Overnight, with the help of primary antibody, the sections were incubated at 4°C, after being washed with PBS. After being washed with PBS three times, and using HRP-conjugated goat anti-human Fab antibody, the sections were incubated at room temperature for 30 min and washed with PBS three times. The color was developed with diaminobenzene (DAB) solution. Finally, to counterstain the sections, hematoxylin was used. Under the microscope, the slides were examined after normal washing, dehydration, and lucidification. The positively stained cells were identified as the cells stained brown.



Cell Culture and Treatment

Mouse monocyte/macrophage RAW264.7 cells (Cell bank of Chinese Academy of Sciences, Shanghai, China) were cultured in DMEM that contained 10% fetal bovine serum (FBS) and put within a humidified incubator with 5% CO2 at 37°C. SWA and SEA were obtained from the Jiangsu Institute of Parasitic Diseases. In the present study, RAW264.7 cells at a density of 1 × 106 cells/well were plated in six-well plates and cultured for 12 h. Then SWA was added at various concentrations for 24 h.



Small Interfering RNA Transfection

For the transfection of small interfering RNA (siRNA), RAW264.7 cells were plated to a six‐well plate at a density of 2 × 105 cells per well. Similarly, the transfection of LCN2, siRNA, and scrambled‐siRNA (GenePharma, Shanghai, China) was performed by INTERFERin® transfection reagent (Polyplus-transfection, Illkirch, France) following the manufacturer’s protocol. Furthermore, Scrambled‐siRNA was used as a control for non-sequence‐specific effects. Temporarily, INTERFERin® transfection reagent (10 μl) was combined with 5 μl siRNA in a total of 400 μl DMEM. The whole medium was added to each well after 6 h of incubation. RAW264.7 cells were additionally incubated for 24–48 h.



RNA Extraction, Reverse Transcription, and qRT-PCR

Using the RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA), the reverse-transcribed to cDNA, and the Trizol RNA isolation reagent (Invitrogen, USA), the total RNA was extracted from the liver of the mouse. Using the SYBR Premix Ex Taq Kit (Takara, Japan) with specific primers for target genes on a StepOnePlus Real-Time PCR System (Applied Biosystems, USA), the qRT-PCR was performed. In the same samples, the levels of expression of all the transcripts were normalized to GAPDH. Lastly, the cycling parameters were as follows: 40 cycles of 95°C for 5 s and 62°C for 30 s, and 72°C for 30 s. Using the comparative CT method (2−ΔΔCt), relative expression levels were calculated. Gene-specific primer sequences were as follows: GAPDH, forward (5′-TGGAAAGCTGTGGCGTGAT -3′) and reverse (5′-TGCTTCACCACCTTCTTGAT-3′); LCN2, forward (5′-ACC ACG GAC TAC AAC CAG TTC GCC-3′) and reverse (5′-ACT TGG CAA AGC GGG TGA AAC G-3′); INOS, forward (5′-GTTCTCAGCCCAACAATACAAGA-3′) and reverse (5′- GTGGACGGGTCGATGTCAC -3′) (Kong et al., 2018); IL-6, forward (5′- GAGGATACCACTCCCAACAGACC -3′) and reverse (5′- AAGTGCATCATCGTTGTTCATACA -3′); ARG1, forward (5′- CTCCAAGCCAAAGTCCTTAGAG -3′) and reverse (5′- AGGAGCTGTCATTAGGGACATC -3′); IL-4, forward (5′- ATGGGTCTCACCTCCCAACTG -3′) and reverse (5′- TCAGCTCGAACACTTTGAATAT -3′) (Bai et al., 2020).



Western Blotting

RAW264.7 cells pretreated with or without SWA for 24 h were harvested and resuspended in protein lysis buffer to extract protein. Then, SDS-polyacrylamide gels of 10% were used for loading the lysates and were transferred to a polyvinylidene difluoride (PVDF) membrane. Then, it was incubated with primary antibodies for LCN2 (1:1,000, Abcam, Cambridge, MA, USA); NF-κBp65 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA); phospho-NF-κBp65, IκBα, phospho- IκBα (1:1,000, Cell Signaling Technology, Danvers, MA, USA) overnight. We detected the primary antibodies with HRP‐conjugated secondary antibody at room temperature for 2 h. Following the manufacturer’s instructions, we visualized the proteins by enhanced chemiluminescence kit (Merck). Finally, the protein bands were normalized to GAPDH (1:1,000, Beyotime, China), and expression of the protein was quantified by Image J (National Institutes of Health, MD, USA).



Statistical Analysis

R software and Perl language were utilized to perform bioinformatics analysis based on GEO datasets. To conduct difference comparisons of two groups, Student’s t-test was used, and to conduct difference comparisons of more than two groups, one‐way ANOVA was used. The GraphPad Prism 8 software (GraphPad, CA, USA) was used for analyzing the statistical significance of differences in experimental groups. We set our statistical significance for differences with p-value <0.05 (*p<0.05, **p<0.01, ***p<0.001).




Results


Gene Expression Profiles in S. japonicum Infection

After gene expression, profile data processing, and standardization, we integrated bioinformatics analysis for screening DEGs in GSE59276 dataset. Analyzed with the limma package, we classified a total of 222 overlap DEGs between normal and S. japonicum extracted from the GSE59276 datasets. We identified 222 DEGs via the limma package, with p < 0.01 and |logFC| > 2 cutoff criteria, and 141 of these DEGs showed significant upregulated, and the remaining 81 presented downregulated (Supplementary Table 1). One of the top genes presenting upregulated expression in the S. japonicum infected group was LCN2 (Figures 1A, B). Then we validated differences between human liver hub gene expressions for chronic patients with S. japonicum infections and people without history or indicators of schistosomiasis via GSE61376 dataset (Figure 1C). In the current study, we focused on the LCN2 gene and explored the possible mechanisms because it upregulated in patients with S. japonicum infections.




Figure 1 | Investigation of differentially expressed gene analysis via GSE59276 datasets. (A) Top 10 up and down DEGs from GSE59276 datasets. (B) The volcano plot shows that LCN2 is the most significant gene. (C) The expression level of LCN2 between human normal tissues and infected tissues in GSE61376 dataset. (D) Relative proportion of 22 types of infiltrated immune cells in normal and infection groups.





Analysis of Immune-Infiltrating Cells

CIBERSORT algorithm was used to analyze the difference of immune-infiltrating cell components in the mice liver infected with S. japonicum. Figure 1D and Supplementary Table 2 showed relative proportion of 22 types of infiltrated immune cells in normal and infection groups. We found that macrophages increased significantly in schistosomiasis group and accounted for the main components. Due to the limited number of samples, the infiltration of immune cells in the liver after schistosome infection is not fully revealed. The outcomes of the study suggested that macrophages in the early stage of S. japonicum infection have an important role.



S. japonicum Infection Increases the LCN2 Expression Secreted by Macrophages in Mice Liver

Next, we constructed a model of Schistosomiasis japonica infection by infecting cercariae. Liver sections were embedded in paraffin and then stained using hematoxylin and eosin (H&E), original magnification: ×200 (Figure 2A). Then, to examine whether the expression of LCN2 in liver tissues is upregulated during infection, we evaluated the protein level of LCN2, which was performed in infected tissue samples and normal tissue samples from mice with S. japonicum. We found on the staining area and intensity revealing that LCN2 expression was increased in S. japonicum–induced inflammatory cell area of the necrotic-exudative granulomas (Figure 2B). As a consequence, LCN2 proteins were upregulated and investigated by IHC staining showing dark brown. In order to explore whether LCN2 is expressed in macrophages, we used immunofluorescence staining with F4/80 +, a marker of macrophage cells. The LCN2 signal was co-localized with macrophages demonstrated clearly from the immunofluorescence data (Figure 2C). The relative mRNA expression trend of macrophage genes and Lcn2 using the qRT-PCR assay in the infected mice with S. japonicum was detected to explore the LCN2 response to radiation and to verify the accuracy of the microarray data analysis. As expected, the results showed that the average Lcn2 mRNA expression level was significantly higher after infected 6 weeks in mice liver tissues compared with non-infected liver tissues, which were consistent with the results of the data analysis (Figure 3A). We also detected the changes of confirmatory factors in mice and drew a line diagram to observe the inflammatory molecules in mice (Figures 3B, C).




Figure 2 | Validation of LCN2 expression levels in vivo (0, 3, 6, 12 weeks). (A) H&E staining showed that the diameter of single granuloma at 6 weeks after infection was significantly larger than that at 12 weeks. (B) The expression of LCN2 was significantly increased by immunohistochemistry. (C) LCN2 was co-localized with macrophages and expressed significantly at 6 weeks.






Figure 3 | Relationship between LCN2 and macrophage polarization phenotype. (A) Total RNA was extracted from the liver tissues of normal and infected mice for 0, 3, 6, 12 weeks. [(*p < 0.05, **p < 0.01, ***p < 0.001)] (B) M1 polarized molecule iNOS began to peak at 3 weeks and reached the most significance at 6 weeks, lcn2 showed the same trend. (C) M2 polarized molecule IL-4 began to peak at 3 weeks and reached the most significance at 12 weeks.





SWA-Promoted LCN2 and Inflammatory Production in RAW264.7 Macrophages

Previous studies have shown that mice infected with S. japonicum had the percentage of M1 macrophages significantly increased, and at the acute stage of S. japonicum infection, macrophages are typically skewed from the M1 phenotype toward the M2 phenotype (Zhu et al., 2014). Soluble egg antigen (SEA) and adult worm antigen (SWA) are the main soluble proteins that are targeted by the adaptive immune response induced by S. japonicum infection. We used these two antigens to stimulate RAW264.7 cells in vitro and found that LCN2 increased most significantly under the induction of SWA (Supplementary Figure 2). SWA stimulation significantly increased the percentage of M1 but not M2 macrophages. We next further explored the relationship between LCN2 and SWA in RAW264.7 macrophages. We treated RAW264.7 cells with SWA, at various times (0, 6, 12, 24, 48 h) and concentrations (0, 5, 10, 20, 40 μg/ml) (Figures 4A, B). The addition of SWA markedly increased Lcn2 expression and secretion in a dose-dependent manner, and after 24 h of SWA treatment, the expression of Lcn2 increased most significantly. Since the concentration of SWA in S. japonicum was less than 40 μg/ml, we treated macrophages with 20 μg/ml SWA for 24 h (Figure 4C). Figure 4D clearly shows that SWA treatment significantly increased the percentage of M1 but not M2 macrophages compared to control group. SWA treatment specially improved the expression of the M1 macrophage marker IL6 and main enzyme of arginine metabolism iNOS. By contrast, SWA upregulated the M2 macrophage marker IL-4 and the main enzyme of arginine metabolism arg1.




Figure 4 | Soluble Worm Antigens (SWA) increases the secretion of LCN2 in macrophages RAW264.7 cells. (A) The secretion of LCN2 by RAW264.7 increased in a concentration-dependent manner. (B) LCN2 increased most significantly at 24 h after SWA stimulation. (C, D) After 24 h of SWA treatment, compared with the control group, M1 polarization increased significantly, while M2 polarization decreased (*p < 0.05, **p < 0.01, ***p < 0.001).





LCN2 Deficiency Attenuates M1 Macrophages Polarization Under SWA Treatment

The increased LCN2 may further regulate M1 macrophage polarization under SWA treatment. By knockdown of LCN2 in RAW264.7 cells (Figures 5A, B), we further verified the relationship between LCN2 and M1 macrophage. Transfection of LCN2 siRNA into RAW264.7 cells caused the obvious decrease in inflammatory cytokines (IL-6 and iNOS) as evaluated by quantitative real‐time PCR analysis (Figures 5C, D). Consistent with expectations, the knockdown of LCN2 inhibited the upregulation of IL-6 and iNOS induced by SWA. Meanwhile, the knockdown of LCN2 did not significantly affect M2 gene expression (Figure 5E). It indicated that SWA promotes M1 phenotype through upregulating LCN2 expression. Hence, our results showed that LCN2 played a vital role in macrophage stimulation by SWA and maintained their balances.




Figure 5 | Inhibition of LCN2 expression reduced the effect of SWA on M1 polarization of macrophages. (A) Western blot analysis observed the knockdown efficiency LCN2. (B, C) Knockdown of LCN2 inhibits the upregulation of LCN2 induced by SWA. (D) Knockdown of LCN2 significantly inhibited the expression of M1 macrophage–related molecules. (E) Knockdown of LCN2 had no significant effect on M2 polarization. Statistical analyses were carried out by Student’s t-test. (*p < 0.05, **p < 0.01, ***p < 0.001).





NF-κB Signaling Pathway Is Necessary for SWA-Induced LCN2 Gene Expression

We explored how SWA induces LCN2 gene expression in the RAW264.7 cells. Previous study demonstrated TNFα requires NF-κB to induce LCN2 expression (Zhao et al., 2014). In other infections, such as mycoplasma infection, the expression of LCN2 in HC11 cells needs to be regulated by NF-κB (Zhao et al., 2020). Here, we explore whether SWA can induce LCN2 gene expression through NF-κB signaling pathway and whether SWA can affect macrophage polarization through NF-κB signaling pathway. Firstly, we found after SWA induction for 24 h, western blotting data demonstrated that Ikbα was significantly degraded and NF-kBp65 was phosphorylated, and NF-κB signaling pathway was active (Figure 6A). While discovering the potential anti-inflammation impact of NF-κB inhibitors in SWA treatment, RAW264.7 cell was treated with a panel of NF-κB inhibitors, Bay 11-7082. After 6 h of pretreatment and continue to culture for 24 h, bay 11-7082 effectively inhibited the increased expression of LCN2 caused by SWA and inhibited the activity of NF-κB pathway mediated by SWA (Figure 6B). After treatment with NF-κB inhibitor for 6 h, the expression of LCN2 decreased and the degree of M1 macrophage polarization downregulated after SWA stimulation. Therefore, we found that SWA could promote LCN2 expression and M1 polarization by activating NF-κB pathway (Figures 6C, D).




Figure 6 | NF-κB signaling pathway upregulated the expression of LCN2 and affected the polarization of M1 macrophages. (A) SWA can activate NF-KB signaling pathway. Western blot analysis showed phospho-NF-κBp65, phospho-IκBα activation, and IκBα degradation. (B) NF-κB inhibitors Bay11-7082 can inhibit the expression of LCN2, phospho-NF-κBp65, and phospho-IκBα after SWA treatment. (C, D) Bay11-7082 inhibited LCN2 expression and M1 phenotype with or without SWA treatment (*p < 0.05, **p < 0.01, ***p < 0.001).






Discussion

Schistosomiasis has an extreme effect on human health; in particular, S. japonicum serves as one of the primary pathogens of the said disease. Following the infection, eggs from the parasite are attached to the host liver tissues to provoke liver fibrosis and inflammation, resulting in irreparable liver damage and even death of the afflicted. Alongside a recently swift progress of microarray and high-throughput sequencing innovations, integrated bioinformatics procedures have been considerably operated to determine biomarkers that are associated with the identification, projection, and medication of several kinds of ailments. Here, we have found that LCN2 increased significantly in the early stage of schistosomiasis through preliminary biological information, then we explored the possible mechanism of increased LCN2 expression. From this research, the GSE59276 microarray datasets were designated to examine and compare DEGs between ordinary and S. japonicum–infected mice tissues. This research intended to identify what role LCN2 plays in schistosome infection. Through the above analysis, the integrated results were revealed. We used CIBERSORT deconvolution algorithm to find that macrophages increased significantly after S. japonicum infection.

Lipocalin 2 (LCN2), referred to as NGAL, is a twenty-five (25) kDa extensively analyzed secreted lipocalin protein that has the capability to transfer tiny lipophilic ligands. It is generated by several types of cells such as neutrophils, macrophages, adipocytes, and lymphocytes (Meheus et al., 1993; Flo et al., 2004; Wang et al., 2019). Over time, the LCN2 has been renowned as a promising entity in various pathological and physiological procedures, such as inflammation, iron homeostasis, organogenesis, microbial infection, tumorigenesis, and neurodegeneration (Liu et al., 2013; Buonafine et al., 2018). Previous studies demonstrated the expression of LCN2 can be induced by proinflammatory cytokines like LPS, IL-6, IL-17, IFN-γ, and it plays an important role in the pro-inflammatory reaction. Previous studies reported that in different inflammatory stimulation models, LCN2 can play different roles. Substantial increase in the expression of the pro-inflammatory factors was observed to be caused by the lipopolysaccharide (LPS) due to LCN2 deficiency in the murine inflammation model (Kang et al., 2018). Nonetheless, the absence of LCN2 may result in the high vulnerability of mice to E. coli O157:H7 infection while in decreased production of inflammatory cytokines when the bacteria E. coli 0157:H7 was encountered (Kang et al., 2018; Wang et al., 2019). During the current study, we examined the expression of LCN2 was significantly upregulated and that they could play a significant role in liver pathological changes caused by S. japonicum, such as acute liver granuloma and liver fibrosis, and we validated the difference between normal groups and schistosomiasis groups, then we investigated three pairs of infected subject liver tissues and the respective non-infected ones. Through the qPCR analysis and IHC staining, the same gene expression tendency was established as with the prementioned expression, hence validating the correctness of the research results.

In the current study, it was found that the expression of LCN2 increased in the liver of mice infected for 6 weeks, and LCN2 was secreted on macrophages. Macrophage is one of the main immune cells in the early stage of schistosome infection, which not only acts as innate immune cells to remove pathogens or apoptotic cells through phagocytosis but is also involved in the direct process of precise immune responses as antigen-presenting cells (Mosser and Edwards, 2008). Currently, it has been identified that macrophages maintain immune homeostasis significantly by changing the polarization of M1 subtype macrophages (Wynn et al., 2013). The M1 macrophages secrete pro-inflammatory cytokines and chemokines to stimulate inflammation in order to help in clearing the invaded pathogens. In the process of S. japonicum infection, M1 macrophages are the consequence of continuous response to injury (Barron and Wynn, 2011; Koyama and Brenner, 2017). Some literature has shown that the percentage of M1 macrophages in abdominal cavity after S. japonicum infection began to rise at 3 weeks after infection and began to decline at 8 weeks after infection. M2 macrophages were activated through m1-to-m2 phenotype transformation and began to rise from 8 weeks, but with different tissues, there may be differences in activated macrophages, which mainly depends on the changes of cytokines (Zhu et al., 2014; Song et al., 2020).

Hence, we constructed an in vitro model. S. japonicum worm antigens and egg antigens are the two main antigens secreted by S. japonicum, and the study showed that macrophages RAW264.7 cells were activated by SWA stimulation, resulting in M1 polarization. We found that SWA promoted macrophages to secrete LCN2, and the expression of LCN2 was upregulated in a concentration-dependent manner. The deficiency of LCN2 expression could induce macrophages to secrete inflammatory factors and inhibit macrophage M1 polarization. Then we explored the latent mechanism of SWA-induced increase of LCN2. Previous literature showed that the NF-kB pathway could activate macrophages to produce M1 polarization under LPS induction. NF-κB is the predominant transcription factor that activates inflammatory mediatory proteins such as cytokines, chemokines, and inducible enzymes (Liu et al., 2017). Literature has reported that NF-κB regulates LCN2 by binding to specific promoter sites during inflammatory stress. NF-κb can regulate the upregulation of LCN2 expression and stimulate inflammatory response in age-related macular degeneration (AMD)–induced inflammation (Zhao and Stephens, 2013; Ghosh et al., 2017). This may be one of the reasons for the increase of LCN2 expression in early infection, which depends on the activation of the NF-kB pathway. Our experiment confirmed that NF-kB can upregulate the expression of LCN2 and affect the polarization of M1 macrophages in the process of infection.

In conclusion, we found that LCN2 may play a vital role in schistosomiasis infection and revealed the possible molecular mechanism of LCN2. Fundamentally, an assembly of inflammatory cells such as macrophages, lymphocytes, neutrophils, and eosinophils was the most predominant cell type in the granulomas in S. japonicum. We found that LCN2 may be a positive regulator of macrophage M1 polarization and is closely related to cytokines. Macrophage M1 polarization may reduce liver fibrosis induced by S. japonicum (Souza et al., 2020). Our data revealed that the elevated LCN2 expression in S. japonicum infection might be a positive factor against it by upregulating INOS-mediated activation of macrophage M1. Our study found that SWA can promote the regulation of LCN2 and induce M1 polarization of macrophages. LCN2 is necessary in the process of macrophage polarization. The upregulation of LCN2 can be mediated by NF-κB signaling pathway. We hypothesized that LCN2 secretion may impact liver fibrosis. This needs to be proved by subsequent experiments. We will construct LCN2 knockout mice to observe the effect of LCN2 on liver damage, granulomas, and fibrosis induced by schistosomiasis infection.
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Trichinella spiralis is a major foodborne parasite worldwide. After the encapsulated muscle larvae (ML) in meat are ingested, the ML are liberated in the stomach of the host and activated into intestinal infectious larvae (IIL), which develop into adult worm after molting four times. A novel glutamine synthetase (TsGS) was identified from T. spiralis IIL at 10 h post-infection, but its biological role in T. spiralis life cycle is not clear. The aim of this study was to investigate the biological characteristics of TsGS and its functions in larval acid resistance, molting, and development. TsGS has a glutamine synthetase (GS) catalytic domain. Complete TsGS sequence was cloned and expressed in Escherichia coli BL21. rTsGS has good immunogenicity. qPCR and Western blotting showed that TsGS was highly expressed at IIL stage, and immunofluorescence revealed that TsGS was principally localized at the cuticle and intrauterine embryos of this nematode. rTsGS has enzymatic activity of natural GS to hydrolyze the substrate (Glu, ATP, and NH4+). Silencing of TsGS gene significantly reduced the IIL survival at pH 2.5, decreased the IIL burden, and impeded larval molting and development. The results demonstrated that TsGS participates in T. spiralis larval acid resistance, molting and development, and it might be a candidate vaccine target against Trichinella molting and development.
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INTRODUCTION

Trichinella spiralis is a serious foodborne zoonotic parasitic nematode and the principal causative agent of human trichinellosis. T. spiralis infection in humans is mainly resulted from eating poorly cooked or raw infected pork in most countries (Cui et al., 2013a; Jiang et al., 2016; Rostami et al., 2017). Various T. spiralis developmental stage worms are parasitized within the same host; adult worms (AW) and muscle larvae (ML) dwell in the duodenum and upper jejunum and skeletal muscles, respectively. After ingestion, the ML encapsulated in muscle tissues are released from their collagen capsules under the digestion of gastric pepsin and activated into intestinal infectious larvae (IIL) after being contacted with enteral contents or bile (Ren et al., 2011; Liu et al., 2013). The IIL intrude intestinal epithelium cells (IECs) and develop to adulthood in gut epithelial intramulticellular niche after going four molts. Molting is a prerequisite step for larval growth and development of the parasitic nematode. If their molting could not be completed, the larvae cannot continue to develop and grow (Gagliardo et al., 2002; Ren et al., 2013). Therefore, larval molting-related proteins are likely the potential targets to develop new drugs or vaccines against nematode infection.

Glutamine synthetase (GS) is widely distributed in microorganisms, animals, and higher plants. It participates in many biological processes and is regarded as an ideal evolutionary molecular clock (Kumada et al., 1993). GS produces glutamine using glutamate and ammonia in the presence of ATP and Mg2+. Glutamine is the carbon and nitrogen donor for the production of biomolecules and participates in the dynamic balance of redox. GS is the key enzyme of nitrogen metabolism in organisms. The physiological process of nitrogen assimilation is very important in the process of organism growth and development. GS is a major enzyme involved in ammonia assimilation. In the presence of Mg2+ and energy supplied by ATP, GS catalyzes the assimilation of NH4+ to glutamine. Glutamine produces glutamate under the catalysis of GS. In nitrogen metabolism, glutamine serves not only as a temporary storage and transport form of toxic glutamic acid and ammonia but also as a nitrogen donor of amino acids, nucleic acids, and hexosamine. Although there are many metabolic pathways of glutamine, GS is the only enzyme in the de novo synthesis of glutamine. GS is also an indispensable detoxifying enzyme in stress and immune response (Lai et al., 2011; Wang et al., 2014). In Trypanosoma cruzi, GS is necessary to resist ammonium accumulation toxicity and immune escape during host cell infection (Crispim et al., 2018). However, there are no reports on the biological properties and functions of the GS in the life cycle of T. spiralis in the literatures.

Escherichia coli is a kind of bacteria which is closely related to the daily life of people. As a foodborne pathogen, E. coli must pass through the extremely sour stomach of mammals to cause a disease. E. coli is resistant to very low pH levels and can survive at pH 2.5 for more than 2 h, mainly due to complex acid-resistant systems (Jin et al., 2009). At present, there are four main anti-acid systems known: glucose-inhibited acid-fast system, glutamate-dependent acid-fast system, arginine-dependent acid-fast system, and glutamine-dependent acid-fast system (AR4). When bacteria are in acidic conditions, they will induce the synergistic action of multiple acid-resistant systems (ARs) in hosts so as to survive in acidic conditions. Organisms survive within the appropriate pH range. In physiological and biological buffering systems, ammonia and carbon dioxide mainly regulate the pH (Krulwich et al., 2011). The pathogenicity of foodborne pathogens determines the inevitability of their acid tolerance. Stimulation in an acidic environment leads to the expression of acid-resistant genes in pathogens (Djoko et al., 2017). T. spiralis is a foodborne parasite, and the ML might have acid-resistant genes to protect the larvae from gastric acid damage (Zhang et al., 2010). AR4 is one of the most important acid-resistant systems in E. coli. Recent studies showed that glutaminase is an important gene in glutamine-dependent acid resistance of T. spiralis ML (Gao et al., 2021). However, there are no reports on the GS role in T. spiralis ML acid resistance.

In our previous study, a novel T. spiralis GS (TsGS; GenBank: XM_003374954.1) was identified in somatic crude proteins of 10-h IIL in the process of first larval ecdysis (Ren et al., 2019). The aim of this study was to investigate the biological properties and roles of TsGS in larval acid resistance, molting, and development of T. spiralis.



MATERIALS AND METHODS


Parasites, Animals, and Antigens

The parasite T. spiralis (ISS534) was acquired from an infected domestic pig in central China (Wang et al., 2012) and maintained in our laboratory by serial passage in BALB/c mice. Female BALB/c mice of 4–6 weeks old were purchased from Henan Provincial Experimental Animal Center (Zhengzhou, China). The ML was recovered by artificial digestion of infected mouse carcasses at 42 days post-infection (dpi) with 0.33% pepsin (1:31,000; Sigma-Aldrich, United States) and 1% HCl (Jiang et al., 2012). The IIL and AW were collected from infected murine small intestine (Sun et al., 2015a,b). The adult females at 6 dpi were cultured in RPMI-1640 with 10% fetal bovine serum (Gibco, Auckland, New Zealand) at 37°C in 5% CO2 for 24 h, and the newborn larvae (NBL) were harvested as previously described (Li et al., 2015; Wu et al., 2016). The somatic crude proteins of diverse T. spiralis phases (ML, IIL, AW, and NBL) and IIL ES proteins were prepared as reported before (Yang et al., 2015).



Bioinformatics Analysis of TsGS

The complete cDNA sequence of the TsGS gene was obtained from GenBank (GenBank: XM_003374954.1), and its physicochemical characteristics and structures were analyzed and predicted by NCBI online website. Multi-sequence alignment was carried out between TsGS and GS from Trichinella spp. by using Clustal X (Li et al., 2015). The GenBank accession numbers of GS from Trichinella spp. and other organisms were as follows: Trichinella nativa (KRZ52922.1), Trichinella britovi (KRY49640.1), Trichinella T6 (KRX74386.1), Trichinella T8 (KRZ85490.1), Trichinella T9 (KRX59460.1), Trichinella murrelli (KRX49151.1), T. patagoniensis (KRY23667.1), Trichinella zimbabwensis (KRZ13164.1), Trichinella papuae (KRZ68830.1), Trichinella pseudospiralis (KRZ22405.1), Mus musculus (NP_032157.2), and Homo sapiens (NP_001028228.1). The phylogenetic tree was constructed using MEGA 7.0 based on the neighbor-joining method as reported previously (Qi et al., 2018b; Hu et al., 2020).



Cloning, Expression, and Identification of rTsGS

Total RNA was extracted from the 6-h IIL using Trizol (Invitrogen, United States), and EcoRI and SalI (italicized) were used as restriction sites to design TsGS-specific primers (5′-CCGG AATTCATGGCATTCACGTTGACATTGAGCT-3′ and 5′-CCGACGTCGACTTACTCTCTT AAACAAA TGGTACGCACC-3′). The complete TsGS cDNA sequence was amplified by PCR. The PCR product was cloned into the pET-28a carrying a His-tag at N-terminus (Novagen, United States), and recombinant pET-28a/TsGS was transformed into E. coli BL21 (Novagen). The expression of rTsGS was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at 30°C for 8 h (Xu et al., 2018). A Ni-NTA-Sefinose resin containing His tag (Sangon Biotech, Shanghai, China) was used to purify rTsGS (Sun et al., 2018). The expression of rTsGS protein was analyzed by SDS-PAGE as described above (Xu et al., 2020).



Preparation and Measurement of Anti-rTsGS Antibodies

Twenty mice were immunized subcutaneously with 20 μg rTsGS mixed with complete Freund’s adjuvant. Boost immunization was performed three times with 20 μg rTsGS mixed with incomplete Freund’s adjuvant at a 2-week interval (Zhang et al., 2020). At 2 weeks after the last immunization, the tail blood of immunized mice was collected to isolate anti-rTsGS immune sera (Cui et al., 2013b).

The anti-rTsGS IgG level of all immunized mice was assessed by ELISA (Cui et al., 2015b). Briefly, micro-plates were coated with 2 μg/ml rTsGS at 37°C for 2 h. After washing with phosphate-buffered saline (PBS; pH 7.4) containing 0.05% Tween-20, the plate was blocked with 5% skimmed milk at 37°C for 2 h. Following a wash, the diluted anti-rTsGS sera were added and incubated at 37°C for 2 h and then by incubation of HRP-conjugated anti-mouse IgG (1:10,000; Southern Biotech, United States) at 37°C for 1 h. Coloration was performed using OPD (Sigma-Aldrich) plus H2O2; the reaction was finished by the addition of 2 M H2SO4. The optical density values at 492 nm were measured by a microplate reader (Tecan Schweiz AG, Switzerland) (Liu L. N. et al., 2015).



Western Blotting Analysis

Soluble crude proteins from diverse T. spiralis phase worms, 6-h IIL ES proteins, and rTsGS were separated by 12% SDS-PAGE (Wang et al., 2013; Ren et al., 2018). The proteins were transferred onto a nitrocellulose membrane (Millipore, United States). The membrane was blocked with 5% skimmed milk diluted in Tris-buffered saline (pH 7.4) containing 0.05% Tween-20 (TBST) at 37°C for 2 h and cut into strips. The strips were probed with 1:100 dilutions of various sera (anti-rTsGS serum, infection serum, and normal serum) at 37°C for 2 h. After washing with TBST, the strips were incubated with HRP-conjugated anti-mouse IgG (1:10,000; Southern Biotech, United States) at 37°C for 1 h. After washing again, the strips were developed with 3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) or using an enhanced chemiluminescent kit (CWBIO, Beijing, China) and terminated by washing the membrane with deionized water (Long et al., 2014; Liu et al., 2018).



qPCR

Total RNAs from diverse T. spiralis phases (ML, 6- and 10-h IIL, 3-day AW, and NBL) were extracted with Trizol (Invitrogen). The TsGS transcription levels at various stage worms were ascertained by qPCR as described before (Long et al., 2015; Hu et al., 2021). The TsGS-specific primers for qPCR amplification were as follows: 5′-AGTGACTGGAATGTTTGGAGA-3′ and 5′-AATCAGTTCCTGTGATGCC-3′. The relative TsGS transcription level was normalized by subtracting the transcription of a T. spiralis housekeeping gene tubulin (GenBank: XM_003369432.1; 5′-TGCATTGGTACACTGGAGAAG-3′ and 5′-GCTTCCTGGTACTGCTG ATATT-3′) (Yang et al., 2010) and then calculated according to comparative Ct (2–ΔΔCt) method (Xu et al., 2021). Each experiment had three repeats.



Indirect Immunofluorescence Assay

Whole worms of different T. spiralis stages (ML, IIL, AW, and NBL) were fixed with 4% formaldehyde for 30 min and re-fixed with cold acetone for 20 min. The fixed worms were embedded in paraffin and cut into a 2-μm-thick cross-section with a microtome. The expression and tissue location of native TsGS in various worm stages were investigated by indirect immunofluorescent assay (IIFA) (Liu et al., 2017; Cui et al., 2019). Whole parasites and their cross-sections were blocked with 5% normal goat serum for 2 h and then probed at 37°C for 2 h with 1:10 diluted diverse sera (anti-rTsGS serum, infection serum, and normal serum). After washes with PBS, the worms were stained using goat anti-mouse IgG-FITC conjugate (1:100; Santa Cruz, United States). Following washes again, whole worms and cross-sections were examined under a fluorescence microscope (Olympus, Tokyo, Japan) (Lei et al., 2020; Yue et al., 2020).



Measurement of rTsGS Enzyme Activity

Since rTsGS was expressed in the form of inclusion body, rTsGS was first re-naturated by dilution refolding method (Li et al., 2009; Liu L. N. et al., 2015). To assess the enzyme activity of rTsGS, the diluted rTsGS (0.05–1.00 μg/μl) was incubated at 35°C for 15 min in various pH buffers (pH 3.0–10.5). Subsequently, the GS substrates (Glu, ATP, and NH4+) were added to the reaction mixture and incubated at different temperatures (20–70°C) for 30 min, and the absorbance at 660 nm was measured with a spectrophotometer. In order to evaluate the effect of different metal ions on the rTsGS enzyme activity, the metal ions (Mg2+, Zn2+, Mn2+, Ca2+, Fe2+, Co2+, Cu2+, and Ni2+) were added to the reaction system. Different enzyme inhibitors (1 mM AEBSF, 5 μM E-64, 10 μM EDTA, and 10% glufosinate) were used to ascertain the effects of the inhibitors on rTsGS enzyme activity. According to the change of absorbance at OD660 of KH2PO4 standard solution with a concentration of 0.1–1.0 mM, the standard curve of phosphorus was calculated. The concentration range of monosodium glutamate (Glu), ATP, and ammonium (NH4+) was set to 0.5–5 mM. The Km value was obtained from Michaelis–Menten curve and Lineweaver–Burk curve (Cui et al., 2015a; Guo et al., 2020).

The enzymatic activity of natural TsGS in somatic proteins of various worm stages was assessed by using the Micro GS Assay Kit (Solarbio, Beijing, China) (Wang et al., 2018).



RNA Interference

TsGS-specific siRNA-356 (5′-UCAAUGUCAACGUGAAUGC CA-3′ and 5′-GCAUUCACGU UGACAUUGAGC-3′) was designed according to the full-length TsGS cDNA sequence and prepared by Sangon Biotech (Shanghai, China). Additionally, a control siRNA with a scrambled sequence (5′-AUCGGCUACCAAGUCAUACTT-3′ and 5′-GUAUGACUUGGUAGCCGAUTT-3′) was also synthesized. The control siRNA was fluorescently labeled with 5-carboxyfluorescein (FAM; Sangon Biotech) and used to detect the transfection efficiency. The siRNA-356 is transfected into the ML by electroporation; all the silenced and non-silenced ML were cultured for 1–3 days in RPMI-1640 at pH 7.4, 37°C, and 5% CO2 (Wang et al., 2015). The TsGS transcription and expression levels in the ML after RNAi were determined by qPCR and Western blotting as described before (Yang et al., 2019; Yi et al., 2020). A T. spiralis housekeeping gene tubulin was used as an internal control. The protein expression level was measured based on densitometry, and the data showed the relative protein expression assessed in three repeated experiments (Xu et al., 2021). The TsGS activity in the crude extract of the siRNA-treated ML was determined using a Micro GS Assay Kit (Solarbio) (Wang et al., 2018), and the results were compared with the untreated ML.



The Muscle Larvae Acid Resistance Assay

To investigate the effect of acidic conditions on the survival of T. spiralis ML, 100 ML were cultured at pH 2.5, 4.5, and 7.4, 37°C, and 5% CO2 for 2.5, 12, and 18 h. The survival of the ML cultured in PBS with various pH values was examined under a microscope on the basis of larval viability. Inactive, straight, or C-shaped larvae were assessed as dead larvae. The mobile and wriggly larvae were counted as live ones (Yang et al., 2020; Gao et al., 2021). Somatic crude extracts from the ML cultured at various pH values for 18 h were prepared, and TsGS enzymatic activity was assessed as described before (Wang et al., 2018). In order to evaluate the effects of glutamine on larval survival under acidic condition, the ML were cultivated in PBS supplemented with various doses of glutamine under pH 2.5 condition. Besides this, the acid resistance of the ML transfected with siRNA-356 was also ascertained; the siRNA-356-treated ML was cultured under different pH for various times, and the larval survival was examined under a microscope (Zhang et al., 2016).



Challenge Infection Experiment With siRNA-356-Treated Larvae

To investigate the larval infectivity, molting, and development, survival, and fecundity in the small intestine of infected mice after RNAi treatment, 80 mice were divided into four groups (20 animals per group). Each mouse was infected orally with 500 ML treated with 3 μM siRNA-356, control siRNA, only inhibitor, or PBS alone. Ten infected mice from each group were euthanized at 24 h post-infection (hpi) and 6 dpi, respectively. Intestinal IIL and AW were recovered and numbered, and the intestinal worm burdens of IIL and AW were assessed. Their morphology and size were examined on a microscope (Liu P. et al., 2015; Qi et al., 2018a). Female adults from each group of infected mice were cultivated, and female reproduction capacity (fecundity) was assessed in accordance with NBL production by each female in 72 h (Sun et al., 2019; Guo et al., 2020).



Statistical Analysis

All the data were processed by SPSS 21.0 software. The data were presented as mean ± standard deviation (SD). TsGS expression level, worm burdens and length, and female fecundity among various groups was analyzed with one-way ANOVA. Chi-square test was used to analyze larval survival at different pH values. P < 0.05 is regarded as statistically significant.



RESULTS


Bioinformatics Analysis of TsGS

The complete TsGS sequence was 1,098 bp encoding 365 amino acids and with a molecular weight (MW) of 41.1 kDa and pI 6.71. The amino acid sequence of TsGS had an identity of 99% from seven encapsulated Trichinella species (T9, T. britovi, T. patagoniensis, T. murrelli, T8, T. nativa, and T6) and 92% of three non-encapsulated species (T. zimbabwensis, T. pseudospiralis, and T. papuae) (Figure 1). TsGS had no obvious hydrophobicity and no signal peptide sequence and transmembrane domain. TsGS had a GS catalytic domain (Gln-synt_C) (Figure 2A). The phylogenetic tree of TsGS with GS of other Trichinella species/genotypes is shown in Figure 2B. The phylogenetic tree showed that a monophyletic group of the genus Trichinella was well supported. Within the genus Trichinella, two clear clades were present: one was the clade of eight encapsulated species/gene types (T. spiralis, T9, T. nativa, T. britovi, T. patagoniensis, T. murrelli, T8, and T6), and the other was the clade of three non-encapsulated species (T. pseudospiralis, T. papuae, and T. zimbabwensis).
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FIGURE 1. Sequence alignment of TsGS with other species or genotypes of the genus Trichinella. Multiple sequence alignment was carried out by using BioEdit, the black shadow represents the same residue as TsGS, and the gray shadow is a conservative substituent. The number at the end of each sequence represents the percentage of identity with TsGS.
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FIGURE 2. The predicted TsGS catalytic domain (Gln-synt_C) (A) and phylogenetic trees of glutamine synthetase of 13 organisms with neighbor-joining method (B).




Cloning, Expression, and the Antigenicity of rTsGS

The results of the SDS-PAGE revealed that the MW of the rTsGS expressed by BL21 bacteria carrying pET-28a/TsGS was 41.1 kDa, which was consistent with the predicted TsGS size (Figure 3A). On Western blot analysis, rTsGS was recognized by anti-rTsGS serum, but not by infection serum and normal serum (Figure 3B). Moreover, natural TsGS with 41.1–67 kDa in 6-h IIL soluble and ES proteins was identified by anti-rTsGS serum, suggesting that TsGS was a worm somatic and excretory/secretory protein.
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FIGURE 3. Identification of rTsGS antigenicity. (A) SDS-PAGE analysis of rTsGS. Lane M, protein marker; lane 1, intestinal infectious larvae (IIL) crude proteins; lane 2, IIL ES proteins; lane 3, rTsGS. (B) Western blotting of rTsGS antigenicity. IIL crude proteins (lane 1) and IIL ES proteins (lane 2) were recognized by infection serum, but rTsGS (lane 3) was not recognized by infection serum. Native TsGS in IIL crude proteins (lane 4) and IIL ES proteins (lane 5) and rTsGS (lane 6) were identified by anti-rTsGS serum. IIL crude proteins (lane 7), IIL ES proteins (lane 8), and rTsGS (lane 9) were not recognized by normal mouse serum.




Transcription and Expression of TsGS in Diverse Worm Phases

The qPCR results showed that the TsGS transcription level in 6- and 10-h IIL stages was statistically higher than in other worm stages (ML, AW, and NBL) (F = 116.073, P < 0.05) (Figure 4A). On Western blotting with anti-rTsGS serum, the natural TsGS expression level in 6- and 10-h IIL was also significantly higher than in the other three worm stages (ML, AW, and NBL) (F = 108.254, P < 0.01) (Figure 4B), suggesting that TsGS might be a molting-related protease of the IIL stages.
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FIGURE 4. Transcription and expression of TsGS in various Trichinella spiralis stages. (A) qPCR analysis of TsGS transcription in various T. spiralis stages. (B) Western blotting of TsGS expression in somatic proteins of muscle larvae (ML), 6-h intestinal infectious larvae (IIL), 10-h IIL, 3-day adult worms (AW), and newborn larvae (NBL). The TsGS expression level in IIL stages was significantly higher than in other stages. ∗P < 0.05 compared with the ML group.




Expression and Worm Tissue Location of Native TsGS in Diverse Trichinella spiralis Stage

The results of IIFA with intact parasites revealed that intense immunostaining on the epicuticle of 6–of-h IIL, 31-h pre-adults, and NBL was observed by using anti-rTsGS serum (Figure 5), but not on the epicuticle of ML and adult stages. When the worm cross-sections were probed by anti-rTsGS serum, the immunostaining was localized at the cuticle of ML and IIL and around embryos in the female uterus of this nematode (Figure 6).
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FIGURE 5. Expression of TsGS on the surface of various Trichinella spiralis stages by IIFA with anti-rTsGS serum. The IIFA was performed with whole intact worms of different T. spiralis stages [muscle larvae (ML), 6–31-h intestinal infectious larvae (IIL), adult worms (AW), and newborn larvae (NBL)]. The worms were blocked with 5% normal goat serum at 37°C for 2 h and then probed at 37°C for 2 h with 1:10 diluted diverse sera (anti-rTsGS serum, infection serum, and normal serum). After washes with phosphate-buffered saline, the worms were stained using 1:100 dilutions of goat anti-mouse IgG-FITC conjugate and examined under fluorescence microscopy. Intense fluorescence staining was observed on the epidermis of IIL, AW, and NBL by using anti-rTsGS serum, but not at ML and AW stages. The worms recognized by infection serum served as a positive control and normal serum as the negative control. Scale bars = 100 μm.
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FIGURE 6. Immunolocalization of TsGS in worm cross-sections of diverse Trichinella spiralis stages by IIFA with anti-rTsGS serum. Fluorescence staining was observed at the cuticle and around embryos of the nematode. The worms recognized by infection serum served as a positive control and normal serum as the negative control. Scale bars = 100 μm.




Enzyme Activity of rTsGS

As shown in Figure 7A, the rTsGS enzyme activity increased with an elevation of rTsGS concentration and tended to be stable when the rTsGS concentration was 0.95 μg/μl. The optimal pH value for rTsGS activity is 7.0, and the optimal temperature is 45°C (Figures 7B,C). Mg2+ is necessary for the rTsGS enzymatic activity (Figure 7D). Both EDTA and glufosinate could inhibit the rTsGS enzyme activity (Figure 7E). The hydrolytic roles of rTsGS on three substrates (Glu, ATP, and NH4+) obeyed simple Michaelise–Menten kinetics, and the kinetic parameters of different zymolytes were Vmax 0.05 μM min–1 and Km 0.20 mM of Glu, Vmax 0.03 μM min–1 and Km 0.16 mM of ATP, and Vmax 0.03 μM min–1 and Km 0.17 mM of NH4+, respectively (Figures 7F,G).
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FIGURE 7. Enzymatic activities of rTsGS. rTsGS was first re-naturated by dilution refolding method. The diluted rTsGS (0.05–1.00 μg/μl) was incubated at 35°C for 15 min in various pH buffer (pH 3.0–10.5); subsequently, the glutamine synthetase substrates (Glu, ATP, and NH4+) were added to the reaction mixture and incubated at various temperatures (20–70°C) for 30 min, and the absorbance at 660 nm was measured with a spectrophotometer. (A) rTsGS enzyme activity at different rTsGS concentrations; the optimal concentration was 0.95 μg/μl. (B) rTsGS activity at different pH values; the optimal pH was 7.0. (C) rTsGS activity at different temperatures; the optimal temperature was 45°C. (D) Effects of different metal ions on rTsGS activity; the rTsGS activity is dependent on Mg2+. (E) Suppression of different inhibitors on rTsGS activity. *P < 0.01 compared to the no inhibitor, AEBSF and E-64 groups. (F) Standard curve of phosphorus. (G) Michaelis–Menten curve and Lineweaver–Burk at pH 7.0, 45°C, and 100 mM Mg2+. (H) TsGS enzyme activity of various Trichinella spiralis stages. *P < 0.01 compared to other three worm stages.


The enzymatic activity of natural TsGS in crude proteins of various worm stages was also determined. The results showed that the TsGS activity in 6- and 10-h IIL was significantly higher than in other worm stages (ML, AW, and NBL) (F = 33.665, P < 0.01) (Figure 7H).



Delivery of siRNA Into Trichinella spiralis Muscle Larvae

At 12 h after electroporation with control siRNA-labeled FAM, green fluorescence staining was observed in the ML gut under fluorescence microscopy, but no fluorescence staining was found in the untreated ML (Figure 8), indicating that siRNA was successfully introduced into the ML by the electroporation technique. After the transfected ML were cultivated for 3 days, the larval mortality of siRNA-356, control siRNA, the inhibitor glufosinate, and the PBS group was 3.74, 2.95, 3.28, and 3.14%, respectively, (F = 0.487, P > 0.05), suggesting that siRNA had no obvious effect on larval survival.
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FIGURE 8. Introduction of control siRNA by electroporation. (A) Introduction of FAM-labeled siRNA into the muscle larvae at 12 h after electroporation. (B) No green fluorescence was observed in the untreated larvae. Scale bars = 100 μm.




Reduction of TsGS Expression and Activity After Silencing the TsGS Gene

Compared with control siRNA and the PBS group, TsGS mRNA and the protein expression level in ML treated with 3 μM siRNA-356 were reduced by 58.48 and 71.89%, respectively (P < 0.01) (Figures 9A,B). After being treated with 3 μM siRNA-356 for 3 days, TsGS mRNA and the protein expression level were decreased by 66.67 and 54.49% (P < 0.05) (Figures 9C,D). However, the TsGS expression levels were not reduced when the ML were treated using control siRNA. Additionally, when a T. spiralis aspartyl aminopeptidase gene (TsAAP, GenBank: KRY29491.1) was used as a control, the TsAAP expression was not suppressed in ML treated with TsGS-specific siRNA-356 (Figure 9E), suggesting that siRNA-356 is TsGS specific. The results of the enzymatic activity assay showed that the natural TsGS enzyme activity in the somatic soluble proteins of siRNA-transfected ML was decreased by 37.42% compared with the non-treated ML (P < 0.05) (Figure 9F).
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FIGURE 9. Silencing of TsGS gene reduced the TsGS expression and enzyme activity. (A) Effect of various doses of siRNA-356 on TsGS transcription level. (B) Effects of various doses of siRNA-356 on TsGS protein expression. (C) TsGS transcription level at 1–3 days after treatment with 3 μM siRNA-356. (D) TsGS expression level at 1–3 days after treatment with 3 μM siRNA-356. (E) Expression levels of TsGS and Trichinella spiralis aspartyl aminopeptidase in muscle larvae (ML) treated using TsGS-specific siRNA-356. (F) Native TsGS enzyme activity to hydrolyze its substrate was significantly declined in siRNA-356 and inhibitor- treated ML.∗P < 0.05 compared to the phosphate-buffered saline group.




Effects of Acidic Conditions on Larval Survival and TsGS Activity

The results of the ML acid resistance assay showed that the larval survival of the ML cultured at pH 2.5 for 2.5, 12, and 18 h was evidently lower than the ML cultured at pH 7.4 (χ22.5 h = 10.526, P < 0.05; χ212 h = 19.207, χ218 h = 25.464, P < 0.0001) (Figure 10A). After culturing for 18 h, the enzymatic activity of native TsGS in crude proteins of the ML at pH 2.5 was statistically lower than that at pH 4.5 and 7.4 (F = 22.222, P < 0.05) (Figure 10B). When the ML was cultured at pH 2.5 for 48 and 72 h, a supplement of glutamine in the medium obviously increased the larval survival; the larval survival rate was elevated with the increase of glutamine doses (r48 h = 0.891, r72 h = 0.969, P < 0.05) (Figure 10C), suggesting that the ML acid resistance was dependent on glutamine dose under in vitro culture condition.
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FIGURE 10. Acid-resistant tests of Trichinella spiralis muscle larvae. The effect of various acidic conditions on the survival of T. spiralis muscle larvae (ML) was assessed. One hundred ML were cultured at pH 2.5, 4.5, and 7.4 at 37°C and 5% CO2 for 2.5, 12, and 18 h. The survival of the ML cultured in phosphate-buffered saline with various pH values was examined under a microscope on the basis of larval viability. Inactive, straight, or “C”-shaped larvae were assessed as dead larvae. The mobile and wriggly larvae were counted as live larvae. (A) Effect of different pH on ML survival in various culture times. (B) TsGS enzyme activity of the ML cultured at pH 2.5 for 18 h. (C) Effect of different glutamine concentrations on the survival of ML at pH 2.5. (D–F) Silencing of TsGS gene was reduced on larval survival at pH 2.5 for 12 (D), 24 (E), and 48 h (F). *P < 0.05 compared to the pH 7.4 group.


To evaluate the effects of silencing the TsGS gene on the ML acid resistance, the survival of the siRNA-356-treated ML was also observed. The result revealed that, after being cultured at pH 2.5 for 24 and 48 h, the survival of siRNA-356-treated ML declined by 35.32 and 71.97% compared to the PBS group (χ224 h = 15.726, χ248 h = 22.134, P < 0.0001) (Figures 10D–F). When siRNA-356-treated ML were cultured at pH 2.5 for 12, 24, and 48 h, larval survival was declined by 31.48, 49.45, and 88.41% compared to the pH 7.4 group (χ212 h = 36.686, χ224 h = 63.139, χ248 h = 152.616, P < 0.0001), suggesting that TsGS is involved in ML acid resistance.



siRNA-365 Impeded Larval Infectivity, Molting, Development, and Fecundity

At 24 h after a challenge infection, the number of 24-h IIL recovered from infected mouse intestine in the siRNA-356 treatment group were reduced by 26.98% compared to the control siRNA and PBS group (F = 67.220, P < 0.0001) (Figure 11A). The molting percentage of siRNA-365, control siRNA, inhibitor, and PBS group were 26.61, 46.41, 28.22, and 50.43%, respectively (F = 39.452, P < 0.0001) (Figure 11B). Larval molting of the siRNA-365 group was suppressed by 47.24% compared to the PBS group (F = 27.017, P < 0.0001) (Figures 11C, 12).
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FIGURE 11. Suppression of siRNA-356 on larval infectivity and molting. (A) Intestinal worm burden of the intestinal infectious larvae (IIL) recovered at 24 h post-infection (n = 10). (B) Molting rate of 24-h IIL (n = 50). (C) siRNA-356 inhibited IIL molting. ∗P < 0.05 compared to the control siRNA and phosphate-buffered saline group.
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FIGURE 12. The larval molting was suppressed by siRNA-356. In the 24-h intestinal infectious larvae (IIL) stage, the obvious suppression of larval molting was also observed in siRNA-356 and inhibitor glufosinate group. The area in the red box was magnified for observation. Scale bars = 50 μm.


The mice challenged with siRNA-356-transfected ML showed 45.70% reduction of enteral AW at 6 dpi compared with the PBS group (F = 358.483, P < 0.001) (Figure 13A). The length of female adults of the siRNA-356 group was reduced by 25.58% relative to the control siRNA and PBS groups (F = 27.061, P < 0.001) (Figure 13B), but the male length was not obviously changed among the four groups (P > 0.05). The female reproduction (NBL production by each adult female) from the siRNA-365 group was prominently inferior to those of the control siRNA and PBS group (F = 27.645, P < 0.0001) (Figure 13C). Additionally, glutamine synthetase-specific inhibitor glufosinate also significantly mitigated the enteral worm burdens of IIL and AW, impaired larval molting, and reduced female fecundity. The results demonstrated that silencing of the TsGS gene or inhibition of TsGS activity significantly impaired larval molting, development, and female reproduction.
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FIGURE 13. Intestinal adult burden, female length, and fecundity of mice infected with muscle larvae transfected with siRNA-356. (A) Intestinal adult burdens (n = 10). (B) Female adult length (n = 30). (C) Female fecundity (n = 10). ∗P < 0.0001 compared with the control siRNA and phosphate-buffered saline group.




DISCUSSION

Glutamine synthetase participates in many biological processes and plays an extremely important role in parasites, which show metabolic characteristics to help parasites adapt to different environments in their life cycle and make use of host resources. The multiple antigens containing Leishmania chagasi GS may be optimal for protective vaccines (Martins et al., 2006). In Leishmania mexicana parasites, inhibition of the mitochondrial tricarboxylic acid circulation or GS strongly inhibited the growth and development of amastigotes in vitro (Saunders et al., 2014). In T. cruzi, GS is obligatory to resist ammonium accumulation toxicity and immune escape during host cell invasion (Crispim et al., 2018).

In the present study, TsGS has a GS catalytic domain (Gln-synt_C). The complete TsGS cDNA sequence was cloned into a pET-28a expression vector, and rTsGS was expressed in an E. coli expression system. Sequence analysis showed that TsGS had 92–99% identity with the GS of other species/gene types from the genus Trichinella, suggested that the sequences of GS are highly conserved in the genus Trichinella. Following being induced and purified, rTsGS was used to subcutaneously immunize mice and to produce anti-rTsGS serum. The anti-rTsGS IgG titer was 104 at 2 weeks after the final immunization, suggesting that rTsGS has good immunogenicity. On Western blot analysis, rTsGS was recognized by anti-rTsGS serum, but not by infection serum and normal serum. Moreover, as shown in Figure 3B, the natural TsGS in 6-h IIL soluble and ES proteins was identified by anti-rTsGS serum, suggesting that TsGS was a worm somatic and ES protein. Additionally, rTsGS was not recognized by infection serum on Western blotting; it is likely because the TsGS is a molt-related protein which is highly expressed only at the epicuticle of IIL during molting and not at epicuticle of ML and AW stages. The TsGS expressed by IIL in a short time could not stimulate the host to generate a high level of anti-TsGS antibodies during natural T. spiralis infection (Li et al., 2015).

The results of qPCR and Western blotting revealed that TsGS was transcribed and expressed in various T. spiralis stages (ML, 6- and 10-h IIL, 3-day-old AWs, and NBL), and the expression levels of TsGS mRNA and protein at 6- and 10-h IIL stages were evidently higher than those of other worm stages. After being ingested, the ML are activated into the intestinal first-stage infectious larvae (IIL1) in gut at 0.9 hpi. The IIL1 intrude the intestinal epithelium of the host and undergo the first molting to develop IIL2 prior to 10 hpi, then IIL2 molt three times to adulthood at 10–14, 15–22, and 23–30 hpi, respectively (Liu et al., 2013). In order to observe the expression of natural TsGS at various IIL stages, the 6-, 10-, 12-, 15-, 18-, 27-, and 31-h IIL were used in the IIFA test. The results of IIFA with intact parasites showed that native TsGS was identified on the surface of IIL and NBL, but not on that of ML and AW stages. By using IIFA with parasite cross-sections, native TsGS was mainly localized at the cuticle and intrauterine embryos of the parasite. The results suggested that TsGS was closely related to the molting, growth, and development of the IIL (Ren et al., 2019). In addition, native TsGS with 41.1–67 kDa in IIL crude proteins and ES proteins was recognized by anti-rTsGS serum; it is likely because TsGS has various isoforms. The TsGS protein might be processed by post-translational processing and modification, or it is due to the native TsGS probed by polyclonal anti-rTsGS serum (Bien et al., 2015; Cui et al., 2015b; Sun et al., 2018; Hu et al., 2020).

The enzymatic activity test showed that rTsGS had the enzymatic activity of native GS to hydrolyze its specific substrate (Glu, ATP, and NH4+). The optimal temperature and pH value of rTsGS in vitro were 45°C and pH 7.0, which is similar with that of Schistosoma japonicum GS (Qiu et al., 2012). Acid resistance is the response of Trichinella ML to the pH change of the external environment. TsGS plays an important role in the process of glutamine synthesis within the ML worm body. Only when the ML are in acidic conditions of the host stomach do ML initiate the AR4 system to adapt to the acidic environment. The whole process of ML acid resistance is developed within the worm body, not in the external condition. Hence, rTsGS is inactive at acidic conditions in the external environment. The rTsGS activity was obviously enhanced by Mg2+, and Mg2+ was a TsGS-dependent metal ion. Similar to other GS, rTsGS was sensitive to glufosinate and EDTA (Crispim et al., 2018). The TsGS activity in IIL stage was significantly higher than in other worm stages (as shown in Figure 7H). It is likely because TsGS is involved in the molting, growth, and development of T. spiralis IIL in the host intestine. GS catalytically condenses glutamine with glutamate in the presence of ATP, NH4+, and Mg2 + to form glutamine, which is a carbon and nitrogen donor for the production of biomolecules and participates in redox dynamic equilibrium (Lai et al., 2011; Wang et al., 2014). After invading into the IECs, the IIL develops into adults after molting four times. Molting is a key step for parasitic nematodes to enlarge their body size and adapt to the environment, while glutamine synthesized by GS is involved in nucleotides, amino acid synthesis, and energy metabolism in the mitochondria, which is important for larval growth and development. TsGS is involved in the synthesis of glutamine, which provides nitrogen for the production of purines, pyrimidines, amino acids, and other compounds needed for complex cellular functions.

The survival of any organisms must depend on their ability to maintain an appropriate range of pH values. It is known that physiological and biological buffering systems mainly rely on ammonia and carbon dioxide (Krulwich et al., 2011), which are responsible for the neutralization of acids (protons) and bases (hydroxide ions), respectively. The pathogenicity of foodborne pathogens determines the inevitability of their acid resistance. Stimulation of an acidic environment induces the expression of acid-resistant genes in pathogens, which is an important cause of disease (Djoko et al., 2017). A glutamine-dependent acid-resistant system is one of the important acid-resistant systems in E. coli, and it uses amino acid antiporter GadC to absorb the intracellular YbaS of Gln and catalyze the hydrolysis of Gln to Glu and NH3, which consumes GadC and is transported out of the cell by GadC and continues to transfer into Gln. Glutamine transport and hydrolysis can help E. coli maintain acid–base balance (Kowalczyk et al., 2011; Wu et al., 2013). The acidic environment in the stomach of the host can also stimulate the effective expression of acid-fast genes of T. spiralis ML. A previous study showed that a glutaminase (TsGLS) plays an important role in the acid-resistant system of T. spiralis (Gao et al., 2021). As shown in Figures 10A,B, when the ML were cultured at pH 2.5 for 18 h, the larval survival was more obviously decreased at pH 2.5 than that at pH 4.5 and 7.4, and the enzyme activity of TsGS was significantly lower than that of the ML at pH 7.4. The ML survival decrease at pH 2.5 is likely because the decreased enzyme activity of TsGS led to the reduction of glutamine synthesis, which impeded the activation of the AR4 system in ML. Therefore, partial ML were not adaptable to an acidic environment and died. Our results indicated that GS is also involved in T. spiralis ML acid resistance, and the supplement of glutamine in culture medium obviously increased the larval survival at pH 2.5 acid environments. Glutamine is a key amino acid in biosynthesis, and it has the basic functions of providing amino acids, lipids, nucleotides, hexosamine, and polyamines, but it also provides metabolic energy (ATP) as a multi-functional cellular signal molecule (Mates et al., 2019). In addition, glutamine is an indispensable substance for the production of glutathione, and glutathione is the most important antioxidant molecule and anabolism adaptation enzyme in cells. Moreover, silencing of the TsGS gene significantly reduced the survival of the ML at pH 2.5 compared to the normal ML at pH 2.5 and the siRNA-356-treated ML at pH 7.4. The results further indicated that TsGS participates in T. spiralis larval acid resistance, and glutamine is also an essential component of this AR.

As an important means of studying gene function, RNA interference technology is widely used to identify genes related to the growth and development of parasites, such as Fasciola hepatica, S. japonicum, and Ascaris suis (Chen et al., 2011). In the parasitic nematode T. spiralis, silencing of some genes evidently suppressed larval invasion of the intestinal epithelium and impeded worm development and reproduction (Han et al., 2020; Yi et al., 2020). In this study, TsGS-specific siRNA-356 was introduced into the ML by electroporation. After the ML was treated with 3 μM siRNA-356 for 3 days, the TsGS expression and activity were decreased by 66.67 and 37.42%, respectively. The results of the challenge infection showed that silencing of the TsGS gene significantly reduced the intestinal 24-h IIL burden and impaired the IIL molting. Intestinal adult burden, worm development, and female fecundity were also obviously impeded by TsGS-specific siRNA as demonstrated by shorter female adults and lower female reproduction capacity. The results demonstrated that TsGS plays an essential role for larval molting, development, and female reproduction in the life cycle of T. spiralis (Yang et al., 2019).

In conclusion, TsGS was highly expressed at the molting IIL stage in the T. spiralis life cycle and principally located at the cuticle and around embryos in the uterus of the parasite. The rTsGS had good immunogenicity and the enzymatic activity of natural GS to hydrolyze the substrate (Glu, ATP, and NH4+). Silencing of the TsGS gene significantly decreased the IIL survival at acidic condition, reduced intestinal 24-h IIL burden, and impaired the IIL molting, development, and female fecundity. The results indicated that TsGS is involved in ML acid resistance and the IIL molting, development, and reproduction at the intestinal stage of the T. spiralis life cycle, and it might be a candidate vaccine target against Trichinella molting and development.
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Background

Schistosomiasis is one of the most important tropical parasitic diseases worldwide. Biomphalaria straminea, the intermediate host of Schistosoma mansoni, has invaded and spread to Southern China since 1974 and may pose enormous threats to public health. Controlling intermediate host snails is an effective strategy in schistosomiasis intervention. However, the only effective chemical molluscicide, niclosamide, currently recommended by WHO may cause environmental pollution, loss of biodiversity, and high costs. Thus, to counter intermediate hosts, a sustainable and environmentally friendly tool is urgently needed. Here, we conducted field investigations to collect and identify a potential snail competitor rotifer and evaluated its molluscicide effect.



Results

In this study, we collected two samples of rotifers from Shenzhen. We found both red and black phenotypic B. straminea snails at the sampling sites. We identified the rotifer population as a species of the genus Philodina according to the amplification and phylogenetic analysis results of coxI gene. We found that rotifer exposure did not significantly affect the hatching rate of B. straminea eggs but promoted the killing of juvenile snails. Meanwhile, rotifer exposure did not significantly alter the fecundity of B. straminea quantified by the number of eggs per egg mass, the number of egg masses per snail, and the number of eggs per snail; but the snails exposed to rotifers showed lower fecundity performance than the control snails. Importantly, rotifer exposure could significantly affect the development of juvenile B. straminea, showing a smaller shell diameter of the exposed snails than that of the control snails. In addition, rotifer exposure affected the life span of B. straminea snails, showing a 16.61% decline in the average life span. After rotifer exposure, the S. mansoni-infected B. straminea snails died significantly faster than those without rotifer exposure. Similar findings were observed in S. mansoni-infected Biomphalaria glabrata snails. These results implied that rotifer exposure significantly promoted the mortality of S. mansoni-infected B. straminea and B. glabrata.



Conclusions

Our study demonstrated the potential molluscicide effect of rotifers on intermediate hosts under laboratory conditions. Our findings may provide new insights into the development of biocontrol strategies for snail-borne disease transmission.
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Introduction

Schistosomiasis is one of the most important human parasitic diseases (Chitsulo et al., 2000), causing almost 240 million people infected worldwide, which may cause huge economic and social burdens globally (Colley et al., 2014). Among all human infected schistosomes, Schistosoma mansoni is the most widespread species. S. mansoni is distributed predominantly in South America, Africa, the Caribbean, and the Middle East (Crompton, 1999; Chitsulo et al., 2000; Colley et al., 2014). Biomphalaria snails, including Biomphalaria glabrata and Biomphalaria straminea, are the main intermediate hosts of S. mansoni (Colley et al., 2014). As an important intermediate host of S. mansoni (Coelho and Caldeira, 2016), the freshwater snail B. straminea has invaded Hong Kong, China, since 1974 and has spread widely in South China (Meier-Brook, 1974; Lin et al., 2020). In addition, this invasive snail can also transmit the zoonotic parasite Angiostrongylus cantonensis (Xu et al., 2019; Zhu et al., 2019). Considering the potential risk of transmission of S. mansoni and threats to human health in China (Colley et al., 2014; Lin et al., 2020), it is necessary to pay more attention to monitoring and controlling B. straminea with close surveillance and control strategies.

The strategy of controlling intermediate hosts has been proven to be an effective approach to interrupt the transmission of S. mansoni (Lardans and Dissous, 1998). The application of chemical molluscicides is a major strategy for snail control. Niclosamide is the only molluscicide recommended by the WHO (Yang et al., 2010). However, the environmental effects, high toxicity to non-target organisms, and high costs in most endemic countries have hampered the widespread use of chemical molluscicides (Ekabo et al., 1996; Oliveira-Filho and Paumgartten, 2000). In addition, the application of niclosamide may induce resistance (Dai et al., 2015). To achieve the UN Sustainable Development Goals (SDGs), alternative tools for intermediate hosts and schistosomiasis control are urgently needed. In recent years, biocontrol strategies have attracted significant research attention due to their low toxicity and environmentally friendly features (de Oliveira et al., 2004; Soberon et al., 2013; Wei et al., 2017). Therefore, low toxicity and environmentally friendly tools are urgently needed and suited for invasive snail control.

There is a vast amount of zooplankton in rivers and oceans. As an important type of zooplankton, rotifers are widely distributed in freshwater bodies (Gilbert, 2017). Rotifers are an important food source of fishes in aquaculture (Stelzer, 2009; Dabrowski and Miller, 2018) and can also be indicators of environmental toxicity (Stelzer, 2009; Dabrowski and Miller, 2018; Colvin et al., 2021; Xu et al., 2021) and water quality (Jose et al., 2008; Picapedra et al., 2021). Nevertheless, rotifers can promote mortality by affecting the ingestion of shrimp (Yan et al., 2004; Yan et al., 2007) and cause tissue injury and fish death by attaching to the gills (Imai et al., 1991; Xu et al., 1999; Xu et al., 2000). Mass rotifers may rob food and nutrition from aquatic animals, inducing unhealthy status and mortality among aquatics (Meyabeme et al., 2010; Reyes-Prieto et al.2014; Ranasinghe and Amarasinghe 2020). B. straminea and B. glabrata are important freshwater snails and invasive species globally. In addition, the identification of microbiota as food competitors, such as rotifers, could be a potential additional tool for mosquito control (Ranasinghe and Amarasinghe, 2020). However, whether rotifers can be competitors of freshwater snails is unclear. Few studies have focused on controlling intermediate hosts by rotifers. Therefore, we hypothesized that rotifers could affect the development and survival of Biomphalaria snails.

In the present study, we collected rotifer samples from field studies in South China from 2016 to 2017 and investigated the influence and survival of Biomphalaria snails affected by rotifer exposure. Our findings may promote the development of biocontrol strategies for intermediate hosts.



Methods


Sample Collection

To collect the rotifer samples in Guangdong Province, we conducted systematic field surveys from 2016 to 2017. We collected about 100 snails from each sampling site. We found some rotifers were attaching to the surface of the B. straminea shell. Then, we collected samples and transferred alive rotifers to the laboratory. The name of the locality, Global Positioning System (GPS) coordinates, and date were recorded. We took pictures of the surroundings using a camera. The living specimens were maintained under laboratory conditions. We finally preserved several samples in 95% ethanol and stored them in −80°C for further processing.



DNA Extraction

We removed the shell from the snail before genomic DNA extraction. Total DNA was extracted separately from approximately 30 mg of head–foot or the entire rotifer. All samples were individually crushed using a bead mill in an enzyme-free Eppendorf tube with 1-mm-diameter inox beads (Qiagen, Germany). After removing the beads, we extracted total DNA using the hipure DNA mini kit (Magen, China) as previously described (Lin et al., 2020). Briefly, genomic DNA was extracted according to the protocol of the kit, and finally, total DNA was suspended in 30 μl of nuclease-free buffer and stored at −80°C until further processing. The DNA quality and quantity were examined using a NanoDrop instrument (Thermo Fisher Scientific, USA).



Amplification and Sequencing

The DNA samples were amplified for identification as described in the previous study (Lin et al., 2020). The universal cytochrome oxidase subunit (cox) I primer set for rotifer identification was used: LCO1490 5′-GGTCAACAAATCATAAAGATATTGG-3′ and HCO2198 5′-TAAACTTCAGGGTGACCAAAAAATCA-3′. The PCR amplification system for the target gene comprises 1 μl of cDNA, 12.5 μl of a mixture, 1 μl of forward primer, 1 μl of reverse primer, and 9.5 μl of double deionized water. The PCR cycling conditions were carried out: initial denaturation step at 94°C for 5 min followed by 30 cycles of 94°C for 45 s, 48°C for 45 s, and 72°C for 45 s with a final extension step at 72°C for 10 min. In addition, The universal coxI primer set was also used for the Biomphalaria species identification. The PCR conditions for the marker amplification were performed: denaturation at 94°C for 5 min, 30 cycles of 94°C for 50 s, 55°C for 50 s, 72°C for 50 s, and final extension at 72°C for 10 min. The PCR products were detected on 3% agarose gel electrophoresis and purified according to the protocol of the Qiagen gel extraction kit (Qiagen, Germany). The purified PCR products were sequenced on an ABI-3730 platform (Applied Biosystems) by the Majorbio company (Guangzhou, China).



Phylogenetic Analysis

The sequences obtained from sequencing and the National Center for Biotechnology Information (NCBI) databases (https://www.ncbi.nlm.nih.gov/) were aligned and concatenated by the neighbor-joining method using the molecular evolutionary genetics analysis (MEGA) 7 (Kumar et al., 2016). We performed the parsimony analysis by generating 1,500 bootstrap replicates.



Maintenance of the Snails in the Laboratory

The Biomphalaria snails were raised under laboratory conditions as described in the previous study (Lin et al., 2020). Each snail was exposed to 10 S. mansoni miracidia. The procedures for infecting snails with miracidia were described in the previous study (Keiser et al., 2014). The S. mansoni-exposed snails were maintained with shading treatment. The infection rate was measured as described in the previous study (Fernandez and Thiengo, 2002). The release of cercaria from Biomphalaria was previously described (Lin et al., 2020).



Exposure Experiment Design

To investigate the effect of rotifers, we used eggs, juvenile, and mature snails to perform further experiments. i) We randomly divided eggs or snails on the same developmental stage into two groups: normal snails being exposed with or without rotifers. ii) S. mansoni miracidia-infected snails were also randomly divided into two groups: snails being exposed with or without rotifers. We selected the 2-week-old Biomphalaria snails for S. mansoni-infected experiments. After S. mansoni miracidia exposure experiments, both the exposed and unexposed snails were maintained under the same conditions. The survival rate was measured. The snail releasing S. mansoni cercaria was considered an infected snail.



Influence of Parameters Measured

The fecundity (the number of eggs per egg mass, the number of egg masses per snail, and the number of eggs per snail) and fertility (rate of eggs hatched per mass) were measured as previously described (Costa et al., 2004). The number of hatching embryos was examined in 2 weeks, and subsequently, the egg hatchability was calculated. The survival and growth rates (shell diameter) were measured. The snails being measured for the shell diameter were randomly picked out from the alive juvenile snails.



Statistical Analysis

We calculated the results using GraphPad Prism version 6.0 (GraphPad Software, USA). Data are expressed as the mean ± standard error of the mean (SEM). The differences between groups were analyzed by Student’s t-test using SPSS 19.0 software (SPSS Inc., USA). The survival rates between groups were analyzed using the chi-square test. *p < 0.05 was considered statistically significant.




Results


Sampling Site Study

We found that some rotifers were attached to the surface of the shell of Biomphalaria snails in field studies. Then, we collected rotifer samples from the sites of the Guanlan River (22°40′18" N and 114°2′25" E) and Donghu Park (22°33′26" N and 114°8′38" E) in Shenzhen in South China (Figure 1A). Pictures of the surroundings of these sampling sites are shown (Figures 1B, C). In addition, maximum-likelihood trees showed that both the red and black phenotypic Biomphalaria snails collected from Shenzhen were similar to the South American B. straminea strain (Figures 1D, E).




Figure 1 | Sampling site study. The map showing sampling sites in Shenzhen (A) and pictures of rotifer habitats in the Guanlan River (B) and Donghu Park (C). The red spot represents the rotifer sampling site. Both red and black phenotypic Biomphalaria snails were found in sampling site 1 (D), and black snails were collected in site 2. The red arrow shows the red Biomphalaria snail observed, and the black arrow shows the black Biomphalaria snail observed. (E) Neighbor-joining tree constructed based on the K2P+G model for coxI sequences obtained from National Center for Biotechnology Information (NCBI) database and Biomphalaria samples collected from Shenzhen. This map was created using ArcGIS.





Species Identification of Rotifer

We found that the rotifers were mainly attached to the navels of Biomphalaria snails (Figure 2A). To determine the species identification of rotifers from sampling sites, coxI gene was amplified and sequenced for phylogenetic reconstruction. The PCR fragments of coxI gene of rotifer were amplified and resolved in an agarose gel (Figure 2B). The five referenced sequences of mitochondrial genes obtained from the NCBI database included EF650549.1 (uncultured bdelloid rotifer), DQ078567.1 (Philodina sp.), HM032977.1 (Philodina sp. Pha3), DQ078584.1 (Philodina sp.), and MT895717.1 (Culex quinquefasciatus) (Figure 2C). We found that our samples (Isolations 1 and 2) clustered on the same branch, similar to the branches of uncultured bdelloid rotifers and Philodina sp. (Figure 2C). The sequence similarity between these two clusters was greater than 97% according to the BLAST results (https://blast.ncbi.nlm.nih.gov/Blast.cgi). These results showed that our rotifer samples belonged to the genus Philodina. Therefore, we named our rotifer samples collected from Shenzhen Philodina sp. sz1 and Philodina sp. sz2.




Figure 2 | Amplification and phylogenetic analysis of rotifers collected in fields. (A) Pictures of rotifers attaching to navels of Biomphalaria straminea snail compared with control snail. The red arrow shows the rotifers observed. (B) Picture of PCR amplification based on coxI sequence extracted from rotifers (Lane 1 and 2). #, Rotifer isolation. Negative control (Blank). Marker: about 750 bp. (C) Neighbor-joining tree constructed based on K2P+G model for coxI sequences obtained from National Center for Biotechnology Information (NCBI) database and rotifer samples (Isolations 1 and 2) collected from Shenzhen.





Rotifer Exposure Did Not Significantly Influence the Hatching Rate of B. straminea Egg Masses

To investigate the effect of rotifers on the hatching rate of B. straminea, we randomly divided egg masses of B. straminea into two groups. We observed gelatinous intima and extima on the egg masses (Figure 3A). Rotifers were only attached on the edge of the Biomphalaria egg mass and segregated into eggs by the extima and intima (Figure 3A). We found no significant difference in the hatching rates between groups infected with (0.7839 ± 0.03658) or without (0.8267 ± 0.02927) rotifers, but on average, the hatching rate declined in the rotifer-infected masses (Figure 3B).




Figure 3 | The effect of rotifer exposure on Biomphalaria straminea egg masses. (A) Pictures of rotifers attaching to the egg mass of B straminea compared with control snail (left). The green arrow shows the extima of the egg mass. The black arrow shows the intima of egg mass. The red arrow shows rotifers. (B) The difference of hatching rate of egg mass between with and without rotifer exposure. ns, Not statistically significant.





Rotifer Exposure Affected the Development of Juvenile B. straminea Snails

As our results showed before, there was no significantly different effect on the hatchability. However, the required times for juvenile snails to hatch from the egg mass were not similar, ranging from 5 to 14 days. The juvenile snails hatching from egg masses were exposed to rotifers (Figure 4A), and the juvenile snails immediately become infected with rotifers after hatching. We found that the survival rate of juveniles in the infected group declined significantly compared with that of the control snails (Figure 4B). In addition, rotifers affected the development of juveniles, which showed a significantly smaller shell diameter than the control snails (Figure 4C).




Figure 4 | The effect of rotifer exposure on juvenile Biomphalaria straminea snails. (A) Pictures of juvenile B. straminea being exposed to rotifers (right) and control group with rotifer exposure (left). (B) The difference of survival rate of juvenile B. straminea between with and without rotifer exposure in 6 weeks. (C) The influence on the development of juvenile B. straminea exposed to rotifers. This result was quantified by the shell diameter of B. straminea.





Rotifer Exposure Affects the Fecundity and Sexual Maturation Time of B. straminea

We found no significant differences in the number of egg masses per snail per day (Figure 5A), the number of eggs per snail (Figure 5B), or the number of eggs per mass (Figure 5C). However, rotifer exposure significantly affected the oviposition time of juvenile B. straminea, indicating that rotifers may delay the sexual development of B. straminea (Figure 5D and Table 1). Our study showed that there was no significant difference in the fecundity of snails infected with or without rotifers.




Figure 5 | The effect of rotifer exposure on the fecundity of Biomphalaria straminea. (A) The difference in the number of egg mass per snail per day. (B) The difference in the number of eggs per snail. (C) The difference in the number of eggs per mass. (D) The difference in oviposition time of juvenile B. straminea snails exposed to rotifers or without rotifers. ns, Not statistically significant.




Table 1 | The average differences in the oviposition time of Biomphalaria straminea exposed to rotifers or without rotifers (control group).





Rotifer Exposure Affected the Life Span of B. straminea Snails

To test whether rotifer exposure could impact aging and affect life span, we treated juvenile B. straminea with rotifers. We measured the life spans of both exposed snails and control snails (without rotifer exposure). Since our previous results showed that rotifer exposure significantly affected the survival rate of juvenile B. straminea, we selected 5-week-old snails for further studies. We found that exposed B. straminea experienced dramatic life span shortening as compared with the control group (Figure 6, Table 2), showing a 16.61% decline in median life span after rotifer exposure.




Figure 6 | The survival analysis of Biomphalaria straminea exposed to rotifers or without rotifers (control group).




Table 2 | The average difference in the life spans of Biomphalaria straminea exposed to rotifers or without rotifers (control group).





Rotifer Exposure Affected the Survival of S. mansoni-Infected B. straminea and B. glabrata Snails

As an intermediate host of S. mansoni, B. straminea plays an important role in the transmission of S. mansoni. Therefore, reducing the transmission risk of S. mansoni can be helpful for disease control. However, we found that rotifer exposure did not significantly alter the infection rate of S. mansoni-exposed B. straminea snails (Figure 7A). To conduct further experiments, we used positive snails that can release the cercaria of S. mansoni. After rotifer exposure, the S. mansoni-infected B. straminea died faster than the unexposed snails (Figure 7B and Table 3), showing a decline in the release time of cercaria from intermediate hosts.




Figure 7 | The effect of rotifer exposure on the survival of Schistosoma mansoni-infected Biomphalaria straminea snails. (A) Rotifer exposure did not significantly affect the infection rate of B straminea to S. mansoni. (B) Rotifer exposure decreased the survival rate of S. mansoni-infected B. straminea. Unexposed: the S. mansoni-infected snail was not exposed to rotifers. Exposed: the S. mansoni-infected snail was exposed to rotifers. ns, Not statistically significant.




Table 3 | The average difference in the life span of Schistosoma mansoni-infected Biomphalaria straminea after rotifer exposure.



B. glabrata is an important model organism for researching the interaction mechanism between S. mansoni and mollusks. We also detected the effect of rotifer exposure on the survival of S. mansoni-infected B. glabrata. We found that rotifer exposure did not significantly alter the infection rate of S. mansoni-exposed B. glabrata snails (Figure 8A). Since the infection rate was not 100% after S. mansoni miracidia exposure, we used positive snails that could release the cercaria of S. mansoni for further studies. We found that the S. mansoni-infected B. glabrata died significantly more than unexposed snails after 15 weeks of S. mansoni infection (Figure 8B). Rotifer exposure may accelerate the death of Biomphalaria snails infected with S. mansoni. Our results showed that rotifer exposure did not significantly alter the infection rate but significantly promoted the mortality of S. mansoni-exposed Biomphalaria snails, indicating the potential use of rotifer exposure on snail-borne disease transmission.




Figure 8 | The effect of rotifer exposure on the survival of Schistosoma mansoni-infected Biomphalaria glabrata snails. (A) Rotifer exposure did not significantly affect the infection rate of B. glabrata to S. mansoni. (B) Rotifer exposure decreased the survival rate of S. mansoni-infected B glabrata in 15 weeks. ns, Not statistically significant.






Discussion

The freshwater snail B. straminea, which plays an important role in the transmission of S. mansoni, is one of the most widely distributed species in the genus Biomphalaria and originated from the southeastern part of South America (Colley et al., 2014; Yang et al., 2018). During the last decades, B. straminea has been reported in tropical countries, including Brazil, Paraguay, Argentina, Uruguay, Colombia, and Costa Rica (Lin et al., 2020). B. straminea was first reported to be introduced into Hong Kong in 1974 and has now spread to Shenzhen, Dongguan, Huizhou, and Puning in South China (Colley et al., 2014; Yang et al., 2018). Historically, China has been a non-endemic area for blood flukes of S. mansoni. However, with the increasing imported schistosomiasis cases in China (Dai et al., 2020; Wang et al., 2020) and the spread of the intermediate host (Meier-Brook, 1974; Lin et al., 2020), the potential risk of transmission of S. mansoni is increasing. Considering the potential threats to human health, we should pay more attention and make efforts to manage these snails. Controlling intermediate hosts is considered an effective approach to interrupt the transmission of S. mansoni and control snail-borne disease schistosomiasis (Lu et al., 2018). Using chemical molluscicides to control snails was the major strategy. However, chemical molluscicides such as niclosamide are highly toxic to other aquatic animals. Therefore, environmentally friendly tools are urgently needed for intermediate host control. In the present study, we detected potential biocontrol strategies for the intermediate host of S. mansoni.

We reported the isolation of populations of rotifers collected from Shenzhen for biocontrol tools to the intermediate host of S. mansoni. According to coxI gene sequence analysis, we positioned these rotifers within the genus Philodina. Since these identity levels are greater than the genomic definition of a species based on coxI gene, we proposed to name our rotifer samples collected from Shenzhen rotifer Philodina sp. sz1 and rotifer Philodina sp. sz2. As important zooplankton, rotifers are distributed in all kinds of water bodies, though mainly in freshwater bodies (Lu et al., 2018). Rotifers naturally coexist with aquatic organisms and are an important food source of fish and shrimp (Stelzer, 2009; Dabrowski and Miller, 2018). However, previous studies have shown that rotifers can also affect the development and survival of fish and shrimp (Imai et al., 1991; Xu et al., 1999; Xu et al., 2000; Yan et al., 2004; Yan et al., 2007). Yet whether rotifers affect the development and survival of Gastropoda, such as B. straminea snails, is unknown.

B. straminea has already spread to Hong Kong and Guangdong provinces in South China (Lin et al., 2020). Our findings revealed that both the red and black phenotypic Biomphalaria snails collected from Shenzhen were similar to the South American B. straminea strain, implying that these two sites exhibited two kinds of invasive freshwater snail phenotypes, B. straminea. The population level of the intermediate host B. straminea may be associated with the number of snails exposed to S. mansoni in the field: the more snails that exist, the more snails that are infected (de Souza et al., 1981; Fernandez and Pieri, 2001; Gandasegui et al., 2018). We found that rotifer exposure did not significantly affect the hatching rate of Biomphalaria eggs, and we hypothesized that a gelatinous membrane may cover the eggs, protecting them from pathogens. The hatching rate of B. straminea in our study was similar to that in previous studies (Scherrer et al., 1976; Costa et al., 2004) but was lower than that of Biomphalaria pfeifferi (Kengne-Fokam et al., 2016). In addition, rotifer exposure did not significantly affect the fecundity of B. straminea, showing no difference, but declines in the number of eggs per egg mass, the number of egg masses per snail, and the number of eggs per snail. We hypothesized that the reason for these declines was that there was enough food to supply snails and protect the fecundity of snails. The fecundity performance of B. straminea in our work was lower than that of B. glabrata (Rozemberg et al., 1992; Costa et al., 2004). These results suggested that the fertility of the genus Biomphalaria snails may be associated with genotype.

Our study revealed that rotifer exposure can significantly affect the development of B. straminea snails according to the shell diameter results, implying a potential influence on the reproduction and maturity of Biomphalaria snails. Previous studies revealed that there was an increase in growth inhibition in S. mansoni-infected snails (Looker and Etges, 1979; Meier and Meier-Brook, 1981; Cardoso and Coelho, 1990). Therefore, the growth of rotifer-exposed snails was similar to that of S. mansoni-infected snails. However, the association between growth alterations and parasite infection is unclear. Further studies on the mechanism of growth inhibition by rotifers are needed.

Rotifer exposure affected the survival rate of B. straminea snails, mainly juvenile snails. Importantly, rotifer exposure caused a significant decline in the average life span of B. straminea snails. Although previous studies have attempted to explore control strategies for intermediate hosts in China, they have mainly focused on chemical molluscicides, including salicylanilidate (He et al., 2017) and pyridylphenylurea derivatives (Wang et al., 2018). We focused on environmentally friendly tools to control intermediate hosts. Our findings suggested that rotifers may become a potential biocontrol tool for the intermediate host of S. mansoni. As one of the biocontrol strategies, pathogenic bacteria, including Candidatus Paenibacillus glabratella (Duval et al., 2015), Bacillus thuringiensis (Soberon et al., 2013), and Beauveria bassiana (Wei et al., 2017), have been further studied and have become potential alternative tools in disease intervention. Although the application of chemical molluscicides such as niclosamide is the most widely used method for snail control (Lardans and Dissous, 1998), we believe that environmentally friendly tools for intermediate hosts will be obtained with increasing research on biocontrol strategies.

Our work revealed that rotifers did not significantly affect the survival rate of adult Biomphalaria snails or the infection rates of S. mansoni-exposed snails. The susceptibility of the Biomphalaria snails mainly depends on their immune system, not foreign organisms (Hanington et al., 2010; Pila et al., 2016). Our findings demonstrated that rotifers promoted the killing of S. mansoni-infected Biomphalaria snails, including B. straminea and B. glabrata, implying that rotifer exposure may decrease the releasing cercaria of S. mansoni over time and contribute to disease control. Trematode parasites and their molluscan hosts produce antioxidants and oxidants to maintain the cellular redox balance, which may explain their survival in the late stage of parasite infection (Bayne et al., 2001; Bayne, 2009; Mourao et al., 2009). Rotifers not only grab food from other species but also receive foreign DNA from the animal kingdom, fungi, plants, and bacteria (Gladyshev et al., 2008; Boschetti et al., 2012; Szydlowski et al., 2015). Therefore, rotifer exposure may increase the burden on the survival of Biomphalaria snails and ultimately induce an imbalance. These results implied that rotifer exposure may interrupt the immune balance between S. mansoni and host snails, leading to snail mortality. However, the mechanisms of these findings are unclear, and further studies are needed.



Conclusion

In our study, we identified a species of the genus Philodina rotifer collected from Shenzhen, South China. Rotifer exposure can alter the fecundity and significantly affect the fertility and life span of B. straminea, promote the death of juvenile snails, and significantly promote the mortality of S. mansoni-infected B. straminea and B. glabrata. Overall, our study demonstrated that rotifers may contribute to snail control and disease intervention by affecting the development and population quantity of Biomphalaria snails, in addition to S. mansoni-infected snails. Our results implied that rotifers may be a potential use and supplement in controlling snail-borne schistosomiasis transmission.
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As a common parasitic disease in animals, coccidiosis substantially affects the health of the host, even in the absence of clinical symptoms and intestinal tract colonization. Gut microbiota is an important part of organisms and is closely related to the parasite and host. Parasitic infections often have adverse effects on the host, and their pathogenic effects are related to the parasite species, parasitic site and host-parasite interactions. Coccidia-microbiota-host interactions represent a complex network in which changes in one link may affect the other two factors. Furthermore, coccidia-microbiota interactions are not well understood and require further research. Here, we discuss the mechanisms by which coccidia interact directly or indirectly with the gut microbiota and the effects on the host. Understanding the mechanisms underlying coccidia-microbiota-host interactions is important to identify new probiotic strategies for the prevention and control of coccidiosis.
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Introduction

Coccidiosis is a self-limiting protozoal disease mainly caused by coccidia of the genus Eimeria (Kemp et al., 2013). Eimeria species are generally gastrointestinal parasites that cause different degrees of enteritis, such as diarrhea, dehydration, and weight loss. Eimeria is a large genus, with over 1,800 species identified to date (Duszynski, 2001). Compared with other genera and species related to coccidia, their life cycles are completed in a single host, and they have high host specificity. Generally, Eimeria are supposed not to spread between different host taxa (Bangoura and Bardsley, 2000), however, several of them are demonstrated to be able to infect among various species (Mácová et al., 2018; Trefancová et al., 2021). Furthermore, this genus has a highly diverse host range and affects all vertebrates (Duszynski, 2001).

All members of coccidia replicate and produce oocysts in the intestine of the final host, which enter into the environment with feces. Animals ingest sporulated oocysts from contaminated environments, which are transported to the intestine and then released as sporozoites (Chapman, 1978). Each sporozoite invades epithelial cells and remains within the parasitophorous vacuole during its development into trophozoites. The trophozoites begin asexual replication, at which point the parasite is referred to as a schizont. Each schizont forms thousands of first-generation merozoites. After a schizogony cycle is completed, the host cells are destroyed, and merozoites enter the intestinal lumen, where they infect new epithelial cells. After several generations of merogony, the parasite enters sexual replication, forming the dimorphic stages of macrogametes and microgametes. Microgametes enter the new host cell and fertilize the macrogametes to produce zygotes (Ferguson et al., 2003). After the zygote becomes an oocyst, it is released into the environment with feces (Shirley et al., 2005). Coccidia perform a series of life activities in the intestine of the host, including colonization, growth and reproduction, thereby disrupting the balance of the intestinal environment.

However, the mechanisms by which coccidia infect the organism and cause pathogenesis remain unknown. Most studies have focused on the pathogenesis of coccidia, mainly involving disruption of the intestinal mucosa and immunity. The gut microbiome is a complex network of symbiotic microorganisms with several functions that are beneficial to the host, including the absorption of nutrients, synthesis of essential organic compounds, protection from pathogens and development of the intestinal immune system. Coccidia and intestinal microbiota share an intestinal microenvironment. The composition of the gut microbiota is altered directly or indirectly via changes in the physiological characteristics, permeability, and antimicrobial peptide production in the intestine (Zaiss and Harris, 2016). In addition, alterations in the gut microbiota affect the colonization of the parasite in the host, infection status, and treatment of parasitic diseases (White et al., 2018). Therefore, this article describes the mechanisms underlying coccidia-microbiota-host interactions.

Eimeria species that cooperatively infect animals are usually referred to as coccidia based on the name of the group of unicellular parasites to which they belong. Although Cryptosporidium was formerly supposed to be closely related to coccidia, it now belongs to Gregarinasina (Adl et al., 2019); therefore it is described separately. This review concerns only Eimeria species.



Interactions Between Coccidia and Gut Microbiota

The intestinal mucosal interface is a large and complex three-dimensional defense system composed of mechanical, biological, chemical, and immune barriers. The function of the mucosal barrier is to prevent harmful substances from entering the systemic circulation. The number of intestinal microorganisms in animals is approximately 10 times the number of cells in the body, forming an interdependent and interactive micro-ecosystem. The source of gut microbiota in livestock is similar to that of humans. The sheep intestine is first colonized by Butyricicoccus and Lachnospiraceae, followed by Clostridiales, Lactobacillus, and Ruminococcaceae (Zhuang et al., 2020). In various stages of sheep development, the intestinal microorganisms mainly include Bacteroides, Lactobacillus, and Ruminococcus, similar to goats (Li et al., 2019), piglets (Kim et al., 2011), and calves (Dias et al., 2018). The main gut microbiomes in human are Actinobacteria, Bacteriodetes, Firmicutes, Proteobacteria (Davenport et al., 2017). The source of the initial gut microbiota is different between poultry and mammals, and Firmicutes is the main phylum in poultry intestines. Actinobacteria, Bacteroides, Proteobacteria and others have also been reported (Waite and Taylor, 2015). Coccidial infection affects the composition of the host’s gut microbiota directly or indirectly, and changes in the gut microbiota may also influence the infectivity of coccidia.

Infection with coccidia significantly decreases bacterial diversity in the small intestine. In chickens, Eimeria tenella is the most pathogenic Eimeria species. Animals infected with E. tenella showed a reduced abundance of most bacterial taxa, except for members of the family Enterobacteriaceae. (Kimura et al., 1976). E. tenella infection enriches hostile bacteria, including Bacillus, Enterococcus, Escherichia, Shigella, Staphylococcus, and others. Furthermore, Klebsiella, and Proteus were also enriched (Cui et al., 2017). It was previously observed that Eubacterium, Lactobacillus, and Ruminococcus were significantly decreased in the caecum of broiler chickens orally challenged with oocysts of Eimeria acervulina, Eimeria maxima, and Eimeria brunetti (Stanley et al., 2014) and the ileum of broiler chickens inoculated with E. maxima (Kim et al., 2015). Furthermore, the infection greatly decreased the frequency of the immune-modulating bacterium Candidatus arthromitus. In a similar study, Ruminococcaceae members were reduced, and three unknown Clostridium species were increased after infection with these three Eimeria species (Wu et al., 2014). Our previous work assessed the gut microbiota of Hu sheep naturally and artificially infected with coccidia and found that infection caused an increase in Firmicutes and Proteobacteria and a decrease in Bacteroidetes and Roseburia. The study also showed that coccidial infection had a greater effect on the gut microbiota of lactating lambs, causing a significant decrease in Christensenellaceae and Bifidobacteria (Zhou, 2020). This finding suggests that coccidial infection may cause more severe disorders in young sheep. In summary, coccidial infection dramatically decreased resident microbiome and enriched a large number of conditionally pathogenic bacteria. In contrast, the abundances of probiotics, including Alistipes, Blautia, Desulfovibrio, Lachnospiraceae, Lactobacillus, Roseburia, and Ruminococcus, were reduced in coccidia-infected mice (Huang et al., 2018).


Direct Interactions

The microbiome comprises bacteria, viruses, fungi, protozoa, and parasites, their comprehensive commensal, symbiotic, pathogenic, or parasitic relationship is important for health (Desselberger, 2018). The coexistence of microbiome and coccidia in the gut provides ample opportunities to interact with each other, both positive and negative (Leung et al., 2018). For example, supernatants of Lactobacillus had the inhibitory effects on the E. tenella (Tierney et al., 2004), meaning that some gut microbes have the capacity to directly attack sympatric coccidia. Certain probiotic bacteria have antimicrobial effects through their phagocytic antagonism and via the metabolism of acetic acid and other substances with broad-spectrum antimicrobial activity, which facilitates the inhibition of conditionally pathogenic bacteria (Biggs and Parsons, 2008). Now we have no evidence to demonstrate the mechanism about how the bacteria facilitate coccidia, while some research claimed that phagocytosis of pathogenic bacteria by Entamoeba histolytica induced virulence of parasite (Galván-Moroyoqui et al., 2008). Gaboriaud et al. (2021) compared the development of E. tenella in germ-free and conventional chickens, they observed the lower load of oocysts and the longer asexual phase in the absence of microbiota. Most likely this is because the digestive content and synthetizes metabolites synthetized by microbiota are crucial for the replication of coccidia (Gaboriaud et al., 2021). So it is important to identify the precise metabolites, and modulate the composition of the microbiota to inhibit the coccidia. Parasites and gut microbes may also interact by competing for the same nutrients or overlapping resource requirements. Following infection by coccidia, the balance between the organism and the microbiome is disrupted, resulting in dysbiosis of the gut microbiota. However, supplementation with beneficial microbiota protect against infection by competing with coccidia for space and resources (Butel, 2014).



Indirect Interactions


Interactions With the Intestinal Mechanical Barrier

Tight junctions play a crucial role in maintaining the intestinal epithelial cell barrier, protecting the host intestine from pathogens and preventing the transmission of macromolecules (Schneeberger and Lynch, 2004). Tight junction-related proteins include occludin, zonula occludens, and claudins. Eimeria vermiformis-infection inhibits the epithelial cell mRNA expression of zonula occludens-1 in mice (Farid et al., 2008), and zonula occludens-1 downregulation or reduced activity affects the formation of intercellular tight junctions. With higher concentrations of coccidia, the expression of tight junction proteins was dose-dependently upregulated, with a simultaneous increase in gastrointestinal permeability, indicating more severe intestinal damage (Teng et al., 2020). Combined with the disruption of the mucus layer, this damage profoundly alters the interactions between the host and its microflora, allowing for greater microbial contact with the epithelial barrier and even penetration across the interface. After treatment with probiotics, the expression levels of claudin-1 and zonula occludens-1 were increased in the E. tenella-infected chicken (Memon et al., 2020). Probiotics maintain tight junction integrity of intestinal epithelial cells, mainly through the bioactive substances produced by their metabolism, to protect against pathogenic bacteria-induced damage of intestinal epithelial cells. A mixture of Bacillus subtilis and Saccharomyces cerevisiae increased the expression of tight junction-associated proteins, such as occludin, claudin-2, and claudin-3, in broiler chickens (Rajput et al., 2013).

Due to the invasion and replication of coccidia, the host cells are under pressure, which may cause apoptosis. To grow and survive in host cells, coccidia inhibit apoptosis by regulating anti-apoptotic factors. In Eimeria intestinalis-infected rabbits, the percentage of apoptotic cells in the ileum was significantly higher compared with the control group (Abdel-Haleem et al., 2017). Before the development of second-generation schizonts is completed, E. tenella may directly activate the NF-κB pathway in host cells to further inhibit host cell apoptosis. After developmental completion, E. tenella prevent the expression of NF-κB response genes and further reduce the expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL, thereby accelerating host cell apoptosis and promoting the release of merozoites (Del et al., 2004). During their early development, E. tenella inhibit pro-apoptotic proteins by inducing anti-apoptotic factors to protect their cells and ability to proliferate (Del et al., 2004). Using probiotics, including B. subtilis, Clostridium butyricum, and Lactobacillus, we observed upregulated Bax expression and downregulated Bcl-2 levels in the E. tenella-infected chicken (Memon et al., 2020). Zhang et al. (2015) demonstrated that E. tenella promoted the apoptosis of cecal epithelial cells in vitro, especially during the middle to late stages. The use of specific inhibitors significantly decreased DNA injury, apoptosis, and caspase-9 and caspase-3 activity in chick embryo cecal epithelial cells after E. tenella infection (Li et al., 2017). Most probiotics inhibit the NF-κB pathway by impairing epithelial cell protease function and preventing the degradation of NF-κB (IκB) negative regulators (Jiang et al., 2012). The induction of apoptosis may become a new direction in the treatment of coccidiosis. The use of probiotics during the early stage of coccidial infection promotes the apoptosis of intestinal epithelial cells and reduces coccidial colonization and development.



Interactions With the Intestinal Chemical Barrier

The chemical barrier of the intestine consists of mucin (MUC),antimicrobial peptides (AMPs), regenerating islet-derived protein 3, lysozymes, and other factors (Okumura and Takeda, 2017). Eimeria infection significantly downregulates the gene expression of MUC2 and MUC5ac (Jiang et al., 2013), resulting in a decrease in the content of MUC in the mucus layer. This prevents mucus layer replenishment and further disrupts the integrity of the intestinal mucosal chemical barrier. Mice infected with sporulated Eimeria papillata exhibit marked goblet cell hypoplasia and depleted mucus secretion (Dkhil et al., 2013). The number of colonic cup cells gradually decreases with the development of Eimeria pragensis endogenous life cycle stages (Yunus et al., 2005). Microorganisms, such as Actinobacteria, Bacteroidetes, Firmicutes, and Verrucomicrobia (Tailford et al., 2015), use mucus carbohydrates as a carbon source. Therefore, they may not gain a competitive advantage after a reduction in mucus production. It has been proposed that coccidia stimulate mucus production in vivo, leading to an increase in the relative abundance of MUC-utilizing bacteria, such as Clostridiales (Collier et al., 2008), whose growth in vitro was enhanced by the addition of MUC (Ramanan et al., 2016). The type and glycosylation of mucoproteins in the mucus layer covering the intestinal epithelium are different due to the various colonization sites of coccidia species in the intestine (Moncada et al., 2003), and both the MUC’s composition and glycosylation are known to affect the taxa that use the mucus (Sommer et al., 2014). Therefore, parasite-driven changes in mucus may alter the microbiota.

Host defense peptides exhibit direct antibacterial activity after coccidial infection and induce the expression of MUC and tight junctional proteins to enhance mucosal barrier function (Robinson et al., 2015). After infection with Eimeria praecox, several genes were downregulated, including those that encode antimicrobial peptide 2 and the cationic, anionic, and L-type amino acid transporters (Yin et al., 2015). Similar findings were reported for E. maxima (Casterlow et al., 2011) and E. acervulina (Su et al., 2014). E. acervulina and E. maxima challenge resulted in the downregulation of avian beta-defensin, which had antibacterial effects against Actinobacillus, Candida albicans, Escherichia coli, Listeria monocytogenes, and Salmonella typhimurium species (Elahi et al., 2005). The addition of moderate concentrations of quercetin to feed exerts a regulatory effect on the ileal avian beta-defensin and toll-like receptor (TLR) signaling pathways by reducing the abundance of Clostridium and increasing the levels of Bifidobacterium, thereby maintaining the ileal microecological balance and reducing mortality. In other words, increased host antimicrobial peptide production can improve the intestinal microbiota and subsequently ameliorate the symptoms of coccidia. Lactobacillus and some gram-positive bacteria enhance intestinal barrier function by inducing the NF-κB pathway and activating activator protein-1 and mitogen-activated protein kinase to upregulate β-defensin 2 (Schlee et al., 2008). Probiotics stimulate the host to produce active molecules, such as MUC and antimicrobial peptides, which may be one of their action mechanisms to enhance the body’s resistance to coccidial infection.



Interactions With the Immune System

Host anti-infectious strategies (including immune responses) are elicited following infection with parasites (Zhou et al., 2013). However, the immune system regulates the gut microbiota and their relative abundance to ensure a mutually beneficial host-microbe symbiosis. Eimeria species inhibit host immune responses to promote their invasion and colonization in hosts through negatively regulating the production of inflammatory cytokines (Zhao et al., 2018), thereby altering the gut microbiota.

The specific immune response to coccidiosis involves both cellular and humoral components. In infected animals, the humoral immune response indicates high titers of various antibody classes, beginning with the increase in IgM, followed by IgG, IgA, and others (Hughes et al., 1985). In an ovine model, increases in the IgG level and oocyst shedding occurred simultaneously during the primary infection and then decreased to baseline levels (Dalloul et al., 2005). Matos et al. (2018) demonstrated that Eimeria ninakohlyakimovae infected goats and revealed the increased levels of specific IgG, IgM, and IgA during the host immune response. By measuring the content of immunoglobulins and gut microbiota in inflammatory bowel disease patients, it was observed that IgG, IgM, and IgA had a positive correlation with Enterobacteriaceae and Enterococcus; while a negative correlation with Lactobacillus and Bifidobacterium. This indicates that IgM, IgG, and IgA are closely related to the imbalance in the gut microbiota, which may be caused by changes in the proportion and quantity of gut microbiota, leading to disruption of the intestinal mucosal microecological balance and abnormal immune responses. However, humoral immune reactions cannot eliminate primary coccidial infections (Daugschies and Najdrowski, 2005). Specific antibodies are reportedly produced in response to ruminant Eimeria infections, however, they are not protective. Although the specific mechanism of action by which intestinal IgA provides protection against coccidial infection remains unknown, it is hypothesized that IgA reduces the development of sporozoites or merozoites and prevents host cell invasion (Yun et al., 2000).

Although both cellular and humoral immunity are activated in response to coccidial infections (Daugschies and Najdrowski, 2005), several studies have shown that the cellular immune response mediated by T cells plays a key role in the protective immunity against coccidia. T-cell-mediated immune responses reduce the excretion of oocysts in animals infected with Eimeria bovis and mainly involve CD4+ and CD8+ lymphocytes (Sühwold et al., 2010). Matos et al. (2018) infected 3-, 4-, and 5-week-old goat kids with sporulated oocysts and subjected them to a homologous challenge 3 weeks later. The results demonstrated higher eosinophils and lymphocytes compared with challenged groups infected at 6, 7, and 8 weeks old. The activation of antigen-specific T cells from Eimeria-immune mice, cattle, and chickens has been demonstrated by lympho-proliferation assays (Lillehoj, 1986). In addition, the gut microbiota and its metabolites induce the differentiation of T cells by direct or indirect mechanisms, including T-bet+ Th1 cells, RORγt+ Th17 cells, Treg cells and GATA3+ Th2 cells (Lee and Kim, 2017), and coccidia colonization primarily mediates Th1 cell responses. E. bovis-mediated T cell activation was accompanied by increased levels of certain cytokines (such as IL2, IL4, and IFN-γ) known to participate in the regulation of complex networks, thereby activating the migration of immune cells to the site of infection (Taubert et al., 2008). E. tenella strongly induces an immune response and increases IL-8 and IL-6 expression in the cecum (Yu et al., 2020). Macrophages isolated from chickens infected with E. tenalla or E. maxima produced IL-1 in vitro and showed 80-fold increased mRNA levels of jejunal and cecum IL-1β after 7 days of culture. IL family members have a wide range of immunomodulatory functions and are highly beneficial for the host’s defense against coccidial infection. The administration of B. subtilis to chickens infected with coccidia increased the level of specific antibodies and regulated intestinal immunity by modulating the expression of IL-1β, IFN-γ, and CXCLi2 in the intestine (Lee et al., 2013). Lactobacillus-based feed products increased intestinal IFN-γ and IL-2 expression in chickens, resulting in a 14% reduction in fecal oocysts compared with the control group (Chaudhari et al., 2020).

Several cytokines are produced after coccidial infection, most of which have a coccidial suppressive effect in vivo or in vitro. However, some may have both pathological and immunophysiological effects. Significantly increased TLR2, TLR4, and TLR15 expression is observed after infection by coccidia (Zhou et al., 2013), and the upregulation of TLRs typically induces pro-inflammatory cytokines that regulate the immune response against bacterial infections. TLR2 mediates intestinal repair and barrier function to prevent pathogenic microorganism invasion by recognizing the cell wall components of gram-positive bacteria. In chickens, the expression level of TGF-β4 in intestinal intraepithelial lymphocytes was increased by 5- to 8-fold after coccidial infection (Jakowlew et al., 1997), and the expression of TGF-β4 in the spleen and cecum tonsils was increased by 3-fold (Song et al., 2010). The increased expression of TGF-β4 decreases the expression of IFN-γ, preventing excessive inflammation from causing damage to the organism. This may be a potential mechanism regulating mucosal inflammatory responses against intestinal microbes to maintain intestinal immune homeostasis. The current literature on immune-mediated interactions between coccidia and the microbiota is limited, and most previous studies focused on how microorganisms enhance immunity against coccidia without considering the opposite circumstance. For example, Toxoplasma gondii was found to induce TLR2, TLR4, and TLR9 signaling through the stimulation of gut microbiota and indirectly stimulate dendritic cells to activate innate and adaptive immune responses (Benson et al., 2009). In healthy organisms, the gut microbiota activates B cell receptors or TLRs to promote antigen presentation and antibody production (Buchta and Bishop, 2014). Collectively, these results suggest that coccidia and the microbiota have a complex relationship and interact across the mechanical barrier, chemical barrier and immune system (Figure 1).




Figure 1 | Summary of documented mechanisms by which infection with coccidia may indirectly interact with the gut microbiota.







Impact of Coccidia-Microbiota Interactions on the Host


Secondary Infection With Other Pathogens


Secondary Infection With Pathogenic Bacteria

Various studies have demonstrated the complex interactions of coccidia with bacteria, fungi, viruses or other intestinal parasites (Motha and Egerton, 1984; Fukata et al., 1984; Ruff and Rosenberger, 1985), which may lead to more severe clinical manifestations and economic losses. Changes in the gut microbiota caused by coccidial infection provide an environment that is conducive for the reproduction of pathogenic bacteria. Coccidial infections not only enhance the colonization of Campylobacter jejuni (Macdonald et al., 2019), Clostridium perfringens (Ficko-Blean et al., 2012), Salmonella (Kogut et al., 1994) and other bacteria but also increase their pathogenicity (Dykstra and Reid, 1978). This increases livestock and poultry diseases, thereby reducing animal performance, reproductive capacity and egg production and potentially leading to death. And coccidial infection causes a marked inflammatory response in the intestine, and the presence of inflammation favors the colonization of aerobic bacteria, especially Enterobacteriaceae (Lupp et al., 2007), which have been shown to exacerbate the increase in pathogenic bacteria. Enterobacteriaceae and Lactobacillus are antagonistic, and an increase in the number of Enterobacteriaceae may inhibit the intestinal colonization by Lactobacillus (Tortuero, 1973). A reduction in anaerobic bacteria in the intestine after coccidial infection in chickens was suggested to potentially decrease the concentration of volatile fatty acids in the cecum and induce changes in pH and oxidation-reduction potential in the intestine, which may directly lead to enhanced pathogenic infection (Qin et al., 1995). For example, a reduction in Lactobacillus after coccidial infection prevents the production of large amounts of lactic and acetic acid to effectively inhibit the invasion of Salmonella enteritidis (Bjerrum et al., 2006). The damage induced by coccidia appears to promote the spread and colonization of C. perfringens deep in the mucosa, and in some cases, this extends to the crypts and causes focal necrosis (Ficko-Blean et al., 2012), leading to secondary necrotic enteritis (Hofacre et al., 1998). The severity of necrotic enteritis has been reported to be associated with an increase in Proteobacteria and a decrease in Firmicutes (Xu et al., 2018), and these changes occurred during coccidial infection. Firmicutes were important for suppressing or eliminating C. perfringens and restoring intestinal homeostasis (Fasina et al., 2016). In addition, coccidial infections significantly increased Bacteroidetes, including Bacteroidaceae and Rikenellaceae. Bacteroidetes can damage intestinal epithelial cells and increase the invasion of other pathogens, thereby inducing or exacerbating enteritis. We speculate that the increase in Bacteroidetes and decrease in Firmicutes may be related to secondary infections with bacterial diseases.



Secondary Infections With Virus

Coccidial infection, which reduces the abundance of the microbes, is associated with low immunity. Virus-coccidial co-infection reportedly increased viral replication and delayed the clearance of viruses, such as avian leukosis virus (Cui et al., 2017), Marek’s disease virus (Biggs et al., 1968), infectious bursal disease virus (Giambrone et al., 1977), reticuloendotheliosis virus (Motha and Egerton, 1984) and reoviruses (Ruff and Rosenberger, 1985). Many conditionally pathogenic bacteria were significantly enriched in the intestine of coccidia-infected chickens, including Firmicutes and Proteobacteria. The significant enrichment of these conditionally pathogenic bacteria may be a key factor in the increased occurrence of secondary infections of avian leukosis virus (Dong et al., 2015). On the other hand, coccidia parasitize the intestinal epithelium and cause changes in the intestinal environment, like changes in metabolites such as SCFAs, which will influence the antiviral immune response (Chapman et al., 2013; Budden et al., 2017). Subdoligranulum, which decreases dramatically after coccidial infection, belongs to the subgroup of Clostridiales and is capable of butyrate production (Bjerrum et al., 2006). Butyrate reduces chronic inflammation by modulating the immune system, and its reduction may lead to increased chronic inflammation and immune disorders (Lund et al., 2010). Meanwhile, coccidial specific antigens can affect the activity of lymphocytes and suppress the immune response (Rose and Hesketh, 1984). When damaged the gut microbiota of chickens, we can observed higher cloacal and oropharyngeal shedding of avian influenza H9N2 in chickens, with the compromised type I IFNs and IL-22 expression (Yitbarek et al., 2018). So we may conclude that the coccidial infection may contribute the replication of virus. And dual infection of coccidia and virus will extend the replication time of the virus (Gao et al., 2015), which exacerbates clinical symptoms and leads the increased mortality (Giambrone et al., 1977).




Impact on Host Metabolism and Nutrition

Short-chain fatty acids (SCFAs), which are the most widely and intensively studied end product of intestinal metabolism, play an important role in metabolism (Ley et al., 2006). These mainly include acetic acid, propionic acid, and butyric acid. The common SCFA-producing bacteria are mainly anaerobic bacteria, including Bacillus, Bifidobacterium, Clostridium, Streptococcus, and others (Garcia et al., 2008). However, following stimulation by the external environment and pathogenic microorganisms, the gut microbiota is severely damaged, leading to changes in the contents of SCFAs. This subsequently disrupts the metabolism of SCFAs, energy efficiency of food intake, and metabolic homeostasis of the body, resulting in the development of intestinal and metabolic diseases. The concentration of SCFAs in the intestine of animals infected with coccidia markedly changes. In particular, the concentration of acetic acid decreases, the levels of butyric and isovaleric acids increase, and the concentration of isobutyric acid increases or is unaffected (Stanley et al., 2014). Acetic acid has broad-spectrum antibacterial effects, acting as an inhibitor against E. coli, Salmonella, Streptococcus, and Pseudomonas aeruginosa in the intestine (Liévin et al., 2000). A reduction in acetic acid often leads to secondary infection with coccidia. Infection with E. tenella drastically reduces butyrate-producing Subdoligranulum in the cecum (Bjerrum et al., 2006). In addition, butyrate plays an important role in animal health by regulating the immune system and reducing chronic inflammation. Therefore, a decrease in butyrate may lead to a high prevalence of chronic inflammation and immune disorders. Upon coccidial infection, SCFAs are reduced, and the pH is increased in the cecum (Leung et al., 2019). SCFAs are known to reduce intestinal pH, which promotes the growth and proliferation of probiotic bacteria and inhibits the colonization of specific pathogenic bacteria. Furthermore, SCFAs are an important mediator of signal transmission from microbiota to host cells, including enteroendocrine, immune, and nerve cells (Rhee et al., 2009), which indirectly influences homeostasis in the intestinal lumen.

Coccidial infection affects the amount of nutrients in the body’s tissues by disrupting the normal gut microbiota. Damage to the mucosa also leads to impaired digestion because the gut microbiota is involved in protein metabolism. Food and endogenous proteins are hydrolyzed into peptides and amino acids by proteases and peptidases produced by the host and bacteria, releasing amino acids (Macfarlane et al., 1988). The digestion and absorption of proteins were shown to be impaired after infection with Eimeria necatrix, Eimeria mitis, and E. maxima (Turk, 1972). In contrast, protein uptake was increased at some time points after infection with E. necatrix or E. acervulina (Turk, 1972), and infection with E. brunetti had no effect (Fetterer et al., 2014). This may be due to the differences in their pathogenicity and the degree of disruption of the normal gut microbiota. In chickens infected with E. acervulina, the total plasma lipid level was significantly decreased (Allen, 1988). This may be caused by the reduced relative abundance of the dominant microbes following coccidial infection-induced increases in oxidative stress in the intestine, which promotes the secretion of reactive oxygen species from the intestinal epithelium. Excess reactive oxygen species directly targets DNA, lipids, and proteins in the cells of the organism, causing changes in their function and structure, which subsequently induces oxidative stress, decreases host food intake and impairs energy metabolism (Cooke et al., 2003). Coccidial infection also alters carbohydrate metabolism and uptake. Downregulated sucrase-isomaltase (SI) and glucose transporter 2 (GLUT2) were observed in the duodenum of E. acervulina-challenged animals (Su et al., 2014). It has been shown that the activity of SI in the small intestinal mucosa was inhibited in rats following disruption of the gut microbiota (Nanthakumar et al., 2013). In addition, reduced expression of SI and GLUT2 may lead to inhibition of the carbohydrate supply in tissues (Treem, 2012), thereby preventing body weight gain. The results from studies on blood glucose levels have been inconsistent, but most have found that coccidiosis leads to a significant decrease in blood glucose levels. Therefore, we conclude that the interaction between coccidia and the microbiota alters proteins, lipids, glucose, and other factors.




Effects of Host Changes on Coccidia

The infection of animals with coccidia induces specific and long-term immune protection against coccidia and ameliorates the disruption of microbiota to a certain extent. It is generally accepted that coccidia has better immunogenicity in the early stages (endogamous stage) than in the later sexual stages. In coccidia-infected animals, the amount of sIgA is increased, which prevents microorganisms from residing and multiplying in the mucosal epithelium. sIgA can inhibit the invasion of bacteria in epithelial cells, increase the diversity of gut microbiota, and promote immune responses in intestinal epithelial cells (Hooper et al., 2012 and Mirpuri et al., 2014). IL-22 directly induces Reg IIIγ production in intestinal epithelial cells, thereby limiting the proliferation of C. arthromitus. The overgrowth of C. arthromitus not only increases the number of Th17 cells but also triggers Th17 cell-mediated intestinal inflammation, and T-bet expression in ILCs limits the accumulation of Klebsiella pneumoniae, and Proteus mirabilis to some extent (Kamada and Núñez, 2014). Reg IIIγ incubation with 105~106 CFU/mL Listeria monocytogenes or Enterococcus faecalis significantly decreases the bacterial survival rate and prevents the infection of the intestinal tract by pathogenic bacteria (Cash et al., 2006). The immune system regulates the structure of the intestinal microbiota through a variety of antimicrobial peptides secreted by intestinal epithelial cells, and defensins effectively kill several gram-positive and -negative bacteria, including C. albicans, E. coli, and Enterococcus, thereby restoring the normal microbial community composition.

The nutritional intake of the host also has a significant impact on the microflora composition and severity of coccidial infection. Similarly, the condition of the organism affects the infective ability of coccidia. Richter and Wiesner (1988) showed that increased levels of dietary crude protein from 11.3% to 12.4% reduced the mortality of chickens infected with coccidia by 16%. However, high protein contents were conducive to the development and reproduction of coccidia in the body. In addition, decreased dietary protein levels from 16% to 13% increased the abundance and diversity of ileal flora, including Lactobacillus and Megasphaera. In growing pigs, a 10% reduction in the protein level decreased the diversity of ileal and colonic flora (Fan et al., 2017). Therefore, the crude protein level in the diets of infected animals should not be too high or too low, and further research is necessary to determine the optimal diet composition.



The Anti-Coccidial Application of Probiotics

In the past, the treatment of coccidiosis mainly involved anti-coccidial drugs, which inhibit the asexual and sexual reproduction stages of coccidia (Odden et al., 2018). For example, diclazuril is the most common chemistry medicine in the coccidial infection, which can be used to reverse the microbial changes induced by Eimeria spp. (Wang et al., 2021). However, some research treatment of enrofloxacin and diclazuril altered the abundance of gut microbiota and their functional metabolite pathways, reducing bacterial diversity while expanding and collapsing composition of specific indigenous microbes, than formed a new microbial community (Elokil et al., 2020). So we may conclude that long-term chemical treatment caused irreversible movement to gut microbiota although the drugs are effective to coccidia. Furthermore, the genetic diversity of Eimeria species contributed to the development of anticoccidial drug resistance, severely limiting the long-term disease prevention ability of these agents (Tan et al., 2017). Probiotics are a new type of anticoccidial drug that take advantage of the mutually antagonistic relationship between the gut microbiota and coccidia. To treat coccidial infection, probiotics may manipulate the gastrointestinal tract by restoring balance to the intestinal microbial community, improving intestinal tissue morphology and stimulating specific and non-specific immunity. Probiotics are classified as autochthonous microbiota, allochthonous microbiota, and fungus according to the source and action mechanism of the strain.


The Function of Autochthonous Microbiota

Autochthonous microbiota come from the gut microbiota (Dubos et al., 1965), such as Bifidobacterium, C. butyricum, Lactobacillus, and Streptococcus faecalis. After obtaining the autochthonous microbiota, it can directly replenish the bacteria of origin and effectively colonize, reproduce and exert specific probiotic effects in animals (Mukai et al., 2002). The physiological and metabolic activities of autochthonous microbiota are closely related to the host. They can not only synthesize nutrients for the host and help maintain normal growth and life activities, but also form a biological barrier to prevent the invasion of pathogenic bacteria that compete for nutrients (Nava and Stappenbeck, 2011). In a previous study, the spent culture supernatant (SCS) of live and dead Lactobacilli was added to coccidia cultured in vitro, and the highest inhibition was found in the SCS of the live bacteria group, suggesting that the anticoccidial component is a secreted metabolite of lactic acid bacteria (Tierney et al., 2004). Exposure of E. acervulina, E. tenella, and E. maxima oocysts to the cell-free supernatant (corresponds to SCS) of Lactobacillus rhamnosus inhibited the sporulation of oocysts, which demonstrated the anti-coccidial activity of SCS (Biggs and Parsons, 2008). It has been shown that Lactobacillus salivarius produced antibacterial substances against Brachyspira hyodysenteriae, C. jejuni, C. perfringens, E. coli, and Salmonella choleraesuis (Klose et al., 2006). C. butyricum decreased the abundance of harmful bacteria, such as Brachybacterium, and Candidatus arthromitus, and increased the abundance of beneficial bacteria, such as Lactobacillus (Huang et al., 2019).



The Function of Allochthonous Microbiota

Allochthonous microbiota, such as Bacillus cereus, Bacillus licheniformis, B. subtilis, are not closely related to the host, and they either colonize the digestive tract for a short period or do not colonize it at all (Bäckhed et al., 2005). Allochthonous and autochthonous microbiota have symbiotic effects whereby allochthonous microbiota promote the growth and multiplication of autochthonous microbiota (Bortoluzzi et al., 2019; Whelan et al., 2019). Autochthonous microbiota generally induce the production of low antibody levels in the host, whereas allochthonous microbiota induce a strong immune response (Guo et al., 2021). B. subtilis clearly elevated serum nitric oxide levels in coccidia-infected chickens (Lee et al., 2014). Nitric oxide induced sporozoites to escape before maturity, which inhibited coccidia reproduction (Yan et al., 2021). Nitric oxide-induced sporozoites significantly decreased the invasive ability and reproductivity in chickens compared with fresh sporozoites. In coccidia-infected chickens, feed containing B. licheniformis significantly increased the expression of IL-10 and JAM2 (Chaudhari et al., 2020). We conclude that Bacillus eliminate coccidia by increasing immune factors that induce sporozoite escape before maturity. Bacillus spp. produce an antimicrobial factor that inhibits the colonization of gram-positive pathogens, such as B. cereus, Campylobacter coli, C. jejuni, Clostridium difficile, C. perfringens, L. monocytogenes, Micrococcus luteus, Staphylococcus aureus, and Streptococcus pneumoniae (Khochamit et al., 2015).



The Function of Fungus

Fungi commonly used include S. cerevisiae and Saccharomyces boulardii, which have specific mechanisms. In general, bacterial probiotics are generally sensitive to antibiotics. In contrast, fungal cell walls consist of two layers, forming a natural barrier. As a result, antibiotics cannot penetrate the cell wall to combine with nucleoproteins and interfere with the synthesis of nucleic acid, which makes yeast naturally resistant to antibiotics (Neut et al., 2017; Terciolo et al., 2019). Supplementation with Saccharomyces inhibited intestinal lesion formation and produced higher antibody titers (geomean titers), which provided protection against Eimeria infection in broilers (Awais et al., 2019). Meyerozyma guilliermondii isolated from chickens reduced E. tenella oocyst viability by damaging the resistant structure of oocysts, limiting their growth (Dantán-González et al., 2015). The action mode of yeasts in controlling intestinal diseases has not yet been elucidated, however, it is associated with the release of antimicrobial peptides, acidification of the surrounding environment, modification of inflammatory and immune responses and disruption of virulence factors (Hatoum et al., 2012). As immunomodulators, yeast cell wall components (β-glucans and mannans) are associated with immune system regulation, increasing local mucosal IgA secretion and cellular and humoral immune responses (Gómez-Verduzco et al., 2009). Dietary yeast cell wall (1 or 10 g/kg) reduced the severity of infection and oocyst shedding of a mixture of E. acervulina, E. maxima, and E. tenella (Elmusharaf et al., 2007) in broiler chickens. In addition, several investigations have shown that co-supplementation with yeast and bacterial probiotics improves survival and growth rates.

Several studies have confirmed the significant effect of probiotics on preventing coccidiosis, however, the exact mechanism has not yet been elucidated, and the following questions still need to be addressed. (1) How do probiotics regulate the gut microbiota to resist coccidia? (2) How do probiotics act on the intestinal biological barrier to exert anticoccidial effects? (3) What are the active ingredients of probiotics against coccidia? (4) Which probiotic has the best anticoccidial effect? In summary, a comprehensive understanding of the molecular mechanisms by which probiotics exert their beneficial effects on the host against coccidial infection is required for the development of highly effective probiotic formulations that can replace antibiotics for the prevention and control of coccidiosis.




Conclusion

In recent years, with the development of high-throughput sequencing technology, research on the interrelationship between the gut microbiota and diseases has progressed, and an increasing number of researchers have recognized the important role of gut microbiota in disease onset, progression, treatment, and prognosis. Although the mechanisms by which coccidia and intestinal microbiota interact are not well understood, this review analyzed the different aspects of their interactions. Coccidia share the intestinal environment with microbiota and directly antagonize commensal bacteria. In addition, coccidia indirectly affect the intestinal microbiota. Mechanical mucosal damage (impaired tight junctions and apoptosis of intestinal epithelial cells), chemical mucosal damage (increased mucus production and decreased antimicrobial peptides) and disruption of the immune system provide conditions suitable for the growth of conditionally pathogenic bacteria, leading to changes in the intestinal microbiota. The addition of probiotics directly or indirectly impair coccidia development by improving the intestinal microbiota.

Coccidia-microbiota-host interactions form a network of mutual constraints. For example, coccidial infection causes an imbalance in the intestinal microbiota, which not only leads to a decrease in food intake and impaired absorption but also increases the susceptibility of the organism to secondary infections. Conversely, the disruption of host health increases the number of pathogenic bacteria and impairs the intestinal mucosal barrier function and the ability of the immune system to target coccidia, resulting in a more serious coccidial infection. Coccidia, the microbiota and the host simultaneously interact, and a change in one factor may affect the entire network.

In conclusion, a holistic approach is needed to gain a better understanding of the mechanisms underlying coccidia development and infection. However, most studies on coccidiosis have focused on avian species, with limited studies on ruminants. With the development of intestinal microbiota sequencing technology in recent years, we can improve our understanding of the mechanisms contributing to coccidia-microbiota-host interactions and provide a theoretical basis for the control of coccidiosis.
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S. japonicum infection can induce granulomatous inflammation in the liver of the host. Granulomatous inflammation limits the spread of infection and plays a role in host protection. Toll-like receptor 7 (TLR7) is an endosomal TLR that recognizes single-stranded RNA (ssRNA). In this study, the role of TLR7 in S. japonicum infection-induced hepatitis was investigated in both normal and TLR7 knockout (KO) C57BL/6 mice. The results indicated that TLR7 KO could aggravate S. japonicum infection-induced damage in the body, with less granuloma formation in the tissue, lower WBCs in blood, and decreased ALT and AST in the serum. Then, the expression of TLR7 was detected in isolated hepatic lymphocytes. The results indicated that the percentage of TLR7+ cells was increased in the infected mice. Hepatic macrophages, DCs, and B cells could express TLR7, and most of the TLR7-expressing cells in the liver of infected mice were macrophages. The percentage of TLR7-expressing macrophages was also increased after infection. Moreover, macrophages, T cells, and B cells showed significant changes in the counts, activation-associated molecule expression, and cytokine secretion between S. japonicum-infected WT and TLR7 KO mice. Altogether, this study indicated that TLR7 could delay the progression of S. japonicum infection-induced hepatitis mainly through macrophages. DCs, B cells, and T cells were involved in the TLR7-mediated immune response.
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Introduction

Schistosomiasis is the most important helminth disease in the world from a public health perspective (Llanwarne and Helmby, 2021). It is estimated that approximately 230 million people in the world are still under the threat of schistosomiasis (Lackey and Horrall, 2020). Schistosoma mansoni and Schistosoma japonicum (S. japonicum) account for the majority of global intestinal schistosomiasis cases, and S. japonicum is prevalent in East Asia (Wang et al., 2018).

During infection with S. japonicum, cercariae, juvenile worms, adult worms and eggs can cause damage to the host (Llanwarne and Helmby, 2021). Eggs are deposited in the liver and intestinal wall of the host and can secrete soluble egg antigen (SEA) (De Marco et al., 2019) and induce egg granuloma formation and liver fibrosis (Schwartz and Fallon, 2018). Granulomatous inflammation can lead to pathological changes, but granulomatous inflammation limits the spread of infection and plays a role in host protection (Hams et al., 2013). Extensive granulomatous fibrosis causes portal hypertension, which results in irreversible cirrhosis and advanced schistosomiasis, leading to host death (Lackey and Horrall, 2020).

The liver microenvironment is a site of immune regulation and tolerance induction, with a unique constituency of innate and adaptive immune cells (Williamson et al., 2019). Liver resident antigen presenting cells (APCs) that have been shown to regulate inflammatory and T cell-mediated immune responses include dendritic cells (DCs), macrophages, sinusoid-lining endothelial cells, and hepatic stellate cells (Racanelli and Rehermann, 2006). Liver-resident macrophages, also called Kupffer cells, account for approximately 90% of the total tissue macrophages in the body. Recent studies have shown that the liver is a primary surveillance organ for intravascular infections and is especially important for filtering pathogens via KCs to maintain blood sterility (Knolle and Wohlleber, 2016; Wohlleber and Knolle, 2016).

S. japonicum infection can induce a class Th2 immune response in both humans and animals (Farwa et al., 2018). It was reported that many kinds of immune cells, such as DCs, Th cells, B cells, and γδ T cells, take part in the course of the inflammatory response (Kumar et al., 2019; Tang et al., 2019; Xiao et al., 2020). Many kinds of cytokines, including IL-4, IL-10, IL-13, IL-17, and TGF-beta, play important roles in mediating these immune responses (Kassa et al., 2019; Osada et al., 2019; Huwait et al., 2021). In addition, pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and mannose receptors (CD206), which recognize pathogen-associated molecular patterns (PAMPs) on S. japonicum, were reported to modulate the immune response (Paveley et al., 2011; Wang et al., 2017).

TLR7 is an endosomal TLR that recognizes single-stranded RNA (ssRNA) and responds to imidazoquinoline compounds such as imiquimod or resiquimod (Ernst et al., 2020). TLR7 was originally identified as a sensor for single stranded RNA (ssRNA) and plays an important role in fighting against pathogens, such as viruses and bacteria (Parra et al., 2018; Heni et al., 2020). In parasite research, TLR7 ccould mediate early innate immune responses to malaria (Baccarella et al., 2013). Moreover, TLR7 was reported triggering in neutrophils regulated early innate functions with major consequences on subsequent disease evolution in Cutaneous Leishmaniasis (Regli et al., 2020). Recently, TLR7/8 agonists were found to be therapeutic agents against bacteria (Saroa et al., 2019) and virus infection (Boni et al., 2018). In addition, TLR7/8 agonists were identified as effective candidate adjuvants in vaccine research (Hu et al., 2020). Moreover, TLR7 was shown to be protective in atherosclerosis (Karadimou et al., 2017). The TLR7 agonist R848 was reported to promote survival in cancer (Michaelis et al., 2019).

Here, the role of TLR7 in S. japonicum infection was investigated in the livers of C57BL/6 mice, and the mechanism was explored.



Materials and Methods


Mice, Parasites, and Infection

Female C57BL/6 mice were purchased from the Animal Experimental Center of Guangzhou University of Chinese Medicine (Guangzhou, China), and TLR7-/- mice (B6.129S1-Tlr7tm1Flv/J, strains: 008380) were purchased from the Jackson Laboratory (Bar Harbor, USA). All mice were maintained under specific pathogen-free conditions and used at 6–8 weeks of age.

S. japonicum cercariae were shed from naturally infected Oncomelania hupensis snails, which were purchased from Jiangsu Institute of Parasitic Disease (Wuxi, China). The mice were infected as previous reported (Cha et al., 2020). The snails containing S. japonicum cercariae were placed in dechlorination water at room temperature and placed in a light environment for about 1h. After the activity and quantity of cercariae met the experimental requirements, a sterile loop was used to transfer the S. japonicum cercariaecontaining water on a piece of clean cover slide, and the number of cercariae was counted under a microscope. The abdominal skin of mice was prepared by shaving, and then the cover slide with 40 ± 5 S. japonicum cercariae was put on the abdominal skin in close contact for 10 min.

After the whole infection process was completed, mice in the infected group and control group were fed in the Experimental Animal Center of Guangzhou Medical University. Animal experiments were performed in strict accordance with the regulations for the Administration of Affairs Concerning Experimental Animals (S2020-055), and all efforts were made to minimize suffering.



Reagents and Antibodies

RPMI 1640, FBS, penicillin, and streptomycin were obtained from Invitrogen (Grand Island, NY). The liver dissociation kit, recombinant murine was from Miltenyi Biotec. Phorbol 12-myristate 13-acetate (PMA), brefeldin A, ionomycin, CD3, CD28, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO). We obtained the following fluorescein-conjugated anti-mouse antibodies from eBioscience (San Diego, CA), Biolegend (San Diego, CA) and BD: CD3e-APC-Cy7 (145-2C11), CD4-PerCP-Cy5.5 (RM4-5), CD8a-PE (53-6.7), ICOS-PE-Cy7 (C398.4A), CD69-BV421 (MIH5), CD19- PE-Cy5(6D5), CD138-PE-Cy7 (281-2), B220-APC-Cy7 (RA3632), CD80-PE (16-10A1), CD86-APC (GL1), CD3e-FITC (145-2C1), CD11b- PE-Cy7 (M1/70), Ly-6C-PerCP-Cy5.5 (HK1.4), F4/80- APC-Cy7 (3M8), CD192/CCR2-BV421 (SA203G11), CX3CR1-APC (SA011F11), CD135-BV421 (A2F10.1), CD11c- PerCP-Cy5.5 (HL3), Gr-1-FITC (RB6-8C5), Ly-6G- APC-Cy7 (1A8), CD287/TLR7-PE (A94B10), CD103-PE (M290), IFN-γ-APC (XMG1.2), IL-4-PE (11B11), IL-2-PE (JES6-5H4), IL-6-APC (MP5-20F3), IL-10-PE (JES5-16E3), IL-13-eFlour450 (ebio13A), IL-17-PE (TC11-18H10.1)), IL-21-APC (FFA21) and their corresponding isotype controls.



Histology Studies

Parts of the livers were cut and perfused three times with 0.01 M phosphate-buffered saline (pH = 7.4), fixed in 10% formalin, embedded in paraffin, and sectioned. The slices were stained by standard haematoxylin-eosin (H&E) staining and examined by light microscopy under 100× magnification.



Biochemical Assays

Serum levels of ALT and AST were tested using biochemical kits (Tellgen Life Technology, Shanghai, China), and detected by Beckman Coulter AU5800 (California. USA).



Isolation of Immune Cells

Mice were sacrificed, and the livers were digested with a LIVER dissociation kit (Miltenyi Biotec, Germany) and dissociated into a cell suspension. Then, immune cells were isolated by Ficoll-Hypaque (DAKEWE, SZ, China) density gradient centrifugation from the cell solution. Isolated cells were washed twice in HBSS and resuspended at 2 × 106 cells/ml in complete RPMI 1640 medium supplemented with 10% heat-inactivated foetal calf serum (FCS), 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM glutamine, and 50 µM 2-mercaptoethanol.



RNA Preparation for Real-Time PCR

Lymphocytes were generated following previously described procedures. Total RNA was isolated from the liver immune cells of infected and naive mice using TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. cDNA was synthesized with HiScript®III RT SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech, China), and mRNA expression was determined with ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, China) according to the manufacturer’s instructions. The TLR7 primers were synthesized from Invitrogen (Shanghai, China) as follows: 5′-CCA CAT TCA CTC TCT TCA TTG G-3′ (forward) and 5′-GGT CAA GAA CTT CCA GCC TG-3′ (reverse). The β-actin primers were synthesized from Invitrogen (Shanghai, China) as follows: 5′-CCG TAA AGA CCT CTA TGC CAC AC-3′ (forward) and 5′-GGG TGT AAA ACG CAG CTC AGT A− 3′ (reverse). Real-time PCR reaction system was prepared according to the kit instructions, and the system was heated to 95°C for 30 seconds, followed by 40 cycles of heating up (95°C for 5 seconds) and cooling down (60°C for 30 seconds). Finally, the melting curve was collected. Real-time PCR amplification was performed using CFX96 Touch fluorescent quantitative PCR (Bio-Rad, Hercules, CA). Amplification of β-actin was used as an internal control.



Cell Surface Staining

Cells were washed twice in PBS and blocked in PBS buffer containing 1% BSA for 30 min. Then, the cells were stained with conjugated antibodies that were specific for cell surface antigens for 30 min at 4°C in the dark. The stained immune cells were analysed by using flow cytometry (Beckman Coulter, Fullerton, CA), and the results were analysed with CytoExpert 2.3 software (Beckman Coulter).



Intracellular Cytokine and Molecular Staining of Cells

Single-cell suspensions from the liver were stimulated with 20 ng/mL phorbol 12-myristate 13-acetate (PMA) plus 1 µg/mL ionomycin for 5 h at 37°C under a 5% CO2 atmosphere. Brefeldin A (10 g/mL, Sigma, Shanghai, China) was added during the last 4 h of incubation. Cells were washed twice in PBS, fixed with 4% paraformaldehyde, and permeabilized overnight at 4°C in PBS buffer containing 0.1% saponin (Sigma), 0.1% BSA, and 0.05% NaN3. Cells were then stained for 30 min at 4°C in the dark with conjugated antibodies specific for cell surface antigens as well as intracellular cytokines or proteins. The expression phenotypes of the antibody-labelled immune cells were analysed by flow cytometry (Beckman Coulter, Fullerton, CA), and the results were analysed with CytoExpert 2.3 software (Beckman Coulter). Isotype-matched cytokine controls were included in each staining protocol.



SEA Preparation

SEA of S. japonicum cercariae was obtained from Jiangsu Institute of Parasitic Diseases (China). SEA was sterile filtered, and endotoxin was removed with the use of polymyxin B agarose beads (Sigma). The Limulus amoebocyte lysate assay kit (Lonza, Switzerland) was used to confirm the removal of endotoxins from the SEA.



ELISA

The strips were coated with SEA overnight at 4°C and washed 3-5 times the next day. Then, the strips were covered with 10% FBS, 200 µL per well, for 1h. The plate was washed 3-5 times, and 100 µL of serum with the corresponding dilution ratio was added to each well and incubated at 37°C for 2h. The plate was washed 3-5 times, and HRP enzyme-labeled antibody was added at a corresponding dilution ratio of 100 µL in each well and incubated at 37°C for 1h. The plate was washed 5 times, 100 µL of substrate was added to each well and reacted for 5-30 mins, dilute sulfuric acid was added to terminate the reaction, and an enzyme label instrument was used to detect the results.



Statistics

Statistical analysis between different groups was performed using unpaired t tests. The software packages GraphPad Prism version 5.0a and SPSS Statistics 17.0 were used. P < 0.05 was considered statistically significant.




Results


TLR7 KO Accelerates S. japonicum Infection-Induced Hepatitis

To explore the role of TLR7 in mice infected with S. japonicum, the survival rates of wild-type (WT) and TLR7 knockout (KO) mice infected with S. japonicum were recorded. As shown in Figure 1A, 85.71% of WT mice died between 42 and 50 days, while the remaining WT mice died within 66 days. In contrast, 42.86% of TlR7 KO mice died within 40 days after infection, 42.86% of TLR7 KO mice died within 47-51 days, and 14.28% of TLR7 KO mice died within 73 days. However, TLR7 KO mice had a shorter survival time after infection than WT mice (Figure 1B). In summary, this evidence indicated that TLR7 KO mice were susceptible to death during the acute infection stage.




Figure 1 | The pathological features of C57BL/6 mice during S. japonicum infection. Survival curve and characteristic pathological changes of mice infected with S. japonicum. WT and TLR7 KO mice were infected with S. japonicum. The survival times of naive and TLR7 KO mice after infection was recorded, and compared (A, B). The dead mice were dissected, and gross changes in the liver in naive WT and TLR7 KO mice before and after infection were observed (C). Haematoxylin and eosin staining was performed on paraffin sections of liver tissue from infected WT and TLR7 KO mice. Liver tissue sections from naive mice were used as controls (D). The ratio of liver to body weight in WT and TLR7 KO mice before and after infection was calculated (E). Peripheral white blood cells were counted (F), and the levels of glutamic-pyruvic transaminase (ALT) and glutamic-oxalacetic transaminase (AST) in serum were detected (G). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



The mice that died naturally during infection were dissected, and the livers were weighed. The proportion of the liver weight in mice was approximately 10%, which was 2-fold that in naive mice(Supplemental Figure 1). Because the liver is the target organ during S. japonicum infection, the proportion of the liver in mice was used as an index of infection conditions. Two groups of S. japonicum-infected WT and TLR7 KO mice were sacrificed at 42 d postinfection. The proportion of the liver weight in WT mice was 7.94%, while it significantly increased to 10.13% in TLR7 KO mice, indicating that the condition of TLR7 KO mice was more serious than that of WT mice (Figure 1E).

To further investigate the difference between WT and TLR7 KO mice, HE sections of the liver were made 5-6 weeks after infection to analyse the pathological condition. Many white spots could be seen on the surface of WT livers, while the surface of TLR7 KO livers was smooth, with rare white spots (Figure 1C). A large number of granulomas surrounding the egg were observed in the liver tissue of infected WT mice, but few granulomas were found in infected TLR7 KO liver tissue, in which there were many nude eggs, indicating poor granuloma reaction in TLR7 KO mice (Figure 1D).

To further elucidate the roles of TLR7 in S. japonicum infection-induced hepatitis, blood was collected from both normal and infected WT and TLR7 KO mice, and serum aminotransferase (ALT and AST) and white blood cells (WBCs) were detected. The results indicated that the levels of WBC, ALT and AST increased significantly after infection (P < 0.05). Compared to the infected WT mice, the counts of WBCs in the blood and the levels of ALT and AST were lower in the serum of infected TLR7 KO mice (P < 0.05, Figures 1F, G). These results suggested that TLR7 enhanced S. japonicum infection-induced inflammation in the body.



Cellular Distribution of TLR7 in the Livers of Infected Mice

To investigate the role of TLR7 during S. japonicum infection, we infected C57BL/6 mice with 40 ± 5 cercarias. After 5-6 weeks, the infected mice were sacrificed. Lymphocytes were isolated from the liver, and the expression of the TLR7 gene was identified by fluorescence quantitative PCR. As shown in Figure 2A, the expression of the TLR7 gene in lymphocytes from infected mice (88.06 ± 3.17%) was significantly decreased compared with that in lymphocytes from naive mice (P < 0.05). Furthermore, intracellular cytokine staining was performed to detect the proportion of TLR7-expressing lymphocytes in the liver. The results indicated that the proportion of TLR7-positive cells was markedly increased 5-6 weeks post infection (P < 0.05) and was more than 2-fold upregulated in infected mice (Figures 2B, C). This result suggested that TLR7 might modulate S. japonicum infection-induced hepatitis. Moreover, to explore the distribution of TLR7 in the isolated hepatic lymphocytes, TLR7-positive cells were gated first. The percentages of




Figure 2 | The distribution of TLR7 in APCs in the liver. WT mice were infected with S. japonicum, and livers were removed. Single-cell suspensions of liver were isolated from naive and infected mice. Total RNA of liver tissues from both naive and infected WT mice was extracted, cDNA was synthesized, and fluorescence quantitative PCR was performed to identify the expression of the TLR7 gene. The results are expressed as the percentage of gene expression relative to the same genotype (A). Representative graphs and statistical analyses of the percentages of TLR7+ cells in the isolated lymphocytes were detected by FACS (B, C). Representative graphs of DCs (CD11c+ MHCII+), macrophages (F4/80+ CD11b+) and B cells (CD3-CD19+) isolated from liver immune cells of WT and infected mice are shown (D, E). The proportion of DCs to TLR7+ cells in normal and infected mice was statistically analysed, and the proportion of macrophages and B cells was also counted. The expression of TLR7 in DCs, macrophages and B cells was also analysed. Representative graphs and statistical analyses are shown (F–H). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



MHCII+CD11C+ DCs, CD19+ B cells, and CD11b+F4/80+ macrophages were detected by FACS. As shown in Figures 2D, E, the percentage of MHCII+CD11C+ DC cells decreased significantly (P < 0.05), while the proportion of B cells did not change significantly, the percentage of CD11b+F4/80+ macrophages markedly increased in TLR7+ hepatic lymphocytes in the infected mice (P < 0.05), and most TLR7-expressing cells in the livers of infected mice were macrophages. This result indicated that TLR7 mainly established its role through macrophages in the livers of S. japonicum-infected mice. Moreover, MHCII+CD11C+ DCs, CD11b+F4/80+ macrophages and CD19+ B cells were gated first, and the expression of TLR7 was detected by FACs. As shown in Figures 2F–H, the percentage of TLR7+ cells in macrophages increased significantly, which was consistent with the above results.



TLR7 Modulated the Responses of Hepatic Macrophages

To further explore the role of TLR7 in modulating the immune response of macrophages in the livers of S. japonicum-infected mice, hepatic lymphocytes were isolated from both naive and infected WT and TLR7 KO mice 5-6 weeks after infection. The percentage of F4/80+CD11b+ macrophages was first compared. As shown in Figures 3A, B, the results indicated that although the percentage of macrophages was not increased significantly in the liver after S. japonicum infection (P > 0.05), the absolute numbers of macrophages in the liver markedly increased (P < 0.05). This result suggested that macrophages were involved in S. japonicum infection-induced hepatic inflammation. However, the percentage of macrophages in the livers of infected TLR7 KO mice was higher than that in the livers of infected WT mice (P < 0.05), and there was no significant difference in the absolute number of macrophages between infected WT and infected TLR7 KO mice (P > 0.05). This implied that TLR7 did not directly affect the expansion of hepatic macrophages.




Figure 3 | The function of liver macrophages during S. japonicum infection. WT and TLR7 KO mice were infected by S. japonicum. Five to six weeks later, livers were dissected out. Single-cell suspensions were separated from WT and KO mice before and after infection and stained with monoclonal antibodies against mouse F4/80, CD11b, CD80, and CD86. The expression of IL-4, IL-6, IL-10 and IL-12 was detected by intracellular cytokine staining. The strategy of gating macrophages is shown, and representative graphs of the expression of CD80 and CD86 in macrophages from WT and KO mice before and after infection are shown (A). The percentage and absolute number of macrophages were compared between WT and KO mice before and after infection (B). The expression of CD80 and CD80 was statistically analysed (C). Gated on macrophages, the expression of IL-4, IL-6, IL-10 and IL-12 was detected. Representative graphs and statistical analyses are shown (D, E). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



In addition, the expression of costimulators CD80 and CD86 was detected on the surface of macrophages. As shown in Figures 3A, C, the results indicated that the expression of CD86 in infected mice significantly increased compared to that in naive mice (P < 0.05), and the expression of CD86 in infected TLR7 KO mice was significantly lower than that in infected WT mice (P < 0.05). However, the changes in the expression of CD80 were not significant, either before and after infection or between WT-infected and KO mice (P > 0.05).

Moreover, cells were stimulated by PMA and ionomycin, and the secretion of IL-6, IL-12, IL-10, and IL-4 was also detected by intracellular cytokine staining. As shown in Figures 3D, E, the results indicated that the secretion of these cytokines was increased significantly, especially IL-4, which increased from 10% to approximately 50% (P < 0.05). Compared with infected WT mice, infected KO mice exhibited significantly reduced secretion of these cytokines, except for IL-6 (P < 0.05).



TLR7 Knockout Inhibited the Immune Response of Hepatic DCs

DCs are potent APCs that activate naive T cells. The counts of MHCII+CD11C+ DCs in hepatic lymphocytes isolated from both naive and infected WT and TLR7 KO mice 5-6 weeks after infection were compared. As shown in Figures 4A, B, regardless of the proportion or absolute number, the DCs from infected TLR7 KO mice decreased significantly compared with those from infected WT mice (P < 0.05). This result indicated that hepatic DCs might play an important role in the course of S. japonicum infection. More interestingly, the proportion of DCs in the livers of infected TLR7 KO mice was only 1.43%, which was significantly lower than that in the other groups (3%-6%) (P < 0.05). There was no significant difference in the absolute number of DCs in KO mice before and after infection (P > 0.05). This implied that TLR7 might be involved in the expansion of DCs in the course of S. japonicum infection.




Figure 4 | The function of liver DCs during S. japonicum infection. WT and TLR7 KO mice were infected by S. japonicum. Five to six weeks later, livers were dissected out. Single-cell suspensions were separated from WT and KO mice before and after infection and stained with monoclonal antibodies against mouse MHCII, CD11c, CD80, and CD86. The expression of IL-4, IL-6, IL-10 and IL-12 was detected by intracellular cytokine staining. The strategy of gating DCs is shown, and representative graphs of the expression of CD80 and CD86 in DCs from WT and KO mice before and after infection are shown (A). The percentage and absolute number of DCs were compared between WT and KO mice before and after infection (B). The expression of CD80 and CD80 was statistically analysed (C). Gated on DCs, the expression of IL-4, IL-6, IL-10 and IL-12 was detected. Representative graphs and statistical analyses are shown (D, E). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



Although the CD86 in infected mice significantly increased compared to naive mice (P < 0.05), the expression of CD80 and CD86 was not significantly different between infected WT mice and infected TLR7 KO mice (Figures 4A, C). The results of cytokine secretion showed that although the percentages of IL-4-, IL-10-, and IL-12-secreting DCs from WT mice increased significantly after infection (P < 0.05), no marked difference was found between infected WT and infected TLR7 KO mice (P > 0.05, Figures 4D, E).



TLR7 Enhances the Th2 Immune Response in the Course of S. japonicum Infection

The next step is to investigate whether these changes depend on the effects on T lymphocytes, surface markers and secretory cytokines of T lymphocytes. After S. japonicum infection, liver T lymphocytes, mainly CD4+ T cells, increased (P < 0.05). Compared with infected WT mice, the total T lymphocytes of infected KO mice did not change significantly, but the decrease in CD4+ T cells was obvious (P < 0.05). Interestingly, the proportion of CD8+ T cells increased slightly (P < 0.05, Figures 5A, B). These results suggested that deletion of TLR7 might reduce the recruitment of CD4+ T cells.




Figure 5 | The activation and function of liver CD4+ T lymphocytes and CD8+ T lymphocytes during S. japonicum infection. WT and TLR7 KO mice were infected by S. japonicum. Five to six weeks later, livers were dissected out. Single-cell suspensions were separated from WT and KO mice before and after infection and stained with monoclonal antibodies against mouse CD3, CD4, CD8, MHCII, CD69, CD62L and ICOS. Meanwhile, under stimulation with PMA plus ionomycin, the expression of IL-2, IL-4, IL-6, IFN-γ, IL-10, IL-13, IL-17 and IL-21 was detected by intracellular cytokine staining. Representative graphs and the proportions of CD3+, CD4+ and CD8+ T cells are shown (A, B). Then, CD4+ and CD8+ T cells were gated. The expression of MHCII, CD69, CD62L and ICOS was examined. Representative graphs and statistical analyses of CD4+ and CD8+ T cells in WT and KO mice before and after infection are shown (C–F). The expression of the abovementioned intracellular cytokines was also detected by flow cytometry. Representative graphs and statistical analyses of CD4+ and CD8+ T cells in both naive and infected WT and KO mice (G–J). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



CD4+ T cells and CD8+ T cells from both WT and TLR7 KO mice expressed higher levels of activation-associated molecules after infection for 6 weeks (P < 0.05). The percentage of activated CD4+ T cells in TLR7 KO mice was significantly decreased compared to that in infected WT mice (P < 0.05). Only MHC II and CD69 were significantly decreased in CD8+ T cells from infected TLR7 KO mice compared to infected WT mice (Figures 5C–F).

Furthermore, intracellular cytokine staining was performed on hepatic CD4+ T cells and CD8+ T cells isolated from different groups of mice. As shown in Figures 5I, J, most of the detected cytokines secreted by CD4+ T cells from infected WT mice were increased significantly compared to naive mice, such as IFN-γ, IL-4, IL-2 and IL-6 (P < 0.05). IFN-γ, IL-4, IL-2 and IL-6 secreted by CD4+ T cells from infected TLR7 KO mice significantly decreased compared to infected WT mice (P < 0.05, Figures 5G, H). A similar phenomenon has been observed in CD8+ T cells. The percentage of IFN-γ-secreting CD8+ T cells increased significantly after infection (P < 0.05), while it decreased significantly in infected TLR7 KO mice, as well as IL-2 and IL-6 (P7 < 0.05).



TLR7 Enhanced the Hepatic B Cell Response in the Course of S. japonicum Infection

In the course of S. japonicum infection, B cells play an important role. The role of TLR7 in modulating the B cell response in the course of S. japonicum infection was also explored. As shown in Figures 6A, B, compared to naive mice, the proportion of CD19+ B cells in infected mice was decreased significantly (P < 0.05). The absolute numbers of CD19+ B cells increased significantly (P < 0.05). There was no change between uninfected and infected KO mice in the percentage of CD19+ B cells (P > 0.05).




Figure 6 | The activation and function of liver B lymphocytes during S. japonicum infection. WT and TLR7 KO mice were infected by S. japonicum. Five to six weeks later, livers were picked out. Single-cell suspensions were separated from WT and KO mice before and after infection and stained with monoclonal antibodies against mouse CD69, CD80 and CD86. The strategy of gating B cells is shown, and representative graphs of the expression of CD69, CD80 and CD86 in B cells from WT and KO mice before and after infection are shown (A). The percentage and absolute number of B cells were compared between WT and KO mice before and after infection (B). The expression of CD69, CD80 and CD80 was statistically analysed (C). The SEA-specific antibody in mouse serum was detected by ELISA. The relative titres of anti-SEA IgG and anti-SEA IgM in the serum of WT and KO mice before and after infection were statistically analysed (D). Data were obtained from three independent experiments with 6-8 mice in each group, shown as the mean ± SEM. Statistical significance was determined by Student’s t test, “ns” means no sense, *P < 0.05, **P < 0.01, and ***P < 0.001.



Furthermore, activation-associated markers were detected on hepatic B cells from different groups of mice. As shown in Figures 6A, C, there was no difference in the proportion of B cells expressing CD69 and CD80 between WT- and KO-infected mice (P > 0.05), with only a significant decrease in the proportion of CD86 in the latter (P < 0.05).

In addition, SEA-specific antibodies were detected in the serum of mice (Figure 6D). The levels of SEA-specific IgM and IgG antibodies in infected mice were significantly higher than those in naive mice (P < 0.05). Moreover, the levels of SEA-specific IgM and IgG antibodies in the serum of infected TLR7 KO mice were markedly decreased compared to those in infected WT mice (P < 0.05). These results suggested that TLR7 might play an important role in inducing antibody production in the course of S. japonicum infection.




Discussion

TLR7 is an endosomal TLR that recognizes single-stranded RNA (ssRNA) and mediates the development of inflammation and autoimmunity (Luo et al., 2019; Souyris et al., 2019). In this study, both C57BL/6 mice (WT) and TLR7 KO mice were infected with S. japonicum. The survival results showed that the majority of infected mice did not die before 6 weeks post infection, while approximately half of TLR7 KO mice died within 6 weeks post infection, indicating that TLR7 may protect the host from death in the early phase of S. japonicum infection. S. japonicum ovulates eggs at approximately 4 weeks post infection, some of which deposit in the liver and cause granulomas to form around them (Pagan and Ramakrishnan, 2018). Once schistosomiasis progresses into the advanced phase, the host will always die from cirrhosis of the liver caused by granuloma inflammation (Malta et al., 2021). Reduced granulomatous formation did not improve host status and resulted in significant mortality, indicating that granulomatous inflammation can lead to pathological changes; on the other hand, granulomatous inflammation limits the spread of infection and plays a role in host protection (Hams et al., 2013). It is hypothesized that the death of TLR7 KO mice in the early phase of S. japonicum infection may be related to the absence of granulomas around the eggs. Therefore, TLR7 KO mice that died within 6 weeks post infection were dissected, and the livers were sectioned. There was poor granuloma formation in the liver of the host, and the liver tissue was filled with eggs of S. japonicum, which suggests that the deletion of TLR7 reduces the formation of granulomas during infection.

Next, the expression of TLR7 in hepatic lymphocytes was investigated. The results indicated that the relative TLR7 mRNA level in hepatic lymphocytes from infected mice was lower than that in hepatic lymphocytes from naive mice. This might be induced by the amount of infection, recruiting lower TLR7-expressing lymphocytes, such as T cells and B cells, as we observed in mesenteric lymph nodes (Qu et al., 2019). This hypertension was validated by the FCM results, which indicated that the percentage of TLR7-expressing cells was increased in the isolated hepatic lymphocytes. Macrophages, DCs, and B cells are classic APCs that express many kinds of TLRs, including TLR7, and modulate the adaptive immune response (Assier et al., 2007). FCM results showed that in the isolated hepatic lymphocytes, most TLR7-expressing cells were CD11b+F4/80+ macrophages. On the other hand, the percentage of TLR7+ macrophages increased significantly in the livers of S. japonicum-infected mice. These results implied that TLR7 might modulate the S. japonicum infection-induced immune response mainly through macrophages. It was reported that activated macrophages (AAM) induced early in the anti-helminth response could amplify the early type 2 immune cascade initiated by epithelial cells and ILC2s, and subsequently driving parasite expulsion (Coakley and Harris, 2020). It suggested TLR7 triggering responses in liver resident macrophages mainly influenced the subsequent immune response in the liver of S. japonicum infected mouse.

Liver-resident macrophages, also called Kupffer cells (KCs), are professional APCs that can modulate the class T cell response by providing costimulators and producing cytokines (Fu et al., 2020). CD80 and CD86 are important costimulators for T cell activation (Trzupek et al., 2020), and IL-12 and IL-4 are cytokines that induce Th2 and Th1 polarization, respectively (Cui et al., 2017). IL-6 and IL-10 are important proinflammatory cytokines and anti-inflammatory cytokines, respectively (Kumar et al., 2021). Higher numbers of macrophages were found in the livers of infected WT and TLR7 KO mice, which expressed higher levels of CD86 and secreted more IL-4, IL-10, and IL-12, suggesting that macrophages played an important role in the progression of S. japonicum infection-induced hepatitis, as previously reported (Tan et al., 2019; Ye et al., 2020). Although the number of macrophages in the livers of infected TLR7 KO mice was similar to that in infected WT mice, they expressed lower CD86 levels and produced fewer cytokines. This result suggested that TLR7 is a main molecule that mediates the function of hepatic macrophages in the course of S. japonicum infection.

Dendritic cells are the only antigen-presenting cells that can activate naive T lymphocytes. It was reported that incomplete deletion of dendritic cells severely impairs the induction and development of the Th2 response (Phythian-Adams et al., 2010). A significant increase in the number of DCs in infected mouse livers, with higher CD86 expression and IL-4, IL-10 and IL-12 secretion, suggested that DCs were involved in S. japonicum infection-induced hepatitis. Moreover, the percentage and number of DCs in TLR7 KO mice at 6 weeks post infection significantly decreased compared to WT mice, and the percentage of IL-6-secreting DCs also decreased. This result suggested that the deletion of TLR7 significantly impaired the function of hepatic DCs, which could effect on the subsequent immune response in the liver of infected mouse, too.

The formation of granulomas in S. japonicum-infected mice depends on the Th2 response, and the deletion of T cells impaired granuloma formation around eggs (Kumar et al., 2019). It was reported that TLR7 could enhance the type 2 immune response in many kinds of diseases (Chodisetti et al., 2020). In this study, the number and percentage of CD4+ T cells and the percentage of IL-4+CD4+ Th cells in hepatic lymphocytes from infected TLR7 KO mice decreased significantly compared to those from infected WT mice. This result suggested that TLR7 plays an important role in enhancing the Th2 response during S. japonicum infection. Strangely, the secretion of IFN-γ in TLR7 KO mice also significantly decreased compared to that in infected WT mice, which means that TLR7 modulates not only the Th2 response but also the Th1 response. Consistent with our results, administration of a TLR7 agonist was reported to induce a mixed Th1 and Th2 response in peripheral blood mononuclear cells in chickens (Annamalai et al., 2015).

In addition to differentiating into plasma cells to secrete antibodies, B cells are professional APCs that play important roles in the presentation of soluble antigens (Leon et al., 2019). Recently, reports showed that a subset of B lymphocytes can also activate naive T lymphocytes (Hong et al., 2018; Arroyo and Pepper, 2020). Higher numbers of B cells were found in the livers of infected WT mice expressing higher levels of CD69 and CD86, suggesting that hepatic B cells could mediate the T cell response in S. japonicum infection-induced hepatitis. In addition, these results implied that hepatic B cells could modulate the response of Th cells in turn. Recently, TLR7 was reported to be expressed on B cells and mediate the subsequent immune response (Zheng et al., 2020; Fillatreau et al., 2021). In this study, a higher percentage of B cells was found in TLR7-expressing hepatic lymphocytes, suggesting that TLR7 might directly mediate the immune response of B cells in the livers of infected mice. In addition, CD4+ Th2 cells are the main source of cells responsible for B cell activation and differentiation (Xiao et al., 2020). As mentioned before, TLR7 could enhance the response of Th2 cells in the livers of infected mice, and TLR7 could affect the responses of B cells through Th2 cells. Moreover, it was reported that APCs could help B cell activation via the formation of an immune synapse (Wang et al., 2018). This implied that APCs might be another pathway by which TLR7 regulates the S. japonicum infection-induced B cell response.

Altogether, this study indicated that TLR7 could delay the progression of S. japonicum infection-induced hepatitis by facilitating the formation of granulomas mainly through hepatic macrophages. DCs, B cells, and T cells are involved in TLR7-mediated immune responses.
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Great progress has been made in the prevention and treatment of human parasitic diseases in China over the past six decades, but parasitic diseases are still one of the most serious public health problems in the world. The specific prevalence of parasitic diseases varies in different provinces due to their geographical environment and the dietary habits of people. In this study, a total of 4,428 patients suspected to have parasitic infection by clinicians or themselves from January 1, 2016, to December 31, 2020 were recommended to our laboratory for further testing. In total, 5,246 samples including fecal, blood, and other body fluids were detected by etiological and immunological methods. Approximately 15.20% (673/4,428) of all suspected patients were infected by at least one species of parasite, and the overall positive rate of suspected patients from Hunan Province was 15.10% (594/3,933). A total of 18 species of parasites, namely, nematodes (4 species), trematodes (5 species), cestodes (4 species), protozoa (2 species), and medical arthropods (3 species), and 3 of them were imported parasites outside of Hunan Province. There are 9 species of foodborne parasites, accounting for 89.92% (464/516) of patients infected by one species of parasite. Common parasites in Hunan Province include plerocercoid, Paragonimus westermani, Clonorchis sinensis, cysticercus, Toxoplasma gondii, and Schistosoma japonicum. In this study, we found that the incidence of soilborne nematode infections has decreased significantly. However, foodborne parasites gradually become the main parasitic infections as well as multiple infections are becoming more common. Therefore, we should not only continue the prevention and control of soil-derived nematodes but also focus on the prevention and control of foodborne parasites in the future.
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1 Introduction

Parasites can cause a wide variety of serious economic and public health problems. The Ministry of Health of the People’s Republic of China conducted three nationwide surveys on the prevalence of human parasitic diseases in 1990, during 2001–2004, and 2014–2016, respectively, which showed that the positive rate of soil-transmitted nematodes, such as hookworm, Ascaris lumbricoides (A. lumbricoides), and Trichuris trichiura (T. trichiura), was significantly reduced, but the positive rate of foodborne parasites was significantly increased in some provinces (Yu et al., 1994; Xu et al., 1995; Coordinating Office of the National Survey on the Important Human Parasitic, 2005; Zhu et al., 2015). In 2006, soil-transmitted nematodiasis was included in the national infectious diseases and pathogenic media monitoring system by the Chinese Center for Disease Control and Prevention, and 22 monitoring spots were established nationwide, showing a declining trend of the human positive rate of intestinal nematodes from 2006 to 2013 (Chen and Zang, 2015). Over the years, the work of health education actively carried out by the Ministry of Health and periodic drug treatment for patients with parasitic infections prevent reinfection and reduce morbidity greatly (Zhao et al., 2012; McManus et al., 2014; Rivero et al., 2017; Guang-Han et al., 2018; Laoraksawong et al., 2018). Health education in primary schools showed a significant efficacy in preventing intestinal parasitic infections (Bieri et al., 2013a; Bieri et al., 2013b; Bieri et al., 2014; Cisse, 2019). The rapid economic growth over the past six decades witnessed the increased allocation of resources toward the control of parasitic diseases. Consequently, the status of parasitic diseases in China has improved significantly (De-Jian et al., 2013; Wang et al., 2016).

Foodborne parasites, most of which are zoonotic, can be transmitted by ingesting contaminated food and water. According to the life cycle and transmitted mode of parasites, foodborne parasites mainly include Trichinella, protozoa [e.g., Toxoplasma gondii (T. gondii), Giardia lamblia, and Cryptosporidium], tapeworms (e.g., Taenia solium and Spirometra mansoni), and trematodes [e.g., Paragonimus westermani (P. westermani), Clonorchis sinensis (C. sinensis), Schistosoma, and Fasciolopsis buski (F. buski)] (Robertson et al., 2014; Pozio, 2020). In 2006, the World Health Organization (WHO) established the Foodborne Disease Burden Epidemiology Reference Group (FERG), and in 2013, they summarized the burden of foodborne diseases (FBDs) and the important results available to date (Torgerson et al., 2014). The Global Burden of Disease Study published the global burden of foodborne trematodiasis and its sequelae in 2012 (Furst et al., 2012), showing that about 56.2 million people were infected with foodborne trematodes.

Great progress has been made in the prevention and treatment of human parasitic diseases in China over the past six decades. On June 30, 2021, the World Health Organization announced that malaria has been eliminated in China, but parasitic diseases are still one of the most serious public health problems in the world. China is still affected by parasitic infections, including leishmaniasis, schistosomiasis, toxoplasmosis, and other foodborne nematodiasis (Li et al., 2010; Wang et al., 2016). With increased income standards of living and consumption of exotic foods, foodborne parasitic infection has become one of the main factors that impact upon national food safety and public health (Li et al., 2010). The main foodborne parasitic diseases in China include paragonimiasis, clonorchiasis, toxoplasmosis, angiostrongyliasis, echinococcosis, trichinellosis, and cysticercosis (Torgerson et al., 2014). The overall prevalence of T. gondii infections in food animals was significantly higher than that in humans (Dong et al., 2018). In Hunan Province, because of the dietary habits of local residents, such as eating raw snake galls and undercooked fish and crabs, the status of some foodborne parasitic infections is serious. Due to the strengthening of international cooperation in globalization and the prosperity of tourism, imported cases are also increasing (Song et al., 2018).

In 2015, the investigation on the prevalence of major human parasitic diseases in Hunan Province showed that soilborne nematode infection accounted for 80.35% of the intestinal parasite infections (Zhuo et al., 2017), which suggested that we still need to strengthen the prevention and control of soilborne nematodes. In Hunan Province, the parasite epidemic situation in the recent 5 years is unclear. Through retrospective analysis of the examination of suspected cases of parasitic diseases in our laboratory from January 1, 2016, to December 31, 2020, our study aims to understand the current situation and prevalence of parasitic diseases and infection in Hunan Province and provide scientific data and basis for the prevention and treatment of parasitic diseases in the future.



2 Materials and Methods


2.1 Participants and Samples

A total of 5,246 samples including fecal, blood, and other body fluids of 4,428 inpatients and outpatients were detected in the Parasitological Laboratory of XiangYa School of Medicine from January 1, 2016, to December 31, 2020, and there were 3,933 patients from Hunan Province. The total number of cases in 2020 is relatively small as no samples were tested from February to April due to coronavirus disease 2019 (COVID-19). Patients suspected to have a parasitic infection by their clinician or themselves were recommended to our laboratory for further testing. Therefore, the positive rate of these patients may be higher than that of stratified cluster random sampling method. We recorded the basic information of the patients such as sex, age, region, and medical history while we received specimens. Some patients had different specimens examined at the same time. If multiple test results of the same patient were different, positive results were taken and the number of positive patients was counted.



2.2 Pathogen Detection

Pathogen detection is the direct evidence of parasitic infections. The detection methods include saline direct smear, iodine staining smear method, saturated saline floatation, Kato’s thick smear, blood smear, bone marrow smear, and so on. We observe whether there are worms, eggs, trophozoites, or cysts in specimens through a microscope.


2.2.1 Direct Saline Smear Method

A drop of normal saline or iodine solution is dripped on a clean slide and a small amount of feces is picked up with a bamboo stick, then it is smeared evenly in the normal saline and covered with the cover glass. The slide is placed under a microscope and observed at low and high magnifications. The eggs or trophozoites are identified according to their size, shape, color, and motility characteristics.



2.2.2 Iodine Staining Smear Method

The iodine staining smear method is mainly used to examine protozoa cysts. A drop of iodine is dripped on a clean slide and a small amount of feces is picked up with a bamboo stick, then it is smeared evenly in the iodine and covered with the cover glass. Cysts are stained yellow or light brownish yellow, glycogen bubbles are brownish red, while the walls, nucleoli, and chromatoid bodies are not stained.



2.2.3 Saturated Saline Floatation

The saturated saline floatation is suitable for the examination of eggs with small specific gravity, such as hookworm eggs and tapeworm eggs. Feces of one soybean volume is taken with a bamboo stick into the floating bottle and a small amount of saturated saline is added, and then it is mixed evenly. Next, saturated saline is added until it rose to the top. Large impurities on the liquid surface are removed, and finally saturated saline is slowly added until the liquid becomes slightly higher than the bottle mouth, but does not overflow. The bottle is covered with a glass slide to avoid bubbles. After 15 min, the slide is lifted, turned over quickly, covered with the slide, and then observed under a microscope.



2.2.4 Kato’s Thick Smear

The detection rate of Kato’s thick smear method is more than 20 times than that of the direct smear method. Fifty to 60 g feces is put on a slide, covered with cellophane soaked with glycerin-malachite green solution, and pressed lightly to make the feces spread about 20 mm 25 mm. Next, it is put in a temperature box at 30°C–36°C for 30 min or 25°C for 1 h. Microscopic examination can be conducted after the feces film is transparent.



2.2.5 Blood Smear and Bone Marrow Smear

Blood smears, with thick and thin blood films on the same slide, are routinely used to diagnose plasmodium. Bone marrow smear is mainly used to examine the amastigote of Leishmania donovani (L. donovani). The thin blood film is made by placing a small drop of blood at the junction of one-third and two-thirds of the slide with the other slide in front of the blood drop and the angle between the two slides being 30°–45° and by pushing the slide back at a constant speed to make the thin blood film. The ideal thin blood smear should be a uniformly distributed layer of blood cells with no space between them, and the ends of the blood membrane should be broom-like. The thick blood film is made by placing a drop of blood on the right one-third of the slide and rotating the corner of the slide from inside to outside to make it into a thick blood film with a diameter of 0.8–1 cm and uniform thickness. After the blood smear is naturally dried, two to three drops of distilled water need to be added to the thick blood film to cause its hemolysis. When the blood smear turns gray, the water is poured away, and the blood smear is left to be dried. The thin and thick blood films are fixed with methanol, then stained with Giemsa solution for 25–30 min, and finally washed with water or buffer solution, dried, and examined under a microscope.




2.3 Determination of Antibodies Against Parasites

About 5 ml of venous blood is collected from each patient by a health professional. The supernatants are separated from the whole blood or other body fluids by centrifuging at 5,000 rpm for 5 min and then stored at 4°C for further testing.


2.3.1 Indirect Hemagglutination Assay


2.3.1.1 IHA Kit for Detection of Schistosomiasis japonicum

Antibodies against S. japonicum are mainly detected by indirect hemagglutination assay (IHA), using the IHA kits (Anji Medical Technology Co., Ltd., Anhui Province, China). The S. japonicum soluble egg antigen (SEA) is adsorbed on the red blood cell carrier to make it become sensitized red blood cell. When the sensitized red blood cell meets the antibody in the serum of the patient, the antigen adsorbed on the red blood cell surface and the specific antibody are combined under appropriate conditions to form the visible red blood cell agglutination phenomenon, which is a positive reaction. The test was performed following the instructions of the manufacturer.



2.3.1.2 IHA Kit for Detection of Toxoplasma gondii

IHA kits are provided by Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou, Gansu Province, China. The test is performed following the instructions of the manufacturer. This kit is a lyophilized antigen for IHA of T. gondii with a positive serum titer of no less than 1:1,024. Ten samples can be detected per milliliter of antigen for qualitative examination, while only five samples can be detected per milliliter of antigen for quantitative examination.




2.3.2 Diagnostic Kit for Antibody to Schistosoma Egg

The colloidal gold method for the detection of S. japonicum egg antibody is used as an auxiliary examination by the DIGFA Kits (Xunchao Biotech Co., Ltd., Yueyang, China). Purified S. japonicum egg-specific protein antigen is used to spot on the filter membrane, and colloidal gold is used to label staphylococcal protein A (SPA). Based on the principle of colloidal gold mononitration speck method, when the tested sample is filtered from the membrane, the S. japonicum egg antibody fixed on the membrane and the specific antibody in the test sample form an antigen–antibody complex, which forms visible red spots with the SPA-labeled colloidal gold. The assay is performed following the instructions of the manufacturer.



2.3.3 Enzyme-Linked Immunosorbent Assay

The enzyme-linked immunosorbent assay (ELISA) kits (Shenzhen Combined Biotech Co., Ltd., Shenzhen, China) are classified as types A, B, and C. We use indirect ELISA detection, according to the instructions of the manufacturer (http://www.biacbd.com/). In short, firstly, properly diluted specimens are added into micropores of the envelope antigen; after incubation and washing, the enzyme-labeled second antibody is added to produce a compound of antigen, antibody to be tested, and the enzyme-labeled second antibody; subsequent to washing, the enzyme conjugate not adsorbed is removed, which is followed by the addition of a substrate and a color developing agent. In this way, absorbance of the inspection hole and the control hole is tested so as to determine whether specific antibodies exist in the specimen. Key components of ELISA are solid phase vectors and enzyme conjugates that adsorb antigens or antibodies. Moreover, their behavior can directly influence detection results.




2.4 Statistical Analysis

The cases were categorized according to their sex, age, region, clinic time, and so on. Comparisons of the effects of sex, age, region and clinic time on prevalence of parasitic infections were performed by Chi-square tests in contingency tables using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). When P-value <0.05, the difference was considered significant.



2.5 Map

The map of Hunan Province is downloaded from the standard map service website (http://bzdt.ch.mnr.gov.cn/).



2.6 Ethical Review

The study involving human participants were reviewed and approved by the Ethics Committee of the School of Basic Medical Science, Central South University, Changsha, China (protocol codes syxk2011-0001 and 2017-S088, dates of approval March 3, 2015, and March 8, 2017, respectively). Written informed consent to participate in this study was provided by the legal guardian/next of kin of the participants. For data that we used in this study, personal information had been removed and no specific individuals could be identified. No potentially identifiable human images or data are presented in this study. The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.




3 Results


3.1 The Results of Specimen Examination

In this study, a total of 4,428 suspected patients were received, including 2,399 patients from Hunan Province, 296 patients from other provinces, and 199 patients whose hometown was unknown. At least one species of parasites was identified in 15.20% (673/4,428) of patients, and the overall positive rate of patients from Hunan Province was 15.10% (594/3,933), while the positive rate of patients from other provinces was 17.23% (51/296) and that of patients whose hometown was unknown was 14.07% (28/199). Etiological examination was used for feces and smears, to observe whether there were worms, eggs, or trophozoite of protozoa in specimens through a microscope (Figure 1), and 28 positive cases were confirmed including hookworm (6 cases), F. buski (6 cases), Enterobius vermicularis (1 case), A. lumbricoides (1 case), C. sinensis (5 cases), S. japonicum (2 cases), P. westermani (1 case), Phthirus pubis (1 case), maggot (2 cases), Psychodidae (1 case), Taenia saginata (T. saginata) (1 case), and Leishmania (2 cases), with a positive rate of 6.26%. As for blood or other body fluid samples, we mainly adopted immunological examination, and there was a relatively higher positive rate of 16.12% (Table 1).




Figure 1 | Representative images of parasite eggs, amastigotes, and larva for etiological examination. (A) C. sinensis egg; (B) S. japonicum egg; (C) P. westermani egg; (D) F. buski egg; (E) hookworm egg; (F) Taenia egg; (G) L. donovani bodies; and (H) maggot.




Table 1 | The results of all samples tested.



We found 18 species of parasites (Table 2), namely nematodes (4 species), trematodes (5 species), cestodes (4 species), protozoa (2 species), and arthropods (3 species). There were nine species of foodborne parasites, accounting for 89.92% (464/516) of detected single parasites, and only eight cases of soilborne nematodes were detected in this study. As shown in Table 2, trematodes and tapeworms predominated in infection, while nematodes were rarely found. The most common parasites included P. westermani, plerocercoid, cysticercus, C. sinensis, T. gondii, and S. japonicum, among which P. westermani and plerocercoid were more serious.


Table 2 | The species of parasites detected and the positive rate.



We confirmed three imported cases outside of Hunan Province, one of which was Kala-azar, and the patient who had worked in the epidemic area of Gansu Province was a native of Daoxian County, Hunan Province. Another was T. saginata, and the patient who worked in Ethiopia was a native of Changsha. The last one was Schistosomiasis mansoni (S. mansoni) and the patient had worked in Africa.



3.2 Parasitic Infections Were More Common in Males Than in Females

Of the 4,428 patients, 447 of 2,756 males were positive for at least one parasite, with a positive rate of 16.22%. Similarly, 226 of 1,672 females were positive for at least one parasite, with a positive rate of 13.52%. In the period of 2016 to 2020, the number of males suspected to have a parasitic infection is more than that of females (Figure 2A). The total number of cases in 2020 is relatively small as no samples were tested from February to April due to the outbreak of COVID-19. The sex-specific prevalence showed a high incidence in males (9.58%–19.70%) compared with females (6.57%–17.23%) in all the years of this study (Figure 2B). In total, we detected 464 positive cases of single foodborne parasites, and the positive rate of males was significantly higher than that of females except in 2020 (Figures 2C, D). Although there was no significant difference in the prevalence of total parasites (P > 0.05) and foodborne parasites (P > 0.05) with reference to sex, there is a tendency for male infection to be higher and female infection to be lower than the overall positive rate.




Figure 2 | Comparison of the prevalence of parasites in patients according to sex. (A) The number of people suspected to have a parasitic infection. (B) The positive rate of male and female in the period of 2016 to 2020. (C, D) The number and positive rate of single foodborne parasites in patients according to sex.





3.3 The Species and Incidence of Parasitic Infections Vary With Age

We categorized 4,428 cases into six different groups according to age. At least one parasite was detected in 150 of 774 patients less than 15 years old, 97 of 642 patients between 16 and 29 years old, 191 of 1,207 patients between 30 and 49 years old, 204 of 1,443 patients between 50 and 69 years old, 23 of 303 patients older than 70 years old, and 8 of 59 patients of unknown-age group (Figure 3A). There was a significant difference in the prevalence of total parasitic infection (χ2=25.71, df=4, P<0.0001) according to age. However, only plerocercoid (χ2=9.934, df=4, P<0.05), T. gondii (χ2=27.28, df=4, P<0.0001), and total foodborne parasites (χ2=13.39, df=4, P<0.01) showed a significant difference in the prevalence. As shown in Figure 3B, people in the 30–49 age group had the highest positive rate of P. westermani and C. sinensis, but the lowest positive rate of T. gondii. The positive rate of total foodborne parasites decreased with age. Although the positive rate of plerocercoid decreased with the increase of age, it still was the dominant parasite in all age groups. Children below 15 years old suffer more serious parasitic infection especially foodborne parasite infection and multiple infection.




Figure 3 | Comparison of the prevalence of parasites in patients according to age. (A) Number of cases received and the prevalence of total parasitic infection among age groups. (B) Comparison of the prevalence of the six most commonly detected parasites among age groups.





3.4 The Prevalence of Parasites Was Influenced by Geography

The results of other provinces and unknown groups were excluded from the statistics examination. The 3,933 cases from Hunan Province were categorized into 14 groups according to cities (Figure 4A). The prevalence of parasites in nine cities was higher than that of total parasitic infection in Hunan Province (15.10%, 594/3,933) (Figure 4B). There were some differences in parasite species among the cities due to different topographical features. Although Changsha had the largest number of participants, its overall positive rate was the lowest among 14 cities in Hunan Province. The overall positive rates in Yongzhou and Huaihua were more than 20%. Apparently, the incidence of S. japonicum was high in Yueyang, Yiyang, and Changde (Figures 4C, D). Besides, P. westermani and plerocercoid were widely prevalent in the whole province, while the positive rate of C. sinensis was the highest in Yongzhou. Multiple infections were observed evidently in Huaihua (Figure 4B). There was a significant difference in the prevalence of total parasitic infection (χ2=40.48, df=13, P<0.0001) among 14 cities in Hunan Province. Besides, P. westermani (χ2=31.53, df=13, P<0.01), plerocercoid (χ2=45.57, df=13, P<0.0001), C. sinensis (χ2=28.92, df=13, P<0.01), T. gondii (χ2=24.89, df=13, P<0.05), and S. japonicum (χ2=54.55, df=13, P<0.0001) also showed significant difference in prevalence among the 14 cities.




Figure 4 | Prevalence of parasites in different cities in Hunan Province, China. (A) The map of Hunan Province, China. (B) The number of patients and total parasitic positive rate in 14 cities. (C, D) Distribution and prevalence of several common parasites in 14 cities.





3.5 Parasitic Positive Rates Were Varied by Seasonality

To investigate whether parasitic infections were related to seasonality, we also analyzed the number of suspected patients and prevalence of parasitosis of different months. The number of case submittals was larger in spring and autumn. The highest and lowest prevalence occurred in April (20.11%, 74/368) and February (10.60%, 16/151), respectively (Figure 5A). There was a significant difference in the total parasitic infection (χ2=23.23, df=11, P<0.05) between months. As for the six common parasites, cysticercus, (χ2=22.63, df=11, P<0.05) C. sinensis (χ2=23.02, df=11, P<0.05), and S. japonicum (χ2=32.96, df=11, P<0.001) also showed significant difference among the months (Figure 5B).




Figure 5 | Comparison of the prevalence of parasites between months. (A) Number of cases received and results in different months. (B) Comparison of the prevalence of total parasites and the six most commonly detected parasites among the months.






4 Discussion

In this survey, people suspected to have a parasitic infection by clinicians or themselves were recommended to the Parasitological Laboratory, Department of Parasitology, Xiangya School of Medicine, Central South University, Changsha, Hunan, China, for further testing; therefore, the positive rate of parasitic infection of the survey may be higher than that of the stratified cluster random sampling method. In 2015, the investigation on the prevalence of major human parasitic diseases in Hunan Province showed that soilborne nematode infection accounted for 80.35% of intestinal parasite infections (Zhuo et al., 2017). However, we found that foodborne parasites account for a major portion of parasite infections, and only eight cases of soilborne nematodes were detected in this study, which suggests that over these years the work of controlling soilborne nematode infections had achieved great success. On the other hand, nematode infection is relatively easy to identify and can be easily diagnosed by clinicians, so it does not require further examination in our laboratory. That is why the number of stool samples accepted by our laboratory is relatively small, resulting in a relatively small proportion of nematodes detected. In previous studies, both the positive rates of overall parasites and soilborne nematodes of female patients were higher than those of male patients (Yu et al., 1994; Xu et al., 1995; Coordinating Office of the National Survey on the Important Human Parasitic, 2005; Zhu et al., 2015), which was opposite of our results. Although the number of soilborne nematodes we detected was too small to be analyzed effectively, the positive rate of males for both overall parasites and foodborne parasites was significantly higher than that of females.

In this survey, the main parasites detected were foodborne parasites such as plerocercoid, P. westermani, T. gondii, cysticercus, and C. sinensis, which may be related to the dietary history of people. The Xiangjiang, Zishui, Yuanjiang, and Lishui rivers run through Hunan Province, so there are many small rivers and streams, which are conducive to the breeding of crabs, freshwater snails, freshwater fish, and shrimps. The local people have a habit of eating freshwater creatures and drinking raw water from streams, which greatly increases the risk of parasitic infection, such as P. westermani and C. sinensis (Peng et al., 2018; Li et al., 2019). A recent study found that the infection status of plerocercoid in snakes was severe in Hunan Province (Liu et al., 2020), while eating raw snake galls, using frog skin for injury and disease, and eating snakes and frogs were very common for local residents (Liu et al., 2010; Wang et al., 2011; Wang et al., 2014; Zhang et al., 2020). Hunan Province is one of the most important provinces in pork and mutton production, and wild snakes have been widely sold at food markets in some regions. Especially, foodborne parasites are usually zoonotic, so livestock usually can be infected with parasites, such as T. gondii, cysticercus, and Trichinella (Cui et al., 2013; Jiang et al., 2016; Li et al., 2016; Tan et al., 2018; Wang et al., 2019). Eating undercooked meat is popular in some areas of this province, which increases the risk of human parasitic infection with parasites.

With enhanced globalization as well as international and regional communication and cooperation, imported cases have become the main challenge to the elimination of several parasitosis, such as malaria and schistosomiasis, in mainland China (Song et al., 2018). A total of 31,740 cases of infectious diseases mainly from Africa and Asia were imported to mainland China during 2005–2016, and most of them were found in Yunnan Province (Wang et al., 2018). In this survey, we found three imported cases outside of Hunan Province, two of which were from Africa, and the imported S. mansoni myelopathy was the first case reported in China. The frequency of imported infection is increasing in China, and transmission of infection through international travel arises this health issue. Between January 1, 2014, and December 31, 2016, 22,797 cases were identified among 805,993,392 travelers arriving in China, with an incidence of 28.3 per million (Fang et al., 2018). In recent years, Kala-azar has been endemic and persistent in the mid-west regions of China. The reported cases were mainly from Xinjiang, Gansu, and Sichuan (Zheng et al., 2017). In general, we still need to step up efforts to prevent and control imported diseases.

In China, the relevant examinations in the parasitology diagnostic laboratory mainly include etiological and immunological assays. The examination of etiology is mainly used to observe whether there are worms, eggs, or trophozoite of protozoa in specimens through a microscope, but the detection rate of this method is very low (Lin et al., 2011). In recent decades, the immunological technology in the medical industry has been more and more mature, with a higher sensitivity and positive rate than that of etiological examination, and the detection of parasitosis is also more and more inseparable from immunological examination (Pacheco et al., 2020). That is why sometimes the positive result by immunological examination is negative by etiological examination. The diagnosis of parasitic diseases mainly depends on clinical manifestations and immunological examination, but immunological examination is only an auxiliary diagnosis method, which cannot be used as the basis for the diagnosis of parasitosis. The positive result of etiological examination is the direct evidence to confirm parasitic infection. There are still many limitations of current detection methods. On the one hand, both microscopy and immunological assays are labor-intensive and time-consuming, have low sensitivity and low specificity, and require professionals to clarify the results (McHardy et al., 2014). On the other hand, factors influencing the sensitivity of parasitic examinations include sporadic shedding (requiring the examination of multiple feces specimens), patient medications, sample collection interval, and the preservation of specimens prior to testing. Additionally, false positives in immunodetection may be related to the wrong time of reading results, improper dilution of specimen, use of out-of-date methods, and improper storage temperature of samples (Roellig et al., 2017). Considering the limitation of microscopic and immunological tests, molecular tests such as DNA-based and quantitative PCR (qPCR)-based detection methods have been gradually developed for parasite detection. Although molecular assays are more rapid and sensitive, the cost of many of them is much higher than traditional ones. Thus, a molecular test has not been extensively used in commercial laboratories (Verweij and Stensvold, 2014; van Lieshout and Roestenberg, 2015; Paulos et al., 2016; Ryan et al., 2017).

We observed an age distribution pattern among the patients, and the positive rate of people under the age of 15 was relatively high especially for foodborne parasites (Figure 3). Some children and teenagers at this age live with their grandparents, and they spend lots of time playing outside without adult supervision such as playing in the river and eating undercooked freshwater fish, shrimps, and crabs, which would increase the risk of parasitic infections. The largest number of people tested for parasitic disease was between 50 and 69; most middle-aged people at this age are farmers, living in the village; and they usually work barefoot in the fields or in rivers. Some of them prefer drinking raw water and eating raw fish, shrimp, crab, and snake galls, and they work in areas where parasitic diseases are prevalent, which greatly increases the risk of parasitic infections.

Located in the middle reaches of the Yangtze River and the south of Dongting Lake, Hunan Province is surrounded by mountains and hills to the east, south, and west, while the central and northern parts are a U-shaped basin, open in the north. The Xiangjiang, Zishui, Yuanjiang, and Lishui rivers converge on the Yangtze River at the Dongting Lake. It has a complex terrain and a subtropical monsoon humid climate with a mild climate, four distinct seasons, and concentrated rainfall. Warm and humid climates are ideal for parasites to grow and reproduce, so parasitosis has long been a major public health problem in Hunan Province. The prevalence of overall parasitic infection in different regions of Hunan Province ranged from 6.49% to 22.10%, with the highest and lowest prevalence in Yongzhou and Xiangtan, respectively (Figure 4). The difference of prevalence of several common parasites in different regions was also significant (P < 0.05), except for cysticercosis. The number of species was bigger, and the intensity of parasitic infection was greater in people who live in mountainous areas than those in hilly areas. People who lived in lake areas had the lowest parasitic infection, but S. japonicum infection was much more serious in lake areas and hilly areas. For example, Yueyang, Yiyang, and Changde are close to Dongting Lake, Wanzi Lake, and Dalian Lake, respectively, where Oncomelania hupensis, the intermediate host of S. japonicum, are abundant. That is why we found a relatively high positive rate of S. japonicum in these cities. This discovery was consistent with that found in goats in Hunan Province (Ma et al., 2014). There is a higher intensity and longer duration of precipitation in mountainous areas than that of hilly areas, which is suitable for parasites to multiply. In addition, more goats are raised in mountainous areas where people eat mutton more easily and frequently. Some people even prefer to eat undercooked lamb which increases the risk of parasitic infections. There are a lot of wild animals in mountainous areas, most of which are infected with parasites. An investigation in 2018 found that the prevalence rate of plerocercoid infection in wild snakes from Hunan Province was up to 91.7% (Liu et al., 2020). Eating raw snake galls and snakes was very common for the local people because many people believe snake galls possess therapeutic effects on many diseases and snake meat is a great health tonic. Such customs in this province may facilitate human infection with plerocercoid. Fortunately, China has now banned the sale of wild animals in the market, which may greatly reduce the risk of foodborne parasite infection in the future.

The prevalence of some parasites and their intermediate hosts is affected by season, climate, temperature, etcetera. For example, the snail is the intermediate host of S. japonicum, and there are more snails in spring and autumn, so the prevalence of S. japonicum is relatively high in the two seasons. In this study, there was a significant difference in the prevalence of parasitosis between months, which is consistent with a previous study (Wang et al., 2019). Additionally, a survey of helminths in goats in Hunan Province shows that the number and intensity of nematodes and cestodes peaked in summer and autumn, while the highest prevalence of trematodes was in winter (Ma et al., 2014).

In recent years, epidemic prevention and control departments have also carried out various prevention and control measures, such as changing the water supply, improving the flush system, taking medicine, and health education (De-Jian et al., 2013; Wang et al., 2016). The positive rate of soil-transmitted nematodes, such as hookworm, T. trichiura, and A. lumbricoides, was significantly reduced. Since the outbreak of COVID-19, the CPC Central Committee has attached great importance to the public health threat posed by overeating wild animals and introduced laws to strictly prohibit the predation of wild animals, which is conducive to reducing the infection of foodborne parasites. However, there is still much to do to prevent and control foodborne parasites.



5 Conclusions

The incidence of soilborne nematode infections has decreased significantly. However, foodborne parasites gradually become the main parasitic infections and multiple infections become more common. This study is of great significance evaluating the prevalence of parasitosis in Hunan Province in recent years, which suggests that we should not only continue the prevention and control of soilborne nematodes but also focus on the prevention and control of foodborne parasites.


5.1 Limitation

Though this retrospective study provided useful epidemiological information on the current parasitic infection situation in Hunan Province, which will be useful for parasitosis control, it is not devoid of limitations. First, people suspected to have a parasitic infection by clinicians or themselves were recommended to our laboratory for further testing. Therefore, the positive rate of this study may be higher than that of stratified cluster random sampling method. Second, some detailed data of cases were not recorded, such as race, occupation, and education level, so we could not conduct a multifaceted analysis. Another imperfection is that we did not follow-up the positive patients regularly so that we were unable to analyze the cure status of these patients.
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Toxoplasma gondii, an opportunistic protozoan, infects one-third of people worldwide and could lead to serious outcomes in immunodeficient or immunocompromised populations. The present study aimed to investigate the prevalence and risk factors for T. gondii infection among high-risk populations in Jiangsu Province, eastern China. We conducted a cross-sectional survey among 4 categories of populations in 13 prefectures including HIV/AIDS patients, livestock breeding/processing (B/P) staff, pregnant women, and cancer patients. We detected specific immunoglobulin G and M (IgG and IgM) levels for each participant using enzyme-linked immunosorbent assay (ELISA) and asked to complete a questionnaire for each participant that covered sociodemographic information as well as the basic knowledge of attitudes toward and the practices for the prevention of toxoplasmosis. A total of 5231 participants distributed across 13 prefecture-level cities was surveyed, including 2455 males and 2776 females. Total seropositivity rate in each population category was as follows: 9.08% (HIV/AIDS patients), 11.65% (livestock B/P staff), 5.50% (pregnant women), and 12.89% (cancer patients). We detected IgM positivity in HIV/AIDS patients (0.47%, 6/1289), livestock B/P staff (0.08%, 1/1330), and cancer patients (0.46%, 6/1303) but not in pregnant women. Further, we detected IgM+IgG positivity only in cancer patients (0.31%, 4/1303). The seropositivity rate for pregnant women was significantly lower, while cancer patients were significantly higher. Higher educational levels were associated with lower seropositivity rates for T. gondii infection. High seropositivity rates were associated with long period of HIV infection among HIV/AIDS patients, frequent contact with livestock among livestock breeding/processing staff and male older patients among cancer patients, respectively. Analysis of practices across all participants showed that frequent contact with pets in everyday life or using the same cutting board for both raw and cooked foods leads to higher seropositivity rates. Therefore, we obtained the seroprevalence and risk factors of toxoplasmosis among high-risk populations in Jiangsu Province which could provide evidence for the implementation of control measures in the near future.




Keywords: Toxoplasma gondii, seroprevalence, risk factors, high-risk population, eastern China



Introduction

Toxoplasma gondii (T. gondii), an extremely successful obligate intracellular protozoan (phylum Apicomplexa, subclass Coccidia), could infect almost any nucleated-cell type of warm-blooded vertebrates, including all species of mammals and birds. It is endemic in most parts of the world, especially in warm and humid areas. More than 30% of the human population is infected, with seropositivity rates ranging from 10% to 90% (Dubey and Jones, 2008; Pappas et al., 2009; Oliveira et al., 2020; Shahrzad et al., 2020). As toxoplasmosis is an opportunistic disease, about 80% of primary infections are asymptomatic due to the effective control by the host immune system, showing up only as a transient illness featuring lymphadenopathy, fever, fatigue, and headache (Griffin and Williams, 1983; Machala et al., 2013). However, the latent infection can be activated and become a major cause of Toxoplasma-associated morbidity and mortality in immunocompromised populations, including patients with acquired immune deficiency syndrome (AIDS), pregnant women, patients with advanced cancers undergoing radiotherapy or chemotherapy, and patients undergoing immunosuppressive therapy, which could define as high-risk populations for T. gondii infection (Yuan et al., 2007; Gao et al., 2012; Walle et al., 2013). Clinical manifestations are diverse and range from myocarditis, ocular toxoplasmosis, encephalitis, and hydrocephalus to psychiatric disorders (Hsu et al., 2014).

The life cycle of T. gondii is complex, including the asexual and sexual stages. Every life stage of T. gondii—sporulated oocysts, tachyzoites, bradyzoites, and tissue cysts—is infectious to humans (Montoya and Liesenfeld, 2004; Schlüter et al., 2014). It has been reported that the oral transmission route is predominant in human infection in Western countries due to the ingestion of raw or uncooked food, especially meat, contaminated with T. gondii in any stage (Dubey and Jones, 2008; Ortega-Pacheco et al., 2013). Jiangsu is an eastern-central coastal province of the People’s Republic of China, with an average temperature of −1 to 4°C in January and 26 to 29°C in July. The annual rainfall is 800–1200 mm. The province’s environment is suitable for the transmission of T. gondii (Studeničováa et al., 2006). Habit of consuming raw or uncooked food was not popular in past and is growing in recent years in Jiangsu province. However, the prevalence and risk were not clear about T. gondii infection through oral transmission route.

To understand seroprevalence and the risk factors of T. gondii infection among high-risk populations of Jiangsu Province currently, we carried out a cross-sectional survey in 13 prefecture-level cities among 4 population categories: patients infected with human immunodeficiency virus (HIV) and/or suffering from AIDS, livestock breeding/processing (B/P) staff, pregnant women, and cancer patients.



Materials And Methods


Survey Coverage and Participants

Thirteen prefecture-level cities of Jiangsu Province—Nanjing, Wuxi, Xuzhou, Changzhou, Suzhou, Nantong, Lianyungang, Huaian, Yancheng, Yangzhou, Zhenjiang, Taizhou and Suqian—were covered in the present survey. We selected 4 categories of specific populations distributed across the 13 cities: HIV/AIDS patients, livestock B/P staff, pregnant women and cancer patients. We surveyed at least 100 participants from each specific population in each city.



Sample Collection

We obtained a 5 ml venous-blood sample from each participant in accordance with good clinical practices, labeled it with a unique number and kept it at 4°C before transport to the laboratory. With the cooperation of the AIDS control department in each prefecture-level Centers for Diseases Control (CDC), we collected serum samples from HIV/AIDS patients during their regular checkups. All blood samples were centrifuged to remove blood cells, and serum samples were collected and stored at −80°C prior to antibody detection.



T. gondii–Specific Antibody Detection

We qualitatively detected T. gondii–specific antibodies, including immunoglobulin G and M (IgG and IgM), in all serum samples using enzyme-linked immunosorbent assay (ELISA) commercial kits (Haitai Biological Pharmaceuticals Co. Ltd., Zhuhai, China) per manufacturer’s protocols. Briefly, we added serum samples at a dilution of 1:100 to each well of a testing plate (100 μl/well), which included the positive, negative, critical and blank controls in each kit, and incubated them at 37°C for 30 (IgG) or 60 (IgM) minutes. After washing the samples 5 times, we added 50 μl horseradish peroxidase (HRP)–labeled conjugate to each well (excluding the blank controls) and incubated them for another 30 (IgG) minutes or 60 (IgM) minutes. We then added 100 μl color reagents to each well after a final 5 washes and incubated them at 37°C for 15 minutes. We measured optical density (OD) at 450 nm with a Microplate Reader (Antobio Bio-Company, Zhengzhou, China). Each serum sample was detected with duplication. The threshold value for each testing plate was calculated by the mean of 3 critical control OD450 values, and a result equal to or greater than the threshold value was considered positive. Due to biohazard considerations, we detected serum samples from HIV/AIDS patients in the HIV testing laboratory of each prefecture-level CDC, and serum samples from the other populations were detected in the immunological laboratory of Jiangsu Institute of Parasitic Diseases.



Questionnaire Surveys

Each participant was requested to fill out two questionnaire forms. One form asked for the participant’s demographic information, including name, gender, date of birth, ethnicity and educational level. Each specific population was asked to provide additional information on this form: HIV/AIDS patients were asked for histories of drug abuse and how long ago their diagnoses of HIV infection had been confirmed; livestock B/P staff were asked for the number of years they had done such work, which types of animals they had contact with, and the frequency of such contact; pregnant women were asked which gestational week they were in, how many pregnancies they had had, whether any of their pregnancies had been abnormal and the outcomes for such; and cancer patients were asked how long ago their diagnoses of cancer had been confirmed, as well as malignancy type. The other form requested details of the participant’s basic knowledge of toxoplasmosis (transmission routes, hazards and preventive measures), attitudes toward prevention and treatment of toxoplasmosis, and practices (frequency of contact with pets, dietary habits and whether the participant used the same cutting board for raw and cooked foods in the kitchen).



Data Analysis

We used Epi Info software version 6 (US Centers for Disease Control and Prevention, Atlanta, Georgia, US) to establish our database, and we adopted double entry and recheck to ensure data accuracy. We used Pearson’s chi-squared test and Fisher’s exact test to investigate associations among qualitative categorical variables, and we performed all calculations with SPSS software version 17.0, (SPSS Inc., Chicago, Illinois, US). P <0.05 was considered statistically significant.




Results


Seroprevalences in Different Populations

We investigated a total of 5231 participants, including 2455 males and 2776 females, distributed across 13 prefecture-level cities of Jiangsu Province. Total seropositivity rates, including specific IgG, IgM and IgG+IgM positivity rates, are shown in Figure 1. The seropositivity rates of the 4 population categories were 9.08% (HIV/AIDS patients), 11.65% (livestock B/P staff), 5.50% (pregnant women) and 12.89% (cancer patients). There were significant differences in seropositivity rates among these categories (x2 = 47.57, P <0.001). Seropositivity rate for pregnant women was significantly lower than that for HIV/AIDS patients, livestock B/P staff and cancer patients (x2 = 12.163, 31.511 and 42.955, respectively; P <0.001). The seropositivity rate for HIV/AIDS patients was significantly lower than that for livestock B/P staff and cancer patients (x2 = 4.672, P = 0.031 and x2 = 9.905, P = 0.002, respectively). However, there was no significant difference in seropositivity rate between livestock B/P staff and cancer patients. We detected IgM positivity in HIV/AIDS patients (0.47%, 6/1289), livestock B/P staff (0.08%, 1/1330) and cancer patients (0.46%, 6/1303), but no IgM positive cases were detected in pregnant women. Furthermore, we detected IgM+IgG positivity in cancer patients only (0.31%, 4/1303).




Figure 1 | Seropositivity rate for different high-risk populations in Jiangsu Province, China. (*P < 0.05, **P < 0.01, ***P < 0.001).



Participants of Han descent comprised 99.54% of subjects. The rest (0.46%) were minorities, including Miao, Hui and Manchu. There were no significant differences among participants from different ethnic groups (data not shown). Seropositivity rates for participants with different educational levels are shown in Figure 2. There were significant differences in rates among participants with different educational backgrounds (x2 = 40.48, P <0.001). The seropositivity rate for participants who had gone to college or beyond was significantly lower than that for participants with no education, primary-school education or junior-school education (x2 = 23.689, 36.042 and 19.772, respectively; P <0.001). The seropositivity rate for participants with high-school educations was also significantly lower than that for participants with no education or primary-school education (x2 = 8.818, P = 0.003; x2 = 4.967, P = 0.026, respectively). Furthermore, the seropositivity rate for participants with junior-school education was significantly lower than that for participants with primary-school education (x2 = 5.354, P = 0.021).




Figure 2 | Seropositivity rate for populations with different education level in Jiangsu Province, China. (*P < 0.05, **P < 0.01, ***P < 0.001).



Seropositivity rates for the 4 population categories from the 13 prefecture-level cities are shown in Figure 3. There were significant differences among different cities for each population category (HIV/AIDS patients: x2 = 28.202, P = 0.005; Livestock B/P staff: x2 = 21.247, P = 0.047; pregnant women: x2 = 27.485, P = 0.007; cancer patients: x2 = 27.056, P = 0.008).




Figure 3 | Seropositivity rate for different high-risk populations in each city of Jiangsu Province, China.





Long Period of HIV Infection Was Associated With High Seropositivity Rate for HIV/AIDS Patients

Table 1 shows the survey results for HIV/AIDS patients. We surveyed 1289 HIV/AIDS patients, including 1072 males and 217 females with ages range 2–92 years. There were no significant differences in seropositivity rates between males and females or among different age groups. Participants with histories of drug abuse accounted for 1.55% of subjects; there was no significant difference in seropositivity rate between such participants and those without histories of drug abuse. However, there were significant differences in toxoplasmosis seropositivity rate among participants who had different periods of confirmed diagnosis of HIV infection (χ2 = 11.444, P = 0.022). Those whose diagnoses had been confirmed >3 years before had the highest seropositivity rate (15.60%).


Table 1 | Seroprevalence of toxoplasmosis in HIV/AIDS patients.





Frequent Contact With Livestock Was Associated With a High Seropositivity Rate for Livestock Breeding/Processing Staff

Table 2 shows survey results for livestock B/P staff. We surveyed 1330 workers in total, including 606 males and 724 females whose age ranged 16–92 years. There were no significant differences in seropositivity rates between males and females or among different age groups. Of all participants, 55.56% had worked >3 years as livestock B/P staff, but there were no significant differences in seropositivity rate among workers with different lengths of tenure in livestock B/P. However, differences in seropositivity rate were significant among staff who were in contact with livestock at different frequencies (χ2 = 6.728, P = 0.035); in addition, staff who never had contact with livestock had a low seropositivity rate (5.59%). The main types of livestock with which workers had contact included cattle, sheep and pigs, which altogether accounted for 70.68% of staff. There were significant differences in seropositivity rates among staff who were in contact with different types of livestock (χ2 = 8.996, P = 0.029); those who had contact with sheep had the highest seropositivity rate (17.16%).


Table 2 | Seroprevalence of toxoplasmosis in livestock breeding/processing staff.





No Differences in Seropositivity Rate Among Pregnant Women in Different Groups

Table 3 shows survey results for pregnant women. We surveyed 1309 pregnant women whose age ranged 17–51 years; there were no significant differences in seropositivity rate among different age groups or among participants at different weeks of gestation. About 53.40% of participants were pregnant for the first time; there were no significant differences in seropositivity rate among participants in their first, second, third, or subsequent pregnancies. Participants with histories of abnormal pregnancy accounted for 11.46% of pregnant women surveyed; their seropositivity rate did not differ significantly from that of participants without such histories.


Table 3 | Seroprevalence of toxoplasmosis in pregnant women.





Older and Male Cancer Patients Had High Seropositivity Rates

Table 4 shows survey results for cancer patients. We surveyed 1303 cancer patients, including 777 males and 526 females whose age ranged 21–105 years. There were significant differences in seropositivity rate between males and females (χ2 = 11.150, P = 0.001) and among participants in different age groups (χ2 = 11.312, P = 0.023). Patients whose diagnoses of cancer had been confirmed <1 year before comprised 55.91% of those surveyed; there were significant differences in seropositivity rate among participants with different periods of confirmed diagnoses (χ2 = 7.842, P = 0.049). Participants suffered from 15 types of cancer overall, and T. gondii seropositivity rates for each type ranged from 0% (bladder cancer and mesothelioma) to 17.61% (esophageal cancer). There were no significant differences in seropositivity rates among participants with different types of malignancies.


Table 4 | Seroprevalence of toxoplasmosis in cancer patients.





Analysis of Questionnaire Survey

We distributed questionnaires to each participant and recovered 4718 valid copies, a recovery rate of 90.19%. This total included 1025 copies for HIV/AIDS patients, 1230 for livestock B/P staff, 1191 for pregnant women and 1272 for cancer patients. Awareness of toxoplasmosis hazards, transmission routes and preventative measures differed among the 4 population categories. Pregnant women had the highest awareness rate (>80%; see details in Supplementary Table 1). Awareness of transmission routes and awareness of preventative measures (Q2 and Q4 in Supplementary Table 1, respectively) were lower than for the other measures among the different populations, except for pregnant women. More than 80% of participants had a positive attitude toward prevention and treatment of toxoplasmosis, and >90% of pregnant women had such an attitude. Table 5 shows the practices and seropositivity rates for all 4 categories. We found that 38.53% of participants had frequent contact with cats in their everyday lives, and their seropositivity rate was higher than that of participants who had only occasional contact with cats (χ2 = 48.794, P <0.001). Only 15.54% of participants had a habit of eating raw or uncooked food; their seropositivity rate did not differ significantly from those who did not have such a habit. Finally, 58.99% of participants did not use separate cutting boards for raw and cooked foods in their kitchens; their seropositivity rate was higher than that of participants who did use separate boards (χ2 = 9.359, P = 0.002).


Table 5 | Practices for prevention of and seropositivity rates of toxoplasmosis in the 4 population categories.






Discussion

The present study is the first of its kind to carry out a seroepidemiological survey of toxoplasmosis among the 4 population categories in the Jiangsu Province. Our data could aid in understanding the epidemiology of toxoplasmosis among vulnerable populations and provide evidence for the implementation of control measures in the near future.

Seroprevalence of T. gondii infection varies by country, the area of a given country, and the community (population) surveyed (Allain et al., 1998; Torgerson and Mastroiacovo, 2013; Sandoval-Carrillo et al., 2020). Prevalence also changes according to such factors as social and cultural habits, geography, and climate (Studeničováa et al., 2006). It has been reported to exceed 60% in the tropical regions of Africa and Latin America (Fernandes et al., 2009; Pappas et al., 2009). The prevalence of T. gondii infection is 8.8–37.3% for pregnant women in the Indian subcontinent, as high as 40% for AIDS patients in Brazil, and approximately 8.38% for cancer patients in the Anhui Province, China (Vidal et al., 2004; Singh et al., 2014; Lin et al., 2015). Based on the infection routes, pathogenic characteristics, and adverse outcomes of the infection, we selected 4 population categories to survey. Results showed that the seropositivity rates varied among these populations. Those of cancer patients and pregnant women were, respectively, the highest and lowest among the surveyed populations. In comparison with China’s mean nationwide seroprevalence of 7.9%, as reported in 1999, HIV/AIDS patients, livestock B/P staff, and cancer patients had higher seropositivity rates, while pregnant women had a lower rate (Zhou et al., 2008).

Specific IgM antibodies are used to test patients for acute toxoplasmosis because these antibodies can be detected at high titers during the onset of the disease. Meanwhile, specific IgG antibodies could be indicative of chronic toxoplasmosis (previous or latent infection) (Bono et al., 1989; Gras et al., 2004). We obtained IgM and IgM+IgG positive cases in HIV/AIDS patients, livestock B/P staff, and cancer patients, but not in pregnant women. Data suggested that acute toxoplasmosis infection may occur in HIV/AIDS patients, livestock B/P staff, and cancer patients. However, Dhakal et al. showed that only 22% of participants who were IgM+IgG-positive had such infection (Dhakal et al., 2015). Therefore, cases of acute toxoplasmosis should be identified by a combination of clinical symptoms and further tests, such as IgG titer, specific antigen detection and etc. (Kodym et al., 2010).

As an opportunistic parasitic disease, T. gondii infection could cause serious harm to immunodeficient or immuno-compromised hosts, such as HIV/AIDS patients or cancer patients undergoing radiotherapy or chemotherapy (Yuan et al., 2007; Dubey and Jones, 2008). It has been reported that the seroprevalence rate of latent T. gondii in Ethiopia may be as high as 93.3% in HIV-infected individuals, higher than that in HIV-uninfected individuals (86.7%) (Shimelis et al., 2009). In the present study, we surveyed 1289 HIV-infected participants, whose seroprevalence rate was 9.08%. We observed no significant differences in the seroprevalence rate among participants of different genders, age groups, or histories of drug abuse. Participant selection may have led to inconsistent results, as we selected HIV-infected participants who had regular checkups (not patients hospitalized with AIDS-related illnesses). However, our results showed that long periods of confirmed diagnosis of HIV infection seemed to lead to a high T. gondii seroprevalence rate.

Workers who breed or process livestock have a more frequent contact with animals or animal products, leading to a higher probability of becoming infected with T. gondii. Previous studies have shown that the IgM-positivity rate could be as high as 38.1% in livestock/farm workers (Adesiyun et al., 2011). In the present study, we surveyed 1330 livestock B/P staff, including slaughterers, dairy workers, meat processors, and animal breeders; their overall seroprevalence rate was 11.65%. There were no significant differences in the seropositivity rate by sex, age group, or the number of years spent working in such jobs. However, participants with higher frequency of contact with livestock (every day or sometimes) showed higher seropositivity rates. Detection of T. gondii infection in animals or animal products has been reported in several publications. It was shown that adult sheep and lambs in the US had high seroprevalence (62.4%) and could be an important source of infection in humans (Dubey and Jones, 2008). Also, polymerase chain reaction (PCR) assay results have shown that positivity rates of T. gondii infection may be as high as 33.13% and 43% in the muscles of live swine and in livestock products (chicken, beef, and pork), respectively (Franco-Hernandez et al., 2016; Veronesi et al., 2017). We found that workers who had contact with sheep had the highest seropositivity rate (17.16%) of all livestock workers in our survey. The infection rate of sheep and its relationship with high seropositivity rate of staffs in present study need to be further investigated.

Pregnant women with T. gondii infection have a broad range of severe clinical manifestations during pregnancy (Gao et al., 2012). Previous data have shown a wide range of seroprevalence, 4–85%, in women of childbearing age and/or pregnant women from different regions of the world (Tenter et al., 2000; Pappas et al., 2009; Lobo et al., 2017). We surveyed 1309 pregnant women and found that their seropositivity rate was 5.5%, which was lower than that of the other populations surveyed. The low rate may be due to the population’s high educational background (about 70% with high-school education and beyond) and the benefits of prenatal health education. There were no significant differences in seroprevalence among pregnant women by age group, weeks of gestation, number of pregnancies, or the history of abnormal pregnancy. Further, we detected no IgM positivity of the population in present survey.

Toxoplasmosis has become a great public health concern for cancer patients undergoing radiation treatment or chemotherapy in China, as the rupture of preexistent cysts could lead to active parasitemia and other serious outcomes (Cong et al., 2015; Lin et al., 2015). Seroprevalence rates in general and in specific types of cancer have varied by study. It was reported that 23.98% of cancer inpatients in Changchun, China were IgG-positive and 2.25% IgM-positive, and that the IgG-positivity rates were significantly higher in case of nasopharyngeal carcinoma and rectal cancer than in other cancers (Yuan et al., 2007). Furthermore, 8.38% of cancer patients in Anhui, China had positive IgG antibodies, but did not show any significant difference in seropositivity rates by malignancy (Lin et al., 2015). The seropositivity rate of cancer patients was 12.89% in the present study, and we did not find significant differences in such rates by malignancy. However, we did observe significant differences by sex, age group, and the period of confirmed diagnosis of cancer: participants who were male and/or >71 years old had a higher seropositivity rate.

We designed and asked 10 questions addressing the knowledge of, attitude toward, and practices for the prevention of toxoplasmosis in our questionnaire. Knowledge results showed that pregnant women achieved high correct rates and cancer patients achieved low correct rates, which may have contributed to the seroprevalence outcomes among these populations. We also observed that knowledge correct rates about transmission and prevention of toxoplasmosis were relatively low for all populations except pregnant women. This suggested that we should place more emphasis on these factors in health education in the near future. Fortunately, we found that >80% of respondents had a positive attitude toward toxoplasmosis prevention and treatment. An analysis of practices across all participants showed that frequent contact with pets, especially cats, in everyday life and using the same cutting board for raw and cooked foods may be risk factors for toxoplasmosis and could lead to higher seropositivity rates. Previous studies have shown that the predominant route of infection for T. gondii is oral and that ingesting raw/uncooked food (especially meat) could be the predominant transmission route in Western countries (Dubey, 1996; Dubey and Jones, 2008). However, participants with a habit of eating raw/uncooked food did not differ significantly in their seropositivity rates from other participants in our study.

In summary, the present study showed different levels of seroprevalence for T. gondii infection in vulnerable populations in Jiangsu Province, Eastern China. Furthermore, frequent contact with cats and using the same cutting board for raw and cooked foods may be important risk factors for toxoplasmosis, which could provide evidence for the follow-up intervention and health promotion of T. gondii infection. However, there are also some limitations in this study. Firstly, only seroprevalence was applied to detect positive people and the predominant strain of T. gondii were unknown. Secondly, cross-sectional design restricted the causality of risk factors for T. gondii infection. Other populations, such as people with mental diseases, should also be investigated in the near future.
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Drug resistance in Plasmodium vivax may pose a challenge to malaria elimination. Previous studies have found that P. vivax has a decreased sensitivity to antimalarial drugs in some areas of the Greater Mekong Sub-region. This study aims to investigate the ex vivo drug susceptibilities of P. vivax isolates from the China–Myanmar border and genetic variations of resistance-related genes. A total of 46 P. vivax clinical isolates were assessed for ex vivo susceptibility to seven antimalarial drugs using the schizont maturation assay. The medians of IC50 (half-maximum inhibitory concentrations) for chloroquine, artesunate, and dihydroartemisinin from 46 parasite isolates were 96.48, 1.95, and 1.63 nM, respectively, while the medians of IC50 values for piperaquine, pyronaridine, mefloquine, and quinine from 39 parasite isolates were 19.60, 15.53, 16.38, and 26.04 nM, respectively. Sequence polymorphisms in pvmdr1 (P. vivax multidrug resistance-1), pvmrp1 (P. vivax multidrug resistance protein 1), pvdhfr (P. vivax dihydrofolate reductase), and pvdhps (P. vivax dihydropteroate synthase) were determined by PCR and sequencing. Pvmdr1 had 13 non-synonymous substitutions, of which, T908S and T958M were fixed, G698S (97.8%) and F1076L (93.5%) were highly prevalent, and other substitutions had relatively low prevalences. Pvmrp1 had three non-synonymous substitutions, with Y1393D being fixed, G1419A approaching fixation (97.8%), and V1478I being rare (2.2%). Several pvdhfr and pvdhps mutations were relatively frequent in the studied parasite population. The pvmdr1 G698S substitution was associated with a reduced sensitivity to chloroquine, artesunate, and dihydroartemisinin. This study suggests the possible emergence of P. vivax isolates resistant to certain antimalarial drugs at the China–Myanmar border, which demands continuous surveillance for drug resistance.
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Introduction

Plasmodium vivax is the most widely distributed malaria parasite, which can also cause life-threatening diseases. P. vivax was responsible for 6.4 million cases globally in 2019, with nearly 51.7% of the cases in Southeast Asia (WHO, 2020). Countries within the Greater Mekong Sub-region (GMS) are pursuing malaria elimination by 2030 (WHO, 2015). As the GMS is progressing toward eliminating P. falciparum by 2025, the proportion of malaria cases caused by P. vivax infections has increased steadily. Myanmar carries the heaviest malaria burden, with malaria transmission concentrated along its international borders (Geng et al., 2019). In most vivax-endemic areas, the combination of chloroquine (CQ) and primaquine remains the first-line treatment for uncomplicated P. vivax, but CQ resistance has been an increasing concern. Although artemisinin-based combination therapies (ACTs) as a unified treatment of P. falciparum and P. vivax infection may have significant advantages in areas where both species coexist (Douglas et al., 2010), ACT treatment of vivax malaria is commonly deployed in areas such as Indonesia, where P. vivax CQ resistance was evident (Baird, 2011).

CQ was first produced in 1934 and soon proved to be one of the most successful and important antimalarial drugs (Wellems and Plowe, 2001). However, the extensive use of CQ in the following decades eventually led to drug resistance. P. falciparum developed resistance in various areas since the 1950s, but drug-resistant P. vivax was not reported until the 1980s in Indonesia and Papua New Guinea (Rieckmann et al., 1989; Baird et al., 1991). To date, CQ-resistant (CQR) P. vivax has been detected in more than ten countries (Price et al., 2014). As early as 1993, CQR P. vivax cases were reported in Myanmar (Myat Phone et al., 1993; Marlar et al., 1995; Guthmann et al., 2008). In recent years, clinical failures after CQ treatment, indicating RI or even RII type resistance as defined by the WHO criteria (WHO, 1967), have been reported in many regions of Myanmar (Yuan et al., 2015; Htun et al., 2017; Xu et al., 2020). At the Thai–Myanmar border, 8% of P. vivax patients developed recurrent parasitemia within 28 days after CQ treatment (Chu et al., 2018). In addition, although the recurrence rate of P. vivax infection within 28 days after CQ treatment in other parts of the GMS such as Vietnam (3.5%) and western Thailand (8%) was still low (Rijken et al., 2011; Amaratunga et al., 2014a), CQR P. vivax isolates were confirmed in these areas (Rijken et al., 2011; Thanh et al., 2015). Therefore, the CQR parasites have become a focus of attention in the GMS, especially since this parasite is targeted for elimination.

Sulfadoxine-pyrimethamine (SP) has a long history of combating malaria due to its safety, good tolerance, and long-lasting activity (Müller and Hyde, 2013). In China, as a component of the two combination prophylactic regimens, SP was widely used for malaria prophylaxis between the mid-1960s and early 1990s (Huang et al., 2014). Under this scenario, all malaria parasite species should be under a selection pressure by antifolate drugs. In addition, although SP has rarely been used to treat vivax malaria, the prevalence of mixed P. falciparum/P. vivax infections in the region (Li et al., 2014) suggests that P. vivax might also be under selection by antifolate drugs used to treat P. falciparum infections. A decade ago, P. falciparum resistance to artemisinin family drugs was detected first in Cambodia (Noedl et al., 2008; Amaratunga et al., 2014b) and then in other countries of the GMS (Holmgren et al., 2007; Dondorp et al., 2009; Ashley et al., 2014). P. falciparum has also developed resistance to ACT partner drugs such as mefloquine (MFQ) and piperaquine (PPQ) (Price et al., 2004; Nawaz et al., 2009; Cui et al., 2012). Cross-sectional surveys in the Thai–Myanmar border area, Cambodia and Vietnam detected 1% of infections as mixed P. falciparum/P. vivax infections (Imwong et al., 2015). This rate reached 14% among febrile patients at the China–Myanmar border. Furthermore, misdiagnosis of malaria cases is also common; a recent survey of acute malaria cases showed that as much as 20% of P. vivax cases were misdiagnosed in the field (Geng et al., 2019). These studies highlight the inevitable collateral selection of P. vivax by the commonly used antimalarial drugs used to treat P. falciparum.

The underlying mechanisms of antimalarial drug resistance in P. vivax are less well understood than those in P. falciparum. P. vivax CQR mechanism appears different from that for P. falciparum. Mutations in the P. falciparum chloroquine resistance transporter (pfcrt) are the main determinants of CQ resistance (Fidock et al., 2000), but studies failed to identify an association between CQ resistance and mutations in the pfcrt ortholog, P. vivax chloroquine resistance transporter-o (pvcrt-o) (Nomura et al., 2001). The pfmdr1 (P. falciparum multidrug resistance 1) gene is often used to monitor the resistance of P. falciparum to 4-aminoquinolines and MFQ (Duraisingh et al., 2000; Djimdé et al., 2001; Price et al., 2004; Happi et al., 2006). Its ortholog in P. vivax, pvmdr1, may also play a role in CQ resistance. Some identified an association of the pvmdr1 Y976F substitution with CQR P. vivax in vitro (Suwanarusk et al., 2007), but others did not find such an association (Sá et al., 2005; Barnadas et al., 2008; Gomes et al., 2016). The P. falciparum multidrug resistance protein 1 (pfmrp1) gene, encoding an ABC transporter transmembrane protein, is a potential multidrug-resistance candidate in P. falciparum with mutations associated with a reduced susceptibility to CQ (Veiga et al., 2011; Gupta et al., 2014). Therefore, although several genes are suspected to be associated with CQ resistance in P. vivax, there are no definitive molecular markers for monitoring P. vivax CQ resistance. Mutations in dihydrofolate reductase (pvdhfr) and dihydropteroate synthase (pvdhps) have been associated with the altered clinical response to SP (de Pécoulas et al., 1998; Eldin de Pécoulas et al., 1998; Imwong et al., 2001; Tjitra et al., 2002; Imwong et al., 2003; Korsinczky et al., 2004). To track the ex vivo drug susceptibilities of P. vivax parasites in northeast Myanmar, we collected clinical samples and profiled their ex vivo susceptibilities to seven antimalarial drugs, which are the first-line drugs for treating vivax or falciparum malaria in the GMS. Furthermore, we surveyed the polymorphisms of candidate resistance markers pvmdr1, pvmrp1, pvdhfr, and pvdhps in these isolates.



Material and Methods


Ethical Approvals, Study Site, and Parasite Isolates

This study was approved by the institutional review boards of Kunming Medical University and Pennsylvania State University. Signed informed consent/assent forms were obtained from all patients and guardians in the case of minors. P. vivax clinical isolates were obtained from P. vivax patients aged seven years and older who attended the malaria clinics located at the Laiza town, Kachin State, Myanmar, in May and July of 2016. Patients with clinical symptoms of malaria (e.g., rigor, fever, headache, malaise, muscle pains) were diagnosed by a microscopic examination of Giemsa-stained blood smears. Parasites were staged based on morphological characteristics described earlier (Russell et al., 2003). Only patients with >0.5% parasitemia and >70% ring stage on presentation and without taking antimalarial medicine were recruited. Patients younger than 7 years, anemic patients (hemoglobin level <7 g/dl), pregnant and lactating women, and those who took antimalarial drugs in the preceding two weeks were excluded. Three (for patients aged 7–17 years) or five milliliters (for patients aged ≥18 years) of blood were drawn from each patient by venipuncture into a heparin-coated tube, transported to the nearby laboratory in a 37°C thermos, and used for ex vivo drug assays within four hours of collection.



Ex Vivo Drug Assay

CQ, MFQ, quinine (QN), and pyronaridine phosphate (PND) were obtained from Sigma. PPQ was obtained from Chongqing Kangle Pharmaceutical Co., Ltd (Chongqing, China). Dihydroartemisinin (DHA) and artesunate (AS) were obtained from Kunming Pharmaceutical Corp. (Kunming, China). The stock solutions and serial dilutions were made according to the previous description (Li et al., 2020). Each drug concentration was tested in triplicate. The testing plates were dried inside a biosafety hood, sealed, and stored at 4°C for use within two weeks. The ex vivo drug assay, i.e., the schizont maturation assay, was performed as described earlier (Li et al., 2017; Li et al., 2020). Two milliliters of P. vivax-infected blood were centrifuged at 1,000 rpm for 10 min, and the cell pellet was resuspended with two volumes of RPMI 1640. Leukocytes were removed using an NWF filter (Zhi Xing Bio, Bengbu, China) (Tao et al., 2011). Then, 400 μL of the packed erythrocytes were resuspended in 19.6 mL of culture medium containing McCoy’s 5A (11.9 g/L, Sigma, St. Louis, MO, USA), HEPES (25 ml/L, Sigma), gentamicin (5 mg/L, Jinan Limin Pharmaceutical Co., Ltd, Jinan, China), 7.5% NaHCO3 (2.1 g/L, Sigma), and 25% AB+ serum from malaria-naive donors to make a 2% hematocrit. The red blood cell (RBC) suspension (100 μL/well) was dispensed into the wells of a Costar 96-well flat-bottom microtiter plate (Sigma), which was pre-dosed with antimalarial drugs. The plates were then incubated in a candle jar at 37°C for 26–36 h depending on the stage of the parasites. Twelve hours later, parasite development in the drug-free wells was monitored every 1–4 h. When more than 40% of the parasites in the control wells developed to the mature schizont stage, all wells were collected to prepare thick and thin films (Lu et al., 2012). Blood films were fixed with methanol, stained with 10% Giemsa (Sigma) solution for 30 min, and examined microscopically under oil immersion. Schizonts with at least three well-defined chromatin dots were counted. The number of schizonts per 200 asexual parasites at each drug concentration was determined and normalized with the control well.



DNA Amplification and Sequencing

QiAamp DNA Mini Kit (Qiagen, Hilden, Germany) was used to extract parasite DNA from 200 μL of whole blood. Single-species P. vivax infections were confirmed by nested PCR targeting the 18S rRNA gene (Snounou et al., 1993). Then, P. vivax merozoite surface protein- 3α (pvmsp-3α) was genotyped using a PCR and restriction fragment length polymorphism (RFLP) protocol to confirm monoclonal P. vivax infections (Bruce et al., 1999). Multiple molecular markers, including pvmdr1, pvmrp1, pvdhps, and pvdhfr, which are related to drug resistance in P. vivax, were amplified and sequenced. The full-length pvmdr1 (4,395 bp) was amplified by PCR using Phanta Max Super-Fidelity DNA polymerase P505d (Nanjing Vazyme Biotech, China) containing high-fidelity Pfu DNA polymerase with primers pvmdr1F (5′- CAGCAGACACCATTTAAGG-3′) and pvmdr1R (5′- CCGTTTGTTGATTAGTTGC-3′). Fragments of pvmrp1 (497 bp), pvdhps (767 bp), and pvdhfr (632 bp), which covered potential drug resistance-associated mutations, were amplified by nested PCR using primers reported from previous studies (Mint Lekweiry et al., 2012; Chehuan et al., 2013) (Supplementary Table S2). All reactions were performed in 25 μL containing 12.5 μL of 2× Phanta Max Buffer, 10 mM of each dNTP mix, 0.5 μM of each primer, 0.5 U of Super-Fidelity DNA polymerase P505d, and 1 μL (5–10 ng) of genomic DNA. The PCR cycling parameters were as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles at 95°C for 15 sec, 58°C for 15 sec, 72°C for 3 min, and then a final extension at 72°C for 5 min. The PCR products were resolved on a 1.2% agarose gel, and the sizes of the PCR products were determined using LD2000 or LD5000 DNA ladder (TaKaRa, Japan). Amplification products were sequenced on both strands by Sangon Biotech Co. Ltd. (Shanghai, China). Sequences were assembled using the SeqMan program of the Lasergene software (DNASTAR, Madison, WI, USA). Individual sequences were aligned to the Salvador I strain reference sequences retrieved from the GenBank (XM_001613678 for pvmdr1, XP_001612680 for pvmrp1, XP_001617209 for pvdhps, and XP_001615082 for pvdhfr) to determine the presence of single nucleotide polymorphisms in the respective genes. Nucleotide sequences were translated into amino acid sequences to examine mutant codons using BioEdit (version 7.2.5).



Data Analysis

Statistical analyses were performed using GraphPad Prism6 (GraphPad Software, Inc, San Diego, CA, USA). Geometric means of the ex vivo IC50s (half-maximum inhibitory concentrations) were calculated by fitting the drug response data to a sigmoid curve. Medians and interquartile ranges (IQRs) were calculated because the data were not normally distributed. IC50s between groups were compared by using the Mann-Whitney U test and the Wilcoxon matched-pairs signed-rank test. Correlations between IC50s of drugs were determined using Spearman’s test in the R package.




Results


Ex Vivo Susceptibilities of Parasite Isolates to Antimalarial Drugs

Parasite samples were obtained from 97 P. vivax patients fitting the recruitment criteria and were used to determine susceptibilities to seven antimalarial drugs. Among them, 57 isolates successfully developed to mature schizonts. Genotyping by RFLP analysis of pvmsp3α determined that 46 were monoclonal P. vivax infections. All 46 isolates were successfully assayed for CQ, AS, and DHA. Since seven samples were not sufficient for assaying all drugs, 39 isolates were assayed for PPQ, PND, MFQ, and QN (Table 1 and Figure 1A). For CQ, the median ex vivo IC50 was 96.48 nM (range: 36.5–303.4 nM), with 4.4% (2/46) isolates having IC50 values above 220 nM. For the artemisinin derivatives AS and DHA, the median IC50 was 1.95 (range: 0.4–11.8 nM) and 1.63 (range: 0.3–10.2 nM), respectively. For PND, the median IC50 was 15.5 nM (range: 4.5–38.8 nM). For MFQ, the median IC50 was 16.4 nM (range: 5.8–48.5 nM). For PPQ, the median IC50 was 19.6 nM (range: 8.5–52.8 nM). Isolates had a median ex vivo IC50 value of 26.0 nM (range: 7.2–149.2 nM) to QN. Compared to the ex vivo assays performed in 2012–2015, we found a rising trend of IC50 for PND only (Supplementary Table 3). To detect whether the susceptibilities to different drugs were correlated, Spearman’s correlation analysis was performed between IC50s of pairs of the drugs. There is no correlation between the IC50 values of the seven antimalarial drugs of the parasite isolates in the study, except for a weak correlation between DHA and CQ (Figure 1B, r = 0.34, P < 0.05).


Table 1 | Ex vivo IC50 values (nM) of clinical P. vivax isolates to seven antimalarial drugs.






Figure 1 | IC50 values of each antimalarial drug among P. vivax isolates P. vivax isolates for each antimalarial drug. (A) Dot plots of ex vivo susceptibilities of P. vivax isolates to seven antimalarial drugs. Comparison of ex vivo IC50 values (in nM) to seven antimalarial drugs. (B) Correlations between IC50s of P. vivax isolates to seven antimalarial drugs. Used Spearman’s test to analyze the correlation between IC50s Spearman’s correlation analysis between IC50 values of parasite isolates to seven antimalarial drugs. The values of correlation coefficient based on the right side of the color scale. The values of the correlation coefficient were based on the color scale shown on the right. *indicates a significant correlation.





Polymorphisms in pvmdr1, pvmrp1, pvdhfr, and pvdhps Genes

The pvmdr1, pvmrp1, pcdhfr, and pvdhps genes were successfully sequenced in 46 P. vivax isolates. Compared with the Sal-I sequence, 13 non-synonymous substitutions (P8L, T409M, S513R, G520D, G698S, L845F, A861E, M908L, T958M, K997R, F1076L, K1393N, and S1450L) were identified in the pvmdr1 gene (Table 2). Two substitutions M908L and T958M were fixed, while G698S was present in 97.8% of the parasite population. The two substitutions Y976F and F1076L, which might be associated with CQ resistance (Brega et al., 2005), had completely different prevalences: Y976F was not detected, whereas F1076L was highly prevalent (93.5%). A total of nine haplotypes pvmdr1 were identified (Table 3). The most prevalent haplotype PTSGSLALMKLKS (54.4%) carried four substitutions, followed by PTSDSLELMKLKL (21.7%) with seven substitutions.


Table 2 | The prevalence of pvmdr1, pvmrp1, pvdhfr and pvdhps genes substitutions in 46 parasite isolates and association of the mutations with altered ex vivo drug susceptibilities.




Table 3 | Prevalence of pvmdr1, pvmrp1, pvdhfr and pvdhps genes haplotypes*.



For part of the pvmrp1 gene (497 bp), compared with the Sal-I sequence, three non-synonymous substitutions (Y1393D, G1419A, and V1478I) were identified (Table 2). The Y1393D substitution was fixed, and G1419A was highly prevalent (97.8%). The most prevalent haplotype was DGI (95.7%) (Table 3).

Mutations in pvdhfr at codons 57, 58, 61, 99, and 117 were detected in 10.9, 15.2, 10.9, 56.5, and 17.4% of the isolates, respectively. No mutations were found at positions 13 or 173 (Table 2). The most prevalent haplotype FSTSS (54.4%) carried one mutation, which was followed by the wild type (28.3%) (Table 3). Three different tandem repeat variations were found in the pvdhfr gene. Type 1 was identical to the Sal-I reference sequence, type 2 had the H99S mutation, and Type 3 carried a deletion of six amino acids at positions 98–103 (THGGDN) (Supplementary Figure S2). Type II was the most common at 56.5% (26/46), followed by Type III at 28.3% (13/46). Of note, Type 3 carried only the S117N mutation. Compared with pvdhfr, pvdhps showed a relatively lower prevalence of mutation genotypes. A553G and E571Q were present at low frequencies (Table 2), A383G was detected in more than half of the isolates. The most prevalent haplotype GAE (52.17%) carried one mutation, which was followed by the wild type (34.8%) (Table 3).



Correlation Between pvmdr1 and pvmrp1 Gene Polymorphisms and Ex Vivo Drug Susceptibilities

Of the 13 non-synonymous pvmdr1 SNPs (P8L, T409M, S513R, G520D, G698S, L845F, A861E, M908L, T958M, K997R, F1076L, K1393N, and S1450L), P8L was significantly associated with the decreased IC50 to CQ, and G698S had a significant association with increased IC50 to CQ (P < 0.05; Figure 2). Based on the cutoff IC50 value of 220 nM used by others (Suwanarusk et al., 2007), two P. vivax isolates were categorized as CQR. P8L had a significant association with the decreased IC50 to AS, and G698S had a significant association with the increased IC50 to AS (P < 0.01; Figure 2). P8L and L845F had a significant association with the decreased IC50 to DHA, and G698S had a significant association with the increased IC50 to DHA (P < 0.01; Figure 2). L845F had a significant association with the decreased IC50 to PPQ (P < 0.01; Supplementary Figure S2). G520D and L845F had a significant association with the increased IC50 to PND (P < 0.05; Supplementary Figure S2). L845F also had a significant association with the increased IC50 to MFQ (P < 0.01; Supplementary Figure S2).




Figure 2 | Correlation Association of SNPs in pvmdr1 with ex vivo susceptibilities to CQ (A), AS (B), and DHA (C). *** and **** represent indicate significant differences between the two alleles at P < 0.01 and <0.0001, respectively.



Of the three non-synonymous pvmrp1 mutations (Y1393D, G1419A, and V1478I), G1419A and V1478I had a significant association with the IC50 to CQ (P < 0.01; Figure 3). In addition, the G1419A and V1478I substitutions were associated with the decreased susceptibilities to AS and DHA (P < 0.01, Figure 3). G1419A was also associated with the decreased susceptibilities to PPQ, MFQ, and QN (P < 0.01; Figure 3).




Figure 3 | Correlation Association of SNPs in pvmrp1 with ex vivo susceptibilities to CQ (A), AS (B), and DHA (C). **** represents indicate significant differences between the two alleles at P < 0.0001.






Discussion

Drug resistance is a crucial issue for malaria control and prevention. In many malaria-endemic areas, CQ is still the drug of choice for the treatment of vivax malaria. CQR P. vivax was first reported from Papua New Guinea in 1989 (Rieckmann et al., 1989), followed by many P. vivax endemic areas, including the GMS (Cooper, 1994; Marlar et al., 1995; Singh, 2000; Bright et al., 2014; Shalini et al., 2014; Thanh et al., 2015; Baird, 2017). In the GMS, the high prevalence of mixed P. falciparum and P. vivax infections suggests that the extensive use of ACTs might have an exerted collateral selection pressure on the sympatric P. vivax populations. Here, we examined the ex vivo sensitivity of the P. vivax isolates collected from the China–Myanmar border area to seven commonly used antimalarial drugs. The overall result is that for most drugs, the IC50 values had a wide range, indicating the existence of parasites with reduced susceptibilities to commonly used antimalarials. For the correlation analysis of the antimalarial drugs, we did not find a significant correlation except for a weak correlation between DHA and CQ. This was consistent with our previous study, which found a weak correlation between CQ and AS (Li et al., 2020). Although this may not mean a similar resistance mechanism, it is noteworthy that these drugs are the most frequently used frontline treatment for P. vivax and P. falciparum, respectively, in the study area. Comparison with other ex vivo testing conducted in other endemic areas such as central China (Lu et al., 2011a), Thailand (Tjitra et al., 2008), South Korea (Chotivanich et al., 2009), Colombia (Fernández et al., 2014), and Indonesia (Pava et al., 2016), the CQ IC50 value for the China–Myanmar border isolates was lower than Thailand and Indonesia but higher than the IC50 value for parasites from the other regions. Due to the lack of a defined cutoff value for P. vivax CQ resistance, some researchers used 100 nM, while others used 220 nM as the cutoff IC50 value for CQ resistance (Suwanarusk et al., 2007; Barnadas et al., 2008). Using 220 nM as the cutoff value, we found that 4.3% (2/46) of the P. vivax isolates from the China-Myanmar border might be considered CQR, although this proportion was lower than our previous report (Li et al., 2020). Nevertheless, this result is consistent with our in vivo study on CQ efficacy in P. vivax patients in the same study area, where 2.6–5.2% of patients developed recurrent parasitemia within 28 days after CQ treatment, suggesting CQ resistance (Yuan et al., 2015; Xu et al., 2020). Regrettably, the clinical efficacy data of the parasite isolates used in this ex vivo study is lacking, so we cannot make further comparisons to obtain a more realistic resistance cutoff value for the parasites in this area. We also measured the ex vivo susceptibility of the parasite isolates to six other antimalarial drugs. For the artemisinin derivatives, the median IC50 values were relatively low, and did not correlate with drug susceptibilities to the quinoline drugs. This result is consistent with our previous report (Li et al., 2020), indicating that if P. vivax developed CQ resistance, ACT could be considered as an alternative for the treatment of CQR vivax malaria (Douglas et al., 2010; Baird, 2011). Compared with our previous study (Li et al., 2020), we found an upward trend of the IC50 values for PND between 2012 and 2016. While this may not indicate the emergence of PND resistance, this is coindental with the popular use of PND injections for malaria treatment in this region. For MFQ, the IC50 values were lower than those found in Thailand (Tjitra et al., 2008) and South Korea (Chotivanich et al., 2009), but close to Indonesia (Pava et al., 2016) and central China (Lu et al., 2011a), while the values were lower than those determined earlier at the same site (Supplementary Table S3) (Li et al., 2020). This appears consistent with that MFQ has not been used as the primary medicine for malaria in China and Myanmar.

There is no confirmed molecular marker for CQ resistance of P. vivax yet. Pvmdr1 is often used to monitor CQ resistance assuming similarity to the pfmdr1 gene, which mediates resistance to quinoline drugs in P. falciparum. In this study, sequencing of pvmdr1 identified 13 non-synonymous substitutions, of which, G698S was associated with a reduced ex vivo CQ, AS, and DHA susceptibility. In addition, we found that the G520D and L845F were associated with a reduced susceptibility to PND, and that the L845F was also associated with a reduced susceptibility to MFQ. However, Y976F was not found in our study. This finding is consistent with other parasite populations from China and Myanmar (Nyunt et al., 2017; Wang et al., 2020), although it is often prevalent in different endemic areas, including Indonesia, Thailand, Cambodia, India, Papua New Guinea, and Ethiopia (Brega et al., 2005; Suwanarusk et al., 2007; Suwanarusk et al., 2008; Lu et al., 2011b; Golassa et al., 2015; Schousboe et al., 2015; Chaorattanakawee et al., 2017).

Population genomic analyses of P. vivax populations in Southeast Asia and Oceania found evidence that the pvmrp1 gene is under a strong selection (Pearson et al., 2016; Benavente et al., 2017; Benavente et al., 2021). In South Asian populations, the pvmrp1 gene exhibited high frequencies of two non-synonymous substitutions (D1393Y and G1419A). Similarly, this study detected fixation of the D1393Y mutation and G1419A approaching fixation (97.83%). Furthermore, we found that G1419A in our samples was associated with a reduced sensitivity to AS, DHA, PPQ, MFQ, and QN. It is noteworthy that V1478I was associated with a reduced ex vivo CQ, AS, and DHA susceptibility.

Our results indicate that P. vivax in the region was relatively resistant to the antifolate drug SP. Similar to P. falciparum, the resistance of P. vivax to antifolate drugs is related to mutations in the pvdhfr and pvdhps genes (Hawkins et al., 2007). Mutations at codons 50, 58, 117, and 173 of the pvdhfr gene confer resistance to pyrimethamine (Leartsakulpanich et al., 2002). Double mutations (S58R and S117N) were associated with a high level of resistance in P. vivax, whereas quadruple mutations (F57L/I, S58R, T61M, and S117T) were associated with SP treatment failure (Tjitra et al., 2002; Hastings et al., 2005). In this study, point mutations at codons 57, 58, 61, 99, and 117 of the pvdhfr gene were detected in 10.9–56.5% of the isolates. Here, the prevalence of the pvdhfr double or quadruple mutations was much lower than that found along the Thailand border and other areas of Myanmar (Nyunt et al., 2017; Tantiamornkul et al., 2018), but close to that from southern China (Miao et al., 2010). The most prevalent haplotype of the pvdhfr was FSTSS, consistent with our previous report (Zeng et al., 2021). Mutant tandem repeats are also suggested to be associated with P. vivax antifolate resistance, and the frequencies of Type II (H99S type) and Type III (deletion type) were 56.52 and 28.26%, respectively, as compared to Type II being the predominant mutation in isolates from central China (Huang et al., 2014). Nevertheless, the highest frequency of tandem repeat variants was for the wild type in southern Thailand and Xishuangbanna Prefecture, Yunnan Province, China (Huang et al., 2014; Noisang et al., 2019). In India and Cambodia, Type III (deletion type) was the most common (de Pécoulas et al., 2004; Prajapati et al., 2011). The prevalent haplotypes of the pvdhps were GAE and the wild type, which is consistent with our previous report (Zeng et al., 2021). Similar to pvdhfr, the pvdhps mutations, triple or quadruple mutation haplotypes were less common than those in southern Thailand and southern Myanmar (Tantiamornkul et al., 2018; Noisang et al., 2019), suggesting that the parasites from the China–Myanmar border regions were less resistant to SP than other sites of the GMS.



Conclusions

The ex vivo assays showed 4.3% of the P. vivax parasites in the China–Myanmar border areas as potential CQR isolates, which supports the results from in vivo CQ efficacy studies. While we identified correlations of the pvmdr1 G698S and pvmrp1 V1478I mutations with increased CQ IC50 values, further studies are required to validate the finding. We also found an increasing trend of PND IC50 values from 2012 to 2016, suggesting the emergence of PND resistance in the P. vivax population. Continuous in vivo and ex vivo studies to monitor the susceptibilities of the parasites to antimalarial drugs are needed to ensure the effective management of P. vivax cases and elucidate the mechanisms of resistance.
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Transthyretin (TTR)-like proteins play multi-function roles in nematode and are important component of excretory/secretory product in Haemonchus contortus. In this study, we functionally characterised a secretory transthyretin-like protein in the barber’s pole worm H. contortus. A full-length of transthyretin-like protein-coding gene (Hc-ttr-31) was identified in this parasitic nematode, representing a counterpart of Ce-ttr-31 in Caenorhabditis elegans. High transcriptional levels of Hc-ttr-31 were detected in the egg and early larval stages of H. contortus, with the lowest level measured in the adult stage, indicating a decreased transcriptional pattern of this gene during nematode development. Localisation analysis indicated a secretion of TTR-31 from the intestine to the gonad, suggesting additional roles of Hc-ttr-31 in nematode reproduction. Expression of Hc-ttr-31 and Ce-ttr-31 in C. elegans did not show marked influence on the nematode development and reproduction, whereas Hc-ttr-31 RNA interference-mediated gene knockdown of Ce-ttr-31 shortened the lifespan, decreased the brood size, slowed the pumping rate and inhibited the growth of treated worms. Particularly, gene knockdown of Hc-ttr-31 in C. elegans was linked to activated apoptosis signalling pathway, increased general reactive oxygen species (ROS) level, apoptotic germ cells and facultative vivipary phenotype, as well as suppressed germ cell removal signalling pathways. Taken together, Hc-ttr-31 appears to play roles in regulating post-embryonic larval development, and potentially in protecting gonad from oxidative stress and mediating engulfment of apoptotic germ cells. A better knowledge of these aspects should contribute to a better understanding of the developmental biology of H. contortus and a discovery of potential targets against this and related parasitic worms.
Keywords: Haemonchus contortus, transthyretin-like protein, post-embryonic larval development, apoptosis, phagocytosis
INTRODUCTION
The strongylid nematode Haemonchus contortus (also known as barber’s pole worm) is one of the most important parasitic nematodes of sheep, goats and other ruminants (Chilton et al., 2006). It feeds on blood in the abomasa of small ruminants and causes the parasitic disease haemonchosis characterised by anemia, hemorrhagic gastritis, oedema and associated complications (Zajac and Garza., 2020). This parasitic disease affects hundreds of millions of livestock animals, causing billions of dollars of losses to livestock husbandry globally (Roeber et al., 2013; Wang et al., 2017; Zajac and Garza., 2020). Current control strategies against H. contortus infection in ruminants rely heavily on anthelmintic chemotherapy, especially in the absence of efficient alternative methods in many countries (Blanchard et al., 2018). However, frequent and indiscriminate administration of anthelmintics has led to the development of drug resistance worldwide (Arsenopoulos et al., 2021), including drugs recently introduced into the market (Mederos et al., 2014; Niciura et al., 2019). Although the commercial vaccine Barbervax® against H. contortus has been registered for use in lambs in some countries (Teixeira et al., 2019; Kebeta et al., 2020), effective control of H. contortus and haemonchosis remains a major challenge globally. Revealing resistance mechanisms and discovering novel drug/vaccine targets are current priorities in the research field of H. contortus, which should be preferably based on a deep understanding of this important parasitic nematode at the molecular level (Wang et al., 2017; Ma et al., 2020).
Extensive studies on the excretory/secretory products (ESP) of parasitic nematodes (Hewitson et al., 2011; Vanhamme et al., 2020) have indicated a range of molecules that might play important roles at the host-parasite interface and are of potential value as vaccine targets. For instance, hundreds of ESPs of H. contortus have been identified by using advanced transcriptomic and proteomic tools, including proteolytic enzymes, glycoside hydrolases, C-type lectins, SCP/TAPS and transthyretin (TTR)-like proteins (Yatsuda et al., 2003; Gadahi et al., 2016; Wang et al., 2019). Particularly, TTR-like proteins have been consistently identified in the previous studies, which have been proposed to play a role in the developmental transition from the free-living stage to the parasitic stage of H. contortus as well as in the host-parasite interactions (see Cantacessi et al., 2010; Laing et al., 2013; Britton et al., 2016; Wang et al., 2019). In particularly, although it was proposed that TTR proteins play various roles in regulating apoptosis, modulating host immune responses and degenerative maladies in a range of organisms (Wang et al., 2010; Ankarcrona et al., 2016; Lin et al., 2016), few molecules have been studied at the molecular level in free-living or parasitic worms (Wang et al., 2010; Offenburger et al., 2018). Little is known about the biological function of TTR-like proteins in H. contortus and related parasitic nematodes of socioeconomic importance.
A recent proteomic study has confirmed 15 excreted/secreted TTR-like proteins in the parasitic stages of H. contortus (Wang et al., 2019), suggesting their roles in the key biological processes (e.g., development, reproduction and parasitism) of this important parasite. In this study, we elected to characterise one gene homologue (Hc-ttr-31) of C. elegans ttr-31 that exhibited strong phenotypic changes in previous genome-wide RNA interference (RNAi) studies. Real-time quantitative PCR (qRT-PCR) was used to analyse the developmental transcription of ttr-31 in H. contortus and C. elegans. Spatial expression of Hc-ttr-31 was assessed in the infective third-stage larvae (L3s), fourth-stage larvae (L4s) and adults of H. contortus by indirect immunofluorescence, and in C. elegans N2 strain by transgenesis. Gene knockdown was conducted to investigate the functional roles of Hc-ttr-31 in the development and reproduction as well as apoptosis of this important parasitic nematode.
MATERIALS AND METHODS
Propagation of H. contortus and C. elegans
Adult worms of H. contortus (ZJ strain) were collected from a slaughterhouse in Jiaxing, Zhejiang, China. Female adult worms were dissected to collect eggs under a dissecting microscope (Motic, China). Eggs were cultured at 28°C for 7 days to obtain the L3s. Three helminth-free lambs (Hu sheep, 6 months old) were experimentally infected with ∼8000 L3s of H. contortus as described previously (Zhang et al., 2018). Faecal examination was performed to confirm the establishment of infection. Eggs of H. contortus were collected by flotation using saturated NaCl solution (Cox and Todd, 1962). The first-stage larvae (L1s), second-stage larvae (L2s) and L3s of H. contortus were obtained by incubating faecal samples at 28°C for 1, 3 and 7 days, respectively. L4s and adult worms were collected from the abomasum of euthanised lambs at 9 and 45 days after infection, washed in phosphate-buffered saline (PBS, pH7.4) and temporarily maintained in DMEM (Thermo Fisher Scientific, United States) with 10% FBS (Biological Industries, Israel) at 37°C (Shi et al., 2021).
The free-living nematode C. elegans N2 strain was maintained on nematode growth medium (NGM) agar plates at 20°C (Stiernagle, 2006). NGM agar plates were supplied with Escherichia coli OP50 or HT115 mutant bacteria as a food source.
Extraction of Deoxyribo Nucleic Acid and Ribo Nucleic Acid
Genomic DNA (gDNA) was extracted from snap-frozen adult worms of H. contortus using a small-scale DNA extraction kit (Takara Bio, Japan) according to the supplier’s instructions. Total RNA was extracted from eggs, L1s, L2s, L3s, L4s and adult worms of H. contortus using Trizol reagent (Invitrogen, United States). The first strand cDNA was synthesised from the total RNA using a first-strand cDNA synthesis kit (Toyobo, Japan). Extracted gDNA and synthesised cDNA were stored at −80°C until use.
Cloning and Characterization
The sequence of C. elegans ttr-31 (WormBase ID: WBGene00010225) was used to identify the gene homologue of H. contortus (designated as Hc-ttr-31) from the Sanger Helminths Database (https://www.sanger.ac.uk/resources/downloads/helminths/haemonchus-contortus.html). Based on the available transcript of Hc-ttr-31, primers (Supplementary Table S1) were designed using Primer Premier 5 (PREMIER Biosoft International, United States) to amplify the coding region of this gene. The amplification reaction mix contained 2.5 μL 10 × PCR buffer, 0.5 μL LA Taq (Takara Bio), 2 μL of 2.5 mM dNTPs, 2.0 μL of primer pair (10 μM), 1 μL gDNA of H. contortus and 17 μL of molecular grade water. The thermocycle program comprised of 94°C for 15 s, 62°C for 30 s and 72°C for 30 s. PCR amplification was also performed using cDNA as a template to obtain the transcript of Hc-ttr-31. PCR products were purified, ligated to PMD-19T (Takara Bio) and sequenced in both directions. Based on the obtained nucleotide acid sequence, exons and introns of Hc-ttr-31 were predicted by the “GT-AG” rule using DNASTAR (Version 7.1.0) (Breathnach and Chambon, 1981), with evidence from the obtained transcript sequences. Compara Gene Tree analysis and reciprocal blastp searching were performed based on resources available at WormBase ParaSite (https://parasite.wormbase.org/index.html). Functional domain architecture of the inferred proteins was predicted based on the InterPro database (Mitchell et al., 2018).
Quantitative Real-Time Polymerase Chain Reaction
Transcriptions of Hc-ttr-31 in all developmental stages (egg, L1, L2, L3, L4 and adult) of H. contortus were determined using Real-time SYBR Green Mix reagent (Toyobo) and a CFX96 Real-time PCR System (Bio-Rad, United States). qRT-PCR was also performed to assess the transcriptional level of ttr-31 in different developmental stages of C. elegans. The thermocycle program was 95°C for 10 min followed by 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 15 s. Actin (act-1) and β-tubulin were used as the internal controls for C. elegans and H. contortus, respectively. Transcriptional levels of key signalling components (i.e., ced-1, ced-4, ced-6, ced-7, ced-9, egl-1, ina-1, nrf-5, par-1, and ttr-52) involved in apoptosis and phagocytosis of apoptotic cells (Reddien and Horvitz, 2004; Wang et al., 2010; Palmisano and Meléndez, 2019) were also assessed. Primer sets used in this section can be found in Supplementary Table S1. Three replicates were included and performed independently. Transcriptional changes of genes were analysed using a 2-∆∆Ct method and presented as mean ± standard error of mean (SEM). Statistical analysis was conducted using a one-way ANOVA (p < 0.05).
Prokaryotic Expression and Preparation of Polyclonal Antibodies
Hc-ttr-31 was subcloned into pET30a vectors for prokaryotic expression of the recombinant protein rHc-TTR-31. In brief, the pET30a-Hc-trr-31 plasmids were transformed into E. coli BL 21 (DE3), which was induced by 0.5 mM isopropyl-β-d-1-thiogalactopyranoside (IPTG) at 37°C for 8 h. Bacteria were harvested by a centrifugation at 8,000 × g at 4°C for 5 min, suspended in 50 mM potassium phosphate (pH7.4), and lysed by sonication. The supernatant was separated by a centrifugation at 12,000 × g for 10 min at 4°C, filtered with a 0.22 μm filter (Merck Millipore, United States), then incubated with Ni-NTA resin column (Thermo Fisher Scientific) for 30 min. After washing with 20 mM imidazole, recombinant protein rHc-TTR-31 was eluted with 250 mM imidazole from the column. Purified protein was assessed by SDS-PAGE and a Bradford kit (Fdbio Science, China) using bovine serum albumin (BSA) as standard.
A New Zealand rabbit was immunised with the rHc-TTR-31 to generate polyclonal antibodies against the recombinant protein (Shi et al., 2021). In brief, the rabbit was subcutaneously injected with the rHc-TTR-31 and Freund’s Complete Adjuvant (Sigma-Aldrich, United States). Two boosting shots were conducted with the rHc-TTR-31 and Incomplete Fraud’s Adjuvant in a 2-week interval. Antiserum was collected 10 days after the final immunisation. Western blotting was performed using the anti-6 × His tag polyclonal antibodies (1:2,000; Proteintech, United States) and the generated anti-rHc-TTR-31 polyclonal antibodies to determine the specificity of antibodies.
Indirect Fluorescence Immunohistochemistry
Immunolocalisation of target protein was performed as described previously (Riou et al., 2005; Shi et al., 2021). Briefly, L3s of H. contortus were exsheathed by incubation with 0.15% sodium hypochlorite for 30 min (Ding et al., 2017); the exsheathed L3s (xL3s), L4s and adults were washed in PBS (pH7.4), fixed in 4% paraformaldehyde (Rothwell and Sangster, 1993) overnight, and then dehydrated. L4s and adults were further embedded in paraffin, sectioned at 5 μm in thickness, dried at 60°C overnight and deparaffinized with xylene and dehydrated as described previously (Qu et al., 2014). Sliced L4s and adults as well as xL3s of H. contortus were incubted in 1% BSA for 2 h, washed twice in PBS, and then incubated with 1:500 diluted anti-Hc-TTR-31 polyclonal antibodies at 4°C overnight. After washing, slides were incubated with goat anti-rabbit IgG (Invitrogen) at 1:1,000 dilution at 37°C for 1 h. Pre-immunisation serum from the same animal was used as a negative control. Fluorescence was detected with a Zeiss LSM710 laser confocal microscope (Zeiss Microscopy, Germany).
Transgenic Expression of Hc-ttr-31 in C. elegans
To confirm the spatial distribution of Hc-TTR-31, transgenesis of Hc-ttr-31 was conducted in C. elegans (Huang et al., 2021). Briefly, the promoter sequence of Ce-ttr-31 was amplified, ligated to the PMD-18T vector and subcloned into pPD95.67 plasmids (Ce-ttr-31p::gfp), with the Hc-ttr-31 coding sequence inserted into the multiple cloning site (Ce-ttr-31p::Hc-ttr-31::gfp). Transgenic expression of Hc-ttr-31 in C. elegans N2 strain was performed by micro-injection with the Ce-ttr-31p::Hc-ttr-31::gfp (Mello et al., 1991). A Ce-ttr-31p::Ce-ttr-31::gfp was used as a reference control. Considering the homology of Hc-ttr-31 and Ce-ttr-31, transgenesis of Hc-ttr-31 should result in an over-expression of TTR-31 in the treated C. elegans. To explore the effects of exogenous Hc-TTR-31 in C. elegans, transgenic worms were mounted on 2% agar pads containing 1% sodium azide (Solarbio, China) and imaged using a Zeiss LSM710 laser confocal microscope (Zeiss Microscopy).
RNA Interference
To explore the function of Hc-ttr-31 in H. contortus, Hc-ttr-31 RNAi-mediated gene knockdown of its orthologue Ce-ttr-31 was performed in C. elegans, using a method described previously (Kwon et al., 2010; Yan et al., 2014). In brief, Hc-ttr-31 was cloned into the plasmid L4440, which was then transformed into E. coli HT115 (DE3), with Ce-ttr-31 and empty L4440 vectors used as positive and negative controls, respectively. NGM plates containing 0.1 mM IPTG were seeded with the transformed HT115 and placed at room temperature for 5 days prior to RNAi assay. Worms of C. elegans N2 strain were synchronized and laid on standard NGM plates supplemented with OP50 (Kamath and Ahringer, 2003). The worms were washed off the plates after 30 h (i.e., L4 stage) and then centrifuged at 1,000 ×g for 5 min. From which, 20 worms were inoculated onto NGM plates with the transformed HT115, and incubated at 25°C for 3 days. Following transcriptional examinations of Hc-ttr-31 and Ce-ttr-31 by qRT-PCR, phenotypic changes of worms were assessed in aspects of brood size, pumping rate, body length and body width (see Wong et al., 1995; Mörck and Pilon, 2006; Papaevgeniou et al., 2019). Three replicates were performed for the RNAi and phenotypic assays. For the analysis of facultative vivipary phenotype, worms were checked using a dissecting microscope (Motic) and the ratio of bagging worms was calculated.
Apoptosis Assay
To check whether Hc-ttr-31 plays a role in the apoptosis, the number of apoptotic germ cells in the RNAi-treated worms was determined using a method described elsewhere (Kelly et al., 2000) with some modifications according to manufacturer’s instruction. Briefly, ∼ 100 synchronised adult worms were subjected to RNAi treatment for 36 h and then washed in M9 buffer for 5 times; Worms were suspended in 0.5 ml M9 buffer and stained with acridine orange (20 μg/ml; Solarbio) for 1.0 h; Stained worms were then transferred onto NGM plates seeded with OP50 for 1.5 h for recovery. Recovered worms were kept in 1.0% sodium azide solution at the centre of slide and examined under a Zeiss LSM710 laser confocal microscope (Zeiss Microscopy).
Measurement of Reactive Oxygen Species
Production of general ROS in RNAi-treated worms was determined using 2′, 7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime, China) based on the method reported elsewhere (Zhu et al., 2010; Guo et al., 2016). In brief, about 5,000 treated/untreated worms were sonicated in PBS, and the supernatant was collected after centrifugation at 15,000 × g for 45 min. Bradford protein assay kit (Fdbio Science) was performed to determine protein concentration. The lysates were incubated with 300 μM DCFH-DA in black-walled microtiter plate (Corning Incorporated, United States) at 37°C for 3 h. Rosup was used as a positive control in the production of reactive oxygen. Fluorescence intensity was measured using a Synergy H1 hybrid multimode microplate reader (BioTek, United States).
Statistical Analysis
At least three technical replicates were included in each assay and each experiment was repeated three times. Data are presented as mean ± standard error of mean (SEM). One-way ANOVA with Dunnett post-hoc test was performed using Excel 2016 (Microsoft, United States) and GraphPad Prism 5 (GraphPad Software, United States). p < 0.05 was considered statistically significant.
RESULTS
cDNA-Confirmed Hc-ttr-31 is a 1-to-1 Orthologue of Ce-ttr-31
Hc-ttr-31 comprised three exons, encoding a transcript of 432 nt in length (GenBank accession number MW013314; Figure 1A), representing a predicted gene locus (hcontortus_chr2_Celeg_TT_arrow_pilon: 30031855–30032608) in the recently updated chromosome-level genome assembly of H. contortus (MHCO3ISE; WBPS15). The cDNA-confirmed gene model of Hc-ttr-31 was similar to that of Ce-ttr-31 in the free-living model organism C. elegans (Figure 1A), and was predicted a 1-to-1 orthologue of Ce-ttr-31. The inferred protein Hc-TTR-31 was 143 aa in length, contained a signal peptide (SignalP-noTM) and a transthyretin-related family domain, showing a 65% similarity to the amino acid sequence deduced from Ce-ttr-31 (Figure 1B).
[image: Figure 1]FIGURE 1 | Sequence and transcription analyses of ttr-31 in Haemonchus contortus and Caenorhabditis elegans. (A) Gene structures of Hc-ttr-31 and Ce-ttr-31. Black boxes and the horizontal lines represent exons and introns, respectively. The numbers below the black boxes indicates the boundaries of exons. (B) Pair-wise sequence alignment of the predicted TTR-31 of C. elegans and H. contortus. Identical residues are shaded in black. The red box (I) indicates the predicted secretory signal, the arrow points the putative cleavage sites and the blue box (II) shows the transthyretin domain. Transcriptional patterns of Hc-ttr-31 (C) and Ce-ttr-31 (D) in different developmental stages of H. contortus and C. elegans. Egg, first (L1), second (L2), third (L3), fourth (L4) larval, female adult (Af) and male adult (Am) stages are indicated. *p < 0.05; **p < 0.01; ***p < 0.001.
Hc-ttr-31 Highly Transcribes in all Larval Stages but Not in Adult Stage
Different transcriptional levels of Hc-ttr-31 were detected among the developmental stages of H. contortus. Specifically, Hc-ttr-31 was highly transcribed in the egg and larval (L1, L2, L3 and L4) stages of H. contortus, with the highest level detected in the L1 stage and the lowest in the female adult stage (Figure 1C), showing a decreasing transcriptional pattern of Hc-ttr-31 during the development of this parasitic nematode. A similar developmental transcription of Ce-ttr-31 was also found in C. elegans (Figure 1D). Differently, the highest transcriptional level of Ce-ttr-31 was detected in the egg of the free-living nematode (Figure 1D).
Hc-TTR-31 is Localised in the Intestine and Gonad of H. contortus
Recombinant Hc-TTR-31 (rHc-TTR-31) was successfully expressed in E. coli BL21 (DE3) and was recognised by the anti-6×His tag polyclonal antibodies (Supplementary Figure S1). Using the recombinant protein, polyclonal antibodies against rHc-TTR-31 were generated and used to detect the native Hc-TTR-31 from the crude protein extract of H. contortus (Supplementary Figure S1A), facilitating immunolocalization of native Hc-TTR-31 in the L3s, L4s, and adults of this parasite (Figure 2 and Supplementary Figure S2). Specifically, predominant cephalic, cuticular/muscular and intestinal distributions of Hc-TTR-31 were observed in the xL3s of H. contortus, with punctate expression detected in the head and tail regions (Figure 2A). Muscular and intestinal distributions of Hc-TTR-31 were also found in L4s (Figure 2B) and adults (Figure 2C) of this parasitic nematode. Differently, the fluorescent intensities observed in the L4s and adults were lower than that in the xL3s of H. contortus (Figures 2B,C), which was in accordance with the decreasing transcriptional pattern of Hc-ttr-31 during the development of this parasite.
[image: Figure 2]FIGURE 2 | Immunolocalisation of Hc-TTR-31 in Haemonchus contortus. Green fluorescence shows the distribution of Hc-TTR-31 in the third- (A) and fourth stage larvae (B), and adult stage (female) (C) of H. contortus. Hc-TTR-31 is probed with rabbit anti-rHc-TTR-31 polyclonal antibodies followed by fluorescein (FITC) conjugated-goat anti-rabbit IgG as secondary antibody. Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI). ct: cuticle, go: gonad, in: intestine, hp: hypodermis, nu: nucleus. Scale bar: 50 μm or 100 μm.
Expression of Ce-TTR-31 and Hc-TTR-31 Prolonged the Lifespan of C. elegans
Driven by the promoter of Ce-ttr-31 (Ce-ttr-31p), GFP was expressed in the intestine, muscle, and neurons in the pharynx and tail regions of C. elegans (Figure 3), suggesting functional activities of the promoter in these tissues. Therefore, by microinjection of the Ce-ttr-31p::Ce-ttr-31::gfp and Ce-ttr-31p::Hc-ttr-31::gfp plasmids, GFP-fused proteins were expressed in the transgenic worms. Specifically, the Ce-TTR-31-GFP fusion protein was observed in the pharyngeal neurons, muscle, and the U-shape gonad arms, but not detected in the intestine of adult worms (Figure 4A). A similar protein distribution was also found for the Hc-TTR-31-GFP fusion protein in the transgenic C. elegans, including pharyngeal neurons, gonad and musculature (Figures 4B,C).
[image: Figure 3]FIGURE 3 | Activity of Ce-ttr-31 promoter in Caenorhabditis elegans. Ce-ttr-31p:gfp is expressed in the second-stage larva (A–C), third-stage larva (D–F) and adult (G–I) of C. elegans. Activities of Ce-ttr-31 promoter in neurons (ne), muscle layer (mu), intestine (in) and hypodermis (hp) are indicated. ct: cuticle, go: gonad, hd: head, ph: pharynx, tl: tail. Scale bar: 20 μm.
[image: Figure 4]FIGURE 4 | Transgenic expression of Hc-ttr-31 in Caenorhabditis elegans. Green fluorescence protein-fused Ce-TTR-31 (A) and Hc-TTR-31 (B,C) were expressed in adult worms of C. elegans by microinjection of pPD95.67-Ce-ttr-31p:gfp plasmids. Protein expression in neurons (ne), gonad (go), muscle layer (mu) and hypodermis (hp) are indicated. The influences of overexpressed TTR-31 on lifespan (D), brood size (E) and pumping rate (F) in transgenic worms are indicated. Data are presented as mean ± SEM (n = 30, 10, 10). ct: cuticle, hd: head, in: intestine, md: middle, ph: pharynx, tl: tail. Scale bar: 20 μm or 200 μm.
Microinjection of Ce-ttr-31p::Ce-ttr-31::gfp/Ce-ttr-31p::Hc-ttr-31::gfp in C. elegans N2 strain resulted in expression of Ce-TTR-31 and expression of both Ce-TTR-31 and Hc-TTR-31 in the transgenic worms. Compared with the non-transgenic C. elegans N2 strain, expression of Ce-TTR-31 prolonged the lifespan of transgenic worms (Figure 4D), but did not show any significant (p > 0.05) effect on brood size (Figure 4E) or pumping rate (Figure 4F) of the transgenic worms. Expression of both Ce-TTR-31 and Hc-TTR-31 in C. elegans N2 strain showed similar effects to the expression of Ce-TTR-31 (Figures 4D–F).
Downregulation of ttr-31 Leads to Facultative Vivipary Phenotype in C. elegans
To further explore the functional roles of Hc-ttr-31, gene knockdown was successfully conducted by feeding worms with HT115 bacteria that could express silencing RNAs targeting Ce-ttr-31 or Hc-ttr-31. Specifically, compared with negative control, RNAi of Ce-ttr-31 significantly reduced (>50%; p < 0.001) the transcriptional level of this gene in the treated worms (Figure 5A), shortened the lifespan of treated worms (Figure 5B), decreased the number of progeny (p < 0.001), and inhibited the pumping rate (p < 0.001) and growth (body length and width; p < 0.05) of the treated worms (Figures 5C–F). Hc-ttr-31 RNAi mediated gene knock down of Ce-ttr-31 also achieved effective gene silencing (>50%; p < 0.001) of Ce-ttr-31 (Figure 5A), and resulted in similar effects on treated worms, such as shortened lifespan, and reduced brood size, pumping rate, body length and width (Figures 5B–F), implying functional conservation of ttr-31 between C. elegans and H. contortus.
[image: Figure 5]FIGURE 5 | Hc-ttr-31 RNAi mediated gene knockdown of Ce-ttr-31 in Caenorhabditis elegans. (A) Transcriptional levels of Ce-ttr-31 in treated worms. Effects of gene knockdown on the lifespan (B), brood size (C), pumping rate (D), body length (E) and body width (F) are shown. Data are presented as mean ± SEM (n = 10). (G) Hatching in vivo phenotype and the percentage of bagging phenotype are shown. Data are presented as mean ± SEM (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.
Notably, compared with the untreated C. elegans, effective knockdown of Ce-ttr-31 and Hc-ttr-31-mediated knockdown of Ce-ttr-31 led to significantly increased (8 and 5 fold; p < 0.001) facultative vivipary phenotype (i.e., hatching in vivo or “bagging”; Chen and Caswell-Chen, 2004) in treated worms (Figure 5G), suggesting involvement of TTR-31 in the post-embryonic development and reproduction processes.
Hc-TTR-31 is Likely to Play a Role in the Apoptotic Germ Cell Removal
By staining with acridine orange, apoptotic cells were observed (brighter than the normal ones due to pyknosis) in the gonad arms of the RNAi-treated C. elegans (Figure 6). Specifically, compared with negative control (Figure 6A), there was an increase (4.28 and 3.77 folds) of apoptotic germ cells in the gonad arms of Ce-ttr-31 and Hc-ttr-31 RNAi-treated worms (Figures 6B,C). In addition to the increased number of apoptotic germ cells, lower transcriptional level of Ce-ttr-31 and Hc-ttr-31 was linked to a significant increase of general ROS (p < 0.01) and transcriptional level of ced-4 (cell death abnormal 4, encodes a key component in the apoptosis activation pathway) (p < 0.001) in RNAi-treated worms (Figure 7A), suggesting activated apoptosis and involvement of ttr-31 in apoptosis.
[image: Figure 6]FIGURE 6 | Effect of ttr-31 RNA interference on the germ cells in Caenorhabditis elegans. Apoptotic germ cells in the negative control (A), Ce-ttr-31 (B) and Hc-ttr-31 (C) RNAi-treated worms are indicated. Apoptotic germ cells (ag) are pointed by white arrows. (A–C) a1-a3 shows the whole gonad of C. elegans stained by acridine orange including two gonad arms (a4-a6 and a7-a9). b4-b6 and b7-b9 are two gonad arms of a worm in b1-b3. c4-c6 and c7-c9 are two gonad arms of a worm in c1-c3. (D) The number of apoptotic germ cells in the treated and untreated worms is shown. Data are presented as mean ± SEM (n = 15). GF: green fluorescence; DIC: differential interference contrast; Merge: GF merges with DIC. Scale bars: 50 μm ***p < 0.001.
[image: Figure 7]FIGURE 7 | Effect of ttr-31 knockdown on the apoptotic signalling pathway in Caenorhabditis elegans. (A) Relative levels of reactive oxygen species (ROS) in RNA interference (RNAi)-treated worms, negative and positive (Rosup) controls are shown. (B–D) Transcriptional levels of genes involved in apoptotic signalling pathways in RNAi-treated C. elegans worms. ced-4: cell death abnormal 4, egl-1: egg-laying defective-1, ina-1: integrin-α, nrf-5: nose resistant to fluoxetine 5, psr-1: phosphatidyl serine receptor-1. *p < 0.05; **p < 0.01; ***p < 0.001.
As the homologous gene ttr-52 (encodes an extracellular phosphatidylserine-binding protein on the apoptotic cell) was reported to be required for cell corpse engulfment (Wang et al., 2010), the function of ttr-31 in apoptosis or clearance of cell corpse was determined by exploring the transcriptional alterations of signalling components involved in phagocytosis of apoptotic cells (Figures 7B–D). Specifically, compared with untreated worms, significant lower transcriptions were detected for ina-1 (encodes an engulfment receptor integrin-1 that functions upstream of CED-2/CED-5/CED-10/CED-12 apoptotic cell removal signalling pathway) (p < 0.001) (Figure 7C), and nrf-5 (encodes a secreted lipid-binding protein) (p < 0.01), ttr-52 (p < 0.001) and ced-6 (encodes CED-6, a key factor in CED-1/CED-6/CED-7 cell corpse engulfment pathway) (p < 0.001) in both Ce-ttr-31 and Hc-ttr-31 RNAi-treated C. elegans (Figure 7D). Differently, a significant higher transcription of ced-7 (encodes an ABC transporter that transfers phosphatidylserine from apoptotic cells to engulfing cells) (p < 0.05) was found in the treated worms (Figure 7C). Transcriptional changes of egl-1 (egg-laying defective-1), ced-9 (an orthologue of bcl-2), psr-1 (encodes a phosphatidylserine-recognizing receptor) and ced-1 (encodes a single-pass transmembrane protein that acts in engulfing cells to promote removal of apoptotic cells) were not consistent between Ce-ttr-31 and Hc-ttr-31 RNAi-treated worms (Figures 7B–D). In summary, ttr-31 is likely to regulate and recognise the apoptotic cells.
DISCUSSION
The biological role of TTR-like proteins is not clear in parasitic nematodes, although such molecules have been commonly identified in the excretory/secretory products of parasitic worms. In this study, we reported the functional roles of Hc-ttr-31 in a strongylid nematode H. contortus. We found that this gene was transcribed in all developmental stages of H. contortus, with a decreasing transcriptional pattern during the development from the egg to the adult stage. Immunolocalisation and transgenic expression analyses of Hc-TTR-31 indicated pharyngeal, muscular and gonad protein distributions of this protein. Gene knockdown of Hc-ttr-31 in C. elegans was linked to an increase of ROS level and apoptotic germ cells, which resulted in a “worm bagging” phenotype, suggesting essential roles in development and reproduction of nematodes.
Hc-ttr-31 is an orthologue to the Ce-ttr-31 of the free-living nematode C. elegans. Although several TTR-like proteins or protein-coding genes have been reported in H. contortus (see Laing et al., 2013; Britton et al., 2016; Wang et al., 2019) and other parasitic nematodes (Parkinson et al., 2004; Saverwyns et al., 2008; Vieira et al., 2020), most of these molecules have not yet been identified and functionally characterised. In the current study, gene model validation, reciprocal homology searching, and domain architecture analysis confirmed the orthologous relationship between Hc-ttr-31 and Ce-ttr-31. This statement was also supported by the similar transcriptional patterns and protein localisation of the two genes. In particular, RNAi targeting the transgenic Hc-ttr-31 in C. elegans also resulted in efficient knockdown of Ce-ttr-31 and the same phenotypes in transgenic worms, strongly suggesting sequence and functional conservation between the two genes. However, considering the nature of differences between the free-living nematode C. elegans and the parasitic nematode H. contortus, detailed biological exploration of Hc-ttr-31 is still required.
It appears that Hc-TTR-31 was produced in the intestine and then secreted into the gonad of a worm. Given the extensive identification of TTR-like proteins in excretory/secretory products, it is interesting that transgenic expression of GFP (driven by the promoter of Ce-ttr-31) was observed in the intestine of C. elegans, whereas the fusion protein Hc-TTR-31-GFP was detected in the gonads of worms. It is likely that Hc-TTR-31 was synthesised in the intestinal cells, secreted into the body cavity, and then diffused to the gonad, which can be supported by the identification of signal peptide and the localisation of Hc-TTR-31 in H. contortus. Particularly, TTR-52 (a homologous to TTR-31) has been confirmed as a secretory protein that was found expressed in the intestine of C. elegans (Wang et al., 2010; Raiders et al., 2021). Additionally, TTRs are proteins commonly found in the serum and cerebrospinal fluid in mammals (Goodman, 1986; Herbert et al., 1986; Buxbaum and Reixach, 2009), suggesting the secretory nature of these proteins. However, it is still not clear whether there is a polarity of Hc-TTR-31 secretion (exclusive secretion into body cavity or intestine lumen), since it has been identified in the excretory/secretory products of H. contortus (Wang et al., 2019) and potentially other parasitic nematodes.
The secretory Hc-TTR-31 might play a role in nematode development, particularly post-embryonic larval development. This statement can be strongly supported by the transcriptional analysis, protein localisation and RNAi analysis in the current study. First, Hc-ttr-31 was highly transcribed in the early developmental stages (e.g., egg, L1, L2 and L3) and then significantly downregulated when worms enter parasitic stages (e.g., L4 and adult) of H. contortus. More transcriptional evidence can be found in a previous study in which significant differences in transthyretin-like gene families were found between the free-living and the CO2-activated L3s of H. contortus (Cantacessi et al., 2010). Second, Hc-TTR-31 was consistently found in the pharyngeal neurons of H. contortus L3s and C. elegans larvae (i.e., L2s and L3s), whereas expression of both Hc-ttr-31 and Ce-ttr-31 in adult C. elegans extended the lifespan but did not influence the pumping rate and brood size of the transgenic worms. TTRs were also found in cerebrospinal fluid of mammals and mutations of these proteins may cause Alzheimer’s disease in human beings (Schwarzman et al., 1994; Sousa et al., 2007; Gião et al., 2020). So, it is very likely that ttr-31 plays a role in signalling pathways, such as insulin/insulin-like growth factor 1 (insulin/IGF-1) and steroid hormone signalling (Murphy and Hu, 2013; Antebi, 2015), to regulate worm growth and lifespan. However, this statement still needs further exploration and verification at the molecular level. Third, Hc-ttr-31 RNAi-mediated gene knockdown Ce-ttr-31 resulted in slower pumping rate and growth as well as a significant increase of embryos in the utero and egg hatching in vivo in C. elegans (facultative vivipary; see Chen and Caswell-Chen, 2004). Post-embryonic development variant, larval arrest and slow growth have also been reported in the previous RNAi experiments of C. elegans (Kamath et al., 2003; Rual et al., 2004; Dalton and Curran, 2018). Therefore, it is clear that Hc-ttr-31 also plays potential roles in regulating the post-embryonic development, larval growth and lifespan of H. contortus. Nevertheless, the mechanism of ttr-31 underlying the developmental regulation of parasitic worms is still unclear and warrants further investigation.
In addition, Hc-TTR-31 might play dual roles in protecting germ cells from oxidative stress and mediating clearance of apoptotic cells. It has been reported that a transthyretin-like protein (TTR-52) was required to mediate recognition and clearance of apoptotic cells in C. elegans (Wang et al., 2010; Palmisano and Meléndez, 2019). In the current study, gene knockdown of ttr-31 led to an increase of ROS production and increased number of apoptotic germ cells, as well as facultative vivipary (also known as worm bagging, a survival-enhancing response to stress; Chen and Caswell-Chen, 2004). Therefore, it is likely a relationship between low TTR-31 expression and oxidative stress which then causes DNA damage and apoptosis in the gonadal tissue of RNAi-treated worms (see Stergiou and Hengartner, 2004; Balaban et al., 2005; Hubbard and Schedl, 2019). Indeed, the functional role of another transthyretin-like protein (TTR-33) in protecting dopaminergic neurons from oxidative stress-induced degeneration has been reported in C. elegans (Offenburger et al., 2018). However, it is still plausible that dying cells might be recognised and cleared by phagocytes (phagocytosis) via TTR-31 (Lockshin and Zakeri, 2001; Reddien and Horvitz, 2004), as no apoptotic germ cell was found in the wild-type C. elegans. To further distinguish or confirm the involvement of TTR-31 in apoptosis and in apoptotic cell clearance, we assessed the transcriptional status of key signalling components involved in the apoptosis signalling pathways (see Savill and Fadok, 2000; Hochreiter-Hufford and Ravichandran, 2013; Palmisano and Meléndez, 2019). First, ced-4 (a key component in the apoptosis activation pathway) was up-regulated in ttr-31 RNAi treated worms, suggesting an initiation of apoptosis (see Stergiou and Hengartner, 2004; Hochreiter-Hufford and Ravichandran, 2013). Second, ina-1 (an engulfment receptor functions upstream of CED-2/CED-5/CED-10/CED-12 apoptotic cell removal signalling pathway), nrf-5 and ttr-52 (molecules mediating engulfment signal into CED-1/CED-6/CED-7 pathway) were down-regulated in response to gene knockdown of ttr-31 RNAi, suggesting a suppressed phagocytosis of apoptotic cells (Wang et al., 2003; Hsu and Wu, 2010; Zhang et al., 2012; Haley et al., 2018). Third, ced-7 (an ABC transporter that transfers phosphatidylserine from apoptotic cells to engulfing cells; Wang et al., 2003) was found upregulated in ttr-31 knock-down worms, which might be associated with the increased apoptotic germ cells. Therefore, Hc-TTR-31 is likely to play roles not only in protecting germ cells from oxidative stress-induced apoptosis and but also in mediating apoptotic germ cell clearance. However, this functional interpretation is based on results derived from heterologous expression of Hc-ttr-31 and heterologous RNAi of Ce-ttr-31 in C. elegans. A rescuing experiment of Ce-ttr-31 loss-of-function by Hc-ttr-31 in C. elegans, or direct gene knockout assay in H. contortus should be preferably conducted. Further investigations such as binding assays (TTR-31 and receptors), molecular changes at the protein levels, as well as time-lapse assays to distinguish between the role of TTR-31 in triggering germ cell apoptosis or in germ cell corpse clearance should provide novel insights into the functional roles of this TTR-like protein in parasitic nematodes.
In conclusion, we functionally characterised a secretory protein Hc-TTR-31 in the important parasitic nematode H. contortus. This protein appeared to play roles in regulating post-embryonic larval development, and likely in protecting germ cells from oxidative stress and mediating clearance of apoptotic germ cells. Detailed involvement of Hc-TTR-31 in the development and reproduction of H. contortus and related parasitic nematodes of socioeconomic importance warrants further investigation. A better understanding of these aspects at the molecular level is likely to indicate potential targets for the control of parasitic diseases.
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Objective: This study aimed to analyze the changes in intestinal flora and metabolites in the intestinal contents of mice with inflammatory bowel disease (IBD) to preliminarily clarify the mechanism of action of Schistosoma soluble egg antigen (SEA) on IBD, thus, laying a research foundation for the subsequent treatment of IBD.
Methods: A total of 40 Institute of Cancer Research (ICR) mice were divided into four groups: control, SEA 50 μg, dextran sulfate sodium salt (DSS), and SEA 50 μg + DSS. The overall state of the animals was observed continuously during modeling. The colonic length was measured after 10 days of modeling. The degree of colonic inflammation was observed by hematoxylin and eosin staining. 16srRNA and liquid chromatography–mass spectrometry sequencing techniques were used to determine the abundance of bacteria and metabolites in the intestinal contents of mice in the DSS and SEA 50 μg + DSS groups, and the differences were further analyzed.
Results: After SEA intervention, the disease activity index score of mice with IBD decreased and the colon shortening was reduced. Microscopically, the lymphocyte aggregation, glandular atrophy, goblet cell disappearance, and colonic inflammation were less in the SEA 50 μg + DSS group than in the DSS group (p < 0.0001). After SEA intervention, the abundance of beneficial bacteria prevotellaceae_UCG-001 was upregulated, while the abundance of the harmful bacteria Helicobacter, Lachnoclostridium, and Enterococcus was downregulated in the intestinal tract of mice with IBD. The intestinal metabolite analysis showed that SEA intervention decreased the intestinal contents of glycerophospholipids (lysophosphatidylcholine, lysophosphatidylethanolamine, phatidylcholine, and phatidylethanolamine) and carboxylic acids (L-alloisoleucine and L-glutamate), whereas increased bile acids and their derivatives (3B,7A,12a-trihydroxy-5A-cholanoic acid and 3A,4B, 12a-trihydroxy-5b-cholanoic acid). Combined microbiota–metabolite analysis revealed a correlation between these differential microbiota and differential metabolites. At the same time, the changes in the contents of metabolites and differential metabolites in the two groups also correlated with the abundance of the gut microbiome.
Conclusions: The study showed that SEA reduced DSS-induced inflammation in IBD and improved the symptoms of IBD in mice through the combined regulation of intestinal flora and intestinal metabolism. It suggested a potential possibility for the use of SEA in treating and regulating intestinal flora and metabolism in patients with IBD.
Keywords: flora, inflammatory bowel disease, metabolism, schistosoma soluble egg antigen, dextran sulfate sodium salt (DXT)
INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic, recurrent inflammatory bowel disease characterized by abdominal pain, diarrhea, rectal bleeding, and weight loss (Kaplan, 2015).In recent decades, the incidence of IBD has increased globally, and to date, it has affected millions of people and caused huge economic losses (Ben-Ami Shor et al., 2013). Currently, IBD therapy relies on frequent high doses of 5-aminosalicylic acid, corticosteroids, immunomodulators, and anti-tumor necrosis factor-α monoclonal antibodies (Damião et al., 2019; Jeong et al., 2019). However, these therapies are effective only in the early stage of IBD and relieve only the inflammatory symptoms of IBD, often with certain side effects and limitations, including immunosuppression, drug resistance, and huge costs (Mao and Hu, 2016). These drawbacks pose challenges to the treatment of IBD.
Although the pathogenesis of IBD remains to be further explored, most studies believe that IBD is related to immune imbalance (Nanini et al., 2018; Neurath, 2019; Mitsialis et al., 2020). As a common chronic parasitic worm (Huang et al., 2016a; Huang et al., 2016b; Deol et al., 2019), a schistosome develops a variety of mechanisms to manipulate the adaptive immune system of the host while infecting the host (Huang et al., 2016a; Huang et al., 2019; Huang et al., 2020a; Huang et al., 2020b; Buck et al., 2020; Zheng et al., 2020). Studies have shown that the host immune system gradually shifts from its own invasive T helper 1 (Th1) cell response to anti-inflammatory Th2 cell response 4–6 weeks after cercariae penetrated the skin of the host (Dunne and Cooke, 2005). In recent years, the use of Schistosoma soluble egg antigen (SEA) or its derivatives for autoimmune diseases is not uncommon (Driss et al., 2016; Li et al., 2020). It has been suggested that SEA can reduce the intestinal inflammatory symptoms of IBD and reduce the susceptibility to colitis (Floudas et al., 2019; Cleenewerk et al., 2020). However, the specific mechanism of action needs further exploration.
A growing body of evidence highlights the complexity, importance, and interactions between symbiotic bacteria and the host immune system in health and disease (Goto et al., 2015; Zhou et al., 2020). IBD is closely associated with changes in intestinal microbiota diversity and the disruption of the balance between symbiotic microbiota and potentially pathogenic microbiota components (Ni et al., 2017). Metabolites act as a bridge between the intestinal microbiome and the host (Dong et al., 2019; Lavelle and Sokol, 2020). Metabolites are small molecules produced as intermediates or end products of microbial metabolism, which transmit signals of intestinal microorganisms and affect immune maturation, immune homeostasis, host energy metabolism, and maintenance of mucosal integrity (Wilson and Nicholson, 2017). In addition, studies have shown that the metabolic profile of patients with IBD is different from that of normal people (Franzosa et al., 2019). Specific types of metabolites, especially bile acids, short-chain fatty acids, and tryptophan metabolites, are associated with the pathogenesis of IBD (Lavelle and Sokol, 2020). Therefore, this study preliminarily explored the mechanism of action of SEA on IBD based on the changes in intestinal flora and metabolites of the intestinal contents of mice with IBD and laid a research foundation for the subsequent clinical application of SEA and the treatment of IBD.
MATERIALS AND METHODS
Materials
Experimental Animals
A total of 40 female ICR mice (age 6 weeks, weighing 26.22 ± 1.12 g) were purchased from SiPeiFe (Beijing) Biotechnology Co., Ltd (License Number: SCXK (Beijing) 2019–0,010, Quality Certificate Number: No: 110,324,201,104,129,683, Ethical review number: JIPD—2020–009).
Preparation of SEA
Schistosoma japonicum (Jiangsu strain) was preserved by the Jiangsu Institute of Parasitic Diseases, and the cercariae were escaped from infected Oncomelania snail in our laboratory and collected for animal experiments. New Zealand rabbits were infected with 1,500 cercariae each, and the Schistosoma eggs were collected from the liver and mesenteric venous plexus after 42 days of raising in the laboratory. Eggs were then mixed with 0.9% sodium chloride solution and ground for 20–30 min. After grinding, the mixture was centrifuged at 10,000 g for 10 min, and the supernatant was collected. The process was repeated three times, and the supernatant was filtered with a 0.22-μm pore size filter membrane. The concentration of crude protein was determined using the NanoDrop absorbance value and stored at –80°C for later use.
Methods
Animal
A total of 40 mice were divided into four groups: SEA 50 μg (S), dextran sulfate sodium salt (DSS) (D), SEA50 μg + DSS (S + D), and control (C).
On day 0, the mice in the D and S + D groups were given 3% DSS (Sigma, lot#BCCD1174, Denmark) instead of pure water. On day 0 of DSS modeling, each mouse in the S and S + D groups was intraperitoneally injected with one dose of 50 μg SEA.The mice were euthanized after 10 days.
Collection of Intestinal Contents
For model making, the colon of each mouse was taken out after 10-days execution. The colonic contents were collected and placed in 1.5-ml cryogenic vials. The intestinal contents were first placed under liquid nitrogen for 10 min, immediately transferred to –80°C for subsequent detection.
Intestinal Histology
The length of the colon was measured, and a 1-cm sample from the distal colon was fixed in a 10% neutral buffer formalin. After fixation, the samples were fixed in paraffin, sectioned (5-µm thick), and stained with hematoxylin and eosin (HE). The histopathological changes were observed and recorded under a microscope.
The histological score of the colon was determined in a blinded manner. Cell infiltration: score 0, occasional inflammatory cells in the lamina propria (LP); 1, increased lymphocyte infiltration mainly at the base of the crypt; 2, inflammatory infiltration extending to the confluence of the mucosa; and 3, infiltration and extension through the wall. Tissue injury: score 0, no mucosal injury; 1, some areas (up to 50%) of crypts lost; 2, large-area crypt partial or total loss of 50–100%, and epithelial integrity; and 3, complete loss of large-area crypts and loss of epithelium.
Disease Activity Index Score
The disease activity index (DAI) of mice was calculated on 0, 3, 5, 7, and 10 days after modeling.
DAI was calculated for each mouse based on three parameters (body weight, stool shape, and stool bleeding), with a score of 1–4 for each parameter and a maximum cumulative DAI score of 12. The score was assigned as follows: 0, no weight loss, normal stool, and no blood; 1, weight loss 1%–3%; 2, weight loss 3–6%, stool thinning, and occult blood positive; 3, weight loss 6–9%; and 4, >9% weight loss, diarrhea, and overt bleeding.
Intestinal Flora Detection
Intestinal flora was detected using 16srRNA technology by specific methods as follows.
Bacterial DNA was isolated from the intestinal contents using MagPure Soil DNA LQ Kit (Magen, Guangdong, China), and the concentration of DNA was detected using agarose gel electrophoresis and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, United States). Polymerase chain reaction (PCR) amplification of the V3-V4 hypervariable regions of the bacterial 16S rRNA gene was carried out in a 25 μl reaction using universal primer pairs (343F: 5′-TACGGRAGGCAGCAG-3′; 798R: 5′-AGG​GTA​TCT​AAT​CCT-3′).
The PCR products were purified with Agencourt AMPure XP beads (Beckman Coulter Co., United States). After purification, the PCR products were used as a template for second-round PCR amplification. The Amplicon quality was visualized using gel electrophoresis and quantified using a Qubit dsDNA assay kit.
The concentrations were then adjusted for sequencing. Sequencing was performed on an Illumina NovaSeq6000 system with two paired-end read cycles of 250 bases each (Illumina Inc., CA, United States; OE Biotech Company; Shanghai, China).
Vsearch software was used after the sequencing data were preprocessed to generate high-quality sequences. The sequences were grouped into multiple operational taxonomic units (OTUs) based on their similarity. The parameters for sequence similarity greater than or equal to 97% were classified as an OTU. QIIME software package (version 1.8.0) was used to select the representative sequences of each OTU, and all representative sequences were compared with the database for annotation. All representative reads were annotated and blasted against the SILVA database (v123) using the RDP classifier (v2.2). Alpha- and beta-diversity indexes were calculated using QIIME as previously described. To visualize diversity, we employed QIIME software to calculate estimators for each sample including the Shannon index, Chao1 index, Simpson’s Diversity Index, and Observed Species. In addition, β diversity between the communities was assessed by weighted UniFrac for principal coordinate analysis (PCoA).
Comparison of OTUs and taxonomy abundances was calculated using the Kruskal–Wallis test or Mann−Whitney analysis. Following statistical analyses with multiple comparisons, p values were corrected using the Benjamini–Hochberg method to control the false discovery rate (FDR). The resultant p values were FDR corrected with a significance threshold of 5%. Furthermore, the linear discriminant analysis (LDA) and the LDA effect size (LEfSe) measurements were used to find unique bacterial taxa among different groups LDA >2, FDR-p < 0.05 and p values <0.05 were considered statistically significant.
Intestinal Metabolite Analysis
Intestinal metabolites were detected by liquid chromatography–mass spectrometry (LC-MS) sequencing, and the specific methods were as follows.
For sample pretreatment, 60 mg of frozen intestinal contents were removed, put into a 1.5-ml Eppendorf tube, and mixed with 20 μl of internal standard (L-2-chlorophenylalanine, 0.3 mg/ml; methanol) and 600 μl of methanol–water (v:v = 4:1). Then, two small steel balls were added, placed in the refrigerator at –20°C for 5 min, and then ground in a grinder (60 Hz, 2 min). The mixture was subjected to ultrasonic extraction in an ice water bath for 10 min, allowed to stand for at –20°C for 30 min, and centrifuged for 10 min (13,000 rpm, 4°C). Then, 200 μl of the supernatant was put into an LC-MS vial and dried. The supernatant was mixed with 300 μl of methanol–water (v:v = 1:4) (eddy 30 s, ultrasonic 3 min), kept at –20°C for 2 h, and centrifuged for 10 min (13,000 rpm, 4°C). Subsequently, 150 μL of the supernatant was extracted with a syringe, filtered with a 0.22-μm organic-phase pinhole filter, transferred to an LC vial, and stored at –80°C until LC-MS analysis.
Quality control samples (QC) were prepared by mixing the extract of all samples in equal volume. The volume of QC was the same as that of samples, and LC-MS full-scan detection was performed. Data processing software Progenesis QI V2.3 was used to carry out qualitative and relative quantitative analyses of the original data, and the original data were preprocessed in a standardized way. The analytical instrument was a Dionex U3000 UHPLC (ultra-high-performance liquid chromatography system) in series with a QE Plus high-resolution mass spectrometer.
Statistical Analysis
SPSS 19.0 software was used to process the data. Analysis of variance was used for multi-group statistical analysis, and Dunnett’s multiple comparison was used to compare the differences between the groups. The t test was used for comparison between the two groups. A p value <0.05 indicates a statistically significant difference (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001).
Analysis of microbiome and metabolome: Pearson correlation coefficients were calculated for microbiome and metabolome data integration. Based on the differential microorganism and metabolite expression, Pearson correlation coefficients were calculated by R; then, cluster analysis heat maps were drawn. The relationships between microorganisms and metabolites were visualized and interpreted using Cytoscape (version 3.4.0) with MetScape plug-in (version 3.1.3).
RESULTS AND ANALYSIS
Changes in Disease Activity Index in Mice With Dextran Sulfate Sodium Salt-Induced Bowel Disease After SEA Intervention
After DSS administration, the mice in the model group (D group) lost weight over time, while the weight in the other three groups showed an upward trend without significant differences. On the 10th day of administration, the average weight in the D group reduced by 2.33 g and was significantly lower than that in the other three groups (p < 0.001) (Figures 1A,B). Comprehensive DAI evaluation showed that the DAI score in the D and S + D groups increased with time, the mice lost weight, and diarrhea and fecal bleeding were increasingly aggravated. However, the increase in the DAI score in the S + D group slowed down, with a statistically significant difference compared with the D group (p < 0.0001) (Figures 1C,D), indicating that the intervention of SEA alleviated the progressive aggravation of enteritis in the D group.
[image: Figure 1]FIGURE 1 | SEA downregulated the DAI score in mice with DSS-induced IBD. (A) Changes in average body weight in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group after 0, 3, 5, 7, and 10 days. (B) Body weight in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group after 10 days. (C) DAI changes in mice in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group after 0, 3, 5, 7, and 10 days. (D) Comparison of the 10-days DAI score between the SEA 50 μg + DSS and DSS groups.
Effects of SEA on Dextran Sulfate Sodium Salt-Induced Induced Bowel Disease in Mice
The results of colon status in the four groups showed that mucosal bleeding and fecal deformity occurred in the colon, and the colon length was significantly shortened in the D group compared with the other three groups (p < 0.001) (Figures 2A,B). After SEA intervention, the colon shortening was reduced (p < 0.001) (Figure 2B). Microscopically, lymphocyte aggregation, glandular atrophy, and goblet cell disappearance were observed in the colon of mice in the D group, indicating that the intake of DSS led to intestinal inflammation in mice and the development of significant colitis. After SEA intervention, the colon tissue of mice had less lymphocyte aggregation, glandular atrophy, goblet cell disappearance (p < 0.0001), and colonic inflammation (Figures 2C,D).
[image: Figure 2]FIGURE 2 | SEA improved DSS-induced colonic symptoms in IBD (A) Colonic status of mice in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group after 10 days of subdivision. (B) Colonic tissue of mice was observed under the microscope after HE staining. (C) Comparison of colonic length on the 10th day in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group (D) Histological scores of colon sections in the control group, SEA 50 μg group, DSS group, and DSS + SEA 50 μg group.
Changes in the Intestinal Microflora in Mice With Dextran Sulfate Sodium Salt-Induced Induced Bowel Disease Treated With SEA Intervention
This study further analyzed the changes in intestinal microflora in the S + D and D groups to explore the protective mechanism of SEA on DSS-induced IBD. PCoA (Figure 3A) showed that the samples between the two groups were concentrated and no overlap occurred between the two groups, indicating that the samples of each group were well represented and comparable.
[image: Figure 3]FIGURE 3 | Intestinal microflora of mice with DSS-induced IBD mice treated with SEA. (A) Principal coordinate analysis (PCoA) of intestinal microflora in the DSS and SEA 50 μg + DSS groups (C50 group). Red represents DSS group, blue represents SEA 50 μg + DSS group, and each icon represents a group of samples. (B) DSS and SEA 50 μg + DSS group showed significantly differences after t test analysis. Comparative heat map (at the genus level). Each column represents a sample, and orange represents the SEA 50 μg + DSS group. (C) Comparison of the abundance of the first 10 species in the DSS and SEA 50 μg + DSS group (at the genus level) (D) Comparison of the abundance of intestinal Helicobacter, Lachnoclostridium, Enterococcus, Prevotellaceae_UCG-001 in the DSS and SEA 50 μg + DSS group (at the genus level).
Subsequently, we selected the top 10 differential microflora in the t test analysis (Figure 3B). Four kinds of bacteria were found to be associated with enteritis, including Helicobacter (p < 0.05), Lachnoclostridium (p < 0.01), Prevotellaceae_UCG-001 (p < 0.01), and Enterococcus (p < 0.01) (Figure 3C). The abundance of harmful bacteria, such as Helicobacter, Lachnoclostridium, and Enterococcus, was downregulated (Castaño-Rodríguez et al., 2017; Ben Braïek and Smaoui, 2019; Cao et al., 2020a; Cao et al., 2020b; Liang et al., 2020), while the abundance of beneficial bacteria, such as Prevotellaceae_UCG-001 (Cignarella et al., 2018), was upregulated in the S + D group compared with the D group (Figure 3D). These results suggested that the changes in SEA-induced microflora might be a mechanism of action of SEA to protect intestinal inflammation; the intestinal microflora of mice with DSS-induced IBD was improved by upregulating the abundance of beneficial bacteria and downregulating the abundance of harmful bacteria.
Changes in Intestinal Content Metabolism in Mice With Acute DSS-Induced Dextran Sulfate Sodium Salt Treated With SEA Intervention
According to 2D PCA (Figure 4A) of metabolites in the S + D and D groups, the samples in each group were concentrated and no overlap occurred between the groups, indicating good representativeness and comparability between the two groups.
[image: Figure 4]FIGURE 4 | SEA altered the contents of DSS-induced intestinal metabolites in mice with IBD. (A) 2D principal component analysis (PCA) of the contents of intestinal metabolites in the DSS and SEA 50 μg + DSS groups. Yellow represents the DSS group, and blue represents the SEA 50 μg + DSS group. Each icon represents a set of samples. (B) Heat maps of the top 50 differential metabolites of intestinal contents in the DSS and SEA 50 μg + DSS groups. The left blue bar represents the DSS group, and the right side represents the SEA 50μ g + DSS group. Each small square in the figure corresponds to a mass error. The red square represents a positive mass error, while the blue square represents a negative mass error. The darker the color, the greater the value.
The analysis of the top 50 metabolites (Figure 4B) between the two groups showed that glycerophospholipids [lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), phatidylcholine (PC), and phatidylethanolamine (PE)] and carboxylic acids (l-alloisoleucine and L-glutamate) were downregulated, and those of bile acids and their derivatives (3B,7A,12a-trihydroxy-5A-cholanoic acid and 3A,4B, 12a-trihydroxy-5b-cholanoic acid) were upregulated in the intestinal content of mice with IBD after SEA intervention. These differences in metabolites might be related to the inflammatory protection mechanism of SEA in mice with IBD.
Association Between Intestinal Content Metabolism and Metabolic Flora Changes in Mice
A correlation between differential flora and differential metabolites was observed (Figure 5A), especially among the differential flora and differential metabolites related to enteritis (Figure 5A). Among these, the abundance of harmful bacteria Helicobacter, Lachnoclostridium, and Enterococcus positively correlated with the contents of glycerophospholipids, carboxylic acids, and their derivatives, and negatively correlated with the contents of bile acids and their derivatives. In contrast, the abundance of beneficial bacteria Prevotellaceae_UCG-001 followed the opposite pattern (Figure 5B). This was also validated by the metabolic analysis results of the two groups.
[image: Figure 5]FIGURE 5 | The contents of intestinal metabolites in mice correlated with the abundance of microflora. (A) Heat map of the first 20 different microflora and the first 20 different metabolites in the DSS and SEA 50 μg + DSS groups. The horizontal axis represents the differential metabolites, and the vertical axis represents the differential flora. Each small square represents a Pearson correlation coefficient, indicating the correlation between the corresponding metabolite and the bacterial community. The value is between –1 and 1. The closer the value to 0, the lower the correlation, and the closer the value to –1 or 1, the higher the correlation. Red represents a positive correlation, and blue a negative correlation; the darker the color, the stronger the correlation. The asterisk indicates the p value of the correlation coefficient, indicating whether the correlation is significant. (B) Correlation diagram of the first 20 different microflora and the first 20 different metabolites in the DSS and SEA 50 μg + DSS groups. Each green dot represents a differential metabolite, and each orange dot represents a differential flora. The distance between the two lines represents the size of their correlation, and the closer the line, the greater the correlation. In addition, different colors represent positive and negative correlations, with red representing positive values and green representing negative values.
Therefore, SEA may have a regulatory effect on intestinal flora and intestinal metabolites in mice with DSS-induced IBD, which is mainly manifested by improving the composition of intestinal flora, affecting the abundance of microbiota-related intestinal metabolites, and thus exerting a protective effect on DSS-induced IBD.
DISCUSSION
Parasitic worms can regulate the immune response and change the intestinal flora structure of the host, which has potential application prospects in treating autoimmune diseases (Bach, 2018; Castro Rocha et al., 2020).
In this study, the intraperitoneal injection of Schistosoma japonicum SEA was used to observe the efficacy of SEA against DSS-induced IBD. The results after SEA intervention showed that the body weight, DAI score, colon length, histological score of HE, and other indicators of the severity of enteritis were improved. These results indicated that the intestinal inflammation caused by DSS reduced after SEA intervention. IBD is closely related to the change in intestinal microbiota and the disruption of the balance between symbiotic microbiota (Weingarden and Vaughn, 2017). Many studies on IBD have described how changes in the composition and function of the microbiome are critical to the organisms (Larabi et al., 2020; Yang et al., 2021). The gut microbiome converts nutrients ingested into metabolites of the gut microbiome or host cells, making them act as informational messengers between the gut microbiome and host cells (Sittipo et al., 2019). Therefore, the composition of intestinal microbiota and its metabolites has a significant impact on the occurrence and development of IBD (Postler and Ghosh, 2017). In this study, 16srRNA gene sequencing and LC-MS sequencing were performed on the intestinal contents of mice in the D and S + D groups to observe the diversity, abundance, and changes in intestinal content metabolism in the two groups and to explore the correlation between intestinal flora, metabolism, and intestinal inflammation in mice with IBD after SEA intervention.
We found that SEA administration could downregulate the abundance of three specific enterica-related pathogenic bacteria, Helicobacter, Lachnoclostridium, and Enterococcus, and upregulate the abundance of beneficial intestinal bacteria Prevotellaceae_UCG-001. In a meta-analysis of environmental risk factors in clinical IBD samples, Helicobacter infection was identified as one of the nine factors that increased the risk of IBD (Castaño-Rodríguez et al., 2017; Piovani et al., 2019). Lachnoclostridium was significantly enriched in patients with colorectal cancer (Liang et al., 2020). Enterococcus, an opportunistic pathogen, is often associated with infection in clinic (Fiore et al., 2019). The lack of Prevotellaceae, a newly discovered flora in recent years, led to elevated levels of intestinal endotoxins and damage to the intestinal mucosal barrier (Cignarella et al., 2018). SEA administration significantly reduced the abundance of Helicobacter, lachnoclostridium, and Enterococcus in mice with IBD and upregulated the abundance of Prevotellaceae_UCG-001. These changes in enterica-related microflora further indicated that SEA played a protective role in DSS-induced IBD by improving the composition of intestinal microflora.
We also detected and analyzed the metabolic level of intestinal contents to explore further the changes in intestinal metabolites caused by intestinal flora. SEA intervention decreased the contents of glycerophospholipids (LPC, LPE, PC and PE) and carboxylic acids (l-alloisoleucine and L-glutamate) in the intestinal contents of mice with DSS-induced IBD. The contents of bile acids and their derivatives (3B,7A,12a-trihydroxy-5A-cholanoic acid and 3A,4B, 12a-trihydroxy-5b-cholanoic acid) were upregulated. Among these, bile acid and glutamate have been proved to be closely related to the pathogenesis of IBD (Sorrentino et al., 2020; Fiorucci et al., 2021). The release of intestinal bile acids may promote the regeneration of intestinal stem cells and epithelial cells, reducing the severe symptoms of IBD (Sorrentino et al., 2020). Glutamate receptors affect intestinal function (visceral sensitivity and motility) and brain function (stress response, mood, and behavior), and are involved in the pathogenesis of IBD (Baj et al., 2019). In addition, studies have shown that patients with IBD have significant changes in plasma lipid and metabolic profiles, most of which are the elevated contents of glycerophospholipids and linoleic acid (Tefas et al., 2020); IBD disorders are also implicated in the metabolism of glycerophospholipids in the body (Guan et al., 2020). SEA intervention changed the abundance of these IBD-related differential metabolites, suggesting that its anti-inflammatory mode of action was related to intestinal metabolites in mice with IBD.
Based on the bidirectional regulation of intestinal flora and intestinal metabolites in IBD, we conducted a joint analysis of intestinal differential metabolites and differential flora. The results showed correlations between the main differential microflora and the main differential metabolites. At the same time, the metabolite content and differential metabolite abundance in the two groups also correlated with the abundance of intestinal flora. After SEA administration, the content of differential metabolites having a negative correlation with the abundance of differential intestinal flora in intestinal contents increased, while the content of positively correlated differential metabolites decreased. On the one hand, this was verified by the results of intestinal flora and metabolic sequencing; on the other hand, it also indicated that the protective mechanism of SEA in DSS-induced IBD might play a role through the joint regulation of intestinal flora and intestinal metabolism. It mainly upregulated the abundance of beneficial intestinal bacteria and downregulated the abundance of harmful intestinal bacteria, so as to change the regulation mode of intestinal metabolic spectrum in mice with enteritis. In addition, we also found a group of bacteria such as Sphingomonas, although their relationships with enteritis have rarely been reported, which showed a strong correlation with these differential metabolites. Whether these bacteria also play a relevant role in the inflammatory inhibition of IBD is worth further exploration.
In conclusion, the results of this study proved that SEA protected the DSS-induced inflammatory response in IBD and improved the symptoms of IBD in mice through the joint regulation of intestinal flora and intestinal metabolism, thus proposing a potential possibility for the use of SEA in treating and regulating intestinal flora and metabolism in patients with IBD. Of course, the specific mechanism underlying the increase in the abundance of beneficial bacteria and the change in the immune function caused by SEA remains to be studied. Therefore, the clinical application of SEA needs further exploration.
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Malaria parasites cannot multiply in host erythrocytes without cholesterol because they lack complete sterol biosynthesis systems. This suggests parasitized red blood cells (pRBCs) need to capture host sterols, but its mechanism remains unknown. Here we identified a novel high-density lipoprotein (HDL)-delivery pathway operating in blood-stage Plasmodium. In parasitized mouse plasma, exosomes positive for scavenger receptor CD36 and platelet-specific CD41 increased. These CDs were detected in pRBCs and internal parasites. A low molecular antagonist for scavenger receptors, BLT-1, blocked HDL uptake to pRBCs and suppressed Plasmodium growth in vitro. Furthermore, platelet-derived exosomes were internalized in pRBCs. Thus, we presume CD36 is delivered to malaria parasites from platelets by exosomes, which enables parasites to steal HDL for cholesterol supply. Cholesterol needs to cross three membranes (RBC, parasitophorous vacuole and parasite’s plasma membranes) to reach parasite, but our findings can explain the first step of sterol uptake by intracellular parasites.
Keywords: malaria, plasmodium falciparum, cholesterol, lipoproteins, lipid, exosomes, scavenger receptors
INTRODUCTION
Cholesterol is an important lipid for cellular homeostasis and cell membranes and it is required for protein functioning and lipid asymmetry (Rog and Vattulainen, 2014; Steck and Lange, 2018). Therefore, it is intriguing that no evidence exists for complete de novo sterol biosynthesis in Plasmodium (the malaria-causing apicomplexan parasite (Ormerod and Venkatesan, 1982; Vial et al., 1984; Wunderlich et al., 1991; Haldar et al., 2002; Rohrich et al., 2005; Ehrenman et al., 2013)), despite pRBCs containing less cholesterol than normal erythrocytes (Lambrecht et al., 1978; Maguire and Sherman, 1990; Wunderlich et al., 1991). Cholesterol is an essential nutrient for parasite growth and characteristic cholesterol concentration gradient is established in parasitized erythrocytes (Tokumasu et al., 2014). Cholesterol in erythrocyte membrane is sorted into the internal malaria parasite (Hayakawa et al., 2020) and a few reports have indicated that Niemann-Pick C1-like 1 (NPC1L1) is involved in cholesterol uptake in apicomplexans (Ehrenman et al., 2013; Istvan et al., 2019). These reports suggest that some protozoans acquire host sterols, raising the prospect that sterol supply to them may be a potential therapeutic target in these pathogens. An association between cholesterol and malaria parasites, as reported in a patient-based study, showed that high density lipoprotein (HDL) levels in serum decreased markedly in patients with Plasmodium vivax infections (Lambrecht et al., 1978). While malaria parasites could obtain sterols in various ways, blood-stage Plasmodium species possibly take up lipoproteins as a sterol source. However, the known major lipoprotein receptors, including class B scavenger receptors (SR-Bs), are generally scarce on mature erythrocyte surfaces (Edelman et al., 1986; Kieffer et al., 1989; Greenwalt et al., 1992). Additionally, no candidate genes have been identified in the P. falciparum (Pf) genome that appear to be mammalian SR-Bs or low density lipoprotein (LDL) receptor family orthologues (Watanabe et al., 2001). These findings indicate that foreign lipoprotein receptors are required for lipoprotein delivery to pRBCs during parasite growth. In this study, we explored possibilities for the lipoprotein receptors on the pRBCs and found that host exosomes delivered CD36 selectively to the pRBC membranes.
MATERIALS AND METHODS
P. berghei and Host Animals, Survival Times and Parasitemia
To investigate the time-series behavior of CD36, 1 × 107 ANKA strain P. berghei parasitized mouse erythrocytes were intraperitoneally injected into male CD36−/− mice and congenic C57BL6 mice (The Jackson Laboratory, Bar Harbor, ME, United States), both at 12 weeks of age. Health was monitored every 12 h, and blood sampling was performed from tail veins every 48 h. Parasitemia was estimated by Giemsa-stained thin blood smears. Statistical analysis of survival was performed using the log-rank test, and parasitemia was assessed using the Student’s t-test.
In vitro P. falciparum Cultures
P. falciparum (3D7 line) was cultured at 3% hematocrit with type A human erythrocytes in RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA United States), supplemented with 25 mM NaHCO3, 10 μg/ml hypoxanthine, 25 mM HEPES, 0.8 mg/mL l-glutamine, 40 μg/ml gentamicin sulphate, and inactivated 5% type A human serum (Trager and Jensen, 1976). Cultures were maintained under 5% O2, 5% CO2, and 90% N2 at 37°C. Parasitemia was estimated from thin blood smears stained with Giemsa. The experiments using human erythrocytes were performed under the guidelines of the ethics committee of The University of Tokyo (#10050 and #11064). Human erythrocytes were obtained from the Japan Red Cross Society (No: 28J0058). Parasites were synchronized using 5% D-sorbitol treatment for 10 min to obtain ring stages.
Fluorescence Microscopy
Erythrocytes were crosslinked using 50 mM dimethyl suberimidate (DMS) (MilliporeSigma, Burlington, MA, United States) in 100 mM sodium borate buffer, pH9.5, containing 1 mM MgCl2 for 1 h (Tokumasu and Dvorak, 2003). An additional fixation was performed using 2% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min. The reaction was quenched using 0.1 M glycine in PBS for 1 h. Erythrocytes were blocked in 3% bovine serum albumin (BSA), 0.2% Tween 20 in PBS for 1 h and incubated with an anti-CD36 antibody (diluted 1:200) (Proteintech Group Inc., Rosemont, IL) in 1% BSA, 0.2% Tween 20 in PBS. Erythrocytes were washed in 0.2% Tween 20 in PBS three times and then incubated with Alexa Flour 488-conjugated goat anti-rabbit IgG (1:1,000) for 1 h and Hoechst 33,258. The images were captured by Zeiss LSM780, a confocal microscopy system.
Fluorescent Assay for HDL Uptake via CD36
SR-B1-deficient HuH-7 cells expressing CD36 were provided by Osaka University (Yamamoto et al., 2016). They were seeded confluently on 96-well plates (Fluoro Nunc Black Plate, Thermo Fisher Scientific) and then preincubated for 1 h with different concentrations of BLT-1 (MilliporeSigma) in DMEM supplemented with 10% lipoprotein-deficient human plasma, that was obtained after LDL and HDL were isolated using a conventional ultracentrifugation method (Havel et al., 1955), and dialyzed against PBS. The cells were incubated for 8 h with 100 μg/ml DiO-labelled HDL. After washing in DMEM containing 0.2% BSA three times, the DiO signal was measured using FLUOstar OPTIMA microplate reader (BMG LABTECH, Ortenberg, Germany) at 485 or 515 nm for excitation or emission, respectively.
Lipoprotein Purification and Labelling
Human LDL and HDL were isolated from human plasma using a conventional ultracentrifugation method (Havel et al., 1955) followed by dialysis against PBS. Fluorescence lipid indicator DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate, Thermo Fischer Scientific) and DiO (3,3′-dioctadecyloxacarbocyanine perchlorate, Thermo Fischer Scientific) labelling was conducted as described previously (Pitas et al., 1992; Fisher et al., 2007). CE-BODIPY (CholEsteryl 4,4-Difluoro-5-(4-Methoxyphenyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-Undecanoate, Thermo Fisher Scientific) labelling was performed following the method of Reaven with modifications (Reaven et al., 1995). Briefly, the HDL3 fraction (specific gravity (SG) 1.125–1.21) was isolated from total HDL, and 6.3 mg of HDL3 protein was mixed with 0.1 μmol of CE-BODIPY dissolved in 0.2 ml of RPMI 1640. The preparation was sonicated using BIORUPTOR 402 UCD-200TM (Cosmo Bio Co., Ltd., Tokyo Japan) at 200 W for 20 min at room temperature (RT). The reconstituted HDL was isolated using sequential ultracentrifugation with SG between 1.065 and 1.21, followed by dialysis against PBS.
Lipoprotein Uptake by P. berghei and P. falciparum
Erythrocytes collected from Pb-parasitized BALB/c male mice at 80% parasitemia were incubated under 20% O2, 5% CO2, and 75% N2 gas at 37 °C for 1.5 h in RPMI 1640 media with 100 μg/ml of LDL or HDL. Erythrocytes were washed with RPMI 1640 media containing 0.2% BSA, and then analyzed by fluorescence activated cell sorting (FACS). To study the effect of scavenger receptor blockade using BLT-1, erythrocytes were preincubated in complete RPMI 1640 media with BLT-1 for 0.5 h, followed by addition of labelled HDL, and re-incubation for 1.5 h. Erythrocytes were washed with RPMI 1640 media containing 0.2% BSA, and then analyzed by fluorescence activated cell sorting (FACS) (FACS Calibur, Becton, Dickinson and Company, Franklin Lakes, NJ, United States) or the wet mounts were observed by confocal microscopy (Type A1Rsi, Nikon, Nikon Instec. Co., LTD., Tokyo Japan). Pf parasite cultures included 100 μg/ml DiI-labelled lipoprotein (24 h, 37°C). Erythrocytes were washed with RPMI 1640 media containing 0.2% BSA, and then observed by fluorescent microscopy (Axio ImagerM2, ZEISS, Oberkochen, Germany).
Erythrocyte Membrane Fraction Preparation
To minimize platelet contamination, mouse whole blood collected with EDTA was first centrifuged under a 1.063-density barrier of OptiPrep (AXIS-SHIELD) (350 × g, 15 min). The supernatant was removed and the pellet was washed with PBS and passed through a Plasmodipur Filter (Euro Proxima, Arnhem, Netherlands) for leucocyte removal. Purified erythrocytes were hemolyzed in 5 mM phosphate buffer (19 ml of 5 mM NaH2PO4 plus 81 ml of 5 mM Na2HPO4, pH 7.4), and then centrifuged (12,000 × g, 10 min). The pellet was solubilized in radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) as the membrane fraction, and the supernatant was retained as the cytosol fraction with storage at –20°C. These samples were mixed with sample buffer containing 10% 2-mercaptoethanol and boiled at 95°C before SDS electrophoresis.
Mouse Platelet Preparation
Mouse whole blood was collected with a 10% volume of ACD-A (anticoagulant citrate dextrose solution-A) solution and centrifuged (200 × g for 12 min and 500 × g for 12 min at 4°C). Prostaglandin E1 (100 ng/ml; Santa Cruz Biotechnology, Inc., Dallas, TX, United States) was added to the supernatant followed by centrifugation (2,700 × g, 15 min). The pellet was solubilized in RIPA buffer and stored at −20°C.
Exosome Isolation From Mouse Plasma
After platelet collection, the residual plasma was centrifuged (20,000 × g, 40 min) to eliminate debris and microvesicles. The supernatant was diluted 1:7 in PBS and ultracentrifuged (100,000 × g, 1 h, 4 °C). The pellet was suspended in PBS and recentrifuged (100,000 × g, 1 h). After suspension in PBS (2.5 μl of PBS for exosomes from 100 μl of plasma), the suspension was rapidly frozen in liquid N2 and stored at −80°C.
Isolating the Exosomes Released From CMK11-5 Cells
CMK11-5 cells, suspended at 1.0 × 106 cells/mL in RPMI 1640 media, were preincubated with 1.0 × 10–7 M phorbol-12-myristate-13-acetate (MilliporeSigma) for 30 min for cell differentiation, and then cultured using RPMI 1640 media supplemented with 10% exosome-depleted fetal bovine serum (System Biosciences, LLC., Palo Alto, CA, United States) for 96 h CaCl2 (final Ca2+ concentration, 2.0 mM) and 10 μM Ca2+ ionophore A23187 (MilliporeSigma) were added and incubated for further 30 min. The culture medium was harvested, passed through a 0.22-μm micropore filter and ultracentrifuged twice (100,000 × g, 1 h) to isolate the exosomes. To fluorescently label the exosomes, 20 ml of filtered culture media plus the exosomes was incubated with 5 μl of DiI (2.5 mg/ml in DMSO) (3 h, 37°C). The DiI-labelled exosomes were isolated by sequential ultracentrifugation steps as described above.
Ex vivo Study on CD36 and PECAM-1 Delivery From CMK11-5-Derived Exosomes to the Pb-Infected Mouse Erythrocytes
The erythrocytes from 12-week-old CD36−/− male mice (for CD36) or C57BL6 mice (for PECAM-1), 7 days after Pb infection (1.0 × 107 cells) were incubated with non-labeled exosomes (0.15 mg of protein) that were suspended in 100 μl of RPMI1640 media, and kept at culture condition for 6 h. Erythrocytes were washed three times with RPMI 1640 media containing 0.2% BSA, and suspended in 5% BSA in PBS. Smears were prepared from them for further analyses.
Ex vivo Study on CMK11-5-Derived Exosome Trafficking Into Parasitized Mouse Erythrocytes
DiI-labelled exosomes (0.15 mg protein) were suspended in 100 μl of RPMI 1640 media, and erythrocytes from 12-week-old C57BL6 male mice, 7 days after Pb infection (1.0 × 107 cells) were incubated in this media, under 20% O2, 5% CO2 and 75% N2 mixed gases at 37°C for 1 h. Erythrocytes were washed three times with RPMI 1640 media containing 0.2% BSA and then observed by confocal microscopy (Type A1Rsi, Nikon) as wet mounts.
Bone Marrow Transplantation
Donor male CD36−/− mice (7-week-old) were sacrificed and bone marrow tissue was immediately aspirated from their femoral bones and suspended in PBS. The 7-week-old recipient male Kusabira-Orange mice were X-ray irradiated (total 9.4 Gy) twice a day, and 5 × 105 bone marrow cells were injected via the tail veins. At 5 weeks post-transplantation, KuO fluorescence was confirmed to be absent from the peripheral blood cells, including the platelets.
Immunoblot Analysis
Samples (20 μg of total protein unless otherwise noted) of mouse erythrocytes, platelets, liver tissue, or exosomes were applied to 12.5% SDS-polyacrylamide gels (SuperSep Ace, FUJIFILM Wako Pure Chemical Corp., Osaka, Japan), electrophoresed and then transferred to PVDF membranes (BioRad) using a Trans-Blot SD transfer cell (Bio-Rad Laboratories, Inc., Hercules, CA, United States). Membranes were blocked with 5% fat-free milk in PBS (RT, 0.5 h) and reacted first with primary antibodies (Abs) in 2.5% fat-free milk in PBS (4°C overnight), followed by incubation with biotin-conjugated secondary Ab in 2.5% fat-free milk in PBS (RT, 1 h). Next, peroxidase-conjugated avidin-biotin complex (ABC standard kit, Vector Laboratories, Inc., Burlingame, CA) was added (RT, 0.5 h). Signals were detected using ECL Prime Western Blotting Detection Reagent (GE Healthcare) as the substrate and Amersham Imager 600 (GE Healthcare, Chicago, IL, United States) as the detector.
Primary Abs
Rabbit anti-CD36 polyclonal IgG (Proteintech) (1:500 dilution), rabbit anti SR-B1 monoclonal IgG (ab52629, Abcam, Cambridge, United Kingdom) (1:2000 dilution), rabbit anti-CD41 polyclonal Ab (ab63983, Abcam) (1:500 dilution), rabbit monoclonal anti-ALIX (ab186429, Abcam) (1:1,000 dilution), rabbit anti-Apo A I polyclonal Ab (reactive to both mouse and human Apo AI, ab33470, Abcam) (concentration, 1.5 μg/ml) and rabbit anti-CD31 or PECAM-1 polyclonal IgG (Proteintech Group Inc., Rosemont, IL) (1:500 dilution) were used in this study.
Secondary Ab
Biotin-conjugated goat anti-rabbit IgG heavy and light chains (ab97073, Abcam) were reacted against the primary Abs (1:10,000 dilution).
Immunocytochemical Analysis
Mouse whole blood smears were air-dried and fixed in methanol. Samples from Kusabira-Orange mice and controls were fixed in 3% paraformaldehyde and quenched in 10 mM glycine-PBS. Samples were blocked using 5% BSA/PBS at (RT, 0.5 h), then reacted with primary Abs (4°C overnight), followed by the secondary Ab (RT, 1 h). Nuclear staining using bisBenzimide H33258 (MilliporeSigma) was employed where necessary.
Primary Abs
The anti-CD36 Ab (rabbit polyclonal IgG, Proteintech) was used at a 1:50 dilution in 1% BSA/PBS for single staining, and the rat anti-CD36 monoclonal IgG (R and D Systems, Inc., Minneapolis, MN, United States) was used at 20 μg/ml for the paired one-time staining with AMA-1 or CD41. Anti-SR-B1 rabbit monoclonal IgG was also used at a 1:50 dilution. Rabbit anti-P. yoelii AMA-1 polyclonal antiserum (Mutungi et al., 2014) was used at a 1:100 dilution, rabbit anti-CD41 polyclonal Ab (ab63983, Abcam) was used at a 1:50 dilution, and rabbit anti-CD31 or PECAM-1 monoclonal IgG (reactive to both mouse and human PECAM-1, ab182981, Abcam) was used at a 1:500 dilution.
Secondary Abs
Anti-rabbit IgG heavy and light chains conjugated to Alexa Fluor 647 (ab150083, Abcam) were used at a 1:200 dilution in 1% BSA/PBS, anti-rabbit IgG heavy and light chains conjugated with FITC (ab6717, Abcam) were used at a 1:1,000 dilution, and anti-rat IgG heavy and light chains conjugated to Texas Red (ab6843, Abcam) were reacted at a 1:2,500 dilution against each primary Ab.
Sandwich ELISA
Rat monoclonal anti-CD41 Ab (NBP1-43415, Novus Biologicals, Centennial CO, United States) (100 μl, 1 μg/ml dilution) in NaHCO3/Na2CO3 buffer (50mM, pH 9.6) was incubated overnight at 4°C and fixed on each well of a 96-well immunoplate as the capture Ab. Exosomes from 50 μl of equally pooled plasma from five mice per group were sequentially incubated at room temperature for 1 h with goat polyclonal anti-CD36 Ab (AF2519, R and D Systems) and HRP-labelled bovine anti-goat IgG heavy and light chains, known to be minimally cross-reactive with mouse and rat serum proteins (805–035-180, Jackson ImmunoResearch, West Grove, PA, United States). Anti-CD36 and anti-goat IgG Abs were diluted to 0.4 μg/ml and 0.3 μg/ml, respectively, in PBS with 0.5% BSA, and 100 μl of each was added to each well. Final detection was performed using 100 μl of TMB substrate (BD Biosciences, San Jose, CA, United States) and 50 μl of 2M H2SO4. OD450 nm was measured using FLUOstar OPTIMA microplate reader. Washing in each step was performed with PBS without any detergent. ELISAs were performed as duplicate assays.
Flow Cytometric Analysis
DiO-labelled HDL uptake was investigated using FACS Calibur or Canto II (BD biosciences). Erythrocytes collected from Pb-parasitized BALB/c male mice at 80% parasitemia were incubated under 20% O2, 5% CO2 and 75% N2 gas at 37°C for 1.5 h in RPMI 1640 media with 100 μg/ml of LDL or HDL. Erythrocytes were washed with RPMI 1640 media containing 0.2% BSA, and then analyzed by fluorescence activated cell sorting (FACS). DiO fluorescence was detected on the FL-1 channel. Parasitized RBCs were identified by SYTO 63 staining (Thermo Fisher Scientific) and gated as necessary. List mode data were analyzed using CellQuest software for Calibur and FlowJo software for Canto II.
RESULTS
Lipoprotein Uptake by Parasitized Erythrocytes
To test whether pRBCs can take up lipoproteins, we collected pRBCs from P. berghei (Pb)-infected BALB/c mice and incubated them with fluorescently-labelled lipoproteins. Fluorescence lipid indicator DiI targets phospholipid components, and CE-BODIPY targets cholesteryl ester components. HDLs with these indicators were both taken up by the pRBCs, but not by non-parasitized ones (nRBCs) (Figure 1A). Although the occasional local concentrations of the dye show the bright spots, the fluorescent signals from DiI and BODIPY showed similar patterns in the schizonts’ bodies, suggesting that these two HDL components were taken up together. Western blots showed apolipoprotein A-I (Apo A-I) signal-positivity from the membrane fractions of the pRBCs (Figure 1B), and the pRBCs were also Apo A-I-positive, with or without addition of human HDL, suggesting that it had been incorporated before blood sampling from the infected mice. HDL uptake in Pf-parasitized human erythrocytes was also apparent, and larger HDL amounts appeared to be taken up by schizont-pRBCs than by ring-parasitized ones (Supplementary Figure 1B), but its uptake was competitively inhibited by non-labelled HDL (Figure 1C). Contrastingly, flow cytometry analysis showed that LDL signals compared to non-parasitized erythrocyte remained the same, while HDL signals increased by infection, suggesting that LDL was not taken up by pRBCs (Supplementary Figure 1A). Known mammalian receptors that mediate HDL uptake but not native LDL uptake are SR-Bs such as CD36 or scavenger receptor class B type 1 (SR-B1) (Acton et al., 1994). The signal distribution of fluorescence shown in Figure 1A that ranges from cell membrane to parasites may suggest a relation to CD36, as CD36 reportedly internalizes holo-particles of HDL (Brundert et al., 2011), whereas SR-B1 selectively takes up the cholesteryl ester of HDL (Krieger, 1999).
[image: Figure 1]FIGURE 1 | HDL-uptake by Plasmodium-infected erythrocytes. (A) Uptake of HDL components by P. berghei-pRBCs. Phospholipid and ester components were concomitantly observed around parasite, but HDL was not taken up by the nRBCs (arrows). Scale bar: 5 μm.(B) Pb-pRBCs western blotted for Apo A-I, using a polyclonal primary Ab reactive to both mouse and human Apo A-I. The membrane fraction showed Apo A-I positivity with or without the addition of human HDL. (C) Flow cytometric analysis of DiO-labelled HDL uptake. Synchronized ring-stage P. falciparum incubated for 24 h with 500 μg/ml of HDL. HDL uptake was competitively inhibited by unlabeled HDL. (D) Chemical structure of BLT-1. (E) BLT-1 dose-dependent inhibition of DiO-labelled HDL uptake to Pb-pRBCs. The numbers in panels represent fraction (%) of DiO-positive cells out of total cells.
HDL uptake by Pb-pRBCs was inhibited by SR-B1 antagonist BLT-1 (Nieland et al., 2002) (Figure 1D) in a dose-dependent manner (Figure 1E). BLT-1 also inhibited HDL uptake in CD36+, but SR-B1-deficient Huh7 cells (Supplementary Figure 2), showing that HDL uptake was mediated by SR-Bs. SR-B1-independent inhibition of HDL uptake was observed at 10 μM and this concentration clearly influenced both HDL uptake in Pb-pRBCs and Pf growth in in vitro culture supplemented with human serum (Figure 1E and Supplementary Figure 1C). The BLT-1 effects on parasitized erythrocyte may be due to off-target effects of BLT-1, but it also raises a possibility that other molecules may be influenced by the BLT-1 action in parasitized erythrocytes. To explore that possibility, we studied involvement of CD36 in Pb and Pf and compared with SR-BI.
Identifications of Platelet-Derived Proteins on the Parasitized Erythrocytes
We investigated receptor protein levels on pRBCs over time in Pb-infected BALB/c mice because they usually survive malaria infections for more than 2 weeks. We collected blood from post-infection days 5–14. Up to day 5, most parasites we observed were ring forms, and very low levels of immunoreactive CD36 were observed. By day 11, most Pb parasites were schizonts, and CD36 signals appeared on the pRBC membranes and on parasites bodies (Figure 2A left). CD36 co-localized with apical membrane antigen 1 (AMA-1) (Supplementary Figure 3B), a Plasmodium integral membrane protein, suggesting that CD36 may be involved in sterol uptake from erythrocytes to the internalized parasites. Albeit the characteristic CD36 signal increased, the SR-B1 signal remained weak on the pRBCs, even on days 11–14 (Figure 2A right). CD36 was also detected in Pf culture supported by human serum (Supplementary Figure 3C).
[image: Figure 2]FIGURE 2 | Immunocytochemical analysis of Pb-pRBCs for scavenger receptors and CD41. (A) Immunocytochemical analysis of Pb-pRBCs. The CD36 signals (pink) were weak in the pRBCs on days 5 and 8 (ring stage), but were abundantly detected on days 11 and 14 (schizonts). On day 11, CD36 appeared as a spot corresponding to each nucleus in the schizont’s body. SR-B1, which was detected in the pRBC membrane, was negligible in the internal parasites (arrow). Scale bar: 5 μm (B) Immunocytochemical analysis of CD36 in BM-transplanted mouse erythrocytes 6 days after Pb infection. CD36 (pink) was detected in pRBCs from the Kusabira-Orange mouse, but not in the BM-transplanted or CD36−/− mouse. Scale bar: 5 μm. (C) Immunocytochemical analysis of pRBCs. CD41 (pink) signals were absent on days 5 and 8 (ring stage), but a small signal emanated from the internal parasites on day 8. CD41-specific fluorescence became abundant on days 11 and 14 (schizont stage). On day 11, CD41 appeared as spots corresponding to nuclei in the schizont’s body, as was also seen with CD36. Scale bar: 5 μm. (D) Co-localization of CD36 (red) and CD41 (green). Scale bar: 5 μm.
The origin of this immunoreactive CD36 and how it is translocated to the pRBCs is unknown. To address this question, we performed bone marrow transplantations from CD36−/− donor mice to congenic Kusabira-Orange (KuO) (Hamanaka et al., 2013) recipient mice. Fluorescent KuO is highly expressed in solid tissues, hematopoietic stem cells and five blood lineages (ending in neutrophils/macrophages, T-cells, B-cells, platelets, and erythrocytes) in the KuO mice, which enabled us to identify donor cells and distinguish them from recipient ones (Supplementary Figure 3D). Unlike the original KuO mice, the transplanted mice lost KuO fluorescence in their peripheral blood cells, including platelets, indicating that most recipient KuO blood cells were replaced by donor CD36−/− blood cells. After Pb infection, CD36 was only detected on pRBCs from the KuO mice but not CD36−/− mice or the transplanted mice (Figure 2B). This suggests that “immunoreactive CD36” was not derived from Pb, but came from the hematopoietic cells of the host mice. That CD36 is scarcely distributed on nRBCs provides clues about the specific CD36 translocation pathway for targeting parasitized cells. Among the hematopoietic cells, platelets and leukocytes (particularly those from the monocyte series) are known CD36-positive cells; thus, CD36 should originate from these cells. These observations motivated us to study CD41, a platelet and megakaryocyte marker, on pRBCs to discover the source of CD36.
Immunocytochemical analysis of the pRBCs from BALB/c mice revealed that the CD41 distribution was very similar to that of CD36, such that they often co-localized but with slightly different accumulation patterns (Figures 2C,D). CD41 signals also originated from the parasites within Pf-infected erythrocytes. CD41 on each parasite was especially evident in schizonts (Supplementary Figure 3E). These data support our hypothesis that molecules from platelets can be transferred to pRBCs, but with an unknown mode of transfer.
Delivery of CD36 to Parasitized Erythrocytes by Exosomes From Platelets
Exosomes released from isolated human platelets carry CD41 (Aatonen et al., 2014). Our immunoblotting analysis showed increased CD36 and CD41 levels in the exosomes isolated from parasitized mouse plasma (Figure 3A), but not from non-parasitized mouse plasma, and they both had identical molecular sizes when isolated from platelets (Figure 3B). Parasite infection also resulted in appearance of dimeric forms and an additional band in exosome sample between monomeric and dimeric CD36, which may be a complex with other proteins occurred during the release of exosomes. To determine whether the CD36 molecules were platelet derived, we performed a sandwich enzyme-linked immunosorbent assay (ELISA) with exosomes from pooled mice plasma and observed increased levels of CD36–CD41 double-positive particles in the exosome fraction from post-infection days 5 and 8 (Figure 3C), suggesting that some CD36-positive exosomes were released from platelets in the parasitized mice. CD36 translocation from platelets to pRBCs was also observed by adding isolated exosomes collected from cultured CMK11-5 (a megakaryoblastic cell line which yields mature megakaryocytes by differentiation with phorbol 12-myristate 13-acetate, PMA) cells (Nagano et al., 1992) (Figure 3D) to the CD36−/− mouse derived pRBCs (Figure 3E). Adding DiI-labelled exosomes to the parasite culture resulted in only pRBCs being labelled, with nRBCs remaining unlabeled (Figure 3F). These data show that platelet-derived CD36 was released as an exosome protein and captured by pRBCs but not by normal erythrocytes.
[image: Figure 3]FIGURE 3 | Analyses of the exosomes isolated from Pb-parasitized mouse plasma or from cultured cells differentiated from CMK11-5 cells. (A) Electron micrograph of the plasma exosomes (arrows) on day 8 post-infection. Scale bar: 333 nm. (B) Western blot of exosomes from plasma, platelets, and pRBCs. CD36, CD41 and an exosome marker (ALIX) were detected on days 5 and 8 post-infection. (C) Detection of exosomes doubly-positive for CD36 and CD41 by sandwich ELISA (duplicated). Each group of exosomes was isolated from the ‘pooled plasma’ of five mice. PBS and exosomes from a CD36−/− mouse were used as negative controls. On days 5 and 8 post-infection, increased OD450 nm was observed. (D) immunoblot analysis for CD36 and CD41 in cultured cells differentiated from CMK11-5 cells or the exosomes released from those cells. (E) Immunocytochemical analysis of erythrocytes from a Pb-parasitized CD36−/− mouse 6 h after adding CMK11-5-derived exosomes. CD36 and CD41 were detected from internal Pb (pink). NC: parasitized erythrocytes incubated with CMK11-5-derived exosomes and immunostained without primary Abs but with secondary Abs. Scale bar: 5 μm. (F) Trafficking of DiI-labelled exosomes derived from CMK11-5 cells into erythrocytes 1 h after exosome addition. DiI was observed in pRBCs (red) but not in uninfected ones. Scale bar: 5 μm.
CD36 May Be Involved in the Fitness of HDL Uptake in vivo
To study the involvement of CD36 in the pathogenesis of Pb infection, we compared parasitemia in normal C57BL6 and the CD36−/− mice infected with ANKA strain. All infected BL6 mice died rapidly before day 10, but CD36−/− survived longer than their congenic counterpart controls, although they eventually died at day 17. Parasitemia in the normal mice rapidly increased between days 6 and 8 post-infection, just before death, but parasitemia in the survived CD36−/− mice continued to increase at slower rate (Figure 4A). These data may suggest that CD36-mediated HDL uptake is important for parasite growth and their pathogenesis, but other molecules partially compensates for HDL uptake in the CD36−/−.
[image: Figure 4]FIGURE 4 | In vivo Pb survival and growth (parasitemia). (A) Kaplan-Meier survival curve of Pb-infected mice. CD36−/− mice survived for significantly longer than the C57BL6 mice. (B) Parasitemia during Pb infection.
DISCUSSION
Our data has shown that parasitized erythrocytes can take up cholesteryl esters and phospholipid from plasma HDL. The uptake of HDL by parasitized erythrocyte is mediated by CD36 and SR-BI that are acquired from platelet-derived exosomes through the interaction with erythrocytes. These results show an example of parasite survival skills to hijack host nutrients and proteins for efficient propagations.
Translocations of cholesterol from lipoproteins and extracellular space to erythrocytes could occur in the form of cholesteryl ester and free cholesterol (Ohkawa et al., 2020). Free cholesterol can enter erythrocytes when cholesterol-containing structures, such as HDL or simply in a vesicle form, physically contact erythrocyte membrane. A good example is a study by Plochberger et al., showing that ‘forced’ physical contact of cholesterol-preloaded HDL by atomic force microscope probe allowed only free cholesterol, but not cholesteryl ester, entered target membrane (Plochberger et al., 2017). This study suggests that hydrophobic nature of cholesterol allows spontaneous translocation between two membranes which might be due to the thermal fluctuations of cholesterol molecules. Our previous study by fluorescence lifetime microscopy study also showed that cholesterol-depleted erythrocytes by methyl-β-cyclodextrin treatment recovered cholesterol concentration by simply incubating them in human serum, indicating passive translocation of cholesterol to lipid membrane can slowly occur: it required more than 48 h to fully recovered to normal cholesterol level (Tokumasu et al., 2014). By contrast, receptor mediated incorporation can capture the whole lipoproteins, allowing both cholesteryl esters and free cholesterol can go into erythrocytes. However, significant reduction in parasite infection by cholesterol depletion from erythrocytes (Samuel et al., 2001) and the slow cholesterol recovery suggest that passive translocations of free cholesterol into erythrocytes may not be able to support normal parasite growth. We believe that aided translocation of HDL cholesterol should satisfy the needs of cholesterol by parasite.
The following three questions, however, remain unanswered: Q1: Why do platelet-derived exosomes increase in number in host plasma after Plasmodium infection? Q2: Why do platelet-derived exosomes prefer pRBCs over uninfected ones? Q3: How is CD36 trafficked to the internally-located parasites from or through the plasma membrane of pRBCs? To answer Q1, perhaps exosome release is explained by platelet activation although systemic platelet activation during parasite infection is still controversial as it may differ due to the parasite type and severity of disease (Kho et al., 2018). We did, in fact, collect the exosomes released from cultured CMK11-5 cells by adding CaCl2 and A23187 (a Ca2+ ionophore) to the culture media. Platelet activation and its resultant thrombocytopenia are inevitable in patients with malaria, and this favors parasite growth.
In answer to Q2, selective delivery to pRBCs possibly involves cytoadherence molecules. In Pf, PfEMP1 mediates cytoadherence by binding to CD36 on endothelial cells (Gamain et al., 2001). PfEMP1 may help with exosome capture and cause CD36 transfer to pRBCs. Cytoadherence through CD36 has also been reported in Pb (Franke-Fayard et al., 2005), although PfEMP1 orthologues have not been identified in Pb. pRBCs may express other molecules that mediate adherence to platelet-derived exosomes. CD41, along with CD61, is known to form the α2b/β3 integrin complex (Blair and Frelinger, 2020), that is highly affinitive for many cytoadherence molecules. Our preliminary study showed that exosomes isolated from PMA-activated CMK11-5 cells were also taken up by mouse peritoneal macrophages, but CD41-negative exosomes from non-differentiated CMK11-5 were less taken up by peritoneal macrophages than CD41-positive exosomes. (Data not shown). This suggests that CD41 or α2b/β3 integrin complex expressed on the platelet-derived exosomes may contribute to cell binding. However, additional critical molecule(s) must be involved in the selective exosome delivery as CD41/CD61-deficient platelets still bind to parasitized erythrocytes (Pain et al., 2001). A possible candidate may be CD31, or PECAM-1 which can bind to PfEMP-1 through DBLδ (Treutiger et al., 1997). Our data show that both differentiation-induced CMK11-5 and exosomes from these cells were positive for PECAM-1, and Pb-infected mouse erythrocytes were also PECAM-1 positive (Supplementary Figure 4), while non-parasitized erythrocyte were negative for PECAM-1. Incubation of Pb-infected mouse erythrocytes with CMK11-5-derived exosomes resulted in a higher PECAM-1 signal level, but non-parasitized erythrocytes remained negative even after incubation with the exosomes. PECAM-1 on exosomes may be recognized by parasite cytoadhering molecule(s) and that help capture exosomes.
A reasonable answer to Q3 may be that CD36 is translocated to intracellular parasites as internalized exosomes or exosome-derived microparticles from the plasma membrane of pRBCs. However, the DiI signal pattern and intensity on host erythrocytes varied. We believe that the heterogeneous nature of the erythrocyte population, which varies across erythrocyte ages, may influence the capture process involving both receptor-ligand interactions and the physical properties of the cell membranes, such as membrane fusion. Two hypotheses about how macromolecules are trafficked to protozoans within mammalian cells have been proposed, such as by forming channel-like membrane networks, or by host cell endocytosis (Robibaro et al., 2001). Our data may support both hypotheses. We observed two DiI signal patterns; positive for both protozoans and pRBC, or positive for only protozoans. The former may be resultant from exosome fusion with erythrocyte membranes, and the latter, direct endocytotic internalization of exosomes.
CD36 translocation reportedly occurs between the intracellular pool and the plasma membrane in skeletal muscle cells, a process stimulated by insulin and mediated by PI3K signaling (van Oort et al., 2008). Further investigation using PI3K inhibitors may help to elucidate the mechanism underlying CD36 trafficking.
In the course of searching responsible protein on the surface of parasitized erythrocytes, we used BLT-1 to study if additional scavenger receptors might be involved in the cholesterol take up. Our experiment showed BLT-1 inhibit HDL take up in SR-B1 deficient cells. We don’t exclude a possibility that this effect and inhibition of parasite growth we observed are partly due to the off-target effect of BLT-1 and toxicity from the copper-chelating activity of BLT-1 (Raldua and Babin, 2007). This should be considered in future studies using BLT-1 or other inhibitors. Another question for the BLT-1 effect is whether BLT-1 directly inhibit receptors on the parasitized erythrocyte for HDL take up, or it inhibits exosome binding to the parasitized erythrocytes. It may be technically difficult to answer this question because an experiment using pre-mixed BLT-1 and exosome before applying to parasitized erythrocytes would confuse data from the concurrent effect of ‘free’ BLT-1 that might occur on the erythrocyte surface receptors. However, the number of available receptors should be reduced by BLT-1 anyway, since the receptors being trafficked to the parasitized erythrocytes already exist on exosomes. More details of specific interaction of BLT-1with other proteins involved in parasitized erythrocyte metabolism remain to be studied.
In summary, our findings revealed a notable and important aspect of host–parasite communication whereby malaria parasites hijack the exosome delivery of host scavenger receptors and lipids to support their own growth (Figure 5). Further study of this communication system may open the door to novel antimalarial therapies.
[image: Figure 5]FIGURE 5 | Proposed mechanism of exosome-based CD36 delivery and HDL capture in pRBCs. PfEMP1 in P. falciparum and proteins that have similar binding ability to CD36 in mice malaria catch exosomes to hijack the receptors.
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Hookworm is one type of soil-transmitted helminth, which could exert an anti-inflammatory effect in human or animal host, which provides a beneficial possibility for the discovery of inflammatory-related disease interventions. The identification of hookworm-derived anti-inflammatory molecules is urgently needed for future translational research. The emergence of metabolomics has become a powerful approach to comprehensively characterize metabolic alterations in recent times. Herein, excretory and secretory products (ESPs) were collected from cultured adult worm, while small intestinal contents were obtained from Nippostrongylus brasiliensis (N. brasiliensis, Nb)-infected mice. Through ultra-high-performance liquid chromatography coupled with mass spectrometry (UHPLC-MS) platform, metabolomics analysis was used to explore the identification of anti-inflammatory molecules. Out of 45 differential metabolites that were discovered from ESPs, 10 of them showed potential anti-inflammatory properties, which could be subclassed into amino acids, furanocoumarins, linear diarylheptanoids, gamma butyrolactones, and alpha-keto acids. In terms of intestinal contents that were derived from N. brasiliensis-infected mice, 14 out of 301 differential metabolites were discovered to demonstrate anti-inflammatory effects, with possible subclassification into amino acids, benzylisoquinolines, quaternary ammonium salts, pyrimidines, pregnane steroids, purines, biphenyls, and glycerophosphocholines. Furthermore, nine of the differential metabolites appeared both in ESPs and infected intestinal contents, wherein four were proven to show anti-inflammation properties, namely, L-glutamine, glutamine (Gln), pyruvate, and alanine-Gln (Ala-Gln). In summary, we have provided a method for the identification and analysis of parasite-derived molecules with potential anti-inflammatory properties in the present study. This array of anti-inflammatory metabolites could provide clues for future evaluation and translational study of these anti-inflammatory molecules.
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Introduction

As a soil-transmitted helminth, hookworm has been implicated in the incidence of several conditions, namely, iron deficiency anemia (IDA), malnutrition, and other chronic health problems, which are defined by intensity of infection in human host, wherein they can cause impaired physical and cognitive development as well as adverse outcome of pregnancy and lethargy (Loukas et al., 2016). Humans could be infected by three principal species of hookworm, viz., Ancylostoma ceylanicum, Ancylostoma duodenale, and Necator americanus, which complete their life cycle through skin penetration, pulmonary migration, and small intestine maturity in their host (Brooker et al., 2004). Hookworm infection remains an important health problem in areas with inadequate sanitation (namely rural subtropical and tropical countries), wherein it affects almost 500 million people with approximately 4.1 million annual loss of disability adjusted life years (DALYs) (Bartsch et al., 2016). Meanwhile, with a major burden of hookworm infection in areas described above, epidemiological evidence showed that a negative correlation was observed between hookworm infection and occurrence/frequency of inflammatory diseases such as metabolic disorders, allergic conditions, and inflammatory bowel disease (IBD), which could be defined as “hygiene hypothesis” (Maizels et al., 2004; Briggs et al., 2016; Ryan et al., 2020). Guided by this hypothesis, numerous studies of helminth-based therapy for different inflammatory disease models have been explored in recent years, wherein it was found that derived products of helminths showed drug-like anti-inflammatory activities in human, mice, and other larger animals (Summers et al., 2005; McSorley et al., 2012; Scholmerich et al., 2017). However, different mechanisms were elucidated in various models intervened by different species of helminth or derived molecules, including alternatively activated macrophages, mucus production, and wound repairing as well as regulatory cell population-induced abundance production of IL-10 and powerful drivers of type II immune responses (Harris and Loke, 2018; Lothstein and Gause, 2021). Moreover, microbiome and its metabolite interactions with helminths might also become increasingly important for anti-inflammatory mechanisms (Ramanan et al., 2016; Brosschot and Reynolds, 2018). Thus, identification and evaluation of helminth-derived molecules as anti-inflammatory agents are urgently needed for future translational research.

Considering the ethical concerns of live helminth infection, numerous helminth-derived molecules including proteins, lipids, and enzymes have been identified to potentially exert several functions of immunoregulation in different models of inflammatory disease (Lothstein and Gause, 2021). Ac-AIP-2 and Nb-DNase II, derived from two hookworm experimental models, namely, Ancylostoma caninum (hookworm in dog) and N. brasiliensis (rodent hookworm), could modulate innate immune responses and regulate dendritic cell development and Treg activation in vitro and in vivo (Navarro et al., 2016; Bouchery et al., 2020). As hookworm parasitizes in the small intestine of the host, hookworm-derived excretory and secretory products (ESPs) including soluble proteins, small molecules, and extracellular vesicles could collectively play an important role in host–pathogen interactions. However, previous studies mainly focused on hookworm-derived proteins or enzymes with immune regulation or anti-inflammatory properties. Only two papers focused on the non-protein small metabolites derived from N. brasiliensis, which identified an array of small metabolites with potential anti-inflammatory activities in vitro (Wangchuk et al., 2019; Yeshi et al., 2020). However, it is still unclear what might happen to the metabolic process in vivo during N. brasiliensis infection and/or whether these small molecules could also exist or act within the small intestinal environment of the host.

Metabolomics, as one of the “omics” technologies, has egressed to become a powerful approach to comprehensively characterize metabolic alterations in recent times, wherein among other omics strategies, it is generally recognized as being closer and more representative of the phenotype (Nicholson et al., 2012; Guijas et al., 2018). Mass spectrometry (MS)-based analysis platform makes it possible to identify and quantify small-molecule metabolites from different tissue or body fluid samples, which possibly reflect the health or disease status and provide clues for disease diagnosis and treatment (Shah et al., 2015). For parasite infection, metabolomics analysis has been mostly applied for the discovery of biomarkers and the identification of a new drug target or intervention strategies (Legido-Quigley, 2010; Li et al., 2016; Huang et al., 2020). However, only very few studies focused on the identification of anti-inflammatory molecules during parasite infection. In the present study, we utilized a more sensitive metabolomics platform, ultra-high-performance liquid chromatography coupled with mass spectrometry (UHPLC-MS), to perform analysis of ESPs that were collected from cultured N. brasiliensis adult worm (in vitro) and small intestinal contents from N. brasiliensis-infected mice (in vivo), accordingly. Furthermore, we carried out a comparative analysis to explore common metabolites and reveal the N. brasiliensis-derived anti-inflammatory metabolites (as shown in Figure 1A).




Figure 1 | Schematic flowchart, OPLS-DA score plots, and corresponding permutation tests in positive and negative modes of the present study. Schematic flowchart of metabolomic analysis for ESPs and intestinal content from Nb-infected mice (A). The scatter plots of the OPLS-DA score of ion mode: (B, F) positive and (D, H) negative. The results of the permutation test of ion mode: (C, G) positive and (E, I) negative.





Materials and Methods


Parasite, Animal, and Ethical Statement

Nippostrongylus brasiliensis (a kind gift by Professor Alex Loukas at James Cook University, Australia) was maintained and cycled in the laboratory of Jiangsu Institute of Parasitic Diseases (JIPD) according to a previous published reference (Camberis et al., 2003). C57BL/6 mice (5 weeks old, male) and Sprague–Dawley rats (about 300 g of weight each, male) that were provided by the Animal Center of JIPD (Wuxi, China) were used in the present study. Standard conditions (20–25°C and 12 h light–12 h dark) were maintained in the laboratory where the animals were housed amid unrestricted access to standard chow and water. The Ethical Committee for the Use of Experimental Animals at JIPD (Wuxi, China) gave approval to the protocol of the experiments.



Nippostrongylus brasiliensis Culture and ESP Preparation

Sprague–Dawley rats were used to maintain N. brasiliensis and to collect adult worm as described previously (Camberis et al., 2003). Briefly, L3 stage larvae (3,500 larvae/rat) were used to infect the rats via the subcutaneous route, before they were euthanized with carbon dioxide asphyxiation on day 7 post-infection. Later, the rats were dissected to collect the adult worm from their small intestine. The small intestine was moved into a clean Petri dish containing 5 ml Dulbecco’s phosphate-buffered saline (DPBS) (Gibco-Thermo Fisher, MA, USA), prior to longitudinal slicing and cutting into smaller pieces. Afterwards, pieces of the intestines were placed on a gauze at the bottom of a funnel before it was filled with DPBS. Adult worms migrated out after 2 h of incubation (37°C) to settle at the underneath of the tube but retained debris of the intestinal contents of the host. The suspension containing worms was transferred from the bottom of the tube to a sterile centrifugated tube (50 ml), prior to washing twice with 20 ml of DPBS comprising antibiotic-antimycotic(5×) (Gibco-Thermo Fisher, MA, USA) amid counting under a dissecting microscope. Using 24-well (500 worms/well) plates, the culturing of adult worms was done for 7 days in RPMI-1640 medium (Gibco-Thermo Fisher, MA, USA) containing antibiotic-antimycotic(1×) under 37°C and 5% CO2 conditions. The cultured supernatant was collected every 24 h and replaced with fresh medium. Through centrifugation (at 2,000g and 4°C) for 10 min, the eggs and parasite fragments were removed and filtered with a 0.22-μm filter to obtain the final ESPs before storage at −80°C till it was used in a later experiment.



Animal Infection and Sample Collection In Vivo

The C57BL/6 mice were used for infection and metabolomics analysis in vivo. Briefly, allocation of the mice into two groups (10 mice per group), namely, N. brasiliensis (Nb) and negative control (NC) groups, was done prior to the respective subcutaneous inoculation with L3 larvae of N. brasiliensis (500 larvae/mouse) or sterile saline (both in a 100-μl volume). On day 12 post-inoculation, the entire group of mice was euthanized and their small intestines were taken out under sterile conditions. The small intestinal content from each mouse was scraped into a 1.5-ml sterile tube, weighed, and preserved by storing at −80°C until further experiment.



Analysis of Samples Using the LC-MS/MS Technique

An UHPLC (Agilent Technol-1290 infinity LC) that has been coupled to a time-of-flight (TOF) quadrupole platform (AB Sciex Triple-TOF 6600, Applied Protein Technol. Co. Ltd., Shanghai, China) was applied for further metabolomical analysis of the samples that were collected from ESPs and small intestinal contents of N. brasiliensis-infected mice coupled with negative controls, respectively (ES vs. ES-blank, Nb vs. NC). Also, separation of the samples with the HILIC technique was performed on a specialized column (ACQUIY-UPLC-BEH, Waters, Ireland). Mobile phase A consisted of ammonium acetate (25 mM)/aqueous ammonium hydroxide (25 mM), while mobile phase B consisted of acetonitrile in the positive and negative ESI modes. The mobile phase composition was altered as follows: for 1 min, B was maintained at 85% before linear reduction to 65% (within 11 min) and further reduction to 40% (within 0.1 minute) prior to keeping at this composition for 4 min. Later, the mobile gradient increased to 85% within 0.1 min but allowed a re-equilibration period of 5 min. Separation of the samples via the RPLC system was carried out on the Waters column (ACQUIY-UPLC-HSS T3, Ireland). The composition of the mobile phase for the positive ESI mode (positive) was water comprising formic acid (0.1%)—A and acetonitrile containing formic acid (0.1%)—B, while that of the negative ESI mode was made up of aqueous ammonium fluoride (0.5 mM)—A and acetonitrile—B. Gradient elution was performed by maintaining B at 0.1% for 1.5 min before linear increase to 99% within 11.5 min prior to further keeping the gradient for 3.5 min. Afterwards, the gradient was reduced to 1% within 0.1 min and allowed a re-equilibration period of 3.4 min. The temperature of the column was maintained at 25°C, while 0.3 ml/min was the flow rate of the mobile phases with sample injected in aliquots (2 µl). The following are the conditions of the ESI source: curtain gas (CUR), 30; gas 1, 60; gas 2, 60; source temperature, 600°C; and ion-spray voltage floating (ISVF), ± 5,500 V. The mass/charge (m/z) range for MS (for acquisition only) was set over 60–1,000 Da, while 0.20 s/spectra was the TOF-MS scan accumulation time. Likewise, the m/z range for the MS/MS auto method for acquisition was set over 25–1,000 Da with 0.05 s/spectra being the product ion scan (PIS) accumulation time. Acquisition of PIS was carried out in high sensitive mode through information-dependent acquisition (IDA). The following parameters were fixed accordingly: 35 V with ±15 eV as collision energy (CE) and −60 V (−) and 60 V (+) as declustering potential (DP), with the exclusion of 4 Da isotopes and monitoring of ion candidate per cycle (set at 10).



Processing of Data

Prior to importation to XCMS software (freely available), the conversion of the raw data of MS (from.wiff file to.mzXML file) was carried out with Proteo-Wizard MSConvert. Parameters such as 25 ppm for cent-Wave m/z, c(10, 60) for peak-width, and c(10, 100) for pre-filter were used for picking the peaks. Likewise, grouping of the peaks was done using the accompanying parameters, viz., mzwid (0.025), minfrac (0.5), and bw (5). Isotopic and adduct annotations were performed with the collection of algorithms of metabolite profile annotation (CAMERA). Technically, variables that had more than 50% of the non-zero measurement values (in at least one group) were kept and employed for the extracted ion features. We established a database in our lab using reliable standards there were readily available to identify metabolites via comparison with accurate m/z value (less than 25 ppm) and spectra of MS/MS.



Statistical Analysis

The R package (Ropls) was used to analyze the processed data after sum normalization. Multivariable analysis of data was performed, which was comprised of orthogonal partial least squares discriminant analysis (OPLS-DA) and principal component analysis (PCA) coupled with Pareto scaling. Evaluation of model robustness was done with the seven-fold cross-validation and response permutation testing. Using the OPLS-DA model, the variable importance in projection (VIP) score of each variable was computed to show the contribution of VIP to the classification. Determination of significant differences within two groups of independent measurements was statistically carried out with Student’s t-test. Significantly changed metabolites were screened when p <0.05 and VIP >1. Correlation between two variables was analyzed using Pearson’s correlation analysis.

Differentially expressed metabolites were analyzed through the metabolomics pathway using MetaboAnalyst. Presentation of Nb infection-associated pathways was done based on pathway impact and p-values derived from pathway topology and pathway enrichment analyses, respectively.



Comprehensive Literature Searches and Content Analyses of Metabolites With Pharmacological Effects

Literature searches and database survey were comprehensively conducted (for each metabolite) on the account of the list of differential metabolites that were identified from the Nb and ES groups. Databases that were searched included the Human Metabolome Database (HMDB, comprising metabolite entries of 114,100, including metabolites that are soluble in lipid and water) (Wishart et al., 2013) and PubChem (Kim et al., 2016). Additionally, references that were relevant to the biological properties of each metabolite were identified through Google Scholar. Anti-inflammatory, biological activities, and immune regulation were the specific keywords that ensured a unique search. Performance of database and reference content analyses focused on previously reported biological properties, which was subsequently tabularized and quoted against each substance.




Results


System Stability Assessment

In this experiment, changes in the metabolic profile of the samples were analyzed through metabolomics methods on the account of UHPLC-Q TOF-MS technology. As shown by the chromatographic total ion (TIC) technique of QC samples, overlapping of the intensity and retention time of each chromatographical peak was observed. Analysis of peaks that were excerpted from the entire experimental and QC samples was performed using the PCA method with results shown in Supplementary Figure S1, wherein outliers were obviously seen in the samples of positive and negative ion modes, while those of the QC were clustered closely. The results suggest the stability of the system of instrumental analysis used in this experiment and the reliability of the experimental data obtained. Thus, the observed metabolic spectrum differences during the experiment could reflect the biologic differences between the samples.



Multivariate Statistical Analysis of Metabolite Profiling

After multivariate pattern recognition analysis of OPLS-DA, the metabolic profile of Nb was observed to be distinct from that of NC. Thus, the OPLS-DA model (Figure 1) could clearly distinguish between Nb and NC. The heatmap constructed from 17 samples of mice (Figures 3A, B) supported the aforementioned observation. Testing of the robustness of the model showed a good predictive model performance (for the negative ion mode: R2Y = 0.842 and Q2 = 0.608, for the positive ion mode: R2Y = 0.986 and Q2 = 0.956) but was not overfitting (Figures 1C, E), indicating that Nb infection may induce obvious alterations in the metabolism of the mice.

Similarly, a supervised analysis of the ES group was done with OPLS-DA analysis. Observation of the OPLS-DA score plots showed a clear discrimination between the ES and the control groups. The permutation tests verified the validity of the model (for the positive ion mode: R2Y = 0.996 and Q2 = 0.637, for negative ion mode: R2Y = 0.995 and Q2 = 0.807) (Figures 1G, I). Subsequently, heatmaps of ES metabolic characteristics were carried out to view the data more intuitively (Figures 3C, D). The results of heatmaps were consistent with those of OPLS-DA. Overall, the above results indicate that the adult worms secreted several small molecules.



Screening and Analysis of Differential Metabolites

Through fold change (FC) and t-test methods, the volcano plot analysis was used to identify distinctive metabolites. Easy isolation of Nb infection-induced metabolites and identification of excretory secretions of adult worms were carried out with the help of the volcano plots. As shown in Figure 2, points that have the greatest degrees of difference are those found at the two extremes of the plot. Log2(FC > 1.5 or <0.67) was plotted on the x-axis with −log10(p-value, derived from t-test) on the y-axis (Figure 2).




Figure 2 | Unique and common differential metabolites in Nb vs. NC and ES vs. ES-blank groups. The volcano maps of differential metabolites of positive (A, C) and negative (B, D) ion modes. Red scatters denote the upward trend in metabolites, blue scatters indicate the downward trend in metabolites, and black scatters show the non-significant trend in metabolites. The chemical classification chart of distinct metabolites in the Nb (E) and ES groups (F) as well as common and unique metabolite distribution within the two sample groups (G). Different colors in the picture indicate distinct chemical classifications. Percentage represents the proportion of the metabolite number in the chemical classification to the total metabolite number. The Venn diagram shows the overlap of the significantly different metabolites. Two circles were used to denote the clustering of the entire distinctly expressed metabolites into two comparison groups. The number of distinctly expressed metabolites in one comparison group was taken as the sum of the entire figures represented in one circle.



Calculation of VIP score for the individual variables in the OPLS-DA model was done to assess the VIP contribution to classification. Obviously, a total of 301 metabolites exhibited abundance shifts after the mice were infected with Nb, including downregulated (71) and upregulated (230) metabolites. In totality, 45 different metabolites were screened among the ES/ES-blank, wherein 16 were downregulated, while 29 were upregulated. Supplementary Table S1 shows detailed information of individual metabolites such as fold change analysis, HMDB-ID, and VIP values.

Different metabolites in the Nb group belong to nine different chemical classification categories/groups with seven in the ES group (Figures 2E, F). Three categories that had the highest differential metabolite content among the Nb and ES groups were mainly organic acids and their derivatives, followed by lipid-like and lipid compounds and organoheterocyclic molecules.

In addition, the difference in the expression of patterns of metabolites in various samples was assessed with hierarchical cluster analysis heatmap (Figure 3). Importantly, clustering heatmaps can more intuitively show the relationship between samples. Usually, the variation patterns of metabolome compositions are clearly shown by the heatmap, wherein they are obviously separated from the control. Exemplarily, alanine glutamine and pyruvate were abundantly present in the ESPs of Nb but absent in the culture medium.




Figure 3 | Heatmaps of different metabolites within the Nb and ES groups. (A, C) show the positive ion mode and (B, D) show the negative ion mode. The significance of metabolite change (red denotes upregulated and blue indicates downregulated) was proportional to the color of each section. Rows correspond to metabolites, while columns correspond to samples.



Nine metabolites were found to be common with regard to their differential features when differences in their metabolic profiles were compared, namely, Nb vs. NC and ES vs. ES-blank (Figure 2G), wherein these metabolites comprised mostly products of organic acids and derivatives, followed by organoheterocyclic molecules as well as lipid-like and lipid compounds (Table 1).


Table 1 | List of the common differential metabolites in Nb vs. NC and ES vs. ES-blank.



Comprehensive literature search coupled with database survey discovered 20 small molecules with anti-inflammatory activity with Table 2 showing the retention times, m/z, and chemotaxonomy, alongside the described biological activities of the metabolites. Besides anti-inflammatory activity shown in Table 2, the associated activities of metabolites were also discovered including improved intestinal immunity (Ala-Gln, phenylalanine) and neuroprotective (betaine, curcumin), antitumor (betaine, curcumin), antidiabetic (betaine), antiproliferative (curcumin), anti-aging (curcumin), antioxidant (irbesartan), and gastroprotective properties (gamma-aminobutyric acid).


Table 2 | Summary table of differential metabolites with pharmacological activity.





Analyses of the Biosynthetic and Metabolic Pathways of the Identified Compounds

Through KEGG pathway analysis for the related biological effects and pathways of distinctly expressed metabolites, the determined metabolic pathway enrichment diagram (Figure 4) suggests that eight similar metabolic pathways were observed in the Nb and ES groups. These include metabolism of central carbons in tumor; metabolism of glutamate, aspartate, and alanine; digestion and absorption of proteins; absorption of minerals; biosynthesis of amino acids; metabolism of glutamine; and biosynthesis of amino-acyl tRNA and transporters of ATP binding cassette. Figure 4 displays the perturbed metabolic pathways in samples of intestinal content, thereby depicting bile secretion; mTOR signaling pathway; insulin resistance; GABAergic synapse; biosynthesis of isoleucine, leucine, and valine; and metabolism of beta-alanine, cholesterol, pyrimidine, histidine, and glycerophospholipids, which were significantly enriched in the infected mice compared with the healthy control. Meanwhile, metabolism of pyruvate, glutathione, cysteine, methionine, threonine, glycine, and serine as well as bicarbonate reclamation in the proximal tubules; glucagon signaling pathway; type II diabetes mellitus; citrate cycle (TCA cycle); and other metabolic pathways were significantly affected in the ES group.




Figure 4 | Bubble plot of the pathway analysis of Nb vs. NC (A) and ES vs. ES-blank (B). A metabolic pathway is represented by each bubble in the bubble chart. In the topological analysis, the pathway is influenced by factors such as the size and abscissa of the bubble. The ordinate and color of the bubble with the latter indicating the p-value of the enrichment analysis. The darker the color, the smaller the p-value and the more significant the enrichment degree. The rich factor represents the ratio of the different metabolites in the pathway to the detected metabolites.






Discussion

Available evidence suggests that hookworm could exert an anti-inflammation property for their long-term survival in human or animal host, which may in turn provide a beneficial effect against inflammatory-related diseases (Ferreira et al., 2017; Lothstein and Gause, 2021). Consequently, screening and identification of hookworm-derived molecules with pharmacological activity will be highly investigated in the near future. Besides genomic and proteomic techniques, the application of the metabolomic platform to the pharmaceutical field has begun in recent years, wherein it could screen and identify non-protein small metabolites, thereby reflecting metabolic changes in the host (Wangchuk et al., 2019; Yeshi et al., 2020). The difficulty in obtaining and maintaining human hookworms in the laboratory is a major challenge in human hookworm studies. In view of the similarity of life cycle and pathogenicity to human hookworm, N. brasiliensis has been defined as a model and is widely used in human hookworm research especially in immunobiology, drug screening, etc. (Dominguez et al., 2000; Camberis et al., 2003). Therefore, N. brasiliensis was employed as a model to carry out two independent metabolomics analyses in order to explore anti-inflammatory molecules that were derived from N. brasiliensis through in-vitro and in-vivo pathways in the current study.

Principal molecules of helminths constitute the ESPs and parasite external surface (Hewitson et al., 2009). As a key boundary between the hosts and helminthic parasites, ESPs are usually secreted as a mixture of carbohydrates, lipids, and proteins from the outer surface or oral orifice of the parasite (Pearson et al., 2012). We analyzed ESPs of N. brasiliensis in our study, wherein 10 out of 45 differential metabolites were discovered to demonstrate potential anti-inflammatory properties as described in published works. These metabolites could be subclassed into amino acids, furanocoumarins, linear diarylheptanoids, gamma butyrolactones, and alpha-keto acids. Although glutamine and phenylalanine have also been detected in previous research through GC-MS-based platform (Wangchuk et al., 2019), the other eight metabolites have not been found in other previous published works, which may be ascribable to the application of different metabolomical platforms. Furthermore, through non-targeted liquid chromatography mass spectrometry (LC-MS) platform, metabolites such as betaine and L-glutamine were also found to be in ESPs of N. brasiliensis L3 stage (Yeshi et al., 2020). Therefore, standardization of metabolomics analysis for ESPs of hookworm should be established in the future to increase the credibility of the results.

In addition to in-vitro work on the ESPs of cultured adult worm, the in-vivo study on the N. brasiliensis-parasitized mouse small intestines could provide direct information on host–parasite interaction (Wangchuk et al., 2019). In the present study, we carried out metabolomics analysis of the intestinal contents of N. brasiliensis-infected mouse for the first time, and our results revealed that 301 metabolites were differentially expressed. Through literature searching, we discovered 14 metabolites with anti-inflammatory or antioxidative properties which could be subclassed into amino acids, benzylisoquinolines, quaternary ammonium salts, pyrimidines, pregnane steroids, purines, biphenyls, and glycerophosphocholines. For example, as a candidate for anti-inflammation, glutamine could crucially influence the long-term treatment outcome of inflammatory conditions by regulating inflammation through pathways such as mitogen-activated protein-kinases (MAPK), signal transducer and activator of transcription (STAT), and nuclear factor-kappa B (NF-κB) (Ren et al., 2013). Also, existing evidence has shown that in response to vaccination against the influenza virus, L-glutamine could improve the immunity of the mucosa by modulating the salivary cytokine profile (IL-6 and IL-10) and increasing SIgA levels in the upper airways (Paixao et al., 2021). Irbesartan could ameliorate inflammation and fibrosis in the hypertensive renal injury model through inhibiting Th22 cell chemotaxis and infiltration as well as CCL20, CCL22, and CCL27 expression (Zhong et al., 2020). Papaverine could inhibit the activation of NLRP3 inflammasome by modulating NF-kappa B and CREB signaling pathways, which results in reduced microglial activation and neuronal cell death (Leem et al., 2021). Olanzapine treatment could decrease in expression and secretion of IL-1beta and TNF-alpha significantly in ex vivo stimulation of primary human peripheral blood mononuclear cells (Stapel et al., 2018). All these suggest that a switch to anti-inflammation status of host immune system might have occurred with the production of numerous anti-inflammatory metabolites during N. brasiliensis infection in mice. This could further confirm the inhibitory role of inflammatory responses following infection by the parasites.

To further explore the source of the differential metabolites, especially those with anti-inflammatory properties, we compared the differential metabolites from ESPs and intestinal contents of mice that were infected by N. brasiliensis. We found that nine metabolites co-existed in two different samples which we speculated to originate from N. brasiliensis. Furthermore, four metabolites of the discovered nine common metabolites had anti-inflammatory properties, and they included L-glutamine, glutamine, pyruvate, and Ala-Gln. For instance, pyruvate, a key intermediate in glucose metabolism, could exert an anti-inflammation role in models of experimental stroke and inflammation, as well as systemic inflammation and multiple dysfunctions (Wang et al., 2009; Yang et al., 2016). Ala-Gln, short for the dipeptide alanyl-glutamine, could attenuate inflammation in various experiments including intestinal mucositis, Escherichia coli lipopolysaccharide-induced vascular hyporeactivity, asthma, obesity-associated diabetes, and concomitant inflammatory via sirtuin 1/HUR signaling in β cells (Jing et al., 2007; Araújo et al., 2015; Cruzat et al., 2015; Liu et al., 2020). Besides the N. brasiliensis-derived anti-inflammatory metabolites, the host-derived metabolites might be more important for anti-inflammation roles after N. brasiliensis infection as demonstrated by the other 10 anti-inflammatory metabolites that were also discovered in this work. However, the other metabolites detected in the present study might also have anti-inflammatory effects or other pharmacological activities which require further research. On the other hand, the trilateral relationship among parasite, microbiota, and host cells should also be taken into consideration (Midha et al., 2021), which indicates that intestinal microbiota may also play a crucial role for the alteration of metabolites during N. brasiliensis infection in a mouse model, albeit a comprehensive investigation is needed for a clear understanding of this interaction.

In summary, we have established a method for the analysis of parasite-derived anti-inflammatory molecules and revealed an array of metabolites with anti-inflammatory activities through the UHPLC-MS platform, which could therefore provide clues for the further identification, evaluation, and translation of such metabolites in the not too distant future. However, N. brasiliensis, a model of human hookworm, is different from human hookworm in terms of species taxonomy and parasitism as reported above (Camberis et al., 2003). How to translate N. brasiliensis-based study results to the pharmacological properties of human hookworm will be another question that needs to be interrogated in the future.
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Supplementary Figure 1 | Evaluation of the quality of the experiment. The total ion chromatography (TIC) of the QC sample in modes of positive ion (A) and negative ion (B). Retention time is denoted by x-axis bars, while total ionic strength is represented by y-axis bars. PCA score plots of all experimental samples in the modes of positive ion (C) and negative ion (D).



References

 Almeida, E. B., Santos, J. M. B., Paixao, V., Amaral, J. B., Foster, R., Sperandio, A., et al. (2020). L-Glutamine Supplementation Improves the Benefits of Combined-Exercise Training on Oral Redox Balance and Inflammatory Status in Elderly Individuals. Oxid. Med. Cell Longev 2020, 2852181. doi: 10.1155/2020/2852181

 Alves de Almeida, A. C., de-Faria, F. M., Dunder, R. J., Manzo, L. P., Souza-Brito, A. R., and Luiz-Ferreira, A. (2017). Recent Trends in Pharmacological Activity of Alkaloids in Animal Colitis: Potential Use for Inflammatory Bowel Disease. Evid Based Complement Alternat Med. 2017, 8528210. doi: 10.1155/2017/8528210

 Ammar el, S. M., Gameil, N. M., Shawky, N. M., and Nader, M. A. (2011). Comparative Evaluation of Anti-Inflammatory Properties of Thymoquinone and Curcumin Using an Asthmatic Murine Model. Int. Immunopharmacol 11 (12), 2232–2236. doi: 10.1016/j.intimp.2011.10.013

 Araújo, C. V., Lazzarotto, C. R., Aquino, C. C., Figueiredo, I. L., Costa, T. B., Alves, L. A., et al. (2015). Alanyl-Glutamine Attenuates 5-Fluorouracil-Induced Intestinal Mucositis in Apolipoprotein E-Deficient Mice. Braz. J. Med. Biol. Res. 48 (6), 493–501. doi: 10.1590/1414-431x20144360

 Badurdeen, S., Mulongo, M., and Berkley, J. A. (2015). Arginine Depletion Increases Susceptibility to Serious Infections in Preterm Newborns. Pediatr. Res. 77 (2), 290–297. doi: 10.1038/pr.2014.177

 Bartsch, S. M., Hotez, P. J., Asti, L., Zapf, K. M., Bottazzi, M. E., Diemert, D. J., et al. (2016). The Global Economic and Health Burden of Human Hookworm Infection. PLoS Negl. Trop. Dis. 10 (9), e0004922. doi: 10.1371/journal.pntd.0004922

 Belsky, J. B., Wira, C. R., Jacob, V., Sather, J. E., and Lee, P. J. (2018). A Review of Micronutrients in Sepsis: The Role of Thiamine, L-Carnitine, Vitamin C, Selenium and Vitamin D. Nutr. Res. Rev. 31 (2), 281–290. doi: 10.1017/S0954422418000124

 Bhattacharya, S., Manna, P., Gachhui, R., and Sil, P. C. (2013). D-Saccharic Acid 1,4-Lactone Protects Diabetic Rat Kidney by Ameliorating Hyperglycemia-Mediated Oxidative Stress and Renal Inflammatory Cytokines via NF-kappaB and PKC Signaling. Toxicol. Appl. Pharmacol. 267 (1), 16–29. doi: 10.1016/j.taap.2012.12.005

 Birmani, M. W., Raza, A., Nawab, A., Tang, S., Ghani, M. W., Li, G., et al. (2019). Importance of Arginine as Immune Regulator in Animal Nutrition. Int. J. Vet Sci. Res. 5 (1), 1–10. doi: 10.18488/journal.110.2019.51.1.10

 Bouchery, T., Moyat, M., Sotillo, J., Silverstein, S., Volpe, B., Coakley, G., et al. (2020). Hookworms Evade Host Immunity by Secreting a Deoxyribonuclease to Degrade Neutrophil Extracellular Traps. Cell Host Microbe 27 (2), 277–289 e276. doi: 10.1016/j.chom.2020.01.011

 Briggs, N., Weatherhead, J., Sastry, K. J., and Hotez, P. J. (2016). The Hygiene Hypothesis and Its Inconvenient Truths About Helminth Infections. PLoS Negl. Trop. Dis. 10 (9), e0004944. doi: 10.1371/journal.pntd.0004944

 Brooker, S., Bethony, J., and Hotez, P. J. (2004). Human Hookworm Infection in the 21st Century. Adv. Parasitol 58, 197–288. doi: 10.1016/S0065-308X(04)58004-1

 Brosschot, T. P., and Reynolds, L. A. (2018). The Impact of a Helminth-Modified Microbiome on Host Immunity. Mucosal Immunol. 11 (4), 1039–1046. doi: 10.1038/s41385-018-0008-5

 Camberis, M., Le Gros, G., and Urban, J. Jr. (2003). Animal Model of Nippostrongylus Brasiliensis and Heligmosomoides Polygyrus. Curr. Protoc. Immunol. 19, 12. doi: 10.1002/0471142735.im1912s55

 Carroll, R. E., Benya, R. V., Turgeon, D. K., Vareed, S., Neuman, M., Rodriguez, L., et al. (2011). Phase IIa Clinical Trial of Curcumin for the Prevention of Colorectal Neoplasia. Cancer Prev. Res. (Phila) 4 (3), 354–364. doi: 10.1158/1940-6207.Capr-10-0098

 Chainoglou, E., and Hadjipavlou-Litina, D. (2019). Curcumin Analogues and Derivatives With Anti-Proliferative and Anti-Inflammatory Activity: Structural Characteristics and Molecular Targets. Expert Opin. Drug Discov. 14 (8), 821–842. doi: 10.1080/17460441.2019.1614560

 Chee, M. E., Majumder, K., and Mine, Y. (2017). Intervention of Dietary Dipeptide Gamma-L-Glutamyl-L-Valine (Gamma-EV) Ameliorates Inflammatory Response in a Mouse Model of LPS-Induced Sepsis. J. Agric. Food Chem. 65 (29), 5953–5960. doi: 10.1021/acs.jafc.7b02109

 Chen, M., Huang, H., Zhou, P., Zhang, J., Dai, Y., Yang, D., et al. (2019). Oral Phosphatidylcholine Improves Intestinal Barrier Function in Drug-Induced Liver Injury in Rats. Gastroenterol. Res. Pract. 2019, 8723460. doi: 10.1155/2019/8723460

 Chittur, S., Parr, B., and Marcovici, G. (2011). Inhibition of Inflammatory Gene Expression in Keratinocytes Using a Composition Containing Carnitine, Thioctic Acid and Saw Palmetto Extract. Evid. Based Complementary Altern. Med. 2011, 985345. doi: 10.1093/ecam/nep102

 Choi, J.-I., Yun, I.-H., Jung, Y., Lee, E.-H., Nam, T.-J., and Kim, Y.-M. (2012). Effects of γ-Aminobutyric Acid (GABA)-Anriched Aea Tangle Laminaria Japonica Extract on Lipopolysaccharide-Induced Inflammation in Mouse Macrophage (RAW 264.7) Cells. Fish Aquat. Sci. 15 (4), 293–297. doi: 10.5657/fas.2012.0293

 Cruzat, V. F., Keane, K. N., Scheinpflug, A. L., Cordeiro, R., Soares, M. J., and Newsholme, P. (2015). Alanyl-Glutamine Improves Pancreatic β-Cell Function Following Ex Vivo Inflammatory Challenge. J. Endocrinol. 224 (3), 261–271. doi: 10.1530/joe-14-0677

 Dominguez, L., Saldana, J., and Chernin, J. (2000). Use of L4 Larvae of Nippostrongylus Brasiliensis for the In Vivo Screening of Anthelmintic Drugs. Can. J. Vet. Res. 64 (3), 160–163.

 El-Said, N. T., Mohamed, E. A., and Taha, R. A. (2019). Irbesartan Suppresses Cardiac Toxicity Induced by Doxorubicin via Regulating the P38-MAPK/NF-kappaB and TGF-Beta1 Pathways. Naunyn Schmiedebergs Arch. Pharmacol. 392 (6), 647–658. doi: 10.1007/s00210-019-01624-3

 Faour-Nmarne, C., and Azab, A. N. (2016). Effects of Olanzapine on LPS-Induced Inflammation in Rat Primary Glia Cells. Innate Immun. 22 (1), 40–50. doi: 10.1177/1753425915613425

 Feng, L., Li, W., Liu, Y., Jiang, W. D., Kuang, S. Y., Jiang, J., et al. (2015). Dietary Phenylalanine-Improved Intestinal Barrier Health in Young Grass Carp (Ctenopharyngodon Idella) Is Associated With Increased Immune Status and Regulated Gene Expression of Cytokines, Tight Junction Proteins, Antioxidant Enzymes and Related Signalling Molecules. Fish Shellfish Immunol. 45 (2), 495–509. doi: 10.1016/j.fsi.2015.05.001

 Feng, S., Wang, Y., Zhang, R., Yang, G., Liang, Z., Wang, Z., et al. (2017). Curcumin Exerts Its Antitumor Activity Through Regulation of miR-7/Skp2/p21 in Nasopharyngeal Carcinoma Cells. Onco Targets Ther. 10, 2377–2388. doi: 10.2147/ott.S130055

 Ferreira, I. B., Pickering, D. A., Troy, S., Croese, J., Loukas, A., and Navarro, S. (2017). Suppression of Inflammation and Tissue Damage by a Hookworm Recombinant Protein in Experimental Colitis. Clin. Transl. Immunol. 6 (10), e157. doi: 10.1038/cti.2017.42

 Foschetti, D. A., Braga-Neto, M. B., Bolick, D., Moore, J., Alves, L. A., Martins, C. S., et al. (2020). Clostridium Difficile Toxins or Infection Induce Upregulation of Adenosine Receptors and IL-6 With Early Pro-Inflammatory and Late Anti-Inflammatory Pattern. Braz. J. Med. Biol. Res. 53 (9), e9877. doi: 10.1590/1414-431x20209877

 Fukuda, T., Majumder, K., Zhang, H., Matsui, T., and Mine, Y. (2017). Adenine has an Anti-Inflammatory Effect Through the Activation of Adenine Receptor Signaling in Mouse Macrophage. J. Funct. Foods 28, 235–239. doi: 10.1016/j.jff.2016.11.013

 Guha, S., Paul, C., Alvarez, S., Mine, Y., and Majumder, K. (2020). Dietary Gamma-Glutamyl Valine Ameliorates TNF-Alpha-Induced Vascular Inflammation via Endothelial Calcium-Sensing Receptors. J. Agric. Food Chem. 68 (34), 9139–9149. doi: 10.1021/acs.jafc.0c04526

 Guijas, C., Montenegro-Burke, J. R., Warth, B., Spilker, M. E., and Siuzdak, G. (2018). Metabolomics Activity Screening for Identifying Metabolites That Modulate Phenotype. Nat. Biotechnol. 36 (4), 316–320. doi: 10.1038/nbt.4101

 Harris, N. L., and Loke, P. (2018). Recent Advances in Type-2-Cell-Mediated Immunity: Insights From Helminth Infection. Immunity 48 (2), 396. doi: 10.1016/j.immuni.2018.02.011

 Hewitson, J. P., Grainger, J. R., and Maizels, R. M. (2009). Helminth Immunoregulation: The Role of Parasite Secreted Proteins in Modulating Host Immunity. Mol. Biochem. Parasitol 167 (1), 1–11. doi: 10.1016/j.molbiopara.2009.04.008

 Holen, E., Espe, M., Andersen, S. M., Taylor, R., Aksnes, A., Mengesha, Z., et al. (2014). A Co Culture Approach Show That Polyamine Turnover Is Affected During Inflammation in Atlantic Salmon Immune and Liver Cells and That Arginine and LPS Exerts Opposite Effects on P38mapk Signaling. Fish Shellfish Immunol. 37 (2), 286–298. doi: 10.1016/j.fsi.2014.02.004

 Huang, H.-Y., Hsu, T., and Lin, B.-F. (2019). Gamma-Aminobutyric Acid Decreases Macrophages Infiltration and Suppresses Inflammatory Responses in Renal Injury. J. Funct. Foods 60, 103419. doi: 10.1016/j.jff.2019.103419

 Huang, Y., Wu, Q., Zhao, L., Xiong, C., Xu, Y., Dong, X., et al. (2020). UHPLC-MS-Based Metabolomics Analysis Reveals the Process of Schistosomiasis in Mice. Front. Microbiol. 11, 1517. doi: 10.3389/fmicb.2020.01517

 Jiang, Y. P., Yang, J. M., Ye, R. J., Liu, N., Zhang, W. J., Ma, L., et al. (2019). Protective Effects of Betaine on Diabetic Induced Disruption of the Male Mice Blood-Testis Barrier by Regulating Oxidative Stress-Mediated P38 MAPK Pathways. BioMed. Pharmacother. 120, 109474. doi: 10.1016/j.biopha.2019.109474

 Jing, L., Wu, Q., and Wang, F. (2007). Glutamine Induces Heat-Shock Protein and Protects Against Escherichia Coli Lipopolysaccharide-Induced Vascular Hyporeactivity in Rats. Crit. Care 11 (2), R34. doi: 10.1186/cc5717

 Kim, D. H., Sung, B., Kang, Y. J., Jang, J. Y., Hwang, S. Y., Lee, Y., et al. (2014). Anti-Inflammatory Effects of Betaine on AOM/DSSinduced Colon Tumorigenesis in ICR Male Mice. Int. J. Oncol. 45 (3), 1250–1256. doi: 10.3892/ijo.2014.2515

 Kim, S., Thiessen, P. A., Bolton, E. E., Chen, J., Fu, G., Gindulyte, A., et al. (2016). PubChem Substance and Compound Databases. Nucleic Acids Res. 44 (D1), D1202–D1213. doi: 10.1093/nar/gkv951

 Leem, Y. H., Park, J. S., Park, J. E., Kim, D. Y., and Kim, H. S. (2021). Papaverine Exerts Neuroprotective Effect by Inhibiting NLRP3 Inflammasome Activation in an MPTP-Induced Microglial Priming Mouse Model Challenged With LPS. Biomol Ther. (Seoul) 29 (3), 295–302. doi: 10.4062/biomolther.2021.039

 Legido-Quigley, C. (2010). Metabolite-Biomarker Investigations in the Life Cycle of and Infection With Schistosoma. Parasitology 137 (9), 1425–1435. doi: 10.1017/S0031182010000545

 Li, Y., Mei, L., Qiang, J., Ju, S., and Zhao, S. (2016). Magnetic Resonance Spectroscopy for Evaluating Portal-Systemic Encephalopathy in Patients With Chronic Hepatic Schistosomiasis Japonicum. PLoS Negl. Trop. Dis. 10 (12), e0005232. doi: 10.1371/journal.pntd.0005232

 Liu, S. K., Ma, L. B., Yuan, Y., Ji, X. Y., Sun, W. J., Duan, J. X., et al. (2020). Alanylglutamine Relieved Asthma Symptoms by Regulating Gut Microbiota and the Derived Metabolites in Mice. Oxid. Med. Cell Longev 2020, 7101407. doi: 10.1155/2020/7101407

 Lothstein, K. E., and Gause, W. C. (2021). Mining Helminths for Novel Therapeutics. Trends Mol. Med. 27 (4), 345–364. doi: 10.1016/j.molmed.2020.12.010

 Loukas, A., Hotez, P. J., Diemert, D., Yazdanbakhsh, M., McCarthy, J. S., Correa-Oliveira, R., et al. (2016). Hookworm Infection. Nat. Rev. Dis. Primers 2, 16088. doi: 10.1038/nrdp.2016.88

 Maizels, R. M., Balic, A., Gomez-Escobar, N., Nair, M., Taylor, M. D., and Allen, J. E. (2004). Helminth Parasites–Masters of Regulation. Immunol. Rev. 201, 89–116. doi: 10.1111/j.0105-2896.2004.00191.x

 Ma, F., Liu, F., Ding, L., You, M., Yue, H., Zhou, Y., et al. (2017). Anti-Inflammatory Effects of Curcumin Are Associated With Down Regulating microRNA-155 in LPS-Treated Macrophages and Mice. Pharm. Biol. 55 (1), 1263–1273. doi: 10.1080/13880209.2017.1297838

 Marik, P. E. (2018). Hydrocortisone, Ascorbic Acid and Thiamine (HAT Therapy) for the Treatment of Sepsis. Focus Ascorbic Acid. Nutrients 10 (11), 1762. doi: 10.3390/nu10111762

 Ma, Y., Zhang, Y., Zhang, H., and Wang, H. (2021). Thiamine Alleviates High-Concentrate-Diet-Induced Oxidative Stress, Apoptosis, and Protects the Rumen Epithelial Barrier Function in Goats. Front. Vet. Sci. 8, 663698. doi: 10.3389/fvets.2021.663698

 McSorley, H. J., O'Gorman, M. T., Blair, N., Sutherland, T. E., Filbey, K. J., and Maizels, R. M. (2012). Suppression of Type 2 Immunity and Allergic Airway Inflammation by Secreted Products of the Helminth Heligmosomoides Polygyrus. Eur. J. Immunol. 42 (10), 2667–2682. doi: 10.1002/eji.201142161

 Midha, A., Ebner, F., Schlosser-Brandenburg, J., Rausch, S., and Hartmann, S. (2021). Trilateral Relationship: Ascaris, Microbiota, and Host Cells. Trends Parasitol 37 (3), 251–262. doi: 10.1016/j.pt.2020.09.002

 Murugan, S., Jakka, P., Namani, S., Mujumdar, V., and Radhakrishnan, G. (2019). The Neurosteroid Pregnenolone Promotes Degradation of Key Proteins in the Innate Immune Signaling to Suppress Inflammation. J. Biol. Chem. 294 (12), 4596–4607. doi: 10.1074/jbc.RA118.005543

 Navarro, S., Pickering, D. A., Ferreira, I. B., Jones, L., Ryan, S., Troy, S., et al. (2016). Hookworm Recombinant Protein Promotes Regulatory T Cell Responses That Suppress Experimental Asthma. Sci. Transl. Med. 8 (362), 362ra143. doi: 10.1126/scitranslmed.aaf8807

 Neurauter, G., Schröcksnadel, K., Scholl-Bürgi, S., Sperner-Unterweger, B., Schubert, C., Ledochowski, M., et al. (2008). Chronic Immune Stimulation Correlates With Reduced Phenylalanine Turnover. Curr. Drug Metab. 9 (7), 622–627. doi: 10.2174/138920008785821738

 Ngo, D. H., and Vo, T. S. (2019). An Updated Review on Pharmaceutical Properties of Gamma-Aminobutyric Acid. Molecules 24 (15), 2678. doi: 10.3390/molecules24152678

 Nicholson, J. K., Holmes, E., Kinross, J. M., Darzi, A. W., Takats, Z., and Lindon, J. C. (2012). Metabolic Phenotyping in Clinical and Surgical Environments. Nature 491(7424), 384–392. doi: 10.1038/nature11708

 Nijiati, Y., Maimaitiyiming, D., Yang, T., Li, H., and Aikemu, A. (2021). Research on the Improvement of Oxidative Stress in Rats With High-Altitude Pulmonary Hypertension Through the Participation of Irbesartan in Regulating Intestinal Flora. Eur. Rev. Med. Pharmacol. Sci. 25 (13), 4540–4553. doi: 10.26355/eurrev_202107_26247

 Orsal, E., Halici, Z., Bayir, Y., Cadirci, E., Bilen, H., Ferah, I., et al. (2013). The Role of Carnitine on Ovariectomy and Inflammation-Induced Osteoporosis in Rats. Exp. Biol. Med. 238 (12), 1406–1412. doi: 10.1177/1535370213502614

 Paixao, V., Almeida, E. B., Amaral, J. B., Roseira, T., Monteiro, F. R., Foster, R., et al. (2021). Elderly Subjects Supplemented With L-Glutamine Shows an Improvement of Mucosal Immunity in the Upper Airways in Response to Influenza Virus Vaccination. Vaccines (Basel) 9 (2), 107. doi: 10.3390/vaccines9020107

 Pan, X. H., Yang, L., Beckers, Y., Xue, F. G., Tang, Z. W., Jiang, L. S., et al. (2017). Thiamine Supplementation Facilitates Thiamine Transporter Expression in the Rumen Epithelium and Attenuates High-Grain-Induced Inflammation in Low-Yielding Dairy Cows. J. Dairy Sci. 100 (7), 5329–5342. doi: 10.3168/jds.2016-11966

 Pearson, M. S., Tribolet, L., Cantacessi, C., Periago, M. V., Valero, M. A., Jariwala, A. R., et al. (2012). Molecular Mechanisms of Hookworm Disease: Stealth, Virulence, and Vaccines. J. Allergy Clin. Immunol. 130 (1), 13–21. doi: 10.1016/j.jaci.2012.05.029

 Ramanan, D., Bowcutt, R., Lee, S. C., Tang, M. S., Kurtz, Z. D., Ding, Y., et al. (2016). Helminth Infection Promotes Colonization Resistance via Type 2 Immunity. Science 352 (6285), 608–612. doi: 10.1126/science.aaf3229

 Ren, W. K., Yin, J., Zhu, X. P., Liu, G., Li, N. Z., Peng, Y. Y., et al. (2013). Glutamine on Intestinal Inflammation: A Mechanistic Perspective. Eur. J. Inflamm. 11 (2), 315–326. doi: 10.1177/1721727x1301100201

 Ryan, S. M., Eichenberger, R. M., Ruscher, R., Giacomin, P. R., and Loukas, A. (2020). Harnessing Helminth-Driven Immunoregulation in the Search for Novel Therapeutic Modalities. PLoS Pathog. 16 (5), e1008508. doi: 10.1371/journal.ppat.1008508

 Scholmerich, J., Fellermann, K., Seibold, F. W., Rogler, G., Langhorst, J., Howaldt, S., et al. (2017). A Randomised, Double-Blind, Placebo-Controlled Trial of Trichuris Suis Ova in Active Crohn's Disease. J. Crohns Colitis 11 (4), 390–399. doi: 10.1093/ecco-jcc/jjw184

 Shah, N. J., Sureshkumar, S., and Shewade, D. G. (2015). Metabolomics: A Tool Ahead for Understanding Molecular Mechanisms of Drugs and Diseases. Indian J. Clin. Biochem. 30 (3), 247–254. doi: 10.1007/s12291-014-0455-z

 Shen, C. Y., Wang, T. X., Jiang, J. G., Huang, C. L., and Zhu, W. (2020). Bergaptol From Blossoms of Citrus Aurantium L. Var. Amara Engl Inhibits LPS-Induced Inflammatory Responses and Ox-LDL-Induced Lipid Deposition. Food Funct. 11 (6), 4915–4926. doi: 10.1039/c9fo00255c

 Shimizu, M., and Son, D. O. (2007). Food-Derived Peptides and Intestinal Functions. Curr. Pharm. Des. 13 (9), 885–895. doi: 10.2174/138161207780414287

 Silwal, P., Lim, K., Heo, J.-Y., Park, J. I. L., Namgung, U., and Park, S.-K. (2018). Adenine Attenuates Lipopolysaccharide-Induced Inflammatory Reactions. kjpp 22 (4), 379–389. doi: 10.4196/kjpp.2018.22.4.379

 Singhal, N. K., Sternbach, S., Fleming, S., Alkhayer, K., Shelestak, J., Popescu, D., et al. (2020). Betaine Restores Epigenetic Control and Supports Neuronal Mitochondria in the Cuprizone Mouse Model of Multiple Sclerosis. Epigenetics 15 (8), 871–886. doi: 10.1080/15592294.2020.1735075

 Stapel, B., Sieve, I., Falk, C. S., Bleich, S., Hilfiker-Kleiner, D., and Kahl, K. G. (2018). Second Generation Atypical Antipsychotics Olanzapine and Aripiprazole Reduce Expression and Secretion of Inflammatory Cytokines in Human Immune Cells. J. Psychiatr. Res. 105, 95–102. doi: 10.1016/j.jpsychires.2018.08.017

 Sugino, H., Futamura, T., Mitsumoto, Y., Maeda, K., and Marunaka, Y. (2009). Atypical Antipsychotics Suppress Production of Proinflammatory Cytokines and Up-Regulate Interleukin-10 in Lipopolysaccharide-Treated Mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 33 (2), 303–307. doi: 10.1016/j.pnpbp.2008.12.006

 Summers, R. W., Elliott, D. E., Urban, J. F. Jr., Thompson, R. A., and Weinstock, J. V. (2005). Trichuris Suis Therapy for Active Ulcerative Colitis: A Randomized Controlled Trial. Gastroenterology 128 (4), 825–832. doi: 10.1053/j.gastro.2005.01.005

 Treede, I., Braun, A., Jeliaskova, P., Giese, T., Füllekrug, J., Griffiths, G., et al. (2009). TNF-Alpha-Induced Up-Regulation of Pro-Inflammatory Cytokines Is Reduced by Phosphatidylcholine in Intestinal Epithelial Cells. BMC Gastroenterol. 9, 53. doi: 10.1186/1471-230x-9-53

 Treede, I., Braun, A., Sparla, R., Kühnel, M., Giese, T., Turner, J. R., et al. (2007). Anti-Inflammatory Effects of Phosphatidylcholine. J. Biol. Chem. 282 (37), 27155–27164. doi: 10.1074/jbc.M704408200

 Vallée, M. (2016). Neurosteroids and Potential Therapeutics: Focus on Pregnenolone. J. Steroid Biochem. Mol. Biol. 160, 78–87. doi: 10.1016/j.jsbmb.2015.09.030

 Vallée, M., Vitiello, S., Bellocchio, L., Hébert-Chatelain, E., Monlezun, S., Martin-Garcia, E., et al. (2014). Pregnenolone can Protect the Brain From Cannabis Intoxication. Science 343 (6166), 94–98. doi: 10.1126/science.1243985

 Vecchi Brumatti, L., Marcuzzi, A., Tricarico, P. M., Zanin, V., and Girardelli, M. (2014). Curcumin and Inflammatory Bowel Disease: Potential and Limits of Innovative Treatments. Molecules 19 (12), 21127–21153. doi: 10.3390/molecules191221127

 Wangchuk, P., Kouremenos, K., Eichenberger, R. M., Pearson, M., Susianto, A., Wishart, D. S., et al. (2019). Metabolomic Profiling of the Excretory-Secretory Products of Hookworm and Whipworm. Metabolomics 15 (7), 101. doi: 10.1007/s11306-019-1561-y

 Wang, Q., van Hoecke, M., Tang, X. N., Lee, H., Zheng, Z., Swanson, R. A., et al. (2009). Pyruvate Protects Against Experimental Stroke via an Anti-Inflammatory Mechanism. Neurobiol. Dis. 36 (1), 223–231. doi: 10.1016/j.nbd.2009.07.018

 Wishart, D. S., Jewison, T., Guo, A. C., Wilson, M., Knox, C., Liu, Y., et al. (2013). HMDB 3.0–The Human Metabolome Database in 2013. Nucleic Acids Res. 41 (Database issue), D801–D807. doi: 10.1093/nar/gks1065

 Xie, M., Chen, H., Nie, S., Tong, W., Yin, J., and Xie, M. (2017). Gastroprotective Effect of Gamma-Aminobutyric Acid Against Ethanol-Induced Gastric Mucosal Injury. Chemico-Biol Interact. 272, 125–134. doi: 10.1016/j.cbi.2017.04.022

 Yang, J. M., Zhou, R., Zhang, M., Tan, H. R., and Yu, J. Q. (2018). Betaine Attenuates Monocrotaline-Induced Pulmonary Arterial Hypertension in Rats via Inhibiting Inflammatory Response. Molecules 23 (6), 1274. doi: 10.3390/molecules23061274

 Yang, R., Zhu, S., and Tonnessen, T. I. (2016). Ethyl Pyruvate Is a Novel Anti-Inflammatory Agent to Treat Multiple Inflammatory Organ Injuries. J. Inflamm. 13 (1), 37. doi: 10.1186/s12950-016-0144-1

 Yeshi, K., Creek, D. J., Anderson, D., Ritmejeryte, E., Becker, L., Loukas, A., et al. (2020). Metabolomes and Lipidomes of the Infective Stages of the Gastrointestinal Nematodes, Nippostrongylus Brasiliensis and Trichuris Muris. Metabolites 10 (11), 446. doi: 10.3390/metabo10110446

 Yisireyili, M., Uchida, Y., Yamamoto, K., Nakayama, T., Cheng, X. W., Matsushita, T., et al. (2018). Angiotensin Receptor Blocker Irbesartan Reduces Stress-Induced Intestinal Inflammation via AT1a Signaling and ACE2-Dependent Mechanism in Mice. Brain Behav. Immun. 69, 167–179. doi: 10.1016/j.bbi.2017.11.010

 Yue, Y., Huang, W., Liang, J., Guo, J., Ji, J., Yao, Y., et al. (2015). IL4I1 Is a Novel Regulator of M2 Macrophage Polarization That can Inhibit T Cell Activation via L-Tryptophan and Arginine Depletion and IL-10 Production. PLoS One 10 (11), e0142979. doi: 10.1371/journal.pone.0142979

 Yu, Y., Shen, Q., Lai, Y., Park, S. Y., Ou, X., Lin, D., et al. (2018). Anti-Inflammatory Effects of Curcumin in Microglial Cells. Front. Pharmacol. 9, 386. doi: 10.3389/fphar.2018.00386

 Zhong, Y., Tang, R., Lu, Y., Wang, W., Xiao, C., Meng, T., et al. (2020). Irbesartan may Relieve Renal Injury by Suppressing Th22 Cells Chemotaxis and Infiltration in Ang II-Induced Hypertension. Int. Immunopharmacol 87, 106789. doi: 10.1016/j.intimp.2020.106789

 Zia, A., Farkhondeh, T., Pourbagher-Shahri, A. M., and Samarghandian, S. (2021). The Role of Curcumin in Aging and Senescence: Molecular Mechanisms. BioMed. Pharmacother. 134, 111119. doi: 10.1016/j.biopha.2020.111119




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


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 © 2021 Chen, Zhang, Ding, Yang, Chen, Zhang, Fan, Dai and Wang. 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.




ORIGINAL RESEARCH

published: 16 November 2021

doi: 10.3389/fcimb.2021.791997

[image: image2]


Development of a Recombinase Polymerase Amplification Assay for Schistosomiasis Japonica Diagnosis in the Experimental Mice and Domestic Goats


Qinghong Guo 1,2, Kerou Zhou 1,2, Cheng Chen 1,2, Yongcheng Yue 1,2, Zheng Shang 1,2, Keke Zhou 1,2, Zhiqiang Fu 1,2, Jinming Liu 1,2, Jiaojiao Lin 1,2, Chenyang Xia 3, Wenqiang Tang 3, Xiaonan Cong 4, Xuejun Sun 4 and Yang Hong 1*


1 National Reference Laboratory for Animal Schistosomiasis, Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai, China, 2 Key Laboratory of Animal Parasitology of Ministry of Agriculture, Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Shanghai, China, 3 Institute of Animal Science, Tibet Academy of Agricultural and Animal Husbandry Science, Lhasa, China, 4 Huancui Development Center for Animal Husbandry, Weihai, China




Edited by: 

Qingfeng Zhang, Tongji University, China

Reviewed by: 

Martin Nelwan, Nelwan Institution for Human Resource Development, Indonesia

Jiahui Lei, Huazhong University of Science and Technology, China

*Correspondence: 

Yang Hong
 hongyang_7@126.com

Specialty section: 
 This article was submitted to Parasite and Host, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 09 October 2021

Accepted: 27 October 2021

Published: 16 November 2021

Citation:
Guo Q, Zhou K, Chen C, Yue Y, Shang Z, Zhou K, Fu Z, Liu J, Lin J, Xia C, Tang W, Cong X, Sun X and Hong Y (2021) Development of a Recombinase Polymerase Amplification Assay for Schistosomiasis Japonica Diagnosis in the Experimental Mice and Domestic Goats. Front. Cell. Infect. Microbiol. 11:791997. doi: 10.3389/fcimb.2021.791997



Although the prevalence of schistosomiasis japonica has declined gradually in China, more accurate and sensitive diagnostic methods are urgently needed for the prevention and control of this disease. Molecular diagnostic methods are advantageous in terms of sensitivity and specificity, but they are time-consuming and require expensive instruments and skilled personnel, which limits their application in low-resource settings. In this study, an isothermal DNA amplification assay and recombinase polymerase amplification (RPA) combined with lateral flow dipstick (LFD) were set up. It was used to detect S. japonicum infections in experimental mice and domestic goats by amplifying a specific DNA fragment of S. japonicum. The lower limit of detection for the LFD-RPA assay was evaluated using dilutions of plasmid containing the target sequence. Cross-reactivity was evaluated using genomic DNA from eight other parasites. The effectiveness of the LFD-RPA assay was verified by assessing 36 positive plasma samples and 36 negative plasma samples from mice. The LFD-RPA assay and real-time PCR were also used to assess 48 schistosomiasis japonica-positive plasma samples and 53 negative plasma samples from goats. The LFD-RPA assay could detect 2.6 femtogram (fg) of S. japonicum target DNA (~39 fg genomic DNA of S. japonicum), only 10-fold less sensitive than real-time PCR assay. There was no cross-reactivity with DNA from the other eight parasites, such as Haemonchus contortus and Spirometra. The whole amplification process could be completed within 15 min at 39°C, and the results can be observed easily using the LFD. The sensitivity and specificity of the LFD-RPA assay were 97.22% (35/36, 95% CI, 85.47%–99.93%) and 100% (36/36, 95% CI, 90.26%–100%) in mice, and 93.75% (45/48, 95% CI, 82.80%–98.69%) and 100% (53/53, 95% CI, 93.28%–100%) in goats. By comparison, the sensitivity and specificity of real-time PCR were 100% (36/36, 95% CI, 90.26%–100%) and 100% (36/36, 95% CI, 90.26%–100%) for mice, and 97.92% (47/48, 95% CI, 88.93%–99.95%) and 100% (53/53, 95% CI, 93.28%–100%) for goats. The LFD-RPA assay exhibits high sensitivity and specificity for the diagnosis of schistosomiasis japonica, and it is an alternative method for diagnosis schistosomiasis japonica in low resource setting.
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Introduction

Schistosomiasis is an important parasitic disease caused by trematode flukes of the genus Schistosoma, which are mainly distributed in tropical and subtropical regions (Loverde, 2019). It is listed as one of the six major tropical diseases for key research, detection, and prevention (Boatin et al., 2012). Schistosomiasis has a major impact on human health and socioeconomic development. It affects nearly 240 million people worldwide, more than 700 million people live in endemic areas, and approximately 41,000 people die from Schistosoma infection each year (Zhou et al., 2005a; Satrija et al., 2015). The three major Schistosoma species cause human schistosomiasis, including Schistosoma japonicum, S. mansoni, and S. haematobium. Schistosoma japonicum is mainly distributed in China, the Philippines, and Indonesia (Loverde, 2019).

Schistosoma japonicum has more than 40 known hosts, all of which excrete faeces containing parasite eggs that contaminate water sources and cause disease transmission. In China, cattle and goats are main sources of transmission, and only five cases of human were positive by schistosomiasis pathogenic examination in 2019 (Chen et al., 2014; Zhang et al., 2020). Some measures taken by the government have resulted in great progress in controlling schistosomiasis japonica of animal in China (Utzinger et al., 2005; Hotez et al., 2014). The prevalence and infection intensity of S. japonicum of animal have declined gradually, but more sensitive and accurate diagnostic methods are urgently needed for the prevention and control of this disease (Wang et al., 2018).

Traditional diagnostic methods for schistosomiasis japonica mainly include parasitological and immunologic diagnoses. Parasitological methods are the “gold standard,” but they are time-consuming and have a high rate of false-negative results at low-intensity infections (Yu et al., 2007). Immunologic methods are prone to higher rates of cross-reactive and false-positive results, and they are difficult in distinguishing current infections and previous infections (Wu, 2002; Xu et al., 2011). In addition, imaging techniques could be used in schistosomiasis diagnosis, such as observing hepatic fibrosis by ultrasonography (Maezawa et al., 2018). Molecular diagnostic methods that can diagnose diseases accurately, possess higher sensitivity and specificity, and produce lower cross-reactivity with other pathogens are therefore needed. Many studies have indicated that certain specific nucleic acid sequences of S. japonicum can be detected in the blood and faeces of infected hosts (Lier et al., 2008; Gordon et al., 2015). Therefore, it is feasible to diagnose schistosomiasis japonica by detecting specific nucleic acid sequences.

Standard nucleic acid detection methods, such as general PCR and real-time PCR, require laboratory equipment and sufficiently skilled operators. The loop-mediated isothermal amplification (LAMP) method is convenient, but complicated primer design and aerosol contamination during amplification limit its application (Xu et al., 2010; Xu et al., 2015). Recombinase polymerase amplification (RPA) is an isothermal DNA amplification technology that can complete the amplification reaction within 20 min at temperature (25°C−45°C). Products of DNA amplification can be detected by a lateral flow dipstick (LFD), which makes the endpoint analysis more flexible and useable in low-resource settings (Crannell et al., 2014; Rostron et al., 2019; Hu et al., 2020; Lei et al., 2020). In previous studies, RPA combined with LFD (LFD-RPA) was found to save time and achieve high sensitivity, high specificity, and convenience, and visual detection of some diseases can be employed (Rosser et al., 2015; Poulton and Webster, 2018; Wang et al., 2019; Shelite et al., 2021). Sun et al. set up the LFD-RPA method targeting SjR2 of S. japonicum to diagnose human S. japonicum infection by detecting faecal samples (Sun et al., 2016). Xing et al. set up the real-time RPA method targeting SjR2 of S. japonicum to diagnose human S. japonicum infection by detecting faecal samples (Xing et al., 2017). Frimpong et al. used a real-time RPA method optimized targeting Dra 1 of S. haematobium to diagnose human S. haematobium infection by detecting urine samples (Frimpong et al., 2021). In the present study, we developed an LFD-RPA assay targeting SjCHGCS20 of S. japonicum for detecting a specific DNA (cell-free DNA) sequence in plasma of mice and goats, and the diagnostic effectiveness was compared with that of real-time PCR.



Materials and Methods


Plasma Sample Collection

Mice (BALB/c, 6–8 weeks old) were percutaneously infected with 40 cercariae for 15 min after counting the cercariae under a microscope. Plasma samples (0.5 ml) were collected in EDTA-K2 vacuum blood collection tubes, and the supernatant was separated after centrifugation at 3,000× rpm for 10 min at 25°C. The goat was restrained and its abdominal wool shaved. Then, goats were percutaneously infected with 300 cercariae for 20 min after counting the cercariae under a microscope. Plasma samples (2 ml) were collected in EDTA-K2 vacuum blood collection tubes from the jugular vein of each goat, and the supernatant was separated after centrifugation at 3,000× rpm for 10 min at 25°C (Guo et al., 2020). All animal experiments were conducted following the guidelines of the Committee for Care and Use of Laboratory Animals of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The protocol was approved by the Ethics and Animal Welfare Committee of the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences.

Thirty-six positive plasma samples (7 weeks post-infection) were collected from artificially infected BALB/c mice, and 48 positive plasma samples (8 weeks post-infection) were collected from artificially infected goats. Another 36 and 53 plasma samples were collected from uninfected BALB/c mice (0.5 ml) and goats (2 ml), respectively. All plasma samples were stored at -20°C.



DNA Extraction

DNA was extracted from plasma samples of BALB/c mice (0.1 ml) and goats (0.6 ml) using a Magnetic Serum/Plasma Circulating DNA Maxi Kit (Tiangen Biotech, Beijing, China) according to the manufacturer’s protocols. The concentrations of extracted DNA were usually about 10–20 ng/μl. All extracted DNA samples were stored at -20°C. Genomic DNA samples of BALB/c mice, goats, Haemonchus contortus, Toxoplasma gondii, Trichinella spiralis, Sarcocystis sp., Babesia, Fasciola gigantica, Paramphistomum, and Spirometra were provided by the Key Laboratory of Animal Parasitology of Ministry of Agriculture. Genomic DNA samples of BALB/c mice and goats were extracted using a TIANamp Genomic DNA Kit (Tiangen Biotech) according to the manufacturer’s protocols.



RPA Primers and Probe Design

A specific S. japonicum DNA fragment of SjCHGCS20 was selected as the detection target sequence (GenBank: FN356222.1). The primers and probe for LFD-RPA were designed according to the TwistDX guidelines (http://www.twistdx.co.uk) and are listed in Table 1. A position relationship diagram of primers and probe on the DNA sequence is listed in Figure 1. The reverse primer was labelled with biotin at its 5′-end. The probe consisted of an oligonucleotide homologous to the S. japonicum target sequence, which was labelled with FAM at its 5′-end, a C3 spacer at its 3′-end, and an internal abasic nucleotide analogue (THF) with 30 bp between the 5′-end and THF, and 15 bp between the 3′-end and THF.


Table 1 | Sequences of primers and probe used in the LFD-RPA assay.






Figure 1 | Position relationship diagram of primers and probe on the DNA sequence. FP, forward primer; RP, reverse primer; bp, base pair.





LFD-RPA Assay

The total reaction volume per reaction was 50 μl, and reactions were performed using a TwistAmp nfo Kit (TwistDX Ltd, London, UK). For each reaction, 2.1 μl (10 μM) of forward primer and reverse primer, 0.6 μl (10 μM) of probe, 29.5 μl of primer-free rehydration buffer, 12.2 μl of nuclease-free water, and 1 μl template were added to the reaction pellet using the TwistAmp nfo Kit. Finally, 2.5 μl (280 mM) of magnesium acetate (MgOAc) was added to the lid of tube and mixed to start the reaction. Reactions of LFD-RPA assay were conducted for 15 min at 39°C in a dry incubator. After amplification, 5 μl of amplification product was diluted to 100 μl with the provided running buffer (Milenia Biotec, Giessen, Germany). Then, lateral flow strips (Milenia Biotec) were vertically inserted into 1.5-ml centrifuge tubes containing 100 μl of different dilutions. The results were observed after 5 min at room temperature.

In LFD-RPA assays, samples were judged positive when they simultaneously displayed a control band and a test band. Samples were judged negative when only a control band was displayed. Samples were judged invalid when only a test band or no band was displayed. A positive control [a plasmid containing the target sequence (Guo et al., 2020)] and a negative control (DNA extracted from a negative sample of a mouse or goat) were included in each run reaction.



Optimisation of the Amount of Betaine Solution Addition

Betaine solution was added to the reaction system with an aim to reduce the secondary structure and solve the false-positive results of LFD-RPA assays (Poulton and Webster, 2018). Assays were conducted using 10 DNA respectively extracted from negative mouse and goat samples, and different amounts of betaine solution (0, 2, 5, and 8 μl) were added, respectively. Two, 5, and 8 μl of betaine solution (5 M; Sigma-Aldrich, Saint Louis, USA) were substituted for the same amount of nuclease-free water in the reaction system of RPA assays, and total volumes at 50 μl were maintained. Then, the lowest amount of betaine solution added into the reaction system was determined to effectively reduce false-positive results.



Optimisation of the LFD-RPA System

The amplification temperature, reaction duration, and product dilution are three important factors in the LFD-RPA assay. The LFD-RPA assays were conducted using plasmid (2.6 fg) containing the target sequence as template to optimize the amplification conditions. The amplification temperatures were tested at 25°C, 30°C, 35°C, 37°C, 39°C, 42°C, and 45°C, respectively. The amplification durations were tested at 5, 10, 15, and 20 min at 39°C, respectively. Amplification products were diluted 10-, 20-, 50-, and 100-fold with running buffer and tested at 39°C for 15 min to determine the optimal dilution.



Analysis of the Lower Limit of Detection and Cross-Reactivity of LFD-RPA and Real-Time PCR Assays

The total reaction system volume of real-time PCR assays was 20 μl. It included 10 μl of 2×ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China), 0.4 μl (10 μmol/l) of each primer, 5.2 μl ddH2O, and 4 μl (~20 ng) DNA template. The reaction procedure comprised an initial denaturing step at 94°C for 30 s, followed by 40 cycles at 94°C for 15s, 58°C for 34s, and 72°C for 10 s, and a melting curve step, comprising denaturation at 95°C for 15 s, annealing at 60°C for 15 s, and extension at 72°C for 15 s using a qTOWER 3G instrument (Analytik Jena AG, Jena, Germany) (Guo et al., 2020). Besides, the LFD-RPA and real-time PCR assays detect the same DNA fragment of S. japonicum.

The positive plasmid containing the target sequence was diluted to 2.6 ng/μl, and a 10-fold gradient dilution series to 0.26 fg/μl was used to establish the lower limit of detection of the LFD-RPA and real-time PCR assays. The cross-reactivity of the LFD-RPA assay with other parasites was evaluated using genomic DNA (200–300 ng) from eight additional parasites (Haemonchus contortus, Toxoplasma gondii, Trichinella spiralis, Sarcocystis sp., Babesia, Fasciola gigantica, Paramphistomum, and Spirometra).



Detection of Schistosomiasis Japonica in Mice by LFD-RPA and Real-Time PCR Assays

The sensitivity of LFD-RPA and real-time PCR assays was calculated using DNA templates extracted from 36 infection-positive plasma samples from mice. The specificity of LFD-RPA and real-time PCR assays was calculated by detecting DNA templates extracted from 36 mice without schistosome infection.



Detection of Schistosomiasis Japonica in Goats by LFD-RPA and Real-Time PCR Assays

A total of 48 positive plasma samples and 53 negative plasma samples from goats were analysed by the two methods. The sensitivity of LFD-RPA and real-time PCR assays was calculated by detecting DNA templates from positive plasma samples. The specificity of LFD-RPA and real-time PCR assays was calculated by detecting DNA templates from goats without schistosome infection.



Data Analysis

Stata/SE 12.0 was used to calculate the 95% confidence interval (CI) for both sensitivity and specificity. Analysis of the LFD-RPA and real-time PCR assay results was conducted by kappa and chi-square tests using SPSS Statistics (Version 20). The coefficient of k values was scored as follows: negligible (0–0.20), weak (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), and excellent (0.81–1.00). A p-value <0.05 was considered statistically significant.




Results


Establishment and Optimisation of the LFD-RPA Assay

The results showed that the false-positive rate was 20% (2/10) without adding betaine solution. The false-positive rate was 10% (1/10) after adding 2 μl betaine solution. No false positive was appeared after respectively adding 5 and 8 μl betaine solution in detecting mouse negative samples. The false-positive rates were respective 30% (3/10), 20% (2/10), 0 (0/10), and 0 (0/10) after adding 0, 2, 5, and 8 μl betaine solution in detecting goat negative samples. Thus, 5 μl was set as the optimum addition amount of betaine solution in the subsequent detection reactions.

Analysis of amplification temperature showed that the reaction could be conducted over a wide range of temperatures from 35°C to 45°C (Figure 2). The test bands gradually became bright when the amplification temperature was increased, and a clearly visible test band could be observed from 39°C to 45°C. Thus, 39°C was set as the optimum amplification temperature.




Figure 2 | Optimisation of the amplification temperature of the LFD-RPA assay. The LFD-RPA assay results are positive over a wide range of temperatures from 35°C to 45°C. The samples of 25°C–45°C were all 2.6 fg/μl positive plasmid. Negative control (NC), DNA extracted from negative samples and amplification at 45°C. The red arrows stand for the direction of reaction solution diffusing in the lateral flow dipstick.



The LFD-RPA assay could be conducted over 5, 10, 15, and 20 min at 39°C (Figure 3). The bands were weak after 5 and 10 min but were clearly visible at 15 and 20 min. Thus, 15 min was determined as the optimum amplification duration.




Figure 3 | Optimisation of the amplification duration of the LFD-PCR assay. The LFD-RPA assay results are positive for 5, 10, 15, and 20 min. The samples of 5, 10, 15, and 20 min were all 2.6 fg/μl positive plasmid. Negative control (NC), DNA extracted from negative samples and amplification duration for 20 min. The red arrows stand for the direction of reaction solution diffusing in the lateral flow dipstick.



Amplification products were diluted by 1:10, 1:20, 1:50, and 1:100 with running buffer (Figure 4). Test bands were observed at all four dilutions, and a clearly visible test band was observed at 1:20 and 1:10 dilutions. By contrast, only weak test bands were observed at 1:50 and 1:100 dilutions. Thus, 1:20 was determined as the optimum dilution.




Figure 4 | Optimisation of the amplification product dilution of the LFD-PCR assay. The LFD-RPA assay results are positive at amplification product dilutions of 1:10, 1:20, 1:50, and 1:100. A clearly visible test band can be observed at 1:10 and 1:20 dilutions, but only a weak test band is visible at 1:50 and 1:100 dilutions. The samples of amplification product dilutions of 1:10, 1:20, 1:50, and 1:100 were all 2.6 fg/μl positive plasmid. Negative control (NC), DNA extracted from negative samples and amplification product in a dilution of 1:10. The red arrows stand for the direction of reaction solution diffusing in the lateral flow dipstick.





Comparison of the Lower Limit of Detection and Cross-Reactivity of LFD-RPA and Real-Time PCR Assays

The results showed that the lower limit of detection of the LFD-RPA assay was 2.6 fg plasmid DNA containing the target DNA of S. japonicum (~39 fg genomic DNA of S. japonicum) (Figure 5) compared with 0.26 fg of S. japonicum target DNA (~3.9 fg genomic DNA of S. japonicum) for the real-time PCR assay. No amplification was observed using genomic DNA of these eight kinds of other parasites and genomic DNA of the mouse and goat as templates by the two methods (Figure 6).




Figure 5 | The lower limit of detection of the LFD-RPA assay. Positive plasmid containing the S. japonicum target sequence at concentrations from 2.6 nanogram (ng)/μl to 0.26 fg/μl was used to determine the minimum detection concentration in the LFD-RPA assay. The minimum detection concentration is 2.6 fg/μl. Negative control (NC), DNA extracted from negative samples. The red arrows stand for the direction of reaction solution diffusing in the lateral flow dipstick.






Figure 6 | Cross-reactivity of the LFD-RPA assay. The LFD-RPA assay detects S. japonicum exclusively and exhibits no cross-reactivity with genomic DNA from eight other parasites. Negative control (NC), DNA extracted from negative samples. The red arrows stand for the direction of reaction solution diffusing in the lateral flow dipstick.





Sensitivity and Specificity of LFD-RPA and Real-Time PCR Assays for Schistosomiasis Japonica Detection in Mice

The results of LFD-RPA and real-time PCR showed that there was no gene amplification from the genomic DNA of mice, and they could be used to detect S. japonicum infection in mice. The results showed that the sensitivity was 97.22% (35/36, 95% CI, 85.47%–99.93%) and the specificity was 100% (36/36, 95% CI, 90.26%–100%). The detection results for real-time PCR showed that the sensitivity and specificity were both 100% (36/36, 95% CI, 90.26%–100%). The chi-square test results revealed that there was no significant difference (p = 0.314) in sensitivity between the LFD-RPA and real-time PCR assays for detecting schistosomiasis japonica in mice, and the specificity was 100% for both methods.



Sensitivity and Specificity of LFD-RPA and Real-Time PCR Assays for Schistosomiasis Japonica Detection in Goats

The results of LFD-RPA and real-time PCR showed that there was no gene amplification from genomic DNA of goats, and they could be used to detect S. japonicum infection in goats. The results showed that the sensitivity was 93.75% (45/48, 95% CI, 82.80%–98.69%) and the specificity was 100% (53/53, 95% CI, 93.28%–100%). The sensitivity and specificity of the real-time PCR assay was 97.92% (47/48, 95% CI, 88.93%–99.95%) and 100% (53/53, 95% CI, 93.28%–100%), respectively, in goats. The kappa test results showed that the LFD-RPA assay was similar (k = 0.484) with the real-time PCR assay in terms of sensitivity. The chi-square test results revealed no significant difference (p = 0.307) in sensitivity between the LFD-RPA and real-time PCR assays for detecting schistosomiasis japonica in goats, and the specificity was 100% for both methods.




Discussion

In recent decades, the incidence of schistosomiasis japonica has decreased significantly in China following extensive efforts to prevent and control this disease. However, there are still some risk factors in low-prevalence and low-intensity infection areas in China, resulting in disease transmission. People and animals in those areas can still be at the risk of infection (Zhou et al., 2005b; Weerakoon et al., 2018; Okeke et al., 2020). Assay sensitivity and specificity are crucial for accurate diagnosis of schistosomiasis japonica; lower sensitivity and specificity may result in disease transmission due to missed diagnosis (Magalhaes et al., 2020).

Recombinase polymerase amplification has a wide range of applications, and it is especially suitable for detection in the field or in low-resource settings (Xing et al., 2017; Poulton and Webster, 2018; Li et al., 2019; Frimpong et al., 2021). The main advantage of RPA is that it can achieve isothermal amplification; hence, high temperatures are not needed. The RPA responds quickly, and results can be generated within 20 min. The main reagents for RPA are provided in a lyophilised form and have high stability for at least 12 months at room temperature; hence, they do not require a cold storage system during short-term transportation. In addition, analysis of RPA results is flexible and diverse, and LFD-RPA is very practical for diagnosing diseases (Molina-Gonzalez et al., 2020; Zhai et al., 2020).

In previous studies, human schistosomiasis japonica was detected by LFD-RPA assay. The lower limit of detection was 5 fg of S. japonicum DNA, and the sensitivity and specificity were 92.86% (13/14) and 100% (31/31), respectively (Sun et al., 2016). Xing et al. established a real-time RPA method for detecting human schistosomiasis japonica, and the lower limit of detection was 0.9 fg S. japonicum DNA. The sensitivity and specificity were both 100% (30/30; 30/30) (Xing et al., 2017). The detection templates were genomic DNA of eggs from human stool samples in the above two methods. However, domestic animals were usually fed in a large group and collecting faeces of each domestic animal was a difficult job. It was also easy to cause stool sample contamination during the process. Thus, it was not suitable to use stool samples for detecting although it was non-invasive. Xu et al. used a LAMP method for detecting human schistosomiasis japonica, and the detection templates were S. japonicum—specific DNA in serum samples collected from human. The lower limit of detection was 0.08 fg S. japonicum DNA, and the sensitivity and specificity were 96.7% (29/30) and 100% (20/20), respectively (Xu et al., 2010). In this study, the detection templates were cell-free DNA from plasma samples of mice and goats.

There was no previous report for the diagnosis of domestic animal schistosomiasis by the RPA method. At present, only nested-PCR and real-time PCR methods were reported for diagnosing schistosomiasis japonica in domestic animals. The nested-PCR method was used to detect the target DNA of S. japonicum from buffaloes and goats at day 3 post-infection. The sensitivity in buffaloes was 92.30% (24/24), and the specificity was 97.60% (41/42). However, it needed two rounds of PCR, which takes a long time (3 h) and increases the risk of contamination (Zhang et al., 2017). The sensitivity and specificity of real-time PCR were 98.74% (157/159, 95% CI: 95.53%–99.85%) and 100% (94/94, 95% CI: 96.15%–100%) in goats, respectively (Guo et al., 2020). It was also time-consuming (1.5 h) and requires the use of a real-time fluorescent quantitative PCR instrument, which was hindered for diagnosing animal schistosomiasis japonica in resource-limited settings. This study was the first to diagnose schistosomiasis japonica in domestic animals by LFD-RPA assay and reduce the reaction time significantly (15 min), providing an alternative means for diagnosing animal schistosomiasis japonica in low-resource settings.

In the present study, an RPA assay for schistosomiasis japonica was successfully set up in which amplification of a specific DNA fragment was achieved, and the results could be easily detected by LFD. The RPA assay could be completed at 39°C in 15 min. The amplification product was diluted 20-fold with running buffer to a total volume of 100 μl and incubated for 5 min at room temperature, and the results were observed by LFD. The lower limit of detection of the LFD-RPA assay was 2.6 fg of S. japonicum target DNA (~39 fg genomic DNA of S. japonicum), higher than that of the real-time PCR (~3.9 fg genomic DNA of S. japonicum). Although the LFD-RPA assay is not as sensitive as real-time PCR at present, it could be improved through further optimisation, by modifying RPA probes, primers, target sequences, etc.

Like PCR methods, the LFD-RPA assay can also form primer dimers, probe-primer dimers, and hairpin structures, thereby generating false positives. Betaine solution is often used in nucleic acid amplification to prevent the formation of secondary structures such as hairpins, especially for DNA with a high GC content (Kang et al., 2005; Poulton and Webster, 2018). In the present study, betaine solution (Sigma-Aldrich) was added to the LFD-RPA reaction system to prevent the formation of secondary structures and improve reaction accuracy (Poulton and Webster, 2018). Specifically, 5 μl of nuclease-free water was replaced with the same amount of betaine solution (5 M) to a total volume of 50 μl, to reduce non-primary structures and minimise false positives.

The sensitivity and specificity of the LFD-RPA assay for schistosomiasis japonica detection were evaluated in a typical laboratory animal (mouse). The results showed that the sensitivity was 97.22% (35/36, 95% CI, 85.47%–99.93%) and the specificity was 100% (36/36, 95% CI, 90.26%–100%). There was no significant difference (p = 0.314) in sensitivity between the LFD-RPA and real-time PCR assays; the specificity was 100% for both. The LFD-RPA assay was then used to detect schistosomiasis japonica in a typical domestic animal (goat). The results showed that the sensitivity was 93.75% (45/48, 95% CI, 82.80%–98.69%) and the specificity was 100% (53/53, 95% CI, 93.28%–100%). The LFD-RPA assay was in reasonable agreement (k = 0.484) with the real-time PCR assay, and there were no significant differences (p = 0.307) in sensitivity or specificity for detecting schistosomiasis japonica in goats. In addition, the LFD-RPA assay exhibited no cross-reactivity with genomic DNA from eight different parasites.

In summary, the LFD-RPA assay is an alternative method for the diagnosis of animal schistosomiasis japonica in low-resource settings. In previous studies, the RPA presented better consistency with the stool-based tests than IHA and ELISA (Sun et al., 2016; Xing et al., 2017). Meanwhile, it possesses high sensitivity and specificity, simplicity in operation, quick display of results, and no requirements for advanced instrumentation compared with some traditional diagnosis methods. It could be operated by local veterinarians or related technicians who are less knowledgeable on molecular diagnosis. For example, with the application of the LFD-RPA method for rapid viral detection of COVID-19, prospective applicability in resource-limited and decentralized laboratories will become possible (Shelite et al., 2021). However, this method also shows some shortcomings. The nucleic acid extraction process is relatively cumbersome. The lid needs to be opened for product LFD detection after the amplification is completed, and this will increase aerosol contamination in the environment. In addition, the kit is relatively expensive. Therefore, further work is needed to simplify the nucleic acid extraction process, use a fully enclosed device to avoid aerosol contamination, and improve its practicality in low-resource settings.



Conclusions

An LFD-RPA assay was developed for schistosomiasis japonica detection in mice and goats, which has advantages over existing detection methods. It benefits from high sensitivity and specificity and exhibits no cross-reactivity with eight other parasites. It provides an alternative method for the diagnosis of animal schistosomiasis japonica in low-resource settings.
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Parasitic infection can induce pathological injuries and impact the gut microbiota diversity and composition of the host. Bacillus subtilis is a nonpathogenic and noninvasive probiotic bacterium for humans and other animals, playing an important role in improving the host immune system’s ability to respond to intestinal and liver diseases and modulating gut microbiota. However, whether B. subtilis can impact biological functions in Schistosoma japonicum–infected mice is unclear. This study used oral administration (OA) of B. subtilis to treat mice infected with S. japonicum. We evaluated changes in the gut microbiota of infected mice using 16 S rRNA gene sequencing and differentially expressed gene profiles using transcriptome sequencing after OA B. subtilis. We found that OA B. subtilis significantly attenuated hepatic and intestinal pathological injuries in infected mice. The gut microbiota of mice were significantly altered after S. japonicum infection, while OA B. subtilis remodel the diversity and composition of gut microbiomes of infected mice. We found that the S. japonicum–infected mice with OA B. subtilis had an overabundance of the most prevalent bacterial genera, including Bacteroides, Enterococcus, Lactobacillus, Blautia, Lachnoclostridium, Ruminiclostridium, and Enterobacter. Transcriptomic analysis of intestinal tissues revealed that OA B. subtilis shaped the intestinal microenvironment of the host responding to S. japonicum infection. Differentially expressed genes were classified into KEGG pathways between S. japonicum–infected mice and those without included cell adhesion molecules, intestinal immune network for IgA production, hematopoietic cell lineage, Fc epsilon RI signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, calcium signaling pathway, Fc gamma R-mediated phagocytosis, chemokine signaling pathway, phospholipase D signaling pathway, NF-kappa B signaling pathway, B cell receptor signaling pathway, pancreatic secretion, and phagosome. In conclusion, our findings showed that OA B. subtilis alleviates pathological injuries and regulates gene expression, implying that B. subtilis supplementation may be a potential therapeutic strategy for schistosomiasis. Our study may highlight the value of probiotics as a beneficial supplementary therapy during human schistosomiasis, but further studies are needed.
Keywords: probiotics, Schistosoma japonicum, pathological injury, gut microbiota, transcriptomics
BACKGROUND
Schistosomiasis, a result of infection with blood flukes of Schistosoma, is considered as a neglected tropical disease, causing over 250 million people to be infected globally and threatening nearly one-eighth of the world population (Colley et al., 2014; McManus et al., 2018). This zoonotic disease, which seriously damages human and animal health and hinders socioeconomic development, can be found in more than 78 countries in South America, Asia, and Africa (Lin et al., 2020; McManus et al., 2018). In China, Schistosoma japonicum is the only endemic parasitic flatworm of schistosomes and is mainly prevalent in 12 provinces along the middle and the lower reaches of the Yangtze River and in southern regions. S. japonicum infection remains one of the most important public health problems in mainland China, and there are still more than 29,214 advanced schistosomiasis cases documented in 2019 (Zhang LJ. et al., 2020).
S. japonicum infection can cause diarrhea, fatigue, and anemia in the early stages and cause portal vein hypertension syndrome, ascites, and hepatic fibrosis in the later stages. Previous studies have demonstrated that schistosomal eggs, not adult worms, are the key factor inducing hepatic fibrosis and even morbidity (Barnett, 2018; Colley et al., 2014; McManus et al., 2018). The mature schistosome lays a large number of eggs in the vessels of the intestinal wall during schistosomiasis progression (Pearce and MacDonald, 2002). Many laid eggs are deposited in the liver via the portal system and finally induce portal vein hypertension syndrome, ascites, granuloma formation, and hepatic fibrosis (Colley et al., 2014; McManus et al., 2018; Pearce and MacDonald, 2002). Evidence suggests that upregulation of the serum cytokine levels of interleukin 13 (IL-13), IL-5, IL-4, and TGF-β may lead to hepatic fibrosis (Hu et al., 2020; Qiu et al., 2017). Studies have indicated that deposited eggs stimulate dominant CD4+ Th2 immune responses accompanied by eosinophil, macrophage, hepatic stellate cell, and lymphocyte recruitment and then induce granuloma formation (Burke et al., 2009; Colley and Secor, 2014). Shifts in the Th1 response to the Th2 response are a determining factor in the mechanism of granuloma formation and hepatic fibrosis (Bourke et al., 2013; Qiu et al., 2017; Romano et al., 2016). Targeting the Th1/Th2 balance in S. japonicum–infected mice can attenuate hepatic fibrosis (Huang et al., 2020). Furthermore, a schistosome infection can also cause a wide range of clinical symptoms such as gut inflammation and affect the gut microbiota of mice (Hu et al., 2020). However, the mechanism of the complex interaction between host immunity and S. japonicum remains unclear.
Mammals harbor diverse bacteria that affect host biology and health in various ways. Previous studies have shown alterations in composition and structure of the gut microbiome and metabolite profiling in S. japonicum–infected mice (Hu et al., 2020; Song et al., 2020; Zhang B. et al., 2020). Evidence suggests that gut microbiota composition is associated with Schistosoma mansoni infection burden in rodent models (Cortes et al., 2020). Our previous work and other reports revealed that schistosome infection decreases the alpha diversity and richness of beneficial bacteria of gut microbiota in mammals such as rodents (Anter et al., 2020; Cortes et al., 2020; Hu et al., 2020; Jenkins et al., 2018; Song et al., 2020; Zhang B. et al., 2020) and humans (Gui et al., 2021; Kay et al., 2015). Lack of host gut microbiota alters host immune responses to intestinal granuloma formation and hepatic fibrosis in infected mice (Holzscheiter et al., 2014). Therefore, a feature is that the gut microbiota of hosts during schistosomiasis is lost and lacking. Homeostasis of the composition and diversity of gut microbiota can be beneficial for host health and biological functions after schistosome infection.
Bacillus subtilis, a member of class Bacilli significantly increased in humans after schistosome infection (Gui et al., 2021), is a nonpathogenic and noninvasive probiotic bacterium for humans and other animals. B. subtilis is one of the 42 probiotics that can be orally administered directly and was announced by the Food and Drug Administration (FDA) in 1989. Evidence suggests that oral administration (OA) of B. subtilis protects HFD-induced obese mice against obesity and modulates host gut microbiota (Huang et al., 2021; Lei et al., 2015). B. subtilis inhibits the occurrence of ulcerative colitis via changes in the intestinal microecology (Wu et al., 2019). B. subtilis produces surfactin, an antibacterial peptide, which protects the host against copper sulfate–induced inflammation and hepatic injury in zebrafish (Wang et al., 2021). In short, B. subtilis plays an essential role in improving the host immune system’s ability to respond to intestinal and liver diseases. Evidence has also suggested that Bacillus species could inhibit the growth of intestinal pathogens such as Escherichia coli, Helicobacter pylori, Staphylococcus aureus, and Clostridium difficile (Duc et al., 2004; Colenutt and Cutting, 2014; Piewngam et al., 2018). However, whether B. subtilis can impact intestinal and hepatic pathological injuries in mice infected with S. japonicum is unclear.
In this study, we hypothesized that B. subtilis would affect intestinal and hepatic injuries in S. japonicum–infected mice and modulate the biological aspects of hosts. To explore this hypothesis, we collected hepatic, intestinal, and stool samples from S. japonicum–infected mice treated with or without OA B. subtilis. Subsequently, we evaluated pathological progression via histological detection, investigated alterations in the gut microbiota via 16 S rRNA gene sequencing, and analyzed the gene expression profiles using transcriptomics through collected samples. Our study demonstrated that OA B. subtilis may be a beneficial supplementary therapy for human schistosomiasis.
METHODS
Ethics Approval and Consent to Participate
All experiments were conducted in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Sun Yat-sen University (Permit No: 2016-104) and the Medical Research Ethics Committee of Sun Yat-sen University (SYSU-IACUC-2019-B517).
Preparation of Probiotic Bacterial Strain
B. subtilis CMCC(B) 63501 was purchased from Solarbio Science and Technology Co., Ltd (Beijing). B. subtilis was cultured in a lysogeny broth (LB) medium to spawn for 24 h. Then, bacteria were successively washed with 1 M NaCl and 1 M KCl and washed two times with distilled water. The LB agar plates were incubated at 27°C for 12–24 h, and the number of CFUs per plate was counted. Finally, the concentration of bacterial suspension was adjusted to 3 × 108 CFU/ ml, 3 × 109 CFU/ ml, or 3 × 1010 CFU/ ml. Each animal was given 0.3 ml of the final suspension every 3 days. The bacteria suspension was refreshed every week.
Mice, Cercariae, Infection, and Probiotic Treatment
A total of 36 male pathogen-free BALB/c mice, approximately 6 weeks old (body weight: 18 ± 2 g), were purchased from the Experimental Animal Center of Southern Medical University. They were reared in plastic cages with free access to autoclaved chow and water in the Biosafety Level-2 (BSL-2) laboratory of Sun Yat-sen University under controlled temperature and humidity and a 12-h light and 12-h dark cycle. The animals were randomly divided into groups for further experiments. Oncomelania hupehensis was purchased from the Chinese Center for Disease Control and Prevention (Shanghai). After acclimating to the laboratory environment, each mouse was infected with 20 ± 2 S. japonicum cercariae via shaved abdominal skin. The probiotic supplement for mice was performed 1 week before the first day of infection, and treatment continued for 7 weeks. To conduct experiments, we randomly divided mice into four groups: normal group (NG), normal mice with OA B. subtilis group (NBS), S. japonicum–infected group (SI), and S. japonicum–infected mice with OA B. subtilis group (SIBS).
Sample Collection
The mice were sacrificed after chloral hydrate asphyxiation and cervical dislocation of S. japonicum at 56 days postinfection (dpi). Left liver lobes and colons were collected and immediately fixed in 4% paraformaldehyde for histopathological analysis. Liver samples were also collected for hydroxyproline content measurement according to the protocol of the hydroxyproline assay kit (Nanjing, China). Stool samples were collected the day before sacrifice. Blood samples were drawn from orbital veins and centrifuged at 1,500 × g for 15 min, and then the serum was collected after clotting. In addition, both male and female S. japonicum worms were collected from the portal vein. The detections of worm length, worm burden, and egg burden were determined as described in a previous study (Shen et al., 2017).
Histological Staining
For histopathological analysis, fixed fragments from the intestine and liver of mice were sliced into sections (5 μm thick). These slices were subjected to H&E staining and Masson’s trichrome staining. Images were captured under an inverted microscope (Olympus, Japan). The percentage of the fibrotic area was detected using a ZEISS Axio Scan. Z1 automated slide scanner microscope (Germany). A full view of the whole tissue was also obtained. We analyzed the whole tissue area and the blue-positive region using Image-Pro Plus 6.0 software (Media Cybernetics, USA). We calculated the percentage of the fibrotic area based on the area of the blue-labeled region/the total area of the whole liver tissue. Granulomatous responses in the colon were estimated by calculating the ratio of the integrated optical density (IOD) to the intestinal tissue area.
RNA Extraction, RNA Sequencing, and Sequence Analysis
The liver and intestinal tissues were collected and stored in TRIzol reagent (Invitrogen, USA) at −80°C until processing. Total RNA was extracted as described in a previous study (Lin et al., 2020). We quantified the total RNA using a NanoDrop 2000 spectrophotometer (Thermo Scientific, America).
RNA integrity was assessed using the RNA Nano 6000 Assay Kit protocol in the Agilent Bioanalyzer 2100 system (USA). Total RNA was used as input material for the RNA sample preparations. PCR was performed with Phusion high-fidelity DNA polymerase, universal PCR primers, and index (X) primers. The PCR products were purified. The library quality was assessed on a Qubit2.0 Fluorometer and Agilent Bioanalyzer 2100 system. The prepared library was sequenced on an Illumina NovaSeq platform by Frasergen Company (Wuhan, China) and 150 bp paired-end reads were generated. After quality control of raw data, we carried out transcriptome assembly, gene functional annotation, differential expression analysis, KEGG enrichment analysis, and GO enrichment analysis. Genes with an adjusted fold change ≥2 were assigned as DEGs using the DESeq2 R package (1.20.0). The cluster profiler R package was used to test the statistical enrichment of DEGs in KEGG pathways.
DNA Extraction
All stool samples were frozen at −80°C for further study. Total DNA from stool samples was isolated under a sterile environment according to the Hipure Stool DNA Kit protocol (Magen, China). After extraction, the total DNA quality and quantity examination were conducted using a NanoDrop 2000 spectrophotometer (Thermo Scientific, America).
PCR Amplification and Sequencing
The V3–V4 region of the 16 S rRNA gene (approximately 500 bp) was amplified using a specific bacterial primer set (forward primer 5′-ACT​CCT​ACG​GGA​GGC​AGC​A-3′ and reverse primer 5′-GGACTACHVGGGTWTCTAAT-3′) and sequenced on an Illumina HiSeq 2500 platform. PCR amplification was performed using Takara PrimeStar DNA polymerase (China). The following PCR cycling conditions were used: denaturation at 95°C for 5 min, 25 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 40 s, and final extension at 72°C for 5 min. The PCR products were analyzed by 2% agarose gel electrophoresis. Finally, sequencing was performed by Biomarker Technologies (China).
Analysis of Sequencing Data
After the base calling analysis, the raw data files from the sequencing platform were transformed into the original sequenced reads and stored in FASTQ format. QIIME (version 1.8.0) was used to cluster reads into operational taxonomic units (OTUs) and identified at 97% or more similarity (Caporaso et al., 2010). We rarified the OTU table and calculated the species abundance based on the OTUs and ACE indices using mothur (version 1.33.3) (Grice et al., 2009). To analyze the alpha diversity. As measures of beta diversity of the similarity, the nonmetric multidimensional scaling (NMDS) and partial least squares discrimination analysis (PLS-DA) plots with binary Jaccard distance were performed in R with the vegan package (Kambura et al., 2016). PERMANOVA was used to evaluate the beta diversity between samples or groups using mothur (version 1.33.3). We computed and explored the taxonomic content of the sequencing dataset using MEGAN (Huson et al., 2007). A ternary plot of the microbial community was generated as described in a previous study (Han et al., 2018). Based on the genus abundance of the gut microbiota of mice, random forest algorithms with 1,000 random permutations were conducted (Li et al., 2021). For range adjustment, all pairwise comparisons between two groups were tested using Student’s t-test.
Statistical Analysis
We calculated the results using GraphPad Prism version 6.0 (USA). Data are expressed as the mean ± SEM. The differences between groups were analyzed by Student’s t-test using SPSS 19.0 software (USA). *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.
RESULTS
Protection of Mice Against Schistosome Infection by OA B. subtilis
To examine the role of B. subtilis in schistosomiasis-related hepatic fibrosis in vivo, we infected the mice with a lethal dose of S. japonicum cercariae. The infected mice were gavaged with B. subtilis or PBS every 3 days. Experimental designs on schedule for parasite infection, OA B. subtilis or PBS, and sample withdrawal are shown (Figure 1A). The survival rate of mice is shown (Supplementary Figure S1A).
[image: Figure 1]FIGURE 1 | OA B. subtilis attenuated S. japonicum–induced hepatic and intestinal granulomas in mice (n = 6). (A) Time schedule for parasite infection, OA B. subtilis, and sample collection. Mice were infected with 20 ± 2 S. japonicum cercariae at 0 weeks. Infected mice received B. subtilis at a dose of 0.3 × 8 × 108 CFU/ ml or PBS at 1 week post-infection. Samples were collected at the indicated time points. (B) H&E staining and Masson’s trichrome staining of liver tissues. (C) The value of granuloma area in the liver. (D) The value of fibrosis area in the liver. (E) Hydroxyproline content in the liver. (F) H&E staining of colon tissues. (G) The value of granuloma area in the colon. Granulomatous responses in the colon were estimated by calculating the ratio of the integrated optical density (IOD) to the intestinal tissue area. NG: normal mice with PBS group. BS: normal mice with OA B. subtilis group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group. Black arrows indicate granulomas or fibroses and red arrows indicate schistosome eggs. * and *** were considered statistically significant.
Hepatic pathological injuries and fibrosis are severe symptoms during schistosomiasis and may cause death in hosts. Therefore, we next investigated whether OA B. subtilis (3 × 108 CFU/ ml) protection involved attenuation of hepatic injuries and fibrosis. Based on the results of Masson’s trichrome staining (Figures 1B–D) and hydroxyproline quantification (Figure 1E), we found that infected mice displayed a significant reduction in the total area of hepatic granulomas and fibrosis after OA B. subtilis. In addition, the worm burden, egg count in the liver, and intestine and worm length from the mice were not significantly different between the groups (Supplementary Figures S1B–D).
However, whether the dead B. subtilis or living B. subtilis plays a role in attenuating pathological injuries in S. japonicum–infected mice is unclear. Subsequently, the infected mice were administered living B. subtilis (SIBS) or heat-killed B. subtilis (SIDBS). We found no significant difference in the area of fibrosis between infected mice and infected mice with OA-dead B. subtilis (Supplementary Figures S2A, B), in addition to the differences in the hydroxyproline quantification (Supplementary Figures S2A, C). However, it was significantly different in infected mice with and without OA living B. subtilis (Supplementary Figures S2). These findings indicated that OA living B. subtilis attenuates hepatic pathological injuries in S. japonicum–infected mice.
In addition, schistosome infection causes a wide range of clinical symptoms including gut inflammation, mainly induced by releasing eggs trapped in the intestinal wall. We next investigated whether OA B. subtilis protection involved attenuation of intestinal injuries. We found that S. japonicum eggs were distributed in the submucosa or even involved in the mucosa of infected mice (Figure 1F). These results indicated that parasitic eggs may affect the integrity of the intestinal tissue. Importantly, we found that infected mice treated with OA B. subtilis displayed a significant reduction in the total area of intestinal granulomas, as shown by HE staining (Figures 1F,G).
Modulating the Diversity and Community Structure of the Gut Microbiota in S. japonicum–Infected Mice After OA B. subtilis
Evidence suggests that S. japonicum infection contributes to the dysbiosis of gut microbiota in mice, so we next investigated whether OA B. subtilis can affect the gut microbiota of mice during schistosomiasis using 16 S rRNA gene high-throughput sequencing. We analyzed the bacterial community structure and diversity of the intestinal contents of 36 individual mice. A total of 2,813,530 valid reads and 2,515,622 clean tags were retained from 36 stool samples, with an average of 69,878 clean tags per sample after filtering (Supplementary Table S1). A total of 416 OTUs were obtained at a 97% similarity level among all samples based on the Silva database. The sequenced samples were taxonomically clustered into 9 phyla, 15 classes, 21 orders, 37 families, 97 genera, and 102 species (Supplementary Table S2).
The mouse gut microbiota harbored 21 bacterial phyla, with two dominant phyla (Firmicutes and Bacteroidetes) accounting for over 73.4% of the total relative abundance (Supplementary Figure S3A). The phylum Firmicutes was the most frequent taxon in the mouse gut at the phylum level, followed by Bacteroidetes, Proteobacteria, and Epsilonbacteraeota. We found that Bacteroidia, Clostridia, and Bacilli were the most abundant gut bacteria at the class level, with total average relative abundances of over 72.5% in the six groups (Supplementary Figure S3B). was the most prevalent abundant bacterium in all groups at the family level, followed by Muribaculaceae, Rikenellaceae, Ruminococcaceae, Prevotellaceae, and Lactobacillaceae. (Supplementary Figure S3C). At the genus level, uncultured bacteria of Muribaculaceae and Alistipes were the most prevalent gut microbiota detected in BS and NG group mice, while Alloprevotella and Lactobacillus were the most prevalent gut microbiota detected in SIBI and SI groups (Supplementary Figure S3D).
To evaluate bacterial community differences, we further analyzed the beta diversity of gut microbiota among groups. We found that the bacterial communities of normal mice with and without OA B. subtilis were similar (quantified by NMDS analysis) (Figure 2A). After S. japonicum infection, significant differences in bacterial community structures between infected mice and normal mice were found (quantified by NMDS and PLS-DA analysis, permanova: p < 0.05) (Figures 2A–C). Moreover, the community structures of the gut microbiota of S. japonicum–infected mice with OA B. subtilis were significantly different from those of infected mice (quantified by NMDS and PLS-DA analysis, permanova: p < 0.05) (Figures 2A,B,D). Our findings suggested that OA B. subtilis can significantly modulate the beta diversity of gut microbiota in S. japonicum–infected mice.
[image: Figure 2]FIGURE 2 | OA B. subtilis modulated community structures and alpha diversity of gut microbiota in S. japonicum–infected mice. (A) NMDS analysis. (B) PLS-DA analysis. (C) The difference in microbial communities between the ND and SI groups using PERMANOVA analysis. (D) The difference in microbial communities between the SI and SIBS groups using PERMANOVA analysis. (E) OTU number analysis. (F) ACE index analysis. NG: normal mice with PBS group. BS: normal mice with OA B. subtilis group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group. * was considered statistically significant. NS: not statistically significant.
To evaluate how OA B. subtilis affects the diversity of the gut microbiota of S. japonicum–infected mice, we next analyzed the diversity of the gut microbiota in the intestinal contents. We found that S. japonicum–infected mice showed significantly lower diversities of gut microbiota than the control mice (Figures 2A,B). Interestingly, the alpha diversity of the gut microbiome of both infected and normal mice increased significantly after OA B. subtilis (Figures 2A,B). Our findings suggested that OA B. subtilis can modulate the alpha diversity of gut microbiota in S. japonicum–infected mice.
Modulating the Composition of Gut Microbiota in S. japonicum–Infected Mice After OA B. subtilis
To further examine how OA B. subtilis affects the composition of the gut microbiota of S. japonicum–infected mice, we next performed taxonomic analysis using MEGAN. Differences in the top 38 bacterial taxa were noted among groups (Figure 3). SIBS mice had an overabundance of most bacterial genera, including Bacteroides, Allporevotella, Enterococcus, Lactobacillus, Blautia, Lachnoclostridium, Anaerotruncus, Ruminiclostridium, Rhodospirillales, and Enterobacter (Figure 3). Interestingly, most bacterial genera belonging to Firmicutes, which are considered beneficial bacteria, were overabundant in the SIBS population. Moreover, the ternary plot of microbial communities in different groups also revealed that the relative number of microbes belonging to the phylum Firmicutes was closer to the SIBS population than to the SI group (Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | Phylogenetic diversity and taxonomical content of the gut microbiota sequences from all groups computed by MEGAN. In this figure, each circle represents a bacterial taxon in the NCBI taxonomy and is labeled by its name. The size of the circle represents the number of reads. NG: normal mice with PBS group. BS: normal mice with OA B. subtilis group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group.
Intestinal mRNA Expression Profiles of Mice Against Schistosome Infection by OA B. subtilis
Since OA B. subtilis significantly changed the gut microbiota composition and diversity of infected mice, we asked whether OA B. subtilis could also modulate the host response to schistosome infection. To this end, we performed small intestine and colon RNA-Seq in NG, SI, and SIBS mice after 8 weeks of infection. We found that the mRNA expression profiles between small intestine samples were strongly correlated (r ≥ 0.894), in addition to those between colon samples (Figure 4A). Meanwhile, there was also a strong correlation (r ≥ 0.739) between the small intestine and colon samples (Figure 4A). Similar results between sequenced samples are shown in the heatmap (Figure 4B). In addition, 275 of the total OTUs in the small intestine were commonly shared between the SI and SIBS groups (Supplementary Figure S5A). There were 330 OTUs in the small intestine uniquely identified in the NG versus (vs.) SIBS groups compared with the NG vs. SI groups. The shared and unique OTUs of expression profiles in the colon between groups are also displayed in the Venn diagram (Supplementary Figure S5B). These findings suggested that host immune system’s abilities between small intestine and colon to respond to intestinal and liver diseases are different.
[image: Figure 4]FIGURE 4 | The correlation of intestinal mRNA expression profiles between groups. (A) Correlation shown by gene correlation. (B) Correlation shown by heatmap. NG: normal mice with PBS group. BS: normal mice with OA B. subtilis group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group. “-colon” indicates colon tissue. “-si” indicates small intestine tissue.
The DEGs (based on fold changes) in small intestinal tissues between the NG and SI groups are shown as heatmaps in Figure 5A. Based on the assessments of the mRNA expression profiles of various genes in the small intestine of the NG vs. SI groups, we found that 514 genes were upregulated and 397 genes were downregulated (Supplementary Figure S6A; Supplementary Table S3). To identify the KEGG biological pathways enriched between the NG and SI groups, we revealed the top 10 most change enriched pathways, including the Fc epsilon RI signaling pathway, B cell receptor signaling pathway, Fc gamma R-mediated phagocytosis, intestinal immune network for IgA production, hematopoietic cell lineage, NF-kappa B signaling pathway, phospholipase D signaling pathway, pancreatic secretion, and phagosome (Figure 5B). Based on the KEGG classifications of DEGs, transport and catabolism, signal transduction, translation, lipid metabolism, and immune system ranked at the top of five KEGG categories, which included cellular processes, environmental information processing, genetic information processing, metabolism, and organismal systems (Supplementary Figure S7A). Based on the GO classification, these DEGs were classified into the cellular process, cell, and binding categories, ranking at the top of the biological process, cellular component, and molecular function classes, respectively (Supplementary Figure S8A). In addition, the DEGs (based on fold changes) in small intestinal tissues between the NG and SI groups are shown as heatmaps in Figure 5C. The comparative DEGs of small intestinal mRNA expression in profiles between the SI and SIBS groups revealed 541 upregulated and 348 downregulated genes (Supplementary Figure S6B; Supplementary Table S4). The KEGG pathway enrichment results between the SI and SIBS groups showed that the top 10 most prevalent pathways included the intestinal immune network for IgA production, Fc epsilon RI signaling pathway, NF-kappa B signaling pathway, Fc gamma R-mediated phagocytosis, calcium signaling pathway, B cell receptor signaling pathway, hematopoietic cell lineage, phospholipase D signaling pathway, pancreatic secretion, and phagosome (Figure 5D). The KEGG classification (Supplementary Figure S7B) and GO classification (Supplementary Figure S8B) are shown in the additional figures.
[image: Figure 5]FIGURE 5 | Comparison of DEGs in the small intestinal tissues were analyzed by KEGG enrichment and volcano diagram analysis. (A,B) Comparison of DGEs between the NG and SI groups. (C,D) Comparison of DGEs between the NG and SI groups. NG: normal mice with PBS group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group. The size of each circle represents the number of genes.
In addition, the comparative mRNA expression profiles in the colon of the NG vs. SI groups and SI vs. SIBS groups revealed that 1,693 genes (598 upregulated and 1,095 downregulated) (Supplementary Figure S6C; Supplementary Table S5) and 2,358 genes (1,783 upregulated and 575 downregulated) (Supplementary Figure S6D; Supplementary Table S6) were differentially expressed. They are shown as heatmaps in Figures 6A,C, respectively. The KEGG pathway enrichment results showed that the intestinal immune network for IgA production, hematopoietic cell lineage, B cell receptor signaling pathway, natural killer cell–mediated cytotoxicity, NF-kappa B signaling pathway, CAMs, Fc epsilon RI signaling pathway, phagosome, Fc gamma R-mediated phagocytosis, and Th17 cell differentiation were the top 10 most frequently enriched pathways in the colon between the NG and SI groups (Figure 6B). The KEGG classification (Supplementary Figure S7C) and GO classification (Supplementary Figure S8C) between the NG and SI groups are shown. In addition, CAMs, intestinal immune network for IgA production, hematopoietic cell lineage, Th1 and Th2 cell differentiation, Th17 cell differentiation, calcium signaling pathway, chemokine signaling pathway, NF-kappa B signaling pathway, B cell receptor signaling pathway, and phagosome were the 10 most change enriched pathways in the colon between the SIBS and SI groups (Figure 6D). Based on the DEGs between the SIBS and SI groups, the KEGG classification (Supplementary Figure S7D) and GO classification (Supplementary Figure S8D) were performed.
[image: Figure 6]FIGURE 6 | Comparison of DEGs in the colonal tissues were analyzed by KEGG enrichment analysis. (A,B) Comparison of DGEs between the NG and SI groups. (C,D) Comparison of DGEs between the SIBS and SI groups. NG: normal mice with PBS group. SI: S. japonicum–infected mice group. SIBS: S. japonicum–infected mice with OA B. subtilis group. The size of each circle represents the number of genes.
DISCUSSION AND CONCLUSIONS
As one of the world’s most prevalent neglected tropical diseases, schistosomiasis affects public health in over 240 million people worldwide and results in approximately 70 million disability-adjusted life years lost annually (Colley and Bustinduy et al., 2014). Human blood flukes, including S. japonicum and S. mansoni, lay eggs in the portal venous system, and these eggs are subsequently trapped in the liver and intestine (Pearce and MacDonald, 2002). Schistosoma eggs could finally induce a variety of fibrotic diseases and lead to intestinal inflammation and gut microbiota dysbiosis (Gui et al., 2021; Holzscheiter et al., 2014; Hu et al., 2020). The probiotic bacterium B. subtilis could respond to hepatic and intestinal diseases and modulate the host gut microbiota (Lei et al., 2015; Rhayat et al., 2019; Wu et al., 2019). However, whether B. subtilis can protect mice against S. japonicum infection is unclear.
In this study, our findings indicated that OA B. subtilis significantly reduced intestinal fibrosis and hepatic fibrosis in S. japonicum–infected mice, as well as hepatic fibrosis. Fibrosis is the final pathological consequence of chronic inflammatory diseases, including schistosomiasis. Fibrotic diseases induced by S. japonicum infection affect many organs in mice and even cause mortality during the acute phase (Gunda et al., 2020; He et al., 2018; McManus et al., 2018). Praziquantel (PZQ), which has improved the prevention and control of schistosomiasis in endemic regions, is commonly used as an anti-schistosome drug (Colley and Bustinduy et al., 2014). However, until now, there have been no approved effective antifibrotic therapies (Wynn and Ramalingam, 2012). Although a mouse experiment showed that PZQ had specific antifibrotic effects (Liang et al., 2011). The clinical results showed that some patients with schistosome infection still developed to an advanced stage after treatment with PZQ. This development implied that PZQ could not significantly alleviate the fibrogranulomatous inflammation induced by schistosomal eggs (Colley et al., 2014). Therefore, in the clinic, PZQ plus liver protection by traditional Chinese medicine is usually used to prevent advanced schistosomiasis (Zhang and Xia, 2017; Yuan and Dai, 2021). Probiotics have been used as dietary supplements or medicinal supplements in humans, veterinary, and aquaculture (Duc et al., 2004; Cutting, 2011). Evidence suggests that B. subtilis supplementation attenuates hepatic injury (Wang et al., 2021). In addition, a previous study reported that B. subtilis contributes to the limitation of the intestinal inflammatory response and homeostasis in mice (Fujiya et al., 2007; Rhayat et al., 2019). Our study first revealed that OA B. subtilis alleviated liver and intestinal injury in mice infected by S. japonicum, implying that probiotic supplements may contribute to host biology during schistosomiasis.
The gut microbiota plays an important role in host health and immunity in all mammals (Browne et al., 2017). Dysbacteriosis of the gut microbiota can affect host health and biology and induce diseases such as cirrhosis (Bajaj et al., 2018; Kang et al., 2016) and inflammatory bowel disease (Lavelle and Sokol, 2020; Nishida et al., 2018). Therefore, homeostasis of the composition and diversity of gut microbiota is vital for biological aspects of the host (Eckburg et al., 2005; Liao et al., 2019). However, previous studies have demonstrated that schistosome infection can induce the loss and dysbiosis of gut microbiota in both mice (Cortes et al., 2020; Holzscheiter et al., 2014; Hu et al., 2020; Jenkins et al., 2018; Zhang B. et al., 2020) and humans (Gui et al., 2021; Kay et al., 2015). Our findings demonstrated that OA B. subtilis not only enhanced the alpha diversity but also remodeled the composition and community structures of the gut microbiome of S. japonicum–infected mice. Based on cohousing experiments, our previous study demonstrated that the gut microbiota plays a role in alleviating intestinal injury in mice during S. japonicum infection. A previous study demonstrated that the susceptibility to Schistosoma mansoni infection in mice partially depends on the composition of the host baseline microbiota, implying that the gut microbiota is associated with schistosome infection in rodent models (Cortes et al., 2020). These findings implied that the gut microbiota plays an important role in modulating intestinal and liver diseases induced by S. japonicum infection. For quite a long time, PZQ has been widely used for the treatment of schistosomiasis. However, PZQ acts against adult schistosome worms but plays a poor role in activity against deposited parasitic eggs (Cioli and Pica-Mattoccia, 2003; Colley et al., 2014). PZQ does not protect infected mice against fibrogranulomatous inflammation. Together, our study provides a new direction in which targeting the diversity of gut microbiota in S. japonicum–infected mice may attenuate hepatic and intestinal diseases.
Transcriptomics concerning schistosome–host interactions is an important tool for investigating new schistosome drug targets (Gobert and Jones, 2008). Previous studies on comprehensive transcriptomics have attempted to analyze host responses during the disease process, providing great insights into the dynamics of Th1/Th2 immune responses during schistosomiasis (Edungbola et al., 1982; Sandler et al., 2003). Nevertheless, the exact mechanisms of egg-induced fibrosis pathology remain largely unknown. To elucidate the role of OA B. subtilis in S. japonicum infection, we first analyzed the interaction between probiotics and the host using the transcriptome. The DEG profiles were different between the small intestine and colon in infected mice in our study. We also found a range of gut DEGs between infected mice with OA B. subtilis and those without OA B. subtilis. These DEGs were classified into KEGG pathways, including CAMs, intestinal immune network for IgA production, hematopoietic cell lineage, Fc epsilon RI signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, calcium signaling pathway, Fc gamma R-mediated phagocytosis, chemokine signaling pathway, phospholipase D signaling pathway, NF-kappa B signaling pathway, B cell receptor signaling pathway, pancreatic secretion, and phagosome. DEGs in mouse DSS-induced inflammatory bowel disease were mainly classified into KEGG pathways, including the PPAR signaling pathway, influenza A, herpes simplex infection, synthesis and degradation of ketone bodies, measles, antigen processing and presentation, and ECM–receptor interaction (Wang et al., 2017). DEGs from transcriptomic profiles revealed that KEGG pathways involved in host responses to Entamoeba histolytica infection mainly included signal transduction, cytoskeletal rearrangement, proteasome activity, DNA repair factors, stress response, antimicrobial activity, vesicular trafficking, energy metabolism, virulence-related, detoxification pathway, transcriptional regulation, and translation and ribosome (Naiyer et al., 2019). These results suggested that host immune responses to different pathogens or nonpathogenic factors are remarkably different. In total, OA B. subtilis may alleviate intestinal injury by modulating gene expression profiles in mice during schistosomiasis.
In 2019, a total of 605,965 bovines were found in the schistosomiasis endemic areas of China, and 183,313 bovines underwent serological examinations with 1,176 positives detected (Zhang LJ. et al., 2020). In addition, previous studies have revealed that bovines play a major role in the transmission of S. japonicum in the lake and marshland regions in southern China (Gray et al., 2009; Guo et al., 2006). Mathematical modeling predicted that bovines are responsible for 75–90% of human blood flukes transmission (Gray et al., 2009; Guo et al., 2006). As we have known, parasitic infection can impact the body weight and immune system of the host. Moreover, B. subtilis is a common probiotic applied in agricultural and animal husbandry. We found that OA B. subtilis can increase the body weight of both S. japonicum–infected and normal mice and alleviate pathological injuries (Supplementary Figure S9). These findings implied that B. subtilis supplementation may be a potential control strategy for schistosomiasis in endemic regions.
Our findings demonstrated that OA B. subtilis attenuated intestinal and liver pathological injuries in S. japonicum–infected mice. We found that OA B. subtilis modulated the diversity and composition of gut microbiota in S. japonicum–infected mice. In addition, our results revealed that OA B. subtilis induced a range of DEG profiles in infected mice, which may be related to CAMs and intestinal immune network for IgA production. Our study may provide a potential complementary and therapeutic strategy for the treatment of human schistosomiasis.
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Atherosclerosis is a chronic inflammation of the arterial vessel wall driven by lipid metabolism disorders. Although helminthic infection and their derivatives have been identified to attenuate the chronic inflammatory diseases, the immunomodulatory effect of recombinant Schistosoma japonicum cystatin (rSj-Cys) on metabolic diseases and atherosclerosis has not been reported. In this study, we investigated the therapeutic efficacy of rSj-Cys on atherosclerotic renal damage and explored the related immunological mechanism. The results demonstrated that treatment with rSj-Cys significantly reduced body weight gain, hyperlipidemia, and atherosclerosis induced by the high-fat diet in apoE–/– mice. The treatment of rSj-Cys also significantly improved kidney functions through promoting macrophage polarization from M1 to M2, therefore inhibiting M1 macrophage–induced inflammation. The possible mechanism underlying the regulatory effect of rSj-Cys on reducing atherosclerosis and atherosclerotic renal damage is that rSj-Cys stimulates regulatory T cell and M2 macrophage polarization that produce regulatory cytokines, such as interleukin 10 and transforming growth factor β. The therapeutic effect of rSj-Cys on atherosclerotic renal damage is possibly through inhibiting the activation of TLR2/Myd88 signaling pathway. The results in this study provide evidence for the first time that Schistosoma-derived cystatin could be developed as a therapeutic agent to treat lipid metabolism disorder and atherosclerosis that threats million lives around the world.
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INTRODUCTION

Atherosclerosis is the chronic process of plaque buildup with deposition of fats, cholesterol, and other substances in and on artery walls, leading to the blood vessel hardened and narrowed and tissue ischemia (Li et al., 2015; Gistera and Hansson, 2017). Eventually, it causes a series of complications with life-threatening consequences, especially in the heart, brain, legs, arms, or kidneys. Atherosclerosis is the major cause of myocardial infarctions and cerebral strokes, as well as kidney failure (Geovanini and Libby, 2018). Since the hypothesis of lipid renal damage was put forward, studies have confirmed that renal damage and lipid metabolism disorders are interconnected and exacerbated by each other. Lipid metabolism disorder is the major cause of atherosclerosis and renal damage (Moorhead et al., 1982; Lu et al., 2019). The obesity, hypertension, and hyperlipidemia are the risk factors for atherosclerosis (van Rooy and Pretorius, 2014; Libby et al., 2019). The prevalence of atherosclerosis is increasing worldwide as a result of the economic development and the adoption of the Western lifestyle (Torres et al., 2015). At present, the pathogenesis of atherosclerosis is not fully understood. It is generally believed that abnormal lipid metabolism, chronic inflammation, oxidative stress, and immune disorder can lead to atherosclerosis (Förstermann et al., 2017; Kattoor et al., 2017; Raggi et al., 2018; Shah, 2019). More evidence demonstrated that atherosclerosis actually is a lipid-driven chronic inflammatory disorder within the arterial wall characterized by the chronic activation of macrophages. Both innate and adaptive immunoinflammatory mechanisms are involved (Taleb, 2016; Geovanini and Libby, 2018). When the arterial epithelia are activated by the oxidized fatty acids such as oxidized low-density lipoprotein (oxLDL), the chemokines and other adhesion molecules are released, leading to monocyte/lymphocyte recruitment and infiltration into the subendothelium (Tedgui and Mallat, 2006). The recruited inflammatory mononuclear phagocytes secreted inflammatory cytokines or matrix proteases that devastate the inflammation and tissue damage in the arterial walls (Binder et al., 2002; Tedgui and Mallat, 2006). The macrophages eventually become lipid-laden foam cells that accumulate in the plaque (Witztum and Steinberg, 1991). However, the immunoinflammatory response in atherosclerosis is modulated by the regulatory pathways in which the two anti-inflammatory cytokines, interleukin 10 (IL-10) and transforming growth factor β (TGF-β), play a critical role. IL-10 has potent anti-inflammatory properties on macrophages (Bogdan et al., 1991) and plays an active role in limiting the inflammatory response in the vessel wall (Tedgui and Mallat, 2001). TGF-β is a potent anti-inflammatory, immunosuppressive cytokine and plays a potential antiatherogenic role (Lutgens and Daemen, 2001). Disruption of TGF-β signaling in T cells exhibited markedly larger atherosclerotic lesions (Robertson et al., 2003).

Recent researches have demonstrated that helminthic and their derivatives modulate the host immune responses as a strategy to survive in the host. These immunomodulatory includes the induction of regulatory T cells (Tregs), anti-inflammatory cytokines, and alternately activated macrophages to reduce host immune response to the parasites to facilitate their survival in the host (Elliott and Weinstock, 2012; van der Vlugt et al., 2012; Wammes et al., 2014; Radovic et al., 2015). Based on this observation, the helminthic infection or helminth-derived products have been widely used to treat chronic inflammation–associated diseases including inflammatory bowel disease (Weinstock et al., 2005; Smith et al., 2007), asthma (Schwartz et al., 2018; Sun et al., 2019), and arthritis (Cheng et al., 2018). Because of the inflammatory property of atherosclerosis, some helminth-derived proteins have been successfully applied to alleviate atherosclerosis. Filarial nematode Acanthocheilonema viteae–secreted ES-82 was able to reduce lupus-associated accelerated atherosclerosis in a mouse model (Aprahamian et al., 2015). Schistosoma mansoni infection and its soluble egg antigens enabled to modulate macrophage inflammatory responses and protected against atherosclerosis in a mouse model (Wolfs et al., 2014). Infection of S. mansoni reduced 50% atherosclerotic lesions in the aortic arch associated with reduced cholesterol level in blood of mice (Doenhoff et al., 2002). Schistosoma japonicum–secreted cystatin (Sj-Cys) is a strong immunomodulatory protein to regulate macrophage activation and inhibit host inflammatory cytokines (Vray et al., 2002) and has been successfully used to treat murine collagen-induced arthritis (Liu et al., 2016), type 1 diabetes (Yan et al., 2020), trinitrobenzene sulfonic acid (TNBS)-induced experimental colitis (Wang et al., 2016), and bacterial sepsis (Li et al., 2017; Gao et al., 2020; Xie et al., 2021). Whether rSj-Cys has therapeutic effect on atherosclerosis and its complications has not yet been reported. In this study, we induced atherosclerosis in apoE–/– mice by feeding them with a high-fat diet (HFD) and observed the therapeutic efficacy of rSj-Cys in reducing atherosclerosis and atherosclerotic renal damage.



MATERIALS AND METHODS


Ethics Statement

Experimental animals were purchased from the animal center of Bengbu Medical College. All animal experiment protocols were reviewed and approved by the Ethics Committee of Bengbu Medical College (approval no. LAEC-2014-039).



Production of rSj-Cys

DNA-encoding Sj-Cys (GenBank: FJ617450) was amplified from S. japonicum total cDNA and cloned into yeast expression vector pPIC9k. Recombinant Sj-Cys (rSj-Cys) with His-tag at C-terminus was expressed in Pichia pastoris GS115 using the method described previously (Xie et al., 2021). The contaminated endotoxin in the purified rSj-Cys was removed by using a ToxOutTM High Capacity Endotoxin Removal Kit (BioVision, Palo Alto, CA, United States) and confirmed by PierceTM LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific Inc., Waltham, MA, United States). The concentration of rSj-Cys was measured by BCA Protein Quantitation Kit (Beyotime Biotechnology, Shanghai, China). The purity and molecular weight were measured by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). The purified protein was stored at –80°C until use.



Induction of Atherosclerosis in Mice and Treatments

Male apoE–/– mice (with C57BL/6J background, specific pathogen free) with 7–8 weeks old were purchased from the Animal Center of Bengbu Medical College and housed in a temperature-controlled room with a 12-h light–dark cycle. All mice had ad libitum available for food and water. Total 12 apoE–/– mice were fed with HFD (D12108C: 20% fat, 1.25% cholesterol; Xietong Biotechnology, Nanjing, China) to induce atherosclerosis (Liu et al., 2017); six of them were intraperitoneally treated with 20 μg of rSj-Cys per mouse four times at the first week of HFD feeding and once a week for the following 11 weeks, whereas the other six mice received phosphate-buffered saline (PBS) only at the same regimen. For the control groups, 12 apoE–/– mice were fed with normal control diet (NCD) and divided into two groups; six NCD-mice were intraperitoneally injected with rSj-Cys, and the other six received PBS only at the same regimen as the treated groups. After 12 weeks, all mice were euthanized, and the sera, aortas, and kidneys were collected to evaluate the inflammatory cytokines and pathological changes by histochemical staining (Doenhoff et al., 2002).



Isolation and Stimulation of Murine Peritoneal Macrophages

Peritoneal exudate cells were collected from apoE–/– mice by flushing the peritoneal cavity with 5 mL ice-cold PBS containing 2% fetal bovine serum (FBS; Zhejiang Tianhang Biological Technology, Hangzhou, China). Cells were cultured on a six-well plate (4 × 106 cells/well in 2 mL) at 37°C, 5% CO2 in RPMI 1640 medium containing 10% FBS, 1% penicillin/streptomycin (Beyotime Biotechnology) for 6 h. Non-adherent cells were washed away with PBS, and adherent cells were collected as peritoneal macrophages. The collected peritoneal macrophage cells were stimulated with oxLDL (Yiyuan Biotechnologies, Guangzhou, China) at 50 μg/mL and treated with rSj-Cys (1 μg/mL), or cells without oxLDL were cultured with rSj-Cys or medium only as controls. After 24 h, the secretion of inflammatory cytokines in the culture supernatants were detected by enzyme-linked immunosorbent assay (ELISA) kits [tumor necrosis factor α (TNF-α), IL-6, IL-10 using corresponding kits from Dakewe Biotech, Beijing, China; inducible nitric oxide synthase (iNOS), Arg-1 detection kits from Elabscience Biotechnology, Wuhan, China; and TGF-β kit from ABclonal Biotechnology, Wuhan, China].



Blood Lipid Detection and Renal Function Assay

After the mice were fasted for 8 h, sera were isolated from blood samples of mice and stored at –80°C until use. The total cholesterol (TC) and triglyceride (TG), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), creatinine (Cr), and blood urea nitrogen (BUN) were measured by an automatic biochemical analyzer (Beckman Coulter, Brea, CA, United States).



Detection of Oxidative Stress in Kidney and Urine Protein

The levels of oxidative stress in kidney were quantified by measuring malondialdehyde (MDA) using the MDA activity assay kit; MDA is one of the final products of polyunsaturated fatty acid peroxidation. The free radicals cause overproduction of MDA; therefore, the level of MDA is used as a marker of oxidative stress and lipid peroxidation (Gaweł et al., 2004). Superoxide dismutase (SOD) activity was measured using an SOD activity assay kit (Beyotime Biotechnology). In brief, renal tissues were homogenized using a homogenizer (Jingxin Experimental Technology, Shanghai, China); the homogenate supernatant was collected by centrifuging at 12,000g for 15 min at 4°C, which was used for measuring MDA at an absorbance 530–540 nm and SOD at 560 nm. The levels of MDA and SOD were standardization to unit weight of total protein content.

On the last day of the 12th week of the experiment, the urine was collected by using metabolic cage and centrifuged at 4,000 revolutions/min for 15 min at 4°C to obtain urine supernatant. Coomassie brilliant blue assay kit (Jiancheng Bioengineering Institute, Nanjing, China) was used to quantify the levels of urine albumin.



Renal and Aortic Histological Analysis and Renal Immunohistochemical Staining

The kidney was collected from each mouse of different experimental groups and fixed with 4% paraformaldehyde. The renal tissue sections were stained with hematoxylin and eosin (HE) and neutral lipids and adipocytes stained with the oil red O staining solution (Servicebio Technology, Wuhan, China). All stained sections were examined at 200× magnification under a microscope (Nikon, Tokyo, Japan).

Heart tissues and the whole aorta were collected from each mouse of different experimental groups. The adipose tissue around the blood vessels was removed as much as possible. The aorta vessel was opened vertically and stained with the oil red O staining solution. The mouse hearts were dissected in order to obtain the aortic sinus stained with the oil red O. The aortic plaque lesion was observed and quantified.

To investigate the phenotypes of macrophages infiltrated in the kidneys, we performed immunohistochemical staining on paraffin sections of kidneys. Briefly, after being dewaxed and blocked with goat serum, the kidney tissue sections were incubated with rabbit anti-CD86 monoclonal antibody (1:300) and rabbit anti-CD206 polyclonal antibody (1:800) (Abcam, Cambridge, MA, United States) overnight at 4°C in a humidified box, followed by the horseradish peroxidase (HRP)–labeled anti-rabbit secondary antibody at room temperature for 50 min, and visualized with 3,3′-diaminobenzidine (ZSbio, Beijing, China). The nuclei were counterstained with DAPI. The sections were dehydrated and examined under microscope with 400 × magnification. Image Pro Plus 6.0 (IPP6.0) software was used for semiquantitative analysis, and the mean density was used to reflect the expression level of CD86 and CD206.



Hemodynamic Analysis

In brief, the experimental mice were anesthetized by inhalation of isoflurane, and the hemodynamic analysis was performed by a high-resolution ultrasound imaging system (Vevo 2100; VisualSonics, Canada). The peak velocity and mean gradient of ascending aorta were measured by color Doppler echocardiography. All measurements were performed for three times at the consecutive cardiac cycles.



Cytokine Profile in Sera and Renal Tissues

The levels of proinflammatory factor (TNF-α, IL-6, iNOS) and immunoregulatory factors (IL-10, TGF-β, Arg-1) were measured in sera of mice using corresponding ELISA kit as mentioned previously. The mRNA expression levels of these cytokines in the renal tissue were analyzed by quantitative reverse transcription–polymerase chain reaction (qRT-PCR) using primers listed in Table 1. Briefly, the total RNAs were isolated from the renal tissues using Trizol reagent (Ambion, Austin, TX, United States), and the cDNAs were synthesized from 2 μg of total RNA by using a reverse transcription kit (Thermo Fisher Scientific Inc.). Total 2 μL cDNA was used as the template in volume of 20 μL for qRT-PCR using the SYBR Green Super Mix Kit (Takara Bio Inc., Tokyo, Japan) and performed in a Roche LightCycler® 96 real-time PCR system (Roche Molecular Systems, Inc., United States). The relative mRNA expression levels of each cytokine in the renal tissue were measured with the comparative △Cq method using the formula 2–△△ Cq normalized to GAPDH.


TABLE 1. Primer sequences used for qRT-PCR analysis.
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Detection of TLR2 and Myd88 in the Renal Tissue by Western Blot

The levels of TLR2 and Myd88 in the renal tissues were measured by Western blot with specific antibodies. Briefly, the total proteins were extracted from the renal tissues, and the concentration was measured by BCA Protein Quantitation Kit. Equal amounts of proteins were separated in 12% SDS-PAGE gel and transferred onto 0.45 μm polyvinylidene fluoride membranes (Macklin Biochemical Co., Shanghai, China). The membranes were blocked with 5% skimmed milk at room temperature for 2 h and then incubated with rabbit anti-TLR2 polyclonal antibody (1:1,500) (Abcam), or rabbit anti-Myd88 monoclonal antibody (1:1,000) (Affinity Biosciences, Cincinnati, OH, United States), or rabbit anti–β-actin polyclonal antibody (1:2,000) (Cell Signaling Technology, Danvers, MA, United States) overnight at 4°C followed by incubation with HRP-conjugated goat anti-rabbit immunoglobulin G (1:5,000) (Biosharp, Hefei, China). The recognized bands were semiquantitatively analyzed by Image Lab System. The results are expressed as ratios of TLR2 and Myd88 to β-actin control.



Flow Cytometry Analysis of CD3+CD4+CD25+FoxP3+ Tregs in the Splenocytes

The splenocytes were isolated from spleens of experimental mice and cultured in RPMI 1640 medium (Thermo Fisher Scientific Inc.). The cell surfaces were blocked with rat anti-mouse CD16/32 antibody for 15 min at 4°C and then incubated with anti-mouse CD3ε-Pecy7, anti-mouse CD4-FITC, and anti-mouse CD25-APC (Biolegend, United States) for 30 min at 4°C in the dark. After being washed and resuspended in 300 μL fixation buffer (Thermo Fisher Scientific Inc.) for 30 min at 4°C and then in 1 mL permeabilization buffer (Thermo Fisher Scientific Inc.) for 30 min at 4°C, the cells were stained with anti-mouse Foxp3-PE (Biolegend) for 30 min at 4°C in the dark. The isotype-matched immunoglobulins (Biolegend, London, United Kingdom) and fluorescence minus one were used as controls for non-specific staining as baseline. The cells were washed three times and resuspended in 400 μL of 2% paraformaldehyde and detected by DxP AthenaTM flow cytometer (CYTEK, United States). All the data were analyzed using FlowJo-V10 software (BD Biosciences, United States).



Statistical Analysis

All data are presented as the mean ± SEM (standard error of the mean), and the statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Inc., La Jolla, CA, United States). The same parameters in multigroup were compared by using one-way analysis of variance followed by the Student–Newman–Keuls test. p < 0.05 was regarded as statistically significant.



RESULTS


Expression, Purification, and Identification of rSj-Cys

The Sj-Cys protein was successfully expressed as 12-kDa soluble recombinant protein (rSj-Cys) in P. pastoris GS115 under induction of 0.5% methanol. The rSj-Cys with His-tag expressed at the C-terminus was purified using immobilized metal ion affinity chromatography and verified using 12% SDS-PAGE analysis (Figure 1). The endotoxin level kept low (0.06 EU/mL) in the protein.
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FIGURE 1. SDS-PAGE of rSj-Cys. Two micrograms of purified rSj-Cys was separated in 12% polyacrylamide gel.




rSj-Cys Treatment Reduces High-Fat Diet-Induced Body/Kidney Weight Gain in Mice

Four weeks after being treated with 20 μg of rSj-Cys, the body weight of each mouse fed with HFD started to reduce, and the body weight loss became more significant 11–12 weeks after treatment compared to the HFD mice without rSj-Cys treatment (p < 0.01) (Figure 2A). The kidney weight–body weight ratio of HFD-fed mice treated with rSj-Cys was significantly lower than those without rSj-Cys treatment (Figure 2B), indicating that treatment with rSj-Cys not only reduces the body weight gain in mice fed with FHD, but also even more significantly reduces kidney weight. rSj-Cys itself has no effect on the body weight in mice fed with NCD.


[image: image]

FIGURE 2. rSj-Cys treatment reduced HFD-induced body weight gain in mice. (A) The changes in body weight throughout the experimental period. (B) The changes in the percentage of kidney weight/body weight ratio. The results are shown as the mean ± SEM for each group (n = 6 per group). *P < 0.05, **P < 0.01, ***P < 0.001.




rSj-Cys Reduces the Development of Atherosclerosis and the Histological Damage in Kidney

We measured the development of atherosclerotic plaques on the entire aorta and aortic sinus and quantified the plaque area. The results showed that HFD feeding caused significant atherosclerotic lesions in both aorta and aortic sinus. Treatment with rSj-Cys significantly reduced the atherosclerotic plaques in both aorta and aortic sinus (Figures 3A–C). Kidney histochemical examination demonstrated that fat deposition was obvious in the glomerular structure of mice fed with HFD when stained with oil red O solution (Figure 3D). HE staining showed that the glomerular structure was damaged with inflammatory cell infiltration within renal interstitium in kidneys of mice fed with HFD for 12 weeks (Figure 3E). Treatment with rSj-Cys significantly reduced the fat deposition in kidney and glomerular damage caused by the HFD. There was no obvious oil red O–colored atherosclerotic lesions and renal tissue damage in groups of mice fed with NCD and NCD/rSj-Cys.
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FIGURE 3. rSj-Cys reduced the development of atherosclerosis. (A) Representative oil red O staining of aorta. (B) Representative oil red O staining of the aortic sinus. (C) The plaque area quantified as a percentage of the whole area. (D) rSj-Cys treatment reduced glomerular fat deposition (×200, scale bar 50 μm). (E) Representative HE staining of the renal tissue sections (×200, scale bar 100 μm). The data are shown as the mean ± SEM for each group (n = 6 per group). ***P < 0.001.




rSj-Cys Treatment Alleviates Hemodynamic Disorder in Heart of Mice Fed With High-Fat Diet

The blood flow of the heart was checked by echocardiography in mice 12 weeks after the treatment. As shown in Figure 4A, the peak velocity and mean gradient of ascending aorta in HFD mice were significantly increased compared to the NCD group. rSj-Cys treatment significantly reversed the hemodynamic disturbances caused by HFD (Figure 4B). There was no significant change in the NCD group or group with NCD/rSj-Cys.
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FIGURE 4. Treatment of rSj-Cys improved hemodynamic function. (A) Representative color Doppler ultrasound of the heart. (B) rSj-Cys improves the AV peak velocity and mean gradient of the ascending aorta. The data are shown as the mean ± SEM for each group (n = 6 per group). **P < 0.01, ***P < 0.001.




rSj-Cys Reduces Lipid Level and Improves Renal Function of Mice Fed With High-Fat Diet

As expected, the serum levels of TC, TG, and LDL-c were greatly increased, and the HDL-c level reduced in apoE–/– mice fed with HFD compared to the mice fed with NCD. After being treated with rSj-Cys, the levels of TC, TG, and LDL-c in sera were significantly reduced, and the levels of HDL-c were increased compared to the HFD-fed mice without rSj-Cys treatment (Figure 5A). Feeding with HFD for 12 weeks significantly increased the level of Cr and BUN in sera and the total protein in urine, indicating the renal function was impaired after being fed with HFD; however, treatment with rSj-Cys significantly reduced the levels of Cr and BUN in the sera and the protein level in the urine (Figures 5B,C), indicating that rSj-Cys can regulate lipid metabolism disorders and improve kidney harmed functions.
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FIGURE 5. rSj-Cys reduced the serum lipid levels and improved renal function. (A) The changes of TC, TG, LDL-c, and HDL-c in sera. (B) rSj-Cys reduced the levels of Cr and BUN in sera. (C) rSj-Cys reduced the levels of urine protein. The data are shown as the mean ± SEM for each group (n = 6 per group). **P < 0.01, ***P < 0.001.




rSj-Cys Treatment Suppresses High-Fat Diet-Induced Peroxidation in the Kidney

MDA reflects the degree of lipid peroxidation and SOD as an antioxidant enzyme that protect cells from toxic oxygen metabolites. Feeding with HFD greatly increased the levels of MDA and reduced the level of SOD in kidneys of mice compared to the control mice fed with NCD; however, treatment with rSj-Cys significantly reduced the MDA level and increased SOD level in kidney tissue. There were no significant differences between the NCD group and the NCD treated with rSj-Cys group (Figure 6). The results indicate that treatment with rSj-Cys can reduce MDA levels and increase SOD levels in kidneys of mice fed with HFD, thereby protecting the kidney from lipid peroxidation–caused damage.
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FIGURE 6. The changes of MDA and SOD in the renal tissue after the treatment of rSj-Cys. The data are shown as the mean ± SEM for each group (n = 6 per group). ***P < 0.001.




Treatment With rSj-Cys Reduces M1 Macrophages and Includes M2 Macrophages in Renal Tissue of Mice Fed With High-Fat Diet

As we know, macrophage and its polarization to different phenotypes play an important role in atherosclerotic inflammation and damages (Barrett, 2020). M1 or classically activated macrophages maintain local inflammatory responses, and M2 or alternatively activated macrophages have anti-inflammatory and tissue repair/recovery properties (Colin et al., 2014). We chose CD86 as the marker for M1 macrophages and CD206 as the marker for M2 macrophages. We also performed immunohistochemical staining on the kidney to observe the effect of rSj-Cys on inflammatory cell infiltration induced by HFD. The results showed that CD86+ M1macrophages in the kidney of the HFD-fed group were significantly increased, and the CD206+ M2 macrophages were significantly reduced compared with the NCD group (Figures 7A,B), indicating that feeding with HFD stimulates the M1 macrophage polarization and inflammation in kidney. Treatment with rSj-Cys significantly reduced the expression of CD86+ and increased the expression of CD206+ macrophages in renal tissue (Figures 7A,B), indicating that rSj-Cys stimulates the polarization of macrophages from M1 to M2 and thus reduces the HFD-induced inflammation. There were no significant differences between the NCD group and the NCD with rSj-Cys group on the expression of CD86+ and CD206+ macrophages in renal tissue.
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FIGURE 7. (A) Representative immunohistochemistry staining of CD86+ and CD206+ expression in sections of the kidney from different groups of mice (×200, scale bar 50 μm). (B) rSj-Cys reduced the mean density of CD86+ and increased the mean density of CD206+. The results are shown as the mean ± SEM for each group (n = 6 per group). **P < 0.01, ***P < 0.001.




rSj-Cys Reduces the Oxidized Low-Density Lipoprotein-Induced Inflammatory Responses and Boosts Regulatory Response in Murine Peritoneal Macrophages in vitro

The oxLDL, a major risk factor for atherosclerosis, induces polarization of macrophages to the M1 phenotype and promotes inflammatory responses (Kaplan et al., 2018). In this study, we confirmed that oxLDL significantly stimulated the secretion of inflammatory cytokines TNF-α, IL-6, and iNOS in peritoneal macrophages of mice. In the presence of rSj-Cys (1 μg/mL), these oxLDL-stimulated inflammatory cytokines were significantly reduced; at the same time, secretion of immunomodulatory cytokines IL-10, TGF-β, and M2 macrophage marker Arg-1 in the culture supernatant was significantly increased compared to the cells without rSj-Cys treatment. The rSj-Cys alone had no effect on the peritoneal macrophages (Figure 8). The results indicate that rSj-Cys is able to inhibit oxLDL-stimulated inflammatory responses and increased regulatory cytokines secreted by peritoneal macrophages.
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FIGURE 8. rSj-Cys down-regulated proinflammatory cytokines (TNF-α, IL-6) and iNOS and up-regulated immunomodulatory cytokines (IL-10, TGF-β) and Arg-1 from murine peritoneal macrophages stimulated by oxLDL. The levels of these cytokines/enzymes in the culture supernatants were detected by ELISA 24 h after incubation. The results are shown as the mean ± SEM for each group (n = 6 per group). ***P < 0.001.




rSj-Cys Inhibits Proinflammatory Cytokines and Induces Immunoregulatory Cytokines in Mice With Atherosclerosis

In order to explore the immune mechanism underlying the renal damage caused by HFD-induced atherosclerosis, we tested the levels of proinflammatory cytokines (TNF-α, IL-6) and immunoregulatory cytokines (IL-10, TGF-β) or M1-related iNOS and M2-related Arg-1 in the sera and measured their mRNA expression levels in the kidneys. Similar to the peritoneal macrophages stimulated by oxLDL in vitro, the mice fed with HFD significantly increased the expression levels of TNF-α, IL-6, and iNOS in the sera (Figure 9A) and the transcriptional levels of their mRNAs in renal tissues (Figure 9B) compared to mice fed with NCD and NCD with rSj-Cys. However, treatment with rSj-Cys significantly reduced the expression levels of these proinflammatory cytokines and iNOS, but increased the expression levels of regulatory cytokines IL-10 and TGF-β and M2-related Arg-1 in both protein levels in sera and mRNA levels in renal tissues. There were no significant differences of them in sera of mice or their mRNA in renal tissues between the NCD group and the NCD group with rSj-Cys (Figure 9B). The results indicate that treatment with rSj-Cys reduces HFD-induced atherosclerosis and aortic/renal damage possibly through stimulating the polarization of M1 macrophages to M2 macrophages, therefore reducing inflammation and boosting tissue repair and recovery.
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FIGURE 9. rSj-Cys inhibited proinflammatory cytokines (TNF-α and IL-6) and iNOS and induced immunomodulatory cytokines (IL-10 and TGF-β) and Arg-1 in sera (A) and the similar mRNA expression pattern observed in renal tissues relative to the level of mice with NCD (B). The data are shown as the mean ± SE for each group (n = 6 per group). **P < 0.01, ***P < 0.001.




rSj-Cys Decreases the Expression of TLR2 and Myd88 in Atherosclerotic Kidney

Toll-like receptors (TLRs) are pattern recognition receptors expressed in a variety of immune cells. Myd88 is the adaptor protein of TLRs that acts as a bridge connecting downstream inflammation signals. To investigate whether rSj-Cys protects atherosclerotic renal damage by inhibiting the expression of TLR2 and Myd88, we detected the expression level of TLR2 and Myd88 proteins in the renal tissues (Figure 10A). The results showed that the expression of TLR2 and Myd88 was remarkably increased in the renal tissues of mice fed with HFD compared with the kidneys in NCD group and the NCD group with rSj-Cys. Treatment with rSj-Cys significantly inhibited their expression in the HFD group. There was no effect of the rSj-Cys itself on the expression of TLR2 and MyD88 in NCD mice (Figure 10B). The results indicate the inhibition of inflammation by rSj-Cys may act through inhibiting the TLR2 and Myd88 signal pathway.
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FIGURE 10. rSj-Cys reduced the expression of TLR2, MyD88 in the kidneys of mice detected by Western blot (A). The β-actin was measured as control. The density ratios of TLR2/β-actin and MyD88/β-actin are shown on the right (B). The results are shown as the density mean ± SEM for each group (n = 6). ***P < 0.001.




The Effect of rSj-Cys Induces the Generation of Tregs in the Spleen

To explore whether rSj-Cys reduces the development of atherosclerosis by stimulating Treg, we detected the Treg-expressed CD3ε, CD4, and CD25 on the surface and the intracellular expression of Foxp3 in splenocytes (Figure 11A). The results showed that the rate of CD3ε+CD4+CD25+Foxp3+ Treg in the HFD group was significantly lower than that in the NCD group. Treatment with rSj-Cys significantly recovered and boosted the level of CD3ε+CD4+CD25+Foxp3+ Tregs. There were no statistical differences between group NCD and group NCD with rSj-Cys (Figure 11B). The results are consistent with the down-regulated proinflammatory cytokines and up-regulted anti-inflammatory cytokines IL-10 and TGF-β in sera and renal tissues measured previously. Our data indicate that the rSj-Cys–stimulated Treg is closely related to the attenuated atherosclerosis.
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FIGURE 11. (A) Representative data from the FACS analysis of the CD3+CD4+CD25+Foxp3+ Tregs and the numbers in the upper right quadrants indicate the positive percentages of Tregs. (B) The corresponding bar graphs of the percentage of CD3+CD4+CD25+Foxp3+ Tregs. The results are shown as the mean ± SEM for each group (n = 6). ***P < 0.001.




DISCUSSION

Apolipoprotein E knockout mice (apoE–/–) display poor lipoprotein clearance with subsequent accumulation of cholesterol, leading to atherosclerotic lesions under the feed of HFD (Zhang et al., 1994). In this study, we successfully developed the atherosclerotic lesions in the aorta and aortic sinus of apoE–/– mice after being fed with HFD for 12 weeks, showing the significant lipid deposition and plaque stained by oil red O (Figures 3A–C). The mice with induced atherosclerosis also showed significantly reduced heart function characterized by the increased peak velocity and mean gradient of the ascending aorta (Figure 4) and impaired kidney function with significantly increased levels of Cr and BUN in the sera and the total protein in urine (Figures 5B,C), indicating serious damage of cardiac and renal functions caused by atherosclerosis in the apoE–/– mice fed with HFD. Strikingly, the atherosclerotic lesions were reduced, and the functions of the heart and kidney improved significantly after being treated with rSj-Cys compared to mice without treatment, indicating that rSj-Cys possesses potential as a therapeutic agent for atherosclerosis.

Atherosclerosis is the progressive damage of arteries, which can be caused by various factors such as abnormal blood lipid metabolism and systemic chronic inflammation (Raggi et al., 2018; Shah, 2019). In this study, we demonstrated that the body weight, TC, TG, and low-density lipoprotein cholesterol (LDL-c) were significantly increased, whereas high-density lipoprotein cholesterol (HDL-c) decreased in apoE–/– mice fed with HFD, indicating the imbalanced lipid metabolism (Figure 5A). The diet with high cholesterol and saturated fatty acids can significantly build up body weight, elevate plasma cholesterol levels, and increase the risk of atherosclerosis (Manzini et al., 2019). After being treated with rSj-Cys for 4 weeks, body weight gain stopped in mice, and the mice started to lose weight afterward until the end of the experiment (12 weeks). It is the first time we observed that treatment with rSj-Cys significantly reduced the body weight of mice fed with HFD compared to the mice without rSj-Cys treatment (Figure 2). We also observed that the levels of blood lipids including TC, TG, and LDL-c were reduced, and HDL-c increased significantly after rSj-Cys treatment. The results indicate that rSj-Cys can significantly improve lipid metabolism in apoE–/– mice with HFD. It has long been noticed that helminthic infection was associated with the considerably lower prevalence of obesity (Okada et al., 2013). Mice infected with S. mansoni reduced body weight by improving insulin sensitivity and glucose intolerance (Hussaarts et al., 2015). S. japonicum infection improved lipid metabolism in mice fed with an HFD, possibly through a soluble worm egg protein called Sjp40 to inhibit host microRNA miRNA-802, resulting in the attenuation of lipogenesis (Ni et al., 2021). Our results are consistent with these observations and further support the negative correlation between helminthic infection or its derivatives and the incidence of obesity and lipid metabolism disorder (Wiria et al., 2012); however, it is still needed to further study how Sj-Cys improves the lipid metabolism and reduces the body weight.

As we have already known, atherosclerosis is a chronic inflammatory disease, and macrophages are the major inflammatory cells involved in the pathological development of atherosclerosis (De Paoli et al., 2014; Zhang et al., 2018). Some risk factors such as dyslipidemia, oxidized lipids, and cytokines can activate polarization of M1 macrophages that secrete proinflammatory cytokines such as TNF-α, IL-6, IL-1β, and iNOS, thereby creating inflammatory environment and promoting the development of atherosclerosis (Khallou-Laschet et al., 2010; Colin et al., 2014; Liu et al., 2014; Raggi et al., 2018). In order to evaluate whether rSj-Cys can alleviate the development of atherosclerosis by regulating the polarization and functions of macrophages, the peritoneal macrophages were isolated from mice and stimulated with oxidized LDL in the presence of rSj-Cys. We found that the macrophages were strongly stimulated by the oxidized LDL to release proinflammatory cytokines TNF-α, IL-6, and iNOS. IL-6 has been identified as a major cytokine that promotes atherosclerosis in apoE–/– mice (Fan et al., 2020). Incubation with rSj-Cys significantly suppressed the secretion of these proinflammatory cytokines stimulated by oxidized LDL and simultaneously up-regulated the secretion of IL-10, TGF-β, and Arg-1, the regulatory cytokine/chemokine mostly secreted by M2 macrophages (Figure 8). Our results confirmed oxidized lipid as a strong stimulator for inflammatory macrophages (M1) and the link between lipid oxidation and the macrophage polarization (Adamson and Leitinger, 2011; Xu et al., 2019). This link can be interrupted by rSj-Cys that induces the polarization of macrophages from M1 to M2 and stimulates the secretion of related regulatory cytokines to alleviate the inflammatory responses caused by lipid disorders. As we know, M2 macrophages possess antiatherosclerotic functions by producing high levels of anti-inflammatory cytokines IL-10 and TGF-β to rebuild the cytokine balance to counteract the inflammatory response maintained by M1 macrophages (Colin et al., 2014; Liu et al., 2014). The regulatory effects of rSj-Cys on programming monocytes/macrophages to an anti-inflammatory phenotype have been further confirmed by measuring the proinflammatory and anti-inflammatory cytokines in sera of treated mice. We found that rSj-Cys significantly reduced the levels of TNF-α, IL-6, and iNOS and increased the levels of IL-10, TGF-β, and Arg-1 in sera (Figure 9A). It may provide a novel and feasible approach for the treatment of atherosclerosis by promoting macrophage polarization from M1 to M2 phenotype.

Kidney is one of the major organs affected by atherosclerosis. The renal damage and function failure is the major consequence of atherosclerosis. Hyperlipidemia can lead to atherosclerosis and abnormal lipoprotein deposits in renal tissue damages glomerulus and endothelial cells and induces inflammation in the kidney (Ruan et al., 2009; Bobulescu, 2010). Patients with existing basic renal disease can increase the mortality by accelerating the process of atherosclerosis (Swaminathan and Shah, 2011; Shoji et al., 2012). In this study, we observed not only the significant increase of kidney weight but also the significant deposit of fat and the inflammatory cell infiltration in glomerular tissue of mice fed with HFD (Figures 3D,E). More specifically, we identified that CD86+ M1 macrophages (Figure 7) and M1 macrophage–produced IL-6, TNF-α, and iNOS mRNA expression (Figure 9B) were significantly increased in the kidneys of mice fed with HFD, indicating that M1 macrophages and their inflammatory activities are significantly activated in kidneys with atherosclerosis. These results indicate that renal tissue is dominated by inflammatory macrophages when atherosclerotic lesion occurs. In addition, oxidative stress has been shown to play an important role in the development of atherosclerosis (Jiang et al., 2011). Lipid peroxidation is the major risk factor for atherosclerosis, which induces M1 macrophage polarization and promotes inflammatory responses. In this study, we found that MDA, as a marker for oxidative stress, was significantly accumulated in kidneys of HFD-fed mice (Figure 6), further indicating the inflammatory status of kidney during atherosclerosis. The HFD-induced atherosclerosis and inflammation damaged the function of kidney reflected by the increased Cr and BUN levels in sera and increased protein content in urine (Figures 5B,C). Treatment with rSj-Cys not only significantly reduced the kidney weight at the rate even higher than body weight (Figure 2B) but also improved the kidney function associated with reduced fatty acid deposition and less inflammatory cell infiltration and recovered structure of glomerular tissue as well in mice fed with HFD (Figures 3D,E). We further identified that rSj-Cys was able to induce macrophage polarization from M1 (CD86+) to M2 (CD206+) in renal tissue associated with reduced proinflammatory cytokines (IL-6, TNF-α) and iNOS and increased regulatory or anti-inflammatory cytokines (IL-10, TGF-β) and Arg-1. All results suggest that the therapeutic effect of rSj-Cys on atherosclerotic renal damage takes place through inhibiting renal inflammation by promoting M1 to M2 macrophage polarization.

In recent years, more and more studies have identified that Treg plays a vital role in regulating the progression of atherosclerosis. Decreasing the number of CD4+CD25+Foxp3+ Tregs was related to the progression of atherosclerosis (Butcher et al., 2016; Tian et al., 2017, 2018; Ou et al., 2018). Therefore, increasing the numbers and improving the immune regulation function of Treg may serve as a basic immunotherapy for the treatment of atherosclerosis (Ou et al., 2018). CD4+CD25+Foxp3+ Treg exerts immunomodulatory effects by releasing anti-inflammatory cytokines IL-10 and TGF-β to inhibit the development of atherosclerosis possibly through promoting the conversion of M1 to M2 macrophages (Tiemessen et al., 2007; Lin et al., 2010). As a return, IL-10 and TGF-β also enhance the production and function of Tregs (Ji et al., 2017). In this study, we observed the significant induction of IL-10 and TGF-β in both local renal tissues and in sera of mice treated with rSj-Cys. Further investigation found that CD4+CD25+Foxp3+ Tregs were significantly decreased in HFD-induced atherosclerosis, and the treatment with rSj-Cys significantly stimulated the proliferation of Tregs in splenocytes (Figures 11A,B). The results are consistent with the findings by Chen et al. (2017) that infection of S. japonicum stimulated the differentiation of Tregs and our previous findings of the therapeutic effects of rSj-Cys on sepsis related to the increased levels of IL-10 and TGF-β (Li et al., 2017; Xie et al., 2021). Our results strongly suggest that rSj-Cys plays a role in inhibiting inflammation and prevention of atherosclerosis mainly through stimulating T regulatory response. The rSj-Cys itself had little effect on the cytokine profile, suggesting that rSj-Cys mainly exhibits immunomodulatory effects when inflammation occurs.

TLRs are expressed in a variety of immune cells such as monocytes/macrophages and dendritic cells, which can recognize pathogen-associated molecular pattern molecules. TLRs are key players in the pathogenesis of inflammatory diseases (Roshan et al., 2016). Many studies have shown that patients with atherosclerosis increased the expression of TLR2 in atherosclerotic aorta (Chen et al., 2016). The TLR-mediated cascade immune response requires the participation of Myd88 as an adaptor or bridge to connect downstream inflammatory signals, leading to the activation of nuclear transcription factor NF-κB to regulate the expression of inflammatory genes such as TNF-α, IL-1β, and IL-6 (Kawai and Akira, 2007; Gay et al., 2014; Li et al., 2020). TLR2/Myd88 signaling pathway plays an important role in the pathogenesis of atherosclerosis. Blocking the expression of TLR2 or Myd88 reduced the plaque size, lipid level, macrophage infiltration, and proinflammatory cytokine levels in apoE–/– mice (Björkbacka et al., 2004; Wang et al., 2013). In order to investigate whether rSj-Cys exerts antiatherosclerotic effects by inhibiting the TLR2/Myd88-dependent signaling pathway, we measured the expression of TLR2 and Myd88 in kidney tissue of apoE–/– mice. Our study found that the expression of TLR2 and Myd88 was increased in apoE–/– mice fed with HFD. Treatment with rSj-Cys significantly reduced the expression levels of TLR2 and Myd88 in the renal tissues of mice fed with HFD (Figures 10A,B), indicating that the anti-inflammatory effect of rSj-Cys may act through inhibiting the TLR2/Myd88 pathway. However, helminthic infections or their derivatives may exert their effect on antimetabolic diseases through other different mechanisms, such as activating the STAT6 signaling pathway, changing the intestinal microbiota (Yang et al., 2013; Crowe et al., 2020). Any other mechanism involved in the therapeutic effect of rSj-Cys on atherosclerosis and atherosclerotic renal damage needs to be further investigated. Because of the inhibitory activity of rSj-Cys on cathepsins (Vray et al., 2002), it cannot be excluded that rSj-Cys plays its role in lipid metabolism and atherosclerosis through inhibiting cathepsins related to lipid metabolism and atherosclerosis. The imbalance between cystatins and cathepsins has been identified to be involved in the development of atherosclerosis (Wu et al., 2018).

In this study, we revealed that inflammatory macrophages play an important role in the pathogenesis of atherosclerosis. Treatment with rSj-Cys significantly inhibited atherosclerosis and improved kidney functions through promoting macrophage polarization from M1 to M2, therefore inhibiting M1 macrophage–induced inflammation. The possible mechanism underlying the regulatory effect of rSj-Cys on reducing atherosclerosis and atherosclerotic renal damage is that rSj-Cys stimulates Tregs and M2 macrophage polarization to produce regulatory cytokines IL-10 and TGF-β, thereby inhibiting the production of proinflammatory cytokines through inhibiting the activation of TLR2/MyD88 signaling pathway. However, immune regulation of inflammation and atherosclerosis is a complicated process with different mechanisms, except for the macrophage polarization and Treg regulation. For example, more evidence demonstrated that neutrophils act as an important regulator in the atherosclerosis and cardiovascular inflammation (Silvestre-Roig et al., 2020). At the early stage, hypercholesterolemia and hyperglycemia stimulated the production of neutrophils in the bone marrow (Drechsler et al., 2010); the increased neutrophils secreted chemotactic proteins to recruit monocytes, thereby accelerating atherosclerosis and cardiovascular inflammation (Soehnlein et al., 2009). Neutrophils also play roles in accelerating all stages of atherosclerosis by fostering monocyte recruitment and macrophage activation and through cytotoxicity (Silvestre-Roig et al., 2020). It has been known that platelets are also involved in the development and manifestation of atherosclerosis by secreting chemokines including CXCL4 or platelet factor 4, CCL5, CXCL12 to recruit monocytes or neutrophils to promote local inflammatory processes at sites of vascular injury (Bakogiannis et al., 2019). Recent studies also showed that gut microbiota and their metabolites play roles in atherosclerosis (Duttaroy, 2021). Further investigation is needed to determine whether rSj-Cys has an effect on the modulation of neutrophil and platelet functions, or altering gut microbiota, in the process of atherosclerosis. The results in this study provide consolidate evidence that Schistosoma-derived cystatin exhibits anti-inflammation property and could be developed as a therapeutic agent to treat lipid metabolism disorder and atherosclerosis that threats million lives around the world.



CONCLUSION

This study identified that rSj-Cys stimulated Treg and M2 macrophages to secrete regulatory cytokines IL-10 and TGF-β that inhibit oxidized lipid-induced inflammation and atherosclerosis through inhibiting the TLR2/Myd88 pathway. Therefore, rSj-Cys can be used as a potential therapeutic agent for the prevention and treatment of atherosclerosis.
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Plasmodium vivax–infected erythrocytes can enter the spleen and evade spleen clearance to establish chronic infections. However, the mechanism underlying P. vivax immune evasion in the spleen is still unclear. Human splenic fibroblasts (HSF), also known as barrier cells, play an essential role in the immune function of spleen. A hypothesis holds that P. vivax—infected erythrocytes induce spleen structural remodeling to form barrier cells. Subsequently, these infected erythrocytes can selectively cytoadhere to these barrier cells to escape spleen clearance. In this work, we found that P. vivax surface-related antigen (PvSRA; PlasmoDB ID: PVX_084970), an exported protein on infected erythrocyte membrane, could bind with HSF. Considering the above hypothesis, we speculated that PvSRA might be involved in P. vivax immune evasion by changing HSF cell performance. To investigate this speculation, RNA sequencing, protein microarray, and bioinformatics analysis technologies were applied, and in vitro validations were further performed. The results showed that the recombinant PvSRA attracted HSF migration and interacted with HSF by targeting integrin β1 (ITGB1) along with changes in HSF cell performance, such as focal adhesion, extracellular matrix, actin cytoskeleton, and cell cycle. This study indicated that PvSRA might indeed participate in the immune evasion of P. vivax in the spleen by changing HSF function through PvSRA–ITGB1 axis.
Keywords: Plasmodium vivax, immune evasion, human splenic fibroblasts, Plasmodium vivax surface-related antigen, ITGB1
1 INTRODUCTION
Globally, the World Health Organization estimates that, in 2019, 229 million clinical cases of malaria occurred and 409,000 people died of malaria (Varo et al., 2020; World Health Organization, 2020). Although tertian ague caused by Plasmodium vivax was once thought to be benign when compared with falciparum malaria induced by Plasmodium falciparum, recent reports found that, in many co-endemic malarious areas, the most commonly transmitted malaria parasite after P. falciparum parasite is P. vivax, and about a quarter of the cases in 2019 were due to P. vivax, mainly in Afghanistan and Pakistan (World Health Organization, 2020). P. vivax parasitemia is associated with substantial morbidity including a cumulative risk of severe anemia, hypohepatia, acute lung injury, hypersplenism, splenomegaly, and acute renal failure, whereas its pathogenesis is still unclear (Douglas et al., 2013; Commons et al., 2019). Among these clinical symptoms, splenomegaly is one of the most common features of malaria, and splenic rupture is more prevalent among infections caused by P. vivax compared with other species (Elizalde-Torrent et al., 2018). It has been found that plasmodium parasite evades clearance of host immune system in the erythrocytic stage to cause malaria symptoms (Bassat and Alonso, 2011; Douglas et al., 2013; Im et al., 2017; Commons et al., 2019). Clinical study has found that a large number of P. vivax—infected erythrocytes (Pv-iRBCs) were located in the red pulp of spleen, indicating that P. vivax could evade the immune clearance of spleen (Machado Siqueira et al., 2012). However, the precise mechanism is still unknown.
During the research of P. falciparum, it was found that the variant surface antigens of P. falciparum play an essential role in its immune evasion. For instance, as a member of the variant surface antigens, P. falciparum erythrocyte membrane protein-1 (PfEMP1) located at the knob on the infected erythrocyte surface is a ligand of several hose cell receptors, such as platelet endothelial cell adhesion molecule 1 (CD31) on the endotheliocyte surface, complement receptor type 1 on the erythrocyte surface, and intercellular adhesion molecule-1 (ICAM-1) (Chen et al., 2000). Therefore, P. falciparum—infected erythrocytes (Pf-iRBCs) could bind to uninfected erythrocytes to form rosettes and further bind to host vascular adhesins. Besides, increased rigidity and lowly deformability of Pf-iRBC further allow them to evade the host immune attack by adhering to the blood vessel endothelium instead of entering the spleen (Chen et al., 2000; Turner et al., 2013). However, Pv-iRBC cytoadhesion levels are 10-fold lower than those observed for Pf-iRBC, and Pv-iRBCs are still deformable, allowing them enter the spleen (Bozdech et al., 2008; Carvalho et al., 2010), indicating that the immune evasion mechanism of P. vivax might be different from that of P. falciparum.
Human splenic fibroblasts (HSF), also named as barrier cells, are deployed as diverse barriers in the splenic pulp. When the spleen is attacked by pathogens, these cells rapidly and greatly increase in number to form splenic filtration beds that are important in the increased capacities of spleen in clearance, phagocytosis, and immunological reactivity (Weiss, 1991). A non-lethal murine model of plasmodium, P. yoelii strain 17X, can induce spleen-resident fibroblasts to form physical barrier cells, causing the “open” circulation of the spleen to suddenly and temporarily change into a “closed” circulation (Weiss, 1989). Because of similarities between P. yoelii strain 17X infections in BALB/c mice and P. vivax infections, a hypothesis holds that Pv-iRBCs induce spleen structural remodeling to form barrier cells and, subsequently, selectively undergo cytoadherence to escape spleen clearance (del Portillo et al., 2004). However, this hypothesis has not been proved.
In present work, we found that P. vivax surface-related antigen (PvSRA), an exported antigen from P. vivax to the surface of the infected erythrocyte membrane, could bind with HSF. Considering the important role of surface antigen in the erythrocytic stage (Chen et al., 2000), together with the above hypothesis, we suspected that PvSRA might be involved in P. vivax immune evasion in the spleen. To investigate this speculation, RNA sequencing, protein microarray, and bioinformatics analysis technologies were applied to predict the potential function of PvSRA, and in vitro validations were further performed. The results indicated that recombinant PvSRA attracted HSF migration and interacted with HSF by targeting integrin β1 (ITGB1) along with some changes in HSF cell performance. This study indicated that PvSRA might indeed participate in the immune evasion of P. vivax in the spleen by changing HSF function through PvSRA–ITGB1 axis. This finding will cast new light on the research of the pathogenesis of P. vivax.
2 MATERIALS AND METHODS
2.1 Reagents and Equipment
Anti-green fluorescent protein (GFP) (ab183734), anti-six-histidine tags (6×His) (ab9108), anti-ITGB1 (ab134179), anti-matrix metalloproteinase-1 (MMP-1) (ab134184), anti-carboxypeptidase A3 (CPA3) (ab251685), anti-tissue factor pathway inhibitor 2 (TFPI2) (ab186747), anti-myosin heavy chain 3 (MYH3) (ab124205), anti-focal adhesion kinase (FAK) (ab40794), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (ab181602) were obtained from Abcam, Inc. (Cambridge, United States). Anti-phospho-mitogen-activated protein kinase family (MAPK) (9926T) and anti-MAPK family (9910T) were obtained from Cell Signaling Technology, Inc. (Beverly, United States). Secondary antibodies, including horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (A0208), HRP-conjugated anti-mouse antibody (A0216), and HRP-conjugated anti-human antibody (A0201). Enhanced chemiluminescence kit, CCK8 test kit, RIPA lysis buffer and NP40 lysis buffer were obtained from Beyotime Biotechnology (Shanghai, China). Human cartilage oligomeric matrix protein (COMP) ELISA Kit (JL11535) was purchased from JiangLai Biotechnology (Shanghai, China). FxCycle PI/PNase staining solution, Lipofectamine 3000, anti-human ITGB1 antibody (TS2/16) for functional assay, Endotoxin Removing Gel, LAL Chromogenic Endotoxin Quantitation Kit, APC-anti-integrin subunit alpha 8 (ITGA8) (481709), Alexa Fluor 546–conjugated goat anti-rabbit (A11035), and 4′,6-diamidino-2-phenylindole were obtained from Thermo Fisher Scientific, Inc. (Shanghai, China). Anti-GFP mAb magnetic agarose was obtained from MBL Beijing Biotech Co., Ltd. (Beijing, China). RNA isolation reagent was obtained from Yishan, Inc. (Suzhou, China). Fibroblast medium was purchased from ScienCell Research Laboratories (Carlsbad, United States). CY3 MONO 5-PACK was obtained from Sigma-Aldrich Corporation (MO, United States). APC–anti–His-tag (362605), APC–anti–programmed death ligand-1 (PD-L1) (329707), and PE–anti-ITGB1 (303003) were obtained from BioLegend (San Diego, United States) for FACS analysis.
HuProt™ version 3.1 array was provided by CDI Laboratories, Inc. (Mayaguez, United States). Luxscan™ 10Κ-A microarray scanner was provided by CapitalBio Corporation (Beijing, China). Inverted fluorescence microscope was obtained from Nikon Corporation (Tokyo, Japan). Multiskan GO microplate reader was obtained from Thermo Fisher Scientific, Inc. (Shanghai, China). Confocal microscope was provided by Olympus Optical Co., Ltd. (FV200, Tokyo, Japan). Flow cytometer was obtained from BD Biosciences (C6, Shanghai, China).
2.2 Cells and Bacterial Strain
Escherichia coli BL21 strain was obtained from TransGen Biotech Co., Ltd. (Beijing, China). pET28a expression vector was obtained from YouLong Biotech Co., Ltd. (Shanghai, China). HSF were purchased from ScienCell Research Laboratories (5530, Carlsbad, United States).
2.3 Preparation of Recombinant PvSRA
The full-length gene sequence of PvSRA (PlasmoDB ID: PVX_084970) was obtained from GenBank (https://plasmodb.org/plasmo/), and it was predicted as an extracellular protein without transmembrane domain (http://www.cbs.dtu.dk/services/TMHMM/). PvSRA consists of a signal peptide (SP) [amino acids (aa) 1 to 24], a protein expression domain (aa 25–914), and a GPI-anchored domain (aa 915–936). The full protein expression domain with a total of 890 aa of PvSRA was expressed hardly in E. coli BL21. Then, the functional region of PvSRA was identified by using the consensus prediction method available at the Immune Epitope Database and Analysis Resource (http://www.iedb.org/), which is contained in the first one-third of the full protein expression domain (Figure 1A). Hence, this fragment with a total of 297 aa (aa 25–321), with 6×His added at the C-terminal end, was expressed by using the pET28a expression vector in E. coli BL21 strain in LB medium at 37°C and 200 rpm and induced with 0.5 mM isopropyl-β-d-thiogalactoside for another 5 h when OD600 value was 0.6–0.8. Crude protein was purified through Ni-chelating affinity chromatography by YouLong Biotech (Wuxi, China). PvSRA expression was verified by SDS-PAGE and Western blot (WB) analysis by using anti-6×His antibody. Specific sera prepared from immunized rabbit and mouse was also used to verify the expression of PvSRA. Moreover, sera collected from randomly selected P. vivax—infected patients were used to test the expression level of PvSRA. Sera from normal mice and rabbits, as well as those from healthy individuals, were used as negative controls.
[image: Figure 1]FIGURE 1 | Expression of recombinant PvSRA and location of PvSRA on infected erythrocytes. (A) Schematic diagram of gene sequence of PvSRA. PvSRA consists of a signal peptide (SP) [amino acids (aa) 1–24], a protein expression domain (aa 25–914), and a GPI-anchored domain (aa 915–936). The functional region of PvSRA with a total of 297 aa (aa 25–321) was expressed in E. coli BL21 in present work. (B) Expression of PvSRA functional region protein. The recombinant PvSRA protein was detected by anti–6×His-tag antibody and specific sera in WB analysis. M, Protein marker; lane 1, E. coli BL21 strain containing pET28a-PvSRA; lane 2, BL21 cell containing pET28a-PvSRA with 0.5 mM IPTG induction; lane 3, SDS-PAGE analyses for the purified PvSRA; lane 4, WB analyses for the purified PvSRA with anti-6×His antibody; lanes 5–7, sera prepared from three P. vivax–infected patients; lane 8, specific sera prepared from rabbit; lane 9, specific sera prepared from mouse; lane 10, sera from healthy individual; lane 11, sera from normal rabbit; and lane 12, sera from normal mouse. (C) Comparison of IgG antibody responses to recombinant PvSRA proteins. Sera samples from P. vivax–infected patients (n = 96) and healthy individuals (n = 96) were used for measurement of antibody responses by protein array. The bar indicates mean value and 95% confidence interval. MFI, mean fluorescence intensity. (D) Localization of PvSRA protein in the erythrocytic and mature schizont stages of P. vivax parasites by using the specific rabbit antisera against PvSRA and Alexa Fluor 546–conjugated goat anti-rabbit IgG. Nuclei are visualized with DAPI in merged images. Bars represent 5 μm.
To exclude the effects of endotoxin in the PvSRA, the endotoxin was removed with Endotoxin Removing Gel, and the residues were determined with a LAL Chromogenic Endotoxin Quantitation Kit. After the treatment, the endotoxin was very low (<0.01 ng/ml) in PvSRA at a concentration of 100 μg/ml.
2.4 Preparation of Specific Sera Against PvSRA
The specific sera against PvSRA were prepared as follows. The rabbit group received 250 μg of purified PvSRA in 2 ml of saline emulsified with an equal volume of adjuvant through intramuscular injection, whereas the mouse group received 20 μg of purified PvSRA in 0.1 ml of saline emulsified with an equal volume of Freund’s adjuvant through intraperitoneal injection. For the first immunization, Freund’s complete adjuvant was used, followed by further immunizations 4 and 6 weeks later with Freund’s incomplete adjuvant, and the antisera were collected 2 weeks after the last immunization.
2.5 Protein Array Analysis
2.5.1 Human Plasma Sample Collection
In this experiment, 5 ml of positive serum samples were collected from 96 patients who were confirmed positive for P. vivax infection by microscopy (0.123% mean parasitemia; range 0.034–0.501%) at the local health centers and clinics in Gangwon Province in malaria-endemic areas of the Republic of Korea, and RT-PCR was also applied to avoid inclusion of a sample with coinfection of P. falciparum and P. vivax. Among the patients, 15 were aged 3–19 years, 24 were aged 19–25 years, 21 were aged 26–39 years, 18 were aged 40–49 years, and 18 were aged 50–79 years. Ninety-six plasma samples taken from healthy personnel who were confirmed negative for P. vivax malaria by microscopy and had no malaria episodes in the past were used as negative controls. Among these healthy volunteers, 21 were aged 15–25 years, 43 were aged 26–39 years, 18 were aged 40–49 years, and 14 were aged 50–65 years.
2.5.2 Protein Microarray
All the sera were tested against the recombinant PvSRA protein using protein array analysis according to our previous studies with slight modification (Chen J.-H. et al., 2010; Lu et al., 2014). To determine the use concentration of PvSRA in present experiment, the correlation between duplicate spots of the protein arrays and antibody reactivity of different concentrations of the recombinant proteins was first analyzed by using Origin software (OriginLab Corp., Northampton, MA). In brief, PvSRA in PBS with different concentration was spotted in duplicates onto modified glass slides, incubated for 2 h at 37°C, and blocked with 5% BSA in PBS/Tween 20 (PBST) buffer for 1 h at 37°C. Anti–His-tag antibody solution (50 μg/ml) was added and incubated for 1 h, then Alexa Fluor 546–conjugated goat anti-rabbit (50 μg/ml) was added and incubated for another 1 h, and the mean fluorescence intensity (MFI) was measured by using a scanner (Supplementary Figure 1A). The correlation between duplicate spots of the protein arrays and antibody reactivity of different concentrations of the recombinant proteins was analyzed using Origin software. A correlation coefficient of 0.998 between fluorescence intensities and protein concentrations, and the antigen-antibody reaction was stable when the concentration was reached 50 ng/μl (Supplementary Figure 1B). Therefore, this value was selected as the sample concentration on protein microarray.
Recombinant PvSRA protein in PBS (0.9 μl/spot, 50 ng/μl) was spotted in duplicates onto Ni2+ chelated surface slide and incubated for 2 h, blocked with 5% BSA in PBST buffer for 1 h at 37°C, loaded with sera from patients and healthy controls (1:200, 1 μl/spot), and incubated for 1 h at 37°C. Wells were then stained with Alexa Fluor 546 goat anti-human IgG (10 ng/μl, 1 μl/spot) in PBST buffer (1% BSA) for 1 h at 37°C and scanned in a scanner. PvMSP1-19 was taken as positive control. For analysis, the positive cutoff value was calculated as the MFI value of the negative controls plus two standard deviations. Mann-Whitney U test was performed to compare differences in MFI between groups.
2.6 Indirect Immunofluorescence Assay
Indirect immunofluorescence assay was used to detect PvSRA localization in P. vivax erythrocytic-stage and mature schizont-stage parasites by confocal microscopy. In brief, mature intraerythrocytic-stage and mature schizont-stage P. vivax parasites collected from a malaria patient in Thailand were fixed with ice-cold acetone for 3 min on slides and then dried. After blocking with 5% nonfat milk in PBS at 37°C for 30 min, the slides were incubated with rabbit anti-PvSRA serum (1:100) at 37°C for 1 h and then subjected to fluorescence staining with Alexa Fluor 488–conjugated goat anti-rabbit. 4′,6-diamidino-2-phenylindole was used for nuclear staining at 37°C for 30 min. The fluorescence of the slides was visualized under oil immersion by a confocal laser scanning microscope. Images were captured with the FV10-ASW3.0 Viewer software.
2.7 HSF Cultures
HSF are characterized by their spindle morphology and immunofluorescence with antibodies specific to fibronectin, and its identification was provided by ScienCell Research Laboratories. HSF are guaranteed to further expand for 15 population doublings under their recommended culture method. In present work, the cell culture method and the passage number for using were also according to their instruction strictly. Briefly, HSF was cultured in accordance with the instructions of the provider. Briefly, primary cells were cultured in poly-l-lysine-coated culture vessels (2 μg/cm2) in a 37°C and 5% CO2 incubator. The fibroblast medium was changed every 3 days until the culture reached approximately 70% confluent. Once the culture reaches 70% confluency, the medium was changed every other day until the culture is approximately 90% confluent. Subculture was performed with trypsin/EDTA solution (0.05%) when the culture reaches 95% confluency.
2.8 Binding Analysis Between PvSRA and HSF
Binding between PvSRA and HSF was determined by flow cytometry and WB analysis. In brief, HSF were suspended in the medium alone or in a medium containing protein sample (50 μg/ml) at a density of 2 × 105 cells per well in six-well flat-bottomed tissue culture plates. The plate was incubated at room temperature for 2 h with slight shaking. For FACS analysis, the cells were collected, washed with ice-cold PBS, and incubated with APC–anti–6×His-tag for 30 min at 4°C. Finally, the cells were analyzed by FACScan, and the binding was determined by FlowJo v10. For WB analysis, the collected cells were first lysed with RIPA lysis buffer, followed by SDS-PAGE and WB analysis with anti-6×His antibody. Besides, immunofluorescence was further applied to observe the binding between PvSRA and HSF. Simply, HSF were seeded in 24-well flat-bottomed tissue culture plates at a density of 2 × 104 cells per well. After incubated with PvSRA (50 μg/ml) in complete culture medium at room temperature for 2 h, the cells were washed with cold PBS and fixed with 3.7% methanol-free formaldehyde solution in PBS for 15 min at room temperature. Then, the cells were blocked with 5% bovine serum albumin for 10 min, followed by incubation staining with FITC–anti–6×His-tag overnight at 4°C. After removing the residual staining reagents, binding between PvSRA and HSF was observed and recorded by inverted fluorescence microscope.
2.9 Transcriptome Analysis
To predict the effect of PvSRA on HSF, transcriptome analysis, also named RNA-seq technology, was applied in this work. After HSF were cultured with PvSRA at 50 μg/ml for 48 h, total RNA was extracted using RNA isolation reagent. Quantification, qualification, library preparation, and subsequent RNA-seq of RNA samples were conducted by Novogene Co., Ltd. (Tianjing, China). Differential expression analysis was performed using the edgeR R package (version 3.18.1). p values were adjusted using the Benjamini and Hochberg method. An adjusted p value (padj) less than 0.05 and an absolute fold change of 2 were set as thresholds for a significantly differential expression.
Gene Ontology (GO) enrichment is a technique for interpreting gene sets by making use of the GO system of classification, in which genes are assigned to a set of predefined bins depending on their functional characteristics (http://geneontology.org/). GO enrichment analysis of DEGs was implemented by using clusterProfiler R package, in which the gene length bias was corrected. GO terms with padj less than 0.05 were considered significantly enriched. Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource for understanding high-level functions and utilities of biological systems, such as cell, organism, and ecosystem, from molecular-level information, especially large-scale molecular datasets generated by genome sequencing and other high-throughput experimental technologies (http://www.genome.jp/kegg/). clusterProfiler R package was used to test statistical enrichment of DEGs in KEGG pathways. KEGG pathways with p value less than 0.05 were considered significantly enriched.
2.10 Probe PvSRA Substrates on the Human Proteome Microarray
High-throughput protein microarray was used to track interactions between PvSRA and human proteome, and this experiment was conducted by Bochong Biotechnology Co., Ltd. (Guangzhou, China). Briefly, PvSRA labeled with CY3 MONO 5-PACK was added to the HuProt™ version 3.1 array that contains >20,000 unique proteins, representing 80% of the human proteome, whereas BSA labeled with CY3 was taken as negative control. After incubation overnight in the dark at 4°C, the array was blocked with 5% BSA in PBST for 1 h in the dark at room temperature, then washed with PBST, and air-dried. The reaction between PvSRA and the immobilized protein emits a fluorescent signal, which was read by a Luxscan™ 10Κ-A microarray scanner. To acquire the candidate list of PvSRA binding proteins, the signal-to-noise ratios (SNRs) were calculated for all the spots and then averaged from two duplicated spots. The cutoff was set as SNR (+) > 2 to determine the final positive hits.
The protein-protein interaction (PPI) network graph between the positive PvSRA substrates was drawn by using the STRING database (https://string-db.org/), and the degree of interaction was calculated by Cytoscape software. GO enrichment analysis was applied to these positive candidates from the following three aspects: cellular component (CC), molecular function (MF), and biological process (BP). The cutoff was set as p value less than 0.05 and fold enrichment index greater than 1. KEGG pathway enrichment analysis was also applied, and the cutoff was set as p value less than 0.05 and fold enrichment index greater than 1.
2.11 Co-Immunoprecipitation
Co-immunoprecipitation testing was applied to verify interaction between PvSRA and ITGB1 in HEK293 cells. Given that ITGB1 is expressed by HEK293, 4 μg of pEGFP-C1-PvRSA was transfected into 2 × 106 cells with Lipofectamine 3000, alongside with pEGFP-C1 as negative control. The cells were cultured for 48 h and then collected and lysed with 400 μl of cold NP-40 lysis buffer. The lysate was collected and mixed with 30 μl of anti-GFP mAb magnetic bead agarose. Thereafter, the mixture was incubated with gentle agitation overnight at 4°C, and the supernatant was removed by using a magnetic rack. After the magnetic beads were washed with 1 ml of cold lysis buffer for five times, 50 μl of SDS-PAGE loading buffer was added and boiled for 3 min. Proteins were separated by SDS-PAGE and analyzed by WB analysis. Anti-GFP and anti-ITGB1 antibodies were used to reveal PvSRA and ITGB1 proteins, respectively. Detection was carried out by using anti-rabbit IgG HRP-linked secondary antibody.
2.12 Role of ITGB1 in the Regulation of HSF Cell Performance by PvSRA
To verify whether ITGB1 mediates the regulation effect of PvSRA on HSF, before PvSRA treatment, HSF were pretreated with anti-human ITGB1 antibody (1:50) for 1 h at room temperature to block the ITGB1 antigenic site on the membrane surface. Besides, before antibody treatment or test sample treatment, serum starvation was performed. Briefly, after HSF were seeded and adhered to the well, the complete medium was replaced with basal culture medium containing 1% serum and incubated overnight. The concentration of PvSRA was set as 50 μg/ml.
2.12.1 Cell Binding
Binding between PvSRA and HSF was determined by flow cytometry. After the HSF was pretreated with anti-human ITGB1 antibody, the following procedure was the same as abovementioned.
2.12.2 Cell Migration
Transwell migration assay was applied to test the effect of PvSRA on HSF migration. A total of 1 × 104 cells in 100 μl of serum-free medium were added onto the top of the transwell, and 0.6 ml of medium containing the test sample was added into the lower chamber. Migration was allowed to proceed for 24 h in the incubator. Non-migrating cells were removed from the top surface of each membrane with a cotton swab, and then, the membranes were fixed in methanol and stained with 0.1% crystal violet for 30 min at room temperature. After the membranes were washed with PBS, cells that migrated were observed and recorded with inverted microscope. Quantification assay was further applied. Briefly, acetic acid was diluted to 33% (v/v) with ddH2O. The bound crystal violet was eluted by adding 400 μl of 33% acetic acid into each insert and shaking for 10 min, the absorbance of the eluent at 590 nm was measured using a plate reader.
2.12.3 Cell Proliferation
CCK8 test was performed to assay the effect of PvSRA on the proliferation of HSF. In brief, HSF cells (6 × 103 cells per well in 100-μl medium) were seeded in 96-well plates and incubated with test samples for 48 h. Then, 10 μl of CCK8 solution was added in each well and incubated for another 2 h. The absorbance was determined at 450 nm by using a Multiskan GO microplate reader. The proliferation ratio was calculated by using the following formula: Proliferation ratio (%) = OD450test sample/OD450blank control × 100.
2.12.4 Cell Cycle
HSF were plated in 12-well flat-bottomed tissue culture plates at a density of 3 × 105 cell per well. The cells were treated with PvSRA for 48 h, then collected, and washed with PBS. Thereafter, the cells were fixed with pre-cooled 75% alcohol overnight at 4°C and stained with FxCycle PI/PNase staining solution for 20 min at room temperature. Finally, the cells were analyzed by FACScan, and cell cycle of each group was determined by FlowJo v10.
2.12.5 Cell Cytoskeleton
HSF were plated in 24-well flat-bottomed tissue culture plates at a density of 2 × 104 cells per well. The cells were treated with PvSRA for 48 h, then washed with pre-warmed PBS, and fixed with 3.7% methanol-free formaldehyde solution in PBS for 15 min at room temperature. Further permeabilization was required by using 0.1% Triton X-100 in PBS for 15 min. Thereafter, the cells were blocked with 5% bovine serum albumin for 10 min. Subsequently, FITC phalloidin was added and incubated for 1 h at room temperature. After removing residual staining reagents, cell cytoskeleton was observed and recorded by inverted fluorescence microscope.
2.12.6 Cell Signaling Pathway
Cells were plated in six-well flat-bottomed tissue culture plates at a density of 5 × 105 cells per well. The cells were treated with PvSRA for 24 h. Thereafter, cell lysates were separated through 10% SDS-PAGE, and phosphorylation levels of key enzymes in the MAPK signaling pathways and FAK expression level were analyzed by WB. In this test, anti–phospho-MAPK family, anti-MAPK family, and anti-FAK were used as primary antibodies, whereas anti-GAPDH was used as an internal reference.
2.12.7 Specific Protein Expression
Protein expression of specific DEGs involved in focal adhesion, extracellular matrix, and actin cytoskeleton from RNA-seq results was verified with WB, FACS, or ELISA, and the cutoff of these DEGs was set as log2 fold change greater than 1 or less than −1. In this work, anti–MMP-1, anti-CPA3, anti-TFPI2, and anti-MYH3 were used for WB, APC–anti-ITGA8 was used for FACS, and human COMP ELISA Kit was used to quantify COMP concentration in the culture supernatant. In addition, PD-L1 on HSF surface was also tested by FACS.
2.12.8 Statistical Analysis
Data analysis was performed using SPSS 19.0 software (SPSS, Inc., Chicago, IL, United States). All data were presented as mean ± standard error of the mean. Student’s t-test was used for inter-group comparison. Statistical significance was considered at p < 0.05.
3 RESULTS
3.1 Expression and Characterization of PvSRA
PvSRA, predicted as an extracellular protein, was identified for its specific antigenic profiling from P. vivax erythrocytic stage proteins in our preliminary work, and recombinant PvSRA protein with a molecular weight of 40 kDa was successfully expressed, purified, and verified with anti 6×His-tag antibody, sera from P. vivax–infected patients, and specific sera from immunized rabbit or mouse (Figure 1B). Protein array analysis showed that P. vivax–infected patients showed significantly higher MFI of total IgG against PvSRA than that from healthy individuals (Figure 1C, p < 0.0001). The prevalence for anti-PvSRA antibodies showed a sensitivity of 51% (MFI value of 49 out of 96 patient samples > cutoff value 5,169) and specificity of 96.9% (MFI value of 93 out of 96 healthy samples <5,169), indicating that the recombinant PvSRA protein is specific to serum from P. vivax–infected patients. For the positive control PvMSP1-19 (Supplementary Figure 2), the prevalence for anti–PvMSP-19 antibodies showed a sensitivity of 80.2% (MFI value of 77 out of 96 patient samples > cutoff value 5,169) and specificity of 95.8% (MFI value of 92 out of 96 healthy samples < 5,169). Furthermore, PvSRA was detected on the Pv-iRBC membrane in the trophozoite and mature schizont stages of P. vivax parasites (Figure 1D).
3.2 PvSRA Could Bind With HSF
Primary results of FACS and WB analyses revealed the presence of 6×His-tag in PvSRA-treated group (Figures 2A,B, respectively), indicating that PvSRA could bind with HSF. In addition, similar observation of the binding between PvSRA and HSF was also noted on HSF membrane surface in PvSRA treatment group through the fluorescence of Alexa Fluor 488–6×His-tag (Figure 2C).
[image: Figure 2]FIGURE 2 | Binding of PvSRA with HSF. The binding of the recombinant PvSRA protein and HSF was detected by using anti-6×His tag antibody in the following tests. (A) FACS was applied to test the binding capacity of PvSRA on HSF membrane surface. (B) WB analysis of the binding capacity of PvSRA with HSF. M: Protein marker; lane 1: normal HSF lysate; lane 2: PvSRA treated HSF lysate; lane 3: recombinant PvSRA control-sample. (C) Immunofluorescence was applied to test the binding between PvSRA and HSF by using anti-6×His tag antibody and Alex Flour 488- conjugated goat anti-rabbit IgG. Nuclei are visualized with DAPI in merged images. Bars represent 200 μm.
3.3 Identification of DEGs in PvSRA-Treated HSF
RNA-seq was used to detect DEGs between normal HSF and PvSRA-treated HSF, and 24,674 genes were detected (Supplementary Table 1). Among these genes, the expression levels of 639 DEGs changed with a padj less than 0.05, including 337 downregulated DEGs and 302 upregulated DEGs (Figure 3A). Seventy of these DEGs have an absolute fold change ≥2, including 17 downregulated DEGs and 53 upregulated DEGs (Figure 3B). These DEGs are also listed in Supplementary Table 1. The heatmap of DEG expression is supplied as Supplementary Figure 3.
[image: Figure 3]FIGURE 3 | PvSRA significantly induced gene expression changes in HSF. (A) Volcano plot of the DEGs. (B) Histogram of the count of DEGs with an absolute fold change ≥2. (C) GO enrichment analysis of the DEGs obtained from RNA-seq. (D) KEGG enrichment analysis of the DEGs obtained from RNA-seq.
GO and KEGG pathway enrichment analyses were further applied to the abovementioned DEGs to explore the HSF performance changes by PvSRA treatment. As a functional classification system, GO can be divided into three parts: MF, BP, and CC, and the results showed that there were 356 GO terms with padj <0.05, including 56 terms in MF, 224 terms in BP, and 76 terms in CC. Besides, KEGG enrichment analysis results showed that there were 20 pathways with p < 0.05 (Supplementary Table 1). A part of these results is displayed in Figures 3C,D. Among these issues, the changes of extracellular matrix and actin cytoskeleton of HSF seemed to agree with the hypothesis that P. vivax immune evasion in the spleen is mediated by affecting HSF. Besides, focal adhesion is a type of adhesive contact between the cell and the extracellular matrix through the interaction of the transmembrane protein integrins with their extracellular ligands, and intracellular multiprotein assemblies connect to the actin cytoskeleton. It is well known that focal adhesion plays an essential role during cell BPs, such as cell motility, cell proliferation, and cell survival, because focal adhesions anchor the cell to the substratum and can mediate mechanical and biochemical signaling (Mitra et al., 2005; Burkin et al., 2013). Hence, in this study, we focused on these three issues.
3.4 PPIs Analysis of PvSRA
In this study, protein microarray technology was used to predict the potential function of PvSRA through PPIs analysis (Figure 4A). A total number of 97 positive human substrates of PvSRA were preliminarily detected (Figure 4B, Supplementary Table 2), and their interacting network is shown in Figure 4C.
[image: Figure 4]FIGURE 4 | Identification of PvSRA substrates. (A) Overall scheme to identify the PvSRA substrates using HuProt arrays. PvSRA labeled with CY3 was added to the array, whereas BSA labeled with CY3 was taken as negative control. (B) A representative image of the HuProt array. The reaction between PvSRA and the immobilized protein emits a fluorescent signal. (C) PPI network image of the PvSRA substrates. The network was drawn by using STRING program, and the degree of interaction was calculated by Cytoscape software. (D) GO enrichment analysis of the PvSRA substrates. (E) KEGG pathway enrichment analysis of the PvSRA substrates.
As shown from the results of GO enrichment analysis (Figure 4D), these substrates are located in most of the cell component, including extracellular vesicular exosome and focal adhesion, and this was consistent with the results obtained from RNA-seq. Among these substrates, 21 were found to be involved in 35 meaningful statistical KEGG pathways (Supplementary Table 2). A part of these results is displayed in Figure 4E. Focal adhesion was still in this list, indicating its important role during PvSRA functional process. Notably, some exogenous infections, including human papillomavirus infection, Epstein–Barr virus infection, shigellosis, leishmaniasis, and bacterial invasion of epithelial cells, were found to be in this list.
3.5 ITGB1 Is a Receptor of PvSRA on the HSF Cell Surface
Eleven of the PvSRA substrates are located on the cell membrane (Figure 5A). However, although NCKIPSD is the top of the substrates list according to the SNR, its degree of interaction was much less than that of ITGB1 (Figure 4C), and it was not involved in KEGG enrichment pathways (Supplementary Table 2). More interestingly, ITGB1 is involved in many enriched KEGG pathways, including focal adhesion and several exogenous infections (Figure 5B). The interaction between PvSRA and ITGB1 was further confirmed by co-immunoprecipitation in HEK293 cells (Figure 5C). In addition, FACS results showed that ITGB1 was highly expressed on HSF cell surface (Figure 5D). Moreover, PvSRA could notably bind to the HSF surface, whereas anti-ITGB1 antibody could weaken this binding capability (Figures 5E,F). All these evidenced that ITGB1 on the HSF cell surface is a receptor of PvSRA. Therefore, further investigations were performed to explore the role of ITGB1 during the regulation effect of PvSRA on HSF cell performance.
[image: Figure 5]FIGURE 5 | ITGB1 located on HSF cell surface is a receptor for PvSRA. (A) Histogram of the PvSRA substrates on cell membrane surface. SNR, the signal-to-noise ratio. (B) KEGG analysis demonstrated that ITGB1 is involved in several pathways with a p value < 0.05. (C) Interaction between PvSRA and ITGB1 was verified by Co-immunoprecipitation testing. ITGB1 is expressed by HEK293 cells, pEGFP- C1- PvRSA was transfected into the HEK293 cells with Lipofectamine 3000, while pEGFP-C1 was used as negative control. (D) FACS analysis was performed to verify ITGB1 expression on HSF cell surface. (E,F) Backward verification was applied to verify whether ITGB1 is a receptor of PvSRA through blocking ITGB1 function on HSF surface with anti-ITGB1 antibody. Anti-6×His tag antibody and anti-ITGB1 antibody were used to reveal PvSRA and ITGB1 proteins, respectively.
3.6 PvSRA Might Regulate HSF Cell Performance by Interacting With ITGB1
Cell migration is a central process in the development and maintenance of multicellular organisms. In this study, high proportion of HSF migrated to the lower chamber in the PvSRA-treated group when compared with the blank control group (Figure 6A), indicating that PvSRA might attract HSF migration from the top of the transwell to the lower chamber. Besides, the results of quantification assay showed that, when comparing with blank control group, the absorbance of the PvSRA-treated group was increase from 0.152 ± 0.022 to 0.670 ± 0.088, further confirming that PvSRA could attract HSF migration. However, this phenomenon was weakened by pretreating HSF with anti-ITGB1 antibody (Figures 6A,B).
[image: Figure 6]FIGURE 6 | PvSRA attracted migration of HSF and participated in the changing of focal adhesion, extracellular matrix, and actin cytoskeleton of HSF through PvSRA–ITGB1 axis. (A) Transwell method was applied to test the effect of PvSRA on HSF migration in vitro. (B) Quantification assay of the effect of PvSRA on HSF migration by absorptiometry. Asterisk (*) represents that it has statistic difference between groups. (C) WB analysis of the expression of FAK and MAPK of PvSRA-treated HSF. (D) WB analysis of protein expression of the representative DEGs that were involved in extracellular matrix, focal adhesion, and actin cytoskeleton of PvSRA-treated HSF. (E) Expression of ITGA8 on HSF cell surface was tested by FACS. (F) COMP secretion was tested by Elisa method. Asterisk (*) represents that it has statistic difference with other groups in same phase. (G) The effect of PvSRA on HSF cell cytoskeleton was observed by using FITC phalloidin.
FAK is a kinase that localizes to focal adhesion and regulates signaling in focal adhesion (Schaller, 2010). WB analysis showed that FAK expression of HSF was notably enhanced by PvSRA, whereas this enhancement effect was inhibited by pretreating HSF with anti-ITGB1 antibody (Figure 6C). The results also showed that the protein expression of phospho-MAPK, namely, phospho-p38, phospho-ERK, and phospho-JNK, was increased by PvSRA, whereas the changes in total MAPK expression were slight, indicating that the MAPK pathway was activated by PvSRA treatment. Similarly, this activation effect was also inhibited by anti-ITGB1 antibody pretreatment (Figure 6C).
RNA-seq results showed that PvSRA might affect the focal adhesion, extracellular matrix, and actin cytoskeleton of HSF. Thus, the DEGs involved in these three issues, supplied as Supplementary Figure 4, with log2 fold change less than −1 or greater than 1 were used as the potential biomarkers for the changes of HSF by PvSRA treatment in protein expression validation. Among these genes, MMP1, CPA3, and TFPI2 are involved in the extracellular matrix; COMP is involved in the extracellular matrix and focal adhesion; MYH3 is involved in actin cytoskeleton; and ITGA8 is involved in focal adhesion and actin cytoskeleton (Supplementary Figure 4). In relation to the change of their gene expression, the protein expression of MMP1 and TFPI2 was enhanced by PvSRA, and MYH3 expression was downregulated (Figure 6D). However, this effect was partly inhibited by anti-ITGB1 antibody pretreatment. The protein expression of CPA3 was almost not influenced by PvSRA treatment (Figure 6D), and the ITGA8 expression on the HSF surface also showed no change compared with the blank control (Figure 6E). COMP is a secretory protein, and its expression was quantified by ELISA. In comparison with the untreated group, the result showed that the COMP secretion of HSF was significantly decreased from 429.38 ± 16.47 ng/ml to 384.05 ± 20.64 ng/ml after PvSRA treatment (p < 0.05), indicating that PvSRA could inhibit COMP secretion. However, this inhibitory effect of PvSRA was weakened by anti-ITGB1 antibody pretreatment (Figure 6F).
FITC phalloidin was used to observe the HSF actin cytoskeleton (Marchesi et al., 2014). As shown from the recorded fluorescence images (Figure 6G), the actin fibers of PvSRA-treated HSF were more stretched, and the cell size was larger compared with those of untreated HSF, indicating that PvSRA treatment could result in HSF cytoskeleton remodeling. However, after HSF were pretreated with anti-ITGB1 antibody, the effect of PvSRA on the HSF cytoskeleton nearly disappeared.
When compared with untreated HSF, the results of cell cycle analysis showed that the ratio of G0 phase cells in the PvSRA-treated group increased from 0.97 ± 1.23% to 8.94 ± 0.92% (p < 0.05), the ratio of S phase cells increased from 17.94 ± 1.24% to 25.42 ± 1.92% (p < 0.05), the ratio of G2 phase cells decreased from 12.96 ± 0.89% to 6.76 ± 1.86% (p < 0.05), the ratio of G1 phase cells decreased from 64.86 ± 1.37% to 56.46 ± 2.01% (p < 0.05), and the ratio of M phase cells was not affected (Figures 7A,B). This phenomenon demonstrated that PvSRA could induce cell cycle arrest. WB analysis showed that the protein expression of Cyclin D1, which plays an essential role in promoting entry into the cell cycle, was downregulated by PvSRA (Figure 7C). Accordingly, CCK test also showed that the cell proliferation ratio decreased to 68.75 ± 6.87% (Figure 7D, p < 0.05). However, these effects of PvSRA on HSF cell cycle or proliferation could be weakened by anti-ITGB1 antibody.
[image: Figure 7]FIGURE 7 | PvSRA has a negative effect on HSF cell cycle and increased PD-L1 expression on HSF surface through PvSRA–ITGB1 axis. (A) The effect of PvSRA on HSF cell cycle was tested by FACS. (B) Histogram of the changes of cell ration in different cell cycle phase. Asterisk (*) represents that it has statistic difference with other groups in same phase. (C) WB analysis was used to test the expression of cell cycle–related protein Cyclin D1. (D) CCK8 test was applied to assay the effect of PvSRA on HSF proliferation. Asterisk (*) represents that it has statistic difference with other groups in same phase. (E) FACS was applied to test the PD-L1 expression on HSF cell surface.
In addition, the FACS results showed that PvSRA treatment increased the PD-L1 expression on HSF surface, whereas this effect was also weakened by anti-ITGB1 antibody pretreatment (Figure 7E).
In all the cell experiments, no difference was observed between the blank control group and the group that was only treated with anti-ITGB1 antibody. All these results indicated that PvSRA might regulate HSF cell performance by interacting with ITGB1 that located on the HSF cell surface.
4 DISCUSSION
P. vivax is one of the most widely distributed human malaria parasites, and the risk of acute P. vivax attacks after splenectomy is increased, which even outweighs the risk of P. falciparum attack (Kho et al., 2019). However, mechanisms that underline immune evasion in P. vivax infection remain unclear. A hypothesis holds that Pv-iRBC can selectively cytoadhere to splenic fibroblasts and cause spleen structural remodeling and resulting in immune evasion from spleen clearance (del Portillo et al., 2004). In the present study, we provide evidence that PvSRA, a newly found exported protein from P. vivax to the surface of infected erythrocyte membrane, could interact with HSF and induce cell performances changes of HSF through interaction with ITGB1 on HSF cell surface.
As a blood filter, the spleen is mainly composed of the red pulp, white pulp, and their boundary called the marginal zone. Under normal circumstances, abnormal or aged erythrocytes are typically removed by the spleen through phagocytosis or antigen-specific immune response. However, it was found that large numbers of Pv-iRBC in the red pulp (Machado Siqueira et al., 2012), indicating that P. vivax could pass through endothelial slits, enter the spleen, and avoid the immune clearance of spleen (Handayani et al., 2009; Machado Siqueira et al., 2012). The rodent malaria P. yoelii has been extensively used to study molecular aspects of virulence in malaria, such as pre-erythrocytic stages of infection and pathogenesis of erythrocytic stages, mainly because of the existence of strains with different cellular tropisms, growth curves, and clinical outcomes, such as the reticulocyte-prone non-lethal P. yoelii 17X strain and the normocyte-prone lethal P. yoelii 17XL strain. Among these two strains, P. yoelii strain 17X infections in mouse spleen are similar to P. vivax infections in human spleen. Researchers used the Balb/c P. yoelii rodent malaria model to study the function and structure of the spleen, and they noticed lower numbers of parasites within macrophages in infections with 17X than in infections with 17XL. However, because these numbers were observed together with larger numbers of parasites in spleens infected with 17X and no differences were observed in either in vitro or in vivo phagocytic activity between the two infections, it can be assumed that the differences in the numbers of parasites within the macrophages are not due to an increased ability of macrophages to kill parasites during non-lethal infections. This finding provides further evidence of different spleen compartmentalization in animals infected with non-lethal strains (Martin-Jaular et al., 2011). Besides, it was found that non-lethal P. yoelii 17X strain induces remodeling of the spleen through the formation of a spleen tissue barrier of fibroblastic origin, causing the “open” circulation of the spleen to suddenly and temporarily change into a “closed” circulation (Weiss, 1989). Such barrier facilitates the channeling of blood from arterioles to venules and the adherence of infected reticulocytes to it thus physically protecting them from destruction by macrophages (Martin-Jaular et al., 2011). Because of similarities between P. yoelii strain 17X infections in BALB/c mice and P. vivax infections, a hypothesis holds that Pv-iRBC induces a spleen blood barrier of fibroblastic origin to which infected reticulocytes adhere in facilitating macrophage clearance escape (del Portillo et al., 2004).
HSF, which is the fibroblastic origin mentioned above, also known as splenic fibroblastic reticular cells, significantly contribute to the immunity of the organism because they augment the reticular cell fiber filtration beds of spleens when stressed by infection, imperfect erythrocytes, or immunological deficiency. Thus, they play essential roles in splenic clearance of the blood (Weiss, 1991). In addition, HSF provide a three-dimensional (3D) microenvironment and set up a niche for lymphoid cells, including T, B, and dendritic cells, through the expression of chemoattractants. This niche not only supports the onset and perpetuation of immune responses but also activates, enhances, and even inhibits immune responses (Mueller et al., 2007; Lukacs-Kornek et al., 2011). A recent study showed that plasma-derived extracellular vesicles from P. vivax patients are preferentially uptaken by HSF as compared with the uptake of extracellular vesicles from healthy individuals. After this uptake, Pv-iRBC has shown specific adhesion properties to these HSF (Toda et al., 2020). For extracellular vesicles that act as shuttle vectors or signal transducers that can deliver specific biological information and have progressively emerged as key regulators of organized communities of cells within multicellular organisms in health and disease (Simeone et al., 2020), we suspected that the cross-talk between Pv-iRBC and HSF might contribute to the immune evasion of P. vivax.
It is well known that variant surface antigens of P. falciparum, such as PfEMP1, play essential role during its immune evasion process. For instance, it mediates binding of infected erythrocytes to uninfected erythrocytes, and it is thought that P. falciparum evades the host immune system by shielding the infected erythrocytes and the newly released merozoites from host invasion-inhibitory antibodies in this way (Yam et al., 2017). Besides, PfEMP1 have also been found to interact with a variety of cell surface receptors on the endothelial cells, resulting in the adhesion of Pf-iRBC to endothelium (Yam et al., 2017). In addition, PfEMP1 is anchored at the erythrocytes membrane skeleton by knobs, macromolecular complexes that consist of knob-associated histidine-rich protein (KAHRP), whereas KAHRP binding with the erythrocyte membrane skeleton leads to an increased rigidity and further decreased the deformability of Pf-iRBC (Maier et al., 2008). Therefore, unlike normal erythrocytes that could pass through blood vessel wall into the spleen circulation through their deformability, Pf-iRBCs that adhered to endothelium are unable to enter the spleen, allowing P. falciparum to avoid immune clearance by the spleen (Chen et al., 2000; Turner et al., 2013). These findings showed that the exported antigen from plasmodium on infected erythrocyte membrane surface might play important role during immune evasion.
PvSRA, predicted as an extracellular protein, is a newly found erythrocytic stage antigen identified in our study, and it was confirmed as a merozoite surface protein that could be exported to the surface of infected erythrocyte membrane. Besides, in vitro cell experiment revealed that PvSRA could bind with HSF, indicating that PvSRA might mediate the binding of Pv-iRBC to the splenic fibroblasts in spleen. Considering the abovementioned P. vivax immune evasion hypothesis and the important role of exported antigen from plasmodium in the erythrocytic stage (Chen et al., 2000), we suspected that PvSRA might be involved in P. vivax immune evasion in the spleen. Because RNA-seq is a high-throughput technology used to provide a comprehensive view of entire transcriptome, and it enables a wide range of applications such as the discovery of novel genes, gene/transcript quantification, and differential expression and functional analysis (Wang et al., 2009; Wang et al., 2019), this technology was applied to test our speculation. The results showed that the expression of 639 of 24,647 genes was significantly regulated by PvSRA. GO and KEGG pathway enrichment analyses manifested that these DEGs are involved in various terms and signaling pathways. Interestingly, focal adhesion, extracellular matrix, and actin cytoskeleton related terms or pathway were founded in the enrichment results. Among them, focal adhesion, a specialized structure formed at the cell–extracellular matrix contacts points, where bundles of actin filaments are anchored to transmembrane receptors of the integrin family through a multi-molecular complex of junctional plaque proteins. Focal adhesion structurally links the cytoskeleton to the extracellular matrix and transmits mechanical signals (Mitra et al., 2005; Burkin et al., 2013). Thus, it not only plays an essential role during cell motility through the regulation of the actin cytoskeleton but also is involved in the regulation of other cell functions, such as cell proliferation and survival, through signal transmission (Mitra et al., 2005; Burkin et al., 2013). Extracellular matrix is a non-cellular 3D macromolecular network composed of collagens, proteoglycans/glycosaminoglycans, elastin, fibronectin, laminins, and several other glycoproteins. These components bind each other as and cell adhesion receptors forming a complex network into which cells reside in all tissues and organs. Cell surface receptors transduce signals into cells from extracellular matrix, which regulate diverse cellular functions, such as survival, growth, migration, and differentiation, and are vital for maintaining normal homeostasis, whereas the progression of several pathologic conditions is associated with the negative deregulation of extracellular matrix composition and structure (Theocharis et al., 2015). The actin cytoskeleton, a collection of actin filaments with their accessory and regulatory proteins, is the primary force-generating machinery in the cell. It was found that its generated force plays essential role in cell migration, cell shape, and mechanical properties of the cell surface, drive the intracellular motility and morphogenesis of membrane organelles, and allow cells to form adhesions with each other and with the extracellular matrix (Svitkina, 2018). Therefore, the changes of these three aspects of HSF seemed to agree with the hypothesis that P. vivax immune evasion in the spleen is mediated by affecting HSF.
It is well known that proteins rarely act alone as their functions tend to be regulated. Many molecular processes are carried out by molecular machines that are built from many protein components organized by their PPIs; however, abnormal or aberrant PPIs could cause diseases (Ryan and Matthews, 2005). Therefore, analyzing PPIs can help identify novel pathways to gain basic knowledge of the physiological activity or pathological action. Moreover, it can also help find new therapeutic targets of diseases and predict the potential function of newly found or unknown proteins (Berger and Iyengar, 2009). Protein microarray is a high-throughput method used not only to track interactions and activities of proteins but also to determine proteins function. Therefore, this technology was applied in the present work to search for substrates of PvSRA and explore the potential function of PvSRA through PPIs analysis. The results showed that substrates of PvSRA were not only distributed in different regions of the cell, such as membrane, cytoplasm, and nucleus, but also located at focal adhesion sites and extracellular vesicular exosome, indirectly indicating that PvSRA is capable of binding with or entering into some host cells through PPIs. To determine whether PvSRA induced HSF gene expression changes through protein interaction with some unknown substrates or receptors on the HSF membrane surface, we mainly focused on the PvSRA substrates located on the cell membrane surface in the present work. Among the surface receptors of PvSRA, ITGB1 was observed for its unique properties during BPs. Integrin family members are membrane receptors involved in cell adhesion and recognition in various processes including embryogenesis, hemostasis, tissue repair, and immune response (Wu et al., 2010). They link the actin cytoskeleton with the extracellular matrix and transmit signals bidirectionally between the extracellular matrix and cytoplasmic domains (Nix and Beckerle, 1997). One of the members of the integrin family, ITGB1, has several functions, including actin binding, cadherin binding, cell adhesion molecule binding, collagen binding involved in cell-matrix adhesion, fibronectin binding, laminin binding, protease binding, and protein tyrosine kinase binding (Mueller et al., 1999; Moog-Lutz et al., 2003; Cerecedo et al., 2006; Guo et al., 2014; Sipila et al., 2014; Zhao et al., 2016). Hence, it appears to be an important receptor of cellular adhesion molecules because it mediates adhesion between cell and cell or cell and extracellular matrix. In addition, it is primarily responsible for targeting integrin dimers to the appropriate subcellular locations. Function analysis and literature review showed that ITGB1 also participates in extracellular matrix organization, protein localization, cell cycle, cell proliferation and apoptosis, cell migration, and other BPs (Mueller et al., 1999; Miles et al., 2008; Juric et al., 2009; Zhao et al., 2016). In the current study, we confirmed that ITGB1 was expressed on HSF cell surface, indicating that Pv-iRBCs can bind with HSF through PvSRA–ITGB1 interaction and might further influenced HSF cell performance.
ITGB1-regulated subcellular locations in adhesive cells mainly include focal adhesions. In addition, the results of enrichment analysis showed that ITGB1 was involved in several microbial infections as a receptor for viruses, bacteria, and parasites. During these infections, ITGB1 mainly acts as a receptor of microbial composition or a constituent of focal adhesion structure to participate in the invasion process (Figueira et al., 2015; Olafsson et al., 2019). Interestingly, the RNA-seq results showed that the expression of genes involved in the extracellular matrix, focal adhesion, and actin cytoskeleton was significantly changed in the PvSRA-treated HSF group. This could demonstrate that Pv-iRBCs have the potential to induce the formation of focal adhesion structure on the HSF surface through PvSRA–ITGB1 interaction, followed by actin cytoskeleton remodeling and the alteration of HSF function, finally resulting in the escape from spleen clearance.
On the above basis of the bioinformation from RNA-seq and PPIs analyses, in vitro cell-based validations were further performed to verify the above speculation. The results demonstrated that PvSRA could bind to the HSF surface and attract HSF migration, indicating that Pv-iRBC could adhere to HSF after they enter the spleen. As a kinase that localizes to focal adhesion and regulates signaling in focal adhesion, FAK communicates signals between integrins and intracellular proteins and regulates diverse cellular processes such as cell proliferation, migration, actin cytoskeleton remodeling, and invasion (Rosen and Dube, 2006; Chen J.-S. et al., 2010; Schaller, 2010; Roa-Espitia et al., 2016). We observed that the expression of FAK was significantly enhanced by PvSRA treatment and, the MAPK signal pathway, a downstream signaling event of focal adhesion (Mitra et al., 2005), was also activated, indicating that PvSRA could induce focal adhesion formation on the HSF surface, followed by downstream signal activating. Besides, the results showed that PvSRA treatment induced HSF actin cytoskeleton remodeling, indicating that Pv-iRBC has the potential to alter the original cellular structure of HSF. We further tested protein expression of the representative DEGs involved in focal adhesion, extracellular matrix, and actin cytoskeleton of PvSRA-treated HSF. Among these genes, MMP1 is a prototypical MMP, primarily functioning to degrade collagen types 1 and 3 (Pardo and Selman, 2006). CPA3 is a member of the family of zinc metalloproteases, which are involved in the degradation of endogenous proteins (Roy et al., 2014). TFPI2 may play a role in the regulation of plasmin-mediated matrix remodeling (Du et al., 2003). COMP, an extracellular secreted glycoprotein, may play a role in the structural integrity via its interaction with other extracellular matrix proteins such as collagens and fibronectin (Haudenschild et al., 2011). ITGA8 is a cell surface protein that belongs to the alpha integrin family of transmembrane cell surface receptors, and it requires the formation of a heterodimer with ITGB1 for receptor function (Hung et al., 2018). MYH3 belongs to a group of proteins called myosin, which are involved in cell movement and transport of materials within and between cells (Li et al., 2016). The results from cell-based assays showed that, after PvSRA treatment, the expression of MMP1 and TFPI2 was obviously upregulated, whereas that of MYH3 and COMP was decreased and was consistent with the results obtained from RNA-seq. However, no changes were observed in the expression of CPA3 and ITGA8, indicating that the expression levels of these two genes were inconsistent with their protein expression levels. We also found that PvSRA has a significantly negative effect on the HSF cycle and protein expression of cell cycle–related gene Cyclin D1, which might further result in proliferation inhibition. These negative effect on HSF proliferation indicated that Pv-iRBC might inhibit the proliferation of the barrier cells after they enter the spleen. Besides, for HSF that mainly play its immune role through increasing in number to form splenic filtration beds when spleen is attacked by pathogens (Weiss, 1991), the present finding also indicated that Pv-iRBC might decrease the capacities of the spleen through inhibiting HSF proliferation. In present work, we also found that PvSRA treatment increased PD-L1 expression on the HSF surface. PD-L1 is a protein that allows some cells to escape the attack by the immune system. PD-L1 interacts with PD-1 on some important immune system cells such as T cells. It is acknowledged that PD-1/PD-L1 axis plays a crucial role in the progression of tumor by altering status of immune surveillance (Yi et al., 2018). Except for tumor progression, PD-L1 expressed on infected host cell also plays an essential role during extraneous pathogens invasion or infection process. For example, research has shown that lymphocytic choriomeningitis virus infection targeting of mouse splenic fibroblasts contributes to its chronic infection, because the upregulation expression of PD-L1 on infected splenic fibroblasts prevents severe immunopathology and architectural disruption of splenic fibroblast network in the spleen (Mueller et al., 2007). Because Pv-iRBC also has the potential to target HSF, we suspected that Pv-iRBC might also evade host immune attack in a similar way. These findings revealed that Pv-iRBC has the potential to decrease the immunological capacities of spleen through targeting HSF. However, the results of these in vitro experiments showed that the effect of PvSRA on HSF could be inhibited or weakened by blocking ITGB1 receptor on the HSF surface, demonstrating that ITGB1 is indispensable during PvSRA–HSF interaction. On the basis of above findings and in consideration of ITGB1 that was found to be involved in several microbial infections as a receptor for viruses, bacteria, and parasites (Figueira et al., 2015; Olafsson et al., 2019), we suspected that ITGB1 might also be invloved in P. vivax immune evasion in the spleen.
In addition to the bioinformation from RNA-seq and PPIs analyses, the results of in vitro assays contributed in improving the prediction of immune evasion process of P. vivax, which could be summarized as follows: after entering the spleen, Pv-iRBCs adhere to HSF through the ligand (PvSRA)–receptor (ITGB1) axis, followed by the formation of the focal adhesion structure on the HSF surface. Given that some of the constituents of focal adhesion participate in the structural link between membrane receptors and the actin cytoskeleton (Mitra et al., 2005; Burkin et al., 2013), the original shape and motility of HSF were affected and changed, which might induce the formation of barrier cells. Moreover, because some constituents of focal adhesion are signaling molecules (i.e., different protein kinases and phosphatases, substrates, and various adapter proteins) (Mitra et al., 2005; Burkin et al., 2013), focal adhesion might further modulate other capabilities of HSF, such as cell proliferation and extracellular matrix, then activating its downstream pathway (i.e., MAPK pathway). In addition, PvSRA might also have the possibility to enter into the intracellular or endonuclear environment through interacting with other receptors and then further affects or interferes with the signal transduction or genetic information processing of HSF through other PPIs. This would finally alter the immunoregulation role of HSF in the spleen to result in the immune evasion of P. vivax (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram of the immune evasion hypothesis of P. vivax in the spleen. After entering the spleen, P. vivax–infected erythrocytes adhere to HSF through ligand (PvSRA)–receptor (ITGB1) axis. This is followed by the formation of the focal adhesion structure on HSF surface, leading to the actin cytoskeleton remodel, and then, the original shape and motility of HSF was affected and changed to induce the formation of barrier cells. Besides, focal adhesion might also modulate the capabilities of HSF by further activating FAK pathway and downstream pathway (i.e., MAPK pathway). In addition, PvSRA might translocated into intracellular environment through other substrates to further affect or interfere the signal transduction or genetic information processing of HSF through other PPIs. This finally would alter the immunoregulation role of HSF in the spleen to result in the immune evasion of P. vivax.
However, because the present study is mainly based on previous hypotheses and RNA-seq prediction and the prediction was only validated roughly by in vitro assays, there are some research limitations in present work. Because P. vivax parasites cannot be maintained reliably in continuous cultures in vitro, biology research on P. vivax faces different challenges. Therefore, some findings or predictions in present work mainly obtained through in vitro protein molecular cell experiments, lacking the verification through intercellular interaction experiments between Pv-iRBC and HSF. The recent development allows to purify P. vivax parasites in the ring stage and to develop them into late stages (Roobsoong et al., 2015; Prajapati et al., 2019). This will help address our future questions related to surface expression or discharge of PvSRA and to demonstrate a direct binding between Pv-iRBCs and HSF. Besides, because acetone could penetrate cell membranes, PvSRA location on Pv-iRBC membrane surface needed further verification by co-staining with erythrocyte surface proteins (e.g., Band 3 or Glycophorin A) without permeabilizing cells (Auffray et al., 2001). In addition, present research on P. vivax immune evasion mechanism is not deep enough; both the high-throughput analysis and in vitro validation were superficial. For instance, the present work mainly focused on focal adhesion, extracellular matrix, and actin cytoskeleton changes of HSF, and only partial related genes and pathway were verified in vitro; detailed relationship between signal pathway and cell performance changes has not been yet evaluated; the possibility that PvSRA might enter into HSF also needed further verification, and the prerequisite of this speculation is to make sure whether PvSRA could discharge or secrete from Pv-iRBC through testing the presence of PvSRA in the culture medium with ELISA or some other methods when culturing the P. vivax parasites in vitro. Furthermore, because there have been few related studies about relevant research, no appropriate control samples were included in present work. Previous studies have found that the cytoadhesion of Pv-iRBCs was, in part, mediated by VIR proteins localized at the surface of Pv-iRBCs (Fernandez-Becerra et al., 2009; Carvalho et al., 2010), and a recent research reveals that VIR14 protein (PlasmoDB ID: PVX_108770) mediates specific adhesion to HSF expressing ICAM-1 (Fernandez-Becerra et al., 2020), indicating that these VIR proteins could be taken as control samples in the following studies. Overall, the present study was mainly a predictive work, and the findings may provide a basis for further research in this field.
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Oncofetal chondroitin sulfate expression plays an important role in the development of tumors and the pathogenesis of malaria in pregnancy. However, the biosynthesis and functions of these chondroitin sulfates, particularly the tissue-specific regulation either in tumors or placenta, have not been fully elucidated. Here, by examining the glycogenes availability in chondroitin sulfate biosynthesis such as xylosytransferase, chondroitin synthase, sulfotransferase, and epimerase, the conserved or differential CS glycosylation in normal, colorectal cancer (CRC), and placenta tissue were predicted. We found that the expression of seven chondroitin sulfate biosynthetic enzymes, namely B4GALT7, B3GALT6, B3GAT3, CHSY3, CHSY1, CHPF, and CHPF2, were significantly increased, while four other enzymes (XYLT1, CHST7, CHST15, and UST) were decreased in the colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) patients. In the human placenta, where the distinct chondroitin sulfate is specifically bound with VAR2CSA on Plasmodium parasite-infected RBC, eight chondroitin sulfate biosynthesis enzymes (CSGALNACT1, CSGALNACT2, CHSY3, CHSY1, CHPF, DSE, CHST11, and CHST3) were significantly higher than the normal colon tissue. The similarly up-regulated chondroitin synthases (CHSY1, CHSY3, and CHPF) in both cancer tissue and human placenta indicate an important role of the proteoglycan CS chains length for Plasmodium falciparum VAR2CSA protein binding. Interestingly, twelve highly expressed chondroitin sulfate enzymes were significantly correlated to worse outcomes (prognosis) in both COAD and READ. Furthermore, we showed that the levels of chondroitin sulfate enzymes are significantly correlated with the expression of immuno-regulators and immune infiltration levels in CRCs and placenta, and involved in multiple essential pathways, such as extracellular matrix organization, epithelial-mesenchymal transition, and cell adhesion. Our study provides novel insights into the oncofetal chondroitin sulfate biosynthesis regulation and identifies promising targets and biomarkers of immunotherapy for CRC and malaria in pregnancy.
Keywords: colorectal cancer, malaria, oncofetal chondroitin sulfate, TCGA, immune infiltration
INTRODUCTION
Glycosylation is the most frequent post-translational modification occurring in proteins and lipids, and is vital to cell adhesion and stability as well as cell-cell communication (Dennis et al., 1999). Chondroitin Sulfate (CS) is one of the common glycosylation types with a glycosaminoglycan (GAG) linked to the backbones of specific proteoglycans (Afratis et al., 2012), which can vary greatly in length or degree of sulfation (Esko et al., 2009). Oncofetal CS (ofCS), the key player in malaria in pregnancy, normally restricted to trophoblastic cells in the placenta, has recently been detected in plenty of tumors. Importantly, the unprecedented high binding specificity and affinity of ofCS to Plasmodium falciparum VAR2CSA protein, which has been evolutionarily selected for use in placenta-bound parasites (Deitsch and Dzikowski, 2017; Ma et al., 2021), allows for a broad targeting of human cancer cells and placenta (Salanti et al., 2015). Understanding how ofCS is regulated in cancer tissue or placenta, therefore, is critical for tumor biology as well the pathogenesis of malaria in pregnancy.
Through 16 distinct glycosylation pathways, cellular glycan biosynthesis in human is facilitated by ∼500 glycoenzymes including glycosyltransferases, glycosidases, sugar metabolism enzymes, sulfation-related enzymes, and others (Neelamegham and Mahal, 2016; Schjoldager et al., 2020), which lead to the formation of complex and specific glycan structures on proteins or lipids (Potapenko et al., 2010). For example, glycosyltransferase catalyzes glycosidic bond formation between a sugar and an acceptor, forming a diverse range of saccharides and glycoconjugates in nature. According to the sequence homology, glycosyltransferases have been classified into different families in the Carbohydrate Active enzyme database (CAZy) with about 300 glycosyltransferases identified so far (Cazypedia, 2021). The assembly of linear or branched glycan chains is formed sequentially so that the product of an enzyme reaction prepares its acceptor as the substrate of the next enzyme in the process (Glavey et al., 2015). Of these glycoenzymes, a small minority are specifically involved in the CS biosynthesis pathway through the orchestration of enzymes’ kinetic properties and their compartmentalization in Golgi. In brief, the common tetrasaccharide linker of CS chain is initiated by xylosyltransferase1 (XYLT1) and XYLT2 and elongated by galactosyltransferases and glucuronyltransferase (Figure 1). After the linker assembly, two homologous β4GalNAc-transferases, encoded by Csgalnact1 and Csgalnact2, initiate CS synthesis, while chondroitin synthase and polymerizing enzyme, encoded by four homologous genes Chsy1, Chsy3, Chpf, and Chpf2, are responsible for the elongation of the GalNAc-β 1-4GlcA-β 1-3 repeat backbone which determines the length of CS chains (Mikami and Kitagawa, 2013; Chen et al., 2018). Lastly, the sulfation modification of CS is carried out by various sulfotransferase which catalyzes the transfer of a sulfate group to their respective sulfation sites on GalNAc, GlcA, or IdoA residues in CS chains (Mikami and Kitagawa, 2013).
[image: Figure 1]FIGURE 1 | The key glycogenes in the biosynthesis of the common tetrasaccharide linkage and repeating disaccharide region of CS (A) and the glycogenes involved in sulfate modification (B) in colorectal cancer and placenta. The glycogenes in yellow represented those with increased expression in CRC tumor tissue, in green represented those with decreased expression in CRC tumor tissue, in blue represented those with increased expression in placenta tissue, and in red represented increased expression in both CRC and placenta. All monosaccharide symbols were followed using the Symbol Nomenclature for Glycans (SNFG) (https://www.ncbi.nlm.nih.gov/glycans/snfg.html).
Aberrant glycosylation, which often modulates inflammatory responses, enables host-pathogen interactions and immune escape, promotes cancer cell metastasis, or regulates apoptosis, has been linked with various diseases (Reily et al., 2019). For example, the abnormal expression of glycan has been linked with various cancers, including colorectal cancer (CRC, colon, and rectal cancer), one of the most common gastrointestinal tumors (Siegel et al., 2020). In malaria, the carbohydrate-mediated glycobiology can directly affect Plasmodium survival or host resistance (Gomes et al., 2017). The early study by Miller et al. showed the glycan on the erythrocyte surface mediate the parasite-red blood cell invasion, and the associated molecular was confirmed subsequently as glycophorins (Miller et al., 1977; Salinas et al., 2014). Interestingly, chondroitin sulfate A (CSA) in the human placenta, which mediates the binding of the infected RBC, was recently found uniquely expressed on the cancer cell surface and plays an important role in integrin signaling and tumor cell motility (Clausen et al., 2016). It appears that fine-tuned machinery for chondroitin sulfate biosynthesis is crucial for the CS chain expression in developmental and pathophysiological processes (Mikami and Kitagawa, 2013). However, the dynamic process of glycoconjugate synthesis, which depends on the local milieu of enzymes, sugar precursors, and organelle structures as well as the cell types and cellular signals involved (Reily et al., 2019), poses huge challenges for fully understanding the function and biosynthesis of ofCS in cancer or placenta. Recent studies suggest that glycan biosynthesis can be analyzed based on “gene availability” through the measure of the expression (proteome and transcriptome), accessibility (epigenome), or presence (genome) of glycogenes. Gene expression, either absolute or differential expression, defines which reactions could be active in the biosynthetic network and therefore could be used to predict differential glycosylation (Kellman and Lewis, 2021).
Herein, we systematically analyzed the glycogenes availability by comparing the expression of chondroitin sulfate biosynthesis enzymes from hundreds of CRC samples using The Cancer Genome Atlas (TCGA) RNA sequencing data and placenta transcriptomic database GSE66622. We found that three chondroitin synthases (CHSY1, CHSY3, and CHPF) were upregulated in both cancer tissue and placenta, indicating an important role of ofCS chains length for VAR2CSA binding. In addition, the differentially expressed chondroitin sulfate genes were significantly correlated to the prognosis for both COAD and READ, possibly due to their close association with the immune cell infiltration and the immune regulators.
MATERIALS AND METHODS
Study Population and Data Collection
Colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) RNA sequence datasets, available from public databases, were used in this paper. The placenta RNA sequencing data from the GSE66622 and “HPA RNA-seq normal tissues” project were downloaded for comparison (Fagerberg et al., 2014; Hughes et al., 2015). For the RNAseq dataset, fragment per kilobase million (FPKM) values and reads per kilobase of exon per million reads mapped (RPKM) values were downloaded and converted to TPM (transcripts per kilobase of exon model per million mapped reads) and log2 transformed after the addition of 1 [log2 (x + 1)] before analysis (Goldman et al., 2020). Clinical annotations, including age, gender, histologic type, and clinical stages were acquired using the Cancer Genomics Data Server package (cgdsr) in the R environment (Cerami et al., 2012; Gao et al., 2013). Recently annotated glycogenes in the chondroitin sulfate biosynthesis pathway (Schjoldager et al., 2020) were compared, and gene names and functions are summarized in Supplementary Table S2. CNV and mutation data were obtained from the online genomic database cBioPortal (Cerami et al., 2012). The stemness score of individual samples was calculated using the methylation data and mRNA data as reported (Hoadley et al., 2018), and the data generated from the UCSC Xena dataset were used for correlation analysis (Goldman et al., 2020).
Survival Analysis
Overall survival (OS) was defined by the time from diagnosis until death (patients alive at last follow-up were censored). For each gene, the optimal cutoff of high and low expression levels was determined using the surv-cutpoint function in the “survminer” R package (https://CRAN.Rproject.org/package=survminer). Kaplan-Meier survival curves were used to plot high and low expression groups for prognostic genes. Groups were compared using the Log-Rank test.
Immune Cell Infiltration and Immune Regulators Correlation
According to the survival analysis, the prognosis-related genes were identified. The genes related to each immune cell infiltration level in tumor tissues were detected using the TIMER tool, which is a previously published statistical method to infer the abundance of tumor-infiltrating immune cells (TIICs) from gene expression profiles (Li et al., 2016; Li et al., 2017). The immune regulators were obtained from the TISIDB (Ru et al., 2019), and each prognosis-associated gene was performed for the correlation results. As not all the immune regulators were expressed in the fetus stage, we only analyzed the available regulators in this study. Heatmaps boxplots and a bubble diagram were generated in R using pheatmap (https://CRAN.R-project.org/package=pheatmap), ggplot2 (https://CRAN.R-project.org/package=ggplot2), and ggpubr (https://CRAN.R-project.org/package=ggpubr) packages.
Enrichment Pathway Analysis
The top 100 co-expression genes of the chondroitin sulfate regulators were obtained from the Gene Expression Profiling Interactive Analysis (GEPIA; http://gepia2.cancer-pku.cn) databases (Tang et al., 2017; Tang et al., 2019). In this study, enriched pathways from co-expression of prognosis-associated genes were identified by Metascape (http://metascape.org) (Zhou et al., 2019), a user-friendly online analysis tool for common and unique pathways analysis. The top 20 pathways were visualized in R using ggplot2 (https://CRAN.R-project.org/package=ggplot2).
Statistical Analysis
For data analysis, we used the statistical programming language R version 3.6.0 (R: A Language and Environment for Statistical Computing, R Core Team, R foundation for Statistical Computing, Vienna, Austria, 2019, http://www.R-project.org) supplemented with specialized packages for statistical analyses and graphs. Population characteristics were described using medians and percentages. Wilcoxon’s signed-rank test was used to compare matched normal and tumor tissues in the TCGA dataset. Pearson’s test was used for gene correlation analysis. Differences were considered to be significant if p < 0.05 after correction for multiple testing.
RESULTS
Population Characteristics of the Individuals Enrolled in This Study
The baseline characteristics of the colorectal cancer patients enrolled in this study were summarized in Supplementary Table S1. Population characteristics in our cohort included 324 colon adenocarcinoma (COAD, including 41 normal adjacent tissue samples) patients and 102 rectum adenocarcinoma (READ, including 10 normal adjacent tissue samples) patients who had initial pathologic diagnosis at a median age of 64.9 years and 62.9 years, respectively. There were 154 (54.4%) males in the COAD cohort and 60 (54.3%) males in the READ cohort. Most tumors were adenocarcinoma, 244 (86.2%) and 85 (92.4) for COAD and READ respectively. More than half of patients did not have first-degree relatives with a cancer diagnosis. For placenta data, five normal colon samples and four placenta tissue RNA sequencing data were downloaded from the “HPA RNA-seq normal tissues” project, and 80 placenta samples from GSE66622 were included.
Differentially Expressed Glycogenes in Chondroitin Sulfate Biosynthesis in Colorectal Cancer and Placenta
Previous studies of chondroitin sulfate biosynthesis genes expression were only performed in cancer with small sample sizes and limited data coverage (Bret et al., 2009). To provide a more comprehensive evaluation of ofCS biosynthesis, we compared mRNA expression in both placenta (Fagerberg et al., 2014; Hughes et al., 2015) and colorectal cancer (UCSC TOIL, (Vivian et al., 2017). In COAD and READ patients, we noticed that galactosyltransferases (B4GALT7, B3GALT6), glucuronyltransferase (B3GAT3), chondroitin synthase (CHSY3, CHSY1, CHPF2), and polymerizing enzyme (CHPF) were significantly increased compared to the normal adjacent tissues, while xylosyltransferase (XYLT1) and ofCS modification enzymes (CHST7, CHST15, UST) were both decreased. Other ofCS modification enzymes (DSE, CHST11, and CHST13) were not differentially expressed between normal and tumor samples (Figure 2A). Importantly, there were 17 out of the 20 genes differentially expressed in the COAD patients, suggesting an important role for regulation in determining chondroitin sulfate synthesis and its functional status in colon cancer. Further analysis indicated that XYLT1, XYLT2, B4GALT7, B3GALT6, B3GAT3, CSGALNACT2, CHSY3, CHSY1, CHPF, CHST13, CHST7, CHST15, UST, and CHST14 were up/down-regulated in all clinical stages of COAD (Supplementary Figure S1). Meanwhile, B4GALT7, B3GALT6, CHPF, and CHST15 were up/down-regulated in all stages of READ patients (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | The chondroitin sulfate glycogenes are differentially expressed in tumors and placenta. The expression profile of chondroitin sulfate biosynthesis glycogenes in normal and tumor of colon and rectal (A) and normal colon vs placenta (B). Transcripts per million transcripts (TPM) values in each chondroitin sulfate glycogenes were log2 transformed after the addition of 1 [log2 (x + 1)] and visualized as a boxplot.
In the placenta, there were eight chondroitin sulfate biosynthesis enzymes (CSGALNACT1, CSGALNACT2, CHSY3, CHSY1, CHPF, DSE, CHST11, and CHST3) that were significantly higher than the normal colon tissue (Figure 2B), while B3GALT6 and CHST14 were not available from the dataset. Three chondroitin synthases (CHSY1, CHSY3, and CHPF) were upregulated in both cancer and placenta, indicating the length of ofCS chains might be an important factor for VAR2CSA binding. A detailed comparison of glycogenes expression changes in the placenta and cancer was illustrated in Figure 1.
Amplification, Deletion, and Mutation of Chondroitin Sulfate Biosynthesis Regulators in Colorectal Cancer
The variations of glycogenes in chondroitin sulfate biosynthesis in COAD and READ were further explored using the cBioPortal database (Figure 3). We found varying degrees of genetic changes among the 20 chondroitin sulfate biosynthesis genes, consistent with previous reports (Hansen et al., 2015; Joshi et al., 2018). As shown in Figure 3, we revealed that most of the chondroitin sulfate biosynthesis glycogenes were deleted, missense mutated, or amplified in CRC, among which CSGALNACT1 displayed the highest incidence rate (6%), followed by CHST15 (with an incidence rate of 5%).
[image: Figure 3]FIGURE 3 | Landscape of chondroitin sulfate biosynthesis glycogenes alteration in colorectal cancer. Genetic alterations of chondroitin sulfate biosynthesis glycogenes (originated from TCGA studies) were detected using the cBioPortal database. The amplification, deep deletion, truncating mutation, and missense mutation were shown in different colors in each glycogene.
Gene Expression in Relation to Overall Survival
Next, Kaplan–Meier plot was used to analyze the correlation between the mRNA levels of chondroitin sulfate biosynthesis enzymes and CRC patient prognosis. Interestingly, high expression of most glycogenes was significantly associated with shorter overall survival (OS) rate in COAD and READ. These genes include B3GALT6, B3GAT3, CSGALNACT2, CHPF, DSE, CHST11, CHST12, CHST13, CHST3, CHST7, UST, and CHST14, indicating that chondroitin sulfate biosynthesis enzymes play key roles in colorectal cancer (Figure 4).
[image: Figure 4]FIGURE 4 | Prognostic analysis of chondroitin sulfate biosynthesis glycogenes in colorectal cancer. The correlation between chondroitin sulfate biosynthesis glycogenes and overall survival (OS) in COAD (A) and READ (B) is displayed. The red line denotes higher expression, and the blue line indicates lower expression.
The Expression of Prognosis Associated Chondroitin Sulfate Biosynthesis Genes is Correlated With Immune Infiltration Levels and Stemness in Colorectal Cancer and Placenta
The survival time of many cancers is determined by the amount and activity status of TILs (tumor-infiltrating lymphocytes) (Ohtani, 2007; Santoiemma and Powell, 2015). Based on the TIMER estimate method, we detected the correlation of 12 prognosis-associated chondroitin sulfate biosynthesis genes with levels of immune cell infiltration in COAD and READ. As present in Figure 5A, much of the gene expression was positively associated with the level of immune cells. For example, CSGALNACT2 expression was associated with level of dendritic cell (r = 0.61, p = 1.06E-42), neutrophil (r = 0.64, p = 2.13E-47), macrophage (r = 0.66, p = 8.5E-53), CD4+ T Cell (r = 0.49, p = 6.08E-26), and CD8+ T Cell (r = 0.48, p = 5.05E-25). Similarly, CHST11 was associated with the level of dendritic cell (r = 0.74, p = 7.35E-70), neutrophil (r = 0.73, p = 1.03E-66), macrophage (r = 0.64, p = 4.69E-48), CD4+ T Cell (r = 0.51, p = 2.26E-28), and CD8+ T Cell (r = 0.38, p = 3.01E-15). In addition, CHST3, CHST7, UST, and CHST14 were all significantly associated with dendritic cell, neutrophil, macrophage, and CD4+ T Cell infiltration.
[image: Figure 5]FIGURE 5 | The expressions of twelve chondroitin sulfate biosynthesis glycogenes are correlated with immune infiltration levels (A) and stemness (B) in COAD, READ, and placenta. *p < 0.05, **p < 0.01, ***p < 0.001. Genes with the higher correlation of the immune infiltration levels are shown in red, while those with lower levels are shown in blue.
For the READ dataset, similar trends were detected between the prognosis associated genes expression with the immune cell infiltration. CSGALNACT2 was associated with the increased dendritic cell (r = 0.43, p = 1.47E-7), neutrophil (r = 0.46, p = 2.06E-8), macrophage (r = 0.49, p = 7.24E-10), CD4+ T Cell (r = 0.27, p = 1.55E-3), and CD8+ T Cell (r = 0.40, p = 9.03E-7). CHST11 was associated with increased dendritic cell (r = 0.63, p = 1.86E-16), neutrophil (r = 0.35, p = 2.11E-5), macrophage (r = 0.43, p = 1.25E-7), and CD4+ T Cell (r = 0.36, p = 1.13E-5).
Interestingly, in placenta tissue, CSGALNACT2 was associated with increased level of macrophage (r = 0.52, p = 7.44E-07), neutrophil (r = 0.27, p = 0.015), and CD8+ T cell (r = 0.38, p = 4.53E-4), while it was negatively associated with dendritic cell (r = −0.36, p = 8.77E-4). CHST11 was also significantly associated with macrophage and CD8+ T cell (r = 0.35, p = 1.40E-3, r = 0.35, p = 1.60E-3, respectively) (Figure 5A).
Cancer stemness was thought to be accountable for resistance to anti-cancer therapies and subsequent relapse. To explore the correlation of the prognosis associated genes expression with the stemness of the same sample, we utilized the stemness score determined by the DNA hypermethylation data and mRNA (Hoadley et al., 2018). As shown in Figure 5B, CAGALNACT2, DSE, CHST11M CHST12 CHST3, CHST7, UST, and CHST14 in the COAD were positively associated with the DNAss category, EREG-METHs category, ENHss category, which was derived from the methylation data, and EREG EXPss, derived from the mRNA data. However, they were negatively associated with the RNAss category derived from the mRNA data. There were significantly negative associations between the gene expression of CHPF, DSE, CHST11, CHST12, CHST3, UST CHST14, and stemness of RNAss category for READ.
Correlations Between the Expression of Prognosis Associated Chondroitin Sulfate Biosynthesis Enzymes and Immuno-Regulators in Colorectal Cancer and Placenta
To further explore the effects of chondroitin sulfate biosynthesis genes on immune response in tumor and placenta, the correlations between the expression of prognosis associated chondroitin sulfate biosynthesis glycogenes and immuno-regulators were calculated (Charoentong et al., 2017). The results indicated that many of these genes were significantly correlated to immunostimulators (Figure 6A), immunoinhibitors (Figure 6B), and MHC molecules (Figure 6C) in cancer and placenta (Figure 6D).
[image: Figure 6]FIGURE 6 | Correlations between chondroitin sulfate regulators expression and the expression of Immuno-regulators in COAD, READ, and placenta tissue. The correlations between the expression of 12 progress-associated chondroitin sulfate biosynthesis regulators and Immunostimulator (A), Immunoinhibitors (B), and MHC molecules (C) for CRC tissue and the placenta tissue (D). Genes with the higher correlation of the immune regulator’s levels are shown in red, while those with lower levels are shown in blue. *p < 0.05, **p < 0.01, ***p < 0.001.
GO and KEGG Enrichments Analysis
To investigate the downstream pathways of prognosis associated with chondroitin sulfate biosynthesis glycogenes in CRC, we performed GO and KEGG analysis using co-expression genes. The results indicated that the co-expression molecular of COAD were enriched in the extracellular matrix organization, extracellular matrix structural constituent, which was correlated with cell adhesion molecule binding. The enrichment of the pathways in the epithelial-mesenchymal transition process and KRAS signaling up shows that PI3K-Akt signaling supports the critical role of these genes in cancer development (Figure 7A). The co-expression molecular was similar in the COAD and READ, as the enrichment signals revealed the similarities in performance (Figure 7B).
[image: Figure 7]FIGURE 7 | GO and KEGG enrichment analysis. Gene Ontology enrichment of the co-expressed genes associated with chondroitin sulfate glycogenes was identified through gepia2. Analysis of the “GO biological process” category, “GO molecular functions” category, “Hall mark gene sets” category, and “KEGG pathway category” for COAD dataset (A) and READ dataset (B). The color of the dots demonstrates -Log10 (q value). Therefore, red dots show greater FDR than blue ones. The size of the dots indicates the number of genes enriched in the analysis.
Except for the glycan biosynthesis process, enrichment analysis of co-expressed genes in the placenta (Figure 8) showed similar processes as in cancer, such as extracellular matrix organization and cell adhesion molecular binding. Interestingly, we noticed that on the KEGG pathway category, the “pathway in cancers” was also significantly enriched.
[image: Figure 8]FIGURE 8 | Gene Ontology enrichment of the co-expressed genes associated with chondroitin sulfate regulator glycogenes in the placenta. Analysis of the “GO biological process” category (A), “GO molecular functions” category (B), “Hall mark gene sets” category (C), and “KEGG pathway category” (D) for the placenta. The color of the dots demonstrates -Log10 (q value). Therefore, red dots show greater FDR than blue ones. The size of the dots indicates the number of genes enriched in the analysis.
DISCUSSION
Several studies investigated the role of chondroitin sulfate in cancer, providing evidence of their important roles in cell proliferation, migration, apoptosis, and differentiation (Keutgen et al., 2021; Sano et al., 2021). Glycosylation of proteins generates changes in their biophysical properties, function, distribution, and retention in the plasma membrane and modulates cell behavior, cellular interactions, specific ligand-receptor interactions, and immune recognition (Shental-Bechor and Levy, 2008; Vagin et al., 2009; Hoja-Łukowicz et al., 2013). Alterations in glycosyltransferase levels and glycosylation patterns have been evidenced in inflammatory conditions, tumorigenesis, and metastasis (Nardy et al., 2016). The measurements of glycosyltransferase expression at the mRNA level and direct enzyme expression are performed in most studies (Wang et al., 2005; Laidler et al., 2006; Trinchera et al., 2011; Glavey et al., 2015). Studies showed that alterations in the expression of some glycosylation-associated genes have been correlated with cancer progress and applied as cancer diagnostic biomarkers such as FUT8 (Taniguchi and Kizuka, 2015; Agrawal et al., 2017).
Until now, few studies have investigated the oncofetal chondroitin sulfate biosynthesis and the contribution of GAG structures to specific biological functions due partly to obstacles in technical limitation in the structural characterization. The development of a cell-based method, GAGome, enables the production and display of GAGs and interrogates the detailed structural features required for specific bioactivities (Chen et al., 2018). By precise gene editing (knock out or knock in of the glycogenes), the binding specificities of recombinant VAR2CSA (rVAR2CSA), fibroblast growth factor 2 (FGF2), and CS-56 monoclonal antibody to CS/HS were successfully determined. The plasmodium falciparum VAR2CSA protein is proposed to bind a distinct 4-O-sulfated CS that is expressed in the normal placenta (Ma et al., 2021) and most human cancers (Salanti et al., 2015). Three GAGOme sub-libraries were used to probe the key glycogenes of CS linker assembly, CS initiation/elongation, and CS modification for their effects on ofCS binding to rVAR2CSA. In this study, we investigated the transcriptional expression profile of all chondroitin sulfate biosynthesis enzymes in CRC and placenta by exploring COAD and READ, two expression datasets from TCGA, and the public normal tissue RNA sequencing data. The expression of the selected chondroitin sulfate biosynthesis genes discriminated between tumor and normal tissues. Seven consistent genes were increasingly expressed in COAD and READ tumor tissues compared to normal tissues, while four were decreasingly expressed in tumor tissues. More importantly, there were three genes, which encode the core glycoenzymes for CS chain elongation, that significantly increased in both colorectal cancer and placenta. The expression alteration of these glycosyltransferases could predict the impact of differential oncofetal chondroitin sulfate glycosylation on extracellular signaling in the placenta and tumor tissue.
In this study, we found that 12 high expressions of chondroitin sulfate biosynthesis glycogenes in the genome were correlated to a worse prognosis in human CRC. Some of these genes have been reported for their association with cancer prognosis. For example, the high expression of CHST11, the enzyme specifically required for CSA 4-O-sulfation, was significantly correlated with poor relapse-free survival in three independent lung cancer cohorts (Salanti et al., 2015). CSGALNACT1, which is necessary for normal cartilage development and aggrecan metabolism (Yoshioka et al., 2017), was related to integrin signaling and prognosis (Agnelli et al., 2011; Clausen et al., 2016). CHST15 was also critical for the prognosis in breast cancer and pancreatic cancer (Ito et al., 2017; Liu et al., 2019). Both CSGALNACT1 and CHST15 genes showed the highest incidence rate (5–6%) in deletion, mutation, and amplification in CRC. Further, GO and KEGG enrichment analyses revealed that co-expression prognosis associated with genes in the placenta and CRC mostly involved in “extracellular matrix organization”, “epithelial-mesenchymal transition”, and “cell adhesion”, supporting the shared mechanism in tumorigenesis and embryonic development in the placenta.
Immune components in the tumor microenvironment have essential effects on gene expression by tumor tissues and the clinical outcome. Cancer immunotherapy mainly works with some important proteins to enhance function or restore immune cells in the tumor microenvironment. For example, programmed death-1 (PD-1) on the surface of CD8+ T cells binds programmed death-ligand 1 (PD-L1) produced by tumor tissue, resulting in a limited host immune response (Tumeh et al., 2014). CD4+ T cells play an essential role in the formation of protective memory CD8 (+) T cells (Laidlaw et al., 2016). Macrophages and neutrophils are the primary effectors of the innate immune system potent immune effector cells to antitumors (Anderson et al., 2021). In this study, six different immune cells, namely B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell, were explored to identify their correlation with the chondroitin sulfate glycogenes expression. Interestingly, the levels of CSGALNACT2 and CHST11 both showed a strong correlation with the infiltrate immune cells in COAD and READ patients and placenta. It has been reported that immunological changes in the placenta are associated with poor pregnancy outcomes in malaria infection (Sharma and Shukla, 2017). The link of key ofCS biosynthesis enzymes to the immune responses in this study provides possible new immunotherapy targets for malaria in pregnancy. Its role in placental immunopathology should be further explored in malaria infection.
It is worth noting that the differentially expressed glycogenes were identified by comparison of CRC tissue and placenta RNAseq data; the functions of these glycogenes still need further validation by precise genome-editing techniques such as CRISPR/Cas (Narimatsu et al., 2018; Narimatsu et al., 2021). Further, whether the abnormal glycosylation of tumor impacts immune therapy should be illustrated further (Chiang et al., 2021).
CONCLUSION
In summary, we show that chondroitin sulfate regulators are differentially expressed in the CRC tumor site and placenta and increased expression of glycogenes predicts poor prognosis in CRC patients and could be considered as a biomarker or immune therapy targets for CRC. Our results provide novel insights about the chondroitin sulfate biosynthesis glycoenzymes in the placenta as well as CRC initiation and progression.
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Schistosomiasis is a chronic parasitic disease that continues to be a pressing public health problem in many developing countries. The primary pathological damage from the disease is granuloma and fibrosis caused by egg aggregation, and early treatment can effectively prevent the occurrence of liver fibrosis. Therefore, it is very important to identify biomarkers that can be used for early diagnosis of Schistosoma japonicum infection. In this study, a label-free proteomics method was performed to observe the alteration of proteins before infection, 1 and 6 weeks after infection, and 5 and 7 weeks after treatment. A total of 10 proteins derived from S. japonicum and 242 host-derived proteins were identified and quantified as significantly changed. Temporal analysis was carried out to further analyze potential biomarkers with coherent changes during infection and treatment. The results revealed biological process changes in serum proteins compared to infection and treatment groups, which implicated receptor-mediated endocytosis, inflammatory response, and acute-phase response such as mannan-binding lectin serine peptidase 1, immunoglobulin, and collagen. These findings offer guidance for the in-depth analysis of potential biomarkers of schistosomiasis, host protein, and early diagnosis of S. japonicum and its pathogenesis. Data are available via ProteomeXchange with identifier PXD029635.
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Introduction

Schistosomiasis is a chronic zoonotic parasitic disease that affects at least 78 countries and regions, and hundreds of millions of people are at risk of infection (LoVerde, 2019). Thus, it is of great public health significance. Schistosoma japonicum is one of the pathogens of human schistosomiasis, which is mainly distributed in Asia, in countries such as China, the Philippines, and Indonesia (Gryseels et al., 2006; McManus et al., 2018). The pathological damage caused by S. japonicum is mainly liver and portal vein system damage (Carson et al., 2018; Hu et al., 2020). After mating, paired schistosomes residing in the mesenteric vein could produce a large number of eggs that accumulate in the liver and result in liver granulomas, progressing to liver fibrosis (McManus et al., 2018). Even if the adults in the host are eliminated, the serious pathological damage caused by granulomas is difficult to reverse (Hu et al., 2020), and therefore, identifying and testing potential candidate biomarkers for the treatment of schistosomiasis is of high priority.

At present, the gold standard for the diagnosis of S. japonicum continues to be the Kato–Katz method (McManus et al., 2018), in which fecal smears are examined under a microscope for the presence of eggs. Other diagnostic methods, such as serological diagnosis, detect soluble egg antigens (McManus et al., 2018; Hu et al., 2020) by antigen–antibody reaction, and molecular biological methods detect S. japonicum nucleic acid fragments (Weerakoon et al., 2017) by polymerase chain reaction (PCR). However, due to the limitations of sensitivity, specificity, cost, and field application, it is difficult for these methods to achieve early diagnosis of S. japonicum infection. Additionally, it is difficult to distinguish whether the infection is active or not (Gryseels et al., 2006; Bergquist et al., 2009). With the migration of blood in the host, S. japonicum secretes excreta into the blood (Deelder et al., 1980) when feeding on red blood cells. The origin of circulating cathodic antigen and circulating anodic antigen is that it has a positive or negative charge at neutral pH according to its electrophoretic mobility which is called CCA and CAA (Casacuberta et al., 2016). They can be detected by enzyme-linked immunosorbent assay (ELISA) or lateral flow analysis based on monoclonal antibodies (McManus et al., 2018). These two antigens are markers of active infection of Schistosoma and can be detected (van Dam et al., 1996) when they are not spawned in the early stage of infection, and therefore, they can be used as potential serum biomarkers after infection.

The development of proteomics technology has enabled researchers to quickly obtain a large amount of human physiological and pathological information (Karczewski and Snyder, 2018) by evaluating biomarkers to distinguish diseases and determine the rules of pathological changes (Bojkova et al., 2020; Puray-Chavez et al., 2021). The proteomics related to S. japonicum mainly focus on secretory proteins, parasites, and proteomics at various developmental stages (Cheng et al., 2005; Liu et al., 2009; Hong et al., 2013; Cao et al., 2016a; Cao et al., 2016b; De Marco Verissimo et al., 2019; Li et al., 2020), while there have been relatively few studies on the changes in the host during the disease (Shiff et al., 2006). In addition, the entire proteome of unisexual infected female worms (FSS) and bisexual infected mature female worms (FMS) of S. japonicum was studied by iTRAQ and liquid chromatography–tandem mass spectrometry (LC-MS/MS) techniques. The differentially expressed proteins (DEP) were identified and analyzed, and the role of DEPs in sexual maturation and reproductive development of S. japonicum (Li et al., 2020) was further analyzed.

Serum, as a repository of secreted proteins from organs of the entire body, reflects the pathological and physiological changes in the body, which may include biomarkers of disease and treatment (Geyer et al., 2017). Because S. japonicum excretes secretory proteins (Deelder et al., 1980) in the host, there may be parasitic or host-related biomarkers in serum proteins after infection. Kardoush et al. (2016) identified a large number of candidate hosts and parasite biomarkers of acute and chronic schistosomiasis in mice by combining surface-enhanced laser desorption ionization–time of flight mass spectrometry (SELDI-TOF MS), matrix-assisted, laser desorption and ionization (MALDI-TOF MS), and Orbitrap techniques in the serum proteome of Schistosoma mansoni, and they verified the protein glutathione S-transferase (GST:25KDa), which can be used as a potential biomarker for early diagnosis. Onile et al. (Onile et al., 2017) selected proteomic methods to find several parasite- and host-specific protein biomarkers in a clinical urine sample cohort, which may have diagnostic potential in urine detection of schistosomiasis and schistosomiasis-related bladder cancer in Egypt. Proteomics has been successfully used in the testing and identification of biomarkers for a variety of diseases. It is an effective means to explore and verify the differences in the occurrence and development of diseases by combining mass spectrometry and bioinformatics.

In this study, a label-free proteome shotgun method was used to screen differential proteins in the serum after infection with S. japonicum and treatment. Then, we explored potential biomarkers by dynamic protein expression changes occurring in the host proteome in response to Schistosoma infection and treatment.



Material and Methods


Ethics Statement

All animal experiments were conducted in strict accordance with the guidelines of the International Association for Assessment and Accreditation of Laboratory Animal Care (IAAALAC). The protocol was approved by the Ethical Review Committee of Jiangsu Institute of Parasitic Diseases (JIPD) [permit ID JIPD-2020-013].



Pretreatment of Serum Protein Samples

In this experiment, four New Zealand rabbits (n = 4), weighing 2.0–2.5 kg, were used as experimental subjects to observe the changes in proteins before infection, after infection, and after treatment. First, New Zealand rabbits were infected by abdominal patch with 1,000 cercariae of S. japonicum. The cercariae were provided by the Jiangsu Institute of Parasitic Diseases. All rabbit stool samples were examined by the miracidium hatching test (Yu et al., 2007; He et al., 2018), and the presence of miracidia confirmed the success of infection. The serum was collected before infection (Ctrl group) as a negative control (Guo et al., 2012) as well as 1 week (E1w) and 6 weeks (E6w) postinfection. After 7 weeks of infection, praziquantel (PZQ) (150 mg/kg) was orally administered for 2 days, and the serum was collected at 5 weeks (T5w) and 7 weeks (T7w) after treatment. No adults were found in the portal system 16 weeks posttreatment after sacrificing the rabbits by humane methods. The peripheral blood was collected through the ear vein.

After the samples were collected, the serum was separated in a thermostat at 37°C for 4 h. The serum was centrifuged for 5 min at 200×g and then stored at -80°C. For the serum sample preparation of each group, equal volumes of four biological repetitive serum samples were pooled into one group (Schwamborn et al., 2009), from which three technical repeats were produced. A volume of 60 μl of pooled serum sample from each group was processed using the ProteoExtract Albumin/IgG Removal Kit (Merck Millipore, Billerica, MA, USA). According to the commercial instructions for the kit, albumin and IgG in high abundance were removed to reduce the complexity of the serum (Xing et al., 2019). After removal of high-abundance proteins, the serum protein was concentrated in a 10-kDa centrifugation ultrafiltration tube (Amicon Ultra-0.5, Millipore, MA, USA), and the concentrated protein was obtained by 13,000 ×g centrifugation for 5 min. Using a BCA kit (Beyotime, Shanghai, China) and bovine serum albumin (BSA) as the standard, a standard curve was determined by SpectraMax i3 (Molecular Devices, USA) at 562 nm, and the concentration of the sample was calculated.



Digestion of Serum Proteins

Serum proteins were denatured in 8 mM urea/40 mM NH4HCO3 buffer with protease inhibitors (100×; Beyotime, Shanghai, China). Proteins were added with 10 mM dithiothreitol (DTT) for 60 min at room temperature (RT) and then alkylated by 20 mM iodoacetamide (IAM) for 45 min in the dark at RT. The solution was buffer-exchanged with 40 mM NH4HCO3 to dilute 8-fold with a 10-kDa centrifugation ultrafiltration tube.

According to the manufacturer’s instructions, proteolytic digestion was performed by the addition of 30 μl Sequencing Grade Modified Trypsin (Promega, Madison, WI) (enzyme:protein ratio of 1:50 w/w) and incubation while shaking at 500 rpm and 37°C for 12 h. Then, 7.5 μl trypsin was added so that the final ratio was 1:40 trypsin, with incubation at 37°C for 4 h. After restriction endonuclease digestion, 50% formic acid (FA) (v/v) was used for acidification, and dilution with 0.1% FA (v/v) was performed to terminate the trypsin reaction, with subsequent centrifugation at 13,000 ×g for 15 min. The supernatant was collected, and the peptide concentration was measured using the NanoDrop 2000c spectrophotometer (Thermo Scientific, USA).

The polypeptide (Yang et al., 2018) was purified by C18 solid-phase extraction. First, 50 μg peptide solution was transferred to the internally prepared tip column. The tip column was cleaned with acetonitrile (ACN), 0.1% FA/50% ACN (v/v), and 0.1% trifluoroacetic acid (TFA) (v/v). After injection, the sample was washed with 1% FA (v/v). Finally, the sample was collected with 0.1% FA/50% ACN (v/v). Appropriate volumes of the peptides (three independent replicates from five groups) were evaporated to dryness using a freeze-dryer (Labconco, USA).



LC-MS/MS Analysis

Freeze-dried peptides were suspended in 0.1% FA/2% ACN (v/v) before MS analysis. The peptide was diluted to 0.5 μg/μl, and the suspension was vortexed for 1 min and centrifuged for 10 min at 13,000 × g. The Easy-nLC 1200 system (Thermo Science, San Jose, CA, USA) and high-resolution Orbitrap Fusion Lumos spectrometer (Thermo Science, San Jose, CA) were used for analysis. Each injection volume was 3 μl. The samples were first separated on an Easy-nLC 1200 system with an RSLC C18 column (1.9 μm × 100 μm × 20 cm). The mobile phase buffer A is water, and the buffer B is 90% ACN. The flow rate is set to 550 nl/min. The data-dependent high-energy collision dissociation (HCD) fragmented the 20 most abundant ions. The spray voltage was in static mode. The spectrum (the AGC target was 4.0e5, and the maximum injection time was 50 ms) was collected in the range of 350–2,000 nm pulse z with a resolution of 60,000, followed by data-related higher-energy collisional dissociation (HCD)-MS/MS (resolution of 30,000, collision energy of 34%, step collision energy of 5%, target of 5.0e4, maximum injection time of 35 ms, microscan 1). Charge state screening can reject single charge ions and ions with more than eight charges. A dynamic exclusion time of 45 s was used to distinguish newly selected ions from previously selected ions.



Statistical Analysis of Mass Spectrometry

All the original MS data were processed using MaxQuant software (version 1.6.14.0) and its built-in search engine Andromeda, and the databases for S. japonicum and New Zealand rabbits from UniProt (downloaded on 09/23/2020) were used for peptide recognition and protein inference. The false discovery rate (FDR) at both the peptide and protein levels was set at 1%. The key settings were digestion enzyme: trypsin/p, and tolerated missed cleavage: 2. Carbamidomethyl (C, +57 Da) was set as fix modification, and Oxidation (M, +16 Da) modification was included as a variable modification. In other LC-MS operations, peptide identification was converted to unidentified characteristics based on the quality of the match and the retention time of the run-to-run recalibration (the “match between run” option in MaxQuant). Label-free quantification (LFQ) using MaxQuant requires at least one peptide ratio (Cox et al., 2014) for each identified protein, based on the determination of the median paired common peptide ratio between samples. The LFQ value for MaxQuant was imported into Perseus software (version 1.6.14.0). The proteins were initially filtered with “potential contaminant” and “reverse.” Proteins identified with at least one unique peptide were considered for further data analysis. Samples were then grouped into experimental and Ctrl groups, and only proteins with two valid values in at least one group were retained.

Based on the assumption that the strength of most peptides was constant between samples, the peptide strength was normalized to minimize the overall proteome difference. The logarithmic conversion of proteome LFQ intensity was performed to reduce the effect of outliers. The missing value was replaced by a random value generated by the Gaussian distribution to simulate the low-abundance LFQ value, and each sample in the distribution with a width of 0.3 and a downward shift of 1.8 was calculated. The logarithmic ratio (fold change) was calculated according to the difference in the average log2 LFQ intensity between the experimental groups and the Ctrl group. The proteins that were significantly up- or downregulated (two-sided, unpaired Student’s t-test with equal variance assumed, p-adjust< 0.05, n = 3, | log2FC | > | log21.5 |) in at least one infected sample compared with the corresponding Ctrl are shown. The data were standardized using Z-scoring before row-wise clustering and plotting. In the statistical test, double-tailed, unpaired, and equal-variance Student’s t-test calculations using Benjamin & Hochberg correction were carried out using LFQ data. Statistical analysis and visualization of differential expression were performed by hierarchical clustering and principal component analysis (PCA). Heat maps and PCA maps were generated by Pheatmap (R packet), status (R packet), and ggplot2. The host differential proteins were enriched by GO function using the cluster profiler (R package). The proteins identified as those of S. japonicum provide BLAST results of protein sequences between S. japonicum and rabbit to ensure the results and underwent GO function annotation (Conesa et al., 2005; Sotillo et al., 2015) by Blast2GO. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD029635. 




Results


The Host Proteome Changed After Infection and Treatment

After infection and treatment, five groups of samples (Ctrl, E1w, E6w, T5w, and T7w) were analyzed to identify candidate biomarkers for infection and treatment of schistosomiasis. In this study, a total of 682 proteins were identified using a label-free shotgun proteomics approach. Nearly all the identified proteins (98.53%) were from host samples, and only 11 proteins were uniquely derived from S. japonicum. For the host, a total of 671 proteins were identified from the Ctrl, E1w, E6w, T5w, and T7w samples (Supplementary Table 1). The Venn diagram in Figure 1A shows that 367 proteins were commonly identified in the five groups, in which the number of proteins was 546, 491, 531, 432, and 532, respectively. Regarding proteins identified in only one group, 22 proteins were exclusively identified in the Ctrl group, 4 in E1w, 28 in E6w, 2 in T5w, and 28 in the T7w group. Venn diagrams (Figures 1B, C) show the overlaps between the Ctrl, the groups after infection, and the groups after treatment.




Figure 1 | Host proteins changed after Schistosoma japonicum infection and treatment. (A) Venn diagram of the identified host proteins in the five groups, Ctrl, E1w, E6w, T5w, and T7w. (B) Overlap proteins after treatment. (C) Overlap proteins after infection. (D) PCA analysis of host proteins.



To quantitatively analyze the proteins from the five groups and discover potential biomarkers during Schistosoma infection and treatment, the intensity of proteins was applied and filtered with the following parameters based on label-free quantitative proteomics: samples were grouped into Ctrl and four experimental groups, and only proteins with two valid values in at least one group were retained. Finally, 396 high-quality proteins were selected for the next steps. The principal component analysis (PCA) highlighted the high degree of reproducibility among three replicates and clearly classified the five groups (Figure 1D). PCA1 and PCA2 accounted for 33.31% and 15.2% of the principal components, respectively. It was suggested that the infection of S. japonicum and praziquantel treatment obviously affected the protein expression and secretion of the host rabbit. There were differences between the proteomes of the five studied groups.

Of note, methods revealed that the E6w group differed the most from the other groups, indicating that the protein expression profile encountered a major shift in the E6w group. Furthermore, we compared the protein expression between the four experimental groups and the Ctrl group (Figure 2A), as well as two consecutive groups (Figure 2B). It was found that a total of 242 proteins significantly changed after infection or treatment. Compared with the Ctrl, the differential protein increased over time, reached a peak at 6 weeks after infection, and then began to decrease after treatment.




Figure 2 | Numbers of upregulated or downregulated DEPs changed when comparing four experimental groups (A) with the Ctrl group and (B) between two consecutive groups. (C) Venn diagram of the identified Schistosoma-derived proteins searched against a combination database of rabbit and S. japonicum in the five groups, Ctrl, E1w, E6w, T5w, and T7w. (D) Venn diagram of the identified Schistosoma-derived proteins searched S. japonicum database only in the five groups, Ctrl, E1w, E6w, T5w, and T7w.





Identification of S. japonicum-Derived Protein in the Host Serum

A total of 11 Schistosoma unique proteins in host serum were identified when the raw data were searched against a combination database of rabbit (taxid:9986) and S. japonicum (taxid:6182). Considering that there was suppression by highly abundant proteins in the MS identification, the data were also searched against the S. japonicum (taxid:6182) database only, as described in a previous study (Onile et al., 2017), and 45 Schistosoma proteins were identified (Supplementary Table 2). Therefore, the search results for the two methods were combined for further analysis of proteins derived from S. japonicum.

Venn diagrams were generated to identify proteins unique to each group and the overlaps of identified S. japonicum proteins. Out of 11 Schistosoma proteins searched against a combination database of rabbit and S. japonicum, 3, 0, 0, 1, and 4 proteins were unique to Ctrl, E1w, E6w, T5w, and T7w, respectively, and 1 protein was found common to all studied groups (Figure 2C). When searching the database of S. japonicum only, 7, 0, 6, 3, and 17 proteins were unique to Ctrl, E1w, E6w, T5w, and T7w, respectively, and 6 proteins were found common to all studied groups (Figure 2D). Due to many conservative proteins between S. japonicum and rabbit, the proteins identified from S. japonicum in the Ctrl group were removed. The “unique peptide” of S. japonicum identified by blastp through NCBI using default settings (Park et al., 2009), and the “organism” contained rabbit (taxid:9986) and S. japonicum (taxid:6182). According to the maximum of “MaxScore,” the “scientific name” of proteins distinguished the proteins of S. japonicum or rabbit. Ten proteins derived from S. japonicum include tubulin, calmodulin, EF-hand domain-containing protein, and SJCHGC06596 protein, etc. It has been predicted that they have molecular functions such as calcium ion binding, GTP binding, and DNA binding. The GO terms of the identified Schistosoma proteins are summarized in Table 1.


Table 1 | BLAST results between S. japonicum and rabbit and Gene ontology analysis of Schistosoma-derived proteins.





Host Protein Expression Landscape Temporal Analysis

To obtain a temporal change in the host proteins during five points after infection and treatment, we analyzed system-wide differences in protein levels over time. Comparison of host proteins allowed us to dissect the contribution of the Schistosoma infection and treatment to changes in the host proteomics. We found that 242 host proteins were differentially expressed in the samples of five groups after correlating their expression with infection and treatment.

To address our hypothesis that during infection and treatment of S. japonicum, some meaningful proteins underwent temporal change, we used HCA analysis to identify protein groups or clusters that demonstrated a similar temporal pattern (Figure 3A). Unsupervised clustering defined eight unique clusters that characterized the temporal regulation of the proteome. The k-means method is useful to cluster proteins into a specified number of classes based on the similarity of temporal profiles. We applied the k-means algorithm and manual selection to group all DEPs into eight distinct clusters for identification of potential proteins dysregulated during Schistosoma infection (Figure 3B). Clusters 3 and 4 represent proteins that are downregulated, and cluster 8 represents proteins that are upregulated, whereas other clusters represent proteins displaying a bimodal expression pattern, such as a decrease in E6w (clusters 1 and 2) or a gradual increase in E6w (clusters 7 and 8). Among eight clusters, two clusters were upregulated at 1 week after infection, and cluster 7 returned to normal levels after treatment. Clusters 5 and 6 were downregulated at 1 week after infection, which increased at 6 weeks after infection, and decreased with the extension of treatment time. Overall, most of the differentially expressed proteins increased following Schistosoma infection, with proteins in cluster 2 displaying the greatest fold changes.




Figure 3 | Temporal analysis of DEPs. (A) DEPs were clustered by Z-score. (B) The log2FC of proteins in eight clusters was quantified. The solid colored line represents the average value of the ratio between the experimental group and the control group.





GO Analysis of Different Protein Profiles

To determine the biological significance of these DEPs, GO enrichment analysis was performed for every cluster. To obtain a global overview of the types of DEPs, they were also classified into three clusters by gene ontology (GO): cellular component, molecular function, biological process, and protein class. We found that the proteins present in each profile enriched distinct biological processes and molecular function (Supplementary Table 1). One of the most rapid changes in early infection was cluster 7, which consisted of 18 proteins that exhibited striking upregulation at E1w postinfection and then tended to downregulate with levels close to Ctrl values by treatment. For the majority of these proteins, the trend was high expression by the E6w group. They are involved in the early stages of immune responses to Schistosoma infection. GO analysis indicated that some of these proteins represent innate immune response, receptor-mediated endocytosis, and transport (Figure 4).




Figure 4 | (A–C) GO analysis of the top three terms between Biological Process (A), Molecular Function (B), and Cell Component (C) in eight clusters.



Proteins annotated to receptor-mediated endocytosis included hemopexin, galectin-3-binding protein, apolipoprotein B, and monocyte differentiation antigen CD14. Proteins annotated to innate immune response included monocyte differentiation antigen CD14, Ig mu chain C region-secreted form, and fibrinogen alpha-chain. Nearly half of these proteins are involved in hydrolase activity, metal ion binding, and protein binding. Among the eight clusters, there were few changes in cellular components, which were concentrated in extracellular exosome, extracellular space, and extracellular region. Only cluster 3 proteins participated in the cytoplasm, extracellular exosome, and nucleus. We enriched the DEPs between each of two consecutive groups into GO terms and found that molecular function differentially changed, but there was no significant difference between cell component and biological process (Figure 5). During the first week of infection, there was a negative regulation of endopeptidase activity. With the progress of infection and treatment, the immune system gradually changed from an innate immune response to an inflammatory response and acute-phase response. The cell components of most proteins were enriched in the extracellular region, extracellular space, and extracellular exosome, and most of the molecular functions were protein binding and hydrolase activity.




Figure 5 | GO terms of DEPs between two consecutive groups.






Discussion

In this study, the protein expression profile of serum during S. japonicum infection and treatment in the animal model was analyzed by label-free quantitative proteomics, and 396 host proteins were further filtered by MaxQuant search. Through these approaches, useful for investigating large numbers of proteins over several time points during infection and treatment, we identified proteins that are likely involved in the infection process in Schistosoma. Identifying these proteins in Schistosoma samples can provide potential biomarkers for detection and diagnosis. One benefit of our results is that Schistosoma infection can be used to discover proteins important in host defense, as parasite modulation of protein expression generally reflects a biological imperative.

S. japonicum migrates to various organs through blood and secretes a large amount of protein during the process. CCA and CAA of S. mansoni are also excreta such as that produced by S. japonicum migration in blood vessels and have been used diagnostically (Deelder et al., 1980; Casacuberta et al., 2016), and therefore, searching for potential biomarkers in serum is a method with diagnostic potential. Due to the low content of these circulating antigens in the host, most of them are mixtures, so the key proteins have not been further studied. Excretory and secretory proteins (ESP) from Schistosoma are also a kind of secreted protein with the migration of blood in the host; the supernatant was obtained from different development stages cultured (Mathieson and Wilson, 2010; Cao et al., 2016b; De Marco Verissimo et al., 2019). Through quantitative analysis of the excretory/secretory proteome of the adult (Liu et al., 2009; Hong et al., 2013), it is found that the main components of fatty acid-binding proteins and heat shock proteins HSP70, HSP90, and HSP97 constitute the largest protein family in the ES proteome, which means that these proteins play a central role in immune regulation in the host relationship. ESPs also included actins, tubulins, and 14-3-3. In the present study, 10 proteins derived confidently from S. japonicum, including tubulin, calmodulin, EF-hand domain-containing protein, and SJCHGC06596 protein. Proteins with high homology with rabbit such as actin 5c, Histone H4, and HSP 70 were also detected and are highly abundant. HSP70 participates in egg skeleton formation (Dewalick et al., 2011), while HSP70, 90, and actin still exist in isolated exosomes (Zhu et al., 2016). A protein chip method was used to predict the interaction of the three heat shock proteins SjHSP40, SjHSP70, and SjHSP90 with SjSTIP1 through bioinformatics, together with SjPPase as a drug or vaccine target, which has potential diagnostic or therapeutic value (Chen et al., 2014). Histone H4 and H2 were also identified in the serum after infection. Histone and histone-modified proteins have great influence on H4 and H2 in parasites with complex life cycles and multiple developmental stages (Fioravanti et al., 2020). Studies have shown that these conserved proteins play an important role as parasites rapidly adapt to different host environments, evade host immune responses, or change their phenotypes during several critical periods (Batugedara et al., 2017).

Recent study has identified a large number of proteins with immunomodulatory activity by comparing the ESP proteomics of three species from S. mansoni, S. japonicum, and S. haematobium and found that the three species have low homology and differences in content (Carson et al., 2020). Further study between these components may identify new proteins including their function or interaction with hosts. In recent studies, a small part of egg-related proteins was found in the ESP of S. japonicum, indicating that the ESP can stimulate the innate and adaptive immune system in several different ways. Quantitative SWATH analysis revealed that mature eggs are more likely to stimulate the host immune response than immature eggs (De Marco Verissimo et al., 2019). The bioinformatics analysis of ESPs in schistosomula and adult worms showed that the upregulated differential ESPs in schistosomula were related to stress response, carbohydrate metabolism, and protein degradation, while the upregulated ESPs in adults were mainly related to immune regulation and purine metabolism (Cao et al., 2016b). Actin can form microfilaments with myosin (Reymann et al., 2012) so that the cercariae of S. japonicum can better adhere to the muscles during exercise (Mair et al., 2003). Some studies have analyzed the differences between females and males of Schistosoma (Cheng et al., 2005; Tallima and El, 2007; Reamtong et al., 2020). It was found that males tend to participate in the actin filamentation process, microtubule process, biosynthesis process, and homeostasis process (Reamtong et al., 2020). Similarly, proteins from males are involved in the proteasome core complex, intracellular signal transduction, and actin polymerization regulation (Tallima and El, 2007). The role of actin in male or various developmental stages is worthy of further study. The binding of praziquantel to S. japonicum actin may cause molecular conformational change (Tallima and El, 2007) that severely affects the function of actin-binding proteins and leads to the destruction of worm integrity (Linder and Thors, 1992). Actin may also be a suitable drug target for S. japonicum.

Previous studies have focused on Schistosoma-derived protein to understand how Schistosoma causes damage. S. japonicum cercariae invade the host and develop into an immature worm. At this stage, the worm is small and fragile and is an ideal target for host immune attack (Cao et al., 2016a) and is important for early detection. After approximately 3 weeks, the worm grows into an adult, migrates to the portal vein–mesenteric vein system for male and female mating, produces a large number of eggs, and gathers on the liver to form granuloma, causing serious damage to the liver. Eggs can be found in feces at the beginning of 5 weeks. At this time, if treatment is not timely, patients with severe infection begin to develop liver fibrosis and other organ damage that is difficult to alleviate. Due to the phenomenon of immune evasion (McKee and Pearce, 2004) by S. japonicum, early detection of S. japonicum is particularly difficult, especially in areas with low epidemic levels. S. japonicum tegument protein phosphoglycerate mutase (SjPGM) has been identified as a potential disease diagnostic marker (Zhang et al., 2015). Specific IgG antibodies to rSjPGM in the sera of rabbits 2 weeks postinfection increased and then declined gradually from 2 months after praziquantel treatment. The sensitivity and specificity were high, and cross-reactivity of rSjPGM-ELISA in the detection of was low. In S. haematobium, Onile et al. (2017) tested and identified potential biomarkers in human urine and identified some potential targets for the diagnosis and treatment of S. haematobium. Kardoush et al. (2016) tested and identified potential biomarkers in S. mansoni using three mass spectrometry platforms and verified glutathione S-transferase (GST:25KDa) by a Western blot method, which confirmed its potential diagnostic value. Subsequent studies also found that glutathione S-transferase can defend against non-specific oxidation-induced immune attack (Li et al., 2020) of S. mansoni. The proteins detected in serum may play an important role in the pathological changes of schistosomiasis. These potential biomarkers may provide a theoretical basis for diagnosis or treatment.

The effect of S. japonicum infection and treatment on the host has not previously been studied further. In this study, we selected five time points: non-infection, 1 week and 6 weeks after infection, and 5 weeks and 7 weeks after treatment, and the differential protein began to increase from 1 week after infection, reached the maximum at 6 weeks after infection, and gradually increased with the increase in infection time. After treatment, the differential protein began to decrease with the increase in treatment time, and it was found that the up- and downregulated proteins significantly decreased at 7 weeks after treatment. GO enrichment analyses identified numerous biological processes that are consistent with Schistosoma infection and treatment. For example, several biological processes were enriched by proteins that changed during infection or treatment in our study, including receptor-mediated endocytosis, innate immune response, and adaptive immune response. Corresponding to the changes in the protein temporal spectrum in this study, we detected some acute-phase proteins among clusters 5, 6, 7, and 8 that were differentially expressed between the infection and treatment groups, especially the proteins in cluster 7, which can be used as potential biomarkers (Table 2). The results showed that compared with the other three groups, the entire protein at 7 weeks after treatment was similar with that of the control group. This is mainly due to the fact that schistosomiasis is dominated by the Th1 immune response at 6–8 weeks and then reaches a peak (Rabello, 1995), and subsequently, a large number of pro-inflammatory cytokines such as tumor necrosis factor, interleukin-1, and interleukin-6 appear (de Jesus et al., 2002). GO analysis also validates this hypothesis because Schistosoma infection is immunomodulatory, and therefore, we were not surprised to observe that proteins in the acute inflammatory response were regulated.


Table 2 | Eighteen host proteins in cluster 7 can be potential biomarkers.



In the present study, proteins annotated to immune response processes were at the highest levels during infection, with lower levels during treatment. Eight weeks after treatment with praziquantel, the number of eggs greatly decreased, and the disease was in a recovery state (Mnkugwe et al., 2020). The role of these proteins in immune response function requires further investigation but conceivably could be similar to their role in Schistosoma-induced infection. The upregulated differential proteins such as immunoglobulin also participate in the immune response in the functional enrichment of GO, and therefore, the increase is more obvious at 6 weeks after infection. Mannan binding lectin serine peptidase 1 (MASP1) in cluster 7 plays a key role in immune function. Schistosoma carries glyconjugates at every stage and interacts with mannose-binding lectin (MBL), an innate immune recognition element (Antony et al., 2013). MBL with associated MASP1 and MASP2 interacts with the tegument of Schistosoma and activates complement cascades (Klabunde et al., 2000; Antony et al., 2013). The main pathological features of schistosomiasis liver fibrosis are the proliferation of hepatic stellate cells (HSCs) and the deposition of collagen type I (Col I) and collagen type III (Col III) (Chu et al., 2007). The content of collagen increased significantly with the time of infection with S. japonicum, and the synthesis of collagen related to liver and granuloma changed to type III collagen (Olds et al., 1985). The dynamic change of collagen type III identified from host proteins was similar to the previous study that up-graduated 1 week after infection and which supposed to be down-graduated after PZQ treatment.

The current study shows that label-free quantitative proteomics is a promising method for identifying antigens involved in schistosomiasis. In our analysis of host differential proteins, we found that the main molecular functions of proteins in the differential analysis groups were protein binding and protease hydrolysis. In the biological process, the main functions were mainly transport, protein hydrolysis, and intracellular immunity, which are related to the acute inflammatory reaction of S. japonicum infection. After infection, the high expression of protein binding, hydrolysis, transport, and the metal ion-binding pathway is conducive to protein synthesis to meet the immune needs of the body. We also found that the expression of the many host proteins was decreased after infection, and this may be related to the decrease in the expression of key proteins after severe infection. Our study suggests that additional characteristic molecular changes at protein levels may be used to build a diagnostic model for identification of early cases. Our data elucidate the molecular changes reflected in Schistosoma serum, which can potentially yield critical diagnostic markers or therapeutic targets for managing severe Schistosoma patients.

Although the genome of S. japonicum was sequenced in 2009 and 2019 (Schistosoma japonicum Genome and Functional Analysis, 2009; Luo et al., 2019), the function of many proteins is still unknown or unpredicted. The current study is a preliminary examination of the host serum of Schistosoma japonicum infection, and the difference analysis and time series analysis of the proteins involved will continue to determine the biomarkers that play a key role in early infection and curative effect assessment. The identified proteins related to S. japonicum can be used as markers for the diagnosis of schistosomiasis. In previous reports, these proteins have been used as markers to verify that they can be used as potential biomarkers, and thus, they are reliable for identifying relevant diagnostic or therapeutic markers through a proteome. Serum proteomics is a method used to identify disease biomarkers, and it has been used in many diseases, with many results obtained. As a parasite in blood vessels, S. japonicum is still valuable as a satisfactory research subject (Zhong et al., 2017) because of its availability and stability, and the ability to directly observe the changes in its body, although it is difficult to quantify its source protein in the host serum. In this study, the differential proteins produced during the pathological changes of S. japonicum were analyzed by comparative proteomics at multiple time points of infection and treatment of S. japonicum, which is a feasible method for identifying biomarkers.

There are more than 40 types of natural hosts of S. japonicum, among which rabbit is a classical animal model for S. japonicum infection with cercariae that is used in a variety of studies (Guo et al., 2012; Huang et al., 2020). Liu et al. (2015) found that the transcriptional profiles of S. japonicum in four different hosts were basically the same by comparing the S. japonicum gene expression profiles of experimental animal hosts (BALB/c mice, C57BL/6 mice, and rabbits) and natural hosts (water buffalo). In view of the high sensitivity of rabbits to pathogens and the similarity of disease pathology between humans and rabbits (Tran et al., 2020), the New Zealand rabbit was used as the animal model in this experiment, and it was easy to set the time points for infection and treatment and control the intervention conditions. Therefore, it is necessary for a large number of verification tests to be carried out to extend the results to the human body. We focused on host proteins because they play a critical role in repair of infection and cure. However, our study does not capture the complex interactions between host and Schistosoma-derived proteins. Proteomics analysis in this study does not serve as an absolute quantification. If the model is to be clinically applied, additional validation of these proteins will be required. The impact of drugs, including praziquantel, on proteomic profiles also requires evaluation. The serum samples were collected at different time points along the disease course, and they can potentially be utilized to explore protein expression changes. Due to the small sample size, future studies on serum from additional time points are required for rigorous temporal analysis.



Conclusion

Herein, we presented a label-free LC-MS/MS shotgun proteomics approach for biomarkers to distinguish S. japonicum infection between the early stage and the course of treatment. This study provides the comprehensive experimental temporal serum proteomics that can be used for early detection of the identified proteins. We identified a number of core factors by GO analysis, and some of them were previously uncharacterized proteins in host proteins. In conclusion, this study presents a systematic proteomic investigation of serum samples from infection groups and treatment groups.

In this work, we found a total of 10 proteins derived from S. japonicum and described the expression changes of more than 200 host proteins during five stages of Schistosoma infections and treatment. Eighteen host proteins such as mannan-binding lectin serine peptidase 1, immunoglobulin, and collagen can be used as potential biomarkers. These provide a comprehensive landscape of the proteome of Schistosoma with direct insight into the protein changes affecting the regulation of the infection process. Our data offer a landscape view of serum protein changes induced by Schistosoma infection, which may provide useful diagnostic and therapeutic clues for S. japonicum.
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Malaria, a disease caused by the protozoan parasites Plasmodium spp., is still causing serious problems in endemic regions in the world. Although the WHO recommends artemisinin combination therapies for the treatment of malaria patients, the emergence of artemisinin-resistant parasites has become a serious issue and underscores the need for the development of new antimalarial drugs. On the other hand, new and re-emergences of infectious diseases, such as the influenza pandemic, Ebola virus disease, and COVID-19, are urging the world to develop effective chemotherapeutic agents against the causative viruses, which are not achieved to the desired level yet. In this review article, we describe existing drugs which are active against both Plasmodium spp. and microorganisms including viruses, bacteria, and fungi. We also focus on the current knowledge about the mechanism of actions of these drugs. Our major aims of this article are to describe examples of drugs that kill both Plasmodium parasites and other microbes and to provide valuable information to help find new ideas for developing novel drugs, rather than merely augmenting already existing drug repurposing efforts.
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Introduction

Based on the publication from the World Health Organization (WHO), there were 229 million sick people and 409,000 deaths including 67% of children aged under 5 years old, due to malaria in the world in 2019 (World Malaria Report, 2020). Despite the size of such severe damages, malaria distribution is very much skewed in a small number of regions; 94% of the cases are in the African region, followed by 2.5% and 2.2% in the Eastern Mediterranean and Southeast Asian regions, respectively, which results in disproportional burdens on the people in such areas regardless of the area’s net populations (World Malaria Report, 2020). Among the five Plasmodium spp. which infect humans, Plasmodium falciparum has the highest pathogenicity and accounts for most of the cases in the African region (World Malaria Report, 2020). Other than the regular malaria symptoms such as fever, aches, and weakness, P. falciparum can cause complicated malaria symptoms including respiratory distress caused by acidosis, pulmonary edema and pneumonia, neurological symptoms (cerebral malaria), enlarged spleen and liver, and hematuria, all of which can lead to unconsciousness followed by death (Muradi et al., 2015). Also, P. falciparum can cause serious problems in infected pregnant women (pregnant malaria). These serious symptoms are the results of sequestration of the parasite on the epithelial cells in the microvasculature, which makes P. falciparum the most virulent among the human malaria parasites (Muradi et al., 2015).

Regarding chemotherapeutic treatment of malaria, the drug resistance of the Plasmodium spp. has been one of the most serious problems necessary to be addressed. Drug-resistant P. falciparum have emerged for virtually all antimalarial drugs, including chloroquine, quinoline, sulfadoxine–pyrimethamine, mefloquine, or quinoline, and also artemisinin (ART), the essential drug in the current first-line treatment of ART combination therapies (ACTs) (White, 2004; Menard and Dondorp, 2017; World Malaria Report, 2020). To cope with the current situations of the P. falciparum drug resistance, the development of new antimalarial drugs has been one of the priorities in the malaria research communities, leading to the discovery of some new candidate drugs (Tilley et al., 2016).

Antiviral chemotherapeutics have been one of the subjects which have been focused in the field of public health. Transboundary infectious diseases are among the most serious issues not just in developing countries but also in economically developed countries and include diseases caused by human immunodeficiency virus (HIV), pandemic H1N1 influenza A virus, Zika virus, Ebola virus, dengue fever virus, West Nile virus, severe acute respiratory syndrome (SARS) virus, Middle East respiratory syndrome (MERS) virus, and currently, coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Although there have been developments of some antiviral drugs in practice such as adamantane derivatives and neuraminidase inhibitors for influenza A virus (Paules and Subbarao, 2017) and a group of antiretroviral therapy drugs for HIV (Saag et al., 2018), practically, no other effective antiviral drugs have been developed yet.

Repurposing of already approved drugs for drug treatment different from the original purpose is an alternative approach compared with the discovery of entirely new drugs and often beneficial since the toxicity risk of the drug can be eliminated and the required time and costs for the required human trial processes can be substantially reduced; the average cost for a repurposed drug is US$300 million, compared with an estimated $2–3 billion for a new chemical entity with success rates of less than 4% in the top 3 areas of drug development between 1990 and 2004 (Pammolli et al., 2011; Pushpakom et al., 2019). However, while the large number of success cases exists, there are also some chance of failure in the trials and some other potential reasons for failure such as reasons related to patents, regulatory issues, or organizational problems (Pushpakom et al., 2019), and recent examples of failure of repurposed drug development were caused by failures in phase III trials or lack of efficacy in the cohort study (Pushpakom et al., 2019).

In the current situation of COVID-19, the antiviral effects of some antimalarial drugs have been drawing attention, leading to an increase of related studies (Rodrigo et al., 2020; Rakedzon et al., 2021). Also, considering the recent surge of antiviral drug development, increased reports of antimalarial activities of those drugs may be expected and vice versa. For this reason and to take advantage of such current trends, in this article, we focus on the drugs with multipurpose activities, aiming at not just contribution for finding effective drugs for repurposing and multipurpose use, but rather providing information to help find effective new ideas of novel drug development based on the known mechanisms of actions which make multipurpose activities of these drugs, including redesigning the existing drugs. Moreover, to aid this purpose, we chose the multipurpose drugs whose drug mechanisms have been relatively well studied. We also describe some antibacterial and antifungal drugs and some compounds found from marine sponge that possess multipurpose antimalarial activities.



Antimalarial Drugs With Antiviral Activities


Chloroquine


Antimalarial Action of Chloroquine

Chloroquine (CQ) is an FDA-approved drug used for the treatment of malaria for decades (Goel and Gerriets, 2021). Although it was once used as a first-line drug against P. falciparum, the spread of drug-resistant parasites in the world forced halting its use in practice. The antimalarial action of CQ is related to hemoglobin digestion of malaria parasites. CQ exerts its antimalarial activity by inhibiting hemoglobin digestion in the digestive vacuole (DV) in the parasite, a lysosomal acidic organelle, in which the parasite digests hemoglobin transferred from the host red blood cell to heme and converts into non-toxic hemozoin (Coronado et al., 2014). CQ is a weak base and mostly exists as a protonated form (CQ+ or CQ++), while only small portion of unprotonated CQ can penetrate the cytoplasm, diffuse into the DV, and then becomes protonated to be accumulated in the DV. In the DV, CQ is thought to bind to heme and prevent hemozoin formation (Chinappi et al., 2010). Due to high effectiveness and availability, the use of CQ gained tremendous success and was heavily applied in the malaria treatments in the world, until the drug-resistant P. falciparum emerged in the late 1950s and spread throughout the world in the 1980s when morbidity and mortality were resurged since alternative drugs with similar effectiveness and availability to CQ were not available (Wellems and Plowe, 2001).

The resistance mechanism of CQ-resistant P. falciparum has been studied (Ross and Fidock, 2019). Inside the P. falciparum cell, CQ accumulates in an organelle, the DV, where hemoglobin is digested and incorporated with a toxic by-product of heme into non-toxic hemozoin, forming hemozoin crystals (Ross and Fidock, 2019). CQ is supposed to kill Plasmodium parasites by inhibiting the crystallization of heme into hemozoin inside the DV. The major mechanism of CQ resistance of P. falciparum is the introduction of mutations inside or near the membrane-spanning regions of the P. falciparum chloroquine-resistant transporter (PfCRT) on the DV, which interferes CQ concentration inside the DV (Ross and Fidock, 2019). Though it affects CQ resistance to a less extent, the sequence variations in PfMDR, an ABC transporter on the DV membrane, can change the extent of CQ resistance of P. falciparum (Ross and Fidock, 2019).



Antiviral Action of Chloroquine

The antiviral activities of CQ have been also reported (Savarino et al., 2003a; Naghipour et al., 2020), and recently, CQ re-attracted attention for its antiviral activities, as COVID-19 caused problems across the globe. COVID-19 is caused by SARS-CoV-2 infection, a virus with a positive single-stranded RNA genome, and its major symptoms are similar to those of the common cold such as fever, body aches, cough, breathing problems, and shortness of breath, although people aged more than 60 years old and/or those with chronic health issues including diabetes, asthma, heart diseases, and obesity have higher chances of severe illness and resulting deaths (Pahan and Pahan, 2020). Initially, CQ was approved for the treatment of COVID-19 due to its in vitro antiviral activity (Wang et al., 2020). However, the low clinical efficacy rates of CQ became evident and the recommendation of CQ for COVID-19 treatment was withdrawn in the middle of 2020 (Mahase, 2020). Despite the outcome about its clinical use for COVID-19 problems, the antiviral activity of CQ has been reported and mounting evidence showed that it was associated with the accumulation of drugs in acidic organelles like the endosomes, Golgi vesicles, and lysosomes; the weakly basic accumulation of CQ in these acidic organelles led to the disruption of internal enzyme activities and to changes in the glycosylation of both the viral proteins and the counterpart receptors (Savarino et al., 2003b).

The inhibition of CQ in the glycosylation of the viral receptor was reported. Anti-SARS-CoV-2 activity was attributed to the inhibition of CQ of glycosylation of the viral receptor, angiotensin-converting enzyme 2 (ACE2), leading to interference in the binding of ACE2 and the spike (S)-protein of SARS-CoV-2 upon the virus entry in the host cells (Vincent et al., 2005; Chen et al., 2020). Such inhibition of glycosylation on ACE2 with CQ prevented SARS-CoV-2 from host cell infection, even in the cells treated with CQ prior to the virus inoculation (Chen et al., 2020). This study also demonstrated that SARS-CoV-2 infection was blocked by CQ when the cells were inoculated first and treated with the drugs 3–5 h later, which suggests that pH increase by CQ in the endosome could disrupt the fusion between viral and endosome membranes (Chen et al., 2020). Another study demonstrated the specific inhibition of CQ of quinone reductase 2 which is involved in the biosynthesis of sialic acid, a known binding molecule on the receptors of P. falciparum and other viral pathogens including ACE2, suggesting the association of this sialic acid synthesis by CQ with its broad range of antiviral activities (Chen et al., 2020).

Another potential mechanism of the antiviral activity of CQ is through changing the structures of viral envelope proteins. As a causative agent of AIDS, HIV, a member of the genus Lentivirus in the family Retroviridae, binds to its target CD4+ T cells through binding of the gp120 protein of the virus to the CD4 molecule, and loss of infectivity with the virus collected from HIV-infected cells with CQ treatment was reported in comparison to the virus from the untreated cells, suggesting that CQ changed the structure of HIV gp120 which bound to the host cell receptor (Savarino et al., 2001). Based on the result, a mechanism of action was proposed in which CQ changed the glycosylation of gp120 by inactivating glycosyl-transferases located in the Golgi complex. There may be other viruses in which CQ changes the structure of the virus proteins so that the virus loses its infectivity like HIV, since many viruses use glycoproteins for their attachment to their host cell receptors.

It is worth mentioning that CQ has anti-inflammatory and immunomodulatory effects to treat some autoimmune diseases, such as rheumatoid arthritis and systematic lupus erythematosus (Grygiel-Górniak, 2021), and some antiviral activities of CQ in in vivo assays and clinical trials might be affected by these activities on the immune system. Since CQ affects the glycosylation of proteins of both the host receptors and binding proteins of the viruses, it can exhibit its antiviral effects through both sides. On the other hand, such ability of CQ can also affect the immune functions of the infected humans, which should be considered when CQ is used for its antiviral effects.




Artemisinin and Ivermectin


Antimalarial Action of Artemisinin

The selective toxicity of artemisinin (ART) and its fast-acting killing of the intraerythrocytic stages of Plasmodium spp. are derived from activation of the drug inside the parasites (Tilley et al., 2016). The endoperoxide bridge of ART reacts with reduced iron to be activated to generate radical species (Xie et al., 2020). The erythrocytic stage of malaria parasites uptakes the host hemoglobin through ingestion at the parasite surface structures known as cytostomes and hemoglobin-containing cytostomal invaginations fuse with an acidic DV. Inside the DV, hemoglobin is digested, and free hemes and free ferrous iron (Fe2+) released through the digestion reactions cleave the endoperoxide bridge of ART. Only after this cleavage of the endoperoxide bridge, ART exhibits its antimalarial activity with the carbon-centered free radicals produced by the endoperoxide bridge cleavage (Tilley et al., 2016). Activated ART reacts with susceptible groups (nucleophiles) in proteins, lipids, and heme, leading to widespread cellular damage (Xie et al., 2020). Recent studies suggest that ART also causes generalized unfolding and damage to proteins and blocks the proteasome protein degradation, which leads to prolonged and unresolvable stress, killing the parasite (Bridgford et al., 2018). Also, some studies suggested that ART-induced reactive oxygen species (ROS) was involved in the rapid killing of P. falciparum through depolarization of the parasite mitochondrial and plasma membranes upon exposure to ROS (Antoine et al., 2014; Bridgford et al., 2018; Connelly et al., 2021). The quick action of ART due to its drug action mechanism is a strong advantage of the drug. However, this advantage also makes the half-life of ART especially short (~1 h in humans), which makes ART monotherapy impossible and the need of other drugs with long half-lives for the ACT (Tilley et al., 2016).

The emergence of ART-resistant P. falciparum, manifested by slower rates of parasite clearance, was reported in 2014 in South Asian countries (Ashley et al., 2014), and mutations in the Kelch13 (K13)-propeller protein was reported as the major driver for the ART-resistant phenotype (Ariey et al., 2014). One member of the superfamily of Kelch-repeat protein, which the K13-propeller protein belongs to, human KEAP1, binds to ubiquitin ligase E3 and a ubiquitination substrate transcription factor at each binding site (Tilley et al., 2016), suggesting that the K13-propeller protein of P. falciparum may also function as an adapter protein that controls the nuclear binding of a stress response transcription factor through ubiquitination and proteosome degradation (Tilley et al., 2016). Sequencing of parasite strains revealed that mutations in other proteins, such as apicoplast ribosomal protein S10, multidrug-resistance protein 2, ferredoxin, and PfCRT, provided conditions that led to K13 mutations (Ariey et al., 2014). In addition, a notable copy number change of pfmdr1 was reported to be involved in ART resistance (Veiga et al., 2016).



Antiviral Action of Artemisinin

ART and its derivatives were reported to have in vitro antiviral activity at least against the human cytomegalovirus (HCMV), hepatitis B virus (HBV), hepatitis C virus (HCV), HIV, and SARS-CoV-2 (Romero et al., 2005; Oguariri et al., 2010; Obeid et al., 2013a; Oiknine-Djian et al., 2018; Cao et al., 2020). HCMV is a ubiquitous species of betaherpesvirus with a double-stranded DNA genome and can cause diseases in infected patients whose immune systems are compromised such as AIDS patients or recipients of organ transplants or hematopoietic stem cells, while HBV, a member of the family Hepadnaviridae with a circular partially double-stranded DNA genome, can cause acute and chronic liver diseases which may develop into liver cancers, and HCV, a member of the family Flaviviridae with a single-stranded RNA, causes chronic infections that can develop into cirrhosis or liver cancers (Romero et al., 2005; Oguariri et al., 2010; Obeid et al., 2013a).

The antiviral mechanism of ART is yet to be fully understood and possibly different among virus species. One of such potential mechanisms is the one through induction of ROS by ART, but not through carbon-centered free radicals like the one for its antimalarial activities. One study showed that 50% maximal effective concentration (EC50) of ART against HCV-infected cells was 2- to 5-fold reduced by the treatment with L-N-acetylcysteine (L-NAC), which inhibits free radical generation (Obeid et al., 2013b).

Another mechanism of antiviral effect of ART was proposed with HCMV infection model, in which ART inhibited the virus replication by interfering the host cell signaling necessary for the virus replication. Interference of the nuclear factor kappa B (NF-kB) pathway by targeting RelA/p65 was reported as a mechanism of artesunate action on HCMV-infected cells (Hutterer et al., 2015). RelA/p65 is a member of the NF-kB family, which normally induces antiviral interferon responses upon virus infections but also in the early stage of the infection, and stimulates HCMV major immediate early promoter (MIEP) to enhance HCMV replication. Therefore, ART exhibits anti-HCMV activity by inhibiting the NF-kB pathway (Hancock and Nelson, 2017). In addition, other studies suggested that ART inhibition in the PI3K/Akt signaling pathway could be a Target of antiviral action of the drug. ART inhibition of the PI3K/Akt pathway was reported in the study of HCMV-infected cells, in which activations of Akt and p70S6K, signals in downstream of the PI3K/Akt pathway and essential for HCMV replication, were inhibited with ART (Efferth et al., 2002). PI3K/Akt is one of the master genes that regulate many other genes, including the essential genes in the processes necessary for cell maintenance, glucose metabolism, protein synthesis, and cell cycle and growth (Hemmings and Restuccia, 2012). Activation of Akt is also essential for HCMV DNA replication, which was blocked when this pathway was inhibited with ART treatment (Johnson et al., 2001).

The antiviral effect of ART was also reported against SARS-CoV-2 in an in vitro study (Zhou et al., 2021a). This action can be through inhibition of the PI3K/Akt pathway as the case with HCMV since SARS-CoV-2 utilizes host clathrin-mediated endocytosis upon the host cell invasion and this process is regulated by the PI3K/Akt pathway (Khezri, 2021). On the other hand, a molecular docking study reported that ART could physically bind to the receptor binding domain (RBD) of the SARS-CoV-2 spike protein and interfere RBD binding to hACE2 (Sehailia and Chemat, 2021). This report suggests that ART may exhibit anti-SARS-CoV-2 activity by interfering the entry of the virus with its competitive interaction with the viral receptor (Sehailia and Chemat, 2021). Despite this report, SARS-CoV-2 infection to the culture cells was not inhibited by the addition of artesunate at the time of inoculation, suggesting that ART action against SARS-CoV-2 was active only after the virus entry into the host cells (Zhou et al., 2021b).

Since the proposed mechanisms of ART against viral pathogens such as the production of ROS or inhibition of the signaling pathways are different from the ones against the malaria parasites, it may not have the same disadvantage of extremely short half-life in the host when used for antiviral purpose. At the same time, ART may disturb the host immune functions since some of the inhibited signal pathways are shared with those in immune cells (Khezri, 2021).



Antiviral Activity of Ivermectin

Another interesting drug mainly used for the treatment of helminth infections but also active on Plasmodium spp. is ivermectin. Ivermectin is used for the treatment of nematode parasitic diseases, such as onchocerciasis and lymphatic filariasis (Crump and Ōmura, 2011). The antiparasitic mechanism of ivermectin on helminths including nematodes and insects is binding to glutamate-gated chloride channels in invertebrate muscles and nerves, which leaves the channels open leading to a flow increase of the chloride ions and subsequent hyperpolarization of the cell membranes and paralyzes and kills the parasites (Shiomi, 2021). Studies demonstrated the activity of ivermectin against hepatic stages, erythrocytic stages, sexual stages, and oocyst and sporozoite stages of Plasmodium spp (Kobylinski et al., 2012; Mendes et al., 2017; Azevedo et al., 2019; de Carvalho et al., 2019). The mechanism of antimalarial action of ivermectin was reported to be the specific inhibition of the importin α/β1-mediated nuclear import (Panchal et al., 2014; Oany et al., 2021).

Studies reported the antiviral activity of ivermectin against HIV (Wagstaff et al., 2012a), flaviviruses (such as dengue, Zika, yellow fever, and West Nile viruses) (Mastrangelo et al., 2012), influenza A virus (Götz et al., 2016), and SARS-CoV-2 (Caly et al., 2020). The proposed mechanism of action against these viruses is through inhibition of nuclear transport mediated by the importin α/β1 heterodimer (Wagstaff et al., 2011; Wagstaff et al., 2012b). Though most of the studies of antiviral activities of ivermectin were based on assessments with in vitro assays, some studies on its effect on SARS-CoV-2 patient treatment were performed based on a small-scale clinical trial (Pott-Junior et al., 2021; Zhang et al., 2021) or meta-analyses of the publications and databases (Deng et al.,; Cruciani et al., 2021) about its effects on prophylaxis or prognosis of the treatments, which were mixed in terms of the efficacy of the drug on its clinical use and none was conclusive, along with negative results with in vitro study (Dinesh Kumar et al., 2021), stressing the need for more studies about its clinical application.

The antiparasitic mechanism of artemisinin is not well understood despite some are proposed as above, in contrast to its well-understood mechanism for the parasites, which is one of the hurdles of the drug for its practical use for patients with viral pathogens (Dinesh Kumar et al., 2021).





Antiviral Drugs Active Against Plasmodium spp.


Antiretroviral Protease Inhibitors

Since coinfection with HIV is often common in malaria endemic areas, drugs active against both HIV and Plasmodium spp. are demanded for the people in such areas. One such drug is antiretroviral protease inhibitors (ARPIs), which are known to inhibit the growth of malaria parasites (Parikh et al., 2005). ARPIs are transition state analogs that inhibit viral aspartic protease essential for viral maturation. HIV expresses Gag-Pol polyprotein whose cleavage is essential for the virus replication (Konvalinka et al., 2015). Studies reported some ARPIs with the ability to enhance the antimalarial activity of artemisinin and chloroquine (Mishra et al., 2010; Li et al., 2011). One of the ARPIs, indinavir, appeared to have synergic activity with CQ in in vitro and in vivo assays (Li et al., 2011). In in vivo assay with P. chaboudii, co-treatment of the infected mice with indinavir and CQ cleared substantially higher percentages of the parasite than the ones treated with either drug alone from both the CQ-sensitive and CQ-resistant parasites, ASS and ACQ strains, respectively (Li et al., 2011).

While the antimalarial mechanism of ARPIs has not been understood yet, some studies suggest plasmepsins and its homologous proteases as important targets of ARPIs for P. falciparum and other Plasmodium spp., respectively. The results of in silico docking analysis supported the bindings of ARPIs (saquinavir, ritonavir, and lopinavir) with the active sites of P. falciparum plasmepsins, multiple-copy aspartic proteases involved in hemoglobin digestion of the parasite, suggesting potential targets of ARPIs against Plasmodium spp. in their hemoglobin digestion pathways which are essential for the antimalarial activities of both ART and CQ (Andrews et al., 2006). In support of this finding, gene-disrupted mutants for each of the four food-vacuole-localizing plasmepsins were produced, and two of them, gene-knockout mutants for PfPM1 or PfPM4, displayed substantially slower growth, indicating the important roles of plasmepsins for the growth of intraerythrocytic stages of P. falciparum, which was in agreement with the model in which plasmepsins are the target molecules of ARPIs (Omara-Opyene et al., 2004).

The other potential mechanism of the antimalarial activity of ARPIs is the reduction of the amount and activity of the antioxidants glutathione (GSH) and glutathione S-transferase (GST), respectively, in Plasmodium parasites (He et al., 2009). In this study, higher levels of GSH and GST were observed in the CQ-resistant strains of P. falciparum and P. chabaudi than the sensitive ones, and the induction of those chemicals in the CQ-resistant parasites was lower when treated with ARPIs (saquinavir, ritonavir, and nelfinavir) than the untreated ones (He et al., 2009). Since detoxication of heme in the parasites is essential for the survival of Plasmodium spp., the reduction by ARPIs of GSH and GST, which detoxify heme made from hemoglobin digestion, may explain the mechanism of the synergizing effects of ARPIs on CQ or ART antimalarial activities.

Since ARPI specifically inhibits the protease of HIV, its simultaneous inhibition of plasmepsins of the malaria parasites is beneficial since co-infections of HIV and Plasmodium spp. are quite common in endemic areas (Andrews et al., 2006). On the other hand, the effect of ARPI against malaria parasites may be limited since Plasmodium spp. express multiple copies of plasmepsin genes and homologs, suggesting that the simultaneous use of another antimalarial drug may be essential in the practice of malaria treatment (Omara-Opyene et al., 2004).



Amantadine (Anti-Influenza A Virus)

Amantadine is a drug used for the treatment of influenza A virus infection. With a large number of deaths with infected patients every year, the influenza A virus is an enveloped virus with the segments of single-stranded, negative-sense RNA genome, which causes the most severe diseases among the four influenza virus types and infects a variety of animals such as humans, pigs, horses, and bird species, and therefore, becomes sources of serious zoonotic infections (Kumar et al., 2018). Amantadine blocks the M2 protein, a transmembrane proton channel on the virus particle, to inhibit proton flow into the virus which is required for the uncoating of the virus (Kausar et al., 2021). Amantadine exhibited inhibition of P. falciparum growth, which was strain-specific and more prominent with CQ-resistant strains in general; the in vitro IC50 values were 5–50, 250, and 350–450 µM for the CQ-resistant Southeast Asian strain, CQ-resistant South American strain, and CQ-sensitive line, respectively (Evans and Havlik, 1996; Wellems, 2004). These differences may be explained with the characteristics of amantadine as a channel blocker (Johnson et al., 2004). CQ-resistant P. falciparum can efflux CQ from the food vacuole through the mutated PfCRT, while wild-type PfCRT is positively charged, and CQ, protonated and positively charged inside the food vacuole, cannot exit due to repulsion from the positively charged PfCRT, because the mutated amino acid residue, such as lysin at position 76, of PfCRT was replaced with allosteric threonine (Fidock et al., 2000). This mechanism was also supported by the effect that verapamil, a positively-charged calcium channel blocker that also blocks CQ exhaustion through PfCRT, bound to PfCRT, blocked CQ efflux, and restored CQ sensitivity only with mutated PfCRT but not with the wild-type PfCRT (Wellems, 2004). In addition, single amino acid mutation of serine to arginine at position 163 on PfCRT was found in amantadine-resistant P. falciparum, generated from a CQ-resistant Southeast Asian strain by growing under amantadine pressure, which restored the positive charge of the protein and inhibited amantadine binding (Johnson et al., 2004). The mechanism of amantadine, the inhibition of the proton channels of influenza A virus and P. falciparum, is different from the other drugs for these pathogens, which makes this drug useful for the treatment of the drug-resistant virus or parasites. On the other hand, its effect on P. falciparum is strain-dependent, and the antimalarial activity of amantadine can be low even for CQ-sensitive P. falciparum depending on the strain, and its use for malaria treatment may not be appropriate though it can be useful for some CQ-resistant P. falciparum strains (Evans and Havlik, 1996; Wellems, 2004).




Antibacterial Drugs Active Against Plasmodium spp.

Antibacterial drugs have been widely used for the treatment of infectious diseases caused by bacterial infections. Among the antibacterial drugs, a number of antibacterial drugs target the bacterial cell wall (e.g., beta lactams, vancomycin, and bacitracin), while others target bacterial metabolic pathways (e.g., sulfonamides, trimethoprim), protein synthesis (e.g., macrolides, tetracyclines, aminoglycosides), and nucleic acid synthesis (e.g., quinolones, rifampin) (Kapoor et al., 2017). Due to the similarities in the protein structures and requirements of some metabolic pathways between bacteria and Plasmodium spp., some antibacterial drugs also have antimalarial activities (Kapoor et al., 2017). Here, we describe some of such examples and the potential antimalarial mechanisms of the drugs.


Folate Synthesis Pathway Inhibitors

Inhibitors of folate synthesis pathway (FSP), such as sulfonamides, are widely used antibacterial agents and inhibit the synthesis of folate, a major precursor of nucleic acids of bacteria. Sulfadoxine–pyrimethamine (SP) targets dihydropteroate synthase (DHPS) and dihydrofolate reductase (DHFR) of Plasmodium spp., respectively, which are the enzymes catalyzing two reactions in the series in FSP (Triglia and Cowman, 1999; Hyde, 2005). Though it was once recommended by the WHO for malaria treatment, it is currently not used regularly due to the emergence of drug resistance but still used for pregnant women and infants [intermittent preventive treatment for malaria in pregnancy (IPTp)] (World Malaria Report, 2020).

Antimalarial activity was reported for another combination of FPS inhibitors, co-trimoxazole, a mixture of trimethoprim and sulfamethoxazole, through clinical studies of HIV patients (Mermin et al., 2006; Kamya et al., 2007; Sandison et al., 2011; Suthar et al., 2015). Daily administrations of co-trimoxazole to HIV-infected patients for prophylaxis against opportunistic infections resulted in lower rates of Plasmodium spp. infections compared with the untreated ones. Similar to SP, the targets for sulfamethoxazole and trimethoprim are the enzymes in the series of FSP, DHPS, and DHFR, respectively (Cockerill and Edson, 1991). Lower infection rates of bacterial infections can be expected when FSP is used for malaria treatments in areas where both infections are common, although the emergence of drug-resistant bacteria and Plasmodium parasites can occur with high frequencies, and the simultaneous use of other antibacterial and/or antimalarial drugs is necessary in case FSP is used for both of these pathogens.



Tetracyclines

Tetracycline antibiotics (tetracyclines) are a group of antibiotics effective against a wide range of bacteria, including Gram-positive and Gram-negative bacteria, which have been used for the treatment and prophylaxis of P. falciparum and Plasmodium vivax (Pessanha de Carvalho et al., 2021).

Tigecycline is a member of the third-generation TC derivatives and in a class of tetracyclines, glycylcycline, which was developed to overcome multidrug-resistant bacteria (Yaghoubi et al., 2021). Based on in vitro assay with a clinical isolate of P. falciparum, the IC50 values for tigecycline and doxycycline were 699 and 4,276 nM, respectively, suggesting faster action of tigecycline than tetracyclines of the older generations (Starzengruber et al., 2009).

The target of tetracyclines in Plasmodium spp. could be unique compared with the ones in the sensitive bacterial species. The antibacterial action of tetracyclines is translation inhibition of the chromosomal genes by the drug binding to several proteins in the 30S ribosomal small subunit and to some different ribonucleic acids in the 16S rRNA (Gaillard et al., 2015). Multiple studies reported that the component of expression machinery for the genes contained in the genome of apicoplast, a unique plastid organelle of apicomplexan parasites, was the target of tetracyclines, and doxycycline directly inhibited the expression of genes in the apicoplast genome of P. falciparum (Dahl et al., 2006; Dahl and Rosenthal, 2007a; Chakraborty, 2016; Okada et al., 2020). Loss of apicoplast functions in the doxycycline-treated parasite led to delayed death in the second cycle (Dahl et al., 2006; Dahl and Rosenthal, 2007a). Although slow actions of many tetracyclines can be problematic for malaria treatments, the potentiation of tigecycline of CQ for CQ-resistant P. falciparum W2 strain was reported, while the mechanism of tigecycline for its faster action was not clear yet, suggesting the value of potential treatments using combinations of tigecycline and other antimalarial drugs to overcome the emergence of drug resistance (Sahu et al., 2014).



Fosmidomycin

Fosmidomycin is an antibiotic derived from Streptomyces lavendulae (Iguchi et al., 1980; Parkinson et al., 2019). Fosmidomycin inhibits 1-deoxy-D-xylulose 5-phosphate (DOXP) reductoisomerase, which is associated with non-mevalonate pathway (MEP) in isoprenoid biosynthesis (Kuzuyama et al., 1998). MEP is utilized by Gram-negative bacteria, some Gram-positive bacteria, plastid-containing eukaryotes, and plants, while mammals use the mevalonate pathway (Rohmer et al., 1993; Lange et al., 2000; Armstrong et al., 2015). Apicomplexa parasites including Plasmodium spp. synthesize isoprenoides with MEP and harbor the DOXP pathway in apicoplast, a unique organelle that originated from algae through secondary endosymbiosis (Nair et al., 2011). The discovery of MEP in malaria parasites provided the potential target of new antimalarial compounds (Wiesner et al., 2003).

The effectiveness of fosmidomycin against malaria was examined with in vitro and in vivo assays as well as clinical trial. In vitro IC50 values for fosmidomycin were 819 and 926 nM with 3D7 and Dd2 strains of P. falciparum, respectively (Wiesner et al., 2002). In addition, fosmidomycin–piperaquine combination therapy for uncomplicated malaria was on phase 2 clinical trial performed in Gabon between 2014 and 2016 and demonstrated high efficacy (Mombo-Ngoma et al., 2018). Using fosmidomycin for malaria treatments can be an attractive drug choice since it targets an enzymatic pathway in a unique organelle of the apicoplast, though similar to other apicoplast-target antimalarial drugs such as tetracycline, a slower action compared with other antimalarials can be a consideration for its practical use.



Macrolides

Macrolides are a class of natural products used to treat bacterial, viral, and parasitic infections (Lee et al., 2011; Dinos, 2017; Poddighe and Aljofan, 2020). In bacteria, macrolides bind to the neighbor of the entrance of polypeptide tunnel in 50S ribosomal subunit. This binding prevents transpeptidation of polypeptides, leading to immature peptide chain production and cell death (Retsema and Fu, 2001; Hansen et al., 2002; Schlünzen et al., 2003; Sidhu et al., 2007a). The efficacy of azithromycin against malaria parasites has been confirmed in in vitro and in vivo experiments and clinical trials (Andersen et al., 1994; Ohrt et al., 2002; Sagara et al., 2014). The target of azithromycin in P. falciparum was identified as 50S ribosomal subunit in apicoplast based on a study with azithromycin-resistant P. falciparum, the same target as the one for its antibacterial activity but in a unique organelle of apicomplexa parasites (Sidhu et al., 2007b). The delayed effect of azithromycin was documented in this study with IC50 values of 3,500 nm for 48 h of incubation and 103 nm for 96 h of incubation, more than 30 times difference at the delayed time point (Sidhu et al., 2007b). The delayed effect of azithromycin was explained by the effect of specific toxicity of the drug on apicoplast and death of the parasite in the second cycle due to lack of the apicoplast genome replication in the first cycle (Dahl and Rosenthal, 2007b). In addition to this delayed action, azithromycin demonstrated fast-killing activity which was independent of apicoplast-mediating delayed killing and augmented in azithromycin analogs with side-chain modifications, although the mechanism of this fast-killing mode of the drug was not understood (Burns et al., 2020). Similar to other drugs like tetracycline and fosmidomycin, azithromycin targets an enzymatic pathway in apicoplast, which makes the drug selective to Plasmodium parasites (Sidhu et al., 2007b) but makes the action of the drug slow for its disadvantage also (Dahl and Rosenthal, 2007b).




Sponge-Derived Product


Manzamines

Manzamines are β-carboline alkaloids isolated from marine sponge species. Manzamine A has been isolated from several sponge species such as Haliclona, Pellina, Pachypellina, Xestospongia, Ircinia, and Amphimedon (Ang et al., 2000). Manzamine A and 8-hydroxymanzamine A were reported to have in vivo antimalarial effect on Plasmodium berghei-infected mice (Ang et al., 2000).

Manzamines are inhibitors of glycogen synthase kinase-3 (GSK-3), which is also thought to be the target for their antimalarial activities (Skropeta et al., 2011); therefore, P. falciparum GSK-3 (PfGSK-3) was evaluated as a potential target of new antimalarial compounds. However, some studies reported high sequence identities between PfGSK-3 and its human homologs GSK-3α or GSK-3β (Droucheau et al., 2004) and the narrow therapeutic index of manzamine A with P. berghei-infected hosts (Ang et al., 2000); 50 to 100 μmol/kg of manzamine A prolonged the survival of infected mice, while the minimum toxicity concentration was 500 μmol/kg (Ang et al., 2000). On the other hand, paullons, another inhibitor of mammalian GSK-3β, exhibited the same percentage of PfGSK-3 inhibition with 100- to 300-fold fewer molar concentrations (Leost et al., 2000), suggesting that the structural characteristics of paullons may help find manzamines and their analogs or other chemicals with higher specific activities against PfGSK-3. The target of manzamines for its antimalarial activity is unique compared with other major antimalarials, while toxicity due to the similarity between enzymes of the malaria parasites and human can be a major disadvantage of the drug.



Marine Isonitriles

The first marine isonitrile was found from the sponge Axinella cannabina (Emsermann et al., 2016). The antimalarial activity of several isonitriles was reported (Emsermann et al., 2016; Álvarez-Bardón et al., 2020). A docking study of some isonitriles with human hemoglobin suggested their bindings with heme, formations of a complex with heme iron, and subsequent inhibition of heme detoxication process as their antimalarial mechanism (Wright et al., 2001).




Antifungal (Antimycotic) Drugs That Show Potential Against Malaria Parasites

Fungal pathogens are involved in various types of diseases, such as skin diseases and diseases on mucus membranes like the throat and female genitalia, and can be fatal when the infections spread to the whole body through the blood system (Crowley and Gallagher, 2014). The treatment can be problematic since fungal pathogens are eukaryotic organisms like human hosts, and many drugs that kill fungus are also toxic to humans, and antifungal drugs have to have drug mechanisms selective to the fungal pathogens despite the similarities as eukaryotes between fungi and humans. On the other hand, some antifungal drugs also kill malaria parasites due to their similarities to the fungi as they are both eukaryotic organisms (Crowley and Gallagher, 2014).


Clotrimazole

Clotrimazole is an antimycotic drug used for the treatment of skin infections, such as Candida albicans and other fungal infections, by inhibition of the biosynthesis of ergosterol, a sterol found in fungi and protozoa (Crowley and Gallagher, 2014). Clotrimazole also inhibits P. falciparum growth in both chloroquine-resistant and chloroquine-sensitive strains in vitro (Tiffert et al., 2000). Inhibition of hemoperoxidase by clotrimazole leading to the subsequent induction of oxidative stress in P. falciparum was reported as the antimalarial mechanism of clotrimazole (Trivedi et al., 2005). Clotrimazole scaffold and its analogs were designed and synthesized as potent antimalarial agents (Gemma et al., 2007; Gemma et al., 2008). Clotrimazole nanoemulsion was formulated to improve its solubility (Borhade et al., 2012a; Borhade et al., 2012b), evaluated for its antimalarial activity using the in vivo assay with P. berghei-infected mice and confirmed to be significantly more effective in parasitemia inhibition and longevity of the infected host than clotrimazole suspension (Leost et al., 2000). Selectivity is one of the advantages of clotrimazole for its antimalarial activity due to its effect on the synthesis of ergosterols, which can be found mainly in fungi and protozoa (Crowley and Gallagher, 2014). Drug delivery to the place of pathogen multiplication can be an issue for its practical use.



Griseofulvin

Griseofulvin is used to treat dermatophyte fungal infections, which binds to intracellular microtubules inhibiting mitosis of fungi (Lambert et al., 1989). Griseofulvin inhibited intraerythrocytic growth of P. falciparum in red blood cells pretreated with the drug in vitro, although no effect was observed in a human clinical trial for either therapeutic or prophylactic treatments (Smith et al., 2017). The antimalarial mechanism of action of griseofulvin was reported to be its cytochrome P450-mediated production of N-methyl protoporphyrin IX (N-MPP) and its inhibition of the heme-synthesizing ability of ferrochelatase, and despite its failure in clinical trial, this unique mode of action of griseofulvin demonstrated a new potential lead chemical to develop new antimalarial drugs (Smith et al., 2017).



Ketoconazole

Ketoconazole interferes with ergosterol synthesis by inhibition of cytochrome P450 (CYP) 3A4 and is used to treat a number of fungal infections (Deutsch and Quintiliani, 1984). The combination treatment of ketoconazole and the artemisinin derivative α/β arteether demonstrated augmentation of antimalarial effect of α/β arteether with ketoconazole both with CQ-sensitive and CQ-resistant P. falciparum strains in vitro and with the multidrug-resistant Plasmodium yoelii nigeriensis in mice in vivo assay (Tripathi et al., 2013). Artemisinin and α/β arteether are known to be rapidly metabolized by the liver CYP, and ketoconazole inhibition of CYP 3A4 may slow down the α/β arteether metabolism and contribute to enhance the drug action by prolonging the plasma concentration of the active drug. The action of slowing down the speed of metabolism of artemisinin is an attractive feature of ketoconazole, since short half-life is one of the weaknesses of these drugs, but ketoconazole cannot be used by itself also for this very reason (Tripathi et al., 2013).




Conclusion

Due to the impact of COVID-19, significant effort has been taken for the discovery of antiviral drugs since the need for serious countermeasures was recognized when the virus was spreading throughout the world. At the same time, antibacterial, antifungal, or antiparasitic drugs with promising antiviral activities were sought more than ever. The drugs described in this article are summarized in Table 1 and Figure 1. The use of some major antimalarial and antiparasitic drugs such as dihydrochloroquine, artemisinin, and ivermectin has been considered for COVID-19 treatment, although none of these were proven for their effectiveness or officially approved for clinical use against the disease. On the other hand, antimalarial activities of some known antimicrobials were examined, although none of them were considered for clinical use except some antibiotics, such as sulfadoxine–pyrimethamine prophylactic treatment for pregnant women and infants. Although further studies are necessary for the drugs described in this article to find the precise potentials of these drugs, a substantial number of drugs have demonstrated significantly different mechanisms of action from the ones that existed before. Studies of repurposing drugs for different pathogens are worth investing in this sense, in addition to the financial benefit for drug-developing companies.


Table 1 | Summary of multipurpose drugs described in this article.






Figure 1 | The targets of the drugs for Plasmodium parasites and viruses described in this article. For the cells and the organelles: RBC, red blood cell; PV, parasitophorous vacuole; PC, parasite cell; N, nucleus; FV, food vacuole; AP, apicoplast. The drugs: AMA, amantadine; ARPI, antiretroviral protease inhibitor; ART, artemisinin; CQ, chloroquine; FOS, fosmidomycin; IVR, ivermectin; ML, macrolides; PYR, pyrimethamine; SDX, sulfadoxine; TET, tetracycline. Proteins and pathway: DHFR, dihydrofolate reductase; DHPS, dihydropteroate synthase; Hb, hemoglobin; IMP, importin; NMP, non-mevalonate pathway; PM1, plasmepsin 1; PM4, plasmepsin 4.
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The development of Plasmodium parasites, a causative agent of malaria, requests two hosts and the completion of 11 different parasite stages during development. Therefore, an efficient and fast response of parasites to various complex environmental changes, such as ambient temperature, pH, ions, and nutrients, is essential for parasite development and survival. Among many of these environmental changes, temperature is a decisive factor for parasite development and pathogenesis, including the thermoregulation of rRNA expression, gametogenesis, and parasite sequestration in cerebral malaria. However, the exact mechanism of how Plasmodium parasites rapidly respond and adapt to temperature change remains elusive. As a fundamental and pervasive regulator of gene expression, RNA structure can be a specific mechanism for fine tuning various biological processes. For example, dynamic and temperature-dependent changes in RNA secondary structures can control the expression of different gene programs, as shown by RNA thermometers. In this study, we applied the in vitro and in vivo transcriptomic-wide secondary structurome approach icSHAPE to measure parasite RNA structure changes with temperature alteration at single-nucleotide resolution for ring and trophozoite stage parasites. Among 3,000 probed structures at different temperatures, our data showed structural changes in the global transcriptome, such as S-type rRNA, HRPII gene, and the erythrocyte membrane protein family. When the temperature drops from 37°C to 26°C, most of the genes in the trophozoite stage cause significantly more changes to the RNA structure than the genes in the ring stage. A multi-omics analysis of transcriptome data from RNA-seq and RNA structure data from icSHAPE reveals that the specific RNA secondary structure plays a significant role in the regulation of transcript expression for parasites in response to temperature changes. In addition, we identified several RNA thermometers (RNATs) that responded quickly to temperature changes. The possible thermo-responsive RNAs in Plasmodium falciparum were further mapped. To this end, we identified dynamic and temperature-dependent RNA structural changes in the P. falciparum transcriptome and performed a comprehensive characterization of RNA secondary structures over the course of temperature stress in blood stage development. These findings not only contribute to a better understanding of the function of the RNA secondary structure but may also provide novel targets for efficient vaccines or drugs.
Keywords: Plasmodium falciparum, RNA secondary structure, RNA thermometers, in vivo, in vitro, mRNA abundance
INTRODUCTION
A precise and quick response to environmental change is essential for Plasmodium falciparum development and the pathogenesis of the disease. A previous study found that parasites can sense metabolism and the environment using a variety of regulatory reprogramming mechanisms; for example, parasites alter the expression of enzymes involved in glycolysis and gluconeogenesis gene to sensitize the glucose (Zuzarte-Luis and Mota, 2018). Recent studies (Mustoe et al., 2018) have established that the RNA secondary and tertiary structures act as fundamental and pervasive regulators of individual transcript expression within seconds (Ganser et al., 2019). The control of gene expression in organisms through structural transformation of RNA elements can promote rapid responses to changing environmental conditions and enhance regulation at the transcription level (Choi et al., 2017). For example RNA thermometers (RNATs), which are usually located in the 5′-UTR region, can respond to changes in temperature within seconds and directly control nascent or existing mRNA translation. These factors have an instantaneous effect on the expression of transcripts related to temperature stress and allow for a fast, cost-effective, and potentially reversible response (Kortmann and Narberhaus, 2012). Thermo-responsive RNA, which alters the RNA structure in response to temperature changes, has recently been studied in other organisms, such as bacteria (Righetti and Narberhaus, 2014; Righetti et al., 2016; Abduljalil, 2018) and yeast (Kertesz, 2010; Talkish et al., 2014). However, all these elements were discovered by the in vitro RNA-probing approach.
Malaria, a deadly parasitic disease with high mortality and morbidity rates, caused approximately 229 million cases and around 409,000 deaths in 2019 (World Health Organization, 2020). Without effective vaccines, and the combination of drug and insecticide resistance, it has become an urgent issue to discover and develop new effective strategies to control malaria. Among many of these environmental changes, it has been shown that temperature is a decisive factor for parasite development and pathogenesis, including the thermoregulation of rRNA expression, gametogenesis, and parasite sequestration in cerebral malaria (Singhaboot et al., 2019). Parasites are exquisitely responsive to human host body temperature (37°C), which induces the most metabolic shifts, while the most suitable temperature for the developmental stage of the parasites in mosquitoes is 26°C. Unlike most eukaryotes, P. falciparum has two distinct types of 18S ribosomal RNA genes, one type is primarily expressed in the mammalian host (A gene) and the other is primarily expressed in the mosquito host (S gene) (Rogers et al., 1996). Plasmodium 18S rRNA has been shown to be developmentally regulated, and the change of temperature represents a predominant factor associated with transcriptional control of S-type rRNAs and the other rRNA copies (Fang and McCutchan, 2002; Fang et al., 2004).
Despite the importance of the temperature response in parasite biology, the precise mechanism underlying this response is still exclusive; thus, the molecular mechanisms in the RNA structure responsible for these reactions are an important yet missing piece of the puzzle. The major strengths of this study are the discussion on parasite development by temperature through RNA secondary structure and our analysis profiles of the structure of transcripts in trophozoite and ring stages after cold shock (low temperature). Here, we applied icSHAPE to profile the transcriptomic-wide in vivo and in vitro RNA secondary structures. Low icSHAPE scores mean that the position is more structured or presents a protein-binding site of the structure. The flexibility of the RNA secondary structure measured by icSHAPE score indicates the probability that a nucleotide is present in unpaired or single-stranded forms. A combined analysis of these structural profiles and transcriptome data reveals a unique RNA secondary structure that responds to temperature changes and parasite stage development, including S-type rRNA, parasite-infected erythrocyte surface protein (PIESP2), and erythrocyte membrane protein.
Our results provide a framework for understanding how the malaria parasite responds to its environmental temperature through changes in RNA structure in vivo and indicate that the development of P. falciparum is closely connected to the RNA secondary structure even in P. falciparum after cold shock. However, the mechanism needs to be further explored. A greater understanding of the structure and function of RNAT response to changes in temperature in the 5′-UTR region could thus provide insights into the virulence and development of P. falciparum.
MATERIALS AND METHODS
Parasite Culture and Temperature Treatment
As described previously, P. falciparum strain 3D7 parasites were propagated in human red blood cells under standard conditions (Trager and Jensen, 1976). Parasites were synchronized twice within 8 h apart by 5% D-sorbitol treatments (Lambros and Vanderberg, 1979). When the parasites in 5% hematocrit reached ∼8% parasitemia, they were harvested and exposed to two temperatures (37°C and 26°C) at 45 and 70 h after the first sorbitol treatment, respectively. The asexual parasite cultures were incubated for a continued 3 h at the two different temperatures. Three hours later, the culture was harvested for 3 min at 2,000 rpm to obtain RBCs. Then, the parasites, which were in the synchronous ring and trophozoite stages, were lysed with 0.05% saponin solution, followed by washing parasite pellets using PBS (pH 7.4). The remaining parasite pellets were used for total RNA extraction or NAI-N3 in vivo modification.
In Vitro and In Vivo NAI-N3 Probing and RNA Sample Extraction
For in vivo NAI-N3 modification, the washed parasite pellets were subjected to in vivo NAI-N3 modification procedures according to standards (Flynn et al., 2016) using 100 mM NAI-N3 for 15 min as described previously (Qi et al., 2021) before total RNA extraction. Briefly, after lysis of RBCs by 0.05% saponin treatment and washing with PBS, the parasite pellet was resuspended in 200 µl of dimethyl sulfoxide (DMSO) solution or 100 mM NAI-N3 solution, mixed by inversion and incubated at 37°C for 15 min. These modifications cause reverse transcription to stop one nucleotide before modification. During NAI-N3 modification, we set a DMSO-treated negative control sample because the DMSO sample can provide an “input” sample. The reaction was stopped and collected at 14,000 g for 30 s at 4°C. Then, the pellet was resuspended in 10 ml of pre-warmed TRIzol, and total RNA was isolated followed by DNase treatment. For the icSHAPE in vitro libraries, heat-denatured total RNA or polyA-selected RNA samples from parasites were treated with DMSO solution at 95°C for 2 min and then transferred to ice for cooling. The time and concentration of modified NAI-N3 in vitro were 10 min at 37°C and 100 mM, respectively. Finally, the samples were transferred to ice to stop the reaction, and the RNA sample was purified by a Zymo RNA Clean and Concentrator-5 column.
RNA-Seq and icSHAPE Illumina Library Construction and Sequencing
Validated strand-specific, polyA-selected RNA sequencing libraries were prepared with the NEBNext Ultra Directional RNA Library Prep Kit (NEB) according to the manufacturer’s instructions and as described previously (Qi et al., 2021). These libraries were sequenced on an Illumina HiSeq 2000 at GENEWIZ (Suzhou, China). Finally, read counts were collected, and gene expression levels were estimated. The edgeR package was used to identify differentially expressed genes across different groups. The in vitro and in vivo icSHAPE libraries were generated as previously described (Flynn et al., 2016; Qi et al., 2021). Finally, the PCR-amplified library with a size between 200 and 300 bp was selected by 10% TBE-PAGE. These icSHAPE libraries were quantified on a BioAnalyzer High Sensitivity DNA Chip 2100 (Agilent) and Qubit. Then, the samples were sent to GENEWIZ (Suzhou, China), or Vazyme Biotechnology Co., Ltd.’s (Nanjing, China) Illumina HiSeq was used for deep sequencing.
Quantifying the Modification of 18S rRNA by Primer Extension, Resolved by Capillary Electrophoresis
Total RNA was extracted from parasite lysates with NAI-N3 chemical reagent modification as described above. In total, 7 μg RNA without poly-A selected from the 37°C control group and the 26°C treated group in the trophozoite developmental stage was digested with RNase-free DNase to remove residual DNA. Then, these total RNAs were reverse transcribed by primer extension with a FAM-labelled oligonucleotide (5′- ACC​CTA​ACA​TCA​AAA​GCT​GAT​AGG -3′) in the 315–338-bp region of the 18S rRNA gene. The PCR program was as follows: 5 min at 65°C, then kept on ice for 2 min, followed by 1 h at 50°C and 5 min at 95°C, and finally, the sample was kept at 4°C when ending the reaction. The reverse-transcribed products were resolved by capillary electrophoresis (CE) using an ABI 3730XL DNA Sequencer, and the results were shown by GeneMarker.
Quantitative Real-Time PCR
Total RNA used for the qPCR analysis was isolated and purified as described above. Briefly, approximately 2 μg of the RNA sample was used for strand complementary DNA synthesized by either oligo dT primers or random primer mixes using a Superscript III Reverse Transcriptase kit. Real-time PCR amplification was carried out in the presence of 12.5 µl of SYBR master mixture (Takara Bio Inc.), 1 µl of cDNA template, and target gene-specific primers in a CFX96 System under the following conditions: 1) 1 min at 95°C; 2) 5 s at 95°C; 3) 30 s at 50°C; 4) 30 s at 72°C with a plate reader; and 5) repeat steps 2), 3), and 4) for another 39 cycles. The housekeeping gene, serine–tRNA ligase, putative (PF3D7_0717700), was used to normalize the gene transcriptional level of each sample. Primers for detecting different transcripts from the 37°C control group and the 26°C treatment group were designed in this study. The primer sequences for PCR are listed in Supplementary Table S1.
Sequencing Data Analysis and RNA Secondary Structure Predictions With icSHAPE Scores
Data analysis was performed as previously described (Qi et al., 2021). The quality of the PF data was evaluated by FastQC (Babraham Bioinformatics), and the percentage of readings with GC content, Q30, and Q20 was calculated. Clean data with the barcode (1–13 bases in each read) removed by Trimmomatic (Bolger et al., 2014) were used for the following analyses. Then, these clean data were mapped to the transcriptome and genome of P. falciparum using Bowtie (Langmead et al., 2009) with default parameters. Finally, to reduce the overestimation of signals of individual bases with zero or low coverage (Wan et al., 2014), a value of 5 was added. After normalizing the reverse transcription stops by the amount of all reads in each library, the raw icSHAPE signals/scores for each RNA position were calculated by the ratio of NAI-N3/DMSO numbers of modified nucleotides in each position (Qi et al., 2021). The final analysis of the icSHAPE scores of individual positions was performed with Microsoft Excel. In our study, online Vienna RNA Web Services were used for the color coding by icSHAPE scores. RNAstructure 6.1 (Lu et al., 2009) was used for the RNA secondary structure profiling on a Windows operating system. We concluded that the RNAstructure software threshold parameter for the chemical modification was 1.0 and that for single-stranded force was 1.5. Alternatively, the webserver http://rna.urmc.rochester.edu/RNAstructureWeb/was also used, and finally, the RNA secondary structure was drawn and colored using StructureEditor.
RESULTS
Overview of the P. falciparum RNA Structurome at Different Temperatures
Previously, we applied icSHAPE to characterize and predict the RNA secondary structure in P. falciparum (Qi et al., 2021). In previous analyses, we predicted 3,396 transcripts in trophozoite and ring stages at normal culture temperature (37°C) and identified some key regulatory features. Additionally, our study indicates that the mRNA abundance of P. falciparum during the development of parasites is crucially connected to the RNA secondary structure.
To search for potential RNA thermometers in cold shock, we performed icSHAPE experiments with a poly-A-depleted RNA library using new parasites collected from the ring stage and trophozoite stage developmental cycles at a vector host body temperature of 26°C as illustrated in Figure 1A. icSHAPE libraries were generated from the cultured parasites 45/70 h after the first synchronization and with a brief (3 h) treatment at 37°C (control) or 26°C (cold shock) with or without NAI-N3 (Figure 1A). The primers used in library construction are listed in Supplementary Table S1. To test whether our icSHAPE accurately probed the RNA structure, we first confirmed the rRNA structure obtained with the traditional method as reported previously (Wong et al., 2014; Qi et al., 2021). We found a high agreement between our icSHAPE signal and the known secondary structure of A-type 18S rRNA. This finding suggests that our genome-wide icSHAPE recapitulates results obtained by CE methods and provides structural information on genome wide transcripts.
[image: Figure 1]FIGURE 1 | Experimental design and icSHAPE library statistics. (A) Overview of the icSHAPE approach in our experiment. We performed temperature stress (37°C and 26°C) to the cultured parasites at 45 h (ring stage)/70 h (trophozoite stage) and continue to culture at different temperatures for continuous 3 h. In vivo RNA structure experiments, in vitro RNA structure experiments, and RNA-seq experiments were performed for all four groups. (B, C) The number of RNA structural profiles for the whole transcripts was classified into various classes of RNAs from 1,245 transcripts for ring library at 26°C in vivo, 2,000 transcripts for trophozoite library at 26°C in vivo, 1,848 transcripts for ring library at 26°C in vitro, and 523 transcripts for trophozoite library at 26°C in vitro. (D) Overlap of mRNAs between 37°C and 26°C among the two different stages in vivo.
We performed 12 icSHAPE experiments (two biological replicates for each stage and condition) with poly-A-depleted RNA library of ring and trophozoite stages, resulting in an average of 46.1 million sequence reads that map to the P. falciparum genome. Mapping statistics are detailed in Supplementary Table S2. We defined the ratio of NAI-N3/DMSO as numbers of nucleotides with modification and calculated icSHAPE scores for each nucleotide of the transcriptome. The transcripts whose coverage rate was no less than 2 were analyzed as described (Spitale et al., 2015). Finally, 1,245 and 2,000 sufficient structural profiles for transcripts were acquired in vivo from the ring stage and trophozoite stage 26°C-treated RNA libraries (with poly-A selected), respectively, and the majority of transcripts were mRNAs (Figure 1B, C and Supplementary Table S3). Additionally, 1,848 and 523 sufficient structural profiles were acquired in vitro from the ring stage and trophozoite stage 26°C-treated libraries, respectively (Figure 1B, C and Supplementary Table S3). At last, we obtained sufficient structural coverage at two temperatures for 1,231 mRNAs in the ring stage and 1,220 mRNAs in the trophozoite stage in vivo. Finally, these results afforded a transcriptomic-wide view of the RNA secondary structure landscape of P. falciparum after cold shock (Figure 1D and Supplementary Table S3).
Temperature Effects on the Development of Parasites and Temperature-Responsive Gene Expression Determined by RNA-Seq Analysis
The twice-synchronized P. falciparum 3D7 was propagated at 37°C to keep most of the parasites at a similar stage (Supplementary Figure S1). To culture the parasites, they were exposed to different temperature stresses (37°C and 26°C) for 45/70 h after the first synchronization and maintained at different temperatures for 3 h as previously described (Fang and McCutchan, 2002; Bunnik et al., 2013). Parasitemia and parasite morphology at each time point were monitored daily by examination of smears made by Giemsa staining. A comparison of the growth status of P. falciparum at 26°C and 37°C for three continuous hours of incubation showed that the gametocytemia was higher and the growth rate was slower at 26°C than at 37°C (Supplementary Figure S1). Our findings showed that ambient temperatures may affect the multiplication rate of P. falciparum, thus confirming that thermoregulation is crucial to the developmental transition of parasites from vertebrate hosts to mosquito vectors.
To dissect the effect of cold shock on gene expression in P. falciparum, we first investigated the expression of A- and S-type 18S ribosomal RNA (18S rRNA). As shown in Figure 2, we compared the expression of A-type and S-type ribosomal RNA at two stages of parasites with a low culture temperature for 3 h. These results showed that after low temperature treatment, the expression level of S-type rRNA in the 26°C treatment group has a significant increase than the 37°C control group whether it happened in the ring stage or trophozoite stage, while the A-type rRNA showed little or no change. This expression pattern was found not only in the CDS region but also in the 5′-UTR region. The DNA primers used for the real-time quantitative PCR (qRT-PCR) assay are listed in Supplementary Table S2.
[image: Figure 2]FIGURE 2 | The effect of temperature on the expression of A- and S-type 18S ribosomal RNA (18S rRNA). Fold changes in the expression of 18S ribosomal RNA in the 26°C treatment group was detected by qRT-PCR. qPCR analyses of transcriptional regulation of A- and S-type 18S rRNA (fold changes of 3 h at 26°C to 37°C temperature stimulation) at 45/70 h after invasion (ring stage/trophozoite stage). Stages of parasites (ring stage or trophozoite stage) is shown at the top. Serine–tRNA ligase (PF3D7_0717700), a housekeeping gene, was used to normalize the level of transcription of each gene. Each type of 18S rRNA was detected by two pairs of primers (Supplementary Table S2) located at different sites of transcriptions (5′-UTR and CDS region). The name of each gene is shown at the bottom. The data are representative of three independent experiments. Two-sided t-test, ***p < 0.001; ****p < 0.0001; ns, no significance (t-test; SDs from three replicates).
Finally, we sought to determine whether there was a difference in whole-transcriptome expression between different groups. Changes in P. falciparum gene expression and regulation in the ring stage and trophozoite stage were investigated by changing the culture temperature, and four samples from the parasite culture are illustrated in Figure 1A. The detailed RNA-seq data are displayed in Supplementary Table S2. A correlation analysis of the whole-transcriptome expression showed good reproducibility between the two biological replicates (R ≥ 0.937, Supplementary Figure S2C). We compared the expression levels of differentially expressed genes (DEGs) from the ring stage and trophozoite stage at different culture temperatures for 3 h, and the results showed that a large number of genes had different expressions after cold shock in different groups (Figure 3). A comparison of the ring-stage parasites in the 37°C groups with the ringstage parasites with low temperature treatment showed significant differences in 164 genes (Figure 3A and Supplementary Table S4) between the two temperatures. These genes included downregulation genes, such as erythrocyte membrane protein 1, Plasmodium export protein, and rifin (RIF), and upregulation genes, such as ABC transporter G family member 2 and circumsporozoite (CS) protein (CSP). At the same time, when we compared parasites at the trophozoite stage with the 37°C control group parasites, 82 genes had higher expression and 105 genes had lower expression in the 26°C treatment group. A few examples of genes that were obviously expressed at lower level in the 26°C treatment group are erythrocyte membrane protein 1, early transcribed membrane protein, and nine genes encoding Plasmodium export protein (Figure 3B and Supplementary Table S4). Other genes such as the genes encoding erythrocyte membrane protein 1, Plasmodium export protein, and sporozoites and 22 genes encoding RIF protein were expressed at higher levels in the 26°C-treated parasites.
[image: Figure 3]FIGURE 3 | The effect of temperature on the development of parasites in the ring stage and trophozoite stage. Pair-wise comparisons between Plasmodium cultures. Volcano plot of log2 fold change in gene expression in the 26°C treatment group versus the 37°C control group that differs significantly (|log2ratio| ≥ 1 and q-value|FDR ≤ 0.05) in the ring stage (A) and trophozoite stage (B). Red plots indicate genes upregulated in the 26°C treatment group compared to the 37°C control group; blue plots indicate genes downregulated in the 26°C treatment group compared to the 37°C control group; and black plots indicate genes that are not significantly different between the two groups. A full list of differentially expressed genes for each condition is shown in Supplementary Table S3.
Interestingly, 38 genes were up-regulated in both stages, and most of the cold-upregulated genes were dominantly expressed in the gametophyte or mosquito stage. For example, CPW-WPC family protein (PF3D7_1331400) is translationally activated during ookinete formation and silenced in gametocytes (Rao et al., 2016). P. falciparum LCCL domain-containing protein (PfCCp) proteins (PF3D7_1407000) are expressed in the parasitophorous vacuole and are later associated with macrogametes (Simon et al., 2009). Using the same criteria to identify DEGs, a large number (1,082 and 1,126) of temperature-response genes were found when we compared the ring stage and trophozoite stage at the same culture temperatures 37°C and 26°C (Supplementary Figure S2A, B and Supplementary Table S4). Altogether, these data imply that low temperature-treated parasites display variations in the expression of several genes with important functions in malaria growth and that parasites can respond to the temperature environment by reducing their transmission and replicative fitness. The functional roles of the majority of DEGs in the temperature response are currently unknown and require further investigation.
The Effect of Specific RNA Structures and Control of the Expression Level of rRNA
First, we compared the icSHAPE coverage of A-type and S-type rRNA in the non-depleted RNA libraries, and the results showed that icSHAPE scores from those libraries have a good sequencing depth, especially A2-type 18S rRNA (PF3D7_0531600) and S2-type 18S rRNA (PF3D7_1371000) (Supplementary Table S5). To accurately obtain the RNA secondary structure, we chose these two 18S rRNAs to study the direct temperature effects on the RNA structure for future investigation. We next investigated whether the dynamics of icSHAPE scores from NAI-N3 modifications from the icSHAPE experiment were similar to those obtained with CE-based in vivo structure probing. We combined icSHAPE scores (non-depleted RNA library) from the 37°C control group and 26°C treatment group in the trophozoite developmental stage with CE gel results, as shown in Figure 4 (Supplementary Table S6). The region shown here is near the 5′-end (35–135 bp) of 18S A-type rRNA, and icSHAPE scores from the 37°C and 26°C groups for this region are shown in Figure 4A. All nucleotides shown in Figure 4A have scores no less than 1.5, indicating that they are single-stranded at this position (Figure 4A and Supplementary Table S6). We also showed the 37°C control group and 26°C treatment group results on the same region-of-interest nucleotides, which were probed by the conventional gel-based method. The two gels from the 18S A-type rRNA of the 37°C control group and 26°C treatment group from NAI-N3 modification were consistent with those for the region from 35–135 bp in the 18S rRNA (Figure 4B, C). Finally, these results indicated that the three genome positions in 18S A-type rRNA (from 5′ to 3′ are 36, 71, and 100) were significantly different between the 37°C control group and the 26°C treatment group (Figure 4D). Meanwhile, a high agreement was observed between the icSHAPE scores and CE gel results. These results further support the possibility that the icSHAPE experiment in this study can help us to obtain genome-wide RNA secondary structure and identify the structural characteristics and regulatory roles of these dynamic mRNAs in cold shock.
[image: Figure 4]FIGURE 4 | icSHAPE scores for the 5′-end of the 18S A-type ribosome RNA from the 37°C control group and the 26°C treatment group in the trophozoite developmental stage combined with CE gel results. (A) icSHAPE scores from 37°C to 26°C groups for nucleotides 35–135 are shown on the left. Those two gels from 18S A-type rRNA of the 37°C control group (B) and the 26°C treatment group (C) with NAI-N3 modification were read out by CE experiment. For those two panels of capillary electrophoresis, the starting RNA material was the same as the total in vivo NAI-N3-modified RNA. The orange traces in (B, C) is GeneScan 500 LIZ Size Standard for capillary electrophoresis gel (from top to bottom: 250, 200, 160, and 150 bp), and the stars represent the three genome positions in 18S A-type rRNA, which are significantly different between the 37°C control group and the 26°C treatment group. (D) The icSHAPE scores, CE size, and the position in the rRNA genome from three different base-pair positions.
To further validate and investigate the mechanism underlying the change in S-type rRNA expression after cold shock, which may be due to the temperature-responsive RNA structures, we next investigated the average in vivo icSHAPE score of 18S rRNA on five different chromosomes to show the distribution of icSHAPE profiles (Figure 5). As shown in Figure 5A, the CDS regions of A2-type 18S rRNA (PF3D7_0531600) showed the highest average icSHAPE scores not only in the control group but also in the cold stress group. These positions were treated because they were more accessible to chemical modification and opened their double-strands with a reduced tendency for double-stranded conformation to increase accessibility for subsequent ribosomal protein binding and gene expression. Meanwhile, the icSHAPE scores of the 5′-UTR region in 18S A-type rRNA (PF3D7_0531600) harbor a higher value than S-type RNA (PF3D7_1371000) especially in the 37°C group, which provides a mechanistic basis for the melting of this region and opening of the double-strand for easy ribosomal protein binding and the expression of A-type 18s rRNA. On the other hand, regions that presented nucleotide crowding in vivo and/or protein binding were less chemically reactive than the CDS regions. Then, we compared icSHAPE scores from three subregions of the S-type 18S RNA (PF3D7_1371000) in the control and cold stress groups and found that the CDS region is actually predicted to be more accessible to chemical modification and opening of the double-strands for gene expression in the 26°C group than in the control group, which has also been reported for 5′-UTR and 3′-UTR regions; however, these regions are shown to be less accessible and have lower icSHAPE scores than the A2-type 18s rRNA (PF3D7_0531600). These results are consistent with our previous findings that after low-temperature treatment, the expression level of S-type rRNA in the 26°C treatment group was significantly increased compared with that in the 37°C control group, while the A-type rRNA showed little change. These observations also indicate that A-type rRNA is the predominant form in the blood stage development of parasites, and they are consistent with our speculation that transcripts with higher icSHAPE scores also have the most abundant level. After normalization for icSHAPE score differences between the two different temperatures, a significantly different (p < 0.01) average icSHAPE score at 26°C compared with 37°C was observed for three subregions in S2-type 18S rRNA (PF3D7_1371000) (Figure 5D), but not in A2-type 18S rRNA (PF3D7_0531600) (Figure 5F). The 5′-UTR showed the most significant (p < 0.01) increase in average icSHAPE scores under cold shock compared with the CDS region and 3′-UTR region. Then, we mapped the 5′-UTR region of 18S A-type rRNA (PF3D7_0531600) and S-type RNA (PF3D7_1371000) secondary structures by our icSHAPE scores (Figure 6) and compared the difference in RNA structures between the different temperatures treatments. In Figure 6, the red positions in the RNA secondary structures indicate that the icSHAPE scores of this base are no less than 1.5. These results showed that there was a very large difference in the −170 to −130 region of the 5′-UTR of 18S S-type rRNA (Figure 6A and Supplementary Figure S3), while there were only two small structural changes in the whole 148bp 5′-UTR region of 18S A-type rRNA as shown in Figure 6B and Supplementary Figure S4. These results indicated that the secondary structure changes of 18S rRNA in our experiment determined by the icSHAPE scores were positively correlated with the expression level of A-type and S-type rRNA. Our results imply that the secondary structure of rRNA, especially the 5′-UTR region, has a pivotal role in regulating rRNA expression. However, the regions/bases that are the most important need to be further tested.
[image: Figure 5]FIGURE 5 | Average icSHAPE on all five subtypes of rRNA’s three regions at two temperatures. (A) Comparison of the mean average icSHAPE scores at 37°C and 26°C in the 5′-UTR, CDS, and 3′-UTR regions of 18S A2-type rRNA (PF3D7_0531600) and S2-type RNA (PF3D7_1371000). The mean average icSHAPE scores in the 5′-UTR region, CDS region, and 3′-UTR regions in S1-type (B), S2-type on chromosome 11 (C), S2-type on chromosome 13 (D), A1-type (E), and A2-type (F) of 18S ribosomal RNA. The average icSHAPE scores are significantly greater after 26°C treatment for all S2-type 18s rRNA subregions (D), while the average icSHAPE scores from three subregions of A1-type (E) and A2-type (F)18s rRNA are not significant between 37°C and 26°C. The average icSHAPE scores from three subregions of S1-type 18s rRNA on chromosome 1 (B) and S2-type 18s rRNA on chromosome 11 (C) are not significant between 37°C and 26°C due to the lower nucleotide coverage (Supplementary Table S5). icSHAPE scores on whole transcripts were cross-normalized between different temperatures (Materials and Methods). Specific p values for each comparison and coverage of each transcript are provided in Supplementary Table S4.
[image: Figure 6]FIGURE 6 | Map of the RNA secondary structure of P. falciparum 18S A- and S-type rRNA 5′-UTR. (A) Map of the RNA secondary structure of P. falciparum 18S S-type rRNA 5′-UTR region without icSHAPE scores, 37°C control group with icSHAPE scores in vivo, and 26°C treatment group with icSHAPE scores in vivo. (B) Map of the RNA secondary structure of P. falciparum 18S A-type rRNA 5′-UTR region without icSHAPE scores, 37°C control group with icSHAPE scores in vivo, and 26°C treatment group with icSHAPE scores in vivo. The red positions in the RNA secondary structure indicate that the icSHAPE scores of this base is no less than 1.5.
The mRNA Structurome Reveals Numerous RNATs
The RNA secondary structure can regulate the mRNA translation efficiency of certain genes in a widespread fashion (Mustoe et al., 2018). In our study, we investigated the relationship between different gene expression patterns in P. falciparum development by changing physiologically relevant temperatures and RNA secondary structures. We compared the average icSHAPE score from the CDS region of individual transcripts, and the results displayed a correlation that transcripts with higher icSHAPE scores also have most abundant level (Figure 7A, B). After normalization for NAI-N3 reactivity differences between two different temperatures and the two developmental stages, a global trend of significantly reduced average icSHAPE scores for entire transcripts in vivo at 26°C compared with 37°C was observed (Figure 7C, D) in the trophozoite stage, but not in the ring stage. Reproducibility was confirmed by comparisons between biological replicates. This result indicates that low temperatures may suppress the growth and development of parasites, with the maximal effect on the trophozoite stage of parasites. Additionally, the same pattern was observed when we compared the average icSHAPE scores for entire transcripts at 37°C in vitro with 26°C in vitro (Supplementary Figure S5).
[image: Figure 7]FIGURE 7 | Functional analysis of the mean icSHAPE scores across the entire transcripts. (A, B) Dependence of the average icSHAPE scores in vivo on the mRNA expression level of the entire transcripts from the trophozoite and ring stages at 26°C. (C) The average icSHPE scores from the ring stage are nearly the same between 37°C and 26°C, with no significance. (D) The average icSHPE scores from the trophozoite stage are significantly greater at 37°C than 26°C. Pearson correlation coefficient (R) is showed in each panel. (E, F) The average icSHAPE score collected from the CDS regions and the UTR regions of different transcriptome in vivo among the ring stage and trophozoite stage after low-temperature stimuli, respectively. There are some regions that have significantly different icSHAPE scores between the 37°C control group and the 26°C treatment group, such as around −55 nt at 5′-UTR region, 25 nt at CDS region, and 10 nt at 3′-UTR region.
We also compared the average icSHAPE scores of CDS regions and the UTR regions of each different transcriptome in vivo among the ring stage and trophozoite stage after low-temperature stimuli in P. falciparum (Figure 7E, F). By comparing the icSHAPE score at the same stage but at different temperatures, we found that there were some regions that had significantly different icSHAPE scores between the 37°C control group and 26°C treatment group, such as that at approximately −55 nt at 5′-UTR region, 25 nt at CDS region, and 10 nt at 3′-UTR region. Additionally, a sharp rise in average icSHAPE scores near the stop and start codons indicated that these two regions with decreased structure may have a significant role in the efficiency of translation. Our results imply that these features may favor changes in RNA structure in response to low-temperature stress; however, the mechanism remains to be tested in the future.
We next investigated the change in the RNA secondary structure of those genes, which have a reverse transcription termination coverage rate of transcripts no less than 2 in both two developmental stages and DEGs from the ring stage and trophozoite stage at different culture temperatures for 3 h. When the changed transcripts in the ring stage development were compared, those transcripts included 15 genes, in which 4 genes were upregulated and 11 genes were downregulated. A comparison of transcripts in the trophozoite stage development identified 13 genes located on different chromosomes of the parasites, and all of the 13 genes were downregulated (Supplementary Table S7). To experimentally verify the accuracy of RNA-seq in the pattern of changes induced by low-temperature stimuli, the fold changes in the expression of different genes in the 26°C treatment group were detected by qPCR. The list of genes that needed to be detected at the mRNA level by qRT-PCR is shown in Figure 8, and the DNA primers used in qRT-PCR assay are listed in Supplementary Table S1. The qPCR results, which are representative from three independent experiments, were highly consistent with those of the RNA-seq analysis.
[image: Figure 8]FIGURE 8 | List of genes included in our structure analysis. (A, D) Overlap of Plasmodium mRNAs in the ring stage (A) and trophozoite stage (D) with adequate structure probing in vivo coverage between 26°C and 37°C temperature and with different expressions between two temperatures. (B, E) List of all genes with different expressions after cold response in the ring stage (B)/trophozoite stage (E) and with average nucleotide coverage above 2. Columns show, for each gene, the gene name, the FPKM value, the regulation, and gene description. Red color indicates high expression level and green color indicates low expression level. (C, F) qPCR analyses of transcriptional regulation [fold changes at 3 h and 26°C temperature stimulation to 37°C at 45 h (ring stage)/70 h (trophozoite stage)] after invasion. A comparison of the gene expression in different treated groups in the ring developmental stage between RNA-seq and qPCR. Fold changes in the expression of different genes in the 26°C treatment group were detected by qRT-PCR. The name of each gene is shown at the bottom. The qPCR results were highly consistent with the RNA-seq analysis. The data are representative of three independent experiments. Two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant (t test; SDs from three replicates).
RNA thermometers, in which changes in temperature lead to alterations in the 5′-UTR region of individual RNAs, usually modulate translation efficiency in bacteria (Kortmann and Narberhaus, 2012). For our analysis, we compared and identified whether the differential expression of transcripts occurred due to changes in the 5′-UTR structure of individual RNAs. Among all 15 differentially expressed RNAs in the ring stage and 13 differentially expressed RNAs in the trophozoite stage between different temperatures, our global map of the 5′-UTR of the RNA structure results showed that it has different icSHAPE scores (Table 1) and different predicted RNA secondary structures with icSHAPE scores (Supplementary Table S8 and Supplementary Figure S6). These results showed that the 5′-UTR region of the majority of mRNAs (except PF3D7_0513300 in the ring stage and PF3D7_1029600 and PF3D7_1449200 in the trophozoite stage) folded significantly differently in vivo at the two different temperatures and was also different from the predicted structure. As an additional confirmation of the structural information, we also predicted the in vitro RNA structures from the same samples and culture conditions using icSHAPE scores (Supplementary Figure S6). The global 5′-UTR of secondary structure probing maps at different temperature profiles can help us to reveal a large number of RNAT candidates in malaria parasites. Fourteen candidate genes, which were located on 14 different chromosomes and did not show differential expression after cold shock in the two stages, were selected, and the RNA secondary structures of the 5′-UTR region of the individual RNAs were drawn (Supplementary Table S8 and Supplementary Figure S6). The majority of those 14 genes have the same RNA structure.
TABLE 1 | List of the RNAT candidates according to cold stress in Plasmodium [columns show, for each gene, the name, annotation developmental stage, regulation, t-test, and average of icSHAPE scores of 5′-UTR (−1 to −200)].
[image: Table 1]Because in RNA structure some nucleotides that were crowded in vivo and/or protein binding can affect the prediction of RNA secondary structure even with icSHAPE scores, to more accurate identify temperature-responsive RNA structures of the above 25 genes (Supplementary Table S8, three genes are not only in the ring stage but also in the trophozoite stage) in Plasmodium, we compared in vivo and in vitro average icSHAPE scores of the 5′-UTR region (−200 to −1 from the start codon) measured at 26°C and 37°C (Table 1). To further evaluate the relationship between icSHAPE scores and RNA structure change, two-tailed paired Student’s t-test was applied in icSHAPE scores of the 5′-UTR region (−200 to −1 from the start codon) from 37°C in vivo to 26°C in vivo, 37°C in vivo to 37°C in vitro, 37°C in vitro to 26°C in vitro, and 26°C in vivo to 26°C in vitro, respectively. Because crowded nucleotides or protein binding can affect icSHAPE scores, only a p value <0.05 of two-tailed paired Student’s t-test was considered a functional RNAT. Finally, these results suggested that at least 11 genes are the most potential RNAT in Plasmodium after cold shock. In future research, it would be interesting to confirm the mechanisms of the RNATs found by reporter gene fusions or single-nucleotide changes in the RNAT regions.
Overall, our study adds to the accumulating evidence that suggests that the special RNA structure, especially 5′-UTR regions, has dramatic effects on the complex biological program of P. falciparum. Additional studies are needed to confirm the RNATs found in our study by single-nucleotide changes in the RNAT regions.
DISCUSSION
The development and transmittance of malaria parasite is based on complex environmental changes, and the parasite must face dynamic changes during their developmental cycles (Fang, 2004). Therefore, a quick response to these alterations need to be developed. Among these changes, temperature is the most determining factor for a mammalian pathogen entering its host (Righetti and Narberhaus, 2014). Temperature control is extremely important for malaria development, and fluctuations in ambient temperature can affect the development of P. falciparum in the host and mosquito (Fang and McCutchan, 2002; Qi et al., 2015). Thermoregulation of P. falciparum has been extensively studied for its regulation of rRNA, gametogenesis, drug response, and parasite sequestration in cerebral malaria (Singhaboot et al., 2019). Additionally, cold shock can affect parasite growth and alter the drug response of parasites and has been proposed for the therapy of CM. This study implies that low temperature treated-parasites display variations in the expression of several genes that have important functions in malaria growth and that parasites can respond to environmental temperature by reducing their transmission and replicative fitness. Some studies have illustrated the post-translation control mechanism, including the genetic and epigenetic mechanisms. However, the exact mechanism remains unknown.
The RNA secondary structure has recently been demonstrated as an essential factor that contributes to gene expression (Bevilacqua et al., 2016), such as transcription (Schmitz et al., 2010), RNA maturation (Buratti and Baralle, 2004), and translation initiation (Kutchko et al., 2015). RNATs are usually located in the 5′-UTR region and form a base-paired structure in bacteria (Kortmann and Narberhaus, 2012; Su et al., 2018). RNAT modulation plays a role in the differential regulation of individual genes in the infection and host adaptation processes of many organisms, such as Yersinia pseudotuberculosis (Righetti et al., 2016), Neisseria meningitidis (Loh et al., 2013), Pseudomonas aeruginosa (Grosso-Becerra et al., 2014), and Vibrio cholerae (Weber et al., 2014). Here, we performed a genome-wide RNA secondary structure study in vitro and in vivo during the parasites’ trophozoite and ring stages in the intra-erythrocytic developmental cycle in response to temperature changes. Our genome-wide icSHAPE recapitulates the results obtained by CE methods and can provide a genome-wide view of the RNA structure landscape of P. falciparum after cold shock.
This study identified some functional RNA structural elements, demonstrated that a dynamic RNA structurome responds to two different temperatures, and identified novel RNA thermometers. Our study adds to the accumulating evidence that febrile temperatures can suppress the growth and development of parasites with a maximal effect on trophozoites (Tinto-Font et al., 2021). We identified a global trend of significantly reduced average icSHAPE scores for entire transcripts at 26°C compared with those at 37°C in the trophozoite stage based on the icSHAPE in vivo, as well as icSHAPE in vitro. One possibility is that cold shock response mRNAs are more structured (low icSHAPE scores) in the trophozoite stage and may assume multiple conformations that have regulatory purposes.
A previous study in P. falciparum reported that the most abundant transcripts exhibited higher icSHAPE scores in human host body temperature (Qi et al., 2021). We also observed a sharp rise in average icSHAPE scores near the stop and start codons, which is associated with the efficiency of mRNA transcription. Consistent with this conclusion, we observed that the development of P. falciparum is connected to the RNA secondary structure, even in P. falciparum after cold shock. Cold-induced icSHAPE score changes were strongly correlated with cold-induced changes in transcript abundance. A directed analysis of the average icSHAPE score collected from the CDS regions and the UTR regions revealed that certain regions had significantly different icSHAPE scores after cold stress. Thus, at present, our experimental and computational conclusions suggest that these positions may provide candidate sites for the functional conformation of mRNA in response to low-temperature stress; however, their interaction with regulatory proteins needs to be tested further.
Based on a parallel analysis of RNA structures in our experimental and computational analysis, we mapped the 5′-UTR structures of 44 genes at two different temperatures. An interesting observation from our global map of the 5′-UTR of the RNA structure results is that the majority of mRNAs folded significantly differently in vivo at two different temperatures. These candidate 5′-UTRs of secondary structure probing maps at different temperature profiles can help reveal a large number of RNAT candidates in malaria parasites. These results imply that these features might favor changes in RNA structure in response to low-temperature stress conditions in parasites; however, the mechanism must be tested in the future. A possible RNAT was determined in P. falciparum, and our study provides the first structurome for post-transcriptome regulation in response to the temperature changes. Identifying cold response molecules will provide new clues for further understanding the virulence and development of P. falciparum.
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Plasmodium falciparum undergoes a series of asexual replications in human erythrocytes after infection, which are effective targets for combatting malaria. Here, we report roles of an ApiAP2 transcription factor PfAP2-EXP2 (PF3D7_0611200) in the intraerythrocytic developmental cycle of P. falciparum. PfAP2-EXP2 conditional knockdown resulted in an asexual growth defect but without an appreciable effect on parasite morphology. Further ChIP-seq analysis revealed that PfAP2-EXP2 targeted genes related to virulence and interaction between erythrocytes and parasites. Especially, PfAP2-EXP2 regulation of euchromatic genes does not depend on recognizing specific DNA sequences, while a CCCTAAACCC motif is found in its heterochromatic binding sites. Combined with transcriptome profiling, we suggest that PfAP2-EXP2 is participated in the intraerythrocytic development by affecting the expression of genes related to cell remodeling at the schizont stage. In summary, this study explores an ApiAP2 member plays an important role for the P. falciparum blood-stage replication, which suggests a new perspective for malaria elimination.
Keywords: Plasmodium falciparum, ApiAP2 transcription factor PfAP2-EXP2, transcription regulation, asexual replication, cell remodeling
INTRODUCTION
Malaria is still a major threat to public health with about two hundred million cases and four hundred thousand deaths each year (Li et al., 2019). Plasmodium falciparum infection begins when a mosquito bites a vertebrate host and injects sporozoites into its bloodstream. After the liver stage, parasites invade red blood cells and initiate repeated rounds of 48-h asexual replication cycle processing through ring, trophozoite and schizont stages. Parasites increase in number by multiplying in red blood cells and cause a series of symptoms like periodic fever and anemia (Josling and Llinás, 2015). In the blood stage, parasites could be sequestered and concentrated in tissues by adhesion to the host endothelium, leading to severe organ dysfunction (Wahlgren et al., 2017). Thus, it is the most useful strategy for malaria elimination to target the proliferative asexual life cycle (Haldar et al., 2018).
In P. falciparum, a total of 27 Apicomplexan AP2 (ApiAP2) family members have been identified, which is a conserved family known as containing at least one DNA binding domain similar to the Apetala2/ERF (ethylene response factor) (AP2/ERF) integrase domain in plants (Balaji et al., 2005; De Silva et al., 2008; Yamasaki et al., 2013; Jeninga et al., 2019). The majority of ApiAP2 transcription factors display stage-specific expression in the life cycle, suggesting that they might play distinct roles in the parasite development (Jeninga et al., 2019). So far, our knowledge about this family is limited to a few members. According to latest research, scientists have successfully knocked out 11 ApiAP2 transcription factors in P. falciparum and have gained a preliminary insight into their functions (Shang et al., 2021; Singh et al., 2021). PfAP2-G is recognized as the master positive regulator of sexual conversion between gametocyte commitment and development, while PfAP2-G5 and PfAP2-G2 work together as transcriptional repressors (Kafsack et al., 2014; Sinha et al., 2014; Poran et al., 2017; Xu et al., 2020; Shang et al., 2021; Singh et al., 2021). Another ApiAP2 family member, which is named PfAP2-I, has been reported to regulate the process of invasion (Santos et al., 2017). In addition, PfAP2-EXP is linked to transcriptional activation of the clonally variant exported protein families PfMC-2TM, RIFIN, and STEVOR (Martins et al., 2017). Periodic fever is a characteristic clinical feature of human malaria; PfAP2-HS regulates heat-shock response and protects human malaria parasites from febrile temperatures (Tintó-Font et al., 2021). In the asexual stage, PfSIP2 is involved in heterochromatin formation and genome integrity, and PfAP2-Tel is implicated in telomere biology (Flueck et al., 2010; Sierra-Miranda et al., 2017). There also exists an ApiAP2 factor, PfAP2-HC, without substantial function but as a core component of heterochromatin in malaria parasites (Carrington et al., 2021).
Here, we described the functions of an ApiAP2 factor, PF3D7_0611200, in the blood stage development of P. falciparum parasites by integrating multi-omics. We show that this transcription factor is required for the asexual development. Further functional investigations reveal that it is involved in the expression regulation of a number of genes encoding exported proteins. We thereby name this transcription factor as PfAP2-EXP2, since PfAP2-EXP has been identified previously (Martins et al., 2017).
MATERIALS AND METHODS
Parasite Culture
Plasmodium falciparum 3D7-G7 strain was cultured in O type fresh human erythrocytes as described previously in complete RPMI 1640 medium (Gibco) with 0.5% Albumax I (Invitrogen) and a gas phase maintained under 5% CO2, 5%O2 and 90% N2 at 37°C (Zhang et al., 2014). Parasites were regularly synchronized with repeated 5% sorbitol treatments at the ring stage. For assays on pfap2-exp2-ty1-glms parasites, cultures were tightly synchronized to a 5-h window by purification of schizont stage using Percoll-sorbitol gradients (70% Percoll and 40% Percoll) followed by 5% sorbitol treatment 5 h later (Lu et al., 2021).
Plasmid Construction
The pL6cs-ap2-exp2-ty1-glms and pL6cs-ap2-exp2-ty1-GFP plasmids were constructed as described previously (Ghorbal et al., 2014; Zhao et al., 2020). First, the guide RNA was annealed by complementary oligonucleotides and cloned into the pL6cs construct between XhoI and AvrII restriction enzyme sites. Then the C-terminal fragment of pfap2-exp2 with ty1-glms or ty1-gfp was cloned into AflII and AscI restriction sites. The constructed plasmids verified by sequencing were transformed into E. coli XL10 for amplification and purification. All primers used for construction are listed in Supplementary Table S1.
Generation of Transgenic Lines
Transfections were performed in uninfected red blood cells using 100 μg of purified pL6cs-ap2-exp2-ty1-glms or pL6cs-ap2-exp2-ty1-GFP plasmids together with 100 μg of pUF1-Cas9-BSD plasmids followed by the addition of purified schizont stage parasites (Zhao et al., 2020). Subsequently, parasites were cultured in the presence of 2.5 nM WR99210 and 2 μg/ml BSD (Invitrogen) until live parasites were refound in Giemsa’s solution-stained thin blood smears 3 weeks later. The sequences at the designed integration sites were examined by PCR of genomic DNAs followed by DNA sequencing to confirm genetic editing. The pfap2-exp2-ty1-glms strain was further cloned out by limiting dilution cloning (Fan et al., 2020). Primers used for verification are provided in Supplementary Table S1.
Growth Curve Assays
Pfap2-exp2-ty1-glms parasites were tightly synchronized to a 5-h window. Ring-stage parasites were plated at 0.5% parasitemia in a 6-well plate with 2% hematocrit in the presence or absence of 5 mM glucosamine (GlcN). Parasitemia was monitored periodically by counting parasites from Giemsa-stained thin blood smears in the next two cycles (Liu et al., 2020).
Western Blots
Sample preparation for western blot analysis was performed as previously described (Liu et al., 2020). Briefly, schizonts were released from erythrocytes with 0.15% saponin, resuspended with an equal volume of 2 × SDS–polyacrylamide gel electrophoresis (PAGE) protein loading buffer, and then heated for 5 min at 100°C before storing at -80°C. Proteins were separated by 10% SDS-PAGE, and then transferred to Immobilon-P transfer membranes (Millipore). Subsequent antibody incubation and membrane wash followed standard procedures. The primary antibodies used in this study included mouse anti-ty1 (Sigma, SAB4800032) at 1:1,000 and rabbit anti-aldolase (Abcam, ab207494) at 1:2,000. The horseradish peroxidase (HRP) conjugated secondary antibodies were used at 1:5,000, including goat anti-mouse IgG (Abcam, ab97040) and goat anti-rabbit IgG (Abcam, ab205718). HRP signals were detected using the ECL western blotting kit (GE healthcare). Especially, pfap2-exp2-ty1-glms parasites were tightly synchronized to a 5-h window and ring-stage parasites were diluted at 0.5% parasitemia with 2% hematocrit in the presence or absence of 5 mM glucosamine. At the second generation, 200 μL of schizont-staged samples were collected for western blotting.
Immunofluorescence Assays
The immunofluorescence assay was performed to detect the localization of PfAP2-EXP2 as described previously (Jing et al., 2018). Parasites were harvested, released, fixed by 4% paraformaldehyde (Electron Microscopy Sciences) at room temperature for 10 min, and washed by PBS. Prepared samples were incubated with the primary antibodies against ty1 (Sigma, SAB4800032) or GFP (Abcam, ab290) at 1:500 to 1:1,000, followed by the secondary antibodies AlexaFluor 488 goat anti-mouse IgG (ThermoFisher Scientific, A11029) or AlexaFluor 568 goat anti-rabbit IgG (ThermoFisher Scientific, A11036) at 1:500. Preparations were visualized with a Nikon A1R microscope at 60-100 × magnification and images were acquired with NIS Elements software and processed using Adobe Photoshop.
RNA-Seq
Pfap2-exp2-ty1-glms parasites were tightly synchronized to a 5-h window with or without 5 mM glucosamine treatment as described above. Samples were collected in TRIzol at ring (10–15 hpi, one biological replicate), trophozoite (25–30 hpi, two biological replicates) and schizont (40–45 hpi, three biological replicates) stages of the next cycle, respectively. Total RNA was extracted according to the manufacturer’s protocol (Zymo Research). Library preparation for strand-specific RNA-seq was first carried out by poly(A) selection with the KAPA mRNA Capture Beads (KAPA) and fragmentation to about 300–400 nucleotides (nt) in length. All subsequent steps were performed according to the KAPA Stranded mRNA-Seq Kit (KK8421). Libraries were sequenced on an Illumina HiSeq Xten system to generate 150 bp pair-end reads (Liu et al., 2019; Lu et al., 2021).
Chromatin Immunoprecipitation Sequencing
ChIP-seq assays were carried out in two biological replicates as previously described with minor modifications (Lopez-Rubio et al., 2013; Santos et al., 2017; Josling et al., 2020). Synchronized parasites were harvested at schizont stage and cross-linked immediately with 1% paraformaldehyde (Sigma) by rotating for 10 min at 37°C, then quenched with 0.125 M glycine for 5 min on ice. The parasites were resuspended with 50 ml of PBS and lysed with 0.15% saponin for 5 min on ice. The released nuclei were washed several times with PBS, then sonicated using an M220 sonicator (Covaris) at 5% duty factor, 200 cycles per burst, and 75 W of peak incident power to generate 100–500 bp fragments. The samples were diluted ten-fold with dilution buffer and precleared with Protein A/G magnetic beads (Thermo) for 2 hours at 4°C. The precleared chromatin supernatants, a small part of which were aliquoted as input controls, were incubated overnight at 4°C with 0.5 μg of antibodies against GFP (Abcam, ab290) and 20 μL of Protein A/G magnetic beads. The immunoprecipitates were washed with low salt wash buffer, high salt wash buffer, LiCl wash buffer, and TE buffer, then eluted with Elution Buffer. To reverse cross-link, the eluted samples were incubated overnight at 45°C and treated with RNase A at 37°C for 30 min and Proteinase K at 45°C for 2 hours. Finally, DNA was extracted using the MinElute PCR purification kit (Qiagen, 28006). In library preparation, 1.5 ng of ChIP-DNAs were end-repaired (Epicentre No. ER81050), added with protruding 3’ A base (NEB No. M0212L), and ligated with adapters (NEB No. M2200L). The Agencourt AMPure XP beads (Beckman Coulter) were then used for size selection and purification. Libraries were amplified using the KAPA HiFi PCR Kit (KAPA Biosystems, KB2500) with the following program: 1 min at 98°C; 12 cycles of 10 s at 98°C and 1 min at 65°C; finally, extension 5 min at 65°C. Library sequencing was conducted on an Illumina HiSeq Xten platform and generated 150 bp pair-end reads.
ChIP-Seq Analysis
To remove residual adapters and low-quality bases, read trimming was conducted with Trimmomatic (Bolger et al., 2014) using a 4 bp window and average window quality above 15. Clipped reads with a minimum length of 50 bp and average read quality above 20 were mapped to the P. falciparum 3D7 genome build 47 using Bowtie2 (Langmead and Salzberg, 2012) and default parameters. Peaks were identified using the--call-summits option of the MACS2 callpeak function (Zhang et al., 2008) and a q-value cutoff of 0.05. Log2-transformed ChIP/input fold enrichment signals were calculated with the MACS2 bdgcmp function and visualized with Gviz (Hahne and Ivanek, 2016).
GenomicRanges (Lawrence et al., 2013) assigned peaks to nearby target genes if they overlapped 5′ UTRs (<3 kb upstream of the translation start sites), gene body, and 3’ UTRs (<0.5 kb downstream of the translation stop sites). Functions enriched in the target genes were analyzed using malaria parasite metabolic pathways (MPMP) (Ginsburg, 2006), functional gene families, and clusterProfiler (Yu et al., 2012) [Benjamini-Hochberg (BH) adjusted p-value of <0.01].
Peaks were extended +/− 250 bp around summits. Those detected in both biological replicates were reserved for discovery of PfAP2-EXP2 DNA binding motifs between 6 bp and 10 bp using DREME (Bailey, 2011) as compared with random genomic regions of 500 bp.
RNA-Seq Analysis
RNA-seq reads were trimmed as described in the ChIP-seq analysis, then aligned to the 3D7 genome using HISAT2 (Kim et al., 2015) with the guide by the gene annotation and default parameters except--max-intronlen 5,000 --dta--rna-strandness RF. StringTie (Pertea et al., 2016) counted reads mapped to genes. Subsequently, edgeR (Robinson et al., 2010) analyzed differential gene expression (fold change of >2 and false discovery rate of <0.05). Over-representation analyses of MPMP pathways were performed on the differentially expressed genes using clusterProfiler (BH adjusted p-value of <0.01).
RESULTS
PfAP2-EXP2 is Required for the Blood-Stage Development of P. falciparum
Based on time-series expression profiling of intraerythrocytic developmental cycle in Plasmodium falciparum 3D7 strain (Toenhake et al., 2018), the mRNA level of pfap2-exp2 reaches its peak at trophozoite and schizont stages (Figure 1A). To gain an insight into the function of PfAP2-EXP2, we first attempted to directly disrupt its gene using the CRISPR/Cas9 knockout system, but it failed after five independent transfections with two different sgRNAs (data not shown). We speculated that PfAP2-EXP2 might be essential for parasite development during the asexual replications. Afterwards, a conditional gene knockdown strategy was adopted, which introduced a glucosamine inducible glms riboswitch element into the 3’ end of pfap2-exp2 gene (Figure 1B) (Liu et al., 2020; Carrington et al., 2021). After drug selection and limiting dilution cloning, we successfully obtained a 3D7/pfap2-exp2-ty1-glms transgenic knockdown parasite line. Then the genomic DNA of the transgenic parasite line was collected, and two sets of primers were used for conventional PCR detection to verify the correct editing of the pfap2-exp2 locus (Figure 1C). Furthermore, to examine knockdown efficiency, tightly synchronized ring stage 3D7/pfap2-exp2-ty1-glms parasites within 5 h window were treated with or without 5 mM glucosamine (GlcN) and harvested at late trophozoite and early schizont stages of the next generation. PfAP2-EXP2 protein level dramatically decreased upon exposure to the glucosamine (Figure 1D), indicating effective knockdown of the pfap2-exp2 gene by the glms riboswitch system.
[image: Figure 1]FIGURE 1 | PfAP2-EXP2 transcription factor is required for the blood-stage parasite development. (A) Expression profiles of pfap2-exp2 in Plasmodium falciparum 3D7 strain throughout the intraerythrocytic developmental cycle according to RNA-seq transcriptomic analysis (Toenhake et al., 2018). (B) Incorporation of a pfap2-exp2-ty1-glms construct into the pfap2-exp2 locus of the wildtype 3D7-G7 line by homologous recombination. F1, R1, and R2 indicate locations of diagnostic PCR primers. (C) The glucosamine inducible knockdown transgenic parasite line was confirmed by diagnostic PCR using primers indicated in (B). (D) Western blotting proved effective knockdown of the pfap2-exp2 gene by the glucosamine (GlcN) addition in the 3D7/pfap2-exp2-ty1-glms transgenic parasite line. (E) Immunofluorescence assays using anti-ty1 revealed perinuclear distribution of PfAP2-EXP2 in the 3D7/pfap2-exp2-ty1-glms rings and schizonts. (F) Growth curves of 3D7-G7 (left panel) and the 3D7/pfap2-exp2-ty1-glms line (right panel) in the presence or absence of glucosamine (+/− GlcN). Comparisons between (+) GlcN and (−) GlcN treatments were performed with student’s t-tests. *** indicates p-value < 0.001.
PfAP2-EXP2 was detected at the nuclear periphery in both rings and schizonts (Figure 1E), suggesting its involvement in transcriptional regulation the same as other ApiAP2 members (Josling et al., 2020; Singh et al., 2021). To investigate the effect of PfAP2-EXP2 on parasite viability, the conditional knockdown parasite line was tightly synchronized to a 5-h window and maintained with or without glucosamine. Repeated monitoring was performed by Giemsa-stained thin blood smears over three consecutive generations. Parental strain 3D7-G7 was also included in the growth curve analysis as a wild type control (Liu et al., 2020). Partial loss of PfAP2-EXP2 led to an approximate 40% reduction in the parasite growth rate (student’s t-test p-value < 0.001, Figure 1F). We examined the thin blood smears of the last cycle and found that the pfap2-exp2-ty1-glms parasites treated by the glucosamine still retained normal morphology. In conclusion, PfAP2-EXP2 plays an important role in the asexual proliferation of P. falciparum, but does not affect its morphology.
Role of PfAP2-EXP2 in Transcriptional Regulation at the Schizont Stage
Given the perinuclear distribution of PfAP2-EXP2, ChIP-seq assays were performed to explore its role in transcriptional regulation. To achieve this, we first constructed a C-terminal GFP tagged PfAP2-EXP2 transgenic parasite line using the CRISPR/Cas9 gene editing system (Figure 2A). The newly developed pfap2-exp2-ty1-gfp strain was verified by diagnostic PCR (Figure 2B). Western blotting validated the expression of PfAP2-EXP2 in this transgenic parasite line (Figure 2C). Moreover, immunofluorescence assays confirmed the perinuclear localization of PfAP2-EXP2 in rings and schizonts (Figure 2D).
[image: Figure 2]FIGURE 2 | Genome-wide occupancies of PfAP2-EXP2 at the schizont stage. (A) Generation of a pfap2-exp2 transgenic parasite line tagged with GFP at the C-terminus using the CRISPR/Cas9 gene editing system. (B) The GFP tagged PfAP2-EXP2 transgenic line was verified by diagnostic PCR using F1, R1, and R2 primers. (C) The expression of PfAP2-EXP2 in the 3D7/pfap2-exp2-ty1-gfp transgenic line was validated by western blotting. (D) Immunofluorescence assays using anti-GFP demonstrated perinuclear distribution of PfAP2-EXP2 in the 3D7/pfap2-exp2-ty1-gfp rings and schizonts. (E) Reads per kilobase of sequence range per Million mapped reads (RPKM) of ChIP, RPKM of input, and peaks in chromosomes 1 to 14 at the schizont stage detected by one of the two biological replicates of ChIP-seq for PfAP2-EXP2.
Then, to investigate transcriptional regulation by PfAP2-EXP2, ChIP-seq assays were performed on the pfap2-exp2-ty1-gfp schizonts using antibodies against GFP, which showed good reproducibility with a correlation higher than 0.9 (Pearson correlation coefficient = 0.96, Figure 2E and Supplementary Figure S1). PfAP2-EXP2 binding sites were observed near a total of 233 genes, including 136 heterochromatic genes and 97 euchromatic genes (Figure 3A; Supplementary Table S2), which suggested a strong preference of this ApiAP2 factor for targeting heterochromatic genes (BH adjusted hypergeometric test p-value = 3.09e-81 and enrichment ratio of heterochromatin targeting to euchromatin targeting = 17). In addition, no motifs were detected in euchromatic PfAP2-EXP2 binding sites, which is consistent with the previous report on motif characterization using protein binding microarrays (Campbell et al., 2010). Intriguingly, a specific DNA motif CCCTAAACCC was found at the heterochromatic PfAP2-EXP2 binding sites (Figure 3B). Thus, PfAP2-EXP2 might regulate heterochromatic and euchromatic genes by different mechanisms. PfAP2-EXP2 is mostly bound to the gene body regions of both heterochromatic and euchromatic genes (Figures 3C,D). A notable part of occupancies was also observed at 5’ UTR regions. Malaria Parasite Metabolic Pathway (MPMP) and functional family analyses of heterochromatic target genes revealed that PfAP2-EXP2 might participate in regulating multiple crucial pathways for parasite growth and development, such as HP1 enrichment values, structure of telomere and sub-telomeric regions, rosette formation between normal and infected RBCs, interactions between modified host cell membrane and endothelial cell, and candidate genes related to virulence (Figure 3E; Supplementary Table S3). No MPMP pathways were found to be enriched in PfAP2-EXP2 euchromatic target genes.
[image: Figure 3]FIGURE 3 | Characteristics of PfAP2-EXP2 occupancy. (A) Constitution of PfAP2-EXP2 target genes. Gene numbers are listed after functional categories. (B) A DNA motif discovered in heterochromatic binding sites. (C) PfAP2-EXP2 binding distribution at heterochromatic gene loci. (D) PfAP2-EXP2 binding distribution at euchromatic gene loci. (E) MPMP pathways and functional families enriched in PfAP2-EXP2 heterochromatic target genes at the schizont stage (BH adjusted enrichment p-values of <0.01).
PfAP2-EXP2 Impacts Gene Transcription Mainly at the Schizont Stage
To inspect roles of PfAP2-EXP2 in the asexual cycle of P. falciparum, we performed transcriptome analyses on the pfap2-exp2-ty1-glms parasites. Parasites were tightly synchronized to a 5-h window and cultured in the presence or absence of glucosamine (Figure 4A). After reinvasion, they were collected for RNA-seq at three time points, including 10–15 hpi, 25–30 hpi and 40–45 hpi (Figure 4A). The global transcriptome did not change much in the rings and trophozoites after PfAP2-EXP2 knockdown, and only less than 15 genes showed expression changes (Figures 4B,C; Supplementary Tables S4, S5). However, appreciable effects of PfAP2-EXP2 on gene transcription were observed at the schizont stage (Figures 4B,C; Supplementary Table S6). A total of 229 genes were altered on the expression level, out of which, 228 genes were downregulated by more than two times. Therefore, PfAP2-EXP2 regulates gene transcription mainly at the schizont stage, which is consistent with its peak expression from mid to late schizont stage. Furthermore, the genes downregulated in the PfAP2-EXP2 knockdown line included genes coding for exported proteins, invasion genes and genes involved in transcriptomic response of DHA treated K1 strain trophozoites (Figure 4D; Supplementary Table S7; Supplementary Figure S2), the first two functional groups of which are especially essential for parasite growth (Cowman et al., 2017; Frénal et al., 2017; Warncke and Beck, 2019).
[image: Figure 4]FIGURE 4 | Impacts of PfAP2-EXP2 on gene transcription. (A) The scheme of parasite collection for RNA-seq assays. (B) Transcriptome changes in the PfAP2-EXP2 knockdown rings, trophozoites, and schizonts, respectively (fold change of >2 and false discovery rate of <0.05). (C) Numbers of genes differentially expressed in the PfAP2-EXP2 knockdown rings, trophozoites, and schizonts, respectively. (D) MPMP pathways enriched in genes with expression downregulated by the PfAP2-EXP2 knockdown at the schizont stage (BH adjusted enrichment p-values of <0.01).
PfAP2-EXP2 Probably Participates in Cell Remodeling
Given that knockdown of pfap2-exp2 led to defects in the growth of asexual cycles, we focused on its impacts on exported proteins that are critical for cell remodeling. Ten genes coding for exported proteins were directly targeted by PfAP2-EXP2 with more than 50% expression reduction by the PfAP2-EXP2 knockdown as well, including EPF3 (Figures 5A,B), EPF4 (Figure 5C), and variant gene clusters. In addition, PfAP2-EXP2 directly activated skeleton-binding protein 1 (SBP1) (Figure 5D), secreted protein with altered thrombospondin repeat domain (SPATR) (Figure 5E), and thioredoxin-like protein 1 (TrxL1) (Figure 5F). SPATR protein is expressed around the rhoptries at the asexual erythrocytic stage and related to merozoite invasion (Chattopadhyay et al., 2003; Huynh et al., 2014). SBP1 plays an important role in transporting molecules to the surface of infected erythrocytes (Kats et al., 2015; Iriko et al., 2020). Even though the exact function of TrxL1 in Plasmodium falciparum is poorly understood, its orthologue in Toxoplasma gondii is a subunit of a microtubule-associated complex which regulates the cellular cytoskeleton in the cells (Liu et al., 2013). Thus, we speculated that PfAP2-EXP2 might affect the growth of Plasmodium falciparum in the asexual cycle through regulating cell remodeling process.
[image: Figure 5]FIGURE 5 | PfAP2-EXP2 binding sites at representative genes and their expression changes caused by the PfAP2-EXP2 knockdown at the schizont stage, including epf3 (A, B), epf4 (C), sbp1 (D), spatr (E), and trxl1 (F). For each gene locus, from the top to the bottom panels: log2 fold enrichment (FE) of PfAP2-EXP2 binding, reads per kilobase per million mapped fragments (RPKM) in the 3D7/pfap2-exp2-ty1-glms line without glucosamine treatment, and RPKM in the 3D7/pfap2-exp2-ty1-glms line with glucosamine treatment.
DISCUSSION
As the largest transcription factor family in Plasmodium, some ApiAP2 members are believed to be critical for the parasite development, such as AP2-I and AP2-G (Kafsack et al., 2014; Sinha et al., 2014; Santos et al., 2017). The function of pfap2-exp2 is still unclear. It can be mutated and is predicted to be nonessential for intraerythrocytic developmental cycle according to large-scale mutagenesis studies (Bushell et al., 2017; Zhang et al., 2018). However, we failed in knockouting pfap2-exp2 with attempts to delete a part of its CDS. Furthermore, our present study showed that PfAP2-EXP2 conditional knockdown led to growth restriction suggesting the requirement of PfAP2-EXP2 for the intraerythrocytic developmental cycle of P. falciparum, which is consistent with the role of its orthologue in P. yoelii (Zhang et al., 2017).
Based on perinuclear distribution, genome occupancy, and effects on gene expression, PfAP2-EXP2 functions as a transcriptional activator, which is stage-specific mainly at the schizont stage. In addition, its transcriptional regulation is highly restricted to genes participating in cell remodeling. In order to adapt to the host environment, malaria parasites excrete many proteins to the erythrocyte surface to alter the permeability and adhesion of the erythrocytes. The cell remodeling process aids in intracellular iron homeostasis and nutrient uptake to maintain parasite development (Yam et al., 2017; Beck and Ho, 2021; Jonsdottir et al., 2021). The most common exported proteins include knob associated histidine rich protein (KAHRP), ring-infected erythrocyte surface antigen (RESA), the Plasmodium helical interspersed subtelomeric-domain proteins (PHIST), and exported protein family (EPF) (Warncke et al., 2016; Matthews et al., 2019; Warncke and Beck, 2019). PfAP2-EXP2 can directly activate transcription of a set of cell remodeling-related genes, such as epf3, epf4, spatr, sbp1, and trxl1. Although the specific roles played by these proteins in the cell remodeling process are still unclear, we believe that they are associated with the impact of PfAP2-EXP2 on the parasite growth. In addition, PfAP2-EXP2 is probably engaged in artemisinin response. Artemisinin resistance is emerging as a new challenge to the globe despite more than a century of efforts to control and eradicate malaria (Haldar et al., 2018).
Interestingly, PfAP2-EXP2 shows a preference for targeting heterochromatic genes. Furthermore, PfAP2-EXP2 displays distinct patterns of regulating euchromatic and heterochromatic genes. Its recognition of euchromatic genes does not depend on specific DNA sequences.
Collectively, we characterized an ApiAP2 transcription factor PfAP2-EXP2 that plays an important role in the asexual replication cycle of P. falciparum. We propose that one of its functions is regulating the expression of genes coding for cell remodeling proteins which are closely related to the physiology and pathology of P. falciparum, and other metabolic mechanisms it is involved in need to be further investigated. The present study enables us to rethink the role of ApiAP2 transcription factor in transcriptional regulation and also sheds a new light on the investigation of the metabolic mechanism of P. falciparum.
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Protein serine/threonine phosphatases (PSPs), found in various plants and protozoa, are involved in the regulation of various biological processes. However, very little is known about the role of PSPs in the pathogenicity of the apicomplexan protozoan Toxoplasma gondii. Herein, the subcellular localization of 17 PSPs (PP5, PP7, EFPP, SLP, PPM3F, PPM4, PPM5A, PPM5B, PPM6, PPM8, PPM9, PPM12, PPM14, PPM18, CTD1, CTD2, and CTD3) was examined by 6× HA tagging of endogenous genes in C-terminal. The PSPs were detected in the cytoplasm (PP5, EFPP, PPM8, and CTD2), dense granules (SLP), nucleus (PPM4 and PPM9), inner membrane complex (PPM12), basal complex (CTD3), and apical pole (PP7). The remaining PSPs exhibited low or undetectable level of expression. To characterize the contribution of these genes to the infectivity of T. gondii, knock-out (KO) strains of type I RH strain deficient in the 17 psp genes and KO type II Pru strain deficient in pp7 and slp genes were constructed. The pathogenicity of individual RHΔpsp mutants was characterized in vitro using plaque, egress, and intracellular replication assays, and mouse infection, while pathogenicity of PruΔpp7 and PruΔslp mutant strains was evaluated by examining the parasite lytic cycle in vitro and assessment of brain cyst burden in mice. No significant differences were observed between 16 RHΔpsp strains and wild-type (WT) RH strain. However, RHΔpp7 exhibited significantly lower invasion efficiency and parasitophorous vacuole formation in vitro, and less virulence in mice compared with other RHΔpsp and WT strains. In addition, PruΔpp7 exhibited marked attenuation of virulence and significant reduction in the brain cyst burden in mice compared with PruΔslp and WT strains, suggesting the key role of PP7 in the virulence of T. gondii. Comparative transcriptomic profiling of the 17 psp genes showed that they may play different roles in the pathogenesis of different genotypes or life cycle stages of T. gondii. These findings provide new insight into the role of PSPs in the pathogenesis of T. gondii.
Keywords: Toxoplasma gondii, protein serine/threonine phosphatases, PP7, subcellular localization, virulence, host-pathogen interaction
INTRODUCTION
The causative agent of toxoplasmosis, Toxoplasma gondii, is an obligate intracellular protozoan parasite (Robert-Gangneux and Dardé, 2012; Smith et al., 2021), which can infect many warm-blooded animals and humans (Elsheikha et al., 2021). Humans acquire infection via waterborne transmission, foodborne transmission, and congenital (transplacental) infection (Yarovinsky, 2014). T. gondii infection in immunocompetent individuals generally do not lead to illness; however, infection of immunocompromised individuals such as those with AIDS or malignancies, can lead to encephalitis and retinochoroiditis or even death (Wang et al., 2017). Congenital infection of the fetus can cause neonatal blindness and cognitive impairment (Wang et al., 2017; Elsheikha et al., 2021). Current anti-Toxoplasma medications are not highly effective and often cause adverse effects (Holland and Joseph, 2017). Additionally, there remains no vaccine effective for the treatment or prevention of T. gondii infection. Therefore, there is a need for the identification of new pharmacological targets for the development of novel therapeutics for toxoplasmosis.
T. gondii is exquisitely adapted to invade and colonize host cells and utilizes virulence factors secreted by the specialized organelles, micronemes, rhoptries, and dense granules, to colonize the host cell cytoplasm, proliferate within a parasitophorous vacuole (PV), and egress from the host cell to infect new cells and repeat this lytic cycle (Lebrun et al., 2014). There are several atypical cyclins and cyclin-dependent kinases (CDKs)-related kinases (CRKs) in T. gondii, suggesting that phosphorylation events play a role in the cell cycle of the parasite (Gubbels et al., 2008; Alvarez and Suvorova, 2017). Among these, calcium dependent phosphorylation, which is regulated by calcium dependent protein kinases (CDPKs), plays prominent roles in the apicomplexan protozoa (Lourido et al., 2010; Uboldi et al., 2015). T. gondii encodes at least 14 CDPKs, most of which play a role in the infection cycle, including invasion, motility, colonization, and egress (Long et al., 2016; Wang et al., 2018). For example, CDPK1 is involved in a signaling pathway that contributes to the motility, invasion, and egress of T. gondii (Lourido et al., 2010). Deletion of cdpk2 causes abnormal accumulation of amylopectin granules in the tachyzoites and renders T. gondii Pru strain unable to establish chronic infection in mice (Uboldi et al., 2015; Wang et al., 2018). CDPK3 changes the phosphorylation state of the motor protein myosin A (MyoA) and stimulates the rapid egress of the parasite (Garrison et al., 2012).
Reversible phosphorylation mainly occurs in serine, threonine, and tyrosine, which affects the lytic cycle and pathogenicity of T. gondii via regulating the structure and function of proteins (Cieśla et al., 2011; Yang and Arrizabalaga, 2017). Protein serine/threonine phosphatases (PSPs) are a major category of phosphorylation phosphatases, which include three major families: phosphoprotein phosphatases (PPPs), Mg2+/Mn2+-dependent protein phosphatases (PPMs), and aspartate-based phosphatases (FCP/SCP) (Shi, 2009; Yang and Arrizabalaga, 2017). T. gondii contains the complete set of all PPP subfamilies (protein phosphotase 1 (PP1), PP2A, PP2B (a.k.a. calcineurin), PP4, PP5, PP6, and PP7) (Yang and Arrizabalaga, 2017). In addition, the apicomplexan parasites have its unique kelch-like domain containing protein phosphatase (PPKL) subfamily, bacterial-like phosphatase subfamily (Shewanella-like phosphatase, SLP) and EF-hand motif (EFPP) of phosphatase subfamily in the PPPs family (Kutuzov and Andreeva, 2008; Philip et al., 2012; Kerk et al., 2013).
The functions of TgPP1 and TgPP2B have been reported. Exposure to PP1 inhibitors reduces the invasion of T. gondii, and PP2B is involved in the attachment and invasion of T. gondii (Daher et al., 2007; Paul et al., 2015). PP2C protein phosphatases are the main subfamily of PPMs which requires Mg2+/Mn2+ phosphatase activity. In contrast to PPPs, PPMs do not have catalytic and regulatory subunits, but a single polypeptide monomer, and there is limited similarity between the two families at the amino acid level (Yang and Arrizabalaga, 2017). PP2Chn is the first member of PPMs family to be studied, and T. gondii lacking PP2Chn has limited growth ability in vitro (Gilbert et al., 2007). Little is known about the roles of aspartate-based phosphatases in T. gondii, which have eight hypothetical FCP/SCP family phosphatases.
To improve the understanding of the role of psp genes in the pathogenesis of T. gondii, the present study was conducted to elucidate the biological functions of 17 psp genes (pp5, pp7, efpp, slp, ppm3f, ppm4, ppm5a, ppm5b, ppm6, ppm8, ppm9, ppm12, ppm14, ppm18, ctdspl1, ctdspl2, and ctdspl3 (abbr. ctd1, ctd2 and ctd3) in T. gondii type I RH strain and two psp genes (pp7 and slp) in type II Pru strain. Although these 17 psp genes have phenotype values that ranged from −0.81 to 1.75 (Sidik et al., 2016), which may be dispensable for the growth of parasites in vitro, it remains unclear if deletion of these genes can directly affect the pathogenicity in vitro and in vivo of the parasite. The present study was performed to elucidate the role of these genes in the fitness of T. gondii. Our data suggest that one of these psp genes plays an indispensable role in the growth capability and virulence of T. gondii.
MATERIALS AND METHODS
Mice
Female Kunming mice (7–9 weeks old) were obtained from the Center of Laboratory Animals of Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The mice were housed under specific pathogen-free and environmentally enriched conditions with 12-h light/dark cycle and free access to commercial pelleted food and water. The mice were adapted to the environment for at least 1 week prior to the conduction of the experiment (Wang et al., 2020b). The study protocol was reviewed and approved by the research ethics committee of Lanzhou Veterinary Research Institute (Permit No. 2021-002). All the experiments were carried out in accordance with the approved guidelines.
Parasite culture and purification
The tachyzoites of T. gondii strains (type I: RHΔku80 referred as RH and type II: Pru) were grown in monolayers of human foreskin fibroblasts (HFFs, ATCC, Manassas, VA, USA) as described previously (Cao et al., 2019; Wang et al., 2020a). The parasite culture was maintained in Dulbecco’s modified Eagle medium (DMEM) containing 2% fetal bovine serum (FBS), 10 mM HEPES (pH 7.2), 100 U ml−1 penicillin, and 100 μg ml−1 streptomycin at 37°C and 5% CO2. To purify the tachyzoites, infected HFF monolayers that have shown >80% destruction with many extracellular tachyzoites were scraped off and the remaining infected HFF cells were lysed by passing through a 27-gauge needle. The purified tachyzoites were harvested by using a 5-μm Millipore filter and counted using a hemocytometer.
Construction of protein serine/threonine phosphatasess knockout strains
All RHΔpsp strains were generated using the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology as previously described (Wang et al., 2020a). All the primers used for the construction of the knock-out strains are listed in the Supplementary Table S1. Briefly, the specific CRISPR plasmids of the corresponding PSPs were engineered by substituting the UPRT targeting guide RNA in pSAG1:CAS9-U6:sgUPRT with SgRNA of each PSP, as previously described (Wang et al., 2020a). To construct 5HR-DHFR-3HR homologous templates of PSPs, the 5′ and 3′ homologous arms of genes flanking PSPs were amplified from T. gondii genomic DNA, and the DHFR gene was amplified from pUPRT-DHFR-D plasmid according to the Gibson assembly kit protocol (New England Biolabs, USA). The three fragments were then ligated into plasmid pUC19 to replace the coding region of the PSPs, as previously described (Wang et al., 2020a). The corresponding gene-specific CRISPR plasmid (∼40 μg) and the homologous template fragment of 5HR-DHFR-3HR (∼15 μg) were co-transfected into freshly egressed tachyzoites. The transfectants were selected by 3 μM pyrimethamine using limiting dilution in 96-well tissue culture plates (Thermo Scientific) as previously described (Wang et al., 2020a). Verification of the mutant strains was performed using PCRs.
Epitope tagging and immunofluorescence detection of protein serine/threonine phosphatases
To determine the distribution of PSPs in type Ⅰ T. gondii RH strain, C-terminal endogenous tagging was performed as previously described (Zhang et al., 2021). The specific primers of each TgPSP were designed, and a fragment containing approximately 42 bp of the 3′ region of the psp gene (without the STOP codon), 6 × HA tag products were amplified by using p6 × HA-LIC-DHFR as a template. Similarly, TgPSP-specific CRISPR plasmid (∼40 μg) and purified fragment (∼15 μg) were co-transfected into the RH strain. Primers used for the construction of epitope-tagged strains are listed in the Supplementary Table S2. The positive clones were identified by PCRs.
To identify where PSPs reside within the host cell, we used indirect immunofluorescence assay (IFA). Briefly, epitope-tagged strains were used to infect HFF monolayers for 24 h. Cells infected with the WT strain were used as controls. The infected cells were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), permeabilized with 0.2% Triton X-100 in PBS, and blocked with 3% bovine serum albumin in PBS. The cells were then incubated with primary antibodies, including rabbit anti-IMC1 (1:1,000), mouse anti-HA (1:1,000), rabbit anti-HA (1:1,000), rabbit anti-GRA12 (1:500), or rabbit anti-ISP1 (1:500) (prepared in our laboratory) overnight and washed five times with ice-cold PBS. Subsequently, secondary antibodies: Alexa Fluor 488 goat anti-rabbit IgG (H + L) (1:1,000) and Alexa Fluor 594 goat anti-mouse IgG (H + L) (1:1,000) (Invitrogen, USA) were incubated with the samples for 1 h at 37°C, followed by washing five times with ice-cold PBS. Nuclei were stained with DAPI (4′,6-diamidino-2-phenylindole). Images were captured using a Leica confocal microscope (TCS SP52, Leica, Germany) (Wang et al., 2020a).
Effect of protein serine/threonine phosphatases genes deletion on plaque formation of T. gondii RH strain
The size of plaques (cell monolayer areas devoid of cells) produced in the cell monolayers post infection is commonly used as an indicator of growth, where parasite strains that produce few and small plaques are considered less energetic. Here, we compared the growth rate of RHΔpsp and wild-type (WT) strains in HFFs using plaque assays. Briefly, ∼200 tachyzoites of each of RHΔpsp and WT strains, and ∼500 and 5,000 tachyzoites of PruΔpp7, PruΔslp, or WT strains were, respectively, inoculated into confluent HFF monolayers grown in 12-well tissue culture plastic plates (Thermo Scientific) and incubated at 37°C in a humidified environment with 5% CO2 for 7 days. The culture medium was then discarded and infected cells were fixed in 4% PFA for 30 min. To visualize plaques, fixed cells were stained with 2% crystal violet in PBS for 30 min at ambient temperature. The size and number of each plaque were determined by using a scanner as previously described (Wang et al., 2020a). The experiments were performed three independent times, each with three technical replicates.
Effect of protein serine/threonine phosphatases genes deletion on intracellular replication of T. gondii RH strain
We examined whether psp genes play any role in the intracellular replication rate of T. gondii. Briefly, freshly egressed 105 tachyzoites of RHΔpsp and WT strains were added to a confluent HFF monolayer growing on six-well plates (Thermo Scientific). Tachyzoites were allowed to infect HFFs for 1 h and then infected monolayers were washed several times with ice-cold PBS to remove unbound tachyzoites. The plates were incubated at 37°C and 5% CO2 for further 23 h. Subsequently, the samples were fixed with 4% PFA and stained with mouse anti-SAG1, followed by Alexa Fluor 488 goat-anti mouse IgG. At least 200 PVs were counted in each well to determine the number of intracellular tachyzoites produced by each strain. The data were obtained from three independent experiments.
Effect of protein serine/threonine phosphatase gene deletion on egress of T. gondii RH strain
Approximately 105 of RHΔpsp or WT tachyzoites per well were added into 12-well culture plastic plates containing monolayers of HFFs. The plates were maintained at 37°C and 5% CO2 for 1 h to allow tachyzoites to invade host cells. Then unbound parasites were removed with PBS, and fresh DMEM medium was added. After 30–36 h, the cells were treated with 3 μM calcium ionophore A23187 in DMEM (preheated at 37°C). Once the parasites started to exit the host cell, the coverslips were immediately fixed and the percentage of PVs was counted (Li et al., 2020). The experiments were performed three times.
Effect of pp7 deletion on parasite invasion and parasitophorous vacuole formation
About 2 × 106 freshly egressed tachyzoites of RHΔpp7 and WT strains were added into HFFs grown on coverslips for 30 min and then were washed with sterile PBS three times to remove unattached tachyzoites followed by fixation with 4% PFA. The primary antibody rabbit anti-IMC1 (1:1,000 dilution for 1 h) and secondary antibody Alexa Fluor 488 goat anti-rabbit IgG (H + L) (1:1,000 dilution for 1 h) were added. The cells were washed three times with PBS to remove unbound antibodies, and permeabilized with 0.1% Triton X-100 in PBS. A second round of immunolabeling was carried out using a primary antibody (rabbit anti-IMC1, 1:1,000 dilution for 1 h) and a secondary antibody (Alexa Fluor 594 goat anti-rabbit IgG (H + L), 1:1,000 dilution for 1 h). The parasite invasion efficiency was determined by calculating the ratio of green-labeled/total tachyzoites detected in 20 microscopic fields per sample for each strain, as described previously (Leung et al., 2019).
The PV formation assay was performed by adding ∼5 × 105 freshly egressed tachyzoites of RHΔpp7 or WT strain into confluent HFF monolayers grown on 12 wells for 30 min. Unattached tachyzoites were discarded by washing three times with PBS. Cells were incubated for 24 h before fixation with 4% PFA. Rabbit anti-IMC1 was used as a primary antibody, followed by secondary antibody Alexa Fluor 594 goat anti-rabbit IgG (H + L). For each sample, the number of PVs was randomly determined in at least 20 microscopic fields.
Role of protein serine/threonine phosphatases in acute and chronic infection
To examine the role of psps in acute infection, freshly egressed tachyzoites were used to infect mice (6 mice/strain) by injecting 100 tachyzoites of RHΔpsp strains or WT strain in 200 μl PBS intraperitoneally (i.p.). Control mice were inoculated i.p. with 200 μl PBS only. We performed plaque assays in parallel to ensure that an accurate number of viable tachyzoites of each strain was used to infect the mice. To investigate the role of two psps (pp7 and slp) in chronic infection, the mice were i.p. inoculated by low (500 tachyzoites) or high (5,000 tachyzoites) dose of PruΔpp7 and PruΔslp (10 mice/strain). The infected mice were monitored at least twice daily for the clinical signs of toxoplasmosis, and the mice that have reached their humane endpoint were euthanized immediately. Thirty days post infection of mice by Pru, PruΔpp7, or PruΔslp, mouse brains were harvested, homogenized in 1 ml of PBS, and the parasite cyst’s burden in the brain homogenates was determined as described previously (Wang et al., 2018).
Bioinformatics analysis of protein serine/threonine phosphatases
Genomic data (the number of exons, phenotype, and signal peptide) and transcriptomic data [cell cycle expression profiles (RH), tachyzoite transcriptome during invasion (RH), and oocyst, tachyzoite, and bradyzoite developmental expression profiles] of 17 PSPs were obtained from https://toxoDB.org. PSP gene expression analysis was performed using Robust Multiarray Average (RMA) algorithm of the Partek Genomics Suite package (Partek, Inc., St Louis, MO, United States).
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 8.4.0 for MacOS (GraphPad Software, La Jolla, CA, USA). Two-tailed unpaired Student’s t-test and one-way analysis of variance (ANOVA) were used to analyze the difference between infected and control groups. Error bars in the figures represent the standard deviation. p values <0.05 were considered statistically significant.
RESULTS
Localization of 17 protein serine/threonine phosphatases proteins in type I RH strain
To investigate the subcellular localization of 17 PSPs, a 6 × HA tag was introduced into the C-terminus of these genes. All 17 psp genes were successfully tagged with 6 × HA as confirmed by PCR and DNA sequencing. The expression of seven PSPs, including PPM3F, PPM5A, PPM5B, PPM6, PPM14, PPM18, and CTD1 were low or undetectable in T. gondii RH tachyzoites. IFA results showed that PP5, EFPP, PPM8, and CTD2 were detected in the tachyzoite cytoplasm (Figure 1). However, the fluorescence of PPM8 was extremely dim and the accurate subcellular localization was not determined. SLP was localized in the cytoplasm and also appeared in dense granules (Figure 1). To further investigate the localization of this protein, we co-localized SLP with dense granules protein 12 (GRA12), and found that SLP was partly co-localized with GRA12 (Figure 2). PPM4 and PPM9 were detected in the nucleus of tachyzoites as revealed by DAPI staining (Figure 2). CTD3 accumulated in the tachyzoite basal complex in a punctate manner, which was similar to the partial localization of T. gondii Centrin2 (TgCEN2) (Figure 1) (Leung et al., 2019). As shown in Figure 1, the localization of PP7 coincides with the boundary between the apical cap of the parasite and the inner membrane complex (IMC). However, the localization of PP7 was predicted to be in the cytosol through hyperLOPIT in ToxoDB (https://toxodb.org/toxo/app) (Barylyuk et al., 2020). Further co-localization of PP7 with the IMC sub-compartment proteins (ISPs) (ISP1) showed that it is associated with ISP1 (Beck et al., 2010), confirming that PP7 is indeed located in the apical pole of tachyzoites (Figure 2). Interestingly, PPM12 was highly expressed when it was in endogenous division, located in the IMC, and mainly in the basal complex, which is consistent with its hyperLOPIT prediction and cell cycle expression (Figures 1 and 2; Supplementary Figure S1) (Behnke et al., 2010; Barylyuk et al., 2020).
[image: Figure 1]FIGURE 1 | Subcellular localization of the protein serine/threonine phosphatases (PSPs) in Toxoplasma gondii RH strain. Human foreskin fibroblast (HFF) cells were infected with tachyzoites expressing HA tagged PSPs (PP5, PP7, EFPP, SLP, PPM4, PPM8, PPM9, PPM12, CTD2, and CTD3) for 24 h, and stained with antibodies against the HA epitope (red) and IMC1, a component of the inner membrane complex (green). The results showed that PP5, EFPP, PPM8, and CTD2 were located in the parasite cytoplasm. PP7, SLP, PPM4/PPM9, PPM12, and CTD3 were located in the parasite apical pole, dense granules, nucleus, inner membrane complex (IMC), and basal complex, respectively. Wild type (WT) tachyzoites did not show any staining. Scale bars = 2 μm.
[image: Figure 2]FIGURE 2 | Verification of the localization of PP7, SLP, PPM4, PPM9, and PPM12. (A) PP7 was located in the apical pole and associated with the apical marker (ISP1). SLP appeared as several small puncta in the dense granules of tachyzoites. PPM4 and PPM9 were located in the nucleus as indicated by 4′,6-diamidino-2-phenylindole (DAPI) staining. (B) The expression of PPM12 in cell cycle G1, early M/C, and late M/C. PPM12 was expressed in M/C and localized in the plasma membrane, mainly in the basal complex. G1, G1 phase of cell cycle; M/C, completion of mitosis and budding. Arrows indicate basal complexes. Scale bars = 2 μm.
Disruption of protein serine/threonine phosphatases in type I and type II T. gondii strain
CRISPR-Cas9 system-mediated homologous recombination technology was used to knock-out the 17 psp genes (Figure 3A). The PSPs targeting the CRISPR-Cas9 plasmids and the templates 5HR-DHFR-3HR were co-transfected into RH tachyzoites so that the coding region of PSPs was homologously replaced by 5HR-DHFR-3HR, and single clones were obtained by using drug selection and limiting dilution. The expected small fragments (∼600–700 bp) were amplified using diagnostic PCR in the WT strain, while in the KO strains, these fragments were not amplified (Figure 3B). The replacement of homologous fragments was also examined by PCR, which amplified an ∼1,000–1,500 bp fragment, which was not detected in the WT strain (Figure 3B). The results showed that 17 psp genes were completely knocked-out using CRISPR-Cas9, and that RHΔpsps, PruΔpp7, and PruΔslp were successfully constructed.
[image: Figure 3]FIGURE 3 | Construction of 17 protein serine/threonine phosphatases (PSPs) knock-out mutant of T. gondii RH strain. (A) Schematic illustration showing the replacement of the coding sequence of psp genes by CRISPR-Cas9 method. (B) PCR1 and PCR3 were used to detect 5′ and 3′ integration of homologous fragment, respectively, while PCR2 was used to detect whether the PSP genes were successfully replaced.
Effect of protein serine/threonine phosphatase gene deletion on plaque formation
Tachyzoites of RHΔpsp and WT strains were allowed to infect confluent HFF monolayers in 12-well culture plates. Following incubation for 7 days, plaques produced by the growth and proliferation of the parasite were visualized by staining with crystal violet. As shown in Figure 4A, there was no significant difference in the size and number of plaques between the 16 RHΔpsp strains and WT strain, while the size and number of plaques produced by RHΔpp7 were significantly reduced (Figures 4B, C).
[image: Figure 4]FIGURE 4 | The lytic cycle of RHΔpsp and wild type (WT) strains. (A) Representative photographs of plaques observed in HFFs infected by 16 RHΔpsp and the WT strains. No significant differences in the number or size of plaques produced by any of the RHΔpsp strains compared with WT strain. (B) Representative photographs of plaques observed in HFFs infected RHΔpp7 tachyzoites compared with those produced by WT strain and their corresponding plaque sizes (C). Results showed a significant reduction in the number and size of plaques produced by the RHΔpp7 compared with WT strain. Each symbol represents a plaque. ***p < 0.001. All images are representative of results from three independent experiments.
Effect of protein serine/threonine phosphatases genes deletion on parasite replication and egress
To evaluate the role of PSPs in intracellular replication of tachyzoites, HFFs were infected with RHΔpsp and WT strains, and after 24 h, the numbers of tachyzoites inside the PVs were counted. The results showed no significant differences in the replication rate of tachyzoites within the PV between any of the 17 RHΔpsp strains and the WT strain (Figure 5A). We further investigated whether PSPs play a role in the parasite egress. HFFs were infected with equal number of tachyzoites of the RHΔpsp strains and WT strain. When the number of tachyzoites inside the PVs exceeded 32, the infected cells were treated with 3 µM calcium ionophore A23187 and fixed as soon as the egress process started. The results demonstrated that there were no significant differences in the percentages of parasite egress between the 17 RHΔpsp strains and WT strain (Figure 5B). These results show that infection by any of the 17 RHΔpsp strains did not cause any significant alteration in the ability of the parasite to proliferate or exit the host cells.
[image: Figure 5]FIGURE 5 | Intravacuolar replication, egress, invasion and parasitophorous vacuole formation in of RHΔpsp and WT strains. (A) Parasite replication was evaluated by counting the number of parasitophorous vacuole (PV) containing 1, 2, 4, 8, or 16 tachyzoites. At least 200 PVs were analyzed for each strain. RHΔpsp and WT strains have similar intracellular parasite replication kinetics. (B) No differences were detected in tachyzoites egress of the PVs between WT and RHΔpsp strains after adding 3 µM calcium carrier A23187 to the culture medium. (C) RHΔpp7 had significantly reduced invasion efficiency compared with the WT strain. (D) RHΔpp7 produced significantly less PV compared with WT strain. Each symbol represents a PV. n.s., not significant; *p < 0.05; ***p < 0.001, compared with the WT control.
Early stages of T. gondii RH infection are affected by deletion of pp7
Given that RHΔpp7 generates smaller and fewer plaques compared with the WT strain, we hypothesized that deletion of pp7 reduces parasite invasion. To test this hypothesis, we first determined whether early steps of the parasite infection cycle (e.g., invasion) are affected by pp7 deletion. HFF cell monolayers were infected by equal number of tachyzoites of RHΔpp7 and WT strains for 30 min. Then the ratio of intracellular tachyzoites to total number of tachyzoites was determined for each strain. We found that the ratio of intracellular to total number of tachyzoites was significantly lower in cells infected by RHΔpp7 compared with the WT strain (p < 0.05) (Figure 5C). We also determined number of PVs formed by each strain 24 h after infection. The number PVs formed by RHΔpp7 were significantly lower than that WT (p < 0.001) (Figure 5D).
Virulence analysis of protein serine/threonine phosphatases in mice
We assessed whether the deletion of 17 psp genes could alter the virulence of T. gondii RH strain. Approximately 100 tachyzoites of each RHΔpsp strain and WT strain were injected i.p. into Kunming mice, and the mice were monitored for the development of illness. Mice infected by each of the 16 RHΔpsps (PP5, EFPP, SLP, PPM3F, PPM4, PPM5A, PPM5B, PPM6, PPM8, PPM9, PPM12, PPM14, PPM18, CTD1, CTD2, CTD3) and WT strain reached their humane endpoint within 8–11 days, indicating that these genes do not contribute to parasite virulence in mice (Figure 6A). However, the mice infected with RHΔpp7 strain had better survival than the mice infected with the WT strain (p < 0.01) (Figure 6B).
[image: Figure 6]FIGURE 6 | Survival curves of Kunming mice infected with T. gondii WT strain or PSP-deficient strains. Mice were checked twice daily by two independent observers for clinical signs and a Kaplan–Meier survival curve plotted of mice that have reached their humane endpoints. (A) Each group (n = 6 mice) of mice were injected intraperitoneally (i.p.) with 100 tachyzoites of the indicated strains. (B) Compared with the WT strain, the probability of survival of RHΔpp7-infected mice was significantly increased, indicating the attenuation of RHΔpp7. (C,D) Each group of mice (= 10) were injected i.p. with 5,000 (Pru, PruΔslp, or PruΔpp7), or 500 (Pru, or PruΔpp7) tachyzoites of the indicated strains. (E,F) Parasite cyst burdens were quantified in the brains of mice that remained alive at 30 days of infection with 5,000 (Pru, PruΔslp, or PruΔpp7), and 500 (Pru or PruΔpp7) tachyzoites. (G,H, I,J) Plaque assay using 5,000 (Pru, PruΔslp, and PruΔpp7) and 500 (Pru and PruΔpp7) tachyzoites revealed no significant differences in the number or size of plaques produced by PruΔslp vs. Pru strain. However, the PruΔpp7 strain has produced significantly less plaques compared with Pru and PruΔslp. Infection with 500 tachyzoites showed that plaques formed by PruΔpp7 were significantly lower than those produced by Pru strain. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001, compared with the control Pru strain.
We also investigated the role of pp7 and slp in chronic infection. We evaluated the effects of i.p. inoculation by high dose (5,000 tachyzoites) of PruΔpp7 and PruΔslp on mice. The results showed that deletion of slp in Pru strain did not reduce the parasite virulence. However, PruΔpp7, similar to RHΔpp7, significantly reduced the virulence of T. gondii in mice infected with 5,000 tachyzoites compared with WT and PruΔslp (Figure 6C). Results of the parallel plaque assay showed that the size and number of plaques formed by PruΔpp7 were significantly lower than that produced by WT and PruΔslp (p < 0.05) (Figures 6G, I).
Kunming mice in Figure 6C that remained alive at 30 days after infection were euthanized, and the number of cysts in the mouse brain was determined. As shown in Figure 6E, there was no significant difference between the brain cysts formed by WT and PruΔslp; however, the brain cyst burden formed by PruΔpp7 was significantly lower than that detected in mice infected by WT or PruΔslp (p < 0.05).
In view of the attenuated virulence of PruΔpp7, we performed a low dose infection with 500 tachyzoites. As shown in Figures 6D, F, H, ,J no death was observed in mice infected with 500 PruΔpp7, and the parasite cyst burden and number of plaques of PruΔpp7 were significantly lower than that of WT, suggesting that loss of pp7 gene in Pru strain markedly attenuated the virulence of the tachyzoites.
Expression analyses of protein serine/threonine phosphatases in T. gondii
To investigate the transcription levels of 17 PSP genes in different genotypes, cell cycles and life cycle stage of T. gondii, we analyzed microarray transcriptomic data in the ToxoDB (https://toxodb.org/toxo/app). Based on the transcriptional profiles of different genotypes (Type I, II, and III) of T. gondii, we found that pp5, efpp, ppm3f, ppm5b, ppm8, and ppm9 were significantly different between the three T. gondii genotypes (Supplementary Figure S1A). Next, we analyzed the expression profiles of 17 PSPs per cell cycle phase and found that ppm3f, ppm12, ppm18, and ctd3 followed a specific cell cycle pattern, while most of them did not have a particular expression pattern, and the expression levels of slp, ppm5a, ppm6, and ctd2 were low (Supplementary Figure S1B) (Behnke et al., 2010). The expression levels of the 17 psp genes in each developmental stage of T. gondii are shown in the Supplementary Figure S1C (Fritz et al., 2012). Some psp genes, including efpp, slp, ppm3f, ppm5a, ppm5b, ppm8, and ppm12 were differentially expressed, while pp5, pp7, ppm4, ppm6, ppm9, ppm14, ctd1, ctd2, and ctd3 were constitutively expressed. A summary of bioinformatics characteristics of the psp genes, including the number of exons, CRISPR phenotype, and signal peptides are provided in Table 1. Most of the psp genes are encoded with multiple exons, with pp7 having the highest number of exons, and most of the psp genes did not have a transmembrane domain and signal peptide.
TABLE 1 | Bioinformatic features of protein serine/threonine phosphatases (PSPs) of Toxoplasma gondii.
[image: Table 1]DISCUSSION
The phosphatases and their regulatory proteins can play key roles in mediating the interaction between the apicomplexan protozoa with their host cells (Cieśla et al., 2011; Yang and Arrizabalaga, 2017). In the present study, we investigated the subcellular location of 17 PSPs in T. gondii RH strain. Seven of these (PPM3F, PPM5A, PPM5B, PPM6, PPM14, PPM18, and CTD1) were not expressed or expressed at low levels in the tachyzoites. Four PSPs (PP5, EFPP, PPM8, and CTD2) were mainly located in the cytoplasm, and two reside in the nucleus (PPM4 and PPM9), and PPM12 and CTD3 were located in the IMC and basal complex. SLP was located partly at dense granule and PP7 was localized at the apical pole. Unlike most PPPs, PP7 has catalytic and regulatory domains in a single peptide, which explains why PP7 can be used as monomer phosphatase, similar to PP5 (Yang and Arrizabalaga, 2017).
With the exception of RHΔpp7 strain, there were no significant differences in the number and size of plaques produced by infection with any of the RHΔpsp strains compared with the WT stain. The size of plaques is directly related to the extent of damage upon infection of a cell monolayer, and thus, is considered a proxy measure of parasite virulence, suggesting that deletion of pp7 gene has resulted in attenuation of the virulence or fitness of T. gondii. Likewise, no significant differences were detected in the egress ability of all 17 RHΔpsp and WT strains. Additionally, the intracellular replication assays showed no significant differences between 17 RHΔpsp strains and WT strain (p > 0.05).
Little is known about the biological functions of some PSPs, which were involved in various stages of the parasite lytic cycle (Yang and Arrizabalaga, 2017). PPM3C is a protein phosphatase secreted into the PVs and Δppm3c tachyzoites, which exhibits growth defects in vitro, is avirulent during acute infection and forms fewer cysts in chronically infected mice (Mayoral et al., 2020). When PPM3C is secreted into the PVs, vacuolar phosphoprotein substrates, such as GRA16 and GRA28, become de-phosphorylated, leading to exporting of other effectors, and maintaining of the host cell functions to sustain the growth and proliferation of the parasite (Mayoral et al., 2020). Calcineurin is known as PP2B or protein phosphatase (PP3), a protein phosphatase belonging to the PPPs family, which plays an indispensable role in the signal transduction in eukaryotes (Paul et al., 2015). Knocking out of the catalytic subunit (TgCnA) of Plasmodium falciparum and T. gondii PP2B significantly reduced the ability of the parasite to attach to and invade host cells, without affecting the parasite egress or the function of microneme and rhoptry (Paul et al., 2015). Similar results were reported in PPM5C, where Δppm5c was found to only affect the attachment to host cells during parasite lytic cycle (Yang et al., 2019).
Limited information is available about the PSPs that contribute to the virulence of T. gondii, such as PPM3C (Mayoral et al., 2020). PPM20 is a rhoptry-localized protein phosphatase and although RHΔppm20 exhibits slow growth in vitro, its virulence in mice is not altered (Gilbert et al., 2007). We examined whether any of the 17 PSPs contributes to the virulence of T. gondii. In 16 RHΔpsps, all mice died within 8–11 days. Only PP7 was unique in terms of subcellular localization and virulence, compared with other PSPs, as demonstrated by the significant reduction of RHΔpp7 pathogenicity in mice. This is not surprising, PP7 is regulated by calcium signaling (Kutuzov et al., 2001) and is involved in various cellular processes, such as cell survival and growth, and has a glycine (CAP-Gly) domain at the N-terminus before calmodulin-binding motif, which is a cytoskeletal-related protein (Andreeva and Kutuzov, 2009).
Given the significant role of PP7 in the parasite lytic cycle, we expanded our investigation to characterize the role of PP7 in the growth kinetics of T. gondii type II Pru strain in vitro. Results showed that PruΔpp7 strain exhibited substantial reduction in the size and number of plaques compared with the control strain. We also examined the effect of deletion of pp7 on the virulence of Pru in vivo. Mice infected by PruΔpp7 showed a high survival rate and lower brain cyst burden compared with mice infected by the WT strain.
We examined the transcriptome data of 17 PSPs in ToxoDB (https://toxodb.org/toxo/app) and observed that the expression patterns vary according to the genotype, cell cycle, and life cycle form of T. gondii. For example, slp was mainly expressed in the sexual stage of parasite, and had low expression in the asexual stage. This finding concurs with a previous study which showed that deletion of slp in P. falciparum affects the development of ookinete and inhibits the formation of oocyst (Fernandez-Pol et al., 2013), suggesting that slp may have a role in the sexual stage of T. gondii. Although slp is more expressed in type II ME49 strain, its deletion in type II Pru strain did not have any significant impact on the parasite infectivity in vitro or pathogenicity in vivo.
CONCLUSION
We characterized the subcellular location and the role of 17 PSPs in T. gondii RH strain and 2 PSPs in Pru strain, in vitro and in vivo. Epitope-tagging and immunofluorescence analysis showed that PP5, EFPP, PPM8, and CTD2 are located in the cytoplasm of tachyzoites, while PP7, SLP, CTD3, PPM12, and PPM4/PPM9 are located in the apical pole, dense granules, basal complex, IMC, and nucleus, respectively. The other PSPs (PPM3F, PPM5A, PPM5B, PPM6, PPM14, PPM18, and CTD1) were either not expressed or showed low expression in type I RH tachyzoites. The CRISPR/Cas9-mediated deletion of 16 psp genes did not significantly affect the in vitro growth ability of the RH strain. However, deletion of pp7 caused a significant reduction in the growth and invasion of tachyzoites compared with those of the WT strain. Infection with RHΔpp7 significantly increased the survival of mice compared with infection by other RHΔpsps and WT strains. Infection by a low dose of PruΔpp7 showed a marked attenuation of virulence and significant reduction in brain cyst loads. Bioinformatics analysis of the 17 psp genes indicated that their expression patterns vary based on the parasite genotype, cell cycle phase, and developmental stage. These findings advance our understanding of the molecular basis of T. gondii virulence and the in vivo consequences of deletion of protein Ser/Thr phosphatase PP7.
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Infections caused by Clonorchis sinensis remain a significant public health challenge for both humans and animals, causing pyogenic cholangitis, cholelithiasis, cholecystitis, biliary fibrosis, and even cholangiocarcinoma. However, the strategies used by the parasite and the immunological mechanisms used by the host have not yet been fully understood. With the advances in technologies and the accumulated knowledge of host-parasite interactions, many vaccine candidates against liver flukes have been investigated using different strategies. In this review, we explore and analyze in-depth the immunological mechanisms involved in the pathogenicity of C. sinensis. We highlight the different mechanisms by which the parasite interacts with its host to induce immune responses. All together, these data will allow us to have a better understanding of molecular mechansism of host-parasite interactions, which may shed lights on the development of an effective vaccine against C. sinensis.
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1 INTRODUCTION
Clonorchis sinensis is a liver fluke that is endemic to some parts of Asia: China, South Korea, northern Vietnam, and eastern Russia (Tang et al., 2016). It was estimated that 600 million people were at risk worldwide with an approximate 35 million infected, 15 million of whom were in China (Qian et al., 2016; Harrington et al., 2017). There are several assays for the diagnosis of clonorchiasis including “golden standard” for detection of adult worms or eggs as well as immunological techniques such as enzyme-linked immunosorbent assay (ELISA) (Li et al., 2011; Han et al., 2012). When the presence of C. sinensis is confirmed, the treatment consists of the administration of praziquantel (three doses of 25 mg/kg/d praziquantel at 5-hour-interval in 1 day) (Choi et al., 2010). Another option is the use of tribendimidine (400 mg/kg/d per dose), but some side effects have been reported in patients using tribendimidine (Xu et al., 2014). In addition, the intensive and improper usage of these drugs may result in the emergence of resistance to almost all of the anthelmintic drugs (Fairweather et al., 2020). The development of alternative strategies will be urgent since there is no successful vaccine against C. sinensis infection. Thus, a good understanding of the mechanisms by which the parasite interacts with its host and the immunological mechanisms used by the host to fight against the parasite may shed light on the development of the strategies to control C. sinensis infection. In the present review, we summarize the current status of immunological understanding of C. sinensis-host interactions as well as the implications for vaccine development.
2 MECHANISM OF IMMUNITY TO CLONORCHIS SINENSIS
2.1 Host-Worm Interactions-From the Viewpoint of Worms
2.1.1 C. sinensis Life Cycle
Liver flukes have a relatively complex life cycle including two intermediate hosts and definitive hosts. For C. sinensis, there are two intermediate hosts, namely freshwater snails (Parafossarulus sp., Alocinma sp., and Bithynia sp.) as the first intermediate host and freshwater fish as the second intermediate host, respectively. When the snail takes up the C. sinensis eggs, the miracidium grows into sporocyst in the gastrointestinal tract of the snail (Yoshida, 2012). The sporocyst will successively develop into radiae and cercariae, which will be released into the water, swim, and seek the second intermediate host (freshwater fish) (Liang et al., 2009; Yoshida, 2012). In the second intermediate host, the cercariae encyst and develop into metacercaria and take 30–45 days to become matured (Liang et al., 2009). In general, piscivorous mammals including humans get infected with C. sinensis by eating raw or undercooked fresh fish containing metacercariae (Lai et al., 2016). Once in the duodenum, the metacercariae excyst and migrate into the bile ducts through the ampulla of Vater within 10–15 min (Kim et al., 2011; Lai et al., 2016). The juveniles then grow into adults in the bile ducts after about 1 month (Yoon et al., 2001).
The components from different developmental stages and locations in C. sinensis elicits unique type 1/type 2 immune responses.
C. sinensis infections trigger type 1 immune response as well as type 2 immune response (Figure 1). In the early stage of infection, the immune response involved tends to favor the type 1 immune response which is a pro-inflammatory response (Yan et al., 2015a; Kong et al., 2020; Wang et al., 2021). The triggering of type 1 immune response was also observed in patients with acute C. sinensis infection (Cai et al., 2004; Cai et al., 2013). The contact of the parasite with its host leads to the production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α by macrophages, but also IL-12, and IFN-γ by T lymphocytes (Mao et al., 2015; Kim et al., 2017a; Chung et al., 2017; Bai et al., 2020; Kang et al., 2020). However, with the infection going on, type 2 immune responses (the production of cytokines such as IL-4, IL-13, and transforming growth factor β1) become predominant which can control hyper-inflammation and promote tissue repair (Kim et al., 2017a; Gieseck et al., 2018; Zhao et al., 2018). Furthermore, the worms generally produce compounds that allow them to escape the host’s immune response to avoid the clearance of the parasite by inducing regulatory cytokines such as IL-10 (Xu et al., 2013; Jin et al., 2014; Maizels and McSorley, 2016; Yan et al., 2020a).
[image: Figure 1]FIGURE 1 | Host immune responses during Clonorchis sinensis infection: C. sinensis infection leads to the activation of both innate and adaptive immune cells. During its life cycle within definitive hosts, the parasite presents different stages of development leading to a different immune response depending on the stage of development. In the early stage of the infection, the juvenile stages (metacercariae) favor the type 1 immune reaction which is pro-inflammatory with the production of cytokines such as IL-1β, IL-6, and TNF-α by macrophages, and IL-12, IFN-γ and IgG2b, IgG2c by T cells and B cells, respectively. This pro-inflammatory reaction is supposed to lead to the expulsion of the parasite and biliary injuries. Adult parasites, on the other hand, develop strategies that allow them to escape the host immune response. To do this, they trigger the type 2 immune reaction which is anti-inflammatory and pro-fibrotic, with the production of IL-4, IL-5, IL-10, IL-13, and TGF-β by macrophages and T cells, and IgG1, IgG2a by B cells.
Actually, the immune responses involved in the host’s defense during infection by C. sinensis are quite complicated. This complexity results from the fact that the parasite produces different types of compounds involved in its pathogenicity. Generally, during the life cycle of its definitive host, there are massive compounds of the parasite included excretory-secretory products (ESPs), tegumental proteins (Chung et al., 2018), cyst wall-derived proteins (Wang et al., 2012), egg-derived proteins (Chen et al., 2017), and metabolism-related enzymes among others (Shi et al., 2020). Furthermore, it seems that some compounds excreted by the parasite appear to depend on its stages of development, which implies that the juvenile in the early stages of infection may secrete specific compounds that are different from those excreted in the other stages of infection (Table 1; Figure 2) (Wang et al., 2012; Bian et al., 2014; Mao et al., 2015; Xu et al., 2015; Chen et al., 2017). Although the compounds of C. sinensis proteins are complex, the available data showed that recombinant proteins derived from ESPs, tegumental proteins, egg-derived proteins, or proteins extracted directly from ESPs generally and preferentially target a specific immune cell type including innate immune cells such as macrophages, dendritic cells, and/or adaptive immune cells such as T lymphocytes (Table 1) (Habich et al., 2005; Xu et al., 2015; Kim et al., 2017b; Chung et al., 2018; Zhao et al., 2018).
TABLE 1 | The candidates of potential vaccines against Clonornchis sinensis.
[image: Table 1][image: Figure 2]FIGURE 2 | The type of immune responses targeted by Clonorchis sinensis components during the life cycle of the parasite within its definitive hosts. During its life cycle in its definitive host, C. sinensis produces different types of compounds leading to the activation of either type 1 immune response or type 2 immune response, or both. Typically, proteins excreted by the juvenile stages (encysted-metacercariae and metacercariae) trigger type 1 immune response, while adult parasites secrete compounds that lead to the production of type 2 immune response rather than type 1. Eggs derived proteins generally activate both type 1 and type 2 immune responses.
When we analyze the dualism that exists between type 1 and type 2 immune responses, we can speculate that the parasite controls the immune response to ensure its survival. Seen from this angle, it is important to understand the mechanisms by which the parasite controls this parameter. A thorough analysis of the currently available data on the compounds excreted/extracted from the parasite has allowed us to observe that the abundances of components of the parasite are various due to different developmental stages of C. sinensis (Table 1). Some compounds are excreted during the whole life cycle of the parasite, however, the quantities vary from one developmental stage to another; other compounds, on the other hand, are excreted during certain stages of the life cycle, and either at the metacercaria stage or at the adult worm stage (Table 1; Figure 2). Indeed, compounds excreted during a certain developmental stage of the life cycle generally trigger a specific type of immune response; either type 1 for proteins excreted by the larval and juvenile stages and type 2 for adult parasites or a mixed type 1/type 2 for proteins produced during the entire life cycle (Table 1). For example, Mao et al. studied the heavy chain ferritin protein extracted from C. sinensis (CsFHC) and demonstrated that this protein is excreted throughout the parasite’s entire life cycle (Mao et al., 2015). However, the results revealed that during the egg, encyst metacercarial and metacercarial stages, the amount of protein excreted was significantly higher than that during the adult worm stages (Mao et al., 2015). Furthermore, this protein triggered the type 1 immune response rather than type 2 with an increase in the production of pro-inflammatory cytokines such as IL-1β and IL-6 in a NF-κB-dependent manner (Mao et al., 2015). Similarly, Chen et al. (2017) revealed that C. sinensis pyruvate kinase (CsPK), which was expressed in large quantities in the egg, encyst and metacercarial stages, triggered a type 1 immune response (Chen et al., 2017). Concerning the proteins extracted/secreted from adult worms, almost all of these proteins seem to trigger the type 2 immune response (Table 1). Some proteins are excreted during the several stages of life cycle without any significant difference in the amount of proteins excreted from one stage to the other stages. This is the case of the leucine aminopeptidase 2 (LAP2) protein gene of C. sinensis which triggered the mixed type 1/type 2 immune response (Deng et al., 2012). Someother proteins produced during the several stages of life cycle, such as C. sinensis paramyosin (CsPmy) (Wang et al., 2012), ATP synthase subunit ε-like protein of C. sinensis (CsATP-ε) (Lv et al., 2014) excreted during the entire cycle triggered a mixed Th1/Th2 immune response.
In addition, the amount of proteins excreted depends on the localization of its production. Thus, certain proteins are produced by the parasite’s teguments and are rapidly excreted, and allowing the parasite to interact rapidly with its host. Several pieces of evidence have demonstrated that proteins produced by external organs such as the tegumental proteins, the cell wall proteins trigger the mixed type 1/type 2 immune response. Work carried out on tegumental protein derived from C. sinensis (rCsTegu21.6) (Chung et al., 2018), C. sinensis tegumental protein 22.3 kDa (CsTP 22.3) (Lee et al., 2017), C. sinensis paramyosin (CsPmy) (Wang et al., 2012) from the cyst wall have all shown the involvement of these proteins in triggering the type 1/type 2 immune response in the host. Taking all these parameters into consideration, we speculate that proteins and compounds excreted rapidly by the larval stages and juvenile forms of the parasite possibly contribute to the triggering of type 1 immune reaction, while compounds excreted by adult parasites preferentially trigger type 2 immune reaction (Figure 2; Table 1).
2.2 Host-Worm Interactions-From the Viewpoint of the Host
2.2.1 The Involvement of Immune Cells in the Pathogenesis of C. sinensis
The understanding of the immune responses induced by C. sinensis is important for the development of vaccines against the parasite. Different effectors cells are involved in the pathogenicity of C. sinensis.
2.2.1.1 Macrophages
Macrophages are the key component in the initiation of the immune response, as antigen-presenting cells, macrophages play a very important role in triggering the activation of adaptive immune cells (Murray and Wynn, 2011; Shan and Ju, 2020). Several studies have demonstrated the role of macrophages in C. sinensis infection. Treatment of macrophages with C. sinensis ESPs has been shown to induce the differentiation of macrophages toward classically activated macrophages (M1) in vitro and the production of pro-inflammatory cytokines (Kim et al., 2017a; Kang et al., 2020). These authors also showed that infection of mice resulted in mixed M1 and alternatively activated macrophages (M2) (Kim et al., 2017a). The percentage of M1 and M2 macrophages were different according to the stage of the infection with the increase in M1 macrophages in the early stage of infection, while the M2 macrophages were predominant in the late stage of the infection especially in the fibrotic part (Kim et al., 2017a; Koda et al., 2021). Besides, the various components of C. sinensis induces the differentiation of macrophages to both M1 and M2 macrophages (Wi et al., 2012; Kim et al., 2017a; Yan et al., 2020a; Kang et al., 2020; Koda et al., 2021). Moreover, it has been shown that macrophages are associated with the resistance of mice to the second infection by C. sinesis, which showed the decrease of IL-10 and IL-13 produced by M2 macrophages and increases of specific IgE, IgG1, and IgG2a levels in serum at 1 week or 4 weeks following re-infection (Kim et al., 2017b). The autonomic nervous system has been studied for its involvement in the control of macrophages activation in recent years (Lorton and Bellinger, 2015; Stakenborg et al., 2020). The role of beta 2 adrenergic receptors (β2-AR, a kind of guanine nucleotide-binding G protein–coupled receptor that can bind with norepinephrine and epinephrine to induce diverse physiological effects) have also been shown to regulate the activation of M2 macrophages during C. sinensis infection in our recent study (Koda et al., 2021). It was showed that deletion of Adrb2 (encoding β2-AR) was associated with a decrease in liver fibrosis and the decrease in the infiltration of M2 macrophages in C. sinensis infected mice (Koda et al., 2021). Moreover, the in vitro study showed that β2-AR promoted M2 activation mediated by mTORC1 since inhibition of mTORC1 by rapamycin significantly decreased M2 markers in macrophages isolated from β2-AR defective mice (Koda et al., 2021).
2.2.1.2 Dendritic cells
DCs are professional antigen-presenting cells and play a very important role in the activation of the adaptive immune response (Motran et al., 2018). Bone Marrow-Derived Dendritic cells (BMDCs) stimulated with C. sinensis ESPs decreased the high levels of IL-12 but increased the levels of IL-10 that was induced by LPS, which suggested that C. sinensis ESPs may induce an anti-inflammatory responses in DCs (Hua et al., 2018). The immunization of mice with the recombinant HSP70 and HSP90 from C. sinensis (rCsHSP70 and rCsHSP90) also induced a predominant type 1 immune response (such as IL-1β, IL-6, IL-12p70, and TNF-α) (Chung et al., 2017). However, stimulating DC2.4- a mouse cell DC line with crude antigens of C. sinensis, Jin et al. found that DCs were activated to produce high levels of IL-10 and TGF-β via activation of ERK1/2 (Jin et al., 2014).
2.2.1.3 Lymphocytes
Early studies have investigated the rat lymphocyte proliferation, differentiation, and cytokine production in response to C. sinensis infection (Quan et al., 2002). The in vitro stimulation of splenic lymphocytes (SLC) and mesenteric lymph node cells (MLNC) of rats infected with C. sinensis with mitogen phytohaemagglutinin (PHA), C. sinensis ESPs, C. sinensis crude antigen, and Anisakis larvae antigen revealed that the C. sinensis ESPs and crude antigen could potently induce the proliferation of lymphocyte and the lymphocyte proliferation in MLNC was higher than that in SLC (Quan et al., 2002). These results suggest that the vaccine candidate that may induce the increase in the gastro-intestinal immune response could provide a strong immune response against C. sinensis. C. sinensis infection also induced the activations of CD4+ lymphocytes including Th1/Th2/Th17 and Treg in FVB mice (Kong et al., 2020); interestingly, it was found that the increases of Th2 and Treg subpopulations were positively correlated with severe biliary fibrosis in FVB mice caused by C. sinensis, compared with BABL/c mice which had less biliary injuries and fibrosis (Zhang et al., 2017). A recent study revealed that the immunization of mice with a CsAg17 protein and CsAg17 cDNA resulted in a significant reduction of the worm burden (64 and 69%, respectively); the immunized mice showed a significant increase in the recruitment of CD4+ and CD8+ T cells as revealed by the increase of the proportion of CD3+/CD4+ and CD3+/CD8+ T cells (Bai et al., 2020). Moreover, the production of type 1 cytokines such as IL-2, IL-12, and IFN-γ was also increased in immunized mice 2 weeks after immunization, resulting in reduced liver damage compared to non-immunized mice in that study (Bai et al., 2020).
Natural killer T cells (NKT) cells are the subpopulation of T cells that express both markers of NK cells and lymphocytes (Brennan et al., 2013). Some pieces of evidence have suggested that NKT cells may be involved in the pathogenesis of C. sinensis which was related to the susceptibility of the different strains of mice: it showed that compared to FVB mice, BALB/c mice infected with C. sinensis displayed fewer liver damages as well as liver fibrosis and necrosis of hepatocytes, which was accompanied with less population of hepatic DX5+ NKT cells (Zhang et al., 2017; Bai et al., 2021). On the other hand, NKT is mostly associated with the production of a pro-fibrotic cytokine such as IL-4 and IL-13, which may play an important role in liver fibrosis caused by C. sinensis infection (Gao and Radaeva, 2013; Mathews et al., 2016).
2.3 The Imbalance of Treg/Th17 Contribute to the Pathogenesis of C. sinensis
It has been previously demonstrated that Treg cells are kinds of regulatory cells and play a role in maintaining self-tolerance, immunologic homeostasis, and supressing inflammatory responses in infectious diseases and autoimmune diseases (Sakaguchi, 2004; Sakaguchi, 2005). However, Th17 is associated with the immunopathology of infectious diseases and plays an important role in the fighting against extracellular pathogens (Chen et al., 2013). Indeed, inflammatory and auto-immune diseases which are characterized by sustained inflammation can induce tissue damage, thus the balance of Treg/Th17 is crucial to control the excessive inflammatory reaction (Naufel et al., 2017; Xia et al., 2018). In helminth infection, Treg cells can favor the parasite survival and increase the pathological damages induced by the parasites. In the early stage of infection of BALB/c mice with C. sinensis (14 days post-infection), the inflammation was increased to promote the expulsion of the parasite, while the level of Treg/Th17 remained low (Yan et al., 2015c). At days 28 and 56 post-infection, the level of Treg/Th17 was significantly increased in infected mice compared to that of control mice, while the level of inflammatory cells was decreased, thus the increase in Treg/Th17 was associated with the degree of pathological damages, suggesting that the imbalance of Treg/Th17 in C. sinensis promotes the progression of liver damages induced by the parasite (Yan et al., 2015c).
2.4 The Molecules and Signaling Pathways Involved in Immune Responses During C. sinensis Infection
2.4.1 The Role of Toll-like Receptors
Figure 3 shows the current knowledge of the molecules and signaling pathways of immune responses involved in the interactions between C. sinensis and its host. Basically, in the liver cholangiocytes are the first line of defense against microorganisms from the duodenum (Banales et al., 2019). Because of this characteristic, cholangiocytes behave like innate immune cells (Harada and Nakanuma, 2012). Cholangiocytes possess several Pattern Recognition Receptors (PRRs) such as Tolls Like Receptors (TLRs) that allow them to sense when they are in contact with Pathogen-Associated Molecular Patterns (PAMPs) such as C. sinensis itself and the compounds excreted by the parasite (Nakanuma et al., 2001; Yan et al., 2015b; Yan et al., 2020a). A previous study has demonstrated that the activation of TLRs located in cholangiocytes mainly leads to the production of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α, thus representing type 1 dominant immune response (Yan et al., 2020b). It is, therefore, reasonable to hypothesize that activation of TLRs by compounds from C. sinensis may lead to type 1 dominant immune response. Indeed, TLR4 plays an important role in C. sinensis infection, notably in the production of pro-inflammatory cytokines, and the maturation of dendritic cells (Hua et al., 2018). A recent work has shown that during C. sinensis infection, infected mice showed significant activation of TLR4 with the production of pro-inflammatory cytokines IFN-γ, IL-6, and TNF-α, but also Treg cytokines such as IL-10 (Hua et al., 2018). Furthermore, these data revealed that treatment of BMDCs with ESPs of C. sinensis associated with TLR4 ligand LPS resulted in accelerated maturation of CDs (CD80, CD86, and MHC II). Yan et al. highlighted the important role played by TLR4 on the production of pro-inflammatory cytokines during C. sinensis infection. They showed that treatment of bile epithelial cells with C. sinensis ESPs resulted in significant activation of TLR4 as well as the proteins of its downstream signaling pathways including the adaptive protein MyD88 and transcription factor NF-κB (p65). Furthermore, the production of TNF-α was increased significantly when BECs were stimulated with ESPs, while the inhibition of TLR4 by a peptide -VIPER resulted in a reduction of TNF-α production (Yan et al., 2015b).
[image: Figure 3]FIGURE 3 | Different types of signaling pathways involved in the pathogenesis of Clonorchis sinensis infection: The interaction between the parasite and its host results in the activation of several signaling pathways. The activation of TLR2 and TLR4 in macrophages by C. sinensis ESPs leads via ERK1/2 and MyD88, respectively, to the activation of NF-κB. The transcription leads to the production of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). The activation of the TLR4 of cholangiocytes also leads to the production of the pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) via the MyD88 and NF-κB signaling pathways. Another signaling pathway involves the TGF-β1 receptor in hepatic stellate cells. In this signaling pathway, the activation of TGF-β1 R by C. sinensis ESPs leads to the activation of Smad2/3 followed by transcription with an increase in cell growth and survival. In hepatic stellate cells, the activation of TLR4 also leads to the activation of NF-κB and Smad2/3 with an increase in cell growth and survival.
TLR2 also plays an important role in C. sinensis infection. Although only limited work has been done on the role of TLR2, Shen et al. have shown that activation of TLR2 correlates with increased susceptibility to liver damage induced by C. sinensis (Shen et al., 2017). Indeed, TLR2 plays a role in the regulation of iNOS/NO and significant production of iNOS/NO could influence the production of the anti-inflammatory cytokines IL-10 and TGF-β by a mechanism that remains unknown (Yang et al., 2017). A recent work conducted by our research group showed that the recombinant protein from C. sinensis (rCsHscB) activated TLR2/ERK1/2 signaling pathway to lead to a high production of IL-10 (Yan et al., 2020a). rCsHscB may act as a TLR2 agonist to activate macrophages and the production of IL-10 (Yan et al., 2020a).
2.5 IL-33/ST2 Signaling Pathway
Interleukin-33 (IL-33) belong to the member of the IL-1 family cytokine. IL-33 plays a role in the regulation of the Th2 immune response via the ST2 chain transmembrane, notably by driving the production of type 2 cytokines such as IL-4, IL-5, and IL-13 (Liew et al., 2010). Some studies have also shown that IL-33 can induce the production of IFN-γ in animal models of experimental autoimmune encephalomyelitis (EAE) (Li et al., 2012), suggesting that IL-33 can induce type 1 as well as type 2 depending on the type of stimuli. Concerning C. sinensis infection, Yu et al. (Yu et al., 2016) revealed that IL-33/ST2 induces a strong activation of type 2 immune response on CD4+ T cells, but not on CD8+ T cells with the production of type 2 cytokines such as IL-4, IL-5, and IL-13. However, the involvement of IL-33/ST2 signaling on the activation of type 1 immune response in C. sinensis infection requires further investigation.
2.6 Involment of Mannose Receptor
Mannose receptors (MR) are receptors belonging to the members of the type I C-type lectin receptor and interacts with glycans which requires calcium (Figdor et al., 2002). MR has been aptly studied on dendritic cells (DCs). As antigen-presenting cells, DCs are able to recognize antigens of different sources from helminths (Maizels and McSorley, 2016; Motran et al., 2018). Indeed, certain compounds promote the maturation of DCs leading to the production of type 1 cytokines such as IL-12 and IFN-γ (Hua et al., 2018). Other compounds, on the other hand, prevent the maturation of DCs that promote the production of type 2 cytokines (Hua et al., 2018). Zhao et al. showed that the C. sinensis adult-derived proteins (CsTPs) supressed the maturation of bone marrow-derived Dendritic Cells (BMDC) caused by LPS via MR in vitro and promoted differentiation of naive T cells into Th2 cells presented by BMDC and secretion of the type 2 cytokines such as IL-13 and IL-4 (Zhao et al., 2018). In addation, they showed that the CsTPs protein exerts its effect on DCs via MR but not through TLR2, TLR4, DC-SIGN, and Dectin-2, thus highlighting the role played by MR on immune cells in the presence of the C. sinensis component (Zhao et al., 2018).
3 THE STATE OF ART IN THE DEVELOPMENT OF A VACCINE AGAINST C. SINENSIS
The use of vaccines to fight C. sinensis may considerably reduce the impact of this parasite on the public health, which requires a better understanding of interaction between C. sinensis and its host. However, no successful vaccine is currently available for fighting C. sinensis infection, but some efforts have been made to investigate the promising vaccines to fight against C. sinensis. There has been significant progress in the identification of effective vaccine candidates to control liver flukes (summarized in Table 1). However, for the time being, most of these works are at experimental stages but are nevertheless an important element for future marketable vaccines. In the following, we summarize the progress in developing vaccines against C. sinensis, which may provide the prospective for future successful development of vaccines against liver flukes.
3.1 Recombinant Proteins
Recombinant protein vaccines are a technology that relies on the ability of one or more combined antigens to induce an immune response. This form of vaccine has the advantage of avoiding certain problems with macromolecular vaccines such as the risk of co-purification and undesirable contaminants (Cox, 2012; Perera and Ndao, 2021). Another fundamental problem overcome by this technology is the complexity of obtaining sufficient quantities of purified antigenic components (Lauer et al., 2017). Several recombinant proteins have been attempted as potential vaccine candidates against liver flukes.
As with all helminths, during C. sinensis infection, the adaptive immune response plays a major role in the defense process. The parasite causes the activation of the cellular as well as the humoral immune response. In the work carried out by Wang et al. (2012), the immunized mice showed an estimated 54.3% reduction of worm burden with the activation of type 1/type 2 immune response and production of IgG1/IgG2a subtypes in serum. Using the same protein (paramyosin from C. sinensis), Sun et al. (2018) demonstrated that immunization of mice with recombinant paramyosin (B.s-CotC-CsPmy) induced significant production of IgG1 and IgG2a increased from week 2 to week 6 post-immunization, indicating that combined type 1/type 2 immune responses were successfully provoked by B.s-CotC-CsPmy recombinant spores (Sun et al., 2018). Many other works such as those of Zhou et al., 2007; Wang et al., 2014 showed relatively moderate protection estimated at 56.29 and 44.7% respectively, implying mainly production of mixed IgG1/IgG2a immune response. Vaccine trials on helminths infection have sufficiently demonstrated that activation of B and T lymphocytes promotes a better immune response. For example, the immunization of rats with baculovirus expressing CsTP 22.3 from the tegument of C. sinensis, and virus-like particles (VLP) containing CsTP22.3 evoked systemic IgG (IgG1 and IgG2c) in sera and mucosal IgA antibodies (feces and intestines) as well as T cell immune responses, resulting in stronger protection estimated at more than 70% (Lee et al., 2017).
Although the adaptive immune response plays a major role in defense during C. sinensis infection, the innate immune response plays an important role in triggering the immune response (de Veer et al., 2007; Flynn et al., 2010). The use of recombinant proteins for vaccine development should take into account the ability of the target protein to activate both innate and adaptive immunity. A study has shown that the recombinant 21.6 kDa tegumental protein derived from C. sinensis was able to activate both innate and adaptive immune cells (Chung et al., 2018). Mice immunized with rCsTegu21.6 showed an acceleration of expression of co-stimulatory molecules (CD40, CD80, and CD86) on dendritic cells, and an increase in pro-and anti-inflammatory cytokine production (Chung et al., 2018). Besides, the stimulation of T cells with rCsTegu21.6 resulted in the production of cytokines such as IL-2, IL-4, and interferon (IFN)-γ in vitro, which are essential in inducing humoral immunity for defense against parasitic helminths (Chung et al., 2018).
3.2 DNA Vaccines
For many years, conventional vaccine approaches have consisted either of using specific antigen that can cause a reaction of the host’s immune system against a given pathogen or of inoculating attenuated or weakened pathogens that also have immune-stimulating properties of the host’s immune system (Gause et al., 2017). DNA vaccination has evolved as an alternative approach to vaccine development (Li and Petrovsky, 2016). Although the immunological mechanisms involved during DNA vaccination were poorly known in C. sinensis infection, DNA vaccine has several advantages compared with the traditional methods including the stimulation of both B- and T-cell responses, increased vaccine stability without any infectious agent, and the relative ease of large-scale manufacture (Jayaraj et al., 2019). However, DNA vaccination has the disadvantage of being less immunogenic than recombinant protein-based vaccines (Jayaraj et al., 2012).
DNA-based vaccines are generally used in viral infections because of their ability to activate T-cells and trigger the type 1 dominant immune response (Lee et al., 2006). However, during helminth infection, the immune mechanism requires the activation of type 1 as well as type 2 immune response and the intervention of cellular and humoral immune response (Diemert et al., 2018). Lee et al. (2006) developed a DNA-based vaccine encoding C. sinensis cysteine proteinase (pcDNA3.1-CsCP), which was only able to induce a low level of protection estimated at 31.5%, lower than the protection induced by almost all the recombinant proteins, possibly because vaccination with this DNA vaccine activated only type 1 immune response rather than type 2 (Lee et al., 2006). In another work, Wang et al. also highlighted the weak protection induced by DNA vaccines (Wang et al., 2012). In their comparative study of the efficacy of the recombinant protein and nucleic acid of C. sinensis paramyosin (CsPmy) as a potential vaccine candidate, they found that both (recombinant protein and nucleic acid) showed strong immunogenicity and triggered mix type 1/type 2 immune responses, as evidenced by persistently increased antibody titers and increased level of IgG1/IgG2a subtypes in serum. Aslo, the recombinant protein resulted in an estimated protection of 54.3%, significantly higher than that provided by the DNA-based vaccine which was only 36.1% (Wang et al., 2012).
3.3 Vaccines that Protect the Intermediate Hosts
An alternative strategy to develop successful vaccines against C. sinensis infection is to immunize intermediate hosts since it can intercept the spread of the liver flukes to humans and animals effectively. In a recent study, Jiang et al. immunized grass carps (Ctenopharyngodon idella), a main second intermediate host for C. sinensis, and with a recombinant C. sinensis protein (PEB03-CsENO) delivered by spores of B. subtilis (Jiang et al., 2017). This immunization induced both systemic and local mucosal immune responses, aroused reactive type 1/type 2 immune response, and also enhanced the non-specific immune response (Jiang et al., 2017). In addition to CsENO, recombinant paramyosin and cysteine protease of C. sinensis delivered by spores of B. subtilis were also evaluated in grass carps, showing that these vaccine candidates induced sufficient mucosal and humoral responses to protect against metacercaria of C. sinensis in these fish (Tang et al., 2017; Sun et al., 2020).
4 CONCLUDING REMARKS AND FUTURE PERSPECTIVES
As discussed above, although some progress in the studies of host-parasite interactions and mechanisms of immune protection have been uncovered, it still lacks enough knowledge of pathogenesis caused by this liver fluke, and knowledge of immune responses is needed for protection from worm infection. Firstly, unlike viruses, bacteria, fungi, and even protozoa, many antigens expressed by worms are “immune tolerant”, which can induce only low or no response to a vaccine in a host, but the understanding of the mechanism underlying are largely unknown. Second, the hepatobiliary system has unique immunological properties as it has particular subsets of immune cells and immune molecules due to its special structures and microenvironment (Varol et al., 2015; Doherty, 2016). There are gaps of precise understanding of host-parasite interaction in the liver, which should be taken into consideration during the development of vaccines against C. sinensis. To the best of our knowledge, there are no vaccine candidates against C. sinensis that are currently advancing to the stage of a clinical trial, thus the discoveries of new promising vaccine candidates are being investigated in the laboratories. Fortunately, the application of new technologies such as “omics” technology, gene-editing technology, and machine-learning-based reverse vaccinology undoubtedly will accelerate the progress of the further investigation of worm-host interactions as well as identification of vaccine candidates against C. sinensis, although some hurdles should be overcome. Given these perspectives, the prospect of successful development of vaccines against C. sinensis infection appears bright, although there is still a long way to go.
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Background

Many kinds of immune cells are involved in malaria infection. γδT cells represent a special type of immune cell between natural and adaptive immune cells that play critical roles in anti-parasite infection.



Methods

In this study, malaria infection model was constructed. Distribution of γδT cells in various immune organs and dynamic changes of γδT cells in the spleens of C57BL/6 mice after infection were detected by flow cytometry. And activation status of γδT cells was detected by flow cytometry. Then γδT cells in naive and infected mice were sorted and performed single-cell RNA sequencing (scRNA-seq). Finally, γδTCR KO mice model was constructed and the effect of γδT cell depletion on mouse T and B cell immunity against Plasmodium infection was explored.



Results

Here, splenic γδT cells were found to increase significantly on day 14 after Plasmodium yoelii nigeriensis NSM infection in C57BL/6 mice. Higher level of CD69, ICOS and PD-1, lower level of CD62L, and decreased IFN-γ producing after stimulation by PMA and ionomycin were found in γδT cells from infected mice, compared with naive mice. Moreover, 11 clusters were identified in γδT cells by scRNA-seq based t-SNE analysis. Cluster 4, 5, and 7 in γδT cells from infected mice were found the expression of numerous genes involved in immune response. In the same time, the GO enrichment analysis revealed that the marker genes in the infection group were involved in innate and adaptive immunity, pathway enrichment analysis identified the marker genes in the infected group shared many key signalling molecules with other cells or against pathogen infection. Furthermore, increased parasitaemia, decreased numbers of RBC and PLT, and increased numbers of WBC were found in the peripheral blood from γδTCR KO mice. Finally, lower IFN-γ and CD69 expressing CD4+ and CD8+ T cells, lower B cell percentage and numbers, and less CD69 expressing B cells were found in the spleen from γδTCR KO infected mice, and lower levels of IgG and IgM antibodies in the serum were also observed than WT mice.



Conclusions

Overall, this study demonstrates the diversity of γδT cells in the spleen of Plasmodium yoelii nigeriensis NSM infected C57BL/6 mice at both the protein and RNA levels, and suggests that the expansion of γδT cells in cluster 4, 5 and 7 could promote both cellular and humoral immune responses.
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Introduction

Malaria is one of the largest causes of morbidity and mortality in tropical and subtropical regions of the world (Saavedra-Langer et al., 2018). It is transmitted to humans through the infected anopheles mosquitoes. Human malaria is caused by infected with different Plasmodium species, including Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale, Plasmodium vivax, and Plasmodium knowlesi (Ortiz-Ruiz et al., 2018). P. yoelii nigeriensis NSM is a subspecies of the rodent malaria parasite that provides an important animal model for studies of malaria pathogenesis (Li et al., 2016). In the experimental Plasmodium infection model, Plasmodium development directly enters erythrocytic cycle. The infected red blood cells (iRBCs) cause damage to multiple organs through the blood circulatory system, such as the spleen, liver, and lung (Wei et al., 2021). However, some of the infected mice could recover without treatment after about, one month later.

The spleen is a major peripheral immune organ that performs critical physiological functions. It serves as a quality control mechanism for removing senescent red blood cells (RBCs), infected red blood cells (iRBCs), and infectious microorganisms in the process of dealing with parasite invasion (Elizalde-Torrent et al., 2021). Differences in the ability of the spleen to deal with iRBCs are linked to differences in Plasmodium virulence (Huang et al., 2016). Malaria infection leads to hyper reactive malarial splenomegaly syndrome, and the spleen becomes a primary organ for eliminating iRBCs (White, 2017). Plasmodium infection can induce significant responses of splenic T cells (Hirunpetcharat and Good, 1998; Wipasa et al., 2001; Xu et al., 2002). Early responses in the spleen are key factors modulating the clinical outcome of malaria infection (Huang et al., 2016).

Many kinds of immune cells are involved in the processes and mechanisms of the malaria-induced immune response (Abel et al., 2018; Akbari et al., 2018). The patterns of the immune response display essential roles in malaria progression (Chaves et al., 2016; Keswani et al., 2016; Lopez et al., 2017). Specifically, CD4+ T-cell responses have been associated with control of erythrocytic stage parasites, but a small number of studies indicate a helper role also in pre-erythrocytic immunity (Perez-Mazliah and Langhorne, 2014). The B cell-mediated humoral immune response could mediate the antimalarial response and even induce memory B cell development (Sundling et al., 2019; Aye et al., 2020).

Although the proportions of γδT cells are less than 5% in both mice and human immune cells (Nielsen et al., 2017), γδ TCR ligands do not generally require processing or presentation by major histocompatibility complex (MHC) antigens (Born et al., 2013). It can function as antigen-presenting cells (APCs) (Tyler et al., 2017), expressing numerous APC-related cell surface markers (Khan et al., 2014). γδT cells can secrete cytokines, such as IFN-γ, IL-4, IL-17, transforming growth factor beta (TGF-β), and granulocyte macrophage colony stimulating factor (GM-CSF), to regulate the migration of other immune cells, bring about lysis of infected cells by secreting granzymes (granzyme A and B), provide help to B cells and induce IgE production, present antigen to conventional T cells, activate antigen presenting cells (APC) maturation, and are also known to produce growth factors that regulate the stromal cell function (Silva-Santos et al., 2019; Cha et al., 2020; Seifert et al., 2020). It is reported that γδT cells play critical roles in the development of asthma (Victor et al., 2020), oral mucosa (Hovav et al., 2020), and tumors immunity (Wu et al., 2017).

γδT cells are a heterogeneous cell population with different subsets playing specialized and often opposing roles during immune responses. Human γδT cells can be divided into three populations based on δ chain expression(Vδ1+, Vδ2+, and Vδ3+ γδT cells). The Vδ2+ T cells can be divided into Vγ9+Vδ2+ and Vγ9-Vδ2+ subsets (Zhou et al., 2020). The major adult γδT cell subsets are the Vγ1.1+ and Vγ2+ γδT cells that can be found in both epithelial tissues and secondary lymphoid organs in mice (Carding and Egan, 2002). In response to different cytokines, γδ T cells can shift from one phenotype to another, in a process referred to as polarization. It has been demonstrated that γδT cells can be polarized into γδ T1 cells(producing IFN-γ and TNF-α), γδ T2 cells (producing increased IL-4) and γδ T17 cells (producing only IL-17) depending on the priming cytokine milieu (Caccamo et al., 2011). Moreover, it can polarize towards follicular B-helper T cells (γδ Tfh cells), regulatory γδT cells (γδ Treg cells) following stimulation with different cytokines regulatory γδT cells (γδTreg) (Wu et al., 2017). It was reported that some γδT cells can express CD4 and CD8 molecules on the surface (Yang et al., 2021). Therefore, CD4 and CD8 can also be used to distinguish the subtype of γδT cells. Moreover, IL-17A/F producing Vgamma4+ Vdelta4+ T cells was found to be a long lasting resident memory T-cell (TRM) population, which persisted in the dermis for long periods of time after initial stimulation with Aldara (Hartwig et al., 2015). CD39+ γδT cell was found with tissue-resident memory phenotype which may contribution to the pathogenesis of IBD and other inflammatory disorders (Libera et al., 2020).

γδT cells have long been known to rapidly proliferate following primary malaria infection in humans and mice (Dantzler and Jagannathan, 2018). P. falciparum infection in children, malaria-naive adults, and malaria-experienced adults results in the expansion of γδT cells (Hviid et al., 2001). γδT cells can form immunological synapses with and lysis iRBCs (Junqueira et al., 2021), and destroy blood residing P. falciparum (Hernandez-Castaneda et al., 2020). Mice without γδT cells suppressed and reduce a primary infection of P. chabaudi with a slight delay in the time of clearance of the acute phase of infection and significantly higher recrudescent parasitaemia compared with naive control mice (Langhorne and Holder, 1998). Plasmodium infection could induce “memory-like imprints” in γδ T cells to promote γδ T cell mediated antigen presentation during subsequent infections (Kumarasingha et al., 2020). Regulated γδT cell responses may be critical to balance immune protection with severe pathology rely on proinflammatory cytokines, such as IFN-γ (Pamplona and Silva-Santos, 2020).

In this study, the properties and roles of γδT cells in the spleen of Plasmodium yoelii nigeriensis NSM infected C57BL/6 mice were investigated, and the mechanism was explored.



Methods


Mice

6-8 weeks old female SPF C57BL/6 mice were purchased from the medical laboratory animal center of Guangzhou University of Chinese Medicine and the γδTCR knockout (KO) mice (B6.129P2-Tcrdtm1Mom/J, 002120) were provided by Jinan University (Sun et al., 2018). All animal experiments were performed in strictly accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals (1988.11.1). All protocols for animal use were approved to be appropriate and humane by the institutional animal care and use committee of Guangzhou Medical University (2015–012). Every effort was made to minimize suffering.



Parasites and Infection

Plasmodium yoelii nigeriensis NSM was purchased from the malaria research and reference reagent resource center (MR4). The frozen Plasmodium yoelii was removed from the liquid nitrogen tank, followed by 37°C water bath thawing and resuscitate after 1 min, and placed on the ice. After intra-peritoneal injection of C57BL/6 mice with Plasmodium yoelii (200 ul/mice), blood was collected through tail vein and diluted in 1:1000 proportion to sterile PBS solution when the parasitaemia up to 10%-15% after 2-3 days. 6-8 weeks female C57BL/6 mice were divided into two groups (infection group and control group). 1×106 infected red blood cells (iRBC) were injected into the infection group C57BL/6 mice through tail vein. 24h after infection, the blood was obtained from the tail tip of mice to prepare blood film. After being fixed by methanol and stained with Giemsa, the parasitaemia was examined by optical microscopy. And the changes of parasitaemia were monitored in WT-mice and γδTKO-mice every day. In addition the survival rate of the mice was calculated.



Antibodies

BV-510 conjugated anti-mouse CD3 (145-2C11), PerCP-Cy5.5 conjugated anti-mouse CD4 (RM4-5), APC-cy7 conjugated anti-mouse CD8 (53-6.7), FITC conjugated anti-mouse γδTCR (GL3), PE-CD25 conjugated anti-mouse (A7R34), APC-conjugated anti-mouse CD69 (H1.2F3), APC-conjugated anti-mouse CD44 (IM7), PE-cy7 conjugated anti-mouse CD278 (ICOS, 15F9), Percp5.5 conjugated anti-mouse CD16/32 (93), APC conjugated anti-mouse IFN-γ (XMG1.2), PE conjugated anti-mouse IL-4 (11B11), PE conjugated anti-mouse IL-17 (TC11-18H10), PE conjugated anti-mouse IL-10 (JES5-16E3), APC conjugated anti-mouse IL-5(TRFK5), PE conjugated anti-mouse IL-2 (561061), PE conjugated anti-mouse CD154 (MR1), PE conjugated anti-mouse CD183 (CXCR3-173), PE conjugated anti-mouse CD80 (16-10A1), matched control monoclonal antibodies (MG1-45) were purchased from BioLegend (San Diego, CA, USA).



Lymphocyte Isolation

Mice were sacrificed at different time points after malaria infection. The liver, lung, blood, spleen, and peripheral blood mononuclear cell (PBMC) were collected, firstly. Then lung was cut to small pieces and incubated in 5 ml of digestion buffer (collagenase IV/DNase I mix, Invitrogen Corporation) for 30 min at 37 °C. The digested lung tissue was pressed through 200-gauge stainless-steel mesh, and then was suspended in Hank’s balanced salt solution (HBSS). Liver, lung, spleen, and mesenteric lymph nodes (MLN) were mechanically dissociated and processed through a 100-μm cell strainer (BD Falcon), and suspended in HBSS. Lymphocytes were isolated by Ficoll-Hypaque (DAKEWE) density gradient centrifugation. Isolated cells were washed twice in HBSS and re-suspended at 2×106 cells/ml in complete RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM glutamine, and 50 μM 2-mercaptoethanol.



Cell Surface Staining

Cells were washed twice with PBS and blocked in PBS buffer containing 1% BSA for 30 min. Cells were then stained for 30 min at 4 °C in the dark with conjugated antibodies specific for the cell surface antigens CD3, CD4, CD8, γδ T, CD25, CD44, CD69,Vγ2, CD62L, CD40L, CD16/32, and PD-1. Cells were analyzed using a flow cytometer (Beckman CytoFLEX), and the results were analyzed using CytExpert 1.1 software (Beckman Coulter, Inc.). Isotype-matched controls for cytokines were included in each staining protocol.



Intracellular Cytokines Staining

Single lymphocyte suspensions were isolated from the spleen of control and infected mice, and the cell concentration was adjusted to 2×106/ml. Cells were then stimulated with phorbol 12-myristate 13-acetate (PMA) (20 ng/ml, Sigma) and ionomycin (1 μg/ml, Sigma) for 5 h (37°C, 5% CO2). Brefeldin A (BFA, 10 μg/ml, Sigma) was added during the last 4 h of incubation. Cells were washed twice in PBS and then stained for 30 min at 4°Cin the dark with conjugated antibodies specific for the cell surface antigens CD3 and γδTCR. Cells were fixed by 4% paraformaldehyde and permeabilized overnight at 4°Cin PBS buffer containing 0.1% saponin (Sigma), 1% BSA and 0.05% NaN3. Next, cells were stained with different fluorescence conjugated antibodies specific for cytokines IL-4, IFN-γ, IL-17, IL-2, IL-10, and IL-5. Cells were analyzed using a flow cytometer (Beckman CytoFLEX) and the results were analyzed using CytExpert 1.1 software (Beckman Coulter, Inc.). Isotype-matched controls for cytokines were included in each staining protocol.



10× Genomics Chromium Analysis

Spleens were obtained from three naive and three infected mice on day 14 post-infection. Due to the low frequency of γδT cells in mouse spleen, we mixed the splenocytes of three mice in the same group. Single cell solution was prepared and CD3+γδTCR+ cells were sorted by FACS (Beckman MoFlo). The viability of γδT cells exceed 90% (hoechst H33342/PI staining). Cells were collected, and the expression of RNA in each cell were detected by 10× Genomics Chromium Single Cell RNA Sequencing (See et al., 2018) by LC biotechnology (LTD, Hangzhou, China). In brief, GemCode™ Single Cell platform (10× Genomics, Pleasanton, CA) was used to determine the transcriptomes of single cells. The Chromium Single Cell 3′Library & Gel Bead Kit v3 (10×Genomics, 1000075) was used for single-cell barcoding, cDNA synthesis and library preparation. Libraries were sequenced on Illumina Nova seq6000 using paired-end 150 bp.

The subsequently scRNA-seq data processing and analysis was also done by LC biotechnology. In brief, Seurat implements a graph-based clustering approach. Distances between the cells are calculated based on previously identified PCs. Seurat approach was heavily inspired by recent manuscripts which applied graph-based clustering approaches to scRNA-seq data – SNN-Cliq (Xu and Su, 2015) and CyTOF data-PhenoGraph (Levine et al., 2015). To cluster the cells, modularity optimization techniques -SLM (Subelj and Bajec, 2011) were applied to iteratively group cells together, with the goal of optimizing the standard modularity function.

CellRanger (version 3.1.0) was used, aligned reads on the GRCm38 reference genome for mouse and generated unique molecular identifier gene expression profiles for every single cell under standard sequencing quality threshold (default parameters). Low-quality cells were removed for downstream analysis when they met the following criteria for retaining cells: (1) ≥50,000 sequence reads; (2) ≥40% of reads uniquely aligned to the genome; (3) ≥40% of these reads mapping to RefSeq annotated exons. Through Seurat (Version 3.6.0) R package, we processed the UMI counts mentioned above with further filteration criteria (cells are removed): 1) less than 500 and more than 4000 expressed genes, 2) higher than 10% mitochondrial genome transcript, 3) Genes expressed in less than 3 cells, 4) more than 8000 UMI counts. In total, 3022 cells in infected group and 6109 cells in normal group were captured and sequenced, and 27998 genes were analysed.

Differentially expressed genes (DEGs) were identified by “FindMarkers” function in Seurat using “wilcox” test methods and Bonferroni correction. Significant DEGs were selected from genes with P ≤ 0.01 and log processed average fold change (avg_log2FC) ≥ 0.36 for further analysis and visualization. GO analysis and KEGG pathway enrichment analysis for these significant DEGs were performed by clusterProfiler package.



Enzyme Linked Immunosorbent Assay (ELISA)

Immunoglobulin (Ig) G and IgM antibodies to malaria were measured by ELISA. Briefly, 13-mer peptide with a sequence NH2-SCKNEWGWSKSCS-COOH (Dutta et al., 2018) was synthesized by Ang tuolai biotechnology co. LTD (Zhejiang, China). The peptide was diluted in 0.05 M sodium bicarbonate contained coating buffer (pH 9.6), 10 μg/ml (100 μl/well), at 4°C overnight. The plate was washed twice, and blocked at 4°C for 1 hr. After washing for three times, 100 μl of 100 fold diluted serum was added to each well, and incubated at 37°C for 2 hr. After five times washes, 100 μl horseradish peroxidise (HRP)-conjugated goat anti-mouse IgG (ZB2305, ZSGB-Bio, Beijing, China) and HRP-conjugated goat anti-mouse IgM (RS030210; ImmunoWay Biotechnology, Plano, TX, USA) diluted in PBS/Tween-20 was added and incubated at 37°C for 1h. The plate was washed five times, TMB Substrate Reagent (555214, BD) (100 μl per well) was added and incubated for 10 min in the dark. The reaction was stopped by stop solution and the absorbance of each well was measured at 450 nm with an ELISA plate reader (Model ELX-800; BioTek).



Blood Cell Analysis

Blood was collected from mice by using a retro-orbital puncture. The numbers of Red blood cell (RBC), white blood cell (WBC), and Platelet (PLT) in the blood were detected and analyzed by an automatic cellular analyzers (DXH-800, Beckman Coulter) (Bigorra et al., 2019).



Statistical Analysis

Data were analyzed with SPSS 11.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism (v8.02). Differences between the two groups were analyzed in GraphPad Prism (v8.02) using an unpaired t-tests with equal variance and normal distributions. To compare more than two groups, one-way ANOVA and LSD test by SPSS software package and SPSS software were used with equal variance and normal distributions. In addition, Mann-Whitney U test was used with unequal variance or abnormal distributions. The statistical significance was defined as P < 0.05.




Results


Changes of γδT Cells in Different Organs of C57BL/6 Mice After P. yoelii NSM Infection

To explore the role of γδT cells in C57BL/6 mice, dynamic changes in the proportions of γδT cells in the spleen of mice were detected by FCM at days 0, 4, 8, 12, 16, 20, 24 and 28 after P. yoelii NSM infection (Figures 1A, B). As shown in Figure 1C, the results indicated that the percentage of CD3+γδTCR+ cells in CD3+T cells in the spleens of naive mice was 2.1 ± 0.18%. The percentage of CD3+γδTCR+ cells increased slightly from day 4 to day 8, but significantly increased at days 12, 16 and 20 (P < 0.01), and then decreased at days 24 and 28. However, the numbers of detected splenic CD3+ γδTCR+ cells increased from day 8, peaked at day 20, and then decreased from day 20 to day 28 (Figure 1C). Therefore, day 14 was selected as the time point to detect the properties of splenic γδT cells in this study.




Figure 1 | Dynamic changes in γδT cells in the spleen of P. yoelii NSM infected mice. Fourteen days after Plasmodium infection, lymphocytes from the spleen, MLN, lung, liver, and PBMC of C57BL/6 mice were isolated. Different fluorescence-labelled mAbs against mouse CD3 and γδTCR were used to detect the content of γδT cells by flow cytometry. (A) All the doublet cells, dead cells, and nonlymphoid cells were excluded from flow cytometry data. (B, C) Dynamic changes in γδT cells in the spleens of C57BL/6 mice infected with Plasmodium were determined by FCM from day 4 to day 28, simultaneously setting up naive control. (D) Averages of γδT cells in infected mice in different organs were calculated after FCM analysis. Cell numbers of γδT cells from different organs in infected mice, compared with naive groups. Representative results of three independent results are shown. The average of three independent experiments with 3-5 mice per group was shown and repeated three times with similar results. The error bars are SD, *P < 0.05, **P < 0.01.



To explore the alteration of γδT cells in different organs, C57BL/6 mice were infected with P. yoelii NSM. 14 days later, the mice were sacrificed, and single-cell suspensions of mesenteric lymph node (MLN), lung, liver, spleen, and peripheral blood were prepared and counted. Then, different fluorescence labeled anti-CD3 and anti-γδTCR monoclonal antibodies were used to measure the frequency of γδT cells (Figure 1D). As shown in Figure 1D, the percentage of γδT cells in the infected mice spleen was significantly higher than that in the naive group (P < 0.01). The percentages of γδT cells in lung, liver, MLN and PBMC of infected mice were higher than those in naive mice (P < 0.05). Meanwhile, the absolute numbers of γδT cells in the spleen, MLN, lung, and liver significantly increased (P < 0.05) after malaria infection.



Phenotypic and Functional Changes in Splenic γδT Cells in P. yoelii NSM Infected C57BL/6 Mice

To explore the characteristics of γδT cells, the splenic single cell suspension was prepared, and T cell subpopulation (Vγ2, CD4, CD8 and CD44), activation or function (CD25, CD69, CD62L, CD40L, CD16/32, CD80, PD-1, PDL1and PDL2), and migration (CXCR3, CX3CR1, CXCR6 and CX3CR1) related molecules were detected by FCM (Figure 2A). As shown in Figure 2B, the proportion of Vγ2 expressing γδT cells significantly decreased after P. yoelii NSM infection (P < 0.01). The expression of the activation-associated molecule CD62L was significantly decreased (P < 0.01), while that of CD69 was increased (P < 0.05). The expression of function-related ICOS on γδT cells also increased (P < 0.05). Interestingly, the percentage of PD-1 expressing γδT cells was increased significantly (P < 0.01). Beyond that, the expression levels of CD44, CD16/32, CD40L, CD80, PD-L1, PD-L2, CXCR3, CX3CR1 and CX3CR1 were not significantly different between the naive group and the infected group (P > 0.05).




Figure 2 | Plasmodium infection induced splenic γδT cell activation and differentiation. (A, B) Splenocytes were separated from naive and infected mice (14 days post infection) and then stained with monoclonal antibodies against mouse CD3, γδTCR, Vγ2, CD4, CD8, CD62 L, CD25, CD69, CD44, CD16/32, CD40 L, CD80, PD-1, PD-L1, PD-L2, ICOS, CXCR3 and CX3CR1 after cell surface staining. (A) A representative result of three independent experiments is shown. (B) The average expression of different surface molecules on γδT cells was calculated by FCM data. (C, D) Isolated splenocytes were stimulated by PMA and ionomycin, and the expression levels of cytokines (IFN-γ, IL-4, IL-5, IL-10, IL-2, and IL-17) were detected in CD3+ γδTCR+ cells after intracellular staining. (C) A representative of three independent experiments is shown. (D) The average expression levels of different cytokines on γδT cells were calculated by FCM data. The average of three independent experiments with 3-5 mice per group was shown and repeated three times with similar results. The error bars are SD, *P < 0.05, **P < 0.01. ns, no significance.



γδT cells can secrete multiple cytokines, such as IFN-γ, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17 (Silva-Santos et al., 2019; Cha et al., 2020; Seifert et al., 2020). Spleen single cell suspensions were stimulated by PMA plus ionomycin, and intracellular cytokines were stained to examine cytokine production. As shown in Figure 2C, the expression of IFN-γ, IL-2, IL-4, IL-5, IL-10, and IL-17 was detected in γδT cells. The proportions of IFN-γ and IL-10 secreting γδT cells were decreased after P. yoelii NSM infection (P < 0.05) (Figure 2D). In contrast, the percentages of IL-2-, IL-4-, and IL-17-secreting γδT cells were increased in the infected group (P < 0.05). There was no significant difference in the secretion of IL-5 by γδT cells between naive and P. yoelii NSM infected mice (P > 0.05).



P. yoelii NSM Infection Induces Transcriptomic Changes at the Single-Cell Level in Splenic γδT Cells

To explore the properties of splenic γδT cells in the progression of malaria infection, 14 days after P. yoelii NSM infection, CD3+γδTCR+ cells were sorted by FACS from splenocytes of both naive and infected C57BL/6 mice, and the RNA expression profile was determined using single-cell RNA sequencing (10× Genomics Chromium system). The CD3+γδTCR+ cells were gated firstly, the data were analyzed. As shown in Figure 3A, the isolated γδT cells were divided into 11 clusters by t-distributed stochastic neighbour embedding (t-SNE) visualization analysis. Detailed information on the marker genes in each cluster was shown in Additional File 1: Table S1. γδT cells from naive mice mainly contained clusters 0, 1, and 2, whereas γδT cells from infected mice mainly included clusters 4, 5, and 7 (Figure 3B). At the same time, the ratios of cells from naive or infected mice in each cluster were compared. More than 90% of γδT cells from naive mice were in clusters 0, 1, 2, and 8. In contrast, more than 90% of γδT cells from infected mice were in clusters 4 and 5 (Figure 3C). Moreover, the density of the marked genes in each cluster was listed and compared, as shown in a heatmap (Figure 3D).




Figure 3 | Single-cell transcriptomic analysis of splenic γδT cells from P. yoelii NSM infected mice. At 14 days after P. yoelii NSM infection, splenocytes were isolated from both naive and infected C57BL/6 mice. CD3+γδTCR+ cells were sorted using FACS, and the expression profile in single cells was detected using single-cell RNA sequencing (10× Genomics Chromium system). (A) t-distributed stochastic neighbour embedding visualization (t-SNE). All isolated γδT cells were classified into 11 clusters according to the properties of the RNA expression profile in each cell. Different colours represent different clusters, as indicated by the label (left). The cells from naive (red point) or infected (blue point) mice in each cluster are shown (right). (B) The percentage of cells in each cluster from naive (left) or infected (right) mice. (C) The ratio of each cluster in γδT cells from naive (blue) or infected (red) mice. (D) The heatmap of marker genes in each cell cluster. (E) The top 20 significant GO terms for the marker genes from 4, 5 and 7 cluster. The GO enrichment analysis revealed that the marker genes in each cluster were involved in innate and adaptive immunity. The left represents the GO term, the right represents enrichment, and the size of the solid circle indicates the number of genes. (F) The top 20 significant KEGG pathways for the marker genes from 4, 5 and 7 cluster. The KEGG pathway of marker genes in each cluster. The left represents the KEGG pathway, the right represents enrichment, and the size of the solid circle indicates the number of genes. A single experiment was performed for scRNA sequencing.



To define the biological function of the marker genes from cluster 4, 5, and 7, GO and KEGG pathway enrichment was performed (Figures 3E, F). The marker genes in the infected group were mainly involved in the immune response. The GO enrichment analysis revealed that the marker genes in the infection group were involved in innate and adaptive immunity, such as “natural killer cell activation” and “adaptive immune response” in cluster 4 GO term enrichment; “MHC class I peptide loading complex”, “inflammatory response”, “immune system process”, “immune response”, and “adaptive immune response” in cluster 5 GO term enrichment; and “MHC class I peptide complex binding”, “inflammatory response”, “immune system process”, and “immune response” in cluster 7 GO term enrichment (Figure 3E).

Pathway enrichment analysis identified the marker genes in the infected group that were significantly enriched in “T cell receptor signalling pathway”, “Th17 cell differentiation”, “Natural killer cell-mediated cytotoxicity”, and some host defence against infectious disease processes (Figure 3F). These results suggested that P. yoelii NSM infection-induced γδT cells shared many key signalling molecules with other cells or against pathogen infection. This further demonstrated that γδT cells, especially in clusters 4, 5, and 7, are deeply involved in fighting P. yoelii NSM.



The Effects of γδT Cells on the Infection Rate and Mortality of Malaria Parasites

To record the percent parasitaemia and percent survival in C57BL/6 mice infected with P. yoelii NSM, female SPF 6–8 weeks old C57BL/6 mice and γδTCR KO mice were intraperitoneally infected with P. yoelii NSM (106). Thin blood smears were obtained from blood of mice tails, stained with Giemsa, and counted daily from day 1 to day 26. As shown in Figure 4A, the level of parasitaemia in γδTCR KO mice was higher than that in wild-type mice on day 4 (P < 0.05). There was no significant difference in the survival rates of these two groups. Death of one γδT knockout mouse occurred on day 16, while one wild-type group died on day 21 (Figure 4B). 14 days later, the spleen was obtained and recorded weight. As shown in Figure 4C, the spleen weight in the infected mice was significantly higher than that in the uninfected control (P < 0.05), and the spleen weight in the infected γδTCR KO mice was lower than that in infected wild-type (WT) C57BL/6 mice (P < 0.05). In addition, blood was collected from these mice, the numbers of blood cells (WBCs, RBCs and PLTs) were counted. As shown in Additional File 2: Figure S1, the results indicated that in the blood of both infected wild-type and infected γδTCR KO mice, the number of WBCs was increased (P < 0.05) compared with that in the naive mice, while the numbers of RBCs and PLTs were significantly decreased (P < 0.01). Compared with infected WT mice, the number of WBCs was higher, and the numbers of RBCs and PLTs were significantly lower in the blood of infected γδTCR KO mice (P < 0.05).




Figure 4 | γδTCR KO decreased splenic T cell response and B cell response in P. yoelii NSM infected mice. Dynamic monitoring of percent parasitaemia (A) and percent survival (B) in wild-type C57BL/6 and γδTCR KO mice, which were both infected with Plasmodium yoelii NSM. *P<0.05. Representative results of two independent results are shown (N=10). (C) Mice were infected with P. yoelii NSM, and 14 days later, spleens were separated from both naive and P. yoelii NSM infected wild-type and KO mice. The weights of the spleens from each group of mice were measured (N=5-6). (D) FCM statistical graphs of the distribution and content of splenic CD4+ T cells and CD8+ T cells in the two infected and two naive groups. # refers to absolute number. (E) The expression levels of CD69, CD62L and CD25 on CD4+ T cells and CD8+ T cells in P. yoelii NSM infected mice compared with the two naive groups. (F, G) The cytokine expression levels of IFN-γ, IL-2, IL-4, IL-10, IL-17, and IL-21 in CD4+ T cells and CD8+ T cells obtained from Plasmodium-infected mice compared with the two naive groups. (H) The percentage and content of B cells in each group of mice were detected by FCM and counted. (I) The expression levels of CD69, ICOS and CD80 in B cells in each group of mice were detected by FCM. (J) Serum from both naive and infected C57BL/6 and γδTCR KO mice was collected and diluted 100 times. The contents of malaria-specific IgM and IgG antibodies were detected by ELISA. The OD values are shown. Representative results of three independent results are shown (N=5) and the error bars are SD. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns, P > 0.05.



To explore the effect of γδT cells on T cells, single-cell suspension from spleen in four groups, including WT-infected, γδTCR KO-infected, WT-naive, γδTCR KO-naive groups, were stained with fluorescence labelled CD3, CD4 and CD8. Based on Figure 4D, we found that the distribution of CD4+ T cells and CD8+ T cells decreased after P. yoelii NSM infection (P < 0.05). Interestingly, the γδTCR KO-infected group had lower distributions of CD4+ T cells and CD8+ T cells than the WT-infected group (P < 0.05). The absolute numbers of CD4+ T cells and CD8+ T cells were higher in the two infected groups (P < 0.05). The proportions of CD4+ T cells and CD8+ T cells in the WT-infected group were higher than those in the γδTCR KO infected group (P < 0.01).

As shown in Figure 4E, the expression levels of CD69 in the two infected groups were higher than those in two naive groups on both CD4+ and CD8+ cells (P < 0.01). The WT-infected group had more CD69 expression than the γδTCR KO infected group (P<0.05). This demonstrated that γδT cells could help activate both CD4 and CD8 T cells in the spleens of P. yoelii NSM infected mice. Although the expression of CD62L was significantly decreased in the two infected groups (P < 0.01), no significant difference was found between the two infected groups (P > 0.05).

To further explore the role of γδT cells in mediating the splenic T cell immune response, splenocytes were collected from these four groups of mice, stimulated with PMA and ionomycin, and intracellular cytokine staining was performed. As shown in Figure 4F/4G, CD4+ T cells were gated first, and the percentages of IL-2, IL-10, and IFN-γ expressing cells in the two infected groups were significantly increased compared with that in WT mice (P < 0.01). Notably, the percentage of IFN-γ expression cells in the splenic γδT cells from infected WT mice was higher than that from infected γδTCR KO mice (P < 0.01). The percentage of IFN-γ expressing CD8+ T cells in infected groups was higher than that in naive mice (P < 0.05), and a lower percentage of IFN-γ expressing cells was found in CD8+ cells from infected γδTCR KO mice (P < 0.05). The flow cytometry plots corresponding to these statistical graph results were in Additional File 3: Figure S2. These results demonstrated that γδT cells have significant promotion effects on T cell proliferation and activation after malaria infection, especially in promoting CD4+ T cells and CD8+ T cells to produce IFN-γ.

As shown in Figure 4H, the percentages of B cells in infected groups were lower than those in the naive groups (P < 0.01), and the percentage of B cells in the group of WT-infected mice was higher than that in γδTCR KO infected mice (P < 0.01). However, the absolute numbers of CD19+ B cells were significantly increased in the two infected groups compared with the two naive controls (P < 0.01). As expected, the number of B cells in the WT infected group was higher than that in the γδTCR KO-infected group (P < 0.01). The expression levels of CD80, ICOS and CD69 in B cells from infected groups were significantly higher than those in B cells from naive mice (P < 0.05, Figure 4I). Compared with infected γδTCR KO mice, a higher percentage of CD69 expressing B cells was found in the group of infected WT mice (P < 0.05). Moreover, blood was collected from these four groups of mice, serum was extracted and diluted, and the concentration of malaria specific antibodies was detected by ELISA. As shown in Figure 4J, the concentrations of malaria specific IgM and IgG were higher in the serum from malaria-infected mice (P < 0.01). Furthermore, the concentrations of malaria specific IgM and IgG were significantly decreased in the serum of the γδTCR KO-infected group, compared with the WT-infected group (P < 0.01). These results indicated that γδT cells could promote B cell activation, proliferation and antibody production.




Discussion

γδT cells play an important role in resisting malaria infection in humans and mice (Pamplona and Silva-Santos, 2020). In this study, the properties of γδT cells were investigated in P. yoelii NSM infected C57BL/6 mice. The percentage and numbers of splenic γδT cells peaked at approximately days 12 to 16 after infection, which is the middle phase of P. yoelii NSM infection. In addition, we found that the frequency of γδT cells in the spleen was higher than in the liver, MLN, PBMC and lung of infected mice. This result indicated that γδT cells participate in the immune response in P. yoelii NSM infected mice as reported (Nadeem et al., 2019).

Vγ2 γδT cells is a sub-population of δT cells based on the type of the Vδ strain (Buus et al., 2016). It was reported that Vγ2 γδT cells could recruit neutrophils and deteriorate liver fibrosis induced by Schistosoma japonicum infection in C57BL/6 mice (Zheng et al., 2017). Another research indicated that Vγ2 cells expanded during malaria infection (Deroost and Langhorne, 2018). However, in our study the percentage of splenic Vγ2 γδT cells was decreased in P. yoelii NSM infected mice. It implied that other population of γδT cells might expand quickly in the spleen of P. yoelii NSM infected mice.

CD69 (Wang et al., 2014), inducible co-stimulatory molecule (ICOS) (Liu et al., 2021), programmed death 1 (PD-1) (Iwasaki et al., 2011) and L-selectin (CD62L) (Vassena et al., 2015) were T cells activation associated molecules. In our study, increased expression of CD69, ICOS, and PD-1, and the decreased expression of CD62L on the surface of infection induced splenic γδT cells demonstrating that P. yoelii NSM infection could induce γδT cell activation. It was reported that CD40L and ICOS can help T-B cell adhesion and antibody production by different manner in human (Liu et al., 2021).Significant higher percentage of ICOS and lower level of CD40L expressed on the splenic γδT cells from P. yoelii NSM infected mice, suggesting that ICOS might be an effective functional molecule for γδT cells in mediating immune responses during P. yoelii NSM infection. It was reported that γδT cells can express APC-related cell surface markers (Khan et al., 2014). However, we found that few of CD80, PD-L1, and PDL2 was expressed on γδT cells from both WT and infected mice. It implied that CD80, PD-L1, and PDL2 were not involved in γδT cells mediating P. yoelii NSM infection induced immune response in the spleen of C57BL/6 mice.

IFN-γ secreted by γδT cells is important for liver-stage Plasmodium infection (Buus et al., 2016), and the antibodies and IL-4-producing CD4+ T cell response play the major role during the chronic phase (Comeau et al., 2020). In our study, a higher percentage of IL-4, and a lower percentage of IFN-γ secreting γδT cells were found in the spleens of P. yoelii NSM infected mice. It implicated that γδT cells can exhibit Th2 conversion in this model. Together with the increased PD-1 expression, it seemed that functional exhaustion developed in P. yoelii NSM infection induced splenic γδT cells, as found in Plasmodium vivax exposed patients (Perez-Mazliah and Langhorne, 2014). IL-17 can recruit neutrophils, and induce inflammation (Gogoi et al., 2018). Significantly increased IL-17+ γδT cells was found in the spleens of P. yoelii NSM infected mice, which implied that γδT cells played roles in inducing inflammation in this model. IL-10 can inhibit the anti-malarial response mediated by T cells (Freitas Do Rosario and Langhorne, 2012). It was reported that non-Vγ9 γδT cells in the peripheral blood of patients with naturally acquired immunity against falciparum malaria had the potential to expand and produce IL-10 and IFN-γ (Taniguchi et al., 2017). Although, decreased of IL-10+ γδT cells was found in the spleen of P. yoelii NSM infected mice, it convinced that γδT possessed the ability to inhibit T cell immune response in the spleen of P. yoelii NSM infected mice.

Single-cell RNA sequencing (scRNA-seq) clustering helps elucidate cell-to-cell heterogeneity and uncover cell subgroups and cell dynamics at the group level (Peng et al., 2020). By single-cell RNA sequencing, Pizzolato et al. unveiled the shared and the distinct cytotoxic hallmarks of human TCRVγ1 and TCRVδ2 γδT lymphocytes (Pizzolato et al., 2019). scRNA-seq were performed to comprehensively catalog the heterogeneity of γδT cells derived from murine liver and thymus, and liver hematopoietic progenitor LSM cells were found able to differentiate into pre-γδT cells and functionally mature γδT cells (Hu et al., 2021). The sequencing data in this study provided great information for research in not only γδT cell differentiation, but also host anti-malaria process. The purified γδT cells from both naive and infected mice could be divided into 11 clusters. γδT cells from naive mice mainly contained clusters 0, 1, and 2, whereas γδT cells from infected mice mainly included clusters 4, 5, and 7. The GO and KEGG enrichment analysis furtherly revealed that the marker genes in clusters 4, 5, and 7 were involved in innate and adaptive immunity. These results not only demonstrated the diversity of γδT cells, but also indicated that γδT cells have differentiated and participated in host innate and adaptive anti-malaria immunity process. Similarly, γδT cells were reported to expand rapidly after resolution of acute parasitaemia, express specific cytokines, M-CSF, CCL5, CCL3, and were necessary for preventing parasitaemic recurrence (Mamedov et al., 2018). γδT cells expressing CD40L could promote dendritic cell activation and induced clearance of the Plasmodium parasites (Inoue et al., 2012). γδT cells were reported to be critical for the induction of sterile immunity during irradiated Plasmodium sporozoite vaccinations (Zaidi et al., 2017). Furthermore, the mechanism about γδT activation and differentiation induced by Plasmodium infection was unclear. 60 marker genes were identified for clusters 4, 5, and 7 in this study. These genes could provide useful information for exploring the mechanism of γδT activation and differentiation induced by Plasmodium infection in the future.

Next, γδTCR KO mice were infected by P. yoelii NSM to confirm the roles of γδT cells in the course of P. yoelii NSM infection. A significantly higher parasitaemia was found in γδTCR KO mice 4 days after infection (P < 0.05), suggesting that γδT cells played an important role in eliminating invasive P. yoelii NSM in the early stage of infection. Consisted with us, γδT cells have been shown to provide immune protection against blood-stage malaria in a granzyme and granulysin mediated innate immune mechanism (Hernandez-Castaneda et al., 2020). The level of parasitaemia in P. yoelii NSM infected WT and γδTCR KO mice were peaked at about 14 days after infection, no significant difference was found between these two groups. It may related to the expression of PD-1 on γδT cells. PD-1 is highly expressed in exhausted T cells and is associated with impaired effector function and increased apoptosis (He and Xu, 2020). It was reported that PD-1 signaling pathways could inhibit the cytotoxicity of human γδT cells (Hwang et al., 2021). Moreover, the weights of the spleens in the infected γδTCR KO mice were decreased implied that γδT cells might promote immune response in the spleen of P. yoelii NSM infected mice as found in P. berghei XAT infection (Inoue et al., 2013). However, increased number of WBCs and decreased numbers of RBCs were found in the blood of infected γδTCR KO mice. It might be related to that γδT cells can suppress Plasmodium falciparum blood-stage infection by forming immunological synapses with and lysis iRBCs, and destroying the parasite in patients (Junqueira et al., 2021).

The T cell-mediated immune response plays a key role during malaria. CD4+ Th cells can modulate the type of immune response (Kumar et al., 2020; Soon et al., 2020), and CD8+ Tc cells are essential for the clearance of intracellular pathogens and serve as targets for malaria vaccine research (Holz et al., 2020). It has long been observed that γδT cells can act as antigen-presenting cells (APCs), which are a bridge between innative and adaptive immune responses (Tyler et al., 2017). Here, a lower percentage of CD69 and a higher percentage of CD62L were expressed on CD4+ and CD8+ T cells, decreased percentages of IL-2, IL-10, and IFN-γ expressing CD4+ Th cells, and lower percentages of IFN-γ expressing CD8+ T cells were found in the spleens of Plasmodium infected γδTCR KO mice than that in the infected WT mice (P < 0.05). It suggested that γδT cells could promote splenic T cell response in the course of P. yoelii NSM infection.

Moreover, the humoral immune response also plays an important role in preventing clinical malaria (Joyner et al., 2019). Decreased numbers of B cells in the spleen, decreased expression of CD69 on B cells, and lower levels of IgG and IgM antibodies in the serum were found in P. yoelii NSM infected γδTCR KO mice compared with infected WT mice. It indicated that γδT cells could enhance the humoral immune response against Plasmodium infection. Consistent with our results, γδT cells were found modulating size and productivity of preimmune peripheral B cell populations (Huang et al., 2016).



Conclusions

Overall, our study suggested that the expansion of γδT cells in cluster 4, 5 and 7 could enhance both cellular and humoral immune responses in the spleen of Plasmodium yoelii nigeriensis NSM infected C57BL/6 mice.
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Plasmodium falciparum sexual stage gametocytes are critical for parasite transmission from the human host to the mosquito vector. Mature gametocytes generate fertile male (micro-) or female (macro-) gametes upon activation inside the mosquito midgut. While a number of parasite genes have been described that are critical for P. falciparum gametogenesis and fertility, no parasite gene has been shown to have a unique function in macrogametes. The genome of P. falciparum encodes numerous RNA-binding proteins. We identified a novel protein containing a putative RNA-binding domain, which we named Macrogamete-Contributed Factor Essential for Transmission (MaCFET). This protein is expressed in the asexual and sexual stages. Parasites that carry a deletion of MaCFET (Pfmacfet¯), developed normally as asexual stages, indicating that its function is not essential for the asexual proliferation of the parasite in vitro. Furthermore, Pfmacfet¯ male and female gametocytes developed normally and underwent activation to form microgametes and macrogametes. However, by utilizing genetic crosses, we demonstrate that Pfmacfet¯ parasites suffer a complete female-specific defect in successful fertilization. Therefore, PfMaCFET is a critical female-contributed factor for parasite transmission to the mosquito. Based on its putative RNA-binding properties, PfMaCFET might be in involved in the regulation of mRNAs that encode female-specific functions for fertilization or female-contributed factors needed post fertilization.
Keywords: gametocyte, gamete, fertility, mosquito, transmission
INTRODUCTION
Plasmodium is a digenetic parasite with a life cycle alternating between a vertebrate human host and a female Anopheline mosquito vector. While the majority of the erythrocytic stage parasites inside a human host grow asexually, developing through ring, trophozoite and schizont stages, some of the parasites differentiate into sexual stage gametocytes. P. falciparum gametocytes differentiate through stage I to stage V over a period of two weeks and show changes in their morphology and sexual commitment. The gametocyte sex ratio in P. falciparum is female biased, with both strain-specific and environmental factors playing a role in determining the actual ratio (Tadesse et al., 2019). When fully mature transmissible forms of stage V gametocytes are taken up by the mosquito vector in an infectious blood meal, they become activated to form gametes by a combination of factors including a drop in temperature (Sinden and Croll, 1975), an increase in pH (Sinden, 1983), and/or exposure to xanthurenic acid (XA), a metabolite of tryptophan (Billker et al., 1998). Gametogenesis is regulated by mobilization of intracellular calcium (Ca2+) stores, which control Ca2+ dependent protein function (Billker et al., 2004; Kumar et al., 2021) and is a rapid process with the male (micro) gametocyte undergoing three rounds of DNA replication and assembly of axonemes to form eight flagellar microgametes. The female (macro) gametocyte only undergoes a marked reduction in cytoplasmic density and nuclear changes to form a single macrogamete (Andreadaki et al., 2018). Microgametes display bidirectional flagellar motility through the blood meal, encounter macrogametes, and attach to initiate fertilization. Overall, fertilization represents a “bottleneck” in the parasite life cycle and is critical for transmission of the parasite (Kappe et al., 2010).
Cellular differentiation in organisms is controlled by “master” regulatory transcription factors and epigenetic mechanisms. While Plasmodium has a paucity of transcription factors, plant Apetala-related transcription factors have been identified to play a critical role for gametocytogenesis (López-Barragán et al., 2011; van Biljon et al., 2019). Since the transition from mature stage V gametocytes to fertilization-competent gametes is a rapid process, it can be assumed that the molecular framework to support this transition is already established in stage V gametocytes and is ready to be triggered by the aforementioned factors. However, little is known about the molecules that regulate this process.
RNA binding proteins (RBPs) regulate mRNA homeostasis and translation in various organisms (Nguyen-Chi and Morello, 2011; Oliveira et al., 2017; Díaz-Muñoz and Turner, 2018). In higher eukaryotes, RBPs control posttranscriptional gene regulation by binding to the 3′ UTR region of mRNAs and regulate germ cell decisions (Rangan et al., 2008; Kimble, 2011). In metazoans, transcripts required for germ cell specification and maternal to zygote transition are stored in ribonucleoprotein particles (mRNPs) called P granules (Stitzel and Seydoux, 2007; Boag et al., 2008; Voronina et al., 2011; Mukherjee and Mukherjee, 2021). In rodent malaria Plasmodium parasites, P granules and their components have been identified (Mair et al., 2010) and two of these components- the RNA helicase DOZI (Development Of Zygote Inhibited) and the Sm-like factor CITH (homolog of worm CAR-I and fly Tailer Hitch) control zygote to ookinete transition (Mair et al., 2010) by translationally repressing mRNAs contributed by the macrogamete (Mair et al., 2006; Mair et al., 2010).
The Plasmodium genome encodes 988 RBP candidates which correspond to 18.1% of the total P. falciparum proteome and 199 proteins of these interact with mRNA during the blood stages (Bunnik et al., 2016). Several of these RBP show elevated expression in gametocytes (Reddy et al., 2015; Bunnik et al., 2016). We have herein characterized one of these RNA-recognition motif (RRM) domain-containing proteins in P. falciparum and show that it is expressed in both asexual and sexual stages. Gene knockout parasites grow normally as asexual stages and develop and differentiate into mature gametocytes. These parasites also do not show any defect in male and female gametogenesis. However, they suffer a complete female-specific defect in successful fertilization. Therefore, we named this protein Macrogamete-Contributed Factor Essential for Transmission (MaCFET) as it is a critical female-contributed factor for transmission to the mosquito.
RESULTS
PfMaCFET is Expressed in Asexual and Sexual Stages
Recent transcriptomic studies on gametocyte stages have identified several genes exhibiting high expression (López-Barragán et al., 2011; Lasonder et al., 2016; van Biljon et al., 2019). Among these genes, Pf3D7_1241400 showed high expression in gametocyte stages compared to asexual stages (van Biljon et al., 2019). Since the gene deletion parasites (described below) for this gene had a complete block in macrogamete fertility, we named it Macrogamete-Contributed Factor Essential for Transmission (MaCFET). Domain analysis for this protein revealed the presence of a single RRM domain (Figure 1A). To analyze PfMaCFET expression, we generated transgenic parasites in the PfNF54 strain with a GFP tag at the C-terminus of the protein (Figures 1B–D). Indirect immunofluorescence assays (IFAs) were performed on thin parasite culture smears and stained with anti-GFP antibodies to detect PfMaCFET and anti-Tubulin-X to mark parasite microtubules demonstrating that PfMaCFET expression throughout intraerythrocytic parasite development (Figure 2A). PfMaCFET localized within the parasite cytoplasm and the distribution of the protein had a granular appearance. PfMaCFET was also detected in stage II through stage V gametocytes (Figure 2B). Co-staining with macrogametocyte-specific antibodies (anti-Pfg377) (Figure 2B) or microgametocyte -specific antibodies (anti-Tubulin) (Figure 2C), or macrogamete antibodies (anti-Pfs25) (Figure 2D) revealed that PfMaCFET is expressed in both male and female gametocytes. These results show that PfMaCFET is expressed in both asexual and sexual stages of the parasite.
[image: Figure 1]FIGURE 1 | Generation of PfMaCFET-GFP parasites. (A) Schematic for PfMaCFET domains showing an RNA recognition motif (RRM) domain. (B) Schematic for endogenous tagging of the PfMaCFET locus with GFP. The pFCL3_MaCFET_GFP plasmid contains homology arms from the 5′ (5′HR) and 3′ (3′HR) regions of the PfMaCFET locus, a single guide RNA seq (sgRNA), Cas9 and human dihydrofolate reductase (hDHFR). (C) Confirmation of PfMaCFET-GFP parasite generation by genotyping PCR. The oligonucleotides were designed and positions are indicated by arrows in (B) to confirm the introduction of the GFP tag. (D) The expected amplicon sizes for different sets of PCR primer combinations are indicated.
[image: Figure 2]FIGURE 2 | Expression and localization of PfMaCFET in asexual and sexual stage parasites (A) IFAs were performed using thin culture smears of asexual stages (ring, trophozoite, early and late schizonts), (B) sexual (stage II-V gametocytes) stages, (C) male gametocyte, (D) female gamete using anti-GFP antibody (in green) in combination with anti-Tubulin X (A), anti-PfG377 (B), anti-Tubulin (C) anti-Pfs25 (D). The parasite DNA was visualized with DAPI (blue). Representative images are shown. DIC, differential interference contrast. DAPI, 4′,6-diamidino-2-phenylindole, Scale bar = 5 μm.
Pfmacfet¯ Gametocytes Do Not Display Any Defect in Asexual Stage Replication and Sexual Stage Formation
For functional analysis, the endogenous PfMaCFET gene was deleted using CRISPR/Cas9 methodology. Genomic regions (800–1,000 bp) from upstream (5′) and downstream (3′) of the PfMaCFET genomic region were PCR-amplified, ligated through an overlapping linker region and then cloned in pFCEF1α-Linker3 vector (Figure 3A). The plasmid was transfected using BIO-RAD gene pulsar using standard methods. Parasites were selected using WR99210 (8 µM). Parasites which appeared after drug selection were used to harvest genomic DNA. Deletion of the PfMaCFET locus was ascertained by a set of diagnostic PCRs with oligonucleotides specific for the PfMaCFET locus and its 5′ (upstream) and 3′ (downstream) genomic regions (Figures 3A–C). Pfmacfet¯ parasites were cloned by limiting dilution and two clones were utilized for phenotypic analysis. Whole genome sequencing was performed on WT PfNF54 and Pfmacfet¯ parasites, which confirmed deletion of the PfMaCFET locus and showed no off-target genetic changes in other regions of the genome (data not shown).
[image: Figure 3]FIGURE 3 | Generation of Pfmacfet¯ parasites. (A) For generation of Pfmacfet¯ parasites a similar strategy as described in Figure 1 was used. pFCL3_PfMaCFET_KO plasmids had homology regions from 5′ (5′HR) and 3′ (3′HR) of the PfMaCFET locus, a single guide RNA seq (sgRNA) and human dihydrofolate reductase (hDHFR). (B,C) PfMaCFET deletion confirmation via diagnostic PCR. The oligonucleotides were designed from outside the 5′HR and 3′HR and the PfMaCFET locus and positions are indicated by arrows in (A). The expected amplicon sizes for different set of PCR primer combinations are indicated in (B,C).
To detect potential defects the PfMaCFET deletion might cause in asexual blood stage growth, a comparative growth assay was set up for wildtype (WT) PfNF54 and Pfmacfet¯ parasites (clone 2D and 3H). Growth was monitored for two asexual cycles by enumerating parasitemia via Giemsa-stained culture smears. These experiments showed that Pfmacfet¯ parasites do not suffer any apparent growth defect during asexual blood stage development (Figure 4A). We next evaluated the ability of Pf macfet¯ parasites to undergo gametocytogenesis. For this, gametocytemia was induced for WT PfNF54 and Pf macfet¯ (clone 2D and 3H) as described before (Tripathi et al., 2020). The Pfmacfet¯ parasites underwent gametocytogenesis and were able to develop into mature stage V male and female gametocytes (Figures 4B,C).
[image: Figure 4]FIGURE 4 | Pfmacfet¯ parasites grow normally as asexual parasites and undergo gametocytogenesis. (A) Pfmacfet¯ (clone 2D and 3H) parasites grew at a similar rate as WT PfNF54. Data were averaged from three biological replicates and presented as the mean ± standard deviation (SD). (B) Bar graph shows gametocytemia for WT PfNF54 and Pfmacfet¯ parasites (clone 2D and 3H) measured on day 15. Data were averaged from three biological replicates and presented as the mean ± standard deviation (SD). (C) IFAs performed on thin blood culture smears for WT PfNF54 or Pfmacfet¯ (clone 3H) using α-tubulin (green), a male-specific marker, and Pfg377 (green), a marker for female gametocytes. Representative images are shown. DIC, differential interference contrast. DAPI, 4′,6-diamidino-2-phenylindole, Scale bar = 5 μm.
Pfmacfet¯ Gametocytes Undergo Gametogenesis
We next analyzed the ability of Pfmacfet¯ parasites to undergo gametogenesis. Day 15 gametocyte cultures for WT PfNF54 and Pfmacfet¯ (3H) were activated by adding O+ human serum and a decrease in temperature from 37°C to room temperature (RT). To investigate male gametogenesis, the activated gametocytes were mounted on glass slides and exflagellation centers were measured in 10 random fields of view using brightfield microscopic illumination at ×40 magnification. A similar number of exflagellation centers were observed for WT PfNF54 and Pfmacfet¯ parasites, indicating normal male gametogenesis (Figure 5A). We further performed IFAs using anti-α-Tubulin antibodies to stain male gametocytes and male gametes and reveal the formation of flagellated microgametes. This showed that Pfmacfet¯ microgametes (exflagellae) formed normally and egressed the gametocyte body and did not show any apparent morphological defect when compared to WT PfNF54 microgametes (Figure 5B). We then performed IFAs using anti-Pfs25 antibodies to stain macrogametes, which revealed that Pfmacfet¯ parasites were able to form macrogametes similar to WT PfNF54 parasites (Figure 5C). These results indicated PfMaCFET is not important for male or female gametogenesis.
[image: Figure 5]FIGURE 5 | Pfmacfet¯ parasites form male and female gametes. (A) Number of exflagellation centers (vigorous flagellar beating of microgametes in clusters of RBCs) per microscopic field at 15 min post-activation. Data were averaged from three biological replicates and presented as the mean ± standard deviation (SD). (B) IFAs performed on thin blood culture smears for gametocytes activated for 20 min in vitro for WT PfNF54 or Pfmacfet¯ (clone 3H) using α-tubulin II (green), a male-specific marker. α-Tubulin II staining showed microgametes emerging from exflagellating male gametocyte in both WT PfNF54 and Pfmacfet¯ gametocytes. (C) IFAs performed on thin blood culture smears for day 15 stage V gametocytes for WT PfNF54 or Pfmacfet¯ (clone 3H) using α-Pfs25 (green), a marker for female gametes. Representative images are shown. DIC, differential interference contrast. DAPI, 4′,6-diamidino-2-phenylindole, Scale bar = 5 μm.
Pfmacfet¯ Parasites Cannot Infect the Mosquito Vector
We next examined the transmissibility of Pfmacfet¯ gametocytes to Anopheles stephensi mosquitoes. Infectious blood meals were prepared by mixing WT PfNF54 and Pfmacfet¯ stage V gametocytes with human serum and RBCs which were then loaded into standard membrane feeders. WT PfNF54 parasite feeds resulted in an average oocyst number of ∼30/mosquito, while Pfmacfet¯ parasite feeds did not show any oocysts in mosquito midguts for both Pfmacfet¯ clones (Figure 6A). This complete block in transmissibility of Pfmacfet¯ parasites could be due to a defect in either microgamete or macrogamete fertility or defects in both genders. To analyze gender-specific defects in fertility, a genetic cross was first performed between WT PfNF54 and Pfmacfet¯ gametocytes by mixing the mature stage V gametocyte cultures and feeding them to the same mosquitoes. Mosquitoes were dissected day 7 post feed to obtain infected midguts which revealed similar number of developing oocysts for WT PfNF54 × Pfmacfet¯ and WT PfNF54 only control feeds (Figure 6B). These infected mosquito midguts with developing oocysts stages were then used to isolate genomic DNA. Genotyping PCR using primer pairs shown in Figure 3A demonstrated the presence of Pfmacfet¯ parasites in WT PfNF54 × Pfmacfet¯ fed mosquito midguts (Figure 6C). These results indicate that one of the genders of Pfmacfet¯ must be fertile. Genotyping PCRs performed on sporozoite stages confirmed these results, showing that Pfmacfet¯ parasite detection was not due to residual parasites in the blood meal (data not shown).
[image: Figure 6]FIGURE 6 | PfMaCFET regulates fertility of female gametes. (A) Mosquitoes with single parasite lines or genetic crosses were dissected on day 7 post feed and number of oocysts were measured per midgut. Data were averaged from three biological replicates with a minimum of 50 mosquito guts and presented as the mean ± standard deviation (SD) n = 3. ****p-value= <0.0001. (B) Oocyst numbers for WT PfNF54 and the WT Pf NF54 × Pfmacfet¯ cross. Error bar indicates mean ± SD; n = 2. NS-Not significant. (C) Confirmation of transmission of Pfmacfet¯ parasites in a WT × Pfmacfet¯ clone 3H genetic cross by genotyping PCR. The oligonucleotides were designed from outside the 5′ and 3′ homology regions of the PfMaCFET locus and positions as indicated by arrows in Figure 3A. (D) Oocyst formation for WT PfNF54, Pfmacfet¯, Pfcdpk4¯ single parasite infections and the Pfmacfet¯ × Pfcdpk4¯ genetic cross infection. Error bar indicates mean ± SD; n = 2. ND-Not detected, **p-value = 0.0048, *p-value = 0.0399.
To ascertain the gender-specific function of PfMaCFET, we assessed the fertility of microgametes and macrogametes of Pfmacfet¯ using an additional genetic cross. The cross was arranged between Pfmacfet¯ parasites and a gene deletion parasite line of the CDPK4 locus, which we have shown generates only fertile macrogametes (Pfcdpk4¯) (Kumar et al., 2021). WT PfNF54, Pfcdpk4¯ and Pfmacfet¯ gametocytes were generated in vitro and first fed individually to female A. stephensi mosquitoes on day 15 of culture. Mosquitoes were dissected seven days post feed to enumerate oocysts in the midgut. As expected, WT PfNF54 gametocytes showed robust mosquito midgut infection but Pfcdpk4¯ and Pfmacfet¯ fed mosquitoes showed no oocysts in the midgut (Figure 6D). Next the Pfcdpk4¯ × Pfmacfet¯ cross was evaluated and showed robust mosquito midgut oocyst infection, albeit at reduced levels compared to WT PfNF54. Together, these results demonstrated that Pfmacfet¯ parasites suffered a macrogamete-specific defect in productive fertilization.
DISCUSSION
Plasmodium transmission to the mosquito vector requires differentiation of sexually replicating parasites into gametocytes. Only at stage V, are gametocytes distinguishable as male or female genders. Further differentiation of gametocytes into gametes requires sex-specific gene expression (Guttery et al., 2015). However, how these parasites express distinct transcripts in the male and female gametocytes remain largely unknown. In the rodent malaria model parasite P. yoelii, the AP2 family protein AP2-FG and AP2-O3 have been shown to play a role in differentiation of early gametocytes to the female lineage by governing a female-specific gene expression repertoire (Yuda et al., 2020; Li et al., 2021). Work mostly done in another rodent malaria parasite P. berghei showed that gametocytes also employ translational repression (Mair et al., 2006) and inactive mRNPs (P granules) store several macrogamete specific transcripts which are stabilized by DOZI and CITH (Mair et al., 2010). Several RNA binding proteins are also part of this complex (Mair et al., 2010). Although there are numerous RNA binding proteins encoded in the Plasmodium genome (Reddy et al., 2015), none of them have been identified to play role in gamete fertility. Here, we show that the putative RNA binding protein PfMaCFET is essential for fertility of macrogametes and deletion of the coding gene blocks parasite transmission to the mosquito in a female-gender-specific manner.
PfMaCFET expression is highest in gametocytes (PlasmoDB). In this study, we show that PfMaCFET is expressed in ring, trophozoites and schizont stages of asexual parasite development as well as in stage II- stage V gametocytes. PfMaCFET primarily displayed a granular cytoplasmic localization in asexual and sexual stages. Expression in sexual-stage parasites was not sex-specific as both mature male gametocytes and female gametocytes and gametes expressed PfMaCFET.
Gene deletion of PfMaCFET, revealed that although PfMaCFET is expressed in asexual blood stages and throughout gametocyte development, it is not required for asexual blood stage replication or complete gametocyte development. We found that Pfmacfet¯ parasites developed into mature stage V male and female gametocytes and underwent gametogenesis. We also observed no discernible defect in Pfmacfet¯ microgamete and macrogamete formation. Pf macfet¯ parasites did not infect the mosquito vector but strikingly, when crossed with WT PfNF54 gametocytes, infected mosquitoes were shown to carry Pfmacfet¯ parasites. This demonstrated that one gender of Pfmacfet¯ gametes must be fertile. An additional genetic crosse, utilizing a male sterile line (Pfcdpk4¯) (Kumar et al., 2021) and Pfmacfet¯, revealed that Pfmacfet¯ male gametes are fertile but female gametes are sterile.
Previous studies involving sex-specific proteomes have identified 1,244 and 1,387 proteins in mature Pf male and female gametocytes, respectively (Miao et al., 2017). These studies revealed that the male-specific proteome is enriched in proteins associated with flagellum formation and genome replication while the female-specific proteome is more abundant in proteins involved in metabolism and translation (Miao et al., 2017). PfMaCFET contains an RRM domain which suggests an RNA-binding function. It is thus reasonable to suggest that Pfmacfet¯ macrogametes are sterile due to perturbations of the macrogamete transcriptome. This however requires further analysis. PfDOZI and PfCITH show increased expression in macrogametocytes (PlasmoDB) and in rodent malaria parasites are part of a complex that stabilizes and translationally represses numerous transcripts which are maternally derived and critical to zygote formation (Mair et al., 2010). Pf eukaryotic initiation factor 4E (PfeIF4E) interacts with PfDOZI in asexual blood stages and regulates its translation inhibitory activity (Tarique et al., 2013). It is possible that this association of PfeIF4E and PfDOZI continues in sexual gametocyte stages. PfMaCFET might be part of these complexes where it might bind and stabilize transcripts via its RRM domain and thereby regulate the fertility of macrogametes. PfMaCFET is, to our knowledge, the first female-specific fertility determining factor in P. falciparum. Pfmacfet¯ parasites will be a powerful tool to study the gender-fertility related functions of P. falciparum genes via genetic crosses. Further studies are warranted to identify the molecular mechanisms of PfMaCFET function and the pathways by which it regulates female fertility.
METHODS
Reagents and Primary Antibodies
All molecular biology reagents and oligonucleotides were purchased from MilliporeSigma, US until otherwise stated. The following primary antibodies, antisera and dilutions were utilized: rabbit α-Pfg377 (1:500, kindly gifted by Professor Pietro Alano at Istituto Superiore di Sanità, Italy), mouse α-tubulin antibody (1:200, Millipore SIGMA, cat# T5168), rat tubulin-X antibody (1:100, Millipore SIGMA, cat# MAB 1864).
Plasmodium falciparum Culture and Transfection
Standard procedures were followed to culture Pf parasites (WT PfNF54 and Pfmacfet¯) as asexual blood stages and were given complete RPMI media, supplemented with either 0.5% AlbuMAXTM II (Thermo Scientific) medium or 10% (v/v) human serum every 24 h. In vitro gametocytes were generated using O+ human RBCs (Valley Biomedical, VA, US) and O+ human serum (Interstate Blood Bank, TN, US) using methods published elsewhere (Tripathi et al., 2020).
Oligonucleotides used for the creation and analysis of PfMaCFET-GFP parasites are detailed in Table 1. Successful tagging at 3′ of MaCFET was confirmed by a set of genotyping PCRs (Figure 1B). Oligonucleotides used for the creation and analysis of Pfmacfet¯ parasites are detailed in Table 1. Deletion of PfMaCFET (PlasmoDB identifier Gene—PF3D7_1241400) was achieved using standard methods. Gene deletion was shown by a set of genotyping PCRs (Figure 3B). Whole genome sequencing was performed on WT PfNF54 and Pfmacfet¯ parasites, which confirmed deletion of the PfMaCFET locus and showed no off-target genetic changes in other regions of the genome (data not shown). Two individual clones for Pfmacfet¯ (clone 2D and 3H) were chosen for phenotypic characterization.
TABLE 1 | Oligonucleotides used in the study.
[image: Table 1]Measurement of Asexual Blood Stage Growth and Gametocyte Development
To compare asexual blood stage replication and growth between the WT PfNF54 and Pfmacfet¯ parasites, synchronized parasites were set up at an initial ring stage parasitemia of 1% and cultured in 6-well plates and thin smears were prepared at 48 and 96 h. Parasite cultures were diluted at 48 h by the same fold to avoid overgrowth and stressing. Preparation of Giemsa-staining and parasitemia was scored per 1,000 erythrocytes. For calculation, the fold dilution was taken into account. For example: if a culture was dilution to 1% from 6% parasitemia at end of 48 h, and the parasitemia at 96 h was 5%, then estimated parasitemia at 96 h would be 30%.
To compare gametocyte formation between WT PfNF54 and Pfmacfet¯, gametocytes were cultured as described above; parasites were removed on day 15 of in vitro culture for preparation of Giemsa-stained thin blood smears and gametocytemia was scored per 1,000 erythrocytes.
To obtain activated gametocytes and free gametes for IFAs, mature stage V gametocytes were activated by adding O+ human serum and dropping the temperature from 37°C to room temperature as described elsewhere (Singh et al., 2020).
Generation of Genetic Cross Parasites
For performing genetic crosses, WT PfNF54, Pfmacfet¯ and Pfcdpk4¯ were cultured separately to stage V gametocytes, mixed in equal ratio of gametocytemia, and fed to female A. stephensi mosquitoes as described above. Mosquitoes were dissected day 7 post-feeding and midguts were digested to isolate genomic DNA following manufacturer’s instructions from the QIAamp DNA Blood Kit. Transmission of Pfmacfet¯ parasites was determined by genotyping PCRs (Figure 6C).
Indirect Immunofluorescence
For IFAs on gametocytes and exflagellating gametes, thin smears were prepared on Teflon coated slides and fixed with 4% paraformaldehyde/0.0025% glutaraldehyde solution for 30 min. Slides were kept in a humidity chamber for each step. Fixed parasites were washed twice with PBS and permeabilized using 0.1% Triton X-100/PBS solution for 10 min. Parasites were washed twice with PBS for 5 min each and blocked with 3%BSA/PBS for 45 min. Primary antisera in 3% BSA/PBS was added to the parasites and slides were incubated at 4°C. Antigens were visualized using anti-species antibodies. Images were obtained using a 100 ×1.4 NA objective 90 (Olympus) on a Delta Vision Elite High-Resolution Microscope (GE Healthcare Life Sciences).
Statistical Analysis
All data are expressed as mean ± SD. Statistical differences were determined using one-way ANOVA with post hoc Bonferroni multiple comparison test or unpaired two-tailed Student’s t test, as indicated. Values of p < 0.05 were considered statistically significant. Significances were calculated using GraphPad Prism 8 and are represented in the Figures as follows: ns, not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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ltems Frequency Proportion (%) Seropositivity frequency

Q1. Do you have frequent contact with cats in your everyday life?

Yes 1818 38.53 256
No 2900 61.47 225
Q2. Do you have a habit of eating raw or uncooked food?

Yes 733 15.54 76
No 3985 84.46 405
Q3. Do you use separate cutting boards for raw and cooked foods in your kitchen?

Yes 1935 41.01 166

No 2783 58.99 315

Seropositivityrate (%)
14.08
776

10.37
10.16

8.58
11.32

%2, P-value

48.794, <0.001

0.028, 0.866

9.359, 0.002
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ltems No. of participants No. IgG-positive No. IgM-positive No. IgG+lgM-positive Seropositivity rate (%) xz, P-value

Gender:
Male 7 112 5 3 15.44 11.150, 0.001
Female 526 46 1 1 9.13
Age group (years):
0-40 46 2 0 0 4.35 11.312, 0.023
41-50 163 9 1 2 7.36
51-60 324 38 1 0 12.04
61-70 489 65 2 2 14.11
=71 281 44 2 0 16.37
Period of confirmed diagnosis of cancer:
<1 year 728 95 5 1 13.87 7.842, 0.049
1-2 years 260 21 0 0 8.08
2-3 years 17 19 0 1 17.09
>3 years 198 23 1 2 138.18
Malignancy type:
Esophageal cancer 284 a7 2 1 17.61 17.054, 0.253
Stomach cancer 225 28 2 1 13.78
Liver cancer 53 6 0 0 11.32
Lung cancer 27 36 1 1 14.02
Breast cancer 136 13 0 1 1029
Cervical cancer 45 2 0 0 4.44
Ovarian cancer 28 3 0 0 10.71
Rectal cancer 57 3 0 0 5.26
Colon cancer 68 6 1 0 10.29
Pancreatic cancer 16 2 0 0 12.50
Brain tumor 15 2 0 0 13.33
Malignant lymphoma 46 4 0 0 8.70
Bladder cancer 16 0 0 0 0.00
Mesothelioma 3 0 0 0 0.00
Widespread metastatic carcinoma 40 6 0 0 15.00
Total: 1303 158 6 4 12 .89 s
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ltems No. of participants No. IgG-positive No. IgM-positive Seropositivity rate (%) *2, P-value
Gender:
Male 0 0 0 0.00 —
Female 1309 72 0 5.50
Age group (years):
0-20 37 4 0 10.81 2.076, 0.557
21-380 991 53 0 5.35
31-40 264 14 0 5.30
>41 17 1 0 5.88
Gestational weeks:
1-10 162 7 0 4.61 4.746, 0.191
11-20 573 28 0 4.89
21-30 223 19 0 8.62
>31 361 18 0 4.99
Pregnancies:
1 699 48 0 6.87 5.475, 0.140
2 375 14 0 3.73
3 187 6 0 4.38
>4 98 4 0 4.08
History of abnormal pregnancy:
Yes 150 8 0 5.33 0.009, 0.924
No 1159 64 0 5.62
Total: 1309 72 0 5.50 -
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ltems No. of participants No. IgG-positive No. IgM-positive Seropositivity rate (%) x%, P-value
Gender:
Male 606 76 0 12.54 0.851, 0.356
Female 724 78 1 1091
Age group (years):
0-20 27 4 0 14.81 7.292,0.200
21-30 282 22 0 7.80
31-40 236 28 1 12.29
41-50 425 48 0 11.29
51-60 221 31 0 14.03
>61 139 21 0 15.11
Years working as livestock breeding/processing staff:
<1 year 235 30 1 13.19 1.099, 0.577
1-3 years 356 37 0 10.39
>3 years 739 87 0 11.77
Frequency of contact with livestock or livestock products:
Every day 781 101 1 13.06 6.728, 0.035
Sometimes 406 45 0 11.08
Never 143 8 0 5.59
Types of livestock with which staff had contact:
Cattle 321 32 0 9.97 8.996, 0.029
Sheep 134 23 0 17.16
Pig 485 64 1 13.40
Others 390 35 0 8.97
Total: 1330 164 1 11.65 =
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ltems

Gender:
Male 1072
Female 217
Age group (years):
0-20 4
21-30 330
31-40 333
41-50 313
51-60 178
>61 94
History of drug abuse:
Yes 20
No 1269
Period of confirmed diagnosis of HIV infection:
<38 months 289
3-6 months 301
6-12 months 268
1-3 years 322
>3 years 109
Total: 1289
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Score 0 1 2 3 4

Weight loss None 1-5% 5-10% 10-15% >15%
Stool consistency Well-formed pellets Between Pasty and semi-formed stools Between Liquid stools
Rectal bleeding None Between Slight bleeding Between Gross bleeding
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Reagent or resource

Antibodies

Anti- CD16/CD32

Anti-CD3

Anti-CD4

Anti-CD4

Anti-CD4

Anti-CD25

Anti-Foxp3

Anti-Helios

Anti-CD45RB

Anti-IFN-y

Anti-IL-17A

Anti-GATA3

Anti-TIGIT

Anti-CTLA4

Anti-CD62L

Anti-CD44

Anti-CD4

Cy3 conjugated Goat Anti-Rabbit IgG (H + L)
Mounting Medium With DAPI
Anti-myeloperoxidase (MPO)

Chemicals, critical commercial assays, recombinant proteins

Dextran Sulfate Sodium Salt, DSS
ProcartaPlex 7 Plex Kit

IL-17A ELISA Kit

IL-17F ELISA Kit

IL-6 ELISA Kit

IFN-y ELISA Kit

IL-10 ELISA development Kit

IL-10 ELISA Kit

IL-4 ELISA Kit

IL-5 ELISA Kit

IL-13 ELISA Kit

Lamina Propria Dissociation Kit

Cell Activation Cocktail (with Brefeldin A)
Zombie Violet™ Fixable Viability Kit

BD Cy’[oﬁx/Cy’[opermTM Fixation/Permeabilization Kit
Foxp3/Transcription Factor Staining Buffer Set

Source

eBioscience (United States)
eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

eBioscience

Biolegend (United States)
eBioscience

eBioscience

eBioscience

Biolegend

Tonbo Biosciences (United States)

eBioscience

eBioscience

Abcam (United Kingdom)
Servicebio (China)
Abcam (United Kingdom)
Servicebio (China)

MP Biomedicals (United States)
eBioscience

Invitrogen (United States)
Invitrogen

Invitrogen

Invitrogen

Mabtech (Sweden)

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Miltenyi Biotec (Germany)
Biolegend

Biolegend

BD Biosciences (United States)
eBioscience

Identifier

Cat.# 14-0161-85, RRID:AB_467134
Cat.# 46-0032-80; RRID:AB_1834428
Cat.# 12-0041-82; RRID:AB_465506
Cat.# 17-0042-82; RRID:AB_469323
Cat.# A15384; RRID:AB_2534398
Cat.# 17-0251-82; RRID:AB_469366
Cat.# A18662; RRID:AB_2535451
Cat.# 25-9883-42; RRID:AB_2637136
Cat.# 103308; RRID:AB_313015
Cat.# 25-7311-82; RRID:AB_469680
Cat.# 25-7177-82; RRID:AB_10732356
Cat.# 12-9966-42; RRID:AB_1963600
Cat.# 142109; RRID:AB_2566572
Cat.# 50-1622, RRID:AB_262178
Cat.# 25-0621-82; RRID:AB_469633
Cat.# 48-0441-82; RRID:AB_1272246
Cat.# ab183685, RRID:AB_2686917
Cat.# GB21303, RRID:AB_2861435
Cat.# ab104139

Cat.# GB11224, RRID:AB_2814688

Cat.# 160110

Cat.# PPX-07

Cat.# 88-7371-88, RRID:AB_2575104
Cat.# 88-7472-88, RRID:AB_2575125
Cat.# 88-7064-88, RRID:AB_2574990
Cat.# 88-7314-88, RRID:AB_2575070
Cat.# 3432-1H-6

Cat.# 88-7105-88, RRID:AB_2574997
Cat.# 88-7044-88, RRID:AB_2574970
Cat.# 88-7054-88, RRID:AB_2574980
Cat.# 88-7137-88, RRID:AB_2575026
Cat.# 130-097-410

Cat.# 423304

Cat.# 423114

Cat.# 554714, RRID:AB_2869008
Cat.# 00-56523-00
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Species Name Clade N50 Genome Size Coding genes GC CEGMA BUSCO
C.sinensis Trematoda 415,842 547TM 13,634 44% 71.80% 70%

E.caproni Trematoda 26,853 834M 18,607 = 52.42% 44.50%
F.hepatica Trematoda 1,901,411 1203M 9,708 44.10% 47.98% 65.50%
O.viverrini Trematoda 1,347,703 620M 16,356 43.80% 73.79% 72.70%
S.curassoni Trematoda 13,843 344M 23,546 34.20% 63.71% 47.30%
S.haematobium Trematoda 317,285 375M 11,140 34.20% 73.39% 65.30%
S.japonicum Trematoda 174,764 402M 12,738 34.10% 69.76% 53.30%
S.mansoni Trematoda 50,458,499 409M 10,144 35.50% 77.02% 74.70%
S.margrebowiei Trematoda 35,167 367TM 26,189 34.30% 74.60% 60%

S.mattheei Trematoda 12,268 340M 22,997 34.10% 61.69% 44.60%
S.rodhaini Trematoda 18,635 343M 24,089 34.40% 60.89% 42.50%
T.regenti Trematoda 7,673 701M 22,185 — 52.82% 26.90%
D.latum Cestoda 6,726 531M 19,966 — 49.60% 30%

E.canadensis Cestoda 74,230 115M 11,432 — 92.74% 70.30%
E.granulosus Cestoda 5,228,736 114M 10,245 41.90% 93.15% 69.60%
E.multilocularis Cestoda 13,762,452 114M 10,663 42.20% 93.55% 70.20%
H.taeniaeformis Cestoda 12,412 103M 11,649 43% 84.68% 60.10%
H.diminuta Cestoda 49,752 165M 1271 35.20% 88.71% 70.70%
H.microstoma Cestoda 7,673,820 168M 10,139 36% 91.94% 73.10%
H.nana Cestoda 19,213 162M 13,777 36.70% 87.10% 68.90%
M.expansa Cestoda 7,274,224 142 M 8,104 38.82% 89.52% 62%

M.corti Cestoda 65,816 117M 10,614 41.80% 91.53% 68.10%
S.solidus Cestoda 31,5056 539M 20,228 43% 76.61% 62.30%
S.erinaceieuropaei Cestoda 4,624 1258M 39,657 = 29.44% 23%

T.asiatica Cestoda 342,420 168M 13,322 43.10% 92.74% 69.50%
T.multiceps Cestoda 44,815,576 240M 12,890 43.80% 87.90% 67.20%
T.saginata Cestoda 585,232 169M 13,161 43.20% 93.15% 70.50%
T.solium Cestoda 67,829 122M 12,481 42.90% 93.15% 69%

G.salaris Monogenea 18,344 67M 15,436 33.90% 89.52% 66.30%
P.xenopodis Monogenea 2,893 617M 37,906 — 39.52% 20.50%
M.lignano Rhabditophora 244,885 764M 49,013 45.90% 99.19% 88.20%
S.mediterranea Rhabditophora 40,740 901M 29,850 29.90% 91.13% 70.60%
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Nanos Pumilio AGO Piwi Group4 CHROMO MBT PWWP Tudor Dicer Drosha Vasa PL10

S.mediterranea 0 2 0 8 1 8 5 9 4 1 2 1 2
S.mansoni 2 3 | 0 2 9 3 7 1 1 1 0 2
S.japonicum 2 5 1 0 2 9 4 8 1 1 1 0 1
C. sinensis 1 3 1 0 2 7 3 5 0 1 1 0 2
F.hepatica 1 3 1 0 1 5 5 6 1 1 1 0 0
M.expansa 1 3 1 0 3 8 2 7 1 2 1 0 1
E.multilocularis 2 3 1 0 3 7 2 5 2 3 1 0 2
H.microstoma 1 3 1 0 3 12 2 8 4 2 1 0 2
E.granulosus 2 3 1 0 2 7 2 5 2 2 1 0 1
T.saginata 2 3 1 0 2 6 2 7 1 3 2 0 1
D.latum 1 3 0 0 1 6 0 3 1 1 2 0 0
C.elegans 2 10 5 1 0 1" 2 1 7 1 1 0 2
D.melanogaster 1 3 1 3 0 17 3 8 8 2 1 1 1
B.rerio var 3 3 5 2 0 40 15 31 1" 2 1 1 2
X laevis 6 6 7 4 0 45 " 33 8 2 2 2 2
H.sapiens 3 3 4 5 0 26 9 21 6 1 il 1 2
O.aries 3 3 4 4 0 25 8 18 5 1 1 1 1
B.taurus 2 3 3 4 0 22 8 22 3 1 1 1 1
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Classes Genes in Families Classes Genes in Families
ANTP Gbx evm.model.Contig71.147 PRD Hbn evm.model.Contig69.688.1
Gsx evm.model.Contig2.37 Isx evm.model.Contig2.562
Hox2 evm.model.Contig2.207 Prrx evm.model.Contig71.48
Hox4 evm.model.Contig61.128 evm.model.Contig75.347
evm.model.Contig62.24 Rax evm.model.Contig96.3
Hox6-8 evm.model.Contig2.208 Rhox evm.model.Contig71.1164
evm.model.Contig71.148 um Lmx evm.model.Contig82.248
Meox evm.model.Contig2.140 POU Pou3 evm.model.Contig70.15
Barx evm.model.Contigs1.546 Pou4 evm.model.Contig82.3
Bsx evm.model.Contig82.133 Pou6 evm.model.Contig71.1317
Lbx evm.model.Contig82.336 TALE Ix evm.model.Contig52.180
evm.model.Contig71.1090 evm.model.Contig51.91
Msx evm.model.Contig71.664 evm.model.Contig61.159
Nk2.1 evm.model.Contig70.175 Meis evm.model.Contig51.360
Tix evm.model.Contig92.125 ZF Zfhx evm.model.Contig61.106
Vax evm.model.Contig52.232 Other Unassigned evm.model.Contig61.160

This table includes all the homeodomain containing gene models found in M. expansa genomes. Gene models containing a homeodomain that could not be confidently placed in any

known Class are given the category “Other”.
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ahfr gene
Myitsone 86 9 9 0.704 + 0.033 0.003381 -0.66376 0.035381
Laiza 151 9 10 0.752 + 0.020 0.006496 1.54068 2.75006™
Overall 237 10 14 0.784 + 0.013 0.005948 0.72826 2.127615%
dhps gene
Myitsone 98 7 10 0.784 + 0.030 0.002263 -0.31995 0.275001
Laiza 142 11 11 0.759 + 0.016 0.002037 -0.33432 -0.781062
Overall 240 14 16 0.783 + 0.015 0.002240 -1.21122 -0.863855

N, Number of isolates; S, Number of segregating sites; H, Number of Haplotypes; Hd, haplotypes diversity; SD, Standard Deviation; m, average number of pairwise nucleotide diversity;
*P<0.05: P < 0.01.
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pvdhfr n=86 n=151
3L 232 132 0.6225
F571/L 80.2 (69) 483 (73) <0.0001
S58R 86.0 (74) 54.3 (82) <0.0001
T61M 79.1 (68) 483 (73) <0.0001
HIO9R/S 1.2(1) 37.7 (67) <0.0001
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S382A/C 20.4 (20) 49(7) 0.0003
A383G 84.7 (83) 73.9 (105) 0.0559
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AB53G 65.3 (64) 38.0 (54) <0.0001
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*Values shown in boldface were statistically significant (Fisher's exact test).
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pvdhfr (13, 57, 58, 61, 99, 117) N=86 N=151
IFSTHS(WT) 8.1(7) 9.3 (14) 0.8174
IFSTHN 4.7 (4) - 0.0166
IFSTSS = 36.4 (55) <0.0001
IFSTSN 1.2(1) — 0.3629
IFRTHN 58 (5) 4.6(7) 0.7613
ILRTHS 1.2(1) = 0.3629
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IFRTRT - 0.7 (1) 1
IFRTST = 07(1) 1
ILRMHT 44.2 (38) 12.6 (19) <0.0001
IIRMHT 32.6 (29) 31.1(47) 0.8847
LLRMHT 2.3(2) 132 0.6225

pvdhps (382, 383, 512, 549, 553, 571) N=98 N=142
SAKGAE(WT) 9.2(9 24.6(35) 0.0022
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AGKGAE 82(8) = 0.0006
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SGEGGE - 0.7 (1) 1
CGEGGE - 2.8(4) 0.1472

*Values shown in boldface were statistically significant (Fisher's exact test).
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pvdhps haplotype
383G

553G
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383G/512M/553G
383G/512T/553G
383G/549D/553G
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total

Myitsone, Myanmar

5 (5.8%)

5 (5.8%)
1(1.2%)

28 (32.6%)
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17 (17.3%)
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98

Laiza, Myanmar

55 (36.4%)
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YYangon, Myanmar®
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data refer to Lu et al., 2010; Pdata refer to Ding et al., 2013; data refer to Huang et al., 2014.
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Classification Name Short name GenelD Log,Foldchange Adjusted Reference
p-value

Dedicator of cytokinesis DOCK2 94176  —1.059783027 0.013672224  Jinget al., 2019

Interferon regulatory factor 4 IRF4 16364  — 1.399178091 0.020943206 Low et al., 2019

Rac family small GTPase 2 Rac2 19364  —1.073471112 0.019595199  Croker et al., 2002
Related to inhibiting IgE Lectin, galactose binding, soluble 3 Lgals3 16854  —1.240144306 3.75E-06 de Oliveira et al., 2018
production

Histocompatibility 2, O region alpha locus H2-Oa 15001  — 1.349647201 0.001621659 Gu et al., 2013

Programmed cell death 1 ligand 2 Pdcd1ig2 58205  —1.8532719 0.020944852  Peng and Eckhardt,

2013

SAM and SH3 domain containing 3 Sash3 74131 —1.00163088 0.005576389  Scheikl et al., 2009

Marginal zone B and B1 cell-specific protein 1 Mzb1 69816  — 1.854756211 7.72E-06 Flach et al., 2010

Foxf1 adjacent non-coding developmental FOXF1 68790 1.028879446 0.042391573  NCBI

regulatory RNA

Anoctamin 9 ANO9 71345 1.104812889 0.04292976  Rock et al., 2008

Tripartite motif-containing 6 TRIM6 94088 1.104616713 0.043674764  Sato et al.,, 2012
Related to lung Matrix metallopeptidase 27 MMP 27 234911 2.088654169 0.041785907  Nuttall et al., 2004
development or
development

Erythropoietin receptor Epor 13857 1.263048651 0.000502759  NCBI

GATA binding protein 1 Gata 1 14460 1.821382745 0.04829584  NCBI

Serine (or cysteine) peptidase inhibitor, clade A Serpina7 331535 2.231550156 0.028961618 NCBI

(alpha-1 antiproteinase, antitrypsin), member 7
Related to cell morphology  Villin Villin 22349 1.077160094 0.026732286 Khurana and George,
or membrane integrity 2008

Crumbs family member 1, photoreceptor CRB1 170788 2.51928641 0.008667091  Mehalow et al., 2003

morphogenesis associated
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Classification Name Shortname GenelD LogsFoldchange Adjusted Reference
p-value

CD46 antigen, complement regulatory protein CD46 17221 1.62 0.015635106  Tsaiet al., 2012
Upregulate and Erythropoietin receptor EPOr 13857 1.26 0.000502759  Purroy et al., 2017
promote Treg cell

Killer cell lectin-like receptor, subfamily A, Klra17 170733 1.81 0.00139324 Gehrie et al., 2011

member 17

Chemokine (C-C motif) receptor 6 CCR6 12458 —-1.82 0.004889779  Kulkarni et al., 2018

C-type lectin domain family 7, member a Clec7a 56644 —1.27 0.016544002 Tang etal., 2015

Spi-B transcription factor Spi-B 272382 —1.08 0.008667091 Rauch et al., 2016
Downregulate and Adenosine deaminase ADA 11486 —1.45 6.94E-05 Naval-Macabuhay
inhibit Treg cell etal., 2016

ATP binding cassette subfamily G member 1 ABCG1 11307 —1.11 0.024201953  Cheng et al., 2016

Cathepsin K Ctsk 13038 —1.30 0.000166352  Zhou et al., 2017

Cathepsin S Ctss 13040 —1.44 0.000215072  Yanetal., 2017

Prostaglandin | receptor Ptgir 19222 —1.05 0.007454223 Liu et al., 2013

Programmed cell death 1 ligand 2 Pdcd1lg2 58205 —1.85 0.020944852  Keir et al., 2008

Interleukin 2 receptor, beta chain IL-2Rp 16185 —1.31 0.02093114 Yu et al., 2009
Downregulate and CD 5 antigen CD5 12507 —1.06 0.035912699  Henderson and
promote Treg cell Hawiger, 2015

CD52 antigen CD 52 23833 —1.19 0.001160938  Watanabe et al., 2006

C-type lectin domain family 4, member a2 DCIR 26888 —1.34 0.001202901 Massoud et al., 2014

Lipocalin 2 LCN2 16819 —1.57 4.03219E-05 Kudo-Saito et al., 2013
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Compound Source Natural compound concentration
range with no toxicity to HFF cells

Licochalcone B

Licorice root

0.01-16 pg/mL

Licochalcone C 0.01-4 pg/mL

Isoliquiritigenin 0.01-4 pg/mL

Licorice glycosides 0.01-80 pg/mL
Echinatin 0.01-4 pg/mL

Genistin Soybean 0.01-32 pg/mL
Genistein 0.01-40 pg/mL
Glycitein 0.01-40 pg/mL
D-mandelic acid Amygadalus communis L. 0.01-80 pg/mL
L-mandelic acid 0.01-80 pg/mL
Limonin Citrus, grapefruit, lemon, orange 0.01-80 pg/mL
Maslinic acid Jujube, loquat leaf, maythorn, pomegranate 0.01-4 pg/mL

Thymol Thymus serpyllum L., Thymus vulgaris L., Origanum vulgare L., Trachyspermum ammi (L.) Sprague 0.01-16 pg/mL
Piperitone Piper nigrum L. 0.01-20 pg/mL
Chlorogenic acid Lonicera japonica Thunb. 0.01-400 pg/mL
Myristic acid Nutmeg 0.01-20 pg/mL
Myristicin 0.01-40 pg/mL
Licarin-B 0.01-200 pg/mL

Dehydrodiisoeugenol

Methyl myristate

0.01-80 pg/mL
0.01-160 pg/mL

The experiment was repeated three times.
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Compound Natural compound Mean inhibition rate
concentration for in vitro (% of control)
anti-T. gondii activity

Licochalcone B 16 pg/mL 51.67 £ 6.71
Licochalcone C 4 pg/mL 5491 +4.85
Isoliquiritigenin 4 pg/mL 42.82 £7.92
Licorice glycosides 80 pg/mL 35.93 +4.78
Echinatin 4 pg/mL 63.06 + 10.65
Genistin 32 pg/mL 26.33 + 3.54
Genistein 40 pg/mL 22.32 + 591
Glycitein 40 pg/mL 8.11 +£2.19
D-mandelic acid 80 pg/mL 9.30 £ 3.76
L-mandelic acid 80 pg/mL 11.87 £2.84
Limonin 80 pg/mL 7219 +£9.78
Maslinic acid 4 pg/mL 65.44 + 4.53
Thymol 16 pg/mL 25.66 + 2.31
Piperitone 20 pg/mL 3114 £1.97
Chlorogenic acid 400 pg/mL 34.56 £ 2.77
Myristic acid 20 pg/mL 26.33 + 1.32
Myristicin 40 pg/mL 22.33 + 3.46
Licarin-B 200 pg/mL 89.76 + 5.81
Dehydrodiisoeugenol 80 pg/mL 8.14 £2.15
Methyl myristate 160 pg/mL 7.65 +2.64

The inhibition rates of the natural compounds on T. gondii proliferation were
determined by gPCR, and the inhibition rate in each treatment group is presented
as the % of the control group. The experiment was repeated three times.
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Genes Haplotype Number (%)

pvmar1(8/409/513/520/698/ PTSGSLALMKLKS 25 (54.35)

845/861/908/958/997/1076/

1393/1450)
PTRGSLALMKFKS 3(6.52)
LTSGGLALMKLKS 1(2.147)
PTSGSLALMKLKL 2 (4.35)
PTSGSLALMKLNS 1(2.47)
PTSGSLELMKLKS 1(2.17)
PTSGSFALMKLKS 1(2.17)
PMSGSLALMKLNS 2(4.35
PTSDSLELMKLKL 10 (21.74)

pvmip1 (1393/1419/1478) DGV 1(2.147)
DGI 44 (95.65)
DAI 1(217)

pvahfr (57/58/61/99/117) FSTHS 13 (28.26)
FSTSS 25 (54.35)
FSTHT 1(2147)
FRTHN 1(2.17)
FRTST 1(2.147)
IRMHT 4(8.70)
LRMHT 1(2147)

pvahps (383/563/571) AAE 6 (34.78)
GAE 4 (52.17)
GGE 4 8.7
GAQ 2 (4.35)

“Mutations are highlighted in bold,
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Gene/ Number (%) Association with altered ex vivo drug

Polymorphisms susceptibilities
pvmdr1

P8L 1(.17) Increase to CQ, AS and DHA

T409M 2 (4.35)

S513R 3 (6.52)

G520D 10 (21.71) Decrease to PND

G698S 45 (97.83) Decrease to CQ, AS and DHA

L845F 1(2.17) Increase to DHA and PPQ; Decrease to

PND and MFQ

ABB1E 11 (23.91)

Mo08L 46 (100.00)

T958M 46 (100.00)

K997R 2 (4.35)

F1076L 43 (93.48)

K1393N 3(6.52)

S1450L 12 (26.09)
pvmip1

Y1393D 46 (100.00)

G1419A 1(2.17) Increase to CQ; Decrease to AS, DHA,

PPQ and MFQ

V1478I 45 (97.83) Decrease to CQ, AS and DHA
pvahfr

F571/L 5(10.87)

S58R 7 (15.22)

T61M 5(10.87)

Ho9s 26 (56.52)

ST17N/T 8(17.39)
pvahps

A383G 30 (65.21)

A553G 4 (8.70)

E571Q 2 (4.35)






OPS/images/fcell-10-825247/fcell-10-825247-g001.gif





OPS/images/fcimb.2021.738075/table1.jpg
Drugs Number Median (IQR) Range
Chloroquine 46 96.48 (77.15-131.30) 36.54-303.40
Artesunate 46 1.95 (0.99-3.30) 0.37-11.81
Dihydroartemisinin 46 1.63 (1.07-3.28) 0.34-10.15
Piperaquine 39 19.60 (13.30-24.20) 8.51-52.83
Pyronaridine 39 16.53 (11.22-21.99) 4.48-38.78
Mefloquine 39 16.38 (11.77-21.75) 5.76-48.46
Quinine 39 26.04 (15.96-47.91) 7.19-149.20

IQR~interquartile range.





OPS/images/fcell-10-825247/crossmark.jpg
©

|





OPS/images/fcimb.2021.738075/fcimb-11-738075-g003.jpg
g8 8 & e ©
(W) %100 ( (W) %501 vH





OPS/images/fcimb.2021.788546/fcimb-11-788546-g004.jpg





OPS/images/fcimb.2021.738075/fcimb-11-738075-g002.jpg
.............

..............

. @%@@M@WMM@F

o
(o
.—.
-~.—~. g
..J
m«.—~. N
e e






OPS/images/fcimb.2021.788546/fcimb-11-788546-g003.jpg
% ; |||III|I|||

:

s

€
s
F






OPS/images/fcimb.2021.788546/fcimb-11-788546-g002.jpg





OPS/images/fcell-09-753667/fcell-09-753667-g004.gif
O Lifespan

I






OPS/images/fcell-09-753667/fcell-09-753667-g003.gif





OPS/images/fcell-10-825247/fcell-10-825247-g006.gif





OPS/images/fcell-09-781768/fcell-09-781768-t001.jpg
Target
antigen

rCsHSP70
rCsHSPOO
CsFHC
CsLAP2
CsPK
CsNOSIP
CsTPs
CsRNASET2
CsTegu21.6
CsLAP2
CsPmy
CsTrip
CsLeg
CsGrb2
CsTP 22.3

CsATP-¢

Nature of
the
antigen

Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein
Rec
protein

Predominant stage
of the
production

Excysted metacercaria,
metacercariae and eggs
Excysted metacercaria

Eggs

Adult worms (intestine,
vitellarium, and eggs)

Adult worms

Adult worms

Adult worms (tegument)
Excysted metacercaria
(tegument, excretory vesicle)
Adult worms, metacercariae
Adult worms (tegument)
Adult worms

Adult worms (oral sucker)

Adult worms (tegument)

Excysted metacercaria, adult
worms

Stimulated
targeted
cells

Bone marrow
dendritic cells

Bone marrow
dendritic cells
Hepatic stellate cell
T cells and B cells
T cells and B cells
8 cel

Bone marrow
dendritic cells

T cells

Dendiic cells and
T cels

8 cel

B cell and T cell
CCA cells (HUCCT1)
COA cells (HUCCT1)
COA cels (HUCCT1)
T cells and B cells

T cells and B cells

CCA. cholangiocarcinama; Rec, recombinant: ESPs, Excratary-secretory products.

Type of
the immune
response triggered

Type 1 immune
response

Type 1 immune
response

Type 1 immune
response

Type 1 and Type 17
immune response
Thi-biased immune
response

Type 2 immune
response

Type 2 immune
response

Th2 immune response

Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response
Type 1/Type 2 immune
response

Cytokines production

IL-1B, IL-6, and IL-12p70 TNF-a
IL-1B, IL-6, and IL-12p70 TNF-a
IL-1p and IL-6

IFN-y, IL-6, IL-10, IL-17A, and TNF-
a,1gG1, IgG2a, and IgA

19G2 and IgG1

IL-4, IL-6, 1gG1

IL-4 and IL-13

IL-4

TNF-q, IL-6, IL-1p, IL-10, IL-12p70,
IL-2, IL-4, and IFN-y

19G1 and IgG2a

19G1 and IgG2a

IL-1B, IL-6, TNF-a, IL-10, TGF-p1,
and TGF-p2

IL-1, IL-6, TNF-q, IL-10, TGF-B1,
and TGF-p2

IL-1B, IL-6, TNF-a, IL-10, TGF-p1
and TGF-p2

19G2a, lgG2c, and IgA

lgG1and lgG2a

Ref.

Chung et al.
(2017)
Chung et al.
(2017)
Mao et al
(2015)
Quetal.
(2014)
Chen et al
(2017)
Bian et al
(2014)
Zhao et al.
(2018)
Xuetal.
(2015)
Chung et al.
(2018)
Deng et al.
(2012)
Wang et al.
(2012)
Pak et d.
(2019)
Pak et .
(2019)
Pak et .
(2019)
Leeetal.
(2017)
Lvetal
(2014)
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Name

PP5

PP

EFPP
Shewanella-like
phosphatases (SLP)
PPM3F

PPM4

PPMS5A
PPM5B

PPMG

PPMB

PPM9

PPM12
PPM14

PPM18
CTDSPL1 (CTD1
CTDSPL2 (CTD2)

CTDSPL3 (CTDS3)

Nots. Spradiction of transmembrane helices was performed using the TMHMM, program version 2.0.

Gene ID

TGGT1_312200
TGGT1_251850
TGGT1_269460
TGGT1_254770
TGGT1_278510
TGGT1_208500
TGGT1_272280
TGGT1_318660
TGGT1_293450
TGGT1_218590

TGGT1_220610

TGGT1_207590
TGGT1_232010

TGGT1_270190

TGGT1_310660

TGGT1_263380

TGGT1_202550

Product description

Serine/threonine protein
phosphatase

Serine/threonine protein
phosphatase

Ser/Thr phosphatase family
protein

Ser/Thr phosphatase family
protein

Protein phosphatase 2C domain-
containing protein

PPM-type phosphatase domain-
containing protein

Putative PP2C

Putative PP2C

Protein phosphatase 2c
containing protein

PPM-type phosphatase domain-
containing protein

PPM-type phosphatase domain-
containing protein

Protein phosphatase

PPM-type phosphatase domain-
containing protein

PPM-type phosphatase domain-
containing protein

FCP1 homology domain-
containing protein

FCP1 homology domain-
containing protein

FCP1 homology domain-
containing protein

Exons

17

13

10

@

5

10

Phenotype
value

071
0.05
-0.81
0.81
1.01
0.84
-0.55
0.83
175
0.43

1.23

0.37
-0.65

-0.11
0.77
0.65

-0.39

TMHMM?

No
No
No
No
Yes
No
No
No
No
No

No

No
No

No

No

No

No

Molecular
weight (kD)

61.55
117.32
21851
46.43
47.19
78.28
81.38
59.39
27.59
97.68

58.12

57.8
440.42

153.63
70.8
26.68

232.95

Predicted signal
peptide

No
No
No
No
Yes
No
No
No
No
No

No

No
No

No
No
No

No
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Oligonucleotides used for generation of Pf macfet parasites

Oligo Forward (5'-3)
PIMaCFET 'Homo For TGCGGCCGCGTTGACTAAATAATTTTGAGGTATTCCATTAG

PIMaCFET 5'Homo Rev CCAACCCGGGTATAGGCGCGCCTGGAAGAGGAAAAATAAATGTATATACGGC
PIMaCFET 3'Homo For AGGCGCGCCTATACCCGGGTTGGTATGTATATTATAGCACATGGTGCTTCCC
PIMaCFET 3'Homo Rev TAAGTCGACGTATTATTTCACTTGACGTTTTTTTAGACC

PIMaCFET Guide 1 For TATTAATGTTGACTGCAATAAAGA

PIMaCFETGuide 1 Rev AAACTCTTTATTGCAGTCAACATT

PIMaCFETGuide 2 For TATTAAAGACACATCAAAGCGTTA

PIMaCFETGuide 2 Rev AAACTAACGCTTTGATGTGTCTTT

PIMaCFET Genos For CTAATTTTTTCTTTGGAATAAATTTTTATGC

PIMaCFET Geno5 Rev CATTTGTAATGTATGCCATTTCATCG

PIMaCFET Geno3 For AATTGGACGCAATCGAGCAGG

PIMaCFET Genod Rev ACACAAAAAAGTGAAATGCTAAATATTATACT

Oligonucleotides used for generation of PfMaCFET-GFP parasites

PMMaCFET 5GBlock GFP For 2 ATACTAGTATAGCTAGCTATGGAAAGCATGTAAATATTGATAATATTATGA

PMMaCFET 5GBlock GFP Rev 2 AGTTCTTCTCCTTTACTCATTTTTTGAACATCATAAGATTTGACTATCTTAATTTTTCTTATATTCCATAATGCTTTTATATGA
CGCTCTAAATCCTGCTCGATTGCGTC

PfMaCFET 3G Block GFP_For GAACTATACAAAGGGTAAGCGGCCGCTTAATTCAAAAAAAACATATATATATATATATATGTATATTATAG

PMMaCFET 3G Block GFP Rev CGGTCATGAATTCCTCGAGCGGCCGCGTATTATTTCACTTGACGTTTTTTTAG

PfMaCFET Guide5 For TATTAAAGACACATCAAAGCGTTA

PfMaCFET Guide5 Rev AAACTAACGCTTTGATGTGTCTTT

GFP For ATCGTCGACATGAGTAAAGGAGAAGAAC ‘CACTGG
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Depth of coverage

15x 30x 50x 70x 100x 120x
Genome coverage (%)
NextDenovo 97.62 98.23 98.36 98.01 97.86 97.91
Smartdenovo 97.54 98.54 98.62 98.54 98.58 98.75
wtdbg2 96.63 92.31 91.33 97.62 96.94 97.13
Flye 95.12 95.58 94.81 95.83 95.23 96.05
NECAT 98.01 98.64 98.41 98.4 98.36 98.59
Canu 97.78 98.50 98.78 98.82 98.57 98.81
Miniasm 94.81 95.26 95.83 95.37 95.46 95.91
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Depth of coverage

15x 30x 50x 70x 100x 120x
Run time (s)
Miniasm 15 34 60 94 160 168
NextDenovo 123 210 351 360 391 464
Smartdenovo 280 733 1502 2472 4986 6764
wtdbg2 382 524 662 667 811 945
Flye 836 1498 2035 3022 4380 7619
NECAT 1374 2562 3261 4311 4963 5940
Canu 22020 25740 49440 80220 116761 128097
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Accession number Dataset Description

CRA003898 (https://bigd.big.ac.cn/) 15X reads from nanopore sequencing subsampled to coverage depth 15x, 18200 reads
30X reads from nanopore sequencing subsampled to coverage depth 30x, 37500 reads
50X reads from nanopore sequencing subsampled to coverage depth 50x, 56423 reads
70X reads from nanopore sequencing subsampled to coverage depth 70x, 77683 reads
100X reads from nanopore sequencing subsampled to coverage depth 100x, 117653 reads
120X reads from nanopore sequencing subsampled to coverage depth 120x, 144234 reads

CRA003907 (https://bigd.big.ac.cn/) NGS reads NGS reads used by assembly and base correction
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Assay Name Sequence 5'-3’

Forward primer CCGAACACTTCAAGGAACAGTTTAGCTGGC
LFD-RPA Reverse primer Biotin-CTTCGTCGTTTCAGGTTAGATATAGC G
Probe FAM-ATTACCCAGC CCACTCAAGCTAAATG

/THF/AACATTGAAGTAGGC-(C3-spacer)

Biotin, antigenic label: FAM, carboxyfluorescein group; THF, an internal abasic nucleotide analogue; C3-spacer, a polymerase extension blocking group.
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Space group
Resolution (A)
Cell dimension
ab.c @)

o,By ()

Total reflections
Uni-reflections
Mean I/sigma (I)
Completeness (%)
Wilson B-factor
R-work

R-free

z

No. atoms
protein

ligands

water

Protein residues
RMS (bonds)
RMS (angles)

R. favored (%)
R. outliers (%)
Clashscore
Average B-factor
Proteins

ligands

solvent

4QLz

P32
34.89-2.38 (2.41-2.33)

76.08, 76.08, 123.41
90, 90, 120
33,781
3,172
34.3(2.1)
98.45 (92.05)
55.59
0.2091 (0.2648)
0.2606 (0.3376)
2
4,677
4,500
18
159
561
0.009
1.4
92
3.1
12.84
53.5
53.6
54.6
50.2

4QMB

P32
37.88-2.60 (2.70-2.60)

75.75, 75.75, 122.96
90, 90, 120
24,093
2,381
32.39 (14.28)
99.69 (99.33)
48.43
0.2024 (0.2332)
0.2631 (0.3586)
2
4,588
4,500
0
88
561
0.01
1.47
90

16.14
56.9

57.1

46.3

Uni-reflections, Unique reflections; Z, number of molecules per asymmetric unit;
No. atoms, number of atoms; R. favored (%), Ramachandran favored (%); R.
outliers (%), Ramachandran outliers (%).
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Name Superclass m/z rt(s) Reported pharmacological activities ES Nb
VIP p- VIP p-
value value
Ala-GIn Organic acids and ~ 216.099 354.041 Improved intestinal immunity (Shimizu and Son, 2007; Araljo et al., 2015); 10.097 0.002 1.357 0.001
derivatives anti-inflammatory (Cruzat et al., 2015; Foschetti et al., 2020; Liu et al., 2020)
Pyruvate Organic acids and 87.008 130.075 Anti-inflammatory (Wang et al., 2009; Yang et al., 2016) 1.791 0.049 1.237 0.001
derivatives
Glutamine Organic acids and ~ 145.062 374.131 Anti-inflammatory (Ren et al., 2013) 7.87 0.036 2.012 0.009
derivatives
L-Glutamine  Organic acids and Su 373.919 Anti-inflammatory (Aimeida et al., 2020; Paixao et al., 2021) 7.297 0.002 1.028 0.006
derivatives
Betaine Organic acids and ~ 118.085 274.605 Neuroprotective (Singhal et al., 2020); antitumor (Kim et al., 2014); 5.896 0.000
derivatives antidiabetic (Jiang et al., 2019); anti-inflammatory (Yang et al., 2018)
Bergaptol Phenylpropanoids ~ 203.051 302.917 Anti-inflammatory (Shen et al., 2020) 3.794 0.014
and polyketides
Gamma-L- Organic acids and ~ 227.104 377.969 Anti-inflammatory (Chee et al., 2017; Guha et al., 2020) 1.659 0.002
glutamyl-L- derivatives
valine
Curcumin Phenylpropanoids ~ 367.106 305.841 Antiproliferative (Chainoglou and Hadjipaviou-Litina, 2019); anti-aging (Zia 15.442 0.011
and polyketides et al., 2021); antitumor (Carroll et al., 2011; Feng et al., 2017);
neuroprotective (Vecchi Brumatti et al., 2014; Yu et al., 2018); anti-
inflammatory (Ammar el et al., 2011; Ma et al., 2017)
Phenylalanine Organic acids and ~ 164.072 257.387 Improved intestinal immunity (Feng et al., 2015); anti-inflammatory (Neurauter ~ 1.902  0.026
derivatives et al., 2008)
D-saccharic ~ Organoheterocyclic  190.995 307.027 Anti-inflammatory (Bhattacharya et al., 2013) 1.013 0.043
acid 1,4- compounds
lactone
Olanzapine 157.096 252.236 Anti-inflammatory (Sugino et al., 2009; Faour-Nmarne and Azab, 2016; 1.452 0.001
Stapel et al., 2018)
Papaverine Organoheterocyclic  340.145 370.151 Anti-inflammatory (Alves de Almeida et al., 2017; Leem et al., 2021) 1.083 0.001
compounds
Carnitine Organic nitrogen 162.111 356.015 Anti-inflammatory (Chittur et al., 2011; Orsal et al., 2013) 5.629 0.001
compounds
Thiamine Organoheterocyclic  283.124 360.263 Anti-inflammatory (Pan et al., 2017; Belsky et al., 2018; Marik, 2018; Ma 2.017 0.002
compounds etal., 2021)
Pregnenolone Lipids and lipid-lke  317.245 32.036 Anti-inflammatory (Vallée et al., 2014; Vallée, 2016; Murugan et al., 2019) 1.21  0.006
molecules
Adenine Organoheterocyclic  136.06 142.232 Anti-inflammatory (Fukuda et al., 2017; Silwal et al., 2018) 2.228 0.007
compounds
Irbesartan Benzenoids 429.258 151.72 Antioxidant (EI-Said et al., 2019); anti-inflammatory (Yisireyili et al., 2018; 2.962 0.008
Zhong et al., 2020; Nijiati et al., 2021)
PC(16:0/ Lipids and lipid-ike ~ 756.548 147.302 Anti-inflammatory (Treede et al., 2007; Treede et al., 2009; Chen et al., 2019) 2.02 0.022
16:0) molecules
Gamma- Organic acids and 180.1  38.032 Gastroprotective (Xie et al., 2017); anti-inflammatory (Choi et al., 2012; 2.328 0.046
aminobutyric ~ derivatives Huang et al., 2019; Ngo and Vo, 2019)
acid
Arginine Organic acids and ~ 175.117 301.295 Anti-inflammatory (Holen et al., 2014; Badurdeen et al., 2015; Yue et al., 1.683 0.048

derivatives

2015; Birmani et al., 2019)
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ESI mode

+ + + +

Metabolites

L-Glutamine
lle-Gly-lle

Thymine
D-pyroglutamic acid
Glutamine

Pyruvate

Ala-GIn

Ser-Asn

9,10-Dihydroxy-12z-octadecenoic acid

Superclass

Organic acids and derivatives
Organic acids and derivatives

Organoheterocyclic compounds

Organic acids and derivatives
Organic acids and derivatives
Organic acids and derivatives
Organic acids and derivatives
Organic acids and derivatives
Lipids and lipid-like molecules

m/z

169.057
302.205
127.050
130.049
145.062

87.008
216.099
218.078
313.239

rt(s)

373.919
211.549
97.825
374.519
374.131
130.075
354.041
368.522
78.367

ES vs. ES-blank
VIP p-value

7.297 0.002
1.703 0.009
2.059 0.001
10.833 0.015
7.870 0.036

1.791 0.049
10.097 0.002
1.282 0.006
3.041 0.031

Nb vs. NC

vIP

1.028
2.989
7.988
2103
2.012
1.237
1.357
1.013
5.962

p-value

0.006
0.000
0.006
0.018
0.009
0.001
0.001
0.021
0.015

ESI mode: +, positive ion mode; —, negative ion mode.
m/z, mass-to-charge ratio; rt, retention time; VIP, variable importance in the projection; FC, fold change.
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Gene Forward primers (5’-3') Reverse primers (5'-3’)

TNF-a AACCTCCTCTCTGCCGTCAA AAAGTAGACCTGCCCGGACTC
IL-6 TGGAGTCACAGAAGGAGTGGCTAA TCTGACCACAGTGAGGAATGTCCA
iNOS CAAGCACCTTGGAAGAGGAG AAGGCCAAACACAGCATACC

IL-10 CCAAGCCTTATCGGAAATGA TTTTCACAGGGGAGAAATCG
TGF-B CTACAATGAGCTGCGTGTG TGGGGTGTTGAAGGTCTC

Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC
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P. falciparum (Pfk13)

P. vivax (Pfk12)

Years Amino acid and genetic changes?® Proportion (%) Amino acid and genetic changes® Proportion (%)
(Mutants/n) (Mutants/n)
2008 ND (0/22) ND (0/22) ND (0/18) ND (0/18)
2009 ND (0/20) ND (0/20) ND (0/21) ND (0/21)
2010 R575K(AGA—AAA) 5.6 (1/18) S452R(AGC—CGC) 5.6 (1/18)
E620KP(GAA—AAA) 11.1 (2/18)
2011 P574L (CCT—CTT) 4.8 (1/21) K4B5K® (AAG—AAA) 6.25 (1/16)
E620KP(GAA—AAA) 9.5 (2/21) R501K® (AGA—AAA) 6.25 (1/16)
E553K® (GAA—AAA) 6.25 (1/16)
2012 ND (0/23) ND (0/23) ND (0/18) ND (0/18)
2013 P574L(CCT—CTT) 3.7 (1/27) ND (0/18) ND (0/18)
R528K° (AGA—AAA) 11.1 (3/27)
EB20K® (GAA—AAA) 22.2 (6/27)
2014 C580Y (TGT—TAT) 3 6 (1/28) D (0/17) D (0/17)
R528KP (AGA—AAA) 1(2/28)
E556KD (GAA—AAA) 7 1(2/28)
E620K® (GAA—AAA) 7.1 (2/28)
R575K (AGA—AAA) 7.1 (2/28)
2015 C580Y (TGT—TAT) 4.3 (1/29) D (0/19) D (0/19)
R528K” (AGA—AAA) 17.4 (4/23)
E556K® (GAA—AAA) 8.7 (2/23)
R575K (AGA—AAA) 17.4 (4/23)
E620K°(GAA—AAA) 39.1 (9/29)
2016 Y493F (TAC—AAC) 6.25 (1/16) D (0/18) D (0/18)
R528K° (AGA—AAA) 25 (4/16)
E556K® (GAA—AAA) 25 (4/16)
R575K (AGA—AAA) 25 (4/16)
E620KP(GAA—AAA) 31.25 (5/16)
2017 E620K°(GAA—AAA) 8 (2/25) V541AP(GTG—GCG) 5(1/20)
C566G°(TGT—GGT) 10 (2/20)
N571F°(AAC—TTC) 10 (2/20)

*Mutation sites detected, the mutant amino acid in bold.
®None reported mutation spots detected in China-Myanmar border before 2020 n, the total number of samples under year: ND no mutations were detected in this study.
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Item Control Exposed Significance
(n=164) (n=67)
Mean + SEM  Mean = SEM

Sexual maturation time (days) 51.97 + 0.5953 54.60 + 0.6341 p<0.05
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Drug Original Target

Chloroguine and analogs ~ Plasmodium spp.

Artemisin and analogs Plasmodium spp.

Ivermectin Nematodes

Antiretroviral protease HV

inhibitors

Amantadine Influenza A virus

Folate synthesis pathway ~Bacteria

inhibitors Plasmodium spp. (sulfadoxine-
pyrimethamine; SP)

Tetracyclines Bacteria
Plasmodium spp.

Fosmidomycin Bacteria

Macrolides Bacteria

Manzamines Antitumor

Marine isonitriles Plasmodium spp.

Clotrimazole Fungi

Griseofulvin Dermatophyte fungi

Ketoconazole Fungi

Proposed Additional Target

HIV
Dengue virus

Zika virus

Chikungunya virus
Hepatitis B and C viruses
Ebola virus

SARS-CoV

MERS-CoV
SARS-CoV-2

HIvV

Human cytomegalovirus
Hepatitis B virus
Hepatitis C virus
SARS-CoV-2
Plasmodium spp.

HIV

Flaviviruses

Venezuelan equine encephalitis virus
Influenza A virus
SARS-CoV-2
Plasmodium spp.

Plasmodium falciparum

Plasmodium spp. (trimethoprim-
sulfamethoxazole)

Plasmodium spp. (newer generations
of tetracyclines)

Plasmodium spp.

Plasmodium spp.

Plasmodium spp.

Plasmodium spp.

Plasmodium falciparum

Plasmodium spp. (in combination with
o/B arteether)

Proposed Mechanism of Action

Inhibition of hemoglobin digestion (Plasmodium spp.)
Neutralization of the acidic organelles of the host cells
(viruses)

Alteration of glycosylation of host receptors (viruses)

Alkylation of the cellular proteins (Plasmodium spp.)
Induction of reactive oxygen species (hepatitis C virus)
Inhibition of NF-kB pathway (human cytomegalovirus)
Inhibition of Akt pathway (human cytomegalovirus, SARS-
CoV-2)

Inhibition of importin o/B1-mediated nuclear import
(Plasmodium spp. and viruses)

Inhibition of viral aspartic protease (HIV)

Inhibition of plasmepsins and homologs (Plasmodium spp.)
Inhibition of M2 proton channel (influenza A)

Unknown target in the parasite cytoplasm (P. falciparum)
Inhibition of folate synthesis (bacteria, Plasmodium spp.)

30S ribosomal proteins and 16S rRNA (bacteria)

ribosomal components in apicoplast (Plasmodium spp.)
Non-mevalonate pathway of isoprenoid synthesis (bacteria,
Plasmodium spp.)

50s ribosomal subunit (bacteria)

Ribosomal components in apicoplast (Plasmodium spp.)
Glycogen synthase kinase-3 (Plasmodium spp.)

Heme detoxication

Ergosterol synthesis (fungi)

Inhibition of hemoperoxidase (Plasmodium spp.)

Inhibition of mitosis by binding to microtubules (dermatophyte
fungi)

Inhibition of ferrochelatase and subsequent heme synthesis
(Plasmodium falciparum)

Ergosterol synthesis (fungi)

Slowing down the drug metabolism by cytochrome P450
3A4 inhibition
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Protein IDs

G1TvS4
G1TFU9
G1U9R4

AOASFOD585

AOA5FIC8F6
G1SLBS

AOASFOCTN2
P0O3988
Q865F2
Q7M322
AOASFICAW7T
G1TV79
G1TOX2
G1T763

G1U784
Q6B736

AOA5FICIB4
AOA5F9CIQ2

Protein names

Hemopexin
Galectin-3-binding protein
Apolipoprotein B

Mannan-binding lectin serine
peptidase 1

Tenascin C

Monocyte differentiation
antigen CD14
Transforming growth factor-
beta-induced protein ig-h3
Ig mu chain C region
secreted form

Adhesion molecule VCAM-1
Plasmin

SERPIN domain-containing
protein

Collagen-binding protein
Fibrinogen alpha chain
Polymeric immunoglobulin
receptor

Phosphoglycerate mutase
Immunglobulin heavy chain
variable region

Uromodulin

Collagen type Il alpha 1
chain

GenBank IDs

AAGWO02008019.1;AAGW02008020.1

AAGWO02055051.1; AAGWO02055062.1;AAGW02055053.1;
AAGWO02055054.1;AAGW02055055.1; AAGW02055056.1;
AAGWO02055057.1

AAGWO02014015.1,AAGW02014016.1

AAGWO02027693.1

AAGWO02027826.1,AAGW02027827.1

K01357.1

AY212510.1

AAGWO02039505.1

AAGWO02008237.1

AAGWO02045946.1

AAGWO02025413.1

AAGWO02061870.1
AY676737.1

AAGWO02057059.1
AAGWO02003526.1

Peptide

counts  peptides

39

23

167

23

70

13

19

32

24
28

Unique

23
154

Sequence
coverage
[%]

69.8

49.4
45.8

47.7

47.5
36.3

30.1
55.9
59.4
57.6
29.3
50.2
449
50.6

20.6
37.1

14.8
7.7

Score

323
323
323

323

328
178

86
323
242
216

20
108
323

10

"
34

86
92
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Sequence UniProt ID Description Max E Sequence GO terms
score value coverage

1%
IALEQAR AOA4Z2CWQ3  Translin-associated factor X-interacting 24.8  0.45 0.9 F:calcium ion binding
protein isoform 2
DGVPDIVILVDSGNTQQLQVILR AOA4Z2CXV5  T-cell immunomodulatory protein 75.3 1.00E- 35 Pintegrin-mediated signaling
17 pathway; C:integral component of
membrane
DVNAAIATIK AOA4Z2D895  Tubulin alpha-3 chain 33.3 8.00E- 32 F:GTPase activity; C:cytoplasm; P:
04 cytoskeleton organization;
EDILYSHLK AOA4Z2DER5  Phosphatidylinositol 4-phosphate 3- 32.9 0.001 0.4 F:kinase activity; P:
kinase C2 domain-containing subunit phosphorylation;
alpha
SLQNANVIQTLR AOA4Z2DIC3  Phosphatidylinositol-binding clathrin 40.5 3.00E- 07 F:1-phosphatidylinositol binding; C:
assembly protein 06 cilium; P:clathrin coat assembly
ADQLTEEQIAEFKEAFSLFDKDGDGTITTK  AOA4Z2DTY8  Calmodulin 97.3 8.00E- 20.8 F:calcium ion binding; C:
25 cytoplasm; P:protein
phosphorylation
VTYDGILGNSALEMTK Q5DCJ5 SJCHGC06596 protein 53.7 2.00E- 4.5 F:nucleotide binding; C:ribosome;
10
EAFSLIDQNR Q5DFN5 EF-hand domain-containing protein 354 1.00E- 9.8 F:calcium ion binding
04
AVEIKELEGLPGDVLR AOA4Z2DRZ9  DNA-directed RNA polymerase 52.4  4.00E- 15 F:DNA binding; C:nucleus; P:
10 transcription, DNA-templated;
LSDDEPLLEK C1LFK2 Peptidase M 34.6 3.00E- 6.1 C:chromatin; F:double-stranded
04 DNA binding; P:response to UV

B, biological process; M, molecular function; C, cell component.
“Query Cover” and “Per. Ident” are both 100%. Max score: highest alignment score (bit-score) between the query sequence and the database sequence segment; Query Cover:
percentage of the query length that is included in the aligned segments. This coverage is calculated over all segments.
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Species of parasite

No. of positive patients

Positive rate (%)

(n) (n/4,428)

Nematodes

Trichinella 12 0.27
Hookworm 6 0.14
Ascaris lumbricoides 1 0.02
Enterobius vermicularis 1 0.02
Trematodes

Paragonimus 106 2.39
westermani

Clonorchis sinensis 70 1.58
Schistosoma 40 0.9
japonicum

Fasciolopsis buski 6 0.14
Schistosoma mansoni 1 0.02
Cestodes

Plerocercoid 116 2.62
Cysticercus el 1.6

Hydatid cyst 20 0.45

Taenia saginata 1 0.02
Protozoa

Toxoplasma gondii 60 1.36
Leishmania donovani 1 0.02
Medical arthropods

Maggot 2 0.056
Phthirus pubis 1 0.02
Psychodidae 1 0.02
Multiple infection 157 3.55
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Types of samples Method No. of examined No. of positive Positive rate (%)

Feces or smears Etiological test 447 28 6.26
Blood or other body fluid Immunological test 4,801 774 16.12

Total 5,248 802 15.28
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Item Unexposed (n = 5) Exposed (n = 4) Significance
(Mean + SEM) (Mean + SEM)

Life span (days) 66.80 + 2.417 76.50 + 2.723 p <0.05
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Item Control (n = 50) Exposed (n = 48) Significance
Mean + SEM Mean + SEM

Life span (days) 401.0 + 19.59 334.4 +19.70 p <0.05
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